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Preface 

Nanoscience encompasses all scientific phenomena that transpire in dimensions spanning the 
range of multiple atom clusters, molecular aggregates, supermolecular structures, polymers and 
biomolecules. In other words, nanoscience is the science of the nanoscale--or the very, very 
minute. Nanotechnology, the technological use of these properties and phenomena, has the 
potential to revolutionize a breathtaking range of fields, across practically all domains of human 
activity. The intense interest in using nanostructures stems from the promise that they boast 
superior electrical, optical, mechanical, chemical, or biochemical properties. There is little 
doubt that the use of these new materials and systems will lay the ground for the new 
technological revolution of the 21st century. Research in nanoscience is exploding as scientists 
from chemistry, physics, and biology, including colloid and polymer chemistry, materials and 
surface science, and biochemistry, biophysics and molecular biology have begun to examine 
the superior properties that characterize materials and phenomena at the nanoscale. 

The Dekker Encyclopedia of Nanoscience and Nanotechno1og.y is a vehicle by which 
scientists and the interested public can explore the most recent developments in today's 
nanomaterials, and preview several of their foreseen applications of tomorrow. The subject 
areas of this five-volume collective work include, but are not limited to, chemistry, physics, 
molecular and quantum biology, materials science and engineering, and computer science. The 
topics include fullerenes and carbon nanotubes, quantum dots and inorganic nanowires, 
interfacial chemistry, nanostructures, analytical and characterization methods, design and 
fabrication techniques of nanocomposites, properties of functional nanomaterials, nanostruc- 
tured catalysts, molecular electronics, optical devices, bionanotechnology, colloidal phenom- 
ena-even future and environmental considerations about nanotechnology. In short, the 
reference strives to encompass, document, and organize the enormous proliferation of 
information that has emerged from the revolution at the nanoscale. 

It is the editors' hopes that the Dekker Encyclopedia of Nanoscience and Nanotechnology 
will help researchers, graduate students, undergraduate students, and nonprofessionals all better 
understand and participate in this remarkable emerging field. To keep the reference accessible, 
the Encyclopedia is published in both online and print formats. The print version consists of 
multiple traditional hardbound volumes with articles arranged alphabetically. The front matter 
to each volume provides an alphabetical Table of Contents and a Topical Table of Contents. An 
index at the back of each volume is intended as a further guide. 

The online version of the Encyclopedia has been created by coupling the content of the print 
edition with a powerful search engine and user-friendly interface. The online database is 
dynamic, with additional articles added each quarter. As with the print edition, users will be 
able to browse the alphabetical and topical Table of Contents, but they will also be able to 
search for entries by keywords. 

The editors of the Dekker Encyclopedia of Nanoscience and Nanotechnology could not have 
accomplished their feat without the help of many. We flrst thank the authors of more than 300 
articles which, as recognized experts in their fields, lend their credibility and prestige to the 
Encyclopedia. In addition, the editors were joined by an esteemed International Editorial 
Advisory Board whose input was crucial to shaping the reference. Success in the coordination 
of the activities that has resulted in this final product is due to the remarkable staff at Marcel 
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Dekker, Inc. We are indebted to the direction provided to us by Ellen Lichtenstein, Carolyn 
Hall, Oona Schmid, Susan Lee, Joanne Jay, and Jeeran Ok. In particular, the creative ideas and 
boundless energy that Oona Schmid has demonstrated is greatly acknowledged by the three of 
us. We also thank Anita Lekhwani for her confidence in us as editors and Russell Dekker for his 
support and encouragement. 

James A. Schwarz 
Syracuse University, Syracuse, New York 

Cristian I. Contescu 
Material Methods LLC, Newport Beach, California 

Karol Putyera 
Shiva Technologies, Syracuse, New York 



A Note on Terminology 

New terms, based on the prefix nano, have gained broad circulation, unified the older 
terminology, and defined the topics of newly found disciplines. Just as the research community 
has struggled to restrict when and where the prefix nano can be appropriately used, we too 
struggled with the Dekker Encyclopedia of Nanoscience and Nanotechnology to avoid 
puncturing every sentence with the prefix nano. As this terminology develops, the online 
edition of the Encyclopedia will be able to incorporate these new conventions. 

But at the time of publication of the first edition of the Encyclopedia these questions are still 
unresolved. One definition that has been proposed in order to remove the ambiguity would limit 
the use of the nano prefix to research and development of objects having the key property that 
they have at least one dimension in the range of 1 to 100 nanometers. New advances in 
synthetic methods for making such structures, combined with new analytical and manipulation 
tools, made it possible to refine methods to the point where de novo designed objects with 
nanoscopic dimension can, in many cases, be assembled in molecule-pure form or spatially 
organized structures. These systems, designed through processes that exhibit fundamental 
control over the physical and chemical attributes of molecular-scale structures, can be 
combined to form larger structures. 

However, the Dekker Encyclopedia of Nanoscience and Nanotechnology has numerous 
entries that include the words micro and meso. Thus the use of the term nano, which, according 
to one broadly circulated definition, only limits research and technology to development in the 
length scale of approximately 1-100 nanometer range, is not simply a metric of length. Science 
at the nanoscale does not accept rigid limits on dimensionality. Indeed the very utility of 
nanoscience may be compromised by arbitrarily circumscribing its reach. After all, for ancient 
Greeks, the term "nanos" meant a dwarf. Keeping this in mind, we attempted in this reference to 
use the term nano to refer to objects and their subsequent processing into newly created 
structures, devices, or systems that have novel properties and functions because of their small 
and/or intermediate size. In other words, size and performance are the critical parameters that 
provide the requisite conditions to justify the use of the term nano. 

By adopting a more elastic definition, which on one hand spans sizes from a few 
nanometer(s) to one (or a few) hundred(s) nanometers, but at the same time recognizes that the 
properties and performance of nanoobjects are rooted in their nanoscopic size, we believe that 
we made justice to all views that currently shape this field of continuous development and 
hope that other investigators-at universities, state laboratories, and in industries-will follow 
our lead. 
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Mesoporous Materials (M41 S): 
From Discovery to Application 

James C. Vartuli 
Wielsaw J. Roth 
Thomas F. Degnan, Jr. 
ExxonMobil Research and Engineering Company, Annandale, New Jersey, U.S.A. 

INTRODUCTION 

The quest for new molecular sieves in the late 1980s led 
Mobil researchers to the discovery of a family of nano- 
structured mesoporous materials known as ~ 4 1 ~ . [ ' - ~ ]  
MCM-41 is undoubtedly the best known and most widely 
studied of this family of materials, each synthesized via a 
self-assembled liquid crystal mechanism involving sol- 
gel precursors which form a hexagonally packed rod- 
shaped micelle struct~re. '~ '  The other members of the 
M41S family are the cubic (MCM-48) and lamellar 
(MCM-50) forms. This article describes the progression of 
M4 1 S materials from discovery through characterization 
and development. ExxonMobil has very recently com- 
mercialized MCM-41 for an undisclosed application. Its 
decade-long journey from initial identification to com- 
mercial application is similar in duration to that of many 
novel materials. Yet there were many unique challenges 
posed by the synthesis and development of such a novel 
material. This is its story. 

THE DISCOVERY OF THE M41S 
MATERIALS FAMILY 

Like most discoveries of novel materials, the discovery of 
Mobil's M41S mesoporous molecular sieves was an 
unanticipated outcome of the application of observational 
skills, knowledge, and techniques developed over many 
years of effort in synthesizing large pore catalytically 
active frameworks. Like many major petroleum compa- 
nies, Mobil had a material synthesis effort attempting to 
identify new zeolites that could selectively convert high 
molecular weight petroleum-based molecules. In the mid- 
1980s, Mobil Technology Company had a significant 
effort in developing pillared layered materials. This class 
of materials, theoretically, offered the ability to tune pore 
size, active site density, and composition; variables that 
the traditional aluminosilicate zeolites did not possess. By 
varying the pillar size and pillar density, the Mobil 
researchers learned that pore systems could be tuned for 
the desired application. The pillar composition also ap- 
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peared to be adjustable so various chemistries could be 
effected. Unfortunately, although significant progress was 
made in designing these pillared layered materials,[51 
realistically these materials did not have sufficient ther- 
mal and hydrothermal stability or catalytic activity to be 
used in most petroleum processes. Furthermore, the pil- 
lar composition could not be as varied as initially con- 
ceived. Toward the end of the decade, a small group of 
researchers at Mobil's Paulsboro Laboratory approached 
this effort of discovering large pore frameworks by 
attempting to combine both the concepts of the pillared 
layered materials and the formation of zeolites. The 
approach was to consider that some zeolites were formed 
via layered intermediates. Thus if this intermediate could 
be isolated and used as a layered composition to form 
pillared porous materials; the resultant product would be 
composed of crystalline walls that would be thermally 
stable and catalytically active. This concept had credibil- 
ity because of a new layered framework that was dis- 
covered during that time.[61 It was designated by Mobil as 
MCM-22 (MWW). 

We noted that upon thermal treatment of the as- 
synthesized MCM-22, the X-ray diffraction pattern of the 
material shifted to higher 2 0  values, similar to that of 
swollen layered materials when the intercalate is removed. 
In layered materials the low-angle lines associated with 
the interlayer distance shifted to lower d-spacings consist- 
ent with the removal of the organic template intercalate 
and the collapse of the layers. However, in the as- 
synthesized MCM-22 sample, this shift of the d-spacings, 
upon thermal treatment, was subtle, -2-3A, and the base 
crystalline framework remained relatively unaffected. 
This suggested that the MCM-22 zeolite was composed 
of crystalline layers that were linked together by weak 
chemical bonds during the synthesis. Upon thermal 
treatment, these chemical linkages became much stronger, 
as the layers condensed onto each other. 

Using the as-synthesized zeolite material, with the 
template intact and prior to any thermal exposure, we 
attempted to delaminate or separate these crystalline 
layers of the MCM-22 "precursor." A pillared layered 
material resulting from this delamination and subsequent 
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pillaring was obtained and identified as M C M - ~ ~ . ' ~ . ' '  The 
process involved the initial intercalation of the layers 
using an alkyltrimethylammonium compound followed by 
the insertion of stable inorganic pillars using a reactive 
silica source such as tetraethylorthosilicate. 

The layered zeolite precursors, exemplified by the 
MCM-22 case, differed from their layered predecessors 
such as clays and layered silicates in possessing layers 
with high zeolite activity and porosity. Obviously, these 
were very attractive from the catalyst standpoint. Another 
feature distinguishing the layered zeolite precursors from 
the other layered materials was their resistance to swelling 
by ion exchange with neutral or mildly basic media, such 
as quaternary ammonium salts or amines. It was only with 
the introduction of a quaternary ammonium surfactant in a 
hydroxide form, specifically cetyltrimethylammonium 
hydroxide solution obtained by anion exchange of the 
halide solution with hydroxide, that successful swelling of 
the layered zeolite precursor was demonstrated. The use of 
an apparently equivalent medium, a mixture of surfactant 
halide and another hydroxide, instead of the anion 
exchanged surfactant hydroxide, was ineffe~tive. '~] 

This general approach of interrupting zeolite syntheses, 
isolating the layered zeolite precursors, and using these 
potential crystalline layered materials as reagents to form 
large pore active catalysts was investigated for other 
zeolite families such as ZSM-35, or synthetic femerite. In 
this system, the ferrierite sheet, pre-Fer, may be the 
principal building unit of the resultant zeolite material. To 
optimize the formation of these layered precursors, 
several reaction conditions were identified and imposed 
on the traditional zeolite synthesis. The zeolite synthesis 
was interrupted prior to any X-ray diffraction evidence of 
crystallinity. The interruption could be initiated at any 
point within ~ 2 5 %  to 75% of the total expected synthesis 
time. High concentrations of the intercalate, an alkyltri- 
methylammonium salt, at high pH were added to this 
interrupted zeolite precursor media. In other syntheses, a 
reactive silica source, tetramethylammonium silicate, was 
also added as a potential pillaring agent. These new 
synthesis mixtures were then subjected to additional 
hydrothermal treatment in an attempt to form the zeolite- 
layered hybrid. In many instances, the resulting product 
exhibited some very unusual properties. 

The X-ray diffraction pattern was essentially feature- 
less except for one broad low-angle peak at about 2" 2 0 .  
This X-ray diffraction pattern was intriguing because the 
original zeolite templating agent still existed in the 
synthesis composition. Apparently, the reaction condi- 
tions and time and temperature sequence were changed 
during the addition of the quaternary salt. This inhibited 
the formation of the originally intended zeolite. Normally, 
even this low-angle line might not have been observed, 

except that we were using a chromium X-ray source 
instead of the typical copper tube. The chromium source, 
which is very useful for low-angle peak detection, was a 
remnant from our pillared layered material research effort. 
The other unusual properties on this unknown material 
were the extremely high BET surface areas and hydro- 
carbon sorption capacities. These BET surface area 
values, typically >600 m21g, were many times those 
normally observed for zeolite samples. The hydrocarbon 
(n-hexane and cyclohexane) sorption capacities were in 
excess of 50 wt.%, also abnormally high compared to our 
typical microporous samples. In fact, our analytical 
laboratories initially incorrectly believed that their test 
equipment was broken or out of standard because of the 
results obtained from these initial mesoporous materials. 

In a separate and concurrent synthesis study, the 
cetyltrimetylammonium hydroxide was used directly as a 
structure-directing agent in zeolite-like hydrothermal 
syntheses. The product properties were similar to those 
generated in the layered zeolite precursor systems, i.e., 
characterized by a low-angle line in an X-ray diffraction 
pattern corresponding to large d-spacing and unusually 
high BET surface area and adsorption capacities. Thus 
both interrupted zeolite precursor systems and direct 
introduction of cetyltrimethylammnium hydroxide as a 
template resulted in the mesoporous molecular sieve 
products. As described below, subsequent detailed char- 
acterization studies allowed elucidation of the nature of 
these remarkable materials. 

Obviously, these abovementioned unusual physical 
properties are characteristics of the mesoporous molecular 
sieves. However, with only one broad low-angle X-ray 
diffraction peak and the uniquely high values for both 
surface area and hydrocarbon sorption as data, this was 
insufficient to fully identify the nature of these materials. 
We initially concluded from this one broad X-ray 
diffraction peak material that we had completely disrupted 
the interlayer connectivity of layered zeolite hybrids, and 
the resulting X-ray diffraction was simply a repeat of the 
thickness of the layered precursor of about 4.0 nm. A key 
in the identification of this new class of porous materials 
was the observation, by TEM analyses, of a trace amount 
of MCM-41 in one of our samples. At this time, our small 
research group had the luxury of hav~ng as one of the 
members, a microscopist, Mike Leonowicz, who typically 
would conduct analyses on some of our more unusual 
samples. The observation of trace quantities of MCM-41, 
the uniform hexagonal pore structure, in one of the 
interrupted synthesis preparations provided us with hard 
evidence of this new class of materials (Fig. 1). 

In a relatively short time, we were able to produce 
sufficient excellent quality samples of MCM-41 to 
characterize these materials by X-ray diffraction, pore 
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Ultra-large Pore Material 
Transmission Electron 
Micrograph of MCM41(40) 

Fig. 1 The initial discovery by TEM analysis of MCM-41. 
(From Ref. [I].) (View this art in color at www.dekker.com.) 

size distribution, sorption capacities, and NMR and to 
evaluate them for catalytic applications. Many researchers 
at both the Paulsboro and Princeton Laboratories were 
involved in this effort. In all cases, we were analyzing a 
new class of materials that presented unique data. For 
example, the pore size distribution was remarkable; the 
narrow pore size appeared to be like that of microporous 
materials but within the mesopore range. As mentioned 
previously, the hydrocarbon sorption capacity was unique. 
Benzene sorption isotherms clearly indicated pore con- 
densation inflections at benzene partial pressures indica- 
tive of mesopore size channels. These inflections were 
typically not observed with microporous materials be- 
cause of the low partial pressures needed. We were also 
able to synthesize various pore size materials using both 
different alkyl chain lengths of the cationic surfactant as 

(Hexagonal) 

well as taking advantage of micellular swelling."01 These 
techniques improved our knowledge of micelles and 
liquid crystal chemistry improved. Both this knowledge 
base and the resultant samples helped to establish the basis 
for the mechanism of formation of these materials. 

In retrospect, the synthesis conditions that we were 
using to try and obtain our layered zeolite hybrids, high pH, 
high surfactant concentration, and a reactive silica source, 
were synthesis conditions conducive to the formation of the 
mesoporous molecular sieves. The discovery and identifi- 
cation of other members of this new class of porous 
materials, MCM-48 and MCM-50, came several months 
later as a result of a detailed study relating the effect of 
surfactant concentration on the silica reagent (Fig. 2). The 
discovery of these additional two members of the meso- 
porous molecular sieve family was another key factor in 
developing the proposed mechanism of formation. 

The discovery of this new class of materials, mesopo- 
rous molecular sieves, posed several challenges for our 
understanding of the formation of porous materials. Our 
first conclusion, based on both the hexagonal ordering of 
the pores, as seen in TEM analyses, and the XRD pattern, 
was that we had discovered one of the crystalline phases 
predicted by Smith and ~ ~ d r i c h , ' " ~  known as the 81(n) 
family of frameworks. The theoretical XRD pattern of this 
family almost matched that of some of our best samples of 
MCM-41. It was not until we obtained the silica NMR 
data that we determined that our material was not typical 
of crystalline frameworks that we had expected. The 
realization that XRD patterns could be generated by the 
order of the pores and not the crystalline structure was 
another key feature of this new class of porous materials. 

MCM-50 
(Cubic) (Stabilized Lamellar) 

Ucgrecr 2-theta D q r e e r  2-theta Oegrre* 2-theta 

Silica 

Fig. 2 The M41S family of materials including MCM-41, MCM-48, and MCM-50. (View this art in color at www.dekker.com.) 
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The mechanism of formation was also a challenge, 
which led to many long debates within our research group. 
We initially approached the concept of formation of these 
materials like traditional zeolite chemists. Our first prem- 
ise was that the materials were formed by some sort of 
templating structure or pore filling agent. This meant, in 
the case of the mesoporous molecular sieves, that the 
templating agent was an aggregation of molecules and not 
the discrete molecules that normally template micropo- 
rous structures (Fig. 3). Based on our limited knowledge 
of liquid crystal structures and micelles, we initially 
concluded that the liquid crystal structure existed prior to 
the formation of the molecular sieve. In the case of 
the MCM-41, this would be the hexagonal liquid crys- 
tal phase. 

However, this simple mechanistic pathway was not 
universally accepted within our group of researchers. 
Alternatively, it was proposed that the silicate reagent also 
affected the formation of these materials. And it was this 
proposed route that gathered more popularity as more data 
were obtained. A significant set of data appeared to help 
establish the preferred mechanistic route. This was a 
group of experiments that studied the effect of various 
levels of surfactant (SUR) as a function of silica. By 
changing the SURISi molar ratio we were able to 
synthesize MCM-41, -48, and-50 while keeping all of 
the other synthesis conditions the same.r'2~'31 These 
conditions would then exclude the possibility of any 
preformed liquid crystalline phase prior to the formation 
of the silicon phase, as we used the same surfactant 
solution and concentration for all experiments, only 
changing the amount of silica added. These data supported 
the concept that the anion, in this case, the silicate species, 
significantly affected the formation of the resultant 

template of the mesoporous molecular sieves (Fig. 4). 
These data were some of the evidence that led us to 
propose the possible mechanisms of formation that we 
published in our initial articles.['.41 

In retrospect, both proposed pathways proved to be 
valid. The predominate pathway appears to be the anionic 
species initiated one (using cationic surfactants). This 
concept was explained and expanded upon by many re- 
searchers, specifically by the group at the University of 
Santa Barbara headed by Galen  tuck^."^^"^ A Michigan 
State University group, headed by Tom Pinnavaia, ex- 
panded this mechanistic pathway further to include neu- 
trally charged directing agents such as polymers.[16~171 
Later, researchers at the University of South Hampton 
demonstrated the other proposed pathway, originally 
labeled the liquid crystal phase initiated pathway.['8-'91 
Attard and his co-researchers used a preformed liquid 
crystal phase to synthesize both a silica and a metal (plat- 
inum alloy) mesoporous molecular sieve. 

M41S SYNTHESIS DEVELOPMENT 

When contrasted with the development of many high 
silica zeolites, MCM-41 posed several synthetic chal- 
lenges that were immediately evident after its discovery. 
The first of these was the need to remove an inordinately 
large amount of surfactant that remained occluded in the 
pores of this mesoporous molecular sie\e. Compared to a 
typical 5 to 8 wt.% organic component in most high silica 
zeolites, MCM-41 contained as much as 50 wt.% organic. 
Organic structure directing agents (SDA) are typically 
removed from zeolites by careful calcination or ion 
exchange. Calcination is normally preferred because of 

Individual Small Alkyl Chain Length Quaternary Directing 
Generate the Formation of Microporous Molecular 

Long Alkyl Chain Length Quaternary Directing Agents Self-Assemble 
to Supramolecular Species Which Can Generate the Formation of 

Mesoporous Molecular Sieves 

Fig. 3 The role of quaternary directing agents. (From Refs. [ l ]  and [4].) (View this ad  in color at www.dekker.com.) 
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Possible mechanistic pathways for the formation of MCM-41 
1- liquid crystal phase initiated and 2 -silicate anion initiated. 

Fig. 4 The proposed mechanism of formation pathways. (From Ref. [I].) (View this art in color at www.dekker.com.) 

the ease with which the gaseous effluent can be handled. 
Ion exchange is normally more difficult either because of 
the ionic selectivity of the zeolite for the SDA or because 
the SDA may literally be locked inside of the zeolite by 
virtue of being situated at pore intersections or in the super 
cages. While the bulky hexadecyltrimethylammonium 
cation in MCM-41 was more amenable to ion exchange 
than the SDA in most unidimensional pore zeolites, the 
pH of the exchange step had to be carefully monitored. 
In the absence of CTMA the material was extremely 
sensitive to alkaline conditions. The ion exchange route 
was also attractive because it allowed us to recover the 
majority of the expensive surfactant. The surfactant re- 
covered from the ion exchange step could be easily com- 
bined with that recovered from the residual mother liquor. 
In the initial synthesis preparations, a significant amount 
of the surfactant remained in the mother liquor. It was 
clear that organic recovery and subsequent recycle use 
would substantially reduce the manufacturing cost. Sev- 
eral routes for recovering the surfactant from the as-syn- 
thesized MCM-41 were evaluated. 

A second challenge was the need to develop an agreed 
upon protocol for determining MCM-41 product quality 
both during the synthesis and immediately following 
drying and post-processing. While MCM-41 is a highly 
ordered structure, its walls are amorphous. We found that 
the surface area, hydroxyl content, wall thickness, and 
even the pore diameter were highly dependent on syn- 
thesis conditions. Whereas X-ray powder diffraction can 
be used to very quickly quantify the crystallinity of zeo- 
lites, this was not the case in MCM-41 or any of the M41S 
materials. The pH of the synthesis liquor for zeolites can 
also be followed as a rough indicator of the crystallinity 
of these structured materials. However, this protocol was 
not useful for determining the precise degree to which a 
fully formed MCM-41 material is obtained. It remained 
for the final product to be treated to remove the surfac- 
tant before a good assessment of MCM-41 product quality 

could be made through adsorption capacity and low-angle 
X-ray peak location. 

A third challenge was to change the silica reagents from 
expensive tetramethylammonium silicate (TMA-Si) and 
tetraethylorthosilicate (TEOS) to more reasonably priced 
sources. While cost was an important consideration, the 
availability, handling, and disposal issues associated with 
TEOS were most compelling. Identification of alternate 
reagents brought about a whole new series of problems 
associated with material and phase purity and the impacts 
on subsequent catalytic performance. 

Fundamental studies of the mechanism of MCM-41s 
formation provided insight into a convenient laboratory 
synthesis route.1201 Our studies showed that high quality 
MCM-41 with consistently uniform 4.0-nm pores could be 
produced in the laboratory under very reasonable condi- 
tions. X-ray analyses showed that the preferred synthesis 
conditions produced materials exhibiting four peaks with 
positions corresponding to hexagonal symmetry. Subse- 
quent analysis confirmed that the MCM-41 had high BET 
surface area, a large pore capacity, and very narrow pore 
size distribution as discerned by its nitrogen adsorption1 
desorption isotherm. 

While much of the development was based upon our 
previous experience with the commercialization of high 
silica zeolites, one major difference was the apparent ease 
with which MCM-41 could be formed. Our initial studies 
showed that the M41S family of materials could be formed 
at much milder conditions than zeolites. In fact, it was 
quickly found that pure material could be formed even at 
ambient conditions and in relatively short duration (i.e., 6 
to 12 hr) syntheses. However, the ease of making this 
material was deceptive, because the stability of MCM-41 
varied significantly with synthesis conditions. Usually, the 
stability increased with synthesis time and temperature. 

Surprisingly, our analysis of fully dried "retained7 ' 
samples that were placed in storage for several weeks with 
the occluded surfactant still present showed that the 
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material became amorphous with time. This reversion 
produced a series of concerns regarding the stability of the 
material to storage even under mild conditions. Later 
studies showed that the synthesis conditions and the prompt 
removal of the surfactant were critical to improving the 
stability of mesoporous M41 S. The studies also suggested 
that calcination was preferred to ion exchange for 
applications where hydrothermal stability was important. 

Synthesis efforts within Mobil in the early and mid- 
1990s focused in two objectives: 1) identify and develop 
to a modest scale commercially attractive routes for pro- 
ducing MCM-41 materials with a range of pore diameters 
and acidity; and 2) broaden the compositional range and 
synthesis approaches to produce additional exploratory 
materials. The progress was closely linked to parallel cat- 
alytic evaluation studies looking at a range of applica- 
tions (vide infra). Exploratory materials syntheses first 
focused on the production of both aluminosilicate and 
metalloaluminophosphate M41 S materials including silico- 
aluminophosphate. Almost simultaneously, studies were 
initiated around the incorporation of metals either during 
the synthesis or post-synthesis. Later, in recognizing that 
these mesoporous materials were slightly less acidic than 
zeolites, we carried out studies aimed at incorporating acid- 
ity by post-treatment techniques such as impregnating 
MCM-41 with heteropoly acids. 

We recognized very early on that these materials had 
uncharacteristically large surface silanol concentrations. 
NMR studies showed that nearly 40% of the silicon atoms 
located on the surface of the walls could be associated 
with hydroxyls. The silanols can be functionalized to 
modify M41S pore size and the hydrophobicity as well as 
serve as anchoring sites for attachment of selective groups 
for separation applications. The availability of large 
quantities of silanol groups led to a series of functional- 
ization studies. The work provided the foundation for the 
synthesis of phase transfer catalysts ouilt around M41S as 
well as the underlying concepts needed for anchoring the 
aforementioned heteropoly acid catalysts. 

FUNCTIONAL PRODUCT 
DEVELOPMENT CHALLENGES 

The functional form of molecular-sieve-based catalysts 
and adsorbents is a tablet, pellet, or extrudate where the 
active material is incorporated as a component with mate- 
rials such as binders, weighting agents, or other active 
materials. Among the challenges addressed during devel- 
opment was the potential for collapse of the mesoporous 
structure under the pressures implicit in the forming 
steps. As crystalline structures, zeolites have the rigidity 
needed to withstand inordinately high point pressures. 
However, M41S materials with amorphous walls sur- 

rounding large amounts of occluded surfactant had to be 
viewed differently. 

Binding of M41S materials where the surfactant had 
been removed prior to forming proved to be even more 
challenging. Not only was the collapse of the pores a more 
significant concern, but intrusion and pore blockage from 
some of the gel-type binder systems became an important 
consideration. Solubilization of the binder system and loss 
of physical integrity during ion exchange of uncalcined 
particles also had to be addressed. While calcination 
remained an attractive process option for removing the 
hexadecyltrimethylammonium structure directing agent 
post-forming, the burden on the gaseous effluent abate- 
ment systems proved a considerable obstacle. 

Most commercial applications of molecular sieves are 
developed around volumetric constraints, where the 
challenge is to load as much of the active material as 
possible into a given volume. This drives product devel- 
opment programs toward formed products with higher 
levels of the active component and lower levels of binder 
or weighting components with the limits being set by 
physical (e.g., crush) strength. The framework density of 
M41S is approximately 70% of typical zeolites. This 
translates directly into a lower particle density. Thus, 
balancing the fraction of M41S in the formed particle with 
the fraction and type of binder and weighting agent in the 
finished particle became a key consideration in maximiz- 
ing the amount of M41S in the process vessel. 

APPLICATIONS OF MCM-41 

Because evaluations of larger pore exfoliated pillared 
layered materials were already under waj at the time of its 
discovery, MCM-41 was able to be quickly screened for a 
number of applications of interest to Mobil. Not surpris- 
ingly, most of these focused on petroleum refining, poly- 
mer, and petrochemical manufacture applications. Later, 
applications outside of the core petroleum and petrochem- 
ical businesses were identified. Much of this story can be 
traced through the ExxonMobil patent literature. 

Because the initial commercial application of MCM-41 
remains undisclosed by ExxonMobil, and very few results 
from the applications directed research have been pub- 
lished, we will focus on information provided in issued 
US patents as well as on similar studies published in the 
open literature. That the first commercial application of 
such a scientifically exciting new material required nearly 
a decade is an interesting story in itself. The protracted 
development resulted not nearly as much from the tech- 
nical hurdles implicit in the identification of a commer- 
cially attractive route for synthesis, forming. and activa- 
tion of MCM-4 1, as it did from the difficulty in identifying 
a commercial application with the technical incentives, 
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inherent risk profile, and economics required to justify the 
introduction of such a unique new material. 

In the following, MCM-41 is discussed in terms of its 
attributes as: I) a refining catalyst or catalyst component; 
2) a petrochemical catalyst or catalyst component; and 3) 
an adsorbent or material otherwise used for separation. 
Additional applications such as sensors, optical guides, 
and fuel cell electrodes are also highlighted. Unless 
otherwise indicated, the MCM-41 materials used in these 
studies had diameters of approximately 4.0 nm. However, 
this does not connote that the same material was used 
throughout. Composition (e.g., aluminum content) varied 
considerably depending upon targeted application and 
synthesis conditions. This review of applications exam- 
ined by ExxonMobil is not intended to be exhaustive. 
Comprehensive surveys of potential applications of meso- 
porous materials, including MCM-41, have been published 
by On et a1.[211 and Zhao et a1.[221 

CATALYTIC APPLICATIONS OF MCM-41 

Refining and Polymerization Catalysis 

Kresge et a1.[23-2'1 describe a broad range of hydrocarbon 
conversion processes over MCM-41 including aromatic 
dealkylation, cracking, and hydrocracking. Their work 
established the catalytic activity of MCM-41 and its 

ability to perform both as a solid acid catalyst and as a 
catalyst support for hydrocarbon conversions in general. 
No performance comparisons were made with other solid 
acid catalysts. 

Catalytic Cracking 

Catalytic cracking is the most widely deployed catalytic 
petroleum refining process. Nearly 35 wt.% of all gasoline 
is produced by cracking of gas oils and atmospheric resid 
over large pore ultrastable Y (USY) zeolite catalysts. The 
products include both fuel and petrochemical feedstocks. 
For many years, researchers have looked for larger pore 
alternatives to USY or to large pore materials to sup- 
plement the effectiveness of USY in fluidized catalytic 
cracking (FCC) particularly for processing heavy hydro- 
carbons. Aufdembrink et examined MCM-41 alone 
and in combination with USY for catalytic cracking vac- 
uum gas oils and atmospheric resids. The catalysts were 
mildly steamed to simulate equilibrated FCC regeneration 
conditions. Their performance comparisons showed that 
equilibrated MCM-4 1 was superior to amorphous silica- 
alumina both in its cracking activity and in its propensity 
for producing larger amounts of gasoline at equivalent 
coke yield. Comparisons at equivalent conversions to 
gasoline, distillate, and light gases, showed that MCM-41 
was more selective for heavy oil conversion, again 

Table 1 Comparison of MCM-41 and silica-alumina catalysts in catalytic cracking of Joliet sour heavy gas oil (516"C, fixed-fluidized 
bed reactor; 1 min on stream, catalyst/oil=2 to 6) 

Yields, wt.% 

Silica-alumina" MCM-41" Difference 

Comparison at equivalent coke yields (=4 wt.%) 
Coke, wt.% 
Conversion, wt.% 
C4's, vol.% 
C5's, vol.% 
C5+ gasoline, wt.% 
Gasoline, RON 
Light fuel oil, wt.% 
Heavy fuel oil, wt.% 
Comparison at equivalent conversion (= 55 wt.%) 
Conversion, wt.% 
Coke, wt.% 
C5's, vol.% 
CS+ gasoline, wt.% 
Gasoline, RON 
Light fuel oil, wt.% 
Heavy fuel oil, wt.% 

Source: From Ref. [26]. 
aBoth catalysts steamed for 4 hr, 45% steam, 650°C 
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producing more gasoline than the amorphous silica- 
alumina. This is shown in Table 1. 

However, in a similar gas oil cracking comparison, 
MCM-41 was not nearly as active or as gasoline selective 
as USY, although it was more selective in converting the 
heavier fractions in fully formulated catalysts. This 
comparison is shown in Table 2. 

Similar investigations by Corma et a1.1271 suggested 
that fresh MCM-41 had unique cracking selectivities, 
producing significantly higher amounts of gasoline and 
less coke than USY, but that the selectivity disappeared 
once the material was steamed under simulated FCC 
regeneration conditions. C o m a  et aLL2@ concluded that 
MCM-41 partially collapsed when steamed to produce a 
material resembling silica-alumina. The corollary was 
that MCM-41 lacked the hydrothermal stability needed for 
it to be useful as an FCC catalyst component. 

Nickel and vanadium are present in small concentra- 
tions especially in heavier hydrocarbon feedstocks where 
they tend to degrade typical FCC catalyst performance as 
they accumulate on the catalyst. In a recent study, Balko 
et al.[291 found that MCM-41 could be used as an FCC 
catalyst component to very effectively trap and concen- 
trate the metals so that they are much less deleterious to 
FCC catalyst performance. MCM-41, when used at low 
levels (5  to 30 wt.%) in conjunction with the USY zeolite, 
acted as a metals "getter" and protected the cracking 
function by effectively passivating the metals. MCM-41 
could be added as a component in the cracking catalyst 
particle or could be added as a separate particle. 

Oligomerization Catalysts 

Pelrine et al."03"1 evaluated a chromium-impregnated 
MCM-41 as an oligomerization catalyst for the production 

of high viscosity synthetic lubricants. Evaluations were 
carried out in a fixed bed reactor uslng 1-decene and 
reaction temperatures ranging from 120°C to l 8 2 T  at 
LHSV= 1.9 to 2.0 hr- I .  The analysis showed that MCM- 
41 could produce a significantly higher viscosity product 
than, for example, a commercial Cr/Si02 polymerization 
catalyst under the same reaction conditions. The same 
reaction catalyzed by chromium acetate-impregnated and 
calcined MCM-41 was used to demondrate the concept 
and utility of functionalized MCM-41 .''21 Bhore et a ~ . [ ' ~ ]  
extended the oligomerization concept to NiMCM-41 
catalysts for dimerization of lower molecular weight 
olefins. The principal application was for C3 to C l o  olefin 
dimerization primarily to produce gasol~ne. In their study 
the performance of NiIMCM-41 catalysts compared 
favorably to Ni-based Dimersol " catall sts. 

Le et al.'"' used MCM-41 to selectively react the C3- 
C5 olefins in a mixed stream of lower molecular weight 
(MW) olefins and paraffins with the intent of producing a 
heavier oligomer stream that could be readily separated 
from the lower MW paraffin-enriched stream. Reaction 
conditions used in the study were 120cC, 10.3 MPa, and 
LHSV= 1.8 h r  I .  The resulting oligomers were highly 
branched and could be converted to tertiary olefins suit- 
able for a number of applications via subsequent selective 
disproportionation or cracking over, for example, a zeo- 
litic catalyst. Specific applications are for the production 
of tertiary C4 and Cs olefins for subsequent paraffin-le- 
fin alkylation or oxygenate production."s1 

Bhore et a1.["' investigated metals-tree MCM-41 for 
the oligomerization of olefins for the production of higher 
molecular weight products as, for example, fuels, lubri- 
cants, fuel additives, and detergents. For acid-catalyzed 
propylene oligomerization, they found MCM-41 particu- 
larly selective for trimer and tetramer sq nthesis, materials 

Table 2 Comparison of 35% MCM-41 and 35% USY catalysts" in catalytic cracking of Joliet sour 
heavy gas oil (516"C, fixed-fluidized bed reactor; 1 min on stream, catalyst/oil=2 to 6 )  

Yields, wt.% 

U S Y ~  MCM-41' Difference 

Equivalent conversion 
Conversion, vol.% 
Coke, wt.% 
C4's, vol.% 
C5's, vol.% 
C5+ gasoline, wt.% 
Gasoline, RON 
Light fuel oil, wt.% 
Heavy fuel oil, wt.% 

Source: From Ref. [26]. 
"35 wt.% active component (MCM-41 or USY)/65 wt.% binder; spray dried catalysts 
b~ teamed  for 10 hr, 45% steam, 788°C. 
'Steamed for 4 hr, 45% steam, 650°C. 
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that are well suited for clean gasoline. Reaction tempera- 
tures ranged from 40°C to 250°C and pressures ranged 
from 0.1 to 13 MPa. 

Hydrocracking 

MCM-41 alone, or in combination with zeolites such as 
USY, has been examined as the active component in 
vacuum gas oil and lube hydrocracking catalysts. Degnan 
et 1'7-391 examined the performance of NiW-impreg- 
nated USYIMCM-41/A1203 catalysts and found them to 
be superior in activity and comparable in selectivity to 
several commercial distillate selective hydrocracking 
catalysts. The work was further extended to hydrocracking 
heavier feedstocks to produce  lubricant^.[^^-^^] Fig. 5 
compares the hydrocracking activity of NiWIMCM-41 
and a conventional NiWIfluorided alumina lube hydro- 
cracking catalyst for conversion of heavy slack wax at 
13.7 MPa, 1 LHSV. The comparison, at equivalent 
conditions of 13.8 MPa, LHSV=I hrp ' ,  shows that 
MCM-41 is more active for conversion of this heavy 
hydrocarbon feed. 

Work by Apelian et al.[4"1 and Marler and Maz- 
also showed that MCM-41 could be com- 

bined with a strong hydrogenation function to subse- 
quently hydroisomerize the heavy hydrocrackate to 
produce high-quality, low pour point lubricants. In a 
similar study, C o m a  et a1.[431 compared the mild hydro- 
cracking performance of NiMo (12 wt.% MOO?, 3 wt.% 
NiO) supported on MCM-41 with that of amorphous 
silica-alumina and USY zeolite catalysts with the same 
Ni and Mo loadings. The feedstock was vacuum gas oil. 
The MCM-41 catalyst was superior to the other catalysts 

in hydrodesulfurization, hydrodenitrogenation, and hy- 
drocracking activities in single-stage hydrocracking. 
When a hydrotreating stage was used in front of the 
hydrocracking stage, the USY catalyst became more ac- 
tive than the MCM-41 catalyst, but MCM-41 was still 
significantly more active than the amorphous silica-alu- 
mina catalyst. Most importantly, the MCM-41 catalyst 
distillate selectivity was better than that of USY and was 
very similar to the silica-alumina catalyst. A number of 
other studies have also pointed to MCM-41 as a superior 
distillate selective hydrocracking ~ a t a l ~ s t . [ ~ ~ - ~ ~ l  

Hydrodemetallation 

Vanadium, nickel, iron, and other trace metals pose 
problems in processing heavy oils because they foul 
catalysts and cause undesirable side reactions. Kresge 
et a ~ . ' ~ ~ '  showed that MCM-41 (d-spacing >1.8 nm) was 
very active for removing trace metals from petroleum 
residua and shale oils. Nickel- or molybdenum-impreg- 
nated MCM-41 extrudates (MCM-41/A1203) were found 
to be particularly selective for the removal of iron, 
vanadium, nickel, and even arsenic. Shih also found that 
staging MCM-41 materials of different pore sizes, with 
the largest pore size material positioned first to see the oil, 
was a particularly effective strategy for hydrodemetalla- 
t i~n. [~ ' ]  Fig. 6, taken from Shih's patent, shows the effect 
of MCM-41 pore diameter on metals uptake effectiveness 
using hydrodesulfurization (HDS) activity as a basis for 
comparison. As metals accumulate on the catalyst they 
tend to poison HDS activity. The comparison shows that 
MCM-41 with 8.0-nm pores has a greater metals capacity 
than smaller pore MCM-41. 

Fig. 5 Comparison of the hydrocracking activities of NiWIMCM-41 and NiWIfluorided alumina demonstrating the superior cracking 
activity of the MCM-41 catalyst. (From Ref. [40].) 
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Fig. 6 Hydrodemetallation activity comparison--effect of 
MCM-41 pore diameter. (From Ref. [47].) 

Hydrogenation 

Given its large surface area (>600 m21g) and its large 
concentration of silanol groups that are easily function- 
alized or ion exchanged, MCM-41 is an obvious choice 
as a support material for metals in both precious and 
base metal hydrogenation catalysts. Evaluations by Baker 
et a1.[481 and Degnan et al.[491 showed that MCM-41 was 
more active than other conventional supports for long- 
chain olefin and heavy aromatic hydrogenation. The 
specific applications cited are for polyalphaolefin (PAO) 
saturation for synthetic lube hydrofinishing and for 
alkylaromatics hydrogenation for color and viscosity in- 
dex (VI) improvement. Similarly, Borghard et al.[501 dem- 
onstrated that metal impregnated MCM-41 is a very active 
catalyst for the saturation of highly aromatic feedstocks 
under relatively mild hydrogenation conditions. Hydro- 
treating highly aromatic cracked distillate stocks with 
NiMo- or CoMoMCM-41 or other strong hydrogenation 
metals supported on MCM-41 to produce low aromatic 
distillates, e.g., for high-quality diesel fuels, is described 
by Apelian et al.[511 

Similarly, Coma et al.[521 found that MCM-41 pro- 
vided an excellent medium for dispersion of Pt particles, 
and that the Pt/MCM-41 catalysts were superior in 
overall hydrogenation activity for naphthalene saturation 
when compared to Pt supported on amorphous silica- 
alumina, zeolite USY, y-alumina, and silica. These in- 
vestigators demonstrated that sulfur tolerance was a 
strong function of molecular sieve aluminum content. Pt 
supported on USY and Al-rich MCM-41 was superior in 
sulfur tolerance to Pt located on the other supports. They 
were able to confirm the sulfur tolerance in the hydro- 

genation of a mildly hydrotreated light cycle oil (LCO) 
containing approximately 70 wt.% aromatics and 400 
ppm sulfur. 

Hydroisomerization 

When combined with a strong hydrogenation function 
(e.g., Pt or Pd) MCM-41 is an effective long-chain 
paraffin isomerization catalyst once trace nitrogen and 
sulfur compounds are removed. This is shown in the 
aforementioned hydroprocessing patents[42'481 where 
Marler and Mazone demonstrated that MCM-41 could 
be used to improve the viscometric properties of hydro- 
processed or synthetic lubricating oils. DelRossi et a1.[531 
extended the hydroisomerization studies to lower molec- 
ular weight hydrocarbon feeds and found that noble metal 
MCM-41 catalysts are both active and selective for 
isomerization of C4 to C8 paraffins. Similar results were 
obtained by Chaudhari et a1.[541 in their analysis of noble- 
metal-impregnated MCM-41 for n-hexane isomerization. 

Olefin Disproportionation 

Higher molecular weight olefins can be converted to 
lower, more highly branched and often more valuable 
lower molecular weight olefins through disproportion- 
ation. The process is not used widely but has the potential 
for providing incremental lower molecular olefins as a 
feedstock for paraffin-olefin alkylation for fuels or for 
petrochemical applications. Le and ~ h o m ~ s o n [ ~ ~ . ~ ~ ]  de- 
termined that MCM-41 was an attractive cracking catalyst 
for the conversion of light olefinic gasoline to propylene 
and isobutylene. 

Light Olefin-Paraffin Alkylation 

MCM-41 is an attractive support for either Lewis or 
Bronsted acids used in the alkylation of C4 to CI2  
isoparaffins with <C10 ole fin^.[^^'^^' The principal appli- 
cation of low molecular weight isoparaffin-olefin alkyl- 
ation is for the production of high-octane C5 to C12 
isoparaffins for gasoline. These studies highlighted the 
ability of MCM-41 to concentrate the acid and increase its 
effectiveness by nearly an order of magnitude over the 
free acid as measured by the amount of alkylate produced 
at the same volumetric acid to oil ratio. Typical reaction 
conditions for both Bronsted (H2SO4) and Lewis (BF3) 
acid/MCM-41 catalyzed paraffin-olefin alkylation were 
- 20°C to 200°C, 0.7 to 1.4 MPa, and an isobutanel2- 
butene molar ratio of 10: 1. The reactions were carried out 
in batch reactors for a preset duration. 

Kresge et al.[591 and DelRossi et al.rhol found that the 
performance of MCM-41 for this application could be 
improved if the activity of MCM-41 could be increased 
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Table 3 Comparison of isoparaffin-olefin alkylation selectivities and activities of high surface area heteropoly acid catalysts effect 
of supports 

Conditions: Isobutanel2-butene ratio = SO: 1; 3.4 MPa; 121°C; batch autoclave 

Support MCM-41 SiOz (Cab-0-Sil) Alumina 

Support surface area, m21g 
H3PW12040, ~ t . %  
Olefin conversion, wt.% 
Yield, gram C5+/gram 2-C4= 
Total product distribution, wt.% 
c5-c7 

cx 
c9 

Cx product distribution, wt.% 
TMP (trimethylpentane) 
DMH (dimethylhexane) 
Unknown 
TMPDMH 
TMPl (C8-TMP) 

Source: From Ref. [60]. 

through the addition of heteropoly acids via, for example, 
impregnation with phosphotungstic acid, H3PW12040. In 
batch experiments with 50:l isobutanel2-butene molar 
ratio, 12I0C, 3.4 MPa, incorporation of 50 to 75 wt.% of 
the heteropoly anion, via impregnation, significantly im- 
proved both the catalyst activity and the yield of desirable 
trimethylpentane (TMP) and dimethylhexane (DMH) iso- 
mers. Comparison catalysts prepared by impregnation of 
equivalent loadings of H3PW12040 onto high surface 
silica and high surface alumina did not produce nearly 
equivalent activities or TMP and DMH yields. This 
comparison is shown in Table 3. 

PETROCHEMICAL CATALYSIS 

Aromatics Alkylation 

MCM-41 is an effective catalyst for olefin alkylation of 
single-ring aromatics under milder conditions than are 
used in, for example, ZSM-5. ~ e ' " ]  evaluated MCM-41 
combined with an alumina binder for the production of 
ethylbenzene via benzene alkylation and found that the 
same ethylene conversion could be achieved at a reaction 
temperature that was 40°C lower than with ZSM-5. 
Polyalkylated benzene yields were higher, but MCM-41 
produced no undesirable xylenes. Conditions were 2.1-3.4 
MPa and a benzenelethylene (molar) ratio= 10: 1. 

~ e ' ~ ' ]  also identified MCM-41 as an attractive catalyst 
for single- and multiring aromatic alkylation with higher 
molecular weight olefins. Higher molecular weight olefins 

are used to alkylate aromatics to produce linear alkyl 
benzenes (LABS). Linear alkyl benzenes are the basis 
for linear alkyl benzene sulfonate (LAS). Linear alkyl 
benzene sulfonate is used widely as a large component in 
liquid detergents. Le's work is focused on the alkylation 
of mono- and polycyclic aromatics for lube additive and 
detergent applications. 

PHASETRANSFERCATALYSTS 

Hellring and ~ e c k l ~ "  found that MCM-41 containing a 
stabilized onium ion, such as cetyltrimethylammonium 
(CTMA) cation, could effectively catalyze dual-phase 
reactions within the MCM-41 pores. To demonstrate 
the concept, Hellring and Beck reacted water insoluble 
bromopentane with potassium iodide in an agitated 
aqueous medium to produce iodopentane. Addition of 
CTMA-MCM-41 to the stirred dual-phase mixture greatly 
increased the reaction rate. The results implied that 
CTMA, which is amphiphillic, is able to concentrate bro- 
mopentane and increase its interaction with iodide, which 
is closely associated with the CTMA cation. 

CATALYTIC DECOMPOSITION 
OF NITROGEN OXIDES 

Vanadium- and titanium-impregnated high surface area 
alumina or silica is a commercially attractive selective 
catalytic reduction (SCR) catalyst for NO, reduction. 
Beck et al.L641 compared several TiV/MCM-41 samples 
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with conventional metal-oxide-based SCR catalysts and 
found the MCM-41 materials were comparable in both 
NO, removal selectivity and activity. The ability of the 
high surface area of MCM-4 1 to support large amounts of 
highly dispersed titanium and vanadium was believed to 
account for the high activity of the MCM-41 catalyst. 

APPLICATION OF MCM-41 
TO SEPARATIONS 

MCM-41 can be used to separate at least one component 
from a mixture of gaseous or liquid components as 
described in the patent of Beck et a1.[651 The examples 
provided in this reference relate mainly to separation of 
higher and lower viscosity components of a mixture. The 
concept of using MCM-41 alone or as a composite in a 
membrane or as an active component in chromatographic 
separation media is described by Herbst et a1.[661 Among 
the contemplated uses are size exclusion applications such 
as the bioseparation of endotoxins or pyrogens. In another 
study, ~ u e h l ~ ~ ~ ]  examined MCM-41 as a selective sorbate 
for the removal of large molecules such as polynuclear 
aromatics (PNAs) from fluids and gases. The applications 
range from wastewater and catalyst regeneration gas 
cleanup to the reduction of PNAs in hydrocarbon fuels. 

OTHER APPLICATIONS 

A wide array of other MCM-41 applications have been 
investigated, each based on the unique composition, 
uniform pore size, and extraordinarily high surface area 
of the M41S family of materials. While the reviews by 
On et a1.'2'1 and Zhao et a1.'221 have described many of 
these, we want to highlight three applications to illus- 
trate the breadth of potential applications outside the 
realm of catalysts and adsorbents. The first relates to the 
use of MCM-41 and M41S materials as key components 
in microoptical and microelectronic applications. Beck 
et a1.[681 determined that M41S materials, when processed 
to include quantum clusters of semiconducting inorganic 
or organic compounds, have unique nonlinear optical prop- 
erties useful as frequency mixers, frequency doublers, and 
parametric amplifiers. Extended uses are for beam steer- 
ing, optical switching, and image processing. 

In the second application, MCM-41 is used as a central 
component in a sensor device.1691 Electrical, optical, or 
gravimetric systems designed around MCM-41 detect, for 
example, the presence of specific gases, changes in pH, or 
the presence of metal ions. The examples describe a range 
of biological, chemical, and physical sensor applications 
including the selective detection of benzene, ammonia, 
nickel, formaldehyde, and carbon monoxide. 

Finally, Ozin et al.[701 describe the use of M41S (nick- 
ellplatinurn)-yittria-zirconia M41 S materials as thermally 
stable electrode materials in solid oxide fuel cells. The 
mesoporous materials, which are synthesized in aqueous 
media using glycometallates and metal complexes, have 
the highest known surface area of any form of (metal)- 
yittria-stabilized zirconia and thus improve the efficiency 
of solid oxide fuel cells. 

CONCLUSION 

For many new materials, traversing the path from dis- 
covery to commercial application can take as long as a 
decade. This was certainly true for MCM-41, the most 
widely studied representative of a new class of materials 
known as the M41S family. Commercialization of MCM- 
41 required approximately 10 years as issues surrounding 
scale-up of the synthesis, raw materials selection, and 
post-processing had to be addressed. However, the major 
challenge was associated with identification of an appli- 
cation where the performance advantages justified the 
risks and costs associated with the targeted commercial- 
ization. Initial commercializations of truly new materials 
are, by their very nature, expensive and associated with a 
large degree of uncertainty. The initial application bears 
all of the developmental costs which normally represents a 
significant hurdle in the development of any truly "step 
out" material. 

Now that MCM-41 is commercial, we anticipate that 
several new applications will be pursued. Work on meso- 
porous materials such as M41S continues in many labo- 
ratories around the world as witnessed by the consistent 
increase in both M41S-related patents and publications 
since the discovery of MCM-41, the first member of this 
family, in 1989. 
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INTRODUCTION 

Metal clusters on oxides play a profound role in modern- 
day society because such systems are the basic ingredients 
in catalysts used for environmental protection, refining of 
fossil fuels, and production of chemicals. In the automo- 
tive three-way catalytic converter, for example, chemical 
reactions take place on nanometer-scale metal particles of 
Rh, Pt, and/or Pd distributed on an oxide of a high surface 
area, typically alumina. 

Catalysis has thus been the main motivation for re- 
search on metal clusters on oxides. The improved ability 
to control the size and distribution of metal clusters cou- 
pled with the development of techniques for better char- 
acterization of the structural, electronic and chemical 
properties of metal clusters on oxides (primarily scanning 
probe techniques) has spurred an increased research ac- 
tivity in the field. Consequently, a series of interesting 
new results have been obtained, which have demon- 
strated how, e.g., the properties of the metal clusters may 
change in the nanometer-scale regime due to quantum 
size effects. 

Atomic-scale investigations of industrial catalysts are 
hampered by the complexity of the systems. In this article 
emphasis will therefore be on metal clusters on oxides 
prepared and investigated in laboratory research envi- 
ronments, i.e., under ultrahigh vacuum (UHV) conditions. 
The advantage of such model systems is that they lend 
themselves much more readily to investigations based on 
a large variety of surface science tools. The article is 
intended to give the reader an overview of the techniques 
for synthesis and characterization of model systems, as 
well as to address important issues that are relevant for 
metal clusters on oxides in general. For further reading, 
reference is given to a number of reviews on metals on 
~ x i d e s . ' ' ~ ~ ]  

SUBSTRATE PREPARATION, GROWTH, 
AND CLUSTER MORPHOLOGY 

Fig. 1 shows an image of a ruthenium catalyst for am- 
monia synthesis recorded with high-resolution transmis- 
sion electron microscopy (HRTEM).'~] The Ru metal 
clusters appear as dark, almost circular regions on a lighter 

background of MgA1204. The experimental challenge of 
investigating (at the atomic level) systems of a structural 
complexity such as that in Fig. 1 is still so formidable that 
strong efforts are made to derive information from struc- 
turally simpler systems. In the following, focus will be 
on techniques for creating model systems of metal clusters 
on oxides. 

Substrate Preparation 

Typically, the metal clusters are supported on low-index 
surfaces of crystalline metal or semiconductor oxides, 
such as MgO, A1203, Ti02, Fe203, ZnO, and Si02. The 
surface science of metal oxides has been treated in an 
excellent monograph.[" Unfortunately, the preparation of 
clean and well-ordered oxide surfaces on a bulk specimen 
still remains an experimental challenge."] The standard 
procedures for creating clean, well-ordered metal surfaces 
include polishing and etching, followed by ion sputtering 
to remove impurities and annealing to reestablish the 
crystal order. Such procedures, when applied to oxides, 
will, in many cases, lead to poor order or loss of stoichi- 
ometry due to preferential sputtering andlor thermally 
induced segregation. 

As an alternative, in situ cleavage of bulk oxide speci- 
mens under UHV may be considered. However, materials 
such as S O 2 ,  A1203, and Ti02 are difficult to cleave suc- 
cessfully in the sense that the cleavage plane will not co- 
incide with an extended low-index plane, and that the 
surface may locally be very rough. Successfully cleaved 
surfaces can be used for one-shot experiments. To remove 
deposited metal, sputteringlannealing cycles are necessary. 

Being large band gap materials the oxides are strongly 
insulating, adding to the difficulty and a severe drawback 
because when working with oxide surfaces most experi- 
mental techniques involve electron transfer, leading to 
charging effects. The charging problem has spurred the 
development of alternative schemes, where the oxide is 
made conductive by the introduction of point defects, or 
the oxide is grown in the form of an ultrathin film on a 
metallic ~ u b s t r a t e " ~ ~ ~ ~ ~ ~  that allows for electric transport 
through the film, e.g., in the form of a tunneling current. 

Examples of the two types of alternative schemes are 
shown in Fig. 2 in the form of scanning tunneling mi- 
croscopy (STM) images of a Ti02 bulk crystal surface and 
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Fig. 1 High-resolution TEM micrograph of a ruthenium 
catalyst for ammonia synthesis. The almost circular dark regions 
are Ru metal clusters. The oxide is MgAI2O4. (From Fig. 3 of 
Ref. [6],  with permission of Kluwer Academic Publishers.) 

an A1203 thin film surface. Titanium dioxide is used ex- 
tensively, not only for heterogeneous catalysts, but in 
several other technologically important areas such as 
photocatalysis and sensor technology. Bulk Ti02 in its 
rutile form has a band gap of 3 eV, but thermal reduction 
under vacuum leads to oxygen deficiencies which create a 
shallow donor level in the gap, giving rise to a sufficiently 
increased conductivity for performing experiments such 
as STM on the surface."381 The (1 10) surface of TiOz in its 
rutile form shown in Fig. 2a is the most intensively studied 
Ti02 surface and it has become a prototype of a metal 
oxide.[''' Aluminum oxide (alumina), Al2O3, is extremely 
important in both ceramics and catalysis. A band gap of 8- 
9 eV makes A1203 an excellent insulator, and A1203 
surfaces are not easily accessible for surface science 
experiments. Fortunately, thin alumina films can easily be 
prepared.[8391 Oxidation at elevated temperatures, for ex- 
ample, of a (1 10) NiAl alloy single crystal surface results 
in the formation of an alumina The ensuing film 
depicted in Fig. 2b has a thickness of only ~ 0 . 5  nm, less 
than the thickness of a unit cell of y-A1203 or u-A1203, 
but nevertheless sufficiently thick to have most of the 
properties of y - ~ 1 ~ 0 ~ . [ ~ '  And importantly, electron 
transport through the film is easily achieved, facilitating, 
e.g., STM investigations. 

Metal Deposition 

The standard technique for metal deposition on extended 
oxide surfaces is vapor deposition, where a metal in close 

proximity to the oxide is heated to a temperature at which 
the metal has a suitable vapor pressure. Metal atoms will 
then impinge on the oxide surface at thermal energy. At 
room temperature (RT), the reevaporation probability for 
metal atoms is generally very low, i.e., the sticking 
probability is close to unity. 

After landing, the metal adatoms may diffuse on the 
surface with a diffusion constant D determined by 

for 2-D diffusion. Here v is a frequency factor of the 
order of 1013 Hz, a is the distance between neighboring 
adsorption sites, Ed is the energy barrier for diffusion, k 
is the Boltzmann constant, and T the absolute tempera- 
ture. Diffusion can therefore be enhanced by an increase 
in temperature. 

In a time interval z the diffusing adatoms will travel a 
root-mean-square (rms) distance 1 given by 

For sufficient metal coverage the diffusion process leads 
to nucleation. If the diffusing metal atom attaches itself to 
a surface defect (such as a step edge), the nucleation is 
heterogeneous. If, on the other hand, diffusing adatoms 
meet and form stable nuclei, the nucleation is termed 
homogeneous. In general, only a few atoms need to ag- 
glomerate to form stable nuclei. The minimum number of 
other adatoms that a diffusing metal adatom must meet to 
form a stable nucleus is called the critical cluster (or is- 
land) size. Thus if a metal dimer is stable, the critical 
cluster size is one. 

Fig. 2 STM images of oxides. (a) A clean TiOz (1 10) surface 
(13 x 13 nm2). The bright lines are rows of Tr atoms. The bright 
dots imaged between the Ti rows (see circle) are vacancies in 
rows of oxygen atoms which are in bridge positions relative to 
underlying Ti atoms. (Courtesy: Renald Schaub, CAMP, Uni- 
versity of Aarhus.) (b) A thin A1203 film grown on NiAI(I10) by 
oxidation. The two dark lines are antiphase domain boundaries 
relieving strain due to a mismatch between the film and the 
substrate (20 x 20 nm2). 
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Continued metal evaporation does not lead to an ever- 
increasing density of clusters. The saturation density N is 
determined by parameters such as the rate R at which 
atoms impinge on the surface, the temperature T, the 
frequency factor v from the diffusion constant D (Eq. I), 
the diffusion barrier Ed, and the critical cluster size i.[I2] It 
is important to realize that for a given metal-oxide sys- 
tem, the saturation density of clusters can be controlled by 
changing the substrate temperature during nucleation and/ 
or the evaporation rate R. 

When the saturation density of clusters has been 
reached, the clusters will grow by attachment of further 
adatoms. Although exceptions exist, the growth modes 
can conveniently be divided into three classes: Frank van 
der Menve growth in which the metal grows layer-by- 
layer across the entire surface, Volmer-Weber growth in 
which metal grows as 3-D islands separated by bare oxide, 
and Stranski-Krastanow growth which starts as layer-by- 
layer growth, but with 3-D islands appearing after a few 
monolayers. Based on a model in which the cluster is 
treated as a liquid droplet on the support surface it is 
possible to have some preconception of the growth mode 
of a particular metal-oxide system. If ymet and yo, denote 
the surface energies of the metal and the oxide, respec- 
tively, and yin, the interface energy, the following rule can 
be e~tablished:' '~~ 

yo, 2 ymet + yint : layer - by - layer growth (3a) 

yox < ymet + yint : 3-D cluster growth (3b) 

Expressions (3a) and (3b) apply to the thermodynamical 
equilibrium. It is important to note that film growth is a 
kinetic process which does not take place at thermody- 
namic equilibrium (growth is incompatible with equilib- 
rium!). The expressions are therefore applicable only to 
growth conditions which are close to equilibrium. As the 
free energies of the mid-to-late transition metals and the 
noble metals are frequently larger than the free energies of 
the supporting oxides, 3-D growth rather than layer-by- 
layer growth is to be expected for such systems. This is, 
indeed, confirmed by experiments.['] In the following, 
3-D cluster growth is assumed. 

Cluster Morphology 

The thermodynamic equilibrium shape of a free metal 
cluster can be found from the Wulff theorem[I4] if the 
surface free energies of the low-index surfaces are known. 
The basis of the theorem is that for a given volume, the 
equilibrium shape must be determined by minimizing the 
total surface free energy. The ensuing theorem states that 
the ratio between the real-space distance di from the 

cluster center to the facet plane i and the surface energy yi 
of this facet is a constant: 

di/yi = c (constant) (4) 

Fig. 3a shows a free cluster with a shape determined by 
the relative values of the surface energies y l w ,  yllo, and 
yl I1 .  A cross section of the cluster along the (110) plane 
is shown in Fig. 3b. The relative area of the different 
facets clearly depends on the relative values of yloo, yllo, 

and Y 1 1 1 .  

If the metal cluster is formed on an oxide, a metal- 
oxide interface is created. The free energy of the interface 
is given by the DuprC equation: 

where yint is the interface energy, ymet and yo, the surface 
free energy of the contact facet of the cluster and the 
substrate, respectively, and Wadh the adhesion energy, i.e., 
the work per unit area needed to separate the cluster and 
the substrate. 

The equilibrium shape of a supported cluster can now 
be found using a modified Wulff construction scheme,[15] 
by replacing the free energy of the surface in contact with 
the substrate with an effective surface energy y*, which is 
the difference between the interface energy and the sur- 
face energy of the oxide: 

The height H of the supported cluster, relative to that of 
a free cluster, thus depends on y*. For a cluster residing 
on a { 11 1 ) facet (Fig. 4), the cluster will adopt its free- 
space form on the oxide if y* = y I  I '. For smaller values 
of y* the cluster gets truncated [Fig. 4a], and for 
negative values of y*, the height of the supported cluster 
becomes less than half the height of the free cluster, as 
illustrated in Fig. 4b. An experimental value of the y* 

, (I  10) plane 

Fig. 3 The Wulff construction. (a) Cluster displaying three 
types of facets. (b) Cross section of the cluster along the (1 10) 
plane. (View this art in color at www.dekker.com.) 
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Fig. 4 Cross section of a cluster supported on a { 1 11 ) facet for 
a positive (a) and a negative (b) value of the effective surface 
energy y*. H denotes the height of the cluster. (View this art in 
color at www.dekker.com.) 

can be derived from the observed, detailed morphology 
of the clusters in terms of the cluster surface energies.[I6] 
From Eqs. 5 and 6 

Again, ymet denotes the surface free energy of the metal 
cluster facet in contact with the oxide. The work of 
adhesion can therefore be derived from experiments, if 
the surface energies are known. 

The Wulff construction is basically a continuum de- 
scription which does not consider the discrete nature (fi- 
nite number of atoms) of the clusters, and neglects the 
formation energy of comer and edge atoms, which play an 
important role in small clusters. Nevertheless, the theorem 
has been extremely successful in predicting or rational- 
izing shapes of metal clusters on oxides. 

TWO CASE STUDIES 

A large amount of metalloxide combinations have been 
studied and an impressive amount of knowledge has been 
gained. In the following, focus will be on two different 
metalloxide systems which have attracted special atten- 
tion. The two systems will serve to illustrate fundamental 
properties, results, considerations, and problems related to 
research on metal clusters on oxides in general. 

Palladium on AI,O, 

Palladium on alumina is an important catalyst for partial 
or complete oxidation in many catalytic processes. The 
system has therefore been studied extensively, both in the 
form of industrial catalysts and as a model system. Most 
laboratory studies of Pd on alumina have been carried out 
on Al2O3 thin films because of the insulating nature of 
bulk A1203. Fig. 5a is an STM image showing the result 
of Pd evaporation onto a thin Al2O3 layer formed by ox- 

idation of NiAI(ll0) (cf. Fig. 2b). As expected from 
surface free energy considerations, Pd grows in the form 
of 3-D clusters (Volmer-Weber growth). For room tem- 
perature, low-coverage deposition of Pd on well-ordered 
films, the spatial distribution of the clusters is heavily 
influenced by the intrinsic defect structure of the film with 
a tendency for the clusters to nucleate at step edges and 
domain boundaries. 

From Fig. 5a it is evident that a large fraction of the 
clusters are hexagonal in shape. On films with large 
domains up to 50% of the clusters are hexagonal in 
shape,"61 reflecting the fact that these clusters are crys- 
talline. The remaining clusters have not necessarily 
adopted their thermodynamical equilibrium form because 
of incorporated defects, insufficient temperature, etc. 
Because of the finite size of the STM tip the clusters are 
imaged as a convolution of the cluster and the tip shapes. 
This leads to a certain rounding of edges and comers as 
illustrated in Fig. 5b which displays height contours of a 
single Pd cluster."'' Based on atomic resolution STM,"~' 
the facets of the cluster can be identified: The top facet is 
of { 1 1 1 } orientation while the sides are { 1 1 1 } and { 100) 

Fig. 5 (a) STM image of nanoclusters on AI2O3/NiA1(1 10). 
Note the characteristic hexagonal shape of many clusters. 
(50 x 50 nm2). (b) Height contours (thin lines) of a single Pd 
cluster. The thick line indicates the ideali~ed, regular form. 
(15 x 15 nm2). (c) Ball model of a cluster displaying (100) and 
{ 11 1 ] facets. (d) Height contours (thin lines) of a Cu cluster, 
closely resembling a regular hexagon (thick line), (9 x 9 nm2). 
[(b) and (d) are reprinted from Ref. [17]. Copyright 2001, 
with permission from Elsevier.] (View thrr art in color at 
www.dekker.com.) 
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facets. For comparison, Fig. 5c shows a ball model of a 
cluster. As discussed earlier, the general shape of the 
cluster is governed by the surface and interface energies 
(modified Wulff construction). The clusters do not display 
any { 110) facet, either because y , ,, is too large compared 
to yloo and y ,, (cf. Fig. 3b), or because the cluster is too 
small to develop a genuine ( 1  10) facet. Fig. 5d shows 
the height contours of a Cu cluster formed under similar 
 condition^.^'^' In this case the shape of the top facet 
approaches a regular hexagon, illustrating how the surface 
energies influence the cluster morphology. 

The principal objective for dispersing the active metal 
in a catalyst in the form of nanosized clusters is to increase 
the surface area. There are, however, several reasons why 
the dispersion, i.e., the formation of clusters, may influ- 
ence the reactivity and make it deviate from that of 
corresponding, extended surfaces. First of all, the number 
of edge and comer sites will obviously increase dramati- 
cally. If such sites are active (see "Gold on Ti02" sec- 
tion), the dispersion will promote an increase in activity 
which is easily explained. Secondly, exposure to gases 
may have different effects on extended surfaces and 
clusters dispersed on oxides. As an example, exposure of 
an extended Pd(ll1) surface to O2 is known to result in 
the formation of a (2 x 2) structure, i.e., a structure with a 
unit cell four times bigger than the substrate unit cell. 
Exposure of a clean Pd nanocrystal [Fig. 6a] to 0 2  has 
the same effect in the central portion of the top ( 1  11 ) 
facet, but an entirely new structure develops along the 
facet edge, as shown in Fig. 6b.[Ix1 It is beyond the scope 
of this article to discuss this phenomenon in detail; suffice 
it to state that the adsorption of gases on nanoclusters may 
cause reconstructions along facet edges, thereby creating 
new, possibly catalytically active sites. For very small 
clusters, the presence of gas may therefore influence the 
structure of the entire cluster. 

Fig. 6 Two atomically resolved STM images (2.5 x 2.5 nm2) 
of a Pd cluster before (a) and after (b) exposure to 02.  The 
(2 x 2) oxygen adlayer in (b) is not imaged by STM, but a severe 
reordering of the facet edge has taken place. (View this art in 
color at www,dekker.com.) 
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Fig. 7 Atomic spacing in Pd clusters on y-A1203/NiA1(1 10) as 
a function of cluster size. Horizontal bars illustrate the difference 
in length and width of the clusters whereas the vertical bars are 
estimated errors. (From Ref. [21]. Copyright 1999, American 
Chemical Society.) 

The previous example is related to adsorption under 
static conditions, i.e., at a fixed temperature and in an 
unchanging atmosphere of (low pressure) oxygen. What 
happens to the cluster morphology when the cluster is 
exposed to gases at a higher pressure and temperature, 
i.e., under industrial catalytic conditions? An answer was 
recently found based on an in situ inves t igat i~n."~~ Model 
catalysts of Cu nanoparticles on ZnO (equivalent to the 
industrial methanol synthesis catalyst) were imaged with 
TEM in a high-pressure cell. The Cu nanocrystals were 
found to undergo dynamic, reversible shape changes in 
response to changes in the gaseous environment. The 
changes were found to be caused by adsorbate-induced 
changes in the surface energies and by changes in the 
interface energy. To describe and understand the catalytic 
properties of nanoscale clusters, dynamic effects on the 
nanocrystal morphology must therefore be included. 

Dispersion may lead to effects of an even more subtle 
origin. Consider, for example, the sensitivity to changes in 
the lattice parameter. Because of the increased importance 
of the surface stress for smaller clusters, the lattice pa- 
rameter is expected to decrease for decreasing cluster 
size.L201 Fig. 7 shows an experimental verification ob- 
tained for Pd on A1203 on the basis of TEM mea- 
surement~. [~"  The smallest clusters (size z 1.5 nm) show 
a 4-5% reduction in lattice parameter. A smaller lattice 
parameter results in a broadening of the d-band. Compare 
to the effect of bringing atoms together to form a solid: 
The atomic levels broaden and become energy bands. The 
closer the atoms the stronger the broadening. For transi- 
tion metals with d-bands that are more than half-filled, 
such as Pd, the broadening results in a downward shift of 
the d-band center to maintain the degree of filling. 
According to the d-band model, a shift in the d-band 
center relative to the Fermi energy will be correlated with 
a change in binding energy.'"1 Hence a change in the 
lattice parameter will influence the reactive properties of 



Metal Clusters on Oxides 

the cluster. An indisputable experimental verification of 
this effect on clusters is still lacking, but changes in the 
reactivity of a metallic surface induced by a change in 
lattice parameter has been reported for a (0001)-oriented 
Ru sample in an area where an edge dislocation intersects 
the surface.'231 On one side of the dislocation the lattice is 
compressed, and on the other side it is stretched. When 
analyzing the results of NO dissociation on the surface 
with STM, a much larger concentration of N atoms 
appeared at the stretched than at the compressed and the 
defect-free surface, signaling an enhanced reactivity of the 
stretched surface in accordance with the d-band 

For tiny (few-atom) clusters, the electronic structure 
cannot be properly described in a band structure model. 
Instead the energy levels may be described in a picture 
based on molecular orbitals. The energy levels, and hence 
the reactivity, will therefore be very sensitive to the de- 
tailed size and shape of the cluster. 

In this section a number of concepts which are central 
in the description of catalytically active metal clusters 
have been described, whereas the role of the substrate has 
been neglected, apart from its part in providing a passive, 
high surface-area matrix (structural promoter) for the 
dispersed metal clusters. Increasing evidence has been 
found that the oxide in many cases plays a much more 
active and decisive role than hitherto expected. Refer- 
ences to some aspects of metal-oxide interaction will be 
made in the next section. 

Gold on Ti02 

Gold is generally accepted to be the noblest of all the 
metals because of its electronic structure with a filled 5d 
band.r241 Only little attention has therefore been paid to 
gold as a potential catalyst. Nevertheless, when gold is 
highly dispersed on select oxide surfaces in the form of 

nanosized clusters, its chemistry changes dramatically and 
surprisingly a high activity andlor selectivity is exhibited 
in catalytic processes such as the low-temperature oxi- 
dation of ~ 0 . ' ~ ~ '  The observation that the chemical 
properties of gold depend on the support and in particular 
on the size of the Au clusters has spurred an intense search 
for the underlying physical origin. 

When Au is evaporated onto a T i02  surface (cleaned 
by Ar ion sputtering and vacuum annealed to = 1000 K), 
the Au atoms form clusters that nucleate at defects. Apart 
from major defects such as steps, the main nucleation sites 
are the bridging-oxygen vacancies shown in Fig. 2a.'261 A 
single oxygen vacancy will bind up to three Au atoms and 
for larger Au clusters, the Au/ T i02  interface will contain 
a high density of oxygen vacancies. 

Fig. 8A shows an STM image of a 50 x 50-nm area of 
a Ti02 (110) surface with a large number of Au clusters 
(bright protrusions).[271 As already mentioned the average 
cluster size can be varied by adjusting the evaporation 
flux, temperature, and total dose. By measuring the turn- 
over frequency (TOF), i.e., the number of reactions taking 
place per Au atom per second, for CO oxidation as a 
function of the Au cluster size, a clear correlation between 
the TOF and the cluster diameter was revealed, showing a 
distinct maximum for a Au cluster diameter of = 3 nm.r271 

In the search for the origin of this effect, the electronic 
properties of the Au clusters were investigated with 
scanning tunneling spectroscopy (sTs) . '~~]  In this tech- 
nique, the STM tip is positioned on top of a particular 
cluster, and the tunnel current I is recorded as a function of 
the tunnel voltage V. The resulting I-V curves reflect the 
electronic properties of the clusters and can be correlated 
with cluster size and geometry, as shown in Fig. 8B. A 
perfectly metallic cluster on a conducting substrate should 
display a simple ohmic behavior, i.e., a straight line as I-V 
curve. From Fig. 8B it is evident that the smaller the 

0 1 0 2 0 3 0 4 0 5 0  
nm 

Bias voltage (V) 

Fig. 8 (A) Constant-current STM image of Au/Ti02(110). The total amount of Au corresponds to 0.25 monolayer. (B) Scanning 
tunneling spectroscopy data acquired for Au clusters of varying sizes on the Ti02(1 10) surface. For reference the STS data of the Ti02 
substrate are also shown. (From Ref. [27]. Copyright 1998, American Association for the Advancement of Science.) 



Metal Clusters on Oxides 

cluster the stronger the deviation from simple ohmic be- 
havior is observed. When the dimension of the cluster is 
decreased, a plateau of zero tunnel current develops 
around zero bias voltage corresponding to the appearance 
of a band gap between the valence and the conduction 
band. For comparison, an STS curve for the Ti02 sub- 
strate, having a wider band gap than the Au clusters, is 
also included in Fig. 8B. These measurements provide a 
fine illustration of how quantum size effects become im- 
portant when the dimensions of metal clusters are reduced, 
but do not by themselves explain the peak in activity for a 
given cluster size. 

To elucidate the mechanism behind the observed ac- 
tivity, the possible role of the substrate must also be 
considered. It is well known that the support may take part 
in reactions, for example via spillover effects where 
reactants may be formed at the metal clusters or the oxide 
and migrate from one to the other. The active role of an 
oxide support during CO oxidation over supported Au 
catalysts has been investigated theoretically and experi- 
mentally with conflicting results (see Ref. [28] and 
references therein). To illustrate the complexity of the 
problem, reference is made to a case study: a theory study 
based on density functional theory (DFT) calculations.[291 
MgO rather than Ti02 was chosen as a substrate because 
of its structural simplicity and appearance in the experi- 
mental literature (Au clusters on MgO have also been 
shown to be reactive to CO oxidation at RT and even 
below.)[301 The higher reactivity of supported nanometer- 
sized Au clusters was found to originate from two effects: 
1) the oxide acts as a structural promoter, leading to the 
formation of small Au clusters with low-coordinated Au 
edge sites that readily bind CO; 2) the proximity of the 
oxide stabilizes a peroxo-like reaction intermediate 
c0.o2. 

It remains to be seen how general such mechanisms 
are, but the example serves to illustrate how the catalytic 
process may rely on an intricate interplay between the 
metal cluster and the oxide, and how challenging it is to 
sort out the relative importance of different effects. 

CONCLUSION 

In this article, emphasis has been on the synthesis and 
characterization of metal clusters on relatively flat, ex- 
tended oxides which mimic real, metal-based catalysts 
sufficiently well to be exploited as model systems. Based 
on two case stories, Pd/A1203 and Au/Ti02, a number of 
issues relevant for such systems have been introduced and 
discussed. Many other fascinating applications of metal 
clusters on oxides may be developed in the near future. 
Examples can already be found in the literature, such as 
the fabrication of single-electron transistors based on 

contacting Au nanoclusters on Si02 with carbon nano- 
While each example is of interest in its own area, 

the principal importance of metal clusters on oxides is 
unquestionably still in the field of catalysis. 
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Collective Optical Properties 
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INTRODUCTION 

Ensembles of gold and silver nanoparticles in the 10- to 
100-nm size range exhibit collective electromagnetic 
properties, which can be tuned according to particle size 
and interparticle spacing. Self-assembly is a critical en- 
abling mechanism for organizing nanoparticles into 
ensembles with well-defined lattice structures or geome- 
tries, if particle dispersion forces can be adequately con- 
trolled. Presented here are several recent theoretical and 
experimental studies on metal nanoparticle assemblies 
with novel and technologically appealing optical proper- 
ties. For example, gold nanoparticles with intense plasmon 
resonances can be organized into planar arrays or spherical 
ensembles around dielectric cores, and serve as substrates 
for surface-enhanced Raman scattering (SERS). Recent 
theoretical developments indicate that the electromagnetic 
field factors responsible for such enhancements can be 
further tuned by adjusting the diameter-spacing ratio, 
enabling the optimization of metal nanoparticle ensembles 
for various applications in sensing and nanophotonics. 

SURFACE PLASMONS 

Gold and silver nanostructures are well known to exhibit 
electrodynamic phenomena commonly referred to as 
surface plasmons (see entry on "Surface Plasmon Spectra 
of Gold and Silver Nanoparticles"). These are generated 
by the collective excitation of free electrons in the metal 
particle, in response to a characteristic electromagnetic 
frequency. The surface plasmon modes of metal nano- 
structures have essentially the same function as radio 
antennas, except that they resonate in the optical and near- 
infrared (NIR) regions of the electromagnetic spectrum. 
Surface plasmons can be categorized into two types: lo- 
calized plasmon resonances, in which incident light is 
absorbed or scattered by the oscillating electric dipoles 
within a metal nanoparticle, and surface plasmon polar- 
itons, which propagate along metal surfaces in a wave- 
guide-like fashion until released at some distance from 
their point of origin (Fig. 1). Localized plasmon reso- 
nances generate electromagnetic field factors, which en- 

hance linear and nonlinear optical effects near the metal 
surface. The localized plasmonic responses of individual 
metal nanoparticles are now quite well understood and 
have been summarized in several recent works.['-31 On the 
other hand, metal nanoparticle ensembles can support 
both localized and propagating surface plasmon modes, 
whose physical relationships are less well defined. Re- 
gardless of the complexity of these phenomena, the 
plasmonic coupling of metal nanostructures with light 
enhances a broad range of useful optical phenomena, such 
as resonant light scattering (RLS), surface plasmon reso- 
nance (SPR), and SERS, all of which have tremendous 
potential for ultrasensitive chemical and biomolecular 
detection and analysis. 

The plasmonic responses of coupled metal nano- 
structures are capable of intensifying local electromag- 
netic fields by many orders of magnitude. For example, 
many of the early SERS observations in the late 1970s and 
early 1980s were performed using kinetically formed 
aggregates of Ag and Au nan~~articles.[~'  Interest in 
SERS has been further stoked by reports of single-mole- 
cule SERS spectroscopy;[5-71 however, the reproducibility 
of such activities has been poor. Despite strong evidence 
that aggregated nanoparticles can generate "hot spots" 
that produce enormous enhancements in Raman intensi- 
ties, these vary widely from sample to sample and often 
disappear after a few days' aging. The conditions that 
enable reproducibly high SERS enhancements have yet to 
be established, and constitute an important challenge in 
nanomaterials synthesis. 

FABRICATION OF 
NANOPARTICLE ASSEMBLIES 

In the last few years, significant progress has been made in 
the fabrication and optical characterization of metal 
nanoparticle assemblies in one, two, and three dimensions. 
Much of this work has been directed toward the self-as- 
sembly and materials properties of nanoparticle assem- 
blies in which the unit particle size is below 10 nm (radius 
R <  5 nm); these have been reviewed 
More recently, several investigations have focused on 
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Fig. 1 Incident light on nanostructured metal surfaces can result in localized (standing) plasmon resonances (a), propagation of surface 
plasmon waves (b), or a combination of the two (c). Excitation of conduction electrons produces local electromagnet~c fields (pink) near 
the metal surfaces. (View this art in color at www.dekker.com.) 

metal nanoparticle assemblies with unit structures in the 
10- to 100-nm range, the central theme of this entry. Both 
theoretical considerations and experimental investigations 
of discrete clusters and extended arrays of these mid- 
nanometer-sized nanoparticles will be discussed. It will 
become evident that in addition to particle size, structural 
parameters such as interparticle distance, lattice geometry, 
and periodic order also have important roles in the col- 
lective optical responses of these ensembles. 

Discrete Clusters of Metal Nanoparticles 

Plasmon-resonant nanoparticles can experience signif- 
icant dipolar coupling when their interparticle separation 
6 is on the order of diameter 2R or less where R is 
nanoparticle radius, giving rise to additional plasmon 
modes. Effective-medium theories such as the Maxwell- 
Garnett formula, which can accurately describe the plas- 
mon resonance of isolated metal particles below 30 nm, 
can provide only a limited approximation of the optical 
responses by coupled nan~~ar t i c l e s . ' "~  These approx- 
imations lose their accuracy if 6 is much less than one 
particle diameter (6<1.5R), at which point evanescent 
(near-field) coupling becomes significant. 

Simulations of discrete N-particle systems based on 
generalized Mie or numerical approaches such 
as discrete dipole approximation['39'41 appear to provide 
more consistent models of coupled metal nanoparticles. 
These have been used to predict the extinction and ab- 
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Fig. 2 Extinction spectra of 20-nm Ag particle aggregates in 
different geometries, as calculated by generalized Mie theory. 
(Adapted from Ref. [I] .)  

sorption cross sections of specific aggregate structures, 
such as chained particles in linear or bent conformations 
(Fig. 2). Linear chains of Ag nanoparticles produce lon- 
gitudinal plasmon resonances at strongly redshifted 
wavelengths, whereas close-packed aggregates exhibit 
less pronounced shifts in their collective plasmon reso- 
nance frequencies. The optical responses of these N-par- 
ticle clusters in fact correlate closely with anisotropic 
metal particles of similar overall shape, such as nano- 

and n a n ~ ~ r i s m s . [ ' ~ . ~ ~ , ~ ' ~  
More recent theoretical treatments have given empha- 

sis to the local electromagnetic fields generated near the 
metal nanoparticle surfaces, with the objective of defining 
regions with the highest field factors (often quantified as 
a function of IEIEoI where E and Eo are the plasmon- 
enhanced and incident electric field intensities) for a given 
frequency o .  This is especially important for surface- 
enhanced spectroscopies such as SERS, in which signals 
are amplified as a function of G~~ = I E ( O ) ) ~ E ~ ( ~ ) I ~ .  IE(cof)l 
~ ~ ( c o ' ) l ~ ,  where GEM is the local Raman enhancement 
factor and o and w' are the incident and Stokes-shifted 
frequencies, respectively.['81 In the simplest case of a two- 
sphere system, it is widely agreed that local field factors 
are greatest when the two particles are almost touching. 
Xu and coworkers have performed electrodynamics cal- 
culations on pairs of Au and Ag particles (10-90 nm) 
separated by as little as 1 nm, and suggested GEM values 
more than 10" for the best cases.['91 These localized 
enhancements are exquisitely sensitive to interparticle 
spacing; changes in 6 by just a few nanometers can cause 
the local enhancements to drop by several orders of 
magnitude (Fig. 3). These calculations, in conjunction 

Fig. 3 Electrodynamics simulation of local iield enhancements 
(GEM) between two 90-nm Ag particles at interparticle sep- 
arations of 6=5.5  and 1 .O nm. (From Ref. [191.) (View this art in 
color at www.dekker.com.) 
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Fig. 4 Finite-difference time-domain simulation of electric 
fields (red) localized within a linear array of 50-nm Au particles 
(blue), with interparticle separations of 6=75 nm. (From 
Ref. [23].) (View this arr in color at www.dekker.com.) 

with experimental studies by the same imply 
that nanoparticle dimers have potential as substrates for 
routine single-molecule SERS, given a reliable method for 
localizing analytes in regions of high field. 

Linear Arrays of Metal Nanoparticles 

Linear (I-D) arrays of metal nanoparticles have attracted 
much interest for their potential to transport energy in an 
antenna-like fashion and serve as near-field optical 
waveguides at subwavelength dimensions, with the pos- 
sibility of integrating nanophotonics with far-field optical 
 device^.'^'] Theoretical calculations of vectorial energy 
transport through chains of closely spaced 50-nm Au 
nanospheres suggest remarkably high levels of transmis- 
sion at optical resonance, with optimized losses ranging 
between 10 and 25 dB per micron (Fig. 4).'22327' Several 
methods for producing nanoparticle I-D arrays have been 
reported, including self-assembly on prepatterned sur- 
f a c e ~ ' ~ ~ '  and inside of nanoporous as well 
as by directed assembly using scanning probe microscopy 

I 

Recent experimental studies on plasmonic I-D 
nanoarrays have so far been promising. Proof of concept 
was established by Krenn and coworkers, who used 
photon scanning tunneling microscopy to image near- 
field excitations within Au nanoparticle chains.[271 Near- 
field optical transport in linear arrays of Au nanoparticles 
and Ag nanorods was also recently demonstrated by 
Maier et al.12'3281 The latter case was shown to support 
plasmon propagation with losses as low as 6 dB per 200 
nm, which suggests their feasible integration into all- 
photonic device architectures. 

with relatively large interparticle spacings (D/2R= 1.5 to 
5 ,  where center-to-center distance D=2R+6) have been 
fabricated by electron-beam lithography'293301 or by self- 
assembly on lithographically defined surfacesr241 (for 
some recent examples see Refs. [31,32]). Aperiodic 2-D 
arrays of the same genre have also been produced by 
self-assembly techniques. mostly by random sequential 
adsorption onto charged s ~ r f a c e s . ' ~ ~ - " ~  For these cases, 
the collective optical properties of nanoparticles are 
dominated by dipolar coupling mechanisms; however, 
their responses are more complex than predicted by 
classical dipole-dipole interactions, whose strength var- 
ies with 1 1 ~ "  Particles larger than 30 nm can exhibit 
sizable retardation effects in their dipolar interactions, 
and this can impact both the wavelength and decay time 
of their coupled plasmon For example, 
Chumanov et al. observed a remarkable blueshifting and 
narrowing of extinction maxima in submonolayer films 
of 100-nm Ag particles as a function of packing densi- 
ty.['" This was later reproduced in lithographically de- 
fined Ag nanoparticle 2-D arrays, and reexamined as a 
function of particle diameter-spacing ratio."" Recent 
theoretical analyses by Zhao and coworkers suggest that 
the blueshifting and narrowing are largely due to radi- 
ative dipolar coupling, an electrodynamic term that 
scales largely with l l ~ . " ~ '  

Aperiodic 2-D arrays may also provide a practical 
and straightforward method for preparing SERS sub- 
s t r a t e ~ . ' ~ ~ - ' ~ ]  Submonolayer ensembles of colloidal metal 
particles can be prepared with packing densities of up to 
30% (Fig. 5 ,  left), which is well below the close-packing 
limit (-90%) but sufficient to produce significant elec- 
tromagnetic coupling and El ectrostatic 
self-assembly of Au nanoparticles on spherical submicron 
particles has also been reported recently;'411 in this case, 
packing densities on the order of 50% can be achieved by 
increasing the nanoparticles' surface potentials, with a 
concomitant enhancement in 
(Fig. 5, right). 

electromagnetic coupling 

Two-Dimensional Arrays 
of Metal Nanoparticles 

Several methods have been employed for arranging 
metal nanoparticles into periodic and aperiodic two-di- 
mensional (2-D) lattices. Periodically ordered 2-D arrays 

Fig. 5 Left: planar ensemble of 40-nm Au particles adsorbed 
onto thiol-functionalized SO2. (From Ref. [40]. Copyright 1995, 
American Chemical Society.) Right: spherical core-shell en- 
sembles of 30-nm particles adsorbed onto amine-functionalized 
390-nm SiOz particles. (From Ref. [41].) Scale bar=200 nm in 
both images. 
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Fig. 6 Self-organized 2-D arrays of resorcinarene-encapsulated Au nanoparticles. Unit particle sizes: (a) 16 nm; (h) 34 nm; (c) 87 nm. 
(From Ref. [45]. Copyright 2001, American Chemical Sociey.) (View this art in color at www.dekker.com.) 

2-D nanoparticle arrays with much smaller interparticle 
spacings (D/2R< 1. I )  are likely to support strong near- 
field coupling as well as dipolar coupling, and should be 
excellent substrates for generating SERS and other sur- 
face-enhanced spectroscopies. In principle, such nano- 
particle ensembles should also be accessible by thermo- 
dynamic self-assembly; however, metal particles in the 
midnanometer size range experience strong interaction 
potentials that can promote kinetic aggregation, resulting 
in poorly defined structures. This can be viewed as a 
problem in dispersion control: If repulsive interactions can 
offset particle self-attraction at close range, conditions for 
thermodynamically controlled self-organization can be 
achieved. Earlier demonstrations by Schmid et al.[421 and 
by Giersig and ~ u l v a n e ~ ' ~ ~ . ~ ~ ]  have indicated that col- 
loidal Au particles can be organized into close-packed 
domains with local 2-D order. 

A general method for organizing metal nanoparticles 
into hexagonal close-packed 2-D arrays has recently been 
developed by Wei and coworkers, using multivalent mac- 
rocyclic surfactants known as r e s o r c i n a r e n e ~ . ' ~ ~ . ~ ~ ~  These 
compounds are capable of extracting colloidal Au parti- 
cles from aqueous suspensions and dispersing them in- 

to organic solvents or at air-water inter~aces.'~" In the 
latter case, resorcinarene-stabilized nanoparticles as large 
as 170 nm have been organized into 2-D arrays with ex- 
cellent local order (Fig. 6). Here the D/2R ratios are well 
below 1.1 ; careful inspection of the TEM images reveals 
an inverse correlation between array periodicity and 
interparticle spacing 6, most likely due to greater van der 
Waals attraction with unit particle size. 

The periodic 2-D nanoparticle arrays exhibit size-de- 
pendent optical properties at visible and NIR wavelengths. 
The gold nanoparticle films vary in hue from blue (2R= 16 
nm) to a faint gray (2R>70 nm), the latter being strongly 
absorptive in the NIR region (Fig. 7). The specular re- 
flectance is also dependent on periodic structure, with 
maximum reflectance of white light observed for 2R be- 
tween 40 and 70 nm.[481 These variable reflectivities can 
be attributed to several effects: 1) an angular dependency 
in attenuated reflection as a function of surface roughness, 
a well-studied phenomenon in metallic thin films;[491 
2) size-dependent optical absorption, with significant ab- 
sorptivities in the visible region for nanoparticle arrays 
with periodicities below 40 nm; and 3 )  size-dependent 
increases in Mie scattering, a phenomenon that has been 

nrn 
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Fig. 7 Size-dependent optical properties of Au nanoparticle arrays. (From Refs. [45,48].) Left: 2-D nanoparticle arrays transferred 
onto annealed quartz substrates, as viewed directly (bottom) and with specular reflectance (top, 0,=60°). Substrates are approximately 
1 cm wide. (Reproduced by permission of the Materials Research Society.) Right: extinction spectra of 2-D nanoparticle arrays. 
(Copyright 2001, American Chemical Society.) (View this art in color at www.dekker.com.) 
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characterized for nanoparticles and nanostructured metal 
surfaces with roughnesses on the order of 40 nm or 
more.[' 2,491 

The 2-D nanoparticle arrays also exhibit size-depen- 
dent SERS activities, with excellent levels of signal en- 
hancement in many c a s e ~ . ' ~ ~ ~  Surface-averaged Raman 
signals generated from the adsorbed resorcinarenes could 
be optimized as a function of periodicity and excitation 
wavelength, with enhancements as high as lo7. The ob- 
served trends are in accord with previous theoretical cal- 
culations describing electromagnetic SERS,"'-~~' and 
also with SERS studies on disordered metal colloid 
aggregates.[55-571 However, the resorcinarene-stabilized 
nanoparticle arrays have considerable advantages in re- 
producibility and stability, and retain essentially all SERS 
activity more than a year after self-assembly. Additional 
signal enhancement could be obtained by increasing the 
solid angle of incidence and collection; the angle-depen- 
dent Raman intensities suggest that propagating surface 
plasmons in the Au nanoparticle films contribute signifi- 
cantly to the SERS effect. 

The colloidal Au nanoparticle arrays are capable of 
detecting exogenous analytes by SERS and thus have 
potential as spectroscopic chemical sensors.[501 Volatile 
organic compounds adsorbed onto the array surface pro- 
duce a detectable signal within seconds; removal of the 
surfactant layer by plasma treatment further increases the 
arrays' sensitivities and enables the reproducible detection 
of analytes in aqueous solutions at micromolar con- 
centration~.[~'] However, recent theoretical calculations 
indicate that detection limits can be further lowered by 
adjusting the interparticle spacing. An incremental change 
in 6 delocalizes field intensities but at the same time 
increases the available sampling space for analyte detec- 
tion. Recent calculations by Genov et al. indicate that the 
surface-averaged enhancement factor GR (as opposed to 
the local factor GEM) from periodic nanoparticle arrays 
can be maximized as a function of excitation wavelength 

at a given value of 2Rl6, and can surpass that produced by 
disordered metal-dielectric films by several orders of 
magnitude (Fig. 8).'591 

3-0 Superlattices of Metal and 
Metallodielectric Nanoparticles 

In addition to enhancing spontaneous emission events 
such as SERS, metal nanoparticle superlattices may also 
be capable of blocking electromagnetic radiation at select 
frequencies, i.e., a photonic band gap. Highly monodis- 
perse particles on the order of an optical wavelength are 
well known to crystallize into 3-D superlattices, and often 
produce opalescent Bragg reflections. Colloidal crystals 
may also exhibit photonic band gaps in the visible to NIR 
range, and have been highly sought after as a way to 
manipulate the flow of light.[601 In principle, a photonic 
band gap can be engineered from nearly any type of 
material by periodically modulating its dielectric proper- 
ties. However, lattices with relatively low dielectric con- 
trast are not optimal materials for designing photonic band 
gaps at optical wavelengths. Periodic metal-dielectric 
nanostructures are capable of much stronger optical 
modulation; "inverse-opal" metal-coated colloidal crys- 
tals have recently been fabricated and have some promise 
as photonic band-gap materials.[611 

Theoretical studies by Moroz indicate that plasmonic 
colloidal crystals can support a complete photonic band 
gap in the visible and even the near-UV range.'621 Close- 
packed, face-centered cubic (FCC) crystals of colloidal 
Ag particles were calculated to posses tunable band gaps, 
at frequencies defined by the particle radius and plasma 
wavelength (RIA,) and with relative gap widths between 
5% and 10% as defined by (Aolo,), the gap width to 
mid-gap frequency ratio. The photonic band gaps were 
predicted to be greatest for colloidal crystals with 
Rllb,>0.9; for Ag, 3-D arrays of large, submicron-sized 

Fig. 8 Left: numerical calculations of surface-averaged field enhancements (GR) from 2-D hexagonal superlattices, with diameter- 
spacing ratios of 5, 10 and 30, vs. a random metal4ielectric film at the percolation threshold (p=p,). (From Ref. [59].) (Copyright 
2003, American Chemical Society.) Right: local field distribution within a hexagonal lattice produced by p-polarized light (1=600 nm, 
2R16= 10). 
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particles would be needed to produce band gaps for vis- 
ible wavelengths. 

A related study by Zhang et al. suggests that tunable 
photonic band gaps can also be made using metal-coated, 
core-shell nanoparticles as 3-D array  element^.'^" The 
band gaps of these materials are predicted to be less de- 
pendent on long-range order, a critical and challenging 
issue in the self-assembly of colloidal crystals. Photonic 
band gaps have been calculated for FCC lattices of SiOd 
Ag core-shell nanoparticles of different sizes and packing 
densities: 500150-nm core-shell particles at 45% packing 
density are expected to have a robust band gap centered at 
A= 1.5 pm, whereas 160150-nm core-shell particles at 
42% packing density are expected to have a band gap 
across the visible spectrum. Graf and van Blaaderen have 
recently reported a closely related core-shell colloidal 
crystal, in which a second dielectric shell has been grown 
around the metal-coated n a n ~ ~ a r t i c l e . ' ~ ~ '  The outermost 
Si02 shell reduces the van der Waals interactions con- 
siderably, and permits their self-organization into colloi- 
dal crystals with fractional densities close to that proposed 
by Zhang et a ~ . ' ~ ~ '  

CONCLUSION 

In closing, the controlled assembly of metal nanoparticles 
into well-defined structures can yield novel collective 
electromagnetic behavior, with excellent potential for 
function and application. Chemical and bioanalytical 
nanosensors have already reached a remarkably advanced 
stage of development, with detection and analysis bor- 
dering on the single-molecule limit, and the emerging area 
of nanophotonics may have long-term impact on tele- 
communications and device integration. 
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INTRODUCTION 

Nanotechnology is a catchword that evokes excitement in 
researchers and captures the imagination of laymen. The 
excitement in the research community stems from the fact 
that theoretically predicted variations in the physical 
properties of solid objects as their dimensions approach a 
few nanometers ( 1  nm= 10-  5 ) - v i z .  lowering of 
melting point, Coulomb charging, novel magnetic, optical 
phenomena, etc.-have been verified experimentally."41 
This experimental verification has been possible because 
of rapid strides made over the last two decades, both in 
techniques for synthesis and in tools for characterization 
of individual nanoscale objects. These advances have also 
opened up a vast array of potential technological appli- 
cations and have occurred just as the limits of photoli- 
thography-based solid-state technology are being reached. 
Coupled with the revolutionary impact of solid-state 
electronic devices on our lives, advances in synthesis, 
manipulation, and characterization of nanomaterials have 
made nanotechnology-and in particular nanoelectro- 
nics-a cynosure of public interest. 

There are two alternative approaches for fabricating 
nanoelectronic devices: the "top-down" and the "bot- 
tom-up" approaches. The top-down approach is similar 
to current photolithographic techniques used to pro- 
duce microelectronic devices. It consists of "chiseling" 
nanometer-scale features in bulk materials. Using such 
techniques as e-beam lithography and x-ray phase shift 
lithography, this approach can now produce nanoscale 
features (<SO nm) and has the decided advantage of being 
compatible with current microelectronic processing meth- 
ods and design concepts. However, this approach suffers 
from two important drawbacks: 1 ) processing costs rise 
exponentially as feature size decreases; and 2) the surfaces 
and interfaces produced by this approach exhibit atomic- 
scale imperfections, which critically degrade device per- 
formance as feature size approaches nanometer dimen- 
sions. The bottom-up approach consists of "building" the 
device or circuit by assembling it from preformed 

nanoscale "bricks." Bottom-up processing, involving 
the serial manipulation of nanoscale objects, is techno- 
logically impractical. However, it is often possible to 
induce nanoscale objects to assemble themselves into 
desired structures. It is such biologically inspired self- 
assembly which holds the greatest promise. 

There are a number of interesting nanoelectronic 
building blocks, viz. metal nanocrystals and nanowires 
(both magnetic and nonmagnetic), semiconductor nano- 
crystals and nanowires, and carbon nanotubes. In this 
chapter, we focus solely on nonmagnetic metal nano- 
crystals. Two characteristics of metal nanoparticles are 
critical for assessing their usefulness in nanoelectronic 
applications: 1) the ease with which bare metal particles 
cold weld on contact to form hard aggregates; and 2)  the 
tendency of metal particles to oxidize in an atmospheric 
environment especially in the presence of water mole- 
cules. The first characteristic means that the surface of a 
metal nanoparticle must be passivated by attachment of a 
monolayer of capping ligands or surfactant molecules 
before any attempt is made to assemble these particles 
into a uniform nanostructure. We will refer to such 
encapsulated particles as molecularly protected nanopar- 
ticles (MPNs). The second characteristic means that only 
noble metals such as Au and Ag will form nanoparticles 
that are not rapidly oxidized when exposed to an 
atmospheric environment. Linear alkanethiol molecules 
readily react in solution with both Au and Ag nanopar- 
ticles to form stable MPNs. These MPNs can be 
manipulated as stable physical species in a variety of 
organic solvents. The ability to manipulate Au and Ag 
MPNs in organic liquids, to synthesize macroscopic 
quantities of these particles with diameters in the 2- 
20 nm range, and to control the interparticle spacing in 
arrays of these particles by changing the length of the 
alkanethiol molecules coating the metal core make Au 
and Ag MPNs ideal building blocks for the self-assembly 
of nanoelectronic devices. To date, most studies of metal 
MPNs are of Au nanoparticles encapsulated by an al- 
kanethiol monolayer. 
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ELECTRONIC APPLICATIONS OF 
METAL NANOPARTICLES 

The simplest metal nanoparticle-based electronic material 
is fabricated by suspending Au MPNs in an organic 
solvent such as toluene, casting or spraying this suspen- 
sion on a solid substrate, and allowing the solvent to 
evaporate. The nanoparticles agglomerate as the solvent 
evaporates to form a loosely aggregated solid. If the 
original suspension is dilute and care is taken to allow the 
solvent to evaporate slowly, small 3-D superlattice 
domains or "ordered MPN crystals" form as the 
suspension becomes supersaturated; however, in general, 
the solid phase that forms is amorphous. The closest 
interparticle spacing in the solid is determined by the 
length of the alkanethiol molecules encapsulating the Au 
particles. Because this spacing is on the order of a 
nanometer, these amorphous solids are weak electrical 
conductors in which electrons tunnel through the organic 
layers separating the Au particles and hop from particle to 
particle. Snow and ~ o h l t j e n [ ~ '  have measured the 
electrical conductivity of amorphous films of Au MPNs 
as a function of the ratio of the diameter of the gold core to 
the length of the alkanethiol encapsulant. They measured 
electrical conductivities ranging from lop6  to 10-l2 
(a cm)-' and found that the conductivity at a given 
temperature increases as this ratio is increased. They have 
also shown that, when such an MPN solid is exposed to 
volatile organic vapors, its electrical conductivity is a 
function of the partial pressure of the organic molecule.[61 
This effect is most probably because of the absorption of 
the organic molecule into the alkanethiol layer surround- 
ing the gold nanoparticles. Quantum tunneling varies 
exponentially with distance, and a small swelling of this 
layer results in a large variation in tunnel resistance. Thus 
even as simple a structure as an amorphous solid of Au 
MPNs constitutes an interesting electronic material, and a 
film of this nanostructured material can act as a chemi- 
resitive sensor. Unfortunately, films of alkanethiol-coated 

Au nanoparticles are not strongly ~~ec ies - se l ec t ive . [~~  
However, adding different chemical functionalities to the 
ligand shell around the Au particles may be a way to 
increase the chemselectivity of the film. 

Amorphous films of Au MPNs can also be used to 
fabricate low-resistance electrical conductors on flexible 
substrates. Low-resistance conductors are important com- 
ponents of high-Q inductors, capacitors, tuned circuits, 
and interconnects. An inexpensive method for fabricating 
such conductors on flexible substrates is critical for the 
development of ultralow-cost microelectronic systems 
such as radiofrequency identification tags. Using a dense 
suspension of Au MPNs in a volatile organic liquid, it is 
possible to print micron-thick lines via either ink jet or silk 
screen techniques on a substrate. If the Au particle 
diameter and the alkanethiol encapsulant are optimized, 
these low-conductivity Au MPN lines can be converted 
into high-conductivity Au lines. This transformation is 
made possible by the low melting temperature and low 
shear resistance of Au n a n ~ ~ a r t i c l e s . ' " ~ ' ~ ~  It is accom- 
plished either by thermally annealing the lines at a 
relatively low temperature (< 150"~), '" or by exposing 
them to laser radiati~n."~] 

Although the electrical conduction behavior of an 
amorphous film of Au MPNs has technological potential, 
placing a single Au MPN between two electrodes provides 
a much richer range of electronic behavior. In this 
configuration (Fig. I), the nanoparticle is able to suppress 
all electrical conduction at low-bias voltages. This 
phenomenon is called "Coulomb blockade." Coulomb 
blockade occurs when the electrostatic energy increase 
caused by adding a single electron on a capacitatively 
coupled metal island is much larger than the thermal 
energy of the electrons: 

where e is the charge on an electron, C is the effective 
capacitance of the metal island, kB is the Boltzmann 

Fig. 1 (a) Schematic representation and equivalent circuit of nanostructure consisting of a single metal MPN placed between two 
electrodes. (b) Ideal I-V curve for this nanostructure illustrating Coulomb blockade at low bias and Coulomb staircase as bias is 
increased. (View this art in color at www.dekker.com.) 
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constant, and T is the absolute temperature of the metal 
island. In the case of metal MPNs, the capacitance C is 
directly proportional to the radius of the metal nanopar- 
ticle. For room temperature operation, Eq. 1 is satisfied 
when the particle diameter is less than approximately 2- 
3 nm. Larger particles are able to suppress all electron 
transport only if their temperature is lowered. For 
Coulomb blockade to be observed, the tunneling resist- 
ance (R) to and from the metal island must also be much 
greater than the resistance quantum (RQ): 

where ~ ~ = h / 2 e ~  ( - 1 2 . 9 ~  lo3 n), with h being the 
Planck's constant. 

When both Eqs. 1 and 2 are satisfied, the I-V curve for 
an asymmetric junction {RR >> RL or RL >> RR] shows 
characteristic steps in the current, called "Coulomb 
staircase" (Fig. 1). The asymmetry in the resistance 
means that the flow of electrons is controlled either at the 
right or left tunnel junction, and so electrons tend to 
accumulate on the metal island. Because of the electro- 
static energy associated with the charging of the island, an 
additional electron is not added at steady state until this 
excess energy is compensated for by increasing the 
external bias. Both Coulomb blockade and Coulomb 
staircase phenomena have been experimentally verified at 
room temperature using an Au MPN.'~."' In this exper- 
iment, a scanning tunneling microscope (STM) was used 
to measure the I-V characteristics of a vertical nano- 
structure, fabricated by depositing a single 2-nm-diameter 
gold particle on a gold substrate that had been coated with 
a self-assembled monolayer (SAM) of a double-ended 
thiol molecule. 

The structure shown in Fig. 1 is the simplest example 
of a large class of nanoelectronic logic and data storage 
devices that are based on the controllable transfer of 
single electrons between small conducting islands sepa- 

Program nodes 

rated by tunnel barriers.['21 For example, ~ u c k e r ' ' ~ ]  
proposed a nanoscale field effect transistor (FET) based 
on modulating the voltage range of the Coulomb 
blockade by applying an asymmetric bias on a conducting 
island transverse to the direction of current propagation. 
Fabrication of such a single electron tunneling-field 
effect transistor (SET-FET), using metal nanoparticles, 
requires the ability to place 1-D chains of metal MPNs on 
an insulating substrate with variable interparticle spacing 
and the ability to address a nanoparticle having a diam- 
eter of -2 nm from three directions. At present, there 
does not appear to be any way to self-assemble such a 
device. Although, in principle, any SET architecture can 
be constructed using metal MPNs, the technical difficul- 
ties involved in self-assembling complex SET circuits that 
can operate at room temperature seem overwhelming. 

Roychowdhury et al."41 have suggested a logic 
architecture (Fig. 2) involving metal MPNs that does not 
require room temperature Coulomb blockade for its 
operation. This architecture consists of a uniform 2-D 
array of Au MPNs with input and output addressing along 
the edges of the array. The nanoparticles are coupled 
through electron tunneling barriers both to each other and 
to a semiconductor substrate that is a resonant tunneling 
diode (RTD) structure. The computation is performed by 
allowing the array to relax to its ground state, which 
depends on the Coulomb interactions of adjacent islands 
for a particular set of input voltages. This 2-D array 
architecture is compatible with the self-assembly and 
microcontact printing techniques described later in the 
present chapter, and recent reports on the formation of 
8-nm-wide metallic lines[I5' and addressable cantilever 
arrays[I6' suggest that edge addressing issues and even 
readout of the charge state of individual nanoparticles may 
be tractable. 

The weak interaction forces that exist between metal 
MPNs, although ideal for promoting self-assembly from 
solution, are not strong enough to produce 1-D, 2-D, or 

Fig. 2 Schematic of nanoelectronic architecture proposed by Roychowdhury et al. for Boolean logic. Nanostructure consists of an 
ordered 2-D array of Au MPNs linked to a RTD substrate. (From Ref. [14]. OIEEE, 1997.) (View this art in color at www.dekker.com.) 
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3-D arrays that are structurally robust. Thus it is often 
necessary to strengthen the self-assembled structures 
formed by Au MPNs. This can be accomplished by dis- 
placing the monofunctional alkanethiol molecules coating 
the particles with difunctional molecules that bind the 
particles to each other or to the substrate. Both dithiol 
molecules and diisonitrile molecules are able to displace 
monothiol molecules from A U . ' ~ ' ~ ~ ~ '  Attaching conjugated 
molecules having distributed electronic states in the gap 
between adjacent metal nanoparticles in an array, or 
between a metal nanoparticle and a substrate, is also an 
attractive way to self-assemble another kind of electronic 
nanostructure. The metal-molecule-metal bridge that is 
established in this manner is the focus of the emerging 
field of molecular electronics.'199201 The diode structure 
shown in Fig. 1 can now be thought of as being replaced 
by one in which the conjugated linking molecule takes the 
place of the Au MPN. To date, experimental measure- 
ments of electron transport through such metal-molecule- 
metal structures have been attempted either by introducing 
a "nano" gap between two metal electrodes and 
adsorbing the desired organic molecules on the electrodes, 
or by STM manipulation of metal atoms and a single 
organic molecule on a substrate. An elegant example of 
this latter type of experiment is reported in the recent 
paper by Nazin et a ~ . [ ~ ' ]  Although interesting electronic 
behavior has been dem~ns t ra t ed , '~~ '  the problem of how to 
self-assemble logic or memory circuits is still unsolved. A 
fruitful approach to this problem may be to self-assemble 

molecular electronic devices using "linked arrays" of 
metal MPNs. 

Au MPNs have been used to fabricate lateral structures 
that are linked by conjugated molecules. Andres et al.L171 
fabricated a linked monolayer of Au nanoparticles in the 
gap between lithographically defined electrodes by first 
self-assembling a uniform superlattice array of Au MPNs 
and then by replacing the alkanethiol molecules coating 
the Au particles with difunctional conjugated molecules. 
They measured electron transport in this monolayer film. 
Datta et a1.1231 have proposed the use of quasi-1-D 
conductive ribbons of linked metal nanoparticles, which 
they term "molecular ribbons," as interconnects for semi- 
conductor devices. It is difficult to fabricate linked mono- 
layer films that are free of defects when the length of the 
linking molecule does not closely match the spacing in the 
original MPN array. One way to solve this problem is to 
fabricate a linked bilayer film, such as that shown in 
Fig. 3.'241 This bilayer consists of two rnonolayers of Au 
MPNs with a molecular interconnect covalently linking 
the two layers. This nanostructure has been proposed as 
the basis of a novel chemiresistive sensor.[241 It is 
hypothesized that target molecules that ligate with the 
linking molecules will shift the electronic energy levels of 
the linking molecules, thereby changing the tunnel resist- 
ance between the two layers and the electrical conductiv- 
ity of the film. If this hypothesis is confirmed, this scheme 
would provide a generic method for fabricating chemi- 
selective sensing elements. 
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Fig. 3 Schematic representation of a chemiresistive sensor element proposed by Santhanarn. (a) Plane view and (b) cross-sectional 
view. Nanostructure consists of a uniform bilayer of Au MPNs in which the two layers are interconnected by adsorbate-specific organic 
molecules. This bilayer forms the channel of a electrical diode. (From Ref. [24].) (View this art in color at www.dekker.com.) 
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Au MPNs have also been used to construct linked 
vertical structures. They have been utilized as nanoscale 
contacts on a semiconductor substrate'251 and as nanoscale 
switches on top of redox m ~ l e c u l e s . ' ~ ~ '  Such linked 
vertical structures represent an attractive paradigm for 
molecular electronics-based devices. 

Metal MPNs are also being studied for hybrid 
microelectronic applications such as floating gate memory 
cells and multiple tunnel junction  device^.'^^.^^^ Metal 
nanoparticles provide an attractive choice for these 
applications because of the abundance of electrons near 
the Fermi level and the ability to tune their work function 
by changing the metal. 

MPN SYNTHESIS 

Metal MPNs can be synthesized either in the gas phase or 
in liquid solution. In either case, the essential requirement 
for synthesizing particles with a narrow size distribution 
is to initiate a temporally discrete homogeneous nucle- 
ation event followed by a slow growth regime, and to 
prevent particle aggregation. An apparatus for gas-phase 
synthesis of metal nanoparticles is shown schematically in 
Fig. 4.r2"301 Metal atoms, evaporated from a single 
crucible or a series of crucibles located in a resistively 
heated oven, are entrained in helium and induced to 
condense by mixing the hot flow from the oven with a 
room temperature stream of helium. Controlling condi- 
tions in the oven and helium flows controls the mean 
particle size. The particles are thermally annealed in the 

gas phase by passing the aerosol mixture through a tube 
furnace. They are scrubbed from the gas phase by contact 
with a mist of organic solvent containing surfactant 
molecules and collected as a stable colloidal suspension. 
The reactor shown in Fig. 4 also has provision for 
expanding a portion of the aerosol stream into a vacuum 
chamber to form a particle beam. Potential advantages of 
gas-phase synthesis are: 1) the ability to synthesize 
extremely small particles and to vary the mean particle 
size over a wide range; 2) the ability to produce pure metal 
particles, which may then be encapsulated with a wide 
variety of surfactants; 3) the ability to produce mixed 
metal particles even when the constituent metals are 
immiscible at room temperature; and 4) the ability to 
thermally anneal metal particles before encapsulating 
them with an organic surfactant. 

Solution-based techniques for the synthesis of metal 
nanoparticles are based on the reduction of positively 
charged metal ions or ion complexes in solution usually in 
the presence of a capping ligand to arrest particle growth 
at a desired size. The major advantage of solution 
synthesis is the simplicity of the required equipment. 
The major disadvantage is the need for removal of excess 
reactants and for isolation of the particles as pure MPNs. 
In the case of Au particles, encapsulation by alkanethiols 
simplifies the isolation and purification steps greatly. A 
general technique for solution synthesis of nanoparticles 
with a controlled size and a narrow size distribution is to 
isolate small volumes of aqueous solution in which 
particle growth takes place by means of nonionic inverse 
m i ~ e l l e s . [ ~ ' " ~ '  However, two homogeneous solution 
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Fig. 4 Schematic representation of an aerosol reactor used to produce metal MPNs with a narrow size distribution. Metal atoms are 
condensed in a helium flow to form bare metal clusters (nanoparticles). The aerosol containing the nanoparticles then passes through an 
annealing furnace, after which the particles are encapsulated with an appropriate surfactant molecule and captured as a colloidal 
suspension. (View this art in color at www.dekker.'com.) 
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methods are more commonly used for the production of 
Au MPNs. The first method is reported by Brust et a1.[331 
This is a two-phase (water-toluene) reduction of AuC14- 
by sodium borohydride in the presence of an alkanethiol. 
The Au ions are transferred to the toluene phase using 
tetraoctylammonium bromide, where they are simulta- 
neously reduced by borohydride and capped by the 
alkanethiol. Once encapsulated Au particles have formed, 
they are precipitated from the toluene solution by the 
addition of a polar solvent, and then washed, dried, and 
resuspended in a nonpolar solvent such as toluene, 
hexane, or chloroform. The second method is reported 
by Giersig and ~ u l v a n e ~ . ' ~ ~ '  This method makes use of 
the classical method of Turkevich et a~ . , [~ ' ]  which 
produces charge-stabilized Au particles by reduction of 
AuC14- in water using trisodium citrate as the reducing 
agent. An alkanethiol dissolved in tetrahydrofuran (THF) 
is then added to this aqueous solution, causing encapsu- 
lation of the Au particles and their gradual flocculation. 
The capped Au particles can be extracted into cyclohex- 
ane. They are precipitated from cyclohexane by the 
addition of a polar solvent, and then washed, dried, and 
resuspended in a nonpolar solvent. Au MPNs produced by 
the Giersig method retain a residual charge before they are 
extracted into cyclohexane and can be deposited on a 
conducting substrate by electrophoresis.'341 After they 
have been washed, dried, and resuspended in a nonpolar 
solvent, there does not seem to be any difference between 
Au MPNs produced by the two methods; however, the 
Brust method appears to be more suitable for the synthesis 
of smaller particles (<5 nm) and the Giersig method 
appears to be more suitable for the synthesis of larger 
particles (>5 nm). 

The standard deviation of the diameter distribution of 
particles synthesized by either the Brust method or the 
Giersig method is about 10%. The size distribution can be 
narrowed by fractional crystallization.[361 This involves 
selective precipitation of the particles in a solvent mixture 
containing a good solvent and a poor solvent such as 
toluenelacetone. Whetten et have used selective 
precipitation in the presence of excess alkanethiol sur- 
factants to refine the size distribution of Au MPNs syn- 
thesized by the Brust method. Starting with Au MPNs 
having a mean diameter in the 1- to 2-nm range, they 
were able to prepare monodispersed samples having a 
fixed number of gold atoms. Stoeva et a1.1381 have found 
that it is possible to refine both the size distribution and 
faceting of Au MPNs simply by heating a concentrated 
suspension of the particles in a process they have termed 
"digestive ripening." 

Au MPNs produced by solution synthesis are compact, 
nearly spherical particles with a narrow size distribution 
that can be improved by size-selective precipitation; 

however, the gold cores are not necessarily faceted single 
crystals. Whetten et al.L371 report that in the 1.5- to 3.5-nm 
range, Au MPNs synthesized by the Brust method have 
faceted gold cores that are primarily single crystals with a 
face-centered cubic (FCC) lattice and a lattice constant 
close to the bulk gold value of 0.409 nm. High-resolution 
transmission electron microscopy (HRTEM) analysis of 
Au MPNs that were synthesized by the Giersig method 
with diameters in the 5- to 20-nm range reveals that these 
particles are primarily polycrystalline.[391 This is also true 
for Au MPNs with diameters greater than a few nano- 
meters that are synthesized by gas-phase condensation, 
unless they are thermally annealed by heating them above 
their melting temperature and then allowing them to 
recrystallize in the gas phase. Then the) become predom- 
inately single crystals or singly twinned crystals with an 
FCC lattice and a lattice constant of 0.409 nm.'2433'1 

The ultimate Au MPN as far as controlled size and 
crystal structure are concerned is the triphosphine ligand- 
protected 55-gold-atom particle synthesized by Schmid 
et al.'401 almost two decades ago. These particles have an 
icosahedral geometry and exhibit Coulomb blockade 
behavior at room temperature. They played an important 
role in establishing the quantum size behavior of metal 
MPNs and in suggesting possible electronic applications 
of encapsulated metal n a n ~ ~ a r t i c l e s . ' ~ ' , ~ ~ ~  However, the 
complex synthesis of these particles, which requires 
anaerobic conditions and diborane as a reducing agent, 
and the difficulty of replacing the triphosphine ligands 
with other ligands have led to these particles being studied 
much less than alkanethiol-encapsulated Au particles. A 
more convenient synthesis technique and schemes for 
utilizing exchange reactions to modify the characteristics 
of these particles have been reported.14" 

Because of their simplicity and flexibility, the solution- 
based synthesis routes of Brust et al.'3'1 and Giersig and 
~ u l v a n e ~ ~ ~ l  are currently the methods of choice for 
preparing Au MPNs for electronic applications. Similar 
solution-based methods are available for preparing semi- 
conductor and magnetic metal M P N S . ' ~ ~ , ~ ~ '  Methods 
utilizing safer solvents and biosynthetic routes are being 
explored to address environmental  concern^.'^^,^^^ 

FABRICATION OF ORDERED MPN ARRAYS 

The ability to assemble nanometer-scale metal islands or 
particles into ordered arrays is a prerequisite for the 
successful fabrication of nanoscale electronic devices 
based on these building blocks. In what follows, we focus 
on self-assembly methods involving metal MPNs. " T o p  
down" approaches using resist-based lithographic pat- 
terning will not be discussed at all. However. two methods 
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that do not make use of metal MPNs are worth 
mentioning. The first technique is to self-assemble an 
ordered monolayer of polystyrene or silica spheres on a 
substrate and thermally evaporate metal atoms onto this 
colloidal mask. This results in nanometer-scale metal 
deposits forming on the areas of the substrate not masked 
by the colloidal spheres.'"' The second technique 
involves synthesis of metal nanoparticles inside structures 
formed using diblock polymers.L4X~491 The major draw- 
backs of both of these schemes are that the metal islands 
or particles have largely uncontrolled shapes and typically 
have interparticle spacings much larger than molecular 
dimensions. Because of the ease by which Au nanopar- 
ticles can be thermally annealed, the first of these draw- 
backs may not be severe in the case of Au. Nevertheless, 
the large interparticle spacings make it difficult to see how 
electronic circuits can be fabricated using these methods. 
Self-assembly of MPNs that have been preselected as to 
size, shape, and surface chemistry into ordered arrays 
seems to be the most promising approach for fabricating 
nanoscale electronic devices. 

3-D Arrays 

Starting with metal MPNs that have a narrow size 
distribution, it is relatively easy to produce ordered 3-D 
arrays or superlattices, in which the MPNs take the place 
of atoms in conventional crystals. Ordered 3-D arrays are 
formed by supporting a drop of the colloidal nanoparticle 
suspension on a flat surface and slowly evaporating the 
solvent. Encapsulated metal nanoparticles typically self- 
assemble into an FCC or HCP s ~ ~ e r l a t t i c e . [ ~ ~ ' ~ ~ '  Faceted, 
single-crystal Au MPNs often adopt preferred orientations 
in both 2-D and 3-D arrays in which the (11 1) atomic 
planes of each Au particle align parallel to the (1 11) 
atomic planes of all the other Au particles and to the 
surface of the supporting substrate.'383391 

2-D Arrays 

Uniform, close-packed monolayers of MPNs are an 
essential component of many proposed nanoelectronic 
devices. There are several techniques for fabricating 
nanoparticle monolayers by self-assembly. These fall into 
three categories: 1 )  field-enhanced or molecular interac- 
tion-induced deposition from a colloidal solution of MPNs 
onto a solid substrate; 2) drop casting or spin coating of a 
suspension of MPNs onto a solid substrate and allowing of 
the solvent to evaporate; and 3) spreading of a suspension 
of hydrophobic MPNs in an organic solvent on a water 
surface, allowing of the solvent to evaporate, and 
transferring of the floating MPN film to a solid substrate. 

Giersig and ~ u l v a n e ~ ' " '  employed electrophoretic 
deposition at field strengths of 1 Vlcm to deposit a 
monolayer of Au MPNs on a carbon film-coated TEM 
grid. The monolayer was polycrystalline with small 
hexagonal close-packed domains. When the nanoparticles 
were deposited without an electric field, no ordering was 
observed. The adsorption of MPNs from solution onto 
functionalized surfaces has also been used to form 
nanoparticle monolayers. In this case, the substrate is 
coated with a "tether" molecule having a strong affinity 
for the particles. The substrate is immersed in a colloidal 
solution of MPNs, removed after a period of time, and 
rinsed to remove unbound particles. The MPN monolayer 
formed in this manner is amorphous and is seldom dense 
(Fig. 5a).'51,5'1 This approach can also be used to form 
multilayers if, after the deposition of each monolayer, 
the monofunctional molecule encapsulating the parti- 
cles is replaced by a difunctional molecule such as a 
dithiol. The major drawback of these methods for 
electronic applications is the lack of long-range order in 
the particle film. 

The simplest method of forming a monolayer of MPNs 
is to spread a thin film of a colloidal suspension 
containing the particles either by drop casting or spin 

Fig. 5 Examples of nanoparticle monolayers self-assembled by three different methods. (a) Scanning electron microscopy (SEM) 
micrograph of a monolayer formed by adsorption of the particles onto a substrate coated with a bifunctional tether molecule. (From 
Ref. [51]. QACS, 2000.) (b) SEM micrograph of a monolayer produced by compression of nanoparticle rafts on a Langmuir trough. 
(From Ref. [56]. OAIP, 2001.) (c) TEM micrograph of a monolayer formed by drop casting a colloidal suspension of nanoparticles on a 
carbon film-coated TEM grid. 
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coating on a substrate that is wet by the solvent, and to 
allow the solvent to evaporate.r171 As the solvent evapo- 
rates, small monolayer islands form on the substrate. 
These islands result from the breakup of the liquid film 
because of dewetting as the film thickness approaches 
molecular dimensions. The monolayer islands are dense 
and consist of small hexagonal close-packed domains 
(Fig. 5c). An important parameter for optimizing the size 
and degree of order in these monolayer domains is the rate 
of evaporation of the solvent. However, the key to 
forming large ordered regions are the uniformity and 
smoothness of the substrate.[531 Surface nonuniformities 
arrest the lateral mobility of the nanoparticles and result 
in microscopic voids and grain boundaries in the parti- 
cle film. 

A 1iquidAiquid interface, because of its inherent uni- 
formity in the lateral direction and nonuniformity in the 
vertical direction, provides an ideal surface for self- 
assembling 2-D arrays of nanoparticles. Usually the self- 
assembly process is carried out by casting an organic 
suspension containing nanoparticles, which are encapsu- 
lated by a hydrophobic molecule, on a water surface and 
by allowing the solvent to evaporate. The number of 
nanoparticles spread on the water surface is taken to be 
smaller than the number needed to form a dense 
monolayer. When the organic solvent evaporates, discrete 
monolayer rafts of nanoparticles form on the water 
surface. These monolayer domains are often well-ordered 
but cover only a fraction of the surface area. A dense 
monolayer is obtained by decreasing the area available to 
the particle rafts using a Langmuir t r o ~ ~ h . [ ~ ~ - ~ ~ ~  AS the 
area of the trough is decreased, the monolayer rafts collide 
with each other and coalesce. Without an organic solvent 
present, the monolayer domains typically exhibit solidlike 
behavior and resist deformation. Collier et were 
able to make use of the rigid behavior of a nanoparticle 
film supported on a water surface to carefully compress a 
film of Ag MPNs and to measure a reversible insulator-to- 
metal transition as the film was compressed and the 
tunneling distance between adjacent particles was de- 
creased. Unfortunately, this rigid behavior often results in 
microscopic voids (Fig. 5b) and multilayer domains in 
monolayers assembled using a Langmuir 
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Schmid and ~ e ~ e r ' ~ * '  have proposed an intriguing 
variation on the classical technique. They introduce an 
amphiphilic molecule that has a strong affinity for the 
nanoparticles to assist in the formation of an ordered 
particle monolayer. They first self-assemble a layer of 
these molecules at an organic / water interface. When 
nanoparticles are introduced to the system, they adsorb on 
the amphiphilic layer and assemble into monolayer sheets 
or ribbons, depending on the experimental conditions. 

Santhanam et al.[591 have also proposed a modification 
of the classical technique. They are able to self-assemble 
uniform, ordered 2-D arrays of Au MPNs on a water 
surface by controlling the nucleation and growth of the 
particle monolayer. This is accomplished by designing a 
cell that establishes a "concave'' lens of colloidal solution 
on the water surface (Fig. 6). As the solvent evaporates, 
the organic layer thins fastest at the center of the cell and, 
at some point, a monolayer array of MPNs nucleates at 
this spot. The periphery of this 2-D array is defined by a 
circular contact line. As more solvent evaporates, addi- 
tional MPNs deposit at the edge of the particle monolayer, 
and the contact line moves steadily outward. The 
advantage of this technique is that new particles are 
added to the growing monolayer in the presence of solvent 
molecules. This ensures enough particle mobility to 
largely eliminate microscopic holes and grain boundaries, 
and promotes the formation of a close-packed crystalline 
monolayer. Fig. 7 shows a photograph of a film of 5-nm- 
diameter Au MPNs that was self-assernbled on a water 
surface using this technique. The different hue seen near 
the edge of the cell arises from the increased curvature of 
the water interface at the cell wall, which leads to contact 
line instabilities. This results in alternating bands of 
multilayer regions surrounding the uniform monolayer 
region in the center of the cell. Fig. 7 also shows TEM 
micrographs of samples of this Au MPN film taken near 
the center and the edge of the cell. These images clearly 
illustrate the long-range translational ordering of the 
monolayer that forms in the center of the cell and the 
nature of the multilayer bands that form at the edge of the 
cell. A bilayer film can be produced on the water surface 
simply by increasing the concentration of the particles in 
the initial colloidal solution. 

MPN A m y  

Fig. 6 Schematic illustration of the process proposed by Santhanam et al. for self-assembly of a uniform close-packed monolayer of 
metal MPNs by controlling the nucleation and growth of the monolayer film on a water surface. (From Ref. [59]. $ ACS, 2003.) (View 
this art in color at www.dekker.com.) 
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Fig. 7 Photograph of a film of 5-nm-diameter Au MPNs that were self-assembled on a water surface using the method of Santhanam et 
al. The two inserts are TEM micrographs of samples of this nanoparticle film that were transferred to carbon film-coated TEM grids. 
The upper insert is taken from the central portion of the film, which is a uniform close-packed monolayer with a diameter of 
approximately 1 cm. The lower insert is taken from the outer edge of the film and shows one of the multilayer bands that form near the 
wall of the cell. (From Ref. [59]. ((?ACS, 2003.) (View this art in color at  www.dekker.com.) 

Once a high-quality monolayer of MPNs is self-as- 
sembled on the water surface, if it is to be used for 
constructing an electronic device, it must be transferred to 
a solid substrate. This transfer has been accomplished by 
either dipping the substrate through the water surface and 
slowly withdrawing it [Langmuir-Blodgett (LB) method], 
or by holding the substrate parallel to the water surface 
and touching it to the nanoparticle film [Langmuir- 
Schaefer (LS) method]. Although Santhanam et al.[591 
found the LS method preferable, it proved unsatisfactory 
when the substrate was large and/or hydrophilic. As a 

result, they developed a two-step transfer process. First, 
using the LS method, the nanoparticle film is transferred 
from the water surface to a polydimethylsiloxane (PDMS) 
pad. After carefully wicking off any water drops that 
adhere to the transferred nanoparticle film, the PDMS pad 
is then pressed conformally onto the desired substrate. 
This technique is analogous to conventional microcontact 
printing,'"' with the nanoparticle monolayer taking the 
place of the molecular ink. This two-step printing 
technique facilitates the formation of MPN films with a 
controlled number of layers. This can be achieved either 

Fig. 8 TEM micrographs of a bilayer film of 5-nm-diameter Au MPNs that were deposited as a pattern of parallel lines on a silicon 
nitride substrate using the two-step process proposed by Santhanam et al. The low-magnification micrograph on the left shows the lines 
printed on the substrate. The higher-magnification micrograph in the center shows the relatively sharp edge of one of the lines. The 
highest-magnification micrograph on the right shows the dense close-packed nanostructure of the film at the edge of one of the lines. 
(From Ref. [61]. OACS, 2003.) 
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by repeating the process for a desired number of cycles 
and printing the monolayers one on top of the other, or by 
picking up the monolayers successively onto the same 
elastomeric pad and then using a single printing step. The 
use of a PDMS stamp also allows the formation of 
patterned monolayer and multilayer arrays of MPNs by 
using an appropriately structured elastomeric pad.[243611 
Fig. 8 shows TEM images at three different magnifica- 
tions of a bilayer film of 5-nm-diameter Au MPNs that has 
been patterned into a series of micron-scale lines and 
printed on a Si3N4 

1 -D Arrays 

The ability to form I-D arrays or thin ribbons of metal 
MPNs is important in the context of using linked metal 
MPNs as interconnects. However, because metal MPNs 
are nearly spherical in shape, this is a difficult pattern to 
produce by self-assembly and can be accomplished only 
with the help of appropriate templates to direct the self- 
assembly process. For example, carbon nanotubes, long- 
chain polymers, and DNA strands can be decorated with 
MPNs to produce quasi-1-D chains, and MPNs can be 
assembled inside a nanotube or adsorbed on a thin line 
fabricated on a substrate. Hornyak et a1.1621 have synthe- 
sized nanoporous alumina membranes with controlled 
pore size and narrow pore size distribution, and used the 
pores as a template to form quasi-1-D chains of Au MPNs. 
A colloidal solution of the particles was drawn by means 
of a vacuum into the pores. On evaporation of the solvent, 
some of the pores were found to be filled with MPN 
chains. Gleich et made use of the wetting instability 
of a monolayer transferred onto a solid substrate to 
produce channels on the order of 200 nm in width and 
were able to form quasi-1-D chains of MPNs by drop 
casting a colloidal solution onto this template. Quasi-I-D 
arrays or ribbons of MPNs have also been prepared by 
patterning a 2-D monolayer of MPNs using e-beam 
lithography.["' In principle, the PDMS stamping tech- 
nique described in "2-D Arrays" could be extended to 
produce nanometer-scale ribbons of metal MPNs using an 
appropriate master to mold the PDMS stamp. The 
technique of Melosh et al.,[I5] which makes use of 
selective etching of a GaAsIAlGaAs superlattice to 
generate thin parallel trenches, could possibly be used as 
the master, or a master could be generated using e-beam 
lithography and PMMA resist. 

CONCLUSION 

Au MPNs are attractive building blocks for fabricating 
nanoelectronic devices by self-assembly. The synthesis of 

Au MPNs with a mean diameter in the 3- to 20-nm range, 
with a narrow size distribution, and with a monolayer 
coating of alkanethiol molecules is, by now, a standard 
procedure. The assembly of these particles to form 
chemiresistive films and low-resistivity printable conduc- 
tors is well established. Recent results describing the self- 
assembly of high-quality monolayer films of Au MPNs on 
a water surface and the discovery that these films can be 
transferred as patterned close-packed arrays onto any 
reasonably flat substrate have opened up a wide range of 
potential nanoelectronic applications. What remains is the 
need to establish methods to reproducibly link these 
ordered arrays of alkanethiol-encapsulated gold particles 
with conjugated organic molecules to form nanometer- 
scale interconnects and molecular electronic circuits. 
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INTRODUCTION 

Presently, monolayer-protected metal nanoparticles 
(MPNPs) are the subjects of some exciting and very active 
interdisciplinary research because of the rapid develop- 
ment of preparation methods using organic thiols as sta- 
bilizers. The organic monolayer not only protects the 
particles from agglomeration, but also furnishes a scaffold 
for the construction of different functional entities on their 
surfaces leading to a broad range of interesting applica- 
tions. Among these studies, the attachment of molecular 
receptors capable of engaging in well-defined host-guest 
interactions is receiving considerable attention." ' This ar- 
ticle summarizes recent advancements in the development 
and applications of artificial receptor-modified metal na- 
noparticles. The research work on metal nanoparticles 
modified with biological species, such as DNA, was re- 
viewed recently;r21 thus this topic will not be included here. 

PREPARATION OF RECEPTOR-MODIFIED 
METAL NANOPARTICLES 

There has been a great advancei" in the development of 
synthetic methodology for the preparation of MPNPs after 
a seminar report from Brust et a ~ . ' ~ '  In their approach, 
metal nanoparticles were prepared by chemical reduc- 
tion of corresponding salts under a mild condition using 
NaBH4 as the reducing agent. The presence of thiol 
ligands with various stoichiometries to metal salt in the 
reaction resulted in metal nanoparticles ranging in size 
between 2 and 8 nm. Molecular receptors on metal 
nanoparticles can be introduced by directly using the 
thiolated receptor as the capping agent during the particle 
formation. An alternative approach uses the ligand-ex- 
change1'] method to further elaborate the preformed 
MPNPs with thiolated receptors. In the first case, a crucial 
consideration is the solubility of the receptor in the reac- 
tion media because metal salts are not soluble in nonpolar 
organic solvents. For example. Kaifer et al. developed a 
special method to prepare the water-soluble AU,[~]  ~ t , ~ ~ '  
and pdI6." nanoparticles modified with perthiolated 
cyclodextrins (PSH-CDs, Chart 1). In this approach, the 
special solvent, dimethyl sulfoxide (DMSO) or dimeth- 
ylformamide (DMF), was used as the reaction media to 

bring all reacting components, the PSH-CD, the cor- 
responding metal salt, and NaBH4 in the same phase. This 
one-phase, one-step (1P-1s) approach eliminates the use 
of phase transfer reagents in a typical two-phase, one-step 
(2P-IS) method.[41 In the 1P-1s method, the final particle 
size is influenced not only by the concentration of thiolsr5' 
but also by the nature of these molecules. For instance, a 
"macrocyclic effect" was observed during the prepara- 
tion of Ag nanoparticles in DMF.'~' Perthiolated P-CD 
(PSH-P-CD) was found to be more efficient as a capping 
ligand than monothiolated P-CD (MSH-P-CD, Chart 1). 
Similarly, a tetrathiol cavitand derivative (Chart 1) was 
also more efficient than a simple monothiol model com- 
pound. This sort of "macrocyclic effect" probably results 
from an increased probability of surface attachment for 
the multidentate thiols, as they possess more functional 
groups capable of initiating their chemisorption process. 
In addition, once the surface attachment starts, their 
multidentate character may lead to a more robust, multi- 
point anchoring of the ligand. Therefore, this macrocyclic 
effect in metal nanoparticle capping reactions may have 
both a kinetic and a thermodynamic origin. 

PSH-CD-modified metal nanoparticles prepared by 1P- 
1 s  approach have a diameter less than 10 nm. To obtain 
PSH-P-CD-modified gold nanoparticles (PSH-P-CD-Au) 
larger than 10 nm, a 2 s  method was applied. Preprepared, 
citrate-stabilized gold nanoparticles (1 3 nm in diameterfgl 
were further modified with PSH-P-CDs by ligand ex- 
change with citrate on the particle surface in the aqueous 
solution.'"'' A similar strategy was used by Lin et al."" to 
prepare Au nanoparticles (18 nm in diameter) modified 
with thiolated crown ether derivatives (Chart 1). Inter- 
estingly, surface-modified gold nanoparticles with even 
larger size (16-87 nm in diameter) were prepared by 
extracting citrate-stabilized particles in aqueous solutions 
into toluene or chloroform with thiolated resorcinarene 
derivatives (Chart I),["' the compounds relevant to some 
macrocyclic receptors. These tetrathiolated resorcinarenes 
improved the dispersion and robustness of midnanometer- 
sized gold nanoparticles in organic solvents. However, the 
authors clearly demonstrated that the tetraarylthiol 
adsorbed on the surface is much weaker as compared to 
tetrabenzylthiol. This is another case that shows how the 
nature of the thiol compound affects the passivation on 
metal nanoparticles. Direct modification of Au particles 
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(4 nm in diameter) with another type of crown derivative 
(Chart 1) was also a~hieved"~' by adapting Brust's 2P-1s 
approach.r41 Rotello et al.r'4-'61 introduced their organic 
receptors (Chart 1) by using ligand exchange approach to 
preformed, alkanethiol-modified Au particles in organic 
solvents. Multivalent receptors were also introduced by 
the same group on Au particles with similar methodolo- 
gy.['71 In the sense of practical application, the ligand 
exchange approach provides an easier way to control the 
number of receptors on each particle, which is one of the 
key factors for molecular recognition at particle surfaces. 

Particle size characterization is usually camed out by 
transmission electron microscopy (TEM). The solubility 
of MPNPs in various solvents affords a unique opportu- 
nity to characterize them by using standard solution-phase 
techniques such as nuclear magnetic resonance (NMR) 
and UV-vis spectroscopies. For example, a 'H NMR 
spectrum of gold nanoparticles modified with perthiolat- 
ed y-CD (PSH-y-CD-Au) in D20 affords the broad- 
ened proton resonances from surface-immobilized y-CDs 
(Fig. 1).r'81 Such phenomenon is consistent with the ob- 
servation obtained by Templeton and  coworker^.^^' In 

thiolated thymine derivative, compound 9 

X = CHPSH, tetrabenzyithiol, compound 13 
X= SH,  tetraarylthiol, compound 14 

these systems, the resonances of those protons closer to 
the metal surface are more seriously broadened, whereas 
the effect is less pronounced for the protons that are far- 
ther away. Fast relaxation and environmental hetero- 
geneities are thought to be responsible for these line- 
broadening effects. The UV-vis spectroscopic study 
revealed that PSH-b-CD-AuNPs with small size (3 nm in 
diameter) presented a relatively weak surface plasmon 
band (SP band) around 520 nm. In contrast, the bigger 
particles (13 nm in diameter) gave a strong SP band, 
which may serve as a signal for visibly probing chemical 
and biological species in the solution. 

MOLECULAR RECOGNITION AT THE 
SURFACES OF RECEPTOR-MODIFIED 
METAL NANOPARTICLES 

The purpose of introducing molecular receptors on metal 
nanoparticle surfaces is to endow these nanoscale entities 
with the capability of engaging molecular recognition. 
Electrochemistry and UV-vis spectroscopy are the two 
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Fig. 1 'H NMR spectra (400 MHz, D20) of (A) free y-CD and 
(B) PSH-y-CD-Au. (From Ref. [29]. Copyright 2001, American 
Chemical Society.) 

common techniques used to study the molecular recog- 
nition events on particle surfaces in various solutions. 
Several aspects in this scenario are addressed as follows. 

Recognition of Redox-Active Species 

An important feature of cyclodextrin (CD)-modified metal 
nanoparticles is their excellent aqueous solubility. This 
property is probably contributed by the polarity of the 
secondary hydroxyl groups on cyclodextrin (CD) recep- 
tors, which afford a polar character to the surface of 
nanoparticles. Surface attachment of the CD hosts through 
their primary faces necessarily leaves the wider, second- 
ary faces exposed to the solution phase, a configuration 
that favors binding between the immobilized CDs and 
appropriate guests in the solution. 

compound 15 compound 16 compound 17 

Liu et al. used some water-soluble, electroactive 
molecules (Chart 2) to study the complexation ability of 
surface-immobilized P-CDs on metal nanoparticles in 
aqueous solutions. For example, addition of PSH-P-CD- 

Au led to two pronounced effects on the electrochemical 
response of ferr~cenemethanol:[~' 1) it decreased the 
current of the voltammetric wave, and 2) it shifted the 
apparent half-wave potential to more positive values. Both 
effects clearly indicated that ferrocenemethanol was 
forming inclusion complexes with the CD receptors 
immobilized on the gold nanospheres. This was further 
verified by addition of I-adamantanol to the same solu- 
tion. Adamantanol, being also an excellent guest for in- 
clusion complexation by P-CD,~'~ '  competed effectively 
with ferrocenemethanol for the available CD binding sites 
on the surface of the gold particles (Scheme I). As a 
result, most of the ferrocenemethanol molecules were 
displaced from their binding sites and released back to the 
bulk solution, giving rise to a voltammetric response very 
similar to that recorded in the absence of the P-CD-Au. 

The host-binding ability of p-CD immobilized on gold 
nanoparticles was further verified using compound 17 as 
guest probe in a 'H NMR The displacement and 
broadening of the ferrocene proton resonance in the 
presence of PSH-P-CD-Au were attributed to the forma- 
tion of the inclusion complexes on the nanoparticle sur- 
faces, as they were similar to those observed upon the 
addition of free 0-CD to solutions of ferrocene deriva- 
tives. The substantial line broadening must have resulted 
also from the association of the ferrocene guest to the 
massive nanoparticles, and was probably related to 
chemical exchange (free ferrocene going to bound ferro- 
cene and back), as well as to relaxation effects in the 
bound state. Note that when the ferrocene guest was 
bound to a CD cavity, it became a part of a rather large 
supramolecular assembly. 

A similar redox-controlled recognition event on re- 
ceptor-modified metal nanoparticles was also demon- 
strated by Boa1 and Rotello in a different nanoparticle 
system. Reversible complexation between flavin (Fl,,) 
and diarnidopyridine (DAP) tethered on gold nano- 
particles was successfully controlled electrochemically in 

Scheme 1 Competative binding of ferrocene methanol and 1- 
adamantanol to the P-CD host immobilized on a gold nanoparticle. 
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Scheme 2 Recognition of flavin by surface-immobilized 
diacyldiaminopyridine. 

chloroform (Scheme 2).'14] Moreover, the same group 
investigated the multitopic recognition at gold nano- 
particles by creating multivalent recognition sites through 
tethering both DAP and pyrene on the same particle sur- 
face. A stronger recognition of electron-deficient Fl,, on 
particle surfaces was achieved through hydrogen bonding 
to DAP units and favorable 7c stacking with the electron- 
rich pyrene units."73201 

Recognition of Cations 

Lin et al."ll reported an efficient recognition of K+ by 15- 
crown-5-modified gold nanoparticles (1 8 nm in diameter) 
in aqueous solution containing physiologically important 
cations, such as Li+, Cs+, NH;, M ~ ~ + ,  ca2+,  and an excess 
amount of Na'. Upon exposure to K+, the color of the 
nanoparticle solution changed from red to blue cor- 
responding to the surface plasmon absorption of dispersed 
and aggregated nanoparticles. The authors postulated that 
one potassium ion efficiently bound to two crown moie- 
ties tethered to two different nanoparticles forming a 
sandwichlike 2:l complex, which led to the aggregation 
of nanoparticles. 

Recognition of Anions 

Gold nanoparticles modified with a mixed monolayer of 
alkanethiols and amidoferrocenylalkanethiol were used 
as effective exoreceptors for electrochemically sensing 
H2P04 and ~ ~ 0 4 . ' ~ "  The authors found that the redox 
potential of amidoferrocenyl group was perturbed by the 
synergy among the hydrogen bonding, electrostatic in- 
teraction, and topology of mixed monolayer to recognize 
H2P04 and HS0; on particle surfaces. However, the 
potential change is much smaller for HS04  than for 
H2P04, showing certain selectivity of the recognition of 
these particles. The same group extended this work to gold 
nanoparticles modified with thiol dendrons containing 
three redox-active amidoferrocenyl or silylferrocenyl 
units.'221 These surface-functionalized particles could 

effectively recognize H2P04. More insights about the 
stereoelectronic effect of amidoferrocenyl group on the 
recognition of oxoanions at gold nanoparticle surfaces 
were reported recently from the same group.[2" The rec- 
ognition properties were weakened by permethylation of 
one Cp ring (electron releasing and sterically demanding) 
on amidoferrocenyl moiety but enhanced by acetylation of 
the same ring (electron withdrawing). Thus, the authors 
claimed, the stereoelectronic property of the amidoferro- 
cenyl group acted as the key role for the recognition by the 
amidoferrocenium form through the hydrogen bonding 
between the -NH- amido group and the charged terminal 
oxygen atom of the oxoanions. The recognition properties 
of gold nanoparticles functionalized with metallodendrons 
were further discussed in a recent report.'241 Gold nano- 
particles modified with up to 360 silylferrocenyl units on 
each particle were achieved. These dendronized gold 
nanoparticles combine the advantages of dendrimers and 
nanoparticles as sensors for the select~ve recognition of 
H2P04 and adenosine-5'-triphosphate (ATP~-)  even in 
the presence of other anions. A dendritic effect on the 
recognition properties was clearly observed; in other 
words, the shift of the ferrocenyl redox potential upon 
introduction of the anion became larger as the generation 
number of dendrons increased. 

Watanabe et al. developed amide-functionalized gold 
nanoparticles as a prototype for optical recognition of 
various anions, such as H2P04, HS04, AcO-, and NO;, 
in organic solvents.'251 Interestingly, the addition of an- 
ions initially caused a decrease in the surface plasmon 
absorption of gold nanoparticles. However, the intensity 
of this SP band increased when excess anion existed in the 
CH2C12. The authors reasoned that initial decrease of the 
SP band was because of the anion-induced aggregation of 
gold nanoparticles. Further addition of anion caused the 
disaggregation of the suprananoparticles composed of 
particles and anions. 

RECEPTOR-MODIFIED METAL 
NANOPARTICLES AS BUILDING 
BLOCKS IN THE SELF-ASSEMBLY OF 
ORGANIC-INORGANIC NANOCOMPOSITES 

Metal nanoparticles modified with molecular receptors are 
excellent candidates as "building blocks" for the bottom- 
up construction of organic/inorganic hybrid nanocompos- 
ites in solution phase by using the noncovalent molecular 
interactions at particle surfaces. Such nanoscale systems 
may serve as the initial prototypes in the fabrication of 
nanoelectronic devices. Several aspects of this scenario 
will be summarized in this section. A detailed discussion 
about the research work on this topic from Shenhar and 
Rotello can be found in a recent review.'261 
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Receptor-Modified Metal Nanoparticles 
as Templates for the Construction of 
Micellar Structures 

In a recent report, Liu et a ~ . ' ' ~ '  reasoned that the intro- 
duction of molecular species by molecular recognition at 
PSH-CD-Au might lead to reversible functionalization of 
particle surfaces. Therefore, a series of ferrocene deriva- 
tives with different lengths of aliphatic chains (Chart 3) 
were used to examine this idea. 

-. 
n = 5; compound 19 

W.N+~" n = lo ,  compound 20 4 %  ' & n = 14, compound 21 
n = 20, compound 22 

Mixing a chloroform phase containing 22 with an 
aqueous solution containing PSH-P-CD-Au caused a 
color change of the organic phase from initial yellow to 
brown. The visible absorption spectrum of this solution 
clearly revealed two distinct bands residing at 430 and 
510 nm, corresponding to the absorptions by the ferro- 
cene residues and the nanoparticles (SP band), respec- 
tively. The obvious conclusion from these results was 
that compound 22 acted as an efficient phase transfer 
agent for the water-soluble PSH-P-CD-Au and enabled 
their solubilization in the chloroform phase. Further 
study showed that only compounds 20, 21, and 22 (with 
aliphatic chains of 12, 16, and 22 carbon atoms) effec- 
tively promoted the solubilization of the PSH-P-CD-Au 
in the chloroform phase; compounds 18 and 19 (with 
shorter aliphatic chains of 3 and 7 carbon atoms) were 
ineffective. This finding strongly suggested that the long 
aliphatic chains of ferrocene derivatives could effec- 
tively cover the particle surfaces after the complexation 
with surface-immobilized P-CDs leading to more hy- 
drophobic aggregates, which favored organic solvents. 
The effectiveness of phase transfer was enhanced when 
the initial concentration of either ferrocene derivatives or 
PSH-P-CD-Au increased, which perfectly matched the 
transfer mechanism that involved the formation of in- 
terfacial complexes between the CD hosts on the nano- 
particles and the ferrocene residues of the amphiphilic 
guests. Notably, PSH-P-CD-Au were more effectively 
solubilized in the organic phase than PSH-cl-CD-Au 
under identical experimental conditions. This finding 
was in excellent agreement with the well-established 
selectivity of ferrocene derivatives for P-CD hosts com- 
pared to a-CD (or y-CD) and provided additional sup- 
port to the proposed involvement of nanoparticleICD- 
ferrocene complexation in the phase transfer mechanism. 
Photon correlation spectroscopy (PCS) measurements 
verified that no aggregation happened after the phase 

transfer of PSH-CD-Au in chloroform. Gold nanoparticles 
still stayed individually in the solution with long-term 
stability. 

Based on these findings, such phase transfer was 
believed to be accomplished by host-guest complexation 
between surface-immobilized CDs and ferrocene deriv- 
atives at gold nanoparticle surfaces. As the formation of 
inclusion complexes took place in the aqueous solution, 
water molecules were also transferred along with the 
nanoparticles into the chloroform solution leading to the 
stable complex in this organic solvent. The presence of 
the positively charged nitrogen atoms near the ferrocene 
subunits probably assisted in transferring water mole- 
cules and counterions to the organic phase. Further 
experiments supported this proposed mechanism. Thus, 
the proposed idealized structure of the nanoparticles 
after their transfer to the chloroform phase had some 
similarities with the structure of reverse micelles. Liu 
et a1.'181 concluded that these nanoparticle-centered as- 
semblies were conceptually similar to gold-filled reverse 
micelles (Scheme 3 ) .  

A similar micellar structure was also fabricated in 
Frankamp's group."61 The hydrogen bonding between 
the thymine tethered on gold nanoparticles and the 
complementary diaminotriazine on a copolymer yielded a 
polymer/nanoparticle composite in which the polymer 
blocks bearing the diaminotriazine closely interacted with 
nanoparticles resulting in a spherical core, whereas the 
polystyrene units acted as the hydrophobic tails project- 
ing out into the solution. Lala et al.'271 also reported a 
relevant result in which gold nanoparticles capped with 
inclusion complexes of cl-CD and alkanethiols were 
transferred into the chloroform phase by using a similar 
strategy discussed above. 

Scheme 3 Proposed structure for the assemblies formed upon 
transfer of the PSH-P-CD-Au into chloroform solution. 
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Fabrication of Rotaxanes on 
Metal Nanoparticles 

One of the fast-growing research fields in nanochemistry 
is the construction of molecular architectures on nano- 
particle surfaces. By employing the well-known host- 
guest chemistry between CDs and organic molecules, 
Liu et al. built, for the firs't time, a nanoparticle-sup- 
ported rotaxane system,'281 which provides an interesting 
example of molecular structure for the further develop- 
ment of the functional nanoscopic systems at nano- 
particle scaffolds. Ligand exchange of a thiolated 
ferrocene derivative solubilized by a-CD with the citrate 
on citrate-stabilized gold nanoparticle (13 nm) in an 
aqueous solution led to the attachment of this compound 
on the particle surfaces. Further study of these materials 
revealed that some a-CDs were trapped on particles. On 
the other hand, when long-chain aliphatic thiols were 
used under identical conditions for the preparation of 
thiol-modified gold nanoparticles, no a-CD was detected 
after the necessary purification. These data suggested 
that the dynamic character of the complex between CD 
and alkanethiol allowed dissociation to take place after 
attachment to the gold surface, whereas the bulky fer- 
rocene group at one end of the thiolated ferrocene de- 
rivative precluded a-CD dissociation from the complex 
after its attachment on the particle. Thus, a novel mo- 
lecular structure obtained in this study was a "gold-sup- 
ported rotaxane" in which one of the rotaxanes' stopper 
groups was the gold nanosphere itself (Scheme 4). In- 
terestingly, Fitzmaurice and coworkers reported[13' a 
pseudorotaxane system on gold nanoparticles by binding 
dibenzylammonium cation in a crown derivative tethered 
on particle surfaces. 

Scheme 4 Nanoparticle-supported rotaxane. 

M 
ferrocene dimer 

Scheme 5 Gold nanoparticle aggregate driven by molecular 
recognition between surface-immobilized PSH-b-CD and ferro- 
cene dimmer. 

Fabrication of Nanoparticle 
Networks in Solutions 

Host-guest chemistry has been used as the general strat- 
egy to self-assemble receptor-modified metal nano- 
particles in aqueous solutions. Liu et al. reported their first 
attempt in this research direction by using PSH-P-CD-Au 
(12.5 nm) as building blocks and ferrocene dimers 
(Scheme 5) as "linkers" in aqueous so~utions."~' 

It was found that the addition of a ferrocene dirner to an 
aqueous PSH-P-CD-Au solution initially caused a red 
shift of the SP band. Almost immediately, slow precipi- 
tation of a red solid took place, accompanied by the at- 
tenuation of the intensity of the SP band. After several 
control experiments, the authors verified that such floc- 
culation was driven by the host-guest interaction between 
P-CDS anchored on gold nanoparticle surfaces and the 
ferrocene dimers in the aqueous solution. In the process of 
complexation, two ferrocene sites in the same molecule 
bound with two P-CDs on different particles resulting in 
the network nanoparticle aggregates. Thus, the ferrocene 
dimer acted as the linker in self-assembly of nanoparti- 
cles in aqueous solutions. In addition, such aggregation 
process could be tuned by the addition of free host or 
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guest molecules in the solution. For instance, introduction 
of P-CD in the same solution slowed and even shut down 
the aggregation process as free CD competed with sur- 
face-attached CD hosts for the available ferrocene groups. 
Thus, the flocculation was hindered because the dimers 
could not form a significant number of linkages between 
nanoparticles. Temperature also played an important role. 
Increasing the temperature diminished the extent of floc- 
culation, resulting from the decrease in binding constant 
between the ferrocene residues and the 0-CD hosts. 

By using similar host-guest chemistry, another type of 
interesting organiclinorganic nanocomposites was con- 
structed in the aqueous solution.[291 Direct mixing of PSH- 
y-CD-Au (3 nm) and solid in water led to large 
nanoparticle aggregates with average size of around 290 
nm as characterized by PCS analysis and TEM measure- 
ment. In an alternative approach, mixing a toluene phase 
of C60 with a PSH-y-CD-Au aqueous solution at O°C also 
yielded similar nanoparticle aggregates in aqueous media. 
It is known that y-CD can form stable 2:l complex with 
C60 in aqueous solution.'301 Therefore, the authors reas- 
oned that the solubilization of ChO in aqueous solution 
was attributed to its complexation by the nanoparticle- 
attached y C D  hosts. Interestingly, the 2: 1 stoichiometry 
of this complex suggests that the fullerene molecules may 
behave as noncovalent linkers between the nanoparticles, 
leading to their aggregation (Scheme 6). 

Boal's group developed a "brick and mortar" ap- 
proach in the fabrication of three-dimensional organic/ 
inorganic nanostructures using receptor-modified gold 
nanoparticles as building blocks and polymers tethered 
with complementary recognition units as the glue. The 
three-point hydrogen bonding between the thymine- 
functionalized gold nanoparticles and diaminotrazine- 
functionalized polystyrene poly-Triaz yielded micro- 

Scheme 6 Fullerene-induced network of PSH-y-CKAu in 
aqueous solution. 

spheric structures 97+ 17 nm in diameter.'"' The tem- 
perature had a profound effect on the assembly process. At 
-20°C, the largest microscale clusters were obtained, 
which were 10 times larger than the aggregates formed at 
23°C. Each of these clusters was composed of 0.6-5.0 
million individual gold nanoparticles representing the 
most complex synthetic structures known. Norsten's 
group also reported a nanoparticle network system by 
using metal ions as the linkage. The chelation of various 
metal ions, Fe(II), Zn(II), Cu(II), and Ag(I), with two 
terpyridines that were tethered to separate nanoparticles 
resulted in the network aggregates.''" The stability of 
these structures could be controlled by changing the sol- 
vent, adding excess terpyridine, or through the choice of 
bridging metal. 

Ryan and coworkers reported that silver nanocrystals 
stabilized by chemisorption of a mixture of an alkane 
thiol and a thiolated dibenzo-24-crown-8 could form the 
nanoparticle aggregates by adding a small amount of bis- 
dibenzylammonium through the formation of crown-am- 
monium pseudorotaxane assembly.[321 It was also shown 
that the addition of excess dibenzylammonium cation or 
dibenzo-24-crown-8 inhibited further aggregation. This 
novel demonstration of controlled nanocrystal aggregation 
pointed the way toward the programmed assembly of 
complex nanocrystal architectures in solution. In a sub- 
sequent work, the same group reported the first example 
of binary nanostructures composing two different types of 
inorganic nanoparticles by using a similar recognition- 
directed templating strategy.'"I Dibenzo-24-crown-8- 
modified Ag nanoparticles (7 nm in diameter) recognized 
and bound to dibenzylammonium cation modified silica 
nanosphere (1 80 nm in diameter) via pseudorotaxane 
formation. Such templating process was proved to be re- 
versibly controlled. 

RECEPTOR-MODIFIED METAL 
NANOPARTICLES AS NOVEL CATALYSTS 

The increasing interest in using metal nanoparticles as 
catalysts is due to their high surface to volume ratio. In a 
recent and elegant work, Crooks and coworkers have 
prepared catalytically active metal nanoparticles encap- 
sulated inside dendr imer~. '~~ '  The dendrimer effectively 
stabilizes the nanoparticles without passivating their sur- 
faces, and its branched structure acts as a "molecular 
filter" imparting selectivity to the catalyst assembly. Re- 
cently, Kaifer et al.[6371 reported several research works 
on the development of CD-modified Pt and Pd na- 
noparticles for catalytic reactions in aqueous solutions. 
Special effort has been made in tuning the catalytic 
activity of these CD-modified nanoparticles through in- 
troduction of host-guest interactions on their surfaces. 
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In an initial attempt,'61 water-soluble PSH-P-CD- 
modified Pt and Pd nanoparticles (13 to 15 nm in diam- 
eter) were prepared in DMSO-H20 mixed solvents by 
reducing corresponding metal salts using borohydride as 
reducing agent. Both Pt and Pd nanoparticles prepared 
here could successfully catalyze the hydrogenation of 
allylamine to propylamine in aqueous solutions. The ease 
of recovering the metal catalysts through precipitation 
with ethanol from the reaction medium provided an op- 
portunity to recycle the catalyst for the hydrogenation 
reactions. The authors then focused their attention on the 
"selectivity" in the catalytic process. In this case, smaller 
Pd nanoparticles (3 nm) modified with 0-CD were made in 
DMF. These 13-CD-modified Pd nanoparticles (PSH-p- 
CD-Pd) behaved as efficient catalysts for the selective 
hydrogenation of different substrates (Chart 4) in aqueous 
media. Interestingly, adding millimolar concentrations of 
25 to the reaction mixture substantially decreased the rate 
of hydrogenation of 23. However, the addition of similar 
concentrations of tetramethylammonium bromide or tet- 
raethylammonium bromide had a much smaller effect on 
the rate of hydrogenation of 23. Similarly, the nega- 
tively charged ferrocene derivative 26 and adamantanol 
(a neutral P-CD guest) were considerably less effective 
than 25 as catalyst inhibitors. All these data support the 
idea that 25 acts as an effective inhibitor of the catalytic 
activity of the PSH-P-CD-Pd because of (1) its ability 
to act as a guest with the CD cavities and (2) its posi- 
tive charge. 

23 compound 24 

compound 25 compound 26 

Further evidence of the strong correlation between in- 
hibition by 25 and its binding ability with the CDs that 
decorated the Pd nanoparticles was obtained by investi- 
gating the concentration dependence of the reaction rate. 
The data obtained showed the saturation behavior that was 
clearly associated with the binding isotherm of the ferro- 
cene derivatives in the binding sites (CD cavities) on the 
surface of the nanoparticles. The authors also found out 
that the actual effect of compound 25 to inhibit the hy- 
drogenation of substrates 23 and 24 differed. Compound 
25 was a more effective inhibitor with 23 than 24. This 
was probably because of the ferrocene group present in 
24, which increased its affinity to the CD-modified na- 

Scheme 7 Complexation control of the accessibility of 
reacting sites on PSH-p-CBPd for hydrogenation reaction. 
(From Ref. [7 ] .  Copyright 2001, American Chemical Society.) 

noparticles. Thus, 25 competed with the substrate itself 
(24) for the available binding sites, and its overall inhi- 
bition effect was strongly curtailed. The results presented 
in that work clearly showed that (1) PSH-P-CD-Pds were 
active catalysts for the hydrogenation of water-soluble 
alkenes 23 and 24, (2) catalytic activity could be subs- 
tantially decreased by addition of the cationic ferrocene 
derivative 25, and (3) the inhibiting character of 25 was 
due to its ability to create Coulombic barriers for the ap- 
proach of the positively charged substrates (Scheme 7), 
resulting in the decrease in the surface density of catalytic 
active sites. These Pd nanoparticles served as heteroge- 
neous catalysts while their small sizes and solubility 
properties approach those of homogeneous catalysts. 
These Pd nanoparticles were further used as the efficient 
catalysts for Suzuki reactions in aqueous media.[351 

CONCLUSION 

This article summarizes the recent advancement on the 
preparation and applications of molecular receptor-modi- 
fied metal nanoparticles. Although, substantial progress 
has been achieved in these past years, this research field is 
still in its infancy. More work needs to be done in the 
future to reveal fundamental insights and explore more 
applications for these nanoscale materials. For example, 
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water solubility of these receptor-modified metal nano- 
particles is the key factor for the development of chemical 
and biological sensors. To make three-dimensional na- 
nocomposites self-organized by molecular recognition 
with long-range order and the controllable interparticle 
space is still a big challenge. High stereoselectivity pro- 
vided by molecular receptors on metal particle surfaces is 
desired for the development of ecoefficient, environmen- 
tally benign heterogeneous catalysts. The author expects a 
great advancement in this research field in next few years. 
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Supercritical Carbon Dioxide Solutions 
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INTRODUCTION 

The novel optical, electronic, andlor magnetic properties 
of metal and semiconductor nanoparticles have resulted in 
extensive research on new methods for their preparation. 
An ideal preparation method would allow the particle size, 
size distribution, crystallinity, and particle shape to be 
easily controlled, and would be applicable to a wide 
variety of material systems. Numerous preparation meth- 
ods have been reported, each with its inherent advantages 
and disadvantages; however, an ideal method has yet to 
emerge. The most widely applied methods for nanopar- 
ticle preparation include the sonochemical reduction of 
organometallic reagents,''.21 the solvothermal method of 
~l iv isa tos , [~]  reactions in micr~emuls ions , [~-~~ the polyol 
method (reduction by  alcohol^),'^-^^ and the use of 
polymer and sol-gel materials as  host^."^'^^ 

In addition to these methods, there are a variety of 
methods that take advantage of the unique properties of a 
supercritical f l ~ i d . ' ' ~ , ' ~ '  Through simple variations of 
temperature and pressure, the properties of a supercritical 
fluid can be continuously tuned from gas-like to liquid- 
like without undergoing a phase change. Nanoparticle 
preparation methods that utilize supercritical fluids are 
briefly reviewed below using the following categories: 
Rapid Expansion of Supercritical Solutions (RESS), 
Reactive Supercritical Fluid Processing, and Supercritical 
Fluid Microemulsions. Because of its easily accessible 
critical temperature and pressure and environmentally 
benign nature, carbon dioxide is the most widely used 
supercritical solvent. Supercritical C 0 2  is unfortunately a 
poor solvent for many polar or ionic species, which has 
impeded its use in the preparation of metal and semicon- 
ductor nanoparticles. We have developed a reactive 
supercritical fluid processing method using supercritical 
carbon dioxide for the preparation of metal and metal 
sulfide particles and used it to prepare narrowly distrib- 
uted nanoparticles of silver (Ag) and silver sulfide (Ag2S). 
The preparation and characterization of these materials 
and the effects of processing conditions on particle 
properties is reported. 

NANOPARTICLE PREPARATION METHODS 
USING SUPERCRITICAL FLUIDS 

Rapid Expansion of Supercritical Solutions 

The Rapid Expansion of Supercritical Solutions (RESS) 
process takes advantage of the pressure dependence of 
solute solubility in supercritical fluids. In this method, a 
supercritical solution of the solute is prepared by 
dissolving the solute in an appropriate solvent and then 
pressurizing and heating the solution to above its critical 
point. (Alternatively, the solute can be directly dissolved 
by the solvent at supercritical conditions.) The supercrit- 
ical solution is rapidly expanded through a small nozzle or 
orifice into a region at lower pressure, where the solute is 
insoluble. The very rapid reduction in pressure results in 
the precipitation of the solute. The timescale for the 
precipitation has been estimated to be on the order of 
s e ~ , ~ ' ~ ]  which results in the homogeneous nucleation and 
precipitation of the solute. A wide variety of organic, 
polymeric, and inorganic nanoparticles have been pre- 
pared by RESS."'-~~' Organic particles prepared using 
this method typically have a wide particle-size distribution 
and are in the I-pm size range. Particle size is highly 
dependent on solute concentration, with smaller particles 
being produced at lower concentrations. Ginosar et al.[241 
reported that the on-line particle-size analysis for the 
RESS preparation of phenanthrene nanoparticles from 
carbon dioxide solutions consists of a bimodal distribution 
of primary nanoparticles and much larger micron-sized 
aggregates. Processing by RESS using carbon dioxide 
solutions has primarily been used in the preparation of 
organic nanoparticles because of the limited solubility of 
inorganic salts and polymers in C02. Smith, Matson, 
Petersen, and ~ o w o r k e r s " ~ ~ ~ ~ ' " ~  have used supercritical 
water solutions for the RESS preparation of Si02 and 
Ge02 nanoparticles. Processing of SiOz by RESS using 
a preexpansion temperature of 470°C at 590 bar and 
an expansion nozzle with an inner diameter of 60 pm 
resulted in the formation of particles with diameters 
from less than 0.1 to 0.5 pm. Variation of the Si02 
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concentration from 10 to 500 ppm resulted in Si02 
particles with diameters from less than 0.01 to 0.5 pm, 
with larger particles being produced at higher Si02 
concentrations. Variation of the processing conditions 
has been used to generate thin films of the inorganic 
material. Supercritical carbon dioxide has been used for 
the RESS preparation of triiron dodecacarbonyl, diman- 
ganese decacarbonyl, and chromium h e x a ~ a r b o n ~ l . ' ~ ~ ~  
The triiron dodecacarbonyl particles ranged in diameter 
from 1 to 10 pm. 

Reactive Supercritical Fluid Processing 

The RESS process is a precipitation process based on the 
pressure dependence of solute solubility in supercritical 
fluids. Unfortunately, metals and metal sulfides are 
insoluble in most solvents, thus precluding their direct 
preparation by RESS. Using aqueous solutions of metal 
salts, the RESS process has been used to prepare metal 
oxide nanoparticles. Processing of Fe(N03)3 solutions by 
RESS using water at 500°C and 100 MPa and orifices with 
diameters of 50-200 pm resulted in the formation of 
Fe203 nanoparticles with diameters of 20-40 nm.1271 
Oxidation of metal salts in pressurized water at high 
temperatures is typically referred to as hydrothermal 
processing and is a common method in the synthesis of 
metal oxides. Hydrothermal treatment using batch-type 
reactions affords little control over the solution temper- 
ature and duration of exposure and typically results in the 
formation of micron-scale particles. Careful control of the 
reaction conditions has been demonstrated using a flowing 
system in which the aqueous solution of the metal salt is 
rapidly mixed with a preheated water stream. Variation of 
the temperature and flow rate of each stream and the 
residence time at high temperature can be precisely 
controlled and limited to short exposure times. Using 
flowing systems, Poliakoff and coworkers[283291 were able 
to prepare nanoparticles of Ce, -,Zr,02 and MFe204 
(M=Co, Ni, Zn) with particle sizes of - 10 nm. Solutions 
of metal salts in alcohols have also been processed using 
high temperatures and pressures to prepare nanoparticles 
of a variety of  metal^.'^^'^^] 

Sun and  coworker^['^^^*-^^^ ha ve developed a reactive 
supercritical fluid method for the preparation of metal and 
metal sulfide particles based on the RESS process. In this 
method, a metal salt is dissolved in a polar solvent, which 
is then pressurized and heated to supercritical conditions. 
The supercritical solution is then rapidly expanded 
through a small nozzle or orifice into a liquid solution 
containing a second reactant (e.g., reducing agent or 
sodium sulfide). The method is versatile and can be used 
with a variety of metal salts, supercritical fluids, and 
reagents. They have used this method to prepare nano- 
particles of the metals, Ag, Cu, Fe, Ni, and Co, as well as 

the metal sulfides, CdS, Ag2S, and PhS. The particles 
produced have average diameters of < 10 nm with 
particle-size distributions of - 1 nm. Solvents used in- 
clude methanol, ethanol, acetone, tetrahydrofuran, and 
ammonia. Particle aggregation is minimized by collecting 
the sample in liquid solution and can be further prevented 
through the use of polymer surfactants such as poly(N- 
vinyl-2-pyrolodone) (PVP). 

Supercritical Fluid Microernulsions 

To overcome the limited solubility of polar compounds, 
particularly metal salts, in carbon dioxide, several 
researchers have used reverse micelles. Wai and co- 
workers[373381 reported the preparation of silver and copper 
nanoparticles using water-in-C02 reverse micelles. Silver 
and copper salts were dissolved in the aqueous core of 
reverse micelles formed with sodium bis(2-ethylhexyl) 
sulfosuccinate (AOT) and the cosurfactant perfluoropo- 
lyether phosphate in supercritical carbon dioxide. The 
cosurfactant perfluoropolyether phosphate is necessary to 
dissolve the AOT, which is not soluble in carbon dioxide. 
Addition of a reducing agent to the reverse micelle 
solutions resulted in the formation of metallic Ag or Cu 
nanoparticles with 5-15 nm  diameter^.['^"^' A gI, AgBr, 
and AgCl nanoparticles (3-15 nm) have been prepared by 
mixing two carbon dioxide microemulsions, one contain- 
ing AgN03 and the other containing NaI, NaBr, or 
~ a c l . [ ~ ~ '  A fluorinated analog of AOT has been synthe- 
sized and used for the preparation of CdS and ZnS 
nanoparticles by mixing two C 0 2  reverse micelle solu- 
tions, one containing the metal salt and the other N ~ ~ s . ' ~ "  
The average diameter was calculated from the band gap 
and varied from 2.7 to 4.2 nm depending on the water to 
surfactant ratio. Formation of water-in-C02 microemul- 
sions by perfluoropolyether surfactants has been demon- 
stratedCNA1 and used to prepare CdS n a n ~ ~ a r t i c l e s . [ ~ ~ '  
Sun et al.'461 have used perfluoropolyether ammonium 
carboxylate water-in-C02 microemulsions to dissolve 
AgN03, which was then rapidly expanded into a room 
temperature solution of sodium borohydride resulting in 
Ag nanoparticles. 

RESULTS AND DISCUSSION 

We have developed a reactive supercritical fluid nano- 
particle preparation method based on the RESS process 
that uses supercritical carbon dioxide as the solvent. In 
this method, neutral metal salts are dissolved in carbon 
dioxide using tributyl phosphate (TBP). The method can 
be used with a variety of metal salts and can be used for 
the preparation of both metal and metal sulfide nanopar- 
ticles. The particles thus prepared have average diameters 
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Fig. 1 Experimental apparatus for the reactive RESS preparation of nanoparticles. (View this art in color at www.dekker.com.) 

of approximately 10 nm, with narrow size distributions. 
The preparation and characterization of silver and silver 
sulfide nanoparticles is presented. 

Silver Nanoparticles 

The experimental apparatus for the reactive RESS 
preparation of nanoparticles is shown in Fig. 1. The 
system consists of an ISCO model 260D syringe pump, a 
floating piston cylinder (TEMCO model CFT-50-50, 300- 
cm%olume), a high-pressure nitrogen cylinder and 
regulator, a preheating zone with -40 ft of 1116-in. 0.d. 
tubing in an aluminum clamshell, an Omega CN4800 
temperature controller with k-type thermocouple in 
contact with the fluid, a 127-pm i.d. by 10-cm-long 

nozzle, and an expansion chamber. For the preparation of 
silver nanoparticles, CF3S03Ag solution in tributyl phos- 
phate (TBP) was added to the floating piston cylinder, 
which was filled with liquid C 0 2  and pressurized to 2000 
psi at room temperature. The amount of C 0 2  was 
gravimetrically determined. The floating piston cylinder 
was placed on a horizontal platform rocker and allowed to 
equilibrate for at least 2 hr. The preheating zone was 
brought to temperature and allowed to equilibrate. A 
solution of NaBH4 in ethanol or methanol (150 ml) was 
immediately prepared before use and was placed in the 
expansion chamber. The polymer PVP (molecular weight 
360,000, -3.5 mglmL) was also dissolved in the NaBH4 
alcohol solution to prevent particle aggregation. An ex- 
cess of sodium borohydride was used for the preparation 

Fig. 2 Transmission electron micrograph of silver nanoparti- 
cles prepared from supercritical C 0 2  solution at 70°C, 3500 psi, 
with 0.22 wt.% TBP. The particle-size distribution is shown in 
the inset. (View this art in color at www.dekker.com.) 

Fig. 3 Transmission electron micrograph of silver nanoparti- 
cles prepared from supercritical C 0 2  solution at 1 10°C, 3500 
psi, with 0.24 wt.% TBP. The particle-size distribution is shown 
in the inset. (View this art in color at www.dekker.com.) 
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Fig. 4 Transmission electron micrograph of silver nanoparti- 
cles prepared from supercritical C02 solution at 104"C, 3500 
psi, with 1.41 wt.% TBP. The particle-size histogram and 
Gaussian-distribution analysis are shown in the inset. (View this 
art in color at www.dekker.com.) 

of all samples ([NaBH4]/[Ag+]=3-5). The CF3S03Ag 
solution in C02/TBP was pressurized to 3500 psi using 
nitrogen on the back side of the piston. The system 
temperature was equilibrated by flowing C 0 2  at 3500 psi 
for -5 min. The C 0 2  flow was stopped and the 
CF3S03Ag solution flow was initiated and expanded into 
the NaBH4 solution. 

The NaBH4 solution immediately turned yellow upon 
addition of CF3S03Ag solution, typical of silver nanopar- 
ticle suspensions. The resulting suspension was then 
characterized using X-ray diffraction (XRD), transmission 
electron microscopy (TEM), and UV-Vis absorption 
spectroscopy. For TEM analysis, a drop of the suspension 
was placed on a carbon-coated Cu grid, allowed to dry, 
rinsed with hexane, and then dried in a vacuum oven at 
100-120°C overnight to remove residual TBP. For UV- 
Vis analysis, the samples were diluted to an optical density 
< 1 using 0.2-cm path length cuvettes. For XRD analysis, 
the sample was dried on a rotary evaporator at up to 80°C. 
Upon removal of the alcohol, the silver particles and PVP 
polymer precipitated and the remaining TBP liquid was 
decanted. The sample was rinsed with hexane and then 
dried in a vacuum oven. X-ray diffraction patterns for the 
samples matched the powder diffraction file reference 
patterns for face-centered cubic silver (04-0783). 

Several silver nanoparticle samples were prepared 
using different expansion temperatures and concentra- 
tions of TBP. Transmission electron microscopy analysis 
and particle-size distributions are shown in Figs. 2-4 for 

Table 1 Properties of silver and silver sulfide nanoparticles 
prepared by reactive RESS processing using C02 solutions 

Temperature [TBP] Diameter a 
("C) (wt.%) (nm) (nm) 

- 

Silver 70 0.22 9.9 3.4 
Silver 110 0.24 7.4 3.5 
Silver 104 1.41 12.9 2.2 
Silver sulfide 50 0.23 3.1 1.2 
Silver sulfide 70 0.23 3.0 1 .O 
Silver sulfide 110 1.38 7.2 1.8 

several silver nanoparticle samples. Particle diameters 
and size distributions were determined from the TEM 
micrographs and are based on a minimum of 200 
particles. The samples shown in Figs. 2 and 3 were both 
prepared using 0.2 wt.% TBP. The sample prepared using 
a temperature of 70°C has an average particle diameter of 
9.9 nm, while the sample prepared at 110°C has an 
average diameter of 7.4 nm. The particle diameter 
standard deviation is -3.5 nm for both samples. Analysis 
by TEM of a sample prepared using a temperature of 
104°C and [TBP] of 1.41 wt.% has an average diameter of 
12.9 nm and a standard deviation of 2.2 nm. Sample 
preparation conditions and results from TEM analysis are 
summarized in Table 1. Particle diameter shows a slight 
dependence on expansion temperature, with smaller 
particles produced at lower temperature. The particle size 
and distributions were highly dependent on TBP concen- 
tration, with larger, more uniform particles prepared at 
higher TBP concentrations. The absorption spectra of the 
9.9- and 12.9-nm diameter silver nanoparticles are shown 
in Fig. 5, and both samples exhibit the characteristic 
surface plasmon absorption band. The 12.9-nm diameter 

Wavelength (nm) 

Fig. 5 Normalized absorption spectra of s~lver nanoparticles 
prepared from supercritical C02 solutions. (View this art in 
color at www.dekker.com,) 
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sample is red shifted and broader than the 9.9-nm 
diameter sample. The absorption maximums are at 
406.5 nm (68 nm FWHM) and 399.5 nm (62 nm FWHM) 
for the 12.9- and 9.9-nm samples, respectively. 

Silver Sulfide Nanoparticles 

Silver sulfide nanoparticles were prepared using the 
reactive RESS processing method. The preparation con- 
ditions were the same as those used for the preparation 
of silver metal nanoparticles except that the expansion 
chamber contained a methanol solution of Na2S with 
PVP. Excess Na2S was used in the preparation of all 
the samples ([s2-]/[Ag+] ~ 7 . 5 ) .  X-ray diffraction analy- 
sis of the samples matched the reference pattern for 
monoclinic Ag2S ( 7 5 -  106 1 ). Transmission electron 
micrographs and particle-size distributions for silver 
sulfide nanoparticles are shown in Figs. 6-8. Preparation 
conditions and TEM results are summarized in Table 1. 
The samples prepared using temperatures of 50°C (Fig. 6) 
and 70°C (Fig. 7) were both prepared using 0.2 wt.% 
TBP. The sample prepared using an expansion temper- 
ature of 50°C had an average diameter of 3.1 & 1.2 nm and 
the sample prepared using 70°C had an average diameter 
of 3.0+ 1.0 nm. The expansion temperature had little, if 
any, effect on particle size; however, the sample prepared 
using 50°C had a slightly larger size distribution. Silver 
sulfide nanoparticles were considerably smaller than 
silver metal particles prepared using similar conditions. 
For samples prepared using an expansion temperature of 

Fig. 6 Transmission electron micrograph of silver sulfide 
nanoparticles prepared from supercritical C02 solution at 50°C, 
3500 psi, with 0.23 wt.% TBP. The particle-size distribution is 
shown in the inset. (View this art in color at www.dekker.com.) 

Fig. 7 Transmission electron micrograph of silver sulfide 
nanoparticles prepared from supercritical C02 solution at 70°C 
3500 psi, with 0.23 wt.% TBP. The particle-size distribution is 
shown in the inset. (View this art in color at www.dekker.com.) 

70°C and 0.2 wt.% TBP, silver nanoparticles were 
9.9 + 3.4 nm, while silver sulfide nanoparticles were 
3.0+ 1.0 nm. Silver sulfide nanoparticles prepared using 
an expansion temperature of 110°C and 1.38 wt.% TBP 
had an average diameter of 7 . 2 +  1.8 nm (Fig. 8 ) .  Particle 
size and size distribution are larger for the silver sulfide 
sample prepared using higher TBP concentration. The 

Fig. 8 Transmission electron micrograph of silver sulfide 
nanoparticles prepared from supercritical C02 solution at 11 O°C, 
3500 psi, with 1.38 wt.% TBP. The particle-size histogram and 
Gaussian-distribution analysis are shown in the inset. (View this 
art in color at www.dekker.com.) 
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Wavelength (nm) 

Fig. 9 Absorption spectra of silver sulfide nanoparticles 
prepared from supercritical C02 solutions. (View this art in 
color at www.dekker.com.) 

UV-Vis-NIR absorption spectra of the silver sulfide 
nanoparticle suspensions are shown in Fig. 9. The 
samples with average diameters of --3 nm have an 
absorption onset at -950 nm, while the sample with an 
average diameter of 7.2 nm has an absorption onset at - 1250 nm. This is consistent with a shift in band gap 
(and absorption onset) to higher energies with decreasing 
particle size for semiconductor nanoparticles. 

CONCLUSION 

Silver and silver sulfide nanoparticles with average 
diameters - 10 nm with narrow size distributions have 
been prepared using a reactive supercritical fluid process- 
ing method. In this method, a neutral metal salt is 
dissolved in C02 using tributyl phosphate. The supercrit- 
ical solution of the metal salt is rapidly expanded into a 
liquid solution containing a second reactant, resulting in 
the formation of metal or metal sulfide nanoparticles. The 
nanoparticles have been characterized by powder X-ray 
diffraction, transmission electron microscopy, and ab- 
sorption spectroscopy. The particle size and size distribu- 
tion depend on preparation conditions, most notably on 
TBP concentration. 
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INTRODUCTION 

Nanoparticles and nanoparticle-based materials are of 
considerable interest for their unique properties and their 
potential for use in a variety of applications. Metal 
nanoparticles, in which each particle's surface is coated 
with a protective organic monolayer, are of particular 
interest because the surface monolayer stabilizes them 
relative to aggregation and they can be taken up into 
s ~ l u t i o n s . [ ' ~ '  As a result, they can be processed into thin 
films for device applications. We will refer to these 
materials as monolayer-protected nanoparticles (MPNs). 
Typically, the metal is gold and the organic layer is a self- 
assembled thiol layer, and this composition will be as- 
sumed throughout the remainder of this chapter. A di- 
versity of materials and properties is readily accessible by 
straightforward synthetic procedures, either by the struc- 
tures of the monolayer-forming thiols used in the syn- 
thesis, or by postsynthetic modifications of the mono- 
layers. A particularly promising application for these 
materials is as selective layers on chemical vapor sensors. 
In this role, the thin film of MPNs on the device surface 
serves to collect and concentrate gas molecules at the 
sensor's surface. Their sorptive properties also lend them 
to use as new nanostructured gas chromatographic sta- 
tionary phases. This chapter will focus on the sorptive 
properties of MPNs as they relate to chemical sensors and 
gas chromatography (GC). 

BACKGROUND 

The use of a sorptive layer to collect and concentrate 
vapor molecules at a sensor's surface is shown schemat- 
ically in Fig. 1. The presence of these sorbed vapor 
molecules can then be detected in a variety of ways, 

depending on the transduction mechanism of the sensor 
device. Acoustic wave devices, such as the thickness shear 
mode (TSM) device or the surface acoustic wave (SAW) 
device, transduce the presence of the vapor as an increase 
in mass detected by a change in the acoustic wave ve- 
l o ~ i t ~ . [ ~ - ~ ~  Typically, the acoustic wave velocity change is 
measured as a change in oscillator frequency. 

A schematic diagram of an MPN as an individual 
particle, its component parts, and a film is shown in Fig. 2. 
The film represents a cross section where gold cores are 
separated by the organic monolayers, with areas of lower 
density suggested between the MPNs. As a sorptive layer, 
molecules could sorb into the thiol material and/or the free 
volume associated with areas of lower density. 

Chemiresistor devices measure a change in the resist- 
ance of the applied thin films as a function of the sorbed 
gar or Because an MPN film on such a device 
carries the current, it participates directly in the trans- 
duction me~han i sm. l '~ '  These films consist of metal par- 
ticles separated from one another, insulating monolayers 
on their surfaces (Fig. 2). The current observed as elec- 
trons travel through a film from particle core to particle 
core can be modulated by the sorption of vapor molecules 
in the insulating regions. These insulating regions are of 
molecular dimensions, hence the sorption of molecules 
can represent a significant perturbation. Wohltjen and 
snow[12' described MPN-sensing films as metal-insula- 
tor-metal ensembles (MIMES) in recognition of the 
nanostructure of the films. 

Regardless of the transduction mechanism chosen, the 
sorption of a vapor into the MPN film represents a sig- 
nificant aspect of the sensor response. The amount of 
vapor uptake and the rate of vapor uptake by these film 
materials provide useful information for understanding 
and interpreting sensor response behavior. Differences in 
the sorption of various vapors (i.e., selectivity) provide the 
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Fig. 1 Schematic diagram of the mechanism for a chemical 
vapor sensor where the sorption of a vapor from the gas phase 
into a sorptive layer on the transducer surface results in an 
analytical signal. 

basis for discriminating among vapors using arrays of 
such sensors, and for separating vapors using GC. 

SYNTHESIS AND PROPERTIES 

The typical synthesis procedure for MPNs involves the 
reduction of gold salts in the presence of a monolayer- 
forming thiol. A two-phase waterltoluene process with a 
phase transfer salt was first reported by Brust et a1.[21 and 
has been used by many others as  ell.['^-'^' For example, 
alkanethiol-protected gold nanoparticles are typically 
prepared starting with solutions of HAuC14. H 2 0  in water, 
alkanethiol in toluene, sodium borohydride as the reduc- 
ing agent in water, and tetraoctylammonium bromide as 
the phase transfer salt in toluene. The aqueous HAuC14 
solution is added to the toluene solution containing tet- 
raoctylammonium bromide. After thorough stirring to 
transfer AuC1; anions into the toluene, the dodecanethiou 
toluene solution is added followed by the aqueous NaBH4 
solution. The product MPNs are recovered from the tol- 
uene phase. 

MPNs can also be prepared in one-phase procedures 
that have been used, for example, for a variety of ar- 

Organic thiol / 

GOM core 

Monolayer- 
Protected 

Nanoparticle 
(MPN) Film of MPNs 

Fig. 2 Schematic diagram of a gold nanoparticle protected 
with organic thiol monolayer, along with a hypothetical film 
where the gold cores are black, the monolayer material is gray, 
and there are areas of potentially lower density between the 
particles that may facilitate vapor diffusion and sorption. 

s' S S S  

Fig. 3 A selection of thiol structures that have been used 
as monolayers on gold nanoparticles. The alkanethiols indi- 
cated on the left typically range from octanethiol to dodecane- 
thiol (n= 1-5). 

enethiol-protected gold nanoparticles. The single-phase 
methanollwater synthesis was developed by Brust et al.[ll 
and used by  other^.['^"^] A synthesis method from solv- 
ated metal atoms has also been described, where vapor- 
ized metal atoms and solvent vapors are codeposited as a 
frozen mixture, followed by reaction with the thiol.[17] 
This method is effective at generating gram quantities of 
MPNs that are unambiguously free of ionic impurities 
from reducing agents or phase transfer reagents. 

A great variety of thiol ligands have been used in the 
synthesis of MPNs, some of which are shown in Fig. 3. 
Alkanethiols have been particularly popular, whereas the 
substituted arenethiols provide a facile method to incor- 
porate varying functionality in the structure. In addition, 
the ligand shell can be synthetically modified by organic 
reactions with organic ligands. Additional examples of 
thiols used and postsynthetic modifications can be found 
in Ref. [3]. 

Preparations are typically polydisperse in particle size. 
The metal cores can be observed and measured by high- 
resolution transmission electron microscopy (TEM). An 
example of a TEM of a monolayer of MPNs is shown in 
Fig. 4. Particle core sizes in most studies average between 
1.5 and 5 nm in diameter. It is believed that the cores 
prefer to reach discrete sizes with closed-shell structures 
(i.e., completed outermost layers of gold on the particle or 
crystal), although nonequilibrium structures may be pro- 
duced under kinetically controlled growth conditions.[31 A 
number of studies have described the ripening of nano- 
particle sizes after ~ ~ n t h e s i s . [ ' ~ - ~ ~ ]  Particle sizes may in- 
crease with time and heating under appropriate conditions; 
however, reduction in gold core size has also been de- 
scribed by heating in neat thiol. Ripening of nanoparticles 
appears to lead to a more uniform size distribution than 
that obtained during synthesis. 

A variety of additional characterization methods are 
also frequently applied. Thermogravimetric analysis 
(TGA) provides a measure of the mass percentages of gold 
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Fig. 4 TEM image of a polydisperse sample of bromobenze- 
nethiol-protected gold nanoparticles. 

and organic material in the prepared sample. Ideally, the 
organic material is all gold-bound thiol; however, impure 
samples may also contain excess free thiol, the corre- 
sponding disulfide, or phase transfer salt. Infrared spectra 
are sometimes used to look for the presence of phase 
transfer salt. Free thiol or disulfide can be observed by 
chromatographic methods including thin layer chroma- 
tography and liquid chromatography. 

Additional techniques that have been applied to the 
study of MPNs include small-angle X-ray scattering 
(SAXS), conventional and synchrotron X-ray diffrac- 
tion, mass spectrometry, scanning tunneling microscopy 
(STM), atomic force microscopy (AFM), differential 
scanning calorimetry, and nuclear magnetic resonance 
(NMR), to name a few. Detailed structural studies of 
carefully crystallized samples of alkanethiol-protected 
gold nanoparticles have been de~cribed. '~] 

Of particular interest with regard to sorption are the 
relative proportions of the organic thiol material serving 
as a sorptive medium and the gold cores whose volume 
excludes sorbed molecules. The mass ratios of gold and 
thiol can be determined from TGA, where the organic 
material burns off, leaving gold. From our own data[15' as 
well as data in the l i t e r a t ~ r e , ~ ' ~ " ~ ' ~ ~ ]  it is found that MPN 
materials are typically 75-90% metal by mass and only 
10-25% organic by mass. Nevertheless, these proportions 
are reversed when volume fractions are considered. We 
have estimated that typical volume fractions are 70-90% 
organic material by volume and only 10-30% metal by 
volume, using the densities of bulk gold and condensed 
phase thiols to convert mass fractions to volume frac- 
tions.[I5] Thus despite the low mass percentage of sorptive 
organic material, these materials are actually primarily 
sorptive organic material by volume. 

Low-volume fractions of gold-and hence high-vol- 
ume fractions of thiol-are also indicated by structural 
studies.[41 In studies of crystalline samples of MPNs with 
alkanethiol ligands, the gold cores have been assumed to 

have the density of bulk gold metal, and the volume not 
occupied by gold has been found to have a density very 
close to that of the bulk thi01.'~~' 

SORPTIVE PROPERTIES AS MEASURED 
USING ACOUSTIC WAVE SENSORS 

Sorption, the Partition Coefficient, and 
Chemical Sensor Response 

The analytical signal of a coated microsensor entails the 
sorption of the vapor and transduction of the presence of 
the vapor in the film.1253261 The vapor sensor's response R 
is empirically expressed as a function of the gas-phase 
concentration of the test vapor C, as in Eq. 1, and this is 
the basis of the calibration curve: 

Nevertheless, the sensor's response is more directly a 
function of the concentration of the vapor in the sorptive 
coating C, as indicated in Eq. 2: 

The ratio of the concentrations C, and C, is given by the 
thermodynamic partition coefficient K (Eq. 3): 

Consequently, the response function to the vapor con- 
centration in the film (Eq. 2) can be expressed as a 
function of the product of the gas-phase vapor concen- 
tration and the partition coefficient (Eq. 4): 

Hence knowledge of the partitioning of vapors into sensor 
films (i.e., absorption) is fundamental to understanding 
sensor performance and mechanism.[253261 We are partic- 
ularly interested on how this knowledge can help to elu- 
cidate the relative roles of sorption and transduction in 
observed sensitivities and detection limits. Partition 
coefficients are also fundamental to the separation of 
vapors by GC. 

Vapor Sorption by Nanoparticle Films 

Four MPN materials were selected for detailed studies on 
sorptive behavior.[l5] These four were satisfactorily 
characterized and all gave rapid and reversible sorption of 
the test vapors considered. They were MPNs with dode- 
canethiol, benzenethiol, chlorobenzenethiol, and tri- 
fluoromethylbenzenethiol ligands. 

Vapor sorption measurements were made on TSM 
devices spray-coated with an amount of MPN material, 
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Fig. 5 Response of a dodecanethiol-protected gold nanoparti- 
cle film on a TSM device to increasing concentrations of hexane. 
Data points are shown 2 sec apart. 

yielding approximately 10 kHz frequency shifts (an indi- 
cation of film thickness).['51 Impedance measurements 
were made to assure that the MPN layers on the TSM 
devices yield gravimetric sensors and valid vapor uptake 
measurements can be made. The test sensors were eval- 
uated against four vapors: n-hexane, toluene, 2-butanone, 
and 1-butanol. These vapors represent a diverse set of 
properties to probe differences in behavior and chemical 
selectivity among the nanoparticle materials. Sensor 
responses to the test vapors were generally rapid and re- 
versible, with exposures leading to steady-state or near- 
steady-state responses within the 6-min exposure period. 
Examples of such responses are shown in Fig. 5. 

Calibration curves for vapor on four MPN a selected 
coatings are shown in Fig. 6. This figure includes cali- 
bration curves for two polymers selected for comparison. 
Polymers are widely used in chemical sensing and their 
sorptive properties have been examined in detail. The 
selected polymers-poly(isobutylene), PIB, and poly 
(epichlorohydrin), PECH-have been used in a variety of 
vapor-sensing studies, including sorption measurements 
on 10-MHz TSM devices.'271 They represent simple pro- 
totypical sorptive polymers whose structures and sorptive 
properties have been described in detail e l s e~he re . ' ~ "~~]  
The data for the polymers were normalized to 10-kHz 
films to match the film amounts applied to the MPN- 
coated sensors. 

The calibration curves show two main points. First, the 
curves are linear or nearly linear in the vapor concentra- 
tion range considered. We found that TSM sensors with 
dodecanethiol, chlorobenzenethiol, and trifluoromethyl- 

benzenethiol yielded calibration curves with small inter- 
cepts (typically 1 Hz or less) and high correlation 
coefficients (typically 0.998 or higher for R~ as evidence 
for linearity)."51 For gravimetric sensors at a fixed tem- 
perature, linear calibration curves indicate linear sorption 
isotherms over the test concentration ranges. 

Second, from the results in Fig. 6 and others we have 
published,"51 it is apparent that the sorption of the test 
vapors by the MPN films is typically less than the sorption 
of vapors by the selected polymers. The most sorptive 
nanoparticle films for any test were less sorptive on a per- 
mass basis than the best sorptive polymer considered 
within the concentration range studies, the polymer being 
better by a factor of 2-2.5. This analysis compares the 
sorptive properties on a mass of vapor sorbed per mass of 
sorbent material. 

Nevertheless, vapor sorption is often quantified based 
on the partition coefficient defined in Eq. 3, where the 
concentration of vapor in the sorbent phase is in grams per 
liter; thus quantification of sorption is measured on a 
mass-per-volume basis. The partition coefficient is related 
to gravimetric sensor responses according to Eq. k C 3 O 1  

The frequency shifts indicated by At? and Af, refer to the 
shift obtained on coating the bare sensor with the sorptive 
coating, and the shift observed when the sorptive coating 
absorbs a vapor. This relationship assumes that the ob- 
served frequency shifts are caused by the bulk absorption 

F 
5000 100M) 15000 20000 

Concentration, mglm3 

Fig. 6 Calibration curves for toluene on a series of monolayer- 
protected gold nanoparticles with data for two polymers, PIB 
and PECH, included for comparison. 
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Fig. 7 Scanning electron microscope image of a cross section 
of the open tubular GC column coated with the dodecanethiol- 
protected gold nanoparticles, shown as the light band between 
the silica column material and the column lumen. The band is 
60 nm thick. 

of vapor in the film. The p parameter is the sorptive 
material density. Densities of the applied films are re- 
quired to convert observed frequency shifts to partition 
coefficients for vapor sorption. Based on the mass frac- 
tions of gold and thiol in the film materials as determined 
by TGA, and the bulk densities of the condensed-phase 
gold and thiol materials, estimates of the required densi- 
ties were determined for the calculation of partition 
coefficients according to Eq. s . ' '~ '  On a per-volume basis, 
the sorption of organic vapors by these MPN materials is 
of the same order of magnitude as the polymers at this 
concentration. Thus it appears unlikely that the nano- 
particle-based materials considered are more sorptive than 
the conventional polymers. If the actual densities of the 
film materials were lower than the estimated values used 
in the calculations (i.e., because of inefficient packing 
and/or large free volumes), then the actual partition 
coefficients would be proportionately lower, and it would 
still be true that these nanoparticle-based materials are not 
more sorptive than the polymers used for comparison. 

The sorptive properties of these nanoparticle films 
prepared by monothiols can also be compared with net- 
worked nanoparticle films containing bridging dithiols. 
Quantitative data on vapor uptake of the latter films as 
measured on TSM devices by Han et a ~ . [ ~ ' '  were com- 
pared with our quantitative data on vapor uptake by the 
monothiol-based M P N S . ~ ' ~ '  After converting the reported 
data to similar units, it appears that the networked films 
sorb organic vapors with gravimetric sensitivity of the 
same order of magnitude as the monothiol-based materi- 

als, with the sorption by the particular alkanethiol-based 
film in our study being somewhat greater than the par- 
ticular alkanedithiol-based film in their 

NANOPARTICLE FILMS AS GAS 
CHROMATOGRAPHIC PHASES 

Our interest in the sorptive behavior of these nanoparticle 
materials prompted us to investigate them as gas chro- 
matographic phases. Dodecanethiol-protected gold nano- 
particles were examined using an open tubular column 
configuration.[3" The nanoparticles were deposited on the 
inner walls of a deactivated silica capillary (0.530 mm 
id.)  by deposition from a dichloromethane solution passed 
as a plug through the length of the column. This process 
was repeated until a layer yielding a uniform brown color 
was obtained. Scanning electron microscopy was used to 
characterize the thickness and consistency of the nano- 
particle film. A film of 60 nm thickness in a 2-m column 
was used for subsequent chromatographic experiments. A 
cross-sectional image of the MPN film in the capillary is 
shown in Fig. 7. 

Several test mixtures were separated on the open tu- 
bular GC column using both isothermal and temperature- 
ramped protocols. Rapid separations with good peak 
shapes and resolution were ~bta ined."~]  Figs. 8 and 9 il- 
lustrate the separation of an eight-component mixture 

0 5 10 15 20 25 30 35 

Time, seconds 

Fig. 8 Separation of an eight-component mixture on the 
nanoparticle-coated GC column under isothermal conditions at 
50°C. The eight vapors were ethanol, benzene, 1-butanol, 3- 
heptanone, chlorobenzene, 3-octanone, anisole, and decane. 
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Fig. 9 Separation of the same eight-component mixture as in 
Fig. 8 under temperature-ramped conditions from 40°C to 80°C 
at 70°C/min. 

under isothermal and temperature-ramped conditions. 
Determination of reduced plate height as function of linear 
flow velocity indicated an efficient open tubular system. 
The performance of the MPN-coated column was com- 
pared with a commercial polymer stationary phase AT-1 
in the same column length and inside diameter, and 
comparable phase thickness (100 vs. 60 pm for the MPN 
phase). These two columns were found to have compa- 
rable separation efficiencies. These experiments demon- 
strate that MPN materials can be successfully coated as 
chromatographic phases for open tubular GC, yielding 
chromatographically efficient columns.r331 

We have further demonstrated that MPNs can be 
coated in 100 x 100 pm2 square-bore capillaries.[341 
Polymeric stationary phases present problems in the col- 
umns with noncircular channels because the material 
tends to be thicker in the corners than on the other sides. 
Using the MPN materials, this effect was greatly reduced 
and an efficient chromatographic system was obtained. 
The phase thickness on the column sidewalls was 15 nm. 
A seven-component mixture representing four compound 
classes was separated in 2 sec on a 1.3-m column. These 
results are shown in Fig. 10. 

Columns with noncircular channels are of interest be- 
cause microfabricated GC columns (i.e., microGC or GC- 
on-a-chip) typically have angular channels as a result of 
the etching and capping process. Thus the square bore 
capillary GC columns just described serve as a model for 
microGC angular channels, while focusing on the per- 

formance of the stationary phase and not on the rest of a 
microGC system. Our result demonstrated that the MPN 
materials have advantageous coating properties for 
microGC systems. 

NANOPARTICLE FILMS AS 
CONDUCTIVE SENSING LAYERS 
ON CHEMIRESISTOR SENSORS 

As noted in the background material, MPN films can be 
used as the selective layer on chemiresistor sensors, which 
measure changes in the electrical conductivity of the films 
as a function of changing vapor concentration. Initial 
investigations by a number of groups have demonstrated 
the potential of MPN-based films for chemical vapor 
sensing by this mechanism. 

Wohltjen and  now['^' reported the first use of MPN- 
coated chemiresistors as vapor sensors, demonstrating 
large decreases in the conductance of an octanethiol-based 
MPN film in response to toluene and t r~h lo roe thene . [~~]  
Snow and Wohltjen have observed that MPN-coated 
chemiresistors can offer detention limits that are signifi- 
cantly better than those of polymer-coated SAW devices 
(A. W. Snow. Naval Research Laboratory, 2000, personal 
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Fig. 10 High-speed separation of seven components using the 
dodecanethiol MPN stationary phase within the 100-pn2 square- 
bore capillary. The retention order is: methyl ethyl ketone, 
benzene, octane, chlorobenzene, anisole, 3-octanone, and 
decane. The separations were obtained by using a 1.3-m column 
at 75°C operated under constant pressure conditions at 25 psi 
(-200 crnlsec hydrogen gas). 
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communication)." Subsequently, Evans et a1.[161 demon- 
strated that chemiresistor devices with four different ar- 
enethiol-based MPN films yielded different patterns for 
each of the eight vapors, although it was observed that 
reproducibility was a concern for some vapors on some 
sensors. Additional work by this group attributed MPN- 
coated chemiresistor responses to film permittivity chan- 
ges at low vapor concentrations and to film swelling that 
increases core-core distance at high vapor concentra- 
t i o n ~ . ' ~ ~ '  

Han et a ~ . ~ ~ "  investigated novel networked nano- 
particle film materials containing bridging dithiols be- 
tween gold cores as layers on both chemiresistor and TSM 
devices. Vapor uptake as measured on the TSM device 
was correlated with film resistance changes as measured 
by the chemiresistor. Zamborini et al.L391 also described 
both chemiresistor and TSM sensor measurements on 
networked nanoparticle materials; these authors conclud- 
ed that film swelling as a result of vapor uptake leads 
to reduced electron-hopping rates. Gold nanoparticle/ 
dendrimer composites have also been used as layers on 
chemiresistor vapor Joseph et a1.1441 have 
also examined gold nanoparticle alkanedithiol films pre- 
pared by a layer-by-layer assembly process directly on 
sensor surfaces. These films showed linear current-volt- 
age characteristics and reversible responses to toluene and 
tetrachloroethene. Responses were consistent with a film 
swelling mechanism. In experiments with alkylene chains 
of varying lengths, it was found that the normalized vapor 
responses increased exponentially with increasing alkane- 
dithiol length. 

Cai and ~ e l l e r s ' ~ ~ '  described the vapor-sensing per- 
formance of MPN-coated chemiresistors with either 
octanethiol-protected gold nanoparticle or 2-phenyleth- 
anethiol-protected gold nanoparticles. Rapid and revers- 
ible responses to most of the 1 1 test vapors were observed 
in direct exposures. Detection limits were reported to be 
10- to 90-fold (with 20 as a typical value) better than those 
of selected polymer-coated SAW sensors. The sensors 
were also used as detectors for GC. 

CONCLUSION 

Vapor sorption by a sensing film on a chemical micro- 
sensor is a fundamental influence on sensor response and 
performance. Our studies have examined the sorption of 
vapors by gold nanoparticle materials protected with or- 

"Comparisons between chemiresistor vapor sensors coated with mono- 
layer-protected nanoparticles and surface acoustic wave vapor sensors 
coated with polymers have been pre\ented by Refs. [36] and 1371. 

ganic thiols, where the organic thiol represents the largest 
volume fraction of the material and its structure influences 
vapor sorption and selectivity. The nanoparticle-based 
films considered here were less sorptive that the selected 
polymers on a per-mass basis. Partition coefficients, 
which measure the mass of vapor sorbed per volume of the 
sorptive phase, were estimated for these MPN materials 
and were found to be comparable with, or less than, those 
of the polymer layers. Strictly from the standpoint of 
sorption, these materials do not appear to have advantages 
over polymers as sensing layers. 

Nevertheless, others have reported that chemiresistor 
sensors coated with MPN films can offer better detection 
limits than polymer-coated vapor s e n s ~ r s , ' " ~ " ~ ~ ~  such as 
those based on SAW devices or those based on chemi- 
resistors coated with carbon black-containing polymers. If 
this is the case, and the MPN layers and polymer layers 
absorb similar amounts of vapor, then it follows that the 
lower detection limits for MPN-coated chemiresistors 
must be because of more signal-to-noise ratio per sorbed 
vapor molecule. Apparently, the electron transfer from 
one nanoparticle to another is very sensitive to the sorp- 
tion of vapors into the spaces between the conducting gold 
nanoparticle cores. These spaces are of molecular 
dimensions. The implications are that nanostructure ma- 
terials and can be used in the design of new chemical 
sensors with superior properties. 

As sorptive materials, MPN films may also be used in 
other microanalytical applications. We have demonstrated 
that these materials can be advantageously used as sorp- 
tive stationary phases in GC. In addition, they appear to 
offer advantages over conventional polymers with respect 
to angular chromatographic channels; thus they may be 
useful in microfabricated channels and structures. 
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INTRODUCTION 

"Metal nanoparticles" receive much attention because of 
their uniform size and sharp size distribution in nano- 
meters, and because they are easily prepared as a result of 
recent developments in nanoscience and nanotechnology. 
In addition, catalysts based on such metal nanoparticles 
are highly active and selective. They also exhibit a long 
lifetime for several kinds of chemical reactions. In this 
article, a background on the use of metal nanoparticles as 
catalyst is first briefly discussed. Then, preparation, 
characterization, structures, and catalyses of metal nano- 
particles, especially of bimetallic nanoparticles, are de- 
scribed. The prospects on the use of metal nanoparticles as 
catalysts['-81 are summarized in the last section. 

METAL NANOPARTICLES AS CATALYSTS 

There is a long history since metal has been known to 
work as a catalyst for various kinds of reactions. The 
catalytic sites of metals are located on its surface. This 
means that metal nanoparticles of 1-10-nm size (thus, 
having a large surface-to-volume ratio) are expected to 
work as effective catalysts. The surface-to-volume ratio 
increases with decreasing particle size. In other words, the 
ratio of surface atoms with respect to all atoms in a particle 
increases with decreasing particle size. Fig. 1 shows the 
dependence of the ratio of surface atoms of Au nano- 
particles on the radius of nanoparticles, assuming that 
Au nanoparticles have the same fcc (face-centered cubic) 
crystalline structure as that of the bulk gold. Fig. I shows 
that the smaller the size, the larger is the ratio. Another 
characteristic property of the nanoparticles is the quantum 
size effect. Although bulk metal has a band structure, the 
electronic energy levels of metal nanoparticles with size of 
a few nanometers are rather separated as shown in 
Fig. 2.[91 This may have an advantage as a catalyst. 

When metal nanoparticles are used as catalysts, it is 
necessary for the metal nanoparticles to be stabilized 
under the catalytic reaction conditions. Otherwise, metal 
nanoparticles can very easily coagulate in solution to 
form aggregates, which are less effective as catalysts 
than the original ones. There are two ways to stabilize 
metal nanoparticles: One is to immobilize the metal 

nanoparticles on inorganic supports, resulting in hetero- 
geneous catalysts. The other method is to surround 
metal nanoparticles with stabilizers, resulting in homo- 
geneous catalysts, or more precisely, homogenized het- 
erogeneous catalysts. 

In practical industries, heterogeneous catalysts are of- 
ten used because they are easy to handle. They can be used 
in tubular reaction vessels for gaseous reactions in con- 
tinuous reaction processes, and thus are effective for mass 
production of conventional chemicals. However, metal 
nanoparticles often cannot keep their shapes and proper- 
ties when immobilized on inorganic supports. For exam- 
ple, interactions between metal particles and inorganic 
supports are often very strong in the supported catalysts. 
This strong interaction can sometimes increase the sta- 
bility and activity of catalysts, but in some cases can make 
the catalytic properties worse. 

In contrast, metal nanoparticles in solution, especially 
those stabilized by polymers, are less affected by the 
stabilizers than those immobilized on inorganic supports 
because the interaction between metal nanoparticles and 
capping polymers is usually very weak in comparison 
with that between metal nanoparticles and inorganic 
supports. The structure models of a conventional hetero- 
geneous metal catalyst and a typical metal nanoparticle 
catalyst are shown in Fig. 3. 

In metal nanoparticles stabilized by strong coordina- 
tion with organic ligand molecules, the story is quite 
different from those stabilized by polymers. Because the 
strongly coordinating organic molecules can occupy the 
surface of metal nanoparticles, the reaction substrates 
cannot attack the surface of metal nanoparticles. Thus 
metal nanoparticles strongly coordinated by organic 
ligands cannot work as effective catalysts. 

The advantages of using metal nanoparticles as cata- 
lysts are the following:r1341 

The size and shape of metal nanoparticles are easily 
controlled by the preparation conditions. 
Metal nanoparticles dispersed in solution can be used 
as catalysts in solution like homogeneous catalysts. 
Thus the temperature applied to the catalyst is below 
the boiling point of the solvent. 
Metal nanoparticles dispersing in solution are trans- 
parent to light. Thus they can be used as photocatalysts. 
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Fig. 1 Dependence of the ratio of surface atoms (r,) on the 
radius ( r )  of gold nanoparticles. (View this art in color at 
www.dekker.com.) 

4. Metal nanoparticles capped by organic polymers can 
be functionalized by modifying the organic polymers. 

5. It is possible to prepare bimetallic and trimetallic 
nanoparticles with various compositions and struc- 
tures. The catalytic activity and selectivity of these 
metal nanoparticles can be controlled by varying the 
composition and structure. 

6. Metal nanoparticles immobilized on solid supports 
can be used as catalysts even for the reactions in a 
gaseous phase. 

7. Metal nanoparticles dispersed in solution or immobi- 
lized on solid supports are usually more active and 
selective as catalysts under mild reaction conditions 
than the conventional industrial catalysts. 

The metal nanoparticles dispersed in solution and used 
as catalysts can be characterized not only by their own 
structure but also by the structure of the organic layers 
surrounding them. Both structures provide various func- 
tions to the metal nanoparticles used as catalysts. 

The structure of a metal nanoparticle capped by an 
organic layer is shown in Fig. 4. The diameter d of core 

Bulk metal Metal nanoparticle 

Fig. 2 Formation of separated energy-levels of metal nano- 
particles by a quantum size effect. 

weak 
interaction @ i)gt Polymer 

f l /J  

Fig. 3 Schematic illustration of the structures of (a) con- 
ventional metal catalyst and (b) metal nanoparticles capped 
by polymers. 

metal nanoparticles can be easily measured by transmis- 
sion electron microscopy (TEM). The thickness 6 of the 
organic layer or the total diameter D including the organic 
layer can be measured by various methods depending on 
the kind of organic layer. In solution, hydrodynamic ra- 
dius provides 012. When the hydrodynan~ic radius is large 
enough, it can be measured by a light scattering method. 
However, when the hydrodynamic radius is small, it can 
still be measured by a Taylor dispersion method if the size 
is homogeneous or uniform enough.[Io1 When the organic 
layer is composed of soluble polymers. the direct mea- 
surement of D is not so easy. The thickness 6 was pro- 
posed to be measured by the amount of polymers adsorbed 
on the surface of metal n a n ~ ~ a r t i c l e s . [ ~ ' ~  Because it is not 
easy to measure D in solution, measurement using scan- 
ning tunnel microscopy (STM) was performed in the 
dry state.[I2' 

In solution, the metal nanoparticles interact with each 
other by weak interaction forces; they form "super- 
structures," the size of which can be measured by small- 
angle X-ray scattering (sAxs)."~' 

Fig. 4 Illustration of the metal nanoparticle capped by an 
organic layer. 
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Fig. 5 Formation of metal nanoparticles by a chemical method. 
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PREPARATION AND CHARACTERIZATION 
OF METAL NANOPARTICLES 

Metal nanoparticles are defined as metal particles of 
nanometer size, which have a rather uniform size in the 
range of 1-10 nm. Metal nanoparticles with rather strict 
structures are called metal nanoclusters. Metal nano- 
particles immobilized on solid supports or dispersed in 
solution can be used as catalysts. 

, 
reduction 

Preparation of Metal Nanoparticles 
Used as Catalysts 

Metal nanoparticles with a rather uniform size can be 
prepared by both physical and chemical methods. In the 
physical method, sometimes called the top-down-type 
method, metal nanoparticles are prepared by decomposi- 
tion of bulk metal with mechanical force, vaporization, 
laser abrasion, and so on, which can provide higher energy 
to bulk metal than the bond energy of metal. In the 
chemical method, sometimes called a bottom-up-type 
method, the preparation process starts from reduction of 
metal ions to metal atoms, which is followed by aggre- 
gation resulting in metal nanoparticles Fig. 5. Both phys- 
ical and chemical methods have their own advantages. 
However, chemical methods are now considered to be 
better than physical methods from the viewpoints of re- 
producibility, homogeneity (e.g., uniformity in size), and 
mass production. 

The production of metal nanoparticles by chemical 
methods requires some techniques by which coagulation 
is prevented. For example, electrostatic and steric repul- 
sions among metal nanoparticles are used for this purpose. 
To prevent coagulation and to keep the dispersity of metal 
nanoparticles by electrostatic repulsion, electrical charges 
are provided. Adsorption of ions on the surface of metal 
nanoparticles is a simple way to acquire such charges 
Fig. 6a. The typical conventional colloidal dispersions of 
metal nanoparticles are usually stabilized by this method. 

The most satisfying method for stabilization of metal 
nanoparticles by steric repulsion is the dispersion of metal 
nanoparticles in solid such as glass. However, in this case, 
the metal nanoparticles cannot work as catalysts because 
the substrate molecules cannot attack the surface of metal 
nanoparticles. Thus adsorption of metal nanoparticles on 

Metal atom 

[MI 

the surface of inorganic supports or immobilization in 
porous solids is often used for stabilization of metal 
nanoparticles by steric repulsion on solids Fig. 6b&c. 

For the stabilization of metal nanoparticles in solution 
by steric repulsion, attachment of organic molecules or 
organic macromolecules on the surface of metal nano- 
particles is easily considered to be a favorite method. An 
organic molecule with S and/or N atom(s), for example, is 
used as a ligand, which strongly bonds to metal nano- 
particles Fig. 6d. In the case of organic macromolecules, 
the molecule is strongly attached to the metal nanoparticle 
because the macromolecule interacts with the surface of a 

Fig. 6 Various metal nanoparticles stabilized by (a) electric 
charge, (b) inorganic supports, (c) porous solids, (d) organic 
molecules, (e) soluble macromolecules, and (f) surfactants. 
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metal nanoparticle at many sites although each interaction 
may be weak Fig. 6e. Organic molecules with low mo- 
lecular weight can occasionally act as if they were a 
macromolecule when the interactions among the organic 
molecules are strong enough. In micelles and reverse 
micelles, surfactant molecules aggregate and protect the 
metal nanoparticles from coagulation Fig. 6f. 

One of the simplest and most reproducible methods for 
preparation of metal nanoparticles is alcohol reduction of 
precious metal ions in alcohol-water in the presence of 
water-soluble polymers such as poly(N-vinyl-2-pyrroli- 
done) (PVP).''~' This process is schematically shown in 
Fig. 7. Thus the precious metal ions form complexes with 
polymers at first. The metal ions can be reduced by al- 
cohol to produce polymer-metal atom complexes ac- 
companying aldehyde formation from alcohol. 

Other chemical reductants, such as hydrazine, molec- 
ular hydrogen, glycol, sodium borohydride, etc., can be 
used instead of .alcohol. Energy, such as photoenergy, 
X-ray, y-ray, electron beam, microwave, ultrasonic wave, 
electrolysis, etc., can also be used in solution in the 
presence of stabilizers to break the bond or reduce 
the metal ions to O-valent metal atoms resulting in 
metal nanoparticles. 

Other stabilizers such as organic ligands can be used 
instead of protective polymers. In general, the presence of 
strong ligands requires a strong reductant if the reduction 
is carried out in the presence of stabilizers. Otherwise, 
stabilizers must be immediately added after the reduction 
and coagulation of metal atoms to form metal nano- 
particles and before the aggregation of metal nanoparticles 
to form the precipitates. 

Metal nanoparticles stabilized by weakly coordinating 
polymers are considered as the best metal nanoparticle 
catalyst because substrate molecules can easily attack the 
surface of metal nanoparticles and the reaction smoothly 

Fig. 8 Illustration of the catalytic reaction process of a metal 
nanoparticle catalyst stabilized by weakly coordinating poly- 
mers. 0: reaction substrate; @: reaction product. (From Ref. [7].) 

occurs as shown in Fig. 8. Because the polymer molecule 
weakly coordinates with the metal nanoparticle, the sub- 
strate molecules can replace the polymer on the surface of 
metal nanoparticle. When the reaction occurs on the sur- 
face and the substrate changes to a product, then the 
product can easily be removed from the surface because it 
cannot strongly interact with the metal surface. Upon re- 
moval of the product, the parts of the polymer that were 
left on the metal surface can now interact with the metal 
surface again and cover the metal nanoparticle. This kind 
of reversible capping of the polymer on the metal surface 
cannot occur in organic ligands with low molecular 
weight, although organic ligands or ionic species play an 
important role to control the shape of metal nanoparticles. 

The metal nanoparticles immobilized on solid supports 
can be prepared by immobilization of the separately pre- 
pared metal nanoparticles on solid supports. Immobiliza- 
tion can be carried out by chemisorption or chemical bond 
formation between metal nanoparticles and solid supports. 
The immobilized metal nanoparticles thus prepared work 

reduction 

C2H50H CH,CHO 
Polymer-metal ion complex 

a 
Polymer-metal atom complex 

I aggregation 

Polymer-metal nanoparticle complex 

Fig. 7 Preparation of polymer-capped metal nanoparticle by alcohol reduction. 
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as industrial catalysts for reactions in solution as well as in 
gaseous phase. 

Characterization of Metal Nanoparticles 

Metal nanoparticles can be characterized by a combina- 
tion of the following methods:[2331 

Transmission electron microscopy (TEM). This is 
the simplest and most reliable method to measure 
the size and shape of metal nanoparticles. The av- 
erage size is usually calculated by counting the sizes 
of about 200 particles. High-resolution TEM (HR- 
TEM) can provide information not only on the 
particle size and shape but also on the crystalline 
structure of metal nanoparticles. When energy dis- 
perse X-ray microanalysis (EDX) is used in con- 
junction with TEM, elemental information of metal 
nanoparticles can be obtained. The localized ele- 
mental information is also obtained by electron en- 
ergy-loss spectroscopy (EELS) in conjunction with 
energy-filtering TEM (EF-TEM). 
Ultraviolet and visible absorption spectroscopy (UV/ 
VIS). The color change is a very useful and conve- 
nient method to identify the chemical change from 
the solution of metal ions to the dispersion of metal 
nanoparticles. The colloidal dispersions of Au, Ag, 
and Cu (Group 11 elements) have a red to yellow 
color because of their plasmon absorption, the peak 
position of which varies depending on the particle 
size and the extent of coagulation. The plasmon 
absorption of other metal nanoparticles is located in 
a UV region and is often difficult to clearly detect. 
Infrared spectroscopy (IR). The IR spectra can pro- 
vide information on organic layers surrounding 
metal nanoparticles. For example, the coordination 
of poly(N-vinyl-2-pyrrolidone) (PVP) onto the sur- 
face of metal nanoparticles was revealed by a shift 
of C=O stretching vibration absorption in the IR 
spectra. The structure of organic layers and the in- 
teraction of organic layers with metal nanoparticles 
are effective in the catalysis of metal nanoparticles. 
Thus information given by the IR spectra is very 
important in some cases. The IR spectra can also be 
used to understand the surface structure of the metal 
nanoparticles. The IR spectra of carbon monoxide 
adsorbed on the surface metal are so often used to 
identify the element of the surface metal of bime- 
tallic nanoparticles. 
X-ray diffraction (XRD). The solid structure of 
metal nanoparticles can be investigated by XRD. For 
monometallic nanoparticles, XRD can give infor- 
mation on the phase changes depending on the 

particle size. X-ray diffraction can determine if the 
bimetallic system is composed of the mixtures of 
two kinds of monometallic nanoparticles or of single 
bimetallic nanoparticles in which two elements are 
included in one particle. 

5. X-ray photoelectron spectroscopy (XPS). Photo- 
electron spectroscopy is used to obtain information 
on the state of metal, e.g., the oxidation state of 
metal on the surface. Metal on the surface is often 
oxidized by air. So the 0-valency of surface metal 
must be confirmed by using XPS or other methods. 
When polymers cover the metal nanoparticles, clear 
XPS spectra of the metal cannot be observed. In this 
case, the removal of covering polymers from the 
surface of metal nanoparticles is required. Etching of 
covering polymers could be useful for this purpose. 
The polymers can also be removed from the metal 
nanoparticles by washing the nanoparticles adsorbed 
on thiol-modified silica supports with a good sol- 
vent. The quantitative analysis of XPS spectra of 
bimetallic nanoparticles can suggest the elements 
present in the surface region of nanoparticles. 

6. Surface enhanced Rarnan spectroscopy (SERS). The 
SERS spectra can be obtained in the case of nano- 
particles containing Au, Ag, and/or Cu. Quantitative 
analysis of enhanced Raman spectra can provide 
information about the adsorbing structures of or- 
ganic molecules on the metal nanoparticles. Not 
only monometallic nanoparticles but also bimetallic 
nanoparticles containing Au, Ag, or Cu can enhance 
Raman spectra. 

7 .  Scanning probe microscopy (SPM). Scanning probe 
microscopy techniques such as scanning tunneling 
microscopy (STM) and atomic force microscopy 
(AFM) can give information on the total size of 
metal nanoparticles capped by organic layers and the 
coagulating structure (superstructure) of capped 
metal nanoparticles. The superstructure sometimes 
has an effect on catalysis of capped metal nano- 
particles. Although SPM is usually used for obser- 
vation of dry samples, the superstructure at dry state 
is often thought to be similar to that in solution. 

8. Extended X-ray absorption fine structure (EXAFS). 
This is one of the most powerful characterization 
methods to determine the detailed structure of metal 
nanoparticles, especially bimetallic nanoparticles. 
Because big synchrotron radiation facilities are now 
available, the EXAFS technique becomes useful for 
structure analysis of nanoparticles of precious 
metals. EXAFS can provide the number of atoms 
surrounding the X-ray absorbing atom and their in- 
teratomic distances involved in the various coordi- 
nation shells, as well as the electron density. 
However, to obtain exact information, the sample of 
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metal nanoparticles should be homogeneous, i.e., 
uniform in size and narrow in size distribution. 
Because the number of atoms surrounding the X-ray 
absorbing atom and even their interatomic distances 
can vary with the size of metal nanoparticles, we 
succeeded to give a corelshell structure model for 
PdPt  (4:1, mollmol) bimetallic nanoparticles 
capped by poly(N-vinyl-2-pyrrolidone) (PVP), be- 
cause they are very homogeneous (mono- dis- 
persed) and stable. 

9. Small-angle X-ray scattering (SAXS). Analysis of 
SAXS data can give information on rather long 
regularity, for example, size of superstructures. 

10. Thermogravimetry (TG) and differential thermal 
analysis (DTA). Thermal analysis (TG and DTA) 
can give information not only on composition and 
structure of organic layers but also on the phase 
transition of metal. 

11. Dynamic light scattering (DLS). This method gives 
the hydrodynamic radius; that is, the size of metal 
nanoparticles including organic layers. 

STRUCTURECONTROLOF 
BIMETALLIC NANOPARTICLES 

Bimetallic nanoparticles, in which each particle contains 
two metal elements, are very important and interesting 
from the viewpoint of catalysis of metal nanoparticles 
because catalytic performance is very often affected by 
the addition of another element to the metal. In addition, 
the structure of bimetallic nanoparticles is strongly related 
with the catalytic performance. 

Typical structures of bimetallic nanoparticles are il- 
lustrated in Fig. 9. These bimetallic nanoparticles have 
two kinds of metal-metal bonds, i.e., a homobond and a 

heterobond. If the metal particles are composed of atoms 
A and B, the homobond is either an A-A bond or a B-B 
bond, while an A-B bond is a heterobond. If the binding 
energies of the homobonds are same with that of the 
heterobond, the random alloy or solid solution should 
be the thermodynamically most stable structure. If the 
homobonds are much stronger than the heterobond, no 
bimetallic particles may be produced but only the mixture 
of two kinds of monometallic particles will be favorably 
obtained. However, in practice, there are no such big 
differences between the two kinds of bonds in precious 
metals. When heterobonds are preferred over homobonds, 
a heterobondphilic structure may be obtained.[I5] The 
opposite case gives a homobondphilic structure. Hence a 
corelshell structure, a kind of homobondphillic structure, 
is obtained as a thermodynamically stable structure. In 
contrast, an inverted corelshell structure is thermody- 
namically metastable. Such metastable structures can be 
constructed by the concept of kinetic control. Thus the 
structure of bimetallic nanoparticles depends on the kind 
of a couple of elements used. 

Bimetallic Nanoparticles Composed of a 
Couple of Platinum-Group Elements 

Bimetallic nanoparticles of two kinds of platinum-group 
elements such as Pt, Pd, Au, etc. can be produced by 
coreduction of the corresponding metal ions in refluxing 
alcohol-water in the presence of water-soluble polymer. 
The coreduction usually gives colloidal dispersions of 
bimetallic nanoparticles with a corelshell structure, a kind 
of homobondphilic structure. For example, the solution of 
PdC12 and H2PtC16 in refluxing ethanol-water in the 
presence of PVP gives colloidal dispersion of Pd/Pt 
bimetallic nanoparticles with a Pt-corePd-shell struc- 
t u r e ~ . ' ' ~ ]  From HAuCL and PdCl?. Au-core/Pd-shell -. 
structured bimetallic nanoparticles were ~b ta ined . "~]  

The easiness of core formation increases in the order of 
Rh<Pd<Pt<Au. Thus Rh is the most easily shell-forming 
element. The corelshell structure is constructed via the 
complexes shown in Fig. 9. Two factors control the core1 
shell structure: 1) redox potential of metal ions; and 

(a) random alloy (b) bihemisphere (c) leg0 type 2) coordination ability of metal atom to the polymer.['81 
(solid solution) structure The PVP-protected Pd/Pt bimetallic nanoparticles 

work as a catalyst for partial hydrogenation of 1,3- 

@ a@ cyclooctadiene to cyclooctene under mild conditions. The 
A catalytic activity depends on the composition of Pd and Pt. 

A 
A 

The highest activity can be achieved by the Pcl/Pt ratio 
(4:1, mol/mol) of bimetallic nanoparticles, in which 13 
atoms of Pt form a core and 42 atoms of Pd surround the 

(d) cluster-in-cluster e) core/shell (f) inverted corelshell Core form a 
The mechanism of formation of Pd/Pt bimetallic 

Fig. 9 Various structures of bimetallic nanoparticles. nanoparticles with a thermodynamically stable Pt-core1 
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Fig. 10 Proposed formation mechanism of Pt-core/Pd-shell-structured bimetallic nanoparticles. (From Ref. [18].) (View this art in 
color at www.dekker.com.) 

Pd-shell structure has been proposed as shown in Fig. 10. 
In this process, easily reduced Pt(1V) ions are first reduced 
to produce Pt atoms that form a Pt core. Less easily re- 
duced Pd(I1) ions later produce Pd atoms, which deposit 
on the Pt core to form a Pd shell. 

An inverted core/shell structure can be prepared by the 
so-called sacrificial hydrogen reduction m e t h ~ d . " ~ '  For 
example, Pd-core/Pt-shell bimetallic nanoparticles can 
successfully be prepared by this method. Successive re- 
duction of Pd(I1) and Pt(1V) ions cannot produce the 
inverted core/shell structured bimetallic nanoparticles, 
because addition of Pt(1V) ions to Pd(0) core nano- 
particles results in redox reaction between them to form 
Pt(0) nanoparticles and Pd ions. Hence before the addition 
of Pt(1V) ions, the dispersion of Pd-core nanoparticles is 
treated with molecular hydrogen, forming hydride-cov- 
ered Pd nanoparticles. Addition of Pt(IV) ions into the 
hydride-covered Pd nanoparticles produces Pt atoms, 
which immediately deposit on Pd cores to form Pd-core/ 
Pt-shell, i.e., inverted corelshell structured bimetallic 
nanoparticles. This sacrificial hydrogen reduction method 
is useful for constructing other kinds of corelshell struc- 
tured bimetallic nanoparticles. 

Bimetallic Nanoparticles Composed 
of an Iron-Group Element and a 
Platinum-Group Element 

Reduction of ions of an iron-group element (transition 
metal in the third period) is more difficult than those of a 
platinum-group element. Nevertheless, ions of an iron- 
group element can easily be reduced to the corresponding 
atoms in the coexistence of nanoparticles of a platinum- 
group element. For example, copper(1) and palladium(I1) 

can be reduced by ethylene glycol at ca. 200°C to pro- 
duce the dispersions of CuPd  bimetallic nano- 
particles,[201 which are surprisingly stable even under air. 
The structure of Cu/Pd bimetallic nanoparticles is ana- 
lyzed to be a random alloy (solid solution) on the basis of 
preliminary EXAFS measurements. The precise EXAFS 
analysis has recently concluded that the Cu/Pd bimetallic 
nanoparticles thus prepared have a heterobondphilic 
structure Fig. 11 rather than a random alloy ~ t ruc tu re .~ '~ '  
The Cu/Pd bimetallic nanoparticles work as catalysts 
both for hydration of nitriles and hydrogenation of ole- 
fins, suggesting that both Cu and Pd atoms are located on 
the surface of the nanoparticles, because the Cu and Pd 
are generally known as active catalysts for the former 
and the latter reaction, respectively. Bimetallic nano- 
particles with other combinations such as Cu/Pt, Ni/Pd, 
Ni/Pt, Fe/Pd, and FeP t  can be prepared by the same 
m e t h ~ d . ' ~ ' . ~ ~ '  

Fig. 11 Model structures for CuPd 1: 1 (left panel) and CuPd 
4:l (right panel) bimetallic nanoparticles. Big dark balls 
correspond to Pd. (From Ref. [IS].) (View this art in color at 
www.dekker.com.) 
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Formation of Bimetallic Nanoparticles 
by Mixing Two Kinds of Monometallic 
Nanoparticles; Self-organization 
of Metal Nanoparticles 

Self-organization is one of the most important concepts in 
supramolecular science. In the formation of bimetallic 
nanoparticles from two kinds of metal atoms, the bime- 
tallic structures, such as a corelshell, random alloy, and 
heterobondphilic structure, are controlled by self-organi- 
zation in practice. 

Another type of self-organization has recently been 
observed to produce pseudo-corelshell structured bime- 
tallic nanoparticles by mixing two kinds of monometallic 
nanoparticles in solution.'231 Mixing of colloidal disper- 
sions of PVP-protected Ag nanoparticles with those of 
PVP-protected Rh nanoparticles in solution at room tem- 
perature was found to result in a kind of "fusion" to 
produce colloidal dispersions of AgRh bimetallic nano- 
particles with a pseudo-corelshell structure in a few hours 
Fig. 12. Poly(N-vinyl-2-pyrrolidone) is suggested to play 
an important role for this self-organization. However, the 
driving force as well as the conditions for this self-orga- 
nization is not well understood yet. 

Nevertheless, PdIAglRh and Pt/Pd/Rh trimetallic 
nanoparticles with a triple corelshell structure have re- 
cently been successfully prepared by this method. 

CATALYSES OF METAL NANOPARTICLES 

Metal nanoparticles are used as catalysts for various kinds 
of reactions in dispersions or on supports, which are 
summarized here. Metal nanoparticles stabilized by 
weakly coordinating polymers are considered to be an 
effective catalyst, which works as shown in Fig. 8. As for 
polymer-protected metal nanoparticle catalysts, the cata- 
lytic performance, i.e., activity and selectivity, is affected 
not only by the structures of metal nanoparticles but also 
by those of the surrounding polymers. 

Reduction 

Hydrogenation of C-C multiple bonds is catalyzed by 
many kinds of precious metal nanoparticles. The ac- 

Fig. 12 Formation of pseudo-Ag-core/Rh-shell-structured 
bimetallic nanoparticles. (From Ref. [23].) (View this art in 
color at www.dekker.com.) 
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Fig. 13 Size effect of catalytic activity of PVP-protected Rh 
nanoparticle catalysts for hydrogenation ot internal and vinyl 
olefins. [From Shokubai 1985,27,488.] (View this art in color at 
www.dekker.com.) 

tivity depends not only on the kind of metal element 
but also on the size and shape of metal nanoparticles. 
One of the most significant examples of the size effect 
is shown for hydrogenation of internal olefins catalyzed 

Fig. 14 Dependence of the catalytic activity of PVP-protected 
Pd/Pt bimetallic nanoparticles for partial hydrogenation of 
cyclooctadiene to cyclooctene upon the composition of the 
nanoparticles. (From J. Chem. Soc. Fartrday Trans. 1993, 
89, 2537.) (View this art in color at www.d(,kker.com.) 
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by PVP-protected Rh nanoparticle catalysts prepared by 
an alcohol reduction method Fig. 13.''' 

In bimetallic nanometal catalysts, the activity 
depends on the composition and structure of bimetallic 
nanoparticles.[" For example, PVP-protected PdPt  
bimetallic nanoparticles with a corelshell structure show 
the highest catalytic activity for partial hydrogenation of 
1,3-cyclooctadiene to cyclooctene Formula I at a 4:l 
atomic ratio of Pd to Pt Fig. 14, in which the Pt core is 
covered by an atomic layer of ~ d . ' ' ~ ]  This means that 
the catalytic active site of the metal nanoparticles is 
located on the surface Pd atoms and that the Pt core 
adjacent to the Pd has an electronic effect on the surface 
Pd atoms. In other words, the additional Pt atoms do not 
have an ensemble effect, but a ligand effect, on the 
active Pd sites. 

The catalytic selectivity of metal nanoparticles can 
sometimes be controlled by their sizes and shapes. The 
selectivity of partial hydrogenation of cyclopentadiene 
catalyzed by PPV-protected Pd nanoparticles rapidly 
increases when the diameter of Pd nanoparticles is below 
2 nm.[I1 

The selectivity is more often controlled by the organic 
layer surrounding metal nanoparticles. 10-Undecenoic 
acid is much more easily hydrogenated than 2-undecenoic 
acid when catalyzed by Pd nanoparticles stabilized by 
nonionic surfactant m~lecules .~ '~ '  This selectivity control 
is shown in Fig. 15. Polycyclodextrin-covered metal 
nanoparticles are also effective catalysts for the reaction 
with high substrate selectivity because the cyclodextrin 
cavity can recognize the substrate molecule. 

Enantioselective hydrogenation can be achieved by 
using metal nanoparticles capped by chiral stabilizers such 
as cinchonidine and dihydrocinchoxidine in dispersions 
and on inorganic supports.'2s1 

The reduction of C=O bond was reported to be cata- 
lyzed by Rh nanoparticles. The reduction of nitrobenzene 

Fig. 15 Schematic illustration of selectivity control of 
surfactant-protected Pd nanoparticle catalysts for hydrogenation 
of 2- and 10-undecenoic acid. (From Ref. [24].) (View this art in 
color at www.dekker.com.) 

Fig. 16 Relationship between hydrogen generation rate and 
electron transfer rate over various kinds of metal nanoparticle 
catalysts. (From Ref. [26] . )  

to aniline by hydrogen at room temperature Formula I1 
was catalyzed by PVP-protected NiPd bimetallic nano- 
particles, prepared by glycol reduction at 190°C. In ni- 
trobenzene, the atomic ratio NiPd=l :4  gave the most 
active catalyst, while in the other substituted nitrobenzene, 
the ratio was 2 3 .  

Visible-Light-Induced Hydrogen Generation 

Because metal nanoparticles in dispersions are transparent 
to visible light, their application to catalyses for photo- 
chemical reactions is preferred over conventional solid 
catalysts. Colloidal dispersions of Pt nanoparticles in 
water was used for visible-light-induced hydrogen gen- 
eration in the system of metal nanoparticleslmethyl 
viologen (electron mediator)/trisbipyridineruthenium(II) 
dichloride (photosensitizer)lethylenediaminetetraacetic 
acid disodium salt (electron donor) Formula 111. 

R U ~ ( ~ P Y ) ~ ~ R U ~ ( ~ P Y ) ;  EDTAoxX 

EDTA Rum ( ~ P Y ) ~  

Various kinds of bimetallic nanoparticles were recently 
examined as catalysts of the above reaction. It was found 
that the hydrogen generation rate is proportional to the 
rate of electron transfer from methyl viologen cation 
radical to the metal nanoparticles as shown in Fig. 16, and 
that the bimetallic nanoparticles are more active as a 
catalyst than the corresponding monometallic nano- 
particles.1261 
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C-C Bond Formation 

Oxidation is one of the most general chemical reactions 
and is often applied to industrial processes. Nevertheless, 
there are few reports on the application of metal nano- 
particle catalysts for oxidation reactions. This is because 
organic stabilizers are easily oxidized, resulting in their 
decomposition. Hence development of the stabilizers 
strong against oxidation is very important. 

Oxidation of ethylene to ethylene oxide by molecular 
oxygen Formula IV is catalyzed by Ag nanoparticles 
stabilized by poly(sodium acrylate). The reaction pro- 
ceeds under the pressure of ethylene and oxygen at 
1 7 0 " ~ . [ ~ ~ ]  

Catalytic oxidation is enhanced by the presence of 
Cs(1) and Re(VI1) ions, which are immobilized on the 
stabilizer poly(acry1ate). The catalytic activity of Ag 
nanoparticles depends on the protecting polymer. Poly- 
acrylate-protected Ag nanoparticles have much higher 
activity than PVP-protected ones especially at high tem- 
perature. This is probably because of the stronger coor- 
dinations of polyacrylate to Ag nanoparticles. 

Other examples include oxidation of cyclooctane to 
cyclooctanal and cyclooctanone by t-butyl hydroperoxide 
(t-BHP) catalyzed by Ru nanoparticles in a biphasic sys- 
tem, and oxidation of D-glucose to D-gluconate by mo- 
lecular oxygen catalyzed by tetraalkylammonium- 
stabilized Pd/Pt bimetallic nanoparticles on charcoal.[281 

The C-C bond formation is a useful reaction in organic 
syntheses and is often catalyzed by homogeneous cata- 
lysts of organometallic complexes. Metal nanoparticles 
have recently been used instead of organometallic com- 
plexes as catalysts for C-C bond formation. Because these 
reactions are catalyzed by ionic species of precious metals 
in homogeneous catalysts, real active species of these 
metal nanoparticle catalysts are often considered to be the 
ionic species produced by oxidation of metal nano- 
particles. Further research is required to understand the 
real reaction mechanism. 

Heck reaction, the coupling between aromatic and vi- 
nyl carbons Formula VI, was found to be catalyzed by Pd 
nanoparticles in the presence of base at a rather high 
temperature.'29.301 

Because the reaction requires a rather high tempera- 
ture, enough stable polymers are preferred as the stabilizer 
for the metal nanoparticles used as catalysts. 

Carbonylation of methanol to directly produce acetic 
acid Formula VII is catalyzed by a homogeneous Rh 
catalyst. Poly(N-vinyl-2-pyrro1idone)-protected Rh nano- 
particles were used as the catalyst of this reaction at 140°C 
under CO pressure. 

Hydration 

Selective hydration of acrylonitrile, which is catalyzed by 
copper catalysts, is used for industrial production of ac- 
rylamide. The same reaction can proceed by using Cu 
nanoparticles as catalysts. The colloidal dispersions of 
PVP-protected Cu nanoparticles were prepared by NaBH4 
reduction of Cu(I1) ions and applied to the catalyst for this 
reaction.['' However, Cu nanoparticles are easily oxidized 
by the contaminant air and are not stable enough to be 
repeatedly used. To stabilize Cu nanoparticles, C u P d  
bimetallic nanoparticles were prepared by coreduction of 
Cu and Pd ions by glycol at 190°C in the presence of 
P V P . [ ~ ~ ]  The bimetallic nanoparticles are more stable, and 
much more active as the catalyst for hydration of acry- 
lonitrile to acrylamide Formula V than the simple Cu 
monometallic nanoparticles. 

Suzuki reaction, which is useful for direct coupling of 
two different benzene rings Formula VIII, were catalyzed 
by Pd and PdINi n a n ~ ~ a r t i c l e s . ' ~ ' ~  The stability of the 
PVP-protected Pd nanoparticles was investigated as 
we11.[3z~ 

[3+2] Cycloaddition reaction between methylene- 
cyclopropane and methyl acrylate in reflux toluene 
Formula IX was catalyzed by Ni nanoparticles immobi- 
lized on alumina.r331 

A + ACOKH, - 
Ni In Tol 

C02CH3 



Metal Nanoparticles Used as Catalysts 

In these C-C coupling reactions, the catalytic activity 
of metal nanoparticles is less than the corresponding 
homogeneous organometallic catalysts. However, metal 
nanoparticle catalysts have an advantage for repeated 
usage. For the practical use of metal nanoparticles as 
catalysts, further investigations of stable protective 
polymers and of immobilization on inorganic supports as 
well as of the reaction mechanism will be required. 

CONCLUSION 

Catalysts based on metal nanoparticles have recently re- 
ceived much attention because investigation~ in the field 
of metal nanoparticles has rapidly developed. Now many 
techniques have been reported to control the structures of 
metal nanoparticles, not only the structures of metal parts 
but also the structure of organic layers surrounding them. 
By using these techniques, metal nanoparticles can be 
constructed according to the design. 

Metal nanoparticles can be used as catalysts not only in 
dispersions but also on solid supports. In dispersions, 
metal nanoparticles can be used as catalysts only for 
reactions in a solution, while on solid supports they can be 
used both in solution and in gaseous phase. Thus metal 
nanoparticles are now applied to catalysts for various 
kinds of reactions. The number of the reactions for which 
metal nanoparticles are used as catalysts is going to rap- 
idly increase. In the field of environmental catalysts, 
which are the largest in the market of catalysts, conven- 
tional catalysts may be replaced by metal nanoparticles 
designed for this purpose. 
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INTRODUCTION 

The current interest in the structural control of metal and 
semiconductor materials in the nanoscale region has been 
rapidly promoted in terms of construction of ultrasensitive 
and low-energy-consumption devices.['] Recently devel- 
oped nanodevice technologies using scanning probe 
microscopy have allowed us to construct ultrasmall 
structures on an atomic scale.'21 However, this method is 
not adaptable to mass production because it is too slow, 
especially for sizes of more than a few nanometers. This 
situation, together with the limitation of the size control 
to about a hundred nanometers for conventional photo- 
lithographic techniques, clearly indicates that the creation 
of nanodevices sized between a few nanometers and tens 
of nanometers remains an undeveloped aspect of the pres- 
ent nanotechnology (Fig. 1). Thus we should develop 
methods of effective and high-speed construction of 
desirable nanostructure in this size region. 

To solve the problem, we have proposed the idea of 
applying localized photoexcitation at metal nanostructures 
for the structural controls. Generally, metal nanoparticles 
such as Au, Ag, and Cu show characteristic surface 
plasmon absorption in the visible-near-infrared wave- 
length region (Fig. 2).r3,41 The electric field induced by 
excited surface plasmons is highly localized, and the 
direction of its polarization can be controlled by changing 
the wavelength and polarization of illumination light. 
Thus if the localized field can be utilized to induce 
electrochemical reactions, such as metal dissolution and 
deposition, the effect can be applied to change and control 
the metal nanostructures (Fig. 3). 

OVERVIEW 

There have been numerous reports on structural changes 
of metal nanoparticles under photoillumination;r5."1 un- 
fortunately, most of them describe fragmentation and 
structural deformation of the particles. There are few 
reports concerning structural control in a nanometer 
region by photoillumination. Generally, it is known that 
the quantum efficiency of photoelectrochemical reactions 
at metals is extremely low because of the very short 

lifetime of photoexcited electrons or holes in the system. 
But it should be noted that there are several interesting 
examples to prove the possibility of the plasmon-mediated 
photoinduced electron transfer phenomenon in photo- 
emission experiments using roughened metal elec- 
trode~.[~-"' For example, Fedurco et al.[71 reported that 
increments in photocurrent reduced carbon dioxide in 
solution at roughened Ag electrode. The quantum yield 
of the photocurrent exhibited a sharp maximum at the 
peak wavelength of surface plasmon of Ag electrode. 
The results suggest that plasmon-mediated photoinduced 
electron transfer at metal electrode may be possible 
if an appropriate electron acceptorldonor exists at the 
interface. Metal deposition and dissolution could be 
involved in the reactions for the structural control. 

In this review, we summarize our recent developments 
to control metal nanostructures via photoillumination. 
After brief summaries of the research, the possibilities of 
future applications will be discussed. 

PHOTOINDUCED ANISOTROPIC 
AGGLOMERATION OF GOLD 
NANOPARTICLES IN SOLUTION AND ON 
Au(111) SINGLE CRYSTAL SURFACE 

One of the promising ways to construct well-organized 
periodic nanostructures is the use of self-assembling 
processes of colloidal crystal agglomeration.['2-161 When 
the surface charge of inorganic nanoparticles with a 
narrow size distribution are carefully controlled in the 
course of the preparations, the nanoparticles form 
agglomerates with a highly ordered superstructure. Exam- 
ples of well-ordered colloidal particles composed of 
nanosized metal and semiconductor crystals have been 
reported. If one can control the interaction between 
particles, desirable periodic superstructures and anisotro- 
pies can be introduced into the nanosized colloidal 
crystals. To demonstrate the possibility of combining 
photoexcitation for this aim, we investigated anisotropic 
agglomeration of gold nanoparticles (diameters ca. 6 nm) 
modified with organic thiols by photoillumination with 
monochromatic light in aqueous media.'I7] 
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Fig. 3 Schematic presentation of electric field at roughened 
metal surface under illumination. (View [his art in color at 
www.dekker.com.) 
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Fig. 1 Dimensions of nanotechnology. (View this art in color 
at www.dekker.com.) 

Fig. 4 shows time-dependent spectral changes of gold 
nanoparticles after adding a surface-modifying reagent, 
thionicotinamide (TNA), in the dark and under illumina- 
tion. In Fig. 4a and b, the initial spectrum with a single 
absorption peak at 520 nm in the dark is accompanied by 
evolution of an absorption band at wavelengths longer 

Color of Spherical Metal Nano-particles 
in Solution (d = 10-20 nrn) 

Fig. 2 Color of the plasmon absorption of metal nanoparticles. 
(View this art in color at www.dekker.com.) 

than 700 nm. After ca. 300 sec, the spectrum demonstrated 
double peaks at 520 and 720 nm. These changes can be 
attributed to agglomeration of gold nanoparticles by 
surface modification with the added reagent. The two 
absorption maxima of 520 and 720 nm can be attributed 
to the excitation of the transverse and longitudinal modes 
of surface plasmons in anisotropic agglomerates, respec- 
t i ~ e l ~ . ' " ~ ~  The modifying reagent should be bound on the 
gold surface via strongly interacting groups of thiol andlor 
amide.l18] The formation of such bindmg is expected to 
reduce or diminish anionic surface charges on the gold 
nanoparticles, leading to an increase in van der Waals at- 
tractive forces among the surface-modified gold nanopar- 
ticles, and hence resulting in agglomeration. Fig. 4c-f 
shows the effect of photoillumination on agglomeration 
of the gold nanoparticles. Under illumination at 830 nm, 
agglomeration was slightly accelerated. The evolution of 
the new absorption band above 700 nm became faster 
than that in the dark, showing the saturation in about 200 
sec after the addition of TNA. In the case of 530-nm 
illumination, such acceleration of agglomeration was also 
observed, and further became faster than the illumination 
at 830 nm. The evolution of the new band above 700 nm 
reached saturation in about 180 sec. For the illumina- 
tion at 830 and 530 nm, the absorption intensities also 
decreased after the saturation. The decreases reflect fur- 
ther aggregation and precipitation of the nanoparticles in 
solution. This result indicates that photoillumination 
accelerates the agglomeration of gold nanoparticles de- 
pending on the wavelength of the illumination light. 

The above-presented photoinduced agglomeration re- 
flects the change in the interaction between the gold 
nanoparticles by surface plasmon excitation. The interac- 
tion between colloidal particles was described by the total 
interaction potential consisting of an attractive van der 
Waals potential and a repulsive electrostatic potential in 
the DLOV The former potential contains a 
constant term determined by material- and geometry- 
dependent dispersion of coupled surface plasma oscilla- 
tion frequencies. It was suggested that photoexcitation of 
the oscillations induces additional attractive forces via 
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Fig. 4 Time-dependent absorption spectra of an aqueous solution containing gold nanoparticles modified with thionicotinamide. 
Measurements were performed 120 times at intervals of 10 sec, (a) in the dark, (c) under illumination at 830 nm, and (e) under 
illumination at 530 nm. Contour plots of time-dependent absorption spectra of the same systems, (b) in the dark, (d) under illumination 
at 830 nm, and (f) under illumination at 530 nm. (View this art in color at www.dekker.com.) 
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Fig. 5 Agglomeration process of the gold nano-particles in 
solution. (View this art in color at www.dekker.com.) 

electromagnetic multipolar interactions. The results of the 
photoinduced agglomeration shown here should also be 
attributed to the photoinduced increase in the attractive 
force between the gold nanoparticles via surface plasmon 
excitation by illumination at 830 and 530 nm (Fig. 5). The 
wavelength dependence, i.e., slightly higher acceleration 
of agglomeration as well as earlier start of precipitation by 
530-nm illumination than those by 830-nm illumination, 
may suggest another contribution of photoexcitation than 
the expected one. Illumination at 530 nm is known to 
cause not only plasmon excitation but also interband 
excitation of the gold nanoparticles, leading to photo- 
chemical reactions.16' The relatively higher-energy exci- 
tation often results in destruction of the particles via 
electron ejection from them, fragmentation, and fusion. 
On the other hand, illumination at 830 nm under the 
present condition does not seem to cause structural 
deformation of individual particles. Furthermore, the 
excitation of the longitudinal mode at 830 nm is expected 
to induce anisotropic polarization along the long axis of 
the anisotropic agglomeration. Although the present 
results on the wavelength dependence of photoinduced 
agglomeration suggest that the 530-nm illumination is 
more effective in speed, it seems that the illumination at 
830 nm is a more suitable perturbation to cause aniso- 

tropic agglomeration via plasmon excitation without any 
degradation of the gold nanoparticles. 

The behavior of adsorption of the gold nanoparticles 
on Au(ll1) surfaces under photoillumination was also 
investigated. Surface modified gold nanoparticles are ad- 
sorbed on Au(ll1) surface. We reported that their agglom- 
erates on the Au(ll1) surface, prepared by immersion of 
the surface in the solution of gold nanoparticles, formed 
dot-interconnected lines of gold particles with a single 
particle When the immersion conditions, such as 
the concentration of the gold nanoparticles and the im- 
mersion time, were changed, the coverage of the nano- 
particles on the surface could be altered. Fig. 6 shows 
scanning tunneling microscopic (STM) images of the gold 
nanoparticles on the Au(ll1) surfaces prepared under 
830-nm light illumination with different magnifications 
for different places. The images clearly show that each 
line of arrays is composed of the gold nanoparticles with 
the diameter of ca. 6 nm. Fig. 6b shows that the linear 
arrayed structure of the gold nanoparticles is formed on a 
typical structure of steps and terraces of the Au(ll1) sur- 
face with a monoatomic height at step edges crossing at 
60" with each other, suggesting that the coverage of the 
nanoparticles should be a monolayer. I t  is also seen that 
the aligned arrays are parallel to the direction of one of the 
steps [Fig. 6c]. Although some vacancies or pits of the 
nanoparticles are observed, the alignment of the gold 
nanoparticles is not affected by such imperfections. It 
should be noted that this linearly arrayed structure was not 
observed at the surface prepared under dark or under 
illumination at 530 nm.['71 

As shown before, the photoillumination should cause 
an additional attractive interaction between the gold 
nanoparticles. The excitation at a long wavelength of 
830 nm corresponds to the excitation of the longitudinal 
mode of surface plasmons in the anisotropic gold agglom- 
erates, which propagates in the long-axis direction. The 
selective excitation of this mode is expected to cause an 
anisotropic electric field, leading to agglomeration in one 
specific direction. Isotropic excitation at 530 nm will not 
be able to induce such an anisotropic field, leading to 

Fig. 6 Scanning tunneling microscopic images of linear arrayed structures of gold nanoparticles adsorbed on a Au(l1 I )  surface 
prepared under illumination at 830nm. (View this art in color at www.dekker.com.) 
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random adsorption of nanoparticles. In addition, relatively 
strong excitation at 530 nm caused the destruction of the 
nanoparticles as observed in the solution experiments. 

In this section, we have shown the promoting effect 
of photoillumination on agglomeration of surface-modi- 
fied gold nanoparticles. The additional interactions be- 
tween the particles were induced by photoillumination, 
and were controlled by changing the wavelength of illumi- 
nating light. In the case of adsorption onto the Au(ll1) 
surface, the illumination also affected the adsorption 
structure. The illumination at 830 nm led to the formation 
of a closed-packed and linearly arrayed superstructure 
on the surface. The results imply that photoillumination 
can be applied to control the superstructure of colloidal 
metal nanoparticles. 

NANOSCALESTRUCTURAL 
CHARACTERISTICS OF PHOTODISSOLVED 
Au(ll1) SINGLE CRYSTALLINE SURFACE 

We investigated the effect of photoillumination on 
electrochemical dissolution of a gold electrode in KC1 
electrolyte. Structural changes in the surface morphology 
of metal electrodes by photoillumination have been 
recognized, especially in the field of surface-enhanced 
Raman scattering (SERS) spectroscopy.[21-231 Enhance- 
ment factors of the scattering signal are very sensitive to 
the surface microscopic morphology.[24-261 There are 
several reports on the change in SERS enhancement 
factors by photoillumination during electrochemical 
roughening in halide s o ~ u t i o n s . ' ~ ' - ~ ~ ~  The difference in 

the scattering intensity may reflect the structural char- 
acteristics of the surface prepared under the illumination. 
Thus the dissolution of metal electrode under photoillu- 
mination is expected to give some characteristic features, 
which differ from the surfaces prepared under the dark. In 
this section, the structure of the photoillluminated elec- 
trode surface was characterized by STM. Comparison 
between the electrodes prepared under darkness and 
photoillumination conditions shows the effect of photo- 
excitation of metal on the electrochemical reaction.[271 

Several surface structures of Au(1ll) surface prepared 
by electrochemical dissolution were shown in Fig. 7. 
Under the dark conditions, it was found that the change of 
the surface structure was observed when the potential 
became more positive than 0.6 V vs. an AgIAgC1 
reference electrode. Fig. 7a shows STM images of the 
surface after the positive polarization at 1.0 V under the 
dark. Formation of a random-valley structure at the terrace 
was shown in the image. Potential cycling between 
oxidation and reduction potentials ( -  0.1 and 1.0 V) 
resulted in a further roughened surface, consisting of 
spherical particles with the diameter of 2&30 nm as 
shown in Fig. 7b. The surfaces prepared in the dark had 
neither flat parts nor residual step lines. Fig. 7c exhibits a 
photodissolved surface formed at a relatively negative 
potential of 0 V. The image shows that structural changes 
can be caused at much more negative potentials under the 
photoillumination than that in the dark. As the structural 
characteristics, homogeneous islands approximately 15 nm 
in size were found on the surface. The height of the islands 
was quite 
seen as a 

(a) dissolved-in cOlgt 

0 100 200 [nm] 

Fig. 7 Scanning tunneling microscopic images and vertical sectional views of 

uniform, and the trace of the step edge was 
well-aligned dot-line structure of the islands. 

0 1134 200 [nm] 

Au(l1 I )  surface kept at (a) 1.0 V for 5 sec under 
darkness, (b) -0.1 V for 5 sec after positive polarization at 1.0 V for 5 sec under darkness, and (c) 0 V for 5 sec under 
photoillumination; observed area was 500 x 500 nm. (View this art in color at www.dekker.com.) 
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Comparison of the vertical sectional view of the surface 
to the surfaces prepared under the dark condition 
[Fig. 7a,b] shows that the size of the islands and the 
depth of the valleys are uniform. 

Photoillumination of metal surfaces excites electrons 
and holes, and thus could induce electron transfer 
reactions if electron donors/acceptors exist at the inter- 
face. In the present system, a gold electrode dissolves via 
oxidation of gold forming AuC14- when a sufficiently 
positive potential (>0.8 V) is applied. Photoexcitation at 
830 nm can generate excited holes with energy of 1.49 eV 
relative to the Fermi level, leading to the oxidative 
dissolution of the surface at a more negative potential. In 
addition to this effect of the potential, there were 
interesting structural characteristics observed at the 
dissolution under the dark. As shown in Fig. 7c, the 
island structure had a relatively narrow size distribution. 
Theoretical calculation of the electric field, taking into 
consideration strong electromagnetic coupling on the 
metal surface, predicted the creation of a very localized 
plasmon mode at the valley of the periodic superstruc- 
t ~ r e . [ ~ ~ ~ ~ ~ ~  Calculation results show that the strongest 
electric field is highly localized at the bottom of the valley 
between the particles. Thus, in the present case, after the 
formation of these randomly distributed valleys, some of 
them, whose separation distance is the same as the period 
of the photoexcited field induced by 830-nm light 
illumination, are selectively excited and form a localized 
field at the bottom of the valleys. Such a localized field 
could induce localized photodissolution of the metal via 
resonant electronic excitation. Formation of the periodic 
structure by photoillumination may be explained by the 
selective dissolution caused by a periodic electromagnetic 
field on the surface. 

Scanning tunneling microscopic images proved that 
dissolution of the gold electrode was accelerated by 
photoillumination. At the surface prepared under the 
illumination, the size distribution of the islands was 
relatively small, and the heights of the islands were 
uniform. The selective dissolution caused by a periodic 
electromagnetic field on the surface may contribute to 
the formation of such uniform structure. The present 
results imply that the photoillumination can be applied to 
control the structure of metals in the size around 10 nm 
via photodissolution. 

PHOTOINDUCED SINGLE METAL-DOT 
DEPOSITION ONTO METAL SURFACE 

Photoinduced electron transfer reactions via plasmon 
excitation have been reported in several roughened metal 
electrode For further developments as a 
novel method of nanostructural control in the size between 

a few nanometers and tens of nanometers. coupling the 
phenomenon with an electrochemical scanning tunneling 
microscope (EC-STM) system could prove interest- 
ing.[~0.31l Several attempts have been reported on using 

photoirradiation for the tunneling gap of STM systems for 
nanostructure f ab r i~a t ion . [~*-~~]  Although some of these 
studies succeeded in the preparation of nanostructures on 
solid surfaces, several problems still remain. When light is 
irradiated in the STM gap, thermal expansion of the tip 
and the sample substrates is observed as the most 
prominent effect.[32-34,36339491 This contribution is diffi- 
cult to control, and often changes the distance of the gap 
leading to the deformation of the prepared structures. Thus 
it is important to identify the conditions that minimize 
the thermal expansion. Appropriate potential control 
of the electrodes in EC-STM systems is expected to im- 
prove the reaction efficiency of the photoinduced metal 
deposition.[501 

In this section, the effect of the photoirradiation on the 
gap between the Au(ll1) surface and the tip of the 
electrochemical STM was shown. Relatively weak light 
(100 mw1cm2) was irradiated in the gap in the present 
experiment. During the irradiation for 10 msec, the 
position of the tip was fixed at the central part of the 
observed area under the constant tunneling current mode. 
After the irradiation, the tip was again scanned to obtain 
the surface image. This relatively weak light irradiation in 
the gap between the tip and the surface of the Au(ll1) 
electrode, whose potential was maintained at 0.4 V vs. Agl 
AgCl in aqueous solution containing 0.1 M CuS04, re- 
sulted in the formation of a small island structure on the 
Au(ll1) surface in the vicinity of the tip (Fig. 8). The 
island structure was formed on the surface just below 
the tip only when the light was irradiated at the point of 
the gap. The island was dissolved when the potential 
of the electrode was maintained at 0.6 V, indicating that 
the island is a photodeposited Cu dot. This fact indicates 
that a Cu metal nanodot can be prepared by the photoirra- 
diation of an atomically smooth surface of a metal elec- 
trode in the vicinity of the metal tip. The position of the 
dot can be controlled by changing the position of the metal 
tip of the electrochemical STM. 

In this system, the contribution of the plasmon mode 
was successfully applied to construct a single metal-dot 
structure on the smooth Au(ll1) surface in the vicinity of 
the thin metal tip. Ukraintsev and ~ a t e s ' ~ ~ ]  proposed the 
possibility that the tip can work as a conical antenna or a 
waveguide for the light under irradiation. Thus it is 
expected that the enhanced field was induced by photo- 
irradiation in the gap between the smooth metal sur- 
faCe.r35.51-s3~ ~h e field can induce the highly localized 

excitation of electrons at that point, leading to position- 
selective metal deposition onto the electrode surface, 
in the vicinity of the tip. As a result, a dot 15 nm in size 



Metal Nanostructures Synthesized by Photoexcitation 

STM tio 

Au single crystal 

Fig. 8 Electrochemical scanning tunneling microscope image of Cu nanodot on Au(ll1) single crystalline electrodes prepared by 
photoirradiation with power of 100 mw/cm2 for 10 msec. (View this art in color at www.dekker.com.) 

and 1 nm in height was prepared on the Au(l l1)  surface tion on the structural control of metal nanostructures on 
(Fig. 8). The fact that the preparation of the dot was insulating materials. The investigation shown here clari- 
achieved under relatively weak light irradiation proves the fied the effect of photoirradiation of Ag nanoparticles 
effective antenna effect of the tip in localizing the adsorbed on a glass substrate under an electric field in 
excitation. The method of position-selective photodeposi- ~ o l u t i o n . ~ ~ ~ , ~ ~ '  
tion may be applied as a novel method to construct three- Application of an electric field to the Ag nanoparticles 
dimensional metal nanostructures on the solid surface. on glass immersed in solution was conducted employing a 

two-electrode cell (Fig. 9). Ag nanoparticles on a glass 
plate were prepared by the method of sputter deposition. 
The size of the hemispherical islands was approximately 

PHOTOINDUCED STRUCTURAL CHANGES 
OF SILVER NANOPARTICLES ON GLASS 
SUBSTRATE IN SOLUTION UNDER AN 
ELECTRIC FIELD 

In the field of structural control of metal nanoparticles, 
several important topics remain unresolved. One of these 
areas involves the application of an external electric field 
for structural control. It is desirable to achieve control of 
metal nanostructures on surfaces of insulating materials, 
as metal nanostructures constructed for use as conducting 
materials. In this case, structural control of metals must be 
conducted via electrochemical dissolution and deposition 
without donation of charge from the substrate electrode. 
Numerous reports exist, describing sophisticated tech- 
niques pertaining to construction of metal nanostructures 
on electrodes of conducting as well as 
photoinduced structural changes of dispersed metal 
nanoclusters in solution. However, little documentation 
occurs with respect to induction of the electrochemical 
reaction of metal dissolution/deposition to control the 
metal nanostructure adsorbed on insulating materials, in 
the absence of an external electric Investi- 
gation of the combined effects of an external electric field 
and photoillumination is expected to give useful informa- 
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Glass Substrate 
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/ - f k- Evaporated Ag 
Clusters on 
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- 
PUG"*{ - - -  

Excitation 1 Prbbe White Light 
in vis-NIR Region 

Fig. 9 Schematic presentation of experimental setup and two- 
electrode cell. (View this art in color at www.dekker.com.) 
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20 nm in diameter (Fig. 10). The absorption spectrum of 
the film showed a plasmon absorption peak at 480 nm in 
air (Fig. lo), The absorption spectra of the Ag nanopar- 
ticles changed as a result of photoirradiation under an 
external electric field in water. Fig. 11 shows the time- 
dependent changes in the absorption spectra of the Ag 
nanoparticles on the 'glass plate during photoirradiation at 
various intensities (0.06, 0.26, and 0.90 m ~ l c m * )  under 
applying an electric field of 20 Vlcm. Absorption around 
the spectral peak wavelength (approximately 500 nm) 
decreased as a result of photoirradiation. Slight changes in 
the absorption were observed in the wavelength region 
below 420 nm. 

The rate of the changes linearly increased as the 
intensity of the irradiated light increased. Fig. 12 displays 
the dependence of photoirradiation intensity on the change 
in the absorption of the nanoparticles. The increase in the 
level of the changes was nearly linear with increasing 
intensity of irradiation. The effect of the applied electric 
field is also presented as the difference in the slope of the 
intensity dependence. The slope of an applied electric 
field of 20 V/cm was greater than twice that observed in 
the absence of an applied field. These results prove that 
photoirradiation induces dissolution of Ag particles even 
under relatively weak light irradiation in the range of 
m ~ l c r n ~ ;  moreover, the findings indicate that photodis- 
solution accelerates upon application of an external elec- 

Wavelength / nrn 

Fig. 10 Absorption spectrum (top) and an atomic force 
microscopic image (bottom) of evaporated Ag nanoparticles on 
a glass substrate. (View this art in color at  www.dekker.com.) 

Wavelength I nrn 

Fig. 11 Time-dependent absorption spectral change of the 
evaporated gold nanoparticles on a glass substrate in pure water 
during irradiation at 0.06 m ~ l c m ~  (a), 0.26 mw1cm2 (b), and 0.90 
mw1cm2 (c). Applied electric field was 20 Vlcm. Measurements 
were performed nine times at intervals of 15 sec. (View this art in 
color at  www.dekker.com.) 

tric field in solution. It should be noted that dissolution 
caused by application of an electric field alone without 
photoirradiation was minor, compared with the case 
involving the combination of an electric field and ir- 
radiation. Only slight incremental intrinsic dissolution of 
nanoparticles was evident upon application of an electric 
field in solution under darkness. 

The synergetic effect of the weak light and the electric 
field was also detected in the structural changes. Fig. 13 
displays AFM images of as-prepared Ag nanoparticles and 
those following treatment with light only, and with light 
and the electric field. The treatments with light only 
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Fig. 12 Dependence of irradiation power on the absorption 
change at 500 nm of the gold film observed in the absence of an 
electric field (solid line) and upon application of an external 
electric field (20 Vlcm) (broken line) for 120 sec. 

resulted in slight decreases in the number of Ag nano- 
particles without apparent size changes in the particles. 
On the other hand, the combined perturbations led to 
significant changes in particle size. The original size of 
approximately 20 nm in the prepared samples increased to 
50-100 nm following polarization under irradiation. The 
particles were interconnected, forming anisotropic shapes. 
These changes in the size of the nanoparticles were more 
apparent when the irradiated light intensity became 
stronger (Fig. 13). This observed structural change 
suggests that photoirradiation under an external electric 
field induces deposition of Ag to specific particles as well 

as deposited 

after t~ 
without 

electr~c field 

as dissolution. This dissolution of the particles leads to an 
increase of the interparticle distance. The spectral blue 
shift shown in Fig. 3 seems to reflect this decrease in the 
interaction between the particles rather than the change in 
the size of the nanoparticles. 

The effect of photoirradiation with respect to acceler- 
ation of dissolution under an electric field may be 
considered as follows. In comparison to the relatively 
large-sized metal particles, the present electric polariza- 
tion of Ag nanoparticles approximately 20 nm in size 
should be much smaller, and would be on the order of 
l o p 5  V. Although this polarization appears to be 
insufficient to induce an electrochemical reaction, photo- 
irradiation may assist the increase in polarization of the 
nanoparticles via photoexcitation. When resonant elec- 
tronic excitation of nanoparticles is induced via plasmon 
excitation, the resultant polarization corresponding to 
several electron volts can generate electrochemical reac- 
tions such as metal dissolution and deposition (Fig. 14). 

In the present system, possible electrochemical reac- 
tions in a single particle during the initial stage may 
include the oxidation reaction of Ag metal dissolution, the 
reductive reaction of hydrogen evolution, dissolved 
oxygen, andor  native oxide partially covering the surface 
of the Ag n a n ~ ~ a r t i c l e . ' ~ "  As the reaction proceeds, a Ag+ 
ion is likely to be generated by dissolution, and diffuse to 
the neighboring particles. When a Ag+ ion arrives at a 
neighboring particle, Ag deposition could occur as a 
dominant reductive reaction at the particles, leading 
to changes in the size of the Ag nanoparticles. The 
applied electric field can assist the migration of the Ag+ 

reatment under photo-irraditaion 

applying electric field (applied field = 20 V I cm) 

Fig. 13 Atomic microscopic images of the evaporated Ag nanoparticles on a glass substrate, as-deposited, following only irradiation, 
and following irradiation and an electric field. Dimensions are indicated on the images. (View this art in color at www.dekker.com.) 
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Fig. 14 Proposed mechanism of the photoinduced structural change under an external electric field in solution. (\'iew this art in color 

ions; consequently, the electric field accelerates the 
present reactions. 

The results shown here proved that photoirradiation of 
metal nanoparticles under polarization by an external 
electric field accelerates structural changes in Ag nano- 
particles. The reaction can be attributed to the highly 
localized electrochemical reactions of metal dissolution/ 
deposition on the surface of the Ag nanoparticles. This 
phenomenon can be utilized for structural control of 
Ag nanoparticles adsorbed on the surface of an insulat- 
ing material, circumventing the need for an external 
electric circuit. 

CHANGES IN NEAR-INFRARED OPTICAL 
RESPONSE OF METAL THIN FILM ON 
GLASSSUBSTRATEBYELECTRIC 
POLARIZATION IN SOLUTION 

The technique of applying an external electric field to 
metal nanostructures could be used to control the optical 
properties of metal thin films on glass. One of the 
promising applications of metal nanostructures is their use 
as substrates for single molecular detection employing 
surface-enhanced Raman scattering ( S E R S ) . [ ~ ~ ~ ~ ]  The 
phenomenon utilizes localized electromagnetic fields at 
the metal nanostructure under photoirradiation. Although 
the SERS enhancement has often included visible exci- 
tation because of its very sensitive resonance condition, 
the importance of near-infrared (NIR) excitation has also 
been recognized because of the advantages associated 

with nonfluorescence properties and lower damage in 
photosensitive target molecules.[663671 Recently, theoreti- 
cal calculations proved that the effective electromagnetic 
enhancement via near-infrared excitation would be pos- 
sible if some appropriate metal nanostructures were 
constructed.f291 Recent efforts have focused on prepara- 
tion of the NIR-SERS active substrates using well- 
controlled structural Although several sophis- 
ticated methods were successful with respect to generation 
of fully reproducible NIR-SERS activity, the preparations 
were often complicated because of the need for special- 
ized synthetic or preparative techniques. Furthermore, 
additional tuning for optimized NIR-SERS activity is 
rather difficult following the preparation. Thus novel 
facile and controllable techniques to prepare NIR-SERS 
active substrates should be developed.[h91 

Near-infrared SERS activity of the Ag on Au film 
on glass substrate under electric polarization was evalu- 
ated in aqueous solution containing 1 mM glutamic acid. 
Spectra were obtained in situ from the near-infrared laser 
Raman microscope system with excitation wavelength of 
780 n~n.[~O] Intensity of the SERS significantly increased 
upon application of an external electric field to the film 
(Fig. 15). The empirical signal enhancement factor, which 
was determined from the peak integration ratio of the 
SERS vibration at 1400 cm-' to the unenhanced signal 
from the solution of a defined sample concentration, was 
found to be greater than 10'. The value is comparable to 
the recently reported value of the near-infrared SERS from 
carefully prepared gold nanoparticle superstructures pos- 
sessing a precisely controlled periodic structure.[713721 
Strong enhancement of greater than 10' in the present 
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Fig. 15 Time-dependent SERS signals from the Ag on Au film 
during application of an external electric field. Measurements 
were performed at 20-sec intervals (from bottom to top). Two 
spectra at the top were at 420 and 480 sec after applying field. 
(View this art in color ut www.dekker.cvm.) 

systems could be attributable to the small particle structure 
characterized by diameters of approximately 10-20 nm on 
the Ag on Au film. 

In this investigation, the NIR-SERS activity of an Ag 
on Au thin film was controlled via application of an 
external field to the metal thin films on an insulating 
substrate in solution. We found a novel application of an 
external electric field to the control of metal nanostruc- 
tures on an insulating material in solution. As the result of 
the structural change of the Ag on Au thin film, significant 
enhancement of the near-infrared Raman scattering of 
amino acid molecules in solution was achieved (Fig. 16). 
The method is an extremely facile and effective technique 
in terms of control of NIR optical properties of such thin 
metal films on an insulating material in solution. More- 
over, this procedure should be applied in the preparation 
of substrates displaying optimized NIR-SERS activity for 
various highly sensitive molecular sensors. 

CONCLUSION AND FUTURE PERSPECTIVE 

We have demonstrated that selective excitation of a spe- 
cific surface plasmon mode of metal nanostructures can be 
employed as a perturbation for effective structural control. 
Useful effects on the particle interaction and highly 
localized electrochemical reaction were found in several 
nanostructured metal systems. The phenomena can be 
applied as a novel method to control metal nanostructures 
in the size region between a few nanometers and a hundred 
nanometers. As for the use of the method in future tech- 
nologies, further optimization is required, utilizing the 
specificities of the wavelength and the polarization of 
the light for finer-size tuning at the metal nanostruc- 
tures. Control in the contribution of the heat caused by 
photoillumination is also important for more precise struc- 
tural control in the nanometer-size region. Despite these 
still unsolved issues, the structural control via localized 

Fig. 16 Surface structures of the Ag on Au film before and after the application of an external electric field. (View this art in color at 
www.dekker.com.) 
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photoexcitation should be one of the promising approaches 
to construct nanostructures in a size region, which remains 
underdeveloped in the present nanotechnology. 
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Metal-Oxide Interfaces: Toward Design via 
Control of Defect Density 

A. Bogicevic 
Ford Motor Company, Dearborn, Michigan, U.S.A. 

INTRODUCTION 

Ever since metals and ceramics were first joined together, 
mankind has striven to control this bond to enable the 
development of new and superior composite products. 
Transistors, catalytic converters, light bulbs, jet engine 
turbines, cutting tools, and dental implants are but a few 
examples of every day products that depend on the 
integrity of metal-ceramic interfaces. Further technology 
development is, in an increasing number of applications, 
rapidly reaching a point where precise atomic-level 
control of the composite interface is required. This is 
already a reality in the ever-shrinking world of microelec- 
tronics components, where device performance relies on 
metal-oxide junctions, often only a few atomic layers 
thick, and in emerging fields such as nano-fabricated cat- 
alysts and nano-electromechanical systems. 

The ability to control the formation and stability of 
composite interfaces can be generally viewed as requiring 
two critical components: an adequate understanding of 
what factors determine interface formation and integrity, 
and the actual means to manipulate the interface using 
that insight. Atomic defects and impurities are well 
known to strongly influence interface formation and can, 
these days, be relatively well controlled experimentally. 
However, the poor understanding of how such defects 
affect individual metalhxide systems currently repre- 
sents a major obstacle for using defect control to one's 
advantage in tailoring interfaces. The large variations in 
system behavior with respect to any given defect 
situation indicate the complexity of the problem. This 
intricacy is ultimately rooted in the quantum mechanical 
nature of nano-sized components, which, in itself, can 
lead to the emergence of new properties, e.g., the onset 
of catalytic ignition of normally inert meta~s .~"  There- 
fore, first-principles parameter-free atomistic calcula- 
tions are a useful complement to well-controlled 
experiments for shedding some light on this problem. 
Substantial progress has been made lately on both 
theoretical and experimental ends, and this article high- 
lights some of these developments with regard to simple 
point defects. While the focus here falls on applications 
involving thin metal films and dispersed metal particles 
on metal oxides, certain generalizations can be made 

for other materials, as well as the inverse situation 
encompassing the growth of oxides on metals. 

In the following, a brief overview of metal-oxide 
bonding is given from a theorist's perspective, as an 
introduction to the important concepts of adhesion, wet- 
ting, and nucleation and growth processes. A natural di- 
vision is made into thermodynamic and kinetic aspects of 
interface control, and the discussion then shifts to the role 
of common point defects and the prospects of defect- 
mediated control of metal-oxide interfaces. 

METAL-OXIDE INTERFACE 

The nature and strength of the bond between a metal and 
an oxide varies, often sensitively, with the constituent 
materials and their preparation, e.g., surface morphology, 
metal coverage, gas phase atmosphere, etc. A number of 
different adhesion mechanisms have been reported, 
including weak van der Waals dispersion forces between 
induced surface dipoles, electrostatic polarization binding, 
and strong ionic and covalent bonding (the latter being 
more d i r e c t i ~ n a l ) . ' ~ - ~ ~  Several reviews on the general 
science of metal-oxide interfaces have been recently 
published. Recommended background literature includes 
the excellent reviews on the surface science of metal 
oxides by Henrich and and on metal-oxide 
interfaces by  inni is"' and by ~ a m ~ b e l l . ~ "  

Single metal atoms tend to form relatively strong 
chemical bonds to most oxide surfaces.[2343" This is 
mainly the result of a severe under-coordination of the 
metal atom (compared to its favored bulk state), which is 
therefore reactive with the surface. These ionic or 
covalent metal-oxide bonds are correspondingly quite 
short, normally around 1-2 A.'4.5.8.91 Typical bond 
strengths range from 1 to several eV, and are normally 
referred to as adsorption or desorption energies-defined 
as the energy required to remove a metal atom to the 
vacuum level. The metal-oxide bonds tend to further 
strengthen at various oxide surface defects, e.g., anion/ 
cation vacancies, which can trap and immobilize diffusing 
metal atoms (as discussed in detail below). Fig. 1 
illustrates how the adsorbate-substrate bonds shorten 
and strengthen on ultrathin ( -5  A) alumina films as the 
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Fig. 1 Low coverage metal-oxide bond lengths (do,) and metal adsorption energies (E,) for various metal atoms deposited on thin 
alumina films. The dashed line separates 4d elements and the Group IB coinage metals. Note how the metal-oxide bond lengths (do,) 
increase down and to the left in the periodic table as the metal cation radii increase, with an attendant weakening of the adsorption 
energy. Note also the exception to this bond length-bond strength relation for the Ru-NbY series, which is attributable to multiple 
ionization for Nb and Y (cf. Ru-Pd-Ag that are all singly ionized). (View this art in color at www.dekker.com.) 

adsorbate radius decreases (see Ref. [5]) .  For ionic 
adsorbate-substrate bonds, the metal atoms normally 
occupy the electrostatically favored position at low cov- 
erages,[3-5*91 although this rule of thumb weakens with 
oxide covalency. Strong chemical bonds tend to introduce 
new states in the band gap of the oxide, and one often 
finds a moderate to strong net spin polarization on the 
metal atom.[91 

As the metal coverage increases, metal-metal bonds 
are strengthened at the expense of weakened metal-oxide 
bonds. At some point, the very nature of the interfacial 
bond can change, and several theoretical studies have 
suggested simple polarization as the origin 
of metal-oxide cohesion at coverages near and above 1 
monolayer (ML).['] This image interaction-based binding 
is considerably weaker than the ionic and covalent bonds 
typically found at low coverages. Fig. 2 illustrates the 
polarization binding found in a number of metal-oxide 
systems at the atomic level. The transition to increased 
metal coverage is marked by a lengthening of the metal- 
oxide bonds, typically by about 1 A or more,[5391 accom- 
panied by a substantially weakened metal-oxide bond. 
This is illustrated in Fig. 3 for single-layer M L  thick metal 
films atop an ultrathin alumina substrate. The exact 
coverage at which metallic states appear depends on 
several factors, but has been estimated to be about 213 ML 
in certain systems.[51 

As the metal film or particle grows thicker, its co- 
hesion to the oxide decreases only slightly in the case 
of polarization binding, and stabilizes already at about 
2 ML.['] This is a simple consequence of the image 

Fig. 2 Charge density difference plot that illustrates how 
single-layer Nb, Ru, and Pd metal films adhere to a thin alumina 
support by means of polarization binding atop the oxide anions 
(see Ref. [S] for details). Solid lines indicate charge accumu- 
lation, dashed lines charge depletion, and the position of the 
topmost oxygen ions and the adsorbate atoms is indicated with 
(six) filled dots. As one moves to the right in the periodic table 
(PT), d-shell filling increases, there is more charge rehybridiza- 
tion, and less of the ionic core exposed, resulting in weakened 
metal-oxide bonds. Note the counterpolarization of the oxygen 
ions in the top layer of the oxide, which thus actively participate 
to some degree in the bond formation. (View this art in color at 
www.dekker.com.) 
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Fig. 3 High coverage adhesion energies and film-oxide separations for various metal films deposited on ultrathin alumina films. The 
trends are similar to those at low coverage (cf. Fig. I), which is largely attributable to atomic size arguments here as well, although the 
far-left elements again behave anomalously because of the rehybridization illustrated in Fig. 2. (View this art in color at 

interaction bonding, which is to first order independent 
of the metal film thickness. The interface structure can 
change at any time during the film formation, as existing 
bonds are broken and new ones are formed. During initial 
film formation, this tends to happen because of improving 
metal coordination. For example, Pt clusters on MgO(100) 
occupy initially both anion and cation sites to maximize 
their coordination, but spread out to anion sites only as the 
cluster becomes larger and starts forming a metal film.[91 
In other circumstances, it is the variation in elastic strain 
energy within the growing metal film that leads to change 
of interface structure, as reported in a systematic study of 
metal film growth atop thin alumina films.[51 Here it was 
found that elastically soft single-layer films preferred a 
buckled adsorption atop cations, while at 2 ML and above, 
all metal films preferred unrumpled atop anion adsorption 
because of the accumulated strain energy penalty.[51 
Overlayer strain is also often relieved through misfit dis- 
locations, which can already appear at a few ML film 
thickness, leaving behind epitaxial interface domains. 

Adhesion and Wetting (Thermodynamics) 

Thermodynamic analyses constitute a good starting point 
for assessing interface morphology and stability [kinetics 
are discussed in the section "Nucleation and Growth 
(Kinetics)"]. The work of adhesion Wad describes the 

reversible free-energy change for cleaving an interface to 
produce surfaces in equilibrium with their environments. 
It is defined by the Dupri equation as 

where the three terms on the right-hand side of Eq. 1 
denote the surface energies of the metal and the oxide, and 
their mutual interface energy." The work of adhesion is 
directly correlated to the degree to which a metal will wet 
an oxide, with the contact angle 0 given by 

The smaller the contact angle 8, the greater the wettability 
of the oxide by the metal, as illustrated in Fig. 4. 

In some applications, good wetting that results in a 
uniform metal film atop the oxide is desired (e.g., metal- 
oxide electronic junctions), while in other situations one 
instead strives to decrease the wetting to improve metal 
particle dispersion (e.g., catalysis applications). High 
oxide surface energies and low metal surface energies 

"The work of adhesion is closely related to the work of separation W,,,, 
which is a fundamental interfacial quantity that establishes the minimum 
work needed to cleave a metal-xide interface into two free surfaces. A 
detailed discussion on this topic is given in Ref. [2]. 
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Increased wetting ---+ 

Fig. 4 Schematic illustration of how the contact angle 0 is 
determined by surfacelinterface energies, and how wetting in- 
creases with a smaller contact angle. Nonwetting occurs for 
6'> 90°, wetting for <90°, and perfect wetting or spreading 
for 0 = 0". (View this art in color at www.dekker.com.) 

thus favor wetting of an oxide by the metal, as does 
increasing the interface energy .b 

At this moment, it is useful to make a note about 
theoretical adhesion studies between metals and oxides. If 
one starts from unrealistic surfaces (e.g., nonstoichiomet- 
ric oxides), which may not spontaneously reconstruct 
because of constraints, artificially strong interface ener- 
gies will be computed because such surfaces are unstable 
and therefore very reactive. This is particularly important 
for oxide surfaces, and the simple recipe for avoiding such 
misconstructions is to ensure that the surface free energies 
are realistic, if not in agreement with experiment. The 
alternative is to include the energetic penalty of altering a 
realistic oxide into a reactive state by taking into account 
the displaced oxide material in the energetic balance. 

thermodynamic grounds for systems in which o, - y,,> 
om. Correspondingly, three-dimensional VW growth is 
expected for the opposite scenario where G, - y,, < om, 
and the intermediate 2-D-3-D SK mode for situations in 
which o, - y,, = a,. 

These types of free-energy analyses outline the 
thermodynamic limits of achievable interface morpholo- 
gies. In reality, it can be technically quite difficult to 
realize the desired interface properties \h ithin these limits. 
In addition, there is frequently a need to also join non- 
wetting materials. The fact that epitaxial growth is a 
highly nonequilibrium process is part of the problem with 
achieving thermodynamically stable interfaces, but also 
enables joining nominally nonwetting materials. This kind 
of interface manipulation is enabled by kinetic control of 
the microscopic pathways that the system undergoes as 
one material is grown atop the other. 

Mean-field nucleation theory provides a suitable 
mathematical framework for understanding the role that 
different atomic diffusion and reaction processes play in 
determining film morphology. As atoms arrive on the 
surface from the gas phase, they diffuse and meet to form 
the smallest stable island nuclei, e.g., dimers. As more 
atoms are deposited, the further growth of these nuclei 
competes with the formation of neN nuclei. At the 
saturation density of stable nuclei, any further deposition 
leads exclusively to island growth. The mean-field as- 
sumption that the monomer density in between islands is 
homogeneous facilitates a simple analytical solution to the 
time evolution of island densities. 

Nucleation and Growth (Kinetics) 

Metal-oxide interfaces are, in a number of applications, 
manufactured through controlled growth of one compo- 
nent atop the other. The most common growth modes in 
epitaxial growth are layer-by-layer Frank-Van der Merwe 
(FV) growth, three-dimensional Volmer-Weber (VW) 
growth, and the Stranski-Krastanov (SK) growth mode 
that transitions from FV to VW growth after a few initial 
layers (Fig. 5). The two-dimensional FV growth mode 
corresponds to' complete wetting, and is expected on 

?he sign conventions differ in the literature, so some caution must be 
taken when comparing the three relevant energies. While a higher surface 
free energy is typically associated with an energetic penalty, a higher 
interface energy is often taken to mean more energetically favored. 

Fig. 5 Schematic illustration of three common epitaxial growth 
modes. The SK growth mode starts out in a layer-by-layer FV 
fashion, and later transitions to a 3-D VW-type growth. (View 
this art in color at www.dekker.com.) 



Metal-Oxide Interfaces: Toward Design via Control of Defect Density 

As an example illustrating the important concepts of a 
critical nucleus size and its relation to atomic processes 
that can be manipulated via defect density, the simple 
case of 2-D nucleation and growth with stable dimers is 
considered next. The rate equations for the density of 
single atoms nl and stable metal islands n, then read,[''] 

where the subscript x denotes the number of atoms in the 
island, z represents the capture rates, D is the adatom 
diffusivity, F is the influx rate of atoms, t is the time, 
and 4 relates to direct impingement on existing islands. 
Incorporating the standard Arrhenius relation for ther- 
mally activated processes within transition state theory, 
v = vo exp - ElkBT, where v represents the process rate, 
vo the vibrational prefactor, kB the Boltzmann factor, and 
E the activation energy of the process, and using the 
approximate mean free path relation 1 -- (DIF)"~, one 
arrives at the general island density expression for 2-D 
islands in the complete condensation regime, 

with the scaling exponent given by 

and where 0 denotes the coverage and q represents a 
universal scaling function of the coverage 6. The critical 
island size i represents the number of atoms in the 
smallest stable nucleus minus one, and Ei its binding 
energy (E1=O). From Eqs. 5 and 6, it is evident that 
these last two parameters, in particular, strongly affect 
the island density, which is the primary means to kinetic 
control of growth morphology. This is the primary 
subject of the remainder of this paper. 

ROLE OF DEFECTS 

There are essentially two approaches to tailoring metal- 
oxide interfaces: manipulation of thermodynamic energies 
and manipulation of growth kinetics. In the first case, one 
strives to adjust the interface energy or the surface ener- 
gies of the constituents, while the second approach en- 
compasses adjusting the nucleation and growth kinetics. 
Point defects in particular were repeatedly shown to strong- 

ly influence or control both interface formation and 
interface stability "3p161 as well as the chemical reactivity 
of thus formed overlayers.[17637710317-191 Even in well- 
controlled ultrahigh vacuum environments, relatively mod- 
est defect densities on the order of 1012 cmP2 (roughly 1 
defect per 1000 surface atoms) have been known to do- 
minate the nucleation and growth process of interface 
f ~ r m a t i o n . " ~ ' ~ ~ '  For example, it was recently shown that 
even low 1 0  ' ' mbar pressure chambers allowed for low- 
level impurities to completely change the growth mode of 
Pt(l1 I) from flat films (FW) to 3-D dispersed particles 
(vw).[=O1 

The presence of point defects is often noted indirectly, 
e.g., via sample coloration, or by the way the metal island 
density varies in growth experiments (see below). Some- 
times, it is discrepancies with other studies that eventually 
lead to the realization of defect-affected systems. In the Pt 
example above, new experiments prompted by variances 
with first-principles calculations revealed that 0.001 ML 
of adsorbed CO was responsible for the unexpected 3-0 

In other examples, hydroxyl groups from 
dissociated water were identified as nucleation centers in 
several metal-oxide systems,12'-241 as confirmed by first- 
principles theoretical calculations.[83231 The mechanism by 
which hydroxyls tend to nucleate metal islands on oxides 
is discussed in some detail in Refs. [8,23,24]. Other 
defects that have been commonly held responsible for 
affecting metal-oxide interface formation are hydrogen, 
carbon, sulphur, and other contaminants, as well as 
intrinsic oxide point defects such as oxide vacancies. 

A common misconception in the literature is that the 
trapping ability of a defect is also a signature of its 
propensity to preferentially nucleate metal islands. If one 
ignores the interaction between the trapped atom and the 
sea of diffusing adatoms, there is actually no net effect 
whatsoever on the nucleation and growth process. All 
that would happen upon the trapping is that the popula- 
tion of diffusing adatoms and the availability of surface 
sites would decrease by the number of trapped atoms. 
In essence, this would be equivalent to considering a 
smaller portion of the growth area, resulting in no 
net perturbation. 

Clearly then, at the very heart of nucleation and growth 
lies the interaction between metal adatoms, and its 
manipulation is grounded in the modification of these 
interactions. A defect will preferentially nucleate metal 
islands if, and only if, it stabilizes the metal-metal bond(s) 
of the cluster compared with the same cluster on the 
defect-free surface. Specifically, the defect must enhance 
the binding energy of the smallest stable cluster, hence- 
forth referred to as the core cluster. The core cluster is 
what the critical cluster, introduced earlier, becomes upon 
the addition of a single atom. Thus, one distinguishes 
between unstable, critical, core, and stable clusters, which 



Metal-Oxide Interfaces: Toward Design via Control of Defect Density 

contain n < ni, n,, ni + 1, and n > ni + 1 atoms, respectively, 
with i representing the critical cluster size. 

It is evident from these arguments alone that the 
concept of critical and core clusters are central in any 
growth process, and that the trapping energy of clusters 
smaller than the core cluster are not (single atoms 
included). This is also reflected in the nucleation theory 
expressions for the island density, which carry an 
exponential dependence of the core cluster binding energy 
(cf. Eq. 5). Depending on the metal-oxide system and the 
overall growth conditions, the core cluster can consist of a 
dimer, trimer, tetramer, or even larger aggregates. In many 
instances, dimers (pairs of atoms) constitute the core 
cluster (i= 1). In this case, the appropriate quantity en- 
tering Eq. 5 is the dimer binding energy Eb, which is 
defined with respect to two infinitely separated adatoms. 
A good indication of whether a defect may preferentially 
nucleate metal islands for i= 1, is to thus consider whether 
it enhances Eb. For a discussion of how cluster mobility 
enters the picture, and the conditions under which larger 
clusters than dimers may become critical, the reader is 
referred to the excellent review of nucleation and aggre- 
gration by  rune.["] 

At this point, it is important to realize that, in some 
cases, even significant changes in core cluster binding 
energies brought about by defects can be absolutely 
irrelevant for the nucleation and growth process. The 
relevance of defect-mediated changes in the binding 
energy of the core nucleus depends on the degree of 
perturbation and on the relevant growth conditions. For 
example, a change in Eb of, say, 1 eV on top of an already 
strong dimer bond of several eVs will barely perturb the 
nucleation process under most growth conditions---once 
two atoms meet, they will stick together for a sufficiently 
long time to nucleate an island irrespective of the actual 
dimer binding energy. Conversely, the same change of 1 
eV in a system with relatively weak dimer bonds of an eV 
or less will have a tremendous effect under the same 
growth conditions. Clearly, the relevant measure here is to 
consider the relative change the defect brings about in the 
core cluster binding energy compared with its absolute 
value on the pristine surface, and to view that perturbation 
in light of the growth conditions (e.g., temperature and 
flux), cf. Eq. 5. 

NUCLEATION AT OXIDE VACANCIES 

The role of intrinsic oxide point defects in metal-oxide 
interface formation remains quite controversial. It has 
been suggested in several studies that surface anion 
vacancies serve as nucleation centers for metal islands by 
trapping metal adatoms, thereby strongly affecting the 
growth kinetics and consequent growth A 

number of theoretical first-principles studies have shown 
that both single metal atoms and metal films bind 
stronger, in the former case much stronger, to oxide 
surfaces containing intrinsic defects such as oxygen 
vacancies~[8.9.27.28vacancies.[8'9'27'28'"0-'2]30-32l Oxygen vacancies in particular 

were suggested as the most likely candidate for nucleating 
metal i ~ l a n d s . ' ' ~ . ~ ~ ) ~  However, there is, to this date, no 
direct experimental or theoretical evidence to support this 
supposition. Direct experimental verification remains 
elusive, not least because of the inherent difficulty in 
atomically resolving insulating oxide surfaces. Instead, 
indications of defect-controlled nucleation and growth 
often comes from noting that the metal island density n, 
stays constant over a wide range of deposition tempera- 
tures T and/or deposition fluxes F , [ ' ~ . ' ~ '  cf. Eq. 5.  Theo- 
retical studies, while supporting the trapping model, have 
not adequately addressed the issue of nucleation, which 
involves the buildup of metal-metal bonds on the oxide 
surface. The first theoretical study to actually do so 
suggested that oxygen vacancies on MgO(100) do not 
preferentially nucleate Pt islands, contrary to prevailing 
speculations.[81 Subsequent studies of a number of other 
systems lend further support to these initial findings, and 
provide a physical explanation to whq highly reactive 
vacancies do not necessarily nucleate metal i~ lands . '~ '  In 
the following, these arguments are recounted and elabo- 
rated on to explain why the ability of oxygen vacancies 
(and other defects) to trap individual atoms is, in general, 
not a good indication of their propensity to preferentially 
nucleate metal islands. 

Anion and cation vacancies can both exist in several 
charge states in most oxides. The F, surface anion 
vacancy results from the removal an oxygen atom, and 
contains two electrons that are weakly trapped by the 
electrostatic Madelung potential. These electrons give rise 
to electronic surface states, which at a sufficient (bulk) 
density of vacancies can often be seen by the naked eye 
through coloration of the oxide. The F, center (the F stems 
from the German Farbe for color) can be viewed as a 
core-less oxygen ion, although a much more reactive one 
at that. In the case of divalent oxides, one can construe 
two additional types of anion vacancies, the singly charged 
paramagnetic F: center and the doubly charged F:' 
center, where one or both of the color center electrons are 
absent. The F, center is typically the most stable of these 
anion v a ~ a n c i e s , [ ~ ~ , ~ "  and also the most well studied one. 
The generalization to oxides of other valency, and to the 
corresponding cation vacancies is analogous. 

Trapping of Individual Adatoms 

The first thing to keep in mind when considering oxide 
vacancies is that they are undoubtedly more reactive 
than most, if not all, other sites on the otherwise pristine 
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* - 1 4d atoms at Fs centers 
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Fig. 6 Adsorption energies E, at regular sites (atop anions) on MgO(100) and at F, centers at 1/36 ML coverage for a string of 4d and 
5d metal elements across the periodic table, as computed within generalized gradient approximation of density functional theory (Dm- 
GGA). (From Ref. [9].) The main point of this figure is to illustrate the considerable strengthening of the metal-oxide bond at the 
oxygen vacancy, with the only exception Nb being due to its large size preventing sufficient penetration of the vacancy.' (Kew this art in 
color at www.dekker corn.) 

oxide surface. Their reactiveness can be appreciated by 
considering the energetic penalty of creating the defects. 
The anion vacancy formation energy (F, center) for 
MgO(100) is a huge 13.5 eV, which is a rather repre- 
sentative value for other oxides as well (the corresponding 
cation formation energy is reportedly 13.1 e ~ ) . ' ~ '  There- 
fore, it is not very surprising that both anion and cation 
vacancies are extremely reactive and will trap and im- 
mobilize nearly any metal (or nonmetal) atom that comes 
near. The natural abundance of surface vacancies in 
thermodynamic equilibrium is obviously quite low be- 
cause of their large formation energy. However, inten- 
tional creation of oxide vacancies can be accomplished 
using a variety of experimental techniques, including 
ultraviolet (UV) irradiation in reducing atmospheres, ion 
beam sputtering, and doping with aliovalent  cation^.'^"'"^' 

The trapping ability of neutral oxygen vacancies is 
illustrated in Fig. 6, which shows the adsorption energy 
of individual metal atoms at regular sites (atop anions) 
and at F, centers on MgO(100) (where they sit deeply 
inside the vacancy).191 The adsorption energies increase 
substantially at the F, defect compared with the surface in 
all cases except Nb, which is too large to fill the vacancy." 

'Atoms too large to sufficiently f i l l  the vacancy may not bind as strongly 
because of the exponentially decaying Madelung field away from 
the surface. 

The color center electrons are largely transferred to the 
trapped metal atoms, which assume a negative charge. 
Similar results have been noted in several other sys- 
tems, f8,9,27.28330-32*351 several of which have also suggested 
that the trapped metal atoms develop a significantly en- 
hanced activity toward other adsorbates. 

Impact on Cluster Stability 

To assess whether there is a preference for metal islands to 
nucleate at oxide vacancies, it is thus appropriate to 
compare the dimer binding energies at the vacancy and on 
the defect-free surface. The dimer binding energy at the 
vacancy is defined with respect to one atom trapped in the 
vacancy and the other infinitely far apart on the defect- 
free surface. For details about adsorption geometries of 
dimers, the reader is referred to Ref. 191. 

Fig. 7 displays the dimer binding energy for a variety 
of metal dimers at regular sites and at F, centers on 
~ ~ 0 ( 1 0 0 ) . " '  The dimer binding on the pristine surface is 
noted to increase to the left in the periodic table. This 
trend follows that of the bulk cohesive energy of these 
metals, and can be well understood by simple d-shell 
filling arguments: the strongest metal-metal bonds occur 
for half-filled d-shells, and so as the antibonding d-states 
become increasingly more occupied to the right of Nb, the 
bond strength decreases accordingly. Silver and gold both 
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0. . . 5d dimers on MgO(100) 
) - 4 4d dimers at Fs centers 

) - 4 5d dimers at FS centers 

Fig. 7 Dimer binding energies Eb on the defect-free terrace of MgO(100) and at F, centers at 1/18 ML coverage for various 4d and 5d 
metal elements, as computed within DFT-GGA. (From Ref. [9].) (View this art in color at www.dekker.com.) 

behave somewhat anomalously in this regard, a well- 
known fallacy of the d-shell model in alloy theory 
involving these elements. 

Fig. 7 further shows that the dimer binding trend at the 
F, vacancy is quite similar to that on the defect-free sur- 
face, and that, in several cases, the adatom-adatom bond 
is actually weakened at the defect. More importantly, it is 
evident from a comparison between Figs. 6 and 7 that 
there is no apparent relation between how well vacancies 
stabilize atoms (universally) vs. how they affect dimer 
bonds (quite varied). These results lend tangible support 
to the main conclusion of the previous section-that it 
is inappropriate to deduce a defect's ability to nucleate 
islands based solely on how strongly it traps individ- 
ual atoms. 

A good part of these observations can be understood by 
simple bond-order and d-shell filling arguments. Bond- 
order and rebonding considerations state that the stronger 
one of the dimer atoms interacts with a third party, the 
weaker its bond becomes to its partner adatom, as noted in 
Fig. 7. The fact that the dimer binding trend at and away 
from vacancies is the same originates from the d-shell 
filling arguments outlined above. However, depending on 
the amount of charge transfer to the dimer, one would 
expect a shift in the maximum, to the left in the periodic 
table for F, vacancies. The reasoning here is as follows. 
As a second atom joins an already trapped atom at the F, 
vacancy, electron density from the color center electrons 
is shared between the two atoms. This is evident from a 
lengthening of the adatom-adatom bond, by the dimer tilt 
angles being toward neighboring oxide cations, and from 

charge density analyses.[91 In Group VlII elements, this 
adds to antibonding levels because the cl-shells are over- 
full, thereby weakening the adatom-adatom bonds. In 
contrast, the opposite happens to the far left in the periodic 
table (Nb and beyond), where added electron density to 
the underfilled d-shell strengthens the dimer bond. In the 
extreme case of complete transfer of the two color center 
electrons, one would therefore expect the maximum ad- 
atom-adatom binding to be shifted by one element to the 
left in the periodic table. The noble metals bind only 
weakly to the oxide, and their dimers are less prone to 
interact with the F, defects. This results in a weak 
perturbation of the dimer bond due to lesser charge 
exchange, as attested by the dimer bond strengths being 
quite near gas phase values (e.g., 1.7 eV for A ~ . ' ~ ~ ' ) .  

As mentioned previously, changes in core cluster 
energies resulting from defects may or may not be rele- 
vant, depending on the magnitude of both relative and 
absolute energies, as well as the growth conditions, cf. 
Eq. 5. A closer examination of Fig. 7 suggests that F, 
vacancies on MgO are unlikely to significantly affect the 
nucleation kinetics of, e.g., Nb, Ru, Ap, and Au, while 
Pd, Pt, and possibly also Ir, should be considerably more 
sensitive to such defects. 

While d-shell filling arguments seem to provide a 
useful perspective on metal nucleation at defects, there are 
a number of other factors that likewise influence the core 
cluster binding energy. The size of the metal atom has 
already been mentioned, as it affects ~ t s  trapping and 
amount of charge transfer to the atom and subsequent 
clusters. The degree of covalency is another factor which 
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varies depending on the type of metal bonding, e.g., s-p 
and s-d, bonding, and which affects the ability to form 
multidirectional bonds.r371 For large enough clusters, the 
ability to relieve mismatch strain becomes energetically 
competitive and is clearly affected by adsorption 
geometry. In addition, the d-shell filling arguments 
become less indicative as the cluster becomes bigger 
and the charge is shared over more atoms. Studies of how 
larger clusters are affected by F, vacancies are reported 
el~ewhere.'~' 

metal-oxide systems, and to quantify the formation 
barriers for dimers at and away from defects where 
charge transfer tolfrom the adsorbates may play an 
important role. In addition, more studies are needed to 
assess whether defects that destabilize initial cluster 
formation may actually increase the monomer density 
between the defect sites, and thereby promote nucleation 
away from the defects. More studies are also needed to 
provide a better understanding of cluster geometries, to 
which the energetics underpinning all nucleation argu- 
ments are extremely sensitive. 
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INTRODUCTION 

Metal oxides include materials with a wide range of 
properties and applications. When the size of these 
materials is brought down to the nanometer regime, a 
number of size-dependent properties arise primarily as a 
result of surface chemistry. This field of nanoscience is 
facilitated by the fact that many of the systems of interest 
have been extensively studied in the bulk form and 
therefore provide ready comparisons with the nanoparti- 
culate systems. 

The insulating oxides are made up of the metals from 
the left and right sides of the periodic table. Typical 
examples of insulating oxides include MgO, CaO, A1203, 
and Si02. The oxides of the metals in the middle of 
the periodic table (Sc to Zn) make up the semiconduct- 
ing or metallic oxides. Typical examples include ZnO, 
Ti02, NiO, Fe203, and Cr203. Additionally, the transition 
metal oxides, which include the oxides of Ru, Mo, 
W, Pt, V, and so forth, are of particular interest for 
applications in catalysis, sensor materials, and other po- 
tential applications. 

OVERVIEW 

The surface chemistry effects result from the large number 
of atoms at the surface of nanoscale materials. In spherical 
nanoparticles, for example, at a size of 3 nm, 50% of the 
atoms or ions are on the surface, allowing the possibility 
of manipulation of bulk properties by surface effects and 
allowing near stoichiometric chemical reaction.['] When 
strong chemical bonding is present, delocalization can 
vary with size; this, in turn, can lead to different chemical 
and physical properties.'21 

Because of the refractory nature of most of the metal 
oxides, the formation of the ultrasmall particles is 
fa~ilitated.~~] The highly ionic nature of some materials, 
especially MgO, A1203, ZrOz, and Ti02, allows the 
formation of many stable defect sites, including edges, 
comers, and anionlcation vacancies. In choosing materials 
for study, MgO and CaO were found to be attractive 
because they are highly ionic and have high melting points, 
and it would be expected that samples of very small particle 
size might be stable and isolable. Furthermore, reactive 

surface sites on these oxides have been extensively studied, 
especially for MgO crystals and powders. 

It should also be noted that materials prepared via 
aerogel methods have very low densities, can be translu- 
cent or transparent, have low thermal conductivities, and 
have unusual acoustic properties. They have found various 
applications, including as detectors for radiation, super- 
insulators, solar concentrators, coatings, glass precursors, 
catalysts, insecticides, and destructive adsorbents. It has 
been shown that nanoparticles of ceramic materials 
(which includes some metal oxides) can be compressed 
at relatively low temperatures into solids that possess 
better flexibility and maleability than traditional ce- 
ramic~.[~]  It should also be noted that nanoparticles of 
crystalline substances have about 10" interfaces/cm3 and 
range in surface area up to 800 m21g. Upon compaction, 
but without growing the nanocrystals, solids with multi- 
tudinous grain boundaries are formed. In the case of 
T ~ O ~ , [ ~ '  solid samples are obtained that undergo plastic 
deformation at room temperature, presumably by diffu- 
sional creep. It has been proposed that further work in the 
area of consolidated nanophase materials may lead to 
ceramics with increased flexibility, less brittleness, and 
perhaps greater strength.[21 It may also be possible to form 
materials with a large fraction of atoms at grain bound- 
aries, perhaps in arrangements that are unique. Addition- 
ally, it may be possible to produce binary materials of 
normally immiscible compounds or elements. 

The very high surface areas of nanoscale particles gives 
rise to a number of defect sites. There have been numerous 
studies of their surfaces in an attempt to clarify the type of 
defect sites that can The most common defects 
are coordinatively unsaturated ions due to planes, edges, 
corners, anionlcation vacancies, and electron excess 
centers. Such sites are often attributed as the active sites 
for many useful and interesting reactions, including 
methane activation,[81 D2-CH exchange,[91 CO oligomer- 
i~a t ion , [ '@'~~ oxygen exchange in C O ~ , " ~ ]  and ~ ~ 0 . " ~ '  

STRUCTURE AND BONDING 

Determining the exact nature of structure and bonding in 
nanomaterials is particularly difficult because, generally, 
these materials are made of very small crystallites or are 
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amorphous. Recent advances in crystallography for 
powders and crystals employing X-ray, electron, and 
neutron diffraction have provided insight into the struc- 
tures of metal oxides. Metal oxides crystallize in a variety 
of structures, and bonding in these materials can range 
from ionic (MgO, Fel . O )  to metallic (TiO, R~o,) . [ '~]  

An understanding of not only the crystal structure and 
bonding, but also the local microstructures, which result 
from defects, is necessary to understand the structure of 
complex transition metal oxides. Of course, on the 
nanoparticulate scale, the number of defects due to edges, 
corners, centers, and other surface imperfections is greatly 
enhanced by the large surface area (Fig. 1). The pursuit of 
an understanding of the structurelproperty relationship is 
integral to the understanding of the unique properties 
observed on the nanoscale. 

In bulk structures, five types of crystals can be defined 
based on bonding considerations: covalent, ionic, metal- 
lic, molecular (van der Waals), and hydrogen bonded. 
These structures are also present on the nanoscale; 
however, one must also consider the number of atoms at 
the surface when examining the structure of nanoscale 
materials. Ionic crystals are formed when highly electro- 
negative and highly electropositive elements are com- 
bined in a lattice. It has been found that the ionic model is 
a poor approximation for crystals containing large anions 
and small cations (e.g., oxides and sulfides), where the 

Fig. 1 A representation of the various defects present on metal 
oxides. (From Ref. [162].) 

Metal Oxide Nanoparticles 

covalent contribution to bonding becomes ~ i ~ n i f i c a n t . " ~ ]  
Van der Waals interactions play a crucial role in many 
transition metal oxides, especially those with layered 
structures. In many oxide hydrates or hydroxy oxides, 
hydrogen bonding also contributes to the cohesive energy. 
In most transition metal oxides, the bonding is only partly 
ionic; however, there are several examples that are 
primarily ionic such as MgO and CaO. In other words, 
there is a considerable overlap between the orbitals of the 
cations and anions. Many transition metal oxides also 
exhibit metallic properties. 

Inorganic compounds of the formula AB can have the 
rock salt (Bl), CsCl (B2), Zn blend (B3), Wurzite (B4), or 
NiAs (B8) str~cture."~'  Alkaline earth metal oxides, such 
as MgO and monoxides of 3d transition metals, as well as 
Lanthanides and Actinides, such as TiO, NiO, EuO, and 
NpO, exhibit the rock salt structure with the 6:6 octahe- 
dral coordination. 

Defects 

Because of the number of atoms at the surface and the 
limited number of atoms within the lattice, the chemistry 
and bonding of oxide nanoparticles is greatly affected by 
the defect sites present. Point defects in crystals, such as 
vacancies and interstitials described by Schottky and 
Frenkel, account for the transport properties of ionic 
solids.r161 However, it appears that the point defect model is 
valid only when the defect concentration (or the deviation 
from stoichiometry) is extremely small. The defects that 
occur in the ionic solids are grouped into the following 
classes: point, linear, planar, and volumetric defects. Point 
defects are a result of the absence of one of the constituent 
atoms (or ions) on the lattice sites, or their presence in 
interstitial positions. Foreign atoms or ions present in the 
lattice represent another type of point defect. Point defects 
cause displacements on neighboring atoms or ions because 
of polarization in the surrounding region. A cationic 
vacancy in an ionic solid will have an electronegative 
charge, causing displacements of neighboring anions.L151 
The energy of formation of a point defect mainly depends 
on the atomic arrangement in the immediate neighborhood 
of the corresponding to rows of atoms that do not possess 
the right coordination. Boundaries between small crystal- 
lites (grain boundaries), stacking faults, crystallographic 
shear planes, twin boundaries, and antiphase boundaries 
are planar defects. Three-dimensional volumetric defects 
are a result of segregating point defects. 

The common point defects in ionic solids are Schottky 
pairs (pairs of cation and anion vacancies) and Frenkel 
defects (cation or anion interstitial plus a vacancy).L161 
When there is a large concentration of Schottky pairs, the 
measured pyknometric density of the solid is considerably 
lower than the density calculated from the X-ray unit cell 
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dimensions (e.g., VO,)."~' Creation of defects is generally 
an endothermic process. Thus the formation energies of 
vacancies in ionic solids are generally 2eV or more. 
Therefore, the intrinsic defect concentration in these 
solids is extremely low even at high temperatures.'15' 

The surface of a crystal constitutes a planar, 2-D defect. 
The environment of atoms or ions on the surface of a 
crystal is considerably different from that in the bulk. In 
polycrystalline materials, there are grain boundaries 
between the particles. The interface between two solid 
phases is an important factor in determining the course of 
reactions, crystal growth, and so on. An interface may be 
coherent, incoherent, or semicoherent. It is coherent when 
the interface matches perfectly between the contact planes 
of two solid planes. Epitaxial growth occurs when there is 
considerable mismatch (semicoherent interface). 

In close packed solids, one also often encounters 
stacking faults. For example, in a solid with cubic close 
packing, ABC ABC ABC, there can be a fault such as ABC 
AB ABC. Other types of planar defects include tilt 
boundary (array of periodically space of edge dislocations), 
twist boundary (array of screw dislocations), twin bound- 
ary (a layer with mirror plane symmetry with respect to the 
rotation of one part of the crystal, on a specific plane, with 
respect to another, and antiphase boundary across which 
the sublattice occupation becomes interchanged). 

The radius of the oxide anion (1.44 I%) given by 
Shannon and Prewitt is larger than most cations."51 
However, in crystals, the ionic radii correspond to free 
ions and not ions. The anions in crystals are subjected to a 
positive Madelung potential, which gives rise to a 
contraction of the charge cloud, while cations are sub- 
jected to negative potential causing an opposite effect.[15' 

Generally, phase purity is hard to achieve, especially for 
phases containing more than one cation.['71 Often, phase 
segregation occurs, and so the particles are a mixture of 
other possible phases derivable form the precursors. 

One of the areas of fundamental importance to the 
understanding and development of nanoscale materials, is 
the development of synthetic methods that allows the 
scientist control over such parameters as particle size, 
shape, and size distributions. While considerable progress 
has taken place in recent years, one of the major challenges 
to scientists is the development of a "synthetic toolbox," 
which would afford access to size and shape control of 
structures on the nanoscale and conversely allow scientists 
to study the effects these parameters impart to the chemical 
and physical properties of the nanoparticles. 

The syntheses of nanoscale particles are generally 
grouped into two broad categories: "bottom up" and "top 

down." Those materials prepared from atomic precursors 
that come together to form clusters, and subsequently 
nanoparticles are referred to as "bottom up" preparations. 
Conversely, when the nanoscale is reached by physically 
tearing down larger building blocks, the process is 
referred to as "top down." 

"Bottom up" preparation methods are of primary 
interest to chemists and materials scientists because the 
fundamental building blocks are atoms. Gaining control 
over the way these fundamental building blocks come 
together and form particles are among the most sought- 
after goals of synthetic chemists. Therefore these methods 
will be the focus of this section. Interest in "bottom up'' 
approaches to nanoscale oxides and other materials is 
clearly indicated by the number of reports and reviews on 
this s u b j e ~ t . l ' ~ - ~ ~ '  Indeed, there are numerous "bottom 
up'' approaches to the preparation of nanoscale materials 
and metal oxides are no exception. Generally, the 
preparations can be divided into two basic categories: 
physical and chemical. Several physical aerosol methods 
were reported for the synthesis of nano-size particles of 
oxide materials. These include gas condensation tech- 
niques,[3s4' ' spray pyrolysis,'3y~42-481 thermochemical 
decomposition of metal-organic precursors in flame 
reactors,[4 1.4%" I and other aerosol processes named after 

the energy sources applied to provide the high tempera- 
tures during gas-particle conversion. The most common 
and widely used "bottom up" wet chemical method for 
the preparation of nanoscale oxides has been the sol-gel 
process. Other wet chemistry methods including novel 
microemulsion techniques, oxidation of metal colloids, 
and precipitation from solutions have also been used. 

The methods of sample preparation are naturally the 
determining factors in producing different morpholo- 
gies.lll For example, burning Mg in O2 (MgO smoke) 
yields 40-80 nm cubes and hexagonal plates, while 
thermal decomposition of Mg(OH)2, MgC03, and espe- 
cially Mg(NO& yields irregular shapes often exhibiting 
hexagonal platelets. Surface areas can range from 10 m21g 
(MgO smoke) to 250 mdg for Mg(OH)2 thermal decom- 
position, but surface areas of about 150 m21g are typical. 
In the case of calcium oxide, surface areas can range from 
1 to 100 m21g when prepared by analogous methods, but 
typically about 50 m2/g is typical. 

PhysicalIAerosol Methods 

Vapor condensation methods 

Gas condensation techniques to produce nanoparticles 
directly from a supersaturated vapor of metals are among 
the earliest methods for producing nanoparticles. They 
generally involve two steps: first, a metallic nanophase 
powder is condensed under inert convection gas after a 
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supersaturated vapor of the metal is obtained inside a 
chamber. A high pressure of inert gas is usually needed to 
achieve supersaturation, then the powder is oxidized by 
allowing oxygen into the chamber. This postoxidation is a 
critical step and very often it becomes necessary for this 
process is to be performed slowly. Because of the large 
exothermic reaction, particles heat up for short times 
(usually less than 1 sec) to temperatures as high as 
1000°C, resulting in their agglomeration into large 
particles by rapid diffusion processes. A subsequent 
annealing process at higher temperature is often required 
to complete the oxidation. For further information on 
these processes, please see Refs. [52-571. 

Supersaturated vapor has been achieved by many 
different vaporization methods. The most common 
techniques include thermal evaporation,[57451 sputter- 
ing,[35,39*66,671 and laser methods.[362411 

Gas condensation methods to prepare nanoparticles 
directly from supersaturated vapor have many advantages 
over other techniques including: versatility, ease in 
performance and analysis, and high-purity products. They 
can also be employed to produce films and coatings. In 
spite of the success of these methods, the drawback lies in 
the high production cost because of low yields and the 
difficulty in scaling-up. Heating techniques have other 
disadvantages that include the possibility of reactions 
between the metal vapors and the heating source materi- 
als. Furthermore, the operating temperature is limited by 
the choice of the source material, and because of that, they 
cannot be used to make a wide variety of materials. For 
further discussion on supersaturation, particle nucleation 
and growth, and the transport and collection of the 
particles, see Ref. [54]. 

Spray pyrolysis 

Spray pyrolysis is another useful method for the synthesis 
of high-purity homogeneous oxide po~ders.[39*42481 Th' 1s 
technique has been known by several other names 
including solution aerosol t h e r m ~ l ~ s i s , [ ~ ~ '  evaporative 
decomposition of solutions,[461 plasma vaporization of 
solutions,[471 and aerosol decomposition.[481 The starting 
materials in this process are chemical precursors, usually 
appropriate salts, in solution, sol, or suspension form. The 
process involves the generation of aerosol droplets by 
nebulizing or "atomization" of the starting solution, sol, 
or suspension. The generated droplets undergo evapora- 
tion and solute condensation within the droplet, drying, 
thermolysis of the precipitate particle at higher temper- 
ature to form a microporous particle, and finally, sintering 
to form a dense particle. 

Aqueous solutions are usually used because of their low 
cost, safety, and the availability of a wide range of water- 
soluble salts. Metal chloride and nitrate salts are com- 

monly used as precursors because of their high solubility. 
Precursors that have low solubility or those which may 
induce impurities, such as acetates that lead to carbon in 
the products, are not preferred.'43*461 For further details on 
atomization techniques, refer to Refs. [39,43-46]. 

During the transformation of the aerosol droplets into 
particles, different processes are involved including sol- 
vent evaporation, precipitation of dissolved precursor, and 
thermolysis of precipitated particles. One advantage to this 
process is that all of these processes take place in one step. 
Other advantages include the production of high-purity 
nano-size particles, the homogeneity of the particles as a 
result of the homogeneity of the original solution, the fact 
that each dropletJparticle undergoes the same reaction 
conditions, and no subsequent milling is necessary. 
Disadvantages of spray pyrolysis include the large amounts 
of necessary solvents and the difficulty in scaling up the 
production. The use of large amounts of nonaqueous 
solvents increases production expenses because of the high 
cost of pure solvents and the need for proper disposal. 

Combustion methods 

The combustion synthesis technique consists of bringing a 
saturated aqueous solution of the desired metals salts and 
suitable organic fuel to boil, until the mixture ignites a 
self-sustaining and rather fast combustion reaction takes 
off, resulting in a dry, usually crystalline, fine oxide 
powder. By simple calcination, the metal nitrates can, of 
course, be decomposed into melt oxides upon heating to or 
above the phase transformation temperature. 

Flame processes have been widely used to synthesize 
nanosize powders of oxide materials. In this process, 
chemical precursors are vaporized and then oxidized in a 
combustion process using a fueuoxidant mixture such as 
propaneloxygen or methane/air.[491 It combines the rapid 
thermal decomposition of a precursorlcarrier gas stream in 
a reduced pressure environment with themophoretically 
driven deposition of the rapidly condensed product 
particles on a cold substrate.[511 The flame usually pro- 
vides a high temperature (1200-3000 K). which promotes 
rapid gas-phase chemical reactions.[411 Several types of 
flame reactors have been used in research settings and 
have produced numerous types of nanoscale metal 
oxides.[4 1.49-5 1,68-731 

Mechanochemical synthesis 

Mechanochemical synthesis involves the mechanical acti- 
vation of solid state displacement reactions. This process 
has been successfully used recently to make nanoparticles 
of a number of materials including ceramics, such as A1203 
and ~ r 0 ~ . [ ~ ~ ~ ~ ~  It involves the milling of precursor 
powders (usually a salt and a metal oxide) to form a 
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nanoscale composite structure of the starting materials, 
which react during milling and subsequent heating, if 
necessary, to form a mixture of dispersed nanocrystals of 
the desired oxide within a soluble salt matrix. 

Chemical Methods 

Sol-gel technique 

Sol-gel techniques have long been known for the 
preparations of metal oxides and have been described in 
several books and reviews.['83'9-25927-341 Th e process is 
typically used to prepare metal oxides via the hydrolysis 
of metal reactive precursors, usually alkoxides in an 
alcoholic solution, resulting in the corresponding hydrox- 
ide. Condensation of the hydroxide molecules by giving 
off water leads to the formation of a network of metal 
hydroxide. When all hydroxide species are linked in one 
network-like structure, gelation is achieved and a dense 
porous gel is obtained. The gel is a polymer of a three- 
dimensional skeleton surrounding interconnected pores. 
Removal of the solvents and appropriate drying of the gel 
results in an ultrafine powder of the metal hydroxide. 
Further heat treatment of the hydroxide leads to the 
corresponding ultrafine powder of the metal oxide. 
Because the process starts with a nanosized unit, and 
undergoes reactions on the nanometer scale, it results in 
nanometer materials. 

The chemical and physical properties of the final prod- 
uct are primarily determined by the hydrolysis and drying 
steps. Hydrolysis of metal alkoxides (M(0R);) involve 
nucieophilic reactions with water as follows: 

The mechanism of this reaction involves the addition of a 
negatively charged HO" group to the positively charged 
metal center (M*+). The positively charged proton is then 
transferred to an alkoxy group followed by the removal of 
ROH. Condensation occurs when the hydroxide molecules 
bind together as they release water molecules and a gel/ 
network of the hydroxide is obtained, as demonstrated 
below. The rates at which hydrolysis and condensation take 
place are important parameters affecting the properties of 
the final product. Slower and more controlled hydrolysis 
typically leads to smaller particle sizes and more unique 
properties. Hydrolysis and condensation rates depend on 
the electronegativity of the metal atom, the alkoxy group, 
solvent system, and the molecular structure of the metal 

alkoxide. Those metals with higher electronegativities 
undergo hydrolysis more slowly than those with lower 
electronegativities. For example, the hydrolysis rate of 
Ti(OEt)4 is about 5 orders of magnitude greater than that of 
Si(OEt)4. Hence the gelation times of silicon alkoxides are 
much longer (on the order of days) than those of titanium 
alkoxides (seconds or The sensitivity of metal 
alkoxides toward hydrolysis decreases as the OR group 
size increases. Smaller OR groups lead to higher reactivity 
of the corresponding alkoxide toward water and, in some 
cases, results in uncontrolled precipitation of the hydroxide. 

Because alcohol interchange reactions are possible, the 
choice of solvents in sol-gel processes is very important. 
As an example, when silica gel was prepared from 
Si(OMe)4 and heated to 600°C, and when ethanol was 
used as a solvent, the surface area was 300 m21g with 
mean pore diameter of 29 A. However, when methanol 
was used, the surface area dropped to 170 m21g and the 
mean pore diameter increased to 36 .&.1201 

The rate of hydrolysis also becomes slower as the 
coordination number around the metal center in the 
alkoxide increases. Therefore alkoxides that tend to form 
oligomers usually show slower rates of hydrolysis, and 
hence, are easier to control and handle. n-Butoxide (0-n- 
Bu) is often preferred as a precursor to different oxides 
including Ti02 and A1203 because it is the largest alkoxy 
group that does not prevent ~ l i~omer iza t ion . [~ '~  

Careful handling in dry atmospheres is required to 
avoid rapid hydrolysis and uncontrolled precipitation 
because most metal alkoxides are highly reactive toward 
water. For alkoxides with low rates of hydrolysis, acid or 
base catalysts can be used to enhance the process. The 
relatively negative alkoxides are protonated by acids 
creating a better leaving group and eliminating the need 
for proton transfer in the transition state. Alternatively, 
bases provide better nucleophiles (OH-) for hydrolysis; 
however, deprotonation of metal hydroxide groups 
enhances their condensation rates. 

Developments in the areas of solvent removal and 
drying facilitated the production of nanoscale metal 
oxides with novel properties. When drying is achieved 
by evaporation under normal conditions, the gel network 
shrinks as a result of capillary pressure that occurs and the 
hydroxide product obtained is referred to as xerogel. 
However, if supercritical drying is applied by using a 
high-pressure autoclave reactor at temperatures higher 
than the critical temperatures of solvents, less shrinkage of 
the gel network occurs as there is no capillary pressure 
and no liquid-vapor interface, which allows the pore 
structure to remain largely intact. The hydroxide product 

\ / \ / 
-M-OH + HO-M- - - M - O M -  + H 2 0  
/ \ / \ 
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obtained in this manner is referred to as an aerogel. 
Aerogel powders usually demonstrate higher porosities 
and larger surface areas compared to analogous xerogel 
powders. Aerogel processing has been very useful in 
producing highly divided powders of different metal 
oXides[18.26,801 (Figs. 2 and 3). 

Sol-gel processes have several advantages over other 
techniques for the synthesis of nanoscale metal oxides. 
Because the process begins with a relatively homogeneous 
mixture, the resulting product is a uniform ultrafine 
porous powder. Furthermore, sol-gel processing has the 
advantage in that it can also be scaled up to accommodate 
industrial-scale production (personal Contact with Nantek 
Inc., Manhattan, KS, June 1999). 

Numerous metal oxide nanoparticles were produced by 
making some modifications to the traditional aerogel 
method. One modification involved the addition of large 
amounts of aromatic hydrocarbons to the alcohol-meth- 
oxide solutions before hydrolysis and alcogel formation. 
This was carried out to further reduce the surface tension 
of the solvent mix and to facilitate solvent removal during 
the alcogel-aerogel t r ans f~rmat ion . " . ' ~ ]  The resulting 
nanoparticles exhibited higher surface areas, smaller 
crystallite sizes, and more porosity for samples of MgO, 
CaO, Ti02, and Zr02 [these samples are often referred to 
as aerogel preparation (AP) samples for aerogel or 
autoclave preparation] .[17.821 

Fig. 2 TEM micrograph of the nanostructure of CP MgO. Note 
that, here, there is no porosity and all of the nanocrystals have 
agglomerated together. (From Ref. [113].) 

Fig. 3 TEM micrograph of the nanostructure of AP MgO 
(supercritical solvent removal). Here the porosity is formed by 
the interconnected cubic nanocrystals of MgO. (From Ref. [I 131.) 

Reverse microemulsions1micelles method 

The reverse micelle approach is one of the recent 
promising routes to nanocrystalline materials. Several 
recent studies have shown that this approach is a potential 
candidate to synthesize nanocrystalline metal oxide pow- 
ders with well-defined and controlled properties.183-901 
By carefully controlling reaction parameters, this tech- 
nique affords a great deal of control over the particle size 
and shape. 

Surfactants dissolved in organic solvents form sphe- 
roidal aggregates called reverse micelles. In the presence 
of water, the polar head groups of the surfactant molecules 
organize themselves around small water droplets, small 
water pools (- 100 A), leading to dispersion of the 
aqueous phase in the continuous oil phase as shown in 
Fig. 4.P-931 

Reverse micelles are used to prepare nanoparticles by 
using a water solution of reactive precursors that can be 
converted to insoluble nanoparticles. Fanoparticle syn- 
thesis inside the micelles can be achieved by different 
methods including hydrolysis of reactive precursors, such 
as alkoxides, and precipitation reactions of metal 

Solvent removal and subsequent calcination 
leads to the final product. A variety of surfactants can be 
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hydrophobic 
oil phase 

aqueous phase 

(a) 

Fig. 4 Schematic representation 

used in these processes such as, pentadecaoxyethylene 
nonylphenylether ( T N P - ~ S ) , ~ ~ ~ ]  decaoxyethylene nonyl- 
phenyl ether ( T N T - ~ o ) , ' ~ ~ '  poly(o~yethy1ene)~ nonyl 
phenol ether ( N P ~ ) , ' ~ ~ '  and many others that are com- 
mercially available. Several parameters, such as the 
concentration of the reactive precursor in the micelle 
and the weight percentage of the aqueous phase in the 
microemulsion, affect the properties, including particle 
size, particle size distribution, agglomerate size, and 
phases of the final oxide powders. There are several 
advantages to using this method-the preparation of very 
small particles and the ability to control the particle size. 
Disadvantages include low production yields and the need 
to use large amount of liquids. 

Low-temperature wet-chemical synthesis; 
precipitation from solutions 

One of the conventional methods to prepare nanoparticles 
of metal oxide ceramics is the precipitation method.'94961 
This process involves dissolving a salt precursor, usually 
chloride, oxychloride, or nitrate, such as AlC13 to make 
A1203, Y(NO& to make Y2O3, and ZrC12 to make Zr02. 
The corresponding metal hydroxides usually form and 
precipitate in water by adding a base solution such as 
sodium hydroxide or ammonium hydroxide solution. The 
resulting chloride salts, i.e., NaCl or NH4C1, are then 
washed away and the hydroxide is calcined after filtration 
and washing to obtain the final oxide powder. This 
method is useful in preparing composites of different 
oxides by coprecipitation of the corresponding hydroxides 
in the same solution. One of the disadvantages of this 
method is the difficulty to control the particle size and size 

hydrophobic oil phase 

('4 
micelle and (b) inverse micelle. 

distribution. Very often, fast (uncontrolled) precipitation 
takes place resulting in large particles. 

Colloidal methods 

Some nanostructured metal oxides can also be prepared 
through the oxidation of metal colloids. Nanosized (i.e., 
3-5 nm) colloidal Fe(O), Co(O), and Ni(0) particles are 
very oxophilic both in solution and in powder form, and 
cannot be redispersed after exposition to air. However, the 
precisely controlled, stoichiometric addition of argon- 
diluted air to an organic solution of a 3-nm Fe(0)-sol 
stabilized by N(~ctyl)~+Br- leads to a rusty-brown solu- 
tion of colloidal ~ e ~ +  oxide, which can be isolated and 
redissolved, e.g., in THF. '~~]  Colloidal COO nanoparticles 
have also been prepared by air oxidation of N(~ctyl)~+Br- 
stabilized Co(0) particles[981 (Fig. 5). 

Particles prepared via the colloidal approach are also 
easily supported to form heterogeneous catalysts. It was 
shown that air oxidation at room temperature leads to 
surface passivation. Consequently, the resulting particles 
show a composite structure with a metallic core surroun- 
ded by an oxide surface layer.[991 Recently, a new process 
for the manufacture of a water-soluble Pt02 colloid has 
been developed, which is significant because of its use as 
a water-soluble "Adams ~a t a ly s t . " [ ' ~~~ '~ ' '  Colloidal PtO, 
stabilized by carbo- or sulfobetaines, respectively, were 
prepared by simple hydrolysis/condensation of metal salts 
under basic aqueous conditions in the presence of the 
surfactants. This method was further exploited to give bi- 
and trimetallic colloidal metal oxides used as precursors 
for fuel cell catalysts, e.g., colloidal PtIRuO, and Pt/Ru/ 
~ 0 ~ . [ ~ ~ ~ ~  
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0, (air) - 

Fig. 5 Schematic representation of the oxidation of tetraalkylammonium stabilized colloids. (From Ref. [97].)  

SPECIFIC PROPERTIES AND APPLICATIONS 

As previously mentioned, the properties of nanoparticles 
are usually size-dependent. When prepared in nanometer 
size particles, materials exhibit unique chemical and 
physical properties that are remarkably different than 
those of the corresponding bulk materials. The study of 
physical and chemical properties of nanoparticles is of 
great interest as a way to explore the gradual transition 
from atomic or molecular to condensed matter systems. 

As the size of a particle decreases, the percentage of 
atoms residing on the surface increases. As an example, a 
study on different samples of MgO nanoparticles has 
revealed that for particles -4 nm in diameter, -30% of 
the atoms are surface atoms."81 Naturally, surface atoms/ 
ions are expected to be more reactive than their bulk 
counterparts as a result of coordinative unsaturation. 
Because of this and the fact that the surface-to-volume 
ratio is large, it is not unusual to see unique behavior and 
characteristics for nanoparticles. This particle size effect 
is a characteristic of different nanomaterials including 
metal oxides. 

In this section, we will briefly discuss some selected 
properties of nanophase metal oxides showing significant 
size dependence. 

Chemical Properties: AcidIBase Behavior 
of Metal Oxide Surfaces 

Metal oxides are often hard acids or bases (e.g., MgO, 
A1203), SO they possess sites capable of catalyzing a c i d  
base chemistry. Several insulating oxides and oxide 

composites were found to be potential catalysts for a 
variety of important reactions as a result of their surface 
basicity or a ~ i d i t ~ . [ ' ~ ~ - ' ~ ' ~  Some selected reactions typical 
to metal oxides include dehydration of alcohols, cracking 
of hydrocarbons, isomerization of olefins and parrafins, 
dehydrohalogenations, alkylations, and esterifications. 

Acidity and basicity vary from one metal oxide to 
another. Several metal oxides exhibit surface basic 
behavior, such as MgO, CaO, and SrO, while others are 
considered to be acidic solids that possess more and 
stronger acidic sites on their surfaces. such as A1203 
Acidbase behavior and the presence of several types of 
deficiencies in the lattice and on the surface are two major 
driving forces for surface reactivity of metal oxides. When 
metal oxides are prepared in nanostructures. the percent- 
age of coordinatively unsaturated ions, especially on 
edges and comers, increases significant1 y. Consequently, 
surface chemistry effects, which are barely noticeable in 
large particle systems, become overwhelming in nanopar- 
ticle systems. These effects are demonstrated by enhanced 
surface reactivities and catalytic potentials possessed by 
many nanoparticle systems of metal  oxide^."^^-''^^ 

Two of the most intensively studied nanoparticulate 
systems of the metal oxides are MgO and CaO. Two types 
of nanocrystalline oxides have been prepared and thor- 
oughly studied; a "conventional preparation" (CP), and 
an "aerogel preparation" (AP).[ ' ,", '~.~ ' ' N anocrystalline 
MgO prepared by a modified aerogel procedure (AP), 
yields a fine, white powder of 40G500 m2lg and 4 nm 
average crystallite size. High-resolution transmission 
electron microscope (TEM) imaging of a single crystallite 
indicated a polyhedral structure suggesting the presence of 
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high surface concentrations of edgelcorner sites, and 
various exposed crystal planes (such as 002,001, 1 1 I)." 13' 

Conversely, the conventional preparation (CP) yields 
particles with surface areas of 150-200 m2/g and 8 nm 
average crystallites. 

If intrinsic surface chemistry differences due to size are 
to be uncovered, consider that in bulk MgO the effective 
ionic charges are close to +2, whereas the MgO molecule 
is much more covalent with effective charges close to 
+I . [ ' ]  Lower coordination surface ions such as M ~ ~ ~ ~ + ,  
M ~ ~ ~ ~ + ,  ojc2 -, and o k 2  are expected to have effective 
charges between + 1 and +2. Surface sites on crystalline 
and powdered MgO have been probed by theoretical as 
well as experimental efforts. Ab Initio calculations with 
H2 have been used to probe perfect crystal surfaces and 
various defect sites. On the perfect (100) MgO surface, H2 
has a small adsorption energy and does not dissociate. 
However, temperature programmed desorption methods 
have shown that polycrystalline samples do dissociate Hz, 
probably on O3=-M& sites. These sites are apparently 
very active for heterolytic H2 dissociation. The micro- 
faceted (1 11) surface of MgO is particularly reactive, and 
steps, kinks, and point defects (ion vacancies and subs- 
titutions) are also important. Indeed, the unique catalytic 
properties of defective MgO surfaces also depend on a 
plethora of unusual coordination sites. 

There have also been studies of the Lewis acid and base 
sites of metal oxide nanoparticles using a variety of tech- 
niques. For example, through the use of probe molecules, 
electron spin resonance (ESR) was used to quantify the 
Lewis acid and base site on AP-M~o.["~] Surprisingly, 
AP MgO was found to possess both types of Lewis sites, 
which is very interesting because MgO is not typically 
associated with acid catalysis, and it is believed that this is 
the first observation of this type of Lewis acid activity on 
MgO.l 11'1 

Catalytic properties of transition metal oxides 

The development of nanoscale transition metal oxides has 
been of importance to several applications, especially in 
catalysis. Transition metal oxides that are electrically 
conductive are of fundamental importance to catalysis and, 
in particular, to fuel cells. Ion and electron transfer 
reactions required for these applications require high 
surface area materials with defective or charged sur- 
f a c e ~ . ~ " ~ ~  Water-soluble Pt02 (i.e., a colloidal "Adams 
catalyst") has been applied in the immobilized form for 
the reductive amination of benzaldehyde by n-propyl- 
amine.1'00710" The selectivity in favor of the desired 
monobenzylated product was found to be >99% and the 
immobilized Pt02 was found to be 4-5 times more active 
than the commercial Adams catalysts. The Pt02 colloid 

was also effective in the hydrogenation of carbonyl 
compounds, or of olefins in solution or in immobi- 
lized form. 

The most active and CO-tolerant fuel cell catalysts 
[direct methanol fuel cell (DMFC) and proton exchange 
membrane fuel cell (PEMFC)] have been shown to 
contain oxides and hydrous oxides of Pt and Ru. Recent 
studies have revealed that practical Pt-Ru blacks are not 
single phase materials, but are instead bulk mixtures of Pt 
metal, Pt hydrous oxides, and hydrous and dehydrated 
RuO. A proposed mechanism for the increased CO 
tolerance is that Pt-adsorbed CO is removed via an 
oxygen transfer step from electrogenerated Ru-OH 
because Ru(0) transfers oxygen more effectively than 
Pt(0). Additionally, recent studies have suggested that the 
presence of metal oxides (in particular, Ru, Sn, and Mo) in 
electrocatalysts working with a carbon containing feed 
show improved CO t~lerance.["~'"~'  It is generally 
accepted that this is a result of the oxide interacting with 
the CO-poisoned metal (usually Pt) and oxidizing the CO 
to C02. Because these metal oxides are composed of 
metals with high oxidation potentials, the hydrous oxides 
are readily regenerated by water in the feed. 

Furthermore, by combining WRu alloy catalysts with 
transmission metal oxides (WO,, MOO,, VO,) improved 
DMFC catalysts have been produced. Electrochemical 
results demonstrated that the introduction of the oxides 
leads to an improvement of the catalytic activity toward 
methanol oxidation.[' 19' The addition of a transition metal 
oxide to the PtRu catalyst led to a decrease in the 
methanol oxidation and surface oxide formation with the 
most effective being VO,. 

Ruthenium oxide, in particular, has been the subject 
of numerous investigations because of the numerous 
chemical and electrical applications it can be used for. 
Ruthenium oxide also catalyzes the Fischer Tropsch 
methanation of C02,  and selectively hydrogenates 
benzene and its derivatives to cyclohexane and rele- 
vant ~ ~ c l o a l k e n e s . ' l ~ ~ ~  Solid state nuclear magnetic reso- 
nance (NMR) investigations of hydrous ruthenium oxide 
prepared using LiOH have demonstrated that the mobility 
of water molecules and their interaction with ruthenium 
oxides play an important role in proton charge density.[12" 

Ru02-Ti02 aerogels have been prepared and the 
redistribution of electrical properties on the nanoscale 
have been studied. It was found that the electrical 
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(electronic and protonic) transport properties of the bulk 
Ru02-Ti02 are redistributed when synthesized as an 
aerogel. Electron transport dominates the characteristics 
of the dense form, while protonic transport of the hydrous 
oxide surfaces governs the electrical properties of the 
aerogel."221 Anhydrous Ru02 is also used as a thick film 
resistor but the hydrous oxide is preferred in electrocata- 
lysis.['231 Ru02 electrodes are generally prepared by the 
thermal decomposition of which pro- 
duces hydrous materials that are more correctly described 
as RuOx.yH20 or RuO,H,. 

Adsorptive Properties 

Compared to their conventionally prepared and commer- 
cial counterparts, nanoparticles of several metal oxides 
exhibit a significantly enhanced ability to chemically 
adsorb and dissociate a variety of organic molecules on 
their surfaces. One of the great promises that nanoparticles 
of metal oxides hold in chemical applications is their 
remarkable ability to chemically adsorb a wide variety of 
molecules, especially organic molecules that are of 
concern as environmental hazards. 

Several oxides have shown promise in this field 
including MgO, CaO, A1203, SO2, and ZnO. A wide 
range of molecules including chlorinated hydrocarbons, 
phosphorous compounds, alcohols, aldehydes, ketones, 
and amines were found to strongly adsorb and chemically 
decompose on the surfaces of these o ~ i d e s . [ ' ~ ~ - ' ~ ~ ]  Details 
and examples on this subject are discussed in the 

It has been proposed that as particles become smaller in 
size, they may take on different morphologies, which may 
alter their surface chemistry and adsorption properties in 
addition to increasing the surface area and porosities."351 
One of the most intriguing observations was that nano- 
crystals prepared by the altered aerogel approach have 
exhibited higher surface chemical reactivities than more 
conventionally prepared samples (precipitation of hydrox- 
ides followed by vacuum dehydration, herein referred to 
as CP samples).['351 For example, in the reaction of 
2CaO + CC14+ 2CaC12 +C02, AP (aerogel prepared) sam- 
ples demonstrated reaction efficiencies twice those of CP 
samples and 30 times higher than commercial sam- 
ples.['"361 For the adsorption of SO2, AP MgO adsorbed 
three times as much as CP ~ ~ ~ / n m ~ . [ ' ~ ~ ~ ~ ~ ~ ~  For the 
destructive adsorption of CH3(CH30)2P0, the reaction 
efficiency was four times higher for AP MgO than CP 
MgO, and 50 times higher than for CM ~ ~ 0 . " ~ ~ '  This 
high reactivity observed at both room temperature and 
high temperatures observed for numerous reactions 
demonstrates that this is not an effect of higher surface 
area alone. Nanoparticles (especially the AP samples) 

have been shown to possess a much greater number of 
defect sites per unit surface area, which are believed to be 
responsible for the observed chemistry. 

PhysicalIMechanical Properties 

Many physical properties of nanoscale metal oxides are 
also size-dependent. Most of the physical properties are 
dominated by those of the surface, which differ from the 
bulk because of the different bonding geometries present in 
nanoscale materials. Several systems of nano-phase oxides 
have exhibited quite interesting and potentially useful 
mechanical properties, which creates the necessity for 
much more work on exploring their physical properties. 

Improved sintering and hardness properties 

Unique consolidation and compaction properties have 
been observed in ceramics produced from nanophase 
powders. Ceramic is processed from nanophase powders 
by first compacting a powder composed of individual 
ceramic particles (usually less than 50 nm in size) into a 
raw shape (often called a green body), then it is heated at 
elevated temperatures. Densification occurs as a result of 
diffusion of vacancies out of pores (to grain boundaries) 
leading to sample shrinkage, which is referred to as 
pressureless sintering. Fortunately, nanophase powders 
were found to compact as easily as their analogous 
submicron particles. Samples have to he sintered at the 
lowest temperature possible for a time sufficient to 
remove the residual porosity and establish coherent grain 
boundaries to avoid particle size growth. Successful 
sintering enhances the hardness of materials. However, 
if, hardness decreases with sintering, only grain growth is 
occurring.[541 

Experimental evidence has demonstrated that nano- 
phase powders densify at faster rates than commercial 
(submicron) particles. The slow densification of commer- 
cial samples is a result of their larger grain and pore 
sizes. It has also been found that faster densification rates 
allow achieving a given density at smaller grain sizes, 
before serious growth takes place. As a result of their 
small particle and pore sizes, nanocqstalline powders 
sinter to much greater densities than their conventional 
analogs at the same temperature. This also demonstrates 
that nanocrystalline powders, as compared to convention- 
al powders, reach the same density at much lower 
temperatures, which eliminates the need for very high 
temperatures~[54.'33temperatures.[54.'33"40-'42]140-~42l 

Nonuniform heating where the outs~de layers of the 
particles densifies into a hard impervious shell, which 
constrains the inside of the sample from normal 
shrinking leading to some cracking as a result of strain 
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incompatibility, is one disadvantage that can occur with 
fast densification. This problem can be avoided by 
several ways. The most efficient way is to heat the 
samples slowly to reduce the shrinkage in the outer shell 
while heat is transported to the inner regions.'14" 
Additionally, high-density nanostructured oxide systems 
including Y2O3, Ti02 and ZrOz have been achieved via 
pressure-assisted sintering, and it has been shown 
that applying some pressure during sintering can in- 
crease the densification rate and suppress the particle 
growth.11"4,1451 

Reduced brittleness and enhanced 
ductility and superplasticity 

The ability of some polycrystalline materials to undergo 
extensive tensile deformation without necking or fracture 
is referred to as superplasticity and ductility. Theoretical 
and experimental results provide evidence for the possi- 
bility that, traditionally, brittle materials can be ductilized 
by reducing their particle and grain sizes. Brittle ceramics 
can be superplastically deformed at modest temperatures 
and then heat-treated at higher temperatures for high- 
temperature strengthening when made from nanocrystal- 
line precursors. The great interest in this property stems 
from the fact that brittle fracture is a technical barrier in 
the use of ceramics in load-bearing applications. This 
interest in the superplasticity of oxide materials has been 
growing after it was experimentally demonstrated in 1986 
that yttria-stabilized tetragonal zirconia polycrystals could 
be elongated by over 100% in t e n ~ i o n . ~ ' ~ ~ " ~ ~ ]  Similar 
behavior was later demonstrated by other nanophase 
ceramic systems involving A1203, Ti02, and z ~ o . [ ' ~ ' - ' ~ ~ '  

One important use of superplasticity in ceramics is 
diffusion bonding, where two ceramic parts are pressed 
together at moderate temperatures and pressures to form a 
seamless bond through diffusion and grain growth across 
the interface. Diffusion bonds form more easily in 
nanocrystalline ceramics than in larger-grained ceramics 
as a result of both the enhanced plastic flow of nanocrys- 
talline ceramics and the larger number of grain boundaries 
they provide for diffusional flux across the inter- 
face.[156.1571 

Other properties of ceramics that are size-dependent 
include electrical and optical properties. An increase in the 
electrical resistance and dielectric constant was observed 
for nanophase ceramic materials as a result of their small 
particle  size^."^^,'^^' An effect on optical properties of 
ceramic materials was also found because of their nano- 
meter particle sizes. As an example, nanoparticles of Ti02 
were found to become a more efficient ultraviolet (UV) 
ab~orber . ' '~~]  In conclusion, nanophase ceramic powders 
and metal oxides hold great promise for better materials 

with unique desired properties and potential applications as 
compared to their large-grained counterparts. 

Additional selected size dependent properties 

Lead zirconate-titanate (PZT), a solution of ferroelectric 
PbTi03 (T, = 490°C) and antiferroelectric PbZr03 (T, = 
230°C), belongs to the ferroelectric family of perovskite 
structure with a general formula of AB03 (where 
A=mono or divalent, and B=tri to hexavalent ions).r1581 
Nanoscale PZT particles (25 nm) were synthesized by 
using an in situ method. Powder X-ray diffraction (XRD) 
studies of these particles found the sample X-ray 
amorphous and produced single phase PZT after heating 
at 500°C. 

Nanophase powders of YxZrl -x02px,2 have been 
prepared from a mixture of commercially available Zr02 
and Y2O3 It was found that, depending on 
the starting powder mixture composition, the yttrium 
content in the nanophases can be controlled and the 
tetragonal or cubic phases can be obtained. Tetragonal or a 
mixture of tetragonal and cubic were observed for low 
yttria content (3.5% mol yttria), and cubic for higher yttria 
contents (19, 54, and 76% mol yttria). These powders 
were found to have a most probable grain radius of about 
10-12 nm and the grains appear as isolated unstrained 
single crystals with polyhedral shapes. The grain shapes 
appeared to be polyhedral and not very anisotropic. 
Lattice fringes were parallel to the surfaces demonstrating 
that (100) and (1 11) faces dominate. 

CONCLUSION 

Nanoscale metal oxides are of considerable importance to 
both the fundamental understanding of size-dependent 
properties and numerous applications. While, in many 
cases, a basic understanding of the bonding and structure 
present in these systems has been determined, there is still 
a great deal of work to be carried out. Additionally, the 
methods for the preparation of oxide systems is a 
continually evolving area of science. Ultimately, devel- 
opments in the areas of synthesis, instrumentation, and 
modeling will aid scientists as we try to gain an 
understanding of the relationships between physical, 
electronic, and chemical properties. 

Developing a "tool box" of synthetic methods, which 
would afford scientists the possibility to put atoms 
together into nanomaterials with predetermined shapes 
and sizes, is an ongoing effort among preparative 
chemists. Another ongoing effort is the search for 
relationships between these shapes and sizes, and the 
chemical and electronic properties observed. As rapid 
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advances take place in these areas, we will begin to see the 
potential of nanoscience begin to realize its potential. 
Metal oxides should be at the forefront of these advances 
in nanoscience because of their stability and the amount of 
information that has been gathered about their bulk 
counterparts through the years. 
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INTRODUCTION 

It is now widely recognized that the fundamental prop- 
erties of materials strongly depend on the size of crystal- 
lites, especially if they are in the nanometer regime. Most 
of the physical, optical, and electronic properties of a bulk 
solid vary when the crystallites are in the nanoscale 
regime. If the grain size can be maintained at nanoscale 
dimensions, this creates major opportunities to design 
advanced materials with enhanced properties. 

The emerging nanometals industry encompasses nano- 
particles, nanolayers, thin films, nanofibers, and bulk 
nano-structured metals and alloys. This chapter focuses on 
metal nanoparticles, their properties and uses, with special 
emphasis on those manufactured by the electroexplosion 
of metal wire (EEW), a process that is the most com- 
mercialized and has produced the greatest diversity of 
metal nanopowders. 

Nanometals are in the process of becoming one of the 
major feedstocks for a host of emerging technologies and 
industries. The body of knowledge on nanosize particles 
has grown throughout the latter part of the twentieth 
century as various processes for producing them were 
developed. With the exception of precious metals, most of 
the focus has been on ceramics and nonmetallic materials. 
More recently, there has been an increasing interest in 
other metallic nanoparticles. Handling them is problem- 
atic because they are highly reactive and difficult to pro- 
duce, handle, and ship. 

Nanosize precious metals have already had a long 
history of development and use as catalysts and in photog- 
raphy because of their chemical stability in water and 
air. Precious metal catalysts in a ceramic matrix, as in 
automotive catalysts, or dispersed homogeneously in 
media have had a profound affect on industrial processes. 
The increasing availability of other nanosize metals 
should lead to a plethora of new applications from com- 
posites to chemicals. 

NANOMETAL PROCESSES 

There are over a dozen companies that are currently 
developing processes for nano metal particles, but only a 
few companies routinely manufacture and supply them. 
Production quantities are currently limited to only grams 
or a few kilograms but some companies claim they are 
building facilities to produce tens to hundreds of kilo- 
grams per day. As a result of the small quantities, the 
prices range from several hundred to a few thousand 
dollars per kilogram. Most companies do not stock nano 
metal powders but will produce them on a custom basis. 

The manufacturing processes for micron-scale pow- 
ders, such as water atomization, are generally not adapt- 
able to nanometer size metal powders, mostly because the 
powders would be oxidized in the environment in which 
they are produced. The methods currently being devel- 
oped for nanosize particles include the following: 

Ball milling-This method is capable of milling brittle 
materials to nanometer size, but fails for ductile metals 
such as copper unless milling is performed at cryogenic 
temperatures. Milling produces nonspherical particles 
with a broad particle size range. Dry milling of the 
more reactive metals can result in their contamination 
by air but wet milling under an organic fluid can pro- 
tect the powder. Dry milling in an inert atmosphere is 
more complex and expensive. 

Precipitation from aqueous solution-Such processes are 
limited to precious metals because most other nanosize 
powders will react with water, causing surface con- 
tamination and, in the case of reactive metals, rapid and 
sometimes violent reaction. Metals that are precipitated 
from aqueous solutions generally tend to be porous and 
highly agglomerated. For example, silver particles can 
be via the reduction of acidic silver salt 
solutions using aldehydes in the presence of silica sol, 
but the powder is highly agglomerated. The silica is 
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subsequently hydrolyzed in caustic, and aided by a 
surfactant, it is separated from the agglomerated silver 
powder. Bonet et describe a method for producing 
deagglomerated precious metal particles smaller than 
10 nm by heating a mixture of precious metal salts with 
hot (N  150°C) ethylene glycol using polyvinylpyrrol- 
idone (PVP) to minimize agglomeration. 

Organometallic synthesis in solution-This method 
employs the use of kinetically controlled reactions of 
organometallic precursors usually in nonaqueous sol- 
vents to product metal nanoparticles. The process can 
also utilize redox chemistry to reduce an inorganic 
precursor. The advantage of this process is that mono- 
disperse populations of small (<50 nm) particles is 
possible, and the disadvantage is that Schlenk-type 
techniques may be necessary. 

Evaporatiodcondensation under vacuum-Vacuum-driv- 
en thermal evaporation is limited to low-boiling-point 
metals such as aluminum and copper. Higher-boiling- 
point materials can be evaporated by e-beam or laser 
heating, but the capital and operating costs of such 
processes are high, favoring the development of 
processes that operate at or near ambient pressure. 

Evaporatiodcondensation of the metal in an inert gas 
environment-Because most of the nanometals will 
react with oxygen or nitrogen to form oxides and 
nitrides, such processes require an inert gas cover. 
Generally, argon is used because of its lower cost 
compared to helium. Higher energy or impulse heating, 
such as laser bombardment or electric discharge, can 
attain higher temperatures and volatilize higher boiling 
metals compared to slower heating, e.g., via resistance 
heating of a crucible containing the molten metal. 
Ablation is well suited to refractory materials espe- 
cially when employing laser-based heating. This has 
been performed both with excimer and C 0 2  lasers for 
a variety of high melting materials. Once evaporated, 
the metal nucleates in the cold inert gas and coalesces 
to larger particles during transport to the collector. 
Eifert and ~ u n t h e r ' ~ ]  describe a pilot-scale reactor 
using a cryogenically cooled condenser with a scraper 
to remove product from the condenser. Other collec- 
tion approaches involve an electrostatic filter and cy- 
clone separators. 

Thermal decomposition of a salt or organometallic pre- 
cursor in a flame or plasma-Axelbaum et a ~ . ' ~ ]  pro- 
duced nanosize metal particles submerged in a sodium 
chloride shell by flame reaction of a metal salt such as 
titanium tetrachloride with sodium vapor in argon. The 
NaCl encapsulate is removed from the particles by both 
washing and subsequent sublimation at 800°C. There 
is potential for ionic contamination of the product, as 
well as sintering that could occur during sublimation of 
the salt. 

The electroexploded wire (EEW) process-The EEW 
process is a physical process converting wire into nano 
particles in the absence of any chemical reaction that 
could contaminate the product. It is capable of pro- 
ducing a wide spectrum of nanopowders including high 
and low boiling metals as well as complex alloys. The 
EEW process has a very long history. In 1773, Edward 
Nairne applied an electrical pulse to a wire, causing it 
to explode in air to form aerosols of metal oxide. The 
EEW phenomenon also occurs at the moment of 
burnout of an incandescent filament, when a thinned 
filament is explosively converted to aerosolized pow- 
ders in the burned out bulb, producing a momentary 
brilliant flash. The EEW principal is also used in 
exploding bridge wire (EBW) explosive detonators. 
There was a considerable amount of research camed 
out on EBWs in the 1940s and 1950s. showing that the 
pulse duration is only a few microseconds long and 
temperatures higher than 15,000 K are reached at the 
moment of explosion. 

In the 1970s and 1980s, institutes of the Russian 
Academy of Sciences located in Tomsk. Siberia, invested 
considerable effort in developing the EEW process. Their 
innovation included adaptation of the process within an 
inert gas chamber and an effective mechanism for feed- 
ing wire from an internal spool to an electrode. Prior to 
1995, most of their emphasis was for producing nano 
aluminum for energetics and nano copper for use in lu- 
bricating oil. 

In 1994, Argonide Corporation was founded to com- 
mercialize EEW nanopowders. In 1997, a cooperative 
research and development agreement (CRADA) between 
the Department of Energy (DOE) and Argonide funded 
these Russian groups to further develop the process. Funds 
were also provided to the National Renewable Energy and 
Los Alamos National laboratories for characterization of 
the nano powders. With the exception of a 2-year halt 
during 1998-1999, the program continues to the present. 
The focus of this joint effort is on process improvement 
and applications development. 

EEW powders can be produced from any metal that is 
available as ductile wire. Kilogram quantities have been 
produced with aluminum, copper, nickel, tin, indium, 
zinc, titanium, tungsten, niobium, tantalum, and silver and 
gram quantities with gold, palladium, and platinum. The 
alloys that have been produced include stainless steel, 
Hastelloy, and nickel-titanium. 

Fig. 1 shows an EEW machine, where the main 
reactor is seen in the upper center. The chamber and 
associated piping include either one or two cyclone 
separators (one is visible under the main chamber). A 
reel of wire is enclosed in the right side of the chamber 
and is then fed through an electrically insulated baffle. 
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Fig. 1 Electroexplosion machine. 

When the wire contacts a strike plate located in the 
center of the chamber, the circuit is closed causing a 
large pulse (10~-10~ J in 1 psec) to flow through the 
wire, creating a plasma. A very strong field is formed 
that contains the plasma during the microsecond pulse. 
When the vapor pressure of the metal exceeds the ability 
of the field to contain the plasma, there is an interruption 
in current flow, and containment by the field is lost, 
allowing clusters of metal atoms to be projected at 
supersonic speed through the argon. The metal clusters 
are less than about 10 nm, but coalescence occurs as 
flowing argon (at 2-3 atm) transports the clusters to a 
cyclone separator, where the now agglomerated particles 
are collected. At this point, further growth and coales- 
cence is frozen, producing spherical particles with an 
average particle size of 40-150 nm, depending on the 
wire size, exploding regime, and freezing point of the 
metal. X-ray diffraction shows the powders to be rel- 
atively pure elemental metal. 

Several hundred grams of powder per hour are 
produced in a single exploder with the rate proportional 
to the specific gravity of the metal. The energy density 
introduced in an exploding wire is one of the most im- 
portant parameters in the process. Pulse energy is op- 
timized by balancing the energy input with the diameter of 
the wire to produce electrical energy equivalent to the 
sublimation energy of the metal. With the current power 
supplies, the best trade-off between the particle size and 
production rate is achieved by using 0.3-mm diameter 
wire and results in nanopowders with an average size of 

100 nm. Smaller particles (down to about 50 nm average 
particle size) are produced by substantial reduction in wire 
diameter, but at the cost of reduced throughput of metal 
powders. Below a critical energy density, no explo- 
sion will occur and the wire is evaporated leading to 
coarser particles. 

Particle size can also be reduced by a higher rate of 
electrical explosions and by reducing the overpressure of 
inert gas. Low levels of active gases, such as nitrogen and 
oxygen, if added to the argon in the reactor, often result in 
reduced particle size without much contamination of the 
metal. The apparent mechanism is the formation of fine 
oxide coatings such as aluminum oxide on aluminum, 
inhibiting coalescence of the metal particles. Excessive 
oxygen will result in the production of nanosize metal 
oxides such as (gamma) aluminum and titanium oxides, 
with particle size about 30-50 nm in diameter. 

Powder is collected in the separators until they contain 
about 1 kg. The collector is frequently emptied into a 
collection drum. The EEW process is scalable, and a 
newer reactor design increases the throughput of the 
reactor and minimizes downtime. In the newer device, the 
explosion frequency has been increased from about 0.5 to 
3 Hz, as recirculation of the argon gas is increased. A 
feed-through system was developed so that a large spool 
of wire can be fed into the reactor without opening the 
chamber and interrupting the process. Also, the arrange- 
ment and length of the piping was altered to improve 
sedimentation, particularly of occasional large particles 
that are produced by the conventional process. 



1924 Metallic Nanopowders: An Overview 

The EEW process is limited to particles with average 
sizes less than about 300 nm. Particles as small as 20 nm 
have been made in experimental quantities. Virtually all 
the metals produced by this process are combustible, and 
several of them, such as aluminum, iron, titanium, and 
zirconium, are either pyrophoric or nearly so. The 
powders are collected and protected from oxidation by 
the argon in the reactor. The more reactive powders are 
transferred to liquid hydrocarbon. In the case of ~ l e x ' ~  
nanoaluminum, the particles are passivated by adding dry 
air before removing it from the chamber and are then 
packaged as a dry powder. 

All EEW powders are handled and shipped as hazard- 
ous (combustible) metal powder. ~ l e x ~  is the nanometal 
made in the greatest quantity, followed by nickel, copper, 
tungsten, stainless steel, silver, and zinc. While Ni, Cu, and 
W may oxidize when exposed to air, they are relatively 
well behaved compared to dry iron, stainless steel, or 
titanium powders. The preferred method of packaging 
dry metal powders is in glass ampoules, and they are 
offered in quantities of at least 100 g net weight of powder. 

The principal advantages of the EEW process are: 

1. As with gas condensation techniques, contamina- 
tion by chemical reactants or by reaction with solvents 
is avoided. 

2. Spherical particles are ordinarily produced. 
3. As compared to other high-temperature processes, 

virtually all of the electrical energy in the EEW 
process is directly converted to heat. There is little 

Table 1 Electroexploded nanopowders and their characteristics 

opportunity for convection or radiation heat loss 
during the very rapid (N 1 psec) pulse. 

4. Alloys can be converted to nanopowder with no 
measurable segregation as compared to evaporative 
processes, where the composition of the particles 
will vary. 

5. The process operates with pressurized inert gas, 
simplifying the weight and cost of the reactor and 
piping. 

Alloys are produced on a custom basis, so long as the 
fine wire is either commercially available in a continuous 
filament or can be produced with sufficient ductility to be 
fed into the wire feed mechanism without breakage. 

PHYSICAL AND CHEMICAL PROPERTIES 

Table 1 summarizes the surface area and crystallographic 
character of several EEW powders including aluminum 
oxide (y phase) and aluminum nitride. As with other nano 
powders, the principal difference in the physical and 
chemical properties of nanometals results from their 
greater surface area as compared to fine (micron) size 
particles. The surface area is inversely proportional to the 
square of the diameter of the particle, so a 100-nm 
spherical particle has a surface 1000 times greater than a 
10-pm particle. This creates opportunity for creating 
materials with new and useful properties, but also poses 
difficulty in handling, shipping, and storage. 

Particle size Average particle Metal content Surface area Particle 
Powder distribution function size [nm] [%I [m21g] morphology Crystalline defects 

Normal-logarithmic 
Normal Gaussian 

Normal logarithmic 

Normal Gaussian 

Normal logarithmic 

Normal Gaussian 

Normal logarithmic 
Normal Gaussian 

Normal Gaussian 

Passivated > 92 
Depends on particle 
size distribution 
passivated > 90 
nonpassivated > 96 
passivated 2 90 

nonpassivated > 96 
passivated > 95 
nonpassivated = 99 
passivated > 95 

nonpassivated = 99 
passivated > 90 
Not applicable 

Not applicable 

Spherical 
Crystallites 

Spherical 

Crystallite 
faces 

Spherical 

Crystallite 
faces 

Spherical 
Spherical 

Crystallite 
faces 

Numerous defects 
No information 

Numerous defects 

Small amount 
of defects 

Numerous defects 

Small amount 
of defects 

Numerous defects 
Small amount 
of defects 
Small amount 
of defects 
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A scanning electron microscopy photo of Alex" 
nanopowder is seen in Fig. 2. Surface area [Brunauer- 
Emmett-Teller (BET)] measurement is generally a good 
surrogate for determining average particle size because 
EEW powders are mostly spherical, fully dense, and 
smooth. The surface area of ~ l e x " '  with 100 nm average 
particle size ranges from about 10 to 20 m21g. Fig. 3 shows 
a sector of an AlexH particle with a passivation coating 
about 2.5-3 nm thick. X-ray powder diffraction shows 
these particles are primarily metallic aluminum, while the 
coating is principally aluminum oxide with minor 
amounts of n~tride and an oxynitride. The amount of 
active aluminum for a 100-nm size average particle is 
approximately 88-90 wt.%. The oxide content rises with 
diminishing particle size, as the 3-nm oxide layer 
comprises an increasingly greater mass. 

The thermal properties [differential thermal analysis 
(DTA)] of ~ l e x ~  powder when heated in air, oxygen, and 
nitrogen was compared[51 to that of micron size aluminum. 
~ l e x ' ' ~  powder reacts rapidly with these gases, producing 
very sharp exotherms that occur well below the melting 
point (660°C) of aluminum, while 20-pm-size aluminum 
does not react until about 1000°C. 

An organic coating has been developed for many of 
the nanometals and is being used for coating aluminum 
and other reactive nanometals. The coating (called L- 
AlextK) is based on the reaction of a carboxylic acid 

(palmitic) acid with the aluminum powder rather than 
coating it with oxide. The resistance of L-~ lex ' "  to 
moisture attack during accelerated aging was com- 
pared161 to oxide-coated ~ l e x @  and to a 17-pm-size 
aluminum powder (Cap45a). The test involved exposure 
of a thin layer of the aluminum particles in a dish within 
a temperature humidity chamber. Each day, a sample of 
each powder was removed and titrated for residual alu- 
minum metal. The powder in the dish was mixed daily 
to expose fresh surface. Aging was performed at several 
temperatures and humidity levels from room temperature 
and dry conditions to a maximum of 60°C/75% relative 
humidity (RH). Fig. 4 shows a 20% and 70% aluminum 
metal loss, respectively, in the case of Cap45a and 
~ l e x ~  powders, but the L - A ~ ~ X ~  showed little alumi- 
num loss throughout the 40-day test exposure. The study 
also showed that bayerite (Al(OH)3) is the major product 
of hydrolysis rather than A1203. Degradation of the 
Cap45a powder ceased after day 12 when exposed to 
harsher conditions as a result of the buildup of a layer 
of bayerite. 

Melting point is one of the properties that can be 
altered by reducing particle size down into the nanometer 
range. Fig. 5 shows the melting point of gold[7' as a 
function of particle size. Melting point reduction is not 
really significant until the particle size is less than about 
10 nm. 

Fig. 2 Field emission electron microscopic view of Alex (50,000~). 
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Fig. 3 High-resolution (400,000~) transmission electron microscope of alumina layer on the surface of spherical Alex" particle. 

EEW powders have crystal defects, faults, and twins 
caused by rapid quenching during the process. Fig. 6 
shows a high-resolution transmission electron microscope 
(TEM) view of EEW nickel showing twins and polytwins. 
The clusters are propelled by electroexplosion at 2 krnlsec 
through the cold argon, which results in a quenching rate 
of about 10' "Clsec. The disorder in the EEW aluminum 
crystal extends into the oxide outer layer, causing the 
powders to be physically metastable and more chemically 

reactive. Fig. 7 is a DTA of EEW silver showing an 
exotherm at about 220°C, far below the melting point 
(960°C) of silver. The internal energy is estimated to be 
about 40% of the heat of fusion. When alloy wire is 
electroexploded, the very high quench rates often pro- 
duces nonequilibrium phases. For example, EEW 300- 
stainless steel can be heterogeneous, containing not only 
the expected austenite phase, but also alpha iron, nickel, 
and others components in the Fe-Ni-Cr phase diagram. 

Alex 

L-Alex 

A Cap45a 

0.0 , + t 
0 5 10 15 20 25 30 35 40 

Time (Days) 

Fig. 4 Aluminum powder accelerated aging in 60°C/75% RH air. (View this art in color at www.dekker.com.) 
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m.p. bulk, 

Fig. 5 Melting point of gold particles as a function of particle 
size. 

APPLICATIONS 

Nanomaterials and nanotechnology are currently receiv- 
ing major attention and publicity as a future market. While 
certain ceramic nanopowders have reached commercial 
status, nano metals are still in the research stage and sales 
average about 1 kg per order. Prices are hundreds of 
dollars per kilogram, and while substantial reductions in 
cost are anticipated, nanopowders will always be more 
expensive than conventional size powders. In addition, 

DTA, pV ' 20 

210 220 . 240 

Fig. 7 DTA of EEW silver particles. (Courtesy of Los Alamos 
National Laboratory.) 

they bear higher shipping and handling costs. Therefore 
the focus of nanopowder suppliers is on applications, in 
which there is high value added by the nanosize particles. 
Target markets include energetics, microelectronics, 
metallurgical coatings, biotechnology, and niche powder 
metallurgy applications. 

Energetics 

Aluminum is a highly energetic combustion fuel, partic- 
ularly on a volumetric basis. For more than a century, it 
has been used as an additive in energetic compositions 
such as thermite, in explosives and pyrotechnics, and 

Fig. 6 Crystallographic defects in EEW nickel. 
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Fig. 8 Burning rate of aluminum/ammonium perchlorate 
powder mixes. 

more recently, in rocket propellants. Because of its high 
surface area, nano aluminum provides a number of 
advantages over conventional aluminum powder, partic- 
ularly with respect to burning rate. Fig. 8 shows that 
substituting ~ l e x ~ '  for a conventional micron size ( ~ 2 0  
pm) aluminum in a mixture with ammonium perchlorate 
can increase the burning rate about 20 times.[81 Nano 
aluminum also ignites more rapidly. When combusted in 
an air shock tube, ~ l e x ' ~ '  has an ignition delay of only 3 
psec compared to 600 psec for 3-pm diameter alumi- 
num powder. 

Rocket Propellants 

Rapid burning increases the thrust and speed of a rocket 
engine, and higher thrust is desired in many advanced 
missile systems. Several  researcher^[^-'^^ have noted a 
doubling of burning rate when ~ l e x @  is substituted for 
micron size aluminum in conventional solid rocket 
propellants such as Allammonium perchlorate/hydroxy- 
terminated isobutylene binder (AltAPlHTPB). The rapid 
burning is attributed to the smaller particle size and 
(much) larger surface area. A model developed for 
aluminum particle combustion in a rocket engine predicts 
that nano aluminum would bum very rapidly. This 
model'"' describes the life of the burning particle as 
proportional to the square of the particle diameter. 
Experimental data shows that a 5-pm aluminum particle 
survives for about 4 msec in a rocket engine. Extrapolation 
of the d2 model down to a 100-nm diameter predicts that 
the particle would be consumed in about 600 nsec, about 4 
orders of magnitude shorter than the micron-size particle. 
High-speed photography of a burning propellant surface 
confirms that a nano aluminum particle is completely 
consumed at the surface of the burning grain rather than 

being propelled into the burning flow stream as in the case 
of the micron size aluminum. A faster burning grain is also 
more efficient because combustion is complete within the 
engine rather than in the exhaust stream of the rocket. The 
hybrid rocket engine would also benefit from nano 
aluminum as a fuel ingredient. The classic hybrid uses 
liquid oxygen with a rubber base binder (HTPB) grain that 
contains either no oxidizer, or just enough to react with the 
HTPB so as to be a gas generator. Pyrolysis of the rubber 
creates low-molecular-weight organic n~olecules that are 
forced into the engine and then react with liquid oxygen. If 
aluminum is added to a solid fuel such as HTPB, there is a 
theoretical increase in rocket performance, but unfortu- 
nately micron size aluminum does not bum effectively in 
such a hybrid. However, Chiavarinni et a1.'121 found that 
adding 10 wt.% ~ l e x "  to an HTPB slab increased the 
regression rate by 70% and also resulted in smoother 
burning compared to the pure HTPB slab. 

Aluminum, if gelled into kerosene, increases the 
volumetric energy density of the liquid rocket fuel. 
Unfortunately, micron size aluminum does not bum ef- 
ficiently when immersed in kerosene. however, nano 
aluminum additive is completely c ~ m b u s t e d . " ~ ~  The 
higher temperatures created by combustion of nano alu- 
minum also accelerates the combustion of the kerosene. 

Explosives 

Reshetov et al.[I4] were the first to notice that nano 
aluminum influences the detonation velocity of high 
explosives. When less than 30 wt.%, nano aluminum is 
added to hexamethyl-3-nitroamine (HMX) (Fig. 9), 
detonation velocity (VoD) decreased from 5400 to 4700 
d s e c ,  about equivalent to that of explosives when micron 
size aluminum is added to HMX. However, beyond 30 
wt.%, there is a rapid rise in VoD to 7000 d s e c .  Even 

Fig. 9 Detonation velocity as a function of aluminum in HMX 
explosive. 
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where the VoD is not affected, the force of the detonation 
is enhanced by the rapid reaction of the nano aluminum 
with the gases generated behind the detonation wave. 

The affect of nano aluminum on enhanced detonation 
was demonstrated experimentally in the United States and 
Europe, and several organizations are studying Alex 's 
use in explosives. When incorporated into ammonium 
dinitramide, ~ l e x @  was to increase VoD from 
4380 d s e c  for a 97% dinitramide (balance Viton binder) 
to 5070 mlsec (73:24:3 ~ ~ ~ l ~ l e x ~ ~ i t o n ) .  Identical 
loading of conventional aluminum had a detrimental 
effect on VoD. Similarly, detonation tube experiments 
comparing type 40XD flake aluminum and Alex '' in N2 
gas dispersed lactose/Al/ammonium perchlorate com- 
positions showed VoD enhancements for AlexLK over the 
flake grade at four different A1  concentration^.['^' Most 
recently, a collaborative program between Australian 
(DMSO-Adelaide) and Canadian (DREV) laboratories 
has demonstrated a beneficial enhancement for both VoD 
and brisance for a number of trinitrotoluene (TNT)-based 
tritonal and H-6 derivatives containing ~ l e x @  .'''I VoD 
enhancements of 200-300 d s e c  and improvements in 
brisance of up to 27% were observed in a number of 
tritonal charges when conventional aluminum grades were 
substituted for Alexk. 

Gun Propellants 

When Alex@ is added to gun propellants, the burning rate 
was nearly doubled as compared to high caloric conven- 
tional double-base propellants.['81 Simultaneously, the 
pressure exponent of Vieille's burning law decreases from 
more than 0.8 for double base propellant to 0.66, resulting 
in more stable burning. Such aluminized gun propellants 
would be useful as a burning rate accelerator, as an igniter 
in high-pressure rocket propulsion, and as a booster. 

Miscellaneous Pyrotechnics 

Metalloxide pyrotechnic heat sources (thermite) are 
enhanced with faster burning nanosize aluminum. Mix- 

Table 2 Alloying reactions in EEW pressed pellets 

tures of nano size aluminum and nano Moo3 powder 
results in a very fast burning material. The reaction rate 
can be altered to develop energy release rates spanning the 
range between conventional explosives and conventional 
thermites. Such mixtures have application in advanced 
munitions, pyrotechnics, detonators, and primers. 

Self-Heating Synthesis (SHS) 

Refractory compounds or alloys may be synthesized by 
direct: reaction using the heat generated by metallmetal 
reaction or as in thermite, where a metal reduces an 
inorganic compound. Table 2[l9] shows several reactions 
in which EEW powders were used to form intermetallic 
alloys. At 200°C, a pellet of EEW copper and micron zinc 
powder can react within a second producing light and 
forming brass. Pressed pellets of ~ l e x ~  and amorphous 
boron, when heated to 500°C and ignited by a hot wire, 
immediately forms aluminum diboride, while ordinary 
aluminum and boron would have to be heated above 
1000°C for several hours to form the diboride. Nickel 
aluminide and alloys of aluminum with tungsten, iron, 
nickel, or molybdenum were produced at much lower 
temperatures and at shorter times than could be achieved 
by reacting micron size powders. 

Electrically Conductive Inks and Pastes 

The goal of shrinking circuits and increasing functionality 
has resulted in a continuing search for new and improved 
processes in electronic packaging. Metal powders such as 
copper, gold, nickel, tin, and solder are formed into pastes 
and used for electronic interconnects. Copper pastes are 
used in the production of hybrid multi-chip module 
(MCM) circuits. The pastes are printed on ceramics such 
as aluminum oxide and more recently aluminum nitride to 
produce highly dense, thick film circuits. Nanosize 
powders provide a flatter surface topology and more 
precise edge definition and line spacing that would be 
attainable as compared to conventionally sized powders. 
Precise patterning ensures lower cross-talk between 

Metal 1 Metal 2 Reaction method Product/comments 

EEW Cu Coarse Zn-30% hot wire at 25C Brass verified by XRD 
EEW A1 Amorphous B hot wire at 500C AIB2 produced 
EEW A1 Coarse Ni hot wire at 25C AI-Ni alloy principal phase 
EEW A1 Coarse Fe hot wire at 25C FeAl, FeA13 and Fe2AIS 
EEW A1 EEW W (60 wt %) self-ignited at 300C WA14 and WAlS 
EEW A1 Coarse Mo no reaction 
EEW A1 EEW Mo self-ignited at 300C AlI2Mo, AlSMo and A14Mo 
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adjacent conductor lines. While such better edge defini- 
tion is not attainable in silk screening patterns because of 
resolution limits of the process, newer patterning methods 
such as photo-patterned thick film processes could benefit 
from the smaller features of nanosize particles. 

Metal-filled polymers also play an important role in 
microelectronics, including electrically conductive adhe- 
sives, polymers for shielding from radiofrequency radia- 
tion, and in magnetic polymeric layers. In most cases, high 
aspect ratio fibers and flakes are used because of the 
greater opportunity for conductor/conductor contact with- 
in the composite. Nano metal powders offer an advantage 
in increased electronic conductivity because of an increase 
in the number of point-to-point contacts. The authors 
developed silver-filled polyurethane and epoxy adhesives 
having an electronic conductivity of 1 x l o p 5  and 
2 x R m, respectively, which are improvements 
over silver flake-filled polymers. The conductivity of the 
composite is enhanced by agglomerated particles that are 
particularly prevalent in EEW silver. 

Nanostructures 

Over the last few years, there have been extensive studies 
on nanostructures, with an expectation that they will form 
superplastic or ultrahigh strength, tough materials. Smal- 
ler grains result in greater strength, generally following 
the classic Hall-Petch relation, at least for grain sizes 50 
nm and larger. Extrapolations forecast 2-7 times higher 
hardness and 2-3 times the tensile strength as compared to 
parts produced from conventional powders. Furthermore, 
the boundaries formed in a nanocrystalline structure tend 
to have higher ductility. Thus in contrast to most methods 
of strengthening metals, nanostructures have the potential 
dual benefit of increasing strength while also maintaining 
or increasing ductility. 

There is a dilemma in that smaller grain size of a nano 
powder based compact recrystallize and grow at lower 
temperature, countering efforts to form nanostructures. 
Consolidation methods, such as equal channel angular 
extrusion (ECAE), that do not rely on much heating can 
densify the compact to greater than 99% while minimizing 
grain growth. 

The breadth of potential applications for nanostruc- 
tured metals and alloys is considerable. The higher tensile 
strength and fatigue strength, and even the enhanced 
ductility that have been reported in nanostructured metals 
can impact any application in which strength or strength- 
to-weight ratios are critical properties. Transportation, 
aerospace, sports products, implantable medical compo- 
nents, and chemical and food processing applications 
appear promising. 

Low-Temperature Sintering 

The onset of sintering occurs substantially lower in 
temperature with nanosize particles. Eifert et a1.[201 
achieved a decrease in the onset of sintering of tantalum 
from about 1800 to 900°C when the particle size is 
reduced from 2 pm to 50 nm. The onset of sintering of 40 
nm iron powder is as low as 370 K, approximately 21 % of 
the melting point as compared to --900 K, or 50% of 
melting for 2-pm-size iron The challenge of 
the nanoparticulate approach is that the pores are readily 
formed in nano sinters at low temperatures, and they tend 
to slow full densification unless there is some strain 
induced in the porous compact to prevent the stabilization 
of larger pores. 

MISCELLANEOUS APPLICATIONS 

Wear-resistant and microelectronic coatings can be 
formed from slurries of nanopowders. For example, the 
authors bonded a pattern of copper particles to glass by 
laser irradiation of a dried nanopowder paste deposited by 
silkscreen. The laser melted the indijidual particles to 
form circular disks approximately 1 pm in diameter in a 
line pattern with resolution of approximately 5 pm. The 
particles then provided a seed layer for the electroless 
deposition of additional copper to form a circuit pattern. 

Selective laser sintering of metal powders is used for 
the computerized 3-D design and production of rapid 
tooling. Nanopowders are likely to be superior to con- 
ventional powders in that they sinter more readily and 
produce parts with tighter tolerance because of their 
smaller particle size. 

Nanosize nickel-titanium alloys are being evaluated as 
source materials for producing memory alloy components. 

Sintered metal disks are used in industrial filtration 
because of their capability to operate at elevated temper- 
ature and in corrosive environments. Disks produced from 
nanopowders would result in smaller pore size and would 
be more effective in filtering submicron particles. 

A new class of heat transfer fluids is being developed 
where nanocrystalline particles are being suspended in 
liquids such as water or oil.[231 Copper oxide (5 vol.%) 
suspended in water results in an improvement in thermal 
conductivity of almost 60% as compared to water without 
nanoparticles. Direct evaporation of copper nanoparticles 
into pump oil results in similar improvements in thermal 
conductivity compared to oxide-in-water systems, but 
more importantly, requires far smaller concentrations of 
dispersed nanocrystalline powder. 

Gold and other spheres are being considered for use as 
carriers of pharmaceutical and therapeutic agents through 
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the blood stream to target organs. Colloidal gold particles 
have also been exploited in several bioanalytical methods, 
including a proposed DNA detection method.[241 

Iron powder, if injected into underground water 
plumes, will destroy trace halogenenated solvents. 
"Iron walls," which are permeable reactive barriers 
injected into the plumes, containing zerovalent iron, 
intercepts halogen-saturated solvents causing their de- 
chlorination. For chlorinated ethenes (perchlorethylene 
(PCE) and trichloroethylene (TCE)), the products are 
mostly fully dechlorinated although some chlorinated 
alkanes yield partial dechlorination products that may 
still be a pollution problem. There have now been many 
feasibility studies, pilot tests, small- to medium-scale 
demonstration projects, and full-scale applications per- 
formed by numerous groups. The authors have found 
that nano-iron is far more effective in converting per- 
chlorethylene to dichlorethylene than micron size iron. 
Also, nano iron has potential for the conversion of trace 
As [+3] to As [+5] so that it could be filtered from 
drinking water. 

Nanosize particles interact differently with the electro- 
magnetic energy spectrum than do micron size particles. 
For instance, solid particles, with sizes substantially below 
< 1/20 of the wavelength of light are transparent so that the 
film can be strengthened by adding inorganic particles 
without affecting transparency. 

Nanosize metallic silver is being considered as a bio- 
cide for water purification and in medical formulations. 

Nanosize copper is used as an additive in lubricating 
oils and sold in Russia. Tarasov et a1.r251 showed that 
adding 0.5% nano copper to lubricating oil reduces 
friction in rubbing surfaces, particularly when under high 
load as in heavy-duty engines, thereby extending their life. 
The lubricating mechanism is believed to be the deposi- 
tion of nano copper particles onto the surfaces of a hot 
friction pair, producing a softer metal surface on the 
aggravated surface. Such mixtures may prove to be 
superior to existing lubricants such as those containing 
Teflon particles. 

Nanosize metal particles also have potential as pre- 
cursors for the synthesis of a wide variety of inorganic 
compounds such as oxides with complex stoichiometry 
and with unique sizes, shapes, and reactivities. Further- 
more, they have potential as precursors in the direct 
synthesis of metal organic compounds. 

SAFETY, HANDLING, AND 
SHIPPING CONSIDERATIONS 

Nano-metal powders are regarded as hazardous materials, 
particularly with respect to shipping regulations. Depart- 

ment of Transportation and International Air Transport 
Authority (IATA) require the user to test and categorize 
such powders relative to the combustion hazard prior to 
shipment. Should testing under the protocol show the 
powders to be pyrophoric in air, then shipment on 
passenger aircraft is disallowed. United Parcel Service 
and other carriers will not handle pyrophoric materials. 
The powders may be passivated by oxidizing their surface 
as in the case of nano aluminum, coating with an organic 
as in the case of L-Alex ', or immersion in a compatible 
liquid such as a hydrocarbon. 

Working safety is also an issue with nano metal 
powders. Caution must be exercised to minimize the 
danger of untoward ignition and burning. Efforts should 
be directed to minimize the possibility of static ignition, 
particularly when there is an oxidant mixed in with the 
powder. Such oxidants include metal oxides and other 
oxidizing salts and halogenated organic liquids and solids. 
For instance, magnesium or aluminum mixed with Teflon 
powder is a highly reactive pyrotechnic. Users should 
study Material Safety Data Sheets (MSDS) before using 
nano metals. High efficiency particulate air (HEPA)-type 
respiratory filters should be used in operations where there 
is an opportunity for encountering nanoparticulate dust. 

An issue common to most forms of nano metal 
powders is packaging to assure purity. Glass ampoules 
are superior to packaging in plastic containers, although 
ampoules would still not be acceptable under Department 
of Transportation (DOT) or IATA rules if the powder is 
pyrophoric. In this case, the powders have to be 
submerged in liquid hydrocarbon and sealed to prevent 
the ingress of air to minimize contamination. 

CONCLUSION 

The burgeoning field of nanotechnology is forecast to 
have an economic impact as great as biotechnology or 
microelectronics. Nano powders including nano metals 
are likely to be key source materials in this new industry. 
The EEW process is one of several methods being 
commercialized for manufacturing nano metal powders. 
EEW powders are readily produced from any metal or 
alloy that can be produced in the form of fine metal wire 
including elemental metals such as aluminum and copper, 
refractory metals such as titanium, tantalum, and tungsten, 
and alloys such as stainless steel and nickel-titanium. 

Applications for nano metals include energetics such as 
rocket propellants, explosives and pyrotechnics, in self- 
heating synthesis of inorganic compounds and alloys, in 
high-strength nano structured metals, electrically con- 
ducting inks for microcircuits and in advanced capac- 
itors, in environmental remediation, as carriers for 
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bioactive and medical therapeutics, and in wear-resistant 
coatings. Most of the sales of nano powders are for small 
quantities to researchers investigating new properties 
with potential applications not discernable at this writing, 
but which are likely to add to the potential growth of 
this subindustry. 
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INTRODUCTION 

Active metal powders are extensively used as fuels in 
most solid rocket propellants because of the high energy 
produced during their combustion. The specific impulse 
(I,,) of the rocket engine is proportional to (T,/M)"~, 
where T, is chamber temperature and M is molecular 
weight of combustion products. Thus the best propellants 
are those that produce the highest combustion tempera- 
ture and the smallest possible molecular weight of the 
combustion products. Therefore the best oxidizers are 
fluorine and oxygen and the best fuels are lithium, 
beryllium, boron, aluminum, and magnesium. Lithium 
is extremely reactive and beryllium is extremely toxic 
so these are impractical in rocket applications. That 
leaves boron, aluminum, and magnesium powders as 
primary candidates. 

Aluminum is a major ingredient in solid rocket fuels, 
often combined in a rubbery binder along with particles 
of oxidizer. When burning aluminum in solid propel- 
lants, the energy utilized can be diminished because the 
droplets agglomerate, producing larger droplets and slow- 
er combustion that can occur too late (after the nozzle) 
to be effective. The agglomerates, although partially oxi- 
dized, often slag up on the internal surfaces of the en- 
gine, reducing combustion efficiency and weighing down 
the vehicle. 

As with solid propellants, adding aluminum to liquid 
fuels would also provide a theoretical advantage in higher 
volumetric energy density, but the metal must be 
uniformly dispersed and remain so in the hydrocarbon. 
As with solid propellants, aluminum combustion must be 
rapid enough so that it is consumed within the rocket 
engine. The most effective means of achieving complete 
combustion is to use powders with particle sizes at least an 
order of magnitude or two smaller than the metal powder 
ordinarily used in solid propellants. This article focuses on 
~ l e x " )  nanosize aluminum particles manufactured by the 
electroexplosion of metal wire ("EEW") and its use in 
liquid and solid rocket propellants. 

BACKGROUND 

Metal Powders for Solid Rocket Engines 

Boron has been considered for many years as a candidate 
solid rocket fuel as it has a high energy content on both 
a gravimetric (I,,) and volumetric (density I,,) basis. In 
practice it has been difficult to realize these advantages as 
the combustion is severely hindered by a layer of oxide 
layer (B2O3) on the particle surface and boron's vapor 
pressure is too low to escape the droplet, limiting the gas- 
phase oxidation to a much slower heterogeneous surface 
reaction.['-31 

Aluminum has always been recognized as a highly 
energetic reactant for solid rocket fuels and one that can 
be more practically applied than boron. Because its spe- 
cific gravity is high (2.7 g/cm3) relative to organic fuels, it 
is particularly advantageous for increasing density specif- 
ic impulse, thereby reducing the size and therefore the 
weight of the rocket. It is generally used with ammonium 
perchlorate (AP) as a solid oxidizer and the two solid 
phases are held together with a rubber base binder such as 
hydroxy-terminated polybutadiene (HTPB) resin. Alumi- 
num and its oxides are nontoxic and nonpolluting. While 
AP has been the oxidizer of choice, it is a groundwater 
pollutant and it also produces large quantities of hydro- 
gen chloride in rocket exhaust. Newer and more ener- 
getic oxidizers such as ammonium dinitramide (AND) are 
being considered, primarily because they do not produce 
halogens in the exhaust. Also, there are efforts to replace 
HTPB with more energetic binders such as glycidyl azide 
polymer (GAP). 

Metal Powders for Liquid Rocket Engines 

When burning aluminum in solid propellants, the deliv- 
ered performance is affected because it agglomerates 
while molten. ~ u t e r ~ u e ' ~ '  collected the ash of aluminum 
from a solid propellant bum and found that it contained a 
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Fig. 1 Theoretical density specific impulse (vacuum, 100: 1 expansion ratio) of aluminized bi-propellants. 

significant amount of unburned aluminum. Despite this 
deficiency, aluminum is quite attractive and it is used 
widely in solid propellants, particularly as the aluminum 
oxide particle reduces or suppresses combustion instabil- 
ity by damping of combustion waves.[51 

Dispersing metal particles as a gel in liquid propellants 
have been studied analytically and experimentally for 
more than 69 years'61 because of the higher specific 
impulse afforded by adding active metals such as 
aluminum. NASA[~- '~]  studied its use into gelled RP-1 
(kerosene) for bi-propellant liquid propellant systems. It 
has also been considered as an additive to liquid hy- 
drogen[14] because it would thicken the hydrogen, in- 
creasing safety in the event of leakage. Palaszewski and 
~ a ~ ~ [ " ~  suggest that given the suitable rheological 
tailoring, metallized propellants offer tremendous safety 
advantages. Design studies conducted for NASA missions 
show that aluminized gelled RP- 1 with liquid oxygen can 
deliver rocket engine efficiencies that are comparable to 
that of traditional liquid propellants. Palaszewski and 
~ a ~ ~ [ ~ ' ~  discuss how using 02/RP-11A1 gel propellants as 
a replacement for the liquid rocket booster in the space 
shuttle boosters results in shorter boosters for the same 
payload size due to the increased propellant density. This 
in turn has the potential to deliver a higher payload mass 
over its solid counterpart. Fig. 1 shows the volumetric 
energy density calculated using the Propellant Evaluation 
Program (PEP) code[151 for aluminized RP-1 and ethanol 
fluids and compares these two fuels with nitrogen 
tetroxidehydrazine, a highly energetic bi-propellant but 
one that is toxic and environmentally unfriendly. The 
computed energy available increases consistently with 
increasing aluminum content. 

Unfortunately, conventional aluminum powder, when 
burning in liquid hydrocarbon fuel, also agglomerates as 
in the case of solid propellants, reducing delivered 
specific impulse (I,,). Wong and ~ u r n s [ ' ~ '  noted sig- 
nificant A1 agglomeration in burning JP-10 resulting in 
inefficient combustion. And as in the case of solid 
propellant engines using aluminum, this agglomeration 
would result in unburned combustion products deposited 
on engine walls. 

Metal Powders in Liquid Monopropellants 

In the late 1950s and early 1960s, .Atlantic Research 
studied the combustion of Arcogel, a gel of aluminum 
powder, ammonium perchlorate with dioctyl adipate as a 
liquid carrier. They found that such mixtures had adequate 
(6 months) shelf life and good stability under high 
acceleration loading and vibration. Arcogel was exten- 
sively characterized and found to be nondetonable and 
insensitive to ignition. They also conducted small motor 
tests. However, they found the viscosity to be unac- 
ceptably high at low temperatures (-55°C). In the early 
1990s, this work was continued,['71 evaluating nitrated 
esterIAPlA1, hydrogen peroxidelA1, and HNIwaterlAl 
gels. All were found to have limited promise because of 
their sensitivity to premature ignition or detonation. 

Environmental Issues 

Regulatory environmental requirements are forcing new 
choices for rocket propellant ingredients. For instance, 
ammonium perchlorate (AP), the oxidizer of choice for 
solid propellants, is falling out of favor because hydrogen 
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chloride is a significant combustion product. Toxicolog- 
ical constraints are also affecting the choice of liquid 
propellants. For instance, hydrazine, which is extensively 
used, is very toxic, as is nitrogen tetroxide. Threshold 
limit value (TLV) concentrations for hydrazine are 
fractions of a part per million, often below the limits of 
detection (LOD) of continuous monitoring instruments. 
Those working with this fluid often have to wear 
completely encapsulated suits. In addition to AP, there 
are two other inorganic oxidizers that have potential for 
solid propellants-ammonium nitrate (AN) and ammoni- 
um dinitramide. Another oxidizer being developed in the 
Netherlands is hydrazinium nitroformate (HNF). 

Fluids such as ethanol1183'" and methanol[201 are being 
considered as nontoxic options in hi-propellant system. 
Boeing12 1."1 reported on the hazardous and costly opera- 

tions associated with monomethyl hydrazine (MMH) and 
nitrogen tetroxide propellants related to the Space Shuttle 
Orbiter OMSIRCS system which culminated in NASA's 
selection of ethanolLOX as the bi-propellant. They de- 
signed such a propellant system and projected improve- 
ments in vehicle weight, complexity, and operational cost. 
They believe that the design solutions are applicable to 
other space-based cryogenic propulsion and power gen- 
eration systems. Aluminizing these nontoxic fuels could 
substantially enhance propellant energy density without 
causing any environmental or toxic concerns. 

Effect utilization of aluminum's combustion energy in 
propellants resolves a number of problems-improved 
performance, particularly on a volumetric basis, and 
achieving that with no penalty as a pollutant or a toxin. 

NANOMETAL POWDER FUELS 

Many of the difficulties related to inefficient burning of 
aluminum powder in solid (as well as liquid) propellants 
could be ameliorated if the particle size of the powder 
were small enough. Nanosize aluminum was first prepared 
in the early 1970s by Russian scientists in ~ i b e r i a , ~ ~ ~ ]  who 
formed the powder by electroexploding metal wires 
(EEW). The EEW method is described in a separate 
article of this Encyclopedia. Most of the Russian work 
was focused on producing nanosize aluminum for its 
potential use as a metal additive for rocket propellant fuel. 

Electroexploding metal wire aluminum powder 
(Alex ") consists of spherical particles that are fully dense 
and about 100 nm in size. Because they are so active, 
during collection they form hard agglomerates. Because 
these particles are potentially pyrophoric, the final step in 
the manufacturing process involves controlled oxidation 
with dry air to form a passivating layer approximately 3 
nm thick. Oxygen analysis shows the coating to be about 
92-95% aluminum (between about 85% and 89% as ox- 
ide). X-ray diffraction shows the crystallites to be essen- 

tially aluminum, while the coating has been found1241 to be 
principally aluminum oxide, with some aluminum nitride 
and some aluminum oxy-nitride. The passivation step is 
controllable and thinner passivation layers are readily ob- 
tained, but the U.S. Department of Transportation (DOT) 
and International Air Transport Association (IATA) 
prevent air shipment of pyrophoric materials, so sufficient 
coverage is necessary to assure no pyrophoricity. 

When ignited in air Alex" appears to have two 
separate ignition steps. The first occurs at lower tempera- 
tures (400-500°C) and a second where the powder bums 
white hot. Mench et al.L251 studied the thermal behavior of 
Alex " powder and compared it to micron-size aluminum. 
Their data show that Alex" powder has very sharp exo- 
therms when heated in air, oxygen, or nitrogen. These 
occur well below the melting point (660°C) of aluminum, 
while 20-pm-size aluminum does not react with oxygen or 
air until about 1000°C. 

A coated version of nano-aluminum (L-Alex") is 
based on the replacement of the oxide coating by reaction 
with palmitic acid to form a monomolecular layer of 
palmitate. This version was tested by boiling the coated 
Alex" in water for an hour and the resulting coating 
appears to protect the metal, while ordinary Alex "' would 
have reacted within minutes. Accelerated aging testing 
showed[261 L-Alex" to be superior in moisture and 
oxidation resistance to conventional Alex I". 

~ l e x @  as an Additive to Solid Propellants 

Ivanov and ~ e ~ ~ e r l ~ ' ]  reported a 10- to 20-fold increase in 
burning rate if air-passivated Alex" was substituted for 
ordinary propellant grade aluminum when mixed with 
ammonium perchlorate powder (no binder). Sigman and 
~ o - w o r k e r s ' ~ ~ '  also reported that the burning rate of ~ l e x ~  
with AP (again no binder) was 10 times greater than with 
other micron-size aluminum powders. Chiaverini et a1.1281 
reported that Alex when added to HTPB binder pro- 
duced a substantial increase in the burning rate in oxygen. 

The agglomeration of aluminum droplets has been 
studied by Simonenko and ~ a r k o ' ~ ~ ~  who noted that there 
was a growth in aluminum oxide particles collected from 
the combustion products of a solid propellant grain as 
compared to that of the original particle size of the 
aluminum. They also noted that there was a substantial 
amount of aluminum left within the residual products they 
collected. In a separate study Glotov and c o - ~ o r k e r s ~ ~ ~ '  
noted that the replacement of commercial aluminum 
by Alex" in quantities as small as 8 wt.% increases 
burning rate and decreases agglomerate size as well as 
increases the amount of oxidation. For example, total 
replacement of commercial aluminum by AlexR' 
increases combustion efficiency to 99.2% as compared 
to 94.28% for coarse aluminum. 
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There have been considerable studies and modeling of 
the combustion of aluminum in a solid rocket engine. The 
Brooks and Beckstead estimates that the life of 
the particle is proportional to the particle size raised to the 
power of n with nominal values of approximately 1.5 to 
1 .8 . '~~ '  The life of a 35-pm particle is about 6 msec. 
Extrapolating the Brooks and Beckstead equation for the 
burning time of a 100-nm-size particle (AlexB) results in 
a lifetime of only approximately 160 and 920 nsec, 
respectively, for n= 1.8 and n= 1.5. 

Experimental observations support the very short life 
computed for combustion of an ~ l e x @  particle that had 
originated from a solid propellant. Wang and co-work- 
e r ~ [ ~ ~ ~  found that when Alex particles are flash-heated to 
the boiling point, 2740 K, in the presence of a nitrocel- 
lulose (NC) oxidizer, the energy release occurs in -- 5 nsec 
even much faster than predicted by the Brooks and 
Beckstead model. Ivanov and ~ e ~ ~ e r [ ~ ~ ~  noted from high- 
speed cinematographic photographs of a burning propel- 
lant that the combustion of AlexBJ is complete at the 
burning surface, while micron-size aluminum is known to 
bum throughout the throat and often past the nozzle. 

~lex@' as an Additive to Hybrid Propellants 

The classic hybrid technology uses LOX with an HTPB 
grain that contains either no oxidizer, or just enough to 
react with the HTPB so as to be a gas generator. This 
creates low molecular weight organics that are forced into 
the engine and then react with the liquid oxidizer. The 
hybrid fuel technology offers a number of advantages 
including the ability to throttle the engine in real time, 
stop and start and shift from combustion with on-board 
oxidizers to air. Should the mission require rapid 
launching, then the hybrid with storable oxidizers offers 
advantages over cryogenic fuels. Also, the grain case is 
smaller and much lighter without the heavy inorganic 
oxidizer that is in conventional solid propellants. Hybrid 
solid propellants are much easier, safer, and less costly to 
manufacture because the oxidizer is not combined into the 
grain. Also, there are fewer corrosion problems as the fuel 
is solid. These advantages would be very useful in a 
rocket-based combined-cycle (RBCC) engine.'341 

Hybrid problems include the fact that the distance of 
the flame to the burning surface is an order of magnitude 
larger than with solid propellant. This makes heat transfer 
an order of magnitude smaller and consequently the 
regression rate is an order of magnitude smaller. Because 
the main flow is rather stratified, the mixing process and 
therefore the combustion can be incomplete. To achieve 
complete mixing and combustion of oxidizer and fuel, an 
aft combustion chamber is added to the hybrid motor. 

However, many of these problems can be ameliorated 
by adding ~ l e x @ .  Chiaverini et a1.[281 added 10 wt.% 

Table 1 Specific impulse of aluminized HTPB resins with 
liquid oxygen (LOX) 

Fuel 
z ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  

Metal Carrier Oxidizer sec sec @m3 

0% Al 100% LOX 37 1 392 
HTPB 

25% A1 75% LOX 376 423 
HTPB 

50% A1 50% LOX 370 45 8 
HTPB 
Hydrazine N204 362 442 

"At chamber pressure of 6.895 MPa (1000 psia) and expansion ratio of 
100:l. 

AlexP to an HTPB slab and found an increase of 70% in 
the regression rate. They also noted much smoother 
burning in the case of Alexa-loaded HTPB. Table 1 
shows how using Alexa increases the specific impulse 
and density-specific impulse of a hybrid and compares it 
to NTOMydrazine. 

~ l e x @ '  as an Additive to Liquid Propellants 

Palaszewski and   ow ell,[^^] in some theoretical computa- 
tions, demonstrated that 0-, 5-, and 55-wt.% aluminum 
loaded into RP-1 gel propellants p ro~ ide  benefits over 
neat RP-1. The 0-wt.% loading is attractive when safety 
over traditional RP-1 (ungelled) is desired and the 5-wt.% 
loading gave the maximum theoretical specific impulse. 
The 55-wt.% loading was chosen based on the fact that a 
liquid-based booster with 02/RP-1IAl could conform to 
the volume constraints of the current solid rocket booster 
even with potential two-phase flow losses taken into 
account. Palaszewski and ~ a k a n ~ [ ' . ~ ]  did some combus- 
tion experiments with these three mixes using micron-size 
aluminum for the 5% and 55% loadings. While relatively 
good performance was obtained, the engine efficiencies 
were not sufficient for NASA missions. 

Mechanisms of Combustion of 
Gelled Aluminized Propellants 

The combustion of a heterogeneous two-phase gel of li- 
quid fuel and aluminum particles is essentially a two-step 
process. The first step is the combustion of the liquid 
droplet, which involves boiling of the liquid. A vapor 
blanket of fuel exists around the two-phase droplet and the 
flame zone is at some distance beyond the liquid-gas 
interface, protecting the aluminum from oxidation. At the 
temperatures and pressures that exist in the rocket engine, 
the aluminum will be molten. Aluminum combustion 
would be delayed until the hydrocarbon is burned away, 
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and during that interval the micron-size aluminum 
droplets could coalesce. The smaller the hydrocarbon 
droplet the less time there is for the aluminum to 
agglomerate. The second step in the process involves 
the combustion of the now dry aluminum droplet. The 
mechanisms associated with this second step would be 
very similar to that occurring had the particles been gen- 
erated from a solid propellant grain such as AUorganic 
bindertsolid inorganic oxidizer. A nanosize aluminum 
particle would therefore be expected to have a life less 
than a microsecond, several orders of magnitude shorter 
than if micron-size aluminum had been dispersed into 
the kerosene. 

Development and Formulation 
of Aluminized Gels 

The authors were sponsored by NASA to evaluate the 
benefits of using Alex@ in lieu of micron-size aluminum 
powder as a dispersed phase in ~ p - 1 . ' ~ ~ '  Wetting and 
gelling agents were used as additives to aid in homoge- 
nization and providing dynamic stability. Fumed silica 
(cab-0-sila' grade M5) was used as a gellant and the 
stability of the gel was determined by centrifugation for 1 
hr at 1300 rpm. It was found that when ~ l e x @  loading was 
greater than about 25 wt.%, fumed silica was unnecessary 
as the powder acts as a pseudo-gellant. A 30 wt.% Alex" 
in RP-1 gel was found to be dynamically stable when 
stored for 2 years at room temperature. A nonanionic 
surfactant, specifically Tween-85 (polyoxyethylene sorbi- 
tan trioleate), was used because it was more effective as a 

wetting and dispersing agent for the aluminum particles 
than anionic and cationic surfactants. 

The viscosity of the gelled formulations was then 
measured so as to determine the practicality of pumping 
the mixture and spraying it into a combustion chamber. 
Spray characteristics of a given gas-liquid injector are a 
function of the liquid surface tension and the gas and 
liquid velocities, densities, and viscosities.[371 Liquid 
propellants typically have viscosities near 1 mPa sec and 
have Newtonian-type flow behavior. 

Green and co-worker~[~'] reported absolute viscosity 
value of 1.89 mPa sec for RP-1. This value remains 
constant in a wide range of applied shear rates from 1 to 
100,000 s e c  I .  Gelled propellants typically have viscosity 
in the range of 20 to 50 mPa sec at the shear rates in the 
range of lo5 to lo6 s e c  ' that are typically encountered in 
engine  injector^.^'^] This is within the range of the 
pumping systems currently used in rocket engines. As the 
viscosity of a gelled fuel is a function of variables other 
than temperature (e.g., shear rate and temporal rheological 
effects such as thixotropy and gel relaxation time), the 
rheology is non-Newtonian, and viscometry is reported as 
"apparent" viscosity at a specific shear rate. 

Fig. 2 shows the viscosity of Alexgel fluids and 
compares them with the viscosity measurements of 
~ a ~ ~ [ " ~  for micron-size aluminurn/fumed silica/RP-1 
gel permitting extrapolation to strains characteristic of 
the injector. Note the reduced viscosity when a surfactant 
is added to a 30% Alex m / ~ ~ - l .  A power law rheological 
model (z=K.yn, where z is a shear stress, y is a shear rate, 
n is effective flow behavior index, and K is a constant of 

10 4 I I 

0 1 10 Shear Rate, llsec 100 

Fig. 2 Apparent viscosity of aluminized fuels 
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effective consistency) can be applied to model flow 
behavior. In general, power law is applicable to model 
flow behavior of pseudo-plastic fluids with zero yield 
point. Gelled fuels evaluated in Refs. [7], [9], [39], and 
[40] have very small yield values ranging from 0.03 to 22 
Pa. These yield points are greatly exceeded in injector 
fluid flow, so their contributions are negligible. By 
extrapolation of viscosity data to high shear rates using 
a power law rheological model to the large shear rates 
encountered in engine injectors, the gels have viscosity 
near kerosene and therefore within the capability of the 
pumping systems currently used in rocket engines. 

forcing the fluid into the chamber until there is a rapid rise 
of pressure. Generally, the pressure rise due to combus- 
tion is 2-4 times the original pressure, depending upon 
whether the gas is air or oxygen. The inner length of the 
bomb is 10 cm, which is the maximum length of the spray 
pattern. The transit time of the spray to the farthest end of 
the internal space is approximately 25 msec. At lower 
temperatures where reaction was slow. the spray would 
deposit on the inner walls, and the ignition delay extended 
out to hundreds of milliseconds. This appears to be 
characteristic of the time for auto-ignition of the gel as a 
film on the wall of the chamber rather than during the 
spray interval. 

Ignition Delay Measurements 
Combustion of Metallized RP-1 

Fig. 3 is a stainless steel combustion bomb[411 used to 
measure ignition delay of kerosene and its aluminized 
versions. The injection port is water cooled to keep the gel 
(or neat RP-1) at ambient temperature. Fuel temperatures 
are monitored by a thermocouple at the nozzle close to the 
tip. The bomb, containing an oxidizing gas of known 
pressure, is preheated to a defined temperature. Using a 
piston powered by high-pressure argon, approximately 
0.3 cm3 of fuel is injected into the bomb and it auto- 
ignites at temperatures above about 400°C. An internal 
transducer measures pressure rise due to combustion. The 
time is measured from the first movement of the piston 

Fig. 4 shows chemical ignition delay times of neat RP-1, 
gelled RP- 1, and aluminized gelled RP- I in hot oxygen'401 
at a fixed pressure at 0.8 MPa and at four different test 
temperatures (410°C, 460°C, 520°C and 580°C). Gelled 
RP- 1 was used as a control rather than neat RP- I, to attain 
equivalent viscosity and permit comparison of the 
combustion of control vs. the aluminized fluids under 
similar spray patterns as predicted by the power law 
model. The gelled RP-1 (6.5-wt.% silica) had a viscosity 
at high shear rates equivalent to 30% ~ l e x "  /RP-1. The 
data in Fig. 4 indicate that the 30-wt.% Alexgel ignites 

WATER OUT TEIERMOCOUPLE 

Fig. 3 Device for measuring ignition delay times of gels. 
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Curve 2 - Neat RP-1 
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Fig. 4 Average ignition delay in hot oxygen vs. temperature. 

faster than gelled RP-1, but about equivalent to that of 
pure kerosene. However, a surfactant when added to the 
30-wt.% Alexgel reduces ignition delay below that of pure 
RP-1 kerosene (compare curve 1 and curve 2), demon- 
strating that Alexm acts as combustion accelerant for 
kerosene. Estimations based on the power law model 
indicate that apparent viscosity of this gel is comparable to 
that of RP-1 at injector shear rates (6.3. lo4 s e c  I ) .  Gels 
produced from 5-pm aluminum did not show any 
reduction in ignition delay. 

Similar experiments were repeated except in airL4'] 
rather than oxygen, and at an initial air pressure of 1.1 

MPa. Four different fuels were examined: gelled RP-1, 
25-wt.% Alexgel, neat RP-1, and 30-wt.% L - ~ l e x @ /  
2-wt.% Tween-85lRP-1 fuel. Tests were performed at 
four different temperatures (430°C, 550°C, 580°C, and 
600°C). The data in Fig. 5 indicate that 25-wt.% Alexgel 
(curve 3) ignites faster by approximately 30% than gelled 
RP-1 (curve 4). Curve 1 shows that the ~ -Alex@)  version 
ignites faster by factor of 2-3 than neat RP-1 (curve 2). As 
it was noted earlier, these two fluids have similar fluidity 
at high shear rates, confirming that L-Alex@ is even more 
superior as a combustion accelerant than AlexcR) in an 
air environment. 

I +Curve 2 - Neat RP-1 I I I 

450 500 550 600 
Temperature, C 

Fig. 5 Average ignition delay of different fuels in air vs. temperature. 
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"Combustion" in Nitrogen 

AlexcR' is known to react rapidly with gaseous nitrogen 
and this is supported by the DTA data of Mench et al.[251 
This characteristic would be of benefit in air-breathing 
engines, permitting incipient combustion to occur and 
support these engines when they are starved for air. 
~ l e x ' ~ ' / R ~ - l  gels (55-wt.% Al) were sprayed into pure 
nitrogen at 750°C showing incipient combustion, but 
substantially slower than in air or oxygen. Nevertheless, 
the energy generated by this reaction can contribute to 
heat generation, while minimizing the opportunity for 
flame-out in air-breathing engines such as RBCC systems. 

Small Rocket Engine Tests 

The combustion performance of Alexgels was measured 
in a small rocket engine by Mordosky et al.[421 The objec- 
tive was to measure flame temperature, specific impulse, 
and c* combustion efficiency (defined as ~ & , l d r n l d t ) . ~ ~ ~ ]  

In order to compare rocket test results obtained from 
different test engines, it is beneficial to have exactly 
the same fuel and oxidizer compositions as well as 
approximately the same operational conditions. The small 
rocket engine constructed by Mordosky et al.'421 was 30.5 
cm long with an internal diameter of 12.0 cm. Combus- 
tion of Alexgels was done in gaseous oxygen. The alu- 
minum loadings (Table 2) were the same, but there were 
some variations in the surfactant and gellant. Table 3 
shows average values of adjusted c* efficiency of the 
Penn State fuels as compared to the work of Palaszewski 
and ~ a k a n ~ . [ ' . ~ ]  They show that: 

6 )  

(ii) 

(iii) 

The 5-wt.% AlexfKJ/R~-1 gel bums more efficiently 
as compared to 5-wt.%Al/RP-l gel using coarse 
aluminum. 
The 55-wt.% AlexR)/R~-1 gel bums more efficient- 
ly as compared to 55-wt.%Al/RP-1 gel. 
The 5-wt.% AlexW/Rp-1 gel bums with the same 
efficiency as neat RP-1, although the viscosity of 

the neat RP-1 is very much lower than that of gelled 
RP- I or Alex -loaded gels. 

These data show that the combustion of the nano alu- 
minum overcomes the deficiency of a larger droplet spray 
pattern associated with higher viscosity of the Alexgels. 
They also measured the aluminum oxide that is produced 
during combustion and found it to be submicron in size. 

APPLICATIONS OF ALEXGELS 

Hydrocarbon-Based Liquid Rocket Engines 

Combustion bomb testing reinforced by small rocket 
engine tests shows that Alex" nano duminum powder 
provides improvement in volumetric energy density over 
pure kerosene while micron-size alum~num bums ineffi- 
ciently when dispersed in hydrocarbon. Another benefit 
is the reduction of metal slagging on the walls of the 
rocket engine. 

Hydrocarbon-Based RBCC Systems 

Cryogenic hydrogen is being considered for RBCC 
engines. However, maintaining this cryogenic fuel over 
long duration flights, such as its use for re-entry, is 
problematic. Should hydrocarbon fuel be considered for 
RBCC engines, then adding AlexH would provide the 
same potential benefits as its use in hypersonics, i.e., 
flame stability and increased output in the air augmented 
mode, while providing increases in volumetric I,p in the 
rocket mode as well. 

Pulse Detonation Engines 

Another possible use for aluminizing kerosene is in pulse 
detonation engines (PDEs). The detonation of kerosene in 
air has yet to be demonstrated. The potential for reducing 
ignition delay into the submillisecond regime by adding 

Table 2 Compositions of the RP-1IAlex gel propellants tested at Penn State 

Metal loading Liquid fuel Metal powder Gellant Surfactant 
weight percentage (Rp-1) (Alex) (sioz) (Tween-85) 

0 wt.% 95% 0% 5 % 0% 
5 wt.% 90% 5 % 5 % 0% 
10 wt.% 86% 10% 4% 0% 
30 wt.% 68.2% 30% 1.3% 0.5% 
55 wt.% 43.3% 55% 0.4% 1.3% 
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Table 3 Average values of normalized c,*,,efficiency of NASA gels to the Penn State gels 

Gel cXc &g Ratio of nanolcoarse aluminum 
formulation ( ~ l e x @ )  (coarse Al, adjusted) [c&, (~lex@)/c,*,~ (Al, adjusted)] 

Neat RP- I - 

5 wt.% 88.3k 1.7 
55 wt.% 83.022.2 

AlexcK' is almost certain. Further reductions of particle 
size, enhanced by finer sprays as well as organic layered 
aluminum such as the L-~lex"', could result in overcom- 
ing the difficulty in detonating kerosene. 

Liquid Hydrogen Engines 

Adding aluminum to cryogenic hydrogen to form gels has 
been suggested by Starkovich et al.['41 as a means to 
increase volumetric energy density and at the same time 
increase the containment of a liquid hydrogen leak. Such 
benefits could also be useful for a liquid hydrogen RBCC 
engine, where ~ l e x ~  could also serve to increase flame 
stability during the air cycle. 

CONCLUSION 

Gels of ~ l e x "  in RP-1 are dynamically stable at least over 
the short term and matched the viscosity of coarse alu- 
minum gelled into RP-1 (Fig. 2). Ignition delays of nano- 
aluminized gels were always shorter than gelled RP-1 
(equivalent viscosity) as well as neat RP-1, which has 
lower viscosity. ~ l e x ' ~  acts as a combustion accelerant for 
RP-1, and probably other kerosenes as well. An organic 
coated version of ~ l e x @  (L-Alex " ) was developed and 
found to have ignition delays in air lower than RP-1 by a 
factor of 2-3. These findings are relevant to advanced 
rocket combined cycle engines, hypersonic (scramjet) en- 
gines, and perhaps pulse detonation engines. Coarse alu- 
minum is not a combustion accelerant for RP-1 in oxygen. 

Rocket engine testing at Penn State showed that the 
5-wt.% and 55-wt.% Alexgels burn substantially more 
efficiently than coarse aluminum. The 5-wt.% ~ l e x $ ' /  
RP-1 gel burns with the same efficiency as neat RP-1, 
although the viscosity of the neat RP-1 is very much lower 
than that of gelled RP-1 or micron-size aluminized gels. 
Apparently, the kinetics of combustion of the nano 
aluminum overcomes the larger droplets of the spray 
caused by higher viscosity. 

The overall conclusion is that loading ~lex@' into RP-1 
improved its combustion kinetics and efficiency as 

compared to neat RP-1, and better than published values 
for micron-size aluminum gels. Moreover, ~ l e x @  addi- 
tions would result in improving the combustion of 
kerosene in air-breathing engines. 
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INTRODUCTION 

The area of nanotribology has advanced greatly in the 
past 17 years with the introduction of scanned probe 
m i c r o s ~ o ~ i e s ~ ' ~  for the characterization of surface prop- 
ertie~.['-~] The ability to probe the details of struc- 
ture, friction, and adhesion on a local atomic/molecular 
scale affords a definitive approach for understanding 
the mechanisms of wear at the most fundamental level. 
Muscovite mica, a layered aluminosilicate in the form 
of KA12(Si3A1010)(OH)2, has been a suitable standard 
for atomic force microscopy (AFM)~'] investigations of 
the atomic scale relationship between f r i c t i ~ n , [ ' ~ - ~ ~ '  
adhesion,~10,13.14.16,23,25,27-3~1 and Wear[l+16,23,32,331 due 

to the ability to readily generate large areas of atomically 
smooth surface. The rich solution chemistry of mica, 
attributed to the Bronsted acid sites [Si-O(H)-A11 within 
the basal (001) plane and its alternating sheet structure, 
combine with the vast atomically flat surface areas created 
when cleaved, to give a model substrate for examining a 
variety of phenomena. These include studies of double 
layer f o r ~ e s , ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~  van der Waals f o r ~ e s , [ ~ ~ ~ ~ ~ - ~ ~ ~  
ion binding and monitoring the recoil 
tracks of alpha particles,[17'471 the characteristics of poly- 
mers at interfaces,[38x48349' and ordering of discrete water 
layers.138A3S01 

This review will be limited to a discussion on the wear 
of mica surfaces, with instructive comparisons drawn to 
other systems. The overall scope and outline of the chapter 
is detailed as follows. 

As the area of nanotribology is too vast for us to cover 
in this re vie^,'^.^^.^^] we shall endeavor to provide a 
perspective on studies as related to the mica surface, with a 
focus on direct observations of charge nucleation and 
defect formation, further limited to scanned probe micros- 
copy studies. Relevant oxide and inorganic systems that 
have exhibited behavior paralleling that of mica will also 
be discussed. We will first begin with a description of the 
structure and chemistry of the mica surface followed by an 
overview of the scanned probe methodologies employed in 
the investigation of nanotribological properties of mica 
surfaces. This includes the operating principles of the 
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atomic force microscope (AFM), lateral force (or friction) 
measurements by AFM, as well as adhesion measure- 
ments. Moreover, as one wishes often to quantify such 
details we will also describe methodologies used to cal- 
ibrate the signals retrieved from such experiments and then 
provide a brief description of a standardized approach for 
the measurement of wear at surfaces, whereby the details 
of the tip contact area will be explicitly taken into 
consideration when evaluating the number of scans needed 
to induce wear at an interface. After describing these 
approaches, we will then focus on the wear of the mica 
surface, including the impact of water, and functionaliza- 
tion of the mica surface with alkylsilanes. 

MICA SURFACES 

The outermost mica surface typically exposes a hexago- 
nally arrayed pattern of oxygen atoms, with a periodicity 
of 0.52 nm (Fig. 1A). Mica is comprised of a layered 
aluminosilicate structure with a periodicity of 1.0 nm 
normal to the (001) crystal basal plane (Fig. lB), which is 
defined by a repeating boundary layer of K + . ~ ~ ~ ~ ~ ~ ~  The K+ 
ions electrostatically bind the sheets together and act to 
neutralize the net negative charge associated with the 
partial substitution of Si with A1 (on average one out of 
every four). It is at these boundaries that cleavage is 
preferred and is where shearing of the layers most readily 
occurs. Under aqueous conditions of low electrolyte con- 
centrations, the outermost K+ layers are solvated into 

1s solution and exchanged with H + . [ ~ " ~ ~ , ~ ~ - ~ ~ , ~ ~ , ~ ~ ~  Th' 
ready displacement has hindered direct imaging of the 
K+ terminated mica surface. The surface of mica may also 
be readily functionalized by a range of chemistries. Some 
of the most popular involve the organization of self- 
assembled monolayers of triethoxy- or trichloro-derivi- 
tized alkylsilanes, which can form densely packed 
structures on This provides a means of in- 
vestigating lubricant layers as protective barriers for the 
minimization of friction and wear. 

To date, most surface wear studies have focused on 
the evaluation of surface structure before and after 
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Fig. 1 (A) Pictorial representation of the mica (001) cleavage 
plane showing the 0.52-nm lattice periodicity. (B) Repeating 
layered structure of mica along the c axis with interlayer dis- 
tances referenced to the basal plane. 

 ear,^^^^^^,^^^^^ thus missing the key stage of the nu- 
cleation of defects that ultimately results in the gross 
structural changes observed. Although some studies have 
investigated the time evolution of wear using scanned 
probes,[ 14,16,72-771 the different approaches presented can 

make it difficult to compare experiments from different 
laboratories, and a more standardized approach is 
required. This is in part because of the typically large 
contact area between the AFM tip and the surface being 
worn, which frequently exceeds the area density of defects 
nucleated. Thus, an averaging over the contact renders the 
low population of defects "invisible" to the probe tip 
until gross wear has occurred. 

Investigations of the wear of oxide surfaces such as 
mica and silica have unique difficulties when probing 
wear at the atomic level, which are associated with the 
chemical complexity of the surfaces, especially in the 
presence of ~ a t e r [ ~ ~ ~ ~ ~ - ~ ~ ~  where the surface charge 
density is highly pH dependent.[66,79-81y88.891 A recent 
demonstration by Maw et al. illustrates the incongruous 
wear behavior that exists for ceramics in solution 
( P H = ~ ) . [ ~ ~ ]  Specifically, they found that a Si3N4 tip 

exhibited pronounced wear after being rastered against a 
quartz substrate for 25 scans at - 120 nN of force. 
However, under similar conditions the Si3NJ tip exhibited 
little wear when the surface was mica. Here the disparity 
has been attributed to the relevant population of silanol 
(Si-OH) groups that can form bonds between the tip and 
substrate, which facilitates removal of tip materials. As 
the basal plane of mica possesses a Bransted acid site, 
because of the 1 in 4 substitution of Si for Al, it is 
expected that the ionization potential of the surface is 
largely controlled by this site (at least at lower pH's), and 
therefore the chemically active Si-Op or M-OH should be 
in minute quantities.[4034636s+901 Because the isoelectric 
point (IEP) of quartz is between pH 2 and 3, it is apparent 
that at pH 7 a significant number of S i - 0  and Si-OH 
groups are available for condensation at the tip-quartz 
contact.[781 The influence of such tribochemically active 
species in initiating surface degradation is evident and 
illustrates the necessity to account for this when choosing 
material pairs for a given application, i.e., the chemistries 
should be complementary. This certainly applies to device 
applications such as microelectromechanical systems 
(MEMS) where interfacial chemical forces can readily 
dominate the moving contacts within the d e v i ~ e . [ ~ ~ . ~ ' - ~ ~ I  

The organization of the water molecules[38~43~s01 and 
counter ion^['^^ immediately at the oxide surface may also 
impact the evolution of surface defects. Studies of the 
influence of water on the wear of oxide surfaces show a 
critical dependence on the amount of water present['41 
and, in the case of solvation of the surface, the local pH of 
the surrounding water environment. Much of the wear 
processes present at oxides can be attributed to the 
catalytic activity of water (more appropriately the OHp 
ion) on the metal-axygen and silicon+xygen bonds pres- 
ent on such surfaces, the details of which have been in- 
vestigated for many years. 

SCANNED PROBE METHODOLOGIES 

Atomic Force Microscopy: 
General Methodology 

In atomic force microscopy, a sharp tip with a radius of 
curvature ranging between 10 and 50 nm is scanned over a 
surface using a piezoelectric translator to control the 
position of the tip relative to the sample. The forces acting 
between the tip and sample (these can be van der Waals, 
electrostatic, or magnetic in nature) act to attract or repel 
the tip to or from the surface, which in turn alters the 
bending of the lever to which the tip is attached. In most 
conventional AFMs, lever deflections are detected by 
reflecting a laser beam off the back of the cantilever onto a 
quadrant photodiode. The photodiode signals are split to 
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Piezoelectric 
Translator I 

(scans the tip 
over the 

sample surface) Quadrant Photodetector 

Fig. 2 Schematic of an atomic force microscope. In this con- 
figuration, the tip is scanned over a fixed sample. The can- 
tilever-tip assembly is mounted on a piezoelectric translator, 
which controls the tip position over the surface. In contact mode, 
the tip is pressed against the surface until a fixed set point force 
is reached (F,). The deflection of the lever is detected by a 
quadrant photodiode from which the normal force (F,) and 
torsional (frictional) force (Ff) may be measured. As the tip is 
scanned over the surface a feedback loop raises and lowers the 
tip depending on whether the normal force is larger than or less 
than the set point force to maintain a constant force. (View this 
art in color at www.dekker.com.) 

allow detection of the normal or torsional motions of the 
cantilever-tip assembly (Fig. 2). These motions can in 
turn (when appropriately calibrated, as discussed later) be 
translated into the normal and lateral forces acting 
between the tip and surface. The AFM can be operated 
in several imaging modes, including contact, noncontacd 
tapping, amplitude, and phase-modulated force or fric- 
tional force imaging. For nanotribological studies, con- 
tact and frictional force imaging modes are the most 
frequently used. 

In contact mode the tip is brought in contact with the 
surface until the lever experiences a fixed amount of 
deflection. Assuming that this amount of deflection stays 
within a linear limit, then a Hooke's law response can be 
assumed. If the lever spring constant is known (see be- 
low) then the amount of deflection can be converted into 
the force applied between the tip and surface. During 
imaging, a feedback loop is then used to maintain a 
fixed amount of lever deflection (constant normal force) 
by repeatedly moving the piezoelectric translators up 
andlor down, hence following the topography of the 
surface. The lateral force signals are concomitantly 
acquired with the topographic images allowing for 
correlations to be drawn between the two. The lateral 
force signal is an excellent indicator of changes in local 
chemistry even when obvious topographic differences 
are not present. For example, the spatial organization of 
films consisting of both hydrophobic and hydrophilic 
end-groups, which have the same thickness and appear 
uniform in topography, can be easily distinguished in the 
frictional images [Fig. 3A (2-3)]. 

Lateral Force 
(Friction and Shear) Measurements 

Eventhough qualitative lateral force, or frictional re- 
sponse, can be readily obtained by AFM, quantifying 
frictional forces can be a daunting task. This is due to the 
difficulties associated with calibration of the lateral spring 
constants for AFM cantilevers (see below). Here we 
briefly discuss the type of information, which may be 
obtained from lateral force or shear force measurements. 
In lateral force measurements, friction is assessed using a 
friction loop. The friction loop is generated from the 
forward and reverse scans plotting the lateral force data 
vs. distance (Fig. 3B). Initially, the tip sticks to the sur- 
face and the torsional force on the lever increases without 
the sliding motion of the tip. Once the static friction 
has been overcome, then the tip will begin to slide over 
the surface and the sliding friction may be determined 
(Fig. 3B). The shear modulus of the surface may also be 
measured using this same basic approach. To evaluate 
the shear modulus, the tip is oscillated in the scan direc- 
tion and the slope of the friction force (Ff) vs. distance 
signal is measured prior to sliding. This slope value 
contains the combined stiffness of the tip-sample contact 
(Eq. 1) from which the shear modulus of the surface may 
be determined. 

A significant advantage of this measurement is that the 
details of the tip size ultimately fall out of the calculation, 
removing a potential source of error. The reader is 
directed to the literature for a more complete description 
of lateral stiffness measurements.'971 

MAKING QUANTITATIVE MEASUREMENTS 

Calibration of AFM Cantilevers 

AFM cantilevers can be bought from numerous sources 
and most frequently come as V-shaped or rectangular 
springboard-shaped levers. The levers are generally made 
from silicon and silicon nitride. Coatings are often 
applied to enhance the reflectivity of the laser beam. 
The reflective coating, however, can add strain to the 
levers when used in vacuum because of heating. The 
average lever spring constants provided by the manufac- 
turer are often inaccurate and quantitative measurements 
should not be based on these values. Therefore, each lever 
should be independently calibrated, preferably via an in 
situ methodology. 
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w 
Friction loop 

Fig. 3 (A) Topdgraphic ( 1 )  and forward and reverse friction images (2, 3) of mercaptoundecanoic acid grafted into a dodecanethiol 
self-assembled monolayer on Au. Whereas the topographic image shows almost no height contrast in the image because of the near 
equivalent heights of the two materials, the friction images clearly show the "chemical" contrast of the -COOH terminated regions vs. 
the -CH3 terminated regions. (B) Schematic of a friction loop. Initially the tip sticks to the surface (1) until the static friction between 
the tip and surface is overcome. The tip then enters a sliding friction regime (2). As the scan is reversed, the signal in  the photodetector 
becomes negative (3) and a reverse trace is produced. The "frictional" force is the average of the forward and re\erse friction traces. 
The stiffness of the contact may be deduced from the slope of the friction loop (dFfldw) before sliding. (View this art in color at 

The determination of lever force constants is less 
demanding for a rectangular cantilever beam,[981 but it still 
requires nontrivial details of the lever's dimensions and 
physical constants, e.g., modulus and Poisson ratio. These 
details become more difficult to define for metal-coated 
levers, as the coating significantly modifies the lever's 
elastic properties. For a rectangular beam of length L, 
width w, thickness t ,  Young's modulus E, the stiffness k is 
given by: 

Errors inherent to the determination of the spring constant 
come from difficulties in accurately measuring (by SEM) 
the thickness of the lever. In addition, for chemical vapor 
deposited silicon nitride levers, variations in E can also 
occur. If a bulk value for E is used, the thickness can be 
determined by measuring the resonance frequency of the 
cantilever.[991 However, this method works only for 
uncoated monolithic cantilevers.['001 The formulae for 
the spring constants for V-shaped levers are much more 

c ~ m ~ l i c a t e d . [ ' ~ ' ~  Uncoated, single-crystal silicon cantile- 
vers are perhaps the best choice for which the force 
constant can be reliably determined by using Eq. 2 and the 
resonance frequency .['O2] 

A range of methods for the calibration of the 
norma1[99-l 141 and torsional (lateral) force con- 

~ t a n t s [ ' ~ ' " ~ ~ " ' ~ ~ " ~ ~ " ~ ~  of AFM cantilevers have been 
described. A recent method proposed by Sader et al. 
appears to be reliable and simple to perform for 
rectangular levers.['071 It relies on measuring the reso- 
nance frequency and the quality factor of the cantilever in 
air. Use of the hydrodynamic function relates the damping 
of the lever resonance by air to the quality factor, and the 
dependence of E and t are eliminated from the resulting 
formula for the force constant. 

Probe Tip Characterization 

A problem of quite a different nature is an accurate 
measurement of the AFM tip shape and composition. With 
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respect to tip geometry, continuum mechanics requires a 
priori knowledge of the probe shape, mechanical proper- 
ties, and physical dimensions in order for the models to be 
properly applied.i1'73"81 Carpick et al. illustrated this 
point rather succinctly in an instructive set of experiments 
with nonparabolic Pt tips on a mica substrate in ultrahigh 
vacuum (uHv)."~' 

There are several in situ methods to characterize the 
tip shape, where an AFM topographic image is used to 
deconvolute the tip and sample geometry.["9-'211 Se para- 
tion of the tip and sample contributions by contact imaging 
of known, or at least sharp, sample features allows 
determination of the tip.1'04~105~12~11'1 EX situ tip imaging 
by electron microscopy has also been performed.[1031 Some 
of these measurements have revealed that a number of 
microfabricated cantilevers possess double tips and other 
unsuitable tip  structure^.^'^^^'^^^^^^'^^^ This demonstrates 
the importance of tip characterization in nanotribological 
measurements. Thin film coatings applied to the micro- 
fabricated levers can provide robust, smooth, and even 
conductive c ~ a t i n ~ s . [ ' ~ ~ " ~ ~ ~  Further work in this direction 
would be useful in providing a wider array of dependable 
tip structures and materials. 

Detailed control of tip chemistry is still a difficulty of 
scan probe studies with commonly used tips (e.g., silicon 
nitride) possessing a variable s t ~ i c h i o m e t r y . [ ~ ~ . " ~ ~ ' ~ ~ '  
Coating with inert metals (such as Au or Pt) or func- 
tionalization with alkylsilanes or alkanethiols is often 
useful; however, one must be aware of the "chemical" 
compatibility and how this can translate into "anoma- 
lous" wear behavior.'321 The chemical composition of the 
tip is equally important, but is also challenging to 
determine or control. Qian and coworkers have shown 
that the AFM tip is readily chemically modified when 
scanned in contact with various materials,[251 even tips 
that have been coated with self-assembled monolayers to 
control their chemistry. They recommend "running in" 
the tip with a standard sample to give reproducible results. 
The stresses that take place in a nanocontact can be very 
large, and so modification of both the chemistry and 
structure of the tip is an important consideration. 

Adhesion Measurements 

When quantifying adhesion and interfacial energies from 
AFM measurements, often the contact mechanics model 
developed by Johnson, Kendall, and Roberts ( J K R ) " ' ~ , ' ~ ~ '  
is used to analyze adhesion data from force-distance 
spectroscopy. Determination of the most appropriate 
continuum mechanics model to use, however, requires 
consideration of the range of forces and the materials 
operative at the contact. The JKR model is often applied 

to highly adhesive, compliant contacts, whereas the 
Derjauin-Miiller-Toporov (DMT) model relates to stiff, 
weakly adhering contacts.' 17"361 Attention has been 
given to identifying which model is most appropriate 
and therefore best describes the contact for a given 
material pair; the reader is directed to the references for 
the complete  treatment^."^^-'"^ The application of such 
models to AFM force of adhesion measurements (Fadh) 
enables the number of interacting species (and conse- 
quently the average "unit" interaction force or energy) to 
be derived from the estimated contact area and the average 
molecular packing density. Using the JKR model, one can 
see that the Fadh (AFM pull-off force) is related to the 
work of adhesion, Wadh, and the reduced radius, R, of the 
tipsurface contact: 

The work of adhesion, a formalism of Dupr6 from 1869, is 
a combination of the tip-surface (y,,), tipsolvent (y,'), and 
surface-solvent (ysl) interfacial energies (Wadh = ysl+ 
ytl - yts). For tipsurface combinations that have the same 
chemical composition, the surface energy may be esti- 
mated directly from the adhesion measurement 
(Wadh = 2ysl) because ysl = ytl, with y,, = 0. Furthermore, 
the effective contact radius at separation, r,, from the JKR 
model is given as: 

where K is the reduced elastic modulus of the tip and 
surface. Using the contact area at separation and the 
assumed packing density of the molecules at the surfaces 
in contact, an estimate of the adhesion force or interaction 
energy on a per molecule basis can be made. 

The accuracy of the interfacial energies and per 
molecule values obtained with this approach must be 
carefully evaluated, as several sources of error exist in the 
various elements of the calculation. These include 
imprecise knowledge of the contact, including the tip 
radius, packing densities of molecular monolayers on the 
modified surfaces, as well as unknown elastic properties 
of the contact. Such properties are typically assumed 
to be dominated by those of the underlying substrate, 
and the bulk values of the surface and/or tip mate- 
rials (Au, Si, mica, Si3N4. SO2)  are often used 
in these c a l c ~ l a t i o n s . [ ~ ~ ~ ' . ' ~ ~ ~  M oreover, as mentioned 
earlier, if the molecular packing densities of the mono- 
layers being evaluated are not known (as is frequently 
the case with a typical AFM tip), then estimations must 
be used. 
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Watching Wear with the AFM 
(How Many Scans Does It Take?) 

Atomic force microscopy tips, acting as single asperities, 
have proven indispensable in actively mediating the tran- 
sition of a substrate surface from its native state to the 
defect nucleation regime (rupture of terminating surface 
bonds) and finally to the molecular-fragment abstraction 
(gross wear) regime.['4.73-77.'40-'421 Unifying empirical 
evidence pertaining to the intimate details of defect 
nucleation is essential to properly aid the current effort of 
wear map modeling on the micro- and macroscopic scales, 
situations with multiple asperity contacts, and a multitude 
of wear mechanisms operating in ~ o n c e r t . ~ ~ ' " ~ ~ '  To ease 
comparison of data compiled from numerous research 
facilities within the field, guidelines outlining the optimal 
experimental protocol for an SPM study are desirable. 
Recent developments in modeling tip-activated dissolution 
of calcite and brushite by Dickinson et al. has given 
impressive results and holds promise for evaluating other 
"model" Salmeron and Kopta have recent- 
ly used a model, similar to the one adopted by Dickinson et 
al., in their studies of tip induced mica surface degradation 
under low vacuum with variable humidity."41 In this work, 
the objective was to evaluate the critical defect density 
necessary for the onset of gross surface degradation 
(abstraction of the surface terminating Si03 molecular 
fragments). The progressive layer removal illustrated the 
fidelity of inducing defects; however, linear regression 
analysis obtained a collected physical constant (Bo) that 

was appreciably higher than anticipated. This could be 
attributed to scan overlap, which can lead to significant 
additional history of unintentional wear on the surface. 

Here we outline a strategy for conducting wear trials 
with AFM, based on the Hertzian theory of elastic con- 
t a c t ~ , [ ' ~ ~ ]  to account for the degree of scan overlap in 
AFM wear trials, and arrive at an interesting contact 
radius-line step (CRLS) This approach is 
intended to 1) account for additional scan history that line- 
scan overlap imparts to a surface and to experimentally 
quantify the impact of this overlap on the propagation of 
defects; 2) eliminate the systematic error in reported scan 
history (experimental number of scans. N,"c;i,) for wear 
trials performed with line-scan overlap; and 3) examine 
previous load (F,)  and frequency (N:",~) studies to 
reevaluate activation parameters for defect nucleation. 
Furthermore, the extent of wear can be predicted with 
application of CRLS analysis for paired overlap and 
nonoverlap wear trials, giving a unique perspective of 
the fundamental kinetics and thermodynamics of defect 
nucleation and growth. 

Contact Radius-Line Step Analysis 

A brief description of CRLS analysis follows with a focus 
on its application rather than on the details of its 
derivation. A comprehensive discussion of CRLS model 
and experiments is described elsewhere."451 First, con- 
sider the general case of obtaining an AFM micrograph or 
performing a wear trial. In either instance, one of many 
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Fig. 4 Inverse relationship between image line step (LS) and image resolution (res) for several slow scan lengths k,,,,. The dashed 
line and accompanying shaded region illustrate the occurrence of scan overlap during AFM imaging for contacts with a contact radius 
a 2 2 nm. For wear trials this implies that scan overlap will systematically contribute unaccounted attempts to defect production. 
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parameters set during image acquisition is the image 
resolution (res), the number of lines scanned per image. 
Typically, it is adjustable within the range of 8-1024 
lineslimage, depending on the design specifications of the 
microscope used. Although it is not generally thought of 
as an adjustable parameter for use in experimentation, it is 
readily illustrated that res can play an important role when 
assessing the number of scans required to induce wear. Its 
importance arises because res dictates the magnitude of 
the line step (LS), i.e., the distance the tip moves in the 
slow scan (L,,,,,) direction after each forward-reverse 
trace. Fig. 4 illustrates the inverse relationship between LS 
and res for the specified slow scan lengths (L,,,,,). Before 
we show how LS ties into defect production, we introduce 
the Hertzian definition of the contact radius (a) as defined 
for an AFM tip compressed against flat elastic body 
without adhesion (Eqs. 5 and 6):['18' 

with 

Here R, F,, and E are the tip radius of curvature, the 
applied normal force, and the combined elastic modulus 
given in terms of the individual tip and substrate Poisson 
ratios (vi) and Young's moduli (Ei ) .  It is apparent that at a 
typical res of 256 lineslimage, the LS is <4 nm for all 
L ,,,,, below -- 1 pm in length. Thus, unless a < 2 nm, 
overlap from successive scans will occur, and shows that 
avoidance of scan overlap and its effects are difficult to 
realize when probing regions with nanoscopic dimensions. 

If we make the assertion that ideal scanning condi- 
tions for assessing wear as a function of the number of 
scans requires imaging conditions with no scan overlap, it 
is recognized that the line step (LS) must be greater than or 
equal to the contact diameter. Using the Hertz definition of 
a and the condition that ideal AFM wear trials have 
LS =2a, the ideal ratio of contact radius to line step (CRLS) 
is 0.5. Furthermore, line-scan overlap is avoided (neglect- 
ing drift) when CRLS is < '1% This further implies that an 
ideal AFM wear trial, with LS=2a, will have an ideal slow 
scan length, L:&:, given by Eq. 7. Expression (7) reveals 
an important relationship between the AFM scanning 
parameters, L:,=," and res, and the applied normal load. A 

~$gi2 vs. F, plot is especially useful for conducting 
internally consistent load (F,)-dependent studies. 

L:: = 2a x res = res x - r-3 
We have used the term "ideal" quite ambiguously to 
describe L$&;, the most appropriate scan size for defect 
generation. It is expected and empirically validated that the 
generated defects will be more uniformly (relative to 
overlapping trials) distributed over the wear area before the 
advent of other varieties of defects. This allows for the 
design of experiments to probe these low-density species 
(typically < 1 defect within the tipsample contact).[14' 

To evaluate the effects of scan overlap we must account 
for the additional history overlap imparts to the surface; 
achieved by estimating a scan correction (scan,,,) for 
overlapping studies. The scan,,, determines the additional 
number of scans contributed by overlap to the contact 
history and therefore can be used to estimate the number of 
scan cycles required to achieve an equivalent degree of 
wear, under identical loads, without scan overlap. The 
scan,,, is arrived at naturally by association to the force of 
overlap within overlapping contacts. The Hertz model 
defines the pressure distribution p(r) in terms of r, the 
distance from the center of contact via Eq. 8.r'441 

112 
- - 1 1' 1 - ) rdrdd 

.a2 

Here p, is the maximum Hertz pressure within the contact. 
Once the boundary of the overlapping area is defined 
(Fig. 5), the force of overlap can be calculated. The 
scan,,, is collectively calculated in terms of F:$', the 
total force within all successive overlapping contact areas. 
F:,~F' is formulated from a geometric breakdown of 
overlapping circles of radii a (Fig. 5) and leads to the 
three integrals in Eq. 9, which have been converted to 
Cartesian coordinates. The (F ,  xres) term normalizes 
each experimental scan and the functions A, B, and C are 
given in Fig. 5 (see equation below). 
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Fig. 5 Geometry of overlapping scans according to Hertzian contact mechanics theory. 

The center-to-center distance (A,) along the slow scan A i 2  2a. For simplicity, the summation is redefined in 
axis for successive scans is referenced to the first scan line terms of my having an integer range of [rnl,rni] with 
(no=O) and is known a priori; n, is a positive integer rni=ni-, because the 1 in Eq. 9 accounts for no. For the 
corresponding to the nth line step from no as shown in interested reader, more details on the theoretical workup 
Fig. 6. The series is truncated at ni (ni=2alLS) because can be found in Ref. [145]. We can now utilize the 
overlap does not exist for the ith successive scan where general, material independent result (scan,,, given in 

X - h i s  
FAST Scan ~irect iot  

4 

i Line S t e ~  

Fig. 6 Definition of elements used for scan,,, analysis of sequential raster lines. 
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Eq. 10) to explore how CRLS analysis is applied to pre- 
vious wear trials with mica. 

Completing the correction simply requires multiplying 
the experimental number of scans containing overlap 
(NEZ,Ps) with scan,,, (scan,,,, x NEP,, = N ~ ~ , , ) .  Impor- 
tantly, CRLS can be tested directly because it can 
predict wear for "paired" trials. In such circumstances, 
an experimental trial with overlap is taken as the 
primary trial from which the CRLS prediction and the 
secondary nonoverlapping experiments are based. Ex- 
perimentally, the secondary trials are conducted at a 
Hertz mean pressure (p,) equivalent to the primary run 
over a region with ~2&:~  defined by Eq. 7. Therefore, the 
nonoverlapping secondary wear trials consist of x:&,, 
over a (L:::,"?, x Lfs,,,) nm2 region. The surface damage 
from both instances can be evaluated and compared with 
Fadh measurements, topography, and frictional force 
microscopy. In theory, the two wear experiments have 
"identical" scan history within this Hertzian approxi- 
mation. Deviations from CRLS behavior are expected, 
however, because the tenets of elastic contact mechanics 
do not include inelastic energy dissipation pathways 
natural to a wearing contact. Numerical and experimental 
results clearly demonstrate that the systematic error 
attributed to scan overlap is considerable and affects 
fundamental wear processes acting at the tipsurface 
contact."451 Work is currently under way to establish the 
relationship between scan overlap and defect nucleation 
and growth. 

WEAR OF MICA SURFACES 

There have been many theoretical and experimental 
studies on wear of oxides and the generation and 
propagation of defects within condensed matter. Here 
we shall describe a few examples of crystalline systems 
within the context of tip induced defect nucleation and 
wear of mica surfaces in solution. The examples will focus 
on studies of defect nucleation that have revealed the 
prototypical behavior of what is to be expected (and what 
is detectable with AFM) of a surface reconstructing under 
the influence of an AFM tip. At the most fundamental 
level of defect nucleation, this includes terminal surface 
bond rupture for covalent systems as well as removal of 
ions from ionic surfaces. 

Native Mica Surfaces 

Now we will briefly describe adhesion and wear of mica 
surfaces using silicon-nitride-based AFM tips. The corn- 
plete experimental details are described In 
these studies, oxidized and hydroxylated silicon nitride 
tips were ~ s e d . ~ ' ~ ~ , ' ~ ~ '  Under these conditions, the silicon 
nitride tip chemistry then varies with pH similar to that of 
silica,r1461 where a neutral silanol-covered surface exists at 
the isoelectric point between pH 2 and 3, with a gradual 
surface charge increase via the formation of an anionic 
surface species with increasing pH (--0.004-2 charges1 
nm2) over the range of pH 3-10.[~~,~']  In aqueous solution, 
the adhesive force (Fadh) VS. pH for native mica with an 
oxidized and hydroxylated silicon nitride tip is shown in 
Fig. 7. This pH dependence on adhesion is similar to that 
found for silica surfaces under the same conditions, 
with a shift in peak adhesion from pHw4.5, for silica1 
silica, to pH--6 for the silicdmica interaction.[661 Based 
on this profile, alterations in adhesion, friction, and to- 
pography under various loads for three pH ranges (pH 
2-3, 5-6, and >8) can be assessed and related to the 
interfacial chemistry. 

Typical of silicates, for the highest pH conditions 
(pH > 8), the mica surface undergoes rapid  ear.[^^-^^.^^^ 
Even under low loads (Hertz mean pressure, p ,  -- 1.2 
GPa) wear scars 0.22 nm in depth are formed. With 
additional scans (> 10) wear scars of 1.0 nm or more are 
rapidly formed (Fig. 8). Upon removal of a single repeat 
layer (1 .O-nm-deep feature), the friction in the wear scar is 
equivalent to that of the contiguous unworn mica surface, 
indicating that we have progressed from the outermost 
oxygen-terminated layer to the next chemically equivalent 
repeat layer. This is a general observation for mica wear 
at any pH and has also been observed by Salmeron 

Fig. 7 Mean Fad,, VS. pH for muscovite mica with a Si3N4 tip. 
Error bars correspond to the first standard deviation from the 
> 180 force distance curves collected for each point. 
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Fig. 8 Topographic AFM images of a worn mica surface at 
pH 8 and the corresponding line trace across the surfaces 
showing both 1.0- and 0.22-nm wear regions. (View this art in 
color at www.dekker.com.) 

et al. under humid  condition^.['^"^' Comparison of the 
threshold forces for removal of the Si03/A103 tetrahed- 
ral layer, i.e., generating 0.22-nm wear scars, illustrates 
the tribochemical influence hydroxide ions have on 
hydrolysis of surface bonds. Table 1 summarizes the 
threshold pressures and the ab initio calculated activa- 
tion energies (E,) for water, acid, and base-catalyzed 
Si-0-M hydrolysis['47~'481 On ce the M 0 3  (M = Si or Al) 
basal fragment is removed, the underlying aluminate 
(gibbsite) layer is exposed and should carry a net positive 
charge for p H 1  This is another "model" 
property of mica and the details on how this affects the 
t ipsample contact during friction imaging can be found 
in Ref. [142]. 

Conducting wear trials at pH 5 under lower loads 
(p ,  4 . 7 4  GPa; ca. 1/2Pthresh). the surface friction in the 
imaged region is observed to decline (Fig. 9A) relative 
to the unworn surface, before any noticeable wear 
(topographical) on the nanometer scale. This decrease in 
friction can be attributed to the accumulation of negative 
surface charge both on the tip and at the imaged surface 
through OHp insertion into strained Al-0-Si and Si-0-Si 
bonds, yielding surface anions, such as d o x y  (Si-Op) 

Analysis of the surface topography reveals 

a discernible increase by -0.05 nm (Fig. 9B), which is 
near the noise-level limit of k0.03 nm. This height 
increase would be consistent with capping of the sur- 
face dangling bonds by OHp and H+ as the bonds are 
ruptured. Adhesion measurements, as summarized in 
Table 2, within the native and worn ("induced") region 
show a marked shift to lower adhesive forces for the worn 
surface, which is expected for the proposed repulsive t i p  
sample interaction. 

Although not a common observation, several groups 
have reported surface charging with little to no topogra- 
phy changes during wear experiments. Using the nano- 
scale Kelvin probe, capable of measuring variations in 
surface potential (work function mapping), DeVecchio 
and Bhushan have observed electron-deficient regions 
within the "zero-wear" regime for single-crystal alumi- 
num under ambient conditions (RH 45+5%).'731 The 
topography and potential maps are given in Fig. 10 and 
illustrate the charging effect before catastrophic failure of 
the surface.[731 While studying the frictional properties of 
halide crystals (KF, KCl, and KBr) in UHV, Carpick et al. 
observed the evolution of "mysterious" high-friction 
regions for all crystal surfaces on AFM imaging. Table 2 
provides a summary of the tribological properties of mica 
and the halide crystals. An interesting characteristic of 
the halide systems is that for KBr the increased fric- 
tion was not accompanied with a change in topography; 
however, topographic contrast on the order of 0.2 nm was 
found to simultaneously occur for the KF crystal. It is 

Table 1 Threshold pressures for mica wear under solution 
conditions, and ab initio calculated activation energies (E,) for 
acid-, base-, and HzO-catalyzed hydrolysis 

Hydrolysis 
Pthresh 

U481 activation energy 
Conditions (GPa) (E,, kcaYmol) 

Mica wear pH 3 
Mica wear pH 5 
Mica wear pH 8 
Si-0-Si 
(OH catalyzed) 
Si-0-A1 
(H+ catalyzed) 
Si-0-Si 
(H+ catalyzed) 
Si-0-A1 
(H20 catalyzed) 
Si-0-Si 
(H20 catalyzed) 

Threshold pressures were calculated nith Hertz continuum 
mechanics theory. p,,,,,, corresponds to thc gross deformation 
(abstraction) regime that is defined by removal of Si03 and AI03 basal 
tetrahedral units. 
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Fig. 9 Friction (A) and topography (B) cursor profiles of the 
native and worn mica surface following defect nucleation 
(charging) of a (400 x 400) nm2 region under pH 5 conditions. 
The friction and topography profiles, respectively, indicate that 
the worn surface has become negatively charged and has 
expanded in height by -0.05 nm with respect to the unworn 
(neighboring) mica surface. 

believed that "defects" are triggered by the AFM contact; 
however, it is not clear why localization of the high- 
friction regions occurs and why the high- and low-friction 
regions have nearly identical adhesive forces. Further 
experiments are needed to address these questions and 
will be valuable contributions toward bridging simulation 
and e ~ ~ e r i m e n t . [ ' ~ ' - ' ~ ~ ~  

Table 2 Tribological properties of mica and halide crystals 

Fig. 10 Topography (left) and surface potential (right) 
micrographs of single-crystal aluminum postwear trial under 
low loads. Although very little topographic contrast is present, 
the surface potential detects an electron deficient domain (bright 
central region) corresponding to the nucleation regime, i.e., 
pregross deformation of the surface. (From Ref. 1731.) 

For mica, under pH 5-6 imaging conditions, the tip 
induced surface charges have a temporal stability between 
10 and 45 min, depending on the number of subsequent 
scans. Lattice-resolved images within a charged region, 
even with negligible topographic and friction contrast, 
portray a transforming mica lattice with two lattice con- 
stants. One periodicity corresponds to the native surface 
(0.52 nm) whereas the other corresponds to the defective, 
reconstructed surface (0.3 nm). This transition has been 
monitored in situ by scanning at a load -75% of the 
threshold force for Si03 abstraction. Exemplary friction 
micrographs of an in situ reconstruction, at pH 5 and 
under a load of 9 nN (p ,  of 1.25 GPa), are given in 
Fig. 11. The progression from the 0.52- to the 0.3-nm 
periodicity (Fig. 11) provides explicit evidence as well 
as a characteristic structure of the metastable "nucleation" 
wear regime before the advent of gross deformation. 
An additional benefit of this in situ reconstruction is 
the ability to observe the transition regime, where a mixed 

Anion Native Reconstructed Nucleation 
radius periodic periodicity height F2dn;fucedl ~ ? ' ~ ~ ~ ~ ~ l  

Specimen (nm) (nm) (nm) (nm) ~,"d"htiVe FP 
Mica" - 0.52~ 
K F ~  0.136 0.378 
K C I ~  0.181 0.445 
KB~*  0.195 0.467 

aFrom Refs. [I421 and [I451 with topography, friction, and adhesion data corresponding to the defect nucleation regime. 
b ~ o r  micas (001) crystal plane; F , ' ~ ~ ~ ~ F ~ $ ~ " ~  is ' the ratio of force of adhesion measurements within the wear-induced region to the native surface; 
F ~ ~ ~ ~ ~ ~ ~ ~ F ~ ~  is the force of friction ratio of measurements within the wear-induced region to the native surface. 
'Depends strongly on pH and the extent of surface charging. 
*From Ref. [141). 
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Fig. 11 Frictional force images of in situ tribochemical surface reconstruction of the native mica lattice from a 0.52- (left) to a 0.3-nm 
(right) periodicity under the local stress of an AFM tip. The 2-D FFT inserts clearly illustrate the lattice reconstruction. This progression 
occurs over several scans and leaves no wear of the surface. 

population of the two discrete surface species are ob- 
served.['421 Such information may find applications 
in calculating the kinetic parameters of the reconstruct- 
ing surface. 

The lattice-resolved reconstruction clarifies that the 
change in the observed structure at the outermost surface 
is due to scission of the surface Si-0-Si and Al-0-Si 
bonds, along with the concomitant insertion of OH- and 
H+ to terminate the surface. Appearance of the 0.3-nm 
lattice is intriguing, however, because AFM only gives a 
characteristic periodicity. The origin is difficult to assign 
unequivocally, although a simple geometric argument 
correlates well with AFM results.['421 There are interest- 
ing corollaries to work on high-silica zeolites,r831 sili- 
ca,r'541 c r i s t ~ b a l i t e , [ ' ~ ~ ~  and ka~ l in i t e [ "~]  that lend 
support to our current interpretation of the reconstruc- 
tion; that is, hydrogen bonding is contributing signifi- 
cantly to the stability of the reconstructed surface.['561 For 
instance, Koller et al. have examined the siloxy-silanol 
(SiO-. . .HOSi) defect interaction in high-silica zeolites 
and found that six-member rings are able to form stable 
conformations with multiple defects.[831 

For the lowest pH conditions (pH<3), wear of the 
surface is inhibited even though the surface is still 
immersed in water. In fact, the surface shows no wear 
under identical loads with over 8 times the number of 
scans required for wear at pH 5-6. Clearly, this is because 
of insufficient amounts of OH- in the water to catalyze 
the Si-0-Si or A1-0-Si bond scission needed to initiate 
wear. Only after the load is increased to 23 nN (pmN2.1 
GPa) is any noticeable wear observed (in the limit of 10 
scans). Interestingly the threshold force of -7&80 nN 
(p, - 2.25 GPa), previously determined by Kopta and 
Salmeron with monolayer coverage of water on mica, is 

consistent with the range of our determinations in acidic 
s o ~ u t i o n s . [ ' ~ ~  

Comparing the surface wear at pH 3, 5-6, and 8 
(Table 1) shows that load (the local stress field) plays a 
more significant role under conditions where the OH- 
concentrations are the lowest. Again, this is justified by 
the necessity to strain the bridging oxygen bonds more 
and induce cleavage in the absence of OH- mediated 
bond scission. The critical load for this transition must 
then be linked with the minimum stress needed to 
facilitate bond scission in the presence of a particular 
OH- concentration. 

A brief comparison of mica  ear['^,'^^^^^^'^^^ to the 
tip induced dissolution of calcite is instructive because 
there are distinct differences between these two systems. 
Dickinson, Langford, Kim, Park, Hariadi, and Scu- 
diero[74-771 have elegantly explored calcite and brushite 
dissolution in supersaturated solutions with AFM. They 
have found strong correlations between theoretical and 
experimentally determined activated volumes and real- 
istic activation energies using a relatively straightfor- 
ward model. Application of a similar model to mica has 
had some difficulties with agreement between empiri- 
cally fitted material constants and their "known" 
values.['41 There is a fundamental difference between 
mica and calcite that may be limiting the model's 
success. The basal mica plane is a cokalent network of 
bridging oxygen bonds, which require scission in order 
for defect nucleation to occur. On the other hand, the 
nucleating stage for calcite (an ionic crystal) involves 
the displacement of individual surface Ions into solution 
(separating ion pairs). As demonstrated by Dickinson, 
calcite wear does not exhibit a critical load where 
dissolution suddenly begins (Fig. 12). This is in stark 
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Fig. 12 AFM scanning induced wear track growth of calcite as 
a function of applied load. Notice the absence of a critical load for 
dissolution, indicating the growth is reaction limited. This is un- 
like mica, which exhibits a threshold force in the abstraction re- 
gime for removal of Si03 molecular fragments. (From Ref. [77].) 

contrast to mica, where in UHV and under 3 <pH < 8 
conditions, a critical threshold pressure is observed, thus 
indicating that mechanical stress accounts for a signif- 
icant portion of the energy required to cleave the surface 
bonds, and comparisons between the two systems should 
be conducted with caution, especially relating to adapta- 
tion of models. 

Mica Surfaces Functionalized 
with Alkylsilanes 

There have been few frictional studies of modified mica 
surfaces by AFM. Alkylsilanes in the form of triethoxy- or 
trichlorosilanes can form mono- and multilayers on the 
mica surface. The formation of monolayers of alkylsilanes 
on mica and silicon surfaces has been heavily investigated 
especially for use as potential lubricant and protectant 
films in MEMS devices. [92.9"96 157,1581 Unlike reactions of 

alkylsilanes on hydroxylated silicon surfaces, alkylsilane 
monolayers on mica do not form covalent bonds to the 
substrate, but rather become organized via an 
interconnected network of -Si-0-Si- linkages between 
nearest neighbors. This produces monolayers with rela- 
tively lower packing densities as compared to other 

alkane-based SAMS such as alkanethiols on AU.["~' A 
key difficulty in the formation of alkylsilane monolayers 
is the precise control over the amount of water present 
during film formation. Sufficient water is required to carry 
out the condensation reactions on the surface for mono- 
layer formation without inducing the production of 
micelles among unreacted alkylsilanes. Long-range or- 
dered structures are in general not observed for alkylsilane 
films on mica surfaces. 

Wear of the mica surface is inhibited by the presence of 
an alkylsilane film. The friction response of the surface, 
however, is highly dependent on the amount of water 
present in the environment during wear. The presence of 
water above 50% relative humidity rapidly increases the 
friction as a function of load, much as it does for the native 
mica surface as described above.[611 This impact of water 
on the frictional properties of the nominally hydrophobic 
coated surface clearly shows that defects within the films 
can provide sufficient access of water to the underlying 
surface-film interface to catalyze film breakdown even 
under relatively low loads (N 10 nN) as compared to the 
wear of the native surface (-75 nN). 

CONCLUSION 

The area of nanotribology of oxides and the probing of 
defect nucleation at the atomic level by AFM is just 
beginning. Continuing developments in AFM technology 
via enhanced noncontact methodologies is advancing the 
ability of the AFM to probe even single atomic defects at 
crystal surfaces on nonconducting substrates. In this 
chapter we have described how detailed control of the 
imaging environment and of the chemistry at the tip and 
sample surfaces can allow for atomic-level details of 
defect nucleation to be assessed and probed in situ before 
the onset of gross wear. This has permitted examination of 
tribochemically and mechanically enhanced wear pro- 
cesses of mica to be explored. We have also outlined a 
methodology for assessing the scan history dependence on 
wear of surfaces. Many avenues of oxide wear and charge 
nucleation at surfaces are unexplored and deserve atten- 
tion, including the impact of temperature on wear at 
the nanoscale. 
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INTRODUCTION 

In many aspects, colloidal particles suspended in a liquid 
behave like large idealized atoms that exhibit liquid, glass, 
and crystal phases similar to those observed in atomic 
systems.''"] Phase transitions in colloidal systems have 
been intensively studied over the last decade not only 
because of the theoretical interest for addressing funda- 
mental questions about the nature of liquids, crystals, and 
glasses, but also for many practical applications of col- 
lo id~. '~-" '  In recent years, colloidal dispersions have 
been used extensively for the fabrication of nanostruc- 
tured materials such as photonic crystals, catalysts, mem- 
branes, and ceramics, and for device 
Current uses of colloidal particles as the building blocks 
of materials rely mostly on empirical approaches. Mean- 
while, present knowledge on the structural and thermo- 
dynamic properties of colloidal dispersions is primarily 
based on an effective one-component model (OCM) 
where colloidal particles are represented by hard spheres 
and all remaining components in the dispersion, including 
solvent molecules, small ions, and polymers, are repre- 
sented as a continuous m e d i ~ m . " ~ - ~ ~ '  Although the OCM 
approach is attractive because of its simplicity, applica- 
tion to practical systems is often limited by incomplete 
understanding of colloidal 

Amid numerous conventional colloids, aqueous disper- 
sions of poly-N-isopropylacrylamide (PNIPAM) microgel 
particles, first synthesized by Pelton and ~ h i b a n t e ~ ~ ~ '  in 
1986, are of special interest for studying phase transitions 
and for the fabrication of colloid-based advanced 
 material^.^^^^^] Nearly monodispersed PNIPAM particles 
can now be routinely prepared in a wide range of col- 
loidal sizes (50 nm up to 1 pm) and with a variety of 
physiochemical characterizations.'35537J Because the size 
of PNIPAM particles is temperature-sensitive,["81 crys- 
tallization at different colloidal volume fractions can be 
conveniently measured by varying temperatures. By 
tuning the preparation conditions and the composition 
of the aqueous solution, the interaction potential between 
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microgel particles can vary from star-polymer-like to 
hard-sphere-like potential for short-range repulsion, from 
electrostatically neutral to highly ionizable for long-range 
electrostatic interactions, and from essentially no attrac- 
tion to strong attraction for van der Waals  force^."^'^^] 
Furthermore, steric repulsion can be introduced by 
grafting polymers on the surface of PNIPAM particles.[401 
The versatility in interaction potential makes PNIPAM 
microgel particles attractive for studying a broad variety 
of interesting phenomena in colloidal ~ ~ s t e r n s . [ ~ ~ , ~ ' - ~ ~ '  
Although the practical values of PNIPAM particles have 
been long recognized, most previous studies on the phy- 
siochemical properties of PNIPAM dispersions have fo- 
cused on particle preparations, swelling, rheology, and 
light (neutron) scattering  measurement^.[^^^^^^^^-^^' Little 
work has been reported on the relationship between the 
temperature-dependent interparticle potential and the 
phase behavior of PNIPAM dispersions. Unlike that in 
a conventional colloidal system, the interparticle potential 
in aqueous dispersions of PNIPAM microgel particles is 
sensitive to temperature changes. Consequently, the phase 
diagram of PNIPAM dispersions may be noticeably dif- 
ferent from those for ordinary colloids where, in most 
cases, the interparticle potential is essentially invariant 
with temperature. 

In this chapter, we report our recent investigations 
on the colloidal forces and phase behavior of neutral 
PNIPAM particles dispersed in pure ~ a t e r . ' ~ ~ - ~ "  We 
will first discuss thermodynamic methods for the char- 
acterization of colloidal forces based on dynamic and 
static light scattering measurements. The analytical ex- 
pression of colloidal forces allows us to construct a 
theoretical phase diagram that can be compared with that 
obtained from spectroscopic measurements. In particular, 
we will illustrate how the volume transition of PNIPAM 
particles affects the interaction potential and determines 
a novel phase diagram that has not been observed in 
conventional colloids. Finally, we discuss briefly the 
kinetics of crystallization in an aqueous dispersion of 
PNIPAM particles. 
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COLLOIDAL FORCES BETWEEN 
MICROGEL PARTICLES 

Qualitatively, the pair potential between neutral microgel 
particles includes a short-range repulsion that is similar 
to the interaction between two polymer-coated surfaces, 
and a longer-ranged van der Waals-like attraction that 
arises from the difference in the Hamaker constants of 
the particle and the ~ o l v e n t . ~ ~ " ~ ~ ~  To obtain a quantita- 
tive expression for the interparticle potential that covers 
a broad range of temperature, we assume that the inter- 
action potential can be represented by a Sutherland-like 
function that includes a hard-sphere repulsion and a van 
der Waals attraction. A similar potential was used Senff 
and ~ i c h t e r i n ~ [ ~ ~ , ' ~ ]  for representing the phase behavior 
and rheological properties of PNIPAM microgel disper- 
sions. Fig. 1 shows that the relative zero shear viscosity 
of PNIPAM dispersion can be approximately represented 
by that for hard spheres. Besides, as shown later, the ki- 
netics of microgel crystallization also resembles that for 
hard spheres. 

The variation of microgel diameter as a function of 
temperature is related to the swelling of microgel parti- 
cles. The classical theory of gel swelling, proposed many 
years ago by Flory,[541 asserts uniform distributions of 
polymer segments and crosslinking points throughout the 
polymer network. However, recent experiments based on 
nuclear magnetic resonance (NMR) and light scattering 

Fig. 1 Relative zero shear viscosity at different temperatures 
vs. the effective volume fraction. The line represents the master 
curve of hard-sphere suspensions. (From Refs. [43] and [53].) 

investigations suggest the heterogeneous nature of PNI- 
PAM particles.[51'551 To take into account the heteroge- 
neity, we use an empirical modification of the Flory- 
Rehner theory proposed by Hino and ~ r a u s n i t z . [ ~ ~ ~  This 
theory has been applied successfully to describing the 
volume transitions of bulk PNIPAM gels. Because the 
physics for the volume transition is irrelevant to the 
particle size as long as the surface effect is unimportant, 
and because the effect of the osmotic pressure of dis- 
persion on the swelling of an individual particle is neg- 
ligible,'421 we assume that the same thermodynamic 
model for bulk polymer gels is also applicable to micro- 
gel particles. 

According to the modified Flory-Rehner theory,[561 the 
polymer volume fraction within the particle 4 is deter- 
mined from: 

where m is the average number of segments between two 
neighboring crosslinking points in the microgel network, 
and 4o is the polymer volume fraction in the reference 
state where the conformation of network chains is closest 
to that of unperturbed Gaussian chains. Approximately, 
4o is equal to the volume fraction of polymers within the 
microgel particles at the condition of preparation. The 
Flory polymer-solvent energy parameter x is given 
empirically as a function of temperature T and polymer 
volume fraction 4:[561 

At a given temperature, Eq. 1 can be solved to find the 
polymer volume fraction 4 from which the diameter of 
PNIPAM particles (o )  is calculated: 

where a0 is the particle diameter at the reference state. In 
this work, we fit the average chain length rn and the 
volume fraction of polymer 4o at the reference state to 
the diameters of microgel particles obtained from static 
and dynamic light scattering measurements. Because 
the osmotic pressure of microgel dispersion is small in 
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comparison to the gel swelling pressure, the microgel 
particle concentration has a negligible effect on the chem- 
ical potential of water. As a result, the size of microgel 
particles should be insensitive to the overall concentration 
of colloidal dispersions. 

The van der Waals attraction beyond the hard-sphere 
diameter may be represented by a power law potential: 

where H is the Hamaker constant. We assume that n = 8 
in considering that the range of attraction between col- 
loidal particles (relative to the particle size) is shorter 
than that between atomic molecules. The calculated re- 
sults are not sensitive to a small change in n if the 
Hamaker constant is obtained by fitting to osmotic second 
virial coefficients from static light scattering experiments. 
Because the interparticle attraction arises from the dis- 
persion forces between polymeric segments from differ- 
ent particles, the Hamaker constant of rnicrogel particles 
is approximately given by:[571 

where p, represents the number density of polymeric 
groups within each particle. The proportionality constant 
in Eq. 5 is independent of temperature and polymeric 
group density p,. Following Eqs. 4 and 5, we obtain the 
attractive potential because of the van der Waals forces: 

where k A  is a dimensionless constant, and To is the 
reference temperature that is introduced for the purpose 
of dimensionality. In Eq. 6, the parameters To, oo, and kA 
are temperature-independent and they can be obtained by 
fitting to osmotic second virial coefficients from static 
light scattering measurements. An osmotic second virial 
coefficient in a colloidal dispersion is defined as: 

where r stands for the center-to-center distance between 
colloidal particles, k  is the Boltzmann constant, and u(r) 
is the interparticle potential. 

The particle size and the osmotic second virial 
coefficients of microgel dispersions can be conveniently 
measured using static and dynamic light scattering. To 
correlate the radius of PNIPAM gel particles as a function 
of temperature, we combine the radius of gyration R, with 
the hydrodynamic radius RH from static and dynamic light 
scattering measurements, respectively. By assuming that 

Fig. 2 Radius of PNIPAM particles vs. temperature. The points 
are averages from dynamic and static light scattering measure- 
ments with the error bars showing the differences between the 
two. The line is calculated from Eqs. 1-3. 

the microgel particles are homogeneous spheres, we de- 
fine the effective radius: 

This effective radius is introduced to represent the ex- 
cluded volume of microgel particles as required in phase 
equilibrium calculations. Fig. 2 presents the radius of 
microgel particles near the volume transition temperature 
(approximately at 34.3OC). The error bars give the dif- 
ference between the hydrodynamic radius and that cal- 
culated from the radius of gyration. The solid line is 
calculated by using the modified Flory-Rehner theory 
(Eqs. 1-3). In the calculation of the particle radius, the 
polymer fraction at the condition of preparation 
4o=O.O884, the average number of segments between 
two neighboring crosslinking points m =  34, and the 
particle radius at the preparation condition Ro = 125.8 nm 
are obtained by fitting to the experimental data. These 
model parameters are in good agreement with experiments. 

Fig. 3 presents the reduced osmotic second virial 
coefficients (B2/~YS) for PNIPAM microgel particles 
dispersed in water. Here the open circles are data points 
from static light scattering measurements and the line is 
calculated using Eqs. 6 and 7, with the molecular weight 
Mw= 1.73 x 10' glmol and the proportionality constant 
kA = 6.43 x 10- obtained by fitting to the experimental 
data. The hard-sphere second virial coefficient is related 
to the particle diameter o by BFS = (2z/3)o3. A positive 
osmotic second virial coefficient means that the overall 
interparticle potential is repulsive; otherwise, it is attrac- 
tive. Fig. 3 indicates that below the volume transition 



Fig. 3 The reduced osmotic second virial coefficients ( B ~ I B ~ ~ )  
for PNIPAM particles dispersed in pure water. Points are from 
static light scattering and the line is calculated from Eq. 7 
normalized by the second virial coefficient ByS = ( 2 d 3 ) 0 3  for 
the corresponding hard spheres. (View this art in color at 
www.dekker.com.) 

temperature, the PNIPAM particles behave essentially 
like hard spheres. In this case, the microgel particles are in 
the swollen state and they contain up to 97% of water by 
volume. As a result, the van der Waals attraction between 
colloidal particles is negligible because of the close match 
in the Hamaker constants of the particle and the water. 
The reduced osmotic second virial coefficient exhibits a 
sharp change at the volume transition temperature, beyond 
which it turns to negative, indicating an increase in the 
van der Waals attraction as the particles collapse. Fig. 3 
suggests that with temperature-dependent size and energy 
parameters, the Sutherland-type function captures the 
essential features of the interaction potential between 
microgel particles. 

Because the number density of polymeric segments 
within each particle is closely related to the particle size, 
we expect that the attraction between microgel particles 
is highly temperature-sensitive. Fig. 4 shows the reduced 
energy parameter d ( k T )  near the volume transition tem- 
perature as obtained by correlation with the osmotic sec- 
ond virial coefficients from experiments. Experimental 
values for this parameter are not included because it is 
difficult to make a direct (or indirect) measurement of the 
reduced energy parameter. But the credibility of calculat- 
ed results is implied in the comparison of osmotic second 
virial coefficients, as shown in Fig. 3. Remarkably, the 
energy parameter increases by over six orders of magni- 
tude as temperature changes from 24°C to 36OC, with the 
sharpest increase at the volume transition temperature 
of 34°C. 
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THERMODYNAMIC MODELS FOR PHASE 
EQUILIBRIUM CALCULATIONS 

To calculate the phase diagram, we need to have the 
thermodynamic models for both fluid and crystalline 
phases, as well as the structure of the crystal. It has 
been shown before by small-angle neutron scattering 
measurements that even at low crosslinker concentrations, 
aqueous dispersions of PNIPAM microgel particles 
crystallize like hard-sphere Fig. 5 indicates 
that the structure factor of the colloidal crystal is well 
represented by that for a face centered cubic (fcc) struc- 
ture. Therefore it is reasonable to assume that hard spheres 
provide a good reference system for representing the 
thermodynamic properties of microgel dispersions. Be- 
cause the van der Waals attraction hetween microgel 
particles is short-ranged compared to the particle size, a 
first-order perturbation theory is appropriate for both 
phases. The higher-order terms are insignificant when the 
perturbation potential is s h ~ r t - r a n ~ e d . ' ~ ~ ]  

The Helmholtz energy of the fluid phase includes a 
hard-sphere contribution that is given by the Camahan- 
Starling equation of state, and a perturbation that takes 
into account the van der Waals attraction. In dimension- 
less units, the Helmholtz energy is given by: 

F 4'1 - 3'12 
- = ln(q) - 1 + 
NkT (1 - '112 

where N represents the total numher of particles, 
~ ] = n ~ c ? / 6  is the particle packing fraction, p is the 

Fig. 4 The reduced energy parameter ( t lkT) for interpart- 
cle potential between PNIPAM particles near the volume transi- 
tion temperature. 
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Fig. 5 (A) Neutron scattering profile for a dilute microgel dis- 
persion. (B) Scattering profile for a colloidal crystal of microgel 
particles. (C) Structure factor of the crystal. The Bragg peaks are 
interpreted according to the fcc lattice. (From Ref. [42].) 

particle number density, and gFs(r) is the hard-sphere 
radial distribution function. For convenience, we correlate 
the integral in Eq. 9  as a function of particle packing 
fraction using the radial distribution function gFS(r) 
obtained from the Percus-Yevick equation:'591 

The quadric form as given in Eq. 10 is applicable to the 
reduced density p ~ ~ < 0 . 6 .  Replacement of the integral in 
Eq. 9  with IF(q) gives: 

where: 

Other thermodynamic properties can be derived from 
Eq. 1 1 following standard thermodynamic relations. 

To describe the thermodynamic properties of the 
solid phase, we follow a perturbation approach similar 
to that for the fluid phase. The Helmholtz energy in- 

cludes a contribution from the reference hard-sphere 
crystal and a perturbation taking into account the van 
der Waals attraction: 

where gFS(r) is the radial distribution function of the hard- 
sphere solid. As in a hard-sphere system, an aqueous dis- 
persion of PNIPAM microgel particles forms a face cen- 
tered cubic lattice in the solid phase even when the particles 
are at low crosslinking density ("softer" particles).[421 

According to an improved cell theory,'601 the Helm- 
holtz energy of the hard-sphere solid is given by: 

NkT 

Compared with the original cell model proposed many 
years ago by Lennard-Jones and ~evonsh i re , [~ ' ]  the 
improved cell model introduces a factor of 8, taking into 
account the fact that the neighboring particles share 
partially the free space. Unlike the original cell model, 
the modified cell model provides accurate freezing and 
melting densities for the fluid-solid transition of uniform 
hard spheres. The hard-sphere radial distribution func- 
tion gFS(r) can be calculated using a modified Gaussian 
model for density distributions.[491 Using the radial dis- 
tribution function gys(r) for the hard-sphere solids, we 
numerically integrate the perturbation term in Eq. 13. The 
final expression for the Helmholtz energy of the solid 
phase is given by: 

F 
NkT 

Eq. 16 is applicable for the solid phase with the reduced 
density 0.95 < po' < 1.27. 

EQUILIBRIUM PHASE DIAGRAM 

Once we have an expression for the Helmholtz energy, the 
chemical potential p and the osmotic pressure P can be 
derived following standard thermodynamic relations: 
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where "V" stands for the total volume. A fluid-fluid 
coexistence curve is obtained from the criteria of 
phase equilibrium: 

where "a" and "P" designate two distinguishable fluid 
phases. To calculate the pressure and the chemical po- 
tential in the fluid phase, the Helmholtz energy is given 
by Eq. 11. For each temperature, we solve for equilibrium 
densities pa and pP using Eqs. 19 and 20. If no solution is 
found, the temperature is above the critical temperature 
for fluid-fluid equilibrium; in this case, there is only one 
fluid phase. 

For fluid-solid equilibrium, we also use Eqs. 19 and 
20. But now, for phase a, we use Eq. 11 for the liquid- 
phase Helmholtz energy, whereas we use Eq. 15 for the 
solid-phase Helmholtz energy for phase P. Again, we 
search for densities pa and pP that satisfy both equations 
of phase equilibrium (i.e., Eqs. 19 and 20). 

To calibrate the thermodynamic models proposed in 
this work, we first consider the phase behavior of a 
Yukawa system that is often used to represent colloidal 
dispersions with weak attractive interactions. Fig. 6 
compares the fluid-solid as well as metastable fluid-fluid 
coexistence curves from simulation[621 and from the 

Fig. 6 The phase diagram of a typical colloidal system with 
weak attractive forces. The points are from simulation data for 
Yukawa potential. (From Ref. [62].) The lines are from the 
theory. (View this art in color at www.dekker.com.) 
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Fig. 7 The phase diagram of aqueous dispersions of PNIPAM 
particles determined from turbidity measurements (symbols) and 
from the thermodynamic perturbation theory with an empirical 
correction of temperature (lines). The filled and open circles 
represent the melting and the second phase separation tem- 
peratures, respectively. 

perturbation theory. The agreement is satisfactory except 
near the critical point of the fluid-fluid equilibrium where 
the long-range fluctuations become significant. An im- 
proved prediction in this region can be achieved by 
applying the renormalization group theory.[631 Fig. 6 
indicates that at high temperature, the system is dominated 
by short-range repulsion and it exhibits freezing transition 
similar to that for hard spheres, whereas at low temper- 
ature, freezing occurs at dilute conditions and is separated 
by a metastable liquid-liquid equilibrium. 

Fig. 7 shows the calculated phase diagram of PNIPAM 
microgel dispersion using the first-order perturbation 
theories for fluid and solid phases. Also shown in this 
figure are results determined from a UV-VIS spectrom- 
eter. In this calculation, the calculated temperature is 
rescaled empirically by T = ~ ( 1 5 / ~ , ) ~ . ' ~ ~  to match the 
experimental results quantitatively. The discrepancy is 
probably because of the slight size difference (-2 nm) 
between the microgel samples used in light scattering and 
in phase diagram measurements. Nevertheless, the theory 
and the experiment agree, as least semiquantitatively. 

The phase diagram shown in Fig. 7 differs drastically 
from that of a conventional colloidal dispersion, or that of 
a colloid polymer mixture.[641 Below the volume transi- 
tion temperature, the coexistence phases at the freezing 
and melting points have close particle densities, similar to 
that observed in a hard-sphere system. However, above 
the volume transition temperature, fluid-solid transition 
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spans over a wide gap of particle concentrations. At 
high temperature, the fluid phase at the freezing point is 
highly dilute, whereas the solid phase at the melting point 
is highly concentrated. Interestingly, this phase diagram 
indicates that the microgel dispersion can freeze at tem- 
peratures both above and below the gel volume transition 
temperature. For instance, according to this phase dia- 
gram, a microgel dispersion with 7 g/L particle concen- 
tration is in the fluid state at 34S°C; it becomes a solid of 
similar density when the temperature drops to about 34"C, 
and the dispersion will be separated into a dilute solution 
and a solid of much higher density (about 17 g/L) at about 
35.3"C. The dashed line in Fig. 7 shows a metastable 
fluid-fluid coexistence curve with a low critical solution 
temperature. This coexistence curve is reminiscent of that 
for an aqueous solution of uncrosslinked PNIPAM poly- 
mer. Because of strong hydrogen bonding with water 
molecules from CO and NH groups, PNIPAM can be 
dissolved in water at low temperature. In this case, the 
isopropyl groups along the PNIPAM chain are caged by 
water molecules. When the temperature is increased, the 
cages of water molecules are partially melted, resulting in 
entropy increases. As a result, on increase of the tem- 
perature, the hydrophobic attraction caused by the iso- 
propyl groups and the polymer backbone become more 
important and the solubility of PNIPAM in water drops. 

KINETICS OF CRYSTALLIZATION 

As shown in Fig. 3, light scattering measurements indicate 
that when the particles are in the swollen state, the 
osmotic second virial coefficients of PNIPAM microgel 
dispersions are essentially the same as those for hard 
spheres. The nucleation kinetics confirms further that the 
swollen PNIPAM particles behavior like hard spheres. We 
find that the kinetics of microgel crystallization can be 
represented quantitatively by the classical nucleation 
theory (CNT). 

The classical theory of nucleation and crystal growth 
has been adapted by ~ussel["' to hard-sphere colloids, 
and extended and evaluated numerically by Ackerson and 
~ c h a t z e 1 . l ~ ~ '  According to the CNT,"~' the crystal nu- 
cleation rate per unit volume I depends exponentially on 
the Gibbs energy barrier in the formation of a critical 
nucleus AG,,,,: 

where the kinetic prefactor j is usually expressed as 
~ 4 ~ ~ 7 1  - @4g)2.6, where A is a constant independent of 
the particle volume fraction 4, and 4, is the glass tran- 
sition concentration. The critical Gibbs energy of nucle- 

ation is related to the difference in the chemical potentials 
of the solution and the crystal Ap, the solution-solid 
interfacial tension y,  and the number density of the 
crystalline phase p,: 

In most applications of the CNT to analyze crystal 
nucleation experiments, the parameter A in the kinetic 
prefactor and the interfacial tension are treated as 
adjustable variables. 

In Fig. 8, we compare the rate of nucleation per unit 
volume in the microgel dispersion investigated in this 
work with previous studies for hard-sphere-like col- 
l o i d ~ . [ ~ ~ ~ ~ - ~ ~ ~  Als o shown in Fig. 8 are calculated results 
from CNT using A and y as adjustable parameters, as well 
as the predictions of CNT with the kinetic prefactor and 
the fluid-solid interfacial tension obtained from Monte 
Carlo simulations.[711 In these calculations, the chemical 
potentials of the fluid and solid phases are calculated from 
Eqs. 11 and 15. Fig. 8 indicates that although the rate of 
nucleation for microgel dispersions is close to previous 
investigations on well-established hard-sphere-like col- 
loids and it agrees well with CNT using log,,(A) = - 5.96 

I 
1 

/ 
/ 

,/ n A  

0 

0 Auer and Frenkel(2001) 
Harland and Megen (1997) 

A Schatzel and Ackerson (1993) 
0 Sinn et al. (2001) 

Fig. 8 The nucleation rates per unit volume as a function of the 
particle volume fraction in an aqueous dispersion of PNIPAM 
microgel particles and in various hard-sphere systems. The solid 
line is calculated from CNT with the prefactor A and the fluid- 
solid interfacial tension y as adjustable parameters. The dashed 
line is the prediction of the CNT using A and y from Monte Carlo 
simulation. (View this art in color at www.dekker.com.) 
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and ylkBT= 0.45, it significantly deviates from simulation 
results for hard spheres. Similar observations have been 
reported by Schatzel and Ackerson for crystallization 
kinetics in a model hard-sphere system consisting of poly- 
methyl methacrylate particles coated with a thin layer of 
hydroxystearic acid suspended in a mixture of decalin and 
tetralin.[681 

CONCLUSION 

The volume transition of PNIPAM particles significantly 
affects the interaction potential and determines a novel 
phase diagram that has not been observed in conventional 
colloids. Because both particle size and attractive poten- 
tial depend on temperature, PNIPAM aqueous dispersion 
exhibits phase transitions at a fixed particle density by 
either increasing or decreasing temperature. At low tem- 
perature, freezing occurs at large particle volume frac- 
tions, similar to that in a hard-sphere system; whereas at 
high temperature, the freezing occurs at low particle con- 
centration, driven by the strong van der Waals attraction 
caused by the collapsed microgel particles. Although the 
kinetics of nucleation in PNIPAM microgel dispersions is 
similar to that for hard-sphere-like colloids, it deviates 
significantly from the prediction of the CNT using the 
kinetic prefactor and the fluid-solid interfacial tension 
obtained from recent simulations for the crystal nucleation 
of hard spheres. 

In many aspects, the phase behavior of colloidal 
dispersions reassembles that for simple fluids. However, 
a noticeable difference is that unlike the vapor-liquid 
equilibrium of a simple fluid, the equilibrium between a 
dilute and a concentrated colloidal dispersion is often 
metastable. Although that difference, arising for the short- 
ranged solvent-mediated attraction between colloidal par- 
ticles, is now well-documented, not much attention has 
been given to other features that are unique in colloidal 
systems. Temperature-dependent potential, as shown in 
this work, is special in colloidal systems. Because the 
interparticle potential is strongly temperature-dependent, 
the phase behavior of PNIPAM dispersions differs 
remarkably from that for simple fluids or for conven- 
tional colloids. In future work, it might be interesting 
to investigate other features that are special to colloidal 
dispersions, including the multibody effect on the phase 
behavior and dissimilarity of interparticle potentials in 
different phases. 
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INTRODUCTION 

Carbon dioxide (C02), when heated and pressurized 
above its critical temperature (31°C) and pressure (7.377 
MPa), is identified as being in a fourth, supercritical state 
with properties intermediate between liquid and gas 
(Table 1). At the critical point, the interface of C 0 2  
liquid and vapor starts to vanish (Fig. 1). Supercritical 
C 0 2  (scC02) has liquid-like densities providing good 
solvent capability, gas-like viscosities, and diffusivities to 
benefit mass transport, and a nonhazardous nature for the 
environment. Because of these properties and other 
advantages of C 0 2  over organic solvents such as low 
surface tension and low cost, scC02 has received 
increasing industrial and research attention in a variety 
of processes such as extraction,['*41  leani in^,[^,^^ polymer 
synthesis,i7781 and more recently microelectronics proces- 
 in^.'^."^ C 0 2  has been proposed to serve as an energy- 
efficient and environmentally benign solvent platform.["1 
The real-time monitoring of the time-dependent mass 
change is crucial to understanding, characterizing, 
designing, and controlling the aforementioned processes. 
However, this monitoring presents a number of chal- 
lenges because of the difficulty in applying various de- 
tection methods under high-pressure conditions. 

In this chapter, two microweighing techniques in sc 
C02, gravimetric and piezoelectric, are reviewed. A com- 
parison is made between two representatives of these 
techniques: the magnetic suspension balance (gravimet- 
ric) and the quartz crystal microbalance (QCM, piezo- 
electric). The QCM theory in high-pressure fluids is 
briefly introduced, followed by a summary of recent 
research which includes 1) the experimental verifica- 
tion of QCM theory; 2) the scCO, adsorption on metal 
surfaces; and 3) the dissolution of polymer films for 
applications in scC02-based lithography processes. 
Finally, the application of QCM in absorption, solu- 
bility, and other surface-specific processes in scC02 
will be reviewed to highlight the versatility of the 
QCM technique. 

MICROWEIGHING TECHNIQUES: 
GRAVIMETRIC AND PIEZOELECTRIC 

Many important physical and chemical processes can be 
monitored by observing the associated mass changes. 
Currently, two microweighing techniques, gravimetric 
and piezoelectric, have been widely used as an analytical 
tool for research and applied applications. Gravimetric 
microbalances are the most direct technique to measure 
mass variations at the microgram level. However, in a 
number of cases, most conventional gravimetric micro- 
balances such as spring, beam, and torsional balances are 
not designed for the operation under extreme conditions. 
The extreme conditions are usually defined as conditions 
of high pressures (> 1450 psi), viscous fluids, and/or high 
temperatures. In order to adapt the conventional gravi- 
metric balances to work under extreme pressures, some 
researchers['23131 have designed a high-pressure container 
to include both the microbalance and the sample. This not 
only greatly increases the system expenses, structural 
complexity, and operational difficulties, but also sacrifices 
the capability under high temperatures (> 125°C) because 
of the microbalance working conditions. Jwayyed et al.''31 
modified a commercial high-pressure microbalance (Cahn 
C-1000 balance) by redesigning the container (nipple 
shape with 30 cm 0.d. and 25 cm height) for use in scC02. 
They were only able to extend the pressure limit from 
1600 to 3000 psi. 

In recent years, some researchers['42151 have been able 
to design a unique balance, a magnetic suspension balance 
(MSB), for mass measurements under extreme conditions 
(>3000 psi). The MSB takes advantage of the principle of 
magnetic coupling to isolate the balance from the sample 
that is contained in a small pressure cell (Fig. 2), while 
maintaining most features of the traditional microbal- 
ances. Using this magnetic suspension coupling, the 
measured force is transmitted from the pressure cell to 
the microbalance that is located in the ambient environ- 
ment. Such novel design eliminates the large container, 
enables the capability of mass determinations under 
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Table 1 Physical properties of gas, liquid, and supercritical 
fluid (order of magnitude) 

Density Diffusivity Viscosity 
(&m3) (cm2/sec) (glcmlsec) 

QUARTZ CRYSTAL MICROBALANCE 
THEORY IN HIGH-PRESSURE FLUIDS 

Fundamentals 

Gas l x l o - \ x  lo-' 1 
Liquid 1 .O 5 x 1 x lop2 
Supercritical fluid 3 x lo-'  1 x lop3 1 x 

Source: From Ref. [5], with permission of William Andrew Publishing. 

extreme conditions, and makes realistic applications of 
gravimetric techniques in C02-based processes. The MSB 
has primarily been applied to determine the adsorption/ 
absorption and diffusivity of scC02 in addition to other 
solutes ontin bulk solid materials under static condi- 
t i ~ n s . ' ' ~ ~ ~ '  Applications of MSB for other chemical 
processes and applications under dynamic (flowing) 
conditions are rarely found in the literature. 

Piezoelectric quartz crystal resonators take advantage 
of the electric polarization that occurs when the crystal is 
subjected to a mechanical stress.[231 Several different 
devices operate using the piezoelectric technique accord- 
ing to the modes of electromechanical coupling, such as 
modes of thickness shear, face shear, and surface acoustic 
wave.r241 The AT-cut thickness-shear mode resonator, 
commonly referred to QCM, is the most widely used 
piezoelectric mass sensor.r251 The QCM consists of a thin 
quartz disk with two metal electrodes plated on its two 
opposite surfaces (Fig. 3). The QCM is a powerful 
microweighing tool for detecting in situ the mass changes 
to the ng/cm2 level of sensitivity. In the last decade, there 
has been increased application of the QCM for studies of a 
wide range of chemical processes and chemistries on 
surfaces and in thin films.[23p29' There are few difficulties 
for QCM applications under extreme conditions, because 
of the rigidity and chemical inertness of the quartz crystals 
and the elimination of any connection except the supply of 
electricity. Rigid electrical leads are commonly used to 
hold the crystal in place and excite the sensor that is 
contained in the pressure cell (Fig. 4). The QCM has been 
applied to many scC02-based processes and chemistries in 
bulk phases or at surface films; they will be summarized 
later in the following sections. 

Table 2 summarizes a comparison of the performance 
of MSB with QCM for the microweighing in scC02. As 
can be seen, the QCM is a more powerful and versatile 
microweighing tool in scC02 than the MSB, mainly owing 
to its low cost, conceptual simplicity, high mass sensitiv- 
ity, wide range of applications, rapid time response, and 
miniature and simple construction. In particular, the 
nanogram-level sensitivity enables the QCM as a possible 
technique that can be utilized to study interfacial processes 
related to nanotechnologies and nanomaterials. 

As the QCM is piezoelectric, an external electrical 
potential applied across the electrodes produces internal 
mechanical stress. This stress induces an acoustic wave 
that propagates through the crystal and meets minimum 
impedance when the thickness of the crystal is a multiple 
of a half wavelength of the acoustic wave. A resonant 
oscillation is achieved by including the crystal into an 
oscillation circuit in which the electric and the mechanical 
oscillation are close to the fundamental frequency (Fo) of 
the ~ r y s t a l . [ ~ ~ , ~ ~ I  

When a crystal is immersed in a fluid, any frequency 
shift from its fundamental value (Fo) in vacuum can be 
observed because of contributions from 1) mass sorption 
or desorption from the crystal surface; 2 )  pressure; 3) den- 
sity and viscosity of the fluid surrounding the crystal; and 
4) surface roughness of the crystal. The following expres- 
sion has been established to describe changes in the crys- 
tal frequency, AF, due to the aforementioned effects:[3o1 

A F  = F - Fo = AF, + AFp + AF,, -t AF, ( 1 )  

where F is the measured frequency of quartz, AF, relates 
to mass loading, AFp is dependent on pressure, AF, 
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Fig. 1 Phase diagram for C02  with constant density lines (dot 
lines, g/cm3). Above the critical point (31°C and 1070 psi), the 
vapor-liquid equilibrium (VLE) boundary vanishes, and the 
supercritical state is observed. The dash lines do not represent a 
boundary, but for the convenience to distinguish different states 
of COz. (View this art in color at www.dekh-er.com.) 
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Balance r--l Balance r'l 
fieontro~ system k- 1 .electromagmet 

permanent magnet 

sensor core 
PID controller 

sensor coil 

load decoupling 

(a) Measuring (b) Taring and Calibration 

Fig. 2 A typical magnetic suspension balance (MSB). (From Ref. (211.) 

changes with density and viscosity, and AF, is a function 
of surface roughness. 

According to the well-known Sauerbrey equation,1311 
AF, is directly proportional to the mass loading on 
the crystal: 

where p, is the shear modulus of quartz, p, is the density 
of the crystal, Am is the film mass per real surface area, n 
is the number of faces of the crystal exposed, and C, is 
the mass sensitivity of QCM, which is a function of the 
characteristic properties (Fo, p,, and p,) of the quartz 
crystal. Eq. 2 applies only if the adsorbed mass is much 
less than the mass of the crystal and it assumes this mass is 
firmly attached to the surface; hence the material moves 
together with the crystal. Such conditions are assumed to 
be fulfilled in cases of coated solid films and self- 
assembled monolayers. 

The pressure dependence of frequency, AFp, increases 
with increasing pressure linearly, as shown by Stock- 
bridge1"' for gases up to 15 psi. ~ u s s e [ ~ ~ ]  described a 
similar relationship for liquids up to 1.5 x lo4 psi. Thus 
AFp can be written as: 

where a is the proportionality constant and C, is the 
pressure sensitivity of QCM crystal, both of which are 
independent of the type of fluid in contact with the crystal. 

The viscosity and density contribution, AF,, describes 
the interaction of the vibrating crystal with a Newtonian 
viscous fluid. The interaction leads to an additional 

Quartz crystal 
4 

Circuit & 

Voltage supply 

Fig. 3 Schematic view of a piezoelectric QCM crystal (only 
one side shown). A typical 5-MHz QCM from International 
Crystal Manufacturing consists of a thin quartz crystal (0.85 cm 
diameter) sputtered with a metal electrode (0.35 cm diameter) on 
each side. Both sides should be exposed to scC02 because of 
high pressure. (View this art in color at www.dekker.com.) 
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Power supply Oscillator circuit Computer 
I I 

Pressure 
transducer 

Preheating a 
coil 

C02 cylinder 'r' 
Fig. 4 Schematic view of an experimental setup of QCM measurement system in scC02. (From Ref. [50].) 

loading of the crystal, causing a decrease in frequency. 
AF, is expressed to be proportional to the square root of 
the product of viscosity and density of the-surrounding 
fluid: [32,34.351 

AF, = - o . ~ c ~ ( ~ F ~ ) - ~ ~ ~ ( ~ ~ ~ ~ ) ~ ~ ~  (4) 

where pf and qf are the absolute density and viscosity of 
the fluid, respectively. 

Roughness Effect 

A common feature of the approaches to QCM theory as 
reviewed by Thompson et  is the neglect of 
microscopic properties of interfaces and surface rough- 
n e ~ s . ' ~ ~ ]  This leads to deviations of most experimental 
frequency shift data from the predictions by these ap- 
proaches. Buttry and and Schumacher et a1.[371 

Table 2 Comparison of two microweighing methods 

observed that up to 80% of the observed frequency shifts 
for a crystal in contact with a liquid could be attributed to 
roughness effects. 

As the microscopic properties of crystal-fluid inter- 
faces change with the surface morphology, a predictive 
analytical expression for the roughness contribution 
to frequency, AF,, is not available. Urbakh and Dai- 
khin[363383391 formulated a model for surface roughness, 
assuming that a rough surface can be characterized by the 
average height (h) ,  lateral length (a),  and distance ( I )  
between the inhomogeneities of the surface (Fig. 5). They 
incorporated this model into a framework of perturbation 
theory [369381 and derived a general relationship for AF, as: 

AF, = - O . ~ C ~ ( ~ F ~ ) - ~ / ~ ( ~ ~ ~ ~ ) ~ / ~ Y ( ~ , ~ ~ ,  a l l ,  h l a )  ( 5 )  

where Y is a scaling function, related to three dimen- 
sionless factors, a/6, alL, and hla; 6 is the decay length of 

Characteristics Gravimetric: MSB[~'] Piezoelectric: QCM["' 

Mass sensitivity 
Time resolution of 
response 
Measuring variables 
Calculations 
Construction 

Size 
Calibration 
Cost 
Operation conditions 
Applications 

10-5-10-6 g[131 

5 x lop2 sec'l3] (need fine damping control system) 

Gravity 
Simple 
Complex, especially the designing of the 
magnetic coupling and fine damping control system 
Medium size when comparing with the QCM 
Required to correct buoyancy 
Expensive 
Mainly ~tatic; ' '~] extreme conditions 
Mainly for processes and chemistries in 
bulk phases 

< l o 3  sec 

Frequency andlor impedance 
Simple 
Very simple 

Miniature size (0.5-2.5 cm diameter) 
Not necessary[25' 
Cheap (<$30 a QCM crystal)" 
Both static and dynamic; extreme conditions 
For processes and chemistries both in 
bulk phases and at thin films 

"Price information was obtained from International Crystal Manufacturing. 
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fluid velocities. 

In particular, if one assumes a slowly varying roughness 
(hla << 1 and h16 << 1) for the crystal surface with a limit of 
a16 << 1 or a16 >> 1, the scaling function Y is proportional to 
the ratio a16.["~ Reformulating Eq. 5 yields: 

AF, = -0.5CmCrpf (7) 

where Cr=Y6 is defined as the frequency-roughness 
correlation factor. This factor is only a function of surface 
roughness (h and a), provided that the assumptions above 
are fully established. Otherwise, C, should be additionally 
viewed as a weak function of 6. 

EXPERIMENTAL EXAMINATION OF 
QUARTZ CRYSTAL MICROBALANCE 
THEORY AND ADSORPTION OF Con ON 
METAL SURFACES 

As the frequency of a QCM crystal exposed to a high- 
pressure fluid is affected by different factors, it is critical 
to accurately separate out each influencing factor. Experi- 
mental verification of QCM theory enables the calculation 
of the actual mass change on the crystal surface. The 
investigation of C 0 2  adsorption on metal electrodes of 
blank crystals is a required initial step for the successful 
use of the QCM technique to investigate the chemical and 
physical properties of surface films in scC02. 

Separation of Contributions to Frequency 

As the microscopic properties of crystal-fluid interfaces 
complicate the QCM frequency behavior, a unique 
strategy[401 to verify the QCM theory in scC02 is to 
experimentally establish a relationship between the 
microscopic properties of crystal surfaces and frequency 

shifts. In a study reported here, the surface roughness of 
QCM crystals (three gold and three silver 5-MHz crystals; 
Table 3) was characterized using an AFM technique. 
Three groups of QCM experiments were performed on the 
six crystals to separate the following different contribu- 
tions to QCM frequency: AFp, AFm, AF,,, and AF,. The 
first set of experiments performed on Ag-polished and Ag- 
rough crystals utilized helium, the lightest inert gas 
considered nonabsorbing (AFm=O) on metals, to deter- 
mine AFp and AF,. To evaluate the roughness contribu- 
tion of frequency, AF,, the second set of experiments 
utilized N2, another nonabsorbing gas on the metal 
surfaces at room temperatures (i.e., AF, negligibly 
small). The last group of experiments was conducted 
using low-density gaseous C 0 2  (<0.2 g cmp3), an 
adsorbing gas at room temperatures, to test the adsorbed 
masses of C 0 2  on the metal surfaces. 

The first set of experiments in helium indicated that the 
frequency shifts of the smoothest silver crystal (Ag- 
polished) could be accurately predicted with the QCM 
theory for pressure and viscosity (Eqs. 3 and 4) by 
neglecting the roughness effect. However, for the roughest 
silver crystal (Ag-rough), about 10% of the total frequen- 
cy shifts could not be theoretically predicted with Eqs. 3 
and 4. The variations in the prediction were attributed to 
the roughness effect. This is consistent with the experi- 
mental findings by Tsionsky et a~.'~'' who investigated 
frequency shifts of gold and nickel crystals in He, H2, Ar, 
and N2. 

The second set of experiments in nitrogen showed that 
the roughness effect had a significant influence on the 
frequency even for the smoothest silver and gold crystals. 
The experimental roughness contribution, AF,, was 
calculated by subtracting theoretical AFp and AF, from 
the experimental AF (Eq. 1). The resulting AF, was 
plotted as a function of theoretical N2 density; the 
corresponding frequency shift corrected in this manner 
was found to be a nearly linear function of density, 
indicating the precision of the theoretical expression of 
AF, (Eq. 7). Therefore the frequency-roughness correla- 
tion factor, C,, can be obtained by correlating AF, with 
the N2 density (pf) or the decay length (d), using Eqs. 8a 
and 8b, 

Fig. 5 Two types of ideal surface roughness. (a) Slightly 
rough, h/6 << 1 ; (b) strongly rough, h/6 >> 1. (From Ref. [40].) 

where a and b are the constants assumed to be indepen- 
dent of the type of fluid. The values of a and b for each 
crystal are also shown in Table 3. Eqs. 8a and 8b represent 
accurate predictions of C, with most correlation coeffi- 
cients better than 0.999. Eq. 8a is only applicable to gases 
because of the neglect of the influence of viscosity, while 
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Table 3 Some characteristic properties of six different QCM crystals 

RMS roughness" - 
Crystals ( l o 7  cm) H ( l o 7  cm) a ( l o 7  cm) 1 ( l o 7  cm) Eq. 8a Eq. 8b 

Ag-polished 3.7 12 180 190 1.32(1-2.65~~) 0.398+4.96 x 1046 
Ag-unpolished 26 85 1410 2180 1.79(1-3.48~') 0.322+7.44 x lo4S 
Ag-roughc 647 1030 - - 7.28(1-1.27~~) 5.16+ 1.05 x 1056 
Au-polished 2.8 8 110 120 1.37(1-2.23~~) 0.595 +4.10 x 1046 
Au-unpolished 115 210 1370 2120 3.22(1-2.37~~) 1.41 +9.17 x 1046 
Au-roughc 68 1 1090 - - 6.88(1-1.51~~) 3.99+ 1.63 x lo56 

T h e  rms roughness is defined as the root mean square (or standard deviation) of the Z values within a given Am? image area with respect to the average 
Z value. 
?he units for pf and 6 are g/cm' and cm, respectively. 
'Lack of data for a and 1 because of no apparent periodic inhomogeneities in the AFM images of the strongly rough crystals. 
Source: From Ref. [40] 

Eq. 8a is suitable for dense gases (pf>0.2 g/cm" and 
liquids.[401~, was found to be dependent primarily on the 
rms roughness of crystals and, to a lesser degree, on a 
and 1.[401 

In the last group of experiments, the frequency shifts 
(AF) of all six crystals in gaseous C 0 2  (pressure < 1000 
psi) were measured to evaluate the amount of C 0 2  
adsorbed on the metal surfaces. The C 0 2  adsorption was 
calculated from AF, that was obtained by subtracting the 
theoretical AFp, AF,,, and AF, from AF, using Eqs. 1 to 4, 
7, and 8a. As can be seen (Fig. 6), all six crystals with 
different surface roughness values adsorbed similar 
amounts of gaseous C 0 2  per real surface area, which 
agrees well with the adsorption theory. This is additional 
evidence of the accuracy of the reformulated QCM theory 
by including the roughness contribution. It also implies 
that the a and b values obtained in N2 are independent of 
the type of fluid. 

Adsorption of Supercritical C02 
on Metal Surfaces 

examined in greater detail the scC02 adsorption on metal 
surfaces.[401 

The frequency shifts of Ag-polished and Ag-rough 
crystals (Fig. 7) in scC02 were measured to evaluate the 
amount of C 0 2  adsorbed on the surfaces (Fig. 8). The 
calculation procedure is the same as in the gaseous C02.  
As the C 0 2  density and the amount of adsorbed C 0 2  
increase with increasing pressure, the holes and valleys 
between the inhomogeneities on the crystal surface 
are gradually filled (Fig. 8, inset), which causes a 
gradual decrease of surface roughness.[361 Therefore C, 
was corrected for the overestimation of the roughness 

Several researchers have determined the mechanisms of 
adsorption of scC02 on metal surfaces. Otake et a ~ . ' ~ ' ]  
determined the mass of C 0 2  adsorbed onto rough silver 
QCM electrodes at 40°C and at pressures up to 5800 psi. 
They concluded that scC02 mass adsorption on metal 
surfaces could approach values as high as 25 pg/cm2. 
Guigard et al.L421 evaluated the adsorption of C 0 2  on 
rough gold electrodes at 40°C and 45°C and at pressures 
up to 1500 psi. They found the similar maximum amount 
of C 0 2  adsorption as by Otake et al. However, these 
researchers all neglected the roughness contribution to 
frequency in the calculation. In order to fully account for 
the roughness contribution, the Wu research group 
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Fig. 6 Adsorption of gaseous C 0 2  on silver and gold surfaces 
at 40°C, using the C, values calculated with Eq. 8b. (From 
Ref. [40].) (View this art in color at www.dekker.com.) 
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where 5 and to are the roughness in centimeters of the 
original substrate surface and the modified surface by the 
absorbed molecules, respectively. < is a function of 
thickness (or mass) of absorbed molecular layers. Analysis 
showed that it was appropriate to predict scC02 adsorption 
on the Ag-polished crystal by neglecting the roughness 
contribution (C,=O or < = O), when the density was larger 
than 0.4 g cmp3 (Fig. 8). This was because the quantity 
(2.4 pg/cm2) of C 0 2  mass absorbed at the density of 0.4 g 
c m 3  could smooth the surface of Ag-polished crystal.[401 
For the Ag-rough crystal, calculation showed that the two 
limits of 5/<o= 1.0 and 0.75 could fit the adsorption data of 
the Ag-polished crystal well in the regions of low and high 
densities (<0.4 and >0.7 g/cmi; Fig. 8). It was concluded 
that the use of rough QCM crystals (rms roughness 
> 10 nm) required careful attention in scC02 adsorption 
studies, because of the variation of c,.'~O] Only very smooth 
QCM crystals (several nanometers or less) are capable of 
accurately determining the adsorption of scC02 on the 
metal surfaces without considering the surface roughness 
contribution. The adsorption of scC02 on the silver and 
gold surfaces at 40°C ranges to 3.6 pg/cm2, but not up to 
25 pg/cm2 as determined by Otake et and Guigard 
et al.[421 who used very rough crystals and neglected the 
roughness contribution. 
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2 - -1000- 
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Fig. 7 Frequency shift of Ag-polished and Ag-rough crystals in 
gaseous and scCOz at 40°C as a function of pressure. (From Ref. 
[40].) (View this art in color at www.dekker.com.) 

APPLICATIONS OF QUARTZ CRYSTAL 
MICROBALANCE FOR DISSOLUTION 
STUDY OF POLYMER FILMS IN 
SUPERCRITICAL COP 

Polymer dissolution (or polymer desorption) in solvents is 
an important phenomena in polymer science and engi- 
neering. Applications of polymer dissolution or desorption 
are found in several areas such as microlithography, 
controlled drug delivery, and plastics recycling.[431 For 
example, the successful implementation of a microlithog- 
raphy process requires technical information on the 
dissolution of photoresist polymer films in specific 
solvents during 1) the development of the resist images 
and 2) the stripping of the remaining films after the 
lithography process.'441 Hinsberg et a1.r45,461 and 1toL4'] 
applied the QCM techniques to determine the dissolution 
rate of novolac and poly(4-hydroxystyrene) films in 
aqueous developer solutions at atmospheric pressure. 
Mueller et al.r481 have used the QCM to investigate the 
diffusivity of casting organic solvents in photoresist films 
for the evaluation of the influence of the solvents on the 
polymer dissolution behavior. These researchers demon- 
strated that the QCM technique was a particular attractive 
tool for the evaluation of the dissolution of polymer films 
in organic and aqueous solutions. 

The dissolution kinetics of polymer films in scC02 
provides useful technical information for the development 
of scC02-based interfacial processes that require excellent 
control of surface properties (e.g., thickness and mor- 
phology) at the micro- and nanometer scales. The recently 
proposed surface processing of microelectronics in 
S C C O ~ [ ~ ]  is a typical field that requires information on 
polymer film dissolution. However, a search of the 
literature in this specific area revealed that there have 
been a very limited number of studies on the polymer 
dissolution kinetics in scC02 by the use of QCM 
technique. To date, the number of dissolution studies of 
polymer films in scC02 by other online techniques, e.g., 
interferometry,[4" is also limited. This is probably due to 
the lack of various detection techniques at extreme 
conditions and to the situation of such scC02-based 
processes being in the stages of early development. 
Nevertheless, Wu and ~ r a n t [ ~ O ]  have utilized the QCM for 
the evaluation of polymer film dissolution in scC02. 

Based on the availability and applicability of the re- 
formulated QCM theory in scC02, the dissolution study of 
polymer films in scC02 was achieved utilizing the ex- 
perimental high-pressure QCM apparatus (Fig. 4). Fig. 9 
represents a typical experimental run using a Si-polished 
QCM crystal to evaluate the dissolution kinetics of poly 
(FOMA-r-THPMA) films (low MW polymer) at 60°C and 
2400 psi. The fundamental frequency (Fo; Fig. 9) of the 
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Fig. 8 Adsorption of scCOz at 40°C on Ag-polished and Ag- 
rough QCM crystals. The inset on the upper right comer 
demonstrates how the adsorbed mass may alter the surface 
morphology. (From Ref. [40].) (View this art in color at 
www.dekker.com.) 

blank crystal was determined in vacuum (P=O psi). The 
crystal was removed from the vessel and the polymer film 
was cast onto the crystal by dip-coating in an 8 wt.% 
polymer-trifluorotoluene solution. After drying the film in 
vacuum for 30 min the stable frequency (Fl ;  Fig. 9) of the 
coated crystal was measured. The total polymer mass (mo) 
coated on the crystal corresponded to the frequency 
difference of (F, - F,). C 0 2  was gradually pumped into 
the vessel via steep changes in pressure (see abrupt steep 
changes in frequency curve in Fig. 9) and the frequency 
data (F2,i, i= 1 to 4) were continually recorded. As the 
polymer was insoluble at pressures lower than 1700 psi at 
60°C, this set of frequency data at elevated pressures were 
used to evaluate the swelling (or C 0 2  absorption) of film 
and C 0 2  diffusivity in the polymer film. After the 
frequency of the crystal became stable at the last steep 
change in pressure (P= 1520 psi), the C 0 2  pressure was 
instantaneously raised to the required experimental pres- 
sure (2400 psi) by adding more C 0 2  into the vessel. The 
QCM frequency went through a minimum value (F3) and 
increased rapidly, indicating the removal of polymer film 
from the crystal surface. The minimum frequency is the 
point at which C 0 2  absorption (film swelling) and film 
dissolution are balanced. Therefore in the example 
presented here, the dissolution of polymer film in scC02 
consists of two steps: 1) absorption-dominating and 2) 
dissolution-dominating. After the polymer film dissolved 
in scC02 at 2400 psi and 60°C for 10 min, the C 0 2  in the 

vessel was rapidly released and the QCM frequency (F5) 
was measured again in vacuum. The remaining polymer 
film was removed by dissolution in pure trifluorotoluene 
(TFT), and excess TFT was dried off in vacuum. The 
original fundamental frequency (F6=r0) of the crystal 
was recovered, indicating complete polymer removal. On 
the polymer dissolution graph, the line from F3 to F4 
represents the dissolution curve that can be used to 
evaluate the kinetics. Wu and  rant'^"] have evaluated 
the dissolution kinetics of poly(F0MA-r-THPMA) films 
under the conditions that will be required for static film- 
developing and stripping in the microelectronics proces- 
sing. Studies are currently underway to evaluate the 
dissolution kinetics of polymer films in a flowing 
scC02 environment. 

ADDITIONAL QUARTZ CRYSTAL 
MICROBALANCE APPLICATIONS IN 
SUPERCRITICAL C02 

Absorption of Supercritical C02 and Other 
Analytes in Solid Films 

The absorption and solubility of scC02 or other analytes 
in solid films are important properties that can be used to 
understand many scC02-based processes and chemistries. 
The swelling of polymer films in scC02 is a typical ex- 
ample of absorption processes. The QCM determination 
of absorption is realized by modification of the QCM 
surface with a coating that can interact with a desired 
analyte in a way that the mass and thickness of the coating 
are increased (Fig. 10A). To date,  researcher^[^'-^^] have 
successfully used the QCM technique to investigate the 
absorption of scC02 in polymers at elevated pressures 
with high performance. There are a limited number of 
QCM studies on the absorption of an analyte other than 
C 0 2  into a solid film, where both the analyte and the solid 
film are contained in a scC02 environment. 

Interestingly, based on the QCM, some dual techniques 
have been developed to measure other absorption-relevant 
physical properties. Hattori et a1.154,551 combined vapor- 
liquid partition chromatography with a piezoelectric QCM 
to measure vapor-liquid equilibrium (VLE) ratios of 
benzene and toluene at an infinite dilution state in a 
scC02-poly(viny1 acetate) system. The QCM indicated the 
solubility of organic solutes in the polymer phase while 
the chromatography analyzed the concentrations of 
solutes in the scC02 phase. Good VLE data were obtained 
with this dual technique. Nakamura et al.'561 reported the 
determination of adsorption isotherms of scC02 on several 
proteins and polysaccharides by a combination of two 
different microbalances, gravimetric and piezoelectric. 
The QCM was used to measure the absorption of C 0 2  into 
the proteins and polysaccharides; the absolute adsorption 
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Fig. 9 A typical experimental QCM determination for the 
dissolution of poly(F0MA-r-THPMA) film in scCOz at 2400 
psi and 60°C under static conditions. Detailed explanation in 
the text. (From Ref. [50].) (View this art in color at 
www.dekker.cotn.) 
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could be accurately calculated from the gravimetric data 
by subtracting the absorption contribution. 

Mass change during dissolution 

Fs-FS 

Precision Cleaning and Dissolution 
Using Supercritical C02 

Polymer mass not removed during dissolution 

Fs-F4 

The QCM determination in cleaning and dissolution 
processes typically involves the partial or complete 
removal of a film or coating from the QCM surface by a 
liquid, gas, or a fluid in the supercritical state (Fig. 10B). 
Precision cleaning and precision decontamination can be 
defined as processes that result in a surface contaminant 
level of less than 10 pg/~m2.L57' However, most precision 
cleaning processes require a contaminant level of less than 
1 pg/~m2.[581 A majority of recently developed scC02- 
based precision cleaning processes are found in the 

COz desorption during the release of C02  

microelectronic industry. Some typical examples are 1) 
the decontamination of micromechanical de~ices ; '~ ' '  2) 
the initial removal of impurities such as organic soils and 
fingerprints from silicon wafers; 3) the stripping of resists 
from metallized silicon surfaces without damaging thin 
metallization patterns;'601 and 4) the direct development of 
resist More recently, the scC02-drying of 
organic or aqueous rinse liquids from micro-electro- 
mechanical systems (MEMS) or other silicon structures 
were proposed to prevent the collapse of the fine features 
on the The QCM is capable of monitoring 
the mass changes in all these C02-based precision- 
cleaning processes at the nanogram scale. 

Solubility of Chemicals in Supercritical C02 

A thermodynamic property that is essential to any 
application of supercritical fluids is chemical solubility. 
The application of the QCM in the determination of 
solubility (Fig. 10B) is, in principle, very close to the 
approach used for cleaning and dissolution studies. A 
critical difference is the amount of time required for the 
attainment of phase equilibrium. The QCM method is 
ideally suited for solutes that exhibit low solubility, or for 
measurements conducted at low scC02 densities, a 
condition in which many solutes have low solubility. 
This is because the QCM theory (Eq. 2) is considered 
accurate provided the mass of a coating does not exceed 
2% of the crystal mass.[2" Guigard et al.[421 have applied 
the QCM technique to determine the solubilities of two 
metal chelates, bis(acety1acetonato) copper and bis(then- 
oyltrifluoro-acetonato) copper, in scC02 and described the 
methodology in detail. They found that the solubilities 
measured by the QCM were in excellent agreement with 
the four sets of literature values obtained using other 
techniques, with a standard deviation of 25%.L421 This 
level of discrepancy is actually encouraging because of 
the extreme low solubility values on the order of l o p 5  
mole fraction. Besides metal chelates, the QCM method 
can be extended to determine the solubilities of natural 
products (e.g., herbal medicines), photoresists, polymers, 
fats, biomaterials, and many other chemicals of interest 
for C02-based processes. This is especially true in cases in 
which the traditional detection methodologies (e.g., 
spectroscopic techniques) are limited due to either their 
low sensitivity or the complexity of the associated 
apparatuses under extreme pressure conditions. 

Molecular Recognition in Supercritical COP 

Molecular recognition is of interest for biological pro- 
cesses because most biomolecules show selectivity and 
specificity when interacting with other species. This 
particular microweighing methodology involves either 
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directly coating host molecules (insoluble in scC02) on 
the surface of a QCM crystal (Fig. 10A) or modifying 
the surface with a self-assembled monolayer (SAM) 
(Fig. 10D). The SAM can be formed using thiols or other 
chain-like molecules that have two active groups at the 
two ends of the chain. The -SH group of the thiol or one 
end of the chain-like molecule is attached to the QCM 
surface, while the -OH group or the other end is grafted 
with the receptor molecule. When guest or donator 
molecules are supplied into the vessel together with 
COz, they are bonded to the host or receptor molecules via 
molecular interactions, resulting in a mass increase of the 
coating. Naito et al.[643651 ~ucce~~fu l ly  demonstrated two 
examples of molecular recognitions in scC02 using the 
QCM technique. In the first system, ethyl acetate and 
ethanol were selectively bound to anthracene-bis(res- 
orcino1)tetraol that was coated on the crystal surfaces. In 
the second situation, nucleobases such as 9-ethyladenine 
and 2-pyrrolidone were recognized at different extents by 
thymine that was immobilized on the thiol-modified QCM 
surfaces. The equilibrium constants and the associated 
kinetics of molecular binding were easily obtained by the 
use of the QCM technique. 

Evaluation of Deposition in Supercritical C02 

Chemicals either previously dissolved in the scC02 phase 
or produced via reactions of other C02-soluble chemicals 
may deposit onto surfaces, due to solubility variations 
with temperature and pressure or the insoluble character- 
istics. The dynamic mass of deposited surface films can be 
detected in situ using the QCM method (Fig. 10C). For 
example, the QCM technique can be directly used to 
evaluate the deposition of metals (e.g., copper and nickel) 
on silicon wafers.[661 The metals were generated via the 
hydrogen reduction of organometallic compounds that are 
dissolved in a scC02 carrier. This deposition process was 
named as chemical fluid deposition (CFD), and the 
deposition of metals on pattern features less than 100 
nm wide has been demonstrated using such CFD 
technique.[661 

Polymer Foaming in Supercritical COP 

In recent years, scC02-based polymer foaming has been 
of particular importance in the production of low 
dielectric films in electronics manufacturing and tissue 
engineering scaffolds for biological purposes.[671 Upon 
removal of the scC02 phase, the absorbed C02 is released 
from swollen polymer networks, resulting in free-standing 
porous foams. The foams have cell diameters of less than 
1 pm and the process accomplishes density reductions of 

II 0 0 

Quartz Electrode Co its particle C02 or other analytes 

-r rn o rn 
SAM + receptor Donator Holes Reactant 

or trapped substrate 

Fig. 10 Schematic representations of some typical scC02- 
based processes or chemistries that can be investigated using the 
QCM. (A) Absorption or molecular recognition; (B) cleaning, 
developing, stripping, drying, dissolution, or solubility in scC02; 
(C) deposition; (D) molecular recognition; (E) foaming; (F) 
surface reaction, or polymerization. 

97% relative to the parent polymers.[hs1 Quartz crystal 
microbalance can act as a useful tool for detecting the 
dynamic mass changes associated with such foaming 
processes (Fig. 10E). The dynamic mass changes can be 
correlated with the structure and morphology of the foams 
by evaluation using microscopic techniques. such as SEM 
and AFM. The combination of the QCM microweighing 
with the microscopic techniques can provide a compre- 
hensive understanding of the foaming processes. 
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Surface Reactions in Supercritical C02 

Reactions or polymerizations on metal oxide surfaces or 
other surfaces immobilized with active groups can be 
followed by detecting the mass increase on the surfaces 
with the QCM technique (Fig. 10F). When treated with 
acids, the metal oxide surfaces provide OH active groups 
to promote immobilization. The silylation of native oxide 
silicon surfaces in the preparation of coating for hydro- 
phobic photoresists1691 is a typical example of surface 
reactions in scC02. Supercritical C02 has been utilized 
as a carrier of silane reagents, thereby reducing the 
consumption of chemicals and improving the rate of 
surface coverage. 

Two techniques, MSB and QCM, have been developed 
primarily as microweighing tools for wide use under 
extreme conditions. In the literature, the MSB has been 
utilized mainly for the determination of adsorption1 
absorption and diffusivity of scC02 in bulk polymers 
under static conditions. When compared to the MSB 
technique, the QCM has found a wider range of appli- 
cations for many scC02-based static or dynamic processes 
both in the bulk phase and at the surface film. This is 
primarily because of the intrinsic attributes of the QCM 
approach, such as the nanogram-level mass sensitivity, 
millisecond-level time resolution, miniature and simple 
construction, and low cost. The QCM can be successfully 
developed into a submicroweighing tool in scC02 by the 
careful examination of the QCM theory in high-pressure 
fluids. Although the QCM has applications in various 
C02-based processes and chemistries, such as dissolution, 
solubility, adsorptiodabsorption, and molecular recogni- 
tion, the reported efforts and application areas in the 
literature are limited to date. It is evident from the 
progress reviewed in this chapter that the QCM demon- 
strates great potential for use in scC02. 

Because scC02 is a "green" solvent, it is expected that 
the use of this solvent in nanoscale processing will 
increase significantly in the next few decades. The 
complete scope of the QCM in actual nanoscale process- 
ing has not been realized either. Hence the QCM will 
serve as an excellent analytical tool for developmental 
studies on emerging nanotechnologies and nanomaterials. 
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INTRODUCTION 

The term "electrokinetics" means the combined effects 
of motion and electrical phenomena. However, the term 
"electrokinetic properties" carry a wider connotation 
including zeta potential (zp), the structure of electrical 
double layer (EDL), surface potential, and isoelectric 
point (iep) phenomena. The electrokinetic properties of a 
substance, inorganic or organic, are used to explain the 
mechanism of dispersion and agglomeration in a liquid 
phase and to identify the adsorption mechanisms of ions 
or molecules at a solid-liquid interface. Therefore they 
play an important role in a spectrum of applications 
including ceramics, food, mining, paper, medicine, water 
and wastewater treatment, emulsions, biochemistry, and 
detergents. In this paper, the type and significance of 
electrokinetic properties of mineral nanoparticles, the 
mechanism of particle-particle interactions in liquid 
systems, and the applications of electrokinetic phenomena 
are presented. 

DESCRIPTION OF ELECTROKINETIC 
PROPERTIES OF MINERAL PARTICLES 

Origin of Surface Charge 

Each mineral particle in a liquid whether colloidal (< 1 pm) 
or nanoparticle (< 100 nm) carries electrokinetic charges 
depending on the properties of liquid phase such as pH 

and ionic strength.['-" The surface charge of minerals 
can originate as a result of a number of mechanisms dis- 
cussed below. 

Dissociation of surface groups 

In most solid minerals, dissociable functional surface 
groups such as carboxyl (-COOH) and hydroxyl (-OH) are 
present. These groups may be ionizable depending on the 
solution pH; a surface is charged either negatively at high 
pHs or positively at low pHs. 

For metal oxides and hydroxides: (see Eq. (1) below), 
where M represents a metal cation at the surface. 

For coal representing a typical hydrophobic mineral- 
where R represents a hydrocarbon compound constituting 
the coal structure (see Eq. (2) below). 

Consequently, for simple metal oxides and hydroxides, 
e.g., Si02, A1203, Fe203, and AlOOH, complex metal 
oxides including clay mineralsr441 and some hydropho- 
bic minerals, e.g., coal,[71 H+, and OH- ions are con- 
sidered as the potential determining ions (pdis) (see 
"Potential Determining, Indifferent, and Specifically 
Adsorbed Ions" section). 

Preferential dissolution of lattice ions 

This type of charging mechanism is generally developed 
in aqueous solutions with some soluble ionic solids, viz., 
AgI, CaC03, BaS04, and CaF2 as a result of the pref- 
erential release of certain constituent lattice ions from the 

H+ OH- 
&MOH; = #-- MOH = & M O - + H ~ O  

(positive surface) (neutral surface) (negative surface) 

(negative surface) (neutral surface) (positive surface) 
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solid into liquid phase as a result of hydration and lattice 
energies.r81 The concentrations of these ions at equilibri- 
um state are dictated by the solubility product of the 
solid.[91 For AgI particles, for instance, the amount of Ag+ 
ions released into water from the particle surface at 25°C 
is more than that of I- ions. Therefore the surface of AgI 
particle remains negatively charged. Thus the constituent 
lattice ions for these minerals are considered as the pdis. 

Preferential adsorption of ions from solution 

This mechanism is most commonly observed and results 
from the differences in the affinity of two phases for some 
ions. Some specific ions (see "Potential Determining, 
Indifferent, and Specifically Adsorbed Ions" section) can 
strongly adsorb on a solid surface and charge the particle, 
or, vice versa, a charged particle can become noncharged 
through such adsorption, e.g., adsorption of H+ and OH- 
on oxide minerals (Eqs. 3 and 4 in the case of Si02), Ag+ 
and I- adsorption on silver iodide particles, and ~ l ~ +  and 
HDTMA+ (hexadecyltrimethylammonium) adsorption on 
~ l i n o ~ t i l o l i t e . ~ ' ~ ~  It should be noted that especially for H+ 
and OH- ions, it is difficult to distinguish whether the 
charging of a particle is generated from the adsorption or 
dissociation of these ions. (see below).r21 

Isomorphic substitutions 

Almost all clay and zeolite minerals that are generally 
characterized as aluminum silicates exhibit negative 
charges in water, which results from the substitutions 
within the crystal lattice of ~ l ~ +  for si4+ or M ~ ~ +  for 
~ 1 3 +  r11-141 c0 nsequently, negative charges are developed 

in the lattice to compensate the so-called exchangeable 
cations, i.e., Na+, K+, and ca2+ entering the crystal 
structure. When such minerals come in contact with water, 
some of these cations can easily dissociate, leading to 
negatively charged surfaces. 

Accumulation and transfer of electrons 

Besides ion transfer, as explained above, electron transfer 
is also possible between solid and liquid phases depending 
on differences in the electron affinities of the two phases. 
Also, some molecules of dipole character may be oriented 

at the solid-liquid interface leading to charged surfaces;[2331 
this is mostly observed at the metal-solution interface. 

Electrical Double Layer and 
Double-Layer Models 

When a mineral particle is immersed in a liquid, a surface 
charge will be developed through one of the mechanisms 
discussed above. Let us imagine a negatively charged 
solid particle in an electrolyte solution; while the oppo- 
sitely charged counterions will congregate in the vicinity 
of the particle, coions having the same sign with that of 
the particle will be repelled from the surface as a result of 
electrostatic interactions. Thus a charged surface layer 
(layer 1) and an ionic layer (layer 2) all the way to the bulk 
water constitute the electrical double layer with a 
thickness usually ranging from a few angstroms to a few 
hundred angstroms. To examine the structure of EDL, 
different models have been proposed.'3 15' These models 
are introduced below. 

Helmholtz compact layer model 

The earliest model of the EDL, in which a rigid layer away 
from the surface in solution consists of oppositely charged 
ions, was proposed in 1879 by ~e l rnho l t z . [ ' ~~  Also, the 
surface charge of particle is equal to that of rigid layer. 
Because this model ignores the disrupting effect of 
thermal agitation, it is unreasonable. This model is known 
as a molecular condenser model owing to its similarity to 
a parallel plate condenser.['] Using the law of distribution 
of EDL, the potential $ (V) across the double layer for this 
capacitor is 

where a is the charge density per unit area of a plate 
(c/m2), E (dimensionless) is the dielectric constant of the 
medium, and so is the permittivitj of free space 
(8.854 x 10- l 2  C'/J m). 

Gouy-Chapman diffuse double-layer model 

This is independently known as the Gouy-Chapman mod- 
el. They expressed that, in addition to the electrostatic 
attraction of counterions to the charged surface, some of 
them tend to diffuse toward the bulk solution because of 
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their thermal motion. Note that the EDL theory can be 
developed for different solid geometries such as flat plate, 
sphere, and cylinder. Because most studies for organic and 
inorganic solids in liquids assume the flat plate geome- 
try,"7~'s' here we also consider the flat plate to simplify 
the structure of EDL. The theory of Gouy-Chapman is 
based on the two fundamental equations: Poisson and 
~o l t zmann .~ '~ '  The Poisson equation (Eq. 6) for a flat 
surface given below is related to the potential distribution 
of an electric charge relative to the distance from the 
surface in a medium. 

where is the double-layer potential (V) at a point 
located a distance x from the surface, p(,) is the charge 
density per unit volume (Urn" at the same point. 

The Boltzmann equation is given by 

where ni is the number of ions of type i per unit volume 
near the surface or in diffuse layer, ny is the number of 
ions of type i per unit volume in the bulk solution, z; is 
the valence number of i including its sign, e is the 
electronic charge (1.602 x 1 0 "  C), k is the Boltzmann 
constant (1.381 x JIK), and T is the absolute 
temperature (K). The term zie$ signifies the electrostatic 
(or coulombic) work required to bring the ion, i, from 
the bulk of the solution (where x-+m and $"=O) to a 
position where the potential is $. 

The volume charge density near the surface is 

Substituting Eq. 8 into Eq. 6 yields the Poisson-Boltz- 
mann equation (Eq. 9). 

Eq. 9 shows a nonlinear differential equation without an 
explicit general solution but can be analytically solved by 
the Debye-Huckel approximation provided that zie$ < kT, 
i.e., the potential ($) < 25.712; mV throughout the EDL. 
Thus Eq. 9 is converted to the following form"61 

where K is known as the Debye-Huckel parameter with a 
unit of reciprocal length (m- ') and given by 

For water at 25"C, Eq. 11 becomes 

1-1 electrolyte 

1 1 ~ .  9.61 nm 

I I I I I I 
I I 1 I I I 

b) 
0.001 M electrolyte 

Fig. 1 Variation of electrical double-layer thickness with 
electrolyte concentration. (From Ref. [16].) 

where I is the ionic strength ([='I2 Cciz?) of the 
solution and ci is the concentration of an ion, i in mol/L, 
and zi is the valence number of i. Note that the inverse 
of K, ~ I K ,  is a very important term in the stability of 
colloidal particles and is called as "the electrical double- 
layer thickness." When the distance from surface 
reaches the value of llrc, the double-layer (DL) potential 
($) equals $de (e=2.7182). Eq. 12 clearly shows that 
the double-layer thickness is basically dependent on the 
ion concentration and the valency of the ion. An increase 
in both parameters results in a decrease in double-layer 
thickness and potential as shown in Fig. 1. 

For surface potentials ($") < 25 mV, the solution of 
Eq. 10 yieldst31 

where x is the distance from surface and rc is the Debye- 
Huckel parameter. For high surface potentials, i.e., zie$ > 
kT, the exact solution of Eq. 9 is required. The solution 
given by Gouy (1910) and Chapman (1913), for the case 
of a symmetrical electrolyte (zi+ = -zi- = Z, such as 
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NaCl, CaS04; and n:+ = n: = no) and some mathematical 
manipulations, becomes [ I 6 ]  

tanh(zell//kT) = tanh(zell/,,/kT) exp(-KX) (14) 

or 

Y = Yoexp(-Kx) 

where y=tanh(ze$I4kT) and yo=tanh(ze$d4kT). 
Evidently, although Eq. 14 is relatively more com- 

plex than Eq. 13, it has wider applicability. The surface 

(a) Stem layer . , 

Positively charged 
surface . 
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charge density (oo) of a particle in a liquid is given 
elsewhere.[31 

Stern-Grahame model 

The Gouy-Chapman model of EDL includes some un- 
realistic cases. For example, the ions are assumed as point 
charges and any specific effects related to the ion size are 
neglected. Therefore the adsorption densities on the solid 
surface calculated for moderate surface potentials and 
ionic strength values are so high that they are physically 

Counter ion ( - ) 

Co- ion ( + ) 

\hear plane 

Diffw layer 

Bulk Solution 

Fig. 2 The Stern-Grahame model represented by (a) by low concentration of specifically adsorbed ions and (b) by higher 
concentration of the specifically adsorbed ions. 
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(b) Stem layer 
Positiveiy charged Diffuse layer 

suIface 

Bulk Solution 

____, 

Distance (x) 

Fig. 2 (Continued). 

impossible. Also, the solvent is assumed to have contin- 
uous properties everywhere in solution; however, its 
properties such as the dielectric constant and the viscosity 
may be different in the EDL and the bulk solution. 

Stern (1924)[19' modified the Gouy-Chapman model 
with an adsorbed layer of ions of thickness d, which is 
usually considered as 0.3-0.5 nm. This layer, assumed to 
be held fixed at the surface, is called the Stem layer. Thus 
the ion distribution in solution around the charged particle 
is divided into two parts: the Stem layer, which is the 
identical form in the Helmholtz model and consists of 

specifically adsorbed ions, and the diffuse (or Gouy) 
layer. The double layer in Fig. 2 essentially shows three 
layers, i.e., the layer of charged solid surface, the Stem 
layer, and the diffuse layer, but in the literature the 
commonly used term is "double layer." Also, there is a 
shear plane in the diffuse layer at which the double layer 
potential ($) is called the zeta ( 5 )  potential. 

~ r a h a m e [ ' ~ '  further divided the Stem layer into two 
parts: inner Helmholtz plane (IHP) and outer Helmholtz 
plane (OHP) (Fig. 2a,b). At the b plane, there are spe- 
cifically adsorbed unhydrated ions known as the IHP, 
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while that of the closest approach to the more weakly 
adsorbed hydrated ions at d is known as the OHP, the 
onset of the diffuse layer. This model, known as the Stern- 
Grahame model, is usually represented with low amounts 
of specifically adsorbed ions (Fig. 2a) while the modified 
version (Fig. 2b) incorporates the specifically adsorbed 
ions. In the former, the sign of particle surface cannot be 
reversed, but it is possible in the latter. The potential 
distribution in the diffuse layer for a symmetrical 
electrolyte (Eq. 14) can be rewritten as; 

tanh(ze$/4kT) = tanh(~e$~/4kT)  e x p [ - ~ ( x  - d) ]  

(15)  

Note that, in the case of electrolyte concentrations less 
than 0.1 M, the zeta (5) potential can be used instead of 
I)~. The composition of the double layer is usually inferred 
from a comparison between oo and od or $o and ICld, then 
computed by some model. The following equation has a 
reasonably wide applicability if the amount of specifically 
adsorbed ions is low. 

where 8=odoo (0 <8 5 l), oh and 00 are charge densities 
at the IHP and at the surface (in C/cm2), and @ stands for 
the specific adsorption free energy in units of kT and $b is 
the potential at the IHP, ci is the bulk concentration of ion 

i (mom). Eq. 16 is an extension of the familiar Langmuir 
equation.L21 

Potential Determining, Indifferent, and 
Specifically Adsorbed Ions 

Potential determining ions (pdi) are the major ions 
responsible for the establishment of the surface charge 
of particle.[31 Their activities in the liquid play a crucial 
role in the generation of potential difference across a 
solid-liquid interface. They are also able to reverse the 
sign of zp of the solid. As a simple recipe, for a cation to 
be the pdi, it must make the surface more positive upon 
increasing the cation concentration. Similarly, for an 
anion to be the pdi, it must impart the surface more 
negative charges with increasing anion concentration. 
While the pdi for ionic solids such as AgI, BaS04, and 
CaC03, etc. are the lattice constituent ions, i.e., Ag', I-, 
~ a ~ + ,   SO^^, Ca2+, C O ~ ~ ,  H+ and OHp ions are for metal 
oxides and hydroxides, silicate or clay minerals, some 
hydrophobic minerals (e.g., coal), and some synthetic 
polymers with sulfate groups.[','35,61 Fig. 3 clearly shows 
the difference in the behavior of a positively charged 
alumina surface toward (a) pdi: H' and OHp; (b) the 
indifferent ions C1-, and NO3-, Na+, and ~ a ' + ;  and (c) the 
specifically adsorbed ions ~ 0 ~ ~ -  and ~ 2 0 3 ~ - .  For 
metal oxides, for example, the surface potential is 

Concentration of electrolyte ( equivalents per liter ) 

Fig. 3 Zeta potential profile of a positively charged alumina surface in the presence of various ions. (From Ref. [3].) 



Mineral Nanoparticles: Electrokinetics 1997 

determined by the activities of pdis and expressed by $0=0.059 V (pHo-pH), where pH0 refers to the pzc."91 
Nemst-like equation For AgI, Eq. 17 can be written as 

$0 = (RT/F) ln(aH+/ai+) (17) $0 = (RT/F) l n ( a ~ g +  /a:,+ ) (18) 

where F is the Faraday constant, aH+ is the activity of H+, Indifferent ions are those that cannot specifically adsorb in 
and a:+ refers to the point of zero charge (pzc). The the Stem layer of the EDL and unable to reverse the sign of 
operational formula for aqueous solutions at 25OC is surface charge of the particle but only compress the 

Table 1 iep and pzc of some typical natural and synthetic minerals 

Mineral Typical formula iep or pzc Reference 

Metal oxides and hydroxides 
Corundum A1203 
Quartz Si02 
Hematite Fez03 
Rutile Ti02 
Zirconium Z a 2  
Diaspore y-AlO(0H) 
Goethite a-FeOOH 
Metal sulfides 
Pyrite FeS2 
Chalcopyrite CuFeS2 
Sphalerite ZnS 
Silver sulfide Ag2S 
Soluble ionic minerals 
Calcite CaC03 
Fluorite caF2 
Silver iodide AgI 
Complex minerals 
Colemanite Ca2B601 .5H20 
Kaolinite A12Si205(OH)4 
Dolomite CaMg(C03)z 
Fluoroapatite Ca5(P04)(F,0H) 
Wolfrarnite (FeMn)W04 
Hydrophobic minerals 
Coal C 
Anthracite C 
Talc Mg3(Si40 10) (OH12 
Sulfur S 
Mol ybdenite MoS2 
Synthetic minerals and mineral mixtures (composites) 
Silicon carbide Sic 
Silicon Si  
Hematite u-Fe00H 
Boehmite AlOOH 
Carbon (fiber) C 
Rutile Ti02 
Mixed metal oxide (40% Ni + 60% Co)" 
Mixed metal oxide (50% Si02 + 50% ~ 1 ~ 0 ~ ) ~  

"The iep. 
b ~ h e  pzc. 
CSamples of Ni and Co mixed oxide in the form of powders were synthesized by thermal decomposition of the nitrates at 400°C. 
Forty and sixty percent means the weight ratio of the composite material. 
*AS starting materials, AIC13 and tetraethyl orthosilicate were used. They were mixed in an autoclave, and were calcined 
afterward at 50O0C. 
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electrical double layer. For example, monovalent ions such 
as Na+ and C1- are indifferent ions for c~lemanite , [~ '~ and 
Na+, C1-, NH4+ NO3-, CaOH+, MgOH+ Al(OH)+, and 
A~(oH)~+  are indifferent ions for clinoptilolite (natural 
zeolite).['01 Indifferent ions, which usually decrease the 
double-layer thickness (lhc), are used in electrokinetic 
studies to determine the point of zero charge (pzc) or 
isoelectric point (iep) of minerals (Fig. 3). 

Specifically adsorbed ions possess special affinity for 
the solid surface through coulombic and noncoulom- 
bic forces. These noncoulombic forces may be chemi- 
cal in nature, i.e., involving some degree of covalent 
bonding with surface atoms or be more physical, e.g., van 
der Walls forces between the ion and the surface or 
between the hydrocarbon chains of surfactant ions 
adsorbed. r31 

lsoelectric Point andlor Point of Zero Charge 

Although the isoelectric point (iep) and the point of zero 
charge (pzc) are identical by definition, there are some 
differences between them. The iep or pzc of some typical 
minerals are given in Table 1. While the pzc denotes the 
state in which the net surface charge of the solid is zero, 
the iep describes the condition at which the potential at the 
shear plane, i.e., the zp obtained from electrokinetic 
measurements is zero; the iep and pzc are the same in the 
absence of the specific adsorption. But the pzc of a 
mineral need not coincide with the iep in most cases as 
seen in Table 1. 

The iep of a mineral is directly obtained by electro- 
kinetic measurements (see "Potential Determining, Indif- 
ferent, and Specifically Adsorbed Ions" section) against 
pH, usually in the presence of indifferent electrolytes (or 
ions) of various molarities seen in Fig. 4. This figure 
indicates that 1) KN03 is an indifferent electrolyte for this 
system and 2) the iep in this case is the same as the pzc. 
The pzc is experimentally determined usually by poten- 
tiometric titration method of the adsorbed pdi.[401 For 
example, for oxides, hydroxides, and silicates, the surface 
charge density at pzc, go, can be expressed as 

where rH+, and roH- are analytical surface excess for H+ 
and OH- ions, respectively. Here it must be noted that 
iep and pzc of minerals depend on the heterogeneity of 
mineral surface and pretreatments of minerals such as 
leaching, washing, and ultrasonic s ~ r ~ b b i n ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
Interestingly, the iep of particularly semisoluble salt- 
type minerals has been found to vary with the solids 
concentration.[211 

Fig. 4 Determination of the iep by electrokinetic measure- 
ments against pH in the presence of indifferent electrolytes of 
various molarities. (From Ref. [39].) 

Zeta Potential (zp) 

Zeta (5) potential is an intrinsic property of a mineral 
particle in a liquid. It determines the strength of the EDL 
repulsive forces between particles and identifies the 
stability of a colloidal system. The zp is known as the 
measurable surface potential of a particle, viz., the 
potential at the shear plane. There is no direct experi- 
mental method for determining both the surface potential 
(IC/o) and Stem layer potential (IC/d).[31 SO far, the exact 
position of the shear plane within the diffuse layer of the 
EDL could not be determined, but it is assumed that the 
position of the shear plane is very close to the outer 
Helmholtz plane (oHP).['] The 5 potential is fairly close 
to the Stem potential, $d, in magnitude, and definitely less 
than the potential at surface, t+ho. 

METHODS OF ZETA 
POTENTIAL MEASUREMENTS 

Electrokinetic measurements using electrophoresis, elec- 
troosmosis, streaming potential, and sedimentation poten- 
tial can be interpreted to yield a quantity known zeta or 
electrokinetic Of these four techniques, the 
electrophoresis is perhaps the best known and most 
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commonly used technique to measure the zp of minerals. 
While the electrophoresis technique with modifications is 
extended for the measurement of very fine particles such 
as nanoparticles (< 100 nm) and colloidal particles (<1 
pm), other techniques are usually employed for larger 
particles. The size of mineral particles is independent of 
the charge and only identifies the measurement technique. 

Electrophoresis 

When a charged mineral particle in a conducting liquid is 
applied an electrical field, it moves toward the oppositely 
charged electrode (relative to its charge). This is called 
electrophoresis. The method is based on the mobility (U) 
of the particle under the applied electrical field (E). The 
electrophoretic mobility of the particle represents the 
velocity ( v )  per unit electric field (E) and is given by 

U (mobility) = speed/electric field = v/E 

The mobility of particle is converted to the zp by the 
Henry equation 

where 5 is the zeta potential, e is the dielectric constant of 
the medium relative to the vacuum, q is the viscosity of 
the medium, f ( ~ a )  is the corrector factor depending on the 
product of K (Debye-Huckel parameter), and a is the 
particle radius. For very small particles in dilute solution 
where the thickness of the DL (11~)  is large, Ka<< 1 and 
f ( ~ a ) =  1 (Huckel equation). For large particles in more 
concentrated solution, KU>> 1 and l / ~  is small, and 

1.5 (Smoluchowski equation).17] 
If the particles are invisible, as in the case of some 

protein molecules, they are tracked by the Tiselius 
t e ~ h n i ~ u e . [ ~ , ~ ~ ]  However, for particles of about 0.5 pm 
in diameter or larger, direct observation is possible using 
an optic microscope illuminated with a strong light 
source. An ultramicroscope is useful for particles down 
to 0.1 pm. An electrical field is applied on the cell 
consisting of two electrodes and the movement of mineral 
particles dispersed in a conducting liquid is observed. 
Thus the rate of movement of particles moving toward the 
opposite electrode is observed under an optical micro- 
scope using a light beam lamp. Particle velocity is 
measured by timing individual particles on a microscope 
grid as they move from the start to the finish line. Ten to 
twenty particles are usually tracked with each traverse 
taking 3-15 sec. Thus the electrophoretic mobility of the 
particle is determined and then converted to the zp using 
the Smoluchowski equation. 

Electrokinetic measurements of nanoparticles can be 
performed by the Laser Doppler Electrophoresis method 
(LDE), the Phase Analysis Light Scattering Techniques 
(PALS), Tiselius technique, the Rotating Prism and 
Rotating Grating, and zone electrophoresis methods.[429431 
The LDE and PALS techniques can provide zp or 
electrokinetic measurements of many millions of nano- 
particles in a few seconds. The LDE is based on the 
mixing of scattered light from a sample of a suspension of 
colloidal particles moving in an electric field, with light 
directly from the source. The scattered light is frequency- 
shifted by the Doppler effect, and optical mixing of this 
with the "unshifted" reference beam light leads to a 
beating at a frequency dependent on the speed of the 
particles. The limitation of this method arises from the 
small displacement of the particles because of a low 
mobility. This problem can be somewhat overcome with 
the Phase Analysis Light Scattering Technique (PALS). In 
this technique, phase modulation is applied so that the 
Doppler frequency of zero mobility particle is equal to the 
modulation frequency coo. It is possible then to measure 
the deviation of the actual frequency, present in the 
scattered light, by performing a phase comparison of the 
detected signal with the imposed modulator frequency. If 
the mobility is truly zero, the relative phase of the two will 
be constant: If a small mobility is present, the relative 
phase will be shifted, and a small phase shift can be 
detected by a phase comparator.[431 At high ionic strengths 
where the conventional zeta meters fail to function, the 
PALS technique is becoming useful. 

Electroosmosis 

This method is based on the measurement of liquid in a 
capillary (or in a system of capillaries such as a porous 
plug of compressed solid particles) under an applied 
electric field. When electric field or potential gradient, E, 
is applied via the working electrodes on the system, the 
electrolytes flow in response to the field and drag the 
liquid along with them. This movement of liquid can be 
conveniently observed by measuring the movement of a 
small bubble in the capillary, converting it to the flow rate 
from which the flow rate the zp of the solid may be 
calculated using the following equation.'91 

where V, is the electroosmosis velocity of the liquid, i 
is the electric current passing through the capillary, 
is the viscosity of the liquid, E is dielectric constant 
of the liquid, and A is the specific conductance of 
the liquid. 
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Streaming Potential 

Streaming potential method may be considered as the 
converse of the electroosmosis. Here the electric field 
instead of the liquid velocity is measured. When a liquid is 
forced to flow through a capillary tube or porous plug by 
applying pressure, a potential difference is developed. 
This potential difference is called the streaming potential. 
The zp of the solid (constituting the porous plug) from 
streaming potential data is given by the following 
Helrnholtz-Smoluchowski equation (Eq. 23).[19' 

where E, is the streaming potential and P is the pressure 
applied for streaming the liquid. This equation is valid 
under the conditions where the flow is linear and the pore 
diameter is much greater than the value of 1 / ~ . [ ~ , ~ '  

Sedimentation Potential 

This technique may be regarded as the converse of the 
electrophoresis method. When a particle in a liquid settles 
through a suspending medium under the gravitational 
forces, it produces an electric field E. This electric field 

is measured by inserting reversible electrode probes at 
two different heights in the column of settling particles 
and then E=A@L, where A4 is the potential difference 
and L is the separation between the electrodes. The E 
value may be used to calculate the zp, provided that the 
particle surface is nonconducting, the particles are of 
uniform size, and KU >> 1 .[3s91 

where a is the radius of the particle, ml and m* are the 
densities of particle and liquid respectively, n is the 
number of solid particles in a unit volume, and g is the 
gravitational constant. 

INTERACTION MECHANISMS BETWEEN 
MINERAL PARTICLES 

DLVO Theory and the Interaction 
Energy Curves 

The DLVO (De rjaguin and Landau, 194 1 Verwey and 
Overbeek, 1948[~']) theory explains the stability of col- 
loidal systems including nanosized particles considering 

VER , Electrical double layer repulsion 

'b, 

VT, Total (or net ) interaction 

-\- Energy barrier I , 
I + \ 

I - Distance between 
Particles 

I / \ 
/ Secondary minimum 

/ - Primarv minimum 

Fig. 5 Repulsive and attractive forces as a function of distance of separation. 
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the total potential energy of interaction between colloidal 
particles depending on the distance between them. The 
total or net interaction energy is equal to the summation of 
the EDL interaction energy (VER) and the van der Walls 
interaction energy (VVA) and given as 

The EDL interaction energy between two colloidal par- 
ticles in an electrolyte solution results from the over- 
lapping of their diffuse layers; that is, it results from an 
osmotic pressure of counterions in repulsive character 
when the two particles have the same sign of charge. But, 
when they are opposite in charge, the DL interaction 
energy becomes attractive in character. The van der Walls 
interaction energy (VVA) between the particles arises from 
the London-van der Walls forces. If the two particles are 
identical, the van der Walls interaction is always negative 
(attractive) but in the case of different particles, this may 
change depending on the Hamaker constant of the 
particles and the 

For two spherical colloidal particles of equal size, 
which usually appear in most colloidal systems, the total 
interaction energy using the DLVO theory is described 
provided that a >> H as follows"51 

where a is the radius of colloidal particles, H is the 
shortest distance between them, A is the effective 
Hamaker constant depending on the Hamaker constants 
of the particles and the medium, K is the Debye-Huckel 
parameter, and x is given by 

Indeed, the right hand of Eq. 27 is identical with the term 
tanh(~e$~/4kr) in Eq. 15, only the zeta ( 5 )  potential 
instead of $d is used. In Eq. 26, the first term denotes the 
EDL repulsion energy (VER) and the second term the van 
der Walls attraction energy (VvA). Note that here 5 is used 
as an effective surface potential of the particles. If VT, 

Zeta Pot. = -30 mV 
in distilled water 

Zeta Pot. = -14 mV Zeta Pot. = zero (0) mV 
in KC1 solution in AICI3 solution. 

- I - I - I 
Fig. 6 Total energy of interaction curves for silica particles and their corresponding coagulation behavior. (From Ref. [48].) 
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VER, and VVA are plotted as a function of the distance (H), 
the characteristic curves such as those in Fig. 5 are 
obtained. Here the VT value at each distance is obtained by 
the summation of the VER and VVA values; that is, the 
smaller energy is subtracted from the larger energy. If 
repulsive, the net value is plotted above; if attractive, the 
net value is plotted below. The VT curve is then formed. 
As seen in Fig. 5, both repulsive and attractive interactions 
become weaker as the separation distance increases. At 
sufficiently large distances, the particles exert no influ- 
ence on each other. 

If the colloidal particles are very close, the van der 
Walls attractive forces take over with a resultant negative 
energy of interaction leading to the coagulation of par- 
ticles. At contact state, the total interaction energy is 
known as the primary minimum. There is also another 
negative attraction energy usually beyond 3 nm known as 
the aggregation region or the secondary minimum.[461 But 
the coagulation in this region is not stable and reversible 
with respect to the case in the primary minimum.[93471 
Rheological properties such as thixotropy are closely re- 
lated to coagulation at the secondary minimum. 

If the particles are further away, van der Walls attrac- 
tion forces sharply decrease because of the large exponent 
of inverse distance, and the EDL repulsion forces take 
over with an energy barrier occurring between the par- 
ticles. If aggregation is required, the height of the energy 
barrier shown in Fig. 5 should be lowered or removed. 
Conversely, for a good dispersion, the height of the energy 
barrier must be enlarged. These two cases can be realized 
by changing the EDL repulsive forces, as it is perhaps 
impossible to change the van der Walls forces. 

Now we can ask this question, how can we change the 
EDL repulsive forces? This is possible by changing the zp 
of particles through changing parameters such as the type 
and concentration of electrolyte and solution pH. For 
example, for negatively charged colloidal silica particles 
in distilled water at 0, - 14, and -30 mV, the photo- 
micrographs of the colloidal silica particles taken by 
~ o s e n t a l ' ~ '  are given in Fig. 6a, b, and c, respectively. The 
total interaction energy (VT) curves are assumed to 
correspond to the cases in Fig. 6a, b, and c, respectively. 
As seen in Fig. 6a, silica particles with a zp value of - 30 
mV exhibit dispersion and the height of the energy barrier 
is considerably high. When KC1 is added into water, the 
zp of silica particles comes down to the - 14 mV (Fig. 6b) 
as a result of the double-layer compression with a 
resultant decrease in repulsive energy and in turn in the 
height of the energy barrier. Consequently, in this system, 
sometimes the van der Walls attractive forces may 
become dominant depending on the kinetic conditions 
and/or the existence of the non-DLVO forces such as 
hydration, hydrophobic forces, and steric forces. When a 
trivalent electrolyte, AlC13, is added into system, the zp 

comes down to zero, which is called the isoelectric point 
(Fig. 6c), owing to the charge neutralization on the silica 
surface; the height of the energy barrier disappears and the 
van der Walls attractive forces become dominant in the 
system.[491 Accordingly, the colloidal particles come in 
contact and coagulate (Fig. 6c). 

At the point where the energy barrier just disappears: 

Applying these conditions to Eq. 26 results in an expres- 
sion for the critical coagulation (or flocculation) concen- 
tration, C,, for a symmetrical (z+=-z-, z is the valence 
number of electrolyte, e.g., NaCl) electrolyte as follows: 

where K is a constant that depends only on the properties 
of the dispersion medium and A is the effective Hamaker 
constant. When the zp is very high, the term P approaches 
unity and the critical concentration becomes inversely 
proportional to the sixth power of the valency, 2. This 
dependence of C, on 1/z6, known as the Schultz-Hardy 
rule, is consistent with the DLVO theory. For instance, if 
coagulation occurs at 1 M with a 1:l electrolyte, it will 
occur at 112~ ("0.016) M with a 2:2 electrolyte, and at 
113~ ("0.0014) M with a 3:3 electrolyte. 

APPLICATIONS OF ZETA POTENTIAL AND 
ELECTROPHORETIC MOBILITY 

As mentioned earlier, the zp is a good indicator to explain 
the stability mechanisms of different colloidal and 
emulsion systems, and the adsorption mechanism between 
any organic or inorganic species at any solid-liquid 
interface. The term stability, when applied to colloidal 
dispersions, is a relative term intended to express the 
resistance of the dispersion to change. In any colloidal 
system, colloidal particles may have different zp values 
depending on the conditions, i.e., solution pH, existence 
of electrolyte, type, and concentration. The zp is used 
mainly in the following areas as an indicator of the dis- 
persion and coagulation of colloidal systems. Therefore it 
has a wide spectrum of applications, some of which will 
be briefly mentioned. 

The preparation of a well-dispersed clay-water colloi- 
dal system in the slip casting molding method requires the 
zp of clay particles be sufficiently high to provide re- 
pulsion between the particles so that a dense packing with 
strong material is produced.[501 In the purification of 
municipal water and cleaning up of industrial wastes, it is 
usually necessary to remove solids from dilute suspension. 
The key to effective colloid removal is the reduction of zp 
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of the colloidal particles to zero by adjusting solution pH, 
and type and concentration of electrolyte.[' 1.5'1 

The pigments in paint, consisting of-fine particles or 
nanoparticles, colored or colorless solid particles, must be 
dispersed readily to maintain a stable dispersion. The zp 
value of pigments in a solvent plays an important role in 
maintaining a good dispersion.[521 The pharmaceutical 
industry often prepares their product by suspending col- 
loidal particles or nanoparticles of the drug uniformly 
throughout a liquid vehicle. A successful suspension re- 
mains stable and enjoys a long shelf life. This is often 
achieved by producing a stable dispersion that settles 
very slowly at maximum zp. Suspensions of paper stocks 
containing fine particles including filler or pigments are 
generally regarded as colloidal systems. If fine particles 
are agglomerated, they will attach to the fiber, leading to 
better drainage and improvement in total retention at a zp 
value of 0 m ~ . [ ' ~ ]  The EDL repulsive forces and zp values 
between colloidal latex particles defining a sol of polymer 
particles such as polystyrene latex"01 have a decisive role 
in the preparation of monodisperse  late^.'^^'^^' 

The zp measurements are used to determine the opti- 
mum conditions for the stability of emulsions. In most 
emulsion systems such as cream in cosmetic industry (oil 
in water or water in oil emulsions), mayonnaise in food 
industry (solid in liquid emulsion), and toothpaste in 
pharmaceutical industry (solid in liquid emulsion), the 
stability is achieved through a good control of zp.r561 The 
zp values of fiber materials are used in the characteri- 
zation of fiber materials such as carbon, polyethylene, 
cotton, and polyester in liquids and identifying the ad- 
sorption capacity of different organic dye molecules.'421 

Flotation is a technique widely used in mining industry 
to separate valuable minerals from their ores or to separate 
the valuable minerals from each other. Finely ground 
minerals in water are coupled with an appropriate col- 
lector chemical and then floated with air bubbles. The zp 
is used to select appropriate collector, elaborate the meth- 
od of collector adsorption on minerals, and examine ac- 
tivation mechanism of  mineral^.'^.'^^^] 

Electrophoretic deposition is an important technique 
directly used to produce a thin or thick coating on a 
conducting base.[50x571 In this technique, charged particles 
migrate to an electrode of opposite charge under the 
influence of an electric field. Untirusting paint coatings on 
metal surfaces, composite coatings, production of super- 
conductor~,[~~'  and photocopying by e l e~ t rode~os i t i on [~~~  
are further examples of this kind. Differences in electro- 
phoretic mobilities of some proteins induce their sepa- 
ration in biological 19.40.42.47.52-54.584 1 I Similarly, 
analysis of the bldod cells can reveal illness through 
electrophoretic mobility; a mobility of - 1.1 pm sec- '1 
V cm-' is reported for fresh human red cells in blood at 
pH 7.4.[601 In addition, the intravascular coagulation 

diseases of human can be indirectly controlled by zp.[481 
Bacterial action is also governed by electrical potential.'621 

Detergency is the ability to remove dirt such as soil and 
oil adhering to fiber. The dirt removal from fabric by 
detergent is explained by the heterocoagulation theory 
including the EDL repulsion and van der Walls attraction 
energy between two different materials, fabric and 
dirt.[599611 Soil used for agricultural purposes contains an 
appreciable fraction of colloidal material composed of 
both lyophobic and lyophilic colloids. When soil is treated 
with water, the soil must be kept in a flocculated state to 
impart porosity, a suitable medium for good plant growth; 
this condition is provided by adding some electrolyte into 
water. The permeability of oil-producing sandstones is 
governed by the clay particles present in sandstone 
material. The migration of clay particles is relevant to 
the properties of water used in the system and also the 
electrokinetic properties of clay particles.[631 

CONCLUSION 

It is clear from this review that electrokinetic properties of 
mineral particles are encountered in all walks of life. 
Understanding of electrokinetics of mineral nanoparticles 
in a liquid, in addition to the ionic composition of the 
solution, requires the knowledge of surface charge, zeta 
potential, surface potential, structure of EDL at the 
mineralniquid interface, and its double-layer thickness. 
This information is then used to identify the interaction 
mechanisms between two particles or between a particle 
surface and a substance (in ionic or nonionic form), and in 
turn, the stability of solid-liquid system and the adsorp- 
tion of an ion (or molecule) on a charged or noncharged 
mineral. Its practical implications are then explained in 
terms of the DLVO theory. 
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INTRODUCTION 

Mixed metal oxide (MMO) nanoparticles (also called 
heterometal oxide nanoparticles) can play an appreciable 
role in many areas of chemistry and physics. The unique 
electronic and magnetic properties obtained when com- 
bining two metals in an oxide matrix have been well 
studied.[1321 However, the most common use for MMOs 
has been in the area of catalysis, and here they have found 
use both as the catalyst and as catalyst supports.[3341 
Specifically, MMO containing aluminum has found many 
opportunities in ~ a t a l ~ s i s . ' ~ - ' ~  

Mixed metal oxides are also used in many applications 
in the electronic industry as passive or active components 
in devices. These exhibit high dielectric, and ferro- or 
pyroelectric properties, e.g., BaTi03, LiNb03, KTa03, 
Pb,-,LaxTi,Zr203, etc. The most remarkable MMO 
materials are surely the thermal-conducting superconduc- 
tors based on YBa2C~307-x. The technological interest in 
MMOs such as silica-titania and silica-zirconia arises 
from their chemical resistance and their thermomechani- 
cal or optical properties. Si02-Ti02 glasses and zircon, 
SrZr04, are characterized by very low thermal expansion, 
which confer them a high thermal-shock resistance. 
Si02-TiOz and SO2-Zr02 glasses have high refractive 
indices and are wonderful catalysts or catalyst supports.[81 
Owing to their refractoriness, these MMOs are difficult to 
produce by conventional melting techniques; thus, sol- 
gel technique is used for their preparation. The homoge- 
neity of binary oxide has great influence on structural 
evolution of the gels during the heat treatment. Magne- 
sium aluminate spinel (MgA1204) is expected to have 
applications as a structural material at high temperatures 
because it has a high melting point and superior thermal 
and chemical properties. It is also of technological interest 
as a refractory material at elevated temperatures. It is 
important to realize that improved properties are recorded 
for ceramic materials at nanoscale and these materials are 
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expected to find the most important place in technology in 
the coming years. 

In this article, we have covered the most important and 
recent methods of preparation of nanocrystalline MMOs. 
Special emphasis has been given on sol-gel technique 
because of its popularity among researchers, resulting in 
homogeneous and pure MMO nanoparticles. Among 
physical methods, perhaps flame spray pyrolysis is 
gaining more importance in recent time. Structure, 
properties, and applications of MMO nanoparticles have 
also been discussed. This area of research is wide open 
and offers scope for development in synthetic and ap- 
plication fields. 

SYNTHESIS OF MIXED METAL 
OXIDE NANOPARTICLES 

Developments in the field of MMO nanoparticles have 
produced many significant and interesting results in all 
areas investigated. This attracted attention toward the 
preparation of these potential new materials with variable 
composition having unique properties. Researches have 
explored and developed both physical and chemical 
methods by which such materials can be prepared. 

Physical Methods 

Several physical aerosol methods have been reported 
for the synthesis of nanosized particles of ceramic 
materials. The most successful include gas condensation 
t e ~ h n i ~ u e s , [ ~ - ' ~ ~  spray pyrolysis,"3~'41 thermochemical 
decomposition of metal-organic precursors in flame re- 
a c to r~ , "~"~ '  and some other aerosol processes named 
according to energy sources applied to reach the tempera- 
tures required for gas-particle conversion. The experi- 
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mental details of these physical/aerosol methods have been 
outlined by Khaleel and ~ichards.'"' 

Vapor condensation method 

It involves two steps. In the first step, a metallic 
nanophase powder is condensed under an inert convection 
gas at high pressure, after the supersaturated vapor of 
metal is obtained inside a chamber. In the second step, the 
powder is oxidized by allowing oxygen into the chamber. 
It is a critical step in which the temperature is as high as 
1000°C because of the exothermic nature of the reaction. 
High temperature results in agglomeration into large 
particles, and often annealing process at high temperature 
is required for completion of oxidation. Nanoparticles 
result when supersaturation is achieved above the vapor 
source. A collection surface cooled by liquid nitrogen is 
used to collect the particles. 

Spray pyrolysis 

Some other techniques with slight modifications also work 
on same principle. They are aerosol thermolysis, evapo- 
rative decomposition of solutions, plasma vaporization of 
solutions, aerosol decomposition, flame pyrolysis, etc. A 
new broad name suggested for these techniques is flame 
spray pyrolysis (FSP) technology. The starting materials, 
or chemical precursors, are usually the appropriate salts, 
either in solution or in a sol or in suspension form. Aero- 
sol droplets are generated by nebulizer or atomization 
technique of the starting chemical precursors. These 
droplets generated undergo evaporation with solute 
condensation within the droplet followed by drying and 
thermolysis of precipitate particles at high temperatures 
forming microporous particles. They are finally sintered to 
form dense particles. In this technique, various methods 
are used for atomization, including pressure, two-fluid, 
electrostatic, and ultrasonic atomizers. These methods 
give droplets of different sizes (2- 15 pm) at various rates 
of atomization and various droplet velocities. Tal Materials 
Inc. uses a patented flame spray pyrolysis process deve- 
loped at the University of Michigan for the direct, large- 
scale production of inexpensive MMO n a n ~ ~ o w d e r s . ' l ~ ~ ' ~ '  

The preparation of a variety of nanosized MMO 
powders from the thermolysis/flame pyrolysis of a new 
polymer-matrix-based precursor solution has been 
reported by Pramanic et a1.[201 Spinels such as MgA1204, 
CuFe204, NiFe204, CoFe204, ZnFe204; orthofemtes such 
as LaFe03; NdFe03; GdFe03; SmFe03; garnets such as 
Y3Al5Ol2, Gd3Al5OI2, Gd3Fe5OI2, Sm3Fe5OI2; and 
composites such as Fe203. NiO, Fe203. CuO, and 
Fe2OY Ti02 have been reported. 

Thermochemical/flame decomposition 
of metal-organic precursors 

This method is an example of another type of gas 
condensation technique. In this method, the starting 
material is a liquid chemical precursor. It is also known 
as chemical vapor condensation (CVC). It involves va- 
porization of chemical precursors, wh~ch  are then oxi- 
dized with the help of a fuel-oxidant mixture (propane- 
O2 or methane-02). It combines the rapid thermal 
decomposition of a precursor carrier gas stream in a 
reduced pressure environment with thermophoretically 
driven deposition of the rapidly conderlsed product par- 
ticles on a cold substrate.'16' The flame temperature varies 
between 1200 and 3000 K, which allous rapid gas phase 
chemical reactions. In rapid thermal decomposition of 
precursor in solution (RTDS), the precursor material 
dissolved in water undergoes rapid hydrothermal reactions 
in a near-critical and supercritical water environment. Due 
to the short residence time and extremely fast quenching 
rate, the particle growth in the reaction is limited. Both 
ultrafine metal oxides and MMOs using inexpensive water- 
soluble precursors are prepared using this method. Some 
examples of nanocrystalline powders produced using 
RTDS are (1) Fe304 (magnetite) having grain size less 
than 12 nm from FeS04/urea as precursors. (2) NiFe204 
(trevorite) having grain size less than 10 nm from Fe- 
(NO3)3 /Ni(N03)* / urea as precursors, and (3) NiO / Zr02 
having grain size nearly 10 nm from Ni(N03)2 /ZrO(NO&. 

Chemical Methods 

The most potential and successful route for preparing 
homogeneous ceramic materials is liquid phase chemistry. 
The most widely used and perhaps most reliable method 
is the sol-gel method. There are many other wet 
chemistry methods known, such as microemulsion 
techniques and precipitation from solutions. Another 
novel technique is the mechanochemical synthesis meth- 
od, which involves solid-state chemistq. reactions. 

Sol-gel technique 

The synthesis of MMOs by sol-gel technique is one of 
several liquid phase methods that is the most widely 
employed and has been widely r e v i e ~ e d . ' ~ ' - ~ ~ ]  Reviews 
on the preparation of aerogels have also appeared in the 

Mainly, three routes are used to prepare 
sol-gel ceramic materials, which are distinguished by the 
nature of the starting material. They are (1) an aqueous 
solution of inorganic salt, (2) an aggregate of colloidal 
particles in a solvent, and (3) a network-forming species 
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in organic or aqueous solution. The last route is the most 
acceptable because network formers can be tailor-made or 
modified to control the chemistry and processing of the 
gel, and ultimately its morphology. Usually, alkoxides, 
bimetallic-p-oxoalkoxides, and heterometallic (double, 
ter, tert-) alkoxides are used as precursors in alcoholic 
solutions. Other precursors include metal P-diketonates 
and metal carboxylates. 

Hydrolysis and condensation of metal alkoxides: The 
sol-gel route is actually a two-step inorganic polymer- 
ization. In the first step, polymerization starts by 
hydrolysis at the metal-alkoxy linkage yielding alcohol 
and new reactants, hydroxylated metal centers (M-OH). 

The mechanism of this reaction can be outlined as 
below: 

In the second step, condensation or three-dimensional 
propagation occurs when hydroxylated species condense 
to form oxypolymers. Polycondensation involves alkox- 
ylation, oxolation, or olation, a reaction that creates oxy- 
gen bridges and releases XOH species (where X=H or R). 

M-OH + MOR -+ MOR + ROH (alkoxylation) (3) 

M-OH + MOH -+ M-0-M + H20  (oxolation) (4) 

M-(OH), + MOR -+ M(0H)M + ROH (olation) (5) 

The nature of the inorganic framework obviously then 
determines the relative rates of hydrolysis and condensa- 
tion at different centers. The rates of hydrolysis and con- 
densation depend upon the nature of metal in terms of its 
electrophilicity and ability to expand its coordination 
number.[311 The hydrolysis rates of transition metal alk- 
oxides are very high, as metal centers are highly electro- 
philic and exhibit several coordination numbers. This 
sometimes complicates the problem, especially in the case 
when heterobimetallic alkoxides are used as precursor, as 
precipitation occurs at different rates and often instanta- 
neously. One of the suitable ways to overcome this prob- 
lem is the modification of precursor by reacting alkoxide 

with other ligands when the exchange reaction takes 
place.[321 This results into a new precursor, which may 
undergo hydrolysis at a much slower rate. 

Thus, at times when alkoxy ligands are quickly re- 
moved by hydrolysis, then chelating ligands such as acetyl 
acetone or other j3-diketones act as terminating agents that 
limit the condensation rea~tion.'~" The major steps in- 
volved in sol-gel technique [21*221for the preparation of 
MMOs as outlined in Fig. 1 are: 

Preparation of a homogeneous solution of pure 
precursor in an organic solvent, which is miscible 
with water or the hydrolysis reagent. 
Preparation of sol from solution by treating the 
homogeneous solution with H20, or H20 with HCI/ 
NaOH/NH40H. 
Allowing the sol to convert into gel by polymeriza- 
tion (aging). 
Shaping of gel into the desired form or shape 
followed by drying. In this step, solvent is removed. 
The manner in which the liquid phase is removed 
from wet gel determines whether the dried material is 
a highly porous aerogel or a denser xerogel. A xerogel 
is formed as the solvent evaporates from the wet gel, 
resulting in collapse of the wet-gel structure. If the 
network is compliant, the gel deforms because of 
capillary forces generated by the liquid phase as it 
recedes into the body of the gel. Supercritical drying 
(SCD) or ambient pressure upon wet gels results in 

Precursor 
(usually mixture of metal, bimetallic or 

p-oxobimetallic alkoxide) 

Hydrolysis +, 
Condensation + 

4 
1. Thin films 
2. Fibers 
3. Spheres 
4. Grains 
5. Powder 

I Fire 

Crystal ceramic 

Speciality 1 u 
Noncrystalline 

Ceramics 
(Xerogel. Aerogels) 

Fig. 1 Steps involved in sol-gel method. 
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Sol-gel chemistry drying from solgel xerogel 

+ 
ambient drying from ambigel 
alkane (minimal capillary 
pressure) 
\ 

wet gel 

drying (no capillary aerogel 
pressure) 

Fig. 2 The method used to extract the pore fluid from a wet gel 
creates a dry solid with variable porosity: strong capillary forces 
create a xerogel, weak capillary forces create an ambigel, and 
zero capillary force creates an aerogel that nominally retains the 
low-density framework for the wet gel. (Reprinted with 
permission from Ref. [31].) 

aerogels. Aerogels are actually nanoscale mesoporous 
materials of low density and high surface area. 

SCD preserves the porosity by bringing the solvent 
phase into its supercritical state (a state where no liquid- 
vapor interface exist), so that capillary pressures do not 
develop. There are two SCD methods. The sol-gel 
synthesis of (RuxTilPx)O2 (X = 0, 0.14, 0.20, 0.32) 
involves modification of an alkoxide preparation of 
T i02  with a ruthenium chloride, RuC13, refluxed in 
ethanol. Monolithic aerogels are formed using SCD 
method with C 0 2 .  These were characterized after 
annealing treatment at 400°C, which removed the 
chloride and alkoxide. The resulting oxides consisted of 
~ 1 0  nm nanocrystallites of primarily phase-separated 
Ti02 and Ru02 (these rutile phases can form only a solid 
solution of a few mole percent RuOz and Ti02). These 
MMO aerogels show surface areas of approximately 85 
m2 g- 1 [341 

- 
Ambient pressure method involves surface modifica- 

tions as well as network ~ t r e n ~ t h e n i n ~ . [ ~ ~ - ~ ~ ]  Surface 
modification means, for example, that terminal silanols 
(Si-OH) are replaced by nonreactive groups via silylation 
or esterification. These modifications inhibit condensation 
reactions, i.e., conversion of Si-OH centers to Si-O-Si, 
which locks in structural collapse by sealing compressed 
pores shut. This allows the porous network to almost 
retain its original volume. Network strengthening is done 
by either aging of wet gel in mother liquor (including 
thermal treatment in water) or soaking it in a precursor 
alkoxide [such as Si(OR)4] during washing or aging steps. 

One can also use solvents with low surface tension so that 
pore liquid is exchanged with low-surface-tension sol- 
vents just before the ambient-pressure drying. The MMOs 
so obtained have been named as ambigels and are less 
porous than the corresponding SCD ceramics but have 
comparable surface area and pore volume (Fig. 2).[311 
Finally, conversion of the shaped gel to the desired 
ceramic material by heating takes place at a much lower 
temperature than the conventional process of melting of 
oxides together. 

Another widely used method for obtaining MMO 
aerogels is the prehydrolysis r ~ u t e . ' ~ ~ ' ~ " ]  In this method, 
two alkoxides with different rates of hydrolysis are used 
as precursors for obtaining MMO aerogels. However, 
before mixing these together, the one with the lower rate 
of hydrolysis is hydrolyzed or partially hydrolyzed sepa- 
rately and then mixed with the other alkoxide solution. 
This is to avoid phase segregation caused by different 
rates of hydrolysis. Similarly, hydrolysis of metal alkox- 
ide with faster rate of hydrolysis can be slowed by suit- 

Al (Opri), (3 rnol) in lsopropanol (15 mot) 

I 
Reflux, 1 hr 

MgO Powder (1 mot) of 10 nm size. 

Reflux, 2 hr 

I Added 20 rnol of H,O to above mixed 
homogeneous solution. I 

Evaporation at 50% 
of slury so obtained 

of gel 

(Spinel Precursor) 

Fig. 3 Preparation route for spinel MgA1204 precursor. 
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able complexation. This is done to promote formation of 
M-0-M' mixed bond, which increases the homogeneity 
of MMO aerogel. A nonhydrolytic sol-gel route has also 
been used for preparation of MMO aerogels.'411 The M- 
0-M' bridges are obtained by condensation of MX + 
M'-OR + M-OM + RX. In most cases, these reac- 
tions are thermally activated. Actually, the condensation 
completes with redistribution of the ligands, giving com- 
plicated ha l~~enoalkoxides , '~~~ which ultimately leads to 
products after hydrolysis. The surface areas of oxides 
obtained after calcination was found to be quite high, but a 
low level of homogeneity on atomic scale was noticed. 
Syntheses of MgA1204 spinel and Mg2Si04 spinel for- 
sterite precursor from a heterogeneous alkoxide solution 
have been reported in the literature.r433441 The preparation 
route is shown in Fig. 3. The obtained precursor was 
composed of a mixture of boehmite [AlO(OH)] and a 
mixed hydroxide [Mg4A12(OH),4. 3H20]. The precursor 
was converted to a spinel phase through two steps: (1) 
decomposition of mixed hydroxide at - 400°C and (2) 
solid-state reaction between MgO (which has decomposed 
from mixed hydroxide) and y-A1,03 (which had been 
converted from boehmite at higher temperature). To pre- 
pare almost-monolithic spinel powder, calcination at a 
temperature of 1300°C was required. Powder that was 
calcined at 1000°C showed extraordinary sinterability, and 
fully dense polycrystalline spinel could be obtained at 
sintering temperature as low as 1400°C. 

Synthesis of Lao +ro 3Mn03 (LSMO)/silica hybrid 
nanocomposites have been reported by Huang et a ~ ' ~ ' ]  
Homogeneous granular mixtures can be obtained through 
sol-gel chemical route in a single step. The precursors 
used are the following: (1) complexes of ~ a ~ + ,  sr2+, and 
~ n ~ +  with EDTA and (2) tetraethoxysilane (TEOS). 
Silica is produced by an ammonia-catalyzed method, 
whereas LSMO is obtained by thermal decomposition of 
the complex precursors. When hydrolysis of silicon 
alkoxide to form silica oxyalkoxy oligomers takes place 
in the LSMO precursor solution, both are formed in the 
same system. Thus, effective combination of both phases 
achieves a satisfactory level. The microstructure of the 
composites can be controlled mainly through the 
calcination temperature. When calcined at 800°C, silica 
undergoes some interaction with LSMO, and Si-O- 
metal bonds are formed. These bonds establish the 
connection between silica network and LSMO surface. 

Synthesis of pure nanocrystalline Al2O3/h4g0 powder 
has been reported by Carnes et a1.1461 The two Mg and A1 
alkoxide solutions were mixed in desired molar ratios and 
then allowed to react with a mixture of water in ethanol to 
yield a hydroxide gel. Upon solvent removal, a fine 
powder was obtained, which was then heat-treated under 
dynamic vacuum. The powder has excellent surface area 

(790-830 m21g) showing a completely amorphous 
XRD pattern. 

Bimetallic-p-oxoalkoxides as precursors for sol-gel 
technique: Homogeneously dispersed bimetallic oxides in 
nanocrystalline form, of the type MA1204 (where M=Mg, 
Ca, Mn, Co, Fe, Ni, and Zn) were obtained by preparation 
of bimetallic-F-0x0-bridged (Al-0-M-0-Al) alkoxides 
[(R0)2Al-O-M-O-Al(OR)2], which upon thermal de- 
hydration yield oxides [OAl-0-M-0-A101 such that 
M is homogeneously dispersed in M and A4  ions of 
empirical formula MA1204 in nanocrystalline form.[471 
These materials were obtained in high-surface-area forms 
and were characterized by X-ray diffraction (XRD), elec- 
tron microscopy (TEM), surface area analyses (BET), and 
solid-state 2 7 ~ 1  NMR. Comparative studies of hydrolysis 
of p-alkoxo-bridged alkoxides yielded MMO phases of 
lower surface area. This method has proved advantageous 
over other traditional routes. One such method is co- 
precipitation of metal hydroxides followed by heat treat- 
ment at high temperature. 

Reverse microemulsion/micelle method 

It is a promising route for synthesis of MMO nanopar- 
t i ~ l e s . [ ~ ~ - ' ~ ~  Surfactants dissolved in organic solvents 
form spheroidal aggregates called reverse micelles. The 
polar ends of surfactant molecules organize around small 
water pools (- 100 A) in the presence of water. This 
leads to dispersion of aqueous phase in the continuous oil 
phase. These reverse micelles are used as water solutions 
of reactive precursors to prepare insoluble nanoparticles. 
Various reactive precursors such as alkoxides or metal 
salt mixtures can be used for synthesis of nanoparticles 
inside the micelles. Solvent removal followed by cal- 
cination lead to the final product. 

The above method was adopted to prepare the 
ZnFe204/Ti02 nanocomposite.[511 In this method, 
ZnFe204 and Ti02 were prepared by coprecipitation and 
controlled hydrolysis methods, respectively. ZnFe204 was 
coprecipated from a mixed solution of Zn(N03)2 and 
Fe(NO& in a 1:2 molar ratio at pH 13 and temperature of 
100°C. Ti02 was precipitated from mixed solution with a 
volume ratio of T~(OBU)~ :  C2H50H:H20 - 1: 10: 100 at 
pH 2. Both products were washed with deionized water. 
They were added separately to dodecyl benzene sulphonic 
acid (DBS), where ZnFe204 or Ti02 nanoparticles were 
capped with a layer of DBS. These then readily dispersed 
in organic solvents such as benzene or toluene. The 
capped ZnFe204 and Ti02 nanoparticles were mixed in 
various molar ratios, followed by extraction into toluene. 
Organic phase was removed by distillation, leaving mixed 
organic sol of ZnFe204/Ti02. This sol was distilled to 
remove toluene solvent and finally heated at 400°C for 
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2 hr to burn DBS, leaving behind nanocomposite 
ZnFe204 1 Ti02 material. CoFe204 nanoparticles were 
also synthesized by this technique. It uses Co- and Fe- 
containing surfactants as metal s o u r ~ e s . [ ~ ~ , ~ ~ '  

nm have been prepared from Fe3+, Fe2+, and ~ n ~ +  
aqueous solution. 

STRUCTURE AND MORPHOLOGY 
Low-temperature wet chemical synthesis 
by precipitation from solutions 

It involves dissolving salt precursors, usually chloride, 
oxychloride, nitrate, etc., in water followed by addition of 
base solution (NaOH or NH40H) to coprecipitate 
hydroxides. The hydroxide mixtures are calcined to 
obtain MMO powder. Its disadvantage is poor control of 
particle size and size distribution, as fast (uncontrolled) 
precipitation often causes formation of larger particles 
and not nanoparticles. Mechanistically, in this solvation 
sheets of water around metal ion are dehydrated under 
alkaline conditions, e.g., 

The above scheme tells us the importance of alkaline 
conditions.[541 As an example, manganese ferrite 
(MnFe204) nanoscale particles ranging from 5 to 180 

Control over structural and morphological properties are 
most crucial for performance of MMO nanoparticles in 
various applications. Mixed metal oxides are known to 
have different structural arrangement of constituent ions. 
The nature of these ions is important isize and charge) 
in the final adaptation of geometry; however, control 
over homogeneity, stoichiometry, phase, and crystal- 
linity largely depend upon structure and reactivity of 
precursors in homogeneous solutions and their fate in 
subsequent processing steps. The stoichiometry and 
homogeneity depend upon the ability of mixed precursors 
especially on addition of water to form a single molecular 
species, so that the ions are distributed evenly. 

Structural and morphological challenges initiated the 
search for suitable methods of preparation of various 
MMO ceramics. Several new and modified methods have 
been proposed for preparation of numerous ceramic 
nanoparticles. For example, in a modified aerogel method, 

--- 

0 6-K,SO, STR. 
0 &NiF,STR. 
A Na,SO, (V) STR. 

(THENARDITE STR.) 

A Sr,PbO, STR. 
OLIVINE STR. 

0 PHENACITE STR. 
V SPINELSTR. 
v CaFe,O, STR. 
+ BaAI,O, STR. 

+ RELATED STR'S lSTUFFED TRlDYMlTE 

Fig. 4 Classification of the structures of A2BO4 ionic minerals as a function of cation radii. (Reproduced with permission from 
Treatise on Solid State Chemistry, Vol. 1 ,  N.B. Hannay, ed., Plenum, New York, Copyright 0 1973, Bell Telephone Laboratories, Inc.) 
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addition of large amount of aromatic hydrocarbons to 
alcohol-methoxide solutions before hydrolysis to form 
gel yields ceramic materials with extraordinarily large 
surface area in comparison to materials obtained without 
adding it. This is probably because of reduced surface 
tension of the solvent mixture, which facilitates solvent- 
removed alcogel-aerogel transformation.[557561 

Mixed metal oxide nanoparticles exhibit unusual 
surface morphologies and possess more reactive surface 
because of the presence of high concentrations of edge1 
corner sites and other defects. Morphological studies 
indicate that the nanocrystals are more polyhedral and 
thus possess more defects. Such defects could be of 
the Frankel or Schottky type (vacancies) or may be 
manifested as unusual configurations of edges, comers, or 
crystal planes. A ceramic material with high surface area 
displays 30-40% of the ceramic moieties on the surface, 
which allows surface gas reactions to approach the 
stoichiometric range.[I7] As MMOs contain a variety of 
cations, the prediction of structure simply on the basis 
of radius ratios of cations and oxide ions becomes 
complicated. This means some simpler approach is 
required. For example, take a list of known structures 
and the radii of the ions present in them. The radii of two 
of the ions present in a given compound are plotted 
against each other. This is graphically related to 

arithmetic radius ratio approach. It is seen that compounds 
with similar structures are grouped together. In Fig. 4, 
compounds of the type A2BO4 (where B is a higher-valent 
metal than A) are plotted as a function of radii A and B. In 
these materials, oxide ions form a closed packed array 
(framework) and sizes of A and B decide how they fit in 
(sometimes major distortion in closest-packed structure is 
noticed). On the basis of fields in Fig. 4, one can predict 
structures of newly discovered ceramic materials with 
known r~ and rg 

Spinel Structures 

It consists of a face-centered cubic arrangement of oxygen 
ions. A unit cell contains 32 02- ions, 64 tetrahedral, and 
32 octahedral sites, which are occupied by A ~ +  (A = Mg, 
Fe, Ca, Zn, etc.) and B ~ +  (B = Al, Fe, etc.) cations. The 
general formula of spinel is written as A" ~ ~ " ' 0 ~  [where 
A" is a Group 2 metal ion or transition metal in +2 ox- 
idation state and B"' is a Group 3B (B, Al, Ga, In) cation 
or transition metal ion in +3 oxidation state]. As a unit 
cell has 32 02- ion and only 4 are present per molecule 
(from the formula), then spinel structure has 8 (6418) tet- 
rahedral and 4 (3218) octahedral vacancies per molecule 
of AB2O4. When A'+ ions occupy one eighth of a tetrahe- 

Fig. 5 XRD patterns of the ZnFe204Ri02 composite with a molar ratio of Zn:Ti = 0.1 after annealing at various temperatures for 
2 hr. A = anatase, R = mtile, S = spinel, $ = Fe2Ti05, # = ZnTi03. (Reprinted with permission from Ref. [51].) 
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dral (1 out of available 8) hole and B ~ +  ions occupy half 
(2 out of available 4) of an octahedral hole, the structure is 
called "normal" spinel, e.g., MgA1204. This is a very 
stable arrangement even in terms of coordination, having 
tetrahedral arrangement about a divalent cation and oc- 
tahedral arrangement about a trivalent cation. In some 
cases, one half of B ~ +  ions exchange their positions with 
A'+ ions. This is called "inverse" spinel, e.g., NiFe204. 
In this arrangement, one eighth of tetrahedral sites are 
occupied by half of B ~ + ,  whereas the rest of B ~ +  ions 
along with A*+ ions occupies half of the octahedral sites. 
If the general formula for "normal" spinel is written as 
(A)[BI2O4 to suggest ( ) and [ ] representing tetrahedral 
and octahedral coordination, then the general formula for 
"inverse" spinel is written as (B)[AB]04. Many MMOs 
also have intermediate cation distribution between these 
two extremes. The general formula for these structure is 
then written as (Al-xBx)[B2~xAx]04, where x is the 
"inversion parameter" ( 0  < x < 1).158,591 

Nanocomposites of ZnFe204 and TiOz were studied by 
Yuan and ~ h a n ~ . [ ~ ' ]  Ti02 (anatase phase) and ZnFe204 
(spinel phase) with broad diffractions were recorded 
[Fig. 5a]. This means that in the composite, Ti02 and 
ZnFe204 crystallite phases separate each other, having 
small size. Fig. 5b and c shows composite begins to form 
at 600°C. Anatase to rutile transformation takes place at 
700°C. [Fig. 5d and el. The strongest peak (20 = 25.3") 
disappears and, simultaneously, two new peaks of phases 
ZnTi03 and FezTi05 appear. This shows the follow- 
ing solid-phase reaction might be taking place at an- 
nealing temperature. 

Measurement of grain sizes in comparison with values 
of Ti02 and ZnFe204 shows the following: (1) As 
annealing temperature increases, the grain size of TiOz 
increases. (2) In composite, an increase in temperature has 
the same effect of growth of ZnFe204 as it does on pure 
ZnFez04. TEM analysis proved particles are distributed 
homogeneously and particles grow with uniform sizes. 

Perovskite Structures 

Perovskite-phase MMO ceramics are important because 
of changes in their physical properties on application of 
an external electrical stimulus. These properties include 
feroelectric, pyroelectric, piezoelectric, and dielectric 
behavior. These have led to numerous applications in 
electromechanical transducers, light modulation, charge 
storage, nonvolatile memory applications, e t ~ . ' ~ ~ , ~ ~ ~  The 
class of MMOs having the formula AB03 (such as 
CaTi03) is called perovskite. The structure of this mineral 
was first thought to be cubic but later confirmed as 

orthorhombic. The truly cubic form is referred to as 
"ideal perovskite" having a unit cell edge of - 4 A 
containing one AB03. In perovskite structure, large cation 
A is surrounded by 12 oxide ions to form cuboctahedral 
coordination, while B cation is surrounded by 6 oxide ions 
in an octahedral coordination. 

Nanophase powders of YxZr1_x02-x,2 have been 
prepared from a mixture of Zr02 and Y203 
It is shown that depending upon the starting powder 
mixture composition, the yttrium content in nanophases 
can be controlled to obtain tetragonal or cubic phases. 
Tetragonal or a mixture of tetragonal and cubic were 
observed for low yttria content (3.5 mol% yttria), and 
cubic for higher yttria contents (19, 54, and 76 mol% 
yttria). These powders were found to have a most 
probable grain size of about 10- 12 nm, and the grains 
appeared as isolated single crystals with polyhedral shape. 
The grain shape appeared to be polyhedral and not too 
anisotropic. Lattice figures were parallel to surfaces, 
showing that (100) and (1 1 1) face dom~nates."~] 

PROPERTIES AND APPLICATIONS OF 
MIXED METAL OXIDE NANOPARTICLES 

Properties of MMO nanoparticles are mainly size 
dependent, and their chemical and physical properties 
are unique in comparison to corresponding bulk materials. 
The study of physical and chemical properties is 
interesting as it allows gradual transition from atomic or 
molecular to condensed matter systems. As the particle 
size decreases, the percentage of atoms residing on the 
surface increases. This makes MMO nanoparticles more 
reactive, as atoms/ions are more reacti\.e than their bulk 
counterparts because of coordinative unsaturation. Be- 
cause of this and high surface-to-volume ratio, it is not 
unusual to see unique behavior and characteristics of 
MMO nanoparticles, including insulating oxides. When 
strong chemical bonding is present, delocalization varies 
with size; this in turn can lead to different chemical and 
physical properties."71 

Acid- Base Behavior (Catalysts) 

Several oxide composites have been found to be potential 
catalysts for a variety of important reactions because of 
different centers present in the same material and their 
basicity or a ~ i d i t ~ . ' ~ ' . ~ ~ '  This behavior varies from one 
MMO to another. Some exhibit surface basic behavior 
and some surface acidic behavior, whereas mixtures show 
unusual properties. The mixing of two oxides can enhance 
the catalytic activity many fold because of synergistic 
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effects, as seen in the mixed aerogel of titanialzirconia. 
The acid strength increases and active sites are more than 
pure titania and zirconia. This is probably because of 
oxide-oxide interaction at molecular level, suggesting 
that co-gelling two metal oxides is an effective way to 
bring two oxides in close c~ntact."'~ 

Unusual Adsorptive Properties 

Perhaps one of the greatest promises of MMO nanopar- 
ticles in chemistry is their ability to chemically adsorb a 
wide range of organic molecules or inorganic gases that 
are considered as hazardous environment pollutants. They 
not only adsorb but also dissociate these to nonhazardous 
substances on their surface. Carnes et al.[461 studied the 
adsorption of CC14, SO2, and paraoxon on both A1203 and 
AI2O3/Mg0. 

Reaction of AI2O3 and (111) AI2O3/Mg0 with CCI, 

The reaction of CC14 with AI2O3 and A1203/Mg0 was 
carried out to understand the destructive adsorption 
abilities of the metal oxides toward a model chlorocarbon 
at elevated adsorption temperatures. 

Thermodynamics predicts that the samples containing 
or being made of MgO will be more reactive than the 
A1203 samples.[311 However, surface area, crystallite size, 
and morphology play important roles. 

Sulfur dioxide adsorption on aluminum and 
aluminum1magnesium oxide 

Adsorption of SO2 was carried out to learn if the ad- 
sorption properties are different for nanocrystals (NC) 
when compared to commercial microcrystals ( M C ) . ' ~ ~ ]  
The experimental results showed that at atmospheric 
pressure and room temperature, SO2 adsorbed onto NC- 

up to 3.5 molecules so2/nm2; similarly, on CM- 
A1203 there were 3.5 molecules so2/nm2 adsorbed, and on 
NC- (111) A1203/Mg0 there were 6.8 molecules so21nm2, 
whereas on CM-MgO there were only 0.68 molecules 
so2/nm2 adsorbed. These data indicate that NC-A1203/ 
MgO efficiently adsorb SO2 in slightly more than one 
layer. After adsorption, the samples were subjected to 
dynamic vacuum to remove the physisorbed species. The 
vacuum treatment removed most of the adsorbed SO2 from 
the CM-MgO, whereas the NC-A1203/Mg0 sample 
retained 3.9 chemisorbed molecules of so2/nm2. 

CONCLUSION 

Mixed metal oxide nanoparticles can provide great diver- 
sity of substances and phenomena. Different metals in their 
various oxidation states can combine in different ratios to 
produce a variety of materials. These new materials with 
variation in physical, chemical, and morphological prop- 
erties can be exploited in various fields of science and 
technology. The compression of nanoscale ceramic parti- 
cles yields more flexible solid objects, apparently because 
of the multitude of grain boundaries that exist. After 
further development of compression techniques so that 
highly densified nonporous MMO nanomaterials can be 
prepared, these may find uses as replacements for metals 
in many applications including electrochemistry. These 
materials, beyond doubt, would be environment friendly, 
not only by themselves but also as future water purifiers 
and destructive adsorbents. These MMO nanoparticles are 
finding use in antichemical/biological warfare, in air 
purification, and as an alternative to incineration of toxic 
substances. Mixed metal oxide nanoparticles would also 
be replacing many heterogeneous catalysts known today 
because of high surface area, which increases their 
efficiency many fold. Research on the effect of particle 
size (percent dispersion as a measure of the fraction of 
metal atoms on the surface and thus available to incoming 
reactants) and shape (crystal faces, edges, corners, defects 
that lead to enhanced surface reactivity) has been and 
continues to be a potential field. In general, the ability to 
prepare MMO nanoparticles for use in high surface area 
catalysis has certain inherent advantages, and further 
progress is sure to come in the near future. It has been 
proposed that further work in the area of nanophase 
ceramics may lead to increased flexibility, less brittleness, 
and greater strength. It may also be possible to form 
materials with a large fraction of atoms at grain 
boundaries, maybe in unique arrangements. It may also 
be possible to produce binary materials of normally 
immiscible oxides. This article has explored the synthetic, 
structural, and application prospects that MMO nanopar- 
ticles provide. Although relatively few examples have 
been chosen, all relevant areas have been covered. 
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INTRODUCTION 

Fabrication of one-dimensional (l-D) fundamental nano- 
scale structures from molecular systems through bottom- 
up approach should be one of the most important steps to 
realize nanoscale electronic devices.['-31 Because 1-D 
systems are the structures with the lowest dimension that 
permit efficient electron transport, the nanowires are 
expected to be critical to functionalize and integrate the 
nanoscale electronic devices. Nanowires are important 
units in constructing electronic circuits, particularly in 
electrical conducting; thus a variety of nanowires have 
been the focus of extensive studies aimed toward 
nanoscale electronic At present, a wide 
range of compounds from inorganic metals, semiconduc- 
tors, and carbon nanotubes have been employed as 
nanowires (Fig. I)." The diameter, length, and electronic 
structure of these nanowires varied significantly. The 
electronic properties of nanowires range from insulating, 
semiconducting, metallic, to superconducting. Electrical 
conduction within nanowires is dominated by the carriers 
at around Fenni level of the band structure, just as in bulk 
metals and semiconductors (Fig. I ) . '~]  Although the 
electronic density of states along the short axis of nano- 
wire has a discrete character because of the restricted 
lattice translation, that along the wire direction is approx- 
imately represented as the band ~tructure. '~' The doped 
polymers, single-walled carbon nanotubes (SWCNTs), 
semiconductor, and metal nanowires may have Fermi 
surfaces. On the other hand, DNAs are the insulator with 
large band gap. Semiconductor nanowires are more 
important than metal nanowires from the viewpoint of 
device application.r71 

Although only a few examples are reported for the 
preparation of nanowires of molecular a s~embl ies , '~ - '~~  
we consider that these molecular nanowires should have 
an important role in the complete bottom-up manufacture 
of the molecular electronics. Such nanowires can be 

aRecent progress in nanowires. See special issue of nanowires in Ref. [4]. 

assembled from K-molecules through molecule-by- 
molecule K-stacking. The researches in the field of 
"molecular conductors" will offer a guiding principle 
in constructing electrical conducting molecular nano- 
wires.[l 1-15] The anisotropic charge-transfer (CT) inter- 

action in molecular conductors is advantageous to form 
the l-D K - K  stacking nanowire structure. In addition, 
"supramolecular chemistry" will offer powerful tools to 
fabricate molecular nanowires through the self-assembly 

Appropriate design of molecule to orient 
and integrate the molecular-assembly nanowires on the 
substrate surface should be effective to realize molecular- 
assembly electronic devices. Furthermore, the techniques 
of "Langmuir-Blodgett (LB) Films" are very useful 
methods to fabricate nanoscale molecular-assembly struc- 
tures on a variety of substrate  surface^.['^-^'] To realize 
molecular-assembly nanoscale devices through bottom- 
up chemical approach, three types of scientific concepts- 
molecular conductor, supramolecular chemistry, and 
surface science-should be linked together. 

Molecular Conductors 

A large number of molecular conductors, ranging 
from semiconductors to metals and superconductors, 
was In general, a stable organic molecule 
has a closed-shell electronic structure without conduction 
carriers, thereby making molecular solids highly insulat- 
ing. Conduction carriers can be generated via the 
intermolecular CT interaction between the highest occu- 
pied molecular orbital (HOMO) of the electron donor (D) 
and the lowest occupied molecular orbital (LUMO) of the 
electron acceptor (A) molecules. Fig. 2a shows the 
molecular structures of typical D and A molecules utilized 
in the field of molecular conductors. Among them, 
tetrathiafulvalene (TTF) and 7,7,8,8-tetracyano-p-quino- 
dimethane (TCNQ) are the well-known D and A molecules, 
respectively, which gave the first molecular metal of 
(TTF+'.'~)(TCNQ-. O 59). The degree of CT ( 6 )  in the binary 
(D+~)(A--'), CT complex depends on the ionization poten- 
tial of D and electron affinity of A molecules. The planar 
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Fig. 1 Nanowires constructed from doped-polymer, SWCNT, 
semiconductor, and DNA. The electronic band structures of 
these are illustrated below. (View this art in color at 
www.dekker.com.) 

n-conjugated D and A molecules have a tendency to 
form the 1-D columnar structure through the n - n stacking 
interaction, which also formed 1-D n-band structure 
(Fig. 2b). Because the n-orbitals exist orthogonal to the 
molecular plane, the direction of n - n interaction is highly 
anisotropic. Therefore, the I-D n - n  interaction in the 
molecular conductors is suitable for obtaining molec- 
ular nanowires. 

Langmuir-Blodgett Technique 

Langmuir-Blodgett (LB) method is one of the conven- 
tional fabrication techniques of nanoscale thin-film 
structures utilizing the air-water in t e r fa~e . [ '~ -~"  Fig. 3 
illustrates typical procedures to obtain Langmuir mono- 
layer at the air-water interface and the film-forming 
processes of LB multilayers on substrate. Amphiphilic 
molecules having hydrophilic and hydrophobic moieties 
are dissolved into conventional organic solvents, which 
were spread at the air-water interface. The monolayer 
with a thickness of molecular scale can form a variety of 
molecular-assembly structures such as gas-, liquid-, and 
solid-like short- and long-range orders through the control 
of surface pressure (F, mN m p l ) .  Increase in the F 
enhances the magnitude of intermolecular interactions 
between the molecules. The chemical designs of hydro- 
philicity and hydrophobicity of the component mole- 
cules are important to obtain stable monolayer at the air- 
water interface. 

Stable monolayers at the air-water interface can be 
transferred onto hydrophilic or hydrophobic substrates via 
dipping of the substrate. Glass, quartz, CaF2, Si, and mica 
are utilized as typical hydrophilic substrates. The surface 
wetting of these substrates largely influences the surface 
morphologies of the transferred LB films. Another con- 
ventional deposition technique is the horizontal-lifting 
method, which directly transfers the monolayer at the air- 
water interface onto the hydrophobic substrate. 

Electrically active thin films have been fabricated by 
the LB t e ~ h n i ~ u e s . [ ~ ~ - ~ ~ '  For example, metallic and 
semiconducting LB films have been obtained from 
amphiphilic molecular conductors based on TTF and 
TCNQ  derivative^.[^^-^^] Although the LB films possess a 
periodicity along the film-forming direction, random 
distribution of two-dimensional crystalline domains on 
the substrate surface dispels bulk periodicity within the 
substrate surface. To realize nanoscale electronic devices 
through bottom-up self-assembly approach, the orienta- 
tion and size control of these electrical active domains 
within the substrate surface are two of the important 
problems that need to be overcome. 

Supramolecular Chemistry 

The term of supramolecular chemistry is a last key science 
to realize the bottom-up self-assemblq approach.['"18' 
Supramolecule is defined as an entity composed of several 
or large numbers of molecules, which are connected to 
each other through the noncovalent weak intermolecular 
interactions such as van der Waals (dipole-dipole, dipole- 
induced dipole and dispersion interactions), charge- 
transfer, hydrogen-bonding interactions. etc. The design 
of these intermolecular interactions is essential to obtain 
self-assembly molecular nanowires. Self-assembled supra- 
molecules bearing the desired structure can be achieved 
by using programmed molecules that are appropriately 
designed. From the flexibility in supramolecular designs 
together with the rich physics in molecular conductors, 
electrical active molecular nanowires are considered as 
very promising candidates for constructing future nano- 
scale devices. 

A large number of complex supramolecular assemblies 
have already been A simple complex 
between cation and crown ether is one of the typical 
model systems of supramolecules'25~261 (Fig. 4). Crown 
ethers such as 12-crown-4, 15-crown-5. and 18-crown-6 
have hydrophilic cavity to bind cation through metal- 
oxygen interatomic interactions. According to the size of 
hydrophilic cavity, cations can be selectively included 
into the cavity. For example, 15-crown-5 and 18-crown-6 
molecules show high Na+ and K' affinity, respectively. 
We already introduced two design concepts of molec- 
ular conductors and LB technique to fabricate molec- 
ular-assembly nanowires. For an effective design of 
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phthalocyanine 

Fig. 2 Molecular structures of typical a) electron donor (D) and acceptor (A) molecules employed in molecular conductors. b) The I-D 
columnar structure through the x - x stacking interaction in crystals (left) and metallic 1-D x-band structure of (TTF)(TCNQ) (right). 
(View this art in color at www.dekker.com.) 

molecular nanowires, we further introduced the supramo- 
lecular approach to obtain nanowire orientation on the 
substrate surface. 

RESULTS AND DISCUSSION 

Design of Molecules for Fabricating 
Molecular-Assembly Nanowires 

Amphiphilic bis(tetrathiafu1valene) [bis(TTF)] macrocy- 
cle 1 was designed from the concepts of molecular 

conductors, Langmuir-Blodgett films, and supramolecu- 
lar ~ h e m i s t r ~ . ' ~ ~ . ~ ~ '  The molecule has two redox-active 
TTF units that are linked via a [24]crown-8 macrocycle 
and two long hydrophobic decylthio-chains (Fig. 5). Two 
TTF units within the molecule 1 can act as electron donor 
for realizing intermolecular CT interaction with electron 
acceptors, which forms electrically conducting 1-D TC-7~ 

stacks. The second structural point is the introduction of 
two hydrophobic chains (-SC10H21), which were intro- 
duced into one side of the TTF unit. By introducing these 
hydrophobic chains, the molecule has amphiphilic char- 
acter to apply the LB technique. The last designing point 
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Fig. 3 Langmuir-Blodgett technique to fabricate nanoscale thin-film structures. a) Langmuir monolayer at the air-water interface. 
Amphiphilic molecule has hydrophilic (red head) and hydrophobic tail. Surface pressure (F, mN m ') can be controlled by moving 
bamers. b) Transfer process of Langmuir monolayer onto substrate surface. (View rhis art in color at www.dekker.com.) 

is carried out via the supramolecular approach-the 
introduction of ion-recognizing crown ether moiety into 
the molecule. The ion-recognizing property can be 
employed to fabricate oriented molecular-assembly nano- 
wires on the substrate surface. 

Compound 1 was synthesized by the cyanoethyl 
protected TTF building Stepwise deprotec- 
tion/alkylation procedure was performed by CsOH . H201 
2,6-bis(24odoethoxy)ethane. Because a TTF molecule 
possesses a two-step redox process (TTF + TTF+ and 
TTF++TTF~+),[' l-'sl d onor 1 possesses a four-step redox 
process. The cyclic voltammetry (CV) diagram of 
donor 1 in 1,2-dichloroethane (C2H4C12) VS. SCE showed 
the two-step, two-electron oxidation waves at 0.56 and 
0.90 V, respectively.r279281 The two TTF units in donor 
1, linked via [24]crown-8 unit, independently exhibited 
redox reaction. 

The CT complex between one molecule of donor 1 and 
two molecules of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p- 
quinodimethane (F4-TCNQ), (1)(F4-TCNQ)2 was pre- 

Fig. 4 Supramolecular complex between the cation and 
crown ether. Cations are complexed into the crown ether cavity 
through cation-oxygen interactions. (View rhis art in color at 

www.dekker.com.) 

pared to fabricate oriented molecular-assembly nano- 
wires. The electronic ground state of the CT complexes 
can be discussed in terms of the differences between the 
redox potentials, AE = El12(donor) -EIl2(F4-TCNQ), for 
electron donor 1 and F ~ - T c N Q . [ ~ ' , ~ ~ ]  Partial CT states, 
(D+')(A-" with 0.5 <h < 1, are necessary for the forma- 
tion of metallic CT complexes having a segregated-stack 
structure, which is achieved when AE has a value between 
-0.02 and 0.34 v . [ ~ ' , ~ * ]  Fully ionic (D')(A--) and neutral 
(D')(A') CT complexes are typically observed when 
AE < -0.02 V and AE > 0.34 V, respectively. In the case 
of donor 1 and F4-TCNQ (EIl2(1) = 0.73 V), the AE values 
of CT complex of (l)(F4-TCNQ)2 was --0.17 V. Because 
these values were far from the conditions of partial CT 
complexes, fully ionic ground state (I'+)(F~-TCNQ-)~ 
was expected for the molecular nanowires. 

Monolayer of Charge-Transfer Complexes 
at the Air-Water Interface 

The CT complex (l)(F4TCNQ)2 was prepared in situ by 
mixing donor 1 and two equivalent of F4-TCNQ in 
CHC13/CH3CN (9: 1, v/v). Concentration of the spreading 
solution was fixed at 1 mM with respect to (l)(F4- 
TCNQ)2. Surface pressure (0-area per molecule (A) 
isotherms were recorded at 29 1.5 K with a barrier speed of 
50 cm2 min- I .  The LB monolayers were transferred onto 
freshly cleaved mica surfaces by a single up-stroke 
drawing. Because the macrocyclic moiety may recognize 
ions introduced into the subphase upon the formation and 
deposition of the monolayers, the K' ions were introduced 
into the subphase for realizing ion recognition at first. 

The F-A isotherms of the floating monolayers of the 
CT complex of (1)(F4-TCNQ), on pure water and aqueous 
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Fig. 5 Molecular design of amphiphilic bis(tetrathiafulva1ene) [bis(TTF)] macrocycle 1 from the viewpoints of molecular conductor 
(TTF), supramolecular chemistry (crown ether), and Langmuir-Blodgett films (hydrocarbons). (View this art in color at 

0.01 M KC1 subphase are shown in Fig. 6. The surface 
areas of CT complexes extrapolated at 0 mN m ' on pure 
water and 0.01 M KC1 subphase are almost consistent with 
each other (AO- 1.2 nm2). Because these values are larger 
than that of neutral 1 (Ao=0.6 nm2), the formation of CT 
complex causes much expansion of the surface area. The 
films were deposited under a controlled surface pressure 
of 10 mN m- I ,  at which point the surface areas of (l)(F4- 

0 0  0.4 0.8 13 

A J ~  

Fig. 6 F-A isotherms of CT complex of (l)(F4-TCNQ), on a) 
pure water and b) 0.01 M KC1 subphase. The films were 
transferred at 10 mN m- ' .  (View this art in color at 
www.dekker.com.) 

TCNQ);! on pure water and 0.01 M KC1 (Alo- 1.1 nm2) 
were almost identical to each other. 

Molecular-Assembly Nanowires 
on Mica Surface 

Fig. 7 shows the surface morphologies of the CT complex 
of (1)(F4-TCNQ);! that transferred onto freshly cleaved 
mica by a single withdrawal from monolayer on a) pure 
water and b) 0.01 M KC1 subphase. Although both films 
showed the formation of molecular-assembly nanowires, 
significant difference about the nanowire orientation was 
confirmed between them. Both nanowires had typical 
width of 50 nm and height of -2.5 nm. By introducing 

Fig. 7 Surface morphology of transferred nanowires of (l)(F4- 
TCNQ)2 from a) pure water and b) 0.01 M KCl. The scales of 
AFM images are 10 x 10 pm2. (View this art in color at 
www.dekker.com.) 
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Fig. 8 Surface morphology of transferred nanowires of (1)(F4-TCNQ)2 on mica from a) LiCl, b) NaC1, c) KCI, d) RbCI, e) CsCI, and f) 
BaC12 containing subphase. The concentration of ions in the subphase was fixed at 0.01 M. The scales of AFM images are 10 x 10 pm2. 

- - 

(View this art in color at www.dekker.com.) 

0.01 M KC1 into the subphase, the nanowire orientation 
appeared as network structure connecting the well- 
developed nanowires to each other. Almost all the 
nanowires on the mica surface formed an angle of 60" 
to each other. 

Because the F-A isotherm of (1)(F4-TCNQ)2 between 
pure water and 0.01 M KC1 subphase was almost 
consistent with each other, the CT complex may not 
recognize K+ ion at the air-water interface. Therefore the 

orientation of nanowire should occur during the film 
deposition processes because the orientation direction of 
the nanowires was consistent with the crystal lattice of 
,iCa.[33.34] The morphology of nanowires on mica surface 

strongly depended on the cation species that were 
introduced into the subphase (Fig. 8). When we intro- 
duced Li+ (ion radius ~ = 0 . 6  A) or Na+ ( ~ = 0 . 9 5  A) into 
the subphase, although the formation of nanowires 
were confirmed, the nanowire orientation completely 

4 

I a-axis 

Fig. 9 a) Crystal structure of mica surface. Hexagonal arrays of K' sites are indicated by red closed circles. b) Atomic force 
microscopy (AFM) image of oriented nanowires on mica surface deposited from 0.01 M KC1 subphase. The white allows correspond to 
hexagonal lattice of K+ site on mica, showing the relation between the nanowire orientation and K' array. (View this art in color at 
www.dekker.com.) 
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disappeared. Much larger cation of Cs+ (r,= 1.69 A) 
yielded the ill-developed molecular nanowires with 
maximum length of less than 1 ym. In the case of ~ b +  
(G = 1.48 A), well-developed oriented nanowires were 
observed at a typical length of above 2 ym. The most 
densely developed oriented nanowires were confirmed by 
the introduction of K+ (G= 1.33 A) into the subphase, 
which resulted in a typical nanowire dimension of 
2.5 x 50 x -- 2000 nm3. Although ~ a ' +  (G= 1.35 A) has 
almost similar ionic radius to that of K', the nanowire 
orientation completely disappeared on the mica surface. 

The difference of the nanowire orientation according to 
the ions is related with the surface property of mica rather 
than the ion radius. Mica has a typical composition of 
KA13Si3010(OH)2, and vacant potassium sites of sixfold 
symmetry appear by the cleavage (Fig. 9).[333341 These K+ 
sites should be negatively charged and attract cations 
when the mica substrates are immersed in the K+- 
containing subphase. The nanowire orientation may occur 
by matching of the surface potential of mica surface and 
that of the nanowires, rather than by ion recognition of 
individual molecules. The anionic species of F4-TCNQ 
anion radical should be embedded on K+, and nanowires 
may orient in an epitaxial way through the lattice match- 
ing between mica and nanowires. Such recognition 
mechanism is the most probable explanation for the 
nanowire orientation. Although the dimension of nano- 
wires is much larger than the unit cell of hexagonal array 
of K+ on mica surface, the nanowire orientation was 
affected by the K+ array on mica surface. 

Fig. 10 shows selected AFM images (1 x 1 pm2) of 
oriented molecular-assembly nanowires on mica. As 
previously mentioned, the nanowires oriented 60" to each 
other, which provided interesting nanoscale structures 
such as nanowire tree and triangles. The six-folded 

connecting modes of each nanowire form novel nanoscale 
junction structures, which can apply for constructing the 
integrated nanoscale electronic circuits. 

Molecular-Assembly Structures 
Within Nanowire 

The single crystal of (2)(F4-TCNQ)2 were obtained, and 
here donor 2 is the four-alkyl chain derivative of 
compound 1. Assuming a similar molecular packing 
structure of CT complex between (2)(F4-TCNQ)2 and 
(1)(F4-TCNQ)2, we can discuss the molecular-assembly 
structure in the nanowires based on the crystal structure of 
( ~ ) ( F ~ - T c N Q ) ~ . ' ~ ~ '  Fig. 11 shows the unit cell of (2)(F4- 
TCNQ)2 viewed along the b axis. Donor 2 formed an 
intramolecular n-n dimer through folding of the flexible 
24-crown-8 moiety, in which the n-planes of the two TTF 
units overlapped at their inner C3S5 rings. Along the c 
axis, the D-A layers are separated by the hydrophobic 
decylthio chains; moreover, the hydrophilic and hydro- 
phobic layers are alternately arranged. The crystal struc- 
ture suggests that the direction normal to the substrate 
surface in the LB film is consistent with the c axis (c= 1.72 
nm). As indicated in Fig. 11, which shows the n-n 
stacking structure within the ab plane, the n-n dimer 
structure of F4-TCNQ stacked alternately with the intra- 
molecular TTF dimer along the -a + b axis. The n-n 
stacking sequence between donor 2 and F4-TCNQ was -D- 
A-A-D-, forming a I -D mixed-stack structure. 

The molecular orientation within the LB films was 
evaluated by using the polarized ultraviolet-visible-near 
infrared (UV-vis-NIR) ~ ~ e c t r a . " ~ - ~ ~ ]  The polarized UV- 
vis-NIR spectra of the LB film of (1)(F4-TCNQ)' did not 
indicate any in-plane anisotropy with the normal inci- 
dence, indicating the isotropic distribution of molecular 

Fig. 10 Selected AFM images of oriented molecular-assembly nanowires. a) Nanowire tree and b) nanowire triangles. Scale of AFM 
images are 1 x 1 pm2. (View this art in color at www.dekker.com.) 
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Fig. 13 Possible molecular arrangements within a nanowire. (View this art in color at www.dekker.com.) 

electrical conductivity (right scale) and paramagnetic 
susceptibility (left scale) of LB film of (1)(F4-TCNQ),. 
The room-temperature electrical conductivity (oRT) was 
1.5 x l o 3  S cm- ' with an activation energy of 0.17 eV. 
The semiconducting temperature dependence was consis- 
tent with that of the mixed-stack arrangement of donor 
and F4-TCNQ dimer. Although the accumulated film 
should be composed of piles of nanowires and monolayers 
of (1)(F4-TCNQ)2, each nanowire may have the same 
order of electrical conductivity. 

The temperature-dependent paramagnetic susceptibil- 
ity (x) of the LB films of (1)(F4-TCNQ)2 was measured 

0 100 200 300 

T l K  

Fig. 14 Temperature-dependent electrical conductivity (right 
scale) and paramagnetic susceptibility (left scale) of the 
LB film of (l)(F4-TCNQ)2. (View this art in color at www. 
dekker. corn.) 

via electron spin resonance (ESR). As shown in Fig. 14, x 
increased monotonically with decreasing temperatures, 
which followed the Curie-Weiss law. The line-shape of 
the ESR signals could be fitted using Lorentzian. Line 
width around 0.5 mT did not show anomaly within the 
measured temperature range. Because g-values for 
BEDT-TTF+ cation and F4-TCNQ- anion radicals have 
been typically observed at 2.0074 and 2.0025, respective- 
ly,'"-'" the g-values ( ~ 2 . 0 0 4 )  of the LB films for (l)(F4- 
TCNQ)2 were observed in the intermediate range between 
BEDT-TTF and F4-TCNQ, which indicated that both the 
cation and the anion radical species contribute to the 
paramagnetic susceptibility of the LB films. 

CONCLUSION 

We constructed oriented molecular-assembly nanowires, 
which are important parts for the fabrication of nano- 
scale electronic devices. Molecular-assembly nanowires 
have a potential to fabricate nanoscale electronics in all 
self-assembly chemical processes. Amphiphilic bis(TTF) 
macrocycle derivative is one such example, forming 
self-assembly nanowires oriented on mica surface. This 
molecule was designed from the viewpoints of: 1) 
molecular conductor; 2) Langmuir-Blodgett films; and 
3) supramolecular chemistry. Designs from the concepts 
of molecular conductor and Langmuir-Blodgett film are 
necessary to construct nanoscale electrical conducting, 
one-dimensional structure. Furthermore, the design of 
weak intermolecular interactions (ion recognition) from 
the supramolecular approach should be a key methodol- 
ogy to construct oriented molecular-assembly nanowires. 
Control of electronic structures of the nanowires may 
be achieved through careful design of the charge-trans- 
fer interactions (electronic dimensionality, bandwidth, 
carrier concentration, etc.), while a variety of nanoscale 
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structures such as zero-dimensional nanodots and nano- 
wires should be obtainable from the designs of supra- 
molecular chemistry. 
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Molecular Assembly of Organosilanes 

Atsushi Takahara 
Kyushu University, Fukuoka, Japan 

INTRODUCTION 

Ultrathin films of organosilane have been identified as 
promising nanocoating for micro- and nanoscale techno- 
logies such as electronic devices and micromachines.['-31 
As the silanol groups of organosilane monolayer pre- 
pared from organotrichlorosilane or organotrialkoxysilane 
strongly interact with the substrate surface, the monolayer 
is thermally and chemically robust compared with con- 
ventional amphiphilic monolayers. Because the chain 
length of organosilane is approximately 1-3 nm, the or- 
ganosilane forms a uniform ultrathin film on the sub- 
strate surface. 

Two methods have been proposed for the preparation 
of organosilane monolayers. One is chemisorption from 
organosilane s~lut ion, '~-~ '  and the other is the Langmuir- 
Blodgett (LB) m e t h ~ d . [ ~ - ~ ~ '  Fig. 1 shows the film- 
formation mechanisms of the organosilane by the LB 
method (a) and the chemisorption method (b). In the case 
of the LB method Fig. la,  the toluene solution of organo- 
trichlorosilane was spread on the water surface (pH = 5.8) 
at a controlled subphase temperature. To attain the quasi- 
equilibrium state of the monolayer, the monolayer was 
kept on the water subphase under a given constant surface 
pressure for 15 min. The monolayer was transferred and 
immobilized onto the Si-wafer substrate surface by the LB 
method. In the case of chemisorption Fig. lb, organosi- 
lane molecules were deposited either from the solution or 
from the vapor phase. It has been clarified that the 
aggregation state of the organosilane monolayers prepared 
by the LB method shows a higher packing density than the 
chemisorbed m o n ~ l a ~ e r s . [ ' ~ ~ * ~ '  

Organosilane monolayers, which have surfaces ter- 
minated by various functional groups, are useful for ma- 
nipulation of the physicochemical properties of solid 
surfaces such as wettability, nanotribology, and protein 
adsorption behavior. A key to fabricating functional orga- 
nosilane monolayers is controlling the distribution of sur- 
face functional groups. Fabricating micro- and nanode- 
vices using a bottom-up approach requires building blocks 
with a precisely controlled and tunable chemical compo- 
sition, morphology, and size that can be fabricated vir- 
tually at will. The organosilane monolayer is a candidate 
for such a building block because of its stability and ease 
of fabrication. Patterned microfeatures of organosilane 

monolayers can be fabricated on the substrate, allowing 
surface physicochemical properties to be area-selectively 
controlled. Two methods will be discussed in this article. 
One of them utilizes crystallization of organosilane of 
the binary component monolayer at the airlwater inter- 

Because the diffusion of organosilane mole- 
cules at the airlwater interface is slow, macroscopic 
phase separation is inhibited, even with the alkylsilane 
and fluoroalkylsilane mixed monolayers. The phase- 
separated monolayer is transferred to the Si-wafer 
substrate by the LB method. Another method utilizes 
photolithography by a vacuum ultraviolet (VUV) ray 
s o u r ~ e . [ ~ " ~ ~ ~  In the case of a VUV source with I. = 172 nm, 
photodecomposition of the organic moiety occurs because 
of the higher photon energy of the VUV ray compared 
with the bond energy of a typical C-C linkage. Using 
photolithography, one can prepare a micropatterned sur- 
face with various organosilane monolayers by repeating 
the photodecomposition and chemisorption processes. 
By changing the shape and area ratio of the patterns of 
the photomask, this technique enables one to control the 
area ratio and the wettability gap of different organosi- 
lane monolayers. 

PATTERNING OF ORGANOSILANE 
MONOLAYERS VIA CRYSTALLIZATION 
AT THE AIWWATER INTERFACE 

Formation of Organosilane Monolayers 
at the AirMlater Interface 

Fig. 2 shows the chemical structure of organosilanes used 
for monolayer preparation. Organotrichlorosilane is pri- 
marily used for monolayer preparation at the airlwater 
interface. Lignoseric acid [LA, CH3(CH2)22COOH] is also 
used to prepare the mixed monolayers. LA is not poly- 
merized and is also nonreactive against the silicon sub- 
strate. The chlorine groups of organosilane on the water 
surface were found to be substituted by hydroxyl groups. 
At a surface pressure of 10-30 mN m-', the hydroxyl 
groups in organosilane molecules reacted with those in 
adjacent molecules in the case of the highly condensed 
monolayer, resulting in formation of a polymerized 
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(b) Chemisorption 
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and fluoroalkylsilane Immobilization onto Si-wafer 

Fig. 1 Film formation mechanism of organosilane by Langmuir-Blodgett (LB) method (a) and chemisorption method (b). (View this 
art in color at www.dekker.com.) 

Aminosilane 
NH2(CH2)2NH(CH2)3SiCH3(0CH3)2 

N-(2-aminoethyl)-3-aminopropylmethydimethoxysilane 
(AEAPDMS :NC2NC3) 

Fig. 2 Chemical structure of organosilanes. 

monolayer. The polymerized monolayer was easily 
transferred onto a Si wafer by the LB method, and the 
residual hydroxyl groups could be covalently bonded with 
silanol groups on the Si wafer surface. 

Fig. 3 shows the surface pressure-area (71-A) isotherms 
for the n-octadecyltrichlorosilane (OTS), n-dodecyltri- 
chlorosilane (DDTS), [ 1 H, 1 H,2H,2H-perfluorododecyl- 
oxy]propyltriethoxysilane (FDOFTES), and [2-peffluoro- 
octyl]ethyltrichlorosilane (FOETS) monolayers on the 
water surface at a subphase temperature of 293 K, as well 
as electron diffraction (ED) patterns of the monolayers 
transferred onto the hydrophilic SiO substrate on the EM 
grid at a surface pressure of approximately 20 rnN m-'. 
The 71-A isotherms of the OTS and FDOPTES mono- 
layers showed a steep increase in surface pressure with 
decreases in the surface area. The molecular occupied 
areas were determined to be 0.24 and 0.29 nm2 mole- 
cule-' for the OTS and FDOFTES monolayers, respec- 
tively. Electron diffraction patterns of both the OTS and 
the FDOPTES monolayers showed hexagonal crystal- 
line arcs at 293 K. The (10) spacings of the OTS and the 
FDOFTES monolayers were calculated to be ca. 0.42 and 
0.50 nm based on ED patterns, respectively."81 These ED 
results make it clear that the hydrophobic alkyl and 
fluoroalkyl chains in the crystalline OTS and FDOPTES 
monolayers were closely packed in the hexagonal crystal 
lattice at 293 K. 
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Fig. 3 n-A isotherms for the OTS, DDTS, FDOPTES, and FOETS monolayers on the water surface at a subphase temperature of 
293 K, as well as the AFM images and ED patterns of the monolayers transferred onto the substrate at the surface pressure of around - 
20 mN mpl. (View this art in color at www.dekkei-.com.) 

High-resolution atomic force microscopy (AFM) was 
applied to observe the molecular arrangement of both 
the crystalline OTS-C18 and FDOPTES monolayers. 
Fig. 3 also displays AFM images on a molecular scale 
for the crystalline OTS-CIS and FDOPTES monolayers 
transferred onto a Si wafer at a surface pressure of 15 
mN mpl at 293 K.['" The (10) spacing was evaluated to 
be ca. 0.42 and 0.50 nm by two-dimensional fast Fourier 
transform (2-D-FFT). These values are in good agree- 
ment with the (10) spacings determined from the ED 
patterns for the crystalline OTS and FDOPTES mono- 
layers. Thus, it is conceivable that the higher portions 
(the brighter dots) in the AFM images of Fig. 3 cor- 
respond to the individual methyl group of the OTS 
molecule and the fluoromethyl group of the FDOPTES 
molecule in the monolayers, respectively. In contrast, the 
PA isotherms for the DDTS monolayer and the FOETS 
monolayer with a shorter alkyl chain showed a gradual 
increase in surface pressure with decreasing surface area. 
In general, this can be interpreted as an indication that 
the monolayer is in a liquid-condensed or liquid-ex- 
panded state. In addition, the ED patterns of the DDTS 
and the FOETS monolayers showed an amorphous halo 
at 293 K. Hence, it can be envisaged that the chain 
lengths of hydrophobic groups of the DDTS and the 
FOETS molecules were not long enough to crystallize 
on the water subphase at 293 K. 

Phase Separation of Mixed Monolayers 
at the Airwater Interface 

Phase separation is expected to occur in the binary com- 
ponent monolayer of crystalline OTS and amorphous 
FOETS because of the incompatibility of OTS and 
FOETS. Fig. 4 shows the n-A isotherm and the AFM 
image of the scanned area 10 x 10 pm2 for the OTSI 
FOETS (50150 mollmol) mixed monolayer, which was 
transferred onto the Si wafer substrate by the LB method 
at a surface pressure of 25 mN m-'. The height profile 
along the line shown in the AFM image revealed that the 
brighter and darker portions in the AFM image correspond 
to the higher and the lower regions of the monolayer sur- 
face, respectively. The molecular occupied area (the li- 
miting area) of 0.28 nm2 moleculep ' for the OTSIFOETS 
(50150) mixed monolayer appears to be almost equal to 
the average of the molecular occupied area for the OTS 
(0.24 nm2 molecule- l) monolayer and the FOETS (0.31 
nm2 moleculep ' )  monolayer based on the molar fraction 
of OTS and FOETS. The OTSIFOETS mixed monolayer 
can be transferred onto the Si wafer substrate over a wide 
range of surface pressure. The transfer ratio of the OTSI 
FOETS mixed monolayer was ca. 1.0 at a surface pressure 
of 25 mN m -I,  indicating that the substrate surface is 
almost completely covered with the immobilized mixed 
monolayer. Also, the transfer of the OTSIFOETS mixed 
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Fig. 4 n-A isotherm and AFM image of the scanned area 
10 x 10 Km2 for the OTSIFOETS (50150) mixed monolayer, 
which was transferred onto the Si wafer substrate by the LB 
method at the surface pressure of 25 mN m- '. (View this art in 
color at www.dekker.com.) 

monolayer on the silicon substrate was confirmed by 
using attenuated total reflection Fourier transform infrared 
(ATR-FT-IR) spectroscopy and X-ray photoelectron spec- 
troscopy (XPS). Because the area occupied by the circular 
flat-topped domains increases with increases in the OTS 
content, it is expected that the circular domains corre- 
spond to the OTS domain. The AFM line profile revealed 
that the circular domains were 1.1-1.3 nm higher than the 
surrounding area. Because the difference in molecular 
lengths between OTS and FOETS was ca. 1.3 nm, it can 
be concluded that the higher circular domains and the 
surrounding flat matrix regions were composed of OTS 
and FOETS molecules, respectively. OTS molecules 
formed circular domains even if the molar percent of 
OTS molecules was 75%. It is apparent from the ED 
pattern of the OTSFOETS (75125) mixed monolayer that 
the OTS domain is in a crystalline state, as the ED pattern 
showed a Debye ring and the magnitude of spacing 
corresponds to the (10) spacing of the OTS monolayer. In 
the case of the mixture of fluoroalkane and alkane, 
macroscopic phase separation was observed. However, in 
the case of organosilanes at the airlwater interface, mac- 
roscopic phase separation such as that occumng with 
coalescence of the crystalline domain is inhibited because 
of the limited diffusion at the airlwater interface. 

A similar phase-separated structure was also expected 
for the mixed monolayer of the crystalline NTS and 

amorphous FOETS. Crystallization of the n-nonadecenyl- 
trichlorosilane (NTS) phase was confirmed by ED.'"] 
Fig. 5 shows the AFM images of the mixed NTSEOETS 
and carboxylated NTS (NTScooH)/FOETS monolayers. It 
was clarified that the NTSFOETS mixed monolayers 
were in a phase-separated state, and that circular flat- 
topped domains ca. 1-2 pm in diameter were surrounded 
by a sealike flat region. The phase separation in the mixed 
NTSFOETS can also arise from crystallization of the 
NTS component. The NTScooH/FOETS mixed monolay- 
er was prepared through oxidation of the vinyl group of 
the NTS phase in the NTSFOETS mixed monolayer.'17' 
The NTScooH monolayer showed high surface free 
energy, with the magnitude being comparable to that of 
water. The surface morphology of the NTSFOETS mixed 
monolayer was not changed even after oxidation because 
of the presence of a strong interaction between silanol 
groups of NTS and the Si wafer. The height difference 
between the NTScooH domain and the FOETS matrix 
phase in the NTScooH/FOETS mixed monolayer was 
almost the same as that for the NTSIFOETS mixed 
monolayer. In addition, an XPS measurement was 
performed for the NTSFOETS and the NTScooHFOETS 
mixed monolayers to confirm oxidation of the NTS phase. 
The larger ratio of oxygenlcarbon atoms for the 
(NTScooH/FOETS) mixed monolayer than that for the 
NTSFOETS monolayer suggests that the vinyl end 
groups of the NTS molecules were oxidized to carboxyl 
groups. The magnitude of the lateral force of the 
NTScooH phase was higher than that of the FOETS 
phase in the case of the NTScoo~lFOETS mixed 
monolayer in contrast to the case of the NTSFOETS 

(CH=CH, (CH2),,SiC13 (HOOC (CH2),,SiC13 
(NTS)I(FOETS))(50/50) (NTS,oo,)I(FOETS))(50/50) 

Distancel~m Distancelpm 

Fig. 5 AFM images of the mixed NTSEOETS and carbox- 
ylated NTS (NTScooH)IFOETS monolayers. (View this art in 
color at www,dekker.com.) 
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mixed monolayer. As the NTScooH phase had hydrophilic 
carboxyl end groups at the surface, these end groups can 
presumably form intermolecular hydrogen bonds with 
neighboring NTScooH molecules. Therefore, the surface 
of the outermost NTScooH phase is expected to show a 
higher shear strength than that of the NTS phase because 
of a difficulty in surface deformation. Also, there is a 
significant contribution of adhesion force between the 
sample surface and the tip with regard to lateral force. 
Because the surface free energy of the NTScooH phase is 
comparable to that of water, the water capillary force 
interacting between the NTScooH monolayer surface and 
the hydrophilic Si3N4 tip could strongly contribute to the 
adhesion force of the NTScooH phase. It is therefore 
conceivable that the NTScooH phase exhibited higher 
lateral force than the FOETS phase because of the 
formation of intermolecular hydrogen bonding and a 
thicker absorbed water layer as discussed above. Lateral 
force microscopic (LFM) and XPS measurements reveal- 
ed that the phase-separated monolayer with a large 
surface energy gap was successfully prepared. 

To investigate the various types of mixed monolayers, 
a novel mixed-monolayer system was designed using 
reactive organosilanes and a nonreactive fatty acid. A 
phase-separated monolayer can also be prepared from 
both FOETS and nonpolymerizable and crystallizable 
arnphiphiles such as stearic acid (SA) and lignoceric acid 
(LA). Fig. 6 shows the AFM images of the LA/FOETS 

(50150 mollmol) mixed monolayer Fig. 6a and after 
extraction of LA with hexane Fig. 6b. The LAFOETS 
mixed monolayer was in a phase-separated state similar to 
the OTSIFOETS mixed monolayer as shown in Fig. 4. It is 
reasonable to conclude from Fig. 6a and b that the circular 
domains are composed of LA molecules, as the circular 
flat-topped domains were preferentially extracted with 
hexane. In addition, the FOETS matrix was not extracted 
with hexane because FOETS molecules were immobilized 
on the Si wafer surface by the Si-0-Si covalent bond and 
multiple hydrogen bonding. The electron diffraction of the 
LAROETS mixed monolayer showed a crystalline dif- 
fraction from LA domains. In addition, the circular 
domain of LA is higher than that of FOETS by 2 nm. 
Because the bare Si surface with Si-OH groups was 
exposed to the surface, the Si phase can easily be back- 
filled by another organosilane through chemisorption 
from its solution. Thus, various types of surface modifi- 
cation are possible by chemisorption of various organo- 
silanes to the FOETS monolayer with holes shown in 
Fig. 6b. Fig. 6c shows the AFM topographic image of 
the OTSIFOETS mixed monolayer prepared by the 
chemisorption of OTS onto the Si part of the FOETS 
monolayer. The surface structure of Fig. 6c was very 
similar to the phase-separated structure observed for the 
OTSIFOETS mixed monolayer directly prepared by the 
LB method. The OTS phase is mechanically and 
chemically very stable because of the polymerization 

Crystalline LA 

S 

= Extract LA with 
hexane 

Backfill the bare 
Si-surface with 
OTS 

TS 

Fig. 6 AFM images of the LAIFOETS (50150 mollmol) mixed monolayer (a), ghost monolayer after extraction of LA with hexane (b), 
and after backfill of ghost monolayer with OTS (c). (Reproduced from Ref. [13].) (View this art in color at www.dekker.com.) 
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and anchoring to the Si wafer. However, the domain 
height of the OTS phase in Fig. 6c was less than that 
observed for the OTSIFOETS mixed monolayer prepared 
by the LB method in Fig. 6c. In addition, the surface 
roughness of the OTS domains prepared by chemisorp- 
tion was more distinct than that of the OTS domains 
prepared by the LB method. These results indicate that 
the OTS monolayer prepared by chemisorption is less 
ordered than that prepared by the LB method. This was 
also confirmed by grazing incidence X-ray diffraction 
(GIXD) . "~ ,~~]  However, the abovementioned procedure 
to backfill the Si portion of the FOETS monolayer by 
the chemisorption of organosilane could be applicable to 
the preparation of two-phase monolayers in which the 
constituents have different surface free energies or sur- 
face chemistries. 

FABRICATION OF MULTIPHASE 
ORGANOSILANE MONOLAYERS 
THROUGH CHEMISORPTION 
AND PHOTOLITHOGRAPHY 

A structural surface that exhibits patterns of varying 
wettability can be produced by chemisorption and local 
photodecomposition of organosilanes. Using such patterns 
as templates for 3-D structures with various topographic 
and surface properties appears very promising. Site- 
specific adsorption of microparticles can be achieved by 
specific interactions between microparticles and a mono- 

layer surface. Immobilization of a polymerization initiator 
on a functional monolayer enables site-specific polymer- 
ization, which can result in a large topography change. 
Fig. 7 summarizes the scheme of fabrication of micro- 
patterned organosilane monolayers, site-specific polymer- 
ization, and immobilization of microparticles on patterned 
organosilane monolayers. These three processes are de- 
scribed in this section. 

Preparation of a Three Component 
Patterned Organosilane Monolayer 

Fig. 8 outlines the essential steps for fabrication of micro- 
patterned organosilane monolayers. The first step was the 
preparation of organosilane-grafted Si substrates. The 
chemical vapor adsorption (CVA) method was used to 
fabricate the monolayers from ~r~anotrialkox~lsilane.'~~~ 
Uniform monolayer formation was confirmed by AFM 
observations. Removal of the monolayer in selected areas 
by photodecomposition was the next step in the process. 
In photolithography, irradiation with VUV rays (A= 172 
nm) leads to excitation cleavage of covalent bonds such as 
C-C, C-H, and Si-C bonds, and formation of surface Si- 
OH residues.'251 The magnitude of water contact angle on 
OTES and FHETES monolayers was measured as a 
function of irradiation time of VUV light generated from 
an excimer lamp (A= 172 nm). VUV irradiation was done 
under 0.8 mmHg of pressure. Initially, OTES and 
FHETES monolayers gave water contact angles larger 
than 100°. However, within 15 min, the angles approached 

Single component 

Two components 

Site-specific Three-component Site-specific 
immobilization of system immobilization of 
micro- and initiator-polymerization 
nanoparticles 

Fig. 7 Schematic representation of surface patterning, site-specific polymerization, and site-specific immobilization of microparticles. 
(View this art in color at www.dekker.com.) 
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Fig. 8 Schematic representation of site-specific photodecom- 
position by irradiation with VUV rays and chemisorption. 
(Reproduced from Ref. [24].) (View this art in color at 
www.dekker.com. ) 

0°, which indicates that almost complete removal of a 
monolayer can be achieved with 15-min irradiation of 
VUV light. The monolayer removal was also confirmed 
by XPS measurements. Using a photomask, one can 
prepare a pattern with the desired shape and a precisely 
controlled arrangement of surface functional groups. As 
an example, the preparation and characterization of an 
n-octadecyltriethoxysilane (OTES), [2-perfluorohexyl]- 
ethyltriethoxysilane (FHETES), [2-aminoethyll-3-ami- 
nopropylmethyldimethoxysilane (AEAPDMS) patterned 
surface is introduced in this section. The OTES-grafted Si 
wafer was irradiated for 15 min with VUV light. The 
second organosilane monolayer, FHETES (molecular 
length ca. 1.0 nm), was then introduced onto the first 
patterned surfaces by a similar method with alkylsilane. 
Formation of a ternary component monolayer requires 
another photodecomposition and chemisorption process, 
with the photomask rotated 90" from its position in the 
first patterning step. The OTEStFHETES sample was then 
irradiated with VUV, resulting in crossline micropatterns 
on the substrate surfaces. The third organosilane mono- 
layer, AEAPDMS (molecular length ca. 0.9 nm), was 
finally introduced onto the second patterned substrate 
surfaces, again by the CVA method. 

XPS and contact angle measurements were used to 
characterize the changes in the surface chemical compo- 
sitions of the micropatterned organosilane monolayers. 
Fig. 9 shows the XPS survey scan spectra of the changes 
in the surface chemical compositions through the mic- 
ropatterning process. The OTES monolayer showed CIS, 
01,, SiZs, and SiZp peaks at 285, 533, 151, and 100 eV, 
respectively. The OTESRHETES patterned Si substrate 
clearly showed an additional F1, peak at 690 eV, whereas 
the OTEStFHETESIAEAPDMS grafted Si substrates 
showed another N I T  peak at 400 eV. Decomposition of 
the FHETES monolayer was revealed by the decreased 
intensity of the F,, peak. The grafting of organosilane 
monolayers was also confirmed from C I S  and N,, XPS 
narrow-scan spectra. These results indicate that the three 
kinds of organosilane molecules were subsequently grafted 
on the substrate surfaces. 

Fabrication of a micropattern with three kinds of 
surface functional groups was confirmed by Scanning 
force microscopy (SFM) observation. Fig. 10a and b 
shows AFM and LFM images of an OTESIFHETESt 
AEAPDMS three-component micropatterned organosi- 
lane monolayer, respectively. Fig. 10c and d shows the 
line profiles of the white lines in Fig. 10a. These figures 
show crossline microstructures fabricated on Si-wafer 
substrates. The widths of the fabricated FHETES and 

1000 800 600 400 200 0 
Binding Energy I eV 

Fig. 9 XPS survey scan spectra of the OTES, OTESRHETES, 
and OTESRHETESIAEAPDMS micropatterned Si substrates 
(emission angle 45"). 
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Fig. 10 AFM and LFM images of three-component micropatterned organosilane monolayers. (a) AFM image of an OTESIFHETESI 
AEAPDMS micropatterned surface; (b) LFM image of an OTES/FHETES/AEAPDMS micropatterned surface; (c), (d) line profiles of 
white line parts in (a). (Reproduced from Ref. [37].) (View this art in color at www.dekker.com.) 

AEAPDMS lines were consistent with the widths of slits 
in the photomask. In the line profile of the AFM image as 
shown in Fig. lOc, the height difference between the 
OTES and FHETES surfaces was ca. 1.4 nm. The height 
difference corresponds to the difference in the molecular 
length (ca. 1.3 nm) between OTES and FHETES. In 
contrast, the height difference between the OTES and 
AEAPDMS surfaces was ca.  1.5 nm Fig. IOd, 
corresponding to the difference in the molecular length 
(ca. 1.4 nm) between OTES and AEAPDMS. The origin 
of the contrast in the LFM image can be explained by the 
difference in the surface properties of the three compo- 
nents, i.e., the chain rigidity, crystallinity, and chemistry 
of terminal functional groups of the organosilane mole- 
c u l e ~ . [ ~ ~ '  AEAPDMS-grafted areas are the brightest of the 
three components because the terminal amino groups 
exerted high lateral force due to the strong interaction 
between the hydrophilic amino group and the Si-OH 
group of the cantilever tip. The area ratio of the prepared 
micropatterned monolayer is in accord with that of the 
target value; that is, the estimated area ratio of OTESI 
FHETESIAEAPDMS was 41213. 

The introduction of a different organosilane component 
was also confirmed by the measurement of surface free 
energy. Table 1 shows the surface free energies of uniform 
or micropatterned organosilane monolayers. The surface 
free energy was calculated from the contact angles of 

water and methylene iodide based on Owens and Wendt's 
method.'261 In Table 1, y: and y[ denote the dispersion 
and polar components of surface free energy, respectively. 
The surface free energy of the OTESFHETES micro- 
patterned surface is smaller than that of the OTES 
monolayer surface; the decrease can be attributed to the 
fluoroalkyl groups of FHETES, which are known to 
decrease surface free energy. On the other hand, the sur- 
face free energy, especially the hydrogen-bonding com- 
ponent y,h, extensively increased after the grafting of 
AEAPDMS; this increase can likely be attributed to the 
relatively high polarity of amino groups introduced in the 
grafted AEAPDMS m o n o ~ a ~ e r s . [ ~ ~ '  Taken together with 

Table 1 Surface free energy of micropatterned organosilane 
monolayers 

h 
Ysv Ysv 

Organosilanes (mJ mp2) (mJ m-l)  (mJ rnp2) 

AEAPDMS 48.5 34.3 14.2 
OTES 20.1 18.1 2 
FHETES 14.7 13.1 1.6 
OTESEHETES 17.1 15.5 1.6 
OTESIFHETESI 23.8 19.7 4.1 
AEAPDMS 
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Fig. 11 Environmental scanning electron microscopic image 
of a water droplet on a monolayer after exposure to water vapor 
at 273K. (Reproduced from Ref. 1371.) 

the SFM observation, this stepwise change in surface 
free energy confirms that the three-component organo- 
silane surfaces had been micropatterned with highly 
hydrophobic and hydrophilic areas. Our patterning of 
three-component organosilane monolayers is expected to 
be a useful template for immobilizing various organic or 
inorganic materials on Si surfaces. 

A laterally structured surface with different wetting 
properties may be produced by various techniques such as 
microcontact printing,r271 r n i ~ r o m a c h i n i n ~ , ' ~ ~ '  photoli- 

and vapor deposition.'301 If one phase of a 
micropatterned surface has an affinity toward a certain 
liquid, the surface can be used as a template for local 
liquid condensation. A line-patterned high-wettability con- 
trast surface was prepared via the local photodecomposi- 
tion of an FHETMS monolayer. The advantage of this 
method is that the height difference of the two phases is 
less than 2 nm and the topographic effect on wettability 
can be ignored. The water-droplet formation on the mic- 
ropatterned surface was directly observed with an envi- 
ronmental scanning electron microscope. First, the 
Environmental scanning electron microscope (ESEM) 
sample chamber was evacuated below the saturated vapor 
pressure (612 Pa) of water at 273 K. The sample surface 
was then cooled to 273 K and the vapor pressure of the 
ESEM sample chamber was increased to 700 Pa. Fig. 11 
shows the ESEM image of the water droplet on the surface 
of the FHETMSISi-OH patterned monolayer during the 
initial condensation process. The water began to condense 
on the Si-OH portion of the patterned surface. The size of 
the water droplet and the number of water droplets in- 
creased until the droplets coalesced in a line. Because 
water has a large surface free energy compared with the 
FHETMS phase, it is more likely to condense on the 
higher surface free energy region. After the vapor pressure 
of the ESEM sample chamber was raised to 1050 Pa, the 
water droplet began to bridge with droplets on the ad- 
jacent line. Because the micropatterning surface can 
confine liquid in distinct micropatterned regions, the sur- 
face can be used for local growth of a crystal of functional 

 molecule^'^'^ or as a substrate for ink-jet printing with 
functional molecules.'321 

Site-Specific Polymerization of 
Methacrylate Monomers 

The patterned organosilane monolayers introducing an 
organosilane molecule with a polymerization-initiating 
unit are useful as template surfaces for site-specific 
polymerization. An atom transfer radical polymerization 
(ATRP) unit was immobilized as a monolayer component. 
Because ATRP is one of the most successful methods for 
polymerizing a variety of monomers in a controlled 
fashion,[3'.'41 tailor-made surface topography is possible. 

Several reports have described the formation of polymer 
thin film by radical polymerization from the immobilized 
ATRP initiator.["'."' 

Fig. 12 shows a schematic representation of a site- 
specific ATRP from a micropatterned monolayer sur- 
face.["] Before introducing the initiator for ATRP into the 
organosilane monolayer system, an AEAPDMS mono- 
layer was prepared on a Si wafer substrate surface. The 
prepared surface terminated by amino groups was treated 
with 2-bromoisobutyric acid in the presence of a conden- 
sation agent. After the modification, the water contact 
angle of the obtained surface increased from 63" to 6 9 O  
because of the change in the surface functional groups. 
Introduction of the initiating unit was further confirmed 
by an XPS measurement, in which the peaks attributed to 
Brand carbonyl carbon were observed at 68 and 287.9 eV, 
respectively. The resulting surface was irradiated by 
VUV light through a photomask. The LFM image of the 
patterned surface shows the presence of a pattern corres- 
ponding to the line width of the photomask used. 

Polymerization 
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I 
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- 

AFM image 

Fig. 12 Schematic representation of the site-specific atom 
transfer living radical polymerization from a micropatterned 
monolayer surface and AFM image of line-patterned PMMA 
ultrathin film. (View this art in color at www.dekker.com.) 
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Fig. 13 AFM image of the AEAPDMSIFHETMS monolayer 
after exposure to the aqueous dispersion of sulfonated PS 
microparticles. (Reproduced from Ref. [37].) (View this art in 
color at www.dekker.com.) 

Surface-initiated radical polymerization of methyl 
methacrylate (MMA) was done in the presence of CuBr(1) 
and 4,4'-di-n-heptyl-2,2'-bipyridine in anisole. To control 
the polymerization process, the corresponding initiator, 
ethyl 2-bromoisobutyrate, was also added for bulk poly- 
merization. The mixture was degassed, and argon was 
bubbled through the mixture for 20 min to ensure that 
oxygen was removed completely. The mixture was heated 
to 363 K. After several hours, the polymerization solution 
was cooled to room temperature to terminate the poly- 
merization. The Si wafer was immersed in THF and rinsed 
with toluene to remove the adsorbed free poly(methy1 
methacrylate) (PMMA). The PMMA micropattern was 
observed by AFM. 

Fig. 12 also shows the AFM image of the line-patterned 
PMMA ultrathin film. An AFM image revealed that the 
site-specific polymerization of methacrylate monomer 
occurred on the micropatterned surface of the ATRP 
initiator. The height and width of the PMMA layer is ca. 
6-10 nm and ca. 5 pm, respectively. The width estimated 
from the AFM image is in good agreement with the line 
width of micropatterns of surface immobilized initia- 
tor. The formation of a PMMA layer was further 
confirmed by an XPS measurement, in which the 
characteristic peaks attributed to the aliphatic ether and 
carbonyl carbons were observed at 285, 286.5, and 
288.8 eV, respectively. 

Site-Specific Adsorption of 
Charged Microparticles 

Two-dimensional alignment of micro- and nanoparticles 
on a substrate surface might be a promising method 
for fabricating functional materials, as properties of 

micro- and nanoparticles can be adjusted by controlling 
the size and surface chemistry. Various attempts have been 
made at the site-specific immobilization of micro- and 
n a n ~ ~ a r t i c l e s . [ ~ ~ " ~ '  In this study, the micropatterned orga- 
nosilane monolayer with an aminosilanelfluoroalkylsilane 
line pattern was applied as a template surface for site-spe- 
cific immobilization of negatively charged microparticles. 

FHETMS and AEAPDMS were used as surface modi- 
fiers for a Si wafer substrate. The AEAPDMSFHETMS 
micropattern (line width, AEAPDMSIFHETMS = 214 
prn/pm) was fabricated by a method similar to that used 
to yield the multicomponent organosilane monolayer. The 
Si wafer substrate with a micropatterned surface was then 
exposed to the aqueous dispersed solution of sulfonated 
polystyrene (PS) microparticles at pH = ca. 6.0 for 30 min. 
As shown in Fig. 13, the site-specific immobilization of PS 
particles was successfully achieved on the micropatterned 
substrate surface.'401 An AFM image shows that the layers 
consisting of adsorbed PS microparticles are ca. 200 nm 
high and ca. 2 pm wide. The height and width estimated 
from the AFM image is in good agreement with the 
diameter of PS microparticles and the line width of 
AEAPDMS micropatterns, respectively. This result sug- 
gests that the sulfonated PS particles were adsorbed on the 
surface as a monolayer. The site-specific adsorption of 
PS particles onto the AEAPDMS grafted surfaces can 
be ascribed to the electrostatic interaction between 
negatively charged sulfonic acid groups of PS particles 
and positively charged amino groups of AEAPDMS- 
grafted surfaces. 

CONCLUSION 

Patterned microfeatures of organosilane monolayers were 
fabricated on the substrate by two different methods. One 
method utilizes the crystallization of a binary component 
organosilane monolayer at the airlwater interface. An- 
other method utilizes the local photodecomposition by 
VUV light and backfilling of the decomposed area by 
chemisorption of organosilane monolayers. It was also 
revealed that micropatterned organosilane monolayers can 
be used as model surfaces with controlled, area-selective 
surface nature such as free energy, nanostructure, and 
chemical composition. 
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INTRODUCTION 

Biopolymers such as nucleic acids and proteins encode 
biological data and may be viewed as strings of chemical 
letters. While electronic computers manipulate strings 
of 0's and 1's encoded in electric signals, biologically 
encoded data might, in principle, be manipulated by bio- 
chemical means. During the last decade, several approach- 
es to compute with biomolecules were developed, and the 
field has become known as biomolecular or DNA com- 
puting. The approaches varied widely with respect to the 
model of computation they employed, the problems they 
attempted to solve, and the degree of human intervention. 
One approach focused on the application of the Turing 
machine model and, more generally, string-processing 
automata to biomolecular information processing. Its 
goal is to construct computers made of biomolecules that 
are capable of autonomous conversion of an input data- 
encoding molecule to an output molecule according to a 
set of rules defined by a molecular program. Here we 
survey the field of biomolecular computing machines and 
discuss possible future directions. 

BACKGROUND 

The seminal work of ~dleman"'  demonstrated that com- 
monly used biochemical manipulations of DNA can be 
utilized to solve real-world computational problems and 
initiated the field of biomolecular computing. In the bio- 
molecular approach to computing, the computational 
paradigm is chosen to fit the capabilities of biomolecules, 
rather than adapting the biomolecular machinery to com- 
putational schemes borrowed from electronic comput- 
e r ~ . [ ~ '  The problems initially solved by DNA computing 
were so-called "combinatorial problems." An example of 
such a problem is the traveling salesman problem, which is 
to find the most efficient route through several cities given 
a distances chart between them, passing through each city 
exactly once. Solving the problem can be performed by 
calculating all possible routes that pass exactly once 
through each city, comparing them and choosing the 
shortest one. As the number of potential routes is expo- 
nential in the size of the problem, this computation may 

require an exponential number of steps. More efficient 
solution methods are not known for the traveling salesman 
problem and for similar such problems, termed NP-hard. 
It was hoped that the potential massive parallelism of 
DNA manipulation could speed up the solution of NP-hard 
problems. The DNA computing technique employed to 
solve the traveling salesman problem included 1) genera- 
tion of all possible solution candidates (e.g., various 
routes) encoded in DNA strands and selection of the cor- 
rect ones, 2) their amplification and detection by known 
molecular biology techniques, and 3) isolation and char- 
acterization of the shortest one. Computational problems 
solved in vitro with variations of this approach encom- 
passed instances of Hamiltonian path,['] SAT,['] maximal 
clique,14] and "knight move"r51 problems. The computer, 
i.e., the physical system that produced a solution, com- 
prised the biomolecules themselves, the laboratory 
equipment required to realize their biochemical manip- 
ulation, and the laboratory personnel who operated 
the laboratory equipment, performing the operations re- 
quired to execute the computation. Therefore while these 
computing systems used biomolecules for computa- 
tion, they realized laboratory-scale, rather than molecular- 
scale, computers. 

A second direction in DNA computing, proposed by 
 inf free,[^.^] uses self-assembly of DNA It relies 
on the mathematical theory of tiling. One result of this 
theory discovered by   an^'"' is that aperiodic assembly 
of appropriately designed tiles emulates the operation of 
a Turing machine, a universal computer. The tiles have 
colored edges, and they may be assembled once two ad- 
jacent tiles have edges of the same color. DNA tiles[81 are 
relatively rigid flat constructs with four sticky ends, with 
one sticky end emulating one edge of a tile and different 
sticky ends emulating different colors. DNA tiles make 
contact through complementary sticky ends, emulating 
recognition by the same color. Initial breakthrough in 
this area was achieved by constructing a periodic two- 
dimensional crystal from DNA tiles, based on Wang as- 
sembly rules. The first actual computation performed by 
this technique was a cumulative XOR (exclusive OR) 
logical operation on a string of four binary bits.[91 In this 
experiment, an input string was built from alphabet 
tiles (either "0" or "1") and then a second row of tiles 
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self-assembled upon it. The first tile of the second row 
contained the result of the XOR operation between the 
first two bits, and each subsequent tile performed the 
operation between the intermediate cumulative result and 
the next unprocessed bit. Besides the potential to realize 
universal computation through Turing machine emulation, 
the technique of DNA tiles self-assembly may become a 
basis for fabrication of smart, aperiodic materials on a 
nanoscale, as suggested by several recent results.["3121 

A third direction in DNA computing is an attempt to 
realize the vision,[131 recalled by Adleman in the conclu- 
sion to his seminal paper of a programmable, autonomous, 
molecular-scale computer: "In the future, research in 
molecular biology may provide improved techniques for 
manipulating macromolecules. Research in chemistry 
may allow for the development of synthetic designer 
enzymes. One can imagine the eventual emergence of a 
general purpose computer consisting of nothing more than 
a single macromolecule conjugated to a ribosomelike 
collection of enzymes that act on it." This paradigm of 
biomolecular computers is the focus of our review. It 
views a DNA strand as a string or a tape that functions as 
the input as well as the memory storage for automata such 
as a finite automaton or a Turing machine.[I3] This para- 
digm is inspired by the realization that some biomolecular 
machines in the living cell are essentially simple automata 
operating on digital information encoded in directional 
biopolymers.['4~151 An automaton operates by scanning a 
tape of symbols one symbol at a time, possibly modifies 
one symbol in each step, moving to an adjacent symbol 
and changing its state according to a predefined set of the 
transition rules. The tape of symbols may be naturally 
encoded in a polar biopolymer such as DNA or RNA. The 
transition rules of the machine may be encoded by tran- 
sition molecules similar to tRNA. A transition, i.e., the 
physical modification of the input according to the tran- 
sition rules, may be accomplished, in principle, by a 
combination of different processing enzymes. Taking this 
viewpoint, DNA and RNA polymerases, the ribosome, 
and recombinases can all be viewed as simple molecular 
automata. For example, RNA polymerase is, mathemati- 
cally speaking, a so-called finite state transducer, which 
translates a string over the alphabet {A, T, C, G ]  into a 
string over the alphabet {A, U, C, G)  according to a 
simple translation table. An artificial molecular automaton 
may be able to operate autonomously, realizing a truly 
molecular-scale computer. Such a computer could have 
several important applications, discussed below. 

The concept of a biomolecular computer was first in- 
troduced by  enn nett''^] in 1982 as a hypothetical design 
for an energy-efficient computer. In this conceptual de- 
sign, a set of artificial enzymes encoded the transition 
table of the machine and operated on RNA-based data 
tape. The design did not include any concrete imple- 

mentation details. Several detailed designs were proposed 
since then. ~ o t h e m u n d [ l ~ ]  and smith["' proposed models 
for molecular implementations of Turing machines. Gar- 
zon et a1.[181 designed a model of finite automata and 
Sakamoto et al.[19.201 implemented a semiautonomous 
state machine that could perform state transitions. 

MOLECULAR AUTOMATA 

Automata 

Generally, an automaton consists of 1) a data tape divided 
into cells, each containing a symbol selected from the tape 
alphabet, and 2) a finite-state device dnven by transition 
rules. The device is positioned over one of the cells and is 
in one of a finite number of internal states. Depending on 
the symbol read and the internal state. a transition rule 
instructs the device to write a new symbol, change state, 
and move one cell to the left or to the right. The Turing 
machine[211 is the most general automaton, capable of 
writing on the tape as well as moving in either direction. 
Fig. 1A demonstrates a Turing machine with two symbols 
and two states, with the upper part of the panel showing 
the application of one transition rule. Each rule is of the 
form initial state, current symbol--+new state, new sym- 
bol, direction of movement (R=right, L=left). A more 
restricted, yet important, class of automata is called finite- 
state acceptors (finite automata for short).[221 A finite 
automaton is a unidirectional read-only Turing machine. 
Its input is a finite string of symbols. It is initially posi- 
tioned on the leftmost input symbol in a default initial 
state and, in each transition, moves one symbol to the 
right, possibly changing its internal state (Fig. 1B is an 
example of a computation step of a finite automaton). 
Each of its transition rules specifies a next state based on 
the current state and current symbol. The computation 
terminates after the last input symbol is processed. Al- 
ternatively, it may suspend without completion when no 
transition rule applies. Some states are deemed accepting 
and the automaton accepts an input if there is a compu- 
tation with this input that ends in an accepting final state. 
Otherwise, it is said to reject the input. 

A finite automaton with two states and an alphabet of 
two symbols is shown in Fig. 1C. It determines whether a 
string of symbols over the alphabet {u ,  b ]  contains an 
even number of a's. On a diagram, an incoming arrow 
represents an initial state, and a double circle represents an 
accepting state. Below the diagram, a sample computation 
over an input abba shows the intermediate configurations 
obtained during the sequential application of the transi- 
tion rules. 

A two-state, two-symbol automaton can have eight 
possible transition rules. The programming of such an 
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SO-abba (SO A S 1 )  

S1-bba (S1 L s ~ )  

S1-ba ( ~ 1  L s ~ )  
S1-a (S1% SO) 
SO (final state) 

The input is accepted 

Fig. 1 Examples of automata. 

automaton amounts to selecting the transition rules and 
determining the accepting states. Fig. 1D shows some 
examples of additional final automata. The topmost au- 
tomaton determines whether an input string contains at 
least one b symbol. A second one determines if an input 
string begins with a and ends with b. It is an example of 
a nondeterministic automaton with two transitions (S 1 ,  
b 4 SO and S 1 ,  b + S 1) applicable to the same configu- 
ration. A computation ending in an accepting state uses 
S 1, b-+ S 1 for all b symbols except the last, and uses S I ,  
b+ SO for the last b. 

Early Designs of Molecular Automata 

 enn nett"" described a "truly chemical Turing machine" 
with a linear tape analogous to RNA, where the internal 
state and head location are realized by a special chemical 
modifier attached to one of the nucleotides. Each transi- 
tion rule is realized by a hypothetical "enzyme" that 
exclusively recognizes a unique combination of a nucle- 
otide and its modifier, replaces a nucleotide by an output 
symbol, and attaches a next-state modifier to one of the 

adjacent nucleotides, according to the desired head 
movement (Fig. 2). 

In Fig. 2, a transition molecule 7 that recognizes a 
combination of the symbol a and the state SO loads itself 
with the molecule for the symbol b and a molecule for the 
state S1. The loaded molecule 2 reversibly attaches itself 
to a data tape 1. An intermediate complex 3 forms through 
new chemical bonds between the transition molecule and 
the symbol a and state SO, between the new symbol b and 
the data tape, and between the adjacent symbol b and the 
new state S1 (dotted lines). In the next intermediate 4, the 
old symbol a and state SO become attached to the transi- 
tion molecule and are detached from the data tape; the 
new symbol b is inserted into the data tape; the new state 
SI attaches to the symbol b that lies to the right of the 
site of newly inserted symbol. The transition molecule 
6 dissociates from the completely modified data tape 
5 and is subsequently stripped of the attached old state 
and symbol. 

Bennett introduced several logical elements that re- 
main relevant till this day. First, he proposed to encode 
a data tape in a single biopolymer, using a natural 
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I 
SO ATP 

3 
"b a a. \ b,,a 

monomer pool of 
a,b,SO,S1 

Fig. 2 An example of a single transition performed by Bennett's hypothetical chemical Turing machine. The rule implemented is SO, 
a-+Sl, b, R. (From Ref. [13] 0 Kluwer AcademicPlenum Publishers.) 

"alphabet." Second, he introduced the important con- 
cept of a "transition molecule," i.e., representation 
of each transition rule by a separate molecule or mo- 
lecular assembly. 

Following work on molecular automata dealt with re- 
alizing this concept. Different ways to encode tape sym- 
bols and machine states and to build transition molecules 
were proposed and various biochemical transition mech- 
anisms were considered. 

~o themund[ '~ ]  proposed a detailed design for a mo- 
lecular Turing machine that utilized a common DNA 
structural motif known as a "cohesive terminus" or a 
"sticky end." A sticky end is a short (one to six nu- 
cleotides) stretch of single-stranded DNA emerging from 
the double-stranded DNA molecule of a potentially un- 
limited length. The advantage of a sticky end as compared 
with the dsDNA is that it is reactive compared with 
dsDNA. Molecules with sticky ends may interact once the 
DNA sequences of their sticky ends are complementary, 
irrespective to the sequence of their double-stranded part. 
This technique is extensively used in recombinant DNA 

technology. Rothemund's hypothetical computer com- 
prised a data tape and transition molecules made of DNA 
and hardware containing DNA ligase and restriction 
enzymes. Ligase is an enzyme that may glue together 
fragments of DNA that have complementary sticky ends. 
Restriction enzymes recognize specific locations in the 
double-stranded DNA and cut inside of near this location, 
forming two fragments with complementary sticky ends. 
Rothemund pioneered an encoding slstem of "frame 
shifts," where a long stretch of double-stranded DNA 
encoded a symbol while shorter sticky ends derived from 
this stretch encoded state-symbol combinations. This 
entailed a particular design of the transition molecules, 
using SII-type restriction enzymes that cut DNA outside 
their recognition sequence. The machine was not designed 
to be autonomous as it required a number of manual steps 
to perform a single transition (Fig. 3). 

Fig. 3 describes a single transition SO, a - + S l ,  b, R as 
implemented by Rothemund's hypothetical Turing ma- 
chine. In this design, each data symbol is represented by a 
stretch of dsDNA flanked by invariant left (L) and right 
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The solution containing the transition molecules is 
added to the cleaved data tape 2. Because real computa- 
tion would require many different kinds of transition 
molecules, the existence of an invariant sticky end in a 
data tape would allow it to react nonselectively with dif- 
ferent transition molecules. Therefore the original design 
contained only right-hand state-symbol specific sticky 
end. The left-hand sticky end was exposed by yet another 
restriction enzyme after correct ligation to the state- 
symbol sticky end and washout of the useless transitions 
(not shown on the figure). Following double ligation and 
insertion of the transition molecule, an intermediate 
structure 4 is formed. At this stage, the new symbol b is 
inserted into the tape. The head is also inserted, with the 
new state encoded by the new state spacer. However, the 
previous symbol a is regenerated. It needs to be excised by 
means of the enzymes X and Y. The enzymes form two 
complementary sticky ends in the intermediate 5: one in 
the L region of the right-hand symbol b, and another one 
in the L region preinserted in the transition molecule. 
After their ligation, the next legal configuration 6 is 
formed. The St enzyme is now positioned at the correct 
distance from the next symbol b. Thus this multistep 
transition process results in an insertion of a new symbol 

b, excision of a previous symbol a,  and change of the 
machine state from SO to S1. 

Sakamoto et al.'19s201 described a different approach to 
biomolecular state machines. While their system imple- 
mented only a fixed state-to-state transition scheme, 
which is not dependent on any input, it had the advantage 
of semiautonomous operation. The system was experi- 
mentally verified and shown to perform several transitions 
(Fig. 4). 

Fig. 4A shows a set of transition rules. Panel B depicts 
the molecular transition table. Each state is encoded by 
unique sequence of a ssDNA of 20-30 nt long. A transi- 
tion between S 1 and S2 is represented by a concatenation 
of two sequences, one complementary to S1 and another 
one-to S2. The "stop" segment does not allow DNA 
polymerase to pass through. Fig. 4C shows the initial 
configuration of the machine. A transition table is con- 
catenated to the initial state S 1. Fig. 4D describes a sample 
computation. Initial state S1 is annealed to its comple- 
mentary counterpart in the rule S 1 + S2 of the transition 
table and then extended by DNA polymerase to form a 
DNA stretch for S2. After denaturation and another 
annealing, the S2 stretch is annealed to its counterpart in 
the rule S2+S3 and extended to S3 stretch. The whole 

Fig. 4 A molecular state machine of Sakamoto et al. 
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process is performed in the PCR-like manner, termed 
"Whiplash PCR" with cycles of denaturing, annealing, 
and polymerase extension. 

~ h a ~ i r o [ ' ~ ~ ~ ~ ]  proposed a detailed logical design for 
a molecular Turing machine, with an emphasis on a 
general-purpose programmable computer that may op- 
erate in vivo and interact with its biochemical envi- 
ronment. The design was realized in a working 
mechanical implementation. 

The structural blocks of the design proposed by Sha- 
piro are depicted in Fig. 5. The mechanical computer 
employs a chain of basic building blocks (Fig. 5A), re- 
ferred to as alphabet monomers, to represent the Turing 
machine's tape (Fig. SB), and uses another set of building 
blocks (Fig. SC), referred to as transition molecules, to 
encode the machine's transition rules. The computer 
operates on two polymers simultaneously: the tape poly- 
mer, representing the Turing machine's tape, and the trace 
polymer, which is a byproduct of the computation con- 
structed incrementally from displaced transition mole- 
cules and displaced alphabet monomers and has no analog 

in the theoretical Turing machine. A transition molecule 
loaded with an alphabet monomer specifies a compu- 
tational step of the computer similarly to the way an 
aminoacyl-tRNA specifies a translation step of the ribo- 
some.[231 The transition encoding is similar to a Wang tile 
constructionr101 which is also at the basis of DNA com- 
puting via s e l f - a s ~ e r n b l ~ . ' ~ ~ ~  The set of loaded transition 
molecules constitutes the computer program (Fig. 1A). A 
description of the design and mechanism of operation is 
shown in Figs. 5 and 6. Fig. 5C shows the formation of a 
transition molecule and Fig. 5D shows an active transition 
molecule. An active transition molecule joins the two data 
polymers. It is embedded in the tape polymer and repre- 
sents the location of the Turing machine's readlwrite head 
as well as the machine's internal state. At the same time, 
the active transition molecule is the terminal molecule of 
the trace polymer, representing the most recent transition 
of the computation. Fig. 5E schematically depicts the 
computer (hardware). The computer is made of two sub- 
units, referred to as small and large, each with a tunnel 
called the small tunnel and the large tunnel, respectively. 

Fig. 5 Structural blocks of the Shapiro's mechanical Turing machine. 
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Fig. 6 Operational cycle of the Shapiro's mechanical Tu- 
ring machine. 

The small tunnel provides incoming loaded transition 
molecules with access to the active transition molecule 
and to its adjacent alphabet monomer. Access is con- 
trolled by gating mechanisms that block transition mole- 
cules that are ill-formed or do not match the current state 
and current tape symbol. These mechanical analogs of 
allosteric conformational changes open the channel only 
when a valid incoming transition molecule approaches. 
The large tunnel holds the active transition molecule and 
the tail of the trace polymer being constructed. 

The actual mechanical computer is 18 x 29 x 9cm as 
shown in Fig. 5F. The small tunnel 1 is part of the small 
subunit and is 2 units wide. The large tunnel 2 is part of 
the large subunit and is 3 units wide, so that it can ac- 
commodate the displaced transition molecule and the new 
active transition molecules. The small and large subunits 

can move one unit sideways relative to each other. Such 
movement is necessary following a change of direction of 
the computation. An incoming transition molecule 3 is 
approaching the active transition molecule 4 and the al- 
phabet molecule to its right. The tape polymer can move 
left or right 1 unit, aligning the active transition molecule 
to the left or to the right side of the large tunnel. Such 
movement is necessary to accommodate consecutive 
transitions in the same direction. The hardware as well as 
the data tapes and the incoming transition molecule 
are shown. 

Fig. 5G shows the mechanical implementation of the 
gating mechanisms, front (left) and hack views. Five 
mechanisms in the small tunnel prevent erroneous tran- 
sitions from occumng. All mechanisms are based on a 
spring-loaded bell crankkam which is connected to a 
linkage which, in its free state, blocks passage of the 
approaching transition molecule. Each bell cranWcam 
checks for a certain condition and, if the condition is met, 
is rotated. The connected linkage then moves out of the 
way of the approaching transition molecule, essentially 
effecting a conformational change in the tunnel. Two 
mechanisms 1 and 2 detect that the (left or right) transition 
molecule is loaded with an alphabet molecule. Mechanism 
3 detects that the recognition site of the incoming transi- 
tion molecule matches the state side group of the active 
transition molecule and the alphabet symbol to its right. 
Additional two mechanisms check for the blank transition. 

The computer operates in cycles (Fig. 6), processing 
one transition molecule per cycle. In each cycle, an in- 
coming loaded transition molecule 2 that matches the 
current state and its adjacent alphabet monomer of the 
data polymer 1 becomes the new active transition mole- 
cule and its accompanying alphabet monomer is incor- 
porated into the tape polymer via the intermediate 3. This 
is achieved by displacing the currently active transition 
molecule and the matched alphabet monomer, effectively 
editing the tape polymer, and elongating the trace polymer 
by the displaced molecules to form the next configuration 
4. Specifically, when processing a left transition molecule, 
the computer moves left to accommodate the molecule, 
if necessary, and displaces the currently active transition 
molecule and the alphabet monomer to its left by the 
new molecule. The computer processes a right transi- 
tion molecule similarly by moving right and displacing 
the alphabet monomer to the right of the active transi- 
tion molecule. 

The trace polymer created during the computation 
represents past state changes and head movements, as well 
as the symbols that were "erased" from the tape during 
each transition, and as such has several ~mportant advan- 
tages. First, the trace polymer renders the computer re- 
versible. Because the trace polymer embodies a complete 
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record of the computation, a molecular implementation of 
the computer will be subject to the speedlenergy con- 
sumption tradeoff of reversible devices. Second, compu- 
tation traces, in general, and the trace polymer, in 
particular, enable many "software' ' program analysis and 
debugging tools,[241 which are critically needed for large- 
scale applications. Third, the trace polymer enables 
"hardware" error detection and correction. One expects 
that any biomolecular implementation of the computer 
may exhibit nonnegligible error rate. Such errors can be 
detected, and possibly also corrected, by cascading sev- 
eral computers along the same trace polymer, each 
detecting, and possibly also correcting, errors produced 
by its predecessor. 

The most important property of the mechanical com- 
puter is that it is reactive:1251 it can have an ongoing, 
program-controlled, interaction with its environment. This 
capability is a result of the biologically inspired archi- 
tecture of the computer rather than inherited from the 
theoretical Turing machine, which was conceived as a 
"batch" computing device that receives its input at the 
beginning of the computation and produces an output if 
and when the computation ends. The ribosome, for ex- 
ample, suspends the construction of a polypeptide chain 
when a required amino acid is unavailable. Similarly, this 
computer can be "programmed" to suspend until a spe- 
cific molecule is available. The availability of such a 
control molecule can be tied to other relevant environ- 
mental conditions, thus triggering a computation only 
when these conditions prevail. 

The Turing machine is a nondeterministic computing 
device in that it can make choices during a computation, 
and so is the mechanical computer. In a biomolecular 
implementation, this capability can be used to have the 
environment affect the course of a computation, based on 
the relative concentrations of molecules that enable one 
computational step compared with molecules enabling a 
different computational step. Using these two capabilities, 
the computer can be programmed so that both the timing 
and the course of a computation are affected and con- 
trolled by the biochemical environment. 

The computer is endowed with an output device as 
follows. A simple extension to the Turing machine design 
is an instruction that erases the tape segment to the right 
of the readwrite head. This instruction would mean in 
this context: "cleave the tape polymer to the right of the 
active transition molecule and release this tape polymer 
segment to the environment." With this instruction, the 
computer can create and release any effectively com- 
putable polymer of alphabet monomers, in any number of 
copies, in the course of a computation. A cleaved tape 
polymer segment released by one computer can serve 
as the initial tape for the computation of another com- 

puter, or it can be ligated under certain conditions to 
the tape of another computer, thus enabling parallel 
processing, communication, and synchronization among 
multiply operating computers. 

The computer design allows it to respond to the 
availability and to the relative concentrations of specific 
molecules in its environment and to construct program- 
defined polymers and release them into the environment. 
Hence if implemented using biomolecules, the computer 
can be part of biochemical pathways. In particular, given a 
biomolecular implementation of the computer that uses 
ribonucleic acids as alphabet monomers, one can envision 
how cleaved tape polymer segments can function as 
messenger-RNA, effecting program-directed synthesis of 
proteins in response to specific biochemical conditions 
within the cell. Such an implementation can provide a 
family of computing devices with broad biological and 
pharmaceutical applications. 

Molecular Finite Automata 

Two programmable, autonomous finite automata made of 
biomolecules were demonstrated by Benenson et al.[263271 
Both use a DNA molecule as input, DNA molecules as 
software, encoding the automaton transitions, and DNA- 
manipulating enzymes as hardware. The differences be- 
tween the two are the source of energy for the computa- 
tion and the reuse of software molecules. The first 
automaton relies on ATP as an energy source and con- 
sumes its software molecules during computation, while 
the second utilizes solely the energy stored in the chemical 
bonds of its DNA input molecule and its software mole- 
cules are reusable. While having similar logical structures, 
these versions differ in the implementation details. The 
design of the molecular finite automaton incorporates 
ideas from designs for molecular Turing ma~hines. l '~"~ '  
The hardware of the first automaton consists of a mixture 
of the class IIS restriction nuclease FokI, T4 DNA ligase, 
and ATP, while the second automaton utilizes only FokI. 

The structure of the latter automaton is shown in Fig. 7. 
Fig. 7A shows the encoding of a, b, and terminator (sense 
strands) and the <state, symbol> interpretation of exposed 
4-nucleotide sticky ends, the leftmost representing the 
current symbol and the state S1, similarly the rightmost 
for SO. Fig. 7B shows the hardware: the FokI restriction 
enzyme, which recognizes the sequence GGATG and 
cleaves 9 and 13 nucleotides apart on the 5'+ 3' and 
3' + 5' strands, respectively. The software comprises eight 
short double-stranded (ds) DNA molecules, the transition 
molecules encoding the eight possible transition rules 
(Fig. 7C). It consists of a <state, symbol> detector (light 
gray), a FokI recognition site (dark gray), and a spacer 
(intermediate gray) of variable length that determines the 
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FokI cleavage site inside the next symbol, which, in turn, 
defines the next state. Empty spacers effect S1 to SO 
transition, single base-pair (bp) spacers maintain the cur- 
rent state, and 2-bp spacers transfer SO to S l .  

A dsDNA molecule encodes the initial state of the 
automaton and the input (Fig. 7D), with five to six base 
pairs (bp) coding for one input symbol (Fig. 7A), with the 
exposed sticky end at the 5'-terminus encoding the initial 
state and the first symbol. The ligase-based system may 
also contain "peripherals," two output-detection mole- 
cules of different lengths, each of which can ligate se- 

lectively with a different output molecule to form an 
output-reporting molecule that indicates a final state and 
can be readily detected by gel electrophoresis. In the ATP- 
free system, the output is detected by examining the 
length of the remainder of a processed input molecule. 
The computation starts when the hardware, software, and 
input are all mixed together and runs autonomously, if 
possible till termination. The automaton processes the 
input as shown in Fig. 7E. The computation proceeds via 
a cascade of transition cycles. In each cycle, the sticky 
end of an applicable transition molecule may ligate to 
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the sticky end of the input molecule, detecting the 
current state and the current symbol. Alternatively, it 
may hybridize noncovalently. In both cases, the product 
is cleaved by FokI inside the next symbol encoding, 
exposing a new four-nucleotide sticky end. The design 
of the transition molecules ensures that the encodings of 
the input symbols a and b are cleaved by FokI at on- 
ly two different "frames",[16' the leftmost frame en- 
coding the state S1 and the rightmost frame encoding 
SO (Fig. 7A). The exact next restriction-site and thus 
the next internal state are determined by the current 
state and the size of the spacers (Fig. 7C, intermediate 
gray) in an applicable transition molecule. The compu- 
tation proceeds until no transition molecule matches the 
exposed sticky end of the input or until the special 
terminator symbol is cleaved, forming an output mole- 
cule that has a sticky end encoding the final state. In a 
step extraneous to the computation and analogous to a 
"print" instruction of a conventional computer, this 
sticky end may ligate to one of two output detectors 
and the resultant output reporter may be identified by 
gel electrophoresis. 

The ATP-free automaton has several advantages over 
the ligase-based version. First, the software molecule used 
in a transition is recycled because it undergoes no modi- 
fication. Thus a finite number of software and hardware 
molecules may, in principle, process an input of any 
length. Second, much better performance characteristics 
may be achieved with the ATP-free automaton because 
the processing does not involve the usually slow ligation 
step. Using stoichiometric amounts of the software and the 
hardware molecules, it is possible to process a single 
symbol in a few seconds. On the other hand, the ligase- 
based automaton is less structurally restricted. It may 
utilize different SII-type restriction enzymes as a hard- 
ware, including those that require a covalently bonded 
substrate. More importantly, it was found'271 that the 
ability of FokI to cleave DNA with its recognition and 
cleavage sites attached by sticky-end hybridization was 
limited to specific hybridization complexes. Long spacers 
and low GC content often resulted in cleaving only one of 
the input strands, producing a computationally illegal 
configuration. Correct performance was achieved with 
short spacers and high GC content of the sticky ends. The 
final design used the shortest possible spacers of 0, 1, and 
2 bp (Fig. 7C) ,  which dictated a particular symbol 
encoding (Fig. 7A) and the introduction of spacers be- 
tween the symbols (Fig. 7D). Using ligase may relax some 
of these constraints. 

These molecular automata may be viewed from two 
perspectives. On one hand, the computations were per- 
formed with bulk amounts of the input molecules. Each 
molecule was processed independently and in parallel, 

thus the inputs could potentially be distinct. The parallel 
character of the computation could be employed in a hy- 
pothetical process of screening of DNA libraries. Large 
libraries of molecules could be filtered through the same 
software, for a search of certain sequence feature. Tra- 
ditional approach to the same problem would require 
(nonparallel) sequencing of the whole library and then 
running nonparallel computer algorithms on the se- 
quences. To analyze parallel performance of our system, 
the cumulative number of unit operations in a unit time 
per unit volume was measured. This would represent an 
upper limit on the complexity of the libraries that could be 
analyzed. The parallel performance of the ligase-based 
version was in the order of 8.3 x 10%perations/sec/p~, 
while in the ATP-free case, the performance was im- 
proved almost 8000-fold and reached 6.6 x 10" opera- 
tions/sec/pL. 

Another approach is to try and scale down the system 
to run it in a very small compartment such as living cell. 
Then the question is what are the minimal requirements 
from the operational system. It is not unfeasible that a 
mixture of a single input molecule, four software mole- 
cules, and one or two FokI molecules could form a 
functioning computer while placed in a sufficiently small 
volume (to avoid dilution). While such possibility still 
requires experimental demonstration, it is possible to es- 
timate its characteristics from the process performed in the 
bulk. Scaling down the concentrations, such a "minimal 
computer" would fit in a cube with a side length of 
100 nm. The size of each component is in the range of 
several nanometers, with long inputs being tens of nano- 
meters long. Such a computer would be a truly nanoscale 
computer. A computation on a single input molecule 
would proceed at a rate of 1000 sec per step in the ligase- 
based version and about 20 sec in the ATP-free version. 
While such rates seem slow compared with the electronic 
computers, they reflect the properties of biological sys- 
tems. Once these computers would be able to operate in a 
cell, their performance would be competitive with respect 
to other cellular processes. 

CONCLUSION 

The notion of a biomolecular computing machine has 
evolved gradually over the past decades. Theoretical 
designs proposed for such machines eventually led to 
simple molecular computing machines functioning in the 
test tube. The field may develop in several directions. 
First, more complex computing machines could be 
designed and built. This includes general finite automata, 
string transducers, stack automata, and, ultimately, the 
Turing machine. Currently, progress in this direction 
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seems to be hampered by the lack of DNA- and RNA- 
manipulating enzymes; we hope that an eventual progress 
in enzyme engineering may supply the tools required to 
develop more complex machines. Another important is- 
sue relevant to many machine designs is symbol encod- 
ing. Current experimental realizations utilize artificial 
alphabet of predesigned DNA sequences. However, the 
computer should "understand" natural alphabets of ei- 
ther single nucleotides or amino acid codons to be bio- 
logically relevant. Designing even the simplest finite 
automaton that would operate on an arbitrary DNA 
sequence remains a major challenge. A third future di- 
rection is a search for application that would clearly 
demonstrate qualitative edge of a molecular computer 
over competing technologies. 

We believe that the application potential of autono- 
mous biomolecular computers is not to surpass electronic 
computers with performance; in fact, it is hard to believe 
they ever will. The advantage is that biomolecular com- 
puters process information encoded in molecules rather 
than in electric signals. Any direct computing over bio- 
molecular inputs could only be performed by the com- 
puters of the same format, i.e., made of biomolecules. As 
we already mentioned, running sequence analysis algo- 
rithms on DNA libraries without actually sequencing all 
library members could be conveniently performed by a 
molecular state machine whose alphabet is composed of 
single nucleotides or codons. Another broad range of ap- 
plication may emerge once the molecular computer is 
successfully "plugged into" cellular molecular environ- 
ment. By "plugging into" we mean that some of the 
computer components would be able to respond to certain 
changes in the environment, affecting the result of the 
computation. While the most obvious component to 
communicate with the environment seems to be the soft- 
ware, both the hardware and input could be affected as 
well. Once the communication between the intracellular 
compounds and the computer is established, the computer 
may, in principle, perform complex analysis of the envi- 
ronmental conditions. The complexity of such analysis 
would increase with the complexity of the computing 
machine and the sensitivity of the communication chan- 
nels. However, even the simplest finite automata seem to 
provide enough computational power to make rather 
complex diagnostics. 
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INTRODUCTION 

Molecular arrays with desirable topological networks 
have recently been realized in crystal by self-organized 
binding between molecular building blocks with hydro- 
gen-bonding (H-bonding) and metal-coordinating affini- 
ties. The coordination bonds and the H-bonds are 
relatively weak interactions that impart strength, direc- 
tionality, and complementarity.['-61 Such crystal manip- 
ulations, often known as crystal engineering, are per- 
formed to yield arrays of controlled superstructures 
providing new functional molecular Thus the 
self-organization of designed molecules containing certain 
kinds of complementary H-bonding and coordinating 
units has stimulated new efforts in the material sciences 
using, for example, controlled molecular arrays adsorbed 
to a solid a self-organized molecular as- 
sembly with unique and an integrated system 
of molecular d e ~ i c e . " ~ '  

MOLECULAR METAL BUILDING BLOCK 

In some molecular systems, it has been possible to control 
molecular aggregation in the crystal by the di-functional 
ligands, which bond to metal using coordinate-covalent 
interactions and to each other using H-bonding interac- 
t i o n ~ . [ ' ~ - ' ~ '  As 2,2'-biimidazole (H2bim) is a bidentate 
chelating ligand with multiproton donor sites, it can 
coordinate to a transition metal with three reversible types 
of protonated and deprotonated mode: neutral (H2bim), 
mono-deprotonated (monoanion, Hbim-'), and di-depro- 
tonated (dianion, bimp2) types.'201 The 2,2'-biimidazolate 
monoanion ( H b i m  I ) ,  recently introduced by us, works as 
such a di-functional bridging ligand not only to form a 
stable metal-chelate complex but also a new intermolec- 
ular complementary H-bonding with two sets of NH 
donors and N acceptors, as shown in Drawing 1.[211 
Molecular system such as Hbim- has not been found in 
molecular aggregation used for crystal engineering except 
in our aggregation system. 

CONTROLLEDCRYSTALSTRUCTURES 
WITH ANIONIC [Ni(Hbim)& 

First of all, we have designed a new anionic building block, 
a tris-biimidazolate nickel (11) complex ([Ni(Hbim)3]p), 
where the biimidazolate ligand acts as a strong n-con- 
jugated ligand to form three complementary H-bond- 
ing sites, which forms a variety of multidimensional 
superstructures with long-range ordered arrays. The 
[Ni(Hbim)& is constructed from the nickel (11) center 
coordinated by three bidentate Hbim- ligands through the 
lone pairs of the imine nitrogen atoms in the imidazole 
rings. The [Ni(Hbimh]- has an approximate point group 
D3 symmetry, whose A and A isomer are illustrated in 
Fig. 1. In these cases, the nature of metal anion assembly 
was affected by the nature and size of the countercation. 
Interestingly, synthesis of simple one-pot procedures by 
mixing the nickel (11) ion, Hbim-, and countercation 
produces four types of H-bonded crystals 1 4  based on the 
arrangement of [ ~ i ( ~ b i m ) ~ ] ~ . [ ~ ~ '  The production of the 
four types of molecular architecture by one-pot molec- 
ular self-organization of the [Ni(Hbim)& evolves from 
three fundamental factors: 1) three complementary binary 
H-bonding sites; 2) A and A optical isomers in the chiral 
coordination mode; and 3) the kind of countercations. 
Fig. 2 shows crystal structures of the four patterns of 
molecular arrangement, respectively: a) a zero-dimension- 
a1 (O-D) dot structure with no complementary H-bonds 
of Hbim-, which are blocked by H 2 0  molecules; b) a l-D 
H-bonded zigzag ribbon formed from alternative linkages 
of H-bonds between the A and A optical isomers using two 
of the three H b i m  of [Ni(Hbim)3]-; c) a 2-D H-bonded 
honeycomb sheet self-organized by alternative H-bonds 
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A isomer A isomer 

Fig. 1 A and A isomers of building blocks [Ni(Hbi~n)~] 

using all three H b i m  between A and A isomers of 
[Ni(Hbim)3]-; and d) a 3-D supra cross-catenated network 
formed from expanded 2-D honeycomb sheets. Each 
crystal has a different kind of countercation, such as alkyl 
ammonium [a tetramethyl ammonium (NMe4+) ions for 1, 
a tetra-n-propyl ammonium (NnPr4+) ion for 2, and a 
tetraethyl ammonium (NEt4+) ion for 41 and a crown ether 

derivative [a potassium cis-syn-cis-dicyclohexano- 18- 
crown-6 ([K-DCH(18-crown-6)]+) ion for 31. Therefore 
our results suggest that the mode of self-organization can 
be controlled by varying the kind of countercation, al- 
though at this stage the prediction of the cation specificity 
is difficult. In the present study, we have succeeded 
systematically in the organization of the [Ni(Hbim)& for 
the creation of 3 with double channels as included micro- 
porous crystals, such as an organic and a modi- 
fied zeolite with M O F [ ~ ~ ]  [Fig. 3a], and 4 with double- 
interlocking chains as polycatenate structures [Fig. 3b]. 
The 3 is constructed from all three H-bonding sites of 
[Ni(Hbim)3]- with the complementary intermolecular 
H-bonds. Two of the H-bonding sites in it make a I-D 
H-bonded zigzag ribbon like 2. Then the l-D zigzag 
ribbons are connected to each other by the remaining 
H-bonding site to form the 2-D honeycomb sheets along 
the ab plane by the alternate arrangement of A and A 

Fig. 2 The crystal structures of the H-bonded building blocks [Ni(Hbi~n)~]-. (a) O-D Dot structures in 1 formed from [Ni(Hbim)3]- 
[ball and stick representation of Hb im ligands (red) and nickel ions (magenta) along the c axis]. The orange ball-and-stick lines and the 
green spheres are shown for the NMe4+ and water molecules, respectively. (b) I-D Zigzag ribbons in 2 formed from [Ni(Hbim)3]- along 
the c axis. The orange and the green ball-and-stick lines are shown for the NnPr4+ ions and methanol molecules, respectively. (c) Double 
channel structures built up by 2-D honeycomb sheets in 3 formed from [Ni(Hbi~n)~]-. The inner channels in 3 are constructed by K+- 
crown ether complexes [the ball-and-stick representations of K+ ions (orange spheres) and crown ethers (green ball-and-stick lines) and 
the outer channels are constructed by [Ni(Hbim)-J to form a microporous crystal]. (d) 2-D Expanded honeycomb sheet structure in 4 
with [Ni(Hbim)3] along the a axis. The free neutral Hzbim ligands connect I-D zigzag-ribbon arrays by complementary H-bonding to 
form an expanded 2-D sheet structure along the bc plane. The orange ball-and-stick lines represent NEt4+ ions. (View this al? in color at 
www.dekker.com.) 
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Fig. 3 (a) A perspective stereo view of a microporous structure 
with a double channel formed by both [Ni(Hbim)& and K+- 
crown ether complexes for 3. (b) A portion of the 3-D 
polycatenate network for 4: red and yellow lines represent the 
different 2-D expanded honeycomb sheets formed from 
[Ni(Hbim)J. The stacking honeycomb sheets in red interlock 
with the other stacking honeycomb sheets with a perpendicular 
orientation in yellow to generate a double-interlocking poly- 
catenate structure. (View this art in color at www.dekker.com.) 

optical isomers of the six [Ni(Hbim)3Ip. The 2-D sheet 
stacks along the c axis to produce the outer channel 
structures, which are built up by a sequence of the same 
optical isomers. While 4 takes an interest in the 
controlled self-organization of 3-D complicated super- 
structures for supramolecular chemistry.[251 The inner 
channels are formed by stacking of two [K-DCH(18- 
crown-6)]+ cations facing each other along the c axis. The 
channel contains methanol and water molecules with H- 
bondings. The framework structure of 4 has four 
structural characteristics. First, this has a 1-D zigzag 
ribbon structure similar to that with 2. Second, free 
neutral Hzbim ligands connect 1-D ribbon arrays by 
complementary H-bondings to form an expanded 2-D 
honeycomb sheet structure along the bc plane. Third, the 
honeycomb sheets interpenetrate the other honeycomb 
sheets having the perpendicular orientation to construct a 
double interlocking catenate structure. Finally, the cate- 

nated structure is arranged in 3-D to form an infinite 
interlocking cross-catenated structure. 

Toward Complicated Crystal Structure 

A major goal of the field of crystal engineering is to 
control rationally the assembly of 3-D arrays using 
intermolecular interactions and specific molecular topol- 
ogies. We have found that the Cs+ ion can be used as a 
new tool to manipulate an H-bonded superstructure built 
with the [Ni(Hbim)3]-. Two of the three Hbim- in the 
[Ni(Hbim)3]- can be bound to a Cs+ ion in crystal 5 by an 
electrostatic 7c-bonding interaction, which is not possible 
for other stable alkali metal ions. Furthermore, a more 
complicated 3-D superstructure of the double-helical 
racemate was formed in crystal 6 by cooperative appli- 
cation of an organic cation and the Cs+ interaction. 

Superstructures with many 3-D frameworks have been 
created in different crystals by a self-assembly process. 
Most of the 3-D frameworks were developed by employ- 
ing various topological building blocks as coordination 
polymers'261 and as H-bonding polymers.[271 However, the 
cooperative construction of 3-D arrays using both the 
weak H-bonding and coordination interactions has rarely 
been achieved to date.[283291 We explore the effects of 
alkali metal ions, as well as organic cations, on super- 
structures formed by [Ni(Hbim)3]-. Generally, alkali 
metal ions with a large polarizability can coordinate to 
aromatic rings in a multihaptic mode.[301 Of all the stable 
alkali metal cations (i.e., Li+, Na+, K+, Rb+, and Cs+), only 
the Cs+ ion was found to have a rational electrostatic 
interaction with [Ni(Hbim)3]-. We have prepared not only 
a 3-D double interlocking polycatenate superstructure of 
interpenetrated 2-D honeycomb sheets by using such a 
Cs+ interaction, but also a double-helical 3-D racemate 
with (10,3)-a nets by using the cooperative interactions 
between organic cations and CS+.[~'] 

Fig. 4a shows a fragment structure of (Cs[Ni(H- 
bim)3]), in 5 formed from the interaction of the A and A 
optical isomers of [Ni(Hbirn)3]- with Cs+ as counter- 
cations. The three Hbim- ligands in [Ni(Hbim)3]- are 
involved in H-bonding interactions forming a 2-D honey- 
comb sheet with (6,3) nets. Four Cs+ ions are located in 
each hexagonal cavity of the sheet constructed by six 
[Ni(Hbim)3]-, and fix the two interpenetrating rods of the 
other two sheets at an inclination of 70° to create a 3-D 
polycatenate superstructure with a double interlocking 
interpenetration [Fig. 4b]. Electrostatic interaction be- 
tween Cs+ and the two different optical isomers of 
[Ni(Hbim)3] forms a 1-D alternative coordination poly- 
mer with the general formula ((A)-C~[Ni(Hbim)~]-(A)- 
C~[Ni(Hbim)~]],. Each A or A optical isomer fixed by 
two Cs+ ions participates in the formation of a different 
interpenetrating sheet, respectively. Such a 3-D double 
interlocking interpenetration based on [Ni(Hbim)& has 
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Fig. 4 (a) The stereo view shows two interlocked honeycomb 
sheets (red and blue) that are linked to each other by Cs+ ions. 
The blue and red sheets were built up by alternate linkage 
between the optical isomers (A and A) of [Ni(Hbim)3]-. Four 
Cs+ ions (green spots) are present in each hexagon-cavity formed 
by the six building blocks. (b) The stereo view shows the whole 
structure of 4 (red and light blue lines) with the shortest Ni-Ni 
bonds. The green spots represent Cs+ ions. The main honeycomb 
sheet framework forms a twofold interpenetration with (6,3) 
nets, and as a whole they form a double-interlocking poly- 
catenate structure. (View this art in color at  www.dekker.com.) 

already been prepared by 4 using an organic NEt4' ion. 
Moreover, an organic cation can work cooperatively with 
Cs' to manipulate the new superstructure formed in the 
crystal. The addition of NnPr4+ ion led 6 with the general 
formula (Cs[Ni(Hbim)3]2(NnPr4+).MeOH)n to form a 3- 
D double-helical structure of racemate (10,3)-a nets 
having a 1-D column of Cs+ in the center [Fig. 5a]. The 
columns of Cs+ in the 4, double helices lie along the c axis 
with Cs-Cs distances of 8.60 and 8.14 A. The networks of 
6 are composed of the A-A and 12-12 dimers with the same 
optical isomer of [Ni(Hbim)3]- linked by one Cs+ ion. In 
other words, each 41 strand in the helix is formed by using 
only one optical isomer of [Ni(Hbim)?Ip. Furthermore, 
each helix is H-bonded to four other identical optical 
isomers by using the Hbim- moiety. The 3-D H-bonded 
network forms an 8, chiral double helix with large cavities 
[Fig. Sb]. The entire racemate structure is created by 
combining the 4, helices into an opposite-handed 8, 
helical structure. The superstructure formation of 6 can be 
attributed to the cooperative use of NnPr4+ and Cs+ 
cations. The NnPr4+ ions occupy the void spaces created 
by the interpenetration of each independent chiral 3-D net 
with A or A isomers of [Ni(Hbim)3]-. The use of other 
alkali metals with NnPr4+ produces only 1-D zigzag 
ribbons within 2. 

The large ionic radius and high polarizability of Cs+ 
ions are important in the formation of this new, more 
complicated structure. It is believed that the Cs+ ion is 
bound to the deprotonated imidazolate site of the Hbimp 
ligand by using electrostatic n-interactions in both 5 and 6. 
The binding distances range from 3.188(10) to 3.62(1) A 
for the Cs-C bond and 3.323(10) to 3.607(8) A for the Cs- 
N bond for 5, and 3.368(6) to 3.565(7) A (Cs-C) and 
3.342(5) to 3.643(6) A (Cs-N) for 6. It is also believed 
that the crystal structures presented are the first where the 
structure was formed from an interaction between a Cs+ 
ion and an imidazolate ring. The bond distances found in 5 

Fig. 5 (a) A perspective view along the c axis showing the whole network with (10,3)-a nets of 5. The shortest NI-Ni distances of A 
isomers (red and yellow) and A isomers (blue and light blue) of [Ni(Hbim),lp are shown. Green spots represent Cs+ ions. They are 
constructed from each homochiral trinuclear unit with two A-isomers or two A-isomers of [Ni(Hbim)3]p bound by Cs (I) ions. (b) The 
perspective stereo view along the c axis is shown for a larger right-handed 8, helix constructed from four smaller right-handed 4,  
helices. (View this art in color at  www.dekker.com.) 
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and 6 are similar to those in different ~ o m ~ l e x e s . [ ~ ~ - ~ ~ '  
This clearly has shown that an electrostatic n-bonding 
interaction can form between a Cs+ ion and an imidazolate 
ring in [Ni(Hbim)3]-. Furthermore, when Cs' and NnPr4+ 
were used at the same time, an intricate 3-D racemate 
structure with (10,3)-a nets was formed by the 41 double 
helices wrapping around a 1-D column of Cs' ions. 
Finally, the current work may possibly be a general route 
to the formation of 2-D and helical structures by 
controlling the assembly of only D3 symmetric building 
blocks with different optical activity. 

CONTROLLED CRYSTAL STRUCTURES BY 
NEUTRAL BllMlDAZOLATE COMPLEX 

We have tried to eliminate the counterion and create a 
new superstructure with an infinite chain without the 
effect of counterions on the assembly of metal complexes 
constructed from H-bonding dimer units such as 
Drawing 1. In this section, four types of self-organizing 
superstructures with infinite chains are identified by 
designing four neutral Hbim - ' complexes with altered 

metal coordination spheres. As a result, we can system- 
atically produce five types of preprogramming super- 
structures of a dimer (A), a linear chain (B), a zigzag 
ribbon (C), a honeycomb sheet (D), and a helical chain 
(E), respectively, as shown in Fig. 6.[351 

Classification of multidimensional superstructures has 
already been performed in organic compounds assembled 
by intermolecular H-bonding of carboxylic acid deriva- 
t i v e ~ [ ~ ~ '  as well as in coordination polymers by bridging 
ligands such as ~ x a l a t e . ' " ~ ~ '  Carboxylic acid H-bonding- 
and oxalate coordination polymers have been rationally 
synthesized in a linear chain and a zigzag ribbon, a 
honeycomb sheet, and other 3-D superstructures. These 
superstructures afford the classification of the multiag- 
gregation compounds that consist only of H-bonds or 
coordination bonds. Here we have established a new 
categorical classification of the superstructures generated 
by the simultaneous use of both complementary intermo- 
lecular H-bondings and stable coordination bondings. 

The H-bonded dimer unit through the H b i m  ' ligands 
has been assembled securely and strongly by using neu- 
tral complexes containing Hbim- ' (Drawing 1). For 
example, the previously reported neutral [ ~ ~ " ( ~ b i m )  

(C) One-Dimensional Zigzag Ribbon (n = 2) 
(E) Helical Chain (n = 2) 

Fig. 6 Schematic representations of multidimensional assemblies formed by transition-metal complexes with controlled configurations 
and regulated numbers of Hbim- ' ligands: (A) "Zero-dimensional dimer" constructed by complementary intermolecular H-bonds 
between Hbim- in the metal complexes coordinated by only one Hbim- ' ligand. (B) "One-dimensional linear chain" assembled by 
the metal complexes with trans-configuration coordinated by at least two Hbim- ' ligands. (C) "One-dimensional zigzag ribbon" 
assembled by metal complexes with two Hbim-' ligands in cis-configuration. (D) "Two-dimensional honeycomb sheet" linked by 
three intermolecular H-bonds between the metal complexes with three Hbim- ' ligands. The sheet is constructed by H-bonding with 
alternate linkage between different optical isomers of A and A types. (E) "Helical chain" assembled by intermolecular H-bonding 
between the same optical isomers of A or A containing at least two Hbim ligands. The symbol n represents the number of Hbim- ' 
ligands coordinated to transition metal ions. (View this art in color at www.dekker.com.) 
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Fig. 7 Arrangement of one-dimensional linear chains in a crystal formed by 7. Three CH3 groups containing 'Bupy are omitted for 
clarity. (a) A perspective view of one-dimensional linear chains linked along the a axis and piled along the b axis (color coding: Hbim- ' 
is shown in red, ~ i ' +  green, and 'Bupy blue). (b) A perspective stereo view of linear chains, as viewed along the a axis. (View this art in 
color a t  www.dekker.com.) 

(SalenNMe2)] formed an H-bonded dimer of type A. In 
contrast, the positively charged [~u" (~b im)( tacn) ] '  
formed an intermolecular H-bonding interaction with 
C104- counteranion in preference to self-complementary 
NH. .  .N H-bonding interaction between Hbimp ' 
ligands.[411 It suggests that the counterions, in particular, 
the anions with strong H-bonding ability in the ionic com- 
plexes, interrupt the formation of the dimer unit. Although 
countercations such as alkyl ammonium ions in the crystal 
with the [Ni(Hbimh] have an effect on the superstructures, 
they do not perturb the complementary H-bondings. Thus 
these facts indicate that there is no chance of interruption of 
self-complementary ligand-ligand interactions because of 
sterically demanding bulky cations and the preferential H- 
bonding between Hbim-' ligands of anion complexes. 
From this point, in order to develop the effective self- 
organization of superstructures, neutral complexes rather 
than charged ones should be used. 

Fig. 7 shows a superstructure with 1-D linear chains of 
type B in crystal 7 constructed by neutral [ ~ i " ( ~ b i m ) * -  
( ' B ~ p y ) ~ ]  ('Bupy=4-tert-butyl pyridine) with a trans 
configuration. The blue single crystals of it are obtained 
from a basic methanol solution by simple one-pot self- 
organization with ~ i "  ions, Hbimpl, and 'Bupy. The 
chain in the crystal along the a axis is composed of infinite 
links of intermolecular H-bonds of two Hbim- ligands, 
located in equatorial positions on the distorted octahedron 
(the range of N H  . .N distances: 2.80-1.82 A). The two 
axial positions are occupied by two monodentate 'Bupy 
ligands. Each chain is piled along the b axis to form 
stacking sheets in the a c  plane while fitting each 'Bupy 
group into the space between the chams. On the other 
hand, formation of the 1-D linear chains can be altered to 
that of 1-D zigzag ribbons by changing the direction of 
intermolecular H-bonding sites in the building blocks. 
Fig. 8 shows the zigzag ribbon of type C in crystal 

Fig. 8 Arrangement of one-dimensional zigzag ribbons in a crystal formed by 8. (a) A zigzag ribbon structure is formed by alternate 
linkage between different optical isomers of A (red) and A (blue) types along the b axis (nickel ions shown in green). The zigzag ribbons 
are stacked along the a axis. (b) A single chain of a one-dimensional zigzag ribbon is represented along the b axis. (View this art in color 
at  www.dekker.com.) 
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8 constructed by [ ~ i " ( H b i m ) ~ ( b ~ ~ ) ]  with the bpy (=2,2'- 
bipyridine) ligand. The pale orange crystals of [N~"(H- 
bim)2(bpy)] are obtained by the same synthetic method of 
[ ~ i ~ ' ( H b i m ) ~ ( ' ~ u ~ ~ ) ~ ]  except for the use of bidentate bpy 
instead of 'Bupy. The zigzag ribbon consists of 1-D 
ordered arrays along the b axis formed by alternative H- 
bondings between different optical isomers of A and A of 
[ ~ i " ( H b i r n ) ~ ( b ~ ~ ) ] .  Two Hbimpl ligands of [N~"(H- 
bim)*(bpy)] are used to form the H-bonded zigzag-ribbon 
networks, but a coordinated bpy does not participate in 
the formation of the networks (the range of NH. . .N dis- 
tances: 2.78-2.83 A). Each bpy residue on the zigzag 
ribbon is aligned standing alternately parallel to each 
other and perpendicular to the I-D main chains. Thus 
we have demonstrated that we can control linear vs. 
zigzag I -D networks by using monodentate and bidentate 
ligands, respectively. 

As shown in Fig. 9a, a neutral racemic complex of 
[Ru" ' (~b im)~]  with D3 symmetry forms a 2-D honeycomb 
sheet of type D in crystal 9 with (6,3) nets. Compound 
[ ~ ~ " ' ( H b i m ) ~ ]  is prepared from the precursor complex 

Fig. 10 Arrangement of helical chains in a crystal formed by 
10 or 1 I (co'+ ions are shown as yellow spheres): (a) and (b) 
View of each helical chain is represented by the right-handed 
helix formed by A-isomers of 10 in red and the left-handed helix 
by A-isomers of 11 in light-blue along the c axis. (c) Stereo view 
of two right-handed single helices made up of A-isomers 10 
(red). The two single helices do not intersect each other and do 
not form a double helix. (d) Stereo view of two left-handed 
single helices made up of A-isomers of 1 1 (light blue). (View this 
art in color at www.dekker.com.) 

Fig. 9 Arrangement of two-dimensional honeycomb sheets in a 
crystal formed by 9 (stereo view). (a) A two-dimensional 
honeycomb sheet is formed by alternate linkage between 
different optical isomers of A (blue) and A (red) types (RU'+ 

ions are shown as magenta spheres). The sheet is constructed by 
complete H-bonds on three Hbim-' sites of 9. (b) The crystal 
structure of the single polycatenate network for the crystal of 9. 
Double-interlocking interpenetrations with the polycatenate 
structure are formed by two sets of stacked honeycomb sheets 
that are nearly perpendicular to each other in three dimensions. 
(View this art in color at www.dekker.com.) 

[ ~ u " ( H ~ b i m ) ~ ] ~ +  and the desired dark blue single crystals 
are crystallized from a methanol solution.[421 All the three 
H b i m  ' sites of [Ru" ' (~bim)~]  form the complementary 
intermolecular H-bonds completely. The honeycomb sheet 
self-organized by [ ~ ~ " ' ( H b i m ) ~ ]  is constructed by using 
alternative H-bondings between optical isomers of A and 
A types of [Ru" ' (~bim)~]  (the range of N H  . .N distances: 
2.79-2.80 A). Each sheet forms an infinite number of 
identical sheets and passes each hexagonal cavity created 
by six [ ~ ~ " ' ( H b i r n ) ~ ]  units through the two interpenetrat- 
ing rods of the other two sheets at an inclination of -- 70" to 
give a 3-D polycatenate structure with a double interlock- 
ing interpenetration in 9 [Fig. 9b]. The two chiral building 
blocks of ~ - [ ~ o " ' ( H b i m ) ~ ]  and A- [~~" ' (Hbi rn )~]  form 1- 
D helical chains of type E with a right-handed (for crystal 
10) [Fig. 10a and c represented by red] and a left-handed 
(for crystal 11) [Fig. 10b and d represented by light blue] 
orientation, respectively. The red single crystals 10 and 11 
of A- and A-[~~"'(Hbim),]  are crystallized from 2- 
propanol by the deprotonation reaction of the optically 
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resolved A- and Q - [ C O " ' ( H ~ ~ ~ ~ ) ~ ] ( N O ~ ) ~  precursor com- 
plexes, respectively.[431 Each 1-D helical chain is con- 
structed by employing intermolecular H-bonds between 
the same optical isomers, which utilize two of three 
Hbimpl sites in A- or A - [ ~ ~ " ' ( ~ b i m ) ~ ] .  Both helical 
chains form 41 single strands, which have a pitch of ca. 
33.4 A similar to that of the B-DNA double strand. 
Another residual Hbim- ' site of A- and A - [ ~ o " ' ( ~ b i m ) ~ ]  
is blocked by H-bonds with 2-propanol of crystallization, 
without using the helical chain construction. 

In the case of superstructures on 10 and 11 using all of 
three sites, a 3-D chiral network with larger porous spaces 
formed by 8, cavities of (10,3)-a nets like 6 would be 
expected to be constructed as found in the crystal with 
[Ni(Hbim)3]- ', which has the structure reinforced by a 
twofold interpenetration and stable double helical struc- 
tures. In contrast, 10 and 11 do not have any larger porous 
networks. It has not been obvious to date why large 
cavities are not constructed by (10,3)-a single networks, 
although two factors, solvent effect and the strength of the 
H-bonds formed, are anticipated. 0hrstrom and Larsson 
have shown lately the (10,3)-a nets based on single helical 
H-bonding networks formed from both building blocks of 
A- and A - [ ~ o " ' ( ~ b i m ) ~ ]  by using a solvent effect with 
DMFM20 mixed solvent.[441 Here the two superstructures 
of a honeycomb sheet and a helical strand built from tris- 
2,2'-biimidazolate complexes with D3 symmetry can be 
individually prepared by using a racemic compound and 
an optically resolved ones, respectively. 

In summary, we demonstrated the practical structures 
of A-E in Fig. 6 based on the relationships between 
specified molecular arrays and molecular building blocks, 
and identified the four types of new superstructures, B-E, 
by X-ray analysis. The knowledge from structural data 
should help provide the preprogramming of new super- 
structures built from the "neutral" H b i m  ' complexes. 
Thus we have recently found that the neutral complexes 
with some Hbim- ' ligands can control the preprogram- 
ming superstructures in multidimensionality by using 
configurations around the coordination sphere, as there is 
no chance of interruption of self-complementary ligand- 
ligand interactions because of sterically demanding bulky 
cations and the preferential H-bonding between Hbimp ' 
ligands of anion complexes. 

CONCLUSION 

Crystal engineering techniques using those functionalized 
molecular building blocks will be utilized in future 
studies for the creation of new solid-state materials. Thus 
the building blocks in Fig. 6 would produce the 
functionalized preprogramming superstructures by intro- 
ducing additive ligands with physical properties such as 

magnetic and photoactive ones to other coordination sites 
on the arrays of A, B, C, and E. We are now attempting to 
develop functional solid-state materials using these 
techniques. Our further study will be aimed at finding 
the mutual relationship between H-bonded superstruc- 
tures of [Ni(Hbim)3]p and the kinds or shapes of their 
component countercations. Thus cations play an impor- 
tant role in predicting the crystal structures and rational- 
izing the crystal structure engineering in these systems. 
In addition, the introduction of paramagnetic metal ions 
and transition metal chromophores into the system of 
the H-bonding extended arrays may lead to the creation 
of a new material with interesting magnetic and elec- 
tronic properties. 
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INTRODUCTION 

Electronic logic chips are used in many products today, 
from cell phones to robotic toys to automobiles and trucks, 
dishwashers and freezers, thermostats, and coffee makers. 
The most visible application of course is in our desktop 
and laptop computers. To enable further miniaturization 
of the circuitry used in these devices, recent research has 
focused on developing molecular-based logic and mem- 
ory. In this chapter, we will review the state of the art in 
the development and characterization of molecular elec- 
tronic logic and memory, with discussions of the quantum 
cellular array approach (QCA) (and the related electro- 
static repulsion architecture) and the crossbar approach to 
building molecular circuits followed by a more in-depth 
look at very recent results from our laboratory concerning 
the NanoCell approach to molecular logic and memory. 

MOLECULAR ELECTRONICS 

The rapidly developing field of molecular electronics is 
one of the driving forces behind the interest in molecular- 
based ~ircuits. ' '-~~ The limitations of the present "top- 
down" method of producing semiconductor-based de- 
vices have been the subject of debate and conjecture since 
Gordon Moore's prediction that the number of compo- 
nents per integrated circuit would double every 18 
m~nths."~]  It is thought that the inherent limitations of the 
present technology will lead to a dead-end in the next few 
years. For instance, silicon's band structure disappears 
when silicon layers are just a few atoms thick. Litho- 
graphic techniques that are used to produce the circuitry 
on the silicon wafers are limited, in part, by the wave- 
lengths at which they work. However, leaders in the 
semiconductor manufacturing world are still making 
advances that appear to be pushing "Moore's Law" be- 
yond its prior perceived limits. In the commercial tech- 
nology of 2001, the copper wires in Intel's pentiurn% 4 
logic chip are 0.13 pm wide.'"' Intel is developing tech- 
nology to create logic chips with wires 90 nm wide to be 
commercialized in 2003 .[''I 

For comparison's sake, a typical molecular electronics 
candidate synthesized in our laboratory is calculated to be 

0.3 nm wide and 2.5 nm in length (Fig. I) . '~ '  It would take 
300 of these molecules, positioned side by side, to span 
the 90-nm metal line in the most advanced logic chip in 
development. The small size of these molecules is em- 
phasized when one considers that 500 g (about 1 mol) 
would contain 6 x loz3 molecules, or more molecules than 
the number of transistors ever made in the history of the 
world. This amount of material could be produced by 
using relatively small 22-L laboratory reaction flasks. 
Changing the physical characteristics of this molecule is 
as easy as changing the raw materials used to make it. The 
small size, the potential of synthesizing huge numbers in 
small reactors, and the ease of modification of the phys- 
ical characteristics of the molecules are good reasons for 
pursuing molecular electronics research. As an example of 
how far the technology has come, molecular electronics is 
discussed in the "Emerging Research Devices" section of 
the most recent International Technology Roadmap for 
~erniconductors"~~'~~ and molecules that may act as wires 
are a large part of the emerging technology. Molecular 
electronics was named the "breakthrough of the year" by 
Science Magazine for 200l.['~' Instead of replacing the 
present silicon-based technology, nanoelectronic archi- 
tectures could prove to be a complement to traditional 
solid-state  device^.[^'^""'^^ 

To take advantage of the ultrasmall size of molecules, 
one needs an interconnect technology that 1) scales from 
the molecular dimensions; 2) can be structured to permit 
the formation of the molecular equivalent of large-scale 
diverse modular logic blocks as found in very large-scale 
interconnect (VLSI) architectures; and 3) can be selec- 
tively connected to mesoscopically (100 nm scale) defined 
inputloutput leads. 

The first approach to molecular computing is based on 
quantum cellular automata (QCA) and related electro- 
static information t ran~fers . [ '~ -~~ '  This method relies on 
electrostatic field repulsions to transport information 
throughout the circuitry. One major benefit of the QCA or 
electrostatics approach is that heat dissipation is less of an 
issue because only a few or fractions of an electron are 
used for each bit of information. 

The second approach is based on the massively parallel 
solid-state Teramac computer developed at Hewlett- 
Packard (HP),' '~~'~ and involves building a similarly 
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Fig. 1 The dimensions of a typical molecule studied in 
molecular electronic applications are calculated to be 0.3 nm 
in width and 2.5 nm in length using molecular mechanics to 
determine the energy-minimized structure. (From Ref. [ 5 ] . )  

massively parallel computing device using molecular 
electronics based on crossbar technologies that are pro- 
posed to be defect-tolerant. A Teramac-like crossbar- 
based approach called the "NanoFabric" architecture 
deals more effectively with the numbers of wires ema- 
nating from the array.r221 When applied to molecular 
systems, the crossbar approaches propose to use single- 
walled carbon nanotubes ( s w N T s ) [ ~ ~ - ~ ~ ]  or synthetic 
nanowires ( N W S ) [ ~ ~ - ~ ' ]  for the crossbars. Logic functions 
are performed either by sets of crossed and specially 
doped nanowires, or by molecular switches placed at each 
crossbar junction. 

The third approach involves using molecular scale 
switches as part of a Nano~e l l . [~~ I  The NanoCell relies on 
disordered arrays of molecular switches to perform logic 
functions. It does not require that each switching molecule 
be individually addressed, and furthermore utilizes the 
principles of chemical self-assembly in construction of the 
logic circuitry, thereby reducing complexity. While fab- 
rication constraints are greatly eased, programming diffi- 
culties increase dramatically. 

QUANTUM CELLULAR AUTOMATA (QCA) 
AND ELECTROSTATICS ARCHITECTURES 

Quantum dots have been called "artificial atoms" or 
"boxes for electrons"[331 because they have discrete 
charge states and energy level structures that are similar to 
atomic systems and can contain from a few thousand to 

one electron. They are typically small, electrically con- 
ducting regions, 1 pm or less in size, with a variety of 
geometries and dimensions. Because of the small volume, 
the electron energies are quantized. No shell structure 
exists; instead, the generic energy spectrum has universal 
statistical properties associated with quantum chaos.["] 
Several groups have studied the production of quantum 
dots.[351 Heath et al. discovered that hevane solutions of 
Ag nanoparticles, passivated with octanethiol, formed 
spontaneous patterns on the surface of water when the 
hexane was evaporated,[361 and has prepared superlattices 
of quantum Lieber has investigated the energy 
gaps in "metallic" single-walled carbon nano t~bes [~~ '  
and has used an atomic force microscope to mechanically 
bend SWNT to create quantum dots less than 100 nm in 
length. He found that most metallic SWNT are not true 
metals, and that by bending the SWNT, a defect was 
produced that had a resistance of 1&100 kR. Placing two 
defects less than 100 nm apart produced the quantum dots. 

In the QCA approach toward molecular electronic 
computing systems, four quantum dots in a square array 
are placed in a cell such that electrons are able to tunnel 
between the dots but are unable to leave the 
Coulomb repulsion will force the electrons to occupy dots 
on opposite comers. The two ground state polarizations 
are both energetically equivalent and can be labeled logic 
"0" or "I." Flipping the logic state of one cell, for in- 
stance, by applying a negative potential to a lead near the 
quantum dot occupied by an electron, will result in the 
next-door cell flipping ground states in order to reduce 
Coulomb repulsion. In this way, a line of QCA cells can 
perform computations.140' A QCA fan-out structure has 
been proposed; however, when the ground state of the 
input cell is flipped, the energy imposed into the system 
may not be enough to flip all the cells of both branches of 
the structure, producing long-lived metastable states and 
erroneous calculations. Switching the cells using a qua- 
siadiabatic approach prevents the production of these 
metastable states.14' ' 

While the use of quantum dots in the demonstration of 
QCA is a good first step in reduction to practice, the ul- 
timate goal is to use individual molecules to hold the 
electrons and pass electrostatic potentials down QCA 
wires. We have synthesized molecules that were shown by 
ab initio computational methods to have the capability of 
transferring information from one molecule to another 
through electrostatic potentials (Fig. 2). The potentials use 
a millionth of an electron per bit of information. This is 
quite attractive because a major consideration in molec- 
ular devices is the energy consumption/dissipation needs. 
Considering the fact that there are 108 gates/cm2 (in 
presently sized silicon-based systems) functioning at the 
rate of lop9 sec (present speeds), those gates afford 1017 
electrons/sec (-0.02 A./cm2) if only one electron per gate 
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Fig. 2 Three compounds that were synthesized for studies in computing using electrostatic potentials. 1 is a molecular three-terminal 
junction that could be used as a molecular interconnect. 2 is a molecular-sized switch for which there is a corresponding equivalent of a 
source, drain, and gate terminals of a bulk solid state FET. 3 can be an active OR or a passive NOR gate if positive logic is used, or an 
AND or NAND gate if negative logic is used. 

is used to transport, indicate, fetch, or represent a binary 
digit. At this point, heat considerations are already ex- 
treme: if the average resistance of the circuit is 30 R, this 
represents 20 w/cm2. If an increase of several orders of 
magnitude in performance is expected with molecular 
circuits, this would imply a proportional increase in power 
dissipation. Such levels of power dissipation rule out most 
conventional current or electron transfer methods for 
practical molecular devices wherein large numbers of 
devices are densely configured. 

Electrostatic interactions are produced by small 
reshapes of the electron density as a result of the in- 
put signals. In turn, electrostatic potential interactions 
between molecules could transport the information 
throughout the central processing unit (CPU). When this 
approach is used, there is no need for electron currents or 
electron transfers as in present devices; a small change in 
the electrostatic potential of one molecule could be 
enough to send the information to another molecule. 
These perturbations of the electrostatic potential imply a 
very small amount of charge transfer, substantially less 
than one electron. 

Although we synthesized molecules that included 
three-terminal molecular junctions, switches, and molec- 
ular logic gates to demonstrate the electrostatics meth- 
odology, none of the molecules were incorporated into an 
actual assembly. Because the electrostatics method has 
major obstacles to overcome before even simple labora- 
tory tests can be attempted, all results were based on 
computation only. While relatively large quantum dot 
arrays can be fabricated by using existing methods, a 
major problem is that placement of molecules in precisely 
aligned arrays at the nanoscopic level is very difficult to 

achieve with accuracy and precision. Another problem is 
that degradation of only one molecule in the array can 
cause failure of the entire circuit. There has also been 
some debate about the unidirectionality (or lack thereof) 
of QCA d e ~ i ~ n s . ' ' ~ - ~ ~ '  Examples of two-dot QCA arrays 
have yet to be demonstrated using molecules, because 
addressing the molecular-sized inputs and the recording 
of a signal based on fractions of an electron are enor- 
mous hurdles. 

CROSS-BAR ARRAYS 

Heath et al."] reported on a massively parallel experi- 
mental computer that contained 220,000 hardware de- 
fects yet operated 100 times faster than a high-end single 
processor workstation for some configurations. The solid- 
state-based (not molecular electronics) Teramac com- 
puter, built at HP, relied on its fat-tree architecture for 
its logical configuration. The minimum communication 
bandwidth needed in the fat-tree architecture was deter- 
mined by utilizing Rent's rule, which states that the 
number of wires coming out of a region of a circuit should 
scale as the power of the number of devices (n) in that 
region, ranging from n1l2 in two dimensions to n2/' in 
three dimensions. The HP workers built in excess band- 
width, putting in many more wires than needed. The 
reason for the large number of wires can be understood by 
considering a simple city map. To get from point A to 
point B, one can take local streets, main thoroughfares, 
freeways, interstate highways, or any combination thereof. 
If there is a roadblock at any point C between A and B, 
then renavigation can be assessed by using the map to 



Molecular Electronic Logic and Memory 

arrive to point B. In the Teramac computer, "street 
blockages" are stored in a defect database; when one 
device needs to communicate with another device, it uses 
the database and the map to determine how to get there. 
Therefore the Teramac design can tolerate defects. 

In the Teramac computer (or a proposed molecular 
computer based on the Teramac design), the wires that 
comprise the address lines controlling the settings of the 
configuration switches and the data lines that link the 
logic devices are the most important and plentiful part of 
the computer. It is logical that a large amount of re- 
search has been performed to develop NWs that could 
be used in the massively parallel molecular computer. 
This approach is dependent on precise order in devices 
with exact arrays of nanostructures, including nanowires 
or nanotubes, sometimes bridged by molecules, and 
interfaced with microstructure in order to communicate 
with the outside Advancements have been 
made in the art since our last review,13] many of which 
have been reviewed by Luo et al.[461 and by us. (See 
the entry "Molecular Wires," for our review of this 
related area.) 

Lieber has reviewed the work carried out in his labo- 
ratory to synthesize and determine the properties of NWs 
and nano tube~ . [~~I  He used Au or Fe catalyst nanoclusters 
to serve as the nuclei for NWs of Si and GeAs with di- 
ameters of 10 nm and lengths of hundreds of nanometers. 
By choosing specific conditions, Lieber was able to con- 
trol both the length and the diameter of the single crystal 
semiconductor w.[~'] Silicon NWs doped with B or P 
were used as building blocks by Lieber to assemble 
semiconductor nanodevices. Active bipolar transistors 
were fabricated by crossing n-doped NWs with p-type 
wire base. The doped wires were also used to assemble 
complementary inverter-like structures. 

Lieber used Langmuir-Blodgett (LB) techniques to 
transfer multiple layers of nanowires onto planar sub- 
strates, followed by spin coating a photoresist layer onto 
the lattice.[471 The photoresist was patterned and devel- 
oped, and the exposed nanowires were removed by soni- 
cation in deionized water. The remaining photoresist 
covering the nanowire arrays was dissolved in acetone. 
Large arrays were built. 

Yu et al.[481 reported the synthesis of silicon NWs by 
chemical vapor deposition using SiH4 as the Si source and 
An or Zn nanoparticles as the catalytic seeds at 440°C. 
The wires produced varied in diameter from 14 to 35 nm, 
and were grown on the surface of silicon wafers. After 
growth, isolated NWs were mechanically transferred to 
wafers and A1 contact electrodes were put down by 
standard e-beam lithography and e-beam evaporation such 
that each end of a wire was connected to a metallic con- 
tact. In some cases, a gate electrode was positioned at the 
middle of the wire. Tapping-mode atomic force micros- 

copy (AFM) indicated the wire in this case was 15 nm 
in diameter. 

Heath found that annealing the Zn-Si wires at 550°C 
produced increased conductance attributed to better elec- 
trodehanowire contacts. Annealing Au-Si wires at 750°C 
for 30 min increased current about lo4, an effect attributed 
to doping of the Si with Au, and lower contact resistance 
between the wire and TiIAu electrodes. 

More recently, Melosh et al.[491 reported on a method 
of obtaining aligned metal and semiconductor nanowires, 
based on the process of first growing nanowires in a se- 
lectively etched GaAs/Alo.8Gao.2As superlattice, and then 
releasing them onto a 10-nm epoxy adhesion layer on an 
oxidized silicon wafer. After heat curing of the epoxy 
layer, the GaAs template was removed by treatment with 
KVI/H20. The wafer was then rinsed with ultrapure water 
and dried, and the exposed epoxy adhesion layer was re- 
moved by using an 0 2  plasma etch. This process produced 
nanowire arrays with center-to-center distances as small 
as 16 nm and high aspect ratios (up to lo6). Multiple 
cycles produced crossed nanowires with a junction density 
> 10" per cm2. No molecules were placed at the junctions 
of the nanowires. 

Much research has been performed to determine the 
efficacy of SWNTs as NWs in molecular computers. One 
problem with SWNTs is their lack of solubility in com- 
mon organic solvents. In their synthesized state, individ- 
ual SWNTs form ropes,[501 from which it is difficult to 
isolate individual tubes. In our laboratory, a measure of 
the solubility of the tubes was seen in 1,2-dichloroben- 
~ e n e . [ ~ l ]  An obvious route to higher solubility is to 
functionalize SWNTs by attachment of soluble groups 
through covalent bonding. Mickelson et al.["] found that 
fluorinated SWNTs were soluble in alcohols, while Chen 
et a1.[531 were able to dissolve SWNTs by ionic function- 
alization of the carboxylic acid groups present in puri- 
fied tubes. 

We have found that SWNTs can be functionalized by 
electrochemical reduction of aryl diazonium salts in their 
presence.[541 Using this method, about 1 in 20 carbon 
atoms of the nanotube framework are reacted. We have 
also found that the SWNTs can be functionalized by direct 
treatment with aryl diazonium tetrafluoroborate salts in 
solution, or by in situ generation of the diazonium moiety 
using an alkyl nitrite reagent.[551 These functional groups 
give us handles with which we can direct further, more 
selective derivatization (Fig. 3) and we recently reviewed 
the area of covalent sidewall derivatization of SWNTS.'~~'  

From an electronics perspective, the good thing about 
SWNTs is that all the carbons on the sidewalls are es- 
sentially the same; therefore, there is no location for an 
electron to localize during electronic transport. However, 
most of organic synthetic chemistry is predicated upon the 
ability to distinguish different carbon atoms in a molecule 
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Fig. 3 Reaction of SWNTs with aryl diazonium compounds. 
Shown are the electrochemical reactions with preformed 
diazonium salts, and the thermally activated reaction with in 
situ generated diazonium compounds. Also shown are a number 
of specific moieties that have been attached via these methods. 

based on their subtle electronic andlor steric differences. 
Thus, from a synthetic perspective, the bad thing about 
SWNTs is that all the carbons on the sidewalls are es- 
sentially the same; therefore, one cannot use the plethora 
of synthetic techniques that favor formation of one type 
of carbon-carbon bond over another. However, if one 
did have a crossbar array of nanotubes, where the 
voltage between the two tubes could be selectively ad- 
dressed at discrete locations, then the bridging on the 
specified cross-junctions might be possible; this has not 
yet been demonstrated. 

Unfortunately, fluorination and other sidewall func- 
tionalization methods can perturb the electronic nature of 
the SWNT. An approach by Smalley et a1.[50,571 and 
Stoddart and ~ e a t h ' ~ ~ ]  to increasing the solubility without 
disturbing the electronic nature of the SWNTs was to 
wrap polymers around the SWNTs, but leave individual 
tubes' electronic properties unaffected. Stoddart and 
Heath found that the SWNT ropes were not separated into 
individually wrapped tubes; the entire rope was wrapped. 
Smalley found that individual tubes were wrapped with 
polymer; the wrapped tubes did not exhibit the roping 
behavior. Although Smalley was able to demonstrate re- 
moval of the polymer from the tubes, it is not clear, 

however, how easily the SWNTs can be manipulated and 
subsequently used in electronic circuits. In any case, the 
placement of SWNTs into controlled configurations has 
been, for the most part, a top-down methodology. Sig- 
nificant advances will be needed to take advantage of 
controlled placement at dimensions that exploit a mole- 
cule's small size. 

Lieber proposed a SWNT-based nonvolatile random 
access memory device comprising a series of crossed 
nanotubes, wherein one parallel layer of nanotubes is 
placed on a substrate and another layer of parallel nano- 
tubes, perpendicular to the first set, is suspended above the 
lower nanotubes by placing them on a periodic array of 
supports.'241 The elasticity of the suspended nanotubes 
provides one energy minima, wherein the contact resist- 
ance between the two layers is zero, and the switches (the 
contacts between the two sets of perpendicular NWs) are 
OFF. When the tubes are transiently charged to produce 
attractive electrostatic forces, the suspended tubes flex to 
meet the tubes directly below them, and a contact is made, 
representing the ON state. The ONIOFF state could be 
read by measuring the resistance at each junction, and 
could be switched by applying voltage pulses at the cor- 
rect electrodes. This theory was tested by mechanically 
placing two sets of nanotube bundles in a crossed mode 
and measuring the Z(V) characteristics when the switch 
was OFF or ON. Although nanotube bundles with random 
distributions of metallic and semiconductor properties 
were used, the difference in resistance between the two 
modes was a factor of 10, enough to provide support 
for their theory. In another study, Lieber used scanning 
tunneling microscopy (STM) to determine the atomic 
structure and electronic properties of intramolecular 
junctions in SWNTs samples.'251 Metal-semiconductor 
junctions were found to exhibit an electronically sharp in- 
terface without localized junction states, while metal- 
metal junctions had a more diffuse interface and low- 
energy states. 

A major problem with using SWNTs or NWs is how to 
guide them in formation of the device structures, i.e., how 
to put them where you want them. Lieber has studied the 
directed assembly of NWs by using fluid flow devices in 
conjunction with surface patterning techniques, and found 
that it was possible to deposit layers of NWs with different 
flow directions for sequential steps.[281 For surface pat- 
terning, Lieber used NH2-terminated surface strips to at- 
tract the NWs; in between the NH2-terminated strips were 
either methyl-terminated regions or bare regions, to which 
the NW had less attraction. Flow control was achieved by 
placing a poly(dimethylsi1oxane) (PDMS) mold, in which 
channel structures had been cut into the mating surface, on 
top of the flat substrate. Suspensions of the NWs (Gap, 
InP, or Si) were then passed through the channels. The 
linear flow rate was about 6.40 mm/sec. In some cases, the 
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regularity extended over mm length scales, as determined 
by scanning electron microscopy (SEM). 

In a similar fashion, the assembly of individual SWNTs 
onto substrates was realized by functionalizing substrate 
surfaces with polar and nonpolar chemical groups in ad- 
jacent areas.IS8] SWNTs deposited from a suspension 
tended to self-assemble into the polar regions of the 
substrate, with a lateral-directional force, probably as a 
result of electrostatic interactions, rotating the SWNTs so 
that they were confined with the polar area of the sub- 
strate. At low concentrations of 0.02 mg/mL, only single 
nanotubes were found at the center of each microscale 
polar molecular pattern. Although there was room for 
more than one SWNT on each patterned area, it was 
postulated that the hydrophobic surface of the first SWNT 
prevented additional SWNTs from being attracted to the 
underlying hydrophilic functionality. A problem with 
using carbon nanotubes is that they are always formed 
as mixtures of conducting tubes (0 eV bandgaps), semi- 
metallic or "mod-3" tubes (- 1 meV bandgaps), and semi- 
conducting tubes (I eV bandgaps). Most protocols form 
semiconducting tubes as -6&70% of the mixture, 
therefore, one has to hope that the desired tube type would 
form or assemble in the desired device region. Of course, 
for a large array, the formation of the desired structure 
with the proper tube type is statistically prohibitive. 
Avouris and coworkers at IBM have developed a method 
of engineering both multiwalled nanotubes (MWNTs) and 
SWNTs using electrical breakdown methods.[591 Shells in 
MWNT can vary between metallic or semiconductor 
character. Using electrical current in air to rapidly oxidize 
the outer shell of MWNTs, each shell can be removed in 
turn because the outer shell is in contact with the elec- 
trodes and the inner shells carry little or no current. Shells 
are removed until arrival at a shell with the desired prop- 
erties. We recently published a process for selectively 
reacting the metallic and semimetallic tubes to the exclu- 
sion of the semiconducting tubes.'601 Therefore there is the 
hope, within a few years, that macroscopic quantities of 
homogeneous tube types will become available. 

While Lieber has shown that it is possible to use the 
crossed NWs themselves as switches, Stoddart and Heath 
have synthesized molecular devices that would bridge 
the gap between the crossed NWs and act as switches in 
memory and logic  device^.'^'] The UCLAtCaltech re- 
searchers have synthesized catenanes and rotaxanes that 
can be switched between states using redox chemistry. 
For instance, LB films were formed from the catenane, 
and the monolayers were deposited on polysilicon NWs 
etched onto a silicon wafer photolithographically. A sec- 
ond set of perpendicular Ti NWs were deposited through a 
shadow mask, and the I(V)  curve was determined. The 
data, when compared to controls, indicated that the 
molecules were acting as solid-state molecular switches. 

As yet, however, there have been no demonstrations of 
combining the Stoddart switches with NWs. 

The defect-tolerant approach to molecular computing 
using crossbar technology faces several hurdles before it 
can be implemented. Large numbers of nano-sized wires 
are used to obtain defect tolerance. How are each of these 
wires going to be accessed by the outside world? Multi- 
plexing, the combination of two or more information 
channels into a common transmission medium, will have 
to be a major component of the solution to this dilemma. 
The directed assembly of the NWs and attachment to the 
multiplexers will be complicated, nonetheless, HP and 
CalTech researchers are making strides in this arena. 
Another hurdle is signal strength degradation as it travels 
along the NWs. Gain is typically introduced into circuits 
by the use of transistors. However, placing a transistor at 
each NW junction is an untenable solution because the 
silicon transistor would be much larger than the NW 
junction. Likewise, in the absence of a transistor at each 
cross point in the crossbar array, molecules with very large 
0N:OFF ratios will needed. For instance, if a switch with 
a 10:l ON:OFF ratio were used, then 10 switches in the 
OFF state would appear as an ON switch. Hence isolation 
of the signal via a transistor is essential. Researchers are 
hoping to insert diodes to sidestep this hurdle. 

Additionally, if SWNTs are to be used as crossbars, 
connection of molecular switches via covalent bonds 
introduces sp3-hybridized carbon atom linkages at each 
junction, disturbing the electronic nature of the SWNT 
and possibly rendering the SWNTs useless in the first 
place. Noncovalent bonding of the device molecule to the 
SWNT will probably not provide the conductance neces- 
sary for the circuit to operate. Therefore continued work is 
being carried out to devise and construct crossbar archi- 
tectures that address these challenges. 

THE NANOCELL 

This NanoCell architecture involves an approach where 
molecular switches are not specifically directed to a pre- 
cise location and the internal topology is generally 
disordered. A NanoCell is a two-dimensional (three- 
dimensional models could also be considered) network of 
self-assembled metallic particles or islands connected by 
molecules that show reprogrammable (can be turned ON 
or OFF) switching andor memory properties. The Nano- 
Cell is surrounded by a small number of lithographically 
defined access leads at the edges of the NanoCell. Unlike 
typical chip fabrication, the NanoCell is not constructed as 
a specific logic gate and the internal topology is, for 
the most part, disordered. Logic is created in the NanoCell 
by training it postfabrication, similar in some respects 
to a field-programmable gate array (FPGA). Even if this 
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process is only a few percent efficient in the use molecular 
devices, very high logic densities will be possible. More- 
over, the NanoCell has the potential to be reprogrammed, 
thereby creating a real-time dynamic reconfigurable hard- 
wired logic. The CPU of the computer would be composed 
of arrays of NanoCells, wherein each NanoCell would 
have the functionality of many transistors working in 
concert. A regular array of NanoCells is assumed to 
manage complexity, and ultimately, a few NanoCells, 
once programmed, should be capable of programming 
their neighboring NanoCells through bootstrapping heu- 
ristics. Alternatively, arrays could be programmed one 
NanoCell at a time via an underlying complementary 
metal oxide semiconductor (CMOS) platform. 

Within the fabricated NanoCell, the input and output 
leads could be repetitively interchanged based on the 
programming needs of the system, thereby demonstrating 
the pliability of the architecture. Naturally, issues of gain 
will eventually have to be addressed through either an 
underlying CMOS layer or clocked circuits programmed 
into the ~ a n o ~ e l l . [ ~ * ]  Even if one CMOS transistor were 
used for gain at the output from each NanoCell. enormous 
space savings could be attained because a NanoCell could 
possess the functionality of numerous transistors working 
in concert to produce a specified logic function. Further- 
more, by capitalizing on the NDR properties of the mo- 
lecular switches, internal gain elements based on NDR/ 
nanoparticle1NDR stacks (Goto pairs) could be effica- 
cious, L63.641 

The functionality of a NanoCell depends largely on 
the I(V) characteristics and placement of its molecular 
switches with respect to the nanoparticles. We have 
demonstrated NDR with a large 0N:OFF ratio from sev- 
eral types of molecular switches based on nitro-containing 
OPES (similar to 4 in Fig. 4). We will exploit this 
switching behavior (rise, then decline in the current with 
increased voltage) to build logic devices that exhibit ne- 
gating functionality such as NAND or XOR responses 

from these two-terminal devices because two voltage 
inputs that are high could set the device into an OFF state 
(right side of the I(V) curve). Switches that do not exhibit 
the NDR characteristic cannot provide the negating 
functionality needed for the NanoCell approach. 

The object in programming or training a NanoCell is to 
take a random, fixed NanoCell and turn its switches ON 
and OFF until it functions as a target logic device. The 
NanoCell is then trained postfabrication by changing the 
states, ON or OFF, of the molecular switches by imposing 
voltages at the surrounding inputloutput leads. 

NANOCELL MEMORIES 

The NanoCell approach, as previously described and 
is not dependent on placing molecules or 

nann-sized metallic components in precise orientations or 
locations. The internal portions are, for the most part, 
disordered and there is no need to precisely locate any of 
the switching elements. The nano-sized switches are 
added in abundance between the micron-sized inputlout- 
put electrodes, and only a small percentage of them need 
to assemble in an orientation suitable for switching. The 
result of the NanoCell architecture is that the patterning 
challenges of the inputloutput structures become far less 
exacting because standard micron-scale lithography can 
afford the needed address system. Also, fault tolerance is 
enormous.'321 However, programming is significantly 
more challenging than when using ordered ensembles. We 
describe here an example in which a NanoCell has been 
successfully assembled and tested. Remarkably, the 
NanoCell exhibits reproducible switching behavior with 
excellent peak-to-valley (PVR) ratios,[651 peak currents in 
the milliampere range and reprogrammable memory states 
that are stable for more than a week with substantial 0:l 
bit level ratios. 

Fig. 4 SEM image of the NanoCell after assembly of the Au nanowires and 4. The top image shows the five juxtaposed pairs of 
fabricated leads across the NanoCell, and some Au nanowires are barely visible on the internal rectangle of the discontinuous Au film. 
The lower image is a higher magnification of the NanoCell's central portion showing the disordered discontinuous Au film with an 
attached Au nanowire that is affixed via the OPE-dithiol (not observable) derived from 4. 
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A NanoCell is a two-dimensional unit of juxtaposed 
electrodes fabricated atop a Si/Si02 substrate. In the em- 
bodiment described here, five Au electrode pairs were 
patterned on opposing sides of the NanoCell (Fig. 4, top). 
A discontinuous gold film was vapor deposited onto the 
Si02 in the central region (Fig. 4, bottom). The chips were 
always treated with UV ozone and ethanol-washed im- 
mediately prior to use to remove exogenous organics. 
Electrical measurements of up to 30 V DC confirmed 
there was < 1 pA conduction across the discontinuous Au 
film between the five juxtaposed pairs of -5-pm spaced 
electrodes. In this study, each juxtaposed pair serves as an 
independent memory bit address system. 

The assembly of molecules and nanowires in the cen- 
tral portion of the NanoCell was then carried out under N2 
to provide a current pathway across the NanoCell. Com- 
pounds similar to the mononitro oligo(pheny1ene ethy- 
nylene) (OPE) 4[661 have been previously shown to exhibit 
switching and memory storage effects when fixed be- 
tween proximal Au probes.[663671 AU nanowires (diameter 
of 30 nm and length of 300-2000 nm, grown in a poly- 
carbonate membrane by electrochemical reduction at 1.2 
~ o u l o m b s [ ~ ~ ] )  were added to a vial containing 4 in 
CH2C12. The vial was agitated for 40 min to dissolve the 
polycarbonate membrane and to form 4-encapsulated Au 
nanowires via chemisorption of the thiols to the nano- 
wires.[691 Because the thiol groups are far more reactive 
toward Au than thioacetyl groups,r701 this procedure 
leaves the latter projecting away from the nanowire sur- 
faces. NH40H and ethanol were added, and the vial was 
agitated for 10 min to remove the acetyl A chip 
containing 10 NanoCell structures was placed in the vial 
(active side up), and the vial was further agitated for 27 hr 

Fig. 5 I(V) characteristics of the NanoCell at 297 K. The 
curves for a, b, and c are the first, second, and third sweeps, 
respectively (-40 slscan). The PVRs in c are 23: 1 and 32: 1 for 
the negative and positive switching peaks, respectively. The 
arrow indicates the sweep direction of negative to positive. 
(View this art in color at www.dekker.com.) 

Fig. 6 I(V) characteristics of the NanoCell before (a) and after 
(M) three voltage pulses at - 8 V at 297 K. Curves b, c, and d 
were the first, second, and third scans (after the - 8 V reset 
pulses), respectively. Scans a 4  were run at -40 slscan. The 
results here are from the same device used to generate the I(V) 
curve in Fig. 5. (View this arr in color at www.dekker.com.) 

to permit the nanowires to interlink the discontinuous Au 
film via the OPES (Fig. 4). The chip was removed, rinsed 
with acetone, and gently blown dry with N2. 

The assembled NanoCells were electrically tested on a 
probe station with a semiconductor parameter analyzer at 
room temperature (297 K) under vacuum (10- mm Hg). 
Typical I(V) characteristics of the NanoCell devices are 
shown in Fig. 5. Two stable and reproducible switching 
peaks are observed in a bias range of - 10 and + 10 V. The 
shape of the I(V) curve is asymmetric because the mole- 
cule, as a result of the nitro-group orientation, is asym- 
metrically oriented, and/or the contacts are likely to be 
slightly different on each end. After about 300 scans, the 
switching responses further stabilized in peak voltage; 
the device showed no degradation to >2000 scans over a 
22-hr period of continuous sweeping. Also, after testing, 
an assembled NanoCell was stored in a capped vial (air) 
for 2 months with little, if any, signal \ariatiom relative 
to the readings recorded at the initial testing. 

A juxtaposed pair of electrodes, as described above, 
showed little variation in its behavior over several thou- 
sand scans. However, there were notable differences when 
comparing different electrode pairs in that they showed 
variations in peak current position (occurring typically 
within a range of 3-15 V), peak current (typically 0.1-1.7 
mA), and PVR (typically 5-30). The differences are un- 
doubtedly related to the variations in the conduction 
pathways of these disordered arrays. 

If a voltage sweep is conducted on a NanoCell in a bias 
range that is up to or not far beyond the peak of the I(V) 
curve (switching event), a pseudo-linear trace is observed, 
as shown by curve a (0-state) in Fig. 6. However, if three 
voltage pulses at -8 V (100 msec width, 104 msec pe- 
riod) are then applied to the same pair of leads, a peak 
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appears (1-state) in the first scan after the voltage pulses, 
as shown by curve b in Fig. 6. Apparently, the voltage 
pulses set the system into a new state that is then read by 
the bias sweep b. This is being termed the switch-type 
memory effect. However, the following scans c and d 
produced I(V) responses similar to curve a, the scans 
before the voltage pulses, suggesting that the state set by 
the voltage pulse was erased after reading it by scan b. In 
other words, the switch-type memory effect has a de- 
structive-read property [as seen with present-day dy- 
namic random-access memory (DRAM)]. A positive 
voltage pulse, i.e., + 8  V, can also set the system into the 
1-state. Voltages higher than +8 V always worked, but 
voltages lower than +8 V did not reset this particular 
NanoCell into the 1-state. All of the active NanoCells 
showed this rewritable behavior, although the magnitudes 
and set voltages varied between different. Nanocells as 
described above. 

On the same device as shown in Figs. 5 and 6, another 
type of memory effect was found which has a nonde- 
structive-read, the so-called conductivity-type memory, 
which operates by the storage of a high- or low-conduc- 
tivity (a) state. The difference between the switch-type 
memory and the conductivity-type memory is based on 
the voltage-sweep range: -4  to 0 V for the former and - 2 
to 0 V for the latter. An initially high conductivity state 
(high o or 0-state) was observed in a bias range of - 2 to 
0 V as shown in Fig. 7, curves a-c. The high a state is 
changed (written) into a low a state (I-state) upon appli- 
cation of three voltage pulses at - 8 V (100 msec width, 
104 msec period), as shown by curves d-f. The low a state 
persists as a stored bit, which is essentially unaffected by 
successive read sweeps. There is a 400: 1 0-statell -state 
ratio in current levels between the high and low a states 
recorded at - 2  V for this NanoCell device. The ratios 
may vary between different electrode pairs but the ratio 
here is representative. The highest observed 0: 1 ratio was 
12,500:l (198 pA:16 nA at -2.0 V) for a 5-pm gap 
electrode pair, and the lowest observed ratio was 10: 1 at 
the same voltage. 

The conductivity-type memory effect is independent of 
bias sweep directions. Once set into the low a state upon 
application of voltage-set (write) pulses, the system holds 
the low a state regardless of negative bias sweep from 0 to 
- 2 V or positive bias sweep from 0 to 2 V. Several routes 
were investigated to erase the stored low a state (written 
bit). Voltage pulses at - 3 to - 4 V (- 20 pulses at 1 msec 
pulse width, 10-msec pulse period) reset the memory into 
the original high a state (use a voltage pulse that comes 
near the peak of the switching event, but not far past the 
peak). Although the overall write, read, erase sequence 
used in the screening of these devices was rather slow 
because of the resetting time of the probing electronics, 
the inherent switching may be on the order of milli- 
seconds, or faster, for each operation if customized elec- 

Fig. 7 I(V) characteristics of the NanoCell before (scans a-c) 
and after (scans d-f) three voltage set-pulses of - 8 V at 297 K. 
The initial high CT state (0-state) is represented by curves a, b, 
and c, which are the first, second, and third scans before the set- 
pulse, respectively. The low a state (I-state) is represented by 
curves d, e, and f, which are the first, second, and third scans 
after the - 8 V set-pulses, respectively. The inset shows scans 
d-f in the pamp range. Scans a-c were run at -40 slscan. 
Scans d-f were run at -50 slscan. This is the same device 
depicted in Figs. 5 and 6. (View this art in color at 

www.dekker.com. ) 

tronics were used. The switch-type and conductivity-type 
memory effects are shown here in the negative bias 
regions; however, they apply in the positive bias region 
as well. 

The bit retention time for the switch-type memory is at 
least 11 days and with - 10% change in the voltage peak 
position of the curves when compared to the read-tests run 
seconds after setting the written state; however, there was 
no decline in the magnitude of the response. The con- 
ductivity-type memory persisted for at least 9 days. Over 
this period, the 0: 1 signal magnitudes interestingly in- 
creased, although the reset voltages also drifted higher 
(-10%) over this period. Therefore the two types of 
memory effects can have much longer retention times, but 
these are merely the time periods over which they have 
been tested. Longer durations were not studied. During 
waiting periods over which these retention times were 
recorded, the NanoCells had been occasionally exposed to 
air at I atm for periods of up to 30 min, as more samples 
were moved through the testing chamber. Therefore the 
stored written states are robust even with short exposure to 
air. Yields of functioning NanoCells that have been pre- 
pared via the protocol described here seemed to be elec- 
trode gap-dependent. A NanoCell produced by using the 
described protocol chip showed loo%, 65%, and 30% 
yields for devices with 5, lo-, and 20-pm spacings be- 
tween the juxtaposed electrodes, respectively. 

The assembled chips were tested in the probe station 
both in the dark, by covering the observation window 
with aluminum foil, and in the presence of the room light 
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with the station's fiber optic observation light projected 
through the observation window -1Ocm above the 
chip. The same electrical responses were obtained re- 
gardless of the lighting, thereby excluding a photocon- 
ductive mechanism. 

Several control experiments were conducted to inves- 
tigate the mechanism of action for the NanoCell memo- 
ries. When the same assembly process was conducted but 
4 was not added, all the leads were "open" and no 
switching behavior was observed over the tested 15 jux- 
taposed electrodes (5 pairs at 5-pm spacings, 5 pairs at 
10-pm spacings, and 5 pairs at 20-pm spacings). There- 
fore the process is Cdependent. When the assembly pro- 
cedure was conducted but the nanowires were not present 
(only 4, polycarbonate devoid of nanowires, CH2C12, 
NH40H, and ethanol were added), two out of three jux- 
taposed 5-pm spacings showed switching between them; 
however, the switching effect signal degraded nearly 
completely after 3-10 scans. Therefore some molecules 
may have bridged the discontinuous Au film, but the 
connections were not as abundant or stable. A similar 
behavior was observed at 10-pm spacings between the 
electrodes. When an alkyl system, AcS(CH~),~SH (5),[721 
was substituted for 4 in the standard assembly process, 
and 30 juxtaposed electrode pairs were studied, 28 showed 
no device behavior. Interestingly, however, one 5-pm 
electrode pair showed the characteristic switching that 
dissipated after three scans, while a second electrode pair 
showed reproducible switching behavior but the onset 
and peak currents occurred at 14 V. Therefore 1 is not 
unique among molecule types. 

Concerning the mechanism underlying the program- 
mable memories, a molecular electronic effect was first 
considered. Several mechanisms were proposed for mo- 
lecular electronic s ~ i t c h i n ~ [ ~ ~ - ~ ~ '  based upon charging of 
the molecules, which results in changes in the contiguous 
structure of the lowest unoccupied molecular orbital 
(LUMO). This can be accompanied by conformational 
changes that would modulate the current based on changes 
in the extended n-overlap. Conversely, as some have 
pointed out, the so-called "molecular-based" switching 
might not be an inherently molecular phenomenon, but 
may result from surface bonding rearrangements that are 
molecule/metal contact in origin. For example, a sulfur 
atom changing its hybridization state, or subangstrom 
shifts between different Au surface atom bonding modes, 
or molecular tilting.[763771 An estimate of the number of 
molecular junctions between a set of juxtaposed electrode 
pairs is difficult to gauge; however, based on the size of 
the nanowires and the Au islands, which can be 0.3-1 pm 
long, the number of molecular junctions could be as few 
as four in a 5-pm electrode gap. The number of molecules 
in parallel, per junction, could be as few as 30 or as many 
as several thousand, based on the nanowire diameters and 

lengths. Note that the quantum conductance of each 
molecule is -0.08 mAN. 

In addition to a molecular electronic process, electrode 
migration was considered as a cause for the high currents 
and reset operations that are analogous to filamentary 
metal m e m o r i e ~ . ' ~ ~ - ~ "  To investigate this possibility, the 
exposed organic material was stripped from a working 
NanoCell by treating the assembled chip with UV ozone 
for 10-30 min. Remarkably, the device behavior of the 
NanoCell remained and often improved. In some cases, 
the 0: 1 bit level ratios for the conductikity memory even 
increased up to lo6: 1 (2.53 mA:0.76 nA at - 3.0 V). This 
could suggest that the ozone was not able to reach the 
small amount of active organic molecules in the key 
nanodomains that are sandwiched between the nanowires 
and the Au islands, and that the more exposed leakage 
routes were destroyed by the ozone. Conversely, it could 
suggest that, indeed, filamentary metal had grown along 
the molecules and that these metal filaments were causing 
the observed switching behavior, with any molecular 
leakage routes being destroyed by the ozone. It was pre- 
viously shown by modeling that the NanoCell should 
exhibit extraordinary defect tolerance because of the 
abundance of molecules available for switching; further- 
more, if one molecule degrades, another could slip into 
place from the self-assembled monolayers that cover all 
the surrounding metal surfaces.[321 Consider also that, at 
the atomistic level, a molecular change in either confor- 
mation or hybridization at the metal-molecule interface, 
due to voltage changes or charging, could give electronic 
response characteristics that are analogous to filamentary 
metals (atoms moving in and out of alignment for current 
flow), and thereby resemble negative differential resist- 
ance-like behavior. In other words, metallic nanofilaments 
forming during a voltage sweep, then on increasing the 
voltage, they could exhibit a sudden break, causing a 
decline in the current. 

Additionally, a mechanical motion involving the mol- 
ecule-covered nanowires was considered. However, it was 
deemed less likely because of the highly crosslinked na- 
ture of the micron-sized matrix. 

None of the former data was conclusive enough to 
exclude either the molecular electronic-based mechanism 
or the nanofilament mechanism. However, a later finding 
pointed toward the nanofilament-based mechanism being 
the dominant or exclusive pathway. As described above, 
we had never seen the switch-like behavior from the bare 
chips; they just showed open circuits. As customary to 
ensure open circuits before we begin the molecule/nano- 
wire assembly, while probing an older chip (4 months 
storage at room temperature in a FluorowareTM container) 
from the same lot of chips that was used to prepare the 
NanoCell described here, we notice switching with mag- 
nitudes similar to the levels outlined in Fig. 5.  Neither 
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nanowires nor molecules had been added; it was merely 
the aged discontinuous Au film vapor-deposited between 
electrodes. Possibly, while the film had aged, the islands 
migrated across the gaps sufficiently close together to 
form nanofilaments upon voltage scanning, and then 
metal filament breakage occurred at higher voltages, 
giving responses similar to that shown in Fig. 5. The 
metallic island migration was not obvious by microscopic 
analysis of the discontinuous Au films because the reso- 
lution needed within the topologically nonplanar arrays 
cannot be achieved with either SEM or AFM. We carried 
out I(V,T) (current as a function of voltage and tempera- 
ture, -2 to 2 V, 280 to 80 K and back to 280 K) mea- 
surements to assess the possible conduction mechanism of 
the high o conductivity-type memory state on the bare 
chip. The data suggested "dirty" or modified-metal 
conduction: metallic conduction with trace impurities. 
However, in the low conductivity state, only thermionic 
emission was observed. The same type of I(V,T) mea- 
surements on a moleculelnanowire assembled NanoCell 
showed both a temperature dependence and a non- 
temperature dependence based on the particular juxta- 
posed electrode set studied. Albeit confusing, there may 
be a duality of mechanisms coexisting on the same chip, 
namely, metallic filaments in the high sigma state and 
molecular phenomena in the low o state. Further studies 
are ongoing to better discern this process. Fabrication of 
NanoCells with more refractory metals such as Pt or Pd 
will be carried out to further test this point. Additionally, 
we are currently making chips with a 193-nm stepper to 
yield juxtaposed electrode gap spacings of < 1  pm with 
smaller Au-film islands and appropriately sized nano- 
wires, with the hope of attaining higher degrees of con- 
sistency between electrode pairs. With the presently sized 
embodiments, writelerase speeds, and the lack of isolation 
and fan-out, the NanoCell is not a harbinger for DRAM, 
flash, or magnetic random access memory (MRAM) re- 
placements. However, it demonstrates the first fabrication 
of a disordered nanoscale ensemble for high-yielding 
switching and memory, while mitigating the painstaking 
task of nanoscale lithography or patterning; thereby fur- 
thering the promise of disordered programmable arrays 
for complex device functionality. 

CONCLUSION 

Of the three basic approaches to building a molecular 
computer--QCA, crossbar array, and NanoCell, two 
approaches appear to be at the forefront of the advancing 
science-the crossbar array approach and the NanoCell 
approach. The crossbar approach has seen many advances 
in the fabrication and assembly of nanowire arrays on 
surfaces. The NanoCell approach has also been swiftly 

advanced, and includes molecules in its assembly, but 
whether the device properties are due to the molecules 
themselves or to the formation of metal nanofilaments 
facilitated by the molecules remains unknown at this time. 
Work continues on many fronts to advance the idea of 
using molecules to meet the future computing needs of an 
ever more complex world. We are amazed and delighted 
to see this research unfold around us. 
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INTRODUCTION 

The process of scaling down modern semiconductor 
devices faces serious obstacles, mainly because of device- 
addressing problems. Practical limitations in fabrication 
and extraordinary increases in production costs will also 
be limiting issues. Small molecules, easy to tailor, are the 
natural candidates to complement semiconductor compo- 
nents in the generation of hybrid circuits, giving birth to a 
completely new area of electronics, molecular electronics 
or Moletronics. Experimental characterization is highly 
challenging, and only a few experiments in which only 
one molecule is addressed have been performed,['-31 be- 
cause technical possibilities of success become greatly 
diminished with the minuscule system size. Fortunately, 
modern quantum-chemistry -theoretical-based computa- 
tional techniques are able to accurately solve molecular 
systems using precise natural laws, and this ability in- 
creases substantially as systems become smaller. 

This review investigates recent results on molecular 
systems that can potentially be used as electronic devices. 
It is particularly focused on molecules that can behave as 
controllable switches (a characteristic that allows pro- 
grammability) and the theoretical techniques available for 
their analysis, design, and simulation. Switching has been 
studied before but not with the purpose of programma- 
bility. For instance, Collier et a ~ . ' ~ '  studied switching 
based on the translation degrees of freedom of mechanical 
bonds, and more elaborate molecular circuits have being 
proposed, such as a flash-like. single-electron memory 
cell;L51 however, they are hardly useful for a paradigm of a 
chemically random assembly of molecules governed 
mostly by thermodynamic and some kinetic controls 
where programmability features at the level of devices are 
of paramount importance.[61 The studies cited focused on 
electrical features and their correlation to conformational 
properties, the metallic contacts characterization, and the 
metal-molecule interface. Determining the correlation 
between transport characteristics and molecular electronic 
and geometrical configuration is particularly important, 
because this correlation provides a mechanism to control 
electron transport in molecular and atomistic systems. 
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THEORY-BASED APPROACHES FOR THE 
CALCULATION OF MOLECULAR SYSTEMS 

In this section, we describe several approaches used for 
the analysis of molecular electronic systems. We briefly 
summarize the common methods and tools that allow 
researchers to theoretically characterize, design, model, 
and simulate moletronics systems. 

Methods 

The main methods used in moletronics are borrowed from 
quantum chemistry and solid state physics, and in partic- 
ular, density functional theory (DFT) is used for discrete 
and extended systems as well as their interconnection 
using the Green function (GF) scattering technique. 

Ab initio density functional theory for molecules 

In the study of molecules presenting highly nonlinear 
features, the Kohn-Sham molecular orbitals (MOs) can 
provide a qualitative picture of the molecular mechanisms 
of operation and how they are affected by its boundaries. 
The solution of the Schrodinger equation for the system 
under consideration should provide an exact solution if an 
exact Hamiltonian is used; however, such a solution is very 
tedious because of the massive computational resources it 
demands. One way to bypass this difficulty is to use DFT 
where the solution of the wave function replaces the so- 
lution of the electron density. Electron density is obtained 
from auxiliary systems of noninteracting electrons whose 
total electron density is forced to be identical to the 
electron density of the interacting or real electrons. The 
advantage of this approach is that the system of nonin- 
teracting electrons can be easily separated into individual 
one-electron MOs, also called Kohn-Sham MOs. Each 
MO is associated to individual energies that can be 
roughly correlated with the excitation energies of the 
molecular system. The shape and energy of these MOs 
have been widely used in the qualitative explanation of 
electron transport (vide infra) in single molecules. How- 
ever, the use of MOs is only for qualitative purposes. MOs 
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from DFT, or any other theory, can never precisely de- 
scribe the exact wave function of a real system because 
real electrons are not independent particles. For most 
practical purposes, DFT calculations using functionals 
based on ab initio approaches and beyond the local ap- 
proximation have been very successful in describing the 
main features of molecular systems with acceptable pre- 
cision. This fact has converted DFT into the main com- 
putational tool in modern quantum chemistry, and into 
the preferred tool for the study of molecular electronics. 

Integration of several tools is often necessary. Single 
molecules are first treated by using ab initio density 
functional theory (Dm)  as implemented in the Gaussian- 
98 or its recent version, ~aussian-03.[~' The 
molecular geometry is optimized with no constraint (ex- 
cept for special cases) until all eigenvalues of the Hessian 
matrix are positive, ensuring that the molecule is in a 
minimum energy configuration. The Becke-3 Perdew- 
Wang 91 (B3PW91) procedure, which consists of the 
Becke3 hybrid exchange functional combined with the 
generalized gradient approximation (GGA) Perdew- 
Wang-91 c~rrelation,[~-"~ is used in combination with 
different basis set selected according to the system. In 
general, systems with metallic atoms are treated using 
LANL~DZ,[ '~- '~ '  an effective core potential and basis set. 
The LANL2DZ basis set explicitly considers all the va- 
lence electrons, rather than just those in last electronic 
shell. Core electrons are treated in an approximate way by 
using pseudopotentials that include relativistic effects 
allowing an excellent description of heavy metal  atom^."^' 
The level of theory B3PW9lLANL2DZ has been used 
in several works, and further details can be found in 
Refs. [16-201 In some cases, where no metallic atoms 
are present, 6-31G* basis or higher sets are also used. 

Atomic charges are estimated by using Mulliken pop- 
ulation analysis, which associates charge to each atom by 
integrating the basis functions assigned to each individual 
atom and assigning equally to each atom of each pair their 
overlap contributions. Mulliken charges can only provide 
complementary information. Mulliken values do not 
support conclusions, but provide a qualitative picture of 
the quantitative results; atomic charges are not expecta- 
tion values but mere indicators highly dependent on the 
method and basis set used to solve the Schrodinger 
equation. Nevertheless, if properly balanced basis sets 
are used, Mulliken analysis can provide an excellent tool 
for qualitative analysis and interpretations of charge 
transfer effects. 

Green functions 

I-V characteristics are calculated by combining the 
DFT results with a Green function technique originally 

designed for mesoscopic ~ ~ s t e m s . ~ ~ ' - ~ ~ '  This approach 
considered the molecule attached to infinite contacts that 
modify its electronic structure, the new modified elec- 
tronic structure is, in turn, used to calculate the system 
(molecule plus contacts) I-V characteristic. The electron 
transport properties of a molecule under a bias voltage V 
are described by its Green function, GM, obtained from the 
molecular Hamiltonian, H(V), which is obtained by 
reoptimizing the molecular electronic structure under the 
presence of an external electrical field. The transport of 
electrons takes place through the MOs, which are affected 
by interaction with the contacts and with the applied 

MOs may be affected by an applied external 
field or by the charge state on the molecule. For instance, 
delocalized MOs can become localized, or vice versa, 
when the molecule traps one electron. The molecule is in a 
conducting state (low impedance) if delocalized MOs are 
available in the energy range for which one contact has 
occupied levels and the other unoccupied ones. The 
molecule is in a nonconducting state (high impedance) 
if those MOs are localized, i.e., they do not connect 
both ends of the molecule to the contacts. When the 
molecule is open shell (electrons are unpaired), both a 
and spin states are considered to obtain the molecular 
I-V characteristics. 

The Green function is obtained from Eq. 1, 

where subscripts i and j in Hv (submatrices of H in Eq. 2) 
refer to the molecule (M), contact I (I), and contact 
2 (2). 

Information about the macroscopic nature of the con- 
tacts is introduced by a Green function for a semi-infinite 
medium (gi), whereby s, p, and d contributions[301 to the 
density of states (DOS) of the Au metal are explicitly 
considered. Derosa and Serninario represented the metal- 
lic contacts by assuming a density of states with s, p, and d 
contributions, but energy-independent. This approach, 
although not perfect, was an improvement compared to 
available applications (see, for example, Refs. [31] and 
[32]) that considered only an s-character, also energy-in- 
dependent DOS. These descriptions of the contacts were 
finally improved by calculating at DFT level, the DOS of 
a metallic system extended using periodic boundary 
conditions (vide i n f r a~ . ' ~~ '  

From the molecular Green function. the transmission 
function (TF), which is the sum of the transmission 
probabilities of all channels (MOs) available at energy E, 
is obtained, as described by Eq. 3, and the current is 



Molecular Electronics: Analysis and Design of Switchable and Programmable Devices Using Ab Initio Methods 2083 

obtained from Eq. 4,[251 where f i  is the Fermi-Dirac 
function for a voltage V, at contact i (V=V2-V,). 

Bloch functions built Yk(r) by using s, p and d Gaussian 
functions, as can be observed in Eq. 6. 

As a first approximation, the experimental work func- 
tion of the metal making the contact, - 5.31 eV for Au, 
was used for some calculations of neutral systems.r341 In 
previous ~ o r k s , [ ~ ' , ~ ~ ]  this value was also used to study the 
anions. An average of the highest occupied molecular 
orbital (HOMO)-lowest unoccupied molecular orbital 
(LUMO) midgap energy from several neutral organic 
molecules attached to Au atoms yielded an energy of 
-5.2 eV, which is in excellent agreement with the ex- 
perimental work function of Au. However, the midgap 
average energy for the single anions and dianions is 
- 1.55 and 0.88 eV, respectively. The HOMO and LUMO 
energies obtained from DFT is an approximation (with a 
minus sign) of the ionization potential and the electron 
affinity of the molecule, respectively. Thus it is not sur- 
prising that both energies are higher (in absolute value) for 
anions than for neutral; however, this situation will not 
reflect the position of the HOMO-LUMO gap (HLG) 
relative to the metal Fermi level. This shift in position of 
the HLG, which was not considered in our original model, 
was later accounted for to estimate the electrical char- 
acteristics of the anion and dianion. 

The density of states (DOS) is also obtained from the 
Green function formalism,[251 as shown by Eq. 5.  

A full description of this procedure is published else- 
where,r291 where more detailed information and useful 
references can be found. 

Ab initio calculations for crystals 
and extended systems 

 CRYSTAL-^^'^^] is used to study the metallic contacts 
within the linear combination of atomic orbital approx- 
imations. Macroscopic properties (band structure, DOS, 
etc.) are obtained by reproducing the unit cell to infinite, 
following the rules of the corresponding crystal structure. 
CRYSTAL-98 is a suite of programs that can calculate the 
electronic structure, total energy, and wave functions, in- 
cluding its band structure, density of states, electron 
charge distribution, electron momentum distribution, 
Compton profile, Mulliken charges, electrostatic poten- 
tials, and X-ray structure factorsr371 by using a DFT ap- 
proach for periodic systems."8' The basis set expands the 

The electron density of the N-electron system'381 is 
given by Eq. 7, where 8 is the Heaviside step function, and 
~ ~ ( k )  is the eigenvalue of the ith crystalline orbital. EF is 
the Fermi energy. 

Occupied bands 

~ ( r )  = 1 dk ~cki(')~e(&F - & i ( k ) )  
Brillouin zone 

1 

(7) 

The Bloch functions described above are used to ex- 
pand the crystalline orbitals that are linear combinations 
of atom-centered Gaussian-type functions, qki(r). The 
coefficients for the linear expansion are adjusted such 
that (pki(r) are the solutions of the one-particle equations 
(Eq. 8 ) 9  

hi~ki(r) = &ki(~ki(~) 
(8) 

where is the single particle Hamiltonian operator shown 
in Eq. 9, which includes the contributions from kinetic, 
external potential, Coulomb, and exchange-correlation 
potential operators, respectively. 

The exchange-correlation operator is expanded in a 
basis of Gaussian-type functions, as seen in Eq. 10, where 
g is the cell (vectors) containing the jth basis function 
centered at the atomic position sj. 

This integral is solved analytically because the ex- 
change-correlation potential is expanded with Gaussian 
auxiliary basis functions, G,(r); thus the integral is 
transformed into a linear combination of integrals of the 
form given by Eq. 11, which is solved only once then 
stored for subsequent use. 

At each step, the coefficients are recalculated so the 
exchange-correlation potential fits the analytic form that 
depends on the charge density. In addition, the exchange 
potential is calculated by using the Hartree-Fock pre- 
scription, yielding a fully nonlocal functional, and when 
combined with the PW91 correlation functional, yields 
one of the so-called hybrid functionals. We use the hybrid 
functional approach with the gradient-corrected PW91 
 functional^^'^^ for the correlation potential together with 
the SBKJC VDZ ECP (8s 8p 6d)/[4s 4p 3d][397401 ECP and 
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basis set. The Au bulk is treated as an infinite periodic 
system with face centered cubic (fcc) crystalline structure, 
thus realistic density of states for a metal is obtained to 
construct the Green function for the contacts. 

Tools for Molecular Calculations 

This section describes tools employing the ab initio based 
techniques described in the last section. 

Nonlinear circuit solver 

Recently, an algorithm able to calculate the current- 
voltage characteristics of combinations of single mole- 
cules has been developed.[61 In general, the algorithm is 
able to determine all possible solutions of an electrical 
circuit with devices having highly nonlinear character- 
istics, such as negative differential resistance or resonant 
tunneling. The solutions to these circuits are multivalued 
functions, which cannot be obtained with the traditional 
programs to solve electrical circuits. 

The D m ,  GF, and their combination, DFT-GF, pro- 
vide quantitative information needed for the design and 
testing of programmable molecular circuits. Once the 
molecule is characterized, the I-V curve is used as the 
device characteristic. The analysis is systematically ap- 
plied branch by branch, such as sweeping a suitable range 
of currents and determining all compatible voltages from 
the I-V of the device in the branch, then all possible 
voltage drops in the branch (each configuring one possible 
state) are determined by combining voltage drops on 
each device. 

The method does not scale very well at this stage of 
development; the scaling depends on the number of so- 
lutions for each branch and the number of branches. 
However, this method can systematically solve any 
combination of molecular devices irrespective of the 
particular I-V characteristic and provide all possible 
solutions; this feature is not available in any current 
software for circuit solution. 

Interpretation using molecular orbitals 

A powerful technique for the analysis of molecular cir- 
cuits, i.e., the use of the quantum chemistry techniques, 
including MOs and their energies, as indexes for the es- 
timation of electron transport was recently introduced into 
the field of molecular  electronic^.'^^'^^'^^^ Delocalized 
MOs are expected to provide a more suitable path for 
electron transport, because they simultaneously connect 
the molecule to the metallic atoms at both ends. Thus 
analyzing MO qualitative predictions on how easy it is for 
a molecule to conduct electrons can be inferred. MOs can 

explain, without calculating the currents, the behavior of 
several oligomers and the effect of their substituents. 
Furthermore, using MOs can identify groups in the mol- 
ecule responsible for a particular observed behavior, in- 
formation that can be used in the design of new molecular 
devices; for instance, using them to explain the electrical 
behavior of n-conjugated organic molecules resembling a 
resonant tunneling diode.12*] 

Fig. 1 shows some of the conformations studied using 
D m .  The HOMO-LUMO gap (HLG) energy for planar 
and rotated n-conjugated organic molecules is reported in 
this figure at the bottom of the corresponding case. Cal- 
culations were extended to include gold clusters at both 
ends of these molecules. This work determined the 
mechanism of operation of the molecular resonant tun- 
neling diode (MRTD),"~] where the electron transport 
occurs through the lowest unoccupied molecular orbital 
and so the shape of the LUMO determines the transport 
characteristics of the molecule presenting negative dif- 
ferential resistance (NDR). These analyses explained 
qualitatively'281 the peak found experimentally at 2.1 V at 
a temperature of 60 K , [ ~ ' ]  and explained the observed 
reduction in peak voltage as temperature increases. One of 
the key findings of this research is that Seminario and 
Derosa analyzed single molecules providing the effect of 
amplification.[421 Subsequently, electronic transport was 
fully investigated, and it was concluded that the molecular 
chemical potential determines the conduction barrier, and 
that the molecule becomes charged as the external po- 
tential increases.["] In earlier studies, Seminario et a1.[281 
were able to explain the nonlinear character of the cur- 
rent-voltage (I-V) characteristic of the molecule and its 
temperature dependence. 

The effect of the bias voltage on the electron 
transmission of a molecular device, negative 
differential resistance 

A bias voltage applied to a molecule attached to metallic 
contacts has two effects. On one hand, it changes the 
Fermi level in the contacts; electrons lower their energy 
on the positive electrode and increase their energy in the 
negative electrode and, as a result, electrons are available 
on the negatively polarized contact at energies for which 
empty states are available in the positive electrode. If 
these electrons find a delocalized molecular level that 
connects both ends, electron transport occurs. On the other 
hand, the electric field created across the molecule affects 
MOs and can change not only their energy, but also the 
degree of localization; thus a MO that is localized at zero 
voltage may become delocalized by the electric field and 
vice versa. 

One of the most interesting effects observed in 
some of the molecules studied is the negative differential 
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Fig. 1 LUMO plots, HLG energies (in eV), and torsion angles (7) for the optimized neutral and for the vertical and adiabatic structures 
of the anions. Only one LUMO is shown if the vertical and adiabatic shapes are similar. (See Ref. [28] for further details.)" Only vertical 
HLG is shown because the structure becomes planar during the optimization. (View this art in color at www.dekker.com.) 

resistance (NDR). NDR means negative slope in the I-V 
curve. NDR can occur for two main reasons. One is 
charge or conformational-induced NDR; at a given 
voltage, the molecule can become charged, or change its 
structure such that current decreases after the voltage is 
increased. The other, intrinsic NDR, is produced by a 
change in the molecular electronic structure that reduces 
the electron transport capabilities of the MOs involved in 

conduction. Intrinsic NDR cannot be predicted if a bias 
voltage is not included in the calculations and cannot be 
predicted if the correct chemistry of the molecule is not 
considered. The current is calculated via Eq. 4 (in the 
section "Green functions"), where T, the transmission 
function, would only depend on E if a field is not ap- 
plied to the molecule to account for the effect of the 
voltage. In such a case, V only enters in the Fermi 
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Fig. 2 Current-voltage of the neutrals (blue), anions (red), and dianions (green) for 1 (continuous lines) and 2 (dashed lines). (View 
this art in color at www.dekker.com.) 

factors that control the "window"; as a consequence, 
the current can only monotonically increase with V,  and 
NDR would not be predicted. 

Fig. 2 shows the current-vs.-voltage curve for two test 
molecules; both molecules have three benzene rings 
separated by a C-C triple bond group. Molecule 1 (NO2 
in Fig. 2) has two nitro groups as substituents in the 
central ring; molecule 2 (NH2) has one nitro and one 
amino group in the central ring. We used density func- 
tional theory (DFT) calculations to explain the electrical 
behavior of these n-conjugated organic molecules with 
current-voltage characteristics resembling a resonant 
tunneling diode.[331 

Considering the behavior of the neutral of these 
molecules (blue curve solid and dotted, respectively, for 1 
and 2), intrinsic NDR is observed for 2 at around 1.3 V, 
while no NDR is observed for 1. Fig. 3 shows the trans- 

mission function at voltages relevant for the observed 
NDR effect. The NDR is observed between 1 and 1.5 V; 
the integration range to obtain the current at 1 V is from 
- 5.8 1 to - 4.8 1 eV (Fig. 3 and Eq. 3). and from - 6.06 
and - 4.56 eV for 1.5 V. 

For 2, a peak in the TF observed between -6.06 and 
- 5.81 eV increases in height and approximately main- 
tains its width when the voltage rises from 1 to 1.3 V 
(position of the NDR peak). Then the area below TF 
decreases considerably as the voltage increases further, 
thus explaining the decrease in the current (NDR). No 
similar effect is observed for 1. This effect would have 
gone unnoticed if an electrical field had not been con- 
sidered; the observed effect on the TF is entirely attrib- 
utable to the changes in the molecular electronic structure 
(changes in MO localization and energy) due to the effect 
of an external field. 

Transmission Function (IIeV) 
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Transmission Function (IIeV) 

Fig. 3 Transmission function vs. energy of incoming electrons at several bias voltages for the neutral of 1 and 2. (Adapted from 
Ref. [33].) (View this art in color at www.dekker.com.) 
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The need to implement the present methods is attribut- 
able to the impossibility of using simple model barriers 
able to represent the potential of small molecules acting on 
the conducting electrons. There are two ways that NDR and 
RT can be obtained from a single molecule. 1) The first is 
by charging the molecule or changing its geometry. Be- 
cause the ion of a molecule has totally different char- 
acteristics than its neutral, charging a molecule is equi- 
valent to substituting a molecule for another in the circuit. 
2) Changing the shape of a molecule, for instance, by ro- 
tating a ring with respect to the other, which will very likely 
change the electron transport characteristics of molecule 2 
via the intrinsic resonant tunneling (IRT) inherent to most 
molecular systems. The former yields sharp changes in the 
currents, and the latter yields smoother and symmetric 
curves, such as those in a typical resonance case. 

Molecular electrostatic potentials 

Molecular electrostatic potential (MEP) is another im- 
portant piece of information needed to understand the 
electronic properties of molecules. Areas of the molecule 
with specific properties (such as electron donation or 
electron-withdrawing capabilities) can be easily identified 
from an MEP map; this information is extremely useful in 
understanding molecular interactions and in molecular 
design. With MEPs, the well-exploited electronic con- 
figuration analysis is able to accurately explain a 
switching experiment,'431 complementing the conclusions 
drawn by experimentalists, with a further explanation that 
include concepts and all the factors influencing the 
switching of the molecule, and raising research goals for 
subsequent experiments. 

MEP does not show a smooth behavior across the 
molecule. For instance, when a bias voltage is applied, 

the voltage profile shows a complicated topology, which 
is very different from monotonous decrease that is 
expected from simple linear or bilinear devices. An ex- 
ample of an MEP profile across a molecule is shown in 
Fig. 4. Fig. 4a shows the MEP profile across a single 
benzene ring at 2 A above the benzene plane, while b) 
and c) are two different views of the MEP topology when 
a bias potential of 2 V is applied across the molecule. 
This picture dramatically changes the idea that molecules 
are simple barriers, and indicates that more precise 
studies should be performed to properly describe electron 
transport properties in molecules. 

Tour et a1.'44,451 have also theoretically determined 
the first precise electrostatic potential profile obtained 
on a single molecule in the presence of an external 
potential source. 

Seminario and Derosa have heavily investigated the 
behavior of benzene rings substituted with nitro and amine 
groups. It has been already determined that these groups 
render the negative ions of the ring stable with respect to 
the neutral state of the same molecule, thus they are able 
to exist as single, stable molecules. In addition, for some 
of these molecules, electron transport characteristics are 
different for the anion than for the neutral state. If this is 
the case, these molecules are able to behave by themselves 
as memory devices. Our calculations indicate that some of 
these molecules are able to store a second electron when 
bonded to metallic atoms.128333,351 The main advantage of 
this behavior for molecular electronics is that these 
molecules present storage characteristics at three levels 
(charge=O, - 1, and - 2 ) ,  therefore they could behave as 
devices without the need for a control gate because we 
have one extra state available forming a two-terminal, 
three-state device that could be substituted for a three- 
terminal, two-state 

Fig. 4 Molecular electrostatic potential profile at 2 A above the molecular plane. a) No voltage applied across the molecule; b) 
side view of the MEP profile when 2 V are applied across the molecule; c) like b) but from a different view angle: view of the MEP 
profile showing the distribution on the plane. (View this art in color at www.dekker.com.) 
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APPLICATIONS of the molecule with respect to the metal tips has a strong 
effect on the charge transfer process. 

The following discussion reviews several applications of 
the tools and techniques described above. 

NDR and Memory 

DFT-Based I-V Calculations 

As a preliminary approach to calculating the I-V charac- 
teristic of single molecules, a purely ab initio approach for 
the calculation of molecular current-voltage character- 
istics was developed.[171 

This method only uses molecular calculations to esti- 
mate the I-V through a molecule, thus formulating a new 
prescription can obtain current-voltage characteristics via 
the use of precise quantum chemistry techniques. As 
shown by the results in Fig. 5, the agreement of calcula- 
tions["] with the experiments on single molecules['1 is 
very encouraging. Fig. 5 shows results labeled as Au-S- 
(p-C6H4)-S-Au to be within the two experimental curves 
expl and exp2. This technique does not require any ex- 
perimental feedback to predict the I-V characteristics. In 
addition, these studies have determined that the position 

Distance (i) 

Some molecules have been found to present a particular 
response, such as NDR, to an applied voltage. This simply 
means that above a certain voltage, the current through the 
device decreases when the applied voltage increases. It is 
e ~ ~ e r i m e n t a l l ~ [ ~ ' , ~ ~ ~  and known the 
nitroamine molecule 1 shows a strong negative differential 
resistance; its I-V is characterized by a threshold at low 
voltage, followed by a steady and pronounced increase in 
the current until it reaches a maximum, then it sharply 
decreases. The steady increase in current is partly attrib- 
utable to the increase in the TF of the neutral molecule, but 
is mainly a result of a simultaneous charge of the molecule 
to - I .  The current for the negative ion is relatively small 
compared to the corresponding current that could be ob- 
tained with the neutral state; however, this is in qualitative 
agreement with the experiment where only 1 nA is obtained 
at the peak of the curve through -- 1000 molecules. The 

0 I 2 3 4 5 

Applied voltage (volts) 

I 

I 
~u-(pC6H4)-Au 

J 
k Au-Xe-Au 

Fig. 5 Panels (a) and (b) show electron densities along parallel axes to the molecule (Au-Xe-Au) axis at 1.5 and 3 A, respectively. 
Cases when the external applied field is able to transfer one electron from the Au atom on the right side of the junction to the Au atom 
on the left side are shown. (c) Molecular I(V) characteristics. expl and exp2 correspond to the experimentally determined values of I(V). 
(Adapted from Ref. [17].) (View this art in color at www.dekker.com.) 
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sharp drop observed in the experiment is attributable to a 
second electron charging the molecule, and yielding a 
current lower than the currents for neutral and anion as 
shown in Fig. 2. These characteristics, together with the 
fact that the presence of Au atoms stabilizes the first two 
anions, make this molecule suitable for use as a memory 
device. Based on experimental  observation^,'^'.^^^ the 
molecule probably charges with one electron at a voltage 
between 0.5 and 1.5 V, and most likely one electron is 
stored at a voltage closer to 0.5 V as a result of the 
position of the LUMO (Fig. 6), which is accessible for 
conduction at a bias voltage of 0.6 V, while the second 
electron is stored at a voltage closer to 1.5 V. 

A bias voltage charges (writes) the neutral, and a pulse 
below 0.5 V allows reading the state of the molecule 
without altering its charge state-thus the "memory" can 
be read. If uncharged, the molecule will be in a low im- 
pedance state; but if charged, it will be in a high imped- 
ance state. The predicted position of the NDR peak is not 
exactly identical to the experimental observation, proba- 
bly because of temperature effectsrz8] that we had not 
considered, and the fact that the experimental setting 
corresponds to a statistical average of ca. 1000 molecules 
in parallel. 

Molecule 2 (dinitro) had not been experimentally 
tested (to the best of our knowledge); therefore, its char- 
acteristics were inferred from this study. Its anion and 
dianion were also predicted to be stable against electron 
ejection. If we assume that the molecule remains un- 
charged for low voltages, a threshold for conduction is 
observed. The LUMO of this molecule is accessible for 
conduction of electrons from the metal contacts at bias 

0 5 10 15 20 25 30 35 
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voltage of 2V, thus this molecule will not become charged 
for lower bias voltages. The storage of one electron in this 
molecule yields a sharp increase of current. If another 
electron is stored, a sharp decrease takes place. 

NDR is expected in the dinitro molecule, although 
with a different mechanism than for the nitroamine. Un- 
like the latter, a range of voltages might be predicted in 
which the dinitro molecule is in a high conductance state, 
rather than just a peak. As a result, charged and uncharged 
states can be easily identified. The dinitro molecule 
can also perform as memory device. Its neutral shows 
high impedance, while its single ion shows low imped- 
ance. A read pulse should be lower than 2 V, the con- 
ductance of the neutral and the single charged state are 
perceptibly different in that range, and the applied voltage 
is insufficient to charge the molecule if it is uncharged. 
However, if the write pulse is large enough to doubly 
charge the molecule, an ambiguity can result, because 
both neutral and double charge states of the molecule 
show high impedance. 

The nitro groups are known to be electron-withdraw- 
ing groups; therefore, when the dinitro is connected to 
macroscopic tips, electrons are available in the contact 
flow and could charge the molecule even without an 
applied voltage, resulting in a current-voltage character- 
istic that is different from what is expected for the neutral. 
High conductance is expected at low voltages, with a 
sudden drop when a second electron is stored. This 
molecule is stable under the ejection of the second 
electron, thus keeping the charge until it is forced to dis- 
charge. A voltage pulse of more than 2 V writes a non- 
conducting state in the molecule, and a low voltage pulse 
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Fig. 6 Density of states (a) and transmission function (b) for the neutral of 1 (blue) and 2 (red). The position of EF, i.e., the interface 
between the occupied and unoccupied levels, is a 5.31 eV (light blue). (Adapted from Ref. [33].) (View this art in color at 
www.dekker.com.) 
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Fig. 7 Demonstration of molecular gain in a thiotolane system. 
(View this art in color at www.dekker.com.) 

will read the molecule statically, i.e., without changing its 
charge state. 

Molecular Gain 

An interesting manifestation of molecular gain was dis- 
covered,[481 and later calculated by using high levels of 
theoryr421 considering two different modes of operation of a 
single molecule with two phenyl rings. The relative posi- 
tion of these rings, perpendicularsr parallel with respect to 
each other, determines the magnitude of the impedance. 

The observed rotational barrier for this molecule is 
about 0.05 eV, which is the energy needed to shift from 
the parallel conformation to the perpendicular one. 
However, when such a shift occurs, the HLG increases to 
0.85 eV-in other words, by investing 0.05 eV, the 

transmission barrier can be changed to 0.85 eV, which 
corresponds to an amplification factor of 17. 

Another important finding of this calculation is the 
switching capabilities of this molecule, the coplanar 
conformation present an impedance of -50 KO at 1 V, 
whereas for the perpendicular conformation, the imped- 
ance is almost 3 MQ, i.e., -60 times greater (Fig. 7). 

Fig. 7 shows the I-V for both conformations, the planar 
and rotated conformations. The solid line corresponds to 
the I-V obtained after the application of an electric field to 
the molecule, the dotted line represents the zero-field 
approximation, i.e., the Hamiltonian at zero bias is used 
for the entire voltage range. No significant difference 
between the two approaches is observed for this molecule 
up to 1 V. Thus the zero-field approximation, unlike that 
for other molecules, works fairly well here. 

Conducting and Insulating 
Molecular Devices 

Seminario et  demonstrated that molecules of 
nanometer sizes could still be characterized as low- and 
high-impedance devices by using quantum ab initio 
techniques. Low-impedance and high-impedance devices 
are needed as building blocks for circuits and systems in 
molecular electronics. Small alkanes and polyyne chains 
with o and x bonding, respectively, yield a high-low 
impedance relation of 2 orders of magnitude for changes 
of 1 nm in length, of 3 orders of magnitude for changes 
of 1.3 nm in length, and with exponential growth after 
0.9 nm. A substantial difference between polyynes and 
alkanes was observed at small lengths; this difference is 
unpredictable from what is known about the larger chains. 
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Fig. 8 Variation of the current in the alkanes and polyynes. (View this art in color at www.dekker.~.om.) 
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The current in the alkanes is relatively low compared with 
the current in the polyynes. The current in the polyynes 
increases linearly with the voltage, as shown in Fig. 8, but 
it does not change too much with the size of the polyyne. 

On the other hand, the current through the alkanes is 
smaller and it decreases very rapidly with the number of C 
atoms in the chain. Fig. 8 also shows, in logarithmic scale, 
the current at 1 V for all cases. While polyynes do not 
show a significant change with the size of the chain, the 
current through alkanes decreases rapidly and almost ex- 
ponentially for the larger alkanes. 

A Programmable Diode 

In searching for new possible molecular devices, Derosa 
et al.'501 studied the molecule depicted in Fig. 9, the mole- 
cule 3-nitro-2-(3'-nitro-2'-ethynylpyridine)-5-pyridinethi- 
01 (DNDP) has two pyridine rings with a nitro group each 
in a meta position with respect to theN atom in the pyri- 
dine. The two rings are separated by a phenylene group. 
The neutral state of this molecule has a stable configura- 
tion for which the rings are almost perpendicular to each 
other (- 87'). 

To the best of the author's knowledge, this molecule is 
the only six-member-rings-based molecule separated by 
phenylene groups that presents a stable configuration for 
which the rings are not coplanar. Even more interesting, 
the anion and dianion for the DNDP are coplanar, thus the 
same molecule has a stable state with planar and non- 
planar conformations. Fig. 10 depicts a comparison with 
other similar molecules: a) is the DNDP, b) shows the 
same molecule but without the nitro groups, i.e. two 
pyridine rings separated by a phenylene, c) shows a 
molecule similar to DNDP but with two phenylene rings 
instead of pyridines, and d) shows the tolane. The only 
case where the rings are not parallel is a), the DNDP. 

Fig. 9 The dinitro dipyridine molecule. Neutral (left), anion 
(center), and dianion (right) are shown. Au, C, H, N, and 0 
atoms are green, gray, white, blue, and red respectively. (View 
this art in color at www.dekker.com.) 

Fig. 10 Comparison between related molecules, all of them 
consisting of two six-member rings separated by a phenylene 
group: a) both rings are pyridines and each has a nitro group, b) 
both rings are pyridines, c) both rings are phenyls and each has 
a nitro group, d) a tolane molecule. Au, C, H, N, and 0 atoms 
are green, gray, white, blue, and red respectively. (View this art 
in color at www.dekker.com.) 

Provided the anion (or the dianion) are low impedance 
states, a molecule with this characteristic is desirable as a 
controllable switch-in which switching can be achieved 
by controlling the charge or the conformation in the 
molecule. It can also be used as a memory device when 
connected to two contacts-the molecule can be written 
by using an external field to control the relative rotation of 
the rings; this is possible because the presence of the nitro 
group gives the rings a dipole moment that will interact 
with the external field. To write a zero, we need to induce 
the noncoplanar conformation; to write a one, we need to 
force the rings to be coplanar and the molecule will grab a 
charge from the contacts because it is energetically fa- 
vorable. To read the molecule, we need to sense its current 
by attaching the molecule ends to contacts: high imped- 
ance means zero (rings noncoplanar and the molecule is 
neutral), low impedance means one (rings coplanar, and 
the molecule is ionized). Alternatively, this molecule can 
be a nanoactuator, if we control the charge state; we can 
induce rotation by charging or discharging the molecule. 

The I-V for this molecule was calculated by attaching 
two Au atoms on one end to a S atom, and attaching 
another two Au atoms to the other end, directly bonded to 
the pyridine ring. The I-V curves are shown in Fig. 11, as 
expected, the neutral is a poor conductor while the anion 
and dianion conduct very well for positive bias ("+" on 
the vapor deposited end-top in the figure, and " - " on the 
self-assembly end) and poorly for negative bias. The 
different nature of the contacts provides this system with 
an even more attractive application-it can work as a 
programmable diode; it will behave as a diode if charged, 
but it can be turned off if we uncharge the molecule. 

The idea of using an external field to induce switching 
was not born with this molecule, molecules with three 
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Fig. 11 Current-vs.-voltage curves for the neutral (black), anion (orange), and dianion (blue). The inset shows details at the low 
voltage range. (View this art in color at www.dekker.com.) 

phenyl rings were modified by attaching substituents to 
give this central ring a finite dipole moment to interact 
with the external field.[41.511 Switches based on this idea 
are schematically represented in Fig. 12. 

Metal Alligator Clip Interactions 

Several works were devoted to understand the nature of 
the molecule-contact interface, and several other models 
have been proposed.[23952-571 Through the characterization 
of different metallic contacts as they interact with the 
molecular device through different alligator clips, it was 
demonstrated that the best alligator clip corresponds to S, 
which is, however, not much better than the isonitryl (NC) 

TYPE l 

alligator clip. It was predicted that the best metal for the 
metal-molecule interface corresponds to Pd, followed by 
Ni and Pt. Cu can be considered intermediate, and the 
worst cases correspond to Au and Ag (Fig. 13). 

The impact of this study has been accepted at several 
research environments, including experimental ones, in 
which Pd and Pt have been considered as main sub- 
stituents for Au, the metal that had been extensively used 
as contact for many nanotechnology approaches.1581 

A benzene ring bonded through a S or CN group to six 
different metallic atoms (Ni, Cu, Pd, Ag, Au, and Pt) 
at each end was fully studied. The I-V curves were 
compared with each other, and conclusions were drawn 
about the best cl ipmetal  combination. For this particular 

TYPE II 

Fig. 12 Complementary molecular field effect transistors (CMolFETs): The current through molecules is controlled by an external 
electric field able to rotate the central part of the molecule. To perform an electronic function, complementary types of molecules are 
required: Type I are ON when no field is applied and OFF when a field is applied, whereas the opposite takes place for type I1 molecules. 
(View this art in color at www.dekker.com.) 
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Fig. 13 The study of the molecule-contact interfaces provided 
information about the best way to interconnect molecular systems. 
(View this art in color at www.dekker.com.) 

calculation, no electric field was applied to the molecule, 
and complementary calculations indicated that frontier 
MOs of a single benzene ring are hardly affected by the 
external field, thus unimportant differences would have 
been found if a field had been applied. 

The Metal-Molecule Interface 

Derosa and Seminario also provided the theoretical proof 
that solved a controversial issue for both experimentalists 
and theoreticians, which involved the metal-molecule 
interface geometry.[29."' They demonstrated through the 
geometrical optimization of different systems that the 
interaction between the clip and the gold surface is 
achieved through only one Au atom, rather than through 
two or three Au atoms, i.e., S tends to bond to one Au 
atom only. The system analyzed was a single benzene ring 
attached through a S clip to Au atoms (we considered 
from one Au atom to five Au atoms). Benzene was chosen 
because it represents the end group of many molecules 
very commonly used for molecular electronics, a series of 
phenyl-based oligomers, and provided an insight into the 
nature of the metal-molecule interface on a self-assem- 
bled monolayer, and the metal-molecule interface on a 
vapor-deposited metal from ab initio D F T . ~ ' ~ ]  The anal- 
ysis is based on the ability of the Kohn-Sham MOs to 
determine the electron transport characteristics of single 
molecules when they are attached to metallic contacts. 
The geometry optimization performed for all the studied 
systems used a high-accuracy convergence criterion, and 
one of the best tradeoffs between precision and cost. 
Furthermore, the theoretical results reasonably reproduce 
available experimental evidence. 

The self-assembly process consists of the deposition of 
the molecules over a Au surface; thus, the metallic surface 
suffers minimal perturbations by the presence of the de- 
posited structure. Accordingly, results show that the in- 
teraction between the clip and the gold surface is achieved 

through only one Au atom, rather than through two cr 
three Au atoms. We predicted a S-Au bond of ~ 2 . 4 5  A 
and a C-S-Au of N 105". Considering S in a hollow site 
attached to three Au atoms in the exact center of the tri- 
angle, it is not compatible with the geometry we pre- 
dicted; if S-Au is 2.45 A, then the angle C-S-Au is 137' 
(Au-Au distance in a crystal is 2.88 A). On the other hand, 
if the angle C-S-Au is considered 105", in agreement with 
our predictions, then the S-Au distance should be -- 1.7 A. 
Either way, we end up with a very high strain configu- 
ration, thus a very unstable bond, which is incompatible 
with the experimental finding that S is a good clip to 
attach organic molecules to metal surfaces. S, even when 
it can be above a triangle of Au atoms, cannot be in the 
center but mainly attached to one of the Au atoms. In 
short, even if S is above a triangle of three metal atoms, it 
will not be in the bare center, but closer to one of the 
atoms in the triangle; such a Au atom is the one with the 
highest interaction with the S alligator clip. In some cases, 
the S clip is bonded to two Au atoms; however, the 
structure becomes energetically less favorable. 

Charge Effect on the Contacts 

In a study of the dinitro and nitroamine molecule, Semi- 
nario et a1.l"' determined that all the charge transferred 
from the Au atoms to the molecule is taken from the Au 
directly connected to the phenyl ring, and almost no 
charge is taken from or added to the Au bonded to the S. 
Therefore, there will be substantial differences when S 
connects the molecule to the Au atoms at both ends. A 
calculation of nitroamine molecule, but with two Au 
atoms in the upper ring instead of one, yields a total 
charge of 0.38 in the two Au atoms. When three Au atoms 
are connected at each end of the molecule, the S-Au3 
group at the S end is neutral, while the Au3 group at the 
other end bears a total charge of 0.48. This structure has 
two Au atoms directly connected to the S on one end, and 
one Au atom connected to the aryl ring on the other end. 
On the S side, the Au atom not directly connected to S has 
a charge of -0.2, while the S is positive by the same 
amount. The Au atoms directly attached to the S are 
neutral. On the other end, the Au directly attached to the C 
in the ring holds almost all the charge at that end (+0.46), 
while the other two Au are almost neutral. This indicates 
that, even when each nitro group can store up to half an 
electron, the molecule only takes less than half an electron 
from the contact with no S. When the nitroamine and the 
dinitro molecules are charged, part of the charge is stored 
in the Au atoms rather than in the molecule. For dianions, 
almost one electron for the dinitro and over one electron 
for the nitroamine are stored in the Au atoms, plus the 
sulfur. The fact that the Au atoms adsorb part of the 
charge does not imply that the molecule cannot become 
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charged with two electrons; in fact, there is no definite 
limit in the real system where we can distinguish the 
molecule from the contacts. Certainly, the few first Au 
atoms making contact to the molecule have to be con- 
sidered part of the molecule. Most of the charge trans- 
ferred to the molecule comes from the Au atoms directly 
attached to the upper ring, irrespective of how many Au 
atoms are directly connected to the upper ring, or whether 
there are other Au atoms connected to them. Indepen- 
dently of how the molecule is connected to Au, the 
amount of charge in the molecule is half of an electron. 
The Au atoms attached to the upper ring are positive, and 
compensate the charge in the rest of the molecule. Even if 
the molecule is not intrinsically charged at 0 V, it can be 
easily precharged before its use by applying a bias volt- 
age, and therefore this molecule can operate in another 
mode with two charge states, - 1 and - 2. 

Geometry Effects of the Metallic Contacts 

To make sure that a more detailed representation of the 
interface geometry does not strongly affect the electrical 
characteristics of the molecule, the original geometry in 
the dinitro and nitroamine molecules, described in the 
previous sections, was modified by adding one H atom 
bonded to the C on the vapor deposited end and two more 
Au atoms on the self-assemble monolayer (SAM) side, 
such that the S atom is on a hollow site of three Au atoms. 
The geometries for Au-(2'-nitro-4-ethynylphenyl-4'- 
ethynylphenyl-5'-nitro-1-benzenethio1ate)-Au3 (1") and 
Au-(2'-amino-4-ethynylphenyl-4'-ethynylphenyl-5'-nitro- 
1-benzenethio1ate)-Au3 ( 2 )  were partially optimized in 
the following manner: one Au atom is placed randomly 
close to a fully optimized benzene ring; then the calcu- 
lation runs until a local minimum is obtained and it is 
confirmed by a second derivative calculation of the en- 

ergy. This full benzene ring plus Au atom system is 
substituted into the molecules. This forms molecules that 
are most likely more realistic than those used before. For 
the S-ended side of the molecule, a triad of Au atoms is 
optimized and an S atom is placed on the hollow site and 
optimized with a constraint of C3" symmetry. Such a 
structure is unstable, thus the constraint is needed to 
represent a possible (1 11) surface hollow site of an Au 
crystal. Next, a benzene ring is attached to the S of the 
Au3S system, keeping the Au3S base fixed and letting the 
benzene ring to reach its most stable configuration with 
respect to the Au3S system. 

The addition of a C-H bond to the system does not 
change the frontier MOs or those around them, as shown 
in Fig. 14. Therefore electrical characteristics, such as the 
I-V curve, are not affected. As long as the electronic 
structure around the Fermi level is the same, drastic 
changes in the geometry of the system only slightly affect 
the results. The metal geometry at the interface may add 
impedance, but the main features, such as NDR, are 
mostly governed by the molecular conformation in the 
central ring. This is supported by experiments, which 
show good reproducibility in the electrical characteristics 
when measuring several samples of the same molecule. It 
is expected that the geometry of the vapor deposited Au is 
different from sample to sample; however, results are 
reproducible as shown in Ref. [46] On the other hand, it 
has been shown that the shape of the I-V curves changes 
radically when the substituents in the central ring, which 
are those that strongly modify the frontier MOs, are 
changed. The substituents determine the nature of the 
molecular device. Thus the contacts do not affect the main 
characteristic of the device. Conduction is practically at- 
tributable to antibonding orbitals, rather than bonding 
ones, which are much more stable and much lower in 
energy than the Fermi energy of the metallic contacts. 
Neither the H bonded to a C nor the addition of more Au 

Fig. 14 MOs of 1 and 1" showing the effects of adding one H and two Au atoms to 1. (a) LUMO+3 of 1 and HOMO of I", (b) HOMO 
of 1 and I", (c) LUMO of 1 and 1". (Adapted from Ref [33].) (View this art in color at www.dekker.com.) 



Molecular Electronics: Analysis and Design of Switchable and Programmable Devices Using Ab Initio Methods 2095 

atoms contribute to the main channels of conduction 
through the molecule, because they only contribute with 
very stable bonding or very unstable antibonding MOs, all 
of them well localized. Nevertheless, the presence of the 
C-H or C-Au bonds provides marked and contrasting 
suggestions on how the contacts were created. A cleavage 
of the C-H bond could lead to strong damage of the 
nanopore, and this is certainly of paramount importance 
for a study of metal vapor deposition. On the other hand, 
the addition of more gold atoms simply increases the 
number of localized MOs, but they do not contribute to 
electron conduction. 

Although the correct geometry in the experiment is 
unknown, the authors believe that the geometry with the S 
symmetrically centered on a hollow site, sometimes used 
in theoretical calculations, is chemically and physically 
impossible. This assertion is based on experimental['] 
information and theoretical calculations,[291 which deter- 
mine that S should be bonded to just one Au atom. Notice 
that constraining the geometry is the only way a S atom 
can be kept in the geometric center of Au triangle-thus 
confirming our affirmation that this geometry is not re- 
alistic. The extended nature of the surface may not be 
really relevant because the attachment of the molecule to 
the surface is strongly dominated by local effects. Even 
assuming that the SAM was performed on a perfect (1 11) 
surface, there is evidence that the angles are the correct 
ones. For instance, an angle of 107" is reported for the 
bond angle of Au-S-C when alkanes are used.'601 This is 
in agreement with calculations yielding 102" in a slightly 
different environment. There is experimental evidence 
indicating that the metal-S-C angle is 104",'~'] which 
agrees with the theoretical predictions described in this 
section. Angles on the order of 150" are certainly a 
possibility, but they yield substantially less stable struc- 
tures as observed experimentally[60' and theoretically.[291 

In summary, interpreting that S is in a hollow site 
might lead to confusion. The fact is that S does not po- 
sition itself symmetrically above the center of an Au3 
triangle. The geometry suggested in this section is com- 
patible and in perfect agreement with the experimental 
findings that S is on a hollow site. However, the S atom 
does not remain at the center of the triad. We assume two 
possible and realistic bond angles for S, 90" and 100°, 
connecting an oligomer chain, thus making a tilt angle of 
30" with the normal to the surface, as is already estab- 
lished experimentally for some alkanes.[60'621 

Search for Minimum Molecular 
Programmable Units 

Molecular electronics can be developed if we are able 
to program a RANDOM arrangement of molecules or a 

field programmable molecular random array. Preliminary 
simulations have shown that programming this molecular 
arrays is possible;[63-651 however, schemes for imple- 
menting these programming techniques still need to be 
realized and that starts by characterizing the smallest 
molecular system with programmable features. Present 
programs for the calculation of current-voltage char- 
acteristics of electronic circuits, needed for such demon- 
strations, are only able to predict single-valued char- 
acteristics. A procedure exists to incorporate molecular 
physics procedures with a practical analysis of molecular 
circuits having strong n~nlinearities.'~' The highly non- 
linear current-voltage (I-V) characteristics shown by 
some molecules open up a complete new set of possibili- 
ties for operational circuits. However, the engineering 
design becomes more complex and new approaches should 
be developed because traditional tools for circuit analysis 
are prepared to deal mostly with linear components. 
Combinations of nonlinear systems yield circuits with 
multivalued characteristics. Thus determining all the 
possible states of the circuits is of fundamental importance 
to characterize operational modes defined as set of states 
allowed under normal operation. A special signal, usually 
large in magnitude, above a threshold, can be used to drive 
this system from one operational mode to another. This 
flexibility allows more than one I-Vcurve for each device, 
facilitating the programming of molecular circuits. 

The first step in the design flow of moletronics systems 
is to determine the electrical properties of single mole- 
cules. Theoretical methods allow scientists to study sys- 
tems comprising a molecular system interconnected by 
small metal clusters. Triangular patterns made of gold 
clusters interconnecting molecules are expected to be the 
building blocks of moletronics functional units, for which 
all of their possible functional states need to be charac- 
terized. The analysis of possible configurations allowed 
by self-assembly procedures needs to be performed to find 
possible programmable units. When programmable mo- 
lecular units of a given geometrical structure are found, 
the candidate molecule goes through the simulation loop 
until the simulated system yields programmable char- 
acteristics, otherwise the molecule is discarded and an- 
other, with different I-V characteristics, is chosen. 
Molecules with highly nonlinear current-voltage (I-V) 
curves are preferred because of their ability to create 
switchable states. The simulation loop, looking for a 
programmable molecular unit, begins with the proposal of 
new single molecular devices and their characterization 
utilizing ab initio principles. The next step is the charac- 
terization of simple combinations of series and parallel 
circuits of a few units, then functional units can be stud- 
ied. These minimum programmable units are then com- 
bined in larger circuits with more versatility, leading to 
field programmable molecular random arrays.[651 
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Fig. 15 Design of configurable random molecular logic units. (View this art in color at www.dekker.com.) 

Testbed for Molecular Architectures 

Having made a considerable effort to characterize the 
molecular device, a design paradigm for molecular elec- 
tronics is simulated to demonstrate that clusters of devices 
showing negative differential molecular impedance can be 
used as minimum programmable These mo- 
lecular-scale resonant tunneling devices show features of 
multiple-valued logic and memory. The plausibility of 
programmability of minimum molecular units arranged in 
triangular structures, which are similar to the ( I  1 1 )  surface 
of a face centered cubic crystal, are shown in Fig. 15. In 
general, minimum units can be used as multivalue logic 

Input, output, and control signals can be 
used to program the molefabric to a specific function, 
which can be accomplished by using artificial intelligence 
techniques such as neural networks and evolutionary 
techniques. Future work is needed to test other individual 
molecules until an optimum molecule, with adequate I-V 
characteristics, is found for an efficient learning process of 
the molefabric. 

CONCLUSION 

The field of moletronics is certainly exciting. Modem 
semiconductor devices are already facing complications 

with further size reduction, and are now forced to consider 
quantum mechanical effects as transistor sizes become 
increasingly smaller. It is believed that the semiconductor 
industry will soon hit a practical device size limit, and at 
that point, it will be necessary to pursue alternate com- 
puting strategies to further reduce size and power con- 
sumption, while providing increased computing power. 
Moletronics is one such alternative. Because molecules 
are on the nanometer scale, using them as electrical 
switches will provide an innate reduction in size, and the 
high molecular densities that can be achieved should lead 
to increased computing power. However, it is not expec- 
ted that moletronics will replace conventional electronics; 
rather, it will complement it. The small molecular size 
also introduces many difficulties that must be overcome 
before moletronic devices can become a reality. 

In this article, we have discussed the methods used to 
calculate the electronic and electron transport properties 
of moletronic systems with programmability character- 
istics, as well as some applications of these methods. 
Theoretical results showed excellent consistency with 
experiments and explained experimental phenomena that 
were observed prior to these simulations, and recently 
theory was also able to predict experimental outcomes 
before the actual experiment were performed. This pre- 
dictive capability enables molecular simulations to actu- 
ally design molecular components and recommend to 
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experimentalists the most appropriate systems to be test- 
ed. Finally, the search for minimum molecular prograrn- 
mable units and how these units may be used for 
computing purposes were discussed to explain the analy- 
sis and design flow of molecular devices. 
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INTRODUCTION 

The ability to intentionally manipulate three-dimensional 
(3-D) irregular-shaped matter with atomic precision, 
abiding to physical laws, is considered as one of the ul- 
timate goals of nanoscience and engineering. Nature 
has given us a vast assortment of biological molecular 
machines that demonstrate the viability of this goal, in- 
cluding, among others, the ribosome (which can translate 
mRNA instructions into proteins) and kinesin, an enzyme 
that acts as a molecular motor which pulls things toward 
the outer reaches of the cell. In nerve cells, it is kinesin 
that pulls vesicles or other cellular materials from the cell 
body to the nerve endings. These biological systems are 
primarily "application-specific molecular machines." 
They are not universal assemblers that could, in principle, 
be used in a programmable fashion to perform alternate 
functions at the molecular level. Self-replicating pro- 
grammable manufacturing systems able to arrange atoms 
for multiple "applications" would require a universal 
assembler with an appropriate end-effector and a cor- 
responding controller. The scope of this entry explores 
design criteria for such a universal assembler (Fig. 1). 

This article reviews the literature on the creation of 
nanometer-scale spatial positioners, from a kinematic and 
dynamic standpoint, as one of the basic building blocks 
for an atomic-scale manipulator (to arrange differently 
functionalized molecular building blocks into a lattice or 
any other nanometer-scale object in a specified and 
complex pattern, it is necessary to introduce positional 
control). The development of theoretical criteria for the 
design of reduced constrained dynamic complexity of a 
nanoscale positioning device (nanomanipulator), based on 
the equations of motion (EOM) for spatial serially artic- 
ulated rigid multibodies, is presented in this article. By 
using a rigid-body semiclassical mechanics approach, it is 
shown how dynamic complexities, such as coupling and 
nonlinearities introduced by high-speed operation, com- 
plicate the control task and deteriorate performance. The 
first section of the article introduces the reader to appro- 
priate state space forms of the EOM for a serially coupled 
set of rigid bodies using internal coordinates. This allows 
a compact mathematical description of the problem at 
hand and exposes the intended solution by permitting 
concise physical insight. The second section develops the 

complete set of EOM for both the Newton-Euler and 
Lagrange-Euler formulations. From the state space 
equivalence of both methods, the EOM are then expressed 
as a function of the articulated body inertia operator for 
the multibody, leading to a highly dependent form of the 
EOM on this operator. The internal matrix structure of the 
articulated body inertia is then revealed. The third section 
presents the analysis that leads to a reduced set of EOM 
from the structural simplification of the articulated body 
inertia matrix and develops the general kinematics and 
mass distribution criteria for doing so. From the resulting 
analysis, a set of compliant manipulator configurations 
that could, in principle, be built from carbon nanotubes, 
linked by direct-driven rotational molecular joints, is 
shown. Finally, the last section concludes on the obtained 
results and describes current and future work. 

NEED FOR A UNIVERSAL 
MOLECULAR ASSEMBLER 

Today, atomic force microscopy (AFM) provides capa- 
bilities that allow scientist to characterize matter at the 
nanometer-scale (e.g., electrically, mechanically, and 
chemically) while correlating it to structure.[" But per- 
haps its most notable capability is that of allowing 
the manipulation of nanometer-scale objects efficiently on 
2-D surfaces,[*." making it possible to explore substrate- 
sample  interaction^'^' or the creation of devices incorpo- 
rating nanometer-scale objects.[51 Atomic force micros- 
copy is indeed an important tool for the study of 
nanodevices, but as impressive as it may be, it is not likely 
to become the type of atomic manipulator expected to 
permit the aforementioned goal, leading to the shift in 
paradigm proposed by molecular manufacturing: bottom- 
up atomic-scale construction. For this, a new set of 
devices is required to allow for atomic level manipulation 
in 3-D space, autonomous/commanded self-replication, 
nanometer/submicrometer-scale size, increased spatial 
dexterity, and higher operational energy efficiency, 
among others. 

Currently proposed nanoscale molecular devices in- 
herit their design, for the most part, from macroscopic 
counterparts.[6771 Little regard is taken to consider atomic- 
scale effects (in particular, nonbonded interactions or the 
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Positional device I I (:;:E:r:) I 
Fig. 1 Universal molecular assembler. 

discrete nature of the atoms spherical contact surfaces[61) 
other than mere static structural stability of the molecular 
components or the undesired dynamic properties being 
ported from the macroscopic systems to the nanoscale that 
increase controller complexities and, in some cases, im- 
pose serious constraints on performance. Nanometer-scale 
manipulator designs tend to favor particular character- 
istics (e.g., force magnitude at the end-effector or 
stretching stiffness-refer to Fig. 2) while sacrificing 
other properties that are also fundamental at the nano- 
scale, such as dexterity (for molecular obstacle avoidance), 
reachable workspace, or operational speed, among others. 

New Approach 

This article is concerned with the theoretical criteria for 
the design of a nanoscale positioning device (nanoma- 
nipulator), based on the equations of motion (EOM) for 
spatial serially articulated rigid multibodies, in particular, 
by using a rigid-body semiclassical mechanics approach. 
The resulting equations for the corresponding micro- 
canonical or canonical ensembles make it evident that the 

key operator affecting the complexity of the EOM is the 
articulated body inertia of the system. 

This entry analyzes the necessary conditions under 
which the spatial articulated body inertia operator for the 
system can be made decoupled (diagonal) and configu- 
ration-invariant (independent of joint coordinates). Sim- 
plifying its structure via design, by considering the 
kinematics and mass distribution of the system, proves to 
be a major advantage for reducing the complexity of the 
forward dynamics solution (used in molecular simula- 
tions) and the inverse dynamics solution (used in the de- 
sign of appropriate controllers). The proposed devices are 
presumed to be fully actuated; that is, joint motion 
depends on an individual actuator, located directly or re- 
motely on the joint origin. 

Although some research has been devoted in the past to 
highly speculative designs and c o n ~ e ~ t s . [ ~ ' ~ " ~ ]  some with 
adequate functionality (evaluated via molecular simula- 
tions using first principles), it is worth pointing out that 
advances into the design of robust modular mechano- 
synthesis nanodevices are still very limited. This work 
provides a new direction in this quest by proposing novel 
designs for a positioning device for molecular mechano- 
synthesis with high dexterity, large workspace (ratio to 
manipulator size), and improved dynamic performance at 
high speed that could, in principle, be synthesized from 
modular self-assembled parts. Furthermore, the proposed 
designs can be actuated at the corresponding joints by 
existing polymeric muscles at the nanometer scale. It is 
assumed that arbitrary positioning of atoms in 3-D space 
requires at least 3 degrees of freedom, while that of 
complex macromolecules requires a minimum of 6 degrees 
of freedom to account for the added complexity of arbi- 
trary orientation of manipulated bodies. 

Fig. 2 Nanometer scale Stewart platform manipulator (left picture-8OK.E. Drexler, Institute of Molecular Manufacturing-http:N 
www.imm.org) and macroscopic commercial counterpart (right picture-by Physik Instrumente GmbH). Both designs trade off 
controllability (highly coupled designs that limit speed), dexterity (useful in obstacle avoidance), and reachable workspace for 
higher payload. (View this art in color at www.dekker.com.) 
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Fig. 3 Rigid body (atomic clusters) molecular system repre- 
sentation. (View this art in color at www.dekker.com.) 

The approach presented here considers a semiclassical 
dynamics formulation of the constrained EOM for a serial 
set of articulated rigid molecular bodies, analogous in 
structure to a human manipulator arm. The notion of rigid 
body is employed at the molecular level in the context of 
clusters of atoms (refer to Fig. 3) that make up the primary 
components of the nanoscale positioning device (e.g., a 
single atom, a phenyl ring, an alpha helix, or even an 
entire protein domain). In turn, the notion of constrained 
dynamics comes from introducing constraints on molec- 
ular structural properties such as bond lengths and bond 
angles to shift focus onto the dihedrals that distinguish 
conformations, in this way reducing the number of atomic 
degrees of freedom (DOF). 

Consequently, the description and analysis of the mo- 
lecular system are simplified without loosing nanoscale 
properties, and the real-time requirements for control 
or simulation of the device are significantly reduced 
(intracluster motions are neglected). Articulated motion 
comes from clusters interconnected via hinges or joints. 
Joints do not have to be bonded atomically as shown in 
Fig. 3. 

STATE SPACE REPRESENTATION OF THE 
EQUATIONS OF MOTION 

Assume that the state of the system is known and defined 
by the collection of generalized coordinates (Q, Q, Q) 
corresponding to effective joint positions, velocities, and 
accelerations, respectively. Furthermore, assume that the 
mass distribution of each rigid element of the multibody 
is completely characterized, given a localized center of 
mass and a known inertia tensor. It then follows that for a 

constrained molecular dynamics model, the EOM under 
Newton's formulation are represented in state space as 

where F denotes the vector of generalized forces (e.g., 
torques) applied at the joint, N are any other conservative 
forces (e.g., potential) acting on each generalized coor- 
dinate, M denotes the articulated body inertia matrix, and 
C denotes the nonlinear velocity-dependent terms of force 
(e.g., Coriolis, centrifugal, and gyroscopic forces). Solv- 
ing Eq. 1 leads to a direct calculation of joint actuator 
forces required for the system to follow a specific spatial 
trajectory. On the other hand, the dynamics of motion are 
obtained by solving Eq. 1 for effective joint accelerations, 

This article explores the dependence of both Eqs. 1 and 2 
on the articulated body inertia operator M and particular 
forms of this operator that lead to reduced complexities in 
both the inverse and forward dynamics solutions expres- 
sed above. 

Canonical Ensemble 

Standard Newtonian dynamics leads to conservation of total 
energy along a motion trajectory; thus the collection of 
points for this type of molecular dynamics (MD) describes a 
microcanonical ensemble (NVE: number of particles, vol- 
ume, and energy are conserved). To deal with normal ex- 
perimental conditions, it is necessary to add contact with a 
heat bath at constant temperature. An appropriate ensemble 
to simulate these conditions (NVT and NPT) is the canonical 
ensemble. The corresponding extensions to support a 
canonical ensemble were carried out by NOSC["' and 
~ o o v e r ' ' ~ '  for Cartesian dynamics. Nos6 introduced an ad- 
ditional time-scaling variable, andits conjugate momentum, 
into the system to represent its interaction with the heat bath. 
The resulting EOM drive the velocity changes with time 
which, in turn, drive the changes in thermal energy (kinetic), 
leading to its proper canonical description. However, Nost's 
EOM involve virtual time, which implies unequal time steps 
in real time. This is inconvenient for the analysis of dynamic 
properties of the system (e.g., Fast Fourier Transform 
(FFT)), so Hoover proposed transforming the Nos6 EOM 
into real variables. A concise form of the Hoover dynamics 
EOM follows, 

where @fb is the sum of gradients of the nonbond and 
external potentials @ with respect to Cartesian coordinates 
and 5 denotes the baths friction coefficient. For simulation 
purposes, the friction coefficient, (, is integrated for 
each time step using a modified leap frog verlet from the 
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relation between the ratio of instantaneous temperature to 
bath temperature and the timescale of relaxation of the 
bath  variable^."^' 

It should be noted that Eq. 3 has the same form as that 
for the microcanonical ensemble (Eq. I), except that it 
includes one additional term: a friction term as a result of 
the atomic interaction with a heat bath. 

The Articulated Body Inertia Using 
Spatial Operator Algebra 

This section presents an overview of the development of 
the EOM for a serial chain multibody (Fig. 3) using spatial 
operator algebra. For additional detail on spatial algebra in 
multibody dynamics, see Refs. [14] and [15]. From the 
equivalence between the Newtonian and Lagrangian for- 
mulations, a particular form of the EOM is found to ex- 
press the nonlinear velocity-dependent terms in C (Eq. 1) 
as a function of the articulated body inertia of the system, 
M. This form of the EOM conduces to a straightforward 
explanation of why altering the structure of M,  by design, 
is critical for the dynamic complexity of the system. 

Spatial Transformations 

To operate and manipulate 6-D physical quantities on a 
common coordinate reference frame, 6-D spatial trans- 
formation operators are required. For any generic 3-D 
distance vector from point 1 to point 2, t1,2, the translation 
operator is defined as 

where 

is the skew symmetric equivalent to the vector cross 
product and U is the 3-D identity matrix. 

To simplify notation, a coordinate free form repre- 
sentation of the EOM is adopted, hence the orientation 
transformation is not made explicit. For an actual imple- 
mentation of the solution, such an operator is required. 

Newton-Euler Formulation 

Assuming a base to tip propagation of kinematic param- 
eters (refer to Fig. 3), the spatial (translational and rota- 
tional components stacked in a single 6-D operator) 
velocities (V), from body i= 1. . .n, are expressed as 

where Hi denotes the projection matrix onto the joint (i) 
DOF. Differentiating with respect to time results in the 
spatial accelerations (v), 

A reverse (or downward) propagation from body i = n. . . 1 
of the spatial forces follows to complete the EOM, 

where the spatial inertia matrix for body i, 1 ~ ~ 9 l ~ ~ ~ ,  is 
obtained from the scalar mass and the moments of inertia 
with respect to a point of interest on the body. Boundary 
conditions are set accordingly for the type of base 
(floatinglfixed) and for the existence of external forces. 
Assuming for body i a mass mi and a tensor of inertia Ji,c, 
about its center of mass, cm, the spatial inertia operator is 
defined as 

It then follows from the parallel axis theorem that the 
spatial inertia of the body about the hinge origin, Oi, 1; is 
given by 

Finally, spatial forces are projected onto the DOF of each 
joint to obtain the effective forces, 

By assuming, for notational simplicity, that EOM are 
found at the center of mass and by defining higher level 
physical operators as follows, 
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Solving for spatial velocities in Eq. 13 

P  = 

where 

- 
U 0 0 . . .  0 - 

- Pn, n - I U 0 . . .  0 

0 - P , - , . , - z  u . . .  0 

0 0 . . .  - ~ 2 . 1  U -  - 

Because pT-' (upper triangular) is nilpotent, P:,,' = 0, 
then pT I = P-IT .  For simplicity, let p = P  ', then, 

(12) 

where rn is the number of DOF per joint and U is the 6-D 
identity matrix. Then, Eqs. 6-8 and 11 are rewritten in 
indexless spatial notation. 

From the above equation, it follows that the manipulator 
Jacobian (J), relating the joint state with the end-effector 
position and orientation, is given by 

J = pTH (17) 

In turn, spatial accelerations are written as follows, 

v = + pTHQ + P ~ H Q  (18) 

and the spatial forces expressed with respect to joint origin, 

PF = IV + IV - SIV (19) 

Solving for spatial forces, 

and from projecting onto the axes of motion from Eq. 11, 
the effective forces are obtained, 

F = H ~ P [ ~ V  + IV - SIV] (21) 

Replacing Eqs. 14 and 18 in Eq. 21, 

F  = H T p [ i p T H ~  + z [ p T ~ Q  + pTHQ 

+ pTHQ] - S I ~ ~ H Q ]  

Grouping terms of Q and Q, 

Recognizing that Eq. 23 is equivalent, in state space, to 
Eq. 1, then the articulated body inertia operator for the 
system is given by 

Clearly, M is strictly dependent only on the kinematics 
and mass distribution of the multibody. Note that it can 
also be written in terms of the manipulator Jacobian, 
from Eq. 17 

The nonlinear-dependent (quadratic in velocity) terms 
(Coriolis, centrifugal, and gyroscopic) in Eq. 23 are 
extracted as 

Lagrange-Euler Formulation 

Using the same operators already found, we will express 
the EOM in terms of the Lagrangian operator, L=T-U, 
where T is the kinetic energy and U is the potential energy. 

The kinetic energy of the serial multibody 

The kinetic energy for the entire system is the sum of the 
kinetic energy of each of the links, equivalent to 

This can be expressed in simplified spatial form from 
the higher level operators in Eqs. 12 and 16, using the 
above equation, 
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From Eq. 18, it then follows that the kinetic energy is 
given as a function of M by 

From Eqs. 29-31, the first term in Eq. 33 is given by 

The potential energy of the serial multibody 

On the other hand, the first partial derivative of the 
Lagrangian operator with respect to joint variables is 

The potential energy of each link is a function of the 
geometry of the manipulator. Let hi(Q) be the height of the 
center of mass of the ith link (position of the center of 
mass opposing the direction of gravity). The total poten- 
tial energy for the manipulator is given by the sum of 
contributions from each link: 

dL 1 aMkj(Q) . . we)  
QkQ, - - 

dQ j.k = 1 aQi 

Subtracting Eq. 36 from Eq. 35 results in the EOM. 
Because the potential energy is dependent only on Q, 
these are not expanded (our interest lays on nonlinear 
velocity-dependent terms) 

where mi is the mass of the ith link and g is the gravita- 
tional constant. For simplicity, the systems potential en- 
ergy is denoted in spatial notation as 

No gravity pull is assumed at the nanoscale. 
The Lagrangian operator for the serial articulated 

multibody is then written as 
This is expressed in higher-level spatial operators as 

Yang and ~ z e n ~ [ ' ~ ]  proposed a simple method to "lin- 
earize" serial chain robot manipulators based on the 
Lagrange-Euler formulation. The method consists of 
eliminating by design the terms in T and U that depend on 
joint coordinate variables. By doing so, differentiation of 
both kinetic and potential energy leads to complete in- 
dependence of the EOM on joint rates (velocity-dependent 
terms) for simple manipulators of up to 3 DOF and sim- 
plified dynamics for higher DOF. Nonetheless, the 
resulting configurations are still joint-coupled. 

Applying variational principles to the Lagrangian op- 
erator results in the Lagrange-Euler dynamic EOM, 

where MQ corresponds to the partial derivative of M 
with respect to joint variables. Mi, in Eq. 37 can be 
expanded in terms of partial derivatives to yield 

Rewriting Eq. 37 using the above result yields 

where Fi represents the spatial forces acting on the 
ith joint. 

It will be convenient to express the kinetic energy as 
a sum, 

From Eq. 37, the nonlinear velocity-dependent terms are 
given by 
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By inspection, Eq. 37 is equivalent in state space to 
Eq. 1. It must then follow that Eq. 41 -Eq. 26, 

The proof of this equality is reached in a straightforward 
manner from the time derivatives of the spatial operators. 

The key issue here is noting the dependence of F on M  
in Eq. 40. By doing so, the following can be said about 
simplifying the complexity of F via careful structural 
design of the multibody. 

1. Obtaining a decoupled form of the articulated body 
inertia operator (i.e., a diagonalized form of it) elim- 
inates joint actuator interactions. 

2.  Obtaining a configuration-invariant form of the artic- 
ulated body inertia operator eliminates the dependence 
of M  on joint coordinates (Q), hence nonlinear ve- 
locity-dependent terms in the EOM (C)  vanish, except 
nonbonded potential components and friction term. 

STRUCTURAL SIMPLIFICATIONS ON M 
THAT LEAD TO SIMPLIFIED 
CONSTRAINED DYNAMICS 

The existence of a diagonalized composite body inertia 
form for serially articulated rigid-body spatial manip- 
ulators can be proven given that the representing mass 
operator for the system defines a metric ten~or. ' '~ '  If this 
tensor is made to be metric Euclidean (i.e., with constant 
coefficients) by design, based on kinematic and mass 
distribution characteristics, then its configuration manifold 
is flat and the associated curvature tensor vanishes[211 (i.e., 
global diagonalizing transformation exists). 

where R is the curvature tensor of M, Rhijk is the 
corresponding n(n+ 1)/2 Riemannian symbols of the first 

kind,[I8' and the quantities 

[G. k]  and { i }  

are the Christoffel symbols of the first and second kind,[18] 
respectively, which are computed from the corresponding 
first derivatives of the mass matrix operator with respect to 
the joint angles. 

On the other hand, the existence of a configuration- 
invariant form of the articulated body inertia can be proven 
and the corresponding criteria can be derived when the 
first-order partial derivative of the corresponding metric 
tensor with respect to joint coordinates vanishes (MQ = O), 

where the matrix H ;  is the 6n x 6n matrix whose elements 
are all zero, except for the 6 x 6 block corresponding to the 
Hi at the ith location on the diagonal. The index i  corre- 
sponds to the joint-angle Qi with respect to which the 
sensitivity derivative of the mass matrix MQ is being taken. 

An alternate approach comes from the structure of M. 
By analytically determining the joint coordinate-de- 
pendent terms in M  and explicitly eliminating these, or 
inducing their constancy, through design criteria, config- 
uration invariance can be achieved. Additionally, the off- 
diagonal terms in M can be explicitly removed by design. 
Expanding the spatial operator form of M, found in Eq. 24, 
into its diagonal and off-diagonal components leads to 

For a serial chain, M is symmetric positive definite, then, 
M ~ , ~ = M $ ,  j<i. Clearly, Eq. 45 cannot be null because of 
the principal moments of inertia. 

Structural Manipulator Building Blocks 

Simple two DOF cases can serve as building blocks for 
more complex articulated multibodies. For 2 DOF arms 
with open kinematic chain structure, the articulated body 
inertia cannot be decoupled unless the joint axes are or- 
thogonal to each other (refer to Fig. 4). Possible mass 
distribution properties for decoupledness assuming joints 
with a rotational single degree of freedom, r as the dis- 
tance vector between the two joints, bi as the direction 
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Fig. 4 Schematic of two rotational DOF arm and correspond- 
ing kinematic and mass parameters (cylinders indicate rotating 
joint). 

cosines of the joint axes (zi as the joint axis), and a tensor 
of inertia given by 

are shown in Fig. 5. 
For arms with open kinematic chain structure, the ar- 

ticulated body inertia can only be invariant iff one of the 
conditions expressed in Fig. 6 or Fig. 7 is met. 

The necessary and sufficient conditions for a 2 DOF 
open kinematic chain structure and mass distribution to 
possess a decoupled and invariant articulated body inertia 
are given in Fig. 8. For higher DOF, the above 2 DOF 
cases can be used as building blocks. On the other hand, 
one way to relax the orthogonality condition for decou- 
pling is to relocate the actuators to reduce the reaction 
torques exerted by an actuator. The above configurations 
assume actuators acting directly on each joint, hence re- 
action torques are present. From the conditions for 
decoupling, it can be deduced that decoupling the inertia 
tensor for more than 2 degrees of freedom requires 
modification of the structure of the arm mechanism. This 
was also demonstrated by Asada and ~ o u c e f - ~ o u m i [ ~ ~ '  
and ~ o u c e f - ~ o u m i ' ~ ~ ~  for macroscopic manipulators with 
fixed base. Fig. 8 shows a possible 4 DOF multibar spatial 
mechanism configuration that can be controlled in a single 
plane (fixed waist rotation during motion of e2, e3. and 04) 

Fig. 5 Decoupled configurations resulting from Fig. 4. 

Fig. 6 Invariant configurations resulting from Fig. 4. 

with full decoupled and invariant inertia. The rotation of 
any link is a result of 1 and only 1 actuator [i.e., 0,(1,4,6), 
&(2,5,8), 61(3,7,9)1. 

Thermal Noise and Positional 
Variance (Uncertainty) 

Thermal noise at the molecular level affects the positional 
accuracy. One of the key issues in achieving good posi- 
tional accuracy at the nanoscale is controlling temperature 
or conversely controlling the structural stiffness of the 
elements that make up the manipulator. The latter is 
preferred, given the need to operate these nanodevices at 
room temperature. Because the presented designs have 
bending forces applied to their structural elements, we 
wish to evaluate their stiffness with respect to deflection 
of their ends as a consequence of thermal noise. 

This has been shown by Ref. [I91 from classical sta- 
tistical mechanics. Let the probability density function for 
one position coordinate of a particle, say x, subject to the 
potential energy function V(x) be fx(x). 

fxk)  = 
exp[ - V(x)/kBT] 

(48) 

J :  e x  - V ( X ) / ~ B T I &  

where kg= 1.38 x J/K is the Boltzmann constant and 
T is the temperature. From the potential energy for a 
simple case, say the harmonic potential. 

it is shown that the probability density function is 
Gaussian: 
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I = I  = I  = o  
V TY "I x: r~ = 0 

= MDZ + 
= Iyz = 0 
Dr, = 1, 

Fig. 7 Decoupled and/or invariant configurations resulting 
from Fig. 4. 

Yielding the classical 
(=standard deviation 
ment =RMS positional 

kB T a' = - 
f~ 

value for the positional variance 
squared = mean square displace- 
error squared), 

showing clearly that thermal noise can be controlled by 
decreasing the temperature T or by increasing the re- 
storing force fR (measured by the stiffness k,). 

The positional uncertainty in quantum statistical me- 
chanics for a harmonic oscillator shows that "quantum 
effects" do not pose a fundamental problem either, 

Describing the frequency, w ,  in terms of the mechanical 
parameters ( o  = @) leads to 

Applying Eq. 51 to a cylindrical rod of radius r, length L, 
and traverse stiffness given by 

where E is the material's Young modulus (e.g., E = 1012 
Pa for diamond), we can deduce that the positional error 
squared is given as 

For a rod at room temperature (300 K) of E = 10" ~ / m ~  
(diamond), r = 8 nm, and L = 50 nm, the RMS positional 
error is a = 0.007 nm, much less than an atomic diameter. 
For the quantum mechanical version in Eq. 53, positional 
variance is again acceptable. 

Single-wall carbon nanotubes (SWCN) are good can- 
didates as structural elements. In general, diarnondoid 
structures area favored for nanomechanical systems be- 
cause of their fundamental physical properties (strength 
and stiffness, among others). 

Consequently, the structural elements that make up 
the manipulator must be chosen according to the sys- 
tems kinematics and the calculated positional error of 
the end-effector. A simple kinematic analysis shows the 
calculation of the RMS positional error at the end-ef- 
fector as a function of the propagation of deflections of 
the composing structural elements because of thermal 
noise. Using the cylindrical rods defined previously as 
structural elements for the kinematic configuration 
found in Fig. 8, and assuming an equal positional var- 
iance in all Cartesian coordinates, the worst-case RMS 
positional error of the manipulator's end-effector can 
be computed from Eq. 16 for a joint differential change 
on all 4 degrees of freedom. Using Denavit-Harten- 
berg's (DH) convention for coordinate frame assignment 
and parameterization,[221 the Jacobian for such a con- 
figuration can be computed algebraically from the kin- 
ematics equations, 

where 

'4- 
cos 0, - cos ai sin Qi sin cq sin Qi a; cos di 

cos a; cos Qi - sin ai cos di ai sin di 

= Iyi sin a; cos a, di 
0 0 1 I 

(57) 

where ai and di represent the Cartesian distance between 
joint axes i and i- 1, cr; is the angle between adjacent 
joint axis, di is the ith joint angle, and T4! represents the 
orientation and position of the end-effector with respect 
to the inertial reference frame. 

Fig. 8 Four DOF decoupled and invariant inertia manipulator 
for simultaneous motions involving (View this art in color 
at www.dekker.com.) 
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Table 1 Denavit-hartenberg parameters for the manipulator 
shown in Fig. 8 

ai (rad) ai (nm) Oi (rad) di (nm) 

where n, o ,  and a represent the 3-D vectors associated 
with the orientation of the manipulators' end-effector 
with respect to the inertial frame x, y, and z and p 
represents the position of the end-effector with respect 
to the same reference frame. For this particular con- 
figuration, the DH parameters are given in Table 1. 

The Jacobian can then be calculated from the col- 
umn vectors that relate the differential Cartesian change 
of the end-effector with the differential change in each 

Solving Eq. 16 for V ,  the maximum end-effector dif- 
ferential translational deviation in any given coordinate 
is 0.028 nm (still less than an atomic diameter). This 
does not account for the additional error introduced by 
joint backlash. 

CONCLUSION 

Two and three DOF configurations with movable base are 
currently being designed at the molecular level, from 
modular parts (carbon nanotubes). Decoupled inertia is 
achievable for manipulators of up to 3 DOF, via structural 
redesign of the serial chain, while configuration-invariant 
inertia is manageable for higher DOF systems. These 
results become the basis for designing manipulators 

with reduced complexity dynamics, improved stability, 
and controllability, given that 1) for a hypothetical 
fully decoupled system, the dynamic control equations 
could then be computed under strict parallelism in O(1) 
with O(n) processors using a single input single output 
(SISO) controller (given precomputation of @ib) and/or 2) 
for a configuration-invariant system, the computation 
of the inverse mass matrix does not need to be ex- 
plicitly addressed at every control/integration time step. 
Having both conditions met results in the following 
simplified EOM, 

Q = M - ' [ F  - @P - ~ M Q ]  (61) 

where M is diagonal and can be precalculated only once. 
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INTRODUCTION 

Although the biophysical and biochemical properties of 
motor proteins have been well studied, only recently have 
attempts been made to develop them as mechanical com- 
ponents in hybrid nanoengineered systems.'14' The motor 
protein F1-ATPase is the smallest rotary motor known and 
can generate forces compatible with currently producible 
nanomechanical structures; we have previously fabricated 
and operated hybrid organic-inorganic nanodevices pow- 
ered by FI-ATPase (Fig. 1).14' Control of device activity is 
a critical aspect in the engineering and deployment of in- 
tegrated nanomachines. There are a variety of possible 
control mechanisms, including mechanical, optical, elec- 
trical, and chemical. We have previously implemented 
chemical controls into F ~ - A T P ~ S ~ . [ ~ '  These controls fol- 
lowed from the design and construction of allosteric metal- 
binding sites that constituted a reversible and repeatable 
odoff switch of motor activity which was demonstrated in 
the bulk and at the single molecule level. For biomolecular 
motor-powered hybrid devices to fully realize their po- 
tential, progressing beyond scientific experiments and 
low-functioning curiosities, the devices and device com- 
ponents should be entirely reimagined from an engineer- 
ing perspective. Development of a library of controls 
acting directly on motor proteins, their fuel, the compo- 
nents interfaced with them, or a combination of all of these 
will be highly useful toward increasing the utility, appli- 
cability, and range of operation of engineered biomotors. 

In this article, we will address these issues, describing the 
results of current research in which control of mechanical 
proteins incorporated into hybrid devices has been address- 
ed for the first time. We will also discuss our recent work 
in which chemical controls were incorporated into the 
FI-ATPase, able to reversibly start and stop the mechanical 
motion at the single molecule level. We will conclude with 
an outlook of the field as a whole and future directions. 

MECHANISMS AND STRATEGIES FOR 
CONTROL OF MOTOR PROTEINS 

The F1-ATPase is a biomolecular rotary motor deriving its 
mechanical energy from the hydrolysis of ATP. The 

loaded motor has been measured at the single molecule 
level to generate a constant torque of -40 pN nm while 
operating at high (50-100%) efficiency.'637' The no-load 
rotational velocity of F1-ATPase has been measured to be 
over 7800 rpm.[81 In addition, genetic modification of F1- 
ATPase has allowed the precise (sub-50 nm) positioning 
of single FI-ATPase molecules on engineered nanofabri- 
cated substrates of nickel-capped posts.[4391 Such advanta- 
geous natural and engineered characteristics of F1-ATPase 
make it an ideal candidate for precision orientation and 
attachment to nanomechanical  structure^.'^^'^^"^ 

Potential applications of devices using the FI-ATPase 
and other motor proteins are currently limited because of 
the lack of control over the motor motion. The capability 
of the motor to reversibly turn on and off in response to an 
external signal represents an important first step in 
rational and useful device design for the next generation 
of biomolecular devices. Motor activity must be directed 
for device manipulation and efficient use of fuel. In nat- 
ural biological systems such as the cell, thousands of 
proteins work interdependently, regulating themselves 
and others to ensure that the cell can adapt to changing 
external conditions, wasting no resources and ensuring 
that essential functions are carried out. These natural 
biological control mechanisms of proteins and protein 
complexes regulate their function in response to a variety 
of external stimuli: chemical, thermal, and mechanical, 
among others. 

Commonly occurring natural controls include confor- 
mational changes in some proteins occurring in certain 
ranges of pH or ionic strength. These shape changes can 
alter the catalytic or hydrolytic activity of the protein, 
slow it down, or affect its interactions with other proteins. 
These conformational changes can also be induced 
through the application of electric fields. The advantages 
of engineering these kinds of responses in motor protein- 
based hybrid devices draw upon the capability of micro- 
and nanoelectromechanica1 systems, MEMS and NEMS, 
fabrication to place arrays of electrodes at arbitrary po- 
sitions on a substrate surface. Electric fields produced by 
such electrodes would give the power to individually ad- 
dress single motors. Electrical control has been shown to 
exist naturally in the family of porins. Porins are pore 
proteins that transport water and other solutes across cell 
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Fig. 1 Depiction of the hybrid nanodevice constructed 
previously.'41 Electron beam lithography was used to construct 
50-nm Ni-capped SiOz posts on which individual 10 x His- 
tagged FI-ATPase motors were mounted. Ni rods, 75 x 750 nm, 
were linked to the rotor of the motor through a peptidetbiotid 
streptavididbiotin bond. Upon addition of ATP, the rods were 
observed to rotate using conventional optical microscopy. (View 
this art in color at www.dekker.com.) 

membranes, controlling concentration-dependent proper- 
ties such as osmolarity and acidity. Some porins have been 
shown to open and close physically in response to an ap- 
plied voltage, a shape change that activates and deactivates 
the proteins' transporting ability.112-141 These shape 
changes are a result of charged or polar groups in the 
protein responding to an external electric field and, on a 
small scale, occur in every ligand-receptor binding event. 
It may be possible to engineer similar responses on other 
proteins using polar or charged residues to enhance these 
responses. Proteins not containing the necessary functional 
groups to respond to the applied fields can be engineered 
to contain the groups or to further tune their response, 
much in the same way as the chemical binding sites dis- 
cussed above were created. Electrical control mechanisms 
have the promise of addressability, control of activity, and 
easy interfacing with external instrumentation. 

Motor activity can also be controlled without changing 
the protein conformation. Attachment of cargo presenting 
variable loads resulting from viscous, electric, or magnetic 
forces will result in a change of the motor speed for mo- 
lecular motors with constant torque output, such as F , -  
ATPase. Although this will not be possible in every case, 
it is a powerful and flexible method of motor control. Any 
moving part attached to the motor, if susceptible to an 
external field, may be used to increase controllably the 
drag force experienced by the motor. Work by Noji 
et a ~ . [ ' ~ ]  have used this principle to study the rotation 
characteristics of FI-ATPase. In these experiments, mag- 
netic beads were attached to F1-ATPase motors lying on a 
substrate while observed by optical microscopy. As 
the rotary shaft of the motor turned, the bead turned with 

it. An external magnetic field with controllable direction 
and magnitude was applied to this s\stem, creating a 
counterforce opposing the rotation of the motor. Fields 
large enough to slow and stall the motor were used, with 
the result that the rotary energy potential of the motor 
was determined. 

There are several different strategies for the imple- 
mentation of controls into hybrid biomotor devices. In 
contrast to natural systems, primitive engineered hybrid 
nanosystems to date have contained only a few proteins 
removed from their natural environments and therefore 
also removed from their natural control mechanisms. As a 
consequence, much regulation of the function of motor 
proteins is often possible only through regulation of the 
fuel supply. Fuel-based control techniques are able only to 
activate motors, with the motors functioning until the fuel 
is exhausted. In the regime of Michaelis-Menten kinetics 
(i.e., in a steady state when the substrate concentration is 
much greater than the enzyme concentration), V= VmaX[S]I 
(KM+ [S]), where Vis the catalytic turnover rate, VmaX is the 
maximum rate, [S] is the substrate concentration, and KM is 
the Michaelis constant. Therefore the enzyme velocity can 
be controlled by the substrate concentration, for substrate 
concentrations small compared with KM (KM for unloaded 
F1-ATPase is 15 pM). There are significant shortcomings 
with an approach based on the regulation of the fuel sup- 
ply: other ATP-utilizing molecules will also be affected, 
there is no differential motor control, and fine control of 
operational parameters such as speed is not possible. 

Recent work in chemical control mechanisms has uti- 
lized light-activated "caged" ATP, a chemical derivative 
of ATP in a nonhydrolyzable form, which is able to release 
a defined amount of ATP related to the intensity, duration, 
and location of optical illumination.[16] This technique has 
controlled the operation of kinesin motors for proscribed 
periods of time as they proceeded along microtubule tracks 
(Fig. 2).'11 Alternative mechanisms of fuel-based control 
include myosin mutants with engineered binding sites 
having sensitivities for analogs of ADP with bulky side 
chains such as N6-(2-methylbutyl) ADP, allowing differ- 
ential control between specific motor types."'] 

Alternatively, chemical control of the motors apart 
from fuel regulation may be effected through chemical 
modification of the motor itself. By engineering peptides 
which bind directly to each other, the motor can be stopped 
in the presence of the appropriate chemical reagents, as in 
reversible disulfide cross-linking of kinesin.'18' Alterna- 
tively, enzyme activity may be altered by engineering 
metal ion-binding sites (e.g., the addition or substitution of 
histidine, aspartate, or lysine residues)"" into appropriate 
regions of the protein. The presence of these metal-binding 
sites can fix adjacent regions of the protein to each other 
by introduction of metal ions into these binding sites. This 
induces strong bonding between the ions and adjacent 
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Fig. 2 Average speed of microtubules after exposure of caged 
ATP to UV light for 30, 60, and 60 sec converting 20%, 30%, 
and 20% of the initial caged ATP into free ATP. The presence of 
the ATP-consuming enzyme, hexokinase, leads to a rapid de- 
cline of the microtubule velocity. The inset shows the structure 
of DMNPE-caged ATP. (From Ref. [ I  I.) 

residues. Because ions can bind several amino acids 
simultaneously, it is possible to attach two separate, in- 
dependent regions to the ion-in effect, altering the local 
elasticity of these subunits by fixing them to each other. If 
movement of these regions is necessary for protein activ- 
ity, this activity can be impaired or entirely halted. This is 
an illustration of an allosteric control mechanism, a 
mechanism in which enzyme function is controlled with- 
out affecting substrate availability or reactivity. With this 
aim, we genetically modified the FI-ATPase, engineering 
pockets in the enzyme with high affinity for binding zinc 
ions. When the protein binds the zinc, it is incapable of 
performing the conformational changes necessary for ro- 
tation of its central shaft, the y subunit, therefore stopping 
the motor from further motion. 

IMPLEMENTATION OF ALLOSTERIC 
CHEMICAL CONTROLS INTO F1-ATPASE 

Isolated F1-ATPase is composed of five different subunits 
with stoichiometry of a3P3y6~. The a&y subcomplex of 
FI-ATPase has been identified as a minimum ATPase- 
active complex with characteristics and stability similar to 
native F ~ - A T P ~ ~ ~ . " ~ ~ ~ '  The X-ray crystallographic 
structures of the F, fragment of the bovine mitochondria1 
ATPase (BF,) have revealed the nature of the conforma- 
tional changes involved in ATP hydrolysis in atomic de- 

The crystal structures of BFI show that three a and 
three 0 are arranged alternately forming a hexameric ag- 

gregate having one nucleotide binding site each, with the 
long coiled-coil structure of the y subunit inserted into the 
central cavity of the ring. There are three catalytic sites, 
located on subunits at a / 0 interfaces, and three non- 
catalytic sites, located on a subunits at different a / P 
interfaces. The P subunits assume two conformations in 
the crystal structures, an open and a closed state, that 
interconvert via a hinge-bending motion. In the closed 
state, the subunit binds ATP (PT) or ADP (PD); in the 
open state, the active site is empty (PE). The corre- 
sponding conformations of the a subunits are designated 
as a ~ ,  ED, and a ~ .  The conformations of a ~ ,  a ~ ,  and a~ are 
nearly identical. In contrast, the structures of PT and PD, 
which are quite similar to each other, are completely 
different from that of PE. The (IT and PD are in the 
"closed" conformation, the C-terminal domain of which 
is elevated, closed to the nucleotide binding domain, while 
the PE is in the "open" conformation, with its substrate 
binding site open.'23-251 Although PT and PD adopt the 
same overall state, there are structural differences in 
several surface loops related to the critical role of these 
states in the rotary motion of this complex. 

During ATP synthesis, the three noncatalytic sites are 
homogeneously liganded with MgAMP-PNP (an ATP 
analog), whereas the three catalytic sites are heteroge- 
neously bound to ligands during normal enzyme opera- 
tion. These structural features, in addition to the direct 
observation of y rotation in F ~ - A T P ~ ~ ~ , [ ~ ~ ]  strongly sup- 
port the binding change model established by ~ o ~ e r . ' ~ ~ '  
The rotary mechanism postulated by this model assumes 
that the sequential participation of the three catalytic sites 
and alternate interchange of their roles during ATP hy- 
drolysis drive the counterclockwise rotation of the y 

In other words, the intrinsic conformational 
changes induced by the heterogeneous nucleotide affini- 
ties to catalytic sites, coupled with the rotation of y, are 
crucially necessary for the catalysis of ATP hydrolysis. 

The binding change mechanism suggests that FI-  
ATPase activity can be controlled by blocking the con- 
formational changes necessary for ATP hydrolysis. Be- 
cause the six a / P interfaces (three interdimer and three 
intradimer) are all different, and the rotation of the y 
subunit relies on sequential interchange between different 
conformational and substrate ligation states, we hypothe- 
sized that reversible inhibition of the catalytic and rotation 
cycle may be achieved through insertion of secondary 
metal binding site capable of interfering with the se- 
quential cycle (Fig. 3). When the opedclosed conforma- 
tional interconversion of the p subunits is hindered, the 
nucleotides that have been bound (MgATP or MgADP) 
are trapped and free nucleotides are prevented from en- 
tering the binding sites. Because the conformational states 
of a ~ ,  a ~ ,  and a~ are identical, they provide an immobile 
substrate to which the P subunits can be fixed, physically 
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Fig. 3 Model for zinc switch-controlled ATPase. Counterclockwise rotation of the y subunit from a~ to PD initiates a 
conformational change. Blue circles represent a subunits liganded with MgATP (omission of ATP for clarity). Green circles represent 
p subunits at different states: circles represent p liganded with MgATP, ellipses represent P in the transition from closed to open 
conformation, and hexagons represent P in open conformation. [ATP] represents the transition state of pD converting from closed to 
open conformation. - represents the energy released during the hydrolysis. While the zinc binds to the engineered additional binding 
site, the conformation of a&y is locked in one state, so that neither ATP nor ADP can enter in or exchange out. (View this art in 
color at www.dekker.com.) 

preventing switching between cooperative nucleotide 
binding sites and the rotational movement of the y subunit. 
The effect of this hypothetical conformational lock is to 
fully inhibit the operation of F1-ATPase. Such a site is 
therefore predicted to function as a classic allosteric 
inhibitor of enzyme activity[301 and should provide a 
chemical switch for the control of motor activity in a 
nanomechanical device. 

Obviously, a strong permanent binding of the a and 
subunits directly to each other would permanently im- 
mobilize the protein, possibly irreversibly. However, 
binding them each to a multivalent ligand in effect binds 
them to each other, accomplishing the same immobili- 
zation. Furthermore, removal of the ligands restores the 
protein to its initial state and reverses the immobilization. 
With this in mind, we modeled bovine mitochondria1 F I -  
ATPase and designed binding sites in the protein intended 
to have high affinities for zinc ions. We chose to con- 

struct an allosteric control element based on a zinc- 
binding site, as these domains are relatively compact, 
consisting of three or four amino acids that chelate the 
metal.'311 Moreover, computational design methods have 
been developed that reliably predict and construct de 
novo metal centers into proteins of known s t r ~ c t u r e . [ ~ ~ - ~ ~ ]  
Reversible inhibition of the enzymatic activity may be 
readily achieved by the addition of extrinsic metal che- 
lators (e.g., 1,lO-phenanthroline) that sequester zinc, but 
not the M ~ ~ +  required for ATP binding and hydrolysis. 
The bovine protein was modeled because the crystal 
structures of the Fl-ATPase in empty, ATP-bound, and 
ADP-bound states are known. Such structures of the F I -  
ATPase from thermophilic Bacillus PS3 (TF,), used in 
our previous experiments, are not available. However, 
TF, also has a functional asymmetry among the three 
catalytic subunits, although it does not contain any en- 
dogenously bound n ~ c l e o t i d e . [ ~ ~ '  Therefore the binding 
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change model-based design for the fixation of confor- 
mational change in bovine FI-ATPase is suitable to be 
applied to TFI. The binding sites were produced through 
the replacement of selected glycine, glutamine, and as- 
partate residues with histidine. 

To design locations for allosterically active zinc- 
binding sites in BFI,  we first identified regions in the 
interfaces that undergo local conformational changes, but 
are not part of the active site. In collaboration with Hel- 
linga et a ~ . ' ~ ~ '  at Duke University, protoallosteric sites 
were identified using C,-C, double-difference distance 
maps comparing PE and PT structures. These binding sites 
were placed at locations in each r / 0 interface having 
large relative motions during catalytic activity but sepa- 
rate from nucleotide binding sites. The DEZYMER al- 
gorithm protein design programr321 was used to carry out 
the calculations and refinement of site design for the 
construction of a tetrahedral zinc center at the interface 
between each pair of a and 0 subunits. The idealized 
tetrahedral zinc primary coordination sphere consists of 
three histidines and a water molecule. The zinc is allowed 
to coordinate with either the Ns or N, nitrogens of the 
histidines and is constrained within the plane of the im- 
idazole rings.r333373381 Th e algorithm predicted a set of 
sites that were then rank-ordered and examined by in- 
spection. The geometry of the interaction between the 
metal and the histidine side chains is derived from visual 
inspections of natural protein structures.[391 We chose a 
site located in the interdimer interface between PD and a ~ .  
This designed site replaces glutamine a405, glycine P392, 
and aspartate P400 in BFI with histidine residues. The 
initial design phase yielded a site with approximate tet- 
rahedral geometry. This site was then optimized using a 
combination of molecular dynamics and conjugate gra- 
dient energy minimizations to satisfy the metal coordi- 
nation geometry resulting in movement of the loop in this 
region. Mutations were chosen to satisfy both the desired 
metal binding geometry and the steric compatibility of the 
protein folding (Fig. 4). 

Using site-directed mutagenesis, the peptide replace- 
ments were made to the gene encoding a mutant F1- 
ATPase (named DEMHZ) with 10 x His tags on the @ 
subunits and a lone cysteine on the y subunit, described 
previously.[41 The modified a, b, and y coding sequence of 
TF,, DEMH, which contains five additional mutations as a 
working wild type, was cloned into the expression plasmid 
pETBlueTM (Novagen) with a T7 lac promoter. The vec- 
tor-encoded NheI site (3434) was eliminated (gctagc to 
gcgagc). Three histidines for creating the zinc binding 
sites were introduced by standard PCR oligonucleotide- 
directed mutagenesis techniques using Pfu DNA poly- 
merase (Stratagene). Specifically, they are Gln-397-His 
on a and Gly-398-His and Asp-406-His on 0 (calculated 
with the inclusion of the 10 x His tags). Expression of the 

Fig. 4 Molecular model of the computationally designed zn2+ 
binding site in BF, ATPase. The histidines in the three 
interdimer interface locations are shown in red. The circle 
indicates the site in the pD / CIE interface predicted to form a 
tetrahedral zn2+-binding site (left insert). The ovals indicate that 
the sites in the other two interdimer interfaces do not form a 
geometry predicted to favor metal binding (right insert). (View 
this art in color at www.dekker.com.) 

recombinant protein, DEMHZ, was conducted in 
Escherichia coli TunerTM (hDE3) pLacI (Novagen). 

The mutations on pETBlue-DEMHZ were checked by 
restriction enzyme digestion and confirmed by DNA se- 
quencing, which failed to reveal any additional mutations 
or frameshifts. DEMHZ protein was overexpressed in E. 
coli ~ u n e r ~ ~  (hDE3) by IPTG induction and purified to 
homogeneity by Ni-NTA affinity chromatography. There 
was some concern about the endogenous ATPase genes in 
the host strain TunerTM (hDE3) pLac1. However, because 
the recombinant protein was stable to 100°C, and the 
crude lysate was prepared by heating the extracts at 60°C 
for 45 min, the native protein subunits should have de- 
natured completely under such conditions. Moreover, the 
use of Ni-NTA affinity chromatography also ensured the 
purification of His-tagged constructs only. So it was very 
unlikely that chimeric F1-ATPase was purified. 

Following the generation of the mutant, the motor was 
grown in large quantities in a bacterial expression system, 
harvested, and purified. E. coli ~ u n e r ~ ~  (hDE3) pLacI 
containing the FI-ATPase mutant expression plasmid, 
pETBlue-DEMHZ, was cultured at 37OC in LB medium 
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(with 1% glucose, 50 pglml carbencillin, and 34 pglml 
chloramphenicol). When the growth of this transformant 
reached the mid-logarithmic phase (OD600=0.6), 1 mM of 
isopropyl-P-thiogalactopyranoside (IPTG) was added to 
induce endogenous T7 polymerase, and the cells were 
cultured successively for 4 hr. Purification of the mutant 
a3P3y subcomplex was carried out following the methods 
by Matsui and ~ o s h i d a ' ~ ~ ]  with some minor modifications. 
Cells were harvested by centrifugation at 6000 xg for 20 
min at 4°C. The collected cells (7.5 g out of 2 L culture) 
were resuspended in buffer A (50 mM Tris-SO4, 1 mM 
EDTA), incubated with lysozyme on ice for 30 min. The 
suspension was disrupted by sonication, and then heated 
at 60°C for 15 min. The precipitate was removed by cen- 
trifugation at 105,000 xg (Beckman JA-30.50) for 15 min. 
The supernatant was saved and heated at 60°C for 30 min 
and then centrifuged at 105,000 xg for another 45 min. 
The supernatant fraction was applied to ~ i ~ r e ~ ~  16/10 
DEAE column (Pharmacia) that was pre-equilibrated with 
buffer A. The column was washed with 200 mL of buffer 
A containing 150 mM NaCl and eluted with 80 rnL of a 
300-330 mM linear NaCl gradient. The eluted fractions 
were concentrated by adding ammonium sulfate to a final 
concentration of 75% saturation. The resuspended pellet 
was mixed with nickel-nitrilotriacetic acid (Ni-NTA) 
SuperflowTM resin (QIAGEN), following a batch purifi- 
cation procedure.[411 After washing the unbound proteins, 
the bound proteins (with 10 x His tags) were eluted out 
with 1 M imidazole. The purity of the DEMHZ was ana- 
lyzed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) using a 12% polyacrylamide 
gel. Protein concentrations of the a3P3y complex were 
determined by measuring the absorbance at 280 nm using 
coefficient factor 0.45 of absorbance for 1 mg/mL of FI- 
ATPase. Steady-state ATPase activity was determined 
spectrophotometrically at 25°C in the presence of an ATP- 
regenerating system.[421 

Bulk ATPase activity assays using an ATP-regenerat- 
ing coupled enzyme system were performed to determine 
if Zn(I1) could effectively inhibit the activity of the 
engineered ATPase, as well as the minimum Zn(I1) con- 
centration for full activity inhibition. To investigate the 
zinc effect on the DEMHZ, the indicated amount of 
ZnS04 was added to the assay mixture, which contained 
50 mM Tris-HC1 (pH 7.4), 100 mM KCl, 2.5 mM 
phosphoenolpyruvate, 50 pg/mL double enzyme com- 
posed of pyruvate kinase and lactate dehydrogenase 
(Roche), 0.2 mM NADH (Sigma), 2 mM Na2ATP, and 
4 mM MgC12. One unit of activity was defined as the 
activity that hydrolyzed 1 pmol ATP/sec/pmol ATPase. 
Assessment of zinc effect on ATP binding affinity to 
catalytic sites was carried out in the same assay system, 
except with a fixed concentration (800 pM) of zinc that 
could effectively inhibit ATPase activity, and various 

Fig. 5 Steady-state kinetics of ATP hydrolqsis in the wild-type 
and mutant TFI enzymes. (A) The effect of zn2+ addition on the 
activity of wild-type (DEMH; open circles) and mutant 
(DEMHZ; closed circles) enzymes. For DEMHZ, zn2+ binding 
is modeled with a hyperbolic binding Isotherm 19, with 
aPPKd=8.6 pM. (B) Eadie-Hofstee transformation of the 
steady-state kinetics of DEMHZ with respect to ATP concen- 
tration in the presence of different zn2' concentrations (open 
circles, 0 pM; closed circles, 5 pM; squares, 200 pM). (C) Two 
cycles of successive additions of 100 pM zn2+ and 150 pM 
1,lO-phenanthroline (OP). (From Ref. [ 5 ] . )  
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concentrations of ATP. An experiment reversibly acti- 
vating and deactivating the FI-ATPase was camed out 
by adding 800 pM of zinc and about 10% excess of the 
specific metal ion chelator 1,lO-phenanthroline. 

A summary of our previous work comparing ATPase 
activity of the mutant and ~ i l d - t ~ ~ e " ~  is shown in Fig. 5. 
In the absence of zn2+, DEMH and DEMHZ exhibited 
similar specific activity, indicating that the histidine 
mutations did not affect catalysis. Addition of zn2+ to 
DEMHZ reduced the activity by 60% at saturating con- 
centrations, but did not affect wild-type TF,. zn2+  bound 
hyperbolically with an apparent dissociation constant of 
8.6k 1.2 pM. The Scatchard plot was linear (not shown) 
and consistent with noncooperative binding of zn2+. An 
Eadie-Hofstee transformation of the steady-state kinetics 
with respect to ATP at various zn2+ concentrations 
revealed a pattern that is consistent with a linear mixed 
inhibition mode, in which both Km(ATP) and V,,, are 
affected by zn2+. This finding is consistent with binding 
of zn2+ to both the free enzyme and the enzyme-substrate 
complex,r431 as expected. Repeated cycles of zn2+ addi- 
tion followed by chelation with l,l0-phenanthroline 
demonstrated that the zn2+ inhibition of the enzyme's 
hydrolytic activity was reversible. This deactivationlre- 
activation cycle could be repeated many times. Taken 
together, these data suggest that we have successfully 
designed a zn2+-dependent allosteric effector site that 
reversibly modulates TF, activity, as predicted. 

Enzyme kinetics derived from these studies indicated 
that the mutant DEMHZ a3P3y has much higher propen- 
sity than wild type to bind Zn(I1). However, quantification 
of the effect of the zinc on the mutant and wild-type 
protein was complicated by the discovery that the coupled 
enzyme assay itself was affected by the addition of zinc. 
We also conducted phosphorus colorimetric detection 
assays, an alternative method of measuring ATPase ac- 
tivity, and found possible effects on wild-type activity, but 
the sensitivity of that technique was poor and formed a 
precipitate at certain reagent concentrations. We did not 
use the P, release method for measuring ATPase activity 
because it is not able to monitor rate  fluctuation^.'^^' 

Several conclusions can be made from the data. 1) 
Zn(I1) did not alter the affinities of catalytic sites of the 
wild-type a3P3y complex for ATP significantly, suggested 
by Km=210 pM in the presence of zinc vs. Km= 159 pM in 
the absence of zinc. 2) Zn(I1) has a strong effect on the 
ATPase activity of the mutant complex. In the presence of 
Zn(II), the activity was nearly fully inhibited; however, it 
was noticed that at low ATP concentrations, a precipitate 
formed upon addition of Zn(II), complicating the mea- 
surement of ATP hydrolysis rate. Therefore it remains 
unclear whether Zn(I1) alters the ATP affinity to the 
mutant a3P3y complex, apart its direct effect on hydrol- 
ysis. 3) ATP hydrolysis of both the mutant and wild-type 

a3P3y complex exhibited negative cooperativity as a 
function of ATP concentration, as indicated by the Eadie- 
Hofstee plots, consistent with reported 
4) This zinc switch mutant had a Km (1490 pM) over 9 
times bigger than wild-type Km (159 pM) in the absence of 
Zn(II), which might be a result of some intrinsic changes 
made by introducing the zinc-binding site in the mutant 
a3P3y complex. 5) It is possible that Zn(I1) substitutes in a 
functional manner for M~". If this was true, Zn(I1) 
competitively bound to ATP as well as to the mutant a3P3y 
complex, which led to a full inhibition of ATPase activity 
of the mutant. The actual number of bound 
Zn(I1) equivalents to the mutant a3P3y complex remains to 
be determined. 

To overcome the shortcomings of the bulk activity 
assays and also demonstrate the ability of the engineered 
mutation to enable control of the motors on the single 
molecule level, we observed fluorescent actin filaments 
attached to individual molecules of TFI. A flow chamber 
was constructed consisting of one (22 x 40mm #0) cov- 
erslip attached to a microscope slide using double-sided 
tape. In buffer A (50 mM KCl, 5 rnM MgC12, 10 mM 
MOPS-KOH, pH 7) (1: lo), 0.1% Ni-NTA-coated poly- 
styrene beads1451 (0.22 pm) was infused into the flow cell 
and incubated for 15 min, resulting in a bead density of 
several beads in a 5 x 5 pm2 area. Nonadherent beads were 
removed through rinsing 3 times with 2 volumes of buffer 
B (buffer A +  I0  mg/mL BSA). The His-tagged biotin- 
ylated ATPase (28 nM) in buffer B was then incubated for 
5 min and rinsed 3 x with 2 volumes of buffer B. Strep- 
tavidin (1 80 nM) in buffer B was incubated for 12-15 min 
and rinsed 3 x with 2 volumes of buffer B. Actin filaments 
(fluorescently labeled with Phalloidin-TRITC, polymer- 
ized, and b i ~ t i n ~ l a t e d l ~ ~ ' )  were diluted to 50 nM in buffer 
B and incubated in the flow chamber for 12-15 min. The 
chamber was washed twice with 2 chamber volumes of 
buffer B and a third wash of 2 chamber volumes of buffer 
C [buffer B with an oxygen scavenger (0.5% 2-mer- 
captoethanol, 30 U/mL catalase, 6 mg/mL glucose, and 0.2 
mg/mL glucose oxidase) and an ATP regenerating system 
(2 mM Na2ATP, 0.2 mg/mL creatine kinase, and 2.5 mM 
creatine phosphate)]. The actin filaments were observed 
using a Nikon E800 upright optical microscope in epi- 
fluorescent mode. ZnS04 (800 pM) in buffer C was added 
to measure any inhibition on the mutant and wild-type 
protein. 1,lO-Phenanthroline (800 pM) in buffer C was 
added to determine the reversibility of the zinc switch. 

Upon addition of ATP, some filaments were observed 
to rotate clockwise (as expected because the motors were 
attached to the top surface and viewed from the motor side 
"upside-down"), although the majority were stationary or 
fluctuated around a central position. There were no fila- 
ments observed rotating in the counterclockwise direction. 
The rotating filaments were then incubated with 800 pM 
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Fig. 6 Measurements of single molecule rotation and control. The movements of rotating fluorescent actin filaments were recorded 
and digitized. The rotation angle vs. time is shown for eight filaments attached to the mutant ATPase and two filaments attached to 
motors without the zinc mutation (black lines). The filaments rotated continuously in the presence of ATP. After the addition of 800 pM 
ZnS04 (blue arrow), the filaments attached to the mutant motor stopped, whereas the filaments attached to the wild-type motor 
continued rotating at the same rate. I ,  10-Phenanthroline (800 pM) was added to the stopped filaments (red arrow), restarting the motor 
motion. There was an interval of about 3 sec after the addition of both the zn2+ and the phenanthroline in which the filaments were 
unfocused because of disturbance of the stage position, preventing a more precise determination of the times of cessation and reinitiation 
of motion. Some filaments dislodged from the surface during the fluid replacement and so rotation data following the PNT addition is 
not available (green lines). The data for all filaments have been shifted in time to synchronize the zn2+ addition times. There appear to 
be no lasting effects of the zn2+ on the motors. The rotational rates before zn2+ addition and after zn2+ removal are similar, as linear 
fits of each of the pink traces show: (1)  before zn2+ 0.96 rotationslsec, after zn2+ 0.97 rotationslsec; (2) 0.61, 0.61; (3) 0.36, 0.32; 
(4) 0.27, 0.19. The differences between the numbers are within the variations of rotational rate of each before Zn addition. The 
lengths of filaments 1 4  are 1.75, 2.0, 2.25, and 2.25 pm, respectively. (View this art in color at www.dekker.com.) 

ZnS04 and 2 mM ATP. Some filaments detached from the 
surface during this buffer exchange, but all rotating fila- 
ments (and some fluctuating filaments) remaining were 
observed to stop after introduction of the Zn. After several 
minutes, the filaments remained immobilized and 800 pM 
1,lO-phenanthroline, a Zn chelator, and 2 mM ATP were 
introduced in the chamber. The filaments which were 
formerly rotating and were not dislodged during the fluid 
exchange restarted their motion (likewise with the for- 
merly fluctuating filaments). Experiments with the wild- 
type motor showed no effects resulting from the presence 
of zinc; rotating filaments continued their motion at the 
same rate both before and after Zn addition. To verify that 
the rotation mechanism of the filaments was because of 
the motor proteins, introduction of 0.5 M imidazole 
resulted in the detachment of all moving actin filaments in 
both the wild type and mutant experiments. In addition, 
although the wild-type motors were not inhibited by zinc, 
addition of 10 mM sodium azide halted filament rotation. 
Plots of the rotation angle vs. time for several filaments 
are shown for both the mutant and wild type in Fig. 6. The 
process of Zn addition and removal from the mutant 
protein does not appear to have any permanent effect on 

the mechanical properties of the mutant ATPase; that is, 
the rotation rates before zinc addition and after zinc re- 
moval are very close. Furthermore, the mutation to the 
ATPase has not appeared to alter its mechanical char- 
acteristics when compared with the wild type; that is, the 
motors rotate filaments of the same length at the same 
rate, indicating that the torque output and efficiency of the 
motor are unchanged. 

CONCLUSION 

In summary, we have genetically engineered a zinc switch 
in the a3P3y complex of TF,. Through introducing or re- 
moving the Zn(II), the conformations of the ci3P3y com- 
plex were correspondingly fixed or freed, such that the F , -  
ATPase activity could be turned on and off. This allowed 
us to switch the nanodevice coupled with this genetically 
modified FI-ATPase on and off in a well-controlled way. 
Regarding the creation and implementation of control 
mechanisms in general, each type of control mechanism 
has unique advantages and disadvantages relative to the 
intended application. Chemically controlled motors could 
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result in devices that respond to their environment vari- 
ables, such as pH, ionic concentration, and temperature, 
and are not tied to any specific location, although all 
engineered motors would be affected. Immobile substrate- 
bound devices may be best served by electrical contacts 
integrated into the surface; this allows for differential 
control, in which some devices are operational while 
others are not. These contacts have the advantages of easy 
and configurable connections to the outside world and 
rapid conveyance of signals from the controller to the 
device. Some proteins can be both electrically and 
chemically controlled. This flexibility in choices allows 
the design and application requirements to dictate the 
components and not vice versa. Exploration and devel- 
opment of artificial protein binding sites, determination of 
optimal electrode configurations, electric field magnitudes 
and frequencies, and buffer compositions utilize compu- 
tational calculations and simulations. These techniques 
are necessary for screening large numbers of variables and 
exploring regions of parameter space prohibitive from a 
cost and time perspective. Establishment of a library of 
controls and control techniques is a crucial step toward a 
wider array of useful hybrid bionanodevices. 
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INTRODUCTION 

The three phases of matter are gas phase, liquid (or 
condensed), and solid state. In recent years, the stunning 
advances in computational studies have led some to refer 
to it in a jocular sense as the fourth: "the computational 
state." Some of the studies discussed in this article 
concern gas phase results determined by mass spectrom- 
etry and by calculation. Additionally, data have been 
derived from solution and solid-state studies. Important 
inferences can be drawn from computations, work under- 
taken in the gas phase, in solution, and in the solid state. 
Significant as all of these methods are, only X-ray crys- 
tallographic data permit unambiguous analysis and com- 
parison of structural information. The emphasis of this 
article is therefore on the evidence for cation-pi interac- 
tions that is available from solid-state structures. 

ISSUES AND INTERACTIONS 

The three major species considered in chemistry are 
anions, cations, and neutral species. Anions are negatively 
charged and therefore Lewis-basic. Arenes are electron- 
rich and also considered to be Lewis bases. The in- 
teraction between two Lewis bases is usually repulsive 
rather than attractive. The term "neutral" means un- 
charged, but a neutral compound may be either Lewis- 
basic (e.g., dimethyl ether) or Lewis-acidic (e.g., alumi- 
num chloride). Our major concern in this article will be 
with interactions of the type illustrated in the lower panel 
of Fig. 1 .  Such interactions involve the arene's pi-cloud as 
a Lewis (base) donor and the cation as a Lewis acid. The 
cation is represented as M+, and most of the discussion 
herein will concern metallic cations. Other cations are 
certainly possible and will be noted where appropriate 
(Fig. 1). 

Although this article is limited to interactions of 
cations with arenes, there is much to be considered. 
Arenes may possess sigma-donors in addition to the pi- 
system that is the primary focus of the present discussion. 
Sigma-donors may be substituents on the arene or they 
may be an integral part of the arene. They may enhance 
the arene's Lewis basicity or they may detract from it. The 
top row of Fig. 2 shows benzene, the archetype aromatic, 

at the left, followed by pyridine, nitrobenzene, and 
methoxybenzene (anisole). The nitro group is electron- 
withdrawing and the methoxy group is electron-donating. 
Thus nitrobenzene is a weaker pi-base than is benzene and 
anisole is stronger. In both cases, however, the oxygen 
atoms can function as sigma-donors in their interactions 
with cations.''] The pyridine nitrogen atom is also a good 
sigma-donor, and its presence in the heterocycle makes 
the aromatic ring about as weak a pi-base as nitrobenzene. 

The second line of Fig. 2 shows, from left to right, 
furan, thiophene, imidazole, and cyclopentadienide anion. 
The latter is formed by deprotonating cyclopentadiene. 
When two cyclopentadienide (Cp) anions react with fer- 
rous ion [Fe(II)], ferrocene (third line of Fig. 2) is formed. 
Ferrocene is the prototype for cyclopentadienyl-pi com- 
plexes, whether they involve a sandwich structure or only 
one Cp ring. Organometallic structures of this general type 
number in the thousands (Fig. 2). 

The remaining two structures shown on the third line of 
Fig. 2 are indole and phenol. Neither is a "simple" arene. 
Both are important in nature as the side-chain arenes of 
tryptophan (Trp, W) and tyrosine (Tyr, Y), respectively. 
The other two arenes that occur as side chains of the 
common amino acids are imidazole (second line) and 
benzene (first structure). These arenes are side-chain 
elements of histidine (His, H) and phenylalanine (Phe, F), 
respectively. Imidazole is electron-poor and has two 
potentially sigma-donating nitrogen atoms. As a result, it 
has not generally been of interest, as a pi-donor has not 
been explored. Interest in the arenes benzene, phenol, and 
indole, however, has been high. The amino acids 
phenylalanine, tyrosine, and tryptophan comprise about 
8.5% of the amino acids in all known protein structures. 
Thus along any given protein chain, one amino acid out of 
every dozen is capable of interacting with ubiquitous 
sodium, potassium, or other cations (Fig. 3). 

GASPHASEAND 
COMPUTATIONAL STUDIES 

Pioneering studies of the cation-arene interaction were 
reported by Sunner et a1.12] in 1981. They used mass 
spectrometric methods to show that the interaction of K+ 
with benzene in the gas phase was similar energetically to 
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Fig. 1 Lewis acid-base interactions. Top panel: The Lewis acid 
AIC13 interacts with the Lewis base chloride of NaCl while Na+ 
interacts with dimethylether. Bottom: Two representations of a 
cation-pi interaction between a metal cation (M+) and benzene. 

the interaction of this cation with either a molecule of 
water or of methanol. Similar results were disclosed for 
Na+ by Castleman et a1.[3'41 and by Lisy et a1.r5361 some 
time later. Fig. 4 shows the presumed orientation of a 
benzene ring (shown in the CPK i.e., Corey-Pauling- 
Koltunorspace-filling metaphor) and Na+ (left) and K+ 
ions. Benzene is symmetrical and the ion's position with 
respect to the pi-cloud is predictable. This is not 
necessarily the case with more complex arenes such as 
phenol or indole. 

In recent years, a number of computational studies 
have been cond~cted,[~-"~ in some cases, in concert with 
mass spectral analyses[12-141 (Table 1). In general, the 
conclusions are the expected and reasonable findings. 

Fig. 2 The top row shows from left to right benzene, the 
archetype aromatic, pyridine, nitrobenzene, and methoxyben- 
zene (anisole). The second line shows, from left to right, furan, 
thiophene, imidazole, and cyclopentadienide anion. When two 
cyclopentadienide (Cp) anions react with ferrous ion [Fe(II)], 
ferrocene (third line) forms. It is shown with indole and phenol. 
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Fig. 3 The four "essential" amino acids that have aromatic 
side chains. The amino acids are phenylalanine (F), tyrosine (Y), 
histidine (H), and tryptophan (W). 

Smaller cations of like charge, e.g., Na+ compared with 
K+, interact more strongly with an arene. Likewise, more 
electron-rich arenes, e.g., indole compared with benzene, 
are better donors for the same cation. 

An example of how mass spectrometry may be used to 
study cation-pi interactions may be found in the study of 
pyxophanes.[151 The diacetylene, 1, shown in Fig. 5 was 
prepared so that it would have a pi-rich interior of a size 
appropriate to bind Na+ but too small to bind K+. These 
size notions were confirmed by a solid-state structure of 1. 
The intriguing pyxophane has a molecular weight of 320 
Da, but its 'H-NMR spectrum shows only two types 
of protons. 

When the electrospray mass spectrum of the pyxo- 
phane was determined in the presence of equimolar Na+ 
and K+, a peak corresponding to [1 .Na]' was observed at 
mle 343. No peak corresponding to 1 +K+ was observed at 
mle 359. This suggested selective pi-complexation of the 

Fig. 4 The presumed orientation of a benzene ring (shown in 
the CPK metaphor) and Na+ (left) and K+ ions. (View this art in 
color at www.dekker.com,) 
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Table 1 Values reported for sodium and potassium cation interactions with benzene 
-- -- 

Interaction - A H  (kcaYmol) Method@) used Reference 

28.0t0.1 Mass spectrometry ~ 1 7 1  
24.7-28.1 Computational methods [9] 
26.6 Mass spectrometry 1171 
24.0 Mass spectrometry [171 
21.5-21.8 Mass spectrometry and computational methods [9,14] 
18.3 Mass spectrometry and computational methods [2] 
17.9 Mass spectrometry and computational methods [21 

smaller Na+ ion by 1 and exclusion of larger K+. These 
structural conclusions are reasonable based on known 
shapes, sizes, and interactions. Details cannot be known 
because they simply are not revealed in a mass spectral 
study. Notwithstanding, a structure was proffered shortly 
after the results appeared.['61 The conclusion was based on 
computational analysis, which is useful and, in this case, 
seemed reasonable. Thus one gains insight from both 
studies but actual structural data from neither. 

ARENE INTERACTIONS WITH 
NONMETALLIC CATIONS 

Ammonium (%N+), phosphonium (R4P+), sulfonium 
(R3S+), and some others are common in nonmetallic 
cations. Their chemistry is both extensive and important. 
From the biological perspective, however, ammonium 
cations are the most important of these. The amine 
side chain of lysine (Lys, K) is protonated at physiologic 
pH as is the guanidinium residue of arginine (Arg, R). 
The potential of nonmetallic cations to interact with 
arenes was recognized in the early 1980s. Meot-Ner and 
Deakyne[17] used mass spectrometric studies to explore 
the interaction between -onium salts and arenes. At about 
the same time, Burley and ~ e t s k o ~ ' ~ ]  surveyed the Protein 
Data Bank (PDB) to see if -onium ion interactions with 

Fig. 5 Diacetylene, 1, has a pi-rich interior of a size 
appropriate to bind Na+ but too small to bind K+. 

arenes could be identified. They were successful in 
identifying such interactions, but the structural database 
was limited. 

SOLUTION STUDIES OF ORGANIC 
CATION-PI INTERACTIONS 

Solution studies involving synthetic receptor molecules 
have also been reported, which confirmed cation-pi 
interactions in aqueous solution.['91 These have involved 
several types of receptors, and their function has been 
studied in various solvents. The receptor shown at the 
right incorporates the essential elements for studies of this 
type. It is shown with an included adamantanyltrimethyl- 
ammonium cation. Receptor 2 is cyclic and contains an 
internal cavity. It is soluble in water by virtue of its 4 
carboxylate anions that are present as cesium salts. The 
four sides of the receptor system are composed of pi- 
surfaces. The carboxylates are potential sigma-donors, but 
they are turned outward. The four oxygen atoms are also 
potential sigma-donors, but their attachment to an aro- 
matic system enhances the pi-donicity of the arene at the 
expense of sigma-donation by the oxygen. 

The use of water as a solvent has the potential 
advantage of driving together the organic receptor and 
substrate. The concern in such systems is that water will 
so strongly solvate one or both of the components that 
complexation between them will prove to be too weak to 
detect. Gas phase studies (mass spectrometry or compu- 
tation) are unencumbered by solvation issues but may be 
criticized as unrealistic. This is especially true if infer- 
ences in the chemistry are to be applied to biological 
systems, which function in water. 

Modem NMR techniques permit structural information 
to be obtained from these complexation studies. Nuclear 
Overhauser enhancements (NOES) indicate proximity of 
certain atoms or groups. The aromatic receptors are 
especially amenable to study by NMR methods as the 
arenes have shielding and deshielding zones that affect 
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adjacent nuclei. Numerous examples of and additional 
details concerning organic receptor molecules that have 
been studied in solution may be found in a review by Ma 
and Dougherty (Fig. 6).L201 

SOLID-STATE STRUCTURAL STUDIES OF 
CATION-PI INTERACTIONS INVOLVING 
ANIONIC ARENES 

The salt potassium tetraphenylborate [K+B-(C6H5)4] has 
been known for many years.'211 When it crystallizes, it 
forms a repeating unit that is packed to maximize the 
stabilizing forces and to minimize any unfavorable steric 
and electronic interactions. A two-molecule segment of its 
crystal structure, rendered in mixed ball and stick and 
CPK metaphor, is shown in Fig. 7. The K+ ion is nestled in 
an electron-rich pocket created by two benzene rings of 
one anion and two from an adjacent anion. The lines at the 
left of the figure from K+ to the arene indicate the line of 
contact between the cation and the arene's centroid. The 
distance from K' to the centroid is 2.986 A, and the 
centroid-K-centroid angle is - 100". 

The boron atom's negative charge is shared among the 
four benzene rings in each salt, making each arene a 
stronger donor than it would be if neutral. The packing of 
the arenes is such that the space between them would 
probably be empty if the spherical cation failed to occupy 
it. This structure illustrates many of the issues of interest 
in cation-pi complexation. It is also clear that such precise 
distance and angle information cannot be gleaned from 
other analytical methods. 

coocs 

Fig. 6 This figure shows a cyclic receptor (2),  with an 
adamantanyltrimethylammonium cation included in its inter- 
nal cavity. 

Fig. 7 Rendering of two molecules of KB (C6H5)4 showing the 
cation-anion contacts. The boron atom's negative charge is 
shared among the four benzene rings in each salt, making each 
arene a stronger donor than it would be if neutral. (View this at? 
in color at www.dekker.com.) 

A number of other salts have been studied that reveal 
similar results. These include NaBPh4 and RbBPh,. The 
latter was reported in 1962['" and is recorded in the 
Cambridge Structural Database (CSD) using their six- 
letter codea as "RBPBOR." The structure of NaBPh4, 
which is similar to the K+ and Rb+ structures, is recorded 
in the CSD as ZZZUPIlO. 

Early efforts to demonstrate cation-pi interactions 
involved using an alkali metal cation as a reducing agent 
for an arene. Brooks et al. treated 1,4-dihydronaphthalene 
with n-butyllithium to afford dilithium naphthalenide as a 
dark purple solid. Its solid-state structure (CSD code: 
NAPLIM) is shown in Fig. 8a.[231 The arene is in contact 
with two lithium ions, which are present on opposite sides 
of the naphthalenide (Fig. 8). The lithium ions are -2 A 
from the benzene ring centroids, and each cation is 
stabilized by tetramethylethylenediamine. It is interesting 
to note in this case that the van der Waals thickness of a 
benzene ring is -3.5 A and the ionic radius for Li+ is 

"Each of the CSD's more than 250,000 crystal structures is assigned a 
unique code, usually consisting of six letters but sometimes followed by a 
number. Where possible, and especially for early structures, the code was 
suggestive of the structure as RBPBOR suggests rubidium and tetra- 
phenylborate. As expected, most of the burgeoning number of structures 
do not have identifiable or suggestive names. 
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Fig. 8 Dilithium naphthalenide's solid-state structure (CSD 
code: NAPLIM) is shown in Fig. 7a. The arene is in contact with 
two lithium ions, which are present on opposite sides of the 
naphthalenide. A similar approach gives orange crystals of the 
sodium fluorenide complex shown in Fig. 7b. (View this art in 
color at www.dekker.com.) 

-0.7 A, suggesting that a Li-arene contact should be 
about (1.75 +0.7=) 2.45 A. In this structure, the distance is - 2 A, suggesting a very strong cation-pi interaction. 

A similar approach involved treating fluorene with 
n-butylsodium and pentamethyldiethylenetriamine to give 
orange crystals of the sodium fluorenide complex shown 
in Fig. 8b.[241 The solid-state structure is recorded in the 
CSD as VOKPUG. It is interesting that the cation-pi 
interaction occurs with the central ring rather than either of 
the benzene rings. The Na-centroid distance is 2.562 A. 
The ionic radius of Na+ is about 1 A, so the observed 
distance is once :gain shorter than the calculated value of 
(1.75 + 1 =) 2.75 A. 

Fig. 9 Crystal structure of potassium cation complexed by 
dibenzo- 18-crown-6- and axially-solvated by neutral benzene. 
The K+ ion is pulled out of the plane formed from the 6 oxygen 
atoms in the crown ether. 

SOLID-STATE STRUCTURAL STUDIES OF 
CATION-PI INTERACTIONS INVOLVING 
NEUTRALARENES 

The importance of an early and revealing structural study 
by Hrncir et a1.[251 was not generally recognized at the 
time it appeared. The K-benzene distance is 2.369 A. 
The ionic radius of K+ is approximately 1.35 A, giving 
an expected K+-arene contact distance of (1.75 + 1.35 =) 
3.1 A. In this example, the K-arene contact is longer than 
the sum of the van der Waals distances, but the arene is 
not charged in this case. An interesting feature of this 
structure is that the K+ ion is pulled out of the plane 
formed from the 6 oxygen atoms in the crown ether 
(Fig. 9). 

Many solid-state structures show close contacts be- 
tween arenes and cations.[261 One example is found in 
zeolites, which trap cations and arenes within their 
intricate molecular structure.1271 Another is found in 
numerous calixarene complexesr281 in which one or more 
cations are in proximity to the numerous arenes in the 
receptor molecule. [29,30] 

Fig. 10 Bibracchial (two-armed) lariat ethers having arene- 
terminated side arms: 3, benzene; 4, penta flouro benzene; 5; 
phenol; and 6, indole. 
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Fig. 11 The solid state structures of 3-6 complexing KI are 
shown as a-d, respectively. In panel b, the two Lewis acidic 
arenes are turned away from the macrocycle and the cation 
interacts directly with iodide anion whereas iodide is excluded 
from the solvation sphere in a, c, and d. (View this art in color at 
www.dekker.com.) 

LARIAT ETHERS AS MOLECULAR PROBES 
OF CATION-ARENE INTERACTIONS 

Examples of designed cation-pi receptor molecules are 
not yet common. A number of such compounds have been 
developed for gas phase and solution studies, but these 
do not provide definitive structural information. On the 
other hand, a solid-state structure is always suspected on 
the grounds that packing forces may exert an unexpected 
influence on the molecular arrangement. Even so, crystal 
structures are generally persuasive and provide details not 
available by other methods. 

Lariat ethers are crown ethers that have flexible side 
chains attached to the macroring. Donors present on the 
side chains may further stabilize cations bound in the 
macrocycle's cavity. In principle, both sigma- and pi- 
donors may be incorporated to serve this purpose. Four 
bibracchial (two-armed) lariat ethers are shown as com- 
pounds 3-6 (Fig. 10). Each is a diaza-18-crown-6 
macrocycle that has an arene-terminated ethylene sidearm. 
The arenes on 3,[3115,[321 and 6[331 correspond to the side- 
chain residues of phenylalanine, tyrosine, and tryptophan, 
respectively. Compound 4[341 is structurally very similar to 
3, but the arene is electron-deficient owing to the strong 
electron-withdrawing effect of fluorine (Fig. 10). 

The solid-state structures of 3-6 as their KI complexes 
are shown in Fig. 1 la-d, respectively. In all cases, K+ is 
complexed in the crown's central cavity or hole. From the 
electrostatic perspective, the iodide ion should be the best 

anionic donor and it should be in essentially direct contact 
with the ring-bound cation. Instead, the sidearm arenes 
appear to be the axial donors in 3. KI, 5 .  KI, and 6 .  KI. 
Such a result might be caused by crystal packing forces. 
Note that the iodide ion is in approximately the same 
position in a, c, and d, although H-bond interactions with 
hydroxyl (c) or amino (d) groups are possible only with 5 
and 6, respectively. The concern about packing forces is 
dispelled by the result shown in Fig. 9b. In this case, the 
benzene ring of 3 has been replaced by pentafluorophenyl 
groups. These are only slightly larger than benzene, but 
they may be considered pi-acids rather than pi-bases. Thus 
they are expected not to interact with bound K+. As shown 
in Fig. 11, panel b, the two arenes are turned away from 
the macrocycle and the cation interacts directly with the 
iodide anion. Two iodide ions are shown in Fig. 1 lb. They 
actually comprise part of an infinite chain of (-K-I-), ion 
pairs within the crystal (Fig. 1 I). 

To further clarify these interactions, the diaza- 18- 
crown-6 compound (7) was prepared that has 2-methoxy- 
ethyl and 2-phenylethyl side  chain^.'^" The compound 
and the complex observed by X-ray crystallography are 
illustrated schematically in Fig. 12. The complex pos- 
sesses no obvious H-bonding residue in the sidearms, but 
iodide anion in 7.KI is excluded from the cation's 
solvation sphere. Because there is only one arene 
available to serve as an axial donor, the other site is 
occupied by the ether oxygen. When a single sidearm is 
present (N-2-phenylethylaza-18-crown-6), iodide occu- 
pies the axial position opposite the single arene.'361 

An interesting feature of the solid-state structural 
studies is that the bound cation in 6 was closer to 
the 5-membered ring instead of the more electron-rich 
6-membered ring. Computational studies showed a clear 

Fig. 12 The diaza- 1 8-crown-6 compound (7) was prepared to 
have 2-methoxyethyl and 2-phenylethyl side chains. 
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preference for the benzo, rather than the pyrrolo subunit, 
of indole to serve as the pi-donor. Similar experimental 
results were observed for both Na' and K+ in concert with 
a variety of counteranions. When the position of attach- 
ment between the macrocycle and the arene was moved, 
benzene became the cation's axial donor.[371 This suggests 
that indole is indeed a versatile pi-donor. 

CONCLUSION 

Arenes are predicted by computational methods to bind 
cations. The first evidence for such interactions came 
from mass spectrometric studies conducted in the gas 
phase. Subsequent studies undertaken with designed 
receptor molecules gave evidence for cation-arene inter- 
actions in various solvents. Recently, numerous solid-state 
structural data have confirmed these interactions and have 
provided distance and angle information upon which to 
base more sophisticated receptor design efforts. 
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INTRODUCTION 

One of the remarkable physical properties of a DNA 
molecule is that it is a strongly charged polyelectrolyte. 
In solution, DNA dissociates, forming a negatively 
charged polyion surrounded by an atmosphere of mobile, 
positively charged counterions. Although positive coun- 
terions are attracted to DNA, they screen the negative 
charge of DNA, decreasing the attractive force for other 
positive counterions. Additionally, ions of different val- 
ency and size interact with DNA in a different manner, 
leading to effects of competition between ions of different 
species. There is always a delicate balance of forces 
forming the equilibrium ion distribution around DNA. 
The functionality of DNA in the cell is, in a decisive 
degree, determined by electrostatic forces, which in turn 
are dependent on the presence of different charged 
components in the surrounding solution. It is clear that 
understanding of DNA functionality is impossible with- 
out an understanding of electrostatic interactions of DNA 
with the environment. 

The aim of the present review is to show how molec- 
ular computer simulations can contribute to our under- 
standing of the basic features of the interaction of DNA 
with its ionic environment, what kind of information can 
be obtained by computer simulations, and how this in- 
formation can be used to bridge experimental and theo- 
retical studies of DNA. First, some common polyelectro- 
lyte models of DNA will be briefly reviewed, and a survey 
of available computer simulation techniques will be given. 
Then, applications of computer simulations to describe the 
ionic environment of DNA on different levels of precision 
will be discussed: Monte Carlo (MC) and Brownian dy- 
namics (BD) simulations within the continuum dielectric 
models, molecular dynamics (MD) simulations with ex- 
plicit treatment of solvent, as well as a combination of 
these techniques, giving rise to the "multiscale model- 
ing" approach. 

Several reviews devoted to different aspects of DNA- 
ion interactions and computer simulations of DNA have 
recently appeared.['-31 A more general and detailed re- 
view of the computer simulation of polyelectrolytes is 
presented in Ref. [4]. 
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DNA POLYELECTROLYTE 
MODELS AND THEORIES 

A theoretical description of the ionic environment of DNA 
is not a simple task. In fact, in any condensed matter 
system, the more detailed and closer to reality the mo- 
lecular model is, the more complicated (and often in- 
cluding even more approximations) is the theory that has 
to be applied to obtain meaningful results. There exist 
several levels of theoretical descriptions of polyelectrolyte 
systems. In the simplest approach (the so-called "primi- 
tive model"), a DNA is presented as a rigid cylinder, and 
mobile ions as point charges or small rigid charged 
spheres. Within the primitive model, the solvent is de- 
scribed as a uniform dielectric continuum, described by a 
dielectric permittivity of this solvent. The interaction be- 
tween ions is described by the Coulombic potential scaled 
by the value of the dielectric permittivity. 

The most commonly used approach to describe the 
properties of polyelectrolyte solutions at this level is the 
Poisson-Boltzmann (PB) (mean field) theory.['' This ap- 
proach implies a Boltzmann distribution of the mobile ion 
species in the average field of other ions. For a simple 
cylindrical geometry, the PB equation can be rather easily 
solved by numerical methods. If the electrostatic potential 
is small, the exponent term in the standard PB equation 
may be linearized, resulting in the linearized PB equa- 
tion that allows an analytical solution. In this context, 
the counterion condensation (CC) model formulated by 
~ a n n i @ '  can also be mentioned. According to the CC 
model, for a highly charged cylindrical polyion, a certain 
amount of counterions remains in close proximity to the 
polyion. These counterions neutralize a given fraction of 
the total polyion charge, whereas the remaining counter- 
ions reside in the bulk phase. Because most of the charge 
of the polyion (76% in the case of DNA) is neutralized, 
the distribution of ions in the bulk phase may be described 
by the linearized PB equation. Because of its simplicity, 
the Manning CC model has had a profound impact 
on practical, as well as theoretical, studies of polyelec- 
trolyte solutions. 

The major problem with theories based on the PB ap- 
proximation is that the Boltzmann expression for the ion 
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density cannot be strictly derived from the statistical- 
mechanical theory; therefore the accuracy of the PB the- 
ory should be checked by more rigorous theories, or by 
simulations. The PB theory neglects the small ion corre- 
lations within the model. The effect of correlations can be 
explained as follows. If a counterion is present at some 
point near the polyion surface, it will decrease the prob- 
ability for other counterions to be around it. Therefore 
near this point, the counterion density will be lower than 
that given by the PB theory. The decrease in local coun- 
terion density causes an effective attractive force (in ad- 
dition to the mean force) that draws the counterions closer 
to the polyion surface. Clearly, the effect becomes stron- 
ger with increase of the ion valency. Ion correlation 
effects can considerably change the behavior of the 
polyelectrolyte systems in quantitative as well as quali- 
tative ways. 

There exist a number of liquid state theories, based on 
integral equations, which go beyond the PB approxima- 
tion: the hypernetted chain approximation (HNC), '~ ,~ '  the 
BBGY chain the mean spherical approxi- 
m a t i ~ n , ' ~ ]  the modified PB as well as some 
others. A discussion of these theories and a comparison 
of predictions of such models to both the PB model and 
that of computer simulations can be found in a recent 
review.['21 

More elaborate DNA models may include specific 
details of its structure. One example is the so-called 
"grooved" model of D N A , ~ ' ~ ]  in which the charged 
groups of DNA are located outside the cylindrical hard 
core, on the sites corresponding to the phosphate groups 
of DNA. In addition, full-atomic molecular models 
of DNA or other polyelectrolytes in continuum solvent 
have been considered. In such cases, the PB equation 
becomes three-dimensional, but its solution is still rather 
~ t r a i~h t fo rward . "~ . '~ '  Sometimes effects of polarization 
and hydration are included by considering a distant-de- 
pendent and field-dependent dielectric constant. The 
relevant theory to treat this class of models is the mod- 
ified PB equation.[16] Stricter statistical-mechanical the- 
ories become too complicated to be of any practical use 
in this case. 

The above-discussed analytical theories have to resort 
to approximations already at the level of the primitive 
model. Comparison of theory with experiment is, in such 
cases, inconclusive; if discrepancies occur, it may be 
difficult to attribute them to the approximations within the 
model, or to approximations during the mathematical 
treatment of the model. Computer simulations can help to 
answer the questions because they may provide an accu- 
rate, asymptotically exact, statistical-mechanical solution 
for a given model. Moreover, computer simulations allow 
to treat even more accurate and detailed models, with a 
proper account of effects caused by hydration, dielectric 

saturation, and the molecular structure of the solvent by 
considering explicit solvent molecules. 

The main computer simulation methods are MC and 
MD. The MC method["' is based on a stochastic proce- 
dure, which generates molecular configurations with 
probabilities equal to that in the canonical (or another 
statistical) ensemble. By calculating simple arithmetic 
averages over generated molecular configurations, it is 
possible to define average values of physical properties in 
the canonical ensemble and to obtain exact (in statistical 
sense) answers to a statistical-mechanical problem. An 
important kind of MC simulation technique is the grand 
canonical Monte Carlo (GCMC) method, which allows to 
perform simulations in the grand canonical ensemble at 
constant chemical 

The MC method is very suitable for a description of 
electrolyte and polyelectrolyte systems within the frame 
of continuum solvent models (i.e., when solvent mole- 
cules are not explicitly included in the simulations). 
However, for models with explicit solvent molecules, the 
MC method is not so efficient. The main reason is that in 
the liquid state, the molecules are closely packed and the 
fraction of the accepted MC steps becomes too small. For 
molecular all-atom models of the solvent, the MD simu- 
lation scheme is then more efficient. 

The MD simulation technique implies a numerical 
.solution of the Newtonian equations of motion for all 
atoms in the simulated molecular system. At each step of 
the MD simulation, the coordinates and velocities of the 
particles are recalculated according to equations of clas- 
sical mechanics where forces are computed from some 
predefined expressions, called the force field. The time 
step is usually chosen at about 10- l 5  sec and a typical MD 
simulation covers a time interval of 10-8-10'0 sec. In 
addition to structural and thermodynamic properties, the 
dynamics of the molecular system can be studied, in- 
cluding time correlation functions, diffusion, and other 
transport properties. 

At present, MD simulation is the most commonly used 
simulation method for studying molecules and molecular 
interactions in the liquid state. However, because MD 
implies simulation of all atoms in the system including 
solvent molecules, it becomes too expensive for studies of 
polyelectrolytes. A simplified description of polyelectro- 
lyte systems, in terms of continuum sollent models, is still 
a preferable option. For such models, either the MC 
method or the stochastic analogue of MD-BD is used. In 
BD, the solvent molecules are not explicitly accounted 
for, but enter the equations of motion for solute molecules 
by two terms: a friction force and a random force. The 
third term in forces describes interactions with other 
solute particles in the system (e.g., other ions or polyions). 
Because the solvent molecules are not treated explicitly in 
BD, it allows simulation of substantially larger systems 
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than full-atomic MD simulation. Moreover, compared 
with MC simulations, the dynamic properties of the ions 
can be determined. For example, the effect of polyions on 
ion diffusion can be studied. 

SIMULATION OF COUNTERIONS 
AROUND DNA WITHIN CONTINUUM 
SOLVENT MODELS 

Evaluation of Analytical Theories 

The first attempts of computer simulations of DNA-like 
polyelectrolytes were made in the beginning of the 1980s 
using the MC More systematic studies, with 
varying salt concentrations and/or ion type, have been 
carried out ~ a t e r . [ ~ ' - ~ ~ ]  The primary objective of these 
earlier computer simulation studies was to evaluate the 
applicability of analytical theories describing ionic dis- 
tributions around DNA. In most of these works, the 
primitive model was used [i.e., the DNA was modeled as a 
hard body (cylinder) with a uniform distribution of surface 
charge, and the ions were represented as point charges or 
charged hard spheres]. In some of these works, a soft 
short-range ion-ion or ion-DNA interaction potential,[231 
or a specific location of the charges on the polyion sur- 
face[221 has been used. The main outcome of the early 
simulations was that the PB approximation is generally 
valid if only monovalent ions are present in the solution. 
In subsequent works with more detailed and more accu- 
rate (in the sense of longer runs) simulations, it was shown 
that deviation of the PB theory from the simulations does 
not exceed 10% for the ion distribution or the electrostatic 
potential in the relevant range of ion concentrations. 

For ions of higher valency and their mixtures, the PB 
approximation often fails. The typical behavior is that the 
PB approximation underestimates the ion density in the 
nearest layer next to the polyion surface, which is a result 
of neglecting ion-ion correlations. An example is given in 
Fig. 1, which shows the ion density distributions for a 
cylindrical model of DNA in the presence of a mixture of 
divalent counterions and monovalent coions. One can see 
an increased simulated concentration of counterions com- 
pared with the PB result within about 5 A from the polyion 
surface. This feature may seem not large on the figure, but 
given the facts of the logarithmic scale of Y-axis and steep 
slope of the curve, it results in a noticeable higher affinity 
of divalent ions to DNA. 

An additional attraction of counterions to DNA can be 
seen more clearly in the "integrated charge" curve, which 
represents ion distribution integrated from the surface of 
polyion to some distance r. The sense of this curve is the 
total counterion charge (per length of the polyion) within 
the cylinder of radius r around the polyion. An example of 

Fig. 1 Ion distribution profile around a cylindrical DNA model 
for a mixture of divalent and monovalent counterions and 
monovalent coions, obtained in MC simulation (solid lines) and 
PB approximation (dashed lines). Radius of all ions in MC 
simulations, 2 A. The simulation was set up as in Ref. [37]. 

the integral charge curve is shown in Fig. 2 for the mixture 
of monovalent and divalent counterions with monovalent 
coins.[231 It is seen that for the given case (0.022 M MgCI2 
and 0.155 M NaCl mixture), the amount of divalent 
ions within 5 A from the DNA surface in the PB ap- 
proximation is underestimated by about 20%. In other 
cases (e.g., higher concentrations) deviations may reach 
40% or even more. 

Besides quantitative differences, computer simulations 
can, in some cases, predict a qualitatively different be- 
havior as compared with the PB model. An example is the 
so-called "charge reversal" or "overneutralization," 
which may happen if the total charge of the counterions in 
the close vicinity of a polyion exceeds the charge of the 
polyion itself, which then leads to an alternating sign of 
the electrostatic potential. Such behavior was typically 
observed for divalent or higher-valence counterions under 
certain thermodynamic conditions,r251 but it may happen 
even for monovalent ions if the salt concentration is high 
enough.'"' The charge reversal cannot be obtained in the 
PB theory. There is no clear experimental evidence of the 
charge reversal, except perhaps for a rather old work by 
Strauss et a1.,[281 who observed a cationic polyion (poly-4- 
vinilpyridine) moving against the electric field at high 
salt concentration. 

More accurate statistical-mechanical theories, such as 
the HNC or the modified PB theory, were found to re- 
produce properties of the ion distributions relatively well 
even for multivalent  ion^."^' Fig. 2, reproduced from 
the work of Murthy et al.,[231 shows the integral charge 
computed for a mixture of divalent and monovalent 
ions by the PB and HNC theories as well as by MC 



Fig. 2 Radially integrated counterionic (q2+ and q,) and total 
(q) charge for a 0.155 M NaCl and 0.022 M MgC12 salt mixture 
around a cylindrical model of DNA. Points are MC simulation 
result; dash-dot lines and solid lines are PB and HNC theories, 
respectively. (From Ref. [23]. 0 American Chemical Society, 
1985.) 

simulations. Clearly, the HNC result is much closer to the 
simulation data than that obtained by the PB theory. The 
HNC theory, as well as some other more elaborated the- 
ories, are able to reproduce even such effects as charge 
rever~al. '~]  However, these theories are difficult to apply 
in the case of more complicated (noncylindrical) geome- 
tries (e.g., for a model with specific location of the charges 
on the polyion). 

Manning condensation theory is often considered as a 
further simplification of the PB theory. Still, it catches 
some basic features of ion distributions. Lamm et al.[271 
compared the fraction of electrostatically bound ions us- 
ing the MC, PB, and CC methods. If the bound fraction of 
counterions is determined as those residing within a re- 
gion around the DNA where the electrostatic potential is 
less than kT, the MC results are found to quantitatively 
reproduce the bound fraction predicted by the Manning 
condensation theory. Another interesting feature of ion 
distribution, also related to the CC theory, is that the 
concentration of counterions just next to the DNA surface 
depends very weakly on the salt concentration, and 
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remains high (a few molars per liter) even at very low salt 
concentrations. According to the CC theory, a fraction of 
DNA counterions remains condensed to DNA even at 
infinite dilution. This feature was also confirmed by the 
computer simulations. 

Dielectric Effects 

MC computer simulations within the primitive electrolyte 
model imply uniform continuum dielectrics with dielec- 
tric permittivity of liquid water ( ~ ~ 8 0 ) .  In fact, dielectric 
permittivity of DNA itself is substantially lower. It is also 
often argued that because the water molecules around the 
DNA are strongly oriented in the electrostatic field of 
DNA, their reorientation mobility is reduced, which must 
make the dielectric permittivity lower than in the bulk 
solution. Some estimations show that the effective di- 
electric constant may be as low as 6-30 in the first one to 
two molecular layers near a DNA ~ u r f a c e ' ~ ~ ~ ~ ~ '  compared 
with the bulk value of about 80. Nonuniform dielectric 
permittivity is a source of polarization forces, and their 
effect on ionic distribution is a priori unclear. 

MC simulations, incorporating the effect of dielectric 
at the polyion surface and using alter- 

native dielectric saturation models,r331 have investigated 
the effects of the assumption of a constant dielectric 
permittivity, finding minor effects on the counterion dis- 
tributions. Moreover, the effect may be different- it may 
drive ions out of the DNA grooves,1311 or, at the opposite, 
increase their concentration near the DNA surface,[321 
depending on the details of the DNA model (shape) and 
the way how the dielectric effects are incorporated. 

In fact, at distances on the order of a few angstroms, the 
concept of dielectric permittivity is not well defined. 
Within the primitive model, the interaction potential is the 
Coulombic potential scaled by the value of the dielectric 
constant. This potential is an approximation of the exact 
solvent-mediated potentials between the ions in the solu- 
tion, which in fact represents the free energy of ion-sol- 
vent interactions. From this point of view, E in the inter- 
action potential can be regarded as a parameter of the 
potential, which may differ from the local dielectric 
constant related, for example, to the water dipole fluctu- 
ation or the dielectric response. Evaluation of solvent- 
mediated potentials may be performed from the all-atom 
MD simulations, which showed that the effective dielec- 
tric constant-as a parameter of the effective potential- 
remains high even at high-enough salt concentrations and 
near the DNA The effects caused by an 
explicit account of the solvent in computer simulations on 
ion distribution around the DNA will be discussed in more 
detail below. 
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Effect of Specific Distribution of Charges 

The effects caused by a specific distribution of charges 
on the polyion surface were studied in a number of 
works[ 13.3 1.35-381 with applications to DNA. Quite evi- 
dently, a different structure of the charge distribution on 
the polyion may cause a rather different distribution of the 
ion density in the close vicinity of the polyion. Typically, 
one puts charges of - 1 on the sites corresponding to the 
phosphate groups of DNA. Additionally, helical grooves 
may be set, mimicking the minor and major grooves of 
DNA. In some cases, the DNA is presented with all-atom 
resolution.[391 

A detailed study of different ways to mimic helical 
grooves on DNA was presented by Montoro and Abas- 
cal.[13] These authors observed that specific interactions of 
ions with DNA (soft repulsion potential), the incorpora- 
tion of the discrete charge distribution, and the grooved 
nature of the DNA surface may change the ion density 
profile around DNA considerably (Fig. 3). For example, in 
a "groove model" of DNA, in which explicit grooves on 
DNA were introduced, a double hump on the counterion 
density profile was observed, which even transformed to a 

Radial coordinate (A) 

Fig. 3 Ion distribution profiles at 0.05 M monovalent salt, 
calculated in MC simulations for different DNA models. HH is 
"homogeneous hard cylinder," HS is "homogeneous soft 
cylinder" (ions interact with the polyion with repulsive 11r9 
potential), HS1 is homogeneous soft cylinder with a displaced 
axis of short-range repulsion, DS is discretely charged, soft 
repulsion model with charges located on sites of phosphate 
groups, GP is grooved DNA model with explicit grooves. (From 
Ref. [13]. 0 American Institute of Physics, 1995.) 

Radial coordinate (A) 

Fig. 4 Integrated charge (charge compensation) function, cal- 
culated in MC simulations for different DNA models. Nota- 
tions are the same as in Fig. 3. (From Ref. [13]. @) American 
Institute of Physics, 1995.) 

double maximum at higher concentrations. This is in 
agreement with BD simulations of a full-atomic descrip- 
tion of D N A . [ ~ ~ , ~ ' '  In addition, substantial penetration of 
counterions in the minor and major grooves was ob- 
served.'361 Enhanced concentration of counterions in the 
grooves (with stronger effect in the minor groove) has 
been observed also in several However, dis- 
tribution of counterions far from the DNA depends only 
weakly on the structure of the DNA surface. 

An MC study of a DNA model with an all-atom res- 
olution in a continuum solvent was carried out by Mills 
et al.L391 for different forms of DNA. It was found that 
the grooved structure of both A-DNA and the B-DNA 
affects the details of the ion distribution in the center re- 
gion of the polyion dramatically. However, the total 
number of bound ions at a particular added salt value 
differs only slightly among the conformations. 

A general conclusion from the studies on the effect of 
the specific charge location on DNA is that although it 
may affect strongly the details in ion distribution near the 
polyion, the distribution of counterions far from the 
polyion (at distances more than 20 from the DNA axis) 
remains largely invariant. Furthermore, the integral prop- 
erties of the ion distribution, such as the amount of ions 
within a certain distance around the polyion, depend very 
little on how the charges are located on the polyion sur- 
face. This is illustrated in Fig. 4, where the integrated 
charge is displayed for the same ion distributions as shown 
in Fig. 3. The integrated charge curves are determined 
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mostly by the total charge density of the polyion and by 
the ion composition. The primary reason for the weak 
sensitivity of the global properties of the ion distribution 
to the details of charge location is the long-range character 
of electrostatic interactions, which effectively averages 
contributions from all the charges of the polyion and 
makes the total electrostatic field similar to that of a 
uniformly charged cylinder. 

Ion Competition 

The interaction of mobile ions with polyions depends 
strongly on the ion type, charge, and size. Counterions of 
higher valency are more strongly attracted to polyions 
than monovalent ions-that is why they force low-valency 
ions out from the nearest vicinity of the polyelectrolyte. 
The size of the ions additionally plays a role and becomes 
especially important in the discussion of the competition 
of ions of the same valency. Smaller ions can come closer 
to the polyion surface and lower the electrostatic energy as 
compared with larger ions. However, within the primitive 
electrolyte model, the size of ions in simulations is not 
directly related to their real "crystallographic" sizes. 
Rather, it is a parameter that, in an average way, takes into 
account the effective hydration shell of water molecules 
around the ion. Reasonable values of the ion hydration 
radii can be obtained by fitting to available experimental 
data on ion osmotic and activity coefficients.[421 Other 
ways of choosing effective ion radii are discussed in a 
recent work by Banavali and R O U X . [ ~ ~ '  

The problem of ion competition has received much 
attention because of its importance in biological and 
technological applications. (For more information, see, for 
example, Ref. [44].) Typically, one determines a "com- 
petition coefficient," which has a sense of an equilibrium 
constant of the ion exchange process.[451 The competition 
coefficient may be determined experimentally from nu- 
clear magnetic resonance (NMR) relaxation measure- 
m e n t ~ , [ ~ ~ ]  or from direct ion exchange e ~ ~ e r i m e n t s . ~ ~ ~ ' ~ ~ ]  
The competition parameter may be also determined from 
computer simulations, or other theoretical approaches in a 
standard manner: For a given concentration of ions of 
different species, the ion density profiles are calculated 
and from these data, the amount of ions of each species 
within some distance from the polyion surface is obtained. 
Some uncertainty arises when one tries to define which 
ions are "bound" and which are "free." Usually, one 
considers ions within some cutoff distance rg from the 
surface of DNA (which is on the order of a few angstroms) 
as "bound." Paulsen et aLL4'] analyzed the dependence of 
the competition coefficient on the cutoff radius and found 
that it is almost independent of r, if r, is chosen in rea- 
sonable limits. 

In this way, the competition of ions of several divalent 
counterions with Na+ around the DNA was studied in the 

where a comparison of the PB model, MC 
simulations, and NMR experiments has been made. It was 
found that simulation results were closer to the experi- 
mental data than the PB results. Other studies of the ion 
competition effects are reported in a number of more re- 
cent MC s i m ~ l a t i o n s . ' ~ ~ ' ~ ~ ' ~ ~ '  It was shown that the PB 
approximation underestimates binding of higher-valency 
ions and that this underestimation increases with ion 
valency .'383451 

In the case of concentrated polyelectrolyte systems 
(e.g., oriented DNA fibers in equilibrium with a bulk 
electrolyte solution), the situation is different. The sim- 
ulation cell, in this case, cannot include the "bulk" so- 
lution, so the concentration of the ions in the bulk is not 
directly known. The problem can be solved by per- 
forming GCMC simulations both in the polyelectrolyte 
gel phase and in the bulk solution (without polyions), at 
the same chemical potential.[501 The GCMC approach has 
been applied for studying the competition of monovalent, 
divalent, and trivalent ions in a series of works by Kor- 
olev et a1.'46,47,5'1 In these works, competition coeffi- 
cients of different ions, computed in GCMC simulations, 
were compared with the experimental ones measured by 
ion exchange experiments for DNA fibers, which were 
stabilized by the presence of ethanol. In computer simu- 
lations, the presence of ethanol was modeled as a lower 
(than in pure water) dielectric constant. The competition 
coefficients for the ions of different valencies and sizes 
have been computed and a good agreement with the ion 
exchange measurements has been observed. 

Interaction of DNA with Multivalent Ligands 

Studies of DNA interacting with complex multivalent 
molecular ions is of considerable interest because of the 
role of such ions (e.g., polyamines) in living systems. 
Additionally, polyamines are often used as condensing 
agents in the preparation of condensed samples of DNA. 
Other interesting and important applications are related to 
binding of charged intercalative drugs to DNA and to 
protein-DNA binding. 

Application of standard polyelectrolyte theories to 
complex multivalent ions faces additional difficulties re- 
lated to the spatial distribution of the ion charges and the 
internal degrees of freedom. In analytical theories, these 
additional features are usually either ignored[521 or treated 
in some approximate manner.'53.541 In computer simula- 
tions, on the contrary, inclusion of the internal structure 
of the ionic ligand does not pose any principal compli- 
cations. In Ref. [37], the polyamine spermidine3+ was 
modeled as a chain of three monovalent ions connected by 
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harmonic bonds. It was shown that because of the effects 
of the nonlocal charge distribution and internal degrees of 
freedom, the binding affinity of spermidine to DNA was 
reduced compared with that of a simple trivalent (metal) 
ion. The binding was reduced even below the predictions 
of the PB theory, which generally underestimates the 
binding affinities of higher valency ions for simple ions. 
Existing NMR diffusion studies qualitatively confirm this 

The binding of an octavalent rodlike ligand to DNA in 
the presence of monovalent salt has been studied by 
Olmstedt et al.[561 using GCMC simulations. Such highly 
charged ligand binds strongly to DNA, forming a stable 
complex. A strong reduction in the surface counterion 
(e.g., Na+) concentration over a region including-but 
extending well beyond-the location of the ligand binding 
site has been observed. 

Brownian Dynamics of Counterions 
Around DNA 

BD simulations allow, alongside ion distribution, com- 
putation of dynamic and transport properties of ions. 
The presence of a polyion makes the diffusion of ions 
slower than in the bulk solution, because of both the 
steric obstacles imposed by the polyion and the elec- 
trostatic interactions. Thus the retardation of the diffu- 
sion provides information on the binding of ions to the 
polyelectrolyte. An advantage of diffusion studies is 
that the self-diffusion coefficient is a quantity that is 
directly available from experiments measuring macro- 
scopic self-diffusion. 

The diffusion properties of counterions in the presence 
of DNA were studied by BD simulations in a number of 

The self-diffusion coefficient can also be 
obtained within the PB mean field approximation, using 
the PB-Smoluchowski diffusion A comparison 
of lithium counterion diffusion coefficients determined 
in BD simulations, in the PB-Smoluchowski model, and 
in the experiment was performed in Ref. [57]. The 
comparison of the two polyelectrolyte theories with the 
experiment clearly demonstrated the effect of ion corre- 
lations included in the BD simulations, which substan- 
tially improve agreement with the experiment. 

Apart from the general interest as to how the presence 
of DNA affects ion dynamics, such simulations provide 
valuable information for the interpretation of NMR re- 
laxation experiments. For example, BD may provide data 
on the time correlation function of the electric field gra- 
dients140.'81 experienced by Na+ counterions associated 

with DNA, for which the NMR quadrupolar relaxation of 
the 2 3 ~ a  nuclei is determined by the time-dependent 
fluctuation of these field gradients. 

SIMULATIONS OF COUNTERIONS 
AROUND DNA WITH EXPLICIT 
ACCOUNT OF SOLVENT 

Molecular Dynamics of DNA 

The studies of the ionic environment of DNA discussed 
above have been carried out within continuum solvent 
models. The effects of solvent and hydration can be 
taken into account rather straightforwardly in computer 
simulations by introducing explicit solvent (water) mole- 
cules. However, an all-atom description makes the simu- 
lations very time-consuming and reduces the size of 
the system that can be considered. At the present level of 
computer power, the maximum number of atoms that 
can be simulated long enough to obtain meaningful re- 
sults is on the order lo4, which corresponds to a simu- 
lation box size of 50-60 A . This size is not enough to 
study polyelectrolyte aspects of ion distribution. Still, 
all-atom simulations are extremely important for under- 
standing ion-DNA interactions in close proximity to 
the DNA. 

The preferable method in all-atom simulations is MD, 
although the first attempt to simulate such model was 
performed by the MC method.[601 Earlier MD simulations 
of 1-63] were too short to produce information on 
ionic distribution. Given the diffusion of counterions 
around DNA on the order lop6 crn/sec2, at least nano- 
second time scale is needed for the counterions to sample 
the space around DNA. Such simulations became possible 
from the second part of 1990s, when a large number of 
works on MD simulations of DNA, with full-atomic de- 
scription of solvent and ions, appeared.[64-711 In the ma- 
jority of these studies, the main interest was in the DNA 
molecule itself, investigating DNA backbone structure 
and dynamics, base stacking, phosphate orientation, over- 
all nucleic acid structure, and so on. (For more informa- 
tion on these issues, the reader is referred to recent re- 
v i e w ~ . ' ~ , ~ ~ ' )  Below, we shall concentrate on works dealing 
with MD simulations of ion distributions around DNA. 
Note first that results on MD simulations are dependent 
on the force field used. The force fields used in macro- 
molecular simulations are usually empirically parameter- 
ized to reproduce some set of experimental results. At 
present, the most often used force fields for DNA simu- 
lations are  AMBER'^^' and CHARMM.~'~] It was found 
that these force fields may give somewhat different DNA 
structures.r701 However, the hydration structure and ion 
distribution are very similar in AMBER and CHARMM 
sir nu la ti on^.'^"^^^ This is because of the fact that these 
force fields differ mainly by parameters describing intra- 
molecular DNA interactions, whereas parameters de- 
scribing forces between water, ions, and DNA are almost 
the same. 
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Specific Binding of Ions 

A major issue in molecular dynamic studies of the ionic 
environment of DNA is the problem of specific ion 
binding to different sites on the DNA surface. Whether 
this binding is sequence-specific or purely electrostatic is 
still to be determined. X-ray experiments carried out in the 
1980s have suggested that there exists a "spin of hydra- 
tion" of D N A , ' ~ ~ ]  which is a sequence of water molecules 
in the minor and major grooves that is impenetrable to 
cations. Cations, according to this picture, form a diffuse 
cloud around, which is defined by electrostatic inter- 
actions. However, MD simulations, made in the 1990s, 
have shown that Na+ counterions may intrude the spin 
of hydration of DNA and substitute for water mole- 
c u l e ~ . ~ ~ ~ ~ ~ ~ ~ ~  This was also confirmed by newer, high- 
resolution X-ray data.r781 

The question of sequence-specific counterion binding 
to DNA has a principal importance to our understanding 
of mechanisms of DNA recognition. When counterions 
bind to DNA in a sequence-specific manner, they form a 
mosaic of nonuniform charge distribution depending on 
the DNA sequence. Moreover, it was supposed that di- 
rect ion binding to DNA affects the DNA structure,[781 
although this point of view is under debate.[791 Molec- 
ular computer simulation can provide valuable infor- 
mation to this discussion. 

Most of the mentioned MD simulations of DNA have 
been carried out with Na+ counterions. In some works, 
other counterions were also studied. In Ref. [68], a com- 
parative study of Li+, Na+, and Cs+ around DNA was 
performed. It was found that these monovalent alkali ions 
interact with DNA in a very different manner. Li+ ions 
bind almost exclusively to the phosphate groups of DNA. 
Na+ ions bind prevailing bases in the minor groove 
through one water molecule, although a smaller fraction 
of ions binds directly to the bases at some specific sites 
(AT step in the minor groove and guanine bases in the 
major groove). Cs+ ions bind directly to sugar oxygen in 
the minor groove. It was shown also that the specific 
character of ion bonding is, to a large extent, determined 
by the hydration structure of water around DNA. A 
stronger binding of Li+ ions to DNA was also confirmed 
by NMR studies of the diffusion of Li+ and Cs+ ions in 
oriented DNA fibers.[801 

DNA oligomers ~ ( T P A ) ~ ~  in the presence of K+ 
counterions were simulated in Ref. [81]. Comparing with 
Na+ counterions, a stronger preference of K+ ions to the 
major groove has been observed. 

MD of DNA with divalent ions M ~ ~ +  and ca2+ was 
performed in some recent However, the 
slow diffusion of M ~ ~ +  ions makes it difficult to perform 
a reliable estimation of distribution of these ions around 
the DNA. 

Recently, some works appeared on the distribution of 
multivalent polyamine ions around DNA. '~~ - '~ ]  It was 
found that flexible polyamine molecules (spermine or 
sperrnidine) have several binding modes, interacting with 
different sites on the DNA in an irregular manner. That is 
why polyamine molecules are not seen in X-ray diffrac- 
tions of DNA. spermine4+ ions compete with Na+ ions 
and water molecules in binding to bases in the minor 
groove, and they influence the structure of the DNA hy- 
dration shell in different ways.[851 

Comparison with Continuum Solvent Models 

An interesting question that MD simulation could answer 
is: How reliable are computations within the continuum 
solvent model, for example, in the prediction of overall 
ion density around DNA? The angularly averaged density 
profile of counterions (Na' mostly) has been calculated in 
some recent At short distances (within 5 A 
from the DNA surface), these density profiles are defined 
mainly by the details of DNA structure and hydration 
forces. Naturally, the distributions are very different from 
the density profiles calculated for the cylindrical model of 
DNA within the continuum solvent model (both in ana- 
lytical approaches and MC simulations). Such compari- 
son, from Ref. [68], is shown in Fig. 5. where angularly 
averaged distributions of different monovalent counter- 
ions around the DNA are displayed, together with the PB 
theory result. Introducing details of the DNA structure 
within the continuum dielectric model may make the 
counterion distribution closer to that obtained in MD 
simulations. For example, a maximum in ion density is 

Fig. 5 Density profile of different ions around DNA obtained 
in all-atom MD simulations. The results marked with (*) are 
from a simulation with a larger simulation cell than the other 
data. The thin dotted line shows the PB results with a cell radius 
corresponding to the system marked (*). (From Ref. [68]. 
Adenine Press.) 
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Fig. 6 Integral charge for Na+ and C1- ions per phosphate 
obtained in all-atom MD simulations and PB approximation. 
(From Ref. [68]. Adenine Press.) 

observed at about 8 A from the DNA axis, corresponding 
to a high probability for counterions to be inside the DNA 
grooves.r381 

On larger distances from the DNA, the ion distribution, 
computed in MD simulations, became more similar to that 
calculated in the PB theory, or obtained in continuum 
solvent simulations. In addition, the integral charge for 
Na' ions turned out to be very similar already on distances 
greater than 12 A from the DNA surface (Fig. 6). This 
means that cylindrical PB equation, despite many inherent 
approximations, is still able to evaluate amounts of ions 
that are attracted (or "nonspecifically" bound) to DNA. 

polyelectrolyte systems (i.e., the all-atom MD simulations 
and the MC simulations without explicit solvent). The 
main idea is that detailed all-atom MD simulations pro- 
vide information on how to parameterize parameters for 
the continuum solvent model. In practice, as a first step, an 
MD simulation of size as large as can be afforded is 
performed. From this simulation, the radial distribution 
function (RDF) between ions as well as between ions and 
some sites of DNA is determined. Then, an inverse MC 
procedure is performed,r343861 which finds the effective 
interaction potentials that match the RDF obtained in the 
MD simulations. The great benefit of effective potentials 
is that they can be used for simulation of the very same 
system but of substantially larger scale because the sol- 
vent molecules are not included. The typical behavior of 
the effective potentials is that they have a few oscillations 
at short distances, reflecting the molecular structure of the 
solvent, and then-at distances of more than 10 A- 
approach the Coulombic potential with the dielectric con- 
stant of The short-range part of the effective 
potentials is rather ion-specific, thus the specific features 
of ion-DNA interactions are automatically included in 
the model. 

In Ref. [34], the effective potentials between different 
alkali ions and DNA have been determined and used for 
MC simulations of the ion environment of DNA. The 
computed ion distributions are shown in Fig. 7. One can 
notice clear similarities with the ion distribution obtained 
in all-atom MD simulations in Fig. 5. Another interesting 
observation is that for Na+ and K+ ions, the density pro- 
files follow very closely the solution of the PB equation 
for distances larger than 15 A from the DNA axis 
(of course, they were rather different at closer distances). 

Multiscale Simulation Approach 

However, direct simulation of ion density in MD simu- 
lation is a tedious task and can be performed only at rel- 
atively small distances from the DNA surface. These 
distances do not include the true "bulk" phase, where 
neither water nor ions are affected by the electrostatic 
field of DNA. On the other hand, the problem of finding 
the ion distribution in the whole range (from the DNA 
surface to the bulk solution) is the important one. The 
"bulk" ion concentration in the living cell is determined 
by the work of ion channels in the membrane; however, 
only ions that are in close proximity to DNA affect their 
properties. Although continuum solvent models allow to 
compute for the ion distribution in the whole range, they 
contain adjustable parameters, such as the effective ion 
radius, and are unable to describe the effects of specific 
ion binding (e.g., specific binding of Li+ ions to the 
phosphate groups). 

In Refs. [33] and [34], an approach was suggested to 
link together the two levels of simulations of electrolyte or 

Fig. 7 Density profile of different ions around DNA obtained 
by MC simulation with effective solvent-mediated potentials. 
The notations for the curves are the same as in Fig. 5. (From 
Ref. [34]. American Institute of Physics. Simulation details are 
given in this reference.) 



Molecular Simulations of DNA Counterion Distributions 

For two other ions, Li' and Cs', the deviations from the 
solution of the PB equation were more significant because 
of specific interactions of these ions with DNA. From the 
simulations, the relative binding affinity of these ions to 
DNA was determined as Cs+>Li+>Na+>K+, in agree- 
ment with the experimental results. 

The multiscale modeling approach may be used to take 
into account solvent and hydration effects in studies of ion 
binding and competition, as well as of the interaction of 
DNA with other ligands and proteins. Work in this di- 
rection is now in progress. 

CONCLUSION 

The aim of the present review has been to show that 
computer simulation techniques are becoming increas- 
ingly important in the description of the ionic environment 
of DNA as well as other properties of biomacromolecular 
systems. Computer simulations allow us to follow the 
motion of every atom in the studied system, thus provid- 
ing very detailed information and contributing to our 
general understanding of the physical mechanisms that 
govern the behavior of these biologically, as well as 
technologically, important systems. With the rapid de- 
velopment of computer technology, allowing larger sys- 
tems to be studied on a longer time scale and enabling 
also a more accurate and detailed description of molec- 
ular interactions, the importance of molecular simulations 
in this area will grow further. Furthermore, new devel- 
opments in experimental techniques including "single- 
molecule" experiments, as well as an interest in more 
and more complicated systems related to new areas 
of biotechnology, biomaterials, and nanotechnology ad- 
ditionally enhance the importance of computer simulation 
methods. 
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INTRODUCTION 

A switch is an ensemble of pieces whose function is to 
stop andlor establish the electrical current in a circuit.['] 
This 19th century definition of a switch continues to 
be valid in our days. But because of the requirement of 
better communication means during the 20th century, the 
pieces of our modem switches are no more mechanical or 
electromechanical in nature. In our information society 
era which uses plenty of communication and computation 
machines, the many switches constituting those machines 
are now made of solid-state semiconducting materials. 
After the relay and the vacuum tube, the microfabricated 
transistor is the modem reference of an integrated switch 
at the surface of a silicon wafer. Furthermore, not only 
electrical current, but also photons flux, magnetic flux, 
etc. have now their own switches, expanding the possi- 
bility of miniaturizing a switch to other types of material, 
such as dielectrics and ferromagnets. 

A human operator was supposed to operate a switch in 
the 19th century. The increasing complexity of circuitry 
made this operator to disappear to the benefit of a third 
electrode per switch. In electronics, a switch is now a 
three-terminal device. The "onloff" triggering informa- 
tion is generally provided to a given switch by another one 
inside the circuit, without involving the operator. Taking 
the transistor as reference for switch performances, there 
is now a continuous demand for a further reduction of the 
weight, the size, the power consumption, and the switch- 
ing time of the solid-state switches. 

One solution is to reduce the amount of material re- 
quired to fabricate a transistor by improving the litho- 
graphic technique, engraving a transistor on an always 
smaller and smaller portion of the surface of a semi- 
conductor wafer. A radically new approach was pro- 
posed by Aviram and Ratner in 1974.~" Instead of 
continuing the miniaturization of the transistor at the 
surface of a wafer by inventing new lithography tech- 
niques, why not go all the way down to the atomic scale. 
Here the next big step is to create switches whose pieces 
are simple organic molecules and even a few atoms 
bound together to form a single molecule. Those switches 
are called molecular switches. In principle, they can 

control an electron flux or, for example, a photon flux in 
a photonic circuit. 

What remains unchanged is the kernel of the definition 
of a switch: whatever the amount of material assembled 
or bonded to fabricate a switch (a condensed phase, a 
macromolecule, a few molecules, a single molecule), a 
switch must have two states (the "on7' and "off" states) 
well separated to ensure the stability of both the "on" and 
the "off" states. Behind the scene, there is often an 
internal physical or chemical variable to describe the state 
of the material assembled to constitute the switch. This is 
independent of the physical or chemical effect triggering 
the switch and whatever the flux to be controlled. Along 
a reaction coordinate proper to each kind of switch, a 
double-well energy curve can often be plotted (Fig. 1) 
defining the "on," the "off" states of the switch, and the 
transition region. But in simple monostable molecular 
switches, only one well is existing. The well is simply 
deformed or displaced by the triggering effect. The 
double-well case gives rise to bistable molecular switches: 
in a few examples, the same value of the triggering 
parameter can maintain both the "on" and the "off" state 
depending on the history of the switching event, i.e., there 
is a memory effect (note that conventional switches for 
domestic applications are usually bistable, but electronic 
switches such as transistors are only monostable). The 
memory corresponds to a hysteresis effect related to a 
cooperative phenomenon often obtained with molecular 
material molecular switches.[31 

In practice, mainly molecular electronic switches are 
explored. The reason is that the exchange of information 
between a given molecular switch and other molecular 
switches in the same circuit requires communication and 
interconnections means adapted to the size of ultimately a 
single molecule. Electrons have a much more practical 
wavelength than photons for this purpose. Furthermore, a 
tunnel junction is a very useful source of tunneling elec- 
trons where a molecule can be positioned on, like a jumper. 
Of course, such positioning is still very delicate to perform 
experimentally, taking into account the necessity to know 
exactly at the atomic scale the conformation and the exact 
position of the molecule in the junction. The invention of 
the scanning tunnel microscope (STM) in 1981[~] arrived 
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& switching unit 

Fig. 1 Topology of a switch. R is the response and X the 
switching action. (a) Monostable switch: the response comes 
back to its original value as soon as the switching action ceases; 
(b) bistable switch: the response remains modified after the end 
of the switching action (memory effect). Inserts: energy curves 
describing the state of a switch as a function of an internal 
coordinate. In the case of the bistable switch, an energy barrier 
separates the two states, permitting the memory effect. (View 
this art in color at www.dekker.com.) 

exactly on time to show experimentally as early as in 
1988[~' that such electrical interconnection between a 
single molecule and a macroscopic operator was possible. 

Many experiments on molecular switches are still 
performed by averaging the answer of the molecules over 
many and even billions of the same type. This increases 
the signal-to-noise ratio and amplifies the signal to be 
measured. In those experiments, each molecule is sup- 
posed to be noninteracting with the others, so that the 
switching ability depends only on one class of molecules. 
Using many instead of one is not only a matter of 
convenience. This approach can speed up the exploration 
of new molecular switches, by separating two otherwise 
intricated problems: obtaining a switching effect and 
positioning one molecule on a surface. 

In this article, we shall consider first "chemical 
switches," i.e., systems based on a chemical reaction, or 
on a cooperative process involving many molecules. Thus 
although the change in properties between the "on" and 
"off" states can be spectacular, it is not, in principle, 
possible to reach the truly monomolecular scale. Then we 

shall see the case of monomolecular switches, this latter 
goal being now strongly boosted by technological and 
fundamental purposes. There will be two variants: first 
"intrinsic" molecular switches, i.e., molecules which 
present a special sensitivity to an external perturbation, 
with a bistable character, and can be studied in solution, in 
particular for screening purposes; the second variant will 
be "surface bound" molecular switches, really inter- 
connected to an electrical circuit, which implies a strong 
interaction with the surface, so that the switching effect 
comes actually from the molecule-surface ensemble. 

CHEMICAL SWITCHES 

Simple Chemical Conversions 

A frequently encountered concept of molecular switch in 
chemistry is based on the abrupt variation of a property 
linked to a chemical concentration of some species, that 
could be detected by various optic or electrochemical 
measurement. In the most common approach, this is 
achieved by selecting a reversible chemical reaction for 
which the two processes back and forward are kinetically 
very fast compared to the time scale of the experiment. 
This is strongly reminiscent of colored indicators used in 
classic analytical chemistry. If we consider a set of species 
A, B, and X, the concentrations of which are controlled by 
the following equilibrium A = B + X, then one can easily 
show that the concentrations of species A and B (and thus 
any macroscopic property linked to their concentrations, 
such as color, etc.) will vary quickly over a limited 
domain of -log [XI values. Thus the latter parameter can 
be used as a control parameter. It is usually pH (X = H+), 
it can also be pX for another ion or the potential of an 
electrode. The switching effect is obtained by circulating 
around the "threshold" value -log K (Fig. 2). 

Concentration 

[Al, PI 1 

- 
colour change zone 

Fig. 2 Abrupt variation of the concentration of a species (and 
thus of the related macroscopic property) around the threshold 
value. (View this art in color at www.dekker.com.) 
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Fig. 3 Switching of fluorescence by either H+, (From Ref. [7].) 
or a combination of H' and ca2'. (From Ref. [8].) 

Sophisticated systems have been designed in order to 
exploit the output signal. One can indeed read out the 
switching by light (either in absorption, i.e., a color 
change, or in emission, i.e., a luminescence change) or by 
an electrochemical way, or by both. Many molecules have 
been proposed["81 for which an output signal, typically 
fluorescence, is triggered by chemical stimuli (Fig. 3). 
When several input conditions must be fulfilled, such 
systems even behave as logical gates.[81 

However, as these switches are based on a quantitative 
conversion of a macroscopic population of molecules, in 
practice one has to add a sufficient amount of species X 
to the solution in order to read the signal related to 
compound A, then to add a chemical that has a better 
affinity toward X to set free the compound B. Thus a 
"switching cycle" involves an ordered sequence of 
irreversible mixing steps and reversible chemical reac- 
tions steps. This leads to the accumulation of the products 
resulting from the necessary second chemical reaction and 
of solvent. Thus the intervention of an operator is ab- 
solutely necessary, to open or close taps to add chemicals, 
playing the same role as ancient telephone operators from 
the 19th century, before the introduction of the third 
terminal on each switch. 

Ways to suppress the use of an external operator have 
been proposed. First, the states of different switches or 
molecules can be coupled by the exchange of another 
chemical species, for instance H+.[~] In addition, it is 
possible to devise systems based on chemical reactors 
with reactions far from equilibrium, where several steady 
states can exist. For instance, in the case of "kinetic 
bi~tabilit~,"[ '~'  an abrupt variation can occur when the 
system passes through a bifurcation. Finally, the most 

spectacular developments would be the control of the state 
of the switch by an oscillating reaction. Such reactions 
have been used as a way to design logic gates, based on 
the propagation of chemical waves in a two-dimensional 
(2-D) nonstirred reactor containing an excitable media.r''' 
This would represent an archetype of a neuronal comput- 
er, because a living cell such as a neuron can be viewed as 
an out-of-equilibrium reactor. 

Molecules in Interaction: Cooperativity 

A large class of works is related to switching effects 
involving molecules in interaction, constituting a molec- 
ular material. In some circumstances, one can achieve 
appealing characteristics for information storage, such as 
a sharp transition and even a hysteresis. The most typical 
example is given by spin-transition systems.f31 They 
involve paramagnetic coordination complexes with two 

Proportion of 

Fig. 4 Cooperativity and abrupt transition. Up: array of 
interacting molecules, each presenting two states, for instance 
o = low-spin state (L), and = high-spin state (H). WLH, WHH. 
and WLL designate the interaction energies between molecules. 
Bottom: response (proportion of @) as a function of temperature. 
An abrupt transition occurs, as shown, when the cooperativity 
parameter is positive, i.e., (WHH+ WLL) > WHL. In some cases 
a hysteresis can appear (dotted lines). 
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Fig. 5 Switch made of two outer sites and a central switching 
unit sensitive to a chemical agent. (View this art in color at 

www.dekker.com.) 

possible states, a low-spin one and a high-spin one, the 
high-spin situation being favored by temperature. If the 
molecules are without interaction, the state of an individ- 
ual molecule is governed by Boltzmann statistics, and 
only a gradual transition occurs when the temperature is 
raised. But an interesting situation arises when a positive 
cooperativity occurs, i.e., when the high-spin state of a 
molecule is favored by the presence of other high-spin 
state molecules in its vicinity. Then, as shown by a simple 
model, the transition from low-spin to high-spin can be 
very sharp, and in some cases, a hysteresis appears, 
corresponding to a memory effect (Fig. 4). This has been 
the basis of a number of propositions to realize memory 

Q 
f PorMg:  "ON" 

{oxidize ( 1 reduce 
N' N 

Energy flow 

1 PorMge+ "OFF" 

Fig. 6 Switches based on the control of an intramolecular energy flow by a redox group. Up: association of porphyrins. (From 
Ref. [12].) Bottom: use of an azo group. (From Ref. [13].) (View this art in color at www.dekker.com.) 
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devices. In particular, the possibility to switch the system 
state by light, and not only temperature, has greatly ex- 
panded the potential for applications.[31 

However, in such systems, the switching effect relies 
inherently on the cooperativity parameter, i.e., the 
presence of many molecules. There is strictly no way to 
downsize the device to one molecule. 

Chemical Bimolecular Reactions Involving a 
Change of an Intramolecular Process 

En route for miniaturization, let us consider now the 
attempts to switch "on" and "off" an intramolecular 
transfer process of electrons. In this section we wish to 
present some examples of switches operated by a 
bimolecular reaction where the switching unit requires a 
modification of its composition or electronic configura- 
tion (Fig. 5),  usually by a chemical reaction. 

All of the chemical approaches of the problem imply 
the synthesis of rather complicated molecules made of a 
pair of groups A, B, the energetic or electronic config- 
uration of which will prove the transfer, and a switching 
unit able to respond to a chemical stimulation such as an 
ion complexation, a redox reaction, or even a more 
"classic" organic chemistry reaction. Following natural 
phenomena, two types of transfer have also been explored: 
energy transfer and electron transfer. 

Energy is a rather difficult communication vector to 
control, because, after light absorption by a molecule, 
creating an electronically excited state, the energy tends to 
relax as heat to other parts of the molecule or to the 
surrounding. This dissipation is unavoidable. However, 
smart molecules have been devised, allowing cascading 

the energy through an array of chromophores. The switch- 
ing effect is then obtained either by uncoupling the 
chromophores, or most commonly by creating a temporary 
energy sink. Some are given in Fig. 6. 

Switching an electron transfer along a molecular wire 
may sound easier as the electron should not vanish. Among 
the best systems explored are mixed valence systems, 
basically composed of at least two almost identical re- 
dox centers: they are differing only by one excedentary 
electron. Hence such a molecule undergoes a permanent 
intramolecular redox reaction, reflecting the electron 
quantum exchange between the two sites. This redox pro- 
cess is simply described in terms of a double welled energy 
landscape as a function of a reaction coordinate. Switching 
is now based on changing the coupling between the two 
redox states. This can be achieved for example by chang- 
ing the set of molecular orbital of the bridge by an acid- 
base rea~tion"~] or even a ~ i e l s - ~ l d e r  rea~tion"~] (Fig. 7). 

Finally, for such chemically sensitive switches, al- 
though the molecules do not interact with themselves, the 
input requires a chemical reaction and the output is a 
population-averaged property. Consequently, these 
switches will be hardly downsized to a single molecule. 

MONOMOLECULAR SWITCHES (I): 
INTRINSIC MOLECULAR SWITCHES 

Model Molecules Studied in Solution 

Here we consider molecules for which the barrier is large 
enough (Fig. l), defining two states, "on" and "off," that 

Fig. 7 Switches based on the control of an intramolecular electron transfer by a chemical agent. Up: protonation/deprotonation. (From 
Ref. [14].) Bottom: adduct formation. (From Ref. [15].) (View this art in color at www.dekker.com.) 
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we assume of nearby energies. This corresponds to an 
intrinsic bistability, which persists even when the mole- 
cules are isolated. The transformation is actually an 
isomerization reaction, i.e., a unimolecular process that 
does not require the reactant molecules, but can be 
activated by a physical process. The description is based 
on a simple double-well energetic landscape. 

Certain compounds undergo a light-induced one. This 
usually leads to a deep change in the light absorption 
properties and is therefore called photochromism. In such 
a process, a molecule is brought in its Franck-Condon 
excited state upon absorbing a suitable photon hvl and 
then starts to relax back to its ground state (Fig. 8). 
However, for this type of compound two isomeric ground 
states are available. A careful choice of the system can 
lead to a quantitative isomerization of the starting 
compound. An identical process but with another light 
of energy hv2, or if the activation barrier is low, simply 
heating can be used as a way to reverse the populations. 

state 

e=-@ 
OFF 

, excited 

state 2 

reaction coordinate 

light absorption 

internal conversion 

thermal process 

states 

Fig. 8 Potential energy curves involved in photochromic 
switches. The switching action drives the system from one 
potential well to the other, via high energy excited states. (View 
this art in color at www.dekker.com.) 

Photochromism has been widely used to demonstrate 
the basic principle of switching, because the photochem- 
ical transformation is an elegant way to transform, at the 
macroscopic scale, one form into another, and these forms 
remain usually unchanged after the irradiation. Following 
the approach mentioned in the previous section, several 
teams have presented molecules able to switch "on" and 
"off' an intramolecular "interaction" parameter. 

Regarding the switching unit, any photochromic 
moiety could be used in principle, but the recent work 
has focused on diarylethene-based molecules, in which a 
photocyclization/ring reopening process occurs. They 
present indeed distinct advantages: they show excellent 
photochromic characteristics (stability, reversibility, 
quantum yield, etc.), but above all, the two states 
correspond to very different states of conjugation of an 
extended framework, thus heralding very different elec- 
tronic properties, and finally, the geometry does not 
change very much during the photocyclization process, 
thus facilitating their incorporation in large supermole- 
cules or assemblies. 

The first members of the series were described 
independently by 1rie,[16] and Gilat et al.,[17] and this 
initiated a bunch of studies where photochromism has 
been associated to other properties. The change in 
absorption properties between the two photoisomers is 
already a signature of the large change in delocalization 
along the molecular skeleton. But, upon connection of 
redox sites of the pyridinium family, it is possible in 
addition to modifying the electrochemical properties.[171 
Other variants have been described. For instance, the 
introduction of a fluorescent unit allows the change in the 
emission response."81 The association with a hyperpolar- 
izable group led to a modification of the nonlinear optical 
properties.[191 Chiro-optical switching effects have also 
been described.[201 Grafting paramagnetic sites on each 
side of the central unit allowed the demonstration of 
switching an intramolecular exchange interaction para- 
meter.[211 Finally, with redox sites of the Ruthenium- 
(cyclometallated) family, it has been possible to switch 
"on" and "off' an intramolecular intervalence electron 
transfer,[221 i.e., a process which constitutes for mixed- 
valence molecules the equivalent of the conductance for 
a nanojunction (Fig. 9). 

Thanks to the versatility of diarylethene chemistry, it 
is even possible to realize more complex functions than 
just switching. Playing with electrochemical and photo- 
physical properties can lead to elaborate responses such 
as writelreaderase, which could be useful for the real- 
ization of molecular-based memories.[23' 

As photochromic compounds are addressed by light, 
the response is typically the one of an ensemble of 
molecules, usually without interactions. But it is pos- 
sible in principle to record signals corresponding to 
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Fig. 9 Photochromic switches based on diarylethenes. (a) Control of an exchange interaction between magnetic centers; (From 
Ref. [21].) (b) control of an intramolecular electron transfer between redox sites. (From Ref. [22].) (View this art in color at 
www.dekker.com.) 

a unique isolated molecule. This has been achieved 
quite recently by Irie et al. who observed by confocal 
microscopy the signal of single molecules of a dithi- 
enylethene-bis(phenylethyny1anthracene) dyad embedded 
in a polymer film.[241 

Electrical Studies on an 
Ensemble of Molecules 

In this section, more recent molecules with an intrinsic 
"bistable" design are presented. They are destined to be 
supported by a surface, following the recent evolution 
of the technology to manipulate molecules at the surface 
of a solid. Therefore they can be triggered from the "on" 

to the "off" states by the application of an electric field 
when sandwiched between two metallic electrodes. As 
they are chemically designed to be adsorbed on a surface, 
the ultimate goal here is to electronically connect one 
molecule at a time. This field was opened by Aviram who 
synthesized in the 1980s a hemiquinone molecule well 
adapted to be attached to a surface. The switch was 
intrinsic and triggered by an electric field with double- 
well-potential-like characteristics. The first STM mea- 
surements were attempted in 1987 in IBM laboratorie~.[~I 
But at that time, the available equipment did not permit to 
reach a firm conclusion about the switching effect.[251 

This first experiment was nevertheless a prelude to 
studies aiming at the demonstration of electronic functions 
of molecules when disposed as thin monomolecular 



layers, in particular rectification. This latter goal was 
finally achieved by Metzger in 1997. '~~' Since then and in 
relation to the switching problem, a large number of 
fascinating families of molecules equipped with different 
groups have been synthesized for this purpose. For 
example, the catenanes and rotaxanes molecular switches 
are based on the concept of "threading," i.e., they contain 
two parts which cannot separate without breaking a 
bond.[277281 The active parts used to control a motion are 
donor and acceptor moieties which can be associated 
through weak interactions, but because these moieties are 
kept in proximity by the special topology of the molecule 
and cannot fully separate, the association reaction is 
actually a monomolecular reaction analogous to an 
isomerization. Despite the flexibility inherent to large 
molecules presenting a large number of possible torsions, 
the number of pertinent conformations they can adopt is 
relatively limited, typically two, because of the unique 
topology of the system They correspond to the location of 
a mobile part (the "shuttle") in front of two possible 
"stations7' (Fig. 10). Such molecules can be studied first 
in solution, where the acceptorldonor character of a 

Oxyd nu 
Fig. 10 Molecular shuttle with two stations, A and B. The 
motion is controlled by the electrochemical oxidation of the TTF 
unit (station A). (From Ref. [29].) (View this art in color at 
www.dekker.com.) 
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Fig. 11 

moiety can be reversed by electrochemistry, and then can 
be transferred and used in solid-state devices. 

Many examples have been described by Luo et al. The 
active molecules were deposited as Langmuir-Blodgett 
(LB) monolayers on an n-polycrystalline silicon substrate 
and covered by a TVAI top electrode, thus giving a two- 
terminal device of monomolecular thickness. The re- 
sponse was then probed by a method analogous to the 
remnant polarization method used for ferroelectric 
devices, i.e., scanning a voltage range while measuring 
the current at a low nonperturbing voltage, to avoid ca- 
pacitance effects.r291 The basic signature of a switching 
effect is then the appearance of a hysteresis curve, as- 
sociated with the existence of two possible conforma- 
tions with different electron transport properties. Note 
that the perturbation here is an oxidation/reduction of a 
moiety, transforming, for instance, a donor tetrathiaful- 
valene (TTF) (Fig. 11) into an acceptor (TTF+). This is 
basically an electrochemical process, requiring in solu- 
tion the intervention of a counter ion. It is not clear how 
such a process occurs in the solid-state device based on 
a monolayer. 

Although several control experiments show that a two- 
station structure is necessary to obtain a switching effect, 
the exact interpretation remains obscure, because the 
molecules contain several other flexible parts, and their 
exact orientation in the LB layer, as well as the geometry 
of the contacts with the interfaces, is not readily accessible 
to experiment. 

Another series of molecules was designed and studied 
by Tour, Reed, et a1.r30.311 They are made of several 
(phenylene ethynylene) groups with thiol end groups for 
attachments on electrodes ("alligator clips"). These mol- 
ecules are then used either in a nanopore cell (Fig. 12), 
allowing the contacting of an ensemble of molecules 
(ca. lo3) between a substrate and an evaporated upper 
electrode. The molecules form a self-assembled monolayer 
(SAM) and, because of the small size of the pore (30-50 
nm), a defect-free ensemble can be expected. The 
interesting behavior resides in the appearance of a negative 
differential resistance effect (NDR), an effect tentatively 
assigned to the rotation of a phenylene group andlor charge 
injection under the influence of the applied voltage. 

Looking further, although these devices are two- 
terminal ones, they can be of some use in electronics 
circuitry. The construction of a 2-D crossbar arrangement, 
with such layers of molecules at the nodes, would give 
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upper metal 
(Au or Ti) nanopore 

(30-50 nm diameter) 

Fig. 12 The "nanopore" setup. Each nanopore is filled by several thousands of active molecules. (From Ref. [30].) (View this art in 

substrate 
(Au or Pd) 

color at www.dekker.com.) 

an electronic circuit with a little amount of molecular 
material at the node in a defect-tolerant architecture 
similar to what was proposed in the 1960s. 

MONOMOLECULAR SWITCHES (11): 
SURFACE MOLECULAR SWITCHES 

The end of the miniaturization roadmap for molecular 
switches is a single molecule connected between two, or if 
possible three, electrodes. This requires an underneath 
surface that will support the molecule and the nanoelec- 
trodes. The surface can be active or passive in the 
definition of the molecular switch. The switching ability 
of the molecule can be intrinsic to the molecule, as 
mentioned in the previous section, or it can be created by 
the interaction of the molecule with the surface. 

OFF ON 

As an example of the first possibility, we can mention 
the recent experiment by Dulic et a1.,[32i who succeeded /+ /* 
in contacting a photochromic switch of the diarylethene 
family with two electrodes, by the "break-junction" 
technique. The switching of the nanojunction conduc- 
tance was observed, but in one direction only (from OFF ON 

"on" toward "off"), due to the quenching effect of the ~ i ~ .  13 Atomic and molecular switch on a surface. up: 
metal surface. Eigler's atomic switch using the positioning of a Xe atom. (From 

We now consider the second possibility, i.e., Systems Ref. [33].) Bottom: molecular switch based on the rotation of a 
strongly dependent on the interaction with a surface. The porphyrin "leg" out of the molecular plane. (From Ref. [34].) 
first real demonstration that an object of the size of a (View this art in color at www.dekker.com.) 
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single atom can switch "on" and "off' a current was 
experimentally observed by Eigler et al. using a Xe atom 
switching back and forth under the tip of an STM at 
very low temperature.[331 This is a surface atomic switch 
whose double-well potential is created on the surface by 
the van der Waals trap created by the tip apex for the 
"on" state and by a nearby monoatomic step edge for 
the "off" state. The tip-apex-to-surface applied electric 
field is used to pass the atom from one well to the other 
(Fig. 13). 

The first double-well, truly single-molecular switch 
was experimentally observed in 2001.[~~' It results from a 
peculiar property of the adsorption of a leg porphyrin 
molecule on metal surface. On a Cu(100) surface, the four 
legs of this molecule are almost perpendicular to the 
surface. On a Cu(ll1) surface, the four legs are flat on the 
surface, the central porphyrin being attracted by the 11 1 
surface state of copper. The fabrication procedure was to 
adsorb the molecule on a Cu(211) surface which presents 
11 1 facets separated by monoatomic steps. Some mole- 
cules adsorb on the edge of a step with three legs on the 
11 1 facet and one at the step edge. The three legs are flat 
but the fourth one is found in a metastable state. Its most 
stable position is, of course, flat on the lower terrace. But 
this leg is now a bit too far to the down facet compared to 
the three others legs. Therefore it prefers to stay 
perpendicular to the surface (Fig. 13, bottom part). This 

creates a double-well potential for the configuration 
energy of this leg. The barrier can be overcome by 
pushing on the leg by the tip apex of the STM. The "on'' 
and "off' states are defined for the same altitude of the 
tip apex on the switching leg. The "on" and "off' 
electrical resistance of this single intramolecular switch 
has been measured together with the energy required to 
switch odoff the leg. The odoff current difference in this 
molecular switch is due to a control of the electronic 
coupling between the tip and the surface through the 
molecular legs. It is large when the leg is perpendicular to 
the surface and low when parallel. 

Another way to change the electronic coupling be- 
tween the tip and the surface using a single molecule is to 
change the homo-lumo gap of the molecule. A simple 
experimental way is to deform the molecule by pressing 
on it with the tip apex. The C60 single-molecule amplifier 
is an example of such a as shown in Fig. 14. 
Used in its blocked-saturated mode, this is a monostable 
molecular switch. The C60 device beneficiates from the 
high degeneracy of its homo and lumo orbitals, a de- 
generacy yielding to a low transparency toward electrons 
because of destructive interference effects through the 
molecule. By compressing the C60. this degeneracy is 
raised, giving rise to a very fast increase of the tunnel 
current through the Cm molecule in this compressed 
state. A C60 molecular device can be used as a switch but 

Fig. 14 The variation of the drain-source current intensity as a function of the gate voltage for the original C60 single-molecule 
amplifier and the original single-carbon nanotube transistor. This variation corresponds to the slope of the passage from an "off' to an 
"on" state in a mono-stable switch (Fig. 1). (Reproduced with permission from Nature, 2000,408, p. 541. Copyright 2000, MacMillan 
Magazines Limited) (View this art in color at www.dekker.com,) 
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nanotube positioned on a mesoscopic junction.[381 To 
create a monostable switch, the tip of an AFM is brought 
from the top of the device to deform the tube in the cen- 
ter of the device (Fig. 14). Depending on the chirality of 
the tube, its band gap can be closed or opened, modify- 
ing the resistance of the junction. With a good trans- 
conductance, carbon nanotube electronic transistors 
have also been fabricated using a third top metallic elec- 
trode like the grid of a field effect t r ans i~ to r . ' ~~ '  Those 
mesoscopic devices are at the down limit of microelec- 
tronics where the source-drain distance of the transistor is 
of the dimension of a macromolecule. 

Fig. 15 Chart of the different types of molecular switches, 
according to the type of switching action, and the type of response. 
0: Experiments performed on a statistical ensemble, leading to a 
relatively large device; 0 : on a few molecules (ca. 1000); 0: on one 
molecule. From the following teams: a: Pease, L U ~ ; [ ~ ~ , ~ ~ ~  b: Tour, 
 onh ha user;'^^." 'I c: Joachim and ~ i m z e w s k i ; [ ~ ~ . ~ ~ ]  d: ~ o r e s c o ; [ ~ ~ ]  
e: ~ a n s ; [ ~ ~ '  f: D U I ~ C ; [ ~ ~ ]  g: ~ r a ~ s s e ; [ ~ ~ ]  h: Gonzalo;[15] i: ~ a g i ; [ l ~ ]  
j: ~ u ~ e l ; ' ~ ~ ]  k: ~kasaka;[ '~ '  1: ~o l t en ; [ '~ ]  m: 1rie;[I6] n: ~ i l a t ; [ ' ~ ~  
o: ~ r i e ; ' ~ ~ ]  p: Daffy. de ~ilva;['.~] q: ~ a t s u d a . ~ ~ "  (View this art in 
color at www.dekker.com.) 

I .k 

also as a transistor. This had opened the way to simulate 
very complex hybrid molecular circuits made of more 
than 600 C60 transistors interconnected together by a 
standard metallic circuit to test how high impedance and 
low gain transistors may still be used to design simple 
processors.[371 

A macromolecular version of the C 6 ~  single molecule 
switch was proposed in 2003 using a single-wall carbon 

1 

CONCLUSION 

The different approaches of "molecular switches" are 
displayed in Fig. 15, according to the type of switching 
action and the type of measured response. In addition, 
a third characteristic is important, i.e., the scale at which 
the system works: a large statistical ensemble, a few 
molecules, or ultimately one. Only in this last case can 
we expect to take the full benefit of miniaturization and 
really reach the domain of molecular electronics, where 
the major question is about the fundamental limits. 

Like any devices, a molecular switch is characterized 
by its performance such as its switching time and the 
energy required to change the status of the switch. For 
a single molecular switch interconnected between two 
electrodes, it has not yet been possible to measure the 
switching time. This is due to the large resistance of 
a metal-molecule-metal tunnel junction of the order of 
1 GCl for a single organic molecule, down to a few 

Fig. 16 Switching 
www.dekker.com.) 

energy 

Year 

Aiobcnzcne 
isomerization 
(5 10.- pJ) 

Porphyrin leg 
rotation 
( 5  pJ) 

a function of time. The approach of fundamental limits. (From Ref. [42].) (View this art in color at 
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megaohms for macromolecule molecular switches such as 
a single-wall carbon nanotube (SWCNT). The RC con- 
stant of the switch is mainly controlled by the product of 
this resistance by the line capacitance, the latter of the 
order of a few picofarads. This leads to a minimum 
observable switching time of a few microsecond. Of 
course, the isomerization of a single molecule takes less 
than a few picoseconds. Here it is the way the device is 
built which sets up the limit, not the intrinsic limitation 
of the molecule itself. 

Measuring the energy associated with a single-mole- 
cule geometrical change is a technological challenge but 
has been realized, for instance, with azobenzene mole- 
cules by monitoring their mechanical properties.[401 In the 
case of a surface electrical molecular switch, the energy 
required to switch "on" and "off' has been recently 
measured using a new near-field microscope: the noncon- 
tact UHV AFM m i c r o ~ c o ~ e . [ ~ ' ~  The tip apex of the AFM 
oscillates on the surface and the tip apex altitude is 
decreased progressively toward the surface. This permits 
in a dynamic way to record the interaction force between 
the tip apex and the surface, giving access to the 
interaction energy. This instrument was used on the leg 
porphyrin switch to record the energy required to switch 
"off" the switch. The tip apex is located on the chosen 
switchable leg of the molecule and the force-distance 
curve recorded. The switching energy found is about 
5 x lop2' J (7 kcal/mol), which is four orders of 
magnitude lower than the state-of-the-art semiconductor 
technology transistor. It is interesting to report this value 
on the diagram proposed some years ago by ~ e ~ e s , [ ~ ~ '  in 
which the energy dissipated per logic operation is 
displayed (in logarithmic units) as a function of date 
(Fig. 16). One sees that the trend toward smaller and 
smaller energy consumption continues and raises the 
question of the absolute limit. 

Thus aside from its technological applications, a 
molecular switch is becoming a very interesting nanode- 
vice to study the thermodynamic limits of switching. With 
a value as low as 7 kcavmol, one is very close to the kT 
log 2 limit, considered as the minimum energy necessary 
to drive any switching device interacting with a thermal 
bath at a temperature T . ~ ~ ~ ~  
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Motors: Light-Induced Switching and Motion 
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INTRODUCTION 

The fascinating principles exploited by nature to control 
organization, switching, and motion are a major source 
of inspiration for the design and synthesis of artificial 
molecular systems with such functions. The highly ef- 
ficient retinal cis-trans photoisomerization in the pro- 
cess of vision is a superior example of a molecular 

and the intriguing biomolecular motorsr3] set an 
extremely high standard for the development of synthetic 
counterparts. The bottom-up construction of switches and 
motors, with the realization of machines and robotics of 
nanosize dimensions as the ultimate goal, offers a 
formidable challenge to scientists. Synthetic approaches 
toward artificial machinery have already resulted in 
several molecular systems whereby switching and/or 
motion is controlled by means of chemical, electrochem- 
ical, photochemical, or thermal input.[441 For instance, 
molecular propellers,[71 brakes,lgl switches,[91 turn- 
stiles,[Io1 ratchets,["] and have been con- 
structed. Catenanes and rotaxanes have shown to be 
particularly promising systems in the development of 
molecular  machine^."^'^] Jimenez et al.,['*] for example, 
reported the contraction and stretching of a linear rotaxane 
dimer resembling a natural muscle at work,[Ig1 and Chia 
et a1.[201 demonstrated the threading and dethreading 
of rotaxanes assembled on a surface. Recently, Huge1 
et a1.[211 reported the first single molecule machine based 
on photoactive azo dyes. 

In this article, we do not attempt to give a complete and 
detailed overview of all molecular switches and motors 
developed thus far and the reader is referred to various 
reviews. Molecular switches, based on a large variety of 
principles, have been reviewed extensively.[91 Molecular 
motors found in nature as well as synthetic counterparts 
are reviewed elsewhere.[221 We will focus on systems 
based on sterically overcrowded alkenes, in which light 
is used to induce switching or motion, to illustrate several 
of the key principles involved. 

STERICALLY OVERCROWDED ALKENES AS 
CHlROPTlCAL MOLECULAR SWITCHES 

In a chiral approach toward molecular switches, the 
unique properties associated with stereoisomers of chiral 
photoresponsive molecules are exploited. The two stereo- 
isomers of such photochromic compounds represent the 
distinct states of a light-switchable digital molecular 
system (Fig. 1). 

Chiroptical techniques offer the attractive feature that 
the change in chirality of the photochromic system[231 can 
be detected. A major advantage of chiroptical switches 
is that nondestructive readout is feasible by monitoring 
the change in optical rotation at wavelengths remote 
from the wavelengths used for switching. Another 
important advantage of using chiral photochromic com- 
pounds is that they can be employed to control other 
(chiral) properties, e.g., the organization of a liquid 
crystalline phase. 

Chiral Switches Based on Enantiomers 

A direct way of controlling chirality in a molecular 
switching system is by using the interconversion be- 
tween two enantiomers by chiral light (Fig. 2). Schuster 
et a1.[24,251 have published switchable systems which 
function under the influence of circularly polarized light. 
The switching process we envisioned involves the inter- 
conversion of the (P) -  and (M)-enantiomers of helically 
shaped, inherently dissymmetric alkenes. 

The possible photoisomerization steps are the follow- 
ing: 1) irradiation with circularly polarized light (CPL) 
will lead to a small excess of one of the two enantiomers 
starting from a racemate; 2) alternating irradiation with 
(1)- and (r)-CPL at a certain wavelength will result in a 
modulation between both enantiomers; and 3) irradiation 
with linear polarized or unpolarized light results again in 
a racemic (P,M)-mixture. 
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Fig. 1 Chiroptical molecular switch based upon stereoisomers 
A and B with different chirality. 

Decisive factors for a successful molecular switch 
based on enantiomers are as follows: 1) irradiation with 
CPL should not cause any photodestruction; 2) the en- 
antiomers should have sufficiently high g-values (g = 
anisotropy factor); and 3) the quantum efficiency for pho- 
toracemization should be high, as the rate of photo- 
resolution is exponentially related to this quantity. Out 
of a large number of sterically overcrowded chiral alkenes 
that were synthesized and resolved, helically shaped 
alkene 1 meets these requirements (Scheme The 
enantiomers of 1 are stable at ambient temperatures and 
are fatigue-resistant. This overcrowded alkene shows 
structural resemblance to helicenes, and large CD absorp- 
tions and optical rotations are found. A stereospecific 
photoisomerization takes place that reverses the helicity of 
the molecules. 

Starting from racemic 1, switching between photosta- 
tionary states with small enantiomeric excesses (0.07%) 
of (P)- and (M)-1 was accomplished by irradiation with 
(1)- and (r)-CPL, respectively. This demonstrates that 
chiral light can be used to switch a molecular system 
from one handedness to the other. Such a switching 
behavior on the molecular level might have potential in 
developments toward molecular integrated systems or 
optical data storage units, for example, by employing 
liquid crystalline matrices (vide infra). The selectivity of 
switching is, however, severely limited by the theoretical 
limitations of the concept.[271 

Chiral Switches Based 
on Pseudoenantiomers 

A way of circumventing the major limitations predicted 
and encountered in enantiomeric switches is by the use 

r-CPL 

P = M  
I-CPL 

Fig. 2 Schematic representation of a molecular switch based 
on enantiomers. 

Scheme 1 Circularly polarized light switch based on sterically 
overcrowded alkene 1. 

of pseudoenantiomeric photochromic molecules. In- 
spired by the efficient switching of retinal in the human 
eye,r281 the design of pseudoenantiomeric chiroptical 
switches is again based on sterically overcrowded alkenes 
(Scheme 2).[29,301 AS for 1, the intrinsic (helical) chirality 
originates from a distortion of the molecular framework 
leading to (M)- and (P)-helices. Both forms of the over- 
crowded alkene feature a cis- and a trans-stilbene chromo- 
phore in the same molecule. A photochemically induced 
cis-trans isomerization results in reversal of the helicity. 
Because of the near mirror-image relation of the two 
pseudoenantiomers, such a system offers a way to control 
molecular chirality merely by changing the wavelength of 
the light employed. 

The first chiroptical switching process was realized 
with thioxanthene-based alkenes (M)-cis-2 and (P)-trans- 
2 (Scheme 3).[311 Irradiation of enantiomerically pure 
(M)-cis-2 in n-hexane solution at 300 nm resulted in a 
photostationary state consisting of 64% (M)-cis-2 and 
36% (P)-trans-2 because of different UV absorptions 
of the (M)-cis and (P)-trans-isomers (vide infra). Using 
250-nm wavelength light, a photostationary state of 68% 
(M)-cis-2 and 32% (P)-trans-2 was reached. Alternated 
irradiation at 250 and 300 nm resulted in a photomodula- 
tion between these two photostationary states. It should be 
noted that after 20 switching cycles, 10% racemization 
was observed because of a relatively low racemization 
bamer. A second drawback is the relatively low switching 
efficiency of this prototype system. Both drawbacks can 
be overcome by synthetic modification. 

It was found that the racemization barriers could be 
tuned over a range of approximately 50 to above 125 kJ 
mol- by modification of the bridging atoms X and Y in 
the upper and lower half of the inherently dissymmetric 
alkenes (Scheme 2).[321 The effect of increasing the size of 
X and Y is that the naphthalene unit of the upper half is 
pushed toward the lower half, and as a consequence, the 
steric hindrance at the so-called fjord region and the 
barrier for racemization are increased. For instance, 
going from Y = 0 to S, the Gibbs energy of activation 
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Scheme 2 General scheme of a chiroptical molecular switch 
based on pseudoenantiomers of a sterically overcrowded alkene. 

for the racemization process increases from 91.2 to 
120.9 kJ m o l l .  

In a switching process, which is based on the difference 
in UVNis absorption of two states of a photochromic 
molecular system, the switching efficiency is linearly 
related to the ratio of the UVNis absorptions of the 
isomers (following Eq. I). The ratio of the two extinction 
coefficients at a certain wavelength, together with the 
ratio of the quantum yields (@) for interconversion of the 
two forms, determines the photostationary state ratios. 
The ratio of the two extinction coefficients of a photo- 
chromic switch is wavelength-dependent, and this is a 
decisive factor for the selectivity of the switch. 

[cis] - Erran, @trans-+cis 

[trans] Ecis @cis-trans 

To increase the stereoselectivity of the photochromic 
process, a dimethylamino electron-donating substituent 
and a nitro electron-withdrawing substituent were intro- 
duced in the lower half (Scheme 4).L333341 This asymmetric 
substitution results in relatively large differences in the 
UVNis absorption characteristics of the two pseudoenan- 
tiomers (Fig. 3A). Maxima in the ratio of extinction 
coefficients of the two pseudoenantiomers are found at 
365 and 435 nm. With this system, in n-hexane, switching 
between a photostationary state of 90% (M)-cis3 and 
10% (P)-trans-3 (435 nm) and 30% (M)-cis-3 and 
70% (P)-trans3 (365 nm) is achieved.[331 It was possible 
to perform 80 switching cycles without any deterioration 
or racemization. 

Of utmost importance for further applications of 
chiroptical molecular switches is the pseudoenantiomeric 
relationship between the two isomers. This pseudoenan- 
tiomeric relation is evident from the circular dichroism 
(CD) spectra of the two forms (Fig. 3B). With this sys- 
tem, molecular chirality can effectively be controlled 
by changing only the wavelength of light used. 

To obtain information on the necessity of both a donor 
and an acceptor moiety in the same molecule to induce 
efficient switching, the acceptor-only nitro-substituted 

and donor-only dimethylamine-substituted switches 4 
and 5, respectively, were synthesized (Fig. 4). For both 
compounds, the wavelengths for the most selective 
switching process are considerably blue-shifted compared 
with the donor-acceptor switches because of the absence 
of a charge transfer absorption band, and switching se- 
lectivities for both 4 and 5 are lower than for the donor- 
acceptor substituted analog. Apparently, a combination 
of donor and acceptor substituents is a prerequisite for 
selective chiroptical switching in sterically overcrowded 
alkene systems. Therefore the concept of donor-acceptor 
substituted switches was further exploited. 

The major drawback of 3, which becomes of consid- 
erable importance especially when the molecule is incor- 
porated in a liquid crystalline matrix, is low solubility and 
compatibility. Low compatibility leads to severe lirnita- 
tions with respect to the applicability of the system in an 
organized environment (vide infra). Donor-acceptor com- 
pound 6 was designed to increase the solubility without 
interfering with the switching efficiency (Scheme 5).[351 
Although the UVNis spectra of 6 are comparable to those 
of its parent compound 3, there are subtle differences 
resulting in slightly different photochemical behavior. 

Irradiation of 6 in n-hexane solution at the most 
efficient wavelength of 380 nm resulted in the formation 
of a photostationary state consisting of 70% (P)-trans-6 
and 30% (M)-cis-6. Subsequent irradiation at 465 nm 
resulted in the formation of a photostationary state con- 
sisting of 98% (M)-cis-6 and 2% (P)-trans-6. This sys- 
tem thus shows nearly quantitative switching to a cis 
photostationary state because of a slight bathochromic 
shift of the UVNis curve of the trans-isomer rela- 
tive to the cis-isomer. Although this is only a minor 
effect, it allows irradiation at the red edge of the spec- 
trum to almost exclusively excite the trans-isomer result- 
ing in a near quantitative switching to the cis photo- 
stationary state. 

In another approach to change the photophysical 
properties of donor-acceptor switches, the relative posi- 
tion of the donor and acceptor substituents can be changed 

Scheme 3 The first chiroptical molecular switch based on a 
sterically overcrowded alkene 2. 
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Scheme 4 Donor-acceptor substituted chiroptical molecular switch 3 showing high stereoselectivity. 

(Scheme 6).'361 By introducing a dimethylamino-substit- 
uent in the upper half of the switch as in 7, the difference 
between the two isomers was expected to increase. In case 
of (M)-cis-7, where the donor and acceptor substituents 
are close together, a strong dipolar interaction between the 
donor and acceptor moieties is expected. The possibility 
for this direct interaction is absent in case of (P)-trans-7. 
Nevertheless, efficient photoisomerization was only ob- 
served in one direction strongly depending on solvent 
polarity. In toluene, for example, a remarkable cisltrans 
ratio of 99:l was found upon irradiation at 435 nm. 

wavelength (nm) 

wavelength (nm) 

Switching to a state of excess, (P)-trans-7, however, was 
only possible in highly polar solvents such as, for ex- 
ample, dichloromethane, and even then, a maximum 
translcis ratio of only 55:45 was achieved. Although at 
certain wavelengths the extinction coefficient of the cis- 
isomer is higher than that of the trans-isomer, there is a 
preference for the cis-isomer throughout the entire 
spectrum and in almost any solvent. Because absorption 
characteristics are similar to those of 3, in this case, 
apparently, the quantum yield ratio is the predominant 
factor for the switching selectivity. As a result of 
favorable donor-acceptor interaction in the excited state, 
a cis-like geometry will be preferred leading to a cis- 
ground state only slightly dependent on the wavelength 
used for excitation. This assumption is supported by the 
fact that in more polar solvents, where intramolecular 
dipole interactions become less important, the photosta- 
tionary states are increasingly shifted to the trans-isomer. 
Compound 7 can, in principle, be used in a write-once 
type of molecular information storage system where, 
starting from the trans-state, information is written very 
efficiently with a diastereomeric ratio up to 99:l (in 
toluene solution) in preference of the cis-state. 

Special Molecular Switches 

The above examples show that sterically overcrowded 
alkenes allow control of molecular chirality and offer a 

Fig. 3 UVNis (top) and CD (bottom) absorption spectra of 4 5 
donor-acceptor switch 3 (inset: the ratio of the two extinction 
coefficients E,~,/E~,,,). The solid lines correspond to (M)-cis-3 Fig. 4 Simplified analogs of the donor-acceptor switches; 
and the dashed graphs correspond to (P)-trans-3. acceptor-only compound 4 and donor-only compound 5. 
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( ~ c i s a  (P)-trans4 

Scheme 5 n-Hexyl modified donor-acceptor switch 6. 

binary switch system on a molecular level. The next 
examples aim to further exploit this chiroptical switching 
concept toward control over other functions or toward 
more sophisticated photochromic systems. 

Controlled Molecular Rotation 

An approach toward a functional switch involves the 
control of the rotation around a single bond in a 
photoswitchable molecule modified with a biaryl-type 
rotor.[371 Photoisomerization between the (M)-cis-8 and 
the (P)-trans-8 form should cause a distinct difference in 
rotation rate for the biaryl rotation because steric 
hindrance on the rotor is completely different for the 
two pseudoenantiomers (Scheme 7). Dynamic NMR 
studies revealed barriers for the biaryl rotation of 
A G ~  = 4.54 and 4.71 kJ mol-' for the cis- and trans- 
isomer, respectively. In contrast with expectation, but in 
agreement with semiempirical calculations, the barrier for 
the trans-compound was higher than for the cis-com- 
pound. The observed isomerizations were attributed to 
distinct differences in the chiral conformations and 
steric effects associated with folding in the molecules. 
Particularly, the methyl groups of the xylyl rotor meet 
severe steric hindrance of the CH2 groups of the upper 
half in trans-8, whereas the nearly planar naphthalene 
moiety in cis-8 simply bends away during the rotary 

process. This system can be considered a molecular gear 
but suffers from a small difference in energy bamers and 
inefficient photoswitching. 

Gated Response and Dual-Mode 
Photoswitching of Luminescence 

Locking of written information is absolutely essential for 
optical data storage based on molecular switches. Donor- 
acceptor switch 3, as a result of the presence of a basic 
dimethylamino-substituent, allows gated photoswitching 
(Scheme 8).[341 The photochemical isomerization process 
of both (M)-cis-3 and (P)-trans-3 was effectively blocked 
by protonation of the dimethylamine moiety which 
changes the lower half of the molecule from a push-pull 
donor-acceptor system to a pull-pull acceptor-acceptor 
system. The photoisomerization behavior can be restored 
upon subsequent deprotonation. 

This protonation-deprotonation protocol does not only 
lead to gated response, but also has an effect on the 
fluorescence of the molecule, leading to a dual-mode 
photoswitching of luminescence. For (M)-cis3 in n- 
hexane, a weak fluorescence is found around 528 nm, 
whereas for (P)-trans3b, a relatively strong fluorescent 
emission is observed around 531 nm. The fluorescence 
was found to be highly solvent-dependent. Protonation of 
these photochromic compounds resulted in complete 

Scheme 6 Alternative chiroptical molecular switch 7 with donor group in upper half and acceptor group in lower half of the molecule. 
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Scheme 7 Controlled intramolecular rotation of a biaryl propeller unit in a chiroptical molecular switch 8. 

quenching of the emission for both forms, whereas after 
deprotonation, fluorescence intensities were fully recov- 
ered. Combined with the photochemical switching, this 
allows for switching between three fluorescent states on 
(trans), dimmed (cis), and off (both protonated forms) by 
simultaneous use of light and acidhase stimuli. In 
circularly polarized luminescence studies, it was found 
that the chirality of the fluorescent excited states strongly 
depends on the polarity of the solvent.[381 In n-hexane, 
both (M)-cis3 and (P)-trans-3 show circularly polarized 
luminescence of the same handedness, while in benzene, 
circular polarization of luminescence is opposite for 
(M)-cis3 and (P)-trans-3. This remarkable behavior 
was explained by the existence of a mutual trans- 
like luminescent excited state in n-hexane, where in 
benzene, clearly, cis-like as well as trans-like excited 

states can be observed. In benzene solution, this system 
can function as a molecular modulator of circularly 
polarized luminescence. 

Pyrrolidine-Functionalized Molecular Switch 

En route toward further functionalization of the switch 
skeleton in compound 9, a chiral (S)-2-methoxymethyl- 
pyrrolidine group was introduced as the electron donor 
moiety (Scheme 9). The additional stereogenic center in 
this molecular switch results in four distinct diastereo- 
meric forms. As a result, the two photoequilibria are 
now different, and a difference in energy for the two 
separate cis- [(q-(M)-cis-9/(S)-(P)-cis-91 and trans- [ (a -  
(I@-trans-9/(s)-(P)-trans-91 isomers of 9 can be antici- 
pated. For both pseudoenantiomeric couples, the ideal 

fluorescence on 

low (M)-cis3 

fluorescence on 435 n 1 I 365 nrn fluorescence off 

high I 1  

Scheme 8 Gated photoswitching and fluorescence based on reversible protonation. 
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Scheme 9 Four diastereoisomers of pyrrolidine-based chiroptical switch 9 and the isomerization pathways. 

switching wavelengths and photostationary state ratios 
are summarized in Scheme 9. Switching selectivities 
are similar for the two diastereomeric bistable switching 
pairs, and functionalization of the donor part of the 
molecular switch has only a minor influence on the 
switching selectivity. This offers attractive possibilities 
for the use of these switch molecules in multicomponent 
photoactive materials. 

Another interesting feature of 9 when compared with 
donor-acceptor switch 3 (Scheme 4) is that because of the 
diastereomeric relation between the respective cis- and 
trans-isomers, the thermal helix inversion steps are no 
longer true racemizations. The steady-state ratios are not 
50:50, indicating that there is a small but significant 
energy difference between the two cis- and the two trans- 
forms of 9 (Scheme 9). This effect can be used to induce 
directionality in molecular rotation which might lead to 
molecular motors. 

Chiroptical Switching in Polymeric Matrices 

In order for any molecular switch to be useful in future 
nanotechnological applications, the system should retain 
its properties when incorporated in a processable matrix. 
Incorporation into a polymer matrix would, for example, 
offer a photoswitchable film for reversible data storage. 

For this purpose, a polymer-bound sterically overcrowded 
alkene 10 was designed (Fig. 5).'391 Irradiation of thin 
films of this chiral photochromic polymer results in 
distinct changes in the CD spectrum, but 10 suffers from 
low switching selectivity and long irradiation times. 

Photochemical switching of polymers doped with 
sterically overcrowded alkenes revealed that photoswitch- 
ing was possible in a polymer matrix. The isomerization 
processes, however, critically depend on the mobility in 
the matrix. The restrictive polymer matrix slows down 
this process to a large extent, and more effective applica- 
tions of the sterically overcrowded alkenes as chiroptical 

Fig. 5 Polymer-bound chiroptical molecular switch 10 (n  = 1- 
5; xly > 95.3:4.7). 
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molecular switches were found with more flexible liquid 
crystalline host materials. 

TOWARD APPLICATIONS: SWITCHING OF 
LIQUID CRYSTALLINE PHASES 

Liquid crystals (LCs), which are already widely applied 
in, for example, display technology, form excellent host 
materials for chiral molecular switches. When doped with 
a suitable molecular switch as a guest, liquid crystals offer 
a processable photoswitchable material, with essential 
features for application of these systems. Nematic liquid 
crystals are especially appealing for use in combination 
with these chiral guest compounds because they are 
extremely sensitive toward chiral perturbations forming 
chiral nematic or cholesteric phases. In their cholesteric 
packing, the mesogenic host molecules amplify the mo- 
lecular chirality of the guest material resulting in a 
macroscopic chiral helical packing. Cholesteric phases 
can be assigned by a helical packing of the mesogens with 
a certain sign and a certain This pitch is a 
measure of the chirality of the system. An important 
property of cholesteric liquid crystals for potential tech- 
nological application is that they show unique optical 
properties when the pitch is of the same magnitude as the 
wavelengths of visible light. When illuminated with white 
light, cholesteric phases reflect light of a certain wave- 
length (color) dependent on the pitch of the LC phase. The 
interest in colored doped cholesteric phases in the research 
on chiroptical molecular switches is twofold. When 
chiroptical molecular switches can induce pitch lengths 
resembling the dimensions of the wavelength of visible 
light, a direct color readout of written information is 
possible. On the other hand, direct tuning of the color of 
the cholesteric phase opens the opportunity to develop 
color liquid crystal display materials addressable by light, 
i.e., color pixel formation. 

Enantiomeric Switches in a 
Liquid Crystal Matrix 

A main goal of the research on enantiomeric switches has 
been the development of a potential liquid crystal photo- 
trigger based on CPL. Because nematic materials are ex- 
tremely sensitive to chiral perturbations, changes in LC 
films can even reflect enantiomeric excesses as small as 
0.07% as found for 1.[261 Irradiation with (1)-CPL (313 
nm) of racemic 1 doped in a nematic LC host M15 
resulted in the formation of a negative cholesteric phase. 
The molecular chirality controlled by circularly polarized 
light is amplified by the liquid crystalline environment. 
Accordingly, irradiation with (r)-CPL (again 313 nm) 
resulted in a cholesteric phase of opposite positive screw 

000000 
CircuIa* f f f f f f polarized light . PPPc;t*C: - PPPP?? 

(-) chdesteric phase (+) chdesteric phase 

nematic phase 

Scheme 10 Schematic representation of CPL switching be- 
tween different liquid crystalline phases. 

sense. The amount of dopant needed to obtain a measur- 
able cholesteric phase is relatively large (20 wt.%) because 
of the small enantiomeric excesses reached in the photo- 
stationary state. Irradiation of the cholesteric film with 
linear polarized light at 313 nm resulted in an achiral 
compensated nematic phase. The two chiral influences (1)- 
and (r)-CPL at the most efficient wavelength stimulate the 
two extreme photostationary states. Actually, this macro- 
scopic switchable material represents a multistate switch 
in which the cholesteric phases with intermediate pitches 
can be addressed by changing, for example, the irradiation 
time or wavelength (Scheme 10). 

Pseudoenantiomeric Switches in a 
Liquid Crystal Matrix 

The photochemical modulation of the helical screw sense 
and the pitch of a cholesteric phase was also realized with 
the combination of a nematic liquid crystalline host and 
donor-acceptor switch 3.[431 Different liquid crystals can 
be used as a host and show comparable results. For 
example, doping of liquid crystalline compound M 15 with 
(P)-trans-3 (2.4 wt.%) converts the nematic phase into a 
cholesteric phase. Irradiation at 365 or 435 nm of a thin 
film of this cholesteric phase led to photostationary states 
with an excess of (M)-cis-3 or an excess of (P)-trans-3, 
comparable to the system in n-hexane solution. These two 
cholesteric phases show different pitches and opposite 
screw sense (+8.5 and - 12.2 pm), as expected from the 
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Scheme 11 Schematic representation of the switching of the chirality of a doped cholesteric liquid crystal. 

pseudoenantiomeric relationship of the two forms of the 
photoswitchable dopant. Switching efficiencies in a liquid 
crystalline environment and in solution are more or less 
equal, but irradiation times have increased. Doping con- 
centrations are, however, limited for this particular 
system. For this reason, compound 6 with a solubi- 
lizing n-hexyl tail was synthesized (vide supra) and an 
increase in compatibility was observed in all tested 
nematic host materials. 

For compound 6, a cholesteric phase was readily 
induced by doping with either one of the enantiomerically 
pure forms of 6 in all tested nematic liquid crystalline 
hosts. The molecular chirality of the dopant was amplified 
to provide a macroscopic chirality of the liquid crystalline 
phase comparable to compound 3. Using a 2.6-wt.% 
sample of 6 in M15, for example, switching between 
cholesteric phases with pitches of + 10.1 and - 12.0 pm 
was achieved using 380- and 435-nm light, respectively. 
A material of choice for further improvement of the 
system is E7, a commercially applied LC mixture which is 
liquid crystalline at room temperature. Ideal switching 
wavelengths in this LC host were determined to be 380 
and 470 nm. Using again a 2.6-wt.% sample, switching 
between cholesteric phases with pitches of +5.1 and - 5.5 
pm was possible. These values represent the minimum 
pitches that can be reached for a 2.6-wt.% sample. By 
changing the irradiation time or the irradiation wave- 
length, cholesteric phases with intermediate pitches, in- 
cluding a compensated nematic phase, are addressable 
(Scheme 11). 

Controlling the Color of Cholesteric Phases 

As indicated above, to obtain colored LC phases, pitches 
in the range of nanometers are required. Although the 
dopant concentration for 6 in E7 can be further in- 
creased, for LC color application, a different host system 

has to be used. For two important reasons, the system of 
choice was a chiral polymerizable cholesteric acrylate 
mixture (11 and 12) developed by Philips Research 
(Fig. 6).[44-471 First of all, because of the presence of a 
chiral diacrylate, the LC host already shows a colored 
cholesteric phase. Upon doping with a chiroptical switch, 
the color of the LC phase only has to be influenced rather 
than fully induced. A second important property of this 
system is that because of the presence of an achiral 
monoacrylate and a chiral diacrylate, this system can 
undergo photopolymerization when a suitable photoini- 
tiator is present. This photopolymerization process locks 
the cholesteric phase to generate a stable polymeric matrix 
reflecting the optical properties of the initial liquid crystal 
matrix. This could allow stable storage of information. 
The principle was demonstrated using a mixture of 40% 
chiral (S,S)-diacrylate 11 with 60% achiral monoacrylate 
12 (forthwith denoted as 11/12). This mixture forms a 
green cholesteric phase with a maximum reflection 
wavelength of about 440 nm. 

Switching properties of 6 were retained in this acrylate 
mixture.[351 Upon 435-nm irradiation, a photostationary 
state was reached with a ratio cis-61trans-6 of 67:33. 
Irradiation at 380 nm resulted in a photostationary state of 
31% cis-6 and 69% trans-6. In all doped cases, the 
reflection wavelength was red-shifted compared with the 
undoped mixture. 

Switching experiments were performed on an aligned 
sample with 12.5 wt.% of enantiomerically pure (M)- 
trans-6 in the presence of 1 wt.% of photoinitiator 
(Irgacure 65 1) and 1 wt.% of inhibitor (p-methoxyphenol) 
at 435-nm irradiation. At this wavelength, no polymeri- 
zation is initiated and a trans to cis isomerization of 
the chiral dopant is the only process observed. Upon 
photoisomerization, the reflection band of the LC film 
was gradually shifted to shorter wavelength. Starting at 
a reflection wavelength of 666 nm (red), a blue shift of the 
reflection wavelength to 541 nm (green) was observed at 
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Fig. 6 Photopolymerizable cholesteric mixture of monomeric acrylates 11 and 12. 

the photostationary state after about 150 sec of irradiation 
(Fig. 7). When increasing the irradiation wavelength using 
a 450-nm cutoff filter, the wavelength of reflection could 
further be decreased to a value of 526 nm. This blue shift 
of 140 nm can also be induced directly by >450 nm 
irradiation of the initial pure (M)-trans-6 doped film. 

Photopolymerization of the LC film was effected by 5- 
min irradiation at 365 nm in vacuo. At this wavelength, 
photoisomerization of the dopant is expected to some 
extent. After the irradiation, the liquid crystalline phase 
was polymerized and a rigid polymer matrix was ob- 
tained. For the 12.5-wt.% sample of pure (M)-trans-6 in 

11/12, photopolymerization resulted in a blue shift of the 
reflection from 666 nm in the monomeric state to 632 nm 
for the polymerized state. The photostationary mixture 
obtained after 450-nm irradiation, which showed a reflec- 
tion of 526 nm in the monomeric state, gave a polymerized 
matrix with a 5 18-nm reflection. The obtained polymeric 
phases in all cases reflect the photostationary state of the 
chiral dopant. Furthermore, the polymerized phases are 
completely inert to prolonged irradiation and the photo- 
chemically written color information is effectively locked. 

This system constitutes a "write and lock" mechanism 
for color information (Fig. 7). Writing is performed by 

(RE)WRlTABLE INFORMATION 
100- 

80 - 

60- 

40- 

500 6M) 700 ___----- 
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Fig. 7 Color control of LC film: writing and locking information for a 12.5-wt.% sample of (M)-trans-6 in 11/12. Wavelength 
of reflection at different stages of the process: A) initial sample; B) photostationary state after 450-nm irradiation; C) polymerized 
sample after 365-nm irradiation of the initial sample (A); D) polymerized sample after 365-nm irradiation of the photostationary state 
(B) and a schematic representation of color control and storage of information by photopolymerization of a cholesteric liquid crystal. 
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light, and cholesteric phases with pitches between 666 and 
526 nm can be induced by varying the irradiation time. 
Color inspection (red to green) offers an easy readout 
procedure. Further irradiation of this LC phase results in a 
change in the (M)-trans-6 to (P)-cis-6 ratio and, as a 
consequence, a change in the wavelength of reflection (the 
color) of the LC film, as long as the 450-nm photosta- 
tionary state is not reached. This monomeric state can be 
considered a rewritable state. Upon photopolymerization, 
the LC matrix will harden and the written information is 
locked. Again, color inspection (orange to green) offers an 
easy readout procedure which is now absolutely nonde- 
structive. The information is locked and there is no change 
in cholesteric pitch observed upon further irradiation. 

STERICALLY OVERCROWDED ALKENES AS 
UNIDIRECTIONAL ROTARY MOTORS 

The design and synthesis of molecular motors are among 
the major endeavors in nanoscience. Inevitable motor 
functions will be needed to power nanomachines, al- 
though the design and functioning might be completely 
different from any known macroscopic or biological 
motor. We formulated three basic requirements for a 
molecular motor system: 1) repetitive 360" rotary motion; 
2) consumption of energy; and 3) unidirectional rotation. 
The first chemically d r i ~ e n [ ~ ~ - ' ~ ]  and photochemically 
driven unidirectional rotary were reported 
simultaneously.[521 Until these accomplishments, no syn- 
thetic system could be classified as a molecular motor 
according to the prerequisites formulated above. 

The chiroptical molecular switches already show a 
unidirectional rotation of about 105" where the direction 
of the movement is solely governed by the helicity in the 
initial state, and this process is driven by light. In the 
design of molecular motors, using sterically overcrowded 
alkenes as the basic structure, an extension of the rotary 
movement is necessary and the light-induced motion 
during the switching event should continue in the same 
direction. Realizing that these sterically overcrowded 
alkenes consist of four stereoisomers, i.e., the pseudoen- 
antiomeric forms that constitute the two switching stages 
and their enantiomers, the possibility of full 360" rotation 
arises as illustrated briefly for compound 9 (vide supra). 

The First Light-Driven Unidirectional 
Molecular Motor 

Following extensive study on the thermal and photo- 
chemical isomerization processes of biphenanthryl- 
i d e n e ~ , [ ~ ~ - ~ ~ ]  it was demonstrated that the intrinsic 

chirality associated with sterically overcrowded alkenes 
can be used to accomplish unidirectional rotary mo- 
tion. [57-591 In compound (3R,  3'R)-13 (Scheme 12), the 

sterically overcrowded alkene skeleton bears two addi- 
tional stereogenic centers besides the (P,P)-helical struc- 
ture. In its most stable conformation (P,P)-trans-13, the 

0 
two methyl substituents adopt an energetically favored 
axial orientation because of steric hindrance (Scheme 12). 
Irradiation with light (A. > 280 nm) results in an isomer- 
ization process (step 1) to form (M,M)-cis-13. Inherent to 
the nature of such an isomerization, the methyl substit- 
uents are forced to adopt an energetically unfavorable 
equatorial orientation. At room temperature, a fast helix 
inversion (step 2) takes place resulting in (P,P)-cis-13 
where the methyl substituents again adopt an axial 
orientation. A second photoisomerization step (step 3) 
results in the formation of (M,M)-trans-13 with the methyl 
substituents again in their energetically unfavorable 
equatorial position. A second helix inversion (step 4) is 
induced by heating at 60°C and results in the formation of 
the initial (P,P)-trans-13 isomer. 

These four discrete steps add up to a full 360' 
unidirectional rotation of one (rotor) half of the molecule 
relative to the other (stator) half. Two photochemical 
energetically uphill isomerizations driving the rotary 
movement (steps 1 and 3) are each followed by two ir- 
reversible energetically downhill thermal helix inversions 
(steps 2 and 4). The release of internal energy of the system 
that takes place during helix inversion, to place the methyl 
substituents again in the more favorable axial orientation, 
ensures the unidirectionality of the process. The direction of 
rotation is solely governed by the configuration of the 
stereogenic centers because this determines the axial or 
equatorial orientation of the methyl groups. Essential 
features of the rotating system are the central olefinic 
bond, the helicity of the overcrowded alkene, the absolute 
configuration of the stereogenic centers, and the confor- 
mational flexibility of the cyclohexenyl rings. Because of 
the same wavelength used for both photoisomerization 
steps, a repetitive unidirectional rotation can be induced 
by continuous irradiation at elevated temperature. This is 
the first example of a light-driven unidirectional molec- 
ular motor as illustrated in Fig. 8. 

Second-Generation Molecular Motor 

One drawback of the first-generation motor is the thermal 
requirement of the system, and although photon energy 
is the driving force, heating to about 60°C is necessary 
to continue the rotary motion. A second drawback is that 
this system has little opportunities for structural variation. 
To overcome these drawbacks, a so-called second- 
generation motor concept was developed combining the 
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step I 
photochemical 

> 280 nm 
L - 
> 380 nm 

(3R.3'R)-(P.P)-trans-13 (3RV3'R)-(M,M)-cis-I 3 
diaxial methyl groups diequatorial methyl groups 

step 4 
thermal AfSOoC 

step 2 
thermal 

> 380 nm 

> 280 nm 

(3R.3'R)-(M,M)-trans-13 (3R,YR)-(P,P)-cis-13 
diequatorial methyl groups diaxial methyl groups 

step 3 
photochemical 

Scheme 12 Light-driven unidirectional molecular motor 13. 

design versatility of our chiroptical molecular switches 
with the unique rotary behavior of the first-generation 
molecular motor (Fig. 9). In this concept, one-half of the 
molecule (a chiral 2-methyl-2,3-dihydrothiopyran upper 
part) would function as the rotor part, while the other 
could be used for adjusting the molecular properties by 
synthetic modifications. The main question was whether 
the presence of a single stereogenic center would suffice 
to induce unidirectional rotation. 

Fig. 8 Continuous unidirectionally rotating molecular motor 13. 

The prototype system that was synthesized is com- 
pound (2 '~ ) -14 . [~~]  Analogous to the first-generation mo- 
lecular motor, for 14, a strong preference for an axial 
conformation of the methyl group at the stereogenic cen- 
ter was established. This stereochemical feature is 
essential to achieve unidirectional rotation. Starting from 
the energetically favored (2'R)-(M)-trans-14 isomer, by 
irradiation with 365-nm light, a trans to cis isomerization 
was induced. This resulted in the corresponding less stable 
isomer (P)-cis-14, completely analogous to the first- 
generation molecular motor. Upon heating to 60°C, the 
unstable cis-isomer (P)-cis-14 is converted to the stable 
(2'R)-(M)-cis-form. A second energetically uphill photo- 
isomerization step yields the unstable (2'R)-(P)-trans- 
form which, upon heating, reverts again to stable (2'R)- 
(M)-trans-14, completing a full unidirectional 360" 
rotation of the rotor upper half relative to the stator lower 
half of the molecule (Scheme 13). 

The direction of rotation in this second-generation 
motor is again dictated by the orientation of the methyl 
substituent at the stereogenic center. The process is solely 
driven by two light-induced energetically uphill photo- 
isomerization processes, forcing the methyl substituent 
in the upper half of the molecule in an energetically 
unfavorable equatorial conformation. The release of 
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Fig. 9 Design of second-generation motors. 

internal energy is accomplished by a helix inversion step 
where the methyl substituent adopts the favorable axial 
conformation. These two energetically downhill processes 
ensure the unidirectionality of the entire rotary motion. 

Following this proof of principle, an important 
objective was to decrease the barrier for the thermal 

stable (2'R)-(M)-trans44 
axial methyl group 

unstable (2'R)-(P)-cis-I4 
equatorial methyl group 

unstable (2R)-(P)-trans14 stable (2'R)-(M)-cis-14 
equatorial methyl group axial methyl group 

helix inversion steps to allow rotation at room tempera- 
ture. The approach focused on modification of the 
bridging groups X and Y (Fig. 9) to tune the steric 
hindrance at the fjord region of the molecules. Based on 
the experience with the molecular switches, compounds 
15, 16, and 17 were synthesized in which, because of 
decreased dimensions of the (hetero-)atoms X and Y (0 
and CH2 compared with S), helix inversion was expected 
to be facilitated (Fig. Changing the sulfur atom (in 
15) for an oxygen atom in the lower half (in 16) resulted in 
a decrease in the half-life (in n-hexane) at room temper- 
ature by a factor of about 8. Replacing a sulfur by a carbon 
atom in the upper half decreased the half-life by a factor of 
about 320. This resulted in a motor 17 with a half-life for 
thermal helix inversion of about 2400 sec at room 
temperature allowing unidirectional rotation under ambi- 
ent conditions. 

In an attempt to further reduce these energy barriers, 
a new motor 18 with a tetrahydronaphthalene instead 

Scheme 13 First example of unidirectional rotation controlled Fig. 10 Second-generation motor: unidirectional rotation con- 
by a single stereogenic center; the prototype of the second- trolled by a single stereogenic center and structural modifica- 
generation motor 14. tions that allow control of rotary behavior. 
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Fig. 11 Tetrahydronaphthalene (18) and tetrahydrophenan- 
threne-based (19) motor. 

of a tetrahydrophenanthrene upper part used in the other 
second-generation motors including parent compound 
19 was synthesized (Fig. 11).[621 Counterintuitively, for 
motor system 18, the rotary motion is severely slowed 
down. This remarkable effect was attributed to a higher 
ground state energy of motor 19 compared with 18. It is 
evident that there is a delicate balance between ground- 
state distortion and steric and electronic effects on the 
photochemical and thermal isomerization processes in 
these sterically overcrowded alkenes. 

Another objective is the design of a system that can 
function under the influence of visible light. For this 
purpose, the absorption of the molecules has to be shifted 
from the UV region to the visible region. Asymmetric 
donor-acceptor substitution in 20 was expected to induce 
a red shift in UVNis absorption (Scheme 14).@~' Fig. 12 

wavelength (nm) 

Fig. 12 UVNis absorption of cis-20 (solid) and trans-20 
(dashed) in chloroform. 

clearly shows that the UVNis absorption of both isomers 
of 20 extends to about 500 nm implying the possibility of 
excitation of these photoisomerizable compounds in the 
visible region of the spectrum. 

Completely analogous to other second-generation 
motors, irradiation of enantiomerically pure (2'R)-(M)- 
cis-20 with visible light of 435 nm resulted in the 
formation of less stable (2'R)-(P)-trans-20 (Scheme 14). 
In this compound, the methyl substituent is forced to adopt 
an equatorial orientation. Subsequent heating at 50°C 

stable (2'R)-(M)-cis-20 
axial methyl group 

unstable (2'R)-(PFtrans-20 
equatorial methyl group 

unstable (2'R)-(Pbcis-20 
equatorial methyl group 

stable (2'R)-(M)-trans-20 
axial methyl group 

Scheme 14 Visible light-driven unidirectional rotation of donor-acceptor motor 20. 
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resulted in the formation of the stable (2'R)-(M)-trans-20. 
Irradiation of (M)-trans-20 with visible (435 nm) light 
induced a second isomerization and the formation of 
energetically unfavorable (P)-cis-24. Heating the system 
to 50°C resulted in a helix inversion to form (M)-cis-20 
again. The combined four-step rotary cycle ensures that 
compound 20 functions as a molecular motor that can be 
driven by visible light. 

UNIDIRECTIONAL ROTARY MOTION IN A 
LIQUID CRYSTALLINE ENVIRONMENT 

In the first-generation molecular motor, the energy of the 
irradiation light is used to exert mechanical motion. The 
next step toward any nanotechnological application of 
such a motor would be to actually drive other functions 
or perform work. In addition, for future application of 
these molecular motors, conservation of the molecular 
properties in an organized medium is essential. Com- 
bining the properties of our first molecular motor 13 
with those of liquid crystalline materials is a first step in 
the direction of a nanotechnological application. The 
essence of the research is to examine whether the control 
of molecular rotation that can be exerted by light 
irradiation can be amplified to control the motion of a 
large ensemble of molecules and, as a consequence, the 
macroscopic (chiral) properties in a liquid crystalline 
phase, thereby allowing indirect macroscopic visualiza- 
tion of rotary motion. 

Compound 13 (Scheme 12) efficiently induces 
cholesteric phases for different mesogenic host com- 
pounds. A helical twisting power of +69 pm-', for 
example, was found for (P,P)-trans-13 in ~ 7 . ~ ~ ~ '  The 
rotary process in the liquid crystalline matrix was tested 
using a drop-casted sample of E7 doped with 2.4 wt.% 
of (P,P)-trans-13 and was shown to be analogous to 
solution experiments (Scheme 12). Unidirectional rota- 
tion was proven to be possible in a liquid crystalline 
matrix. It should be noted, however, that during the 
heating step, the LC material was in an isotropic stage, 
and as a consequence, the orientation is temporarily 
lost. The whole light-driven process is less efficient in a 
liquid crystal than in solution for two important reasons: 
1) the absorption of the LC material reduces the amount 
of photons that will actually reach the photoisomeriz- 
able material, which is evident from the strong depen- 
dence of isomerization efficiency on substrate thick- 
ness; and 2) because of the absorption of the LC 
material, the wavelength range that actually reaches the 
compound is >340 nm which causes a shift in the 
two photoequilibria. 

0 60 120 lb 
time (s) 

Fig. 13 Wavelength of reflection at a 45' angle of a molecular 
motor doped LC phase (6.16 wt.% in E7) as a function of time 
starting from (P,P)-trans-13 upon irradiation with >280 nm. 

The high helical twisting powers for (P,P)-trans-13 
open up the possibility to generate cholesteric phases with 
pitch lengths in the range of the wavelength of visible 
light. Doping of E7 with only 6.16 wt.% of (P,P)-trans- 
13 resulted in a violet cholesteric phase with a pitch of 
234 nm and a reflection wavelength (at an angle of 45') 
of 357 nm. From the ratio and the pitches of the 2.4-wt.% 
sample discussed above, the helical twisting powers of 
(P,P)-cis-13 and (M,M)-trans-13 could be calculated to be 
+ 12 and -5 ym-', respectively. The dramatic decrease 
in the helical twisting power going from (P,P)-trans-13 to 
the other isomers is essential for generating light-induced 
macroscopic changes by unidirectional rotation. Upon 
irradiation (1 2280 nm) of the violet film of 6.16 wt.% of 
(P,P)-trans-13 in E7, a fast bathochromic shift of the 
reflection wavelength was induced. In only 80 sec, the 
color of the film changed from violet via blue, green, 
yellow, and orange to red as can be readily detected by 
visual inspection. The time-dependent quantitative 
change in reflection wavelength measured at a 45" angle 
is presented in Fig. 13. 

After heating the sample to 60°C at any time of 
irradiation, the (M,M)-trans-13 isomer is converted to 
(P,P)-trans-13 with a concomitant hypsochromic shift 
of the reflection wavelength. Again, during the heating 
process, the LC material was in an isotropic stage, and as 
a consequence, the orientation is temporarily lost. 

These results show that unidirectional rotary motion 
could be performed in a LC matrix, as is schematically 
illustrated in Fig. 14. The light-driven motion in the 
dopant induces the motion of a large ensemble of rod- 
like molecules during the reorganization in the LC film. 
This indirectly allows visual observation of the rotary 
motion, but, more importantly, shows that rotation on a 
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Fig. 14 Schematic representation of unidirectional rotation of the guest molecular motor 13, the induced elongation of the pitch of 
the LC host matrix, and the change in reflection wavelength of the light. 

molecular level can be used to drive a reorganization of a 
macroscopic liquid crystalline film. Furthermore, it 
demonstrates that the molecular motor can perform 
actual work. 

generations of switches and motors to meet the numer- 
ous challenges ahead on the road toward nanomechani- 
cal machinery. 
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INTRODUCTION 

Electrical wiring is used all around us in today's world. 
Metallic wiring 1 cm in diameter facilitates the flow of 
electrons that power our household lighting, radios, tele- 
visions, and other appliances such as computers. Within 
those appliances and computers, wires 1 mm wide on 
printed circuit boards connect electronic devices such as 
resistors, rheostats, and logic chips. Inside those logic 
chips, wires tenths of a micrometer wide connect solid- 
state transistors, carved out of silicon, and allow them to 
act in concert with thousands of similar transistors to 
carry out computations. This last size reduction nearly 
reaches what is thought to be the limit of present semi- 
conductor manufacturing technology. To enable further 
miniaturization, recent research has produced molecular- 
scale wires, ranging in length from 1 to 100 nm. 1n this 
chapter, we will review the state of the art in the synthe- 
sis and characterization of molecular wires and examine 
theoretical work concerning how they are thought to con- 
duct electricity. 

Molecular Electronics 

The rapidly developing field of molecular electronics is 
one of the driving forces behind the interest in molecular 
wires."-81 The limitations of the present "top-down" 
method of producing semiconductor-based devices have 
been the subject of debate and conjecture since the pre- 
diction of ~ o o r e [ ~ ]  that the number of components per 
integrated circuit would double every 18 months. It is 
thought that the inherent limitations of the present tech- 
nology will lead to a dead end in the next few years. For 
instance, silicon's band structure disappears when silicon 
layers are just a few atoms thick. Lithographic techniques 
that are used to produce the circuitry on the silicon 
wafers are limited by the wavelengths at which they 
work. However, leaders in the semiconductor manufac- 
turing world are still making advances that appear to be 
pushing "Moore's law" beyond its prior perceived 
limits. In the commercial technology of 2001, the copper 
wires in Intel's pentiurn@ 4 logic chip are 0.13 pm 
wide.['01 Intel is developing technology to create logic 

chips with wires 90 nm wide to be commercialized in 
2003."'~ 

For comparison's sake, a typical molecular wire 
synthesized in our laboratory is calculated to be 0.3 nm 
wide and 2.5 nm long (Fig. I) . '~ '  It would take 300 of 
these molecules, side by side, to span the 90-nm metal line 
in the most advanced logic chip in development. The 
small size of these molecules is emphasized when one 
considers that 500 g (about 1 mol) of this wire would 
contain 6 x l ~ ~ ~ o l e c u l e s ,  or more molecules than the 
number of transistors ever made in the history of the 
world. This amount of material could be produced using 
relatively small 22-L laboratory reaction flasks. Changing 
the physical characteristics of this wire is as easy as 
changing the raw materials used to make it. The small 
size, the potential of synthesizing huge numbers in small 
reactors, and the ease of modification of the physical 
characteristics of the molecules are good reasons for 
pursuing molecular wire research. As an example of how 
far the technology has come, molecular electronics is 
discussed in the "Emerging Research Devices" section of 
the most recent International Technology Roadmap for 
~emiconductors"~~ '~~ and new molecular wires are a large 
part of the emerging technology. Molecular electronics 
was named the "breakthrough of the year" by ~c ience"~ '  
for 200 1. 

Optoelectronics 

Because of their chemical structure, some highly conju- 
gated molecular wires have applications in optoelectron- 
i ~ s . " ~ - ' ~ ~  Poly(pheny1ene vinylene)~ are being used as 
components in organic light-emitting diodes (OLEDs) in 
displays such as those used in cellular phones and other 
electronic devices. Various other polymeric materials and 
small molecules are also being used or are in develop- 
ment. These materials are applied in very thin layers about 
100 nm thick, with the organic small molecules form- 
ing crystalline phases. This is quite different from the 
molecular electronics field, where it is envisioned that 
single molecules will eventually be used in circuits. How- 
ever, much of the literature we will review addresses the 
optoelectronics applications of the molecular wires, and 
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Fig. 1 The dimensions of a typical molecular wire are 
calculated to be 0.3 nm in width and 2.5 nm in length using 
molecular mechanics (Spartan) to determine the energy- 
minimized structure. (From Ref. [4].) 

so we have included leading references for that area 
of research. 

MOLECULAR WIRES 

In this work, when we say "molecular wires," we mean 
discrete molecules, not crystals or films. We accept the 
statement of Cotton et a1.[I8] that linear chains of metal 
atoms that exist only in the solid state via the stacking of 
flat molecules, or through the formation of p-bridged 
chains of octahedral molecules (such as NbC14) should not 
be called molecular wires. The extremely interesting 
inorganic crystalline nanowires being developed by Hu 
et a1.,[l9] Chung et a1.,[201 Cui and ~ieber,["] and Gudiksen 
et a1.[221 may eventually be used as wiring in molecular 
electronics-based circuitry, but the fact that they comprise 
crystalline phases and not discrete molecules precludes 
their inclusion in this review. 

In our survey of the literature, we find two general 
types of molecular wires. The largest portion of the 
literature, including most of our work, covers organic 
molecular wires. A smaller portion of the literature covers 
organometallic molecular wires. We include what some 
may call inorganic molecular wires in the organometallic 
class because of the ease of classification and the small 
number of inorganic molecular wires in the literature. 

Molecular wires are meant to conduct electricity 
between two points of a circuit. However, a majority of 
the molecular wires intended for molecular electronics 
have never been tested in an actual circuit. One reason for 
this is that it is difficult to do so because of their small 
size. Another reason is that there is not one generally 
accepted test-bed that is readily available to all research- 
ers. Rather, there are several different test-beds in the 
~ i t e r a t u r e , [ ~ ~ - ~ ~ '  and the results from those molecular wires 
that have been tested are, in many cases, not comparable. 
These devices are difficult to make, yields are low, and 
obtaining reproducible results requires care and patience. 
Drawing conclusions about the activity of the classes of 
compounds, or building structure-activity relationships 
among several classes using the data generated can be a 
difficult exercise. However, because it has been shown 
that aromatic thiolates are much higher conducting that 
alkane t h i o ~ a t e s [ ~ ~ ]  when bonded to Au surfaces, much 
attention has focused on conjugated aromatic molecular 
wires (vida infra). 

Organic Molecular Wires 

Our group has focused on the synthesis of organic molec- 
ular wires. One class of compounds synthesized are the 
oligo(2,5-thiophene ethynylene)~ (OTEs), several exarn- 
ples of which are compounds 1-5, as shown in Fig. 2.[28-311 
This class of rigid-rod oligomeric molecular wires was 
made through an iterative divergent<onvergent synthesis 
method that allowed the quick assembly of the products, 
doubling their length at each step. The longest molecular 
wire synthesized was 12.8 nm in length. Note that these 
wires have thioester groups at one or both ends. When 
deprotected in situ, the thiol groups enable the molecular 
wires to adhere to Au (or other metal) surfaces,[271 thus 
serving as "alligator clips." When large numbers of mo- 
lecular wires bond to Au in a regular packed array, 
through this self-assembly process, the group of mole- 
cules is called a self-assembled monolayer (SAM). The 
bonding of the S atom to Au enables the flow of 
electricity from the Au metal Fermi l e ~ e l s  through the S 
molecular orbitals to the molecular orbitals formed by the 
conjugated portion of the molecule (see "Theory and 
Measurement of Conduction" and references cited 
therein for a discussion of this phenomena). The ethynyl 
units in between the aromatic molecules are used to 
maintain a maximum overlap of the orbitals and to keep 
the molecules in a rodlike shape. The various side chains 
appended to the thiophene cores were intended to 
increase the organic solvent solubility of the wires. 
Unfunctionalized rigid rod oligomers of this length suffer 
from severe solubility problems. 
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Fig. 2 Oligo(2,5-thiophene ethynylene) molecular wires 1-5 synthesized by the authors. (From Ref. [28].) Note that 1-4 have thioester 
termini on one end only, whereas molecular wire 5 has thioester termini on both ends. The length of 5 is 12.8 nm for its energy- 
minimized conformation. 

A second class of molecules that has been studied 
extensively in our laboratory[321 and by others 133,341 are 
the oligo(l,4-phenylene ethynylene)~ (OPEs). The mole- 
cule shown in Fig. 1 is of this class, as are the molecules 
shown in Fig. 3. As with the OTEs, the OPEs can be rapidly 
synthesized using transition metal-catalyzed coupling 
reactions. In this case, the compounds were synthesized 
in both solution phase and on a polymer-based solid resin. 
Compounds 6-9 of Fig. 3 are intermediates that were 
produced by cleaving the products from the resin using 
iodomethane and by coupling the resulting aryl iodides to 
the alligator clip acetyl(4-ethynylthiophenol) using typical 
transition metal-catalyzed coupling reactions.[321 The 
removal of the trimethylsilyl-protecting groups from the 
alkynes produced compounds 10-12 (from 6, 7, and 9, 
respectively), and the coupling of the terminal alkyne in 
each case to acetyl(4-iodothiophenol) produced com- 
pounds 13 and 14 (from 10 and 12, respectively). As in 
the OTEs, the C12 side chains were used to impart organic 
solubility to the products. The use of longer side chains 
such as CI6 can result in side-chain interdigitation, leading 
to insolubility problems rather than increasing solubility. 

Fig. 3 A series of oligo(pheny1ene ethynylene)~ (OPEs) was 
synthesized using a polymer support to increase the yields and to 
facilitate purification. (From Ref. [32].) 
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Fig. 4 A three-terminal molecular, wire that is functionalized 
with an alligator clip at each terminus and contains side-chain 
ethyl groups for solubility. (From Ref. [35].) 

In a series of syntheses of molecules in OPE sub- 
classes, we have made products with more than two 
terminals and derivatives that are meant to test the 
necessity for a completely conjugated system.[351 Fig. 4 
shows a three-terminal molecular wire 15. Note that all 
three terminals are functionalized with a protected thiol 
alligator clip, and that three of the aromatic nuclei have 
ethyl side chains to provide additional organic solvent 
solubility to the molecule. Fig. 5 shows a three-terminal 
molecular wire 16 that contains an interior methylene 
group as a possible barrier to current. Fig. 6 shows two 
four-terminal molecular wires 17 and 18, each with one 
methylene group interior current barrier. Fig. 7 shows two 
four-terminal molecular wires 19 and 20, each with two 
methylene group interior current barriers. The unfortunate 
circumstance is that, presently, no reliable system exists 
for testing these three-terminal and four-terminal molec- 
ular wires, so it is unknown whether or not the interior 
methylene group barriers are indeed resistant to current. 
However, the conductance of alkanethiolates (containing 
no aromatic conjugation whatsoever) on Au surfaces has 
been determined and has been shown to be less than that 
of conjugated systems (vida infra). 

To further explore the organic functionality necessary 
for molecular wires to carry current, we have synthesized 
a group of two-terminal molecular wires 21-26, shown in 
Fig. 8, which contains interior methylene or ethylene 
group barriers to electrical conduction, and which could 
be tested using presently known t e~ t -beds . '~~]  Each of 
these was synthesized using relatively straightforward 
chemistry, a fact that illustrates our earlier claim that it is 
easy to explore molecular wire space by changing just one 

or two aspects of the synthesis. We also synthesized a 
series of OPES with different alligator clips to see what 
effect that variation would have on the conductance of the 
molecular wire,[361 and we have developed combinatorial 
chemistry routes that will be capable of the synthesis of 
tens to hundreds of new molecular wires at one time.[371 

When members of the OPE family were functionalized 
with groups other than aliphatic ones (see Fig. 9), we 
began to see switching b e h a v i ~ r , ~ ~ ~ . ~ ~ . ~ ~ '  although there is 
some question about whether the switching behavior 
results from molecular tilting, modulations in the metal/ 
molecule contact,[381 or from molecularly inherent fea- 
t u r e ~ . [ ~ ~ ]  In the n a n ~ ~ o r e , ' ~ ~ '  molecular wire 27 and 
amine-functionalized 29 had no activity, whereas nitro- 
functionalized 28 and 30 were both active switches; con- 
versely, analysis by scanning tunneling microscopy 
( S T M ) [ ~ ~ ]  indicated that all three of 27, 28, and 30 under- 
went conformational-based switching (29 was not tested in 
the STM experiment) (see Refs. [1,2] for more information 
on switching). This underscores that fact that varying test- 
beds can afford widely different results. 

A third class of compounds that has been studied in our 
laboratories as well as in others' are the oligo(pheny1ene 
vinylene)~ ( O P V S ) . ' ~ ~ ~ '  AS mentioned earlier, the ma- 

Fig. 5 A three-terminal molecular wire containing an interior 
rnethylene group meant to serve as a possible small gate-like 
bamer to electrical current. (From Ref. [35].)  
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Fig. 6 Two four-terminal molecular wires 17 and 18, each containing an interior methylene group intended to be a gate-like barrier to 
current. (From Ref. [35].) 

jority of others' works on OPVs have been geared toward gator clip for later SAM formation. After formation of the 
applications in the optical and OLED field.[4143461 Our SAM, Au or other metals would be deposited, under 
work produced molecular wires targeted for molecular vacuum, for the formation of the top contact to complete 
electronics applications, and involved the synthesis of the the circuit through the 7r-framework. We functionalized 
three OPVs 31-33, shown in Fig. 10. Note that 31 is 32 with a nitro group on the interior aromatic core to 
unfunctionalized, containing only a protected thiol alli- determine if 32 would then act as a switch. Compound 

Fig. 7 Two four-terminal molecular wires 19 and 20, with each terminal having a protected alligator clip and each molecular wire 
having two interior methylene group current barriers. (From Ref. [35].) 
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Fig. 8 Molecular wires 21-26, each containing an interior methylene or ethylene group barrier to conduction. (From Ref. [35].) 

32 is undergoing testing in a collaborator's laboratory. important in our nanocell research program,"1 and is quite 
Finally, 33 was synthesized with both a nitro functional different from the approaches of others, who have not 
group and protected thiol groups at both ends so that it necessarily designed OPVs that are meant to connect two 
could span two Au contacts and form a circuit via a self- proximal probes, an interface to the present solid state- 
assembly process. This type of self-assembly process is based technology. 

Fig. 9 Unfunctionalized OPE 27 and functionalized OPES 28- Fig. 10 Three OPVs 31-33 synthesized by the authors. (From 
30. (From Refs. [24] and [38].) Ref. [40].) 
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R, = CH3, 0C6H13, Br, CN, NO2, H, 0C3H7, or CI 
R2 = H, CF3, CN, R4, S02C10H21, H, or CF3 
R3 = H, or CN 

Fig. 11 A series of OPVs 34 synthesized by Detert and ~ u ~ i o n o [ ~ ~ ]  to study the effect that variation of substituents R,, RZ, R3, and R4 
had on the electronic spectra. 

Detert and ~ u ~ i o n o ' ~ ~ ]  synthesized a series of readily 
soluble OPVs shown in Fig. 11 to study their electronic 
spectra. They found that appending various electron- 
withdrawing groups to the terminal aromatic rings al- 
lowed the tuning of the electron affinity of the chromo- 
phore without significant changes in the spectra. When 
those same substituents were placed on the vinylene 
segments of the OPV molecules, strong bathochromic 
shifts were observed. Wong et a ~ . ' ~ ~ ]  investigated simi- 
lar substituent effects. Syamakumari et al.r4'1 and Gu 
et al.14" synthesized large assemblies of OPVs attached to 

other molecules and measured their optical, electronic, and 
aggregation behaviors. 

Sikes et al.L451 and Davis et have used OPVs as 
core components of molecules (Fig. 12) synthesized to 
test electron tunneling and long distance electron trans- 
fer, respectively. Of the compounds Sikes et al. synthe- 
sized, 35 spanned the most distance, 3.3 nm. The OPVs 
were assembled on a Au electrode and the tethered fer- 
rocene redox species at the other end of the OPV bridge 
was exposed to an aqueous electrolyte. They used laser- 
induced temperature jump techniques to measure the 

Fig. 12 Sikeset al.L451 synthesized a series of OPVs including 35 to test electron tunneling whereas Davis et a1.[441 synthesized a series 
of OPVs including 36 to measure long distance electron transfer. 
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Fig. 13  ourd don'^^' synthesized the aromatic ladder oligomers 
oligo(quinoxa1ine) 37 and the oligo(benzoanthracene) 38. 

rate constants of thermal interfacial electron transfer 
through the system and observed transfer through the 
OPV. They found that OPVs up to 2.8 nm in length 
were good conductors, with the transfer limited by struc- 
tural reorganization. 

In their study of a series of compounds including 36 
(Fig. 12), the lengthiest molecule tested, Davis et a1.[441 
found that electron transfer over long distances depends 
critically on the low-frequency torsional motions of the 
molecular wires (i.e., when the molecules twist and turn, 
their molecular orbitals do not line up in a fashion that 
favors fast electron transfer). But their tests were in 
solution rather than the more device-realistic molecule- 
surface attached patterns. 

Aromatic ladder oligomers 

Our group has synthesized a vast array of aromatic ladder 
polymers[479481 for use in conducting polymer and opto- 
electronic applications. However, we realized that for mo- 
lecular electronic applications, the molecules we synthe- 
sized needed to have defined length and composition to be 
commercially useful as molecular wires. 

As shown in Fig. 13,  ourd don[^^] have synthesized two 
classes of conjugated ladder oligomers that maintain 

Fig. 14 One-dimensional polyphenylene polymers 39 and 40 that have been synthesized by Grimsdale and ~ i i l l e n . ' ~ ~ ]  
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Fig. 15 Encapsulated oligo(pentaacety1ene) molecular wire 41 
synthesized by Schenning et a ~ . ~ ~ ' '  

similar guidelines for molecular wires, including a defined 
length, rigidity, extended n-conjugation for good electron 
transfer, and good electronic coupling with metallic 
contacts. The oligo(quinoxa1ine) derivative 37 and oli- 
go(benz0anthracene) molecular wire 38 were synthesized 
using standard condensation and coupling reactions. The 
oligo(quinoxa1ine) 37 has built-in alligator clips in the 
terminal 1,lO-phenanthroline moieties. We have also 
synthesized molecular wires containing terminal pyridine 
and other nitrogen-containing functional groups.[361 Cal- 
culations have supported their use as alligator clips.[501 An 
iterative crossed divergent-convergent process that leads 
to rapid growth of the oligomers was developed to 
synthesize the oligo(benzoanthracene) 38. 

Oligophenylenes and polyphenylenes 

The oligophenylene and polyphenylene classes of mole- 
cules, possessing a continuous overlap of molecular 
orbitals-through extended conjugation without intervening 
groups such as alkynes or olefins, has been an active area 
of research for our gro~p.15'-531 Grimsdale and ~ i i l l e n [ ~ ~ I  
have synthesized a series of one-dimensional polyphenyl- 
enes including polyindenofluorene 39 and poly(9,9-diaryl- 
fluorene) 40, shown in Fig. 14. The photoluminescence 
(PL) spectra of the series of polyindenofluorenes 39 all 
have maxima around 430 nm, making them possible 
candidates for OLED materials as well as molecular wires, 
although for applications in molecular electronics, one 
would normally want to be able to synthesize molecular 
wires with known lengths and constitutions because of 
concerns about homogeneity and materials handling. We 
have synthesized many oligophenylene derivatives[35361 
and generally find that the torsional twisting caused by the 
steric hindrance between the hydrogen atoms at the ortho 
positions of adjacent phenyl rings leads to decreased 
orbital overlap, and possibly lower conductance. 

Acetylene oiigomers 

Schenning et al.r551 and Livingston et al.[561 have syn- 
thesized the acetylene oligomer class of organic molec- 
ular wires. Their work included producing acetylene 
oligomers that are insulated via dendritic encapsulation 
(see Fig. 15). They found that the insulated product 41 
underwent ready isomerization around the double bond, 
producing a mixture of E and Z isomers that made puri- 
fication of the materials difficult. Oligomeric acetylenic 
molecular wires that have been encapsulated within zeo- 
lites and other mesoporous materials show high electro- 
chemical charge uptake.[571 Taylor et al.r581 have 

Fig. 16 Porphyrins 42-45 synthesized by the authors. (From Ref. [35].) Zn, Cu, and Co metal atoms were inserted into 42. Subsequent 
deprotection of the thiol acetates resulted in no metal ion loss. 
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published an approach to insulated molecular wires of the 
oligo(pheny1ene) class. 

I 

Carbon nanotubes 

I 

Carbon nanotubes have been attractive candidates for use 
as molecular wires.[593601 The so-called "cross-bar" 
approach to the development of a molecular electronics- 
based computer has, as one approach, the use of carbon 
nanotubes for the wiring between the molecular 

of the circuitry. It is unfortunately difficult 
to work with carbon nanotubes because of their insolu- 
bility in most organic solvents,[611 and their tendency to 
form bundles of tubes that are difficult to separate. Several 
methods for the functionalization of the carbon nanotubes 
that may make it easier to handle the carbon nanotubes 
have been developed.[6296" However, the same function- 
alization techniques can also destroy the electrical prop- 
erties of the molecu~es. '~~ Calculations by Seifert et al?] 
indicate that sidewall fluorination of carbon nanotubes 
could produce products with a wide range of character- 
istics from insulating to metallic-like behavior. It is pos- 
sible that nano~ires[ '~ '  will be used in the cross-bar com- 
puting devices instead of carbon nanotubes because of the 
easier synthesis and handling of the nanowires. 

SAC 

Fig. 17 A four terminal porphyrin-based molecular wire 46 synthesized by the authors. (From Ref. [35].) 

Organometallic Molecular Wires 

We have synthesized molecules in the porphyrin class of 
molecular wires[351 and have recently returned to this 
work.r651 Fig. 16 shows four porphyrin derivatives made in 
our laboratories. Zn, Cu, and Co were all inserted into 42 
using the corresponding hydrated metal acetates. Depro- 
tection of the thiol acetates by NH40H resulted in no loss 
of metal, as indicated by subsequent nuclear magnetic 
resonance (NMR) analysis. Although being interesting 
compounds in and of themselves, 44 and 45 could also be 
intermediates in the synthesis of more complex molecular 

Fig. 18 The porphyrin hexamer 47 synthesized by Ander- 
son,L671 with six porphyrin units linked through dialkynes. 
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Fig. 19 The porphyrin metallacycle 48 synthesized by Iengo 
et a ~ . ~ ~ ~ ~  

wires. A four-terminal porphyrin shown in Fig. 17 was 
also synthesized. 

Ambroise et a1.[661 have published a large body of work 
concerning the synthesis and testing of molecular "pho- 
tonic" wires based on porphyrin molecules linked by 
diary1 ethyne units to light-absorbing dyes. The energy 
absorbed by the dyes is transmitted through the porphyrin- 
diaryl-ethyne wires to a free-base porphyrin transmission 
unit. The quantum efficiency was determined to be very 
high, from 81% to >99%. 

~ n d e r s o n [ ~ ~ ]  has reviewed the synthesis and optoelec- 
tronic properties of conjugated porphyrin molecular wires. 

As with the OPTS, OPES, and oligomeric acetylenes, 
alkyne moieties have been used to link porphyrin units to 
make longer molecular wires, such as 47 in Fig. 18. The 
estimated length of 47 is 8.3 nm from Si atom to Si atom. 
Anderson's work has shown that the electronic behavior 
of these types of systems can be attributed to strong 
interporphyrin conjugation in the ground state. This strong 
interaction is amplified in the excited states, and also in 
the oxidized and reduced forms of the prophyrin core. 

Iengo et a1.[681 have used self-assembly techniques to 
synthesize large metallacycles of porphyrins. By synthe- 
sizing porphyrins having two peripheral pyridine appen- 
dages at either 90" or 180" to each other, and by adding 
the requisite ionic metallic component such as the RuC12 
complex of dimethylsulfoxide (DMSO), supramolecular 
structures are produced. This self-assembly process pro- 
ceeds with two porphyrin and two RuC12 complexes form- 
ing (as one example) the molecule 48 shown in Fig. 19. 
The substitution of CO for DMSO in the RuC12 raw 
material forms a similar metallacycle with CO instead of 
DMSO as Ru ligands. By inserting Zn into the resulting 
porphyrin core and by exposing the mixture to 4,4'-bi- 
pyridine (which acts as a ligand for the Zn atoms at the 
porphyrin cores), a stacked complex was formed. The au- 
thors envisioned that such complexes, with their extended 
conjugation and metal centers, could harvest light energy 
and act as molecular wires. 

The self-assembly of inorganic molecular wires in 
solution has been described by ~ i m i z u k u . [ ~ ~ ]  However, it 
is unknown whether this process would produce products 
usable in constructing devices. 

Pyridine ligands are common in organometallic mo- 
lecular with a review recently appearing.[731 
For instance, Constable et a1.[701 synthesized the molecular 
wire 49 shown in Fig. 20. The [ ~ u ( t e r p ~ ) ~ ] ~ '  salts by 

Fig. 20 The molecular wire 49 synthesized by Constable et a1.1701 that showed luminescence because of the presence of 2,5- 
thiophenediyl spacers. 



Molecular Wires 

Fig. 21 A mixed-valence complex pair of molecular wires 50 
and 51 as synthesized by Stang et a ~ . ' ~ ~ ]  

themselves are nonluminescent, whereas adding the 2,5- 
thiophenediyl spacers produces a molecular wire that is 
luminescent. Shiotsuka et al.[7'1 made a Ru-Au-Ru triad 
by using a bis-o-Au-acetylide to connect two Ru com- 
plexes. The resulting molecular wire showed an intense 
emission at 620 nm upon excitation at 360 nm, suggesting 
some energy transfer from the Au to the Ru site via the n- 
conjugation offered by the ethynyl units. Beny et al.'721 
synthesized a trinickel complex of the ligand di-2,2'- 
pyridylamide that had a deep blue color and showed 
metal-metal bonding interaction in the crystal structure. 

An interesting mixed-valence molecular wire pair 50 
and 51 synthesized by Stang et a1.[741 is shown in Fig. 21. 
As we have seen in many of the molecular wires, both the 
thiophenyl and the alkynyl units are present in this mo- 
lecular wire. 

THEORY AND MEASUREMENT 
OF CONDUCTION 

Theory of Conduction in Molecular Wires 

The difficulties in obtaining direct measurements of 
current in molecular wires have not deterred theoretical 
chemists from developing models of the conductive 
process. This has been a very fruitful area of research. 

The editors of Chemical Physics recently devoted an 
entire issue to "Transport in Molecular We 
will briefly review the relevant literature here. 

The molecular wire-electrode interface 

One of the most important aspects of the application of 
molecular wires is developing a method for contacting the 
molecular wire with the electrode that a ill be carrying the 
current to the molecular wire. Several researchers have 
examined the theoretical aspects of this c ~ n n e c t i o n . [ ' ~ - ~ ~ ]  
Yaliraki et a1.1761 examined the bonding of 1,4-bis(thio- 
methy1)benzene (52 in Fig. 22) to metal surfaces using 
Green's function and the extended Hiickel Hamiltonian, 
and found that, except for the length of the surface 
bond, conductance through the molecule was not affected 
by the angle of the S-metal bond to the surface. They 
found that if Se substituted for S in the molecular wire, 
the conductance through the wire was larger (0 substitu- 
tion produced conductance of the same magnitude as S). 
They also found that Au made a better electrode than Ag. 
Note that a methylene node was between the terminal 
S atom and the aromatic benzene molecule, unlike other 
models where the S atom is directly bonded to the aro- 
matic nucleus. 

Using ab initio Hartree-Fock calculations, Johansson 
and ~tafstrom"~'  found that for a benzenethiol bonded to 
Au, the conducting states of the organic molecular wire 
interacted directly with the electronic system of the Au 
substrate, forming an ohmic contact. Onipko et al.[781 
presented a detailed analytical approach to modeling the 
connection of the contacts to molecular wires that is 
applicable to a variety of functionalized systems. Semi- 
nario et al.'791 used the Green function coupled with the 
B3PW9lLANL2DZ level of theory to calculate the 
behavior of S and isonitrile (-NC) alligator clip bonds 
to Ni, Cu, Pd, Ag, Pt, and Au. They found that the best 
metal for the metal-molecule interface was Pd, followed 
by Ni and Pt. Cu was intermediate whereas Au and Ag 
were worst. The S-based alligator clip was slightly better 
than the isonitrile alligator clip. The bond angle of the 
metal-alligator clip bond did make a difference in the 

Fig. 22 The structure of 1,4-bis(thiomethy1)benzene 52, the 
molecule studied by Yaliraki et al.1761 
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calculated conductance of the molecular wire, apparently 
because of various levels of overlap with the extended TC 
system of the aromatic nucleus. 

The theoretical use of molecular wires to transport 
spin-dependent information in an area of molecular elec- 
tronics called "spintronics" has been studied by Emberly 
and ~ i r czenow. [~~ '  Spintronics utilizes the electron's spin 
degree of freedom as well the charge of the electron to 
store, transmit, and process data. Based on their calcula- 
tions, spin valve behavior should be observable in SAMs 
formed from 1 ,Cbenzenedithiol between two Ni wires (a 
"break-junction" test-bed). 

Recall that in Figs. 5-8 were several examples of syn- 
thesized molecules that contained methylene or ethylene 
group spacers to break up the extended conjugation of the 
OPES. Karzazi et a1.[813821 have published quantum-chemi- 
cal calculations that were used to describe qualitatively 
the mechanism leading to resonant tunneling diodes 
(RTDs) with negative differential resistance (NDR; a 
switching phenomena) in molecular wires with such 
spacers as part of their molecular structures. It was theo- 
rized that having an ethylene spacer versus a methylene 
spacer led to better NDR characteristics, with larger on- 
off ratios. 

Conductance theory of molecular wires 

A large body of work has been published regarding 
the theoretical aspects of conductance of molecular 
~ i r e s . [ ~ ~ - ~ ~ ]  We will highlight several aspects of the work 
here, and invite the reader to explore the cited literature 
for more information. 

Seminario et al.[839853881 and Derosa and ~ e m i n a r i o ' ~ ~ '  
have used density function theory and Green function 
theory to model the molecular orbitals of simple 1,4- 
benzenedithiol and more complex conjugated OPE sys- 
tems. Calculations show that the highest occupied 
molecular orbitals (HOMOs) and the lowest unoccupied 
molecular orbitals (LUMOs) of a system can be localized 
(i.e., confined to certain atoms of the molecule) or de- 
localized (i.e., distributed over the entire molecular sys- 
tem depending on the charge). The localization of molec- 
ular orbitals will tend to prevent conductance through 
the molecule, whereas delocalization will tend to favor 
conductance. The addition of substituents and/or addition 
or subtraction of electrons from the system can change 
not only the shape (localization or delocalization) of the 
LUMOs and HOMOs but their energy levels. Changes in 
energy levels will affect whether the LUMOs and/or 
HOMOs overlap with the Fermi levels of the metal con- 
tact, also affecting the conduction through the molecules. 
The values of conductance for these systems with various 
charges determined by calculation agreed with experi- 
mentally derived data. The change in the LUMOs and 
HOMOs brought about by the injection of electrons into 

the molecular system was the reason that they could act as 
switches, turning on or off to current. 

Mujica et al.[891 have examined the theoretical aspects 
of molecular re~tification.'~~' Rectification occurs when 
the shape of the forward I(V) curve is not the inverse of the 
reverse bias I(V) curve when determining the conductance 
of a molecular wire as related to the applied voltage. The 
work of Mujica et al. suggested that the rectification is 
difficult to achieve because the finite voltages in the 
system cause the deformation of the structure, leading to 
effectively symmetrical voltage profiles for the forward 
and reverse biases. Interestingly, many have observed 
rectification because the two contacts between the ends of 
the molecular wires are different. 

Avouris and  an^'^^^ have done an interesting theo- 
retical study on the effect of coadsorption of contaminants 
on the conductance of molecular wires. Avouris and Lang 
had observed experimentally that the conductance of 
semiconducting carbon nanotubes changed when metal/ 
semiconducting nanotubelmetal devices were exposed to 
oxygen. Density function theory was used to determine 
that adsorption of electropositive Li atoms or electro- 
negative 0 atoms perturbed the molecular orbitals of bi- 
phenyl. This work has wide-ranging implications, as it 
has been thought that the development of molecular elec- 
tronics-based computers might not require the ultra pure 
water (UPW) and expensive clean rooms that the semi- 
conductor manufacturing industry needs to produce the 
high yields of working devices of the present commer- 
cial technology. However, purity of the chemicals and 
cleanliness of the tools and reaction chambers could be 
of paramount importance to the commercialization of the 
molecular wire technology. This calculation also has im- 
plications for experimental work, as contamination could 
easily introduce artifacts and false positives or negatives 
into laboratory testing. 

Granger et al.'991 have recently predicted that carbon 
nanotubes and other linear molecular conductors can 
support electronic states that are localized far from their 
surface. Hill and ~c~ean[ 'OO'  have published experimen- 
tal evidence for such states around an In nanowire. This 
work could have implications in answering the question: 
"Just how close does a molecular wire have to be to a 
connection to conduct electricity?" Carbon nanotubes or 
inorganic nanowires placed in near proximity may have 
electronic effects on circuitry and devices. 

Measurement of Conductance 
in Molecular Wires 

A large body of work has also been published con- 
cerning the measurement of conductance in molec- 
ular wires.[lOl-' j2 '  We will touch on the highlights in 
this review. 
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Reed et al.[231 and Chen and ~ e e d " ~ ~ '  have studied the 
conductance of both single molecules and of SAMs of 
molecules formed in a nanopore device. Stable and 
reproducible switching and memory effects were seen in 
the nanopore devices, with demonstrated NDR and charge 
storage with bit retention times of greater than 15 rnin at 
room temperature. 

Patrone et a1.['05] compared the electronic coupling 
efficiency of S and Se alligator clips on Au surfaces and 
found Se to be the better coupling link. Rampi and 
~ h i t e s i d e s [ ' ~ ~ l  have developed a test-bed for measuring 
conductance in molecular wires using two metal electro- 
des sandwiching two SAMs, with the top metal electrode 
being Hg for convenience of formation. There are three 
different forms of this test-bed; the first comprises two Hg 
drops, each covered with the same SAM; the second test- 
bed comprises a Hg drop covered with a SAM interacting 
with a SAM formed on Ag; the third test-bed is similar to 
the first, only with redox-active molecules trapped 
between the two SAMs to do electrochemical measure- 
ments on them. 

~ v o u r i s [ ' ~ ~ ~  has carried out extensive conductance 
measurements on carbon nanotubes and has constructed 
electronic devices containing them, including carbon 
nanotube field effect transistors (CNTFETs). Nanotubes 
are known to have either metallic or semiconducting 
properties. One problem with single-walled nanotube 
(SWNT) bundles is separating the metallic tubes from the 
semiconducting tubes. Avouris has developed a process 
that removes the metallic nanotubes, leaving the semi- 
conducting behind. 

Kushmerick et al.'"O1 have developed a test-bed device 
in which a SAM of the molecule of interest is formed on 
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53 

Fig. 23 The molecular wires 53-55 tested by Kushmerick 
et al.["O1 using a crossed-wire tunnel junction test-bed. 

Fig. 24 The molecular wire 56, the conductance of which was 
tested by Rawlett et al.["'] using cAFM. 

one of two 10-pm Au wires that are crossed, and brought 
into contact by the Lorentz force (i.e., DC current in one 
wire deflects it in a magnetic field). Using this device, I(V) 
characteristics were measured for three molecules 53-55 
shown in Fig. 23. Normalizing the conductance of the C12 
alkanethiol53 to 1, the conductance of the OPE molecular 
wire 54 was measured at 15 and the conductance of the 
OPV molecular wire 55 was measured at 46. Note that 55 
has benzylic thioester moieties with methylene barrier 
groups to disrupt the molecular orbital overlap of the rest 
of the conjugated system. The researchers attribute the 
increased conductivity of the OPV molecule to both the 
increased coplanarity of the molecule (the alkynes in the 
OPES allow the phenyl rings to be more freely rotating 
when compared to the vinylene group-linked OPVs, thus 
the population of OPE molecules existing in fully 
conjugated form is lower than the population of OPV 
molecules existing in fully conjugated form at the same 
temperature),and to the more regular periodicity of the 
conjugated molecular backbone of the OPV molecular 
wire. Compare the short 0.1218-nm alkyne linkage in the 
OPE molecular wire to the 0.1352-nm vinylene linkage of 
the OPV molecular wire and the 0.141+0.001 nm 
periodicity of the n-conjugated molecular backbone. 

Rawlett et al.'"'] used conducting atomic force mi- 
croscopy (cAFM) to measure the conductance of two dif- 
ferent molecules that had been inserted into the naturally 
occurring defect sites of a dodecanethiol SAM on Au. The 
molecular wires 54 (Fig. 23) and 56 were (Fig. 24) 
constrained to be standing upright, parallel to the surface 
of the Au, because of the tight packing of the dodecanethiol 
SAM. Au nanoparticles were attached to the projecting 
deprotected thiol groups, and the nanoparticle was 
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contacted by a Au-coated AFM tip to measure the 
conductance through what are thought to be individual 
molecules based on evidence not discussed here. Repro- 
ducible NDR effects were seen only for molecular wire 56, 
not for 54, indicating that the functionalization of the wire 
with the -NO2 group leads to the NDR effect. 

Wang et al.["*' have completed a systematic temper- 
ature-dependent study of the conductance of alkanethiol- 
ates in SAMs and have shown conclusively that direct 
tunneling is the dominant transport mechanism. 

CONCLUSION 

Based on the wealth of literature cited, fully conjugated 
completely organic aromatic molecular wires are the best 
candidates for introduction into new electronic devices as 
replacements for the Al or Cu wiring presently used in 
logic and memory devices. The OPE and OPV classes of 
molecular wires with S alligator clips have the highest 
conductances, both theoretical and measured. Recent data 
indicate that OPV molecular wires are better than OPE 
molecular wires. Many more questions remain to be 
answered, the most important of which is how these 
molecular wires will be integrated into processes to build 
the molecular electronic and optoelectronic devices of the 
future. Problems raised by such integration efforts will 
likely require several iterations in molecular wire re- 
search. As we have pointed out, the beauty of organic 
chemistry is that simple changes to the raw materials used 
in synthesizing the molecular wires can yield products 
with vastly different physical properties. The molecular 
wire(s) that eventually appears in commercial devices 
may bear no resemblance to those we have discussed. 
Thus research in this area can still yield much fruit. 
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INTRODUCTION 

Moore's law predicts that the number of transistors in a 
chip will grow exponentially in time. Exponents giving 
the best fit of various chip families suggest an 18-month 
transistor number doubling time. If Moore's law of min- 
iaturization will be followed below the size of 40 nm, 
physics will impose fundamental and practical limits of 
performance because of shrinking noise margin, increas- 
ing and quickening noise, and increasing power dissipa- 
tion. It is important to locate the fundamental aspects of 
the problem, to explore relevant practical problems and 
possible solutions, and to investigate this situation not 
only in microelectronics, such as complementer metal 
oxide semiconductor (CMOS), but also in single-elec- 
tron transistor (SET)-based nanoelectronics and even in 
quantum informatics applications. Recent studies show 
that quantum computers are not satisfactory tools to solve 
these problems of general-purpose data handling, and that 
the fundamental limits governing classical (CMOS) 
computers allow a much better performance than possible 
quantum computers. 

FUTURE OUTLOOK 

We all have been enjoying the fast growth of speed and 
memory size of computers during the last decades. Re- 
cently, the emerging fields of quantum computing and 
nanoelectronics have suggested that the future will be 
even more brilliant. 

However, as soon as we confront physical laws and 
reality with expectations, the future becomes more realis- 
tic. In this article, we briefly outline some of the key issues. 

GENERAL CONSIDERATIONS 

Thermal noise is an omnipresent small-voltage fluctuation 
on resistors. It has been thought that thermal noise will 
never be an issue in digital electronics. This view has been 
reevaluated and changed recently by &sh.['] On a parallel 
resistor-capacitor (RC) unit, the effective thermal noise 
voltage U,, is given as: 

un = &@? (1) 

Power Dissipation 

and the bandwidth f, of this noise is: 

Gaussian noise processes, such as thermal noise, can cross 
large amplitude levels, provided that sufficiently long 
time is available. In a logic circuitry, noise amplitudes 
reaching beyond the noise margin Uth cause false bit flips 
that can result in bit errors. For a single band-limited noise 
process, the mean frequency v(Uth) of bit errors can be 
obtained from the Rice formula:['] 

2 
v(Uth) = - exp 

fi 

where Un is the effective noise voltage and f, is 
the bandwidth. 

So, what happens during miniaturization? In CMOS 
technology, the resistors are two-dimensional conductors; 
thus the resistance stays (roughly) constant. Therefore the 
supply voltage has to be decreased to keep the electrical 
field and dissipation at acceptable levels. The capaci- 
tances decrease. Together, these effects yield the follow- 
ing trends: 

1) Shrinking noise margin (because Uth is only a frac- 
tion of the supply voltage) 

2) Growing noise (because of Eq. 1) 
3) Growing bandwidth (quickening of the noise; Eq. 2). 

All these phenomena (1, 2, and 3) act toward radically 
increasing the frequency of bit errors via Eq. 3. To have a 
feeling of the nature of this problem, on Fig. 1, the bit 
error frequency vs. the noise margin normalized to the 
noise voltage is shown for different bandwidths (clock 
frequency) and different numbers of transistor. The 
practical limit of usability is a certain Uth/Un ratio when 
the bit error rate is around 1 errorlyear. Even a 10% de- 
crease of the Uth/Un ratio compared wirh its critical value 
yields an error rate increase to lo5 when we consider all 
transistors in a modern PC (3 x lo9-1 0'' transistors). 

Utilizing these results and a prediction of the evolution 
of capacitance and noise margin using present trends, 
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Therefore theoretical efforts have been made on re- 
fining the prediction for the bit error problem because of 
thermal noise. The refined model takes into the account 
the following aspects: 

Further noise margin decrease because of the opening 
threshold voltages of the P-type and N-type MOSFET 

- - - - -  transistors 
Somewhat reduced noise because of parallel gate 
circuits 
Various supply voltage reduction strategies (predic- 

o 1 transistor tions are controversial) 
$' 10-9 9 The fact that the internal supply soltage and noise 
al 
=I margin of microprocessors in 2002 were already less 
u ,0-12 
2 than supposed in Ref. [I]. 
LL 

10-l5 
8 9 10 11 12 Interestingly, preliminary investigations indicate that 

the size range, where the problems begin, remains the ",'"" same because the different corrections act in different 

Fig. 1 Bit errors vs. the ratio of noise margin and effective directions and the effects compensate for each other. Thus 
noise voltage. (From Ref. [I].) (View this art in color at www. the conclusions obtained in the context of Fig. 2 remain 
dekker.com.) the same. 

recently, a prediction of the end of Moore's law was 
reported by ~ i s h [ "  (Fig. 2). 

The shrinking noise margin (logic threshold voltage) 
and the increasing noise margin required by the increas- 
ing and quickening noise pose conflicting requirements, 
which would stop miniaturization in 6-8 years if the 
trends of the last year continue. 

In the rest of this article, we outline the objectives that 
need further analysis and give some initiatives for ex- 
tended research in the future. 

REFINEMENTS OF PREDICTIONS 
FOR CMOS TECHNOLOGY 

It has been pointed out in Ref. [ l ]  that the prediction was 
based on strong approximations to keep generality and 
because of lack of information about certain device 
parameters. Since Ref. [l] was published, new informa- 
tion from microprocessor makers about some previously 
unknown parameters has emerged and some new efforts 
have been made to reduce the supply voltage with a rate 
less than previously supposed. However, these efforts are 
controversial because many large-scale users (e.g., in 
aviation  electronic^)[^* would like to increase the rate of 
supply voltage reduction to improve device failure rate, 
which has been steadily growing because of high electric 
fields in chips. 

THE CASE OF SINGLE-ELECTRON 
TRANSISTORS 

The next question is the bit error situation of micro- 
processors based on  SETS.[^] SETS work with tunneling, 

A= 36 nm. 0.3 V 
B= 25 nm, 0.2 V 

Noise constraint 

P, 

10 100 
Size (nm) 

Fig. 2 Prediction of the end of Moore's law. (From Ref. 111.) 
The technology faces a difficult problem when the upper limit of 
noise margin set by the dissipatiodfield constraint and the lower 
limit of noise margin required by the noiselerror constraint cross 
each other (between points A or B, depending on the evolu- 
tion of gate oxide thickness). (View this art in color at www. 
dekker.com.) 
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which is not dissipative, but the processes coupled to it 
are dissipative. The electrons at the tunnel junction of a 
closed SET can be excited by thermal energy fluctua- 
tions to the energy level where tunneling can occur and 
a single electron can cause a single bit error in a SET. 
Similarly, an open SET can be temporarily shut down 
by thermal fluctuations. Thus the tentative expectation 
is that SETs will have a similar nature of bit error 
characteristics as CMOS. However, the picture is more 
~ o m ~ ~ e x . ' ~ '  

Instead of a single capacitance, three different capac- 
itances influence bit errors: the two tunnel junction 
capacitances and the quantum dot capacitance (gate 
capacitance). 
The noise margin cannot be increased arbitrarily by 
increasing supply voltage. It has a practical maximum 
that is equal to the voltage difference between the 
totally closed and totally open transistors. Higher 
voltages cause multiple-electron operation mode, and 
large noise and dissipation. 
There are two different working ranges vs. the quan- 
tum dot size: larger sizes (Coulomb blockade controls 
the current transport) and smaller sizes (<lo nm; 
quantum confinement effects dominate). 

Preliminary studied3] show that the requirement for 
small quantum dot size becomes much harder to satisfy 
when not only the d.c. characteristics but also the bit 
errors matter in a microprocessor with lo8 or more SETs. 
To have SET-based microprocessors, the characteristic 
quantum dot size has to be less than 1 nm. 

ULTIMATE LIMITS OF ENERGY DISSIPATION 
VS. PERFORMANCE IN CLASSICAL AND 
QUANTUM COMPUTING 

Heat problems with today's microprocessors have made 
it very clear that the ultimate and most fundamental 
questions of viability of the technology are related to 
power requirement information processing. This is 
the ultimate question for general-purpose classical or 
quantum computers. If CMOS and SET fail, it is a 
natural question if quantum computing and quantum 
information can help us out and-if yes-how. Be- 
cause, so far, the existing quantum computing archi- 
tectures have been neither practical nor general pur- 
pose, the only question we may be able to answer is the 
ultimate limits of performance. Performance includes er- 
ror rate (accuracy), speed (bandwidth), and power dis- 
sipation. It is very important to take temperature into 

-Power. CMOS. 20GHz 
Power, quantum, 3GHz ..... Power, quantum, 20GHz 

2 10- '5i  Y 
l;.;l I 11,y6 I l1;-;l I ll;.lL I ll;-:l I l,;i I l,o-l 

Error ratio E 

Fig. 3 Minimal power dissipation of a single logical gate, 
classical (CMOS) and quantum, vs. the error ratio of the 
gate. (From Ref. [4].) (View this art in color at www. 
dekker.com.) 

account, and to compare the ultimate performance limits 
of classical and quantum computers at the same temper- 
a t ~ r e . [ ~ ]  If it is room temperature, both the classical and 
quantum computers should be tested at room temperature; 
if it is the microkelvin temperature range, than the same 
conditions are required for both. 

Recent show that quantum computers have 
energy requirement problems at high accuracy because of 
arguments similar to Heisenberg's uncertainty principle. 
Classical computers perform much better when accuracy 
is concerned; however, quantum computers can balance 
this deficiency by a greater speed.[41 (For a comparison 
of the energy requirements of a classical and a quantum 
gate when they run at the same clock frequency, see 
Fig. 3.14]) 

Realistic estimations[61 based on existing quantum 
error correction methods indicate that a general-pur- 
pose quantum computer, which would use the best 
known quantum error correcting methods, would dissi- 
pate at least 100 times more energy than its classi- 
cal counterpart. 

Concerning future research aspects, we think that the 
ultimate focus of this study will not be the accuracy 
(error rate) of classical and quantum computers, but the 
energy requirements of processing Shannon information 
(bit). This aspect induces many new questions, including 
the problem of computer architectures that are not sen- 
sitive to noise. An important question is the energy and 
complexity requirement of error-correcting coding, and 
the ultimate measure should be energy requirement vs. 
Shannon information. 
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INTRODUCTION 

After billions of years of evolution, biological nanomotors 
and, in particular, motor proteins have achieved a level of 
performance unmatched by current synthetic nanomotors. 
Motor proteins in hundreds of specific designs perform a 
wide range of functions in biology, while achieving more 
than 50% efficiency in the conversion of chemical energy 
to mechanical ~ o r k . ' ' . ~ ]  

The research discussed in this entry aims at utilizing 
motor proteins in hybrid "biolnano" devices to explore 
the potential of nanomotors in technological applications. 
Challenges for this approach include the design of suitable 
synthetic environments, the interfacing of biological com- 
ponents with synthetic structures, the controlled modifi- 
cation of biological motors using recombinant techniques, 
and in general, the difficulty of engineering at a size scale 
where random fluctuations due to Brownian motion are an 
integral part of the system. 

At this point, an international group of research teams 
has utilized a variety of rotational and linear motor pro- 
teins to demonstrate the first devices integrating motor 
proteins. These devices illustrate the important role that 
motor proteins can play in nanotechnology. 

MOTORS IN NANOTECHNOLOGY 

Technological revolutions often involve access to new 
materials, and the mastery of a new material is so funda- 
mental to mankind that historic ages are defined by the 
state-of-the-art material, hence the "stone age" or "bronze 
age." However, some technological revolutions are char- 
acterized by the newfound ability of man to convert ener- 
gy into mechanical work, based, for example, on the 
invention of the steam engine, which powered the in- 
dustrial revolution. Can nanotechnology become a revo- 
lution of energy conversion in addition to a materials 

revolution, driven by a nanomotor, which will power the 
"Nanofactory" and the "Nanoautomobile" of tomorrow? 

Currently, no man-made nanomotor exists that can 
impact nanotechnology in the way that the steam engine 
defined the industrial revolution. However, while the first 
prototypes of synthetic nanomotors are studied,[3941 nature 
provides us with a wide range of biological nanomotors, 
which have evolved to perform a wide range of functions 
with an amazing efficiency.[51 While the center stage is 
occupied by motor proteins such as myosin, which is, for 
example, responsible for muscle contraction, biological 
motor designs include motors based on ribonucleic acid 
(RNA) pulling on double-stranded deoxyribonucleic acid 
(DNA) to package it into the protein shell of a virus,[61 
ribosomes moving along RNA while synthesizing a new 
protein, or even an electrostrictive membrane protein aid- 
ing the process of hearing.['] The mechanism by which 
biological motors, in particular motor proteins, generate 
force is a very active field of research, and significant 
progress has been made."' Nowadays, motor proteins can 
be readily isolated and are even commercially available. 

Biomolecular motors, in particular motor proteins, are 
a gift of nature to the nanotechnologist. They can be used 
in hybrid "bionano" devices to explore the potential of 
nanomotors. At this point, a small number of prototypical 
nanodevices based on motor proteins has been assembled, 
and in the following, we will introduce the biological 
motors used, and discuss the progress in the design of 
hybrid devices. 

BIOLOGICAL FUNCTIONS OF 
MOTOR PROTEINS 

Motor proteins represent a unique class of enzymes and 
enzyme complexes that convert chemical energy into 
mechanical work with relatively high efficiency. In these 
proteins, energy associated with catalysis (or an electro- 
chemical gradient) is linked to conformational changes in 
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Fig.  1 (A) Side view of the crystal structure of the bovine 
F,-ATPase reported by Braig et al.[''] Adjacent a and $ subunits 
were removed to show the y subunit and bound ADP (red). 
(B) Top of the F1-ATPase motor showing the alternating dj3 
hexamer (stator) and central y subunit (rotor). The y subunit 
rotates counterclockwise in a three-step process during ATP 
hydrolysis. The Fo portion of ATP synthase, which inserts into a 
membrane and converts a proton flow into a rotary motion, is 
not shown. (View this art in color at www.dekker.com.) 

the structure. As with man-made motors, these molecular 
machines can be categorized as either rotary or linear 
motors, depending on their mode of translation. 

Two true rotary molecular motors were identified, and 
extensively studied in terms of the biochemical and 
biophysical properties of these protein complexes. The 
bacterial flagellar motor is a classic example of a rotary 
motor used by certain bacteria to move in a fluid 
environment. The complex uses a proton gradient to 
propel a large flagellum at speeds of up to 300 rps, and 
produces a rotary torque in excess of 550 pN nm.r91 A 
second rotary motor, ATP synthase (FoF1-ATPase), is a 
ubiquitous enzyme complex responsible for proton-pow- 
ered production of adenosine 5'-triphosphate (ATP) in 
living Translocation of H+ across a membrane 
results in the rotation of a central shared subunit, and 
synthesis of three molecules of ATP per revolution. 
Moreover, the cytoplasmic F1-ATPase domain may 
independently function as an ATP-fueled rotary motor;["] 
construction of integrated devices with this motor protein 
will be discussed later (Fig. 1). 

A number of linear motors were extensively studied in 
terms of their biomechanical  characteristic^,[^,^^^ as 
well as their potential use in hybrid nanodevice~.['~I 
Linear motors can be chosen from three principal families: 
myosins-moving along actin filaments toward the 

barbed end; kinesins-moving along microtubules toward 
the plus end; and dyneins-moving along microtubules 
toward the minus end[16] (Fig. 2). 

Actin filaments, which are double-stranded twisted 
ropes polymerized from 5.5-nm-long actin monomers, are 
highly flexible and can branch into a dense mesh. 
Microtubules are stiff, unbranched, proteinaceous tubes 
with an outer diameter of -30 nm, consisting of 8-18 
parallel protofilaments assembled from 8-nm-long tubulin 
dimers. While motors of the myosin family are the 
molecular actuators responsible for the contraction of 
muscles, specialized motors of all families participate in 
the intracellular transport of membrane organelles and 
protein complexes. The morphology and biochemistry of 
the different types of motors is closely coupled to their 
function. For example, myosin I1 has evolved to act in 

(A) -50 nm 
Myosin II 

Pointed end Barbed end 

Actin filament 

Kinesin Micro tubule 

Minus 
end 

Dynein 
Vesicle 

Fig.  2 (A) Myosin 11, the myosin type present, e.g., in skeletal 
muscle, assembles into a thick filament. The collective, 
unsynchronized motion of the myosin motors along the actin 
filament causes the contraction of muscle cells. Each myosin 
motor attaches only intermittently to the actin filament 
(nonprocessive motion), "running" along with a velocity of 
up to 8 pdsec. Actin filaments consist of two helical strands 
polymerized from actin monomers with a full period of 72 nm. 
(B) Conventional kinesin is a two-headed motor moving toward 
the "plus" end of a microtubule. The two heads move in 
coordinated fashion, covering a distance of 8 nm with each step, 
hydrolyzing one ATP molecule per step. and generating a 
maximum force of 7 pN. In vitro, kinesin takes up to 100 steps1 
sec. At least one of the kinesin heads is attached at any point in 
time (processive motion). Cytoplasmic dynein is a processive, 
two-headed motor moving toward the "minus" end of the 
microtubule. It is a particularly large protein complex, consisting 
of more than eight subunits with a combined mass of more than 
1000 kDa. Microtubules are tubular structures with an outer 
diameter of 30 nm, which are polymerized from individual 
tubulin monomers with a length of 8 nm. Microtubules 
assembled in vitro can reach a length of up to 100 pm. In vivo, 
microtubules constantly assemble and disassemble; however, the 
use of drugs like tax01 can stabilize microtubules for weeks by 
slowing the depolymerization. (View this art in color at www. 
dekker.com.) 
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a large array of motors in fast skeletal muscle. Conse- 
quently, the biochemical cycle of binding ATP, hydro- 
lyzing ATP, and releasing the products adenosine 5'- 
diphosphate (ADP) and phosphate is tuned toward a short 
time of attachment to the actin filament (nonproces- 
sive motion). In contrast, the step size of a conventional 
kinesin motor (transporting as a single motor, e.g., syn- 
aptic vesicles) matches exactly the 8-nm spacing between 
adjacent tubulin binding sites on a protofilament of a 
microtubule, which, together with a coordinated hydroly- 
sis cycle of the two heads of the motor, facilitates a large 
number of consecutive steps without detaching from the 
microtubule (processive motion).['' 

The large number of natural designs of linear motors 
for functions ranging from muscle contraction to vesicle 
transport can serve as a tool chest for hybrid devices. It is 
also an inspiration for artificial modifications to existing 
motors, for example, by integrating chemical switches or 
by changing their processivity.[17~'8~611 Cu rrently, con- 
ventional kinesins and microtubules are a motorlfilament 
combination, which is often utilized for reasons related to 
the robustness of the proteins, the successful expression of 
kinesin in Escherichia ~ o l i , [ ' ~ '  and the easy modification 
of t ~ b u l i n . [ ~ ~ '  

MOTOR PROTEINS IN A 
SYNTHETIC ENVIRONMENT 

Controlling the interaction between the motor proteins and 
the synthetic materials is a major challenge in the design 
of hybrid While regions of the surface in- 
tended as motor protein-coated tracks or islands have to 
have a high affinity for protein adsorption, denaturation 
and concomitant loss of function of the protein after ad- 
sorption to the surface has to be avoided as well. It is 
equally important for the defined positioning of motors in 
a device to prevent the adsorption of motors to regions 
surrounding the intended motor protein-rich regions, a 
challenging task because of the general tendency of 
proteins to stick to many synthetic surfaces. 

A variety of approaches to reduce denaturation were 
developed, ranging from precoating surfaces with a 
generic protein (albumin, casein),'221 which restricts the 
surface-motor contact to small patches in-between the 
preadsorbed proteins, to coating the surface with polymer 
brushes with functionalized ends,r231 which prevents 
motor adsorption directly to the surface while providing 
a designated binding site on the polymer. The most 
sophisticated approach toward attaching a motor (dis- 
cussed in more detail in the subsection "Rotational 
Systems") relied on genetically engineering specific 
anchor sites into the protein, which connect to a patterned 
nickel film on the surface.[",241 The adsorption of motors 

has been selectively prevented by either empirically 
identifying materials, which together with added deter- 
gents in the solution reduce protein adsorption,r251 or by 
using surface modification strategies originally developed 
for nonfouling surfaces.[261 

The lifetime of hybrid bionanodevices is a frequent 
concern. To maintain motor proteins in a functional state, 
the temperature, ionic strength, pH, and salt concentra- 
tion of the surrounding solution have to be controlled.r271 
Microtubules and actin filaments depolymerize over 
time,[281 a process which can be slowed but not entirely 
prevented. In addition, proteins are subject to degradation 
by proteases, and they sustain photodamage during obser- 
vation under the fluorescence microscope. In combina- 
tion, these factors currently limit the lifetime of actively 
operating devices to hours or a few days at room temper- 
ature. However, for a large number of applications, this 
lifetime, together with adequate storage at low tempera- 
tures before operation, is sufficient. 

REGULATING BIOMOLECULAR 
MOTOR ACTIVITY 

A fundamental element in the engineering of biomolecular 
motor-powered devices and materials is the ability to 
modulate the activity of the motors. To date, two strat- 
egies have been used to regulate the functionality of 
biomolecular motors in synthetic systems. The first 
strategy involved the controlled release of caged ATP 
into solution to modulate the linear translation of con- 
ventional k i n e ~ i n . ' ~ ~ ]  Because the density of tethered 
kinesin was relatively low, an ATP-consuming enzyme, 
hexokinase, was used to rapidly reduce the liberated ATP 
in solution, and produce discrete spikes of available ATP. 
In this manner, the magnitude of velocity and distance 
could be regulated based on the intensity of light expo- 
sure.'291 This strategy has direct application for controlling 
any molecular motor that utilizes ATP as a fuel source. A 
primary advantage in this system is the ability to produce 
discrete spikes in ATP that, in turn, may be used to 
regulate the velocity/distance traveled by linear motors, or 
the speedlnumber of cycles for rotary motors. 

The second strategy for controlling motor functionality 
involved genetically engineering an allosteric effector site 
into the catalytic domain of the F1-ATPase molecular 
motor.r301 This site was engineered to bind zn2+ such that 
the conformation changes necessary for ATP hydrolysis 
and y subunit rotation would be reversibly inhibited when 
the site was occupied; chelation of the zn2+ would sub- 
sequently restore activity. In single molecule assays, 
rotation of all (i.e., 100%) mutated F1-ATPase was 
observed in the presence of 800 pm ZnS04, whereas bulk 
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activity assays indicated a 60% inhibition in catalytic 
activity at saturating levels of zn2+. This suggests that 
the complete inhibition of hydrolytic activity is not 
requisite for tight control of motor rotation in ATPase. 
Repeated cycles of zn2' inhibition, followed by chelation 
with l,l0-phenanthroline, demonstrated the ability to 
reversibly control the functionality of the FI-ATPase 
motor.[301 A unique advantage in this strategy is the 
ability to tailor the allosteric binding site, which may 
serve as a recognition element in sensor-type applications. 

Rotational Systems 

The FoF1-ATPase enzyme complex consists of eight sub- 
units (a, fi, x, a, fi, y, E ,  and 6) that are arranged in two 
distinct domains, the cytoplasmic F1 and hydrophobic Fo 
domains. The F1-ATPase domain can function indepen- 
dently as an ATP-powered rotary and offers a 
potential source of actuation in nanoscale device archi- 
t e c t u r e ~ . ' ~ ~ ' ~ ~ ~  During ATP hydrolysis, the central rotor 
(i.e., y subunit) of F1-ATPase rotates in response to the 
conversion of ATP to ADP+Pi at each of the three cat- 
alytic sites. This three-step process that results in rotation 
of the y subunit was confirmed by a number of meth- 
o d ~ . [ ~ ~ - ~ ~ ~  The precise mechanism of mechanical coupling 
of ATP hydrolysis and rotation of the y subunit has yet to 
be determined. 

In general, a prerequisite technology for utilizing mo- 
lecular motors as functional components of nanoscale 
devices is the ability to interface biological and nonbio- 
logical components. To this end, the F1-ATPase from 
thermophilic bacterium Bacillus PS3 was genetically eng- 
ineered to express a lox histidine (His) tag on the N- 
terminus of the s u b ~ n i t s . [ ~ ~ , ~ ~ ]  The His-tagged motors 
were subsequently used to precisely position individual 
F1-ATPase motors on arrays of nanoscale nickel dots.[351 
Because the His-tags were located on the N-terminal of 
the fi subunit, the motors were positioned such that the 
base of the stator was adjacent to the surface, and the rotor 
was positioned perpendicular to the surface and fully ac- 
cessible for attachment of additional components. A sin- 
gle cysteine (Cys) was also engineered at position 107 in 
the y subunit to provide a unique chemical "handle" for 
attaching synthetic ~ a r ~ o . [ ~ ~ , ~ ~ ~  The ability to genetically 
engineer the motors for specified interactions with syn- 
thetic components represents a powerful tool for tailoring 
the interaction of various components. 

As a basic proof-of-principle, a simple device was 
designed and constructed, in which the FI-ATPase motors 
provided a source of actuation to nanoscale metallic com- 

Ni nano-rod 

Fig. 3 Schematic representation of the integrated nanodevice 
that provided a proof-of-principle with regard to actuating 
nanomechanical devices with a biomolecular motor.[361 In the 
presence of ATP, the rotary motor F1-ATPase spins the nickel 
nanorod (10 x 150 x 1000 nm) with an angular velocity of 4 Hz 
while providing a torque of 20 pN nm. Elevating the motor 
on a post reduces the viscous drag on the moving nanorod, 
which increases near a surface. (View this art in color at www. 
dekker.com.) 

ponents.[361 This device has three primary components: 
1) a lithographically defined surface of Ni posts, 2) FI- 
ATPase motors, and 3) functionalized nanoscale "pro- 
pellers'' (Fig. 3). The device was assembled by sequential 
addition of individual components; however, yield was 
relatively poor (i.e., 1%, defined as the number of rotating 
propellers divided by the number of propellers distributed 
on the surface). Rotation was initiated with the addition 
of ATP, and stopped with sodium azide, an inhibitor of 
ATPase activity. The mean frequency of rotation was 
4.8 Hz and directly correlated with the length of the 
propeller, suggesting that the torque was constant. The 
work performed by the FI-ATPase motor to rotate a 
propeller through one complete revolution was calculated 
to be -- 120 pN nm, with an efficiency of 50%. '~~]  The 
device functioned for over 2 hr, at which point the 
propeller broke free from the motor. Overall, this 
experiment demonstrated the ability of this biomolecular 
motor to function as an actuator in a nanoscale mechani- 
cal device. 

The force tolerances of these devices were character- 
ized by using dynamic force spectroscopy to understand 
and potentially design integrated nanodevices with an 
increased assembly yield and lifetime.r371 In these experi- 
ments, the relative order of bond strengths (strongest to 
weakest) based on the magnitudes of their lifetimes were: 
biotin-streptavidin, (H~S)~-N~-NTA, ( H ~ s ) ~ - N ~ ,  and 
(Hi~)~-gold. Based on these findings, the weakest bond 
in the FI-ATPase-powered devices resides in the interac- 
tion between histidine and Ni, and likely represents a 
critical factor resulting in device failure. Improvements in 
device assembly and longevity may be engineered through 
further analysis and redesign of the interaction used to 
adhere the F1-ATPase motors to the substrate, as well as to 
the propellers (or other components). 
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Fig. 4 Nanoscale transport systems based on motor proteins face three principal challenges: guiding the movement, loading the cargo, 
and controlling the speed."51 Two approaches toward guiding the movement have emerged: (A) motor proteins are selectively adsorbed 
to a structured surface and guide the movement of microtubules or actin filaments serving as shuttle modules, or (B) an oriented array of 
microtubules is assembled on a surface by adsorption or polymerization and support the directed movement of motor proteins connected 
to the cargo. Selective loading of cargo and control of movement has been demonstrated for approach (A) by using biotinlstreptavidin 
links for cargo attachment and controlled release of ATP from an inactive, "caged" precursor using UV light. (From Ref. 1291. 
Copyright 2001 Am. Chem. Soc.) (View this art in color at www.dekker.com.) 

Overall, the F1-ATPase biomolecular motor repre- 
sents a highly efficient rotary actuator in integrated, 
nanomechanical devices. A number of enabling technol- 
ogies were developed and used to construct a simple 
nanodevice powered by F,-ATPase motors. Further 
characterization of this device by force measurements of 
binding strengths has determined the key linkages that 
likely result in poor assembly yields as well as device 
failure. As a whole, these data provide a foundation for 
the continued engineering and analysis of biomolecular 
motor-powered nanodevices. 

Transport Systems 

One of the first ideas for a hybrid bionanodevice was a 
nanoscale transport system, a "molecular shuttle," with 
the ability to move single molecules along tracks under 
user control.['51 The close analogy to the biological motor 
protein-based transport mechanisms[381 provided a clear 
vision of the feasibility and utility of such a system. 
Conceptually, a transport system requires solutions to the 
questions of how to direct the movement, how to load and 
unload cargo, and how to control the speed of the 
system.[291 The guiding issue was addressed with two 
different approaches (Fig. 4): either the actin filaments or 
microtubules are selectively immobilized on the surface 
and support the movement of motors attached to the cargo 
(bead assay[391), or the motors are selectively adsorbed to 
the surface and move the corresponding filament, which in 
turn connects to the cargo (gliding assay[401). 

While the initial experiments by Turner et al.L4'1 
yielded unpolarized patterns of aligned and immobilized 
microtubules capable of supporting kinesin motility, later 
experiments demonstrated polarized alignment of micro- 
tubules on surfaces using a variety of methods based on 

fluid Kinesin motors nonspecifically bound to 
the cargo surface then supported the directed transport of 
micrometer-sized objects across the array of rnicrotubules. 

The inverse arrangement, using microtubules as shuttle 
modules that move across a surface coated with motors 
and link specifically to the cargo, requires the structuring 
of the surface in order to create tracks. A variety of 
strategies including chemical modification,[457461 guiding 
 channel^,'^^*^^' and combinations of surface chemistry and 
topography125*483491 ha s been employed to direct the 
shuttles along predetermined paths. In addition, flow 
fields[501 and electric fields["] can influence the path of 
the shuttle. The choice between these guiding strategies is, 
in large part, determined by the physical properties of the 
filaments used as shuttles. For example, the large stiffness 
of micro tubule^^^^^ precludes effective guiding by motors 
adsorbed in tracks on a chemically modified surface.[531 
Unidirectional motion of the shuttles propelled by surface 
adsorbed motors can be achieved by suitable track 
geometries.[2575" Conveniently, the orientation of the 
surface adsorbed motors does not have to be controlled, 
because the flexible tail region of the kinesin motor allows 
the motor heads to find a suitable position for microtubule 
binding independent of the original ~r ientat ion.[~~"~] 
Microtubules can be readily functionalized with fluores- 
cent dyes or biotin linkers,[541 which facilitates the 
observation of their movement as well as the attachment 
of cargo if the microtubules are employed as shuttles. 

In summary, the basic challenges of guiding, loading, 
and controlling can be addressed by using a variety of 
approaches to achieve directed transport, by linking cargo 
to microtubules or motors, and by controlling motor ac- 
tivity as described in the section on controlling motor 
functionality. By integrating these approaches, a nano- 
scale transport system can be assembled and, in the future, 
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I (A) accessible inaccessible I 

Fig. 5 Fluorescently labeled microtubules transported by 
surface-adsorbed kinesins can serve as nanoscale probes 
exploring the surface. The sensitivity of the microtubule path 
to the topography allows us to image an unknown surface.L561 
This is illustrated in (A), where a microfabricated pattern of 
1-pm-high posts divides the surface into an accessible and an 
inaccessible region, because microtubules move on the- bottom 
surface and are unable to climb a steep incline. Repeated 
observation of microtubule positions under the fluorescence 
microscope as shown in (B) yields information about the path of 
several hundred microtubules. The superposition of 500 images 
taken every 5 sec reveals the surface topography (C). (From 
Ref. [56]. Copyright 2002 Am. Chem. Soc.) (View this art in 
color at www.dekker.com.) 

combined with other modular systems such as assembly 
and packaging stations. 

Surface Imaging 

The self-propelled movement of microtubules with a 
diameter of 30 nm on a kinesin-coated surface provides 
us with a novel nanoscale probe, which can explore a sur- 
face in a radically different fashion compared to the tip of a 
scanning probe microscope. While scanning probe micro- 
scopes use a single tip, which scans the surface in a 
controlled, linear movement, the microtubule movement 
per se is random. Therefore it is necessary to synthesize an 

image of the surface based on the random paths of a large 
number of microtubules exploring the unknown surface at 
the same time. A basic implementation of this new ap- 
proach to surface imaging (Fig. 5) was demonstrated for a 
surface with a structured topography,[5h1 but the research 
into guiding mechanisms for nanoscale transport systems 
indicates that the microtubule path is influenced by surface 
chemistry or fluid flow as well. Despite its limitations due 
to the sensitivity of the proteins and the optical detection of 
the microtubule position, the described technique is an 
example of how the availability of self-propelled nano- 
probes enables the implementation of a new scanning 
method with similarities to mathematical Monte Carlo 
methods. Nanotechnology is not always "the same but 
smaller." Instead, sometimes "small is different" (Uzi 
Landman) applies, which creates opportunities to utilize 
nanosystems for innovative technologies. 

Actuators 

While nanoscale transport systems are the technological 
equivalent to the biological tasks of kinesin in intracel- 
lular transport, nanoactuators are inspired by the biolog- 
ical application of myosin motors in muscles. Evidently, 
molecular motors can be assembled into large arrays and 
exert many Newtons of force, and it is an interesting 
question if highly efficient engines built from macro- 
scopic arrays of molecular motors may replace electric 
motors or heat engines in the future. However, for the 
purposes of nanotechnology, even single biomolecular 

Fig. 6 A microscopic forcemeter for the measurement of 
intermolecular forces on the order of a few piconewtons can be 
assembled from microtubules functionalized with ligands, beads 
coated with receptors, and kinesins (0 and 10  sec). It consists of 
a cantilevered microtubule that binds to a streptavidin-coated 
bead loaded onto a microtubule moved by kine sin^.'^^' The 
kinesins push the moving microtubule (30 sec), straining the 
bond between streptavidin and biotin until i t  ruptures (40 sec). 
Observation of the concurrent bending of the cantilevered 
microtubule allows the determination of the strain forces based 
on the known stiffness of microtubules. (From Ref. [59]. 
Copyright 2001 Am. Chem. Soc.) (View rhis art in color at 
www.dekker.com.) 
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motors generate forces, which are sufficient to overcome 
typical 10ads.'"~~~' 

Recently, a miniaturized forcemeter for the mea- 
surement of intermolecular bond strengths was demon- 
~ t r a t e d . ' ~ ~ '  In this forcemeter, several kinesin motors 
provide the force to strain the bond between a receptor- 
ligand pair, while the magnitude of the strain is reflected 
in the bending of a microtubule attached to the ligand, 
which serves as a nanoscale cantilevered beam of known 
stiffness (Fig. 6). The forcemeter with lateral dimensions 
of less than 10 pm can generate and detect forces on 
the order of several piconewtons, which is sufficient to 
rupture most single molecule receptorAigand bonds with- 
in seconds. The strain generated by the action of motor 
proteins inherently matches the low rate of force appli- 
cation characteristic for in vivo conditions, a situation 
that is difficult to duplicate with other approaches 
to molecular force  measurement^.'^^' In addition, the 
small size of the instrument suggests the assembly of 
an array of forcemeters, capable of drastically reducing 
the time required for a statistically significant number of 
force measurements. 

This forcemeter points the way to more sophisticated 
nanodevices, which aid in the measurement of properties 
of nanoscale objects, and can play an active role in the 
assembly and disassembly of nanoscale structures. 

CONCLUSION 

Motor proteins are fast and versatile nanomotors with 
high energy efficiency and interface in a very specific 
manner with "roadw-like filaments and various objects 
serving as "cargo." At this point, this makes them su- 
perior to any man-made nanomotor, and allows us to 
explore the technological applications of nanomotors in 
hybrid nanodevices. Inspired by the biological applica- 
tions of motor proteins in intracellular transport and as 
actuators, a number of devices have been designed. Chal- 
lenges regarding the interface between biological and 
synthetic elements in the hybrid devices are addressed, 
and artificial elements, such as "anchors" or a "throt- 
tle," are directly integrated into the motor protein. Nature 
has mastered not only the design of nanoscale functional 
units but also the integration of these units into the so- 
phisticated multipurpose subcellular or cellular systems. 
This research attempts to learn nature's lessons and 
translate them into valuable engineering. 
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INTRODUCTION 

The continuous size reduction associated with the devel- 
opment of microelectronics will, sooner or later, face the 
need of manipulating single molecules, addressing and 
contacting them to wanted regions of the device. Although 
the manipulation of individual molecules is already 
possible using the scanning tunneling microscope and 
their functional characterization is usually achieved for 
thiol-terminated molecules grafted to gold electrodes, 
both the process (individual management by scanning 
tunnel microscopy) and material (gold) are, however, 
incompatible with the integrated-circuit (IC) technology. 
Batch processing requires that the molecules are ad- 
dressed to (photolithographically predefined) regions by a 
difference of chemical potentials. In turn, that requires a 
control of the chemical terminations of the surfaces of the 
most important IC films. Among them, the unique single 
crystalline surface is that of the silicon substrate, which 
makes it the most serious candidate for the growth of 
ordered functional films. Of the several producible 
orientations of silicon, the (100) surface is that with the 
largest applications. In usual technological cases, the 
(100) surface of silicon is hydrogen-terminated (immedi- 
ately after aqueous HF etching) or covered by 0x0 
terminations (after the formation of the native oxide). 
Although neither one nor the other has the necessary 
chemical and crystalline order required to be a seed for the 
deposition of molecular devices, they can, however, be 
used to prepare clean silicon surfaces with 2 x 1 recon- 
struction or hydrogen-terminated silicon surfaces with 
2 x 1 or 1 x 1 reconstruction. Alkenes or alkynes can be 
used to functionalize the silicon via cycloaddition to the 
clean 2 x l-reconstructed surface or via hydrosilation on 
the hydrogen-terminated surfaces. 

THE CONCEPTUAL POSSIBILITY OF 
MOLECULAR ELECTRONICS 

With the synthesis of rotaxanes, catenanes, Mobius strips, 
etc., topological chemistry has changed from a visionary 
view[~.2~ (one of the founding papers, Ref. [I], circulating 

as a preprint at the Reaction Mechanisms Conference held 
in Princeton, NJ, at the end of summer 1960, was 
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summarily rejected as not being chemistry[31) to a 
consolidated discipline for the synthesis of molecules 
able to mimic, on a molecular scale, the behavior of 
macroscopic machines.'4s51 In a way, those molecules may 
be considered as molecular machines. 

Although the first molecular machines mimicked 
mechanical machines, a number of molecules able to 
perform even sophisticated electrical functions have been 
also synthesized. 

Fig. 1 shows an example of molecule[61 with interest- 
ing electrical properties. The molecule is formed by 
a bipyridimium core, two alkane chains, and two thiol 
terminations. The bipyridimium core works as a Schmitt 
trigger, the alkane chains behave as wires, and the thiol 
terminations provide alligator clips to external electrodes. 
Once grafted to gold electrodes (through its thiol 
terminations), the molecule displays or not resonant 
electronic conduction, according to the charge state on 
one nitrogen atom in the bipyridimium core: if both 
nitrogen atoms are positively charged, the molecule does 
not display conduction; if one nitrogen is reduced (by 
injection, controlled by an external electrode, of one 
electron), the molecule displays conduction. In a way, the 
molecule performs as an electronic device (a Schmitt 
trigger), but has a size of the order of 3 nm3. 

The molecule in Fig. 1 is certainly not unique in 
possessing interesting electronic properties: the review of 
Ref. [7] reports wires, rectifiers, memories, etc. listing 106 
references. The availability of such a molecular scaffold 
has kindled the interest toward an application of molecular 
devices for a new electronics-molecular electronics. 

Molecular electronics has, however, a chance to 
become interesting for large-volume applications (and 
thus a potential competitor of microelectronics) only if it 
goes beyond the current and expected future limits of the 
IC technology. 

MICROELECTRONICS AND THE EVOLUTION 
OF THE INTEGRATED CIRCUIT 

At present (end of 2002 A.D.), ICs have bit density of the 
order of lo8 bit c m 2  (for microprocessors). This density 
has been achieved by an increase by a factor of 2 each 
18 months (observation known as Moore's law) over the 
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alligator clip SH thiol termination SH 

I I 
wire (CH2), alkane chain 

oxidized form reduced form 

Fig. 1 Attribution of electrical functions to functional groups 
for an organic molecule behaving as a Schmitt trigger. 

past three decades; this (once spontaneous) evolution is 
expected to continue (although now assisted by a con- 
certed activity planned in the International Technology 
Roadmap for Semiconductors-the " ~ o a d m a ~ " ) [ ~ ]  over 
the next 10 years also. 

The IC has, ever since its invention, been characterized 
by a progressive reduction of vertical and horizontal sizes 
of its fundamental building block-the metal-oxide semi- 
conductor (MOS) field-effect transistor. Scaling theorems 
have indicated how to change concentration profiles and 
boundary conditions to maintain certain wanted character- 
istics-and this process usually results in an improvement 
of the others. Today, the MOS transistor (with gate length 
of 0.13 pm) is nothing but the original MOS transistor 
(with gate length of ca. 50 pm) suitably scaled. 

This top-down route has been relatively easy to run 
until the minimum feature size Llitho, which can be defined 
via photolithography, has been reduced to the light 
wavelength. Further improvements have been possible 
only thanks to masterly combinations of reticle enhance- 
ment techniques (optical proximity correction, phase 
shifting masks, and off-axis illumination) which have 
allowed the definition of geometries with size lower than 
the wavelength by a factor of 2-3. 

The top-down development of microelectronics sooner 
or later will be limited by the "physical limit" (i.e., the 
nonscalability of the MOS transistor below a critical size 
L,~,,'~]) or by the "photolithographic limit" Llitho. 1101 

Which between the above feature sizes will indeed limit 
the scaling down of ICs is not clear; nor it is clear if the 
climbing investment cost for production lines (predicted, 
hitherto correctly, by the second Moore's law and 
projected to rise from $2.5 billion in 2000 to $15 billion 
in 2010) will eventually limit the minimum feature size to 
a value Leco (the "economic limit"). 

Let L* denote the maximum among Lphys, Llitho. and 
Leco. At present, it is difficult to make a sensible 
prediction about the value of L*; the Roadmap suggests 
L * s 3 0  nm (for dynamic random access memory half 
pitch,181), thus guaranteeing that the quiet revolution of 
microelectronics will continue over the next 10 years. 
Because bhys is manifestly higher than the typical mole- 
cular size (say, 1 nm), L* is thus in the interval 1-30 nm. 

The closer is L* to the upper limit of this interval, the 
sooner microelectronics will become a mature industry. 
On another side, the closer is L* to the upper limit, the 
wider is the room for the development of a new (at 
present, hypothetical) bottom-up technology, in which 
the single data-handling devices are molecules[71 ar- 
ranged and interconnected to form a truly molecular elec- 
tronic circuit. 

THE HYBRID SOLUTION FOR 
MOLECULAR ELECTRONICS 

The availability of molecular devices able to perform 
logical operations171 does not guarantee per se the 
possibility of molecular electronics, unless one is able to 
arrange them in an ordered and accessible way and to 
probe their states. The fundamental limits posed by 
quantum mechanics suggest that the connection of the 
microscopic world of molecules to the macroscopic world 
of humans or machines will require a stage of amplifica- 
tion of the signal at the mesoscopic level. Because single 
devices of microelectronic ICs are mesoscopic in nature 
and may be operated to behave as measurement appara- 
tuses, the most promising architecture is the hybrid one, in 
which a very dense array of molecular devices is hosted in 
a silicon-based microelectronic IC, which provides the 
functions for addressing, reading, and writing, in addition 
to the input-output power stage. 

This point deserves a particular discussion. According 
to the idea of ~ o h r , ' " ~  eventually formalized in the theory 
of Daneri et a ~ . ' ' ~ ~  the detection of the microscopic state 
of a system requires the interaction of the microscopic 
system with a macroscopic apparatus. To act as a mea- 
surement device, the composite (microscopic+macro- 
scopic) system must have so many states as the number of 
microscopic states and must have ergodic properties such 
as to reproduce the probability distribution of the 
microscopic state alone. 

The analysis of ideal experiments (such as the de- 
tection of a particle in a Wilson chamber or in a Geiger 
counter) shows indeed that typical situations of nuclear 
physics, in which the microscopic state is characterized by 
a large energy (compared with the thermal unit kBT, with 
kg the Boltzmann constant and T the apparatus temper- 
ature) concentrated on a few degrees of freedom, are 
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actually described by the above picture.['31 That certain 
ICs may operate as measuring devices is demonstrated by 
the detection of single photons through pi-n diodes 
supplied at a voltage just above the breakdownrL4] and of 
alpha particles through the soft errors of dynamic random 
access memories.[L51 The first example is particularly 
interesting because it applies to a situation in which the 
event to be detected (the presence of a photon) has an 
energy (say, 1 eV) not exceedingly higher than the thermal 
unit (say, 25 meV). This occurrence thus suggests the 
possibility of using suitable microelectronic devices for 
the detection of the state (e.g., the oxidation number) of 
microscopic systems (e.g., molecules) hosted on the IC. 

Actually, scanned probe techniques [such as the 
scanning tunneling microscope (STM)] have already been 
proven to have the necessary sensitivity to image single 
electrons in nanostru~tures['~~ (although "they almost 
invariably alter the properties of the system they are 
measuring"[L71). Even assuming the ability to reduce the 
STM size in the micrometer length scale (to be compatible 
with the IC circuitry), its use for the detection and 
modification of the electronic state of an ordered array 
of molecules (considered as a molecular memory) will 
require dramatic changes in circuit architecture. In present 
ICs, all bits are matrix-ordered and are singularly 
accessible by specifying row and column; the use of 
STM as sensing-writing element suggests the need of 
organizing the memory as a shift register. 

The STM is not the unique apparatus able to detect 
the electronic state of single molecules; in recent years, 
the single electron transistor has been proven to work. 
Such a transistor, based on the concept of Coulomb 
b l o ~ k a d e [ ' ~ ~ ' ~ '  has the advantage over STM to be pro- 
ducible with the methods of the IC technology and not to 
require dramatic changes in circuit architecture. 

This state of affairs suggests that molecular electronics 
will necessarily involve a combination of microtechnol- 
ogies and nano techn~ lo~ ie s~~~ '~  and identifies in self- 
assembly (i.e., the deposition of functional molecules in 
wanted regions of the microelectronic device) and in 
grafting (i.e., the selective bonding of certain groups of 
the molecules to electrodes in the microelectronic regions) 
the key problems of molecular electronics. Actually, the 
few examples of logic devices prepared exploiting the 
electronic properties of molecules are hybrid devices with 
photolithographically defined  electrode^.[^^-^^] 

Determining the conductance of individual molecules 
is a difficult task. The case of DNA is emblematic of this 
difficultydepending on the study, DNA is indeed said to 
be an insulator, semiconductor, conductor, or proximity- 
induced superconductor.[241 The usual approach to allow 
electrical testing of organic molecules is to terminate them 
with thiol (-SH) groups, which behave as alligator clips to 
gold. Gold electrodes with parallel-plate geometry are 

now currently prepared down to separations of 4 nm. 
While useful for the determination of the electrical 
characteristics of the molecules (allowing the assessment 
of their conduction mechanism), this arrangement is, 
however, largely incompatible with silicon-based ICs, for 
which gold should be avoided. 

Although it may seem difficult to insert functional 
molecules between two electrodes with a controlled 
separation in the nanometer length scale (say, 3 nm), a 
solution to this problem, fully compatible with the IC 
technology, has recently been proposed.[251 The MOS 
transistor provides indeed a parallel-plane geometry with 
silicon plates separated by just the gate-oxide thickness- 
3 nm in the current technology. To allow the insertion of 
functional molecules therein, it is sufficient to define the 
gate geometry with an etch sequence formed by a plasma 
etch of the unmasked polysilicon followed by a wet 
(aqueous HF) etch of the underlying SO2. This process, 
initiated with a "vertical" attack, does not complete with 
the total dissolution of the unmasked Si02 but rather 
proceeds laterally overetching a portion of the Si02 
covered by the polysilicon. The width of the overetched 
region (the "recessed region") is controlled by the 
exposure of the structure to the etching solution. Of 
course, this is only one of the several possibilities offered 
by microelectronics, and it is expected that the region 
hosting the molecular electronics will be obtained exploit- 
ing features (such as overetches) hitherto ignored (or even 
demolished) in IC processing. 

Accepting this view, the development of any nano- 
technology for data processing does necessarily require 
the ability to control a number of IC surfaces to allow self- 
assembly, while still providing the functions of power 
supply, addressing, sensing, etc. To a large extent, the 
materials of microelectronics are limited to Si, Si02, 
Si3N4, Al, and Ti; of them, only silicon is single 
crystalline and is thus the most natural candidate as the 
seed for ordered organic layers. 

THE (100) SURFACE OF SILICON AND 
ITS USUAL CHEMICAL STATES 

Silicon surfaces are producible in various orientations: 
(1 1 I), (loo), (1 lo), (1 13), etc. Of them, the (100) surface 
is the most used in IC processing. In practical conditions, 
the (100) silicon surface is mainly oxygen-terminated or 
hydrogen-terminated. 

The Surface Resulting After Aqueous HF 
Etching of Sacrificially Grown SiOs 

Silicon and fluorine combine to form one of the most 
stable bonds, the Si-F bond energy Eb[Si-F] being 



Nano-Mesoscopic Interface: Hybrid Devices 

6.9 e ~ . ' ~ ~ '  It does not surprise, therefore the astonishment 
when etching by HF-concentrated aqueous solutions of 
thermally grown Si02 was discovered to leave hydrogen- 
terminated silicon surfaces.[271 

The first explanation of this fact was given by Ubara 
et al.r271 in terms of polarization of Si-Si backbonds to 
Si-F bonds. Assuming that the strength of the Si-F 
bond derives from an electrostatic reinforcement because 
of electron transfer from silicon to fluorine, the ionicity 
of the Si-F bond polarizes the Si-Si backbonds, which 
allows an easy insertion of HF into the weakened Si-SiF 
bond. If this bond is cleaved with the addition of fluorine to 
the SiF site and of hydrogen to the other silicon atom, the 
ionicity is increased and sois the polarization of the residual 
backbonds. Reiterating this argument, one obtains that the 
formation of a SiF, moiety becomes easier the higher is n, 
and that the process is concluded with the formation of a 
volatile molecule, SiF4, and of hydrogen terminations at the 
silicon surface.[271 

This scheme was investigated quantum mechanically 
on model molecules (such as H3Si-SiH2F or H3SiF) by 
Trucks et a1.[281 They showed that the activation energy, 
1.0 eV, of the process leading to two fluorine atoms 
attached to the same silicon atom is lower than the 
activation energy, 1.4 eV, of the process transferring the 
fluorine to the adjacent silicon atom. Although the Si-H 
bond is spontaneously destroyed by reaction with HF (the 
reaction being exothermic by 1.3 eV), an activation 
energy of 1.2 eV was calculated for this process. Although 
small, the difference of 0.2 eV, between the activation 
energies for the destruction of the Si-H bond and that for 
the attachment of another fluorine atom to fluorinated 
silicon, is so high as to make the time constant of the 
former reaction 4 orders of magnitude higher than that of 
latter reaction. These calculations support therefore the 
opinion, first formulated by Ubara et al.[271 that the 
formation of hydrogen-terminated surfaces is kinetically, 
rather than thermodynamically, controlled. 

The assumption that undissociated HF is the etching 
agent is, however, contradicted by the following facts: 

In diluted aqueous solution, HF is completely disso- 
ciated, 

its behavior as a weak acid is a result of the reduction 
of the H30+ activity resulting from tight ion pairing 
H30+. . 'F - between the oxonium and fluoride ions 
(Ref. [29], Chapter 3). 
In concentrated aqueous solution, the H,O+ activity is 
increased because of the formation of the hydrogen- 
bonded adduct Fp ' .  .HF via the equilibrium 

the concentrated aqueous solution does therefore 
contain undissociated HF, but its binding energy to 
F- is so high (Eb[F"'HF]=2.2 eV; Ref. [30, p. 761) 
that the adduct F--- .HF is considered a well-defined 
ion HF2- (Ref. [29], Chapter 3). 

3. In gas phase (where the etching species is undisso- 
ciated HF), the attack results mainly in fluorine- 
terminated silicon surfaces.[311 

Following the criticism of Ref. [32] and using the 
results of high-level quantum mechanical calculation of 
the stability of the Si-Si bond in relation to its 
terminations,1331 Cerofolini thus proposed an ionic route 
able to account for the observed hydrogen termination 
resulting after attack by HF-concentrated aqueous solution 
to thermally oxidized silicon. The route is constituted by 
three cycles each composed by four consecutive steps, the 
rate-determining one being F transfer from the etching 
solution to the coma of SiF,, termination.[341 Even the gas- 
phase attack, leading to fluorine-terminated silicon, seems 
to be controlled by the presence of adsorbed water.[311 

The "Native Oxide" and Its Growth Kinetics 

An ideally hydrogen-terminated surface is presumed to be 
indefinitely stable (in the laboratory timescale) in air. 

Although the (100) surface resulting after aqueous HF 
etching of the overlying oxide is expected to be terminated 
with silicon dihydride, the hydrogen terminations actually 
form, however, a heterogeneous family of monohydride, 
dihydride, and trihydride species,135'361 and the surface still 
contains an appreciable amount of silicon-xygen centers, 
roughly corresponding to 0.2-0.5 monolayers, depending 
on the preparation.[371 Such oxygen-containing centers are 
responsible for the environmental instability of these 
surfaces via the oxidation of the backbonds to Si-0 
bonds; this process, initiated at oxygen defects and me- 
diated by adsorbed water, proceeds with an island growth 
and is eventually responsible for surface roughening.'381 

Once the first layer has grown (at a characteristic time 
z,), further oxidation occurs in a layer-by-layer fashion; 
the characteristic time z, required for the formation of the 
nth layer increasing exponentially with n is given by: 

where a is a suitable constant.[371 The native oxide so 
formed is the final result of a complex oxidation process, 
in which H20 and O2 both play a crucial role.[371 

Understanding such a behavior is not a trivial task. A 
microscopic model for it was proposed by Cerofolini et al. 
in a series of papers in terms of tunneling either of a 
proton from adsorbed or of an electron to 
adsorbed oxygen.r41s421 The development of the kinetic 
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description of layer-by-layer growth does not require the 
detailed knowledge of the tunneling species (for that it 
suffices to assume that the process is limited by a 
tunneling-assisted step); rather, the kinetic model provides 
a practical example for a self-similar process, in which the 
rates of growth from layer to layer are scaled by a 
subunitary positive Grossmann factor.r431 

Grafting of organic molecules to SiOz is a relatively 
simple task.[441 For that it suffices first to cleave (by 
immersion in water or in water solutions of ammonia) the 
surface siloxanic bridges Si-0-Si, thus forming an array 
of silanols Si-OH, and then to expose the surface to 
alcohols; grafting occurs via condensation: 

Si-OH + H-OR -t Si-OR + H20  

Because R can contain practically any functional group, 
this route seems to offer an interesting possibility for the 
functionalization of silicon.[451 However, two factors play 
against it: 

1. No process is known for the preparation of a complete 
ordered layer of silanols, either at the Si02 or silicon 
surface. 

2. The 0x0 bridge between silicon and carbon undergoes 
readily hydrolysis, so that the condensation reaction 
above is somewhat reversible, that renders the grafted 
species environmentally weak. 

It is generally believed that the production of environ- 
mentally robust, ordered organic layers requires a prep- 
aration of the surface somewhat different from the current 
ones and a grafting through Si-C bonds. 

TRYING TO CONTROL THE CHEMICAL 
AND CRYSTALLINE ORDER OF THE 
(100) SURFACE OF SILICON 

The "technological" surfaces discussed in the previous 
section do not preserve either the crystalline order of the 
underlying substrate or its chemical homogeneity; they are 
not useful as seed for ordered organic layers. 

The Clean, 2 x 1 -Reconstructed, 
(100) Silicon Surface 

Clean (100) silicon surfaces with 2 x  1 reconstruction 
[referred to as 2 x 1 (100) Si, in which neighboring pairs 
of surface atoms form double-bonded dimers, and the 
dimers are organized in a two-dimensional lattice] can be 
prepared by suitable heat treatment in an ultrahigh 
vacuum (UHV) of technological surfaces. If the surface 
is covered by a native oxide, the 0x0 groups can be 
destroyed by heating at high temperature T (above 

1000°C); in the absence of oxygen, interfacial silicon 
reacts with Si02 forming volatile SiO: 

Si + s io2  + 2 ~ i 0  

If the surface is mainly hydrogen-terminated (because it is 
prepared via aqueous HF etching of a sacrificial Si02 
film), the hydrogen terminations may be demolished at 
somewhat lower temperature (say, T<800°C) with the 
formation of H2. 

Experimental evidence for the presence of the double- 
bonded dimers at the (100) silicon surface can be obtained 
from the presence of a satellite peak shifted by 0.2 eV 
toward lower binding energies in the Si 2p spectrum 
obtained by X-ray photoemission spectroscopy (xPs).[~~] 

The Hydrogen-Terminated, 2 x 1- or 
1 x 1-Reconstructed, (100) Silicon Surfaces 

Hydrogen-terminated, 2 x 1-reconstructed, (100)-oriented 
silicon surfaces [referred to as 2 x 1 (100)H Si, in which the 
n bond of the surface dimer is broken and the two radicals 
are saturated by bonding to hydrogen] can be obtained by 
exposing, without breaking the vacuum, the clean 2 x 1 
(100) surface kept at ca. 400°C to a few langmuirs of 
atomic hydrogen, in turn obtained by the dissociation of H2 
after contact with a hot tungsten filament. 

The overall process (requiring a treatment in an UHV 
and an exposure to atomic hydrogen) is, however, com- 
plicated and may be simplified as follows. The surfaces 
prepared by aqueous HF etching can indeed be used for 
the preparation of highly ordered hydrogen-terminated 
surfaces via exposure to an H2 atmosphere at relatively 
high temperature. In fact, the oxygen terminations 
remaining after the HF attack are totally demolished after 
heating at T>750°C; this treatment destroys the preexist- 
ing heterogeneous distribution of trihydride, dihydride, 
and monohydride terminations and eventually results in 
monohydride terminations and 2 x 1 reconstruction[361 or 
in dihydride terminations and 1 x 1 reconstruction[471 (for 
which even the residual o bond of the surface dimer is 
broken and the radicals are saturated with hydrogen 
atoms), according to the process. The surfaces so prepared 
are flat down to the atomic level. 

USING CONTROLLED SURFACES TO 
FUNCTIONALIZE SILICON 

Functionalization of Clean (100) Silicon 
via Cycloaddition 

The clean, 2 x 1-reconstructed, (100) silicon surface can 
be used to functionalize the silicon via [2+2] or [4+2] 
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[4 + 21 cycloaddition 

[2 + 21 cycloaddition 

Fig. 2 Addition of an alkene ([2+2] cycloaddition, bottom) or a 
conjugated diene ([4+2] cycloaddition or Diels-Alder reaction, 
top) to the clean, 2 x 1-reconstructed, (100) silicon surface. 

~ ~ c l o a d d i t i o n . [ ~ * ~ ~ ~ ~  Fig. 2 sketches both these reactions 
for the simplest alkene and diene. 

Dienes are particularly interesting because, irrespective 
of whether they undergo [4+2] cycloaddition (as sketched 
in Fig. 2) or [2+2] cycloaddition (as performed in 
Ref. [SO] using 14-cyclohexadiene), they may be used 
to insert a second functional group (the C=C double bond) 
on 2 x 1 (100) Si. An ordered layer of intact functional 
groups allows the possibility of preparing hybrid organo- 
silicon devices. Cycloaddition reactions must, however, be 
carried out in an UHV because the 2 x 1 (100) Si surface is 
very reactive and, when exposed to air, forms quickly a 
disordered native oxide, characterized by the copresence of 
silanic and silanolic terminations in addition to 0x0, peroxo, 
and perhaps epoxo bridges (Figs. 3 and 4). 

Functionalization of Hydrogen-Terminated 
(100) Silicon via Hydrosilation 

In view of its relative inertness, it is not easy to graft 
organic molecules to hydrogen-terminated silicon. The 
preferred way for that is the hydrosilation reaction (Ref. 
[29], p. 1255). This reaction occurs between 1-alkenes and 
hydrogen-terminated silicon. 

\ 
- Si-OH 

\ I 
- Si-0-Si - 

I I \ 
silanol 0x0 bridge 

Fig. 4 Expected reactions of water (bottom) and oxygen (top) 
at the 2 x 1 (100) Si surface, showing how silanols, peroxo, and 
0x0 centers may be formed after exposure to air of the clean, 
2 x I-reconstructed, (100) surface of silicon. 

Hydrosilation is a reaction involving hydrogen shift 
from silicon to a carbon atom involved in the 7c bond and 
bond formation between the silicon atom and the other 
carbon atom (Fig. 5). If the number n of carbon atoms in 
the alkane chain is small (say, n<8), the alkene hydro- 
silation occurs only in the presence of a catalyst 
( H ~ P ~ C ~ ~ ) ' ~ ]  or after activation (radical formation);[511 
for long chains (say, n >  lo), the reaction occurs sponta- 
neously at a temperature of about 2 0 0 " ~ . [ ~ , ~ * '  

Because hydrosilation involves only one silicon atom, 
it was mainly studied on the hydrogen-terminated, 1 x 1- 
reconstructed, (1 1 1) silicon surface [denoted as 1 x 1 
(111)H Si], and only few works have been devoted to 
study alkene hydrosilation on 1 x 1 (100)H ~ i . [ ~ ~ ~ ~ ~ ~  The 
hydrosilation of 1-alkenes at 1 x 1 (100)H Si is expected 
to occur according to pathways (1') or (I") in Fig. 6. 

The C=C bond is not unique in undergoing hydro- 
silation. This reaction is indeed known to occur for the 
C=N, C=O, and C=C bonds also (Ref. [29], p. 1256). 

Although the reactivity of 1-alkynes is similar to that of 
1-alkenes, there is, however, an important difference: after 
the first addition (11), the formed species, 2' and 2" in Fig. 
6, contain a double bond in the vicinity of another 
hydrogen termination of silicon, so that the reaction can, 
in principle, proceed, via (111) or (IV), with the formation 
of the species 3 or 4. Understanding the nature of the 
interfacial species is not without interest: for instance, if 
the reaction stopped after (11), the silicon surface would be 

peroxo bridge epoxo bridge 

Fig. 3 Silicon-oxygen moieties at the silicon surface. 
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Fig. 5 Hydrosilation of 1-alkenes as a concerted reaction. One between R' and R~ denotes hydrogen; the other may be either hydrogen 
or an alkane chain. 

equipped with a second reactive group (the C=C group) 
in addition to the one, if any, carried by R. 

The only characterizations we know of the hydrogen- 
terminated, 1 x 1-reconstructed, (100) silicon surface 
derivatized with 1-alkyne are the ones due to Sieval 
et a1.r541 and Cerofolini et al.[551 The first collaboration, 

\ / H  
/ S i \ H / / ~ ~ 2  

\ / c  
S  i  

/ \ H \ R  

(IV") 

Fig. 6 Hydrosilation of I-alkene [pathway (I)] and 1-alkyne 
[pathway (11)] at the hydrogen-terminated, 1 x 1-reconstructed, 
(100)-oriented, silicon surface; R denotes a suitably terminated 
alkane chain. 

basing their conclusions on infrared spectroscopy and 
quantum mechanical calculations, arrived to the conclu- 
sion that the grafting of 1-hexadecyne at 200°C on the 
technological hydrogen-terminated surface occurs main- 
ly with the formation of the adducts 3 and 4. The 
second collaboration, basing their conclusions on XPS, 
arrived to the conclusion that the grafting of 1-octyne at 
170°C on 2 x 1 (100)H Si occurs with the formation of 
the adducts 2. At the present level of investigation, it is 
not clear if the different reported behaviors are a result 
of the nature of the surface, length of the alkyne, or 
reaction temperature or simply to an inadequate inter- 
pretation of the experimental data. 

CONCLUSION 

The evolution of molecular electronics via the hybrid 
route requires the functionalization of the (100) surface of 
silicon. Two states of the (100) silicon surface seem to 
have the necessary characteristics of crystalline and 
chemical order required for the deposition of molecular 
devices with size in the nanometer length scale: the clean 
2 x 1-reconstructed surface and the hydrogen-terminated 
1 x 1- or 2 x 1-reconstructed surfaces. Alkenes or alkynes 
may be used for their functionalization: via cycloaddition 
to the clean surface or via hydrosilation at the hydrogen- 
terminated surfaces. 
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INTRODUCTION 

Currently, nanotechnology is concerned with fabrication 
of useful materials at the nanoscale level for applications 
in nanodevices. Several methods are being used for 
nanofabricati~n,['-~~' e-beam lithography, interference 
lithography, cluster method, etc. One commonly used 
method is the use of membranes with nanosized holes. 
When the holes are filled up with appropriate materials, it 
leads to formation of a self-assembled nanoarray. Some 
commonly used membranes are polycarbonate membranes 
and nanoporous alumina membranes. Use of porous 
alumina membranes is particularly noteworthy.'"l These 
are aluminum oxide membranes with nanosized cylindri- 
cal holes perpendicular to the surface of the film. The 
membranes are available commercially in some fixed sizes 
with specific pore diameters. They can also be prepared 
very easily in the laboratory using electrochemical means. 
Fabrication conditions can be controlled to achieve desired 
pore length and diameter, and they can be used in many 
different ways to prepare a variety of nanostructured 
materials, magnetic metals and alloys, semiconductor 
alloys and heterostmctures, superconductors, carbon 
nanotubes, etc. This article briefly reviews some of the 
ongoing research in the area of nanofabrication using 
porous alumina templates. 

FABRICATION OF NANOPOROUS 
ALUMINA TEMPLATE 

It is well known that a thin (2-5 nm) film of aluminum 
oxide always forms on the surface of aluminum exposed 
to air. This is because of oxidation of aluminum in the 
presence of oxygen and water vapor. The reactions oc- 
curring during the process are 

and 

The oxidation process can be hastened by anodizing or 
oxidizing aluminum in the presence of an acid. Anodiza- 
tion in a weak acid leads to formation of a nonporous 

barrier layer of aluminum oxide. In contrast, a strong acid 
can partially dissolve aluminum oxide. Anodization in a 
strong acid (pH<4) therefore results in a porous alumi- 
num oxide film (commonly known as porous alumina) 
because of a competing mechanism of oxide growth and 
partial dissolution of aluminum oxide by hydrogen 
ions.[12.131 

In the laboratory, a commercially available aluminum 
foil is first electropolished to create a clean, shiny, flat 
surface (roughness w5-10nm). Electropolishing is carried 
out under d.c. conditions in an electrolyte commonly 
called the L1 electrolyte. It consists of 1050 mL ethyl 
alcohol, 150 mL butyl cellosolve, 93 mL perchloric acid, 
and 205 mL distilled water. The optimum voltage is of 
the order of 30-60 V, and the optimum electropolishing 
time is of the order of 10-30 ~ec.""'~' The electropol- 
ished A1 surface is then anodized in the presence of an 
acid. In this process, the A1 foil is placed at the anode, 
while a Pt mesh is used as cathode (Fig. 1). A d.c. voltage 
is applied across the two electrodes. A moderately strong 
acid (for example, 15% sulfuric acid, 3% oxalic acid, or 
5% phosphoric acid) is used as electrolyte. During the 
process of anodization, a thin film of nanoporous alu- 
minum oxide forms at the surface of aluminum as shown 
in the schematic cross-section diagram in Fig. 2. 

The pores are cylindrical, straight, and are open at the 
top. The pores do not grow all the way into the alumi- 
num surface. There is a thin barrier layer of aluminum 
oxide separating the porous alumina layer from the bottom 
aluminum layer. The thickness of the barrier layer and the 
diameter of the pores are controlled by fabrication 
conditions, namely, the acid used and the voltage applied. 
Some commonly used acids are 3% oxalic, 15% sulfuric, 
and 5% phosphoric acid. The smallest pore diameters are 
obtained by anodization in 15% sulfuric acid at low 
voltages, and the largest pore diameters are obtained for 
anodization in 5% phosphoric acid at higher voltages. 
Pore densities are typically of the order of 10'~-10" 
pores/cm2. Bamer layer thickness is in the range of 
tens of nanometers. Pore diameters are in the range of 
8-200 nm. Theoretical modeling of pore growth and 
dependence of pore parameters on fabrication conditions 
are discussed in detail in Refs. 117-191 The length of the 
pores is controlled by time of anodization. Increased time 
of anodization leads to longer pore lengths. Some typical 
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- T ~ ~ e c p p o l i s h e d  Pt mesh 

Fig. 1 Schematic diagram showing a typical anodization 
process. 

AFM images of templates prepared by anodization under 
different conditions are shown in Figs. 3 and 4. The 
pores are highly ordered over length scales of the order of 
5-10 pm. The extent of ordering can be increased slightly 
by annealing the A1 foil prior to anodization and also by 
carrying out a multistep anodization process.'201 In a 
multistep process, A1 foil is first anodized for a very long 
time (typically 12-18 hr). Long time anodization causes 
the pores to rearrange and reduces the number of defects 
and dislocations. It also leads to formation of a very thick 
alumina template. The thick template is dissolved away 
in a 0.2 M chromic44 M phosphoric acid mixture at 
60°C which leaves behind a textured A1 surface consisting 
of an array of ordered bumps. Reanodization of the 

Fig. 3 Transmission Electron Microscope Image of a template 
anodized in 15% sulfuric acid at 10 V showing an array of pores 
with diameter - 10 nm. (View this art in color at www.dekker. 
com.) 

textured A1 surface for the desired length of time leads to 
a well-ordered nanoporous template (Fig. 4). Instead of a 
multistep anodization process, an initial ordered nanoin- 
dentation of the A1 surface can also be used to improve 
the ordering of the subsequent pore array.'211 

Fig. 4 Atomic force microscopic image of a template anodized 
in 3% oxalic acid at 40 V showing an array of pores with diameter 
50 nm. (View this art in color at www.dekker.com.) 

Fig. 2 Schematic cross-sectional diagram of a typical porous 
alumina template showing the nanoporous layer, the barrier 
layer and the aluminum layer (L is the pore length, d is the pore 
diameter, D is the interpore spacing, and B is the thickness of the 
barrier layer). 
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NANOFABRICATION METHODS 
USING POROUS ALUMINA 

Once the templates are fabricated with the desired pore 
size, they can be used in many different ways to fabricate 
nanoarrays. Some of these methods are discussed in 
this section. 

Electrodeposition 

Alternating current electrodeposition is the simplest way 
to fill the pores with the appropriate material. For 
example, to prepare an array of Fe nanowires inside the 
pores, a 0.1 M aqueous solution of FeS04 can be used. 
Porous alumina and the Pt mesh are the electrodes. An 
a.c. voltage is applied across the two electrodes. The fre- 
quency and voltage are optimized. In the solution, FeS04 
dissociates into ~ e ~ +  ions and ( ~ 0 ~ ) ~  ions. During every 
negative half-cycle, Fe ions are reduced to Fe atoms 
and deposit inside the pores. Fig. 5 shows a cross-section 
SEM image of a nanoporous alumina membrane contain- 
ing Fe nanowires. Using a similar electrodeposition 
method, nanoarrays of other magnetic metals, for exam- 
ple, Co and Ni, can also be prepared. Alloys, for example, 
FeCo and CoNi, can be prepared by using an electrolyte 

Fig. 5 Sequence of steps to prepare a template in contact with 
a conducting substrate to achieve d.c. electrodeposition. 

Fig. 6 Scanning electron microscope cross-section image 
showing an array of pores containing Fe nanowires. Pore 
diameter -50 nm. (From J. Yun, Texas Tech University.) 

containing the appropriate ratio of the constituent materi- 
als. The two materials are then subsequently electrode- 
posited into the pores under optimized a.c. conditions to 
create alloy nanoarrays. The magnetic properties of Fe, 
Co, Ni, and FeCo nanoarrays are discussed in "Magnetic 
Nanoarrays." Other materials, for example, thermoelec- 
tric materials such as ~ i , [ ~ ~ ~  superconducting con- 
ducting materials Cu and A U , ' ~ ~ ]  and conducting poly- 
m e r ~ , ' ~ ~ '  may also be synthesized inside the pores by using 
the appropriate electrolyte. 

To carry out d.c. electrodeposition, the barrier layer 
below the pores must be removed. This can be achieved 
by following the sequence of steps shown in Fig. 6. The 
top nanoporous layer is first coated with a protective 
organic layer. The sample is then soaked in 3% HgCl, 
solution to remove the bottom A1 layer. This is followed 
by soaking in 5% phosphoric acid solution for a 
predetermined length of time to remove the alumina layer 
at the bottom. The top organic layer is finally removed by 
soaking in ethyl alcohol solution. This leaves behind a 
through-hole template. One side is coated with a thin 
conducting layer, e.g., Au. Using an appropriate electro- 
lyte, nanowires can be deposited inside the pores under 
d.c. conditions, using a three-terminal setup and a 
potentiostat. The Pt mesh is used as the counterelectrode, 
porous alumina is used as the working electrode, and a 
third electrode, for example, calomel electrode, is used as 
reference electrode. The voltage between the reference 
electrode and the alumina is adjusted so that it is higher 
than the standard reduction potential of the element to be 
deposited. The standard reduction potentials are obtained 
from literature. Direct current electrodeposition is partic- 
ularly useful in the deposition of multilayered nanowires 
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for applications in Giant Magnetoresistance (GMR) 
devices and other semiconductor-based spintronic struc- 
tures. Multilayer nanowires with layers as thin as a few 
angstroms may be fabricated in porous alumina using 
ele~trode~osition. '~~'  This is achieved using separate 
electrolytes for the two components or by using a single 
electrolyte. The electrolyte is prepared such that it consists 
of only a trace amount of the nobler element, A, in 
comparison with the second element, B. The deposition 
voltage is continually switched between two values, one at 
which only A is deposited and the other at which both A 
and B are deposited. By keeping only a trace amount of the 
nobler metal, A, in the electrolyte, it is ensured that the 
amount of metal in the AB layer is small, so that its 
deposition is diffusion-limited. The process may be 
carried out by adjustment of either the current density 
(galvanostatic) or the potential (potentiostatic). 

Transfer of Porous Alumina onto Substrate 

In this method, alumina template is transferred to an 
appropriate substrate, so that it is in direct contact with the 
substrate. Several processing steps are necessary to sep- 
arate the template from the parent aluminum film. The 
sequence of steps is shown in Fig. 7. The sample is 
initially anodized for a very short time, sufficient to 
produce a thin nanoporous layer -0.1-0.5 pm. A pro- 
tective organic coating is then applied to the top porous 
layer. The bottom A1 and the barrier alumina layer are 
etched away in HgC12 solution and 5% phosphoric acid 
solution, respectively. Dry etching methods, for example, 

Fig. 8 Atomic force microscopic image showing an array of 
Co nanodots on a Si substrate. (View this art in color at 
www.dekker.com.) 

plasma etching or focused ion beam milling. may also be 
used to remove the barrier layer.[27.281 In the final stage, 
the organic coating is dissolved away in ethyl alcohol. 
This leaves behind a thin through-hole nanoporous alu- 
mina layer. The layer is carefully transferred onto a sub- 
strate, dried, and subsequently used as a mask for 
deposition of nanoarrays of various materials. Fig. 8 shows 
an AFM of an array of Co nanodots prepared in this 

Fig. 7 Sequence of steps to process a nanoporous alumina template for transfer onto a substrate. 
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J Etch 
through Ti 

Fig. 9 Sequence of steps to deposit nanoporous alumina template on a substrate. 

manner on a Si substrate. One difficulty with this method 
is the very small area of the prepared masks. This is be- 
cause of the very small thickness of the masks (-0.1-0.5 
pm) and the very brittle nature of aluminum oxide. This 
problem can be overcome if porous alumina is directly 
deposited (instead of being transferred) on a substrate. 

Direct Deposition of Porous 
Alumina on a Substrate 

In our laboratory, we have recently demonstrated a novel 
method to deposit nanoporous alumina template on a 
substrate.'291 The method also allows transfer of the nano- 
porous template pattern onto the bottom substrate. The 
technique combines anodization process to produce 
template arrays and plasma etching through the pores. 
The sequence of steps is shown schematically in Fig. 9. 
We used silicon wafers as the starting substrate material, 
although in principle, the method can be extended to any 
other substrate, for example, epitaxial G~N.["' A 5-nm- 
thick adhesion layer of Ti is deposited onto Si substrate by 
e-beam evaporation followed by a 1-pm-thick layer of 
Al. Without the Ti layer, the subsequently deposited 
nanoporous alumina membrane is found to peel from the 
Si substrate. The aluminum film is anodized in an acid 
under d.c. conditions for 2-3 min. A cross-section SEM 
image of the as-deposited template is shown in Fig. 10. 
The remaining A1 layer following anodization and the 
alumina layer produced by the anodization process are 
clearly seen. The presence of a thin barrier layer of alu- 
mina (U-shaped barrier) is also seen at the pore bottoms. 
The thickness of the barrier layer in this case is only of 
the order of 10-20 nm. One major problem for applica- 
tions based on this method is posed by etching of this 
barrier layer to pattern layers directly below. Wet chemi- 
cal etching methods, such as dilute phosphoric acid, 
although attempted in the past by other research 
gro~ps,[3',321 are not particularly useful. In addition to 
removing the barrier layer, it also causes pore widening, 

thus increasing pore diameter and, in some cases, 
completely removing the alumina film. We have used 
plasma etching to anisotropically remove the barrier layer 
without changing pore diameter. Plasma etching was 
carried out using a commercial inductively coupled 
plasma system with reactive ion etching (RIE). C12 
diluted with Ar was used as etchant. The etch process 
required critical control over various parameters, in par- 
ticular, etch power and etch time. Details of the process 
are described in Ref. [29]. Cross-section image of the 
final product after a 60-sec etch at 200-W RIE power 
is shown in Fig. 11. The pores in the top nanoporous 
alumina layer can be clearly seen. In addition, the etch 
has penetrated through the barrier region and continued 
down through the A1 to the Ti adhesion layer. Some of 

Fig. 10 Left: SEM cross-section image before plasma etch 
showing nanoporous alumina layer at the top, barrier layer 
followed by aluminum layer below. 
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Fig. 11 Right: Cross-section image postplasma etch showing 
porous alumina layer and the porous aluminum layer below. 
(From J. Yun, M. Holtz, Texas Tech Univ.) 

the A1 nanotubes produced by the process have snapped 
in cleaving, showing the hexagonal shape of the parent 
hole template. Following breakthrough of the barrier 
layer, etch time can be varied to control the depth of the 
aluminum pores. In fact, with the appropriate etchant, 
the etch can even be continued through the Ti layer into 
the bottom substrate. In this manner, a nanoporous pat- 
tern, which mirrors the pattern on the initial nanoporous 
alumina template, can be created on any substrate. The 
top nanoporous alumina layer can easily be removed by 
soaking in a mixed solution of 0.2 M chromicl0.4 M 
phosphoric acid. Fig. 12 shows an AFM image of the top 
- - 

view of the aluminum template postremoval of the porous 
alumina layer. The pore diameter is of the order of 50-60 
nm similar to that of the initial alumina film. In the final 
stage, nanoarrays of various materials can be synthesized 
by depositinglgrowing them inside the pores. 

SELF-ASSEMBLED NANOARRAYS 

Using the various methods discussed, nanoarrays of 
different materials have been successfully deposited. These 
include magnetic materials, semiconductor compounds, 
superconductors, and carbon nanotubes. A brief descrip- 
tion of the properties of these nanoarrays is given below. 

Magnetic Nanoarrays 

increase data storage density in such media, one must 
either reduce the size of the grains or reduce the number of 
grains that constitute each bit. Reducing the number 
of grains leads to increased noise and decreased size 
of grains leads to superparamagnetism where thermal 
energies alone are enough to flip the magnetization 
direction. These limits depend mainly on the anisotropy 
constant of the material and the aspect ratio of the grains. 
For present-day magnetic media, the superparamagnetic 
limit will be reached at densities of about 100 ~ b l i n ~ .  
Patterned media consisting of isolated single-domain 
islands where each island stores one bit of information 
are expected to overcome the above prohlem. It is thought 
that for such patterned media (with anisotropy constant 
equal to that of present-day magnetic media), storage 
densities as high as 1 T'b/in2 will be achievable. For such 
large densities, the size of the islands will have to be 
around 10 nm. Using porous alumina, one can easily 
fabricate nanomagnetic islands with feature size down to 
10 nm. Materials such as Fe, Co, and Ni electrodeposited 
into the nanopores serve as a model system for the study of 
magnetic properties, interactions, and thermal stability of 
nanometer-sized particles. Several research groups have 
carried out investigations on the magnetic properties of Fe, 
Co, and Ni nanowires electrodeposited in porous alumi- 
na.[33-371 The standard synthesis procedure has been to use 
a.c. electrodeposition. The wires are in the form of 
cylinders positioned perpendicular to the film plane in a 
regular array. The wires have been characterized using 
electron diffraction measurements. Fig. 13 shows a TEM 
image of Fe nanowires released from alumina template 
and dispersed onto a substrate. The wire diameter is of the 
order of 10 nm. High-resolution TEM images of the wires 

Current magnetic recording media are based on magnetic Fig. 12 Top view AFM image showing pores on aluminum 
thin films where the information is stored on grains. To layer. (View this art in color at www.dekker-.corn.) 
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Fig. 13 Transmission electron microscopic image of Fe 
nanowires released from porous alumina. 

reveal that the wires are polycrystalline in nature with 
grain sizes ranging from -5 to 50 nm. Electron diffraction 
image for Fe nanowires is also shown in Fig. 14. Analysis 
of the image confirms a bcc crystal structure for these 
nanowires. Similar studies for Co and Ni nanowires 

Fig. 14 Electron diffraction image of Fe nanowires. (View this 
art in color at www.dekker.com.) 

reveal an hcp structure for Co and fcc structure for Ni 
nanowire~.~"~'~~ 

Magnetic properties of these nanowires exhibit strong 
perpendicular anisotropy. Fig. 15 shows a typical magne- 
tization vs. field image for an array of ~e nanowires 
electrodeposited inside porous alumina. The diameter of 
the wires is around 10 nm, and the length is of the order 
of 1 mm. In the direction perpendicular to the film 
plane, the coercivity is very high, about 2341 Oe 
(remanence ratio 0.96), and in the parallel orientation, 
the coercivity is only about 300 Oe (remanence ratio 
0.055). The nanowires thus possess uniaxial anisotropy 
with easy axis perpendicular to the film plane. The large 
anisotropy arises mostly from shape anisotropy because of 
the cylindrical shape of the nanowires. For a cylinder- 
shaped entity, the demagnetizing factor for field parallel 
and perpendicular to the cylinder axis are 0 and 271, 
respectively. The shape anisotropy therefore forces the 
magnetization to be in the axial direction and is given by 
2nMs, where M, is the saturation magnetization. The 
anisotropy field can be estimated by extrapolating the 
magnetization curves using the M, values for bulk Fe 
(1710 emu/cm3) and is estimated to be of the order of 
8 kOe for Fe nanowires. These may be compared with 
theoretically predicted shape anisotropy field of 271Ms 
(- 10.7 kOe for Fe nanowires) for an infinite cylinder. The 
large perpendicular coercivity suggests resistance to mag- 
netization reversal. The large perpendicular squareness 

1 H I film plane 
H II film plane 

Fig. 15 Magnetization vs. field for an array of Fe nanowires in 
the perpendicular and parallel direction. 
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Fig. 16 Coercivity as a function of wire diameter for Fe 
nanoarrays, at room temperature and at 5 K. 

in comparison to the parallel squareness indicates large 
remanent magnetization. All of these factors, large per- 
pendicular squareness, high remanence, and the large 
coercivities, may make these materials useful for mag- 
netic recording media.r40s411 For such applications, it is 
necessary to investigate the dependence of magnetic 
properties on size of the nanostructure. 

We have carried out a systematic investigation of the 
magnetic properties of Fe nanowires as a function of 
length and diameter of n a n o w i r e ~ . ' ~ ~ ]  For large length of 
the nanowires, of the order of microns, the coercivity H, 
was found to be somewhat independent of length for 
fixed wire diameter. The coercivity, however, depends 
critically on the diameter of the wires. In general, the 
coercivity is found to decrease with increasing wire 
diameter. For example, Fe nanowires of diameter 32 nm 
exhibit a coercivity of -2158 Oe which is about 200 Oe 
smaller than that for wires of diameter 9 nm. The decrease 
in coercivity is a result of development of multidomain 
structure in larger nanowires. 

An interesting feature is observed for wires with very 
small diameter, < 13 nm. As seen in Fig. 16, for diameter 
< 13 nm, the coercivity is found to decrease. The max- 
imum in coercivity therefore occurs at a wire diameter of 
about 13 nm and has a value of about 2640 Oe. In contrast 
to the behavior at 300 K, at 5 K, the coercivity exhibits a 
maximum for the smallest wire diameter investigated, 
namely, 9 nm (Fig. 16). The coercivity is around 3700 Oe 
at 5 K. Unlike the behavior at 300 K, for increasing wire 
diameter, the coercivity continually decreases. The non- 
monotonic behavior at 300 K, in contrast to that at 5 K, 

can be explained as follows. At such small sizes, the wire 
diameter is much smaller than a single domain. Ferro- 
magnetic domains cannot form and superparamagnetism 
dominates. Accordingly, the coercivity is low. Indeed, Li 
and ~ e t z ~ e r ' ~ ~ ]  reported very small activation volumes, - 1 . 0 ~  10-l8 cm3, for small diameter Fe nanowires 
at room temperature. This value is very close to the 
theoretical superparamagnetic limit.L441 The superpara- 
magnetic effect will contribute to magnetization at low 
temperature below blocking temperature leading to the 
increase of coercivity at 5 K. Magnetic interaction 
between the wires is an important factor in recording 
media and can be estimated by measuring the quantity 
defined as AM. 

where Ir(H) is d.c. demagnetization remanence and Ir(H) 
is isothermal remanence. For isothermal remanent mag- 
netization measurements, the sample was first demagne- 
tized. A magnetic field was then applied and reset to 
zero and the remanent magnetization was measured. This 
was carried out for different field values, and the iso- 
thermal remanent magnetization curve was obtained as a 
function of the field. In the case of the d.c. demagne- 
tization curve, the sample was first saturated in a high 
field of 13 kOe and the remanent magnetization was 
obtained at various values of the reversal field. Fig. 17 
shows the AM plots for Fe wires with different diame- 
ters. All of them show negative peaks. suggesting pres- 
ence of magnetostatic interaction. 

0m8 t wire diameter 
9nm 

0 l lnm 
a 13nm 
o 16nm 
A 18nm 

Fig. 17 AM plots for Fe nanowires of varying diameter. 
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Magnetic properties of Co and Ni nanoarrays electro- 
deposited in porous alumina have also been studied in 
great detail by various authors. The largest coercivities for 
Ni nanowires have been reported by Nielsch et al.[361 
They obtained coercivity of - 1200 Oe for highly ordered 
Ni wires of diameter 30 nm with remanence of the order of 
100%. The diameter of the wires was varied in the range 
30 to 55 nm while keeping the nanowire distance constant 
(100 nm) and found that the coercivity drops to 600 Oe 
(remanence N 30%) for wires of diameter 55 nm. Magnetic 
measurements for Co nanowires in anodic alumina 
templates have been studied extensively by Zeng et 
a1.'451 For a fixed wire diameter of about 10 nm, as the 
nanowire length is increased, H, is found to increase 
steeply until a constant value of about 2300 Oe is ap- 
proached at wire lengths of about 200 nm. For larger wire 
lengths, the coercivity is more or less independent of 
length. For wire lengths of the order of 500-1000 nm, the 
coercivity is found to decrease gradually with increasing 
nanowire diameter. This is accompanied by shearing of the 
hysteresis loop. Both the decrease of H, and the shearing 
of the loop are attributed to magnetostatic interactions. 

Time dependence of magnetic properties of Fe, Co, 
and Ni nanoarrays has been s t ~ d i e d . [ ~ ~ - ~ ~ ]  Quantities such 
as magnetic viscosity and activation volume have been 
calculated, and models for reversal mechanism in these 
nanowires have been extensively investigated. Typically, 
the activation volume for wires with diameter of the or- 
der of 10 nm is calculated to be of the order of -4 x 
1 0 "  cm3. This value is much smaller than the physi- 
cal wire volumes, which indicates that magnetization 
reversal starts in a small region of wires. Magnetic re- 
versal mechanisms such as coherent rotation and curling 
treat the wires as perfect homogeneous cylinders. How- 
ever, the coherent rotation and curling modes are delocal- 
ized and could lead to activation volumes much larger 
than those observed. A more reasonable explanation of the 
reduced coercivities and thermal activation volumes 
encountered in electrodeposited nanowires is morpholog- 
ical inhomogeneities. Transmission electron microscopic 
results indicate a considerable degree of polycrystallinity 
with crystallite diameter of about 5 nm. Polycrystalline 
wires can be interpreted as random-anisotropy ferromag- 
nets where interatomic exchange tries to align the local 
spins, but the exchange stiffness has to compete against 
random-anisotropy forces associated with the local uniax- 
ial anisotropy. As a consequence, the magnetization 
processes become localized.[491 The localization length 
or physical activation volume strongly depends on crys- 
tallite size. 

As discussed earlier, in nanowires, magnetic anisotropy 
originates mainly from shape anisotropy. Large-shaped 
anisotropies can result from large saturation magnetiza- 
tion, which, in turn, can lead to large coercivity. This 
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Fig. 18 Variation of coercivity as a function of wire diameter 
for FeCo alloys. 

suggests that large coercivities are expected in FeCo 
nanowires because in bulk form, these alloys exhibit large 
saturation magnetization (1950 emu/cm3 for 35 at.% Co) 
which is larger than both Fe and Co. We have successfully 
electrodeposited FeCo alloys into the pores.[501 For these 
arrays, we did observe coercivity for some FeCo nano- 
wires to be larger than that of Fe and Co. The coercivity 
is found to be 2600 Oe for Feo.93Coo.07, 2900 Oe for 
Fe0.67Coo.33, 2850 Oe for F ~ O . ~ ~ C O ~ . ~ ~ ,  and 2400 Oe for 
Feo.07Coo.P3. The coercivity is largest for Fe0.33C00.67 
and Feo,67Coo.33 samples and is much higher than those 
obtained for Fe (2400 Oe) and Co (1900 Oe) prepared 
under similar conditions. As in the case of elemental 
Fe, Co, and Ni nanoarrays, we obtained very high square- 
ness ratio (- 1) for most of the samples, suggesting excel- 
lent perpendicular magnetization characteristics. Fig. 18 
shows the variation of coercivity as a function of diameter 
of the nanowires for all the Fe, _,Cox alloys. Length of the 
nanowires is kept constant in all the samples (-3 pm). It 
is noted that contrary to the behavior of pure Fe, Fe-Co 
alloys show no maximum in coercivity as a function 
of wire diameter, suggesting that the superparamagnetic 
behavior is eliminated even for the smallest diameter 
wires (9 nm) used in this study. With increasing Co 
addition, the saturation magnetization and hence shape 
anisotropy constant of Fe-Co alloys are increased, which 
should result in higher energy barrier E (given by KV, 
where K is the anisotropy constant and V is the volume). 

Semiconductor Nanoarrays 

Alternating current or direct current electrodeposition can 
be used to fabricate arrays of semiconducting nanowiresl 
nanodots in porous alumina. Electrochemically, the most 



Nanoarrays Synthesized from Porous Alumina 

easily fabricated semiconductors are the 11-VI semicon- 
ductors of the type CdS, CdSe, etc. This can be achieved 
using three different methods. In the first method used by 
~oskov i t s , [~"  a metal capable of forming a semiconduc- 
tor is first electrodeposited into the pores of alumina. The 
top surface of the porous aluminum oxide is then etched 
away in an acid to expose the ends of the metallic array of 
wires. The deposited metal is then allowed to react with a 
liquid or gaseous reagent to convert them chemically to a 
semiconductor. For example, cadmium particles can be 
converted to CdS by reaction with sulfur vapor or 
hydrogen sulfide. Gallium particles may be converted to 
GaAs by reaction with arsine. 

In the second method, sulfuric acid is a.c.-electrolyzed 
causing the sulfide atoms to be deposited in the pores. 
This is followed by a.c. electrodeposition of Cd into the 
pores, allowing the S atoms to react chemically with the 
Cd atoms, causing formation of CdS. Instead of a.c. 
electrodeposition of Cd, one may simply soak the porous 
template containing S atoms into a boiling solution of 
cadmium sulfate. 

In the third method, the electrolyte used for the 
electrodeposition is nonaqueous unlike that used for 
magnetic For the preparation of semicon- 
ductor nanowires of MX (M = Cd, Pb, Zn and X = S, Se, 
Te), a solution of dimethylsulfoxide containing a salt 
of M (50 rnM) and elemental X (S or Se) is used. For 
example, CdS is electrodeposited using a 50-mM solu- 
tion of cadmium perchlorate and 50 rnM S in a dimethyl- 
sulfate solution. A small amount of lithium perchlorate is 
also added to improve the conductivity. 

We have successfully prepared nanowires of CdS, 
CdSe, PbSe, ZnSe, etc. using the deposition methods 

described above. Details of our studies on these nanoar- 
rays and their possible device applications are discussed in 
detail in Ref. [54]. Such nanowire arrays can be used to 
study their electrical properties and thus investigate their 
potential applications in devices such as diodes, transis- 
tors, photodetectors, and light-emitting devices. Semicon- 
ductor nanodots and nanowire devices could be the 
building blocks for digital nanoelectronics, an integrated 
circuit technology which will permit downscaling to be 
camed beyond what is currently achievable. 

Energetic Nanocomposite Nanoarrays 

Energetic materials are a class of substances consisting of 
an appropriate mixture of a fuel and oxidizer material. 
When ignited, they release a large amount of energy 
because of an exothermic reaction. Such materials have 
several applications, in explosives, propellants, etc. 
Recently, it has been found that when fabricated in the 
form of nanocomposites, the energetic properties are 
highly enhanced.[551 

Using porous alumina templates, we have developed 
two novel methods to fabricate these materials. In both 
methods, a thin film of A1 is the fuel material and Fe oxide 
nanowires are the oxidizer material. Al film is prepared 
by means of thermal evaporation, while the nanowires 
are prepared by means of electrodeposition inside nano- 
porous alumina templates. We have found that presence 
of aluminum oxide around the wires inhibits direct inter- 
action between A1 and iron oxide. The aluminum oxide 
barrier layer and the aluminum oxide around the wires 
therefore need to be completely removed. Fig. 19 shows 
the sequence of steps that we followed to achieve this.'561 

H a  Ethyl Alcohol 
II+ + 

0.2M chromic 

Annealing at 100C + 
Soaking in chromic- 
phosphoric acid evapordim 

ACFe oxide 
nanocomposite 

Fig. 19 Sequence of steps to prepare A1-Fe oxide nanocomposites (method 1). 
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The electrodeposited sample is first coated with a thin 
organic layer. The sample is then soaked in 3% mercuric 
chloride solution, which removes the bottom A1 layer. The 
top organic layer protects Fe wires inside the pores from 
being etched away by mercuric chloride solution. In the 
next step, the organic layer is removed in ethyl alcohol 
solution and the sample is dried. The sample is now 
soaked in a mixture of chronic-phosphoric acid at 60°C to 
partially etch the pores from the top revealing Fe wires. 
The sample is rinsed and dried, and a thin film of 
A1 (50 nm) is coated on top by means of thermal 
evaporation. A1 film is therefore in contact with the Fe 
nanowires. The sample is annealed at 100°C for a few 
minutes to improve the interface contact between A1 and 
the Fe nanowires. It is then soaked in chromic-phospho- 
ric acid mixture to etch away the remaining aluminum 
oxide film. This leaves behind an A1 film attached to an 
array of Fe nanowires. The sample is cleaned, dried, and 
annealed to completely remove trace amounts of water 
vapor and also to convert Fe nanowires into Fe oxide. In 
method 2 (see Fig. 20 for sequence of steps), a thin film 
of photoresist material is deposited on a glass wafer 
followed by thermal evaporation of a thin layer of 
aluminum (50-nm thickness). A commercial A1 foil is 
anodized separately under d.c. conditions at 40 V in 3% 
oxalic acid for 30 min, creating a nanoporous template 
with pore diameter of the order of 50 nm. Fe nanowires 
are electrodeposited inside the pores under a.c. condi- 
tions. The sample is then soaked in a mixed solution of 
0.2 M chromic/OA M phosphoric acid at 60°C. The acid 
mixture dissolves aluminum oxide completely leaving 
behind the Fe wires in solution. This solution is poured 
onto the thermally evaporated A1 film. The A1 film is 
annealed at 100°C to improve adhesion of Fe nanowires, 
followed by rinsing and drying to remove traces of the 
acid. The sample is then soaked in a solution of acetone 

to dissolve the photoresist material. This leaves behind 
the final product, AI-Fe oxide nanocomposite film, which 
is rinsed in methanol followed by annealing at 100°C for 
a few minutes to remove all traces of water vapor. Al-Fe 
oxide nanocomposite prepared using these two methods 
is found to ignite readily under flame ignition, indicat- 
ing several possible applications of these materials in 
explosives, propellants, and other military applications. 

Carbon Nanotube Arrays 

Carbon nan~tubes[~" can be viewed as rolled-up sheets 
of graphite with diameters approximately a few nano- 
meters. They can be either metallic or semiconducting, 
with band gaps that can be controlled by controlling the 
tube diameter. Several applications are envisioned for 
these materials. Carbon nanotube electronics are expected 
to provide a viable alternative to silicon when chip feature 
sizes cannot be made any smaller using silicon.[581 Nano- 
tube electronics are also expected to provide great prog- 
ress in computer miniaturization and computing power. 
They have potential applications in cold-cathode flat 
panel displays because of their excellent field emission 
properties.'59' Carbon nanotubes can be used to encapsu- 
late other materials such as Fe, Co, e t ~ . [ ~ "  They can be 
used in infrared imaging, inert membranes for biomedi- 
cine, etc. They can be placed on an Scanning Probe 
Microscopy (SPM) tip to manipulate molecules with sub- 
angstrom a c c ~ r a c ~ . ' ~ ' '  The tips are atomically precise 
with chemistry similar to C 6 ~ ,  and thus serve as functional 
elements with a wide variety of molecular fragments. 
Functionalizing carbon nanotube tips will allow mechan- 
ical manipulation of many molecular systems on various 
surfaces with sub-angstrom accuracy. 

For several of the applications described above, 
particularly in nanotube electronics, it is necessary to be 

Step 1 

m 0.2M Chromic + 
0.4M Phosphoric acid 

Fe nanowires 

Annealing at Final Product: Fe wires loot 
released -b Fe oxide-Al 
on Al film nanocomposi te 

Step 2 g 
Thermal 

Fig. 20 Sequence of steps to prepare Al-Fe oxide nanocomposite (method 2). 
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able to control the growth of carbon nanotubes both with 
respect to size and orientation. Carbon nanotube arrays 
have been successfully synthesized in ordered porous 
alumina The diameter and spacing of the 
carbon nanotubes are controlled by controlling the 
diameter and interpore spacing in porous alumina. Most 
of the methods involve initial deposition of Co inside the 
pores which act as catalyst for the growth of carbon 
nanotubes. Earliest demonstration of carbon nanotube 
synthesis in porous alumina was provided by Li et a1.[65*661 
A small amount of Co is electrodeposited in the pores, 
and the templates are heated in a tube furnace at 600°C 
for 4-5 hr under CO flow (100 cm3/min). The CO flow 
is then replaced by a mixture of 10% acetylene in ni- 
trogen at a flow rate of 100 cm3/min for about 2 hr at 
650°C. The samples are then annealed for 15 hr in 
nitrogen leading to formation of an array of carbon 
nanotubes. The carbon nanotubes produced in porous 
alumina templates have the following common character- 
istic features: they always grow perpendicular to film 
plane, are multiwalled, have uniform sizes, and are open- 
ended. The growth of carbon nanotubes inside pores by 
catalytic decomposition of organic vapors has been 
postulated as either base or tip Scanning 
electron microscopic studies indicate residual Co/Fe 
catalyst in the base of the tubes, indicating that a tip 
growth mechanism could be responsible for the tube 
growth. It is also thought that the surrounding alumina 
may also be acting as a catalyst in nanotube 

Field emission characteristics of ordered carbon nano- 
tubes have been Yuan et al.[631 dem- 
onstrated excellent field emission characteristics for these 
nanotube arrays. In their measurements, they removed the 
barrier layer between the aluminum and the porous layer. 
Field emission was seen to begin at a relatively low 
electric field (-2.8 V/p) They measured a very large 
emission current 0.08 mNcm2 at 3.6 V/mm, much greater 
than that reported by Davydov et al.[691 for as-prepared 
nanotube arrays (in presence of barrier layer). Over a 
period of 150 hr, no significant reduction in emission 
current was observed. In contrast, in the presence of the 
barrier layer, the current density was found to decrease 
rapidly with time over a period of a few minutes. Another 
reason for the enhanced field emission may be related to 
the open-ended nature of the carbon nanotubes, which 
results in smaller radius of curvature than the closed ends, 
thus causing electrons to be emitted more easily. In a 
similar study, Jeong et al.[701 measured a turn-on field of 
1.9-2.1 V/pm and a field enhancement factor of 3360- 
5200. In their samples, the barrier layer is absent and the 
density of carbon nanotubes was very small, - lo7 tips/ 
cm2. The intertube distance is therefore higher, minimiz- 
ing field screening effect and, in turn, enhancing field 
emission effect.r711 Field emitter arrays with such high 

emitting efficiency are expected to have applications in 
flat panel displays in the near future. For application 
in nanoelectronics, it is sometimes necessary to be able 
to make connections between carbon nanotubes. One 
solution is to directly prepare T- or Y-junction carbon 
nanotubes. In general, pores inside nanoporous alumina 
are straight when the anodization voltage is kept fixed 
during anodization. However, one can create branched 
pores inside alumina by changing the anodization voltage 
during anodization. In particular, Y-shaped pore forms in 
porous alumina when the anodization \ oltage is reduced 
by a factor of 11 2 during the anodization. Li et a1.[661 
synthesized Y-junction carbon nanotubes in such tem- 
plates by using Co as a catalyst and by pyrolysis of 
acetylene at 650°C. Papadopoulos et obtained 
electronic transport measurements on both individual 
and parallel arrays of Y-junction nanotubes synthesized in 
porous alumina. Nonlinear transport and rectifying be- 
havior was observed. This behavior can be explained in 
terms of a change in band gap across the junction caused 
by the change in diameter across the junction. Y-junction 
carbon nanotubes are thus a realization of semiconductor 
heterostructures in the nanometer scale. Y-shaped nano- 
tubes and nanowires are expected to have possible 
applications in room-temperature single electron transistor 
and spintronic devices. 

CONCLUSION 

In conclusion, porous alumina is indeed a versatile 
template. It allows fabrications of a variety of nano- 
structures in the form of nanoarrays with feature sizes 
as small as 10 nm. As described in this article, character- 
ization and measurement of appropriate properties of 
the nanoarrays can be easily carried out. It allows inves- 
tigation of several fundamental phenomena at the nano- 
scale level and also allows for investigation of potential 
applications of nanostructures in future high-performance 
nanoscale devices. 
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INTRODUCTION 

Ceramics is one of the fields where nanoscience and 
nanotechnology have shown remarkable progress, pro- 
ducing a variety of advanced materials with unique 
properties and performance. Nanoceramics is a term used 
to refer to ceramic materials fabricated from ultrafine 
particles, i.e., less than 100 nm in diameter. In this field, a 
great deal of research has been accomplished in the last 20 
years and has resulted in significant outcomes that are of 
great impact academically as well as industrially. 

OVERVIEW 

Advanced ceramics include inorganic and nonmetallic 
solid materials composed of polycrystalline sintered 
bodies, fine powders, single crystals, noncrystalline 
materials, thin or thick films, and fibers with various 
morphologies. Systems of metal oxides, carbides, borides 
and nitrides compose most of the important ceramic 
materials. Traditional ceramics, or old ceramics, such as 
tile pottery, are made from minerals such as clay; 
however, industrial ceramics, or advanced ceramics, are 
made of highly pure well-chosen materials such as silicon 
carbide and alumina. Many people think that ceramic 
materials are used for artistic objects and tableware only. 
In fact ceramic products are now very important in a wide 
range of industrial and advanced technical applications in 
several fields including electronics, medicine, nuclear 
industry, magnetic applications, and several others. 

It has been well proven that the bulk behavior of 
materials can be dramatically altered when constituted of 
nanoscale building blocks. Mechanical, magnetic, optical, 
and other properties of materials have been found to be 
favorably affected. Hardness and strength, as an example, 
can be greatly enhanced by consolidating ceramic materi- 
als from nanoscale particles. Ductility and superplastic- 
forming capabilities of nanophase ceramics have now 
become possible, leading to new processing routes that 
will be more cost-effective than traditional methods. 

In this article, our focus will be on advanced ceramics 
fabricated from nanometer-sized powders. Preparation, 
properties, and applications will be the main directions of 

focus and a special attention will be given to the effect of 
the particle size in these materials. 

PREPARATION 

Remarkable progress in synthetic chemistry has led to 
significant advances in material science, making possible 
the synthesis of various substances and materials. The 
manufacture of ceramics involves heat treatment of tightly 
squeezed powders. The size of the building block of these 
powders has been found to affect the properties of the 
final product. The method of preparation is very often a 
determining factor in shaping the material and its 
properties. For example, burning Mg in O2 (MgO smoke) 
yields 40-80-nm cubes and hexagonal plates, whereas 
thermal decomposition of commercial Mg(OH)2, MgC03, 
and especially Mg(NO& yields irregular shapes often 
exhibiting hexagonal platelets. Surface areas can range 
from 10 m2/g (MgO smoke) to 150 m2/g for Mg(OH)2 
thermal decomposition. On the other hand, aerogel- 
prepared Mg(OH)2 can lead to MgO with surface areas 
as high as 500 rn2lg. 

Because the main focus of this article is ceramics 
fabricated from nanometer-sized building blocks, differ- 
ent methods for preparing ultrafine ceramic powders will 
be discussed. The steps in manufacturing ceramics from 
powders, which include molding, extrusion, and densifi- 
cation, will not be discussed here. 

Physical Methods 

Vapor condensation methods 

Gas-condensation techniques to produce nanoparticles 
directly from a supersaturated vapor of metals are among 
the earliest methods for producing nanoparticles. They 
generally involve two steps: First, a metallic nanophase 
powder is condensed under inert convection gas after a 
supersaturated vapor of the metal is obtained inside a 
chamber. Second, the powder is oxidized by allowing 
oxygen into the chamber (to produce metal oxide powder). 
A subsequent annealing process at high temperatures is 
often required to complete the oxidation. The system 
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consists of a vapor source inside a vacuum chamber 
containing a mixture of an inert gas, usually argon or 
helium, mixed with another gas, which is selected based 
on the material to be prepared. Oxygen is mixed with the 
inert gas to produce metal oxides. NH3 is usually used to 
prepare metal nitrides and an appropriate alkane or alkene, 
as a source of carbon, is usually used to prepare metal 
carbides. Nanoparticles are formed when supersaturation 
is achieved above the vapor source. A collection surface, 
usually cooled by liquid nitrogen, is placed above the 
source. The particles are transported to the surface by a 
convection current or by a combination of a forced gas 
flow and a convection current, which is set up by the 
difference in the temperature between the source and the 
cold surface. Some improved systems involve a way to 
scrap the nanoparticles from the cold collection surface so 
that the particles would fall into a die and a unit where 
they can be consolidated into pellets. Supersaturated 
vapor can be achieved by many different vaporization 
methods. The most common techniques include thermal 
evaporation, sputtering, and laser methods. A variety of 
nanoscale metal oxides and metal carbides have been 
prepared using laser-vaporization techniques. 

The advantages of vapor condensation methods include 
versatility, ease in performance and analysis, and high- 
purity products. On the other hand, they can be employed 
to produce films and coatings. Furthermore, laser-vapor- 
ization techniques allow for the production of high- 
density, directional, and high-speed vapor of any metal 
within an extremely short time. Despite the success of 
these methods, they have the disadvantage that the 
production cost is still high because of low yields. Heating 
techniques have other disadvantages that include the 
possibility of reactions between the metal vapors and the 
heating source materials. 

Spray pyrolysis 

This technique is known by several other names including 
solution aerosol thermolysis, evaporative decomposition 
of solutions, plasma vaporization of solutions, and aerosol 
decomposition. The starting materials in this process are 
chemical precursors, usually appropriate salts, in solution, 
sol, or suspension. The process involves the generation 
of aerosol droplets by nebulizing or "atomization" of 
the starting solution, sol, or suspension. The generated 
droplets undergo evaporation and solute condensation 
within the droplet, drying, thermolysis of the precipitate 
particle at higher temperature to form a microporous 
particle, and, finally, sintering to form a dense particle. 

Different techniques for atomization are employed in- 
cluding pressure, two-fluid, electrostatic, and ultrasonic 
atomizers. These atomizers differ in droplet size (2-15 
pm), rate of atomization, and droplet velocity (1-20 mlsec). 

These factors affect the heating rate and residence time of 
the droplet during spray pyrolysis which, in turn, affect 
some of the particle characteristics including particle size. 
For a specific atomizer, particle characteristics, including 
particle size distribution, homogeneity, and phase compo- 
sition depend on the type of precursor, solution concentra- 
tion, pH, viscosity, and the surface tension. 

Aqueous solutions are usually used because of their 
low cost, safety, and the availability of a wide range of 
water-soluble salts. Metal chloride and nitrate salts are 
commonly used as precursors because of their high 
solubility. Precursors that have low solubility or those 
that may induce impurities, such as acetates that lead to 
carbon in the products, are not preferred. 

The advantages of this method include the production 
of high-purity nanosized particles, homogeneity of the 
particles as a result of the homogeneity of the original 
solution, and the fact that each droplet/particle goes 
through the same reaction conditions. The disadvantages 
of spray pyrolysis include the need for large amounts of 
solvents and the difficulty to scale-up the production. The 
use of large amounts of nonaqueous soh ents increases the 
production expenses because of the high cost of pure 
solvents and the need for proper disposal. 

Thermochemical/flame decomposition of 
metalorganic precursors 

Flame processes have been widely used to synthesize 
nanometer-sized particles of ceramic materials. This is 
another type of gas-condensation technique with the 
starting material being a liquid chemical precursor. The 
process is referred to as chemical vapor condensation 
(CVC). In this process, chemical precursors are vaporized 
and then oxidized in a combustion process using a fuel- 
oxidant mixture such as propane-oxygen or methane-air. It 
combines the rapid thermal decomposition of a precursor- 
carrier gas stream in a reduced pressure environment with 
thermophoretically driven deposition of the rapidly con- 
densed product particles on a cold substrate. The flame 
usually provides a high temperature (1 200-3000 K), which 
promotes rapid gas-phase chemical reactions. 

A variety of chemical precursors can be used including 
metal chlorides, such as TiC14 to prepare TiOz and SiC14 
to prepare SOz,  metal-alkyl precursors. metal alkoxides, 
and gaseous metal hydrides, such as silane as a source of 
silicon to prepare silica. Chlorides hale been the most 
widely used precursors in the industry and the process is 
sometimes referred to as the "chloride process." The high 
vapor pressure of chlorides and the fact that they can be 
safely stored and handled make them excellent potential 
precursors. The disadvantages of using chloride precur- 
sors are the formation of acidic gases and contamination 
of the products with halide residues. Flame processes are 
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used industrially to produce commercial quantities of 
ceramic particulates, such as silica and titania. This is 
because of the low cost of production as compared to all 
other methods. The disadvantage of flame synthesis is that 
the control of particle size (both primary particle and 
aggregates size), morphology, and phase composition is 
difficult and limited. 

Chemical Methods 

Sol-gel technique 

The sol-gel process is typically used to prepare nanome- 
ter-sized particles of metal oxides. This process is based 
on the hydrolysis of metal reactive precursors, usually 
alkoxides in an alcoholic solution, resulting in the cor- 
responding hydroxide. Condensation of the hydroxide by 
giving off water leads to the formation of a network-like 
structure. When all hydroxide species are linked, gelation 
is achieved and a dense porous gel is obtained. The gel 
is a polymer of a three-dimensional skeleton surrounding 
interconnected pores. Removal of the solvents and ap- 
propriate drying of the gel result in an ultrafine powder of 
the metal hydroxide. Further heat treatment of the hy- 
droxide leads to the corresponding powder of the metal 
oxide. As the process starts with a nanosized unit and 
undergoes reactions on the nanometer scale, it results in 
nanometer-sized powders. For alkoxides that have low 
rates of hydrolysis, acid or base catalysts can be used to 
enhance the process. 

When drying is achieved by evaporation under normal 
conditions, the gel network shrinks as a result of capillary 
pressure that occurs and the hydroxide product obtained is 
referred to as xerogel. However, if supercritical drying is 
applied using a high-pressure autoclave reactor at tem- 
peratures higher than the critical temperatures of solvents, 
less shrinkage of the gel network occurs as there is no 
capillary pressure and no liquid-vapor interface, which 
better protects the porous structure. The hydroxide 
product obtained is referred to as an aerogel. Aerogel 
powders usually demonstrate higher porosities and larger 
specific surface areas than analogous xerogel powders. 

Sol-gel processes have several advantages over other 
lechniques to synthesize nanopowders of metal oxide 
ceramics. These include the production of ultrafine porous 
powders and the homogeneity of the product as a result of 
homogeneous mixing of the starting materials on the 
molecular level. 

Reverse microemulsions/micelles method 

The reverse micelle approach is one of the recent 
promising routes to nanocrystalline materials including 

ceramics. Surfactants dissolved in organic solvents form 
spheroidal aggregates called reverse (or inverse) micelles. 
In the presence of water, the polar head groups of the 
surfactant molecules ?rganize themselves around small 
water pools (N  100 A), leading to dispersion of the 
aqueous phase in the continuous oil phase. 

Reverse micelles are used to prepare nanoparticles by 
using a water solution of reactive precursors that can be 
converted to insoluble nanoparticles. Nanoparticle syn- 
thesis inside the micelles can be achieved by different 
methods including hydrolysis of reactive precursors, such 
as alkoxides, and precipitation reactions of metal salts. 
Solvent removal and subsequent calcination lead to the 
final product. Several parameters, such as the concentra- 
tion of the reactive precursor in the micelle and the weight 
percentage of the aqueous phase in the microemulsion, 
affect the properties, including particle size, particle-size 
distribution, agglomerate size, and the phases of the final 
ceramic powders. There are several advantages to using 
this method including the ability to prepare very small 
particles and the ability to control the particle size. 
Disadvantages include low production yields and the need 
to use large amounts of liquids. 

Precipitation from solutions 

Precipitation is one of the conventional methods to pre- 
pare nanoparticles of metal oxide ceramics. This process 
involves dissolving a salt precursor, usually chloride, oxy- 
chloride or nitrate, such as AlC13 to make A1203, Y(NO3)3 
to make Y2O3, and ZrC14 to make Zr02, in water. The cor- 
responding metal hydroxides are usually obtained as pre- 
cipitates in water by adding a base solution such as so- 
dium hydroxide or ammonium hydroxide solution. The 
remaining counter-ions are then washed away and the 
hydroxide is calcined after filtration and washing to ob- 
tain the final oxide powder. This method is useful in 
preparing ceramic composites of different oxides by co- 
precipitation of the corresponding hydroxides in the same 
solution. Solution chemistry is also used to prepare non- 
oxide ceramics or pre-ceramic precursors that can be con- 
verted to ceramics upon pyrolysis. 

One of the disadvantages of this method is the dif- 
ficulty in controlling the particle size and size distribu- 
tion. Very often, fast and uncontrolled precipitation takes 
place resulting in large particles. 

Chemical synthesis of pre-ceramic polymers 
coupled with physical processing techniques 

This method is based on the use of molecular precursors, 
which facilitates the synthesis of nanomaterials containing 
phases of desired compositions. It involves a chemical 
reaction to prepare an appropriate polymer, which is then 
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Fig. 1 General structural formulas of polycarbosilanes and 
poly silazanes. 

converted into ceramic material upon pyrolysis. Using 
chemical reactions to prepare the pre-ceramic polymer not 
only allows for control of phase compositions but also 
overcomes the limitation of low production yields of the 
physical methods. This method has been very useful in 
preparing nonoxide ceramics such as silicon carbide and 
silicon nitride. The conversion of an organometallic 
precursor into a ceramic depends on different parameters 
such as the molecular structure of the precursor and the 
pyrolysis conditions (temperature, duration, and atmo- 
sphere). Metal carbides and metal nitrides have been 
obtained by pyrolysis of polymers containing the appro- 
priate elements such as Si or A1 and C or N. These 
polymers are called pre-ceramic polymers and are 
prepared from simpler chemical precursors. A consider- 
able amount of free carbon from the thermolysis process is 
very often a problem. Silicon carbide (Sic) and silicon 
nitride (Si3N4) are the most studied ceramic materials 
prepared via this route. They are usually synthesized by 
the pyrolysis of polycarbosilanes and polysilazanes, for 
which general structural formulas are shown in Fig. 1, at 
temperatures between 1000°C and 1200°C. 

Mechanochemical synthesis 

Mechanochemical synthesis involves mechanical activa- 
tion of solid-state displacement reactions. This process has 
been successfully used recently to make nanoceramic 
powders such as Al2O3 and Zr02. It involves the milling 
of precursor powders (usually a salt and a metal oxide) to 
form a nanoscale composite of the starting materials, 
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which react during milling, and subsequent heating, if 
necessary, to form a mixture of dispersed nanoparticles of 
the desired oxide within a soluble salt matrix. Nanopar- 
ticles of A1203 (10-20 nm), for example, can be prepared 
by milling AIC13 with CaO. 

BONDING CONSIDERATIONS 

Understanding chemical bonding and structures in ceramic 
materials is necessary in order to understand their chem- 
ical and physical behavior. When materials are composed 
of nanometer-sized building blocks, they deviate consid- 
erably from structural perfection and stoichiometry. As a 
result, the number of defects due to edges, comers, f- 
centers, and other surface imperfections is greatly en- 
hanced, which, in turn, affects several physical and 
chemical properties as will be discussed below. 

A range of cohesive forces contribute to the nature 
of bonding in ceramic materials including ionic (MgO, 
Fe, . 0 ) ,  covalent, metallic, van der Waals, and hydro- 
gen bonding. Ionic compounds are formed when highly 
electronegative and highly electropositive elements are 
combined in a lattice. Pure ionic model is a reasonable 
approximation for some systems while it is a poor ap- 
proximation for crystals containing large anions and 
small cations. In such systems, covalent contribution to 
bonding becomes significant. Van der Waals interactions 
play a crucial role in many ceramic systems, especially 
those with layered structures. In many oxide hydrates or 
hydroxy oxides, hydrogen bonding also contributes to 
the cohesive energy. For further reading on structure and 
bonding, the reader is referred to structural inorganic 
chemistry books. 

SELECTED PROPERTIES 

Ceramics possess their own chemical, physical, mechan- 
ical, and magnetic properties that are different from those 
of other materials such as metals and plastics. The 
properties of ceramics depend mainly on the type and the. 
amounts of materials in their composition. However, the 
size of the building blocks of a ceramic material has been 
found to play an important role in its properties (see 
Ref. [ l ]  and references therein). 

When materials are prepared from nanometer-sized 
particles, a significant portion of the atoms become ex- 
posed on the surface. As a result, such materials exhibit 
unique properties that are remarkably different from those 
of the corresponding bulk. The physical and chemical 
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properties of nanoparticles show the gradual transition 
from atomic or molecular to condensed matter systems. 

Chemical Properties 

Ceramic materials are relatively inert, especially crystal- 
line materials that tend to have perfect structures with 
minimum amount of defects. Most of the reactivity of 
these materials involves the surfaces where coordinatively 
unsaturated as well as defect sites exist. The behavior of 
the surface toward other species and the nature of 
interaction depend on the composition and the morphol- 
ogy, which determine the nature and the degree of surface 
interactions with other substances. Most of the time, 
interactions are limited to adsorption on the surface, 
which does not affect the bulk making these materials 
good corrosion-resistant. 

The possibility of preparing ceramic powders in high 
surface areas with high porosity makes them well desired in 
some advanced applications. One example is the use of 
ceramic materials as supports for heterogeneous catalysts. 
Another example is the use of such materials in biomedical 
applications, where the surface of nanophase ceramics 
exhibits a remarkably improved biomedical compatibility 
compared to conventional ceramics, as discussed below. 

Mechanical Properties 

Ceramics are very strong materials showing considerable 
resistance against compression and bending. Some ce- 
ramic materials are similar to steel in strength. Most 
ceramics retain their strength at high temperatures. Silicon 
carbides and silicon nitrides, as an example, retain their 
strength at temperatures as high as 1400°C. As a result, 
such materials are used in high-temperature applications. 
Many of the physical and mechanical properties are 
particle-size dependent. As a result, several systems of 
nanophase ceramics have exhibited quite interesting and 
favorably enhanced mechanical properties. 

Improved sintering and hardness properties 

Nanoceramics are processed from nanophase powders by 
compacting first powders composed of individual ceramic 
particles (usually less than 50 nm in size) into a raw shape 
(often called a green body). This compacted powder is 
then heated at elevated temperatures. Densification occurs 
as a result of diffusion of vacancies out of pores (to grain 
boundaries), which lead to shrinkage of the sample. This 
process is referred to as pressure-less sintering. Fortu- 
nately, nanophase powders were found to compact as 
easily as their analogous submicron particles. To avoid 
particle size growth, samples have to be sintered at the 

lowest temperature possible for a time sufficient to 
remove the residual porosity and establish coherent grain 
boundaries. Successful sintering enhances the hardness of 
the final material. 

Experimental evidence shows that nanophase powders 
densify at faster rates as compared to commercial 
(submicron) particles."1 Faster densification rates allow 
achieving a given density at smaller grain sizes, before 
serious growth takes place. As a result of their small 
particle and pore sizes, nanocrystalline powders sinter to 
much greater densities than their conventional analogs at 
the same temperature. This also establishes that nanocrys- 
talline powders, as compared to conventional powders, 
reach the same density at much lower temperatures. This, 
of course, eliminates the need for very high temperatures. 

One disadvantage that can accompany fast densifica- 
tion though is inhomogeneous heating where the outside 
layers of the particles densify into a hard impervious shell 
which constrains the inside of the sample from normal 
shrinking, leading to some cracking as a result of strain 
incompatibility. This problem can be avoided by several 
ways. The most efficient way is to heat the samples slowly 
to reduce the shrinkage in the outer shell while heat is 
transported to the inner regions. On the other hand, high- 
density nanostructured ceramic systems including Y2O3, 
Ti02, and Zr02 have been achieved by means of pressure- 
assisted sintering. Applying some pressure during sinter- 
ing can increase the densification rate and suppress the 
particle growth. 

Nanoscale powders of nonoxide ceramics such as metal 
carbides and nitrides show similar behavior. Conventional 
Sic, as an example, is difficult to sinter. Addition of some 
additives such as boron or carbon is very often necessary 
to densify Sic. Ultrafine powder of S ic  sinters at lower 
temperatures and densifies without additives. On the other 
hand, mechanical properties can be fairly improved by 
the introduction of metallic nanoparticles dispersed with- 
in the matrix grains. Such systems are referred to as 
nanocomposites. Tungsten, nickel, or molybdenum nano- 
particles dispersed within A1203 matrix grains, as an ex- 
ample, can enhance the mechanical properties of alumina, 
including the fracture strength and hardness. 

Reduced brittleness and enhanced 
ductility and superplasticity 

Superplasticity and ductility refer to the capability of 
some polycrystalline materials to undergo extensive 
tensile deformation without necking or fracture. Ceramic 
brittleness is the biggest technical barrier in practical 
applications, especially in load-bearing applications. The- 
oretical and experimental results provide evidence for 
the possibility that traditional brittle materials can be 
ductilized by reducing their grain sizes.[" When made 
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from nanoparticles, brittle ceramics can be superpiastically 
deformed at modest temperatures and then heat treated at 
higher temperatures for high-temperature strengthening. 

The capability to synthesize superplastic ceramic 
materials is now established. Nanocrystalline ceramics 
deform at faster rates, lower stresses, and lower tempera- 
tures. One important use of superplasticity in ceramics is 
diffusion bonding, where two ceramic parts are pressed 
together at moderate temperatures and pressures to form a 
seamless bond through diffusion and grain growth across 
the interface. Diffusion bonds form more easily in 
nanocrystalline ceramics than in larger grained ceramics 
as a result of both the enhanced plastic flow of nanocrys- 
talline ceramics and the larger number of grain boundaries 
they provide for diffusional flux across the interface. 

Electrical Properties 

Ceramics include electrical conducting, insulating, and 
semiconducting materials. Chromium oxide is an electri- 
cal conductor, aluminum oxide is an insulator, while sili- 
con carbide behaves as a semiconductor. As a result, 
ceramic materials have been used in a variety of electronic 
applications based on their electrical behavior. 

Several electrical properties are particle-size and com- 
position dependent. Electrical resistance and dielectric 
constant, as an example, for some systems increased as a 
result of small particle size. Conductivity of some mixed 
oxide ceramics, such as lithium aluminosilicate, is higher 
than that of their constituent oxides. 

Magnetic Properties 

Some ceramic materials possess magnetic properties. 
These include iron oxide-based ceramics and oxides of 
chromium, nickel, manganese, and barium. Ceramic mag- 
nets are known to exhibit high resistance to demagneti- 
zation. As a result, several ceramic powders have been 
employed in a wide range of electronic and magnetic 
applications as discussed below. 

The fabrication of such materials from ultrafine par- 
ticles can significantly enhance their magnetic behavior. 
The fact that in nanometer-sized particles a large portion 
of the atoms are on the surface, where the coordination 
numbers are less than that for bulk atoms, affects several 
parameters including unique surfacelinterface behavior 
and different band structure, which both lead to magne- 
tism enhancement. It is now well established that one of 
the requirements to achieve appropriate coercivity and 
high magnetization saturation is to fabricate such materi- 
als in highly divided particles, preferably in the nanome- 
ter-sized range, with homogeneity and narrow size 
distribution. For further reading on nanoscale magnetism, 

the reader is referred to Sorensen's chapter "Magnetism" 
in Ref. [I]. 

Many other properties are also particle-size dependent. 
The optical properties, as an example, of some ceramic 
materials have been found to depend on particle sizes. 
Nanoparticles of Ti02, as an example, are more efficient 
UV absorber than powders of large particles. 

APPLICATIONS 

Ceramic materials are of great value in a variety of ap- 
plications as a result of their unique properties compared 
to other materials. Because of their electrical and mag- 
netic properties, ceramics are important in several elec- 
tronic applications, where they are used as insulators, 
semiconductors, conductors, and magnets. Ceramic ma- 
terials also have important uses in the aerospace, bio- 
medical, construction, and nuclear industries. In many of 
these applications, ceramic materials have shown signi- 
ficantly better performance when fabricated from nano- 
meter- sized particles. 

Mechanical Applications 

Industrial ceramics are widely employed in applications 
that require strong, hard, and abrasion-resistant materials. 
Metal-cutting tools, tipped with alumina, and tools made 
from silicon nitrides for cutting, shaping, grinding, and 
sanding iron, nickel-based alloys, and other metals are 
very commonly used. Other ceramics such as silicon 
nitrides and carbides are used to make components for 
high-temperature use such as valves and turbocharger ro- 
tors. Ceramic materials and metal-based ceramics (cer- 
mets) are used to make components for space vehicles, 
including heat-shield tiles for the space shuttle and 
nosecones for rocket payloads. 

Electrical Applications 

Ceramics are used as insulators, semiconductors, and 
conductors. Aluminum oxide (A1203), for example, does 
not conduct electricity at all and is used to make insu- 
lators. Other ceramics, such as barium titanate (BaTi03), 
are used as semiconductors in electronic devices. Some 
copper oxide-based ceramics are superconductive at 
temperatures higher than those at which metals become 
superconductive. Superconductivity refers to the ability 
of a cooled material to conduct an electric current with 
no resistance. This phenomenon can occur only at ex- 
tremely low temperatures, which are difficult to maintain. 
Transition metal nitrides, carbides, and borides are of in- 
terest as cathodes in electrochemical applications. This 
interest stems from the favorable properties of these 
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Table 1 Examples of electronic ceramics 

Functions Examples of materials Applications 

Insulation 
Dielectricity 
Semiconducting 
Piezoelectricity 

Pyroelectricity 
Ferroelectricity 
Ionic conduction 
Luminescence 
Light guide 
Polarization 
Soft magnetism 
Hard magnetism 

A1207, Sic + Be0 
BaTi03 
Sic, LaCr03, Sn02, ZnO+Bi203 
ZnO, SiOz 

PZT 
PLZT 
P-A1203, Zr02 
Y202S:Eu, Th02:Nd, A1203:Cr 
Si02 
PLZT 
y-Fe203, Zn, ,Mn,Fe204 
SrO . 6Fe203 

IC substrate 
capacitor 
gas defector, thermistor, varistor 
piezolighter, piezofilter, surfacewave transducer, 

piezovibrator, flexible piezodetector 
IR detectors 
optical shutter, optical memory 
Na-S battery, O2 sensor 
cathode luminescence, IR laser 
optical communication fiber 
optical shutter 
magnetic tape 
magnet seal 

-- 

PZT: lead zirconate-titanate ceramics. PLZT: lanthanum-modified lead zirconate-titanate ceramics 

materials including electronic conductivity and good ther- 
mal conductivity, which when coupled with their mechan- 
ical strength and high melting points suggest that such 
materials can be stable in a range of environments. 

Some ceramics such as strontium titanate (SrTi03) are 
employed in the form of thin films as capacitors in sev- 
eral electronic devices because of their capability to store 
large amounts of electricity in extremely small volumes. 
Lithium aluminosilicate ceramics have potential applica- 
tions as solid electrolytes for utilization in solid high- 
energy density lithium battery systems. Piezoelectric 
ceramics are now key electronic components for televi- 
sion, FM radio, and the like. Very recently, piezoelectric 
ceramic displays have been developed in Japan, where 
microceramic actuators for activating the pixels are used. 
Piezoelectric effect refers to the appearance of an electric 
potential across certain faces of a crystal when it is 
subjected to mechanical pressure. 

Other examples of functions and applications of ad- 
vanced ceramics in the field of electronics are shown in 
Table 1 .12' 

Magnetic Applications 

Iron oxide-based ceramics (ferrites) are widely employed 
as low-cost magnets in electric motors. Such magnets help 
in converting electric energy into mechanical energy. 
Unlike metal magnets, fenites conduct high-frequency 
currents, and as a result, they do not lose as much power as 
metal conductors do. Manganese zinc ferrites are used in 
magnetic recording heads, and ferric oxides are the active 
component in several magnetic recording media, such as 
recording tapes and computer diskettes. 

Biomedical Applications and Bioceramics 

Some advanced materials are used in the biomedical field 
to make implants for use within the body. The main re- 
quirement of biomaterials for this application is the ability 
of their surfaces to support new bone growth. Ceramic 
materials are known to possess exceptional biocompatibil- 
ity properties with bone cells and tissues. Specially made 
porous ceramic materials such as alumina, titania, zirconia, 
and others bind with bone and other natural tissues. Such 
ceramics are used to make hip joints, dental caps, and 
bridges. Other advanced ceramics such as hydroxyapatite, 
Ca10(P04)6(OH)2, which is the principal component of 
bones and teeth, have excellent biocompatibility and bone 
in-growth capabilities and are used in reconstructing 
fractured bones and as replacement materials. 

Recent research on long-term functions of osteoblasts 
on nanophase ceramics has shown evidence for unique and 
significant behavior.'" Compared to conventional cerarn- 
ics, nanophase ceramics has shown enhanced osteoblast 
adhesion and proliferation, alkaline phosphatase synthesis, 
and concentration of extracellular matrix calcium. 

Coatings 

Because of its unique hardness and corrosion resistance, 
ceramic enamel is often used in coating metals. Thin hard 
wear-resistant coatings of ceramics include materials such 
as titanium nitride and titanium carbonitride. An emerg- 
ing class of new hard protecting coatings beyond homo- 
geneous layers of a ceramic nitride material is layered 
coating structures such as superlattices or multilayers of 
different nitrides. Such multilayer coating has been suc- 
cessfully applied in several applications such as bearings, 
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pumps, and compressors. Nonnitride coatings, such 
tungsten carbidelcarbon, are also of interest because of 
their high elasticity and chemical inertness. 

Several techniques are being employed for protective 
ceramic coating. These include thermal spraying, chemical 
vapor deposition (known as CVD), and plasma spraying. 

Nuclear Industry 

Lithium-based ceramics are now considered as potential 
solid tritium breeders in nuclear fusion reactors. Potential 
breeder materials include LiA102, Li20, Li2Zr03, and 
Li4Si04. Solid breeders are safer during operation than 
liquid lithium systems, which are highly reactive. 

CONCLUSION 

Nanoceramics is one of the great outcomes of the 
evolutionary research in the field of nanoscience and 
nanotechnology, where fabrication of materials from 
nanometer-sized building blocks has resulted in a wide 
range of industrially useful materials. Recent research has 
proven that ceramic materials fabricated from ultrafine 
powders can be obtained through several physical as well 
as chemical methods that can be scaled up to produce 
commercial amounts. These unique materials have exhib- 
ited very remarkable behavior as compared with their bulk 
counterparts. Significant characteristics include chemical, 
mechanical, magnetic, electrical, and optical properties. 
As a result, improved performance of ceramic materials 
has been observed in a variety of applications including 
chemical, mechanical, magnetic, electrical, and biomed- 
ical. The new properties and improved performance of 
nanoceramics that are being discovered stimulate the 
development and improvement of ceramic processing, 
which, in turn, open the doors wide for the use of ceramics 
in a wide range of new technologies. 

Directions of current interests include the preparation 
and processing of ultrafine (nanometer-sized) powders, 
the development of new synthetic routes to materials of 

homogeneous sintered bodies, and the preparation of 
ceramics made of several composites. 
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INTRODUCTION 

Over the last few years, research in the area of nano- 
science has blossomed into an independent and highly 
interdisciplinary area.['] Materials in the nanometer scale 
(size range 10 to 1 pm) are typically referred to as 
nanoparticles, nanocrystals, nanorods, or nanowires, de- 
pending on their crystallinity and shape. Here we refer to 
them simply all as nanocrystals, without distinguishing 
the differences. The unique material properties in this 
size range come from several sources: 1) quantum size 
effects,l2] where confinement of charge carriers in a small 
space leads to discrete energy levels; 2) classical charging 
effects,13' which originate from the discrete nature of the 
electrical charge; and 3) surfacelinterface effects,[41 where 
the properties of surface or interface atoms become much 
more significant, as the surface-to-volume ratio increases 
with decreasing of particle size. Many novel properties 
of single, isolated nanocrystal have been investigated 
during the past two decades, such as size-dependent opti- 
cal absorption and luminescence in semiconductors,[5~61 
coulomb blockade phenomena in charge tran~fer,'~' or 
enhanced surface magnetic moments in magnetic nano- 
crystals.[81 

By comparison, assemblies of nanocrystals have only 
begun to be studied in a systematic fashion in recent years. 
The exciting aspect of nanocrystal arrays is that they form 
a truly new class of materials, where the basic building 
blocks are nanocrystals instead of atoms.[91 The properties 
of these materials not only depend on which chemical 
elements are used to form the building blocks, but also 
depend on how many atoms are in each building block and 
how strongly coupled these building blocks are. Tradi- 
tional materials can be either crystalline or amorphous, 
depending on the arrangement of the constituent atoms. 
Similarly, nanocrystal arrays can also be ordered or dis- 
ordered. In the former case, they are referred to as 
nanocrystal superlattices (NCSs). 

The purpose of this article is to introduce several 
recent developments in the field, focusing on the ex- 
perimental point of view. In "Formation of Nanocrystal 
Arrays," experimental issues regarding the formation of 
nanocrystal arrays will be discussed and, in particular, the 
conditions for controlled formation by self-assembly. 
In "Electronic Transport" and "Optical Properties," we 
consider electronic and optical transport properties of 
nanocrystal arrays, with the main theme being the col- 
lective phenomena in these systems, rather than behavior 
related to the individual nanocrystal. "Conclusion" con- 
tains a brief discussion of outstanding issues and con- 
cluding remarks. Because of the limited space, we will 
focus our article on arrays formed by chemically synthe- 
sized nanocrystals only. Therefore lithographically 
patterned quantum dot arrays will not be discussed. For 
aspect not covered here and for additional, in depth in- 
formation on nanocrystal arrays, we refer the reader to 
Refs. [9-121. 

FORMATION OF NANOCRYSTAL ARRAYS 

The ultimate goal of nanocrystal self-assembly is the 
fabrication of highly ordered two-dimensional (2-D) or 
three-dimensional (3-D) superlattices or other well- 
defined  structure^.['^^'^' One of the earliest research ef- 
forts in this direction can be found in the work of 
Bentzon et al.[l4] who observed uniformly sized Fe203 
particles to spontaneously form hexagonal arrays. The 
discovery of high-temperature routes for high-quality 
semiconductor nanocrystals synthesis further stimulated 
the development of this field."51 By now, nanocrys- 
tals made of s e m i c ~ n d u c t o r s , ' ~ ~ ' ~ ~ ~  and 

have been shown to form ordered NCSs 
under proper experimental conditions, although the 
degree of ordering can still vary rather significantly. 
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In general, the spontaneous formation of nanocrystal 
superlattices via self-assembly requires the following: 1) a 
high degree of monodispersity in nanocrystal diameter 
(typically a relative size deviation in nanocrystal core 
diameters of less than 5%); 2) a complete coating of core 
surface with ligand molecules; and 3) suitable physical 
mechanisms to promote ordered packing. In the following, 
we discuss the relevant issues associated with the 
nanocrystal cores, the ligand shells surrounding the cores, 
and the self-assembly mechanisms. 

Nanocrystal Core 

There are several different techniques to obtain mono- 
disperse nanocrystals. High-temperature synthesis is the 
most widely used since Murray et a ~ . [ ' ~ ]  in 1993 obtained 
high-quality semiconductor nanocrystals by this method. 
The basic principle behind this kinetically controlled 

(seconds) I 

Fig. 1 Schematic diagrams of various approaches to synthesize 
monodisperse colloidal nanocrystals. A) Nucleation rate diagram 
of high-temperature synthesis.[91 B) Experimental setup of high- 
temperature synthesis.[91 C) Size-selective precipitation tech- 
nique through solvent replacement.[201 D) Digestive ripening 
process[301 (Parts A and B are reprinted with permission from 
Ref. [9]. Copyright 2000, Annual Review of Materials Science.) 

process was actually proposed quite some time earlier.[251 
The idea is to oversaturate the nucleating species in a very 
short period of time, so that there is a burst of nucleation 
sites at the beginning of the chemical reaction (Fig. 1A). If 
the concentration of the nucleating species is kept below 
the saturation level afterward, there will be no new nu- 
cleation sites. Subsequently, only the existing nucleation 
sites can grow. By monitoring the growth of particles, 
different sizes of nanocrystals can be synthesized with 
high monodispersity. ~ u ~ i m o t o [ ~ ~ ]  used this idea to syn- 
thesize uniform micron-sized spheres. Murray et al. ex- 
tended this technique to semiconductor nanocrystals by 
using a high boiling point solvent (mixture of long chain 
alkylphosphines, alkylphosphine oxides, and alkyla- 
mines). High reaction temperature, necessary to decom- 
pose the organometallic precursor, also results in high 
crystallinity of the final product (Fig. IB). The relative 
size distribution of nanocrystals can, furthermore, be 
"focused" in situ by adjusting the concentration of re- 
action species during the 

The second technique that is frequently used is the size- 
selective precipitation method (Fig. 1 ~ ) . [ ~ ~ , ~ ~ ~  This meth- 
od exploits the fact that the solubility of nanocrystals in a 
solvent-nonsolvent mixture is highly size-dependent. By 
slowly adding a nonsolvent into a polydisperse colloid, 
large particles typically become destabilized and are the 
first to precipitate out from the solution, which can be 
separated and redissolved into the original solvent. 
Increasing the concentration of nonsolvent gradually 
causes smaller particles to precipitate. By repeating this 
process, different fractions become increasingly more 
monodisperse. Whetten et al.[207291 have coupled this 
process with mass spectroscopy to obtain nanocrystals of 
highly precise mass. 

Different from the above two methods is a recently 
developed process called digestive ripening which can 
transform a polydisperse colloid directly into a more 
monodisperse colloid through a thermodynamic pathway 
(Fig. ID). Lin et al.1301 first demonstrated this process by 
heating a polydisperse gold colloid in an environment of 
excess dodecanethiol molecules. The large particles break 
up into smaller ones upon heating, and the initially 
polydisperse colloid evolves into a much more uniform 
system. This is in sharp contrast to the Ostwald ripening 
process, which favors large particles because of their 
lower surface energy. Stoeva et al.[311 recently showed 
that this process is not limited to the gold colloid 
synthesized by the inverse micelle technique, but works 
as well for gold colloid prepared by the solvate metal atom 
dispersion (SMAD) method. This ripening process 
explains why thiolated gold colloid typically gives particle 
sizes in the range of 4-6 nm. Although it has been 
reported that different thiol-gold ratios can be used to 
adjust the particle sizes,[321 they may be formed in 
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kinetically trapped metastable sizes at room temperature. 
Reflux heating would eventually drive these particles into 
thermodynamically favored size ranges.[331 Although the 
detailed mechanism behind digestive ripening is still 
under investigation, it has been speculated that inter- 
molecular interaction and molecular surface interaction 
might induce a specific ligand packing curvature on the 
nanocrystal surface, which, in turn, determines the particle 

Ligand Shell 

In aqueous solution, nanocrystals are typically stabilized 
by double layers of ions absorbed on the surface.[341 
Nanocrystals in the organic solvent generally require 
coating with an organic ligand shell. There has been quite 
a variety of ligand molecules used in the literature, such as 
a l k a n e t h i ~ l , ~ ~ ~ . ~ ~ '  amine,1371 and carboxylic acid.138J Li- 
gand shells have several functions. First, and most im- 
portantly, they prevent nanocrystals from sintering upon 
colliding in the solution or on the substrate. The resulting 
steric repulsive force between ligand molecules is essen- 
tial to the ordered packing of nanocrystals into arrays.[341 
Molecular dynamics simulation by Luedtke and Land- 
man'391 showed that ligand molecules interdigitate and 
even bundle together to form a robust structure that 
separates nanocrystals in the array. Subsequent high- 
resolution transmission electron microscopy experiments 
supported this claim.[401 

An important point is that the array packing order will 
depend not only on the particle size dispersion, but also on 
the integrity of the ligand shells. Adsorption of ligand 
molecules in the solution is a reversible process, and there 

is frequent exchange between molecules adsorbed on 
the nanocrystal surface and molecules in the solution. 
Therefore repeated precipitation and washing can remove 
some ligand molecules from nanocrystal surface, which 
causes incomplete coating of ligand molecules on the 
surface. Depending on the number of attached ligands and 
their interactions with those of neighboring nanocrystals, 
the interparticle spacings will vary when nanocrystals self- 
assemble on the surface. As a result, for incomplete ligand 
coating, the average interparticle spacing is typically 
smaller and has a wider distribution. As shown in Fig. 2, 
arrays formed by nanocrystals surrounded by an incom- 
plete ligand shell exhibit a much reduced long-range 
ordering as compared with arrays formed by nanocrystals 
that have their surface saturated with ligands.[411 

Ligand molecules can also affect the nanocrystal solu- 
bility and induce specific interaction with complimentary 
molecules adsorbed on other nanocrystals or surface. Al- 
kanethiol with carboxylic acid group on one end can 
replace straight alkanethiol molecules, therefore allowing 
nanocrystals synthesized in the organic phase be trans- 
ferred to aqueous solution.[381 DNA-labeled nanocrystals 
can form aggregates when complimentary strands of DNA 
are added and result in a color change that is easy to 
detect.1421 Streptavidin-labeled nanocrystals can form a 
large array through biotin-streptavidin linkage.r431 

The physical properties of nanocrystals can also be 
changed by the ligand molecules. For example, electron- 
donating ligand such as pyridine or CO can change the 
unpaired electron density of a magnetic nanocrystal, 
quenching the magnetic moment of surface atoms at- 
t a ~ h e d . [ ~ ~ ]  On the other hand, enhanced surface moments 
were observed for nanocrystals formed in the gas phase 
without electron-donating ligands on the surface.[451 

Interpartide spaang (nm) 

Fig. 2 Interparticle spacings for a highly ordered array formed by monodisperse 5-nm Au nanocrystals with complete ligand shell and 
for a disordered array formed by the same nanocrystals but with incomplete ligand shells. (Image analysis based on transmission 
electron micrographs was done by N. Mueggenburg.) 
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Self-Assembly Mechanism 

The driving forces for self-assembly of nanocrystals in 
solution and on surfaces have been extensively studied in 
a variety of systems.[4c5" The mechanisms are, however, 
quite complicated, depending on the specific materials, 
the size and shape of the particles, the charges on their 
surfaces, and on the physical environment during the self- 
assembly process. They can be roughly categorized into 
the following types. 

1. Entropy-driven systems. Colloidal particles with 
strong repulsive interaction can crystallize when 
the concentration of particles exceeds a critical li- 
mit.[4M81 This is because the entropy gain associ- 
ated with local motions around the regular lattice 
point compared with motion around random sites is 
sufficient to compensate the entropy loss arising 
from long-range ordering. In some cases, the struc- 
ture of colloidal crystals grown from the surface can 
also be controlled by prefabricated patterns on the 
surface.'491 

2. Attraction-driven systems. For neutral, uncharged 
particles of sufficiently large size, van der Waals 3. 
interaction can be strong enough to induce aggrega- 
tion. At large distance, the attraction force varies as 
- A R ~ / D ~ ,  where A is the Hamaker constant, R is the 
particle radius, and D is the interparticle distance. At 

small distance, the functional form changes into 
- [50-521 If the attraction force is the only force 
that acts upon the particles or it is significantly 
stronger than any other interaction that is present, it 
will cause irreversible, diffusion-limited aggregation. 
Ligand coating on nanocrystal surfaces can act as a 
"bumper" or buffer layer ta prevent such irrevers- 
ibility. Diffusion of nanocrystals under the influence 
of the attractive force can lead to formation of large 
ordered arrays.'I6' Care must be taken to minimize the 
disruptive effect of solvent dewetting to obtain high- 
quality arrays (Fig. 3).['61 Temperature also plays an 
important role to anneal out some defect sites during 
the self-assembly process. For a pair of 6-nm gold 
particles separated by a gap of 1.7 nm (dodecanethiol 
chain length), a simple calculation shows that the 
interparticle van der Waals force is roughly 46 meV, 
which is comparable to the thermal energy at room 
temperature. Fig. 4 shows the edge of a self-as- 
sembled gold nanocrystal array. Particle sizes are 
more polydisperse at the edge than in the interior of 
the domain, presumably because of the thermal an- 
nealing effect during the assembly process. 
Other physically driven systems. Assembly of micron 
spheres and nanocrystals can also be accomplished by 
electrophoretic deposition.[533541 The assembly of 
particles on the electrode surface is a result of elec- 
trohydrodynamic fluid flow arising from an ionic 

Fig. 3 Long-range-ordered gold nanocrystal superlattices formed on silicon nitride substrate by controlling solvent dewetting. Each 
individual nanocrystal is about 5 nm in Inset shows the Fourier transformation of a small portion of the image. 
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Fig. 4 (A) The edge of self-assembled gold nanocrystal superlattices shows a sharp boundary, indicating that diffusion under the 
influence of interparticle van der Waals forces is responsible for the assembly process. (B-C) The edge of the domain exhibits a large- 
size polydispersity in size than the interior of the domain, indicating thermal annealing effect during the assembly process. 

current flowing through the solution. By adjusting 
the electric field strength or frequency, the lateral 
attraction force between particles can be modulated. 
This facilitates the reversible formation of two- 
dimensional fluid and crystalline states on the surface. 

ELECTRONIC TRANSPORT 

Charge transfer through nanocrystal arrays is of great 
importance not only because of the fundamental new 
physics involved in such highly correlated system, but 
also because the modern electronic components are ap- 
proaching the size limit of standard photolithography 
techniques.r55' Self-assembled structures based on chem- 
ically synthesized nanocrystals have the potential to 
circumvent such limitations and thus be used as alterna- 
tive future electronic components.[561 

The transport through individual nanocrystals has been 
well-studied both theoretically and experimentally (by 
both scanning tunneling and two-termi- 
nal  measurement^'^^'). For metal nanocrystal, its main 
feature is the Coulomb blockade effect, in which transfer 
of a single electron on or off a nanocrystal is strongly 
affected by electrostatic interaction with the nanocrystal's 

charge. Because of the large number of free electrons in 
metal nanocrystals, the discrete level spacing as a result of 
quantum confinement effects is small and becomes 
significant only at very low temperatures, typically << 1 
K. For semiconductor nanocrystals, the number of free 
carriers is much smaller and quantum confinement effects, 
together with the Coulomb blockade, determine transport 
properties.'591 

Many-particle systems, on the other hand, are not as 
well understood and are more complex because of the 
intricacies of coupling between constituent nanocrystals, 
effects of structural order and disorder, and charge transfer 
between nanocrystal cores and ligands. A variety of phe- 
nomena have been reported in different systems, including 
spin-dependent tunneling in magnetic particle assem- 
blies,"" hopping-type transport in dithiol linked arrays,'601 
and metal-insulator-like transitions in silver nanocrystal 
mon~la~ers . ' " -~"  Am ays of semiconductor particles ex- 
hibit interesting time- and illumination-dependent trans- 
port which, furthermore, shows striking slow relaxation 
behavior, reminiscent of glasses.[641 

Our own work has focused on weakly coupled metallic 
nanocrystal system-monolayers of 5 nm diameter 1- 
dodecanethiol-ligated gold nanocrystals, self-assembled 
on silicon nitride substrates-and we will begin our dis- 
cussion with these arrays as our By "weakly 
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Low-Temperature Limit 

Voltage (V) 

Fig. 5 Current-voltage (I-V) characteristic for a weakly 
coupled gold nanocrystal superlattice array at low temperature 
(12 K). The distance between the in-plane electrodes was 330 
nm and the array width was 2 pm. The lower inset shows a 
schematic I-V curve for a single nanocrystal. (From Ref. [65].) 

coupled" we mean that the Coulomb blockade energy, 
associated with the transfer of individual electrons be- 
tween individual nanocrystals, dominates transport-the 
Coulomb or single electron charging energies are large 
compared with kBT, and the electron wavefunctions, con- 
sequently, are localized on the scale of single nano- 
crystals. A typical current-voltage (I-V) curve at 12 K, 
from an array of length N z 5 0  particles separating the 
electrodes and width M z  270 particles, is shown in Fig. 5. 
There is a significant voltage threshold (VT=4.2 V) below 
which no current flows. The voltage threshold is the direct 
consequence of the Coulomb blockade. For each particle, 
an energetic cost V o ~ e l ~ r = e l C o ,  where r is the particle 
radius, E is the dielectric constant of the medium sur- 
rounding the metal core, and Co is the self-capacitance of 
the metal sphere, must be paid to transport a single 
electron onto the charged nanocrystal. For the particles in 
Fig. 5, Vo is around 100 mV, and VT arises as the sum of 
this single electron charging energy over all nanocrystals 
traversed in crossing from one electrode to the other. VT 
grows linearly with array length: VT=aN(elCo), where the 
parameter a ( a < l )  accounts for interparticle capacitive 
coupling and the randomness of the offset charges in 
the underlying substrate that give rise to the Coulomb 
blockade repulsion.[65481 

Current can flow when the voltage threshold is ex- 
ceeded-but how, microscopically, do electrons move 
from nanocrystal to nanocrystal? This can be answered by 
detailed measurements of the nonlinear current-voltage 
characteristics as a function of temperature. In the follow- 
ing, we start with a discussion of the low-temperature limit, 
in which thermal energies can effectively be neglected, 
and then consider the influence of finite temperatures. 

There is a distinctive threshold voltage in this temperature 
range. Beyond the array's threshold, current rises as a 
power law in voltage: 

where R is the interparticle resistance, M is the array 
width, Vo is the charging voltage (elCo), and VT is the 
threshold voltage. This power-law form was predicted 
independently nearly a decade ago by Middleton and 

Fig. 6 Log-log plots of I-V curves above the voltage threshold 
for both highly ordered nanocrystals arrays (a) and disordered 
nanocrystals array caused by solvent dewetting (b). A single 
power law with an exponent of 2.25 fits all the highly ordered 
arrays, while structural disorder causes significant deviations 
from power-law behavior. Inset to (b) shows simulated I-V 
curves for parallel one-dimensional chains of nanocrystals with 
randomly distributed thresholds. (From Ref. [65].) 
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Wingreen (MW)'~'] and by Roux and Henmann (RH) . '~~]  
Middleton and Wingreen pointed out that local charge 
disorder (i.e., random offset charges) gives each nano- 
crystal a different single-electron charging energy, uni- 
formly distributed in the interval (0, Vo). The path 
between the electrodes with the lowest total Coulomb 
blockade cost determines the voltage threshold. Beyond 
threshold, the applied voltage allows an increasing num- 
ber of paths to conduct current. As the current-voltage 
relation in each one-dimensional path is linear, the re- 
sulting array I-V curve (beyond threshold) is superlinear. 
In fact, MW provided an analogy between the branched, 
meandering flow of current in this sort of arrays to 
Kardar-Parisi-Zhang (KPZ) models.r691 This determinis- 
tic growth model was originally used to describe interface 
growth in disordered media, such as cluster formation, 
liquid front in fluid flow, and surface roughness of 
growing crystal. From this analogy, MW's theory gives a 
value of the scaling exponent: [=5/3. 

Experiments on highly ordered superlattices show 
robust power-law scaling (Fig. 6a), in accord with the 
MW model. However, the measured scaling exponent, 
1=2.2, differs from the theoretical prediction, 5=5/3. The 
cause for the discrepancy between theory and experiment 
remains an open question, although it may arise from 
dispersity in the interparticle resistances or from inade- 
quacies in the analogy to KPZ-type models. 

Structurally disordered arrays display different behav- 
ior beyond threshold. Fig. 6 compares ordered arrays with 
disordered arrays in which voids were caused by solvent 
dewetting, thereby breaking up the monolayer. Rather than 
exhibiting robust scaling with a single exponent [ over 

- 4 0 ! l . 1 . 1 . 1 , , ~  
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Fig. 7 I-V curves for a gold nanocrystal array as a function of 
temperature. In the low-temperature limit (below 100 K), a clear 
threshold exists, with a weak, linear temperature dependence. At 
high temperatures (above 100 K), there is a finite zero-biased 
conductance. (From Ref. [70].) 

Fig. 8 Schematic diagram of thermally-assisted tunneling at 
finite temperatures. The offset between energy levels involved 
in tunneling is caused by the single-electron charging energy. 
(From Ref. [70].) 

several orders of magnitude, the current-voltage data for 
the disordered samples are not well fit by a single power 
law and display significant sample-to-sample variations. 
The lack of scaling behavior can be understood by 
considering disordered arrays as two-dimensional patches 
connected by one-dimensional "bottlenecks" which dis- 
turb the branching and growth of current-carrying paths. 
Accurate determination of array scaling exponents thus 
can only be performed in structurally ordered arrays. 

Finite Temperatures 

Fig. 7 shows a set of I-V curves measured at different 
temperatures. A careful examination of this data reveals 
that, at low temperatures (< 100 K), there is a very weak 
temperature dependence. In this temperature region, the 
I-V characteristics above VT appear simply shifted along 
the voltage axis with increasing temperature, while the 
current scale is untouched.[707711 Based on the experimen- 
tal results, we can write ~ ~ ( 7 )  = vT(0)(l- b s), where 
VT(7') is the threshold voltage at temperature T and b is a 
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numerical factor. In other words, temperature contributes 
energy of order kBT per nanocrystal, which assists the 
electrons in "paying" the coulomb blockade cost for 
transport. Quantitatively, b= 13.9, both from experiments 
and from a model of thermally assisted tunneling.[691 Fig. 8 
is a schematic picture of thermally assisted tunneling in 
metal nanocrystals. This correspondence, combined also 
with the absence of exponentially activated conduction in 
this region, implicates as the transport mechanism tunnel- 
ing from metal core to metal core through large barriers 
(eV) provided by the ligands.[691 

At high temperatures, in our array around 100 K, VT is 
lowered to zero, and the zero-bias conductance (go=dZ/dV 
at V=O) is found to obey an Arrhenius form: go=exp(- U/ 
T). In certain other nanocrystal systems, only this ex- 
ponential form is seen at the temperatures examined.[601 
One must be wary of equating Arrhenius-like conductance 
with, for example, activated hopping over a barrier, as it 
also follows from a direct tunneling scenario at tempera- 
tures which overwhelm the Coulomb blockade energy. 

We have referred to the arrays above as "weakly 
coupled," meaning several things: First, the tunneling 
amplitudes between particles are low, leading to only 
picoamperes of current flow at biases of several volts. 
Second, the interparticle capacitances (determined by both 
the interparticle spacings and the nanocrystal sizes) are 
less than or equal to the single-particle capacitance Co. 
Third, transport is dominated by coulomb blockade effects, 
as shown by a finite voltage threshold at low temperatures. 
Experiments on strongly coupled nanocrystal arrays have 
also been performed, as we will now discuss. 

Interparticle coupling can be increased by the use of 
more complex conjugated or aromatic ligands[601 or by 
compressing arrays in Langmuir-Blodgett troughs. 
The latter technique has been used extensively by Heath 
et a1.[613621 Characteristic of transport data from these 
systems is the lack of a voltage threshold, i.e., a finite 
zero-bias conductance, down to the lowest tempera- 
tures examined. 

The most dramatic feature of compressed nanocrystal 
monolayers, discovered by Heath's group, is the appear- 
ance of shiny, metallic optical reflectivity beyond a 
certain critical ~ o m ~ r e s s i o n . [ ~ ~ . ~ ~ '  This has been referred 
to as a metal-insulator transition; we will discuss it also in 
the next section in the context of plasmon coupling. At 
present, simultaneous optical and electronic transport 
data do not exist. However, a wide range of transport data 
from these films (transferred from Langmuir troughs onto 
solid substrates), from compressions at both sides of 
the optical transition, show resistivity which increases 
exponentially with decreasing temperature, indicating 
insulating behavior. Although not technically metallic, 
the arrays show a rich variety of transport characteristics, 

with conductivity (o) following activated hopping forms 
[ a - e x p ( - ~ / ' ) ] , [ ~ ~ ~  variable-range hopping of interact- 
ing electron forms [o-exp(- u / T " ~ ] , [ ~ ~ ~  and other forms 
depending on variables such as compression and disor- 
der.[731 We will return to some of the issues raised by these 
experiments in the final section of this article. 

OPTICAL PROPERTIES 

The optical properties of small particles have received 
considerable attention during the past decade because of 
potential applications in optical sensorsr741 and lasing 
devices.[751 Research has mainly focused on semiconduc- 
tor nanocrystals and their assemblies. Size-dependent 
optical absorption and photoluminescence as a result of 
the creation and recombination of excitons have been 
studied extensively.[5761 In nanocrystal arrays, it has been 
found that interactions between nanocrystals can lead to 
long-range resonance transfer (LRRT).[ '~.~~' This process 
is schematically sketched in Fig. 9. When two different 
sizes of CdSe nanocrystals, for example, are combined in 
a mixed nanocrystal array, excitation in the small particles 
(donors) can resonantly excite large particles (acceptors). 
If the transferred excitation can be trapped in a low energy 
state of the large particle, then the reverse process cannot 
occur and a unilateral energy transfer process has taken 
place. Photolurninescence (PL) quantum yield (QY) of 
both the donor and acceptor in a mixed nanocrystal array 
showed a quenching of QY for the small particles and an 

Donor 

very fast lz Ib1 

Fig. 9 Schematic diagram of electronic energy transfer be- 
tween two different size nanocrystals in a close-packed nano- 
crystal array. The smaller particles that have large bandgaps are 
donors of excitation, while large particles with smaller bandgaps 
are acceptors of excitation. Different pathways of both radiative 
(R) relaxation and nonradiative (NR) relaxation are also 
indicated. (From Ref. [9]. Copyright 2000, Annual Review of 
Materials Science.) 
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Fig. 10 Absorption and photoluminescence spectra (PLs) for 
different sizes of CdSe nanocrystals (A) 30.3, (B) 39.4, (C) 48.0, 
and (D) 62.1 A diameters. PL spectra for nanocrystals in a close- 
packed array are red-shifted compared to spectra obtained from 
particles in solution. Open squares and circles are theoretical 
fitting curves taking into account the inhomogeneous distribu- 
tion of emitting energies. (From Ref. [9]. Copyright 2000, 
Annual Review of Materials Science.) 

enhancement for the large particles and thus confirm that 
the energy transfer process indeed takes place.'761 Even in 
a highly uniform nanocrystal array with size deviation less 
than 5%, the intrinsic inhomogeneity can lead to energy 
transfer among particles with different sizes. As a result, 
the PL spectrum of nanocrystals in solid form red-shifts 

compared with the same nanocrystals in colloidal form 
(Fig. 10). 

Optical properties of metallic nanocrystals are domi- 
nated by surface plasmon phenomena, where spatially 
confined electrons oscillated in resonance with incident 
electromagnetic waves. For specific metals, such as silver 
and gold, the plasmon absorption occurs in the visible 
wavelength range, giving rise to the visible colors for 
these colloids. For example, 5-nm gold nanocrystals are 
deep maroon in color. The frequency-dependent polariz- 
ability of a single nanocrystal is given by the Clausius- 
Mossotti equation:r771 

where R is the radius of the particle, ~(o) is the dielectric 
function of the particle, and 8, is the dielectric function of 
the medium. Using the dielectric function of metals, the 
polarizability of a single nanocrystal is 

where 52 = cop/& and wp is bulk plasmon frequency. 
The single particle therefore behaves like a harmonic 
oscillator of frequency 52 and damping constant z. The 
dipolar oscillation produces a strong electrical field near 
the surface, which is responsible for the surface-enhanced 
Raman scattering (SERS) of small molecules adsorbed on 
surfaces.[781 When nanocrystals are brought into close 
vicinity, interparticle coupling can lead to additional reso- 
nance~."~'  Fig. 11 shows, in a schematic diagram, how 
light at normal incidence can induce a coupled mode 
where neighboring particles are oscillating in phase. This 
coupling causes addition absorption peaks in the long 

Fig. 11 Schematic diagram of surface plasmons induced by a 
polarized plane wave incident upon two adjacent nanocrystals 
from different directions. (A) The external electric field is 
parallel to the line joining the nanocrystals. (B) The external 
field is perpendicular to the line joining the nanocrystals. (From 
Ref. [80]. Copyright 2001, Optical Society of America.) 
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In the case of strongly coupled nanocrystal arrays, such 
as Ag nanocrystal arrays compressed on the Langmuir 
trough, the optical properties also undergo dramatic 
changes when metal-insulator-like transitions 
The real part of the dielectric constant turns negative, 
indicating more metallic features. However, the derived 
value of the dielectric constant is about 10 times larger than 
typical values for an ordinary Ag film. This indicates that 
the "metallic" state caused by the strong coupling of 
neighboring nanocrystals is still quite different from the 
bulk metallic states that we are familiar with. 

Fig. 12 Calculated imaginary part of the polarizability of 
nanocrystals arranged on a square lattice. Resonance frequencies 
Q, and Qll correspond to surface plasmon oscillations perpen- 
dicular and parallel to the plane of nanocrystals. (From Ref. [81]. 
Copyright 1983, American Physical Society.) 

wavelength region. This coupling resonance depends not 
only on the particle size and interparticle spacing, but also 
on the polarization of the incident light and the structure 
of the nanocrystals lattices.[801 Persson and ~iebsch["] 
performed a theoretical calculation of a p-polarized light 
incident on a two-dimensional square lattice (Fig. 12). 
Two resonant peaks in the imaginary part of the 
polarizability correspond to coupled plasmon oscillations, 
either parallel or perpendicular to the array. The frequen- 
cies of these resonances are given by: 

where Uo is a geometric factor that depends on the 
structure of the array. In the case of disordered particle 
arrangements, the same calculation based on a coherent 
potential approximation shows that both of these absorp- 
tion peaks are broadened. Experiments on disordered 
nanocrystal arrays confirmed that prediction.r821 

A promising scheme of utilizing surface plasmons of 
coupled nanocrystals for optical applications was pro- 
posed by Quinten et a1.[831 In their model, a linear chain of 
metal nanocrystals was used to transmit electromagnetic 
waves through interparticle dipolar coupling. The field 
intensity of the transmitted electromagnetic wave depends 
strongly on the polarization of the incident light. Tradi- 
tional dielectric optical waveguides have a fundamental 
wavelength limitation. In comparison, small particle 
arrays have the potential to become functional units for 
guiding, modulation, and amplification of light signals on 
a length scale that is much smaller than the wavelength 
of light. 

CONCLUSION 

The controlled assembly of nanocrystals into large arrays 
and superlattices opens the door to a new class of artificial 
materials whose properties can be tuned by choosing dif- 
ferent core materials, by varying the core sizes and shapes, 
and by tuning the interparticle coupling strength. In par- 
ticular, the ability to vary independently the properties of 
the individual nanocrystal building blocks and the type 
and strength of the interactions between them allows for 
new and unprecedented control. As a result, materials with 
electronic or optical properties not obtainable from bulk 
can be designed "bottom up" by nanocrystal assembly. 

At present, the main challenge still lies in our ability to 
tune all of the key physical parameters of a nanocrystal 
array at will. As far as electronic transport is concerned, 
weakly coupled arrays are dominated by single electron 
Coulomb blockade effects. Strongly coupled arrays, on 
the other hand, are considerably different. Understanding 
the strongly coupled state and the transitions between 
strong and weak coupling are two pressing issues in this 
field. Experimentally, it is difficult to controllably adjust 
interparticle couplings. Compression in Langmuir troughs 
has yielded the fascinating data described above, but it 
suffers from the disadvantage of simultaneously altering 
both the voltage and current scales of transport. As 
nanocrystals are brought closer together, their capacitive 
coupling increases, lowering the Coulomb blockade cost 
for electron transport.[671 Also, the tunneling barrier 
separating the metal cores narrows, increasing the inter- 
particle tunneling amplitudes. Techniques to independent- 
ly manipulate these two effects would do much to further 
our understanding. One possible route is a better grasp of 
the role of ligands in nanocrystal systems, perhaps de- 
signing metal coreAigand particles with specific tunneling 
rates. (Such feats have been accomplished in the context 
of electron tunneling through proteins.[x41) 

Theoretical studies of Coulomb blockade-dominated ar- 
ray transport have been limited. Even for weakly coupled 



Nanocrystal Arrays: Self-Assembly and Physical Properties 

arrays, open questions remain, such as the discrepancy 
between the predicted and observed values of the ex- 
ponents for the current-voltage scaling relations. For 
strongly coupled arrays, the paucity of studies is even 
more pronounced. It is not yet clear to what extent such 
well-known concepts such as variable-range hopping, 
metal-insulator transitions, localization, etc. developed for 
microscopic disorder in semiconductors or disordered thin 
metal films carry over directly to nanocrystal arrays. For 
example, it is not obvious that anything besides fixed- 
range, nearest-neighbor hopping should even occur in 
metal nanocrystal arrays because of the large, mesoscopic 
distances involved and because, in contrast to hopping 
between sharp impurity levels in semiconductors, in me- 
tals, at any finite temperatures, the spectrum of available 
states is broad. Furthermore, the interplay of several types 
of disorder (random offset charges and variations in the 
particle size modulating the local charging energy and 
variations in the particle spacings giving rise to coupling 
strength disorder) as well as the potentially complex roles 
played by any electronic states inside the ligands make 
application of these established, but more microscopic 
concepts nontrivial. 

Controlling the optical response on a nanometer scale 
is another emerging direction of much promise. With 
strong coupling between nanocrystals, theoretical mod- 
els have predicted that coherent transfer of electromag- 
netic energy along nanocrystal arrays should be possible, 
despite significant radiative loss. Experiments have not 
unambiguously demonstrated this phenomenon so far 
largely because of the difficulty of creating the desired 
array structures on a very small length scale and also 
because of current limitations with near-field optical 
detection schemes. 

Several of the recently developed approaches discussed 
in this article provide new pieces to the expanding toolkit 
for nanocrystal array assembly: The digestive ripening 
method can produce size dispersions significantly below 
5%; fully ligand-saturated Au nanocrystals can assemble 
into extended monolayer superlattices with unprecedented 
degree of long-range order; nanocrystal arrays can be 
patterned into arbitrary 2-D shapes by electron beam 
exposure or can be interfaced with lithographically de- 
fined electrodes; and the use of membrane substrates 
allows for transport measurements and, with the same 
samples, for characterization of the local structural order 
by transmission electron microscopy. 
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INTRODUCTION 

The synthesis of metal particles with well-controlled 
shapes and sizes is critical for catalytic applications in 
structure-sensitive reactions because the rates depend 
significantly on the metal crystallite size as well as on the 
orientation of the crystalline planes.['1 The morphology- 
catalytic reactivity relationship is generally unclear for the 
catalysts prepared by classical impregnation method 
because the resulting metal particles are nonuniform in 
size and shape, and are often too small to be precisely 
characterized. Additionally, there is a significant support 
effect on the catalytic reactivity of the small metal 
particles.'2-41 With other preparation methods such as 
vapor[51 and metal cluster deposition,[61 electron beam 
lithography,[71 etc., it is possible to control, to some ex- 
tent, the size, but not the crystallographic orientation, of 
the metal particles. 

The colloid method is one of the most promising ways 
to obtain relatively monodispersed metal particles with 
controlled shapes.[81 Among metals, platinum is a suitable 
precursor because different shapes of nanoparticles can be 
prepared by using suitable capping The 
NO/CH4 reaction was chosen to investigate the structure- 
catalytic reactivity relationship for the well-structured 
Pt nanoparticles. The conventionally prepared Pt/A1203 
catalysts give relatively high selectivity to NH3 and CO. 
Because NO/CH4 reaction is structure-sensitive, sig- 
nificant improvements in the catalytic behavior are ex- 
pected through a fine control of the morphology of Pt 
particles."2."' 

The general aim of our work is to bridge the gap 
existing between the science of clean single crystals 
surfaces and the world of real catalysis. Particularly, we 
intend to have a better understanding of the relationship 
existing between the structure of the supported Pt particles 
and the catalytic behavior for the NO/CH4 reaction. From 
the practical point of view, our scope is to prevent or to 
considerably reduce the formation of undesired reaction 
products, such as NH3, CO, and N20. The approach to 
fulfill the abovementioned goals was to prepare well- 

defined Pt nanocrystals having mainly cubic structure, to 
support them on alumina, and to test their specific 
catalytic activity for the NO/CH4 reaction. 

EXPERIMENTAL 

The synthesis method for the controlled shape colloidal Pt 
nanoparticles was reported relatively recently.['01 In 
principle, the procedure consisted of the reduction of 
K2PtC14 precursor with H2 in the presence of polyacrylate 
capping  material^.['^*"^ Morphological control in the 
synthesis of the well-defined Pt nanoparticles was further 
optimized by using NIPA (polymer of N-isopropylacry- 
lamide) as a capping polymer and by changing the syn- 
thesis temperature.lgl The preparation method followed in 
the present study consisted of the reduction of K2PtC14 

M) with H2 in the presence of the NIPA polymer 
M) in the 10-40°C temperature range.[9' 

The resulting Pt nanocrystals (with mainly cubic shape) 
were supported by adding, under stirring, 0.1 g of y-alu- 
mina (Aerosil; 100 m2 gp ')  to 50 ml of colloidal Pt 
solution to get a final loading of Pt on 1 wt.% alumina. 
After water was removed from the suspension by freeze- 
drying, the remaining solid was calcined in air at 500°C 
for 8 hr to remove the NIPA polymer by decomposition. 
The calcined catalysts was pelletized, crushed, and sieved. 
The 335- to 1000-pm fraction was used for catalytic tests. 
The Pt colloid as well as the calcined catalyst were char- 
acterized by transmission electron microscopy (TEM; 
Hitachi H-8100). Additionally, the catalysts were charac- 
terized by X-ray diffraction (XRD; Rigaku Multiflex 
diffractometer provided with peak assignment software), 
by N2 adsorption for measurement of physical surface 
(Belsorb 28 SA), and by CO chemisorption for determi- 
nation of metal surface (Yuasa ChemBET-3000). 

For convenience, the alumina-supported, well-struc- 
tured Pt nanocrystals will be called, hereafter, Pt(100}/ 
A1203. The activity of the Pt{ 100)ly-A1203 catalyst (0.05 
g) for the NO/CH4 reaction was tested in flow system by 
using a quartz microreactor (i.d.=5 mm) operating at 
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Table 1 The morphology of the Pt particles in different stages (Pt colloid, after deposition on alumina, and after high-temperature 
aging) as determined by TEM, XRD, and CO chemisorption measurements 

Diameter (nm) 

Colloidal stage Active catalysta Aged catalystb 

Samples ~ T E M '  dxmd dcoe ~ T E M  ~ X R D  dco ~ T E M  ~ X R D  dco 

Pt{polycrystalline)/A1203 - - - 2.8 - 2.4 - - - 

Pt { 100 ]/A1203 13.6 - - 13.4 11.7 23 15.1 10.6 21 

"Catalyst working in the NO/CH4 reaction mixture up to 600°C. 
b~a ta lys t  aged at 950°C for 4 hr in the NO/CH4 reaction mixture. 
'The average size was determined from TEM micrographs by counting more than 200 Pt nanoparticles. 
d ~ i z e  calculated from the broadening of the XRD peak of Pt(l11) (28=40°). 
eAverage size determined from CO chemisorption data. 

atmospheric pressure. The total flow rate of the reactant 
mixture (1% NO and 0.4% CH4, balance Ar) was 50 cm3 
minp' standard temperature and pressure (STP). The 
corresponding gas hour space velocity (GHSV) was 
60,000 hr- ' . 

The analysis of gaseous mixtures was carried out with a 
gas chromatograph (GL Sciences-320) equipped with a 
thermal conductivity detector (TCD). N2, NO, and CH4 
were separated by a molecular sieve 13 x column and the 
C 0 2  and N20  were separated by a Porapak-Q column. 

The activity of well-structured platinum catalysts 
(Pt(100)/A1203) was compared with that of a standard 
catalyst supplied by Engelhard Corporation Japan (lot 
no. H-T1150-01). The Engelhard catalyst (metal loading, 
1 wt.%), hereafter called Pt(polycrystalline)/A1203, had 
metal and Brunauer-Emmet-Teller (BET) surface areas 
of 1.19 ( ~ 4 4 %  dispersion) and 1 14 m2 g ', respectively. 
The metal particle size, determined from chemisorption 
and TEM data, were 2.4 and 2.8 nm, respectively 
(Table 1). 

The catalytic behavior in the NO/CH4 reaction was 
expressed in terms of conversion, selectivity, and 

RESULTS 

The configuration of NIPA thermosensitive polymer 
changes reversibly with temperature because a hydrophil- 
ic-hydrophobic transition takes place at ~ 3 6 ° C .  The 
influence of capping conditions on the morphology of Pt 
particles was investigated by carrying out the reduction of 
K2PtC14 both in hydrophobic and hydrophilic regions (10- 
40°C). The proportion of Pt cubic to other shapes passed 
through a maximum ( ~ 7 0 % )  for a reduction temperature 
of 40°C (Fig. 1). 

Fig. 2 presents the TEM images of the Pt nanoparticles 
in different stages. Fig. 2a shows the well-defined cubic Pt 
nanocrystals, of around 13 nm, in colloidal stage. Analysis 

by high-resolution transmission electron microscopy 
(HRTEM) revealed that the square particles were Pt 
single crystals with a surface relatively free of defects 
(smooth surface). The Pt nanoparticle shown in Fig. 2b is 
bounded by ( 100) facets because the distance between the 
adjacent lattice fringes of 0.196 nm corresponds to the 
interplanar distance of Pt(200).  Other crystallographic 
orientations (i.e., { 11 1 ) and { 1 10)) as well as steps and 
ledges are also possible["1 at the slightly rounded comers 
of the cubes. The cubic structure of the Pt nanoparticles 
was preserved after supporting them on alumina (Fig. 2c). 
The conversion of the square Pt nanoparticles to other 
shapes (i.e., irregular, round, and hexagonal) was ob- 
served after high-temperature aging (950°C for 4 hr) in the 
NO/CH4 mixture (Fig. 2d). The impact of the morpho- 
logical changes of the supported Pt nanoparticles on the 
catalytic activity and selectivity for the NO/CH4 reaction 
will be analyzed hereafter. 

Because the morphology of the Pt nanoparticles 
changes slightly from batch to batch and the NO/CH4 
reaction is very sensitive to the metal structure, it is our 
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Fig. 1 The relationship between the morphological distribution 
of the platinum nanoparticles in colloidal stage and the reduction 
temperature. 
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Fig. 2 TEM images of (a) Pt colloid composed mainly of cubic 
nanoparticles ( ~ 7 0 % ) ;  (b) high magnification of an individual 
cubic Pt nanoparticle; (c) alumina-supported Pt nanoparticles; 
and (d) alumina-supported Pt nanoparticles aged at 950°C for 4 
hr in the NO/CH4 mixture. 

standard procedure to characterize the Pt nanopartices in 
colloidal stage as well as after deposition on alumina and 
catalytic tests by TEM, XRD, and CO chemisorption. 
Table 1 presents the average size of Pt particles in colloidal 
stage (TEM data), after deposition on alumina and catalytic 
tests up to 600°C (TEM, XRD, and CO chemisorption 
data), and after thermal aging (950°C, 4 hr) in the NO/CH4 
reaction mixture (TEM, XRD, and CO chemisorption 

data). The average size (dTEM) of the colloidal Pt nano- 
particles (M 13.6 nm) does not change after deposition on 
alumina or after catalytic reaction up to 600°C in the NO/ 
CH4 reaction mixture (dTEM= 13.4 nm). Good thermal 
stability of the alumina-supported Pt nanoparticles is 
confirmed also by XRD data (dxRDz 11.7 nm). 

Theoretical calculations, by considering the dTEM 
average particle size of 13.4 nm, predict a platinum dis- 
persion of around 7%. Such a small dispersion is, in 
practice, difficult to measure by CO chemisorption. How- 
ever, we attempted to measure it by using a sensitive chem- 
isorption apparatus, which can generate and measure CO 
pulses on the order of microliters. The dco value of ~ 2 3  
nm, determined for the catalysts working in reaction 
mixtures up to 600°C, is higher than those determined by 
TEM (dTEM M 13.4 nm) or by XRD (dxRD M 11.7 nm) 
(Table 1). Taking into account the extremely small dis- 
persion, the low metal loading (1% Pt), and the small 
amount of catalyst (0.05 g) used for metal surface deter- 
mination, the chemisorption data are quite satisfactory 
and may be useful especially in revealing the evolution of 
metal surface area with temperature. 

Morphological information regarding the thermally 
aged catalyst (950°C, 4 hr in the NO/CH4 mixture) is 
given in Table 1 (dTEM, dXRD, and dco), Fig. 2d, as well as 
in Figs. 3 and 4 (morphological and size distributions, 
respectively). Apparently, the TEM data indicate a slight 
increase in particles size from 13.4 to 15.1 nm for the 
thermally aged Pt nanoparticles (Table 1). In contrast, the 
XRD and chemisorption data (dxRD M 10.6 and d o  ~ 2 1  
nm) suggest a slight decrease in particle size after thermal 
aging (Table 1). This apparent contradiction, between 

Morphology of Pt nanoparticles 

Fig. 3 Morphological distribution of the (I) initial colloidal Pt nanocrystals deposited on y-A1203 and (11) alumina-supported Pt 
nanoparticles subjected to thermal aging at 950°C for 4 hr in the NO/CH4 reaction mixture. (View this art in color at www.dekker.com.) 
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25 
initial 

Pt particle size I nm Temperature I'C 

Fig. 4 The size distribution of the (I) colloidal pt nanop&cles Fig- 5 The conversion of NO to all products as a function of 

supported on alumina (initial) and (11) alumina-supported ~t temperature for the Pt{ 100)/A1203 catalyst. ( x  ) NO; ( a )  C H ~ ;  
nanoparticles subjected to thermal aging at 950°C for 4 hr in the (A) N2; (O) N2°; (w) NH3; (0)  C02; CO; and (0)  H2 

NO/CH4 mixture. (reactant mixture: 1% NO, 0.4% CH4, and balance Ar). 

TEM data on one hand and chemisorption and XRD data 
on the other hand, will be analyzed later in the "Discus- 
sion" section. 

The morphologies of the colloidal Pt nanoparticles 
synthesized at 40°C and of the thermally aged (950°C, 4 hr 
in the NO/CH4 mixture) Pt nanoparticles supported on 
alumina are comparatively presented in Fig. 3. Around 
53% and 17% of the colloidal Pt nanocrystals have 
been found to have "clear square" and "unclear square" 
shapes, respectively. The "clear square" particles were 
Pt(100) single crystals with surfaces relatively free of 
defects (Fig. 2b). The particles with "unclear square" 
shape were also cubic nanocrystals but with a rough 
surface (defected surface). Besides cubic, other shapes, 
such as hexagonal ( ~ 9 % ) ,  round (=4%), small ( ~ 5 % ) ,  
and irregular (= 12%), have been identified, too. 

The initial morphological distribution was significantly 
altered after thermal aging at 950°C for 4 hr in the NO/ 
CH4 mixture. The "clear square" and the "unclear 
square" particles were practically completely converted 
to irregular ( ~ 4 7 % ) ,  round ( ~ 2 5 % ) ,  and hexagonal 
(Z  17%). 

From the Gaussian-type size distribution of the 
colloidal Pt  nanoparticles, an average particle size of 
= 13.6 nm was determined (Fig. 4, Table 1). The size 
distribution of the Pt nanoparticles became apparently 
broader after thermal aging at 950°C for 4 hr, but the 
average particle size increased only slightly, from 13.4 to 
15.1 nm. 

The catalytic activity of Pt{ 100)/Al2O3 for the NO/ 
CH4 reaction vs. temperature is presented in Fig. 5. The 
total conversion of NO was achieved for T>350°C. 
The concentration of N20 goes through a maximum at 
400°C and then decreases with increasing reaction tem- 
perature. In the lower-temperature domain (350-500°C), 

the only product of methane oxidation was C02. The 
formation of CO was observed for T>500°C. Small 
amounts of NH3 were detected only in the high-temper- 
ature region (T 2 550°C). Experiments in which the ca- 
talyst was cycled up and down in the temperature range of 
300-600°C did not show any significant variations in 
catalytic activity. 

The conversion of NO and CH4 as well as the reaction 
selectivity to various products are presented in Fig. 6. The 
reaction selectivity to N2 reaches a maximum at 550°C 
( ~ 9 9 % ) .  The selectivity to N20 has a maximum at 350°C 
( ~ 4 0 % )  and then decreases with increasing reaction 
temperature. The selectivity to NH3 increased with 
increasing reaction temperature from z 1% at 550°C to 
= 10% at 600°C. 

Temperature PC 

Fig. 6 The temperature dependence of the NOlCH4 reaction 
conversion (X) and selectivity (S) for Pt{ 100)IAl2O3 catalysts. 
( x  X(N0); ( a )  X(CH4); (A) s(N2); (El) s(N20); (W S(NHd; 
( 0 )  S(C02); (+) S(C0); and (0) S(H2) (reactant mixture: 1% 
NO, 0.4% CH4, and balance Ar). 
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X(NO)l% X(CH4)/% Y(H2)1% Y(N2)/% Y(NLO)/% Y(CO)/% Y(C02)/% Y(NH3)/% 

Reactant and reaction products 

Fig. 7 Comparison between the NO/CH4 reaction conversion (X) and yield (Y), and the products for Pt(polycrystalline}/A1203 
(Engelhard) and Pt(100}/Al2O3 (well-defined Pt nanoparticles) catalysts at 400°C. 

The catalytic behavior of Pt{100)/A1203 for the NO/ Both catalysts investigated exhibit comparable activity 
CH4 reaction was compared with that of a standard for NO conversion, increasing yield to N2 (opposite trend 
catalyst, Pt{polycrystalline)/A1203, at 400°C (Fig. 7) and for N20) and increasing CH4 conversion with temperature 
500°C (Fig. 8). In this manner, the observed differences (Figs. 7 and 8). 
would be ascribed to the morphological effects of the Pt Interestingly, significantly lower yields to CO and NH3 
particles on the NO/CH4 reaction. were observed for the Pt{100}/A1203 catalyst compared 

X(NO)/% X(CH4)/% Y(H2)1% Y(N2)/% Y(N20)1% Y(CO)I% Y(C02) 

Reactant and reaction products 

Fig. 8 Comparison between the NOICH4 reaction conversion (X) and yield (Y), and the products for Pt{polycrystalline}/A1203 
(Engelhard) and Pt{ 100}/A1203 (well-defined Pt nanoparticles) catalysts at 500OC. 
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2 0  / degrees 

Fig. 9 Comparative XRD patterns for polycrystalline and well- 
structured platinum particles supported on alumina. Spectrum 
(a): Pt{polycrystalline]IA1203 (Engelhard) catalyst used in the 
NO/CH4 reaction in the 300-600°C temperature range. Spec- 
trum (b): Pt{ 100]/Al2O3 (well-structured Pt nanoparticles) used 
in the NO/CH4 reaction in the 30M00°C temperature range. 
Spectrum (c): Pt{ 100]/A1203 after aging at 950°C for 4 hr in the 
NOICH, reaction mixture. 

with the Pt(polycrystalline}/A1203 catalyst (Figs. 7 and 
8). On the other hand, the well-structured Pt nanoparticles 
showed higher yield to N20. 

The XRD pattern of the Pt(polycrystalline}/A1203 
presented in Fig. 9a indicates that Pt particles are too 
small ( ~ 2 . 4  nm) to give characteristic XRD peaks. The 
XRD patterns of the Pt(100}/A1203 catalysts (Fig. 9b and 
c) exhibit the characteristic XRD reflections of the large, 
well-crystallized Pt nanoparticles at 2 0 ~ 5 4 0 "  and 
2 0  = 81'. The average sizes of Pt crystallites, calculated 
from the XRD peaks at 2 0 ~ 4 0 "  by using the Debye- 
Scherer equation, were 11.7 nm for the Pt(100}/A1203 
catalyst working in the NO/CH4 mixture at the 300400°C 
temperature range and 10.7 nm for the same catalyst aged 
at 950°C for 4 hr in the reaction mixture. The XRD results 
suggest a remarkable size stability of the alumina- 
supported Pt nanocrystals. 

DISCUSSION 

According to ultrahigh vacuum (UHV) investigations, the 
catalytic activities for numerous reactions vary from one 
metal crystal face to another.'14' For example, the NO/H2 
reaction proceeds with significantly different rates over 
Pt(100) and (1 10) mono crystal^.['^^ Therefore the rate of 
N2 formation is at least five times higher on the surface of 
Pt(100) than on Pt(1 lo). In fact, the studies performed on 
the clean surfaces predict that a strong structure-catalytic 
reactivity relationship should also exist in atmospheric 
pressure conditions. 

The first step to better understand the structure- 
catalytic reactivity relationship is to have a good mor- 
phological control (shape and size) of the supported metal 
nanoparticles and to reduce or eliminate the support 
effect. In this way, the most important factors responsible 
for the significant differences observed between the 
catalytic behaviors of the large, well-defined Pt nanopar- 
ticles and the small, polycrystalline Pt particles in the NO/ 
CH4 reaction can be identified and analyzed more easily. 
The catalytic tests show that, over the Pt(100}/A1203 
catalyst, the formation of CO and NH3 is largely pre- 
vented, whereas the yield to N 2 0  increases compared with 
the Pt{polycrystalline}/A1203 catalyst. 

It is clear that the interaction with the support is 
minimal in the case of the large ( ~ 5  13 nm) Pt nanopar- 
ticles grafted after the formation on alumina. ~ o u d a r t [ ' ~ I  
observed that the catalytic behavior of particles larger than 
5 nm mostly reflects the properties of bulk metals. 

The main differences observed between the two 
catalysts compared are the dominant orientation of the 
crystallographic facets and the average size of Pt crystal- 
lites. The large Pt nanocrystals (= 13 nm) of the Pt( 100}/ 

catalyst were, in majority (x70%), cubic-shaped. 
In contrast, the conventional Pt{polycrystalline}/Al2O3 
catalyst had small, round-shaped Pt particles of ~ 2 . 4  nm 
with random crystallographic orientations. The impact of 
the abovementioned factors, shape and size, on the 
catalytic behavior for the NO/CH4 reaction will be 
discussed later in this work. 

Activation of NO 

It is rational to consider that the first step of NO con- 
version is the dissociation from the metal surface:['71 

The absence of a reductant, which removes the strongly 
adsorbed Oads, prevents further NO d e c ~ r n ~ o s i t i o n . [ ' ~ ~ ~ ~ ~  
We observed that in the absence of CH4, around 2-5% of 
NO decomposes for a short time (few minutes) over the 
reduced Pt(100}/A1203 catalyst. Burch and ~ a m l i [ ~ ' ]  
suggested that the relative activities for various catalysts 
reflect the ease of catalyst reduction by a reducing agent 
(i.e., CH4). 

The dissociation of NO over the clean surfaces of metal 
single crystals has been intensively investigated. The most 
important conclusions of these studies will be briefly 
reviewed to explain the catalytic behavior of Pt{100}/ 
A1203 in the NO/CH4 reaction: 

(I) The NO dissociation on clean metal surfaces is a 
coverage-dependent Low NO coverage 
(typically 0<0 .3 )  favors the complete dissociation 
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of ~ 0 . ' ~ ~ ~  It is likely that in real catalytic condi- 
tions, the adsorbed NO will be only partially 
dissociated because of the high surface coverage. 
Thus the molecular NO will coexist on the metal 
surface with Nads and Oads species. 

(11) The dissociation of NO is very sensitive to crystal- 
lographic orientation. Desorption studies evidenced 
that only 5% of the adsorbed NO dissociates frcm 
Pt(ll1) and Pt(1 lo), in contrast with Pt(100), which 
dissociates by around 5 0 % . [ ~ ~ '  Moreover, the 
Pt(ll1) facet is reported to be completely unreactive 
for NO decomposition at any coverage.[231 On the 
other hand, the high-index Pt planes are unusual 
active for NO decomposition. For example, more 
than 98% of the adsorbed NO is dissociated from the 
Pt(410) surface.[22' 

Some studies pointed out that NO dissociates mainly at 
the steps.['71 The conventional catalyst, containing small 
Pt particles with random crystallographic orientation, is 
rich in high-index planes, edges, kinks, and steps. 
Therefore it is expected to show high activity for NO 
decomposition. In contrast, the large Pt nanocrystals have 
limited activity for NO decomposition because of the low 
concentration of high-index planes and surface defects. 
Our assumptions are confirmed by experimental facts. The 
Pt(100) single crystals are catalytically active but give a 
dissociation for NO%50% under conditions where the 
polycrystalline Pt samples give a dissociation of 75% for 
 NO.[^^' The activity for NO decomposition should have 
a great impact on the NO/CH4 reaction selectivity to N20 
and N2. We will discuss in detail these aspects in the 
next paragraph. 

In fact, NO can be decomposed not only by metals but 
also by metal oxides. investigated the decom- 
position of NO to over 40 oxides (PtO, was not included 
in this screening) and found out that the most active 
oxides give a conversion of below 50% for NO. In our 
specific case, we could not provide evidence on the for- 
mation of PtO, species through any experimental method 
used [temperature-programmed reduction (TPR) and 
XRD]. Therefore it is safe to state that the bulk PtO, is 
not formed over the Pt{100]/A1203 catalyst and, in 
consequence, is not involved in the decomposition of 
NO. On the other hand, we clearly observed that (in the 
absence of a reductant) the oxygen resulting from NO 
decomposition poisons the reaction because of the 
formation of a superficial layer of strongly adsorbed 
oxygen.'251 

In practice, NO decomposition can be even more 
complicated. From single crystal studies, two possible 
structures have been found for the Pt(100) plane, indicated 
by (1 x 1) and (5 x 2).[261 The (1 x 1) surface has a square 
structure on a square substrate, whereas the (2 x 5) surface 
has a hexagonal structure on the square substrate. The 

(1 x 1) and (5 x 2) surfaces exhibit different adsorption 
and catalytic properties.[271 The dissociation of NO takes 
place only on the (1 x I )  phase, whereas the hexagonal 
one is inert.[Ig1 However, at present, it is difficult to assess 
the impact of these structures, observed in UHV condi- 
tions, on catalytic behavior at atmospheric pressure. 

It is likely that for a real catalyst under steady-state 
conditions, less active sites (e.g., terraces) will certainly 
come into play, so the overall reactivity will be the result 
of weighted contributions from various surface structure 
elements, dominated by active sites located at steps, edge, 
and kinks.["] 

Formation of N, and N20 

There is almost a general agreement in the published 
literature, from catalytic investigations conducted under 
atmospheric pressure[23281 and studies performed on clean 
metal  surface^,[^^.^^^ that N2 and N20 are formed via the 
following reactions: 

There are also a few works assuming that N20 can be an 
intermediate during the reduction of NO by C H ~ . [ ~ ~ ~  

Our experimental results strongly support the mecha- 
nism for N20 formation described by Eq. 3. The 
generation of N20 is favored over the Pt(100)/Al2O3 
catalyst because the large, well-defined Pt nanocrystals 
exhibit low activity for NO decomposition. In contrast, 
high selectivity to N2 was observed over the small ( ~ 2 . 4  
nm) polycrystalline Pt particles because of the high 
efficiency shown for NO decomposition (Eq. 2). 

The dissociation equilibrium for NO is a temperature- 
dependent process. As the temperature increases, the 
reaction is shifted toward the dissociation of NO, thus the 
most favored reaction becomes the recombination of Nads 
to give molecular N2 (Eq. 2 and Fig. 6). 

Conversion of CH, 

Methane must overcome an activation energy barrier of 
around 7 kcal mol- ' to chemisorb on metal surfaces, and 
the barrier height for breaking the C-H bond by kinetic 
energy is 29 kcal m o l  '.[301 The dissociative adsorption of 
methane occurs either on the fully reduced Pt, or at 
mixed sites comprising ptS -pt8+, but the fully oxidized Pt 
surface is less active than the reduced or partially oxidized 
surface:[3 'I  

Then the CH, and Hads surface species are oxidized by the 
Oads (resulting from NO decomposition) to C02 and H20 
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over the Pt{ 100}/A1203 catalyst. In other words, the high 
oxidizing activity of the adsorbed oxygen on the sur- 
face of large Pt particles explains the high selectivity to 
deep oxidation products despite methane excess used in 
our experiments. 

The structure sensitivity of methane oxidation over 
platinum was explained by the different reactivities of the 
adsorbed oxygen.1321 The higher resistance of the large Pt 
particles against bulk oxidation['61 explains the enhanced 
catalytic activity for CH4 oxidation.[321 The catalytic 
activity of the large Pt particles for oxidation reactions 
was found to be at least one order of magnitude higher 
than the small, well-dispersed Pt particles.[331 The 
chemisorbed oxygen is bound more weakly to the metal 
surface and therefore is more ready to react with CH, 
species.r341 The oxidation of CH, on the large Pt 
nanocrystals (z 13 nm) can be described by the follow- 
ing equation: 

The subscript "L" indicates that the oxygen is adsorbed 
on large Pt particles. The hydrocarbon continuously 
removes the pool of Oads then NO dissociation continues, 
mainly on high index planes and surface defects. 

In contrast to the large Pt nanocrystals, the well- 
dispersed Pt particles, with an average size of 2.4 nm, give 
high selectivity to CO and NH3 (Figs. 7 and 8). These 
results can be explained as follows. The dispersed Pt 
particles can be successively converted, depending on the 
temperature, to PtO, Pt02, and, finally, ~ ~ 1 ~ 0 4 . ' ~ ~ ~ ~ ~ ~  
Because of the low oxidation activity of 0" (PtO,) 
species, some of the surface CH, species will undergo 
only partial oxidation: 

The subscript "S" indicates that the 0'- is formed on 
small Pt particles. 

In addition to CO, large amounts of NH3 are formed 
during the reduction of NO with CH4 over the conven- 
tional ~ t / ~ 1 ~ 0 ~ [ ~ ~ ~  and catalysts. The selectiv- 
ity to NH3 was observed to decrease with increasing 
oxygen concentration in reactant mixtures. It is likely that 
the lifetime of the CH, and Hads species on the small Pt 
particles is longer because of the low oxidation ability of 
bulk PtO,. Therefore the reactions responsible for ammo- 
nia formation are favored: 

The formation of NH3 over Pt{100}/Al2O3 was greatly 
reduced because the active oxygen chemisorbed on the 

large Pt particles rapidly removes, as do C02 and H20, the 
carbonaceous and H species from the surface. 

Impact of Platinum Morphological Evolution 
on Catalytic Behavior 

From the aforementioned results as well as from already 
published it is clear that both the size and the 
facet have a determinant role in the catalytic activity of Pt 
particles for the NO/CH4 reaction. Morphological changes 
of the Pt nanoparticles are expected to take place in 
reaction conditions. Therefore a closer look was taken 
on the morphological evolution of the Pt nanoparticles 
with time in reaction conditions, as well as on the impact 
of this evolution on the catalytic behavior for the NO/ 
CH4 reaction. 

The catalyst was subjected to an accelerated thermal 
aging at 950°C for 4 hr in the NO/CH4 reaction mixture. 
Then, the catalytic behavior of the aged catalyst was 
checked again in the low-temperature region (300- 
600°C). Fig. 10 illustrates the aging effect on the catalytic 
behavior of alumina-supported Pt nanoparticles. For the 
sake of simplicity, only yields to the harmful products 
(N20, CO, and NH3) were compared. The main changes 
observed after high-temperature aging can be summarized 
as follows: 1) the production of N20 and CO decreased 
significantly (the formation of CO was prevented below 
550°C and the yield to N20 became negligible at 
T>400°C); and 2) the formation of NH3 was completely 
suppressed (Fig. 10). 

From the data presented in Table 1 and Fig. 3, it was 
found that aging had little effect on particle size, but a 
significant effect on the shape of Pt nanocrystals. The 

350 400 450 500 550 600 

Temperature PC 

Fig. 10 Comparison between the NO/CH4 yield to N20 (A, 
A), CO (0,  a), and NH3 (0, +) for the fresh (open symbols) 
and high-temperature (950°C, 4 hr) aged (closed symbols) 
alumina-supported Pt nanoparticles in the 350400°C tem- 
perature range (reactant mixture: 1% NO, 0.4% CH4, and bal- 
ance Ar). 



Nanocrystal Dispersed Platinum Particles: Preparation and Catalytic Properties 2267 

larger dTEM value observed for the aged catalyst (z 15.1 
nm) compared with the fresh catalyst (z 13.4 nm) can be 
explained by the flattening of the Pt particles on the 
support, rather than by sintering (no sign of particle ag- 
glomeration was observed). The flattening of Pt nanopar- 
ticles (or the decrease in thickness) is supported also by 
the decrease in dXRD value from 11.7 to 10.6 nm after 
aging. As we already discussed, the initially square Pt 
nanoparticles (relatively free of defects) were converted 
during thermal aging to irregular-shaped, round-shaped, 
and hexagonal-shaped particles (Fig. 2d). In other words, 
the low index facets were gradually shifted at high 
temperature to higher index planes. It is well known that a 
rearrangement of the metal surface, called "surface 
roughening" or "surface melting," can take place (below 
the melting temperature) if it is heated above some critical 
temperature. It is relatively common for a surface to show 
one equilibrium reconstruction at low temperature and 
to show another equilibrium surface structure upon 
heating.'"] In the case of alumina-supported Pt nano- 
particles, the process of surface roughening was not a re- 
versible one. 

As it was already stressed, the low index Pt planes (i.e., 
~ t ( 1 0 0 ) ) ~ ' ~ I  are less active for NO dissociation compared 
with higher index planes (i.e., ~ t ( 4 1 0 ) ) [ ~ ~ ]  or surface 
defects.'17] The decrease in N 2 0  yield for thermally aged 
Pt nanoparticles, rich in surface defects, can be easily ex- 
plained by taking into account their high activity for NO 
decomposition (Fig. 10). 

The reasons for the significant decrease in CO and NH, 
yields after thermal aging will be given hereafter. As it 
was already emphasized, the small Pt particles have lower 
catalytic activity for oxidation reaction because they 
easily form PtO, species (bulk oxide).[331 The oxygen 
coverage as well as the desorption temperature are sig- 
nificantly higher on the small ( ~ 2  nm) Pt particles 
relative to the large ( ~ 8 . 3  nm)  one^."^' For our specific 
case, the CH, species, formed by the dissociative ad- 
sorption of CH4, will be further oxidized to CO, by 
oxygen resulting from the dissociation of NO. The high 
activity of the restructured Pt nanoparticles (thermally 
aged) for NO decomposition increases the supply of active 
oxygen, which rapidly removes surface carbonaceous 
species such as C02. As a consequence, the reaction yield 
to CO decreases. 

The same explanation is valid in the case of ammonia 
formation. It is accepted that NH3 is formed in the reac- 
tions between Nads and a hydrogen source, either CH, or 
H,~,.''~' In fact, a reduction in NH3 production can be 
reached if the active surface oxygen rapidly removes the 
hydrogen sources. The high activity of the restructured 
(rough) Pt nanoparticles to decompose NO increases 
the supply of surface oxygen, which can remove, as oxi- 
dation products (C02 and H20), the hydrogen sources 
(CH, and Hads) responsible for ammonia formation. 

Thus the recombination Nads (Eq. 2) becomes favored 
and the reaction of ammonia formation (Eqs. 7 and 8) can 
be prevented. 

CONCLUSION 

The NO/CH4 reaction is structure-sensitive, depending 
both on the size and the shape (facet) of the Pt nano- 
particles. The "facet effect" plays an essential role in NO 
dissociation, and thus is responsible for the reaction 
selectivity to N 2 0  and NZ The "size effect" is respon- 
sible for the reaction selectivity to CO and NH3 by con- 
trolling the oxygen catalytic activity. 

It is clear that accurate tuning of the supported metals' 
morphology (size and shape) can bring in future spectac- 
ular improvements in the catalytic activity and selectivity 
for structure-sensitive reactions. 
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INTRODUCTION 

The processes of damage accumulation and the resulting 
fracture of materials under cyclic loading at stress levels 
below the tensile strength are collectively referred to as 
fatigue. These phenomena are quite sensitive to materials 
structure, including crystal structure grain size, character 
and distribution of grain boundaries, dislocation density 
and arrangement, internal stress, texture, surface quality, 
etc. Additional complexity is introduced by a wide 
variability of testing and service conditions, including 
environments. Various factors can be of greater or lesser 
importance for different aspects of fatigue. However, grain 
size can be regarded as a key structural factor affecting 
nearly all aspects of fatigue. This is not surprising because 
the grain is the elementary structural unit of polycrystal- 
line solids. Furthermore, grain size is known to strongly 
affect all known mechanisms of inelastic deformation, 
particularly dislocation slip and deformation twinning. 
Notably, without plastic deformation mechanisms leading 
to damage accumulation, there would be no fatigue. 

The advent of nanocrystalline materials after the early 
work by ~leiter[" opened new horizons for the discovery 
and design of new materials with unusual properties, as 
well as opportunities for scientific investigation of 
potentially novel mechanisms heretofore unobserved in 
classical materials systems. The purpose of the present 
article is to review the state-of-the-art within both of these 
contexts, as investigations of the fatigue behavior of 
nanocrystalline (NC) materials have been motivated by 
the possibility that NC materials will have enhanced 
fatigue resistance, as compared to their coarse-grained 
counterparts, as well as basic a desire to understand the 
fundamental mechanisms of deformation and fracture 
in nanoscale. 

Before discussing the fatigue behavior of NC materials, 
it is useful to briefly outline why the properties, in general, 
and fatigue response, in particular, of NC materials are 
considered unique. 

1. Nanomaterials are at the "interface" between amor- 
phous and ordinary crystalline solids. Some authors 

(such as ~ l e i t e r )~ ' ]  have entertained the notion that 
their structure might be considered a two-phase 
composite consisting of small perfect crystalline 
regions of nanodimensions surrounded by relatively 
thick glassy-like grain boundaries (Fig. 1). Hence NC 
materials may inherit some properties from both 
crystals and glasses, while potentially remaining 
distinct from both of these extremes. 
The number of atoms associated with grain boundaries 
can approach the number of atoms within the grain 
interior. Another way of stating this is that the volume 
fraction of grain boundaries can become as large as 
50%. Thus the grain boundaries and their specific 
structure and properties will play a very important role 
in most, if not all, properties of NC materials. 
Finally, a grain size of the order 100 nm corresponds 
to the structural level obtained within severely 
deformed metals. Specifically, the defects accommo- 
dating plastic deformation (dislocations) self-assem- 
ble into the collective structures with a characteristic 
length-scale in tens of nanometers. 

A variety of techniques have been developed in the past 
decade for manufacturing nanomaterials (see Ref. [2] for a 
review). Among these, some of the more important are 
inert gas condensation, electrodeposition, devitrification 
from an amorphous precursor obtained by rapid solidifi- 
cation or ball milling, and severe plastic deformation 
(SPD) (see entry on "Nanocrystalline Substances: Syn- 
thesis and Properties"). The present article emphasizes 
the latter approach because severe plastic deformation for 
grain reduction has the advantage of producing of fully 
dense, bulk ultrafine grain (UFG) and NC materials with 
desired purity or target composition. In other words, SPD 
allows one to produce material suitable for investigation 
of fatigue behavior using classical testing methods and 
possessing dimensions large enough for structural appli- 
cations, where fatigue properties are of interest. Among 
SPD techniques, the equal channel-angular pressing 
(ECAP) technology introduced by segal13] as a cold (or 
warm) working technique allows extremely large strains 
to be imposed on bulk samples without fracture. The 
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Fig. 1 Schematic presentation of the atomic structure of nano- 
materials: two-phase composite structure of crystalline grains 
and disordered glassy-like grain boundaries. (From Ref. [l].) 

technique has proven to be capable of fabricating massive 
samples with a variety of UFG and nanostructures. As the 
majority of experimental results concerning fatigue of 
nanocrystals have been obtained on ECAP materials so 
far, the present review will primarily be concerned with 
these materials. 

ECAP is performed by passing a billet through two 
intersecting channels of the same cross section. Severe 
plastic deformation occurs by simple shear on the plane of 
intersection between the channels. Because the cross- 
section geometry does not change during processing, ECA 
pressing can be repeatedly performed through various 
routes determined by possible rotations of the billet 
between subsequent passes. With repeated pressing, the 
material hardens dramatically so that unusually high 
strengths can be achieved. Ideally, the resultant strain 
imposed per ECA pass is controlled by the included angle 
between channels 20 solely (given sharp die channel 
corners), and the cumulative shear strain r after N passes 
is r = 2N cot 9. The effective strain is given by ei = 2N 
cot 0 1 d 3 . [ ~ '  Thus when the tool angle 28 = 90°, r = 2N 
and the amount of the imposed strain can be substantially 
higher than is usually attained in standard cold-working 
procedures, such as rolling.[31 

BACKGROUND 

Fatigue Life Characterization 

Total fatigue life of smooth bodies has been convention- 
ally divided into two regions corresponding to the time 
required for crack nucleation and propagation.[4351 The 
resistance to crack initiation naturally requires strength, 
while the tolerance to the crack advance requires ductility. 
The most promising feature of SPD materials, which 
suggests the possibility of obtaining significantly en- 

hanced fatigue properties, is associated with a combina- 
tion of high strength and good ductility in the 
nanostructured ~ta te . [~ '~ ' ' ]  Low-cycle fatigue (LCF) and 
high-cycle fatigue (HCF) regimes are conventionally 
distinguished in accord with applied strain amplitude. 
HCF testing corresponds to probing a materials resistance 
to crack initiation, whereas LCF testing corresponds to 
assessing the material's defect tolerance. Combining these 
two regimes, it is convenient to consider the total strain 
range Act consisting of two components+lastic Aeel and 
plastic AeP1. The empiric Coffin-Manson relationship 
relates the total fatigue life (number of cycles to failure 
Nf) to Aep1/2 as 

where E; is the fatigue ductility coefficient (which is often 
found to be approximately equal to the true fracture 
ductility ~f in monotonic and c is the fatigue 
ductility exponent. Similarly, A E , ~ / ~  is related to the 
number of reversals to failure according to the Basquin 
law as 

where E is the Young's modulus, o; is the fatigue strength 
(which is supposed to be related to the yield stress or the 
ultimate tensile strength of the material), and b is the 
Basquin exponent. Hence the fatigue life under a given 
total strain is expressed in terms of materials constants e;, 
a;, c, and b 

Although a simple equivalence of the pair E ;  and a; to the 
tensile ductility and respectively, is rarely observed 
in experiments, the correlation between these pairs of 
qualities often exists. Eq. 3 is schematically illustrated in 
Fig. 2 for the fine-grain ECAP AlMgSc alloy. At high 
strains corresponding to short lives, the plastic strain 
component is dominant in the total applied strain and the 
fatigue life is primarily determined by ductility. At long 
fatigue lives, the elastic strain amplitude is more 
significant than plastic and fatigue life is dictated by the 
fracture strength so that the endurance limit increases with 
~ t r e n ~ t h . [ ~ ' ~ , ~ ]  Unfortunately, in most cases, ductility is 
sacrificed as the highest strength levels are achieved. This 
rule holds for most high-strength nanomaterials as well, 
and those fabricated by inert gas condensation, devitrifi- 
cation from the glassy state, powder compaction, etc. are 
usually so brittle that their potential is limited. Similarly, 
the simultaneous enhancement of both HCF and LCF lives 
is challenging, and inevitably requires a balance between 
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Number of Cycles to Failure, Nf 

Fig. 2 Strain-life diagram. Solid line corresponds to Eq. 3 with 
experimentally obtained parameters of Coffin-Manson and 
Basquin law for the ECAP A1-4.5Mg-0.2Sc-0.2Zr alloy. 
Experimental points for this alloy are also plotted. 

strength and It has been ~ h o w n ' ~ ' ~ . ~ ]  that 
nanomaterials manufactured by severe plastic deformation 
can, in principle, significantly benefit from spectacular 
improvement of both the strength and ductility. 

For a comprehensive assessment of fatigue response, 
one also needs to evaluate the crack growth rate under a 
given stress intensity range AK and loading cycle 
asymmetry R=oma,lomin, where omax and omin are the 
maximum and minimum applied stress, respectively. This 
information is of primary concern for engineering. 
Furthermore, an in-depth analysis involves characteriza- 
tion of the stress-strain hysteresis loop. In the present 
review, we briefly address all these issues as they apply to 
NC materials. 

Effect of Grain Size on Fatigue 

To describe the effect of grain size d on fatigue, it is 
necessary to specify how the grain size relates to the 
material's resistance to crack initiation and propagation, 
i.e., to quantify the effect of d on fatigue life parameters 
such as E;, o;, C, b, and the fatigue limit of, defined as the 
peak cyclic stress below which no fatigue failure occurs 
prior to 10' or lo8 cycles. The influence of grain size on 
the fatigue of conventional polycrystalline materials has 
been investigated and reviewed on many occasions (see, 
for example, Refs. [4,5,10-141). Most observations can be 
summarized in two sentences. 

1. The fatigue limit of pure face-centered cubic (f.c.c.) 
metals is not affected by the grain size. 

2. The fatigue strength of materials exhibiting planar slip 
increases with decreasing grain size and follows the 

Hall-Petch relationship, shown below, in the same 
way as the yield stress in conventional polycrystals. 

of = oaf + ~ f d - " ~  (4) 

where oaf and Kf empiric materials properties. 
It has been concluded that one of the most important 

fundamental material characteristics governing fatigue is 
the slip character. During LCF, the wavy-slip materials 
form a well-defined cell structure, with the cell size being 
dependent upon the saturation stress and independent of 
the preliminary strain h i s t ~ r y . [ ~ , ~ + ' ~ - ' ~ ~  Materials with a 
planar slip do not form a cell structure, and the dis- 
locations are arranged in planar arrays extending across a 
grain. That grain size has a more pronounced effect on the 
fatigue behavior of planar slip materials has been 
convincingly demonstrated by Tomson and ~ackofen'"] 
by using pure copper (wavy slip) and a-brass (planar slip). 
~ u ~ h r a b i l ' ~ ]  suggested extending this standpoint to UFG 
metals as well. 

Indeed, the fatigue limit of of UFG wavy slip 
aluminum alloys is not improved after multiple ECA 
pressing despite a remarkable enhancement of their 
monotonic strength, as will be discussed in more detail 
below. Results on commercial purity copper vary notably 
from modest to high of improvement, depending, 
possibly, on fabrication (number of ECA passes, strain 
path, etc.). However, the independence of the grain size in 
coarse-grain wavy slip f.c.c. metals appears to be related 
to a specific cell structure formed during cycling. Because 
the typical grainlcell size in the SPD metals of 100- 
300 nm is smaller than the typical fatigue cell size in 
coarse-grained metals ( ~ 5 0 0  nm), exceptions to the 
classical rules may be anticipated. 

A small grain size can result in more homogeneous 
deformation, which can retard crack nucleation by 
reducing stress concentrations and ultimately raise the 
fatigue limit of the material. It has been reported['51 that 
the fatigue limit follows the Hall-Petch relationship with 
decreasing grain size in the same way as the ultimate 
tensile strength o u ~ s  until critical grain size is attained, 
below which the slope of the o -dp ' I2  curve is decreased. 
Consider NC copper with a grain size d=20 nm, 
p=45GPa, and b=2.5 x 1 O p l 0  m. An estimate of the 
stress required for dislocation multiplication (where the 
source length is assumed to be one-half the grain size, 6 )  
z > 2pbld= 12 GPa, which is approximately equal to the 
theoretical strength o,h,,,=E/lO, where E is the Young's 
modulus of the material (E= 120 GPa for copper). In other 
words, dislocation activity within nanocrystalline grains is 
expected to be extremely difficult, which explains their 
frequently observed brittleness. On the other hand, there 
have been suggestions that the plasticity of NC materials 
may be associated with mechanisms other than perfect 
dislocation motion. Hence there may be an optimum grain 
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Fig. 3 Bright-field TEM images illustrating the equiaxed (a) and elongated (b) UFG structures after ECAP (Fe-3hNi Invar alloy after 
8 and 12 ECA passes, respectively). Arrows indicate the extrusion direction. 

size in the nanoscale region, where the maximum mono- 
tonic and cyclic strength is reached. Because the volume 
fraction of grain boundaries is comparable with the 
volume of grains, for very small grain sizes, there have 
been numerous suggestions that the deformation might 
localize within an amorphous grain boundary region, 
depicted in Fig. 1. Youngdahl et al.[17' concluded that the 
deformation of nanocrystalline copper with a mean grain 
size between 30 and 100 nm produced by gas condensa- 
tion and compaction occurs as a result of dislocation 
activity. No evidence for grain boundary sliding or ro- 
tation was found in their in situ transmission electron 
microscopy (TEM) experiments. 

Experimental results concerning the cyclic behavior 
are currently available for various UFG SPD metals such 
as: 1) pure CU[ '~- '~]  and ~i['~]-the most studied rep- 
resentative wavy-slip materials; 2) single-phase solid 
solutions-AA5056 Al-Mg alloy[30,311 and Fe-36Ni 
(Invar) alloy;[32,331 3) ~ i , ~ ~ ~ ~ ~ ~ ~  which is a typical example 
of hexagonal close-packed (h.c.p.) metals exhibiting 
planar-slip; 4) precipitation hardenable CuCrZr alloy,[361 
6061 A1-Mg alloy,["' Al-Mg-Sc alloys,[381 and low- 
carbon Brief reviews of the fatigue life of ECAP 
metals have been reported.['6.331 Details of preparation 
and ECA processing are in the above-cited publications. 

STRUCTURE OF ECAP METALS 

Before reviewing the cyclic behavior of UFG materials, it 
is useful to first observe the microstructure prior to and 
after fatigue. A typical UFG structure after ECAP is 
shown in Fig. 3a. Let us briefly summarize the micro- 
structural features of nanocrystalline materials fabricated 
by SPD, which are most relevant to fatigue. (See Ref. [2] 
for a comprehensive review.) 

1. The average grain size ranges from 100 to 350 nm, 
depending on the particular metal or alloy. The 

grain size distribution is often broad, depending on 
the details of the processing. The largest grains in 
the grain size distribution can be as large as 1-5 pm 
after SPD. It is emphasized that the grain bound- 
aries are often hardly visible in TEM bright- or 
dark-field images. 

2. Whether the grains are primarily separated by low- or 
high-angle boundaries remains an issue of some 
dispute. Some authors claim high-angle boundaries 
on the basis of qualitative indications of selected area 
electron diffraction patterns (sAEDP).'~' Others have 
performed more statistical studies using scanning 
electron microscopy (SEM)-based electron back 
scattering diffraction (EBSD), or a similar TEM- 
based Kikuchi pattern 

3. Two major structural types can be distinguished by 
the grain shape: a rather uniform structure with nearly 
equiaxed grains (Refs. [1,25] and references therein) 
(Fig. 3a), and a kind of fragmented structure with 
significantly elongated grains (Fig. 3b). 

4. There is a great deal of stored energy in these systems 
associated with dislocations and their structures. 
Despite the very high average dislocation densities 
(10 '~ -10 '~  m-') commonly observed in these mate- 
rials by T E M , ~ ~ . ~ ~ '  it is noted that the interiors of the 
smaller grains appear to be free of dislocations. Thus 
it has been surmised that the dislocations may largely 
be incorporated within the boundaries themselves. 
These lattice strains associated with these defects are 
best characterized by using X-ray diffraction tech- 
niques associated with the broadening of Bragg 
peaks,[291 and frequently identified as root mean 
squared (rms) strains in that analysis. 

5.  Because of the large stored energy, microstructural 
instability is often a hallmark of NC materials. After 
cyclic deformation, a variety of structural changes 
have been observed in ECAP metals. 

6. The most striking feature of the postfatigue structure 
pure wavy slip SPD metals is the grain coarsening 
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Fig. 4 Abnormal grain growth in cyclically deformed ECAP copper (A~,1/2=5 x 1 0 ' )  (a) and ladder-like dislocation walls formed in 
the enlarged grains in the course of fatigue (b). 

and abnormal grain growth triggered by cyclic defor- 
mation (Fig. 4a). This phenomenon has been notic- 
ed in many publications dealing with pure Cu and 
~ i . ~ ~ ~ - ~ ~ ~ ~ ~ * ~ ~ ~  Recovery, recrystallization, and grain 
growth can be largely suppressed by limiting the 
mobility of grain boundaries as well as controlling the 
ease of relaxation by dislocation climb or cross-glide. 
Solid solutions and h.c.p. metals are rather stable and 
no substantial grain growth is observed in the Invar 
alloy[241 (Fig. 5 ) ,  and Ti after fatigue.["' Grain 
coarsening in the 5056 Al-Mg alloy depends on the 
processing and can be negligible.17' 
For some materials, the average dislocation density in 
the central part of the grains may remain unaltered, 
being of the order of 1 0 ' ~ - 1 0 ' % ~ ~ .  However, the 
grain boundaries themselves appear more distinct 
after cycling in all materials examined (e.g., Fig. 5). 
This seems to be the only noticeable structural change 
in fatigued Ti, Al-Mg, Cu-0.44Cr-0.2Zr, and Invar 
alloys, and it may be associated with a reduction in the 
dislocation density in the immediate vicinity of the 
grain boundaries. 

8. A decrease in the internal stresses during the course of 
fatigue has been carefully demonstrated by Thiele et 
al.1291 for UFG Ni, and by Wang et al.[251 for UFG Cu 
using the X-ray technique. Some of the changes 
observed by X-ray diffraction may be associated with 
grain coarsening as well. The evolution of the grain 
size distribution calculated from the X-ray peak 
broadening is shown in Fig. 6 for different stages of 
fatigue of ECAP Cu. 

HIGH CYCLE FATIGUE BEHAVIOR 

Tensile and HCF properties of a variety of ECAP 
materials are summarized in Table 1. The enhancement 
of HCF life in terms of fatigue limit is achieved for most 
NC materials, as has been expected merely from the 
improvement of monotonic strength after grain refinement 
("Introduction"). The scatter in experimental data 
obtained by different researchers on UFG Cu is caused 
by a variety of manufacturing conditions in different 

Fig. 5 TEM photos showing the structure of ECAP Invar alloy (8 ECA pressings, compare Fig. 3a) after fatigue at A~,~/2=5 x lop3. 
Low dislocation density is observed in some grains (b). Arrows indicate the loading axis that is aligned with extrusion direction. 
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Fig. 6 Evolution of the grain size distribution in UFG Cu 
subjected to cyclic deformation with A~/2=5 x lop4; N- 
number of cycles. (From Ref. [25].) 

laboratories, resulting in a variety of actually imposed 
strain and resulting microstructures. (Examples of the 
Woller plots for two types of ECAP Cu having the 
equiaxied and elongated grain structure similar to those 
shown in Fig. 3 are given in Fig. 7a.) As suggested in the 

Table 1 Grain size and mechanical properties of SPD alloys 

section "Background," a very pronounced improvement 
of the fatigue limit is observed in a planar slip material, 
ECAP Ti, processed at elevated temperature (400°C) and 
then subjected to further strengthening by cold-rolling to 
75% area reduction and annealed for structural stabiliza- 
tion at 300°C for 1-2 hr[351 The fatigue limit of 500 MPa 
in pure SPD titanium is close to that of conventional Ti 
alloys (Fig. 7b). The impressive improvement of the 
fatigue strength in the peak-aged ECAP Cu-0.44Cr-0.2Zr 
alloy[361 (Fig. 7a) is also worth noting in comparison with 
other commercial Cu-based alloys and tempers. The 
combination of affordable electric conductivity, thermal 
conductivity, and thermal stability with high tensile and 
fatigue strength make this multifunctional material 
attractive for a variety of electromechanical applications. 
The experimental data reveal that the ultimate tensile 
strength and the fatigue limit of NC SPD metals follow the 
Hall-Petch relationship[41 (Fig. 8). Hence it is concluded 
that NC materials fabricated by SPD generally demon- 
strate a great potential for enhancement of high cycle 
fatigue life, in full agreement with the analysis given in 
the sections "Introduction" and "Background," Eq. 6, 
and Fig. 2. 

Markushev and ~ u r a s h k i n [ ~ ~ ]  have reviewed the effect 
of grain refinement via SPD on the mechanical properties 

Cu 99.96% 
Cu 99.96%l4'l 
~ u - 0 . 4 4 ~ r - 0 . 2 ~ r [ ~ ~ ]  
Ti VTl-0 
Ti V T I - O [ ~ ~ ]  
Ti V T ~ - O [ ~ ~ ]  
Fe-36Ni ~nvar[~'] 
Fe-36Ni ~nvar[~'] 
Fe-36Ni ~nvar~~ ' '  
Fe-36Ni ~nvar[~'] 
5056 Al alloy 
5056 Al alloy 
5056 Al alloy[311 
5056 Al alloy'311 
6061 Al alloy 
6061 Al alloy 
6061 Al alloy[371 
6061 Al alloy[371 
A14Mg-0.3Sc 
Al-1 SMg4.2Sc-Zr 
Al-3.0Mg-0.2Sc-Zr 
Al-4.5Mg-0.2Sc-Zr 

CR 75%, HT 550°C, 2 hr 
ECAP, B 8 
ECAP Bc, 8, A 500°C, 1 hr 
CR 
ECAP Bc, 8 400°C 
ECAP Bc, 8 400°C, CR 75% 
CR 75% 
ECAP Bc 2, 
ECAP Bc 8, 
ECAP Bc 12, 
0-temper 
HI8 
ECAP C, 4, 150°C 
ECAP Bc, 8, 1 10°C 
0-temper 
T6 
ECAP, 1, 125°C 
ECAP, Bc, 4, 125OC 
Extruded 
ECAP, Bc, 8, 150°C 
ECAP, Bc, 6, 150°C 
ECAP, Bc, 6, 160°C 

d=initial grain size,  conventional yield stress, cruTs=ultimate tensile strength, b=elongation to failure in tension, u,=endurance limit based on 
10' cycles. 
CR=cold-rolling, Q=quenching, A=aging, HT=heat treatment; eq and el=equiaxed and elongated grain structure, respectively 
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Fig. 7 S-N plots and fatigue limits of ECAP Cu and Cu-0.44Cr-0.2Zr alloy (a) and Ti (b). 

Fig. 8 Hall-Petch behavior of the ultimate tensile strength 
(for Fe-36Ni alloy) and fatigue limit (for Fe-36Ni and Ti) of 
ECAP metals. 

of commercial A1 alloys, and concluded that SPD, in 
general, is not very effective for strength or fatigue 
improvement of A1 alloys. The results of Chung et al.[371 
on solution treated 6061 A1 alloy typify the finding that 
multiple ECAP does not significantly improve the fatigue 
limit of A1 alloys; however, they demonstrated notable 
improvement of fatigue limit just after the first pass 
through the die (note that they did not employ a standard 
heat treatment for precipitation hardening). Strengthening 
via grain refinement by SPD may be masked by other. 
strengthening mechanisms on one hand and, on the other, 
the redistribution of phases and alloying elements can give 
rise to grain boundary brittleness and loss of ductility at 
room temperature. It is noted that grain refinement of A1 
alloys via SPD has proven extremely valuable for 
inducing superplasticity at elevated temperatures in a 
large number of alloy ~ ~ s t e m s . [ ~ ~ ' ~ ~ '  
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LOW CYCLE FATIGUE BEHAVIOR 

At relatively large plastic strain ranges from lop4 to lop2 
and short fatigue lives, the cyclic response of UFG 
materials is described by the Coffin-Manson law.[" as 
illustrated in Fig. 9 for UFG Cu and 5056 AI-Mg alloy. 
Although the data in Fig. 9a are compiled from the results 
obtained by different researchers on differently processed 
samples, one can see a reasonable agreement between 
these results. Samples in the as-received state after ECAP 

demonstrate notable degradation in low cycle fatigue 
(LCF) life when compared to the ordinary coarse-grain 
samples. This is not surprising in view of their lower 
ductility and poor resistance to macroscopic and micro- 
scopic plastic instabilities such as necking, shear banding, 
cracking, etc. Such behavior is typical of metals with low 
levels of strain hardening (recall ConsidCres criterion). As 
will be discussed in detail below, a postprocessing heat 
treatment can significantly improve the LCF properties. 
Remarkably, UFG Ti obtained by ECAP did not reveal a 

1 02 1 03 1 o4 
Number of Cycles to Failure, Nf 

Fig. 9 Coffin-Manson plots for ultrafine grain Cu (a) and 5056 Al-Mg alloy (b) obtained by SPD (reprinted with permission). Arrows 
indicate the improvement of fatigue life after post-ECAP heat treatment. (From Ref. [30].) (View this art in color at www.dekker.com.) 
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significant degradation in low-cyclic fatigue performance 
in the plastic strain controlled testing, and the Coffin- 
Manson lines were practically indistinguishable for the 
samples before and after ECAP'~'] This result agrees with 
the general observation in the sections "Introduction" 
and "Background," that non-f.c.c. metals can exhibit 
greater improvement in their fatigue performance if both 
LCF and HCF regimes is of major concern. 

Cyclic Softening and Hardening 

The cyclic stress-strain curves (CSSC) of NC materials 
can be represented by a power law in the same way as for 
other polycrystalline metals (see Refs. [4,5] and refer- 
ences therein). 

This relation is essentially the same as that used to 
describe the monotonic stress-stress curve 

where KL, nL, K ,  and n are materials constants, and the 
subscript index b stands for the basic CSSC. Fig. 10 
summarizes some currently available cyclic stress strain 
data for ECAP metals. It has been observed in a former 
communication[321 that the slopes of the CSSC in 
logarithmic scale for the same material (Fe-36Ni Invar 
alloy) subjected to different number of ECA pressings 
between 2 and 12 are approximately the same, i.e., the 
cyclic strain hardening exponent n6 values are nearly equal 
for all samples regardless of the preimposed strain. Fig. 11 
compares the monotonic and CSSC for ECAP Fe-36 Ni 
Invar alloy (only the initial part of the tensile stress-strain 
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Fig. 10 Basic cyclic stress-strain curves for several UFG 
ECAP metals. 
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Fig. 11 Fragments of tensile stress-strain curves and CSSC for 
ECAP Fe-36Ni Invar alloy after 2 and 12 ECA passes. (From 
Ref. [32].) (View this art in color at www.dekker.com.) 

curve is shown). The relative position of the monotonic 
and cyclic stress-strain curves delivers information on the 
materials cyclic hardeninglsoftening behavior under 
different strain amplitudes. In the region of strain 
amplitudes where the CSSC lies above the monotonic 
strain-stress curve, the material cyclically hardens.[51 On 
the other hand, in the regions where the CSSC is 
positioned below the monotonic stress-strain curve, the 
material cyclically softens. Hence it becomes obvious that 
the ECAP materials are prone to cyclic softening at any 
imposed plastic strain amplitude. 

Softening is common for cyclic deformation of 
prestrained f.c.c.  metal^.[^'^.^^' It has been also clearly 
observed in many ECAP f.c.c. metals such as cop- 
per, 

[2&22,26] ~i [29] , single-phase A1-Mg 5 0 5 6 ' ~ ~ , ~ ' ]  and 
Fe-36Ni Invar a ~ l o ~ s , ' ~ ~ ~  and precipitation-hardened 

Cu, equiaxed grain structure 

Cu, elongated grain structure 
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Fig. 12 Cyclic hardeninglsoftening curves of some selected 
SPD metals with UFG structures. (From Ref. [33].) 
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Cu0.44Cr0.2Zr alloy.'361 However, the detailed character- 
istics of cyclic softening, its phenomenology, and 
microscopic mechanisms vary broadly depending on the 
material and processing. Fig. 12 shows the cyclic 
hardening-softening curves for various NC ECAP metals 
tested under plastic strain control. The very first in- 
vestigations of LCF behavior of ECAP materials revealed 
that the cyclic response strongly depends on processing 
and the initial UFG structure. Vinogradov et a1.[18] 
observed no cyclic softening in ECAP Cu under plastic 
strain amplitudes Acp1/2=5 x and lop3. Furthermore, 
some light hardening was noticed on the early stage of 
straining (Fig. 12). However, Agnew and ~eer tman[~O]  
observed pronounced cyclic softening in similar UFG Cu 
produced by ECAP. The degree of softening appears to 
depend on the temperature, time, and plastic strain 
amplitude, and can vary from material to material.[231 
The mechanism of cyclic softening of UFG f.c.c. metal is 
largely associated with a complex effect of dislocation 
recovery, cyclically induced dynamic "recrystallization," 
and grain coarsening, which is more pronounced at higher 
strain amplitudes.['7-21'23'25.271 Interestingly, cyclic soft- 
ening and the associated coarsening facilitates the 
formation of dislocation structures typical for ordinary 
metals, i.e., cellular and ladder-like dislocation arrange- 
ments[20.23~ (Fig. 4b). Thiele et a1.'29i performed a detailed 

structural investigation of the fatigue-induced structures 
in UFG Ni and the dependence of the grain size. Using 
X-ray diffraction peak profile analysis, they detected a 
reduction of internal stresses in the course of cycling. It 
was demonstrated that there is a lower threshold grain size 
dth of 1 pm, above which dislocation patterning takes 
place with a length scale (-500 ~ m )  nearly independent 
of the initial grain size. For materials with d<dth, the 
cyclic stress-strain curve obeys the Hall-Petch relation. 

Not surprisingly, the SPD structure can be stabilized 
and the rate of cyclic softening can be reduced by: 
1) annealing at an intermediate temperature, i.e., reducing 
the stored strain energy prior to cyclic load- 
ing;[ 19,22,26,30,33,441 2) using solid solution alloys instead 
of pure and 3) precipitation.[361 The 
numerous large-scale shear bands, which are observed in 
the fatigued ECAP Fe-36Ni alloy, may contribute to the 
cyclic softening in that alloy. Hoppel and ~ u ~ h r a b i , ' ~ ~ '  
using Vickers microhardness measurements, have con- 
vincingly shown that the material in the shear band of a 
cyclically deformed ECAP Cu sample is softer than its 
surroundings. The values are in line with the concept of 
cyclically induced dynamic recrystallization and grain 
gro~th.[22,233261 Similar measurements have been per- 
formed by Vinogradov on the fatigued ECAP Fe-36Ni 
alloy. It has been demonstrated that the main reason for 
rapid cyclic softening of the UFG under- or peak-aged 
CuCrZr alloy (Fig. 12) is related to dislocation cutting of 

the fine strengthening  precipitate^.'^" The degree of 
softening is substantially lowered in overaged samples; 
however, the monotonic mechanical properties (strength 
and ductility) are degraded in this case. 

FATIGUE DAMAGE AND 
STRAIN LOCALIZATION 

Internal stresses in metals increase during monotonic 
straining, finally leading to microvoid nucleation or crack 
initiation as the resources of plastic deformation exhaust 
in local volumes of the material. Thus it may come as a 
surprise to some readers that the cyclic deformation of 
UFG metals fabricated by SPD may reduce the level of 
internal stress (as indicated by X-ray diffraction measures 
of rms strains[291 and the general cyclic softening behavior 
referred to above), yet the end result is still a fatigue 
fracture. The answer, in its general form, is actually 
trivial: fracture occurs as a result of inhomogeneity in the 
plastic deformation manifesting itself as strain localiza- 
tion. The gradients of plastic deformation are often 
connected with grain boundaries, which may serve as 
barriers to dislocation motion as well as effective sources 
and sinks of lattice dislocations. These concepts are 
supported by atomic force microscopy (AFM) observa- 
tions of fine traces of plastic deformation in UFG copper 
and nickel where: 1) dislocation activity is particularly 
visible at the grain b o u n d a r i e ~ ; [ ' ~ ~ ~ ~ . ~ ~ ~  and 2) dislocation 
slip is terminated at the grain boundary and is not 
transferred to an adjacent grain. TEM observations have 
also demonstrated some reduction of the dislocation 
density near the grain boundary during fatigue (compare 
Fig. 5a and b, for example). Reducing the excess 
dislocation density around grain boundaries may explain 
the observed cyclic softening and the decrease of root 
mean square internal stress levels and, ironically, it may 
ultimately promote intergranular cracking. Fracture sur- 
face analysis and the surface crack morphology shows that 
failure in the SPD metals indeed occurs intergranu- 
larly.[16J2.351 

Strain localization in the ECA-processed materials is 
frequently observed during both monotonic and cyclic 
d e f o r m a t i ~ n . " ~ ' ~ ~ ~ ~  Fig. 13 shows shear bands oriented 
at 45" to the loading axis in pure Cu after fatigue at A&,]/ 
2=5 x 10- and 5056 Al-Mg alloy after monotonic 
deformation. These bands commonly appear shortly after 
yielding in tensile deformation or at the end of saturation 
in cyclic testing. Fatigue cracks initiate and propagate 
along this kind of shear band (Fig. 1 3 a ) . [ ~ ~ ]  Although 
shear banding is the major form of fatigue damage in 
wavy-slip UFG materials, these bands play a twofold role 
in fracture: on one hand, they promote crack nucleation 
due to strain localization and stress concentration; on the 
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Fig. 13 SEM micrographs showing the shear bands in fatigued ECAP Cu (a) and in the tensile tested ECAP 5056 Al-Mg alloy (b). 
Final crack propagating along the shear band is shown in (a). 

other hand, they reduce the overall elastic stresses, as 
evidenced by the reduction in stress at the end of 
saturation in strain controlled tests. Therefore it is unclear 
if suppression of the susceptibility to shear banding would 
delay or accelerate fatigue failure because cracking is a 
likely alternative mechanism for stress relaxation when 
other plastic mechanisms are exhausted. For instance, in 
UFG titanium or precipitation-hardened CuCrZr alloy, 
large-scale shear bands are not observed. However, a large 
population of surface microcracks is observed on the late 
stage of fatigue. 

The microstmctural nature of shear bands has been 
investigated in detail, at least for UFG Cu. Agnew et a ~ . ' ~ ' '  
observed that the shear bands in UFG copper appear like 
ordinary persistent slip bands (PSBs) in coarse-grain poly- 
and single crystals. For instance, the shear bands were 
removed by electropolishing, and then they reappeared on 
the same places during subsequent cyclic loading, 
indicating materials softening associated with shear 
bands. Furthermore, careful structural observations have 
shown that the shear bands in UFG copper can have 
essentially the same ladder-like dislocation structure as 
the PSBs in ordinary crystals. The TEM image shown in 

Fig. 4b demonstrates the dislocation walls separated by 
dislocation-free channels in fatigued UFG copper. Hoppel 
et al.[231 investigated the microstructural aspects of shear 
banding in UFG copper, including the dependence of 
strain amplitude and temperature, and have found that 
grain coarsening and shear banding are more pronounced 
at high strain amplitudes, which agrees with the observed 
faster cyclic softening. Thus pure f.c.c. UFG metals first 
exhibit relaxation and coarsening during cyclic softening, 
along with the formation of the low-energy configurations 
typical of conventional fatigued crystals, i.e., ordinary 
PSBs may occur. Finally, microcracks appear to initiate 
on intrusions and then behave similarly to those in 
conventional metals. 

Although a similar scenario is applicable to those UFG 
metals exhibiting considerable grain coarsening during 

162-23.291 conflicting observations have been 
reported by Vinogradov et a1.1541 and Wu et a1.,[273281 
who did not observe any gross structural coarsening in 
fatigued ECAP Cu. Furthermore, using TEM, SEM, and 
electron channeling contrast imaging (ECCI), it was 
shown that the dimensions of protrusions on the surface 
did not match the dimensions of the grains. In fact, 

Fig. 14 SEM image of the shear offset on the surface of fatigued Fe-36Ni (A~, , /2=3 x lo-') (a). AFM image illustrating the large- 
scale displacement of adjacent grains along the grain boundary in the shear direction (b). The dislocation slip in the grain interior is 
clearly visible. (View this art in color at www.dekker.com.) 
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numerous questions remain unanswered as to which 
elements govern the fatigue behavior in the complex 
UFG microstructure. 

There are at least two kinds of plastic instabilities 
which manifest themselves in various NC metals under 
various testing conditions: 1) the PSB-like shear bands 
that appear during fatigue as a result of slow large-scale 
structural rearrangement involving grain coarsening as a 
prerequisite for ladder structure formation; and 2) the 
shear bands that arise both in monotonic and cyclic 
testing, and phenomenologically (if not structurally) 
resemble twinning events. Shear bands of the second 
kind are not crystallographic and are not miroscopically 
straight (Fig. 14a). They emerge very suddenly at free 
surfaces along grain boundaries in adiabatic fashion and 
are accompanied by significant acoustic emissions.r549561 
The possibility of grain boundary sliding at ambient 
temperature in UFG SPD materials has been speculated 
in the ~ i t e r a t u r e ~ ~ ' ~ ~ ]  in terms of enhanced diffusion and 
grain boundary mobility associated with heavily dis- 
torted grain boundaries. However, it is of particular 
importance to note the traces of dislocation slip of 1-10 
nm height in the grain interior (Fig. 14b): that the slip 
lines are confined to a single grain, and the slip does not 
transfer through the boundary.r331 Thus the AFM 
 observation^^'^^^^^^^^ highlight the fact that conventional 
intragranular dislocation activity cannot be neglected as 
the most important mechanism of plastic deformation of 
UFG metals. 

Shear bands in NCs may emerge to a free surface in a 
way similar to the shear bands commonly observed in 
metallic glasses during inhomogeneous plastic 
which is also accompanied by intensive acoustic 
emission,r581 and the morphology of shear bands in 
metallic glasses is very similar to that in NCs; however, 
this similarity may be completely coincidental because 
the concept of thick amorphous boundaries has not been 
justified by direct structural observations, particularly for 
metals fabricated by SPD. Wu et al.[25,271 and Vinogradov 
et a1.r541 have found that the shear bands tend to align 
themselves with the plane of simple shear on the last 
ECA pressing, i.e., these bands are sensitive to the 
structure and its inhomogeneities formed during the last 
pass through the die. This leads to a conclusion that the 
careful control over processing (strain path, temperature, 
velocity, etc.) may allow control of the material's 
resistance to shear banding. Indeed, the nanostructure 
with equiaxied grains is less susceptible to rapid adiabatic 
shear banding than the structure with the grains (cells, 
fragments, etc.) elongated in the direction of last shear. 
Furthermore, UFG copper manufactured using different 
die sets (with round and rectangular comer) and different 
processing routes (but the same number of ECA passes 
and nearly the same grain size) exhibited different shear 

banding susceptibility: the softer UFG copper, which 
saturated at 120 MPa and then cyclically softened at 
AsPl=l x lop3, did not reveal the shear bands during 
either cyclic or monotonic loading,[591 while the stronger 
copper saturated at 250 MPa and demonstrated many 
shear band on late stage of fatigue at the same plastic 
strain amplitude.['89541 

Annealing of as-processed UFG copper at an interme- 
diate temperature for a short time, which does not give rise 
to substantial grain growth, resulted in the disappearance 
of adiabatic shear bands and accompanying acoustic 
emission.[561 Despite the considerable difference in the 
microscopic mechanisms resulting in the two kinds of 
shear bands, they both appear as precursors of micro- 
cracks and serve as a preferred sites of crack nucleation. 

FATIGUE CRACK GROWTH 

The fatigue life assessment of smooth bodies delivers only 
indirect information regarding resistance to flaws either 
pre-existing or forming in the course of cycling. 
Comprehensive understanding of fatigue properties 
requires evaluation of the fatigue crack growth. The 
attention to fatigue crack growth in NC materials is 
presently growing with the development of processing 
techniques capable of producing large enough samples 
from which to make the standard compact tension (CT) or 
center-cracked-tension (CCT) specimens. The kinetic 
diagram showing the crack growth rate dalcW vs. the 
stress intensity factor range AK (AK = YAof i ,  where 
Y is the geometrical factor dependent upon the specimen 
and crack geometry, Ao=o,,, - amin is the applied stress 
range, and a is the crack length) for a given stress ratio R, 
and environment is used commonly to quantify the fatigue 
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Fig. 15 Crack growth rate diagram of the fine grain ECAP 
5056 Al alloy in comparison with its coarse grain 0-temper 
counterpart. (From Ref. [3 11.) 
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crack growth behavior. We should underline that the dal 
dN vs. AK plot for NC materials (Fig. 15) exhibits the 
same stages of a stable crack propagation as those well 
known for conventional polycrystals, i.e., a stage of slow 
crack advance in a near threshold region and an inter- 
mediate stage, where the Paris relationship 

(where C and m are materials properties) applies for most 
materials. PatIan et al.[301 found that the fatigue threshold 
AKth decreased after ECAP of a nonheat-treatable 5056 
Al-Mg alloy (Fig. 15). Chung et al.'371 demonstrated very 
similar results for the UFG 606 1 A1 alloy and UFG ECAP 
low carbon It has been shown that the crack 
growth rate in the near threshold region is higher in the 
UFG state than in the ordinary polycrystalline state; 
however, the result is reversed at relatively high stress 
intensity factor increments AK, i.e., daldN in UFG metals 
is smaller on the intermediate fatigue stage. Recently, 
Hanlon et a~.[~'] obtained similar results for electro- 
deposited NC Ni with grain size of 2 0 4 0  nm. The lower 
crack growth resistance in the near threshold regime was 
attributed to a less tortuous path of the intergranular crack 
in the UFG structure (Fig. 13a). One can see that the crack 
propagates nearly perfectly straight on stage I of fatigue 
and then, as the crack length and the related AK value 
increase, the tortuousity of the crack path increases with 
numerous deflections and attempts to switch from mode I1 
to mode I. 

It has long been established in the fracture mechanics 
approach that the transition from the near-threshold slow 
crack growth regime to the intermediate fatigue stage is 
accompanied by a transition in the crack behavior from 
being strongly structure sensitive to structure insensitive. 
Such a transition is often observed when the crack tip 
cyclic plastic zone rcp, which is estimated as 

(where J. is the numerical factor of the order of 1/71. and ok 
is the cyclic yield stress determined from the CSSC) 
becomes of the same order as the grain size d.[43611 If the 
stress intensity factor range corresponding to the transition 
point is denoted as AKT, the last equation yields a 
transition criterion rcp(AKT) '=d. However, estimations of 
a reverse plastic zone radius rcp at the transition point 
return a rCp value for the materials tested (Cu, 5056, and 
6161 A1 alloys), which is significantly greater than the 
average grain size d. For example, taking for A5056 Al- 
Mg alloy o$=280 MPa and the threshold AK=AKth= 
4.3 MPa m112,[311 one obtains rcp=7-8 pm-which is con- 
siderably larger than d=0.3-0.4 pm. This suggests that a 

large number of neighboring grains may be involved into 
crack tip plasticity, even near threshold. Eq. 8 at the 
transition point can be simply rearranged as 

[where d* is a characteristic scale of a materials structural 
unit responsible for fracture (grain size, subgrain or cell 
size, particle size, etc.)], which predicts AKT to increase 
with d; this effect is observed in low-carbon steels (for 
example, Refs [4,61]). Assuming that threshold AKth 
approximately equals AKT, the last relationship is often 
written in a more general, but less-transparent and less- 
argued form as 

where A and B denote materials constants. However, 
observations reported in Refs. [30,37,39,60] show the 
reduced AKth in UFG metals processed by SPD and NC 
metals, in general. If Eq. 9 were valid for these materials, 
a shift of AKth to lower magnitudes (1 MPa m1I2 in the 
5065 A1 alloy, for example) should be expected, which is 
far below the observed values (of 4-4.5 MPa m1I2 in the 
same A1 alloy). These observations cast some doubt on the 
general applicability of a simplified plastic zone size 
concept to explain the fatigue transition behavior of 
materials. Higo et a1.'621 performed a systematic investi- 
gation of AKth and daldN dependence on the grain size 
and the Go,, yield stress in Cu and Cu-A1 alloy with 
different A1 content, i.e., with different stacking fault 
energy ranged between 5 and 45 mJ mP2 approximately. 
In contrast with the linear behavior of Eq. 9, they 
experimentally observed that the propagation rates were 
slower in the fine-grained materials and daldN varied 
linearly with d- 'I2 in the same manner as the oo,l yield 
stress, i.e., followed the Hall-Petch relationship, which is 
the reverse of Eqs. 9 and 10. These effects were 
pronounced in alloys with higher A1 content, i.e., in 
planar slip metals where (we have stated) a stronger 
dependence of fatigue life on the grain size is expected. 
Thus it is shown that although the fatigue crack growth 
behavior in NC metals reveals some similarity to that of 
conventional polycrystals, the quantitative explanation of 
the fatigue threshold reduction as well as the reduction 
of the crack growth rate at relatively high AK is not 
straightforward. More experimental data are required in 
the following areas: 

1. crack growth rate dependence on AK at different R 
values for different materials (so far, data are only 
available for A1 alloys); 

2. precise investigations of fatigue crack closure; and 



Nanocrystalline Materials: Fatigue 

3. more precise experimental evaluation of the reverse 
plastic zone are required before the mechanism 
controlling the fatigue crack behavior will be 
identified. Despite a somewhat lower tolerance of 
the NC metals to small and sharp interganular cracks 
(at least in A1 alloys), these materials demonstrate a 
better resistance to large cracks, perhaps, because of a 
smaller plastic zone size, which in turn, according to 
Eq. I I ,  appears smaller because of a higher strength 
and cyclic yield stress. 

FATIGUE MECHANISMS IN UFG MATERIALS 

The apparent similarity between the CSSCs in the coarse- 
grain and NC metals, which we have discussed above, 
suggests that the major deformation mechanisms are also 
alike for both kinds of materials. Thus before introducing 
any complication in the modeling of fatigue behavior of 
NC metals, one should first determine if it is possible to 
explain the mechanical properties of SPD metals via 
ordinary dislocation dynamics. 

Many discussions have been put forward in the 
literature about the particular role of grain boundaries in 
the properties of UFG  material^."^^] Obviously, the 
interfacial energy and higher diffusivity of grain bound- 
aries cannot be disregarded for many phenomena 
(particularly in nanocrystalline materials). In fatigue of 
SPD metals, for instance, grain boundaries play a 
significant role. On one hand, the fine-grained structure 
usually possesses longer fatigue life-at least under stress 
controlled cycling-than the coarse-grain one. On the 
other hand, the grain boundaries appear to contribute to 
the relatively low stability of the UFG structure and the 
tendency toward recovery and grain coarsening during 
cycling. Furthermore, grain boundaries appear to play 
a role in the frequently observed shear banding as well 
as crack initiation and propagation. Therefore grain 
boundaries arguably represent the most critical struc- 
tural element. 

Stress-Strain Response Under 
Cyclic Loading 

Despite the complexity of the nanocrystalline structures, 
the fatigue behavior of NC metals is, in many ways, more 
easily described than that of ordinary poly- and single 
crystals. The main reason for simplification is the lack of 
dislocation patterning in the UFG structures. Vinogradov 
et a1.[30,351 have suggested that the shape of a stable 
hysteresis loop and the cyclic stress-strain curve can be 
described, at least semiquantitatively, by considering only 

the kinetics of the average dislocation density within the 
framework of a simplified one-parameter model first 
proposed by Essmann and ~ u g h r a b i ~ ~ ~ ]  for dislocation 
annihilation. It was assumed that the mobile dislocations 
initiate at a grain boundary pass through the grain and 
disappear in the opposite grain boundary. Thus the grain 
boundaries act as effective sources and sinks for 
dislocations. Because TEM observations do not reveal 
any substantial difference between the initial and 
postfatigued structures, in some UFG metals, it is 
plausible to suggest that dislocations do not accumulate 
inside the fine grains during cycling in these cases. 
Following Essmann and ~ u ~ h r a b i ~ ~ ~ '  and ~ u g h r a b i , [ ~ ~ ]  a 
kinetic equation for dislocation density, p, can be written 
in its simplest form as 

where L is the slip path of dislocations with the Burgers 
vector b and y is the so-called annihilation length. The 
first term on the right-hand side of Eq. 11 describes the 
rate of dislocation multiplication with the strain increase, 
while the second term accounts for the strain-induced 
decrease of dislocation density (dislocation dynamic 
recovery and annihilation of a general kind). At large 
enough strains, saturation is attained because of the 
equilibrium between the dislocation multiplication and 
annihilation, dpldc = 0. 

To describe the stress-strain relationship, we assume 
that the shear flow stress, t ,  is controlled by the average 
total dislocation density as 

where zo is the friction stress, cr is a geometrical factor of 
the order of 0.5, and 1 is the shear modulus. For numerical 
estimations, one can take to as equivalent to the cyclic 
shear yield stress ( f ~ ~ z 2 4 0  MPa). Combining Eqs. 11 and 
12 results in an elementary differential equation, which 
can be solved analytically assuming y and L do not vary 
with straining. While the assumption concerning the 
constancy of the annihilation distance seems reasonable, 
and has been experimentally justified (at least for CU, '~~] ) ,  
the assumption regarding L is considerably less obvious. 
Adopting L=const condition for the sake of simplicity one 
can, however, propose a few arguments in a favor of this 
suggestion. For the cell structure, which is typical of 
conventional polycrystals, the slip path has been related to 
the cell diameter. In UFG materials, the grain size is 
smaller than the typical cell size, and the grain boundaries 
form the main barriers for dislocation motion. Therefore it 
is plausible to relate the dislocation mean free path to the 
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average grain size if the grain size is small enough. 
Integration of Eq. 14 together with Eq. 12 and z(0)=zo as 
an initial condition yields 

The saturation stress z, at sufficiently high strain y >> bly 
takes the form 

As an example, a typical ascending part of the stable 
hysteresis loop of the 5056 A1 alloy is plotted in Fig. 16 
in the so-called relative c~ord ina tes~~~o,  - ,, where the 
loop is displaced in such a way that the tip of the 
compressive half-loop comes to the origin coordinates, 
and both half-loops are treated as identical. The nonlinear 
curve fit of experimental points by function (13) with two 
fitting parameters-L and y-provides a good agreement 
between the experimental and calculated loops with L 
and y of (1 .220 .6)~  lop7 and (8 .4k3 .0 )~  m, 
respectively (Fig. 16). The ordinary relations between 
shear and nominal stress-strain characteristics-o=Mz 
and &=ylM with M z 3  as the geometrical Tailor factor- 
are adopted. It is worth noting that the mean free pass of 
dislocations L appears to be of the order of the half-grain 
(cell) diameter d, which is in fair agreement with the 
assumptions made above. 

Analogously, by using Eq. 14, one can calculate peak 
stresses, o,, at different plastic strain amplitudes 
examined, giving an approximation of the cyclic stress- 
strain curve (Fig. 8).[303351 Because of the simplicity of 
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Fig. 16 Results of modeling of the hysteresis loop shape and 
CSSC of UFG 5056 Al-alloy within the frames of a single- 
parametric kinetic dislocation model. (From Ref. [30].) 

this one-parameter model, the qualitative agreement 
between experimental results and calculations achieved 
is surprising. In the low strain limit, formula (14) can be 
rewritten as 

which corresponds to Ashby's expression of the Hall- 
Petch work-hardening stress T =zo + kd- '/' [zo and k= k(y) 
are materials properties; compare with Eq. 71, if L=d/2. 
In other words, from Eq. 1 1, the "d- I/'" dependence of 
the flow stress recovered theoretically agrees with the 
experimentally observed Hall-Petch behavior of the 
CSSC and the fatigue limit. 

Thus despite oversimplification, this approach is 
capable of qualitative explaining such experimental 
results as 

1 .  saturation of the cyclic stress amplitude, 
2. high saturation stress, 
3. rapid hardeninglsoftening on the early stage of 

cycling, 
4. shape of the cyclic stress-strain curve and 
5. Hall-Petch behavior of the fatigue limit. 

More precise modeling would require two (or three) 
kinds of dislocations to be distinguished-mobile and 
immobile (the former are responsible the intergranular slip 
and the latter are attracted to the grain boundaries) as has 
been suggested by Estrin et for ordinary polycrystals. 

Fatigue Life Prediction 

The first attempt to model the fatigue life of SPD metal 
was performed by Ding et a ~ . ' ~ ~ '  They considered the NC 
metal to be a two-phase composite consisting of a soft 
matrix representing grain interior and "hard" reinforce- 
ment representing the heavily distorted nonequilibrium 
grain boundaries (or the grain boundary affected zone 
having a characteristic thickness of 5 nm, which they 
suggested was experimentally supported by TEM and 
X-ray structural analysis). The authors suggested the 
dislocation accumulation to be the main strengthening 
mechanism in UFG metals; however, the grain boundaries 
also contribute to the resultant strength. The crack growth 
rate daldN was calculated from the fracture mechanics 
concept assuming daldN to be proportional to the crack 
tip opening displacement (ACTOD). The ACTOD was 
related to the J-integral, and the latter was calculated in 
the cited work with an assumption that within the fatigue 
damage zone, the local cyclic stress was uniform and 
equal to the ultimate tensile strength of the UFG material. 
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The empirical Coffin-Manson and Basquin laws were 
finally derived as 

where a i  and a f  are the initial and final critical crack 
length, respectively, 2 is a fitting parameter having a 
sense of the cyclic plastic zone correction factor same 
as that in Eq. 8, and C and F are the so-called GB 
constraint and GB strengthening factors respectively, 
which are introduced as: 

where CJ).UFG and oyo denote the yield stresses in the 
UFG and ordinary polycrystalline materials, respectively, 
and A d 2  and Aaef f /2  are the average steady-state cyclic 
flow stress amplitude in the bulk of the material and the 
effective stress amplitude that contributes to local 
deformation, respectively. A satisfactory agreement 
between the calculated from Eqs. 16 fatigue life and 
experimental data was obtained,r661 demonstrating a 
potential for fatigue life prediction in frames of the 
proposed phenomenological approach. 

EFFECT OF TEXTURE 

It is now understood that crystallographic texture exerts a 
very strong influence on the cyclic response of polycrys- 
talline metals. For instance, LukiS and ~ u n z [ ' ~ ]  first 
demonstrated that coarse-grain copper saturates at higher 
stresses than its small grain analog. Llanes and ~ a i r d [ ~ ~ ]  
showed that this effect could be attributed to a strong 
(1 11)-(100) fiber texture formed in coarse-grain copper 
during annealing. The SPD processing used to produce 
most of the materials discussed in this report inevi- 
tably results in the formation of at least moderate tex- 
t u r e ~ , [ ~ ~ - ~ ' ]  which can be important for fatigue because of 
its effect on dislocation mobility, as well as the relative 
sensitivity of the material to plastic instabilities. Other 
methods of producing NC materials (e.g., film growth or 
inert gas condensation) may be more or less prone to 
these textural issues. 

EFFECT OF ENVIRONMENT 

It has long been recognized that the environment plays a 
very important role in fatigue damage, affecting both the 
crack nucleation and propagation, and a survey of the 
experimental results concerning the cyclic response of NC 
materials would not be complete without a few words 
about environmentally assisted fatigue. Yamasaki et al.[591 
investigated corrosion fatigue of ECAP copper immersed 
into 1 M NaN02 aqueous solution in terms of cyclic 
hardeninglsoftening behavior and surface morphology. 
They found that UFG copper possesses a notably better 
resistance to environmental attack, including corrosion 
fatigue, when compared to its coarse-grain counterpart. In 
contrast with coarse-grain Cu, which shows a trans- 
granular fatigue fracture, corrosion fatigue in UFG 
specimens occurs intergranularly. Because localized 
corrosion is the most deleterious, the use of NC materials 
(having boundaries nearly everywhere) is said to be 
beneficial in the case where mass loss is the same for both 
sample types. Further improvement of fatigue properties 
and corrosion fatigue resistance is possible if the 
instability problem of SPD materials is resolved. 

EFFECT OF PROCESSING ON 
FATIGUE AND OPTIMIZATION 
OF FATIGUE PERFORMANCE 

The most influential SPD processing parameter is the 
amount of strain imposed. Increasing number of ECA 
pressings results in increasing monotonic strength and 
fatigue limit.'32-349361 Furthermore, the fatigue properties 
of UFG metals can be improved by gaining some ductility 
and reducing constraints for dislocation motion, i.e., by 
decreasing the tendency for shear banding and strain 
localization, which is common in many hardened metals. 
Thus it can be advantageous for fatigue properties to 
employ materials with a partially recovered structure. The 
positive effect of heat treatment on LCF has been already 
revealed in the early fatigue studies of ECAP materials.['81 
It has been shown, via the acoustic emission technique and 
microscopic surface observations, that susceptibility to 
shear banding in ECAP Cu decreases dramatically after a 
short-term (10 min) annealing at relatively low temper- 
ature of 2 5 0 " ~ , [ ~ ~ ]  and LCF life can be improved by a 
factor of 5-10 after a heat treatment that does not result in 
any grain gro~th.L19321,231 While ECAP results in consid- 
erable reduction of tensile and cyclic ductility, the same 
materials subjected to a post-ECAP annealing can po- 
tentially obtain a higher ductility than its conventional 
coarse-grain c ~ u n t e r p a r t , [ ~ ~ ~ ~ ~ '  and shifts the Coffin- 
Manson line toward higher fatigue lives (Fig. 9). 
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Because SPD metals retain some ductility after 
fabrication, their tensile and high cyclic strength can be 
additionally improved after postprocessing conventional 
cold rolling with or without intermediate annealing at 
moderate temperature. This has been shown for several 
Al-Mg alloys[311 and commercial purity ~i~~~~~~~ as 
discussed in the section "High Cycle Fatigue Behavior." 

The effect of precipitation in SPD NC metals is 
complex. On one hand, it has already been mentioned that 
precipitates can dramatically increase the thermal stability 
of SPD metals and, on the other, grain boundaries may 
recover during aging thereby reducing their susceptibility 
to strain localization and premature cracking. As an 
example, it has been shown that optimal aging of ECAP 
UFG Cu-Cr-Zr alloy results in a high-strength struc- 
ture with 200 nm grain size, which remains fine after 
subsequent annealing at temperatures as high as 5 0 0 " ~ . ' ~ ~ '  
Kim et al.[711 have shown that the one-pass ECA pressing 
of the solid-solution treated 2024 A1 alloy, followed by a 
low-temperature aging, can impressively enhance both 
strength and ductility: samples aged at 100°C for 20 hr 
had the strength ou,~=715 MPa, and the total elongation 
to failure 6=16%. Chung et a ~ . ' ~ ~ '  have shown that the 
yield stress and tensile strength of 6061 A1 alloy benefit 
from multiple ECA pressing (four passes) as compared to 
the one-time-pressed sample (the ECAP of solution 
treated billets was performed at 125°C and no subsequent 
heat treatment was applied.) Although the effect of the 
single ECA pressing of aluminum alloy 6 0 6 1 ' ~ ~ '  is 
impressive, it is not clear whether it would be impossible 
to achieve the same strength and ductility in Al alloys 
after conventional treatment. Hence two principal com- 
peting approaches for enhancement of fatigue properties 
via SPD can be seen: 1) achievement of compromise 
between strength and ductility in a minimum number of 
ECA pressings--one wherever possible, i.e., a cost- 
effective procedure employing relatively small imposed 
strains; and 2) achievement of maximum possible strength 
and high cycle fatigue life. The results of Chung et al.[371 
show a lack of correlation between the tensile strength and 
fatigue limit, i.e., the four-pass sample with higher 
has the fatigue limit lower than the one-time pressed 
sample. In conclusion, there are still great opportunities 
for the development of optimum processing scheme for 
desired fatigue properties of SPD materials. 

CONCLUSION 

The presently available experimental results concerning 
the fatigue behavior of NC materials have been reviewed, 
and the following aspects are highlighted in retrospect to 

the available knowledge about the grain size effect on 
fatigue of conventional materials: 

The significant enhancement of high cyclic fatigue 
life has been demonstrated after grain refinement 
down to submicrocrystalline and nanoscopic size for 
most materials, depending on the slip mode. 
Despite the high tensile strength and improved high 
cyclic fatigue properties on NC and UFG metals, the 
low cyclic fatigue life appears shorter than that of 
their coarse-grain counterparts because of some loss 
in ductility during SPD. 
Fatigue damage occurs on different scale levels from 
the intragranular movement of individual disloca- 
tions to macroscopic strain localization in the shear 
bands. The nature of the shear bands on SPD metals 
has been discussed from the standpoint of the initial 
ultrafine grain structure and its evolution during 
cyclic deformation. 
The susceptibility of the ECAP materials to strain 
localization and microcracking can be a main factor, 
which limits their tensile and fatigue ductility and, to a 
large extent, determines their fatigue performance. 
Postprocessing annealing has proven to be capable of 
considerable improvement of LCF performance of 
SPD metals because of reduction of their susceptibil- 
ity to strain localization. 
NC and UFG materials possess lower resistance to 
crack propagation than their coarse-grain analogs near 
the threshold. 
Both grain refinement and dislocation work harden- 
ing play an important role in the resultant properties 
of materials obtained by severe plastic deformation. 
As a consequence, most of the cyclic properties of 
NC materials can be rationalized, at least qualitative- 
ly, in terms of Hall-Petch and dislocation hardening 
within a framework of a simple approach involving 
one- or two-parametric dislocation generation-anni- 
hilation kinetics. 

The effects of texture, processing, and environment on 
fatigue life, crack initiation, and propagation in NC 
materials have been just scarcely studied, and further 
investigations in this field should be of interest for both 
potential applications and fundamental issues of fatigue of 
these materials. 
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INTRODUCTION 

The synthesis of nanocrystalline bulk and powder materi- 
als is one of the problems facing the modem materials 
scientist. In recent decades, the interest paid to this 
problem has grown remarkably because it was found that 
the properties of nanocrystalline substances change con- 
siderably when the size of crystallites decreases below a 
threshold value.['-81 Such changes arise when the average 
size of crystal grains does not exceed 100 nm and are most 
pronounced when grains are less than 10 nm in size. 
Ultrafine-grain substances should be studied considering 
not only their composition and structure, but also particle 
size distribution. Ultrafine-grain substances with grains 
300 to 40 nrn in size on the average are usually referred to 
as submicrocrystalline, while those with grains less than 
40 nm in size on the average are called nanocrystalline. 
The classification of substances by the size D of their 
particles (grains) is shown in Fig. 1. 

Nanosubstances and nanomaterials may be classified 
by geometrical shape and the dimensionality of their 
structural elements. The main types of nanomaterials with 
respect to the dimensionality include cluster materials, 
fibrous materials, films and multilayered materials, and 
also polycrystalline materials whose grains have dimen- 
sions comparable in all the three directions (Fig. 2). 

The main objective of this paper is to give a general idea 
about diverse nanocrystalline substances and materials. 
The chemical composition, the microstructure, the grain 
size distribution, and, consequently, the properties of nano- 
substances largely depend on their production method. It 
is for this reason that the paper first describes main 
methods for production of powders and bulk samples in 
the nanocrystalline state and then considers specific fea- 
tures of the microstructure of nanocrystalline substances. 
The influence of the nanocrystalline state on properties of 
various substances and determination of causes of this in- 
fluence present the objective of the final part of this paper. 

BACKGROUND OF FINE MATERIALS 

In December 1959, at his talk at the California Institute of 
Technology, ~ e ~ n m a n [ ~ ]  stressed the problem of control 
over the substance in the interval of extremely small 

dimensions as an insufficiently explored, but very 
promising field of science. He noted in particular that 
". . .when we have some control of the arrangement of 
things on a small scale we will get an enormously greater 
range of possible properties that substances can have, and 
of different things that we can do. . . .The problems of 
chemistry. . .can be greatly helped if our ability to see 
what we are doing, and to do things on an atomic level, is 
ultimately developed." 

In 1982-1985, ~leiterl ' l  proposed a concept of the 
nanostructure of solids and was the first to realize a 
method for production of bulk materials with nanometer- 
sized grains (crystallites). From that time on, bulk and 
powder substances, which contained nanometer-sized 
particles, have been called nanocrystalline. Gleiter's 
works spurred studies into the synthesis, the structure, 
and the properties of nanocrystalline substances. 

Differences in the properties of fine particles from 
those of bulk materials have been known and used for a 
relatively long time. Examples are aerosols, dyeing pig- 
ments, and glasses colored with colloidal particles of 
metals. A very significant field of successful application 
of fine particles is catalysis of chemical reactions. Mul- 
tilayered nanostructures are used in electronics. These 
structures represent a crystal, which has, in addition to the 
usual lattice of periodically arranged atoms, a superlattice 
comprising alternating layers of different compositions. 

Semiconductor nanoheterostructures, which realize 
quantum-size effects, are of special interest to electronics. 
Nanoheterostructures, especially double ones, including 
quantum wells, wire, and dots, allow controlling basic 
parameters of semiconductors (the energy spectrum, the 
forbidden gap width, the effective mass, and the mobility 
of carriers). 

DISTINCTIVE PROPERTIES 

The density of states N(E)  is a continuous function in a 
three-dimensional (3-D) semiconductor. When the elec- 
tron gas dimensionality decreases, the energy spectrum 
becomes split and discrete (Fig. 3). A quantum well is a 
two-dimensional structure, in which charge carriers are 
limited to the direction perpendicular to the layers and can 
move freely in the layer plane. Charge camers are limited 
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Fig. 1 Classification of substances and materials by their particle (grain) size D. 

to two directions in a quantum wire and only move along 
the wire axis. A quantum dot is a quasi-zero-dimensional 
("0" D) structure, in which charge carriers are limited in 
three directions. The electron energy spectrum of an ideal 
quantum dot is fully discrete (Fig. 3) and corresponds to 
the spectrum of a single atom, although a real quantum 
dot (a "superatom") can include hundreds of thousands 
of atoms. 

A small size of grains determines a large length of 
grain boundaries. Also, grains may have various atomic 
defects (vacancies or their complexes, disclinations, and 
dislocations), whose number and distribution differ from 
those in coarse grains 5 to 30 pm in size. If dimensions of 
a solid in one, two, or three directions are comparable with 
characteristic physical parameters having the length 
dimensionality (the size of magnetic domains, the electron 

Clusters Nanotubes, filaments and rods Films and layers Polycrystals 

(OD) (1 D) (2D) (3D) 

Fig. 2 Types of nanocrystalline materials: 0-D (zero-dimensional) clusters; 1-D (one-dimensional) nanotubes, filaments, and rods; 2-D 
(two-dimensional) films and layers; 3-D (three-dimensional) polycrystals. 
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Fig. 3 Density of states of charge carriers of states N(E) as a function of the semiconductor dimensionality: (3-D) three-dimensional 
semiconductor; (2-D) quantum well; (I-D) quantum wire; (0-D) quantum dot. 

free path, the size of excitons, the de Broglie wavelength, 
etc.), dimensional effects will be observed for the 
corresponding properties. Thus dimensional effects imply 
a set of phenomena connected with changes in properties 
of substances, which are caused by 1) a change in the 
particle size, 2) the contribution of interfaces to properties 
of the system, and 3) comparability of the particle size 
with physical parameters having the length dimensional- 
ity. Specific features of the structure of nanocrystalline 
substances make their properties differ considerably from 
those of usual polycrystals. Therefore the decrease in the 
grain size is viewed as an efficient method for adjustment 
of properties of solids. 

Nanocrystalline substances represent a special state 
ofcondensed matter, namely, macroscopic ensembles of 
superfine particles up to several nanometers in size. 
Properties of nanosubstances are determined by both 
specific features of separate particles and their collec- 
tive behavior, which depends on the interaction be- 
tween nanoparticles. 

SYNTHESIS OF 
NANOCRYSTALLINE POWDERS 

Gas Phase Synthesis 

Isolated nanoparticles are prepared by the evaporation 
of a metal, an alloy, or a semiconductor at a controlled 

temperature in the atmosphere of a low-pressure inert 
gas and the subsequent condensation of the vapor near or 
on a cold surface. The gas phase synthesis provides par- 
ticles between 2 and several hundreds of nanometers in 
size. Nanoparticles < 20 nm in size have a spherical shape, 
while coarser particles are faceted. 

The metal may be evaporated from a crucible or fed 
to the evaporation zone as a wire or a powder. A beam 
of argon ions serves for the metal evaporation. The 
energy may be injected via direct heating, passage of an 
electric current, an electric-arc plasma discharge, induc- 
tive heating with currents of high and superhigh fre- 
quencies, laser radiation, or electron beam heating. A 
vacuum, a motionless inert gas, a gas flow, or a plasma 
jet may serve as the working medium. The composition 
and the size of nanoparticles may be controlled by 
changing the atmosphere pressure and composition (an 
inert gas or a reagent gas) and the temperature gradient 
between the evaporated substance and the surface, on 
which the vapor condensates. 

Properties of isolated nanoparticles largely depend 
on the contribution of the surface layer. In the case 
of a spherical particle with the diameter D and the surface 
ayer thickness 6, the fraction of the surface layer in 
the total volume of the particle is -6610. When the 
surface layer thickness equals 3-4 atomic monolayers 
(0.5-1.5 nm) and the size of nanoparticles is 10-20 
nm, the surface layer accounts for up to 50% of the 
whole substance. 
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Fig. 4 Structure of most significant fullerenes Cso and C7@ The 
C60 molecule is shaped like a soccer-ball and its cage is about 
0.7 nm in diameter. All fullerenes exhibit hexagonal and 
pentagonal rings of carbon atoms. 

Plasmachemical Technique 

Low-temperature (4000-8000 K) nitrogen, ammonium, 
hydrocarbon, or argon plasma of the arc, glow, high- 
frequency, or superhigh-frequency discharge is used in the 
plasmachemical synthesis. Elements, their halogenides, 
and other compounds serve as the starting material. Par- 
ticles of plasmachemical powders represent single crystals 
10 to 100-200 nm in size. Laser heating provides nano- 
powders with a narrow particle size distribution. The gas 
phase synthesis with laser radiation for generation and 
maintenance of the plasma, in which the chemical reaction 
takes place, proved to be an efficient method for pro- 
duction of molecular clusters. 

Molecular clusters occupy a special place among nano- 
structured substances. The best known of these structures 
are the f~llerenes,['~] representing a new allotropic modi- 
fication of carbon in addition to graphite and diamond. 

The C60 and C70 fullerenes are produced by electric arc 
sputtering of graphite in the helium atmosphere at a 
pressure of - lo4 Pa. However, electron beam evaporation 
and laser heating are also used. 

A C60 molecule has the structure of a truncated regular 
icosahedron (Fig. 4), where carbon atoms form a closed 
hollow spherical surface comprising 5- and 6-member 
rings. Each atom has its coordination number equal to 3 
and is located at vertices of two hexagons and one pen- 
tagon. Crystallization of C60 from a solution or a gas 
phase leads to appearance of fullerites, which are molec- 
ular crystals with a cubic lattice having the constant of 
1.417 nm. The C70 fullerene is shaped like a closed sphe- 
roid (Fig. 4). 

In 1992, a stable Ti8CI2+ cluster was discovered["' 
corresponding to a Ti8CI2 molecule in the form of a 
distorted pentagon dodecahedron (Fig. 5). The TiI8Cl2 
cluster has the linear dimension of about 0.5 nm. 
clusters were produced by the plasmachemical gas phase 
synthesis in a helium atmosphere using hydrocarbons 
(methane, ethylene, acetylene, propylene, and benzene) 
and titanium vapors as reagents. Titanium was evapo- 
rated under irradiation from a Nd-laser with a 532-nm 
wavelength. The Ti18C12 cluster is the first member in the 
new class of molecular clusters, that is, M8CIZ metallo- 
carbohedrenes, where M=Zr, Hf, V, Cr, Mo, or Fe. 

Precipitation from Colloid Solutions 

A standard method for producing nanoparticles from 
colloid solutions consists of a chemical reaction between 
the solution components and interruption of this reaction 

Fig. 5 Dodecahedra1 structure of the molecular cluster with the symmetries Th and Td taking into account different length of 
Ti-C and C-C bonds. 
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at a certain moment of time. After this, the dispersed sys- 
tem changes from the liquid colloid state to the dispersed 
solid state. For example, nanocrystalline cadmium sul- 
fide CdS is produced by precipitation from a mixture of 
Cd(C10& and Na2S solutions. The solution pH is in- 
creased abruptly to stop the growth of CdS particles. 

Mixed-composition nanoparticles, i.e., nanocrystalline 
heterostructures, are synthesized by precipitation from 
colloid solutions. The core and the shell of a mixed nano- 
particle are made of semiconductor substances having 
different structures of electronic levels. Heterostructures, 
such as CdSeIZnS or ZnSICdSe, HgSICdS, ZnSIZnO, and 
Ti021Sn02, are formed through a controlled precipitation 
of one type of semiconductor molecules on presynthesized 
nanoparticles of a semiconductor of another type. 

Precipitation from colloid solutions is highly selective 
and allows producing stabilized nanoclusters with a very 
narrow particle size distribution. 

Thermal Decomposition and Reduction 

Subject to thermal decomposition are elemento- and me- 
tallo-organic compounds, carbonyls, formates, oxalates, 
arnides, and imides of metals, which decompose at some 
temperature and form the synthesized substance. For 
example, metal powders with particles 100 to 300 nm in 
size on the average are prepared by pyrolysis of iron, 
cobalt, nickel, and copper formates in a vacuum or an inert 
gas at 470-530 K. 

Superfine metal powders are also produced by hydro- 
gen reduction of hydroxides, chlorides, nitrates, and 
carbonates of metals at <500 K. Advantages of this 
method include a low concentration of impurities and a 
narrow particle size distribution of powders (Fig. 6). 

Mechanical Synthesis 

Mechanical synthesis as a method for producing nano- 
powders may be divided into two categories: mechanical 
milling and mechanical alloying. Mechanical milling is 
used both for grinding and amorphization of the starting 
material. Mechanical alloying requires grinding, mixing, 
mass transfer, and chemical interaction of powders of 
several pure elements, compounds, or alloys. Substances 
in the crystalline and amorphous states may be prepared 
by mechanical alloying. 

Mechanical synthesis is the most efficient method for 
large-quantity production of nanopowders. 

Grinding and mechanical synthesis are performed in 
high-energy planetary, ball, or vibrating mills. The aver- 
age size of powder particles is 200 to 5-10 nm. For 
example, Fe-Ni and Fe-A1 nanocrystalline alloys with 
grains 5 to 15 nm in size were synthesized by grinding of 
metal powders in a ball vibrating mill during 300 hr.r81 

Fig. 6 Typical distributions of metal particles by their size D. 
The particles were synthesized via reduction of metals from 
compounds in a hydrogen flow. 

Synthesis by Detonation 
and Electric Explosion 

One more type of the mechanical treatment, which pro- 
vides conditions for synthesis and dispersion of the final 
product, is a shock wave. Nanocrystalline diamond pow- 
ders are prepared from mixtures of graphite and metals 
under the shock wave pressure of a few dozens of 
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gigapascals. Diamond powders may be produced more 
conveniently by explosion of organic substances with a 
high concentration of carbon and a low percentage of 
oxygen. 

Detonation of condensed explosives, which decompose 
with liberation of free carbon, is used for commercial 
production of diamond nanopowders. The volume of 
explosion chambers is not less than 2-3 m3. Synthesized 
diamond powders consist of cubic particles about 4 nm in 
size on the average. 

Fine powders with particles up to 50 nm in size are 
produced by an electric explosion of wire when it passes a 
strong current pulse, 10 -~ -10 -~  sec long, having a 
density of lo4-lo6 A mm-2.['21 A wire of diameter 0.1 to 
1.Omm is used. A current pulse quickly heats the metal up 
to a temperature T> lo4 K (above the melting point) and 
the overheated metal is dispersed as in explosion. The 
average size of particles diminishes as the current density 
grows and the pulse length shortens. Electric explosion in 
an inert atmosphere provides powders of metals and 
alloys. Fine powders of oxides, nitrides, carbides, or their 
mixtures may be synthesized when reagents (02+He, N2, 
H20, and Cl0HZ2) are added into the reactor. 

Synthesis of Superfine Oxides 
in Liquid Metals 

In this method, molten gallium, lead, or Pb-Bi alloy serve 
as the working medium. A metal M, whose chemical 
affinity for oxygen is larger than the oxygen affinity of the 
molten metal, is dissolved in the melt. Then the dissolved 
metal M is oxidized by bubbling water vapor or an 
oxidizing gas mixture (H20+Ar) through the melt. Su- 
perfine amorphous oxides of metals are formed as a result 
of selective oxidation. For example, oxidation of alumi- 
num in molten gallium leads to formation of flocks of 
amorphous Al2O3.H20. It consists of fibers 5 to 100 nm in 
diameter, which are spaced 5 to 400 nm. The synthesized 
material has a porosity of 97-99 vol.% and a specific 
surface of 30 to 800 m2 gp ' . 

Nanostructured oxides Sb02, TeO, NiO, Ge02, Sn02, 
Inz03, K20, ZnO, Ga203, Na20, MnO, Li20, Al2O3, BaO, 
SrO, MgO, and CaO may be produced via selective 
oxidation. The method is also applicable to synthesis of 
superfine nitrides, sulfides, and halogenides. In this case, a 
mixture of an inert gas and nitrogen N2, hydrogen sulfide 
H2S, or gaseous gallium or lead chlorides is passed 
through the melt with a dissolved metal. 

Self-propagating 
High-Temperature Synthesis 

Self-propagating high-temperature synthesis (SHS) repre- 
sents solid-state burning of reagents (metal and carbon for 

carbides or metal in nitrogen for nitrides) at a temperature 
of 2500 to 3000 K. Usually, the average size of grains in 
carbides produced by the SHS method is 5 to 20 pm. 

A nanosized powder of titanium carbide was prepared 
by the SHS method using sodium chloride as an inert 
dilutant.[13' As titanium and carbon are burning, NaCl 
forms a melt, which insulates the formed carbide particles 
and prevents their growth. Also, NaCl dissolves well in 
water and can be easily separated from the synthesized 
carbide. The size of titanium carbide particles decreases 
with growing percentage of NaCl in the initial mixture. 
The average size of particles is about 100 nm. 

Ordering in Nonstoichiometric Compounds 
as a Method of Producing a Nanostructure 

A nanostructure in nonstoichiometric compounds such as 
MC, cubic carbides is produced through disorder-order 
transformations, which take place as phase transitions of 
the first kind with an abrupt change of the volume.['41 If a 
nonstoichiometric compound is cooled quickly from a 
high temperature, at which the disordered state is at 
equilibrium, ordering cannot be completed and the 
compound remains in a metastable disordered state. 
Because lattice constants of the disordered and ordered 
phases are different, stresses arise in the sample, leading 
to the cracking of crystallites at interfaces between the 
disordered and ordered phases and formation of a 
nanostructured powder. 

The first ordering-induced nanostructure was realized 
in a nonstoichiometric vanadium carbide.[15] The initial 
powder of the VC0.875 carbide with grains 1 to 2 pm in 
size was aged for a long time at 300 K. The aged 
powder contained agglomerates 5 to 30 pm in size, 
which were formed by particles measuring about 1 pm. 
The particles had a complicated structure (Fig. 7). Each 
entity N 1 pm in size looked like an open rosebud and 
contained a large number of nanocrystallites in the form 
of strongly bent plate disks 400 to 600 nm in diameter 
and 15 to 20 nm thick (Fig. 8). The bulk of the nano- 
crystallites consisted of the V8C7-ordered carbide, while 
the surface layer about 0.7 nm thick included a great 
number of vacancy agglomerates. 

PREPARATION OF BULK 
NANOCRYSTALLINE SUBSTANCES 

Disorder-Order Transformations 

A nanostructure may be produced not only by ordering of 
powders, but also bulk nonstoichiometric compounds. 
Bulk samples of the VC0.875 carbide were prepared using 
a hot pressing of a powder of disordered vanadium 
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Fig. 7 Microstructure of a powder of the VC0.875 vanadium carbide after long-term aging at ambient temperature in an ambient 
atmosphere ( x  10000 magnification). (From Ref. [15].) 

Fig. 8 Morphology of particles of an aged powder of the VC0.875 carbide ( x 50000 magnification). ( From Refs. [15,16].) Particles about 
1 pm in size represent a set of nanocrystallites having the shape of bent plate disks 400 to 600 nm in diameter and about 15-20 nm thick. 
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carbide at a temperature of 2000 K and a pressure of 20- 
25 M P ~ . " ~ ]  The size of grains in sintered samples was 10 
to 60 pm. The sintered samples were annealed at 1370 K 
for 2 hr and then were cooled slowly (at a rate of 100 K 
hr-l) to 300 K or quenched from 1500 to 300 K. The 
maximum thermal treatment temperature approached the 
disorder-order transformation temperature T,,,,, and was 
equal to T,,,,, + 100 K. Along with structural reflections, 
additional weak reflections corresponding to the V8C7- 
ordered phase appeared in the X-ray diffraction spectrum 
after both annealing and quenching. 

The V8C7-ordered phase was formed thanks to the 
disorder-order transformation. The grain size of the basic 
phase did not change upon ordering, but superstructural 
lines widened because of a small size of domains of the 
ordered phase. Superstructural reflections widened most 
for the sample, which was quenched from 1500 K. This 
means that domains of the ordered phase were smallest in 
that sample. The size of domains was about 130 nm in 
annealed samples and - 20 nm in samples quenched from 
1500 K. 

Thus the nanostructure in the bulk nonstoichiometric 
vanadium carbide represented a set of domains of an or- 
dered phase and was formed thanks to the VC0.875 + V8C7 
disorder-order phase transformation. 

Ordering is an efficient method for creation of a nano- 
structure in bulk and powder nonstoichiometric com- 
pounds. Disorder-order transformations, which are 
accompanied by changes of the volume, can be used to 
produce a nanostructure not only in nonstoichiometric 
compounds, but also in substitutional solid solutions, 
including alloys. 

Compaction of Nanopowders 

A method for production of bulk nanocrystalline sub- 
stances, which was proposed by  researcher^"^] in 1981- 
1986, has been well known. This technology uses the 
method of evaporation and condensation for production of 
nanoparticles, which are deposited on the cold surface of a 
rotating cylinder. Evaporation and condensation are 
realized in a rarefied inert gas, mostly helium. Particles 
of the surface condensate are usually faceted. The de- 
posited condensate is removed from the cylinder surface 
using a special scraper and is placed in a collector. The 
inert gas is pumped out and the nanocrystalline powder is 
compacted in a vacuum first at a pressure of -- 1 GPa and 
finally at a pressure up to 10 GPa. Bulk nanomaterials 
prepared by this method contain particles of an average 
size D from 1-2 to 80-100 nm and have a relative density 
of 85-97% depending on evaporation and condensation 
conditions. The absence of contact with the ambient at- 
mosphere during synthesis and compaction of the nano- 
powder precludes contamination of the bulk samples. For 
production of bulk nanocrystalline oxides and nitrides, 

the metal is evaporated to an oxygen- or nitrogen-con- 
taining atmosphere. 

Porosity of nanoceramics prepared by compaction of 
powders is connected with triple junctions of crystallites. 
It may be decreased and made more uniform by com- 
paction of nanopowders and their sintering at relatively 
low temperatures TSOST,,, (T, being the melting point). 

The magnetic pulsed method"81 is reduced to intensive 
dry pressing of powders. Pulsed compression waves cause 
vigorous heating of the powder thanks to the quick release 
of energy during friction of particles. When the size of 
particles is small ( 0 5 0 . 3  pm), their heating time is 
shorter than the characteristic length of pulsed compres- 
sion waves (1-10 psec). If compression wave parameters 
are chosen properly, it is possible to realize dynamic hot 
pressing of nanopowders thanks to their high surface 
energy. The magnetic pulsed method provides denser 
samples than steady-state pressing at nearly equal pres- 
sures (Fig. 9). Short-time heating reduces recrystallization 
caused by high temperatures and helps preserving a small 
size of particles. 

A promising method for compaction of ceramic 
nanopowders without plasticizers is dry cold ultrasonic 

Ultrasound decreases interparticle friction, 
breaks agglomerates and coarse particles, and improves 
the volume distribution of particles. Therefore the density 
of the compact is enhanced, the growth of grains during 
sintering is limited, and the nanostructure is preserved. 
Ultrasonic pressing of nanopowders is especially efficient 
in the production of intricate articles, such as bushes, gear 
wheels, and spirals (Fig. 10). 

Ceramic nanomaterials are sintered using heating with 
millimeter-range superhigh frequency (SHF) radiation.[201 
Volume absorption of the SHF energy ensures one-time 
uniform heating of the whole sample and provides 
sintered ceramics having a homogeneous microstructure. 
The sintering temperature is 1300 to 2300 K. Microwave 
sintering of compacts, which had a relative density of 70- 
80% and were made of a TiOz nanopowder with an 
average size of particles equal to 20-30 nm, allowed 
producing sinters having a relative density of 97-99% and 
grains 200 to 220 nm in size on the average. 

The existing methods for compaction of nanopowders 
and sintering of bulk nanomaterials already provide high- 
density intricate articles. However, it has been so far 
impossible to maintain the same small size of grains in 
sintered nanomaterials as in initial nanopowders. To keep 
the size of grains small, one has to decrease the tem- 
perature and duration of sintering and perform the sin- 
tering operation under a high pressure. 

Film and Coating Deposition 

Deposition on a cold or heated surface of a substrate 
allows making films and coatings, i.e., continuous layers 
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Fig. 9 Pressure dependence of the density p of the nanocrystalline oxide n-A1203 for steady-state and magnetic pulsed pressing: (I), 
(2), (3) represent steady-state pressing at temperatures of 300, 620, and 720 K, respectively; (4) represents magnetic pulsed pressing. 

of a nanocrystalline substance not more than several mi- 
crometers thick. Films may have different compositions 
and the size of their crystallites may change over a wide 
interval including the amorphous state and multilayer 
structures (superlattices). Pressing is not necessary be- 
cause a bulk layer of a nanomaterial is obtained. 

Deposition on a substrate may be realized from va- 
pors, plasma, or a colloid solution. In the case of vapor 
deposition, a metal is evaporated in a vacuum or an 

oxygen- or nitrogen-containing atmosphere and then 
vapors of the metal or its compound (an oxide or a 
nitride) are condensed on a substrate. The size of crys- 
tallites in the film may be adjusted by varying the evap- 
oration rate and the substrate temperature. Nanostmctured 
films may be produced by deposition from plasma. 

Oxide and sulfide semiconductor films are obtained by 
deposition on a substrate from colloid solutions. Nano- 
structured films containing nanoparticles of different 

Fig. 10 Ceramic articles synthesized by ultrasonic pressing of nanopowders. (From Ref. [19].) 



semiconductors are prepared by the codeposition method. 
The methods of chemical and physical deposition from a 
gaseous phase (CVD and PVD) are traditionally used for 
producing of films. 

Nanocrystallization of Amorphous Alloys 

Nonporous nanostructured materials are produced by 
crystallization of amorphous metal alloys. Thin bands of 
amorphous alloys are made by melt spinning, i.e., quick 
(at a rate 2 lo6 K s e c  ') cooling of the melt on the surface 
of a rotating disk. Then the amorphous band is annealed to 
create a nanostructure. 

Considerable study currently devoted to crystallization 
of amorphous alloys in connection with development of 
soft magnetic materials in Fe-Cu-M-Si-B (M=Nb, Ta, 
W, Mo, or Zr) systems.[211 Amorphous alloys of the Fe- 
Cu-Nb-Si-B system proved to be most successful. Their 
crystallization at 700-900 K resulted in formation of a 
uniform nanocrystalline structure. Grains of the ct-Fe(Si) 
phase - 10 nm in size and copper clusters about 1 nm in 
size were uniformly distributed in the amorphous matrix 
of the alloy. 

Crystallization of quickly solidifying amorphous alloys 
of the Al-Cr-Ce-M (M=Fe, Co, Ni, or Cu) system, which 
contained over 92 at.% Al, led to formation of a structure 
including an amorphous phase and Al-rich icosahedral 
nanoparticles (0-5-12 nm) precipitated in the amor- 
phous phase.[221 Alloys with this structure possess a high 
tensile strength (up to 1340 MPa), which approaches the 
strength of special steels. 

Severe Plastic Deformation 

Severe plastic deformation applies mostly to plastically 
deformable materials. In addition to the decrease in the 
average size of grains to 100-200 nm, it allows producing 
bulk samples with a nearly pore-free structure, which 
cannot be prepared by compaction of superfine powders. 

The main methods, which are used to considerably 
refine grains without breakage of samples, are high- 
pressure torsion and equal-channel angular (ECA) press- 
ing (Fig. 11). The ECA pressing method was proposed in 
Ref. [23]. As compared with other methods of plastic 
deformation, this method provides the most uniform 
structure of substances. The structure and properties of 
submicrocrystalline materials, which were produced using 
severe plastic deformation, are described in Ref. [24]. 

The main feature of the structure of submicrocrystal- 
line materials prepared by deformation methods is 
nonequilibrium grain boundaries, which are a source of 
strong stresses. Triple junctions of grains represent one 
more source of stress. Annealing of subrnicrocrystalline 
materials causes changes in their microstructure. Initially, 
when the annealing temperature equals nearly one-third 
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Fig. 11 Schemes of main methods of severe plastic deforma- 
tion: (From Ref. [24]) (a) high-pressure torsion; (b) equal- 
channel angular pressing. 

of the melting point, stresses are relaxed, grain boundaries 
acquire a more equilibrium state, and grains grow 
insignificantly. The further increase in the annealing 
temperature and time is followed by collective recrystal- 
lization, i.e., coarsening of grains. 

The method of severe plastic deformation was used to 
produce a submicrocrystalline structure in such metals as 
Cu, Pd, Fe, Ni, and Co, aluminum, magnesium, and 
titanium alloys, and intermetallics. A bulk nanocrystalline 
sample with grains - 30-40 nm in size was prepared from 
a coarse ( 0 ~ 2 - 5  pm) powder of a nonstoichiometric 

titanium carbide by the method of high-pressure 
t~rsion. '~]  

MICROSTRUCTUREOFBULK 
NANOCRYSTALLINE SUBSTANCES 

In the simplest case, a nanocrystalline substance, which 
comprises atoms of one species, includes two components 
with different structures: grains (crystallites) 5 to 20 nm in 
size and intercrystalline boundaries up to 1.0 nm long. 
Crystallites have a similar structure and differ by their 
orientations and sizes only. The structure of interfaces is 
determined by the type of interatomic interactions and the 
mutual orientation of adjacent crystallites. It was thought 
originally that the intercrystalline substance is character- 
ized by a random location of atoms and the absence of the 
long- and short-range order.["] This state was called a 
gas-like structure, taking into account the location of 
atoms only. 

Later studies showed that the atomic order on inter- 
faces of nanosubstances approaches the atomic order in 
coarse-grain polycrystals. An example is a comparative 
study of the structures of coarse-grain palladium and 
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nanocrystalline palladium n-Pd, which was prepared by 
evaporation and condensation. This study demonstrated 
that widening of diffraction reflections for n-Pd was a 
result of a small size of crystallites and stresses in grains 
or on interfaces rather than the gas-like structure of the 
grain-boundary phase or a large number of vacancies in 
grains.[251 Pores were detected only at triple junctions and 
not on the entire length of the interfaces.[261 The atomic 
density on intercrystalline boundaries proved to be nearly 
equal to its counterpart in crystallites. 

According to Ref. [27] the coordination number of the 
first coordination sphere in an as-prepared n-Pd sample 
was 5-6% smaller than in coarse-grain palladium. 
However, almost all atoms were located at lattice sites 
in n-Pd samples, which were aged at room temperature for 
several months.[281 It was that grain bound- 
aries in an as-prepared bulk n-Pd sample were in the 
equilibrium state with a small short-range order. This state 
was unstable even at room temperature and the sample 
acquired a more ordered state during 120-150 days, while 
the size of crystallites increased from 12 to 25-80 nm.[291 

Interfaces in compacted nanocrystalline substances 
may contain three types of  defect^:'^] separate vacancies, 
vacancy agglomerates or nanovoids at triple junctions, 
and large voids instead of missing crystallites (Fig. 12). 

The annihilation of positrons[2x301 is the most reliable 
up-to-date method used for the study of free volumes in 
nanocrystalline substances. It is sensitive to extremely 
small concentrations of defects in solids, namely, from 

Fig. 12 Two-dimensional schematic model of a nanocrystal- 
line material with microscopic free volumes as detected by 
positron lifetime spectroscopy: (From Ref. [2] ) vacancy-like 
free volumes (with positron lifetime 7,)  in the interface, nano- 
voids (agglomerates of about 10 vacancies) at the triple junction 
of crystallites (r2), and a large void ( 7 4  of the size of missing 
crystallites. 

lop6 to defects per atom. The capture of positrons 
by defects allows using the electron-positron annihilation 
for analysis of interfaces in nanosubstances. 

When a positron emitted from a radioactive source gets 
into a solid, it quickly loses its velocity and energy, which 
drops to the value corresponding to the crystal tempera- 
ture. Then the positron diffuses in the substance in the free 
(delocalized) state and annihilates from this state in the 
characteristic lifetime zf of about 100 psec. During the 
time q, the positron may move a distance of about 100 nm 
in defectless solids. Because the size of grains in a 
nanosubstance is smaller than the length of the positron 
diffusion in a defect-free grain, virtually all positrons may 
reach the grain surface and interfaces. If grains contain 
defects, which capture positrons, only part of positrons 
reach the grain boundary. Therefore it is possible to obtain 
information about intragrain defects. After a positron has 
been captured by a defect, it annihilates from the localized 
state in a time exceeding zf. The longer the lifetime of a 
positron in a defect is, the larger is the free volume. 

schaeferL2] and Wiirschum et al.[301 have given con- 
siderable study to nanomaterials by the electron-positron 
annihilation method. Vacancies and nanovoids were 
detected in nanocrystalline metals Al, Cu, Mo, Pd, Fe, 
and Ni, nanocrystalline silicon Si and zirconium oxide 
Zr02, and many other materials. The investigations 
demonstrated that lifetime spectra of positrons usually 
contain two strong components and one weak component 
with intensities I , ,  12, and I3 = 1 -I1 -I2, which correspond 
to the lifetime TI, z ~ ,  and z3, respectively (Fig. 12). In 
nanocrystalline metals, the lifetime zl approaches the 
lifetime of positrons z lv  in lattice monovacancies of 
coarse-grain metals. Therefore zl is viewed as the lifetime - 

of positrons in vacancy-like free volumes in grain 
interfaces (interface vacancies). The size of these vacan- 
cies corresponds to one or two missing atoms. The 
positron lifetime z2 characterizes annihilation of positrons 
in three-dimensional vacancy agglomerates (nanovoids) 
of the size of about 10 missing atoms. A very long lifetime 
z3 corresponds to annihilation of positrons in large voids 
of the size of missing crystallites. 

Generally, the positron annihilation revealed the 
following: 1) the lifetime of positrons in nanocrystalline 
metals is longer than the lifetime zf of free delocalized 
positrons; 2) positrons are captured by monovacancies, 
vacancy complexes, and voids, whose size approaches the 
size of crystallites; and 3) free vacancy volumes, which 
capture positrons at low temperatures, belong to interfaces 
and not to crystallites. 

The microstructure of submicrocrystalline substances, 
which are synthesized using severe plastic deformation, 
differs from the microstructure of compacted nanocrys- 
talline substances. The main feature of the structure of 
submicrocrystalline substances is the presence of ran- 
domly misoriented nonequilibrium grain boundaries. 
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Unannealed submicrocrystalline metals and alloys are 
characterized by extinction contours along grain bound- 
aries, which point to large elastic stresses. Annealing 
eliminates dislocations from grains, extinction contours 
vanish, and a stripe contrast, which is typical of the 
equilibrium state, appears. The relaxation of interfaces is 
accompanied by growth of grains during annealing. 

PROPERTIES OF ISOLATED 
NANOPARTICLES AND 
NANOCRYSTALLINE POWDERS 

The transition from crystals to nanoparticles is followed 
by changes in the interatomic distances and lattice 
constants. For example, when the size of Ag and Au 
particles decreases from 40 to 10 nm, the lattice constant 
becomes -0.1% smaller. When the size of Si particles 
decreases from 10 to 3 nm, the lattice constant increases 
by 1.1 %. The ambiguity of the dimensional effect may 
be a result of adsorption of impurities or different cherni- 
cal compositions of particles. One more possible reason 
is the structural transformations, which are caused by 
the decrease in the particle size. Reliable experiments did 
not reveal shrinkage of the lattice constant as the particle 
size decreased to 10 nm, whereas shortening of inter- 
atomic distances for particles of smaller sizes is real 
enough as compared with bulk substances. 

The most probable reason why the lattice constant of 
small particles changes as compared with its counterpart 
in a macroscopic substance consists in uncompensated 
interatomic bonds of surface atoms and hence the surface 
relaxation. In the case of nanoparticles, the surface 
relaxation is a maximum on the surface, decreases toward 
the center of the particle, and may prove to be oscillating 
under certain conditions. Thus the lattice constant may 
either increase or decrease as the size of nanoparticles 
dim in is he^.'^,^' 

The melting temperature Tm drops nonlinearly with 
decreasing size of small particles of Pb, Sn, Bi, In, Ga, Cu, 
Ag, Au, and Al. For example, the maximum decrease in 
the melting temperature of Sn, Ga, and Hg clusters N 1 nm 
in size was 152, 106, and 95 K, respectively.[41 When the 
radius of CdS colloid nanoparticles was reduced from 4 
to 1 nm, Tm dropped nearly by 800 K. [~"  According to 
Refs. [4] and [8], melting temperatures of bulk crystals 
and small particles > 10 nm in size differ insignificantly. 
The melting temperature decreases when the size of nano- 
particles becomes less than 10 nm. 

Differences in thermodynamic properties of nanopar- 
ticles and a bulk substance are a result of changes in the 
phonon spectrum. The phonon spectrum of small particles 
contains low-frequency modes, which are absent in 
spectra of bulk crystals. The phonon spectrum of 

nanoparticles is limited by some minimum frequency on 
the side of low-frequency vibrations. No such limitation 
exists for bulk samples. Specific features of the vibration 
spectrum of nanoparticles affect the low-temperature heat 
capacity in the first place. 

A theoretical analysis,[321 which took into account the 
quantum-size effect, showed that the low-temperature 
region (T--+O) has some temperature To. below which the 
nanoparticle heat capacity Cv(r) is smaller than the heat 
capacity Cv of a bulk crystal. At T>To, the difference 
AC=C,(r)-Cv becomes positive, reaches a maximum, 
and, as the temperature rises further, turns to zero. The 
difference of the heat capacities AC=C,(r) -Cv+O with 
increasing size r of the particle. These conclusions agree 
with experimental data.[331 The heat capacity of Ag 
nanoparticles 10 nm in size had the quantum-size effect in 
a magnetic field with B=6 T: at T< 1 K and T> 1 K, the 
heat capacity of Ag nanoparticles was lower and higher 
than the heat capacity of bulk silver, respectively. In the 
absence of the magnetic field, the heat capacity of colloid 
silver nanoparticles was higher than the heat capacity of 
bulk Ag over the whole temperature interval studied 
(Fig. 13). 

An examination of phonon densities for coarse-grained 
Ni and a nanocrystalline nickel powder with particles - 10 
nm in size showed that the density of phonon states 
increased in n-Ni as compared with coarse-grained Ni at 
energies lower than 15  me^.[^^] 

Specific features of magnetic properties of nanoparti- 
cles are connected with discreteness of electron and 
phonon states. In particular, the Curie paramagnetism of a 
nanoparticle can overlap the Pauli paramagnetism at low 
temperatures. For example, magnetic susceptibility of 
lithium nanoparticles of diameter 3.2 nm corresponds to 
the Pauli paramagnetism at high temperatures and obeys 
the Curie law at low  temperature^.'^' Hg13 clusters are 
weak paramagnetics in a magnetic field of up to 15 kOe 
independently of temperature. In a field with H>20 kOe, 
susceptibility of clusters increases to large para- 
magnetic values at temperatures below 80 K, although 
mercury is a diamagnetic.'41 

The phenomenon of superparamagnetism is connected 
with the small size of ferromagnetic particles. When some 
critical size D, is reached, ferromagnetic particles turn to 
single-domain ones, and, simultaneously, the coercive 
force H, becomes a maximum. As the particle size 
diminishes further, the coercive force drops abruptly to 
zero as a result of transition to the superparamagnetic 
state. Typical ferromagnetics acquire the superpararnag- 
netic state when the particle size is less than 1-10 nm. 

When the size of Fe nanoparticles decreases from 80 to 
8-10 nm, the coercive force H, increases almost three 
times. The dimension dependence of H, for Ni nanopar- 
ticles exhibits a maximum corresponding to nanoparticles 
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Fig. 13 Specific heat capacity C of colloidal Ag with D= 10 
nm at T <  10 K. Measurements were made in the absence of a 
magnetic field and in a magnetic field B=6 T. The dashed line 
shows the specific heat capacity of bulk coarse-grained silver. 

15 to 35 nm in diameter. As the particle size diminishes 
from 15 to 12 nm, H, decreases nearly 5 times.[351 An 
analysis of the saturation magnetization I, for bulk Ni and 
a nanocrystalline Ni powder (D= 12, 22 and 100 nm)[361 
showed that refinement of particles to 12 nm caused an 
almost twofold decrease in the I, value as compared with 
bulk Ni. 

Optical dimensional effects show themselves for 
nanoparticles whose size is smaller than the radiation 
wavelength and does not exceed 10-15 nm.["] When fine- 
grain metal films absorb light, the visible part of the 
spectrum contains peaks, which are absent in the spectra 
obtained for bulk metals. For example, granulated films of 
Au particles 4 nm in diameter have a maximum absorption 
at 1=560-600 nm. Absorption spectra of Ag, Cu, Mg, In, 
Li, Na, and K nanoparticles also contain maxima in the 
optical range.[41 Differences in absorption spectra of 
nanoparticles and bulk metals are explained by the fact 
that the imaginary part of dielectric permeability is 
inversely proportional to the particle size. The particle 

size determines the shape of the low-frequency edge and 
the absorption bandwidth. 

The size of semiconductor nanoparticles is comparable 
with the Bohr radius of excitons in a macroscopic crystal: 
the exciton radius changes over broad limits from 0.7 nm 
for CuCl to 10 nm for GaAs. The decrease in the size of 
nanoparticles causes displacement of the exciton absorp- 
tion band to the high-frequency region ("blue" shift). The 
blue shift is observed for CdS nanoparticles with D <  10- 
12 nm. When the size of ZnO, ZnS, CdS, and CdSe 
nanoparticles decreases, their luminescence spectra are 
displaced to the short-wave region. 

EFFECT OF THE GRAIN SIZE AND 
INTERFACES ON PROPERTIES OF 
BULKNANOSUBSTANCES 

Properties of bulk nanomaterials depending on the grain 
size and the state of grain boundaries have been analyzed 
in reviews.[6.~~.~gl 

At 300 K, the microhardness of bulk nanocrystalline 
substances is usually several times larger than Hv of 
coarse-grained substances. The growth of Hv was ob- 
served with decreasing size of n-Fe and n-Ni grains.[411 
The microhardness Hv of nanocrystalline n-Cu copper 
(Dm 16 nm) is - 2.5 times larger than that of copper with 
grains 5 pm in size. However, as the size of n-Cu grains 
diminishes from 16 to 8 nm, Hv decreases by -25%. The 
decrease in Hv is also observed when n-Pd grains are 
refined from 13 to 7 nm. The microhardness Hv of Ni-P, 
TiAlNb, TiAl, and NbA13 nanocrystalline alloys drops as 
the grain size decreases from 60-100 to 6-10 nm. 

In a general case, the microhardness of nanosubstances 
grows as the grain size decreases to some D, value and 
drops at D<D,. Mechanical and elastic properties of 
nanocrystalline metals are determined not only by a small 
size of grains, but also by the state of interfaces. Therefore 
contradictory results on the dimension dependence of 
the microhardness may be due to different structures 
of interfaces. 

Strength properties of nanosubstances are enhanced 
with decreasing size of grains. The yield stress of 
nanocrystalline Pd (D=5-15 nm) and Cu (D=25-50 
nm) is 2-3 times higher than the yield stress of coarse- 
grained metals.140' The tensile strength of nanocrystalline 
metals is 1.5-8 times larger than that of coarse-grained 
 metal^.'^^,^" 

At temperatures from 150 to 300 K, the heat capacity 
C, of n-Pd (D=6 nm) and n-Cu (D=8 nm) is 30-50% and 
N 10% higher than the heat capacity of coarse-grained 
bulk Pd and Cu, respectively. In the interval of 0.06 to 
10.0 K, the low-temperature heat capacity of compacted 
nanocrystalline copper n-Cu with grains 6.0 and 8.5 nm in 
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Table 1 Comparison of heat capacity C, (j mol- k- I )  for the nanocrystalline, amorphous, and coarse-grained polycrystalline states 
of different substances 

-- 

State 

Nanocrystalline Amorphous Coarse-grained 

Material . Synthesis methoda Crystallite size D (nm) c~ C~ CP T (K) 

Pd 1 6 37 27 25 250 
Cu 1 8 26 - 24 250 
Ru 2 15 28 - 23 250 
Nio sPo 2 3 6 23.4 23.4 23.2 250 
Se 3 10 24.5 24.7 24.1 245 

"1: Compaction of ultrafine powders prepared by evaporation; 2: ball milling; 3: crystallization from the amorphous state. 
Source: Ref. [43]. 

size proved to be 5-10 times larger than the heat capacity 
of coarse-grained copper. Measurements of the heat 
capacity of amorphous, nanocrystalline, and coarse- 
grained selenium Se over the temperature interval from 
220 to 500 revealed a small increase in the heat 
capacity of bulk nanocrystalline n-Se as compared with 
coarse-grained Se at T<375 K. A comparison of the heat 
capacity of substances in nanocrystalline, amorphous, and 
coarse-grained states[431 showed that the heat capacity of 
samples prepared by compaction of nanopowders is 
largely different from the heat capacity of substances in 
the coarse-grain state (Table 1 ) .  Oppositely, this differ- 
ence does not exceed 2% for samples prepared by 
crystallization from the amorphous state. One may think 
that most of the excess heat capacity of compacted 
nanomaterials is a result of a large surface area of 
interfaces, structural distortions, and impurities. 

The thermal expansion coefficient a is proportional to 
the heat capacity. Therefore the coefficient a of bulk 
nanosubstances should be higher than cr of coarse-grained 
polycrystals. Indeed, the coefficient a of nanocrystalline 
copper n-Cu with grains 8 nm in size on the average is 
twice as large as a of coarse-grained copper.[441 

A large surface area of interfaces and a high concen- 
tration of defects determine an intensive scattering of 
charge carriers in nanomaterials. A considerable increase 
in electroresistivity p of nanocrystalline Cu, Pd, Fe, and 
Ni and various alloys with decreasing size of grains 
has been noted by many researchers. For example, at 
temperatures 0<T<275 K, electroresistivity of n-Cu 
(D=7 nm) is 7 to 20 times larger than p of common 
coarse-grained copper. 

The effect of the nanostate on magnetic properties 
of paramagnetics is well pronounced, e.g., in palladium 
(Fig. 14).[" At 300 K, susceptibilities of nanocrystalline 
n-Pd and the initial coarse-grained palladium differ by 
8%. According to Ref. [8]  such a considerable variation of 

the susceptibility is a result of the presence of intragrain 
vacancy complexes in n-Pd, which change the density of 
electron states at the Fermi level. 

The majority of studies into magnetic properties of 
bulk nanosubstances have dealt with ferromagnetic metals 
and alloys. A study of submicrocrystalline ~ i [ ~ ~ ~  has 
confirmed that the coercive force of plastically deformed 
ferromagnetics is several times larger than H, of initial 

Fig. 14 Magnetic susceptibility x of nanocrystalline n-Pd and 
coarse-grained palladium: (From Ref. [a]) ( 1 )  annealing ~ ( 3 0 0 ,  
7) and (2)  temperature x(T) dependences of the susceptibility for 
n-Pd; ( 3 )  annealing ~ ( 3 0 0 ,  7) and ( 4 )  temperature ~ ( 7 )  
dependences of the susceptibility for the initial coarse-grained 
Pd. The annealing dependences ~ ( 3 0 0 ,  7) of the susceptibility 
(curves 1 and 3)  were measured at 300 K after annealing at a 
temperature T and cooling to 300 K. 
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metals. However, annealing of submicrocrystalline Ni at 
T<470 K causes a decrease in the coercive force, while 
the grain size remains unchanged. Annealing at higher 
temperatures leads to a decrease in Hc and an increase in 
the grain size. Therefore a large coercive force of 
submicrocrystalline metals and alloys is equally deter- 
mined by a nonequilibrium state of interfaces on the one 
hand and a small size of grains on the other hand. 
Relaxation of interfaces during annealing and growth of 
grains cause a decrease in Hc. 

CONCLUSION 

Studies performed in recent decades have considerably 
improved our understanding of the effects related to the 
size of grains (crystallites) in solids. For a long time, 
studies have been focused on small particles (nanoclus- 
ters) whose properties are intermediate between properties 
of isolated atoms and polycrystalline solids. The advent 
of methods for production of compact materials having 
an extremely fine-grain structure with nanometer-sized 
grains provided conditions for the study of the structure 
and properties of solids in the nanocrystalline state. Each 
of those methods has its virtues and drawbacks, and 
neither of them is universal because each is applicable to 
a certain range of substances. Because of their specific 
structure, properties of nanocrystalline substances differ 
considerably from those of usual polycrystals. An analysis 
of the available experimental data shows that not only the 
grain size (as in isolated nanoparticles), but also the 
structure and the state of interfaces (grain boundaries) 
play a significant role in a nanocrystalline solid. The 
separation of surface effects (connected with interfaces) 
and volume effects (related to the size of particles) is very 
important for the theoretical interpretation of the experi- 
mental results obtained for isolated nanoparticles and bulk 
nanocrystalline materials. 

Extensive studies of nanocrystalline substances and 
materials have led to appearance of new sciences, namely, 
nanocrystalline solid-state physics and chemistry. There- 
fore it is possible to establish tight contacts between 
nanomaterials and nanotechnologies, which will present 
the main motive force of the scientific and technological 
progress in the 21st century. 
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INTRODUCTION 

This discussion focuses on the development of nano- 
structured materials through controlled primary crystalli- 
zation reactions of amorphous alloys. The nanocrystalline 
state is at the forefront of study in a variety of disciplines 
involving condensed matter. In broad terms the main 
activities can be classified into material synthesis strate- 
gies, property measurement and evaluation, applications, 
and computer simulation and modeling. A key attribute of 
the nanocrystalline state that offers a broad attraction for 
many disciplines is derived from the nanometer length 
scale. At this length scale the chemical, biological, phy- 
sical, mechanical, and structural properties and perfor- 
mance of materials are susceptible to significant changes 
during and the current computational capa- 
bilities allow for effective simulation and analysis of 
nanocrystalline a~semblies.'~' 

The principles that govern the kinetics of microstruc- 
tural evolution apply directly to other devitrification re- 
actions that yield nanostructured intermetallic phases and 
quasi-crystalline phases that are also promising in terms of 
their structural and functional performance. Some of the 
key issues concerning synthesis and stability are illustrat- 
ed from the observed behavior in specific amorphous 
alloys, but the discussion also applies to other similar 
alloy systems. 

OVERVIEW 

The nanocrystalline state, where the microstructural size 
scales are in the 1- to 100-nm range, can be synthesized by 
a variety of processing routes starting with the vapor, 
liquid, or solid state.''] Although it may be expected that 
the final nanocrystalline state is independent of the 
processing route, in practice this is not the case. For 
example, for deposition from the vapor at the high rates 
that promote nanocrystalline grain sizes, residual impuri- 
ties or entrapped gas can be present in the deposit. 
Similarly, from an initial solid, the nanocrystalline state is 
often achieved by the mechanical milling of powders. 
During subsequent consolidation of powders to a bulk 
form, it is common to incorporate impurities from the 
medium used for milling and to retain a residual po- 
r o ~ i t ~ . [ ~ ]  The attainment of nanocrystalline structures from 
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the liquid or vapor requires the attainment of a high crystal 
nucleation rate, which in turn is promoted by a large 
undercooling before the onset of crystallization. Actually, 
there are two pathways that may be followed to achieve 
the high crystal nucleation density.14' If a liquid is rapidly 
quenched at a rate that happens to coincide with the 
conditions for a high nucleation rate a nanocrystalline 
structure is possible by direct quenching.[51 However, un- 
der most conditions of rapid quenching it is difficult to 
control the processing and the reproducibility. Instead, a 
direct cooling to an amorphous state and a subsequent 
low-temperature crystallization treatment is usually pre- 
ferred as a method of achieving reproducible nanostruc- 
ture synthesis including the fabrication of nanostructures 
in bulk sample  volume^.^"^^ 

The classes of metallic glasses that provide the most 
effective routes to nanocrystallization are closely related 
to two important aspects of solidification that involve 
kinetic competition: 1) avoidance of crystallization upon 
cooling of the liquid and 2) the control of crystallization 
upon heating of the glass. Although there are connec- 
tions between these aspects, including the common un- 
derlying important role of melt undercooling as a mea- 
sure of liquid metastability, in each case the controlling 
reactions occur under regimes of different kinetic con- 
straint~.'~' In addition to the closed-system methods in- 
volving liquid or vapor quenching, it is recognized that 
open systems involving continuous def~rmation''~] or 
irradiationr"' can drive a material toward nanocrystalli- 
nity and in some cases to an amorphous structure. In this 
case, the stored energy due to defects, grain refinement, 
and solute supersaturation is a measure of the level of 
metastability that is crucial to consider in the analysis of 
amorphization and the development of nanostructured 
 microstructure^.^'^^ 

NANOCRYSTALLIZATION REACTIONS 

The crystallization behavior of amorphous materials is of 
central importance in the synthesis of nanostructured ma- 
terials. The reaction pathways that are operative during 
crystallization must be identified and controlled to develop 
successful strategies for the consolidation of amorphous 
powders or ribbons that can be processed into bulk nano- 
structured solids. Moreover, the control of the reaction path 



during crystallization provides for the option to develop 
nanoscale structures with different phase selection. 

The different reaction paths and product selection 
options are identified in Fig. 1, which illustrates sche- 
matically the free energy relationships between an initial 
amorphous phase that is considered as an undercooled 
liquid solution and several crystalline product phases 
that include stable a and P phases and a metastable y 
phase.['33'41 Within the alloy composition ranges that are 
usually favored for glass formation there are several types 

Composition 

B 

Composition 

Fig. 1 Schematic free energy vs. composition diagrams il- 
lustrating some of the possible nanocrystallization reactions of 
an amorphous phase. (A) reaction pathways for an alloy with a 
negative heat of mixing and a metastable y phase. (B) reaction 
pathways for an alloy with a positive heat of mixing. 

Amorphous phase Amorphous phase I I 
I I I 

Polymorphous Eutectic Primary 

Fig. 2 Schematic illustration of the characteristic microstruc- 
tural morphologies that develop during nanocrystallization by 
(a) polymorphic, (b) eutectic, and (c) primary phase reactions. In 
(c) the dotted curve around primary phase nanocrystals denotes 
the extent of the solute diffusion field. 

of crystallization reactions that can be used to develop 
nanocrystalline structures during controlled heating or 
isothermal reaction. One of the simplest reactions is the 
direct transformation from the glass to a single-phase crys- 
tal without composition change as illustrated in Fig. 1A 
and b by pathways (1) and (2) for either stable or meta- 
stable initial product phases. The composition invariant or 
polymorphic reaction can yield metastable structures such 
as supersaturated solid solution phases or metastable 
intermediate phases that can undergo further transforma- 
tion that is indicated by pathways (1') and (2') in Fig. 1A 
and b. With primary crystallization, a single phase is the 
initial product, but the reaction proceeds with a partition- 
ing of solute to yield a solute lean primary crystal and a 
residual amorphous phase matrix that is enriched in 
s o l ~ t e . [ ~ ~ ' ~ - ' ~ ~  The kinetics of primary crystallization is 
evidently related to the rate of solute diffusion in the 
amorphous matrix that is necessary to dissipate the solute 
that is rejected during primary crystal growth.''91 It is also 
apparent that primary crystallization does not result in a 
stable equilibrium product structure that is indicated by the 
compositions a, and p, in Fig. 1A and B. To complete the 
primary crystallization, a subsequent rnultiphase crystal- 
lization develops either from the nucleation site provided 
by the primary crystal or directly from the amorphous 
phase. For example, with eutectic crystallization that is 
indicated by pathway (3) in Fig. lA, the product phases 
(i.e., a and p) often develop by a coupled growth and 
appear with a lamellar or rod type of regular morphology 
in a spherulitic pattern.r83'91 In this case the synthesis of a 
nanoscale microstructure requires a high density of a and f3 
colonies with an ultrafine lamellar spacing. A schematic 
illustration of the characteristic microstructural morphol- 
ogies associated with each of the nanocrystallization 



reactions is provided in Fig. 2. Often, under high-under- 
cooling conditions metastable phase reactions can develop 
as a precursor to the formation of stable crystallization 
products. For example, as indicated in Fig. lB, the un- 
dercooled liquid or amorphous phase can undergo a phase 
separation reaction leading to the formation of two liquids 
with different compositions that are indicated by G, and 
Gb in Fig. lb. At low temperature or high undercooling, 
limited atomic mobility will result in a fine scale of phase 
separation that can extend into the nanoscale regime.[201 
Moreover, in some cases the interfaces between the dif- 
ferent liquid regions can serve as heterogeneous nucle- 
ation sites for subsequent crystallization reactions and 
establish high nucleation product number densities. In 
addition, there is evidence that in some systems minor 
impurity levels can promote the development of phase 
separation reactions.['41 Another example of a precursor 
reaction is the formation of an intermediate phase as a 
metastable product as illustrated in Fig. 1A for the y phase. 

KINETICS OF NANOCRYSTALLIZATION 

One of the key requirements that must be satisfied for the 
development of a nanoscale microstructure by a crystal- 
lization reaction is the attainment of a very high nuc- 
leation product number density. The main features of the 
steady-state nucleation rate kinetics can be described by 

J," = Qi exp - [ A G L 3  
where JiYs the steady state nucleation rate on a volume 
(i=v) or surface basis (i=a).[I2] Respective values for the 
prefactor, Qi, activation barrier, AG*, and the contact 
angle function, f(0), are used in Eq. 1, and kT is the 
thermal energy. The expressions for Qi involve a product 
of a nucleation site density on a catalytic surface or 
volume basis, the number of atoms on a nucleus surface 
and a jump frequency. For most cases, S2,= 1 0 ~ ~ 1 ~  ~ m - ~  
sec-' and Q,=010~~/q cmP2 sec-', with q the liquid 
shear viscosity (in poise) given by Ref. [6] as 

3.34TL 
q = exp [1] 

T - T  

in terms of the liquidus temperature, TL, and the glass 
transition, T,, and 4, the fraction of active catalytic sites. 
The activation barrier for nucleation is given by 

where a is the liquid-solid interfacial energy,['" AG, is 
the driving free energy for nucleation of a unit volume of 
product phase, and b= 16~13 for spherical nuclei. With a 

planar catalytic surface site and spherical nuclei 
f(0)=[2-3 cos +cos30]/4. Following the establishment 
of a supersaturation or undercooling, there is an initial 
time period during which the nucleation cluster population 
evolves toward the steady-state distribution.[221 During 
this transient period the time-dependent nucleation rate, 
J;(t) ,  is given by 

where z is the time lag or delay time that is estimated by 
(n*2/n2/3). The critical nucleus size, n*, in atoms is 
obtained from n * = 4 ~ r * ~ / ( 3 ~ , )  where V, is the volume per 
atom and r* = - 2olAG, is the critical nucleus radius. The 
atomic jump frequency, /3, can be estimated by D / A ~ ,  
where D is the diffusion coefficient in the undercooled 
phase and A is the jump 

To achieve a nanocrystalline microstructure (i.e., with 
a size scale < 100 nm) in a fully crystallized volume, the 
nucleation number density should be at least of the order 
of 10" mp3. Of course, nanocrystallization can be 
achieved only if there are also restrictions on the kinetics 
of nanocrystal growth following nucleation. 

The kinetic analysis of growth follows different forms 
that depend on the nature of the solute partitioning as- 
sociated with phase growth. For example, during poly- 
morphous transformation without solute redistribution, the 
growth rate, V, is controlled by interface attachment li- 
mited kinetics as represented by 

where Vo is a prefactor of €he order of 5 x lo3 d s e c  and 
QD is the activation energy for interface jumps.r193251 At 
low temperature where AG,> RT growth is diffusion 
controlled as expressed by 

v = vo exp [- g] 
For the case of eutectic reaction where the solute re- 
distribution is limited to the reaction interface 

where DI is the interface diffusivity, 6 is the thickness of 
the reaction front, and A is the lamellar spacing.r257261 With 
these kinetic modes, the reaction is relatively rapid and a 
metastable microstructure based on nanocrystals and an 
amorphous phase with the original composition is possible 
if the kinetics of subsequent decomposition reactions to a 
more stable phase constitution is sluggish. 

When growth requires a redistribution of solute as in 
primary crystallization, the kinetics are limited by the rate 



of diffusion of the rejected solute into the amorphous 
matrix. For evolving nanocrystals that are isolated from 
each other the growth rate has the following form 

where cr is a dimensionless factor that is evaluated from 
the compositions at the particlelmatrix interface and the 
average composition and D will be controlled by the 
slowest diffusing solute in a multicomponent alloy.[261 
However, at high nucleation densities the isolation can be 
lost as the diffusion fields from neighboring nanocrystals 
begin to overlap (i.e., soft impingement).[251 Under this 
condition there is a kinetic inhibition to further growth. 
Concurrent with the growth of nanocrystals, the highly 
refined sizes indicate that capillarity effects such as 
Ostwald ripening due to curvature-driven transport (i.e., 
Gibbs-Thomson effect) can be important.[25'271 

AMORPHIZATION KINETICS 
AND TRANSITIONS 

The kinetic transition between nanocrystalline products 
and an amorphous phase is a common structural change 

that occurs during solidification with increasing cooling 
rate as the liquid undercooling approaches T,. Often, the 
initiation of the transition is represented by a critical 
cooling rate and interpreted as a sharp structural 
change.r281 However, there are also many reports of mixed 
crystaVglass phase structures indicating that the transition 
occurs over a range of cooling rates reflecting the kinetic 
competition and the probabilistic nature of nucle- 
a t i ~ n . ' ~ ~ ' ~ ~ ]  It is useful to note that the glass transition is 
not a phase transformation in a thermodynamic sense, but 
it is a kinetic manifestation of the slowing of atomic 
transport in the liquid with cooling. In fact, the calorimet- 
ric glass transition signal is due to the large change in heat 
capacity that occurs when a liquid becomes configura- 
tionally frozen. The slowing of atomic transport is also 
reflected by an increase in liquid viscosity. The time for 
the liquid structure to relax during cooling is related to the 
viscosity, and for typical laboratory measurement con- 
ditions T corresponds to a viscosity in the range of 
1 0 ~ ~ - 1 0 l ~  P (10"-10" Pa set)."" 

Indeed, following amorphization by rapid melt quench- 
ing, many metallic glasses do not exhibit a clear glass 
transition signal, T,, upon reheating. Instead, initial exo- 
thermic maxima are observed to develop that indicate a 
multiple-stage crystallizati~n[~~~~*~~~ as shown in Fig. 3 for 
an amorphous Alg8Y7FeS ribbon after melt spinning and 
after initial crystallization. The microstructural analysis 

Fig. 3 TEM bright-field images from an AlS8Y7Fes melt-spun ribbon that was isothermally annealed at 24S°C for (a) 10 min, (b) 30 
min, (c) 100 min, and (d) continuous heating differential scanning calorimetry (DSC) trace at 40 WMin showing a primary 
crystallization onset at 276OC. 
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Fig. 4 The principal forms of kinetic control for metallic glass formation. 

has established that for many amorphous Al-base alloys 
that contain transition metal (TM) and rare earth (RE) 
solutes, the initial crystallization corresponds to primary 
phase formation (i.e., Al) yielding a sample that contains a 
high density of nanocrystals within an amorphous ma- 
t r i ~ . [ ~ ]  This behavior is of importance in understanding the 
kinetic control of glass formation. The two basic strategies 
to synthesize amorphous alloys are illustrated schemati- 
cally in Fig. 4. With nucleation control, the undercooling 
that is achieved during cooling bypasses the nucleation 
reaction and the nucleation size distrib~tion, '~]~(n) that 
may be retained by the cooling does not overlap with the 
critical nucleation size, n*, at the crystallization temper- 
ature, T,. As a result, there is no precursor reaction to 
influence the evolution of crystalline clusters during sub- 
sequent thermal treatment. In this way, a clear separation 
in temperature between the Tg and T, signals can be 
observed during reheating of a glass. These kinetic 
conditions are the basis for bulk glass formation during 
slow cooling. During isothermal annealing at T,, the heat 
evolution rate Q exhibits a clear delay before the onset of 
the nucleation reaction and a peak maximum associated 
with the completion of nucleation and continued growth. 
On the other hand, under growth-controlled conditions the 
cooling rate is insufficient to bypass the nucleation onset 
completely so that some small fraction of crystallites may 
form initially, but the rapidly rising viscosity and falling 
growth rate with continued cooling near Tg prevents rapid 
cluster growth. In addition, the cluster size distribution 
that is retained overlaps in size with the critical nucleation 
size at T,. In this case, as indicated in Fig. 4, upon re- 
heating a sample with preexisting crystallites (i.e., 
quenched-in nuclei), rapid crystallization because of the 
development of quenched-in clusters as well as additional 
nucleation ensues at T,, which will essentially coincide 

with T, . '~~ '  Whereas many of the early metallic glass 
alloys were synthesized under growth-controlled condi- 
tions (i.e., marginal glass formers)[351 the primary crys- 
tallization particle densities in these alloys are of the order 
of 10" mp3. For the class of amorphous Al- and Fe-base 
glasses, the primary crystallization number densities range 
from lo2' up to almost m-3. Both of the basic 
mechanisms for glass formation that are outlined in Fig. 3 
can yield a high number density of nanocrystals upon 
devitrification. With nucleation control, nanostructure 
development can be achieved by controlled reheating, 
because the maximum in the growth rate typically occurs 
at a higher temperature than the maximum in the nuc- 
leation rate.[251 In addition to the two basic synthesis 
routes outlined in Fig. 4, there is another important 
distinction between alloys that form bulk glasses and the 
marginal glass-forming alloys based on the temperature 
dependence of the liquid viscosity.[311 The main features 
of the viscosity behavior are shown in Fig. 5 where 
"strong" liquids display an Arrhenius type of temperature 
dependence. A good example of a strong liquid is Si02, 
but the bulk glass-forming alloys also display strong 
liquid  characteristic^.'^^^ For the "fragile" liquid behavior 
shown in Fig. 5 the viscosity is low even in the un- 
dercooled regime, but increases sharply upon approaching 
the glass transition. It appears that the marginal 
glass-forming alloys exhibit a fragile type of viscosity 
behavior. It is evident that the transport behavior will 
impact both the ease of glass formation and the kinetics of 
nanocrystal development. The different synthesis routes 
that are shown in Fig. 4 originate from the relative time 
scales for the onset of nucleation and melt cooling. The 
transition from growth control to nucleation control can be 
achieved either by an increase in the cooling rate or by 
lengthening the time for onset of nucleation, t,,. Because t,, 



Fig. 5 A schematic illustration of the liquid viscosity behavior 
vs. TJT for strong and fragile glasses. 

is related to atomic transport in the liquid, strong liquids 
with high viscosity are favored for bulk glass formation. It 
is also apparent that t ,  can be lengthened by removing 
active nucleation sites from the melt. In fact, this is the 
basis for the effectiveness of melt fluxing, which has been 
shown to promote bulk glass The actual 
mechanism for the development of the ultrahigh number 
densities of nanocrystals is under active study, and 
proposals based on homogeneous[387391 and heteroge- 
neousr35'401 nucleation and precursor phase separation 
reactions[411 are under examination. 

The attainment of nanocrystal dispersions of essential- 
ly pure A1 with ultrahigh number densities is a critical 
component of the attractive structural performance, but an 
equally important characteristic is the high thermal 
stability. One indication of this stability is the wide tem- 
perature range between the primary crystallization and 
final crystallization of between 75" and 100°C in Fig. 3. 
Within this range, there is a metastable two-phase co- 
existence involving the A1 nanocrystals and the surround- 
ing amorphous matrix with limited coarsening of the 
microstructure. The sluggish kinetics is related at least in 
part to the large differences in component atom sizes and 
d i f f ~ s i v i t i e s [ ~ ~ ~ '  as well as the onset of impingement of 
the diffusion fields from neighboring n a n o c r y ~ t a l s . ~ ~ ~ ~  
Indeed, even at a particle density of 1021 m-3 the average 
nanocrystal separation is only about 100 nm. It is also 
evident that for the A1 nanocrystals to grow there is a 
rejection of solute (i.e., TM and RE) as is typical for 
primary crystallization reactions. The low solute diffusiv- 
ities, especially for the large RE atom, act to limit the 

and the transport is limited further by the 
reduced concentration gradient due to impingement as 

indicated by the asymmetric primary crystallization 
exotherm in Fig. 3. In fact, because the amorphous matrix 
composition will also be enriched in TM and RE com- 
ponents, it is possible to use the solute redistribution 
during primary crystallization to enhance the stability of 
the amorphous matrix (i.e., raise T, ).[15,461 This kinetic 
restriction inhibits further nanocrystal growth and ac- 
counts for the asymmetric crystallization peak and the 
remarkable thermal stability. 

NANOCRYSTALLIZATION DURING 
MELT QUENCHING 

As noted in Fig. 4, it is possible to encounter conditions 
that represent the maximum nucleation rate (i.e., the 
minimum time for the onset of nucleation or the nose of 
the C curve) during continuous cooling. One important 
requirement to achieve a maximum nucleation density is 
the removal of potent heterogeneous nucleation sites so 
that the alloy melt may be cooled to the temperature 
yielding the maximum nucleation rate without prior 
crystal formation. For homogeneous nucleation the tem- 
perature for a maximum nucleation rate is about 213 
T,,,."~] The schematic illustration in Fig. 4 does not 
provide a perspective on the sensitivity of the micro- 
structural scale to cooling rate at temperatures near the 
maximum nucleation rate temperature, but this important 
feature of nanocrystallization can be developed by consi- 
dering a melt-quenched nanostructure. 

For Nb-rich alloys in the Nb-Si system the main 
solidification reaction is a eutectic yielding Nb+Nb3Si as 
indicated in the phase diagram in Fig. 6.'471 The mic- 
rostructure that is developed following melt spinning is 
revealed in Fig. 7 for a wedge-shaped sample that was 
produced by thinning the ribbon of a Nb-25 at.% Si alloy 
from one side (opposite from the wheel side) the most 
rapidly cooled region adjacent to the wheel is amorphous. 
With increasing distance from the chill surface the onset 
of crystallization is characterized by nanoscale grains 
with a size of about 15 nm. The fine-grain structure is a 
mixture of Nb and Nb5Si3, but the size scale increases to 
about 100 nm over short distance within the 20-pm-thick 
ribbon before the equiaxed structure evolves into a den- 
dritic morphology. 

A common occurrence in the synthesis of nanostruc- 
tures during rapid solidification is the absence of a phase 
that according to the equilibrium phase diagram should 
be present. This occurs when the missing phase is sub- 
jected to kinetic limitations in nucleation and/or growth. 
In the absence of a stable phase, solidification is then 
governed by a metastable phase diagram. This diagram 
is constructed from the equilibrium diagram in Fig. 6 
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Fig. 6 Phase diagram for the Nb-Si system showing the 
metastable extension of the Nb5Si3 (i.e., y) liquidus to form a 
metastable eutectic L-a-Nb+Nb5Si3. This extension is re- 
levant when the Nb3Si phase is absent. Also shown are ap- 
proximate To curves for the transformation of liquid to a-Nb and 
to y. 

where the Nb3Si phase is suppressed and where the 
Nb5Si3 (designated y) liquidus extends below the 
L+Nb5Si3-+Nb3Si peritectic isotherm and intersects 
the Nb liquidus to yield a metastable L-+Nb+Nb5Si3 
eutectic. For alloys near a peritectic reaction, solidifica- 
tion of the high-temperature phase (in this case, Nb5Si3) 
can continue below the peritectic temperature while the 
remaining liquid develops only slight undercooling with 
respect to the low-temperature phase (in this case, Nb3 
Si). Hence, phases that are ordinarily formed by pe- 
ritectic reactions may often be absent in nanocrystalliza- 
tion reactions. 

A useful method for examining the thermodynamic 
options available to an alloy undergoing nanocrystalliza- 
tion is to examine the To curves for the various liquid-to- 
crystal transformations in a system. Schematic To curves 
are included for the Nb and Nb5Si3 (y) phases in Fig. 6. 
The To curves place a bound on temperatures and com- 
positions where partitionless solidification is possible.['31 

Regardless of the level of undercooling that is achieved 
during rapid quenching, a range of compositions may exist 
between adjacent To curves where partitionless solidifi- 
cation is impossible and crystal growth must involve the 
more difficult process of diffusional solute redistribution 
into a mixture of solid phases.[481 Because of this 
difficulty, glass formation or nanocrystallization is most 
likely in this range, which was observed to be centered 
near Nb3Si as indicated in Fig. 6. 

The synthesis of a two-phase nanostructure clearly 
involves copious nucleation. One factor that can increase 
the opportunity for high nucleation rates is the relatively 
slow growth for crystals that require solute redistribution. 
Furthermore, during continuous cooling, the rate of re- 
calescence after the initial nucleation event depends on 
the crystal growth rate. If it is slow, the melt may be 
undercooled further, permitting a rapid rise in the nu- 
cleation rate.'12' Moreover, the two-phase nanostructures 
that are developed during melt spinning identify an 
important class of metastable microstructure that is avai- 
lable in the form of very high grain densities of the 
equilibrium phases that were observed to range from 1018 
to lo2' mp3. A high density of grains for a two-phase 
mixture is metastable because of a high incoherent in- 
terphase boundary area. For example, with a grain size of 
0.12 pm and an interphase boundary energy in the range 

Fig. 7 (a) Microstructure of a Nb-25 at.% Si melt-spun ribbon 
near the TEM foil edge (the left-hand side of the micrograph) 
for a specimen polished from one side; (b) SADPs positioned 
under the areas from which they were taken; (c) a schematic 
drawing showing the microstructure across the ribbon (EB, 
electron beam). 
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of 500-1000 mJ mp2  that is typical for incoherent 
interfaces, the excess free energy due to the polycrystal- 
line grain structure is 120-150 J mol-'. However, for 
nanoscale grains with a size of 15 nm the free energy 
increment increases to the range of 800-1600 J mol-'. 
Thus, with nanostructured grains the level of metastability 
is comparable with that associated with nonequilibrium 
crystal 

The devitrification of an amorphous phase is a fairly 
well recognized approach to the synthesis of a nanocrys- 
talline grain structure. The attainment of an equiaxed 
grain structure resulting from an isotropic growth is 
characteristic of a polymorphic type of crystallization 
reaction. In this sense the evolution of an equiaxed two- 
phase nanocrystalline grain structure represents a distinct 
pattern of noncooperative growth that does not appear to 
be readily achieved by continuous heating or isothermal 
annealing devitrification treatment. However, the pro- 
duction of a high nucleation density for each phase ap- 
pears to require a high rate of heat extraction as well as 
diffusional growth limitations so that the two-phase 
nanocrystalline structure is limited in spatial extent 
because of a relatively narrow range of favorable pro- 
cessing conditions. 

NANOCRYSTAL CATALYSIS 

The limited experimental information available indicates 
that the nucleation process during primary crystallization 
of amorphous alloys is usually heterogeneous in nature, 
but the origin of the active catalytic sites has not been 
identified in all cases.[491 For example, it has been estab- 
lished that, with several amorphous Fe alloys, the deve- 
lopment of a high density of Fe nanocrystals is strongly 
promoted by the addition of small amounts of certain 
solutes such as CU.['~] In fact, high-resolution transmis- 
sion electron microscopy (TEM) and atom probe field 
ion microscopy (APFIM) observations indicate that Cu 
solute allows for reactions that act to catalyze Fe nuc- 
l ea t i~n . [ ' ' ~ '~~  In amorphous Al-base alloys it appears that a 
comparable nucleation catalysis behavior can be observed 
with both soluble and insoluble additions. For example, 
the addition of 1 at.% Cu to amorphous Al-Ni-Sm has 
been reported to yield an A1 nanocrystal density approach- 
ing m 3  with diameters of 5-7 nm.[531 Similarly, the 
incorporation of insoluble nanosized Pb crystalline parti- 
cles in an amorphous matrix is effective in catalyzing the 
crystallization of A1 nanocrystals and yields a significant 
increase in the total number density of nano~rystals.[ '~~ 
The catalysis behavior highlights the opportunity for the 
controlled synthesis of bulk alloys with an ultrahigh 
number density of nanoscale dispersoids. 

MECHANICALLY INDUCED 
CRYSTALLIZATION OF 
AMORPHOUS PHASES 

One consequence of the metastability of nanocrystalline 
and amorphous phases is that the structure and properties 
of the materials can depend on the processing pathway. 
This pathway dependence offers the chance to obtain 
phases with novel characteristics that cannot be achieved 
by melt quenching. For example, nanocrystallization re- 
actions during cold rolling occur after continued folding 
and rolling of initially crystalline or amorphous multi- 
layer samples, as illustrated schematically in Fig. 8. The 
repeated folding and rolling process can yield a true 
strain in the multilayer sample of the order of 100.'''~ 
The kinetics of this crystallization process appears to be 
linked to the initial size distribution and density of the 
quenched-in nuclei in the amorphous matrix. In some 
cases, for example in melt-spun A19:Sm8, the sample 
fully crystallizes during rolling.[561 Amorphous alloys 
that follow the nucleation-controlled solidification path- 
way and therefore have no significant cluster concentra- 
tion are considerably more stable against a rolling- 
induced crystallization reaction.[571 The observed primary 
crystallization of marginal glass formers during initial 
rolling implies an atomic transport of the constituents 
through the amorphous matrix. Nanocrystals can also be 
induced by deformation in bulk glass-forming alloys 
without any thermal annealing.[581 The redistribution of 
solute atoms during crystallization appears to be charac- 
teristic of a driven system where an athermal mechanical 
process during shear deformation controls the trans- 

A more complete understanding of deforma- 
tion-catalyzed nanocrystallization should also consider 
the nonequilibrium nature of the rolling process as well 
as the structural metastability of the amorphous phase. 
Understanding the nature of shear-induced crystallization 
is thus not solely a matter of focusing on the processing 
conditions and their influence on the structural modifica- 
tions, but necessitates a refined knowledge of the 
amorphous structure before deformation. 

Rolling ,_--_ 

-+-+0llupm 

Folding - 
Fig. 8 A schematic illustration of the cold-roll and fold pro- 
cess. A multilayer of elemental foils with foil thicknesses be- 
tween 7 and 25 pm is reduced by 50% with each rolling pass. 
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CONCLUSION 

The development of nanostructured materials can be 
achieved in bulk form by the use of amorphous phases as 
effective precursors. Indeed, the controlled primary crys- 
tallization of amorphous alloys yields essentially a nano- 
phase composite of nanocrystalline primary phase 
dispersed within an amorphous matrix. It is remarkable 
that the nanocrystal number density can achieve high 
levels of 10'' to loz3 m-3 at primary phase volume 
fractions approaching about 30% to yield ultra high 
strength. An equally remarkable fact is the relative high 
thermal stability of the nanophase composite. This is truly 
a novel microstructure that has revealed challenging basic 
issues on the governing reactions kinetics that control the 
structure synthesis and performance. At the same time, 
alternative synthesis routes have been identified based on 
deformation-induced alloying and glass formation that can 
be adapted for processing of bulk glasses. The deforma- 
tion response of amorphous alloys is sensitive to the 
processing during synthesis and to the influence of 
quenched-in crystallites. 
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INTRODUCTION 

During this last decade, because of the emergence of a 
new generation of high-technology materials, the number 
of groups studying nanomaterials has increased expo- 
nentially.[',*] The electrical, optical, and magnetic prop- 
erties of inorganic nanomaterials vary widely with 
their sizes and shapes. Nanomaterials are used in several 
domains such as chemistry, electronics, high-density 
magnetic recording media, sensors, and biotechnology. 
This is, in part, because of their novel material properties, 
which differ from both the isolated atoms and the bulk 
phase. An ultimate challenge in materials research is the 
creation of perfect nanometer-scale crystallites identically 
replicated in unlimited quantities in a state than can be 
readily handled and can behave as pure macromolecular 
substances. Thus the ability to systematically manipulate 
these is an important goal in modem materials chemistry. 
Optimizing this ability requires an understanding of 
nanocrystal growth, which turns out to be a complex 
process. The essential first step in the study of their 
physical properties and the use of nanomaterials in various 
technologies is their production. Several approaches to 
manipulate inorganic nanocrystals have been undertaken. 
The major contribution was to produce spherical nano- 
crystals with a very low size distribution. Deposition 
processes include use of microwave plasma,[31 low-energy 
cluster beam deposition,[41 inorganic chemistry,[51 ball 
milling,[61 sonochemical  reaction^,^^' ~ o l - ~ e l , [ ~ ]  and flame 
by vapor phase reaction and conden~ation.~~] In 1986, we 
developed a method based on reverse micelles (water-in- 
oil droplets) to prepare nano~rys ta l s .~ '~~~ Normal micelles 
make it possible to produce femte magnetic 

To control the shapes of nanocrystals, several proce- 
dures are now being studied. Hard templates are employed 
to direct I-D nanostructure growth. The nanometer-sized 
pores in membranes and zeolites are utilized to confine the 
growth of Alternatively, lithography and dep- 
osition are combined to create quantum wires on single- 
crystal  surface^.['^-'^^ Electrochemical synthesis is used 
to produce well-defined n a n o r o d ~ . [ ' ~ - ~ ~ ~  In 1993 and 
again in 1995, we were able to partially control the shape 
of nanocrystals by using colloidal solutions as tem- 
plates.r2 ',221 
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In the following, we will concentrate mainly on 
nanocrystal growth in colloidal self-assemblies and de- 
scribe discrepancies in the control of size and shape. 

COLLOIDAL SELF-ASSEMBLIES 
OF SURFACTANTS 

Direct Micelles 

Surfactants are molecules with a polar hydrophilic head 
(attracted to water) and a hydrophobic hydrocarbon chain 
(attracted to oil). If a surfactant is solubilized in water, the 
chains tend to self-associate to form various aggre- 
gates.[23'241 Of course, if the solvent is able to solubilize 
simultaneously the polar head and the alkyl chains, no 
aggregates are formed. The shape of the surfactant plays 
an important role in forming the assembly. If the surfac- 
tant molecules have a very large polar head and a small 
chain, the chains tend to self-associate and form a spheri- 
cal aggregate that is called a direct rnicelle. When the 
direct (or normal) micelle is formed at low concentrations, 
it is spherical and the length of the hydrocarbon chain and 
the size of the polar head fix its diameter. On increasing 
the surfactant concentration, various aggregate shapes are 
formed. The most commonly used surfactants are sodium 
dodecyl sulfate [Na(DS)], cethyl trimethyl ammonium 
chloride (CTAC), or cethyl trimethyl ammonium bro- 
mide (CTAB). 

Reverse Micelles 

If the surfactant has the shape of a champagne cork (small 
polar head and branched hydrocarbon chains), spherical 
water-in-oil droplets are formed. These are usually called 
reverse micel le~.[~~] They are a thermodynamically stable 
mixture of water, oil, and surfactant, where water and oil 
regions are separated by a surfactant monolayer. Because 
of the amphiphilic nature of the surfactant, numerous 
disordered or partially ordered phases are formed, de- 
pending on temperature and concentration.[261 The sur- 
factant most frequently used is sodium di(2-ethylhexyl) 
sulfosuccinate, usually called Na(A0T). The waterliso- 
octaneINa(A0T) temary-phase diagram shows a large 
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zone where the reverse micellar phase is found. In this 
liquid-like phase, the ratio of water to surfactant concen- 
tration w = [H20]/[Na(AOT)] determines the reverse mi- 
celle size. At w values lower than 15, water mobility is 
greatly reduced (bound water). Above w = 15, the linear 
increase of the water pool radius r, with w (from 4 to 
18 nm) is explained by a geometrical which 
assumes a constant area per surfactant molecule and that 
all surfactant molecules participate in the reverse micelle 
interface. They are able to exchange their water content 
during collision between two droplets. The volume of 
water added to the solution is the only parameter con- 
trolling the droplet diameter. Hence, the droplet size 
remains unchanged in various bulk oil solvents. The 
intermicellar potential, modeled by an adhesive sphere 
potential, depends on the particle diameter (4, the at- 
tractive range (A), and the sticky parameter (zp') de- 
scribing the attractive strength between two droplets.[281 
The latter increases with the length of the bulk oil alkyl 
chain. It is related to the decrease in percolation threshold 
with oil chain length, and is explained in terms of an in- 
crease in intermicellar droplet interactions. This is caused 
by penetration of solvent molecules into the interface 
screening the AOT-alkyl chain interactions. In the case of 
long-chain oil solvents, steric hindrance does not allow 
solvent molecules to penetrate the interface, inducing an 
increase in attractive  interaction^.'^^-^^] The kinetic ex- 
change process[331 is directly related to the sticky param- 
eter and to the modulus binding of the film at the water-oil 
interface. Hence, the solvent used tunes the kinetic ex- 
change process: for short-chain solvents, the surfactant 
alkyl chain is well solvated and the micellar interactions 
are weak, inducing a low kinetic exchange rate constant. 
Conversely, large molecules are poor solvents for alkyl 
chains inducing strong interactions between micelles (i.e., 
high kinetic rate constants). Hence, by replacing cyclo- 
hexane by isooctane as the bulk oil solvent, the kinetic rate 
constant, at fixed droplet size, increases by a factor of 

These two properties (size and exchange process) 
make it possible by mixing two micellar solutions con- 
taining the reactants to produce nanomaterials. 

Colloidal Self-Assemblies 
Made of Divalent Surfactant 

Following our paper'351 in 1991, a great deal of work has 
been performed with divalent bis(2-ethylhexyl) sulfo- 
succinate [X(AOT);?]. We demonstrated that, at low water 
content, spherical reverse micelles are formed. It was 
found that, with CU(AOT)~, CO(AOT)~, and Cd(AOT)2, 
on increasing the water content, spherical water-in-oil 
droplets turn into cylinders. This study has been extended 
by other groups; Eastoe et a1.[36-391 confirm these data 
and show this for other surfactants such as Zn(AOT)2, 

Ni(AOT)2, and (C7H14)4N(AOT)2. In the oil-rich region, 
the phase behavior of copper(I1) bis(2-ethylhexy1)sul- 
fosuccinate [CU(AOT)~]-isooctane-water is known over a 
wide domain.'4w31 When the surfactant is not totally 
solvated, the various structures are governed by the hy- 
dration of the head polar group with a progressive increase 
in the surfactant parameter s = v,la,l,, where v,, a,, and 1, 
are the volume of the surfactant, the surface area, and the 
length of the alkyl chain, respectively. All these divalent 
surfactants behave similarly: At low water content, re- 
verse micelles are formed. On increasing the water con- 
tent, the system evolves to interconnected cylinders, to an 
equilibrium between lamellae and interconnected cylin- 
ders, to an onion-phase region, and, finally, to reverse 
m i c e l l e ~ . ' ~ ~ ~ ]  Hence, these structures are made with the 
same surfactant and differ by their shapes. In the region 
where the head polar group is totally hydrated, sponta- 
neously formed thermodynamically stable emulsions in 
equilibrium with other microstructure phases are ob- 
served. These spontaneous emulsions are comprised of 
~u~ra-a~~re~ates,[~~~-larnellar spherulites in which the 
interior and exterior are phases of interconnected cylin- 
drical nanostructures. In another part of the phase dia- 
gram, clumps of interdigitated micelles are surrounded 
by an interconnected cylinder phase. The phase bound- 
aries emerge qualitatively from elementary considera- 
tions that require only notions of local and global 
packing constraints. 

SYNTHESES OF NANOCRYSTALS IN 
SELF-ASSEMBLIES DIFFERING BY 
THEIR SIZES AND SHAPES 

In the oil-rich region, the reactants are confined in the 
water pool. Because of this, the chemical reaction (i.e., 
production of nanocrystals) takes place in the supersatu- 
ration regime, thus allowing the formation of particles 
having a very high crystallinity. Such self-assemblies are 
either droplets (reverse micelles), or bicontinuous phases 
such as interconnected cylinders or lamellar phases. In 
aqueous solutions, a functionalized surfactant is used to 
make normal micelles that are the chemical media for 
nanocrystal growth. In this case, the reactants are local- 
ized at the water-oil interface of the micelles, creating a 
supersaturation regime. 

Syntheses in Reverse Micelles with 
Formation of Spherical Nanocrystals 

Fifteen years ago,'441 we discovered that reverse micelles 
are good candidates for templates. Coprecipitation reac- 
tions and chemical reduction occur in reverse micelles by 
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Fig. 1 Change of the copper nanocrystal sizes with the reverse micelle diameter. Reverse micelles are made with 0.1 M Na(A0T) 
surfactant solubilized in isooctane. One solution contains lo-' M CU(AOT)~, whereas the second one contains 2 x lo-' M hydrazine. 
The water content is fixed by the amount of water added to the solution and controls the droplet size. By mixing the two reverse 
micelles, copper nanocrystals are formed. A drop of solution is deposited on grid and the transmission electron microscopy (TEM) 
patterns are presented for various water droplet sizes. 

using the two properties described above (change in the 
droplet size with the water content and micellar exchange 
process). Let us consider A and B solubilized in two mi- 
cellar solutions. On mixing them and because of the ex- 
change process, A and B are in contact and react. Thus it 
is possible to fabricate a very wide range of spherical 
nanomaterials[ll such as semiconductors, metals, oxides, 
and various metal and semiconductor alloys. The control 
of the template size, by changing the water content, 
enables control of the spherical nanocrystal size.[219441 
Fig. 1 shows the control of copper nanocrystal size with 
the water content. It is of interest to note that this nano- 
reactor makes it possible to produce metal nanocrystals 
without any detectable oxide. The nanocrystals are char- 
acterized by a very high crystallinity when one of the 
reactants used is a functionalized surfactant (the surfactant 
has one of the reactants as the counterion). Otherwise, 
when the two highly hydrated reactants are solubilized in 
the two droplets, amorphous nanomaterials are formed 
and metals are produced in their oxide form. The size of 
the produced material, under the same experimental con- 
ditions, is not that of the droplet used as a template.[1321 In 
fact, for 11-VI semiconductors[451 (CdS, CdTe, and 
CdMnS), the particle size varies from 2 to 4 nm, whereas 
for metals, it increases from 2 to 6 nm for silver[461 and 
from 2 to 10 nm for copper[211 and silver sulfide.[471 This 
control of the particle size is obtained for the smallest 
water-in-oil droplets (varying from 0.6 to 6 nm), whereas 
for larger template sizes (from 6 to 12 nm), no changes in 
the particle size are observed (Fig. 2). This is well dem- 
onstrated for large numbers of nanocrystals and is 
explained in terms of water structure.[481 An exception is 
found for silver sulfide nanocrystals with a linear increase 
in the particle size with that of the template and similar 
sizes of the droplets and the material.[471 By changing the 

length of the solvent alkyl chain, we know that the droplet 
size remains the same, whereas the intermicellar interac- 
tions change. Syntheses at constant droplet size and in 
various bulk oil solvents induce a change in the produced 
nanocrystal size. This is observed for a large variety of 
nanocrystals and is well demonstrated with copper nano- 
crystals made in reverse micelles having isooctane and 
cyclohexane as the bulk phase (Fig. 2). This change in the 
particle size, keeping the same droplet radius, is explained 
in terms of efficiency in the exchange control process: 
Because cyclohexane is a good solvent for surfactant 
chains, intermicellar interactions between droplets and 
then the kinetic exchange rate constant are smaller with 
cyclohexane than isooctane. 

Isooctane /--I 
0 6 12 24 36 

Reverse micelle diameter (nrn) 

Fig. 2 Variation of the copper nanocrystal size with the droplet 
diameters by using either isooctane or cyclohexane as the bulk 
oil solvent. The same procedure as described in Fig. 1 is used. 
Isooctane is replaced by cyclohexane. From the TEM pattern, 
the average diameter of nanocrystal sizes is measured. (View this 
art in color at www.dekker.com.) 
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Discrepancies in the Use of 
Reverse Micelles as Templates 

The method described above makes it possible to obtain a 
very large number of spherical nanomaterials, indicating 
that reverse micelles are efficient templates. However, 
note that some of them do not exist in the bulk phase and 
others can never be produced. Hence, in equilibrium 
states, the solid solubility between Fe and Cu is negli- 
gibly small. Their mixing enthalpy is positive and they 
form no intermetallic compounds even though their 
atomic radii are quite similar. On the nanoscale, reverse 
micelles produce FeICu alloys.[491 With semimagnetic 
semiconductors[451 such as Cd,Mn, ,, it is possible to 
include, as in the bulk phase, 50% of ~ n ~ +  ions in the 
CdS matrix, whereas with CdTe, there are no detect- 
able manganese ions in the nanocry~ta ls '~~~ and telluride 
nanorods are formed. No obvious explanations can be 
given. However, this indicates that physical chemistry in 
colloidal and homogeneous solutions differs. 

The experimental mode used to prepare the nanocrys- 
tals is one of the key parameters. This is also described 
below for controlling nanocrystal shape. Let us consider 
spherical reverse micelles made of functionalized surfac- 
tants such as cadmium bis(2-ethylhexyl) sulfosuccinate 
[Cd(AOT)2]. By adding a given amount of water, the 
water pool diameter reaches 10 nm. By replacing pure 
water with a solution containing sodium sulfide, spherical 
CdS nanocrystals are produced. Conversely, bubbling H2S 
diluted with nitrogen gas results in formation of flat tri- 
angles of CdS nano~rystals '~'~ (Fig. 3). High-resolution 
electron microscopy shows formation of well-defined 
monocrystals. The formation of flat triangles could be 
explained by the fact that the nucleation process is slower 
in using diluted H2S gas. This enables selective adsorption 
of hydronium (H+) on specific faces. Such nanocrystal 
growth cannot be explained by surfactant impurity: 

Fig. 3 Triangles of CdS nanocrystals at various enhancements. 
Reverse spherical micelles of 0.1 M Cd(AOT)2 solubilized in 
isooctane at water content equal to 31 are submitted to a slow 
bubbling of H2S. CdS nanocrystals are formed. 

The same reverse micelles produce spheres and triangles. 
This shape control by the presence of H+ in the solution 
can be related to the formation of cubic platinum nano- 
crystals[521 from aqueous solutions containing R C I ;  and 
bubbled with hydrogen (H2). With time, hydrogen and 
chloride ions are formed in the solution and a precipitate 
of cubic platinum nanoparticles appears. It must be noted 
that the particles are well defined and faceted. Coales- 
cence is prevented by selective adsorption of H+ or C1- on 
the facets. Other examples in the literature show forma- 
tion of nonspherical nanoparticles: hence, spherical re- 
verse micelles made of CTABhutanoVoctane produce 
cubic KMnF3 nanocrystal~.[~~~ Details of the synthesis are 
not given and it is rather difficult to explain which pa- 
rameter plays the determinant role. However, we have to 
keep in mind that bromide derivatives of CTAB are 
present during the synthesis. This will be discussed below. 
Similarly, elongated and rod-shaped BaCr04 and CaC03 
nanocrystals are produced by using reverse m i c e l l e ~ . [ ~ ~ - ~ ~ ]  
This could be caused by selective adsorption on various 
faces during the nanocrystal growth of either reactive 
products or impurities coming from the preparation of 
functionalized surfactants used to form reverse micelles. 
From this, it is reasonable to conclude that reverse mi- 
celles can be used as nanoreactors to produce nano- 
particles. In most cases, a spherical template produces 
nanospheres. Hydration of the water pool, procedure 
mode, and size of the template control the nanocrystal 
growth. However, production of various species during 
the chemical reaction and the presence of some impurities 
prevent the control of spherical particles and induce the 
formation of nanoparticles having various shapes. 

Colloidal Solutions Used as Template 
to Produce Nanocrystals 

Instead of using reverse micelles, let us consider a phase 
diagram made of a functionalized surfactant such as 
CU(AOT)~-water-isooctane. The confinement of the re- 
actant is still one of the major parameters. As (already) 
described above, the phase diagram markedly differs with 
the water content: At low water content, reverse micelles 
are formed. On increasing the water content, the system 
evolves to interconnected cylinders, then to an equilibri- 
um between lamellae and interconnected cylinders, to an 
onion-phase region, and, finally, to reverse mi~e l l e s . ' ~ ' . ~~ '  
Hence, the polar volume fraction controls the shape of 
colloids. To make nanocrystals and to determine if the 
shape of the template controls that of the nanocrystals, 
water is replaced by hydrazine in the aqueous solution, 
keeping the same polar volume fraction colloidal shapes 
described above. Fig. 4 shows that the shape of the tem- 
plate partially controls that of copper n a n ~ c r ~ s t a l s . ~ ~ ' ~  The 
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Fig. 4 Change in the shape of copper nanocrystals in various colloidal solutions differing by their structures. The colloidal solution is 
made of 0.1 M CU(AOT)~ in isooctane and hydrazine is injected in the colloidal solution. At low water content (below 3), spherical 
reverse micelles are formed, inducing formation of spheres. On increasing the water content to w=5,  interconnected cylinders are 
produced with the formation of a mixture of spherical and cylindrical copper nanocrystals. In lamellar phase obtained at w= 11, a 
mixture of spheres and cylinders is produced, whereas at w=30, supra-aggregates are formed and a large variety of copper nanocrystals 
differing by their shapes are produced. (View this art in color at  www.dekker.com.) 

crystallinity of these nanomaterials is very high. In the ternal interconnected cylinders, a large variety of shapes 
interconnected cylinder region, spheres and cylinders are are observed.["] This control of the nanocrystal shape by 
formed: The cylinder structure is characterized by a that of the template has been recently confirmed by 
fivefold In the region of the phase diagram Simmons et a1.[601 Syntheses of CdS nanoparticles in such 
consisting of an onion phase containing internal and ex- colloidal assemblies characterized by various structures 

Fig. 5 TEM patterns at various enhancements of copper nanorods. Hydrazine is added to 0.1 M Cu(AOT)* solubilized in isooctane in 
the presence of M NaCl and copper nanorods are produced at the end of the chemical reduction of cu2+ by hydrazine. 
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make it possible to vary the morphology of the nano- 
crystals from spheres to nanorods with a switch in the 
crystal structure from cubic to hexagonal. However, the 
role of templates is not as obvious as described above. 
Adsorption of ions, salts, and molecules has to be taken 
into account. 

Influence of adsorption of 
ions on nanocrystal growth 

Let us consider the system described above [CU(AOT)~- 
isooctane-water]. In the region of interconnected cylin- 
ders that are in equilibrium with a lamellar phase, small 
cylinders are obtained. Addition of a small amount of salt 
to the colloidal solution gives long copper nanorods with a 
high crystallinity in fivefold symmetry (Fig. 5)[6'1 and an 
aspect ratio controlled by the concentration of chloride 
ions in the m i c r ~ ~ h a s e . [ ~ ~ . ~ ~ '  It has been demonstrated that 
this effect is mainly caused by the chloride ions. This is 
attributed to selective adsorption of these ions on (001) 
faces and to the fact that the growth is faster on the (1 11) 
faces. Formation of these nanorods is not observed, except 
with bromide, on replacing chloride by other anions[641 
(Fig. 6). Note that with bromide anions, a rather large 
amount of cubic nanocrystals is formed, whereas with 
most other anions, mainly spherical objects are produced. 
From this, it is obvious that adsorption of a given anion 
enables control of the copper nanocrystal shape. These 

data have to be related to those obtained by Esumi 
et a ~ . , ' ~ ~ '  who produced gold nanorods by UV-visible ir- 
radiation of a gold salt solubilized in the bulk phase of 
normal micelles made of CTAC. The authors claim that 
direct micelles play the role of the template. It is difficult 
to understand this role: Gold ions do not interact with the 
micellar solution and are reduced photochemically. The 
chloride ions coming from the counterion of the surfactant 
could play this role, as observed above for copper 
nanorods produced in the presence of C1-, and allow the 
gold crystal growth along the 11 1 direction. These data 
can also be related to those published by Jana et al.,[667671 
who produced silver and gold nanorods with an aspect 
ratio controlled by the ratio of seeds and base concentra- 
tions in the presence of the CTAC surfactant. As men- 
tioned, cubic KMnF3 nanocrystals are formed'531 from 
reverse micelles made from the CTAB surfactant and 
CU(AOT)~-H20-isooctane solution'631 in the presence of 
Br-. Similarly, self-assembled monolayers (SAMs) used 
as templates and immersed in a solution containing bro- 
mide ions produce cubic cadmium sulfide nano- 
particles.'681 The environments of these various systems 
totally differ. The only common factor is the presence 
of bromide ions during the nanocrystal growth. However, 
it cannot be claimed that the general principle for growing 
cubes is that bromide ions have to be present during 
the process. As mentioned, bubbling hydrogen through 
an aqueous solution containing RCI; - produces cubic 

Fig. 6 Change in the copper nanocrystal shape in the presence of various anions, keeping Na+ as the cation, [Salt] = 1 0  M. The same 
procedure as described in Fig. 5 is used. NaCl is replaced by Na2S04, Na2C03, NaHS03, Na2HP04, NaCl, NaBr, NaN03, and NaC104. 
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platinum n a n ~ c r ~ s t a l s . [ ~ ~ ~  From this, it can be concluded 
that cubic nanocrystal growth is more related to the 
presence of ions that absorb selectively than the template. 

Influence of molecule adsorption 
on the nanocrystal growth 

Molecules added to the solution can also play a role in the 
control of particle shape. ~anodisks'~" are produced in 
the presence of surfactants that no longer form well-de- 
fined templates (aggregates), whereas nanospheres are 
produced in reverse mice~les .[~~] Nanodisk size depends 
on the amount of hydrazine present in the solution. Note 
that this is the first example where it is possible to control 
nanodisk size, and the color of the colloidal solution 
containing nanodisks evolves from red to (Fig. 7). 
Because the concentration of the surfactant remains un- 
changed, to explain the disk formation, we have to take 
into account the adsorption of hydrazine orland hydrogen, 
and hydroxyl ions on the faces. Association of molecules 
used as additives and salts (together) can also play a role 
in the control of particle shapes. Polymers and salts are 
needed to produce PbS nan~rods '~~ '  from functionalized 
surfactants solubilized in chloroform, whereas spheres are 
produced in their absence. In the latter case, the surfac- 

Fig. 7 Silver nanodisks characterized by various absorption 
spectra caused by change in the nanodisk size while keeping the 
same aspect ratio. A large volume of hydrazine added to 0.1 M 
Ag(A0T) is hexane. The relative amount of hydrazine controls the 
size of nanocrystals. (View this art in color at www.dekker.com.) 

tants do not self-assemble in chloroform because the head 
polar group and the alkyl chains are both soluble in this 
solvent and act as reactants. 

From the literature, a general agreement seems to 
emerge that control of the nanoparticle shape, via inor- 
ganic syntheses, needs to involve a mixture of two sur- 
fact ant^.'^^.^^' This has been well demonstrated with 
various materials such as CdSe, cobalt, and Fe nanorods. 
The relative ratio of surfactants controls their aspect ratio. 
However, such claims are not always valid. In fact, the 
presence of a single surfactant is enough to control the 
dimensions of silver, gold, and copper nanorods. A con- 
vincing experiment showing that the selective adsorption 
of molecules is one of the major parameters in controlling 
the particle shape is the production of ZnTe and CdTe 
n a n o ~ i r e s ~ ~ ~ ' ~ ~ ]  by the solvothermal process. Metals are 
solubilized in hydrated hydrazine, which is not only an 
electron transfer medium but also a strong electron donor. 
These authors claim that in this medium, which is, from 
my knowledge, a homogeneous solution, hydrazine plays 
the role of a template. 

NORMAL MICELLES USED TO 
PRODUCE FERRITE NANOCRYSTALS 

Fine magnetic particles, dispersed in a suitable liquid 
carrier (such as water, kerosene, diester, etc.), form a 
magnetic fluid. Their magnetic properties[77*781 cannot be 
analyzed without the inclusion of the effects of size, 
shape, surface, polydispersity, and interactions between 
particles. For this reason, a method for synthesizing the 
particles with good control of these parameters is neces- 
sary. Recently, we developed a new procedure to make 
ferrite nanocrystals that allows changing of the nano- 
crystal size while keeping the same surface area.1'0'79'801 

Divalent dodecyl sulfate [X(DSh] (X=Fe, Co, Zn) is 
solubilized in aqueous solution and forms mixed oil-in- 
water micelles. A base is added to the micellar solution, is 
stirred for 2 hr, and, after centrifugation, the precipitate is 
washed several times with a solution of 50% water and 
50% ethanol to remove the surfactant. Thus the powder 
obtained consists of ferrite nanocrystals. Depending on the 
type of ions, X, associated with Fe(DS)2 stoichiometric 
solid solutions of ferrite, is obtained. Hence, various 
materials such as ~ e ~ 0 ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  y-~e2~3[10*79,801 co - 
~ e , 0 ~ , ' ~ ' ]  and ~ o , ~ n ~ ~ e , 0 ~ ~ ~ ~ ~ ~ ~ ~  were produced and the 
obtained material depends on the relative concentration 
of the reactants. Note that Fe304 is the reduced form of 
y-Fe203. Immediately after synthesis, Fe304 is produced. 
After a few hours, the ~ e ~ '  ions are oxidized to ~ e ~ +  and 
y-Fe203 is formed. With this procedure, a large variety of 
ferrite nanocrystals can be prepared. To obtain an alkaline 
magnetic fluid, the nanocrystals are dispersed in aqueous 
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solution, whereas for a neutral fluid, the nanocrystals are 
coated with citrate ions and dispersed in The 
nanocrystal size distribution is around 20-30%. Changing 
the surfactant concentration controls the particle size by a 
factor of 2 or 4. Whatever the fabricated material is, the 
nanocrystals structure is an inverted spinel. This proce- 
dure drastically differs from syntheses in homogeneous 
s o l ~ t i o n . [ ~ ~ - ~ ~ ]  The major differences are: 

1) The reactant concentration is two orders of magnitude 
lower than that in homogeneous solution. 

2) A spinel structure can be obtained in the absence of 
Fe(II1) at the starting point of the reaction, whereas 
the ratio Fe(II)/Fe(III) must be higher than 0.4 in 
homogeneous solution. In the latter case, with a high 
Fe(I1) salt concentration and without Fe(II1) deriva- 
t i v e ~ , [ ~ ~ - ~ ~ ]  the formation of Fe304 micrometer par- 
ticles is observed. Their morphology depends 
critically on parameters similar to those described 
above (reactant concentrations, pH, ionic strength, 
etc.). Furthermore, it has been impossible to produce 
particles in the nanosize range when Fe(I1) salt is 
used for the synthesis. 

3) Changing the micellar concentration controls the 
particle size. In homogeneous solution, it is con- 
trolled by changing the type of salt (chlorides, 
nitrates, perchlorates, etc.), Fe(II)/Fe(III) ratio, pH, 
and ionic strength of the media. Such drastic changes 
in experimental conditions induce a large modifica- 
tion in the particle interface (hydroxide formations, 
etc.) and magnetic properties[92*931 of the nanocrys- 
tals. Conversely, using colloidal solutions makes it 
possible to produce nanocrystals with magnetic 
properties that do not depend on their coating.'811 

CONCLUSION 

In the last decade, colloidal solutions were assumed to be 
very efficient templates for controlling particle size and 
shape. A large number of groups used reverse micelles to 
control spherical n a n ~ ~ a r t i c l e s . [ ' ~ ~ ~  This makes possible 
determining the various parameters involved in such 
processes and demonstrates that they can still be consid- 
ered as efficient nanoreactors with some discrepancies.[971 
There are fewer reports concerning the control of the 
particle shape and it is still rather difficult to determine the 
key parameters. They depend on the adsorption of salts, 
molecules, and procedure. Crystal growth on the nano- 
scale seems to follow behavior similar to that of the bulk 
phase with a marked dependence on pH. The latter is 
particularly important when some impurities are present in 
the growth medium because it influences, for example, the 
formation either of zwitter-ions or complex ions, the ef- 
ficiency of which is greater than that of the initial impu- 

rity. These elements lead to a decrease In the growth rates 
of certain crystal faces. Most of the changes are based on 
the existence of a more or less epitaxial adsorption layer 
on the crystal. This layer is composed of solvents, impu- 
rities, or salts. Their precise roles are as yet uncertain. The 
changes are because of the differences between the growth 
rates of the various crystallographic faces. From this, it 
can be concluded that the template is not the key param- 
eter in the shape control. 

From these comments, we can ask why templates made 
of surfactants are quite effective in controlling the for- 
mation of nanospheres whereas rather large exceptions are 
observed for anisotropic shapes. This is probably because 
of the fact that colloidal templates are highly dynamic. 
The energy needed to produce spherical nanocrystals is 
less than that for producing anisotropic nanocrystals. A 
general method for controlling nanocrystal shapes through 
soft chemistry has not yet been found. but this does not 
mean that such a method cannot be discovered. To reach a 
final conclusion, we need more data and we need to 
compare the fabrication of anisotropic nanocrystals with 
various types of materials. Probably other approaches, 
which have yet to be found, are required. This is suggested 
by the fact that the fabrications of elongated femte 
nanocrystals in biological media and in vitro are com- 
pletely different. In biological media, the mechanism of 
crystal growth is not well known. However, to produce 
similar nanomaterials in vitro, a very high base concen- 
tration is needed and the corresponding pH would induce 
the destruction of the biological media. This means that 
other ways exist and have to be discovered. 
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INTRODUCTION 

Carbon is everywhere around us. Its stable crystalline 
phase is graphite, but under some circumstances, it can be 
converted into its most interesting phase for applica- 
tions-diamonds. Naturally, a diamond is produced inside 
the Earth's mantle by a high-pressure-high-temperature 
phase transformation of graphite. It is metastable and that 
is the reason why it can be recovered in mines after having 
migrated toward the most external shells of the Earth. 

Its unsurpassed hardness, excellent transport proper- 
ties, transparency, and inertness make a diamond a ma- 
terial of choice for many industrial applications. Synthetic 
diamond, produced by a high-pressure-high-temperature 
treatment of graphite, or by ion bombardment, is now 
commonly used in industries. But what happens to the 
carbon phase diagram when the sample size reaches the 
order of several nanometers? 

the reversal of stability to occur between 4.3 and 10.2 nm, 
depending on the temperature. It is worth noting that 
although these models have totally different ingredients 
and neglect the detailed structure of the clusters, such as 
specific surface structure or different degrees of hydrogen 
surface passivation, they reach the same conclusion that a 
diamond becomes more stable than graphite below 3-10 
nm. Indeed, diamonds of several nanometers in diameter 
have been found or produced in a large variety of envi- 
ronments, as we will discuss in "Nanodiamond Sources." 
Then, we will present an overview of the properties of 
nanodiamonds, both as isolated particles and as assem- 
blies in films, and we will show how promising these 
carbon nanoparticles are for tomorrow's applications. 

NANODIAMOND SOURCES 

Nanodiamonds in the Sky 
OVERVIEW 

After the discovery of diamond inclusions (several nano- 
meters in size) in some meteorites that had fallen on 
Earth, some groups have theoretically studied the rela- 
tive stability of graphite and diamond as a function of 
particle size. 

The first attempt to understand the stability of 
diamonds at the nanoscale was published by Badziag 
et al.['l They computed the binding energy of diamond- 
like and graphite-like carbon clusters using fixed energy 
values for carbon-carbon and carbon-hydrogen bonds. 
They found that below a size of 3-6 nm and a number of 
100-21000 carbon atoms, diamond clusters become more 
stable than their graphitic counterparts. After that precur- 
sor study, several groups tried to model the relative 
diamond-to-graphite stability with more sophisticated 
models. A charged cluster model was presented by Hwang 
et a1.[21 and Jang and  wan^.'^' At that time, the crossover 
between diamond and graphite was predicted to occur 
for clusters containing 400 atoms. In comparison with 
Ref. [I], the model used there was purely electrostatic. 
Other charge lattice calculations by ~ a m a r n i k ' ~ ]  predict 

Nanoscale diamonds were discovered in 1987 by Lewis 
et al.r51 in meteorites. Not all meteorites contain dia- 
monds. At this time, nanodiamonds have been found in 
specific types of meteorites, the so-called "carbonaceous 
chondrites." Two major sources of nanodiamonds are the 
"Allende" chondrite (C3V type), which weighed several 
tons when it fell on Mexico in 1969, and also other types 
of chondrites, such as the Murchison meteorite (type C2). 

The nanodiamonds found in these meteorites have a 
lognormal size distribution, with a median diameter of 
26 A, corresponding to roughly 1060 atoms. The shape of 
the distribution has been interpreted to be caused by 
growth followed by partial conversion of small grains to 
larger ones. The particles were shown to contain impu- 
rities, mainly hydrogen, nitrogen, and oxygen, principally 
in -COOH groups.'61 It is worth noting that in some cases, 
such as C2-type chondrites, a diamond (in its nanoscale 
form) is up to five times more abundant than graphite. 
Further analysis of meteoritic nanodiamonds by Amarti 
et a ~ . ' ~ ]  revealed the nanodiamond content of the C2 me- 
teorite to be -400 ppm and attributed the shape of the size 
distribution to a condensation process. 
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The major question arising from those discoveries is: 
How and when were those diamonds produced? Daulton 
et a ~ . ' ~ '  performed a detailed high-resolution transmis- 
sion electron microscopy (HRTEM) study of a large 
quantity of nanodiamonds coming from meteorites, as 
well as those produced by means of detonation or 
chemical vapor deposition (CVD). Their work concludes 
that meteoritic diamond features (morphology, type of 
eventual twinning) are much closer to the low-hydrogen- 
pressure CVD process than to the high-temperature- 
high-pressure detonation. 

These findings are of much interest to the astrophysi- 
cists community because chondrites are primitive meteor- 
ites that formed before the solar system. Their structure 
and content provide information on nuclear and chemical 
processes in stars and in the interstellar medium. There 
still remained some doubts about the fact that the 
nanodiamonds found in the meteorites are actually 
presolar.[91 Dai et a1.[Io1 have studied other nanodiamonds, 
with structural features similar to the meteoritic samples, 
which have been found in interplanetary dust particles 
originating from comets or asteroids. They found that 
there are very few nanodiamonds in those particles- 
infinitely fewer than in chondrites. Because comets are 
objects that formed earlier in the solar system than 
meteorites, this seems to indicate that the nanodiamonds 
found in the meteorites are not presolar at all. 

This hypothesis is corroborated by the discovery of 
unexpected lines in the infrared spectra of 12 warm 
~ u ~ e r ~ i a n t s , [ " ~ ' ~ ~  which are also carbon-rich protoplane- 
tary nebulae. A broad absorption line centered at 21 pm 
wavelength was attributed to large polycyclic aromatic 
hydrocarbon (PAH) molecules or some partially hydro- 
genated f~llerenes,['~] before being attributed to nanodia- 
monds by Hill et al.['41 In that study, the observed infrared 
absorption from the interstellar dust is shown to be 
comparable to either nitrogen-rich nanodiamonds, or to 
nanodiamonds containing vacancies and/or interstitial 
atoms. They also noticed that some absorption features 
could be explained by the relaxation of part of the 
nanodiamonds surface toward sp2 carbon configuration. 
By fitting the absorption spectra with those of terrestrial 
diamonds, they estimate the size of these interstellar 
nanodiamonds to be around 2.6 and 3 nm, exactly as for 
meteoritic diamonds. 

Other hydrogenated nanodiamond signatures have been 
indirectly evidenced by Van Kerkhoven et al."'] around 
some other types of stars. In those objects, the nanodia- 
monds are thought to be hydrogen-terminated, with some 
surface reconstructions, and could have a size ranging 
between 1 and 10 nm. The main conclusion of that study is 
that the nanodiamonds are produced in situ in the disks of 
stellar objects. Thus they should be present everywhere. 
The authors suggest that nanodiamonds are indeed present 
everywhere in space, but remain undetected because of 

the dehydrogenation of their surface for reconstruction, 
with the surface carbon getting sp2-bonded. 

Nanodiamonds in Detonation Soots 

As one can see, nature seems to favor the appearance of 
diamond nanoparticles. But it is not only in the cosmos 
that nanodiamonds can be found. 

Indeed, pure trinitrotoluene (TNT) detonation has been 
shown to produce, among other carbon structures, nano- 
crystalline (NC) diamonds with diameters of about 
10 nm.'16] By mixing TNT with some other solids such 
are RDX (cyclotrimethylene trinitramine-C3H6N606), 
TATB, or NIGU, and by detonating the mixture in an inert 
gas atmosphere, most spheroidal diamond particles pro- 
duced were 4 nm in diameter.[I7' Because of those first 
studies, the synthesis of nanodiamonds by detonation has 
been optimized and detonation-produced diamonds are 
now even commercially available. These nanodiamonds 
are often called "ultra dispersed diamond" (UDD) 
because of their very narrow size distribution. A thermo- 
dynamic model has been proposed by Viecelli et a1.[I8] in 
which the nanodiamond formation is produced from 
nanometric liquid droplets. Aleksenski et a1.[19' performed 
a structural study of UDD using X-ray diffraction and 
small angle X-ray scattering. They evidenced a diamond 
cluster core of about 43 A, the surface of which is covered 
by a mixture of sp2-bonded and sp3-bonded carbons. The 
authors could explain their small-angle X-ray scattering 
(SAXS) measurement with a model in which the diamond 
core is surrounded by onionlike carbon shells and 
nanosized graphite platelets. The thickness of these 
surrounding shells seems to be much dependent on the 
type of detonation synthesis (dry technology-gas cooling, 
or wet technology-water cooling). Baidakova et a1.[201 
further analyzed the fractal dimension of the external 
shells of nanodiamonds. On annealing, they show that the 
diamond content of the particles decreases from 1200 K 
in favor of the formation of graphite flakes on the surface 
of particles and in favor of onion shells at temperatures 
1300 K and higher. Similar transformations occur under 
electron beam annealing as well. Fig. 1 shows the evolu- 
tion of the electron energy loss spectroscopy (EELS) of a 
UDD nanoparticle as a function of exposure time. The 
spectra rapidly evolve from diamond-like to amorphous- 
like because of heating produced by the electron beam. 

Other detonation-produced (TNT + RDX) nanodia- 
monds were analyzed by Chen et al."'l In their study, 
the particles were almost perfectly spherical and 4-6 nm 
in diameter, but some larger (N  15 nm) spherical particles 
were also present. The composition analysis evidenced 
87-90% carbon, 0.5-1 % hydrogen, 1.6-2.5% nitrogen, 
and 6 1 0 %  oxygen. The authors explained the spherical 
shape of the particles as a consequence of the recrys- 
tallization of a liquidlike carbon droplet during the 
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Electron Energy Loss (eV) 

Fig. 1 Electron energy loss spectroscopy of a single nanodia- 
mond particle. (Courtesy of T. Van Buuren and J. Plitzko.) Left: 
HRTEM picture of the UDD powder. The particle under study 
(-3 nm in diameter) is designated by the circle. The reader can 
notice the enhanced atomic planes. Right: EELS spectra as a 
function of exposure time. (View this art in color at 
www.dekker.com.) 

detonation. The structure was shown to be diamond, with 
a small proportion of sp2-bonded carbon atoms. 

The small UDD nanocrystals often aggregate in larger 
conglomerates, as shown in the study of Aleksenskii 
et a1.,[221 with small distortion of the initial spherical par- 
ticle shape (Fig. 2). 

The structure and defects of UDD have been exten- 
sively studied. In Ref. [24], infrared spectroscopy evi- 
dences 0-H, C-H, C=C, C=O, and C-0-C groups. 
Other surface groups are evidenced by nuclear magnetic 
resonance (NMR). The electron spin resonance measure- 
ment indicates that nitrogen is not present as a substi- 
tutional (paramagnetic) site inside the particle's core. 
However, another has measured a high concen- 
tration of paramagnetic centers. These are attributed 
to \dangling C-C bonds located at the interface between 

Fig. 2 Electron diffraction pattern (top left), power spectrum 
(bottom left), and HRTEM picture of the edge zone of a 
conglomerate of nanodiarnonds (UDD). (From Ref. [23].) 
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Fig. 3 Schematic representation of a plasma CVD reactor 
used in ultrananocrystalline diamond films production. (From 
Ref. [27].) (View this art in color at www.dekker.com.) 

the diamond core and the graphene sheets forming the 
surface. A similar paramagnetism has been observed in 
Ref. [26]. 

Nanodiamond CVD Production 

In the process of optimizing the CVD technique for the 
generation of high-quality diamond films, it was shown 
that, under some conditions, the deposited film was no 
more a microcrystals assembly, but a smooth film of much 
smaller diamond particles (Fig. 3). 

A typical CVD experiment would involve the injection 
of a mixture of methane and hydrogen gas in a plasma 
reactor. The diamond film, with variable morphologies, is 
deposited on a silicon substrate.[281 Under certain condi- 
tions of relative CH4/H2 concentrations and substrate tem- 
perature, it has been observed that the diamond film 
consisted of much smaller particles. The CVD-deposited 
diamonds films are distinguished into three categories: 
microcrystalline diamonds (0.5-10 pm), nanocrystalline 
diamonds (50-100 nm), and ultrananocrystalline (UNC) 
diamonds (2-5 nm). Garcia et al.[291 reported diamond 
particles of 50 nm diameter by applying a negative d.c. 
bias voltage during the first minutes of the deposition from 
a mixture of 4% CH4 in H2. The nanometric diamonds 
appear to be the first stage of diamond growth as long 
deposition times show them coalesce to form a micro- 
crystalline diamond film. Gruen et al. managed to opti- 
mize the gas concentration to generate UNC  diamond^.^ 
Replacing the major part of hydrogen by argon (typical 

'A complete review of ultrananocrystalline diamond properties and 
potential applications can be found in Ref. [27]. 
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Fig. 4 Size histogram obtained from the analysis of an 
HRTEM image of an ultrananocrystalline diamond film where 
C60 was used as a substitute to CH4 in the CVD reactor. (From 
Ref. [31].) (View this art in color at www.dekker.com.) 

1% hydrogen) in the plasma causes the deposition of a 
smooth film of nanoparticles of only a few nanometers 
in size (Fig. 4).'301 Those UNC films contain only 2-5% 
of sp2-bonded carbons in grain boundaries and less than 
1 % hydrogen. 

Different plasma CVD techniques are used to produce 
diamond films. Nanocrystalline diamond crystals with a 

typical size of 50-100 nm are produced by hollow cathode 
arc plasma CVD, or direct current glow discharge-assisted 
CVD, among many other experiments.[321 In that last 
study, a detailed analysis of the proportion of nanodia- 
monds to graphite shows that up to 75% of carbon is 
present in the film as sp3-bonded carbon in 3- to 5-nm 
diamond crystals. The remaining sp2-bonded atoms are 
mostly present in the form of a thin graphite layer (150- 
200 nm) present between the substrate and the UNC 
diamond, as well as in grain boundaries. This UNC film 
has been shown to be stable up to 9 5 0 ' ~ . [ ~ ~ ]  

NANODIAMOND STRUCTURES 

Nanodiamonds that are produced under those very 
different conditions of atmosphere, temperature, and 
pressure have similar size distributions. In particular, 
extraterrestrial nanodiarnonds, detonation nanodiamonds, 
and ultrananocrystalline diamonds have sizes that typi- 
cally range between 2 and 5 nm (Fig. 4). 

The crystallinity of nanodiamonds has been tested by 
diffraction, but is also directly observable by electron 
microscopy (enhanced atomic planes in Figs. 1 and 2 
transmission electron micrographs). A complete crystal- 
lographic study of nanodiamonds produced in the three 
ways we have described (meteoritic. detonation, and 
CVD-UNC nanodiamonds) has been performed by Daul- 
ton et a ~ . ~ ~ ~  in an attempt to determine the origin and 
synthesis mechanism of meteoritic diamonds. In all those 
types of nanodiamonds, twinning is often observed, 

RS Non-Linear Multiple ~winsl  
I Star Twins 

Detonation Soot Meteorite I Meteorite II CVD 

Nanodiamond Source 

Fig. 5 Distribution of different twinning types in nanodiamonds from various origins. The meteoritic diamond originated from the 
Murchison meteorite ( I )  and the Allende meteorite (11) .  One can note the similarity in the twinnings in meteoritic and CVD nano- 
diamonds. (From Ref. [8].) (View this art in color at www.dekker.com.) 
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preferentially for the largest particles. Twinning can take 
different forms, from simple twins, to multiple, to even 
fivefold star twins. However, the shape of the nanopar- 
ticles is globally spherical (Fig. 5). 

The structure of the nanodiarnond surface is little 
known. sp2-bonded carbon may be present at the surface 
and in UNC diamond film grain boundar ie~. '~~ '  Hydrogen 
is present in all three varieties of nanodiamonds, but other 
impurities have been evidenced in detonation-produced 
and extraterrestrial nanodiamonds. 

Maillard-Schaller et have measured the impurity 
content of detonation-produced nanodiamonds by Raman 
and X-ray photoelectron spectroscopy (XPS). The major 
impurity is oxygen. The nitrogen content of their samples 
is 1-2% and traces of N, Fe, S, and Ar are also found. H2 
plasma treatment of the nanodiamonds deposited on a Si 
substrate by electrophoresis causes oxygen impurities to 
leave the sample, whereas the nitrogen content remains 
the same. The sp3/sp2 content of the diamonds is 
unchanged by the high-temperature treatment. 

NANODIAMOND PROPERTIES 

Very few theoretical studies of single nanodiamonds 
properties have been performed. ~a l i c io~ lu [" '  relaxed 
spherical nanometric diamond slabs with Brenner poten- 
tials. The so-formed structures exhibit inward relaxation 
from the top surface layers, the interatomic distance 
between neighboring atoms decreasing from the center of 
the cluster to the surface. They also noticed significant 
variations in relative cohesive energy with respect to bulk 
diamond. Recently, an ab initio molecular dynamics 
simulation, a parameter-free technique that solves quan- 
tum mechanical equations with great accuracy, was used 

Fig. 6 Structure of a 0.7-nm 29-carbon atom cluster. Left: The 
fully hydrogenated cluster. Right: The result of surface 
reconstruction induced by the removal of six pairs of hydrogen 
atoms (circled on the left). Carbon atoms are in light grey; 
hydrogen atoms are in dark grey. The isosurfaces represent the 
lowest unoccupied molecular orbital (LUMO; here located on 
the C-H bonds) and the highest occupied molecular orbital 
(HOMO; here located at the center of the cluster) drawn at 30% 
of their maximal value. (View this art in color at www.dekker. 
corn.) 

Fig. 7 C14, and C275 bucky diamonds. The diamond core 
atoms are represented in light grey. (From Ref. [23]. (View this 
art in color at www.dekker.com.) 

to simulate the structure and to compute the electronic and 
optical properties of nanod ia rnond~ . '~~]  Contrary to 
classical treatment, the quantum simulation of nanodia- 
monds yields an expansion of the cluster volume with 
respect to bulk diamonds. That tensile stress is at the 
opposite of what is observed in Si or Ge nanoparticles. 
The surface reconstruction of nanodiamonds has been 
shown to strongly affect electronic structure, as shown 
in Fig. 6. 

When the totality of hydrogen is removed from the 
cluster, the surface is shown to sometime reconstruct in a 
specific way, forming the so-called "bucky diamonds." 
These structures consist of a diamond core the surface 
of which is reconstructed in a fullerene-like manner 
(Fig. 7). 

The optical properties of nanodiamonds have been 
studied mostly by X-ray techniques. The X-ray emission 
and absorption spectra of detonation nanodiamonds are 

Graphite 

Diamond 

265 270 275 280 285 290 295 280 285 290 295 300 305 310 

Photon Energy (eV) Photon Energy (eV) 

Fig. 8 X-ray emission (left) and absorption (right) spectra from 
highly oriented pyrolitic graphite (HOPG), bulk diamonds, and 
detonation-produced nanodiamonds (4 nm average size). (From 
Ref. [23].) (View this art in color at www.dekker.com.) 
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Fig. 9 Detail of the pre-edge X-ray absorption spectra of 
HOPG, bulk diamonds, and detonation nanodiamonds vs. the 
X-ray energy in electron volts. The density of unoccupied states 
computed ab initio from a CL4, bucky diamond is shown for 
comparison (dashed line). (From Ref. [23].) 

very similar to those of bulk diamonds and are totally 
different from graphite (Fig. 8). 

The differences between bulk diamonds and nanodia- 
monds are exciton broadening (289.3 eV) and a shal- 
lower secondary minimum (302 eV). However, there 

are some pre-edge features in the nanodiamond absorp- 
tion spectrum that are not caused by impurities and are 
reproducible (Fig. 9). These features could be the sig- 
nature of specific surface reconstructions such as in 
bucky diamonds. 

Other information can be obtained from Fig. 8: There is 
no shift in valence and conduction band maximum and 
minimum in comparison with bulk diamonds. This 
indicates that quantum confinement does not affect the 
electronic structure for particles 4 nm and larger. This 
property can also be observed on computed absorption 
spectra from Fig. 10. 

The optical properties of UDD layers have been studied 
optically and by XPS by Aleksenskii et a ~ . [ ~ "  The band 
gap is measured to be 3.5 eV, with many energy levels 
present in the nanodiamonds band gap and contributing to 
a broad luminescence band (380-520 nm). The optical 
absorption of the material is attributed to threefold 
coordinated atoms on the surface. The unannealed sample 
contains 8% N and 22% 0 ,  mainly under the form of 
nitrate ions attached to the particle's surface. 

The electron transport in ultradisperse diamonds 
deposited on quartz substrates has been measured by 
He et al.[401 The conductivity of the films is shown to 
decrease with annealing. Surprisingly, it is semiconduct- 
ing at high temperature but the temperature dependence 
of the conductivity is negative at lower temperatures. 
This behavior is attributed to conduction through surface 

Fig. 10 Optical spectra of carbon clusters ranging from methane to 1-nm nanodiamonds. The spectra are computed using the time- 
dependent local density approximation on ab initio-relaxed cluster geometries. (From Refs. [38] and [39].) The dashed line shows the bulk 
absorption threshold computed with the same method (4.23 eV for an experimental value of 5.5 eV). (View this art in color at 
www.dekker.com.) 
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conduction (n-type because of graphite-like sheets) at 
low temperature and through diamond core o-type 
conduction at higher temperature. 

An interesting property of a hydrogenated diamond 
surface is its "negative electron affinity," the ability of an 
electron that is excited in the conduction band to freely 
leave the material. Nanodiamonds have smaller bandgaps 
than bulk diamond, and for that reason are excellent 
candidates for low-threshold electron emission devices. 
The additional requirement is that the electron affinity is 
small, or even negative. The electron emission of the 
UDD film from Ref. [40] is strong and has a low field 
threshold (3.2 Vlpm). It has been attributed to grain 
boundaries of nanodiamond films, rather than substrates. 
A similar field emission study was performed on 
ultrananocrystalline diamond films by Krauss et a1.[411 
The emission is again attributed to conduction through the 
grain boundaries-vacuum interface. With moderate heat- 
ing (200-300°C), the photoemission yield is increased by 
a factor of 5.r421 When the hydrogenated UNC film is 
exposed to air, electron affinity is actually shown to 
become negative. A similar negative electron affinity has 
been measured after treating a film of deposited nanodia- 

monds obtained from detonation, but only after treating 
the film with Hz plasma, which removes most of the 
impurities, except nitrogen.'351 

NANODIAMOND NITROGEN N-DOPING 

A very promising way to have nanodiamond films 
incorporated in technological applications is by doping 
them with nitrogen. The goal is to introduce carrier 
levels into the diamond gap (this level is located 1.7 eV 
below the conduction band minimum in bulk diamonds) 
to increase conductivity and to lower the electron 
emission voltage threshold. Nitrogen is a major impurity 
of natural diamond. As we said before, nanodiamonds 
produced by detonation contain a high percentage (1- 
2%) of nitrogen. This nitrogen is brought into the 
diamonds from the trinitrotoluene reactant and cannot be 
removed from the n a n ~ ~ a r t i c l e s . [ ~ ~ ]  The precise location 
of the nitrogen atoms in the nanoparticles is uncertain, 
but several magnetic studies have been unable to see any 
trace of substitutional nitrogen (known as P1  enter)."^' 
This is surprising as nitrogen is present in N-doped 

Fig. 11 Formation energy of 66 carbon atom clusters containing one nitrogen impurity atom as a function of the hydrogen chemical 
potential p~ (eV). This energy is the difference between the cluster's total energy and the energy the same number of carbon and 
hydrogen atoms (Nc and NH) would have in their most stable form (here we consider diamond and the Hz molecule). The origin of p~ 
(eV) is taken as the energy of one hydrogen atom in the Hz molecule. The thick black segments indicate the most stable structures. The 
stable configurations are the C65H65N and C65H39N clusters. In these, the nitrogen atom is substitutional in the particle's surface. Above - -0.02 eV, the stable structure is a fully hydrogenated cluster in which the nitrogen atom (in blue) sits on the surface. Below this 
energy (this would correspond to a higher temperature andlor a lower hydrogen pressure), the stable structure has a partially 
reconstructed surface in which the nitrogen resides. The C65H66N and C65&)N clusters in which the nitrogen atom is substitutional to a 
core carbon atom are never stable (thin lines). The isosurfaces are drawn at 30% of the maximal value of the HOMO (on the nitrogen 
atom) and LUMO (on C-H bonds), respectively. (View this art in color at www.dekker.com.) 



Nanodiamonds 

CVD-produced microcrystals as a substitute to core 
carbon atoms.'431 A theoretical study of the grain 
boundaries of UNC diamonds in the presence of nitrogen 
impurities has been performed by Zapol et This 
tight-binding density functional study shows that nitro- 
gen substitution to carbon in the grain boundary is 
energetically more favorable than in the crystal's core. 
The conductivity increase of the N-doped film is then 
attributed to an increase in threefold coordinated carbon 
atoms caused by the nitrogen impurity. A recent ab initio 
molecular dynamics shows that for small 
diamond clusters, nitrogen is preferentially present as a 
substitute to surface carbon. The tensile stress evidenced 
in those n a n ~ ~ a r t i c l e s ' ~ ~ '  facilitates nitrogen inclusion in 
comparison to bulk diamonds, where intentional nitrogen 
doping has proven to be difficult. Nitrogen incorporation is 
shown to require more and more energy with increasing 
particle size (Fig. 11). 

Nitrogen doping of UNC films has been studied by 
Bhattacharyya et a1.[451 Doping is achieved by introducing 
nitrogen gas (1-20%) into the mixture fed to the CVD 
reactor. They achieved the highest carrier concentration 
and electrical conductivity ever measured for a phase- 
pure diamond thin film. The increase of N2 gas 
concentration causes larger grain boundaries and larger 
grains to be deposited, and increases the conductivity up 
to 143 0 ' cm- '. This large conductivity is attributed 
to the large proportion of nitrogen atoms in the grain 
boundaries. The optical and emission properties of 
N-doped UNC diamond films are still under investigation. 
A theoretical has compared the energy gap of 
hydrogen-terminated nanodiamonds clusters and clusters 
including various nitrogen impurities on the surface as a 
function of size. The variation is faster for reconstructed 
surfaces because of the size evolution of the surface 
curvature. For nonreconstructed surfaces, the curvature 
changes little with cluster size and the energy gap remains 
almost constant and smaller than for H-terminated 
clusters (Fig. 12). 

NANODIAMONDS FOR THE FUTURE 

Nanodiamonds are very promising materials for appli- 
cation, especially under the form of ultrananocrystalline 
diamond thin films. An extensive review of UNC film 
properties and potential applications can be found in 
Ref. [27]. We have cited the perspectives offered in 
field-induced and light-induced induced emission by 
nitrogen-doped UNC films. They could be used to 
produce bright, low-voltage (cold) cathodes. They may 
be used in the future as microelectromechanical system 
(MEMS) materials. Pioneer devices have been success- 
fully produced by Krauss et a1.[461 The exceptional 
hardness, fracture strength, and inertness of the films, 
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Fig. 12 Computed HOMO-LUMO energy gaps for various 
nanodiamonds structures. Red circles: Hydrogenated nanoclus- 
ters; black squares: nanodiamonds with a NH2 surface group; 
green triangle: one surface substitutional nitrogen; pink diamond: 
four surface substitutional nitrogen atoms. The filled symbols 
represent the nonreconstructed, maximally hydrogenated nano- 
diamonds; the empty symbols represent I 100) reconstructed 
surfaces. (View this art in color at www.dekker.com.) 

together with a smooth surface, make UNC a unique 
material for miniaturized mechanical systems and de- 
vices, such as cantilevers, gears, etc. The hydrogen ter- 
mination of the surface also brings a "natural lubricant" 
to the moving devices. 

UNC diamonds also have potential applications in 
optoelectronics, as photonic switches, electronic devices 
(pn junctions), etc. They are on their way to being 
commercially used as surface acoustic wave devices. 
Recent experiments have even used UNC films as support 
to attach ADN.'~" These devices have proven to be ex- 
tremely stable and have opened the way to the integration 
of biology in electronics. 

CONCLUSION 

Nanodiamonds have unique, fascinating properties, as 
isolated particles or in thin films, but many aspects still 
have to be understood. The interaction between nanodia- 
monds is largely unknown. The most intriguing fact is that 
all types of nanodiamonds have similar features and size 
distributions (independently of the production type), 
extreme pressure and temperature, and low-pressure 
CVD, and are around stars. Indeed, everywhere where 
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scientists have looked for carbon nanostructures with a 
high-resolution microscope, they found nanodiamonds. 
Would they not be everywhere around us? 
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INTRODUCTION 

Nanoencapsulation is one of the most important sub- 
categories of controlled-release bionanotechnology. Nor- 
mally, active substances are encapsulated in submicro- 
meter-sized devices made of barrier materials. These 
materials are designed to control the rate of release. This 
concept has been largely inspired by spontaneous assem- 
bling of the phospholipid liposomes as a model of bio- 
logical membranes.['] As in Nature, one has to develop 
preparations of nanovehicles that allow precise control 
over their structure and morphology. In this context, the 
self-assembled superstructures of surfactants (micelles, 
liposomes)[21 and/or polymers (nanoparticles) have prov- 
en to be valuable tools.[31 

Nanoparticles may be defined as being submicrometer 
(from 10 to 1000 nm) colloidal systems generally, but not 
necessarily, made of polymers (biodegradable or not).[-' 
Depending on the process used for their preparation, two 
different types of nanoparticles can be obtained, namely, 
nanospheres and nanocapsules. Unlike nanospheres 
(matrix systems where the bioactive substance is dispersed 
throughout the particles), nanocapsules exhibit a mem- 
brane-wall structure with an aqueous or oily core con- 
taining the bioactive substance. Thus, nanocapsules may 
be considered as a "reservoir" or "envelop" system. 
Because nanoparticles have very high surface areas, the 
active substance may also be adsorbed or conjugated onto 
the surface.[61 At present, micellarAiposomal systems have 
also been included under the term "nanoparticles." 

Another type of nanometer-sized carriers is an inclu- 
sion complex or clathrate, which can be assembled by 
inclusion of bioactive substances into molecular cavities 
of the so-called ~avitands,'~] or dendrimers.[8,91 Natural 
examples of such internal-cavity-containing molecules are 
cyclodextrins, which are used widely for preparation of 
various drug formulations.[101 The outer diameter of mo- 
lecular nanocapsules is in the range of 3-50 nm. The 
nanometer size ranges of liposomes, nanoparticles, and 
clathrates offer certain distinct advantages for drug de- 
livery. Because of their subcellular size, they can pene- 
trate deep into tissues through fine capillaries, cross the 
fenestration present in the epithelial lining (e.g., liver), 
and generally are taken up efficiently by the cells to 

perform the so-called intracellular trafficking.[63' 13121 This 
allows direct delivery of therapeutic agents to target sites 
in the body followed by the controlled relea~e."~] 

CONTROLLED RELEASE 

Controlled-release nanotechnology can solve a variety of 
problems regarding the effective delivery of a bioactive 
compound to a target to achieve good local and systemic 
tolerance during and after application.1141 In controlled- 
release systems, a drug or some other active agent is 
incorporated into a self-assembled carrier. The main 
condition of success is to design tissue-friendly and 
biodegradable accompanying rnaterial~.[~-~] The delivery 
carriers are usually required for the following reasons: 
1) many effective drugs are characterized by poor aque- 
ous solubility and need to be solubilized; 2) many drugs, 
such as proteins, are very fragile and need a microen- 
vironment providing protection from hydrolysis or enzy- 
matic degradation; 3) many drugs are highly toxic and 
require a carrier to shield tissues until the drug release at 
the targeted tissue occurs; 4) the release itself has to be 
designed to allow controlling; and 5 )  targeted delivery of 
drug can be attained by conjugating a specific vector to 
the carrier.'15' 

The rate of releasing the agent depends on the nature of 
the carrier as well as various environmental factors (such 
as nature of solvent, osmotic pressure, temperature, pH of 
media, and so on). The controlled release, depending on 
rate of releasing, can be classified as triggered, pulsing, or 
sustained. The rate of delivery of any bioactive substance 
to a target tissue or reaction site is highly critical. Key 
advantages to the use of this technology are prolonged 
activity, fewer doses, fewer undesirable side effects, and 
reduced toxicity.[51 

Three mechanisms of controlled release can be con- 
sidered: diffusion controlled (through membranes and 
from matrices), chemically controlled (erosion and 
cleavage of polymer chain or spacer connecting bioactive 
agent with carrier, if any), and solvent activated (osmotic 
pressure and swelling). Each mechanism has certain 
advantages and must be selected for design of carrier 
depending on the agent to be released as well as the 
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conditions required to yield favorable release. Recently, 
significant effort has been devoted to develop nanotech- 
nology for controlled drug delivery devices because it 
offers a suitable means of delivering low molecular 
weight drugs, as well as macromolecules such as peptides, 
proteins, DNA, or genes by either localized or targeted 
delivery to the tissue of i n t e r e ~ t . [ ~ ~ " * ' ~ ~ ' ~ ]  

Liposomes (or vesicles) are topologically closed nano- 
sized lamellar aggregates of highly ordered lipid mole- 
cules that are normally dispersed in a hydrophilic solvent, 
typically water. The aggregates may be formed by the 
combination of both polar and nonpolar residues in the 
same lipid molecule, which is described as amphiphilic. In 
aqueous medium the amphiphilic molecules arrange the 
ordered micellar or lamellar structures depending on the 
concentration, in which the hydrophobic regions are 
brought into proximity with each other while the polar 
groups are exposed to water. The amphiphiles are capable 
of forming a variety of phases due to steric factors such as 
head group size, variation in the number of acyl chains, or 
to electrostatic effects arising from attractive or repulsive 
forces between adjacent polar head groups.['81 The dif- 
ferent phases can interconvert, either by inward or out- 
ward migration of particular amphiphiles changing their 
shape. Heating, for example, increases the dynamic mo- 
tion of hydrocarbon chains, effectively broadening the 
nonpolar region. Changes in pH can affect an ionization 
of polar head groups and so alter their diameter, as can 
changes in their hydration level.['91 Thus, bilayer to 
nonbilayer transition can take place, resulting in loss of 
membrane barrier function. These transitions can be 
exploited to design liposomal carrier systems with preset 
release properties that are triggered by changes in their 
microen~ironment.['~~ 

Normal micelles, which have only short-range order, 
form spontaneously when the amphiphiles are added to 
water. The liquid crystalline phases, which exhibit long- 
range order, like lamellar (cubic) and normal hexagonal 
phases, do not disperse spontaneously. When the lamellar 
phase is diluted with excess aqueous phase, it converts 
into spherical liposomes (Fig. I),[" which are widespread 
carriers for drugs, cosmetics, and many other types of 
actives.['91 Because of the presence of the aqueous core 
and the hydrophobic lipid bilayers, liposomes can ac- 
commodate both hydrophilic and hydrophobic actives. 
The liposomes can be constructed with widely different 
physical structures, lipid composition, and surface prop- 
erties, thus enabling a great deal of control over entrap- 
ment and release of their contents. 

a \ Lipid bilayer/ 

Fig. 1 Schematic structure of liposornes: (a) rnultilarnellar 
vesicles, MLV, and (b) small and large unilarnellar vesicles, 
SUV and LUV. 

Three kinds of liposomes are in common use. Large 
spherical liposomes, each consisting of numerous con- 
centric bilayers, alternating with layers of water, are 
known as multilamellar vesicles (MLVs) (Fig. la).12] The 
MLVs are simple to produce, but the volume available for 
solute entrapment is limited. By gentle swirling, individ- 
ual lamellae are able to detach to form large unilamellar 
vesicles (LUVs) (Fig. lb).[201 Because the interior of 
LUVs is not occupied by internal lamellae, there is ample 
space for incorporation of actives. This also means that 
cells taking up LUVs are less subject to lipid overload. 
However, LUVs are more fragile than MLVs. In general, 
MLVs and LUVs vary in their outer d~ameter, from 100 
nm up to 10 pm. Their large size range is considered to be 
a drawback for many medical applications requiring par- 
enteral administration because it leads to rapid clearance 
from the bloodstream by the cells of the reticuloendo- 
thelial system (RES). 

Small unilamellar liposomes (SUVs), with outer di- 
ameter in the range of 2&100 nm,[21' can be obtained 
by ultrasonication of MLVS.['*' Because of their small 
size, clearance from the systemic circulation is signifi- 
cantly reduced, but SUVs have a much lower capacity 
for drug entrapment, typically less than 1% of the ma- 
terial available. 

Preparation of Liposomes 

Multilamellar vesicles 

Multilamellar vesicles (Fig. 2a) may be prepared from 
natural or synthetic lipids by suspending them in an 
aqueous solution maintained at a temperature above the 
melting point T, of the lipid. For unsaturated phospho- 
lipids such as egg and soy phosphatidylcholine, which 
have T, values below O°C, this can be done by stirring in 
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Fig. 2 Freeze-fracture transmission electron micrographs of 
liposomes: (a) MLV constituted from 0.1 M mixture of 
tetradecyldimethylaminoxide/tetradecyltrimethyl ammonium 
bromide/hexanol=9/1/20, and (b) SUV prepared from 3wt.% 
didodecyldimethyl ammonium bromide in water. (From Hoff- 
mann, H.; Thunig, C. et al. Langmuir 1994, 10 (1 I), 3972-3981. 
Copyright 1994, ACS.) 

an inert atmosphere of nitrogen or argon to avoid lipid 
~xidation.'~] A small amount of the active solution is 
entrapped within the interlamellar spaces when lipid is 
hydrated, followed by the liposome formation. The loaded 
liposomes can be separated from nonencapsulated solute 
using centrifugation or dialysis. 

The encapsulation efficiency can be increased by 
inclusion of a charged amphiphile, such as phosphati- 
dylglycerol or phosphatidic acid, at a molar ratio of 10- 
20%, or by preliminary freeze-drying of the lipid from 
an organic solution followed by formation of an ex- 
panded foam with an increased surface area, which 
increases the amount of aqueous phase that can be in- 
~orporated.[~~] The most advanced method, which was 
designed to achieve high levels of entrapment, particu- 
larly of sensitive biomacromolecules such as proteins 
and nucleic acids, is dehydrationhehydration method.lZ3' 
It allows a prolongation of exposure of solute to the lipid 
before its final lamellar structure has been fixed. This 
may be achieved by preparing MLVs in water followed 
by converting these to SUVs. Thus, when SUVs are 
mixed with a solution of the active to be entrapped, most 
of the amphiphile is directly exposed to the solute. At 
this stage, water is removed by freeze-drying to produce 
the vesicles in a metastable state enriched with active. 
Following the hydration stage, the liposomes are diluted 
with an isotonic buffer[231 to provide an osmotic gradient 
between the internal and external phases and avoid re- 
distribution of active, and finally washed to remove the 
nonencapsulated material. 

Lipids dissolved in organic solvents can be hydrated in 
solution without prior solvent removal. If the solvent is 
water miscible, such as ethanol or propylene glycol, it 
may be removed at the end of MLV preparation by dial- 
ysis or filtration. Water-immiscible solvents such as ether, 
chloroform, or methylene chloride may also be used, then 
later removed through evaporation. High-capacity multi- 

vesicular liposomes were created in wlolw double emul- 
sion, containing active in the inner entrapped aqueous 
phase.[241 Composition and conditions are chosen such 
that each droplet of the organic chloroform~ther disperse 
phase contains multiple droplets of the initial aqueous 
solution of active. The organic solvents are removed under 
a nitrogen flow, wherein the lipid is deposited around the 
internal aqueous, drug-containing nanodroplets, which 
form separate compartments within a single liposome. 
The method allows encapsulation efficiencies of up to 
90%, but requires specialized lipids and rather complex 
preparation conditions. 

Different technology has been applied so far to produce 
a new solid lipid carrier system, the so-called solid lipid 
nanoparticles ( S L N S ) . ' ~ ~ - ~ ~ '  It is rather effective for en- 
capsulating drugs that are poorly soluble in both aqueous 
and organic media.r25' Solid lipid nanoparticles combine 
the advantages of both liposomes and polymer nano- 
particles. In SLNs the liquid lipid in emulsion is replaced 
by a solid lipid, e.g., high-melting glycerides (trilaurin, 
tribehenin) or waxes (cetyl palmitate); the particles are 
stabilized against aggregation by natural emulsifiers 
(lecithin), synthetic surfactants (Miranol, Plantaren, 
Tween 80), or sterically stabilizing polymers (Pluronic 
~ 6 8 ) . [ ~ ~ ~ ~ ~ ~  TO prepare SLN dispersions, melted lipid 
mixed with an active was added to a surfactant solution of 
distilled water at elevated temperature. After stirring, the 
crude preemulsion was homogenized under high pressure 
between 500 and 1500 bar, applying several homogeni- 
zation Mean particle size of prepared SLNs 
ranged from 100 to 300 nm. 

Within SLNs, actives with a melting point below the 
melting point of the lipid matrix preferentially distribute 
to the surface of the particles.[271 Wide-angle X-ray scat- 
tering investigations suggested that good entrapment ef- 
ficacy in SLNs can be achieved with lipids of low 
crystalline order and metastable polymorphs of the P' 
form.[281 This allows optimization of lipid composition in 
favor of formation of this metastable polymorph. 

Small unilamellar vesicles 

Small unilamellar vesicles (Fig. 2b) can be formed easily 
by high-power probe or bath sonication of MLVs in an 
inert atmosphere by cooling to dissipate local over- 
heatingr181 and avoid disruption of lipid molecules. Al- 
ternatively, MLVs can be converted into SUVs by use of 
high-pressure homogenization, such as in the case of SLN, 
or extrusion. High-pressure extrusion involves forcing 
MLVs through porous membranes[291 at temperatures 
above T,. As a result, lamellar fragments break away and 
close to form small vesicles of similar diameter to that 
of the pore. A particular advantage of the method is that 
the disruptive effects of sonication are avoided. Rapid 
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injection of an ethanol solution of lipid into an aqueous 
solution also leads to production of vesicles 30 to 110 nm 
in diameter.1301 This method has two disadvantages as 
compared to sonication: high polydispersity and dilute 
suspension of liposomes obtained. Acidic phospholipids 
such as phosphatidic acid and phosphatidylglycerol are 
able to form unilamellar liposomes simply by transiently 
increasing the p ~ . [ ' 8 1  However, this process is critical to 
ionic strength, presence of other lipid components, and 
rate of titration. 

Large unilamellar vesicles 

Methods for preparing LUVs fall into two categories. The 
first involves removal of a lipid solubilizing agent, 
whereas the second applies physical modification of pre- 
formed bilayer. In the first case, the lipid is initially dis- 
solved by an aqueous solution of the surfactant (either 
ionic+holate, deoxycholate, or nonionic-Triton 100, 
octylglucoside) to form mixed lipid-surfactant micelles 
followed by removal of the surfactant by dialysis, diafil- 
tration, or gel With another method, a 
volatile solvent such as diethyl ether, petroleum ether, or 
dichlorofluoromethane containing dissolved lipid is in- 
fused slowly into the aqueous phase, which is maintained 
at a temperature above the boiling point of the solvent so 
that bubbles are formed.[321 The lipid molecules form a 
multilayer around the vapor-water interphase, and as the 
solvents evaporate, uni- and oligolamellar liposomes with 
the size range of 100-400 nm remain in dispersion. En- 
capsulation efficiencies up to 46% were reported. 

In the more advanced reverse-phase evaporation 
method, the wlo emulsion containing excess lipid in the 
organic phase (diethyl ether) is subject to rotary evapo- 
ration. At this stage the emulsion inversion takes place. 
This involves collapse of inverted micelles so that their 
aqueous contents form the new continuous phase, while 
their lipid components convert into a vesicular form.[331 In 
the absence of cholesterol, these vesicles have an outer 
diameter in the range of 50-500 nm, whereas with 50 
mol% cholesterol, mean diameter is about 500 nm. High 
encapsulation efficiencies up to 65% can be achieved 
using hydrophilic solutes. 

Physical modification of existing bilayers involves the 
above-mentioned extrusion method, which is effective 
for obtaining both SUVs and LUVs, and exposure of 
SUVs to alternate cycles of freezing and thawing. These 
procedures lead to fusion of the SUVs followed by 
formation of LUVS.['~] An elegant method using fusion 
is based on electrostatic effect. SUVs composed of 
negatively charged phospholipids are mixed with calci- 
um ions, which cause the vesicles to aggregate and then 
fuse.[341 This results in formation of "cochleate cylin- 
ders," which are rolled-up portions of lipid bilayer. 

Chelation of ca2+ by adding EDTA results in conversion 
of the cochleates to LUVs. 

Applications of Liposomes 

Liposomes have been widely investigated as delivery 
systems for treatment of cancer, as well as bacterial, 
fungal, viral, and parasitic diseases.[351 Liposome-based 
gene transfection systems have been promoted as means 
to achieve the transfection efficacy of viral constructs 
without any associated risks. Liposomes themselves can 
serve as immunological adjuvants. They are applied as 
vehicles to deliver various radioisotopes and contrast 
agents for use in diagnostic imaging. In general, several 
beneficial properties of the liposomal form of drugs and 
the ways of providing their targeted delivery are essential 
for polymer nanoparticles as well. However, because of 
the noncovalent interactions responsible for their forma- 
tion liposomes have only limited stability and are subject 
to structural changes.'18' 

Efficiency of both the liposomal forms and nano- 
particles depends on the rate of releasing of an active 
substance and their clearance from the blood. Compounds 
with low molecular weight release rapidly. Depending on 
molecular weight and the ability to withstand enzymatic 
attack, drugs could then act either locally (e.g., hydrolysis 
of stored sucrose by liposomal fructofuranosidase) or, 
after diffusion through the lysosomal membrane, in other 
cell compartments (e.g., inhibition of DNA-directed RNA 
synthesis by liposomal actinomycin D ) . [ ~ ~ ]  It was shown 
that the rate of clearance of injected liposomes from the 
blood is rather rapid, dose dependent, and biphasic. 
Neutral MLVs and SUVs exhibit a slower rate of clear- 
ance than charged MLVS. '~~]  Understanding of liposomal 
fate and behavior led to several proposed applications. 
The most important fact is that liposomes with entrapped 
material were shown to end up in the fixed macrophages 
of the RES, mainly in the liver and spleen."61 Fast blood 
clearance is the principal obstacle to use of liposomes for 
drug delivery via the parenteral route. Liposome clearance 
can be substantially reduced by inclusion of mono- 
sialoganglioside GM ,, hydrogenated phosphatidylinositol, 
or PEG-substituted phosphatidylethanolamine into the 
bilayer.[371 The same effect may be achieved by PEG 
coating of liposomes-~~~ylation.~381 This modification 
hampers detection by the RES, and led to their being 
called stealthTM liposomes. The long-circulating PEG- 
ylated liposomes are considered suitable for targeted drug 
delivery to tumors and inflammatory foci, as well as for 
diagnostic imaging applications, e.g., magnetic resonance 
and scintigraphic imaging. 

Two types of targeting are under way: passive and 
active. Passive targeting is limited in its scope, leads to the 
rather wide distribution of the drug-filled liposomes in 
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tissues, and depends dramatically on time of circulation. 
Thus, tremendous efforts are being directed at present 
toward the development of control together with modifi- 
cation of the liposome surface with molecules having 
recognition properties. Typical examples of such modifi- 
cation are antigenic determinants, including various types 
of membrane receptors, or antibodies (either intact or as 
active fragments), other proteins, lipoproteins, glycopro- 
teins, and so on, which may associate with bilayers as they 
do in the living cells. One such way is ligand-coupling 
strategy, which was originally realized with tumor-spe- 
cific antibodies, known as immunoliposomes.[391 Most of 
the subsequent studies have used chemical coupling to 
link a targeting moiety to an amphiphilic molecule 
inserted into the liposome bilayer. The most widely used 
approach involves the use of heterobifunctional cross- 
linking reagents for introducing thiol-ether-based linkages 
between the lipid anchor and the ligand (e.g., imrnuno- 
globulin).'401 

The way in which liposomes induce immune responses 
to antigens associated with them is still not clear, but has 
been attributed to a depot mechanism and the ability of 
liposomes and antigen content to migrate to regional 
lymph nodes. A novel concept, namely, production of the 
required vaccine antigen by the host cells in vivo, prom- 
ises to alter vaccination, especially where vaccines are 
either ineffective or unavailable. The concept entails the 
direct injection of antigen-encoding plasmid DNA, which, 
after its uptake by cells, finds its path to the nucleus where 
it transfects the cells.L411 Antigen so produced is recog- 
nized by the host as foreign and then subjected to path- 
ways leading to protective immunity. Simple mixing of 
antigen-encoding plasmid DNA or DNA itself and cat- 
ionic SUV leads to neutralization of polyanionic nucleic 
acid chain to form a compact nanostructure, known as a 
lipoplex.[421 Each of these nanoparticles carries a small net 
positive charge, which enables them to interact with the 
negatively charged cell membranes and gain entry by 
receptor-mediated endocytosis to perform transfection. 

POLYMER NANOSPHERES 

Manufacture of Nanospheres 

The first approaches used to produce polymer nano- 
particles were derived from the field of latex engineering. 
These methods were based on in situ polymerization of 
monomers.[433441 Despite the actual technological ad- 
vances, polymerization-based methods have some draw- 
backs and limitations. Thus, alternative methods based on 
the dispersion of well-characterized preformed polymers 
or natural b i ~ ~ o l ~ m e r s [ ~ , ~ ~  have been proposed.[451 To- 
gether with polymerization-based methods, these new 

Fig. 3 Schematic structure of polymer nanoparticles: (a) 
nanospheres and (b) nanocapsules. 

techniques allow the production of both nanospheres and 
nanocapsules (Fig. 3). 

Polymerization methods 

Two different approaches have been considered for the 
preparation of nanospheres by polymerization methods, 
depending on whether a monomer to be polymerized is 
emulsified in a nonsolvent phase (emulsion polymeriza- 
tion) or dissolved in a solvent that is a nonsolvent for the 
resulting polymer (dispersion polymerization).[441 

In two types of emulsion polymerization, either con- 
ventional (olw emulsion) or inverse (wlo emulsion), the 
monomer is emulsified in the nonsolvent phase with sur- 
factant, leading to the formation of monomer-swollen 
micelles and stabilized monomer droplets. The polymer- 
ization reaction takes place in the presence of an initiator 
that creates free reactive monomer radicals. These collide 
with the unreactive monomers and initiate polymer chain 
growth, or n~cleat ion. '~ '  The reaction stops when full 
consumption of monomer or initiator is achieved. The 
drug to be incorporated to the nanospheres may be present 
during the polymerization process. Two different 
mechanisms of nucleation were considered. First, the so- 
called micellar polymerization mechanism treats the 
monomer-swollen micelles as the site of nucleation and 
propagation.1467471 In this case, monomer droplets serve as 
monomer reservoirs. The monomer molecules reach the 
micelles by diffusion through the continuous phase. The 
second mechanism is valid for monomers that are suffi- 
ciently soluble in the continuous phase. In this case, ho- 
mogeneous nucleation followed by propagation can occur 
directly in this phase, leading to formation of oligo- 
m e r ~ . [ ~ ~ I  When the oligomers have reached a certain 
length, they form primary particles stabilized by surfac- 
tant molecules present in the system. In the case of in- 
verse emulsion polymerization, when we deal with wlo 
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system, the water-soluble monomers cannot diffuse 
from the micelles through the organic phase because 
of their low partition coefficient. The resulting nano- 
spheres contain fewer polymer chains and a narrower size 
distribution as compared to the conventional emulsion 
polymerization.[481 

Both the conventional and inverse emulsion poly- 
merization reactions were applied for the production of 
biodegradable poly(alky1 cyanoacrylate) (PACA) nano- 
spheres.[493501 In the case of conventional emulsion poly- 
merization, the alkyl cyanoacrylate monomer is added to 
an aqueous acidic solution of surfactant under vigorous 
stirring to polymerize it following the anionic mechanism. 
Drug is dissolved in the polymerization medium either 
before the addition of monomer or at the end of the po- 
lymerization reaction. Nanospheres (Fig. 4a) are sedi- 
mented by ultracentrifugation of the obtained suspension. 
In the case of inverse emulsion polymerization, drug is 
dissolved in a small amount of water or hydrophilic sol- 
vent and emulsified in an organic phase (e.g., isooctane, 
cyclohexane, and hexane) in the presence of surfactants. 
Alkyl cyanoacrylate monomers are then added directly or 
dissolved in an organic solvent to the preformed wlo 
emulsion under stirring.r491 The system becomes milky, 
and nanospheres with a diameter of 200-300 nm with a 
narrow polydispersity are formed. 

Dispersion polymerization deals with polymerization 
of monomers dissolved in an aqueous medium that acts as 
a precipitant for the polymer to be formed. Nucleation is 
induced in the aqueous monomer and the 
presence of stabilizers or surfactants is not absolutely 
necessary for the formation of nanospheres. 

As mentioned earlier, polymerization methods have 
significant limitations, especially for formation of na- 
n o ~ ~ h e r e s . [ ~ ~ ]  First, it is very difficult to predict the 
molecular weight of the resulting material. This is a 

Fig. 4 (a) Electron scanning micrograph of insulin-loaded 
poly(ethylcyanoacrylate) nanospheres obtained by a polymeri- 
zation technique. (From Radwan, M.A.; Aboul-Enein, H.Y. J. 
Microencapsul. 2002, 19 (2), 225-235. Copyright 2002, Taylor 
& Francis, Ltd.) (b) Transmission electron micrograph of 
procaine hydrochloride loaded poly(1actide-co-glycolide) nano- 
spheres obtained by precipitation method. (From Govender, T.; 
Stolnik, S. et al. J. Control. Release 1999, 57 (2), 171-185, 
Copyright 1999, Elsevier.) 

major drawback because the molecular weight influences 
the biodistribution and release of the polymer carrier. 
Second, the presence of free radicals or numerous H+ 
ions generated by anionic polymerization process can 
inhibit drug activity. Third, the presence of toxic 
unreacted monomer, initiator, and surfactant molecules 
requires time-consuming and, sometimes, inefficient 
procedures for their elimination. 

Dispersion of preformed polymers 

Among the numerous synthetic polymers available for the 
preparation of nanospheres, the most commonly used are 
polyesters such as poly(1actic acid) (PLA), poly(glyco1ic 
acid) (PGA), poly(1actic-co-glycolic acid) (PLGA), 
poly(s-caprolactone) (PLG), and poly(P-hydroxybutyrate) 
(PHB). '~,~'  Under physiological conditions, polyesters are 
generally degraded by hydrolysis into products that are 
well tolerated by various tissues. 

Solvent Evaporation Method. In this method, a polymer 
is dissolved in an organic solvent (dichloromethane, 
chloroform, or ethyl acetate).15'] A drug is dissolved or 
dispersed into the polymer solution, and this mixture 
is then emulsified into an aqueous solution to make an olw 
emulsion by using a surfactant such as gelatin, poly(viny1 
alcohol) (PVA), polysorbate-80, poloxamer- 188, etc. Af- 
ter the formation of emulsion, the organic solvent is 
evaporated either by heating or continuous ~ t i m n ~ . [ ~ ~ ]  
The double emulsion method, dealing with wlolw emul- 
sions, may also be used to prepare nanospheres containing 
water-soluble Both these methods apply high- 
speed homogenization or sonication, which are not quite 
appropriate for large-scale production. In this pursuit, the 
following approaches have been attempted. 

Spontaneous Emulsification (Solvent Diffusion) Meth- 
od. In a modified version of the solvent evaporation 
method, the water-soluble solvent (acetone or methanol) 
along with the water-insoluble organic solvent (dichloro- 
methane or chloroform) was used as an oil phase.[551 
Because of the spontaneous diffusion of the water-soluble 
solvent, an interfacial turbulence is created between the 
two phases leading to the formation of smaller particles. 
As the concentration of water-soluble solvent increases, a 
considerable decrease in particle size can be achieved. 

Salting-Out Method. The salting-out technique replaces 
chlorinated solvents with water-miscible acetone.'561 An 
aqueous phase saturated with electroljtes (e.g., magne- 
sium salts) and containing PVA as a stabilizing and 
thickening agent is added under stirring to an acetone 
solution of polymer. The miscibility of both phases 
is prevented by the saturation of the aqueous phase with 
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electrolytes, according to a salting-out phenomenon. The 
addition of the aqueous phase is continued until a phase 
inversion occurs and an o/w emulsion is formed. Then, a 
sufficient amount of water is added to disrupt the equi- 
librium between the two phases and allow complete dif- 
fusion of acetone into water followed by polymer 
precipitation in the form of nanospheres. Other solvents 
(e.g., tetrahydrofuran) as well as nonelectrolytic salting- 
out agents (e.g., sucrose) could also be appropriate.'571 A 
variety of polymers can be used with this technique in- 
cluding PLA, methacrylic acid copolymers, and cellu- 
lose derivatives. 

Emulsification-Diffusion Method. This method for- 
mally resembles the previous method, but its originality is 
in using benzyl alcohol as an organic solvent.'581 An 
aqueous phase containing PVA as a stabilizing and 
thickening agent is added to a solution of polymer in 
benzyl alcohol under stirring. With an excess of water, an 
O/W emulsion is obtained because benzyl alcohol has low 
miscibility with water. The precipitation of the polymer 
occurs due to the diffusion of benzyl alcohol into water, 
leading to the formation of nanospheres. By increasing the 
content of PVA in the external phase, it was possible to 
produce nanoparticles as small as 70 nm in diameter. The 
polymers used were PLA, PLGA, PCL, and methacrylic 
acid copolymers. 

Direct Precipitation Method. This technique involves 
the use of polymer solution in an organic solvent that is 
completely miscible with the aqueous phase (acetone, 
ethanol, or acetonitrile) and allows nanospheres to be 
obtained after addition of water (with or without a sur- 
factant) under stirringLS9l (Fig. 4b). After precipitation of 
nanoparticles, the solvent is removed by vaporization 
under vacuum. Applications of this method are limited to 
drugs that are highly soluble in polar solvents but insol- 
uble in water. 

Supercritical Fluid Technology. Conventional methods 
such as in situ polymerization and solvent evaporation 
often require the use of toxic solvents and surfactants. 
Supercritical fluids allow attractive alternatives for the 
nanoencapsulation process because these are environ- 
mentally friendly solvents.r60' The commonly used 
methods of supercritical fluid technology are the rapid 
expansion of supercritical solution (RESS)~~" and the 
supercritical antisolvent (SAS) method.r621 A supercritical 
fluid is a substance that is used in a state above the critical 
temperature and pressure where gases and liquids can 
coexist. It is able to penetrate materials such as gas, and to 
dissolve materials such as liquid. For example, use of 
carbon dioxide or water in the form of a supercritical fluid 
allows substitution for an organic solvent. 

In the RESS m e t h ~ d , ' ~ ' ]  a polymer is solubilized in a 
supercritical fluid and the solution is expanded through a 
nozzle. Thus, the solvent power of supercritical fluid 
dramatically decreases and the solute eventually pre- 
cipitates. A uniform distribution of drug inside the poly- 
mer matrix, e.g., PLA nanospheres, can be achieved only 
for low-molecular-mass (< 10,000) polymers because of 
the limited solubility of high-molecular-mass polymers in 
supercritical In the SAS method,1621 the solution 
is charged with the supercritical fluid in the precipitation 
vessel containing a polymer in an organic solvent. At high 
pressure, enough antisolvent will enter into the liquid 
phase so that the solvent power will be lowered and the 
polymer precipitates. After precipitation, the antisolvent 
flows through the vessel to strip the residual solvent. 
When the solvent content has been reduced to the desired 
level, the vessel is depressured and the solid nanoparticles 
are collected. 

POLYMER NANOCAPSULES 

Manufacture of Nanocapsules 

In general, all the methods for preparation of nanocapsules 
(Fig. 3b) are based on the self-assembly approach, which 
resembles aggregation of lipid molecules in aqueous so- 
lution into liposomes (Fig. l). 

Surface polymerization method 

To overcome the instability of liposomes, lipids that are 
functionalized with polymerizable groups can be polym- 
erized within vesicular structures.[641 Because of the 
polymerization reaction, the individual lipid molecules 
are interconnected via covalent bonds that stabilize the 
wall-forming membrane considerably. However, nano- 
capsules prepared from reactive lipids are rather costly. 

In an analogous fashion to the lipids, amphiphilic 
block copolymers can also aggregate in aqueous solution 
to vesicular  structure^.'^^' Block copolymer liposomes are 
significantly more stable than those formed from lipids 
due to the larger size and the lower dynamics of the 
underlying polymer molecules. Nevertheless, similarly to 
lipids they are held together solely by noncovalent 
interactions. Analogously to the reactive lipids, the block 
copolymer molecules could also be modified with polym- 
erizable groups. Such block-copolymer-based nano- 
capsules can be expected to possess great potential for 
encapsulation and controlled release, because the physical 
properties of their polymer walls can be controlled by the 
block length or the chemical constitution of the underlying 
polymer molecules. So far only a few papers dealing with 
such nanocapsules have appeared.[663671 In one of them 
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the formation of vesicles from poly(isoprene) b-poly- 
(2 cinnamoyl methacrylate) (PI-PCEMA) diblock co- 
polymer in hexane-tetrahydrofuran mixtures was used as 
a starting stage.[661 The PCEMA blocks were photo-cross- 
linked and then the PI blocks had to be hydroxylated to 
make water-soluble nanocapsules. Diameter of the nano- 
capsules was in the range of 50-60 nm. A rather simple 
one-step procedure has been used to prepare vesicles of 
poly(2-methyloxasoline)-b-poly(dimethylsiloxane)-b- 
poly(2-methyloxasoline) in aqueous solution.[671 The 
underlying triblock copolymers were modified with 
methacrylate end groups without disturbing the vesicles in 
water, which were cross-linked under UV irradiation. 
Diameter of the obtained nanocapsules could be controlled 
in the range of 50-500 nm. 

A similar concept uses just the geometry of the vesic- 
ular aggregates as a template. The interfacial polymeri- 
zation of monomeric surfactants is an advanced method of 
this type of technique used for the preparation of nano- 
~ a ~ s u l e s . [ ~ ~ - ~ ~ ]  For example, for the preparation of 
nanocapsules containing cl-chymotrypsin, the reverse 
hydrated micelles from N,N-diallyl-N,N-didodecyl am- 
monium bromide (DDAB) in cyclohexane entrapping 
enzyme in the inner aqueous cavities were polymerized by 
UV irradiation. After precipitation in acetone, these 
nanocapsules were dispersed in the aqueous medium with 
the aid of ionic (AOT) or nonionic (Brij-97) surfactants. 
Nuclear magnetic resonance spectroscopy data suggested 
that thereby bilayer nanocapsules with an average outer 
diameter of 20 nm were formed.[681 Their inner monolayer 
was made up of the two-dimensional poly-DDAB net- 
work, and the outer monolayer was composed of surfac- 
tant  molecule^.[^^'^^^ 

Another way used the ability of liposomes to solubilize 
hydrophobic monomers such as ~ t ~ r e n e , [ ~ " ~ ~ ]  alkylacry- 
lates, or alkylmethacrylates[3~73~741 within a bilayer. Their 
subsequent free-radical or UV-initiated polymerization 
led to the formation of a two-dimensional polymer net- 
work entrapped in the interior of the membrane (Fig. 5). 
The different compartments provided by the self-assembly 
of the lipid molecules generally serve only as a templates, 
which, similar to the previous case, control both the size 
and shape of the resulting nanocapsules. It was shown that 
the cross-linked polymer nanocapsules formed in vesicu- 
lar dispersions are able to retain their structure even after 
isolation from the lipid matrix.[741 

Based on the method proposed for preparation of the 
PACA n a n o ~ ~ h e r e s , [ ~ ~ ]  PACA nanocapsules, consisting 
of a polymer envelope surrounding an oily core, were 
prepared.[751 The monomer molecules located at the sur- 
face of the oil nanodroplets, on contact with aqueous 
hydroxide anions, immediately polymerized at the water- 
oil interface, followed by the formation of a polymer wall 

Fig. 5 Cryotransmission electron micrograph of poly(acrylic 
acid) hollow nanospheres obtained by polymerization method. 
(From Sauer, M.; Meier, W. RSC Chem. Commun. 2001, No. 1, 
55-56; reproduced by permission of The Royal Society of 
Chemistry.) 

with a mean thickness of about 3 nm.[751 It was later 
shown that the PACA nanocapsule morphology depends 
on the pH of the aqueous phase, composition of the 
organic phase, and emulsification conditions.[761 This 
dependence results in formation of a mixture of nano- 
capsules and nanospheres. When aprotic water-miscible 
organic solvents such as acetone or acetonitrile were used, 
only true nanocapsules were obtained. 

Template approach 

A similar way for producing polymer nanocapsules is to 
assemble a preformed polymer wall around a template 
particle or an oil nanodroplet that can be subsequently 
removed.[31 The most convenient approach is to use an 
oppositely charged polyelectrolyte self-assembly at 
charged core surfaces.'771 Not all of the ionic groups of the 
adsorbed polyelectrolyte are consumed by the electrostatic 
interactions with the surface. As a result, the original 
surface charge is usually overcompensated by the ad- 
sorbed polymer. Hence, the surface charge of the coated 
particle changes its sign and is now akailable for the ad- 
sorption of a polyelectrolyte of again opposite charge. 
Such sequential deposition produces ordered polyelec- 
trolyte multilayers. The thickness of the wall is controlled 
by the number of deposition steps. To avoid a polyelec- 
trolyte-induced particle flocculation, the rather low par- 
ticle concentrations and the removal of nonadsorbed 
polyelectrolyte after each step are necessary. Weakly 
cross-linked melamine formaldehyde particles have been 
used as template core particles.[31 Exposure of the coated 
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particles to an acidic solution of pH < 1.6 dissolves the 
core without affecting the layered polyelectrolyte wall. 

Functionalized polystyrene latex nanoparticles carry- 
ing surface charges are also suitable templates for the 
polyelectrolyte self-assembly technique. Inorganic par- 
ticles were incorporated into the adsorbed walls by a 
sequential adsorption of Si02 nanoparticles with nega- 
tive surface charge and cationic poly(N,N-diallyl-N,N- 
dimethyl ammonium chloride) (PDDAC)."~~ Layers with 
a thickness ranging from tens to hundreds of nanometers 
could be prepared. Removing the polystyrene core leaves 
Si02/PDDAC nanocomposite capsules. Nevertheless, the 
long-term stability of such polyelectrolyte walls in bio- 
logical fluids (e.g., in blood plasma), or in media of high 
ionic strength, may be rather limited. 

Coacervation method 

This method uses the phenomenon of polymer-polymer 
incompatibility to form nanocapsules. The wall-forming 
polymer is dissolved in a solvent and to this solution a 
second polymer (called the phase inducer) is introduced 
followed by the formation of a two-phase system. The 
smartest complex coacervation process uses the interac- 
tion of two oppositely charged polyelectrolytes in water to 
form a polymer-rich coating solution called a coacer- 
 ate.[^"^^] If drug nanoparticles or nanodroplets are then 
added, the phase, rich with the coating polymer, engulfs 
the drug being encapsulated, thereby forming embryo 
capsules. Cooling the system causes the coacervate to gel 
via network formation. Gelatin is a primary polymer 
component of most coacervation systems. 

More rigid nanocapsules can be prepared by a combi- 
nation of coacervation and emulsion/suspension polym- 
erization approaches. For example, the polymerization of 
divinylbenzene (DVB) in toluene/DVB swollen polysty- 
rene latex particles or in polystyrene containing toluene 
droplets leads to the formation of poly-DVB nanocapsules 
due to limited compatibility of the chemically different 
polymers in solution followed by a microphase separation 
and the formation of a poly-DVB wall around a toluene- 
polystyrene After evaporation of the internal 
toluene a cavity remains in the core. 

Survival of the polymer walls after removing the solid 
or liquid core is the general goal of the coacervation 
method. A rather elegant approach to remove the core 
under mild conditions has recently been dem~nstrated. '~~] 
First, the core of the particles was formed by a low-mo- 
lecular-weight poly(dimethylsiloxane) around which a 
cross-linked organosilicon wall was formed in a second 
step. The poly(dimethylsi1oxane) core was removed 
quantitatively by ultrafiltration. The remaining organosil- 

icon envelops obviously had rather high porosity allowing 
fast releasing the low molecular weight bioactives. 

Applications of Nanoparticles 

Nanoparticles used as pharmaceutical forms must satisfy 
the following conditions: they must be free of any toxic 
impurities, easy to store and administer, and sterile if 
parenteral use is expected. One of the most promising 
applications of nanoparticles is their use as parenteral 
carriers for anticancer drugs based on their ability to ac- 
cumulate in a number of The encapsula- 
tion of a variety of anticancer drugs (e.g., doxorubicin, 
5-fluorouracil, dactinomycin, and methotrexate), immuno- 
modulators (muramyl dipeptide-L-alanyl-cholesterol), or 
antisense oligonucleotides mainly within PACA nano- 
particles enhanced their efficacy against experimental 
tumors in comparison to the free A reduction of 
the general toxicity of anticancer drugs was also achieved. 
The most effective application of anticancer drug-loaded 
nanoparticles may be their use in the treatment of hepatic 
metastases. The incorporation of magnetic subnano- 
particles into drug-containing nanoparticles and subse- 
quent electromagnetic guidance has been shown to 
improve antimetastatic efficiency by facilitating access to 
extravascular Two other methods to achieve 
tumor-specific targeting were by using nanoparticles 
coated with either monoclonal antibodies, in order to 
recognize specific cell  determinant^,'^^] or with PEG, to 
increase the blood circulation time of n a n ~ ~ a r t i c l e s . [ ~ ~ ~  

The nanoparticles of PACA have gained wide popu- 
larity recently despite some major drawbacks such as the 
use of low-pH media and cytotoxicity.~86' To overcome 
these, derivatives of poly(methylidenema1onate) were 
prepared, i.e., poly(ethy1-2-(ethoxycarbonyl) methylene- 
oxycarbonyl a ~ r ~ l a t e ) ' ~ ~ ]  and poly(ethy1-2-(ethoxycar- 
bonyl) ethyl methylene malonate-co-ethylene oxide).[881 
These polymers are associated with both the hydrophilic 
and hydrophobic functionalities providing long-time cir- 
culation of nanoparticles in blood and sustained release. 

Intracellular infections are another field of application 
of nanoparticles. It is known that antibiotics exhibit either 
poor ability to penetrate the infected cells or decreased 
activity in intracellular compartments. PACA nano- 
particles loaded with ampicillin showed high efficacy 
against Listeria monocytigenes and Salmonella typhi- 
murium  infection^.'^^' They are suitable for the specific 
transport of antiviral agents. Recently, PACA nano- 
particles loaded with the protease inhibitor saquinqvir 
were shown to be effective in HIV-infected human mac- 
rophage cultures.["1 The same nanoparticles loaded with 
primaquine, and even without any drug within, treat par- 
asitic infections such as visceral lei~hmaniasis.[~~] The 
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void nanoparticles themselves have immunomodulation 
activity. This fact opens new prospects in the field of 
parasitic infections as well as in the treatment of other 
infections or tumors. 

Nanoparticles increase the oral bioavailability of the 
peptide and protein drugs. For example, enhanced oral 
bioavailability was reported for insulin (Fig. 4a), dicu- 
marol, and plasmid DNA encapsulated into adhesive 
nanoparticles made of polyanhydride copolymers of 
fumaric and sebacic acids.[61 The use of nanoparticles is 
prospective for oral delivery antigens because of their 
ability to control the release of proteins and to protect 
them from enzymatic degradation in the gastrointestinal 
tract. The very slow degradation rate of PMMA nano- 
particles is particularly appropriate for vaccine purposes 
because it provides prolonged contact between the antigen 
and the immunocompetent cells. At the same time, coating 
the nanocapsules with monoclonal antibodies is expected 
to increase the level of absorption of entrapped vaccines 
and, therefore, the immune response.[90' These investi- 
gations allow one to create new generations of effective 
vaccines for oral immunization. 

Depending on the rate of desired release, the PACA, 
PLA, and PLGA nanoparticles can be applied for intra- 
muscular, subcutaneous, and topical administration. For 
example, the topical use of nanoparticles by the ocular 
route has been investigated for the treatment of chronic 
diseases such as glaucoma. Because of their low viscosity 
in suspensions, these systems can be administered as eye 
drops providing the sustained drug 

MOLECULAR INCLUSION COMPLEXES 

Molecular inclusion complexes of the host-guest type 
provide unprecedented "molecular nanoencapsulation" 
of drugs.['01 The most advanced among them are inclu- 
sion complexes of ci - , p - , and y - ~ ~ c l o d e x t r i n s [ ~ ~  and 
dendrimer~. '~.~] 

Cyclodextrins comprise a family of cyclic oligo- 
saccharides. Three major cyclodextrins have a shape of a 
bracelet built up from glucopyranose units (6 units for 
ci - , 7 for p - , and 8 for y - cyclodextrin) (Fig. 6a). The 
diameter of the inner cavity varies for r -, p -, and y - 
cyclodextrin from 0.5 to 0.8 nm. In an aqueous solution, 
the slightly apolar cyclodextrin cavity is occupied by 
water molecules that are energetically unfavored, and 
therefore may by readily substituted by appropriate 
"guest" molecules that are less polar than water. One or a 
few cyclodextrin molecules can entrap one or more 
"guest" molecules. Most frequently, the hodguest ratio 
is 1: 1; however, 2: 1, 1 :2, 2:2 (Fig. 6c-e), or even more 
complicated associations, such as rotoxanes, exist.[71 The 
formerly hydrophobic guest, upon complexation, becomes 
hydrophilic and effectively protected against any type of 
reaction, except that with cyclodextrin hydrolysis. The 
formed inclusion complexes can be isolated as stable 
crystalline substances. 

Natural cyclodextrins, however, have relatively low 
solubility, both in water and organic solvents, which thus 
limits their use in pharmaceutical formulations. Recent- 
ly, various kinds of cyclodextrin derivatives have been 

2-Hydroxypropyl-: R, = CH,CH(OH)CH, 

Sulfobutyl-: R,, 4, or R, = (CH,),SO,Na 

Heptakis(2,Wi-O-methyl)-: 
R,, R, = OCH,, R, = H 

no 
n 

- - - - - - - - - - - -  

a RlO b 

Fig. 6 Chemical structure of cyclodextrins (a), the schematic representation of their O-derivatives (b), and the possible inclusion 
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prepared to extend the physicochemical properties and 
inclusion capacity of natural cyclodextrins as novel drug 
 carrier^."^] To elongate the actual cyclodextrin cavity or 
enhance solubility, substituents are attached to the pri- 
mary or secondary hydroxyl groups situated on the two 
rims of the molecular bracelet. This elongation may be 
hydrophobic if acyl or hydroxyalkyl groups are attached. 
At present, the acetylated, hydroxypropylated, and sulfo- 
butylated derivatives, mainly of f3 - and y - cyclodextrins, 
can be considered as drug  carrier^"^] (Fig. 6b). 

Dendrimers are highly branched cascade molecules 
that emanate from a central core through a stepwise, re- 
petitive reaction sequence.[81 Such a molecule consists of 
three topologically different regions: a small initiator core 
of low density and multiple branching units, the density of 
which increases with increasing distance from the core, 
thus eventually leading to a rather densely packed shell 
(Fig. 7). Dendritic shielding actually amounts to an en- 
capsulation that can create a distinct microenvironment 
around the core moiety and hence affect its properties. 
Dendrimers with arnphiphilic core-shell structures were 
shown to look like "unimolecular mi~el les ."[~~* Den- 
drimers that have internal cavities with a dense outer shell 
may be synthesized by controlling the last step. This has 
been demonstrated by the preparation of a fifth-generation 
poly(propy1eneimine) dendrimer.[931 Because of their 
outer shell, these molecules can be regarded as dendritic 
compartments that are capable of retaining guest mole- 
cules entrapped during synthesis. If the surface tert-butyl 
groups were removed guest molecules could diffuse out of 
the compartments. The compact dendrimer topology is 
promising for both the controlled release[931 and confined 
biochemical nanoreactor~.~~] 

Dendrimers are, generally, not hollow polymer parti- 
cles. Recently, elegant synthetic protocols have been de- 
veloped that form the inner cavity directly from dendritic 
precursors. One of them is based on a polyether dendrimer 

Fig. 7 Schematic structure of a spherical dendrimer of the fifth 
generation. 

with a trimesic acid ester core.[94J The molecular nano- 
capsules were formed by selective cross-linking of 
homoallyl ether groups at the surface of the dendrimer and 
subsequent degradation of the core region by hydrolysis 
(Fig. 8). An attractive possibility offered by this method is 
that the remaining functional groups in the interior of the 
carrier system could serve as "endoreceptors" available 
for molecular recognition. This approach allows control 
over size and geometry of the formed nanocapsules, but 
preparation is rather refined. This is still a limiting factor 
for possible applications of dendrimers as drug carriers. 

Applications of Molecular 
Inclusion Complexes 

The metabolic fate of natural cyclodextrins and their 
derivatives given orally has been thoroughly investigated 
and their lack of toxicity has been dem~nstrated.['~] 
However, the intravenous or intramuscular administration 
of some P-cyclodextrin derivatives like heptakis(2,6-di-0- 
methyl)-P-cyclodextrin in rats and rabbits increased blood 
urea nitrogen, creatinine, and transaminases, indicating 
some kidney and liver failure, while those for 2-hydro- 
xypropyl-, 6-0-maltosyl-P-cyclodextrin, and 0-cyclodex- 
trin sulfate at the same dosage remained within normal 

Another drawback of cyclodextrins as drug 
carriers is their ability to induce human erythrocytes to 
change their biconcave shape to monoconcave and induce 
lysis at higher concentrations because cyclodextrins are 
able to solubilize the biomembrane components. When we 
deal with the inclusion complex, or when the cyclodextrin 
cavity is modified by chemical derivatization, the ef- 
fect on cell membranes can be dramatically mitigated. 
The above-mentioned 2-hydroxypropyl- and sulfobutyl-P- 
cyclodextrin were generally found to be safe when ad- 
ministered parenterally in animals and humans.[951 

One of the most important functions of cyclodextrins is 
to enhance the aqueous solubility of included drugs. The 
degree of substitution markedly influences the solubili- 
zation. In general, hydroxyakylated, sulfated, and sulfo- 
alkylated cyclodextrins and their complexes have lower 
aqueous solubility than parent ~~c lodex t r i n s . [ ' ~~  When 
mono- or disaccharides are bounded to one or two pri- 
mary hydroxyl groups of cyclodextrins through the ct-1,6- 
glycosidic bond, their solubility in water increases. It is 
remarkable that the enzymatically prepared branched 
cyclodextrins have higher affinity to drugs and bioavail- 
ability along with weak hemolytic activity.[961 

In oral delivery, hydrophilic and hydrophobic cyclo- 
dextrin derivatives are useful for immediate- and sus- 
tained-release type formulations. The hydrophilic cyclo- 
dextrins have been extensively applied to enhance 
the oral bioavailability of steroids, cardiac glycosides, 
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Fig. 8 Preparation of a cored dendrimer. (From Ref. [94] 
Copyright 1999, ACS.) 

anti-inflammatory drugs, barbiturates, antiepileptics, 
neuroleptics, antidiabetics, vasodilators, e t ~ . ~ ' ~ . ~ " ~ ~ '  Re- 
cently, highly hydrophilic cyclodextrin derivatives, such 
as 2-hydroxypropyl-, 6-0-maltosyl-, and sulfobutyl-P- 
cyclodextrin have been used to obtain an immediate- 
release formulation, which is readily dissolved in the 
gastrointestinal tracts, providing an enhancement of oral 
bioavailability of poorly water-soluble drugs.r991 On the 
other hand, alkylated and acylated derivatives are use- 
ful as slow-release carriers for water-soluble drugs. 
Among them heptakis(2,6-di-0-ethyl)-, heptakis(2,3,6-tri- 
0-ethyl)-, and heptakis(2,3,6-tri-0-butanoy1)-P-cyclo- 
dextrin were the first slow-release carriers to be used 
in conjunction with diltiazem, isosorbide dinitrate, and 
salbutamol.[ ''I 

The cyclodextrin vehicles are effective in ophthalmic 
formulations because they do not irritate the ocular sur- 
face resulting in a fast washout of the instilled drug. Hy- 
drophilic 2-hydroxypropyl- and sulfobutyl-0-cyclodextrin 
are nontoxic to the eye and well tolerated in aqueous eye 
drops with low viscosity. They do not penetrate the cor- 
neal barrier, but enhance the ocular bioavailability of in- 
cluded lipophilic drugs like dexamethasone acetate."001 

Cyclodextrins improve the solubility and stability of 
drugs in topical preparations onto the skin, thus enhancing 
the transdermal penetration of drugs and sustaining the 
drug release along with lowering their toxicity.['01 In 
general, hydrophilic cyclodextrins and their complexes 
penetrate through the skin inefficientlj. However, when 
cyclodextrins are applied under occlusive dressing con- 
ditions, they are able to permeate the skin."'] For exam- 
ple, transdermal delivery of prostaglandin E l ,  which is 
unstable and poorly permeable into the skin, in complex 
with a penetration enhancer, 1 -[2-(decy lthio)ethyl]azacy- 
clopentane-2-one, with the aid of 6-0-(carboxymethy1)-0- 
ethyl-P-cyclodextrin, leads to the treatment of peripher- 
al vascular disorders as an alternative to parenteral 
 injection^.^^'" 

Cyclodextrins are effective for providing the targeted 
drug deli~ery.~' '] It is known that the specific delivery of 
neuropharmaceuticals to the brain is obscured by the 
presence of the blood-brain barrier. Inclusion complexes 
with cyclodextrins are able to solve the permeability 
problem, as it was shown for inclusion complexes of 
psychotropic agents (phenazepam, gidazepam).[973981 An- 
other example is the conjugate of N-leucine-enkephalin 
and 6-amino-6-deoxy-~-cyclodextrin.['"21 Both types of 
prodrugs provide brain targeting followed by the sustained 
release. In general, the substituents introduced at primary 
hydroxyl groups of cyclodextrins through a spacer of 
appropriate length are self-included within the cavity. 
However, the enkephalin conjugate can accommodate 
other guest molecules (e.g., dothiepine) because the self- 
inclusion is restricted due to steric hindrance. 
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CONCLUSION 

It is clear that biology has much to offer nanotechnology 
in demonstrating how to organize, functionalize, and as- 
semble new molecular and submolecular materials and 
tools to design nanosize carriers for bioactive substances. 
From the chemical point of view, it is important to syn- 
thesize newer polymers and surfactants to match the hy- 
drophilic and hydrophobic properties of the bioactive 
substances. Implementation of cavitands for formation of 
inclusion complexes can dramatically increase the loading 
capacity of carriers in combination with polymer nano- 
particles and liposomes. Their new amphiphilic deriva- 
tives are capable of forming nanospheres and nano- 
capsules, presenting a high loading capacity toward both 
hydrophobic and hydrophilic drugs without any polym- 
erization process. In order to provide the targeted delivery 
and controlled release of the bioactive substance, de- 
signing the carriers with tailored surface characteristics 
based on specific peptide, protein, polynucleotide, or 
polysaccharide motifs with preordained functions be- 
comes the regular strategy. 
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INTRODUCTION 

Encapsulation techniques gained great importance during 
the last decades to protect, store or release materials in 
well-defined ways. As in other technical fields, the 
miniaturization of capsules progressed parallel to the 
development of new materials and techniques. At the 
present time, microcapsules are already used in many 
technical applications in the pharmaceutical, cosmetic, 
food, textile, adhesive, printing, and agricultural indus- 
trie~.l'-~' 

Several approaches are used to fabricate nanocap- 
su~es:[~]  first, one can use aggregates of lipid molecules 
in spherically closed bilayer structures, the so-called 
vesicles or liposomes.[7381 These relatively unstable struc- 
tures can be stabilized by cross-linking. In a similar 
fashion, amphiphilic block copolymers in aqueous solu- 
tion can also aggregate to vesicular  structure^.'^' 

Other approaches to prepare capsules concern sus- 
pension and emulsion polymerization techniques around 
latex particles,[107''1 dendrimers or hyperbranched poly- 
m e r ~ . " ~ " ~ ]  Finally, one can cover a sacrificial template 
core with a membrane permeable for the products of core 
dissolution. Based on this approach, a new type of 
microcapsule prepared from polyelectrolytes (PE) was 
developed 5 years ago using the layer-by-layer (LbL) 
technology for encapsulating dissolvable templates in the 
micrometer and nanometer range (see Fig. 1).[14] The LbL 
technology enables the nanometer-precise assembling of 
multilayers. A wide variety of materials can be combined 
yielding capsules, which can have simultaneously several 
functions in the capsule wall as well as an adjustable 
semipermeability. Furthermore, the inner and outer 
capsule surface can be easily functionalized by biological 
or chemical binding sites, and the interior can be filled 
with macromolecules or with precipitates of low molec- 
ular weight agents. Monodispersity of the capsules can be 
achieved by using monodisperse templates. 

PREPARATION OF 
POLYELECTROLYTECAPSULES 

LbL Method on Planar Substrates 

In polymer thin films research, the most influential do- 
main in the use of noncovalent interactions is the elec- 
trostatic layer-by-layer a s ~ e m b l ~ . [ ' ~ - ' ~ ]  This 1 1-year-old 
techniqueLg1 is based on the alternating adsorption of 
multiply charged cationic and anionic species driven by 
electrostatic interactions (Fig. 1). During the self-assem- 
bly process of a polyion to an oppositely charged surface, 
the polymer adsorption proceeds until the surface charge 
is reversed. This allows in a next step the adsorption of a 
counterpolyion. The alternating adsorption of polycations 
and polyanions can be repeated at will. Because of the 
self-limitation of the process, the amount of polymer 
adsorbed in one step is constant and yields for usual 
polyelectrolytes a layer thickness of 1.5 to 3 nm.f'9-211 

Diverse charged functional polymers have been 
successfully assembled into thin films by LbL (see 
 review^['^-^" and references therein) and comprise con- 
ducting and light-emitting polymers, nonconjugated redox- 
active polymers, reactive polymers, polymers bearing 
nonlinear optically active dyes, liquid crystalline polyelec- 
trolytes, temperature-sensitive and switchable polymers, 
and dendrimers. A variety of colloidal objects have also 
been placed in multilayer films, such as stable colloidal 
dispersions of charged silica, metal oxides, polyoxometal- 
ates, semiconductors, and fullerenes, as well as metal 
colloids, metallosupramolecular complexes, charged latex 
spheres, microcrystallites, clay platelets, or charged inor- 
ganic sheets. In addition, natural polyelectrolytes such as 
nucleic acids, proteins, polysaccharides, as well as certain 
charged supramolecular biological assemblies have been 
used for LbL. 

In principle, all of these materials can also be combined 
for the preparation of polyelectrolyte capsules. However, 
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PSS adsorption 6x PSSPAH 
adsorption 

- 
washing core removal 

Fig. 1 Preparation of hollow polyelectrolyte capsules: scheme 
of the polyelectrolyte deposition process and of subsequent MF- 
core decomposition. (View this art in color at www.dekker.com.) 

restrictions exist. First, assembling of polyelectrolytes on 
colloids does not allow a drying step after each layer, as it 
is often described with planar films. Second, colloidal 
suspensions in the nanometer- and micrometer-size range 
have to be stabilized against coagulation, which requires 
charged and hydrophilic surfaces. Third, the dissolution 
process of the templating core requires special conditions 
such as low pH, organic solvents, or oxidative environ- 
ment. Fourth, the permeability of the LbL wall has to be 
tuned to allow the permeation (evacuation) of core dis- 
solution products. 

LbL Technology on Colloidal Particles 

As mentioned above, the initial colloidal substrate as well 
as each of the PE species have to be sufficiently charged 
to ensure adsorption and to prevent f l oc~u la t i on . [~~-~~]  
Moreover, it has to be ensured that the concentration of 
the adsorbing polyelectrolyte is large enough to provide 
saturation conditions. Incomplete covering yields charge 
differences within one colloidal batch followed by 
coagulation. Excess polyelectrolyte molecules must be 
removed before adding the next PE to avoid formation of 
complexes in solution (Fig. 1). This separation can be 
achieved either by centrifugation or filtration.[271 Centrif- 
ugation yields often problems with resuspension, diffi- 
culties for smaller particles of low density to settle, loss of 
materials, and a lengthly process. The filtration method 
yields problems in filling the filters, in turn producing low 
yields. However, this method can be practically scaled-up 
and automated.[271 In particular, cross-flow filtration can 
solve the problems of small-scale batches. 

Removal of the Templates 

The decomposition of the encapsulated template is a key 
step for the capsule fabrication (Fig. 1). Several templates 

have been used for the capsule preparation such as weakly 
cross-linked melamine-formaldehyde latice,[14' or- 
ganic[28-301 and inorganic  crystal^,'^'.^'^ silica particles, 

polystyrene  ati ice,'^^] metal nanoparticles and nano- 
rods,'34-361 and biological templates.r37-391 None of them 
has all qualities required for a "perfect" core, i.e., sta- 
bility toward the LbL process, insensibility of the mul- 
tilayers structure at template dissolution conditions, and 
residues-free dissolution. 

The majority of capsules have been prepared up to now 
with weakly polymerized, monodisperse melamine form- 
aldehyde (MF) templates, produced in the size range from 
300 to 10000 nm (Microparticle GmbH, Germany). The 
template can be dissolved in 0.1 M HCl within seconds into 
MF ~ l i ~ o r n e r s . ' ~ ~ ]  During the decomposition of the MF 
core, the capsules swell as demonstrated on a sample made 
with 6 layers of poly(ally1amine) (PAH) and 6 layers of 
poly(styrenesu1fonate) (PSS) (Fig. 2). This swelling is 
caused by an elevation of the internal osmotic pressure 
induced by dissolved MF oligomers inside the capsules.[401 
The capsules show a higher permeability as expected from 
planar and unstressed polyelectrolyte films of the same 
material and thickness. Presumably, the high mechanical 
pressure during the dissolution process induces pores in the 
capsule wall that determine the permeability more than the 
intrinsic diffusion properties of the polyelectrolyte films 
do.[411 

To reduce the permeability of MF capsules, further 
polyelectrolyte layers can be assembled after the disso- 
lution of the core, resulting in a closing of the pores and 
a decrease of the permeability.[421 Another disadvan- 
tage of MF capsules is given by cytotoxic MF residues. 
Otherwise, the presence of MF residues was exploited for 
trapping water-soluble  substance^.'^^-^'^ However, this 
encapsulation method is not controlled enough for via- 
ble applications. 

Colloidal polystyrene (PS) latices have been used as 
core, which can be dissolved in tetrahydrofuran (THF).[~~] 
The swelling of PS in THF leads to a large volume 

Fig. 2 Swelling of capsules during the dissolution of MF 
templates encapsulated in 6 PAHPSS bilayers in 0.1 M HCI 
(top confocal micrograph: fluorescence of the labelled wall, 
bottom: transmission micrograph). (View this art in color at 
www.dekker.com.) 
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increase that is directly often responsible for a high 
percentage of capsule fractures. 

Red blood cells present an alternative to MF parti- 
cles: they are available in nonspherical shapes, are quasi- 
monodispersive, and are inexpensive.1371 Moreover, the 
encapsulation of cells and cellular materials may have 
important applications in biotechnology and medicine. 
The decomposition of the biological templates is achieved 
by using a pH 12 sodium hypochlorite solution. However, 
under these harsh conditions, the polyelectrolyte wall is 
partly oxidized.[431 

A current development is the use of inorganic crystals 
such as CdC03, CaC03, or MnC03 as templates, which 
can be prepared in the range between 3 and 8 pm. The 
dissolution is performed under mild conditions, and the 
products leave the capsule interior without problem. 

Silicon dioxide particles have been used recently as 
templates and subsequently dissolved in hydrofluoric 
acid. SiOz particles are available over a broad size range 
and high monodispersity. The core is decomposed in 1 M 
HF within few seconds into ~ i F 2  ions, which leave the 
capsule wall without problems. Confocal imaging of this 
dissolution process does not show any swelling of the 
capsule wall. Hence the mechanical stress applied onto 
the wall during the dissolution is negligibly small, and the 
polyelectrolyte layer structure is kept almost unchanged. 
Indeed, such capsules exhibit a lower permeability than 
capsules based on MF templates. 

PROPERTIES OF SIMPLE HOLLOW 
POLYELECTROLYTECAPSULES 

Diameter 

In general, the capsules size matches the template 
diameter. The size of hollow capsules ranges generally 
between 500 nm and 5 pm, but it can be extended below 
100 nm and up to 15 pm. However, for too thin walls or 

too large diameters, deviations from the spherical shape 
are reported. 

Wall Thickness 

The wall thickness depends on the layer number and the 
material. The mostly used combination of PAHPSS 
yields a thickness of around 4 nm per layer pair. These 
values have been measured by scanning force microscopy 
(SFM) on hollow capsules, dried on a mica substrate. 
During the drying process, the capsules collapse like an 
inflatable plastic ball after complete loss of the air. The 
thickness of the dry double wall can be taken directly from 
the profile of the atomic force microscopy (AFM) image 
(Fig. 3). 

Surface Charge 

The outer surface charge of the capsules is simply 
determined by the last layer. The charge of the inner 
layer is assumed to correspond to the first layer on the 
former template. For example, in case of MF-templated 
capsules, the first layer PSS should result in a negative 
inner-layer surface. However, it is not quite clear how far 
adsorbed residues of positively charged MF oligomers 
influence the inner surface. 

Capsule Permeability 

Capsule permeability has been tackled by two approaches. 
One approach consists in encapsulating soluble materials 
and in measuring their release from the fluorescence 
interior. Another approach consists in adding a fluores- 
cence-labeled substance to the outer solution of a hollow 
capsules suspension and in monitoring the penetration into 
the capsules by means of confocal laser scanning 
microscopy (CLSM). Using fluorescence-labeled PAH 
molecules, first rough estimations gave a cutoff of 5000 g/ 
mol for capsules prepared from (PSS/PAH)4 on MF 

Section Anabsis 

Fig. 3 Scanning force microscopy image of a (PAH/PSS)4 capsule, dried on mica and the corresponding height profile. (View this art 
in color at www.dekker.com.) 
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Time, sec 

Fig. 4 Release of fluorescein from encapsulated fluorescein 
crystals into a buffer solution as a function of the layer number. 
(From Ref. [29].) 

cores.['41 In case of fast permeating smaller molecules, 
fluorescence recovery after photobleaching (FRAP) 
experiments have been performed. The dyes in the interior 
were bleached and the fluorescence recovery has been 
measured which is connected with the diffusion of 
fluorescence molecules from the outside to the interior.1421 

For the first approach, several fluorescent dyes were 
used as model and coated with various numbers of PSS/ 
PAH multilayers under conditions of low solubility of 
the materials.[293327471 Results on PSSPAH-encapsulated 
fluorescein reveal an increase of the release rate with 
pH and ionic strength and a decrease with the layer 
number (Fig. 4).[471 The diffusion coefficient per layer 
was determined to be approximately 1 0  l6 m2/sec in the 
presence of salt. 

Similar results obtained with ibuprofen release stud- 
ies support a model of two release channels, one by 
diffusion and one by pressure through pore-like struc- 
tures presumably formed during the dissolution pro- 

Further studies showed that the permeability 
depends strongly on the polyelectrolyte material as known 
from planar films.[511 PAHRSS MF capsules are less 
permeable than poly(diallyldimethylamine)/PSS cap- 
s u l e ~ . ~ ~ ~ ~  

The permeability depends furthermore on the envi- 
ronment such as ionic strength, pH and 
It was reported that the permeability of PSSPAH cap- 
sule could be controlled by p ~ 1 5 3 1  and ionic s t r e r~~ th . [~~ . ' ~ ]  
Capsules could be switched between an open (low pH 
or high ionic strength) and a closed state (high pH or low 
ionic strength). This was exploited for the encapsulation 
of macromolecules under mild conditions. 

Mechanical Stability 

Hollow capsules maintain a spherical shape up to a 
diameter of 15 pm although the wall thickness is only 
30 nm. The resistance against pressure was quantified by 
addition of polyelectrolytes to a capsule suspension. 
Because of the impermeability of the capsules for these 
molecules, high osmotic pressure from the outside mod- 
ifies the capsules shape. Above a specific concentration 
of outside polymer or a critical pressure PC, a shape tran- 
sition from a spherical to a sickle shape was observed 
(Fig. 5). From this observation, an elasticity modulus 
between 500 and 700 Mpa was calculated. This value is 
comparable to macroscopic plastic materials, and reflect a 
high degree of local interactions between the polyanion 
and the polycation.[64.651 

Fig. 5 Transformation of the spherical capsules to a sickle shape under the osmotic pressure of an outer PSS solution. (From Refs. [64] 
and [65].) 
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The elasticity of capsules was investigated by loading 
microcapsules with 1 M PSS solution and decreasing the 
polyelectrolyte concentration outside. This leads to a 
swelling of the capsules proportional to the concentration 
difference.[721 Higher pressure caused the capsules to 
break. In contrast, at smaller swelling, a partly reversible 
elastic behavior was reported.'661 The investigation of the 
MF core dissolution, where a reversible swelling of the 
capsule was observed, also points to an elastic behavior 
(see Fig. 2).[40,671 

The deformability and osmotic properties of hollow 
PSSIPAH microcapsules assembled on the decomposable 
template MF were studied by means of the micropipette 
video microscopic technique.r681 The microcapsules 
reacted to micropipette suction with plastic deformation. 
The upper limit value of the plastic modulus Dp was 
evaluated at roughly 5 kPa. Addition of lipids yields a 
high degree of plasticity, at least in the range of the 
applied mechanical forces.r681 

Physicochemical Stability 

Standard PAHIPSS capsules are stable in aqueous solution 
between pH 0 and 13 and at high ionic strength. PAWPSS 
capsules were also suspended in various organic media by 
a gradual solvent exchange with a preservation of shell 
stability and The stability in organic sol- 
vents renders possible the preparation of oil-in-water or 
water-in-oil emulsions without employing any surfactants. 
The obtained microdrops are highly stable and have a high 
degree of m o n ~ d i s ~ e r s i t ~ . [ ~ ~ ]  

Combinations of weak polyelectrolytes or of materials 
with only small amount of charges are more sensitive 
against pH and ion strength, which lead to strong en- 
hancement of the permeability up to the dissolution of the 
LbL capsules. 

MODIFICATION OF THE 
POLYELECTROLYTECAPSULES 

Because of the variable applicability of the LbL process, 
the capsules can be widely modified. This concerns the 
interior, the wall, and the inner and outer surface of the 
capsule wall. 

Permanent Filling of the Interior with 
Functional Macromolecules 

In most cases, precipitation of low molecular weight 
materials in presence of hollow capsules happens on the 
wall surface or in the bulk solution but not as desired in 
the interior of capsules.[70.711 A solution to tackle this 

problem is offered by immobilization of functional 
macromolecules in the capsule interior. They result in 
different physical properties of capsule interior and bulk 
solution and induce preferably precipitation inside the 
capsules. Three approaches have been followed to 
immobilize macromolecules permanently in the capsule 
interior (Fig. 6). 

In the ship-in-bottle approach, monomers are incubat- 
ed together with empty preformed shells (Fig. 6a).[721 
After diffusion of monomers and initiator inside the 
shell, the polymerization is started inside and outside the 
capsule. The resulting polymers are trapped, and after 
washing, capsules filled with high polymer concentra- 
tions are isolated. This is demonstrated in Fig. 7a, where 
PSS copolymerized with acrylrhodamine is shown. 
The polymer concentration in the interior can be up to 1 
monomolar, although the high osmotic pressure attained 
induce a remarkable capsule swelling. A drawback of this 
efficient method is the limitation to synthetic polymers. 

For the encapsulation of preformed polymers or 
biomacromolecules, two other approaches have been 
developed. In one method, polymers are precipitated with 
complex-forming auxiliaries or 

Washing 

alone under specific 

Macro- 
molecules 

+ a"xiliW' precipitation 
stuff t 

+J Dissolution 
auxiliary 
material 

Fig. 6 Methods to immobilize macromolecules in the capsule 
interior: a) ship in bottle synthesis, b) loading by switching the 
permeability, c) loading by controlled precipitation. (View this 
art in color at www.dekker.com.) 
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performed with specifically designed capsules of suitable 
permeability. Furthermore, only low polymer concentra- 
tions can be achieved. 

Capsules filled with functional polymers or with bio- 
molecules can fulfill many tasks: 

Fig. 7 Confocal laser scanning images of capsules: a) filled 
with PSS-rhodamine copolymer 0.5 M ; ~ ~ ~ ~  b) capsules after 
complexation of PSS in the interior with fluorescent 
pseudoisocyanine ~ - a ~ ~ r e ~ a t e s ; ' ~ ~ '  c) scanning electron micros- 
copy image of CaC03 crystals grown in the capsule interior by 
enzymatic reaction. (From Ref. [72,54,83].) (View this art in 
color at www.dekker.com.) 

conditions onto the melamine core (Fig. 6 ~ ) . ' ~ ~ '  Onto this 
initial layer, stable classical LbL polyelectrolyte multi- 
layers are assembled. The core is removed, the initial 
layers are dissolved under specific conditions, and the 
auxiliaries are washed away. Then the inside of the 
capsules is filled with the polymer.[731 This approach 
requires for each application specific conditions under 
which the desired polymer can be precipitated and is 
difficult to implement practically. 

Another approach for encapsulation consists in loading 
preformed capsules by switching the shell wall perme- 
ability through variation in environmental conditions, 
such as p~r419743751 or ionic strength (Fig. 6b).'761 In the 
capsule open state, surrounding macromolecules can 
diffuse into the interior. Switching the pH or ion strength 
back, the capsule wall closes and the macromolecules in 
the interior are captured. This method can only be 

I .  A gradient of the physicochemical properties between 
the outer and inner solution such as pH, ion strengths, 
polarity, charge distribution (Donnan potential), etc. 
can be used for the accumulation or selective pre- 
cipitation of low molecular weight substances in 
the capsules. For example, if PSS-filled capsules 
(Fig. 7b) are placed in a mixture of water and nonpolar 
solvents, the water content in the vicinity of the en- 
trapped polyelectrolytes increases. This effect has 
been used for encapsulation of poorly water-soluble 
drugs.[771 Several dyes and inorganic salts, such as 
fluorescein, rhodamine, calcium carbonate, and bari- 
um carbonate, were precipitated inside PE capsules 
by using such gradients.[70.711 Electrostatic adsorption 
in polymer-filled shells has been used to trap semi- 
conductor nanocrystals, iron oxide, or nanosized mag- 
netic ferrite particles.r78-801 

2. The incorporation of polymer-bound catalysts or bio- 
catalysts results in microreaction containers. Small 
molecular weight educts can diffuse into the cap- 
sules and react with the catalyst, and the products 
are released. 

3. The capsule wall can prevent poisoning or destruction 
of biocatalysts because large molecules such as 
polymers, enzymes, and bacteria cannot enter the 
capsules. The concept of macromolecule encapsula- 
tion in MF microshells by opening and closing pores 
was applied to enzymes. For instance, or-chymotrypsin 

Fig. 8 Combinatorial library of (PAWPSS)5 capsules with different combinations of dye molecules (fluorescein, rhodamine, Cy5, and 
pyrene) covalently linked to the PAH layers in the capsule wall; the right image shows the fluorescence intensity along a line through 
the dye tagged capsules. One can clearly differentiate the dye constituents and their amount. (View this art in color at www.dekker.com.) 
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was encapsulated in hollow PSSIPAH shells by 
method 3. The protein in the capsules retained a high 
activity (50-60%) and long storage stability.[81' 

Urease was also encapsulated into PSSIPAH shell 
using a similar approach: the pore-controlling factor was, 
in this case, the solvent choice.'s21 Ethanol was added to a 
urease/microshells suspension and opened the pores.L449451 
Using these urease-loaded PAWPSS capsules, calcium 
carbonate was synthesized exclusively inside of the 
capsules (Fig. 7c). The carbonate anions were generated 
inside of the capsules by a urease-catalyzed urea decom- 
position. Addition of calcium ions produced precipitation 
of calcium carbonate, which completely filled the capsule 
volume. Because of the easiness in varying experimental 
parameters, such as the wall thickness, internal composi- 
tion, and influx, these PE capsule-based systems can be 
used to study fundamental aspects of biomineralization 
processes.[831 

Encapsulation of enzyme crystals or aggregates with 
the LbL t e ~ h n i ~ u e ~ ~ ~ . ~ ~ ]  has been performed for chymo- 
trypsin[861 and lactate dehydrogenase. The encapsulated 
lactate dehydrogenase exhibits increased lifetimes due to 
higher stability to denaturation and is not substate- 
inhibited.r871 

Modification of the Wall 

So far, the most and best-studied polyelectrolyte associ- 
ation on surfaces, core shells, and capsules has been 
poly(allylamine)/poly(styrenesulfonate). Nevertheless, 
shells based on other synthetic polyelectrolytes such 
as poly(diallyledimethylamine), poly(ethyleneimine), or 
Nafion have recently been synthesized.r493881 Because 
of the potential applications in the pharmaceutical in- 
dustry, there are increasing activities in the area of natu- 
rally occurring polyelectrolytes: recently, LbL capsules 
containing carrageenan,[89J dextran sulfate,[631 chito- 
sanlchitosan sulfate,[901 sodium alginate, carboxymethyl 
cellulose,[481 or protamine[9'1 were reported. In contrast to 
planar films from biomolecules, the preparation of 
polyelectrolyte capsules is limited because of the harsh 
conditions used for the dissolution of the core. However, 
the development of new templates such as CaC03 
particles extends the preparation possibilities. Decompo- 
sable hollow capsules based on deoxyribonucleic acid 
(DNA) and spermidine (SP) were already prepared.[331 

Several functionalities can be easily introduced in the 
capsule wall using polymers, which were labeled before 
the assembly process. Capsules with increased stability 
have been prepared by cross-linking of water-soluble 
ionene precursor polymers yielding luminescent conju- 
gated 01 i~of luorenes .~~~~ A copolymer of poly(ani1ine) and 
PSS was introduced to obtain walls with reducing 

properties.[921 By using polymers presenting photoreactive 
diazo groups, the ionic bonds between the negative PSS 
and the positive diazoresin are converted to covalent 
cross-links. Cross-linked hollow capsules are mechani- 
cally more stable in various chemical environments than 
their ionically linked  counterpart^.^^^' Photochromic 
hollow shells using an azobenzene-containing polymer 
were produced.1s91 

The use of hollow or filled capsules for combinatorial 
purposes requires a tagging of the capsule wall. Polymers 
with covalently bound fluorescent dyes have been 
incorporated in the capsule walls. A luminescent library 
of (PAWPSS)5 capsules were prepared by assembling 
four different dyes, each covalently attached in several 
PAH layers. Different layer combinations yielded 16 
tagged capsules (Fig. 8). The intermediate layers mini- 
mize perturbing interactions between the layers. Although 
all capsules have the same size and properties, they can 
easily be distinguished by multichannel confocal fluores- 
cence microscopy or by flow  tometr try.^^^] 

Water-insoluble organic dyes were incorporated in 
capsule walls by depositing them in nonaqueous solution 
alternatively with polyelectrolytes in aqueous solution.[951 
Using different fluorescent dyes, a two-step energy 
transfer cascade in the wall of hollow microcapsules was 
~ o n s t r u c t e d . [ ~ ~ ~ ~ "  The dyes were assembled in such a way 
that fluorescence resonance energy transfer through the 
capsule wall from outside to inside happened. Nanopo- 
rous capsule walls or shell-in-shell structures have been 
constructed by consecutive alternating adsorption of 
polyelectrolytes and Si02 on melamine formaldehyde 
particles, followed by removal of MF cores with HCl 
acid and of the sandwiched Si02 particle layers between 
indestructible PAWPSS walls with HF. The inner and 
outer shell could be distinguished by labeling the inner 
shell with fluorescein and the outer shell with rhodamine 
B. Although the distance between the two shells is only 
50 nm, confocal microscopy could resolve this difference 
(Fig. 9).[981 The two shell walls are separated by an 
intermediate PAH solution; which acts as an osmotic 
pressure buffer and yields higher mechanical stability 
against outside pressure.[981 

Several inorganic materials can be prepared as charged 
nanoparticles. Si02, Ti02, laponite,[991 and CdTe nano- 
particles have been used for the preparation of cap- 

Incorporation of colloidal dispersion of 
charged silica nanobeads as one of the wall components 
led to composite organictinorganic colloidal materi- 
a l ~ . ~ ' ~ ~ - ' ~ ~ ~  Depending on the method chosen to remove 
the core, one obtains either a hollow inorganiclor- 
ganic hybrid wall by dissolution of the MF core in HCl 
or a hollow silica sphere by thermal decomposition of 
the organic ~ o m ~ o u n d s . ~ ' ~ ~ ~ ' ~ ~ ~  Calcination of a compos- 
ite between core-shell silica and gold nanoparticles 
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introduced by using poly(acrylic acid) or poly(allyl- 
amine). The disadvantage of the last layer is its stability 
in solution. While the inner layers of LbL films are fully 
immobilized, the outermost layer equilibrates in a solution 
because of the high charge density. Hence some of the 
polymer chains containing functional groups get lost 
under extreme conditions such as high or low pH, high 
ionic strength, etc. This problem can be solved by cross- 
linking the last layer. 

Fig. 9 Confocal image of a shell in shell structure. The outer 
shell is labeled by fluorescein and the inner shell is labeled by 
rhodamine; the right image shows the distance between both 
shells, analyzed by two-color imaging. (From Ref. [98].) (View 
this art in color at www.dekker.com.) 

(Au@SiO&PDADMAC deposited onto polymer spheres 
gave rise to hollow spheres of A U @ S ~ O ~ . [ " ~ '  Noble 
metals, such as silver, were incorporated either inside 
the capsule or in the capsule 

Functional nanoparticles were incorporated into cap- 
sules to introduce magnetic, fluorescent, or catalytic prop- 
erties. Superparamagnetic magnetite (Fe304) was 
mounted as a component of the shell or as a 
part of the capsule interior.[791 

The combination of lipids and PE capsules creates an 
artificial system, mimicking biological membranes. 
Confocal microscopy images of capsules coated with 
fluorescent lipids demonstrated, within the resolution of 
the instrument, a homogeneous coverage of the capsule 
surface by lipid bilayers or multilayers.["21 The perme- 
ability for polar substances decreased remarkably after 
deposition of the lipid bilayer onto the hollow PE capsules. 
However, studies on electrical properties showed an in- 
crease in conductivity with the bulk electrolyte concen- 
tration, which was attributed to the presence of pores or 
defects in the lipid film.[1131 

Modification of the Surface 

The outer surface of polyelectrolyte capsules can be func- 
tionalized using in the last assembling step a polyelectro- 
lyte which contains the desired function. The simplest 
example to tune the surface charge is the choice of a 
cationic or anionic polyelectrolyte. A more sophisticated 
application is the introduction of a high density of 
coupling sites, where subsequent functionalization can 
be performed. The commonly used chemical surface 
groups such as carboxyl or amino functions can be easily 

CONCLUSION 

One important milestone in the fast development of the 
LbL polyelectrolyte films["47' 15] was their use in 1998 for 
the preparation of hollow capsules. These closed LbL 
films extended remarkably the application fields of the 
method. The large versatility and modularity of the LbL 
capsules led to a fast development in the last 5 years as 
demonstrated on the selected examples in this review. 

The LbL capsules will not substitute all other encap- 
sulation technologies, but due to their specific properties, 
they can contribute to new applications especially in high 
technology fields. These properties are summarized in the 
following paragraph, together with the actual drawbacks 
and problems: 

The capsule preparation is simple and does not need 
expensive equipment, but the procedures are rather 
time-consuming. In addition, an upscaling of the 
process is under way, but not solved yet. 

The selection of arbitrary templates allows the preparation 
of capsules in a wide size range, with a well-defined 
shape and a high monodispersity, but the ideal template 
has not been found yet. Therefore, the LbL film is 
stressed during the core dissolution, leading to changes 
in permeability, size and internal structure as well as to 
remaining residues of the templates. 

The capsules exhibit semipermeable properties, which can 
be tuned in a broad region by the layer number, the 
material, or subsequent crosslinking. However, the 
permeability could not be lowered enough for the 
encapsulation of small water-soluble molecules. 

PSSPAH capsules possess an extremely high physico- 
chemical stability against aggressive media, like acids, 
bases, high salt contents and organic solvents. But also 
instable capsules can be designed, which decompose 
under defined circumstances and release their interior. 

Interior, wall and outer surface of LbL capsules can be 
more easily modified than in other capsule systems. 
The nanometer precise deposition of functionalized 
layers and intermediate layers allows the combination 
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of many different functions in one capsule without 
cross-reactions. 

Due to the short time of the capsule development and 
the almost infinite possibilities to vary parameters in the 
preparation process, there are still many open questions, 
but also a very high potential for further important 
developments in this field. Especially in the bio-sciences, 
many surprises can be expected due to the potential of the 
capsules to serve as model systems for cells, viruses etc. 
The use of PE shells as biomimetic systems is under 
research as for example combinations of capsules and 
lipid bilayers equipped with ion channels. Research on 
modifications of the capsule surface in order to recognize 
specific biological materials or interfaces is started. The 
use of the capsules as micro-vessels for DNA amplifica- 
tion (PCR) or as non-viral gene transfection systems is 
planned. One important step is the further miniaturization 
down to 30 nm which has been recently achieved without 
aggregation." ''I 
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INTRODUCTION 

The nanoengineering of colloidal surfaces and the design 
of functional colloid particles are currently interesting 
topics of applied chemistry and biochemistry in the field 
engaged in developing new materials with tailored 
properties. Research on composite colloidal particles 
(core-shell structures with size ranging from 1 to 1000 
nm) has created interest because of various applications 
expected in the areas of coatings, electronics, photonics, 
catalysis, biotechnology, sensorics, medicine, ecology, 
and others. In general, the research on core-shell structure 
and encapsulation implies the formation of a colloidal 
core of defined content and size, and the preparation of a 
shell providing the required stability, permeability, com- 
patibility, release of core material, and catalytic or affinity 
properties. Tailoring the different components of one 
particle becomes important to develop these functiona- 
lized colloids (i.e., to combine several properties in one 
core-shell structure). The desired properties may be 
adjusted to facilitate the interaction of the core with 
different solvents or cell membranes. The shell may also 
have magnetic, optical, conductive, or targeting properties 
for directing and manipulating the core containing 
bioactive materials. 

A major task in the development of advanced drug 
formulations deals with the elaboration of delivery 
systems for providing the sustained release of bioactive 
materials. Mostly, these systems comprise polymer par- 
ticles in the size range of 50 nm-100 pm. Drug molecules 
are embedded in polymer matrices, or in core-shell 
structures. In the latter case, the shell permeability or 
degradation rate determines the release rate of the 
bioactive core material. The composition of the shell 
may additionally provide certain functionalities. 

This review is devoted to the literature on recently 
introduced novel pathways to fabricate nanoengineered 
core-shell structures, which can employ a great variety of 
substances as shell constituents and can be incorporated 
into hollow spheres. The way the shells are assembled on 
colloids resembles the formation of ultrathin polymer 
films by layer-by-layer (LbL) adsorption on macroscopic 
flat support, an idea proposed by llerr'] in 1966 and later 
developed by Lee et a1.[21 In 1991, Decher and 
proposed a method of forming polyelectrolyte films by 

using the alternate adsorption of polycations and poly- 
anions. A crucial factor for polyionic LbL assembly is the 
change of the sign of the surface charge on polyelectrolyte 
adsorption. Beginning in 1998, this strategy of LbL as- 
sembly of charged species was transferred to coat micron- 
sized and submicron-sized colloidal particles (Fig. I) . '~ '  
The idea emerged to employ the nanoengineered prop- 
erties of multilayers as shell structures formed on col- 
loidal particles. 

MULTILAYER ASSEMBLY ON 
COLLOIDAL PARTICLES 

The main problem in applying the LbL technology to coat 
surfaces of colloidal particles is how to separate the 
remaining free polyelectrolytes from the particles prior to 
the next deposition circle. Today, there are several 
approaches for that difficulty, including centrifugation, 
filtration protocols for washing particles with adsorbed 
polyelectrolytes, and the so-called sequential adding of 
polyelectrolytes at matched concentrations. For details of 
these approaches, their advantages, and their drawbacks, 
refer to Sukhorukov et a ~ . ' ~ '  Donath et al.[51 and Voigt et 
aLr6] It should be mentioned that the filtration methodr6' is 
the only method applicable for scaling up the coating of 
different colloidal particles in large volumes. The mon- 
itoring of the process of film formation (i.e., charge 
reversal and continuous layer growth) was followed at 
each step by electrophoresis, dynamic light scattering, 
single particle light scattering (SPLS), and fluorescent 
intensity measurements.[4971 Fig. 2 illustrates the typical 
particle charge ((-potential) changes recorded on layer 
deposition for polycation/polyanion pairs. The r-potential 
alternates between positive and negative values, indicat- 
ing the successful recharging of the particle coated with 
the adsorbed polyelectrolyte multilayer on each layer 
deposition. The evidence for sequential layer growth has 
been obtained by means of S P L S . [ ~ * ~ ~  In Fig. 3, the in- 
tensity distribution of the control naked particles is com- 
pared with particles coated with eight layers assembled 
by filtration technique. From the shift of the peak of the 
intensity distribution, the adsorbed mass can be derived. 
These data can be converted into a layer thickness of the 
adsorbed polyion multilayers, assuming a given refractive 
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Fig. 1 Consecutive adsorption of positively (gray) and 
negatively (black) charged polyelectrolytes onto negatively 
charged colloid particles (a-e). After dissolution of colloidal 
core (e), a suspension of polyelectrolyte capsules is obtained (f). 

index.[41 The increase of polyelectrolyte film thickness is 
proportional to the layer number (Fig. 3, bottom). Mean 
polyelectrolyte layer thickness was found to be 1.5 nm for 
the case of polystyrene sulfonate (PSS) and polyallyla- 
mine (PAH) alternatively assembled from 0.5 M NaCl. It 
should be noted that the average layer thickness of 
polyelectrolyte multilayers strongly depends on the kind 
of polyelectrolytes and the salt concentration used at 
polyelectrolyte assembly. More rigid polymers and an 
increased salt concentration lead to a thicker adsorption 
layer.['] 

Multilayer assembly can be performed not only on 
solid particles such as silica, PS latex particles, or organic 

crystals, but also on "soft" particles formed just before 
multilayer buildup, such as protein aggregates and the 
compact form of DNA. The micron-sized aggregates of 
proteins (lactate dehydrogenase'91 and ~hemot ry~s in"~~)  
were applied as templates for polyelectrolyte multilayer 
assembly. The polyelectrolyte multilayer coating of these 
aggregates captures the proteins inside the capsules and, 
at the same time, provides a selectike barrier for the 
diffusion of different species (substrateh, inhibitors) from 
the exterior. The concept of polyelectrolyte multilayer 
assembly on aggregates is similar to that on the surface of 
colloidal particles.r41 Here, instead of solid colloidal 
particles, the preformed protein aggregates have been 
used as templates for polyelectrolyte multilayer assembly. 
As shown in Ref. [lo], the chemotrypsin aggregates in 
high-salt solution form particles of 100-300 nm. After 
these particles are covered with a polyelectrolyte layer, 
the capsule can be transferred to a low-salt solution, where 
chemotrypsin is captured by a polyelectrolyte shell. The 
method of LbL shell formation on protein aggregates 
provides encapsulation efficiency close to 100%. Indeed, 
one can always find a condition for protein aggregation 
(for instance, it usually happens at the isoelectric point). 
The subsequent release of proteins from the shell can be 
controlled by certain polyelectrolyte compositions. It 
makes such systems very suitable as drug delivery systems 
with controlled-release properties. 

The assembly of three polyelectrolyte layers was 
performed also on condensed DNA particles with size of 
about 50-100 nm. A certain polymer composition used for 

Layer number 

Fig. 2 (-Potential as a function of layer number for PSSPAH alternatively coated polysterene latex particles. Particle dia- 
meter = 640 nm. 
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Fig. 3 Top: Normalized light scattering intensity distribu- 
tions (SPLS) of PAWPSS-coated polysterene sulfate latex par- 
ticles (0=640 nm). Particles with eight layers are compared 
with uncoated ones. Bottom: Shell thickness as a function of 
layer number. (View this art in color at www.dekker.com.) 

coating DNA particles provides stable s ~ s ~ e n s i o n ~ ~ ' ~ ' ~ '  
and facilitates the uptake of these particles by biological 
cells, with the outermost layer bearing certain receptors. 
Sequential gene expression of cells after the uptake of 
such particles has been i~ lus t ra ted ."~~ '~~ 

The method of LbL adsorption of oppositely charged 
macromolecules onto colloidal particles has been applied 
already for different templates with sizes ranging from 50 
nm to tens of microns, such as organic and inorganic 
colloid particles, protein aggregates, emulsion droplets, 
biological cells, and drug nanocrystals. Various materials 
(e.g., synthetic polyelectrolytes, chitosan and its deriva- 
tives, proteins, DNA, lipids, multivalent dyes, and mag- 
netic nanoparticles) have been used as layer constituents 
to fabricate the shell. The possibility of using different 
materials allows the shell to adjust its design based on the 
required stability biocompatibility and affinity properties 

of the capsules. The most commonly used methods to 
monitor LbL deposition on monodisperse PS latex 
particles for various substances are the SPLS method 
and microelectrophoresis. Inorganic [magnetite, silica, 
titania, and fluorescent quantum (Q) dots] nanoparti- 
cles,r~4-~61 lipids,l'7-'91 and proteins (albumin, imrnuno- 

globulin, and others)173203211 were incorporated as building 
blocks for shell formation on colloidal particles. In 
Schuler and ~ a r u s o , [ ~ "  the construction of enzyme mul- 
tilayer films on colloidal particles for biocatalysis was 
demonstrated. The enzyme multilayers were assembled on 
submicrometer-sized polystyrene spheres via the alternate 
adsorption of poly(ethy1eneimine) and glucose oxidase. 
The high surface area of particles coated with biomulti- 
layers was subsequently utilized in enzymatic catalysis. 
The step-by-step coating of different lipids alternated with 
polyelectrolytes was performed by the adsorption of pre- 
formed vesicles onto the capsule surface. As was shown 
by Moya et a1.[18' the lipids form a bilayer structure on the 
surface of polyelectrolyte multilayers. The fabrication of 
inorganic shells on colloidal particles envisages the ap- 
plication of such core-shell structures in catalysis and 
colloidal band gap ~ r y s t a l s . ~ ' ~ " ~ ~  Introducing magnetic 
particles into the shell composition opens the possibility 
of manipulating them by applying external field.[152171 

COLLOIDAL CORE DECOMPOSITION AND 
FORMATION OF HOLLOW CAPSULE 

Different colloidal cores can be decomposed after multi- 
layers are assembled on their surface. If the products of 
core decomposition are small enough to be expelled out of 
polyelectrolyte multilayers, the process of core dissolution 
leads to the formation of hollow polyelectrolytes shells 
(Fig. Id-f). Up to now, various colloidal templates, such 
as organic templates [melamine formaldehyde (MF) par- 
ticles, poly-D,L-lactic acid (PLA), or poly-D,L-lactic-co- 
glycolic acid (PDLA) microparticle and nanoparticle 
organic crystals], and inorganic cores, such as carbonate 
or silica oxide microparticles and biological cells, have all 
been used as templates for hollow capsule fabrication. 
Decomposition can be performed by different means, such 
as low pH for MF and carbonate particles;'221 organic 
water-miscible solvents for PLA, PDLA, or organic 

and HF treatment for silica oxide micropar- 
ticles, and strong oxidizing agents (NaOC1) for biological 
cells with same the MF particles.[24'251 

The formation of hollow capsules was more intensively 
studied on MF particles.'5'261 These particles dissolve onto 
oligomers at 0.1 M NaCl and in some water-miscible 
solvents such as DMF or DMSO. Subjecting the coated 
eight PSSJPAH layers of MF particles to low pH results in 
solubilization of the core. The MF oligomers, which have 
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a characteristic cross-sectional extension of about 2-3 nm, 
are expelled from the core and permeate through the 
polyelectrolyte layers, forming the shells. This observa- 
tion is consistent with the finding that polyelectrolyte- 
coated MF particles are readily permeable to molecules of 
a few nanometers in size.[41 The MF oligomers are finally 
separated from the hollow shells by centrifugation or 
filtration protocols. 

The fabricated hollow polyelectrolyte capsules were 
characterized using scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), atomic force 
microscopy (AFM), and confocal fluorescent microscopy 
tec.,niques.[5-7. 1724,271 An AFM image of hollow poly- 

electrolyte capsules is shown in Fig. 4. The numerous 
folds and creases observed are attributed to the collapse of 
the hollow capsules under drying. The shells are flattened 
and some spreading is noticed. The diameter of the 
capsules shown in Fig. 4 is larger than the diameter of the 
templated MF particle (5 pm). This increase in diameter is 
ascribed to collapsing and adhesive forces attracting the 
polyelectrolyte shell to the surface. From the AFM image, 
it was also deduced[z71 that the thickness of the polyelec- 
trolyte film is on the order of 20 nm for the eight-layer 
polyelectrolyte film. This value is consistent with SPLS 
data on layer thickness obtained for polyelectrolyte-coated 
polystyrene particles (Fig. 3). Nevertheless, Gao et a1.[261 
reported on the rest of the core materials found in 
polyelectrolyte shells after MF particles decomposition. 

0 2.00 4.00 6. 00- 

Fig. 4 Atomic force microscopy image of the capsules 
composed of eight PSSIPAH layers templated on MF particles. 

The nature of the colloid does not significantly affect 
the thickness of the polyelectrolyte layers. It should be 
noted that the polyelectrolyte capsules completely repeat 
the shape of the ternplating colloids, as was shown by the 
example of echinocyte cells, which have starlike shape.[241 
The choice of the core is determined by concrete tasks. 
For instance, carbonate cores are decomposable at pH <4; 
they are convenient to fabricate into hollow capsules 
composed of biological polymers. Calcium and manga- 
nese carbonate crystals were used as core materials for the 
fabrication of hollow polyelectrolyte capsules by meamof 
LbL assembly in Ref. [28]. The use of inorganic templates 
is a significant step toward the biocompatibility of poly- 
electrolyte multilayer capsules. Scanning electron micros- 
copy and energy-dispersive X-ray (EDX) measurements 
proved the purity of the capsules from the core materials. 

Another study proposed the use of decomposable bio- 
compatible templates composed of PLA and PDLA. '~~ '  
These particles were used to build a shell composed of 
biocompatible polyelectrolytes. Uniform, complete coat- 
ing with oppositely charged polyelectrolyte pairs was 
achieved for different combinations investigated. After 
core dissolution in water-miscible organic solvents such 
as acetone, stable hollow capsules with tailored properties 
were obtained. The results reported in Ref. [23] demon- 
strate that polyester microparticles could serve as viable 
alternative components to conventionally employed tem- 
plates to derive hollow capsules with shape and shell 
thickness exploring a "biofriendly" process. The only 
drawback of such particles is some polydispersity in the 
size, but for many uses, this parameter is not important. 

At present, hollow polyelectrolyte capsules with dia- 
meters varying from 0.2 to 10 pm and with wall thick- 
nesses from a few to tens of nanometers were obtained. 
Many compounds, such as synthetic and natural poly- 
electrolytes, dyes, and inorganic nanoparticles, were used 
as layer constituents to build the hollow capsules. Uniform 
inorganic and hybrid inorganic-organic hollow micro- 
spheres have been produced by coating colloidal core 
templates with alternating layers of oppositely charged 
nanoparticles and polymers, and thereafter removing the 
core by heating to 5 0 0 " ~ . [ ' ~ , ~ ~ ~  Hollow rigid silica spheres 
were obtained by calcination of polymer latex spheres 
coated with multilayers of silica nanoparticles (SiOz) 
bridged by polycations. 

Permeability and Release Properties 

The potential use of polyelectrolyte coating on colloidal 
particles as depot systems for controllable release requires 
data on the permeation of small molecules (molecular 
weights up to 500) through polyelectrolyte walls. To 
achieve sustained-release properties for shells. it would be 
advantageous to be able to decrease the layer permeability 
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Fig. 5 Scheme of the polyelectrolyte rnultilayer deposition process and of the subsequent core dissolution. The initial steps (A, B) 
involve stepwise shell formation on a fluorescein core. After the desired number of polyelectrolyte layers is deposited, the coated 
particles are exposed to pH=8 (C) and core dissolution with fluorescein penetration into the bulk is initiated, resulting finally in fully 
dissolved cores and remaining empty capsules (D). (View this art in color at www.dekker.com.) 

for small polar molecules once they are encapsulated. The 
small polar fluorescent markers, such as fluorescein, are 
reasonable models for permeability study. The formation 
of thicker capsule walls composed of polyelectrolyte 
multilayers with increasing layer number might be a way 
to decrease permeation. Verification of this approach was 
performed in Ref. [30]. Microparticles of fluorescein of 
about 5 pm in size were covered with a different number 
of PSSPAH polyelectrolyte layers in conditions where 
fluorescein is not soluble, pH=2. It should be noted here 
that when pH=2, both polyelectrolytes are strongly 
charged, and hence the resulting multilayer films possess 
the same amount of amino and sulfur groups. After 
multilayer formation, core dissolution was initiated by a 
pH change and monitored by increasing fluorescence 
in the bulk. The scheme on Fig. 5 illustrates coating 
fluorescein particles and subsequent fluorescein release 
when the particles become soluble. After LbL adsorption 
(Fig. 5A-C), core dissolution is initiated by changing the 
pH from 2 to 8 (Fig. 5D) and is completed after a certain 
period of time (Fig. 5E). 

Fluorescein particles rapidly dissolve at pH 8. Thus the 
idea was to slow down the rate of core dissolving by 
covering the particles with polyelectrolyte multilayers. 
Shell walls consisting of a different number of layers were 
fabricated and examined with regard to their fluorescein 
permeability behavior. Fluorescence spectroscopy is a 
convenient tool for the determination of the core dissol- 
ving rate because the fluorescence of the core is com- 
pletely suppressed as a consequence of the self-quenching 
of the dye. On releasing the dye into the bulk, fluores- 
cence intensity increases. Thus the rate of dissolving can 
be directly followed by measuring the fluorescence in- 
crease in the sample. 

Fig. 6 shows typical time-dependent fluorescence 
curves obtained by switching the pH to 8. Fluorescein 
particles covered by layers of different thickness (9, 13, 
15, and 18 layers) are compared with controls demon- 
strating the dissolving of naked fluorescein particles. As 
shown on release profiles after a comparatively short 
induction period, the rate of dissolving becomes constant 
before the fluorescence in the bulk finally levels off. The 
initially slowly increasing fluorescence is related to the 
start of core dissolving. At this stage of the process, the 
structure of the polyelectrolyte multilayer may change 
because of the nascent osmotic pressure coming from 
dissolved fluorescein molecules. Shortly after the begin- 
ning of core dissolution, the concentration of fluorescein 
inside the capsules becomes constant and almost saturated 
because a steady-state situation between progressing core 
dissolution and permeation is established. One may 
further assume a constant concentration gradient between 
the shell interior and the bulk because the bulk solution 
can be assumed as being infinitely diluted. Therefore the 
rate of fluorescein penetration through the polyelectrolyte 
layers to the bulk becomes constant. Indeed, a linear 
increase of the fluorescence is observed. This state 
corresponds to the stage of dissolution depicted in Fig. 5. 
The slope of the linear region decreases with the number 
of polyelectrolyte layers. Obviously, an increasing 
number of adsorbed layers reduce the fluorescein pe- 
netration. After the core is completely dissolved, the 
fluorescein concentration inside the shell equilibrates 
with the bulk. The driving force for diffusion decreases 
and the release levels off. 

In Antipov et al.'"' the permeability value was found 
to be on the order of mlsec. Assuming a single 
polyelectrolyte layer thickness of 2 nm, the permeability 
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Fig. 6 Fluorescence increase on time, obtained by dissolving fluorescein particles covered with shells of different thickness (9, 13, 15, 
and 18 layers), compared with naked (0) fluorescein particles. Inset: Time dependence of core decomposition time on the number of 
layers in the shells. 

can be converted into a diffusion coefficient (D) by 
multiplying the permeability with the shell wall thickness. 
The calculated diffusion coefficients are on the order of 
10- l5 m2/sec. 

If the permeability of the polyelectrolyte multilayer is 
provided by diffusion through the entangled polymer 
network, it should scale with the inverse of the layer 
thickness. The behavior of the time of complete release as 
a function of the number of layers is shown in Fig. 6 
(inset). As can be seen in Fig. 6, the increasing layer 
number sustains the fluorescein release. This effect 
becomes remarkable when the layer number exceeds 
eight, which corresponds to 15- to 20-nm-thick shell. This 
finding is consistent with  observation^['^] where it was 
shown that the conformation of the first eight layers 
differs from that of further assembled layers. These deeper 
layers are more dense and result in a fivefold reduction of 
the estimated diffusion coefficient. Naturally, these data 
are only particular to the case of PSSIPAH layers, and the 
permeation might be different if the capsules are made of 
other polyelectrolytes. Nevertheless, the tendency to sus- 
tain the penetration of small molecules with layer number 
is demonstrated. 

Polyelectrolyte complexes are known to be very sen- 
sitive to the presence of Therefore the perme- 
ability coefficient of polyelectrolyte multilayers is in- 
fluenced by ionic strength. In the presence of small ions, 

ionic couples in multilayers are partially dissolved, which 
makes the polyelectrolyte film more penetrable for 
solutes.[321 Permeability coefficient data derived from 
release curves show a dramatic change of an increase of 
one order of magnitude in NaCl concentration change 
from 1 to 500 r n ~ . [ ~ ~ ]  

Thus the polyelectrolyte multilayer shells with enough 
number of layers assembled around cores consisting of 
low-molecular-weight compounds provide barrier proper- 
ties for release under conditions where the core is 
dissolved. Increasing the shell thickness to more than 20 
nm might cause barrier difficulties for low-molecular- 
weight compounds passing through the capsule wall. 
Multilayer coating on microparticles and nanoparticles is 
a promising approach for the fabrication of systems with 
prolonged-release and controlled-release properties. The 
release can be adjusted with the number of assembled 
polyelectrolyte layers. A large variety of synthetic poly- 
electrolytes with different properties, polysaccharides, and 
other biopolymers used for multilayer assembly may 
provide many possibilities to fine-tune the release prop- 
erties of shells with biocompatibility and possibility of 
using various cores. The assembly of shells by LbL 
technique opens new pathways for biotechnological 
applications, where controlled release and sustained 
release of a substance are required. Many problems con- 
nected with drug formulation, release. and delivery; 
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controlling concentrations in the organism; and the 
periodicity of its reception might be solved by the 
formation of shells on precipitates and nanocrystals. This 
approach has been already explored for drug formulations 
with controlled-release properties of biocompatible 
s h e l ~ s . ~ ~ ~ ~ " ~  It seems to be not difficult to add targeting 
properties to the polyelectrolyte layer. This way, the 
affinity of polyelectrolyte multilayer-coated drugs to 
specific or injured tissues can be increased. 

Thermal treatment of polyelectrolyte capsules results 
in the reduction of permeability coefficients. As inves- 
tigated in Ref. [36], the permeability coefficient of hol- 
low capsules templated on MF cores can be decreased by 
two orders of magnitude. Thermal annealing of the cap- 
sules causes polyelectrolyte rearrangements, which leads 
to a more compact structure. Some defects in polyelec- 
trolyte shells because of core dissolution processes can 
be repaired. 

Macromolecules Encapsulation 

Basically, the multilayer polyelectrolyte capsules have 
semipermeable properties. If the film thickness is about 
10-20 nm, small molecules can penetrate whereas high- 
molecular-weight compounds are excluded. However, 
there are several approaches to introduce macromolecules 
inside hollow polyelectrolyte capsules, when the core is 
decomposed. The first approach is opening and closing the 
pores in capsule walls in a controllable way. One can 
cause segregation in polyelectrolyte multilayers either by 
pH or solvent change. Indeed, polyelectrolyte multilayers 
undergo transition at a certain pH at about the pK of 

charged groups. This transition works on segregation 
because of the accumulation of charges by a network of 
entangled polyelectrolytes. As a result, such segregation 
leads to the formation of pores large enough for mac- 
romolecules to penetrate the capsule ~ a 1 1 . ' ~ ~ , ~ ~ ~  This pro- 
cess is completely reversible. Changing the pH back, the 
capsules become nonpermeable for polymers again 
(Fig. 7). Thus the captured polymers stay inside. Several 
macromolecules, such as albumin, chemotrypsin, and 
dextran, have been encapsulated by this 
The reversed segregation in polyelectrolyte multilayers 
can be introduced also by solvent mixtures such as water- 
ethanol, as was demonstrated by Lvov et a1.1391 for encap- 
sulation of proteins. 

Another approach for encapsulation consists of the 
precipitation of polymers onto surfaces of colloid particles 
before the main multilayer buildup. The precipitated 
materials are harvested on the surface of particles. The 
proper choice of the concentration of particles, polymers, 
and the speed of heterocoagulation allows a smooth 
coverage of colloidal particles to form by precipitating po- 
lymers. A polyelectrolyte LbL shell is formed on particles 
already covered by precipitated polymers. After formation 
of the stable outer shell, the colloidal template could be 
decomposed. The polymer molecules underneath the 
stable shell can be dissolved in the shell interior. In fact, 
this approach comprises of three stages (Fig. 8): 1) pre- 
cipitation of polymers on a colloidal surface (Fig. 8a-c); 
2) capture of precipitated polymers on colloidal particles 
by stable shell formation (Fig. 8d); and 3) decomposition 
of the core; the products of decomposition are expelled 
through capsule wall, whereas the polymers dissolve and 

Fig. 7 Permeation and encapsulation of dextran FITC into polyion multilayer capsules. Left, pH >7; middle, pH <6; and right, the 
capsule with encapsulated dextran FITC again at pH >7. (View this art in color at www.dekker.com.) 
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Fig. 8 A schematic illustration of the preparation of a capsule loaded with polyelectrolytes. 

float in the capsule interior (Fig. 8e-h). This approach has 
been tested for encapsulation of noncharged polysacchar- 
ides the (i.e., dextran and polyelectrolyte as PSS and 
PAH).[~'] Dextran was precipitated by adding ethanol 
drop by drop whereas polyelectrolytes formed an insol- 
uble complex with multivalent ions such as ~ e ~ +  and 
~ 0 ~ ~ -  for PSS and PAH, respectively. Some swelling of 
the capsule after polymer dissolution into the interior was 
observed because of osmotic pressure. Naturally, the 
amount of loaded polymers per capsule is the amount of 
all added polymers divided by the number of colloidal 
particles harvesting precipitating polymers. The possible 
loss of used polymers because of breakage of capsules did 
not exceed 10-15%. The described procedure allows the 
dosage of macromolecular contents in the capsule in tiny 
(less than nanograms) amounts. 

To summarize the approaches on how to encapsulate 
the macromolecules by precipitation and then to capture 
by LbL shell fabrication, the positive and negative 
features should be stressed. In fact, encapsulation via 
precipitation could reach encapsulation efficiency close to 
100%. Indeed, for encapsulation via harvesting of poly- 
mers on colloidal particles as described above, we have 
achieved about 80-90% encapsulation efficiency.[401 The 
more important peculiarities of using initial colloidal 
templates as polymer collectors are as follows: 1) the size 
distribution is determined by original templates; 2) the 
amount of loaded polymers can be dosed and homoge- 
neously distributed in each capsule; and 3) there are 
possibilities to load the capsule with several different 
substances. The last point has not yet been demonstrated, 
but one expects no significant difficulties in composing a 
multicomponent shell, and precipitating on the surface of 
colloidal particles several macromolecules, sequentially 
or at the same time, if they could be precipitated at the 

same condition. One has to consider only the compatibil- 
ity of conditions for each precipitation step and further 
LbL fabrication of stable polyelectrolyte shells. The 
captured macromolecules are kept in the capsule interior 
until it is nonpermeable for macromolecules. This might 
be utilized for fabricating enzyme microreactors when the 
substrates and reaction products diffuse through the 
capsule wall freely. The loaded macromolecules might 
be released after a certain pH or salt treatment. 

PHYSICOCHEMICAL REACTIONS INSIDE 
POLYELECTROLYTE CAPSULES 

Caused by pH Gradient 

The capsule wall has semipermeable properties that allow 
for different physicochemical properties of the capsule 
interior compared to the exterior. Incorporation of poly- 
mers into the capsule allows the use of such capsules with 
modified inner volume for providing chemical reactions 
only in the capsule interior. Here we describe two possible 
ways for the precipitation of dyes as drug model sub- 
stances within capsule interiors loaded with polymers. 
Precipitation occurs, then solubility dramatically de- 
creases. One can establish polarity or pH gradient through 
the capsule wall when the capsules are filled with certain 
polymers. Indeed, the presence of a polyelectrolyte on only 
one side of the membrane might significantly change such 
properties as pH value. For instance, if a polyanion is 
placed inside capsule, the pH value inside has to be acidic 
due to electroneutrality because H+ ions compensate for 
negative charges of polyanions. The resulting pH has to be 
closer to the pK value of charged groups of polyelec- 
trolytes. This situation on pH gradient is considered in 
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more details in Refs. [41] and [42]. Here we give an illus- 
tration for the precipitation of carboxytetramethylrhoda- 
mines (CRs) inside the capsule. Carboxytetramethylrho- 
damine has pH-dependent solubility and becomes 
nonsoluble at pH lower that 3.5. In the presence of cap- 
sules filled with PSS maintaining a pH value near 2.5, the 
CR molecules penetrate the capsule wall and, when facing 
lower pH, begin to precipitate. Here we provide typical 
SEM images of CR precipitates formed in the capsules 
(Fig. 9). The capsules look filled with solid materials. 

As was shown previously, the encapsulated polyelec- 
trolytes can establish pH gradient through the capsule 
wall. In particular, the capsules containing PAH have 
more basic pH than that in the outer solution. This method 
has been utilized for the selective synthesis of magnetic, 
20-nm Fe304 nanoparticlest4" and nonmagnetic, elongat- 
ed, 250-nm hematite ~ e ~ 0 ~ ~ ~ ~ ~  particles inside the 
polyelectrolyte capsules filled with polycations. The iron 
oxide particles were visualized by TEM (Fig. 10). The 
structure of the particles depends on the given ~e '+ /Fe~"  
ratio in the outer solution as was proven by wide-angle X- 
ray scattering (WAXS) measurements. These revealed 
diffraction peaks corresponding to Fe203 and Fe304 
lattices. Besides magnetite, different ferrites (CoFe204, 
ZnFe204, and MnFe204) were synthesized from corres- 
ponding salts exclusively inside polyelectrolyte capsules 
of 6 pm diameter.[431 Polyelectrolyte capsules with syn- 
thesized ferrite (magnetite) particles possess enough 
magnetic activity to be easily manipulated in water solu- 

Fig. 9 Scanning electron microscopy image of CR precipitates 
formed in capsules loaded with PSS. 

Fig. 10 Transmission electron microscopy image of Fe-based 
precipitates (240-nm elongated iron oxide particles) in capsules 
filled with PAH. 

tion by an external magnetic field. The SEM images de- 
monstrate that capsules with synthesized nanoparticles 
keep a bulky shape on drying, which is apparently be- 
cause of the formation of rigid walls presenting inorganic 
nanoparticles glued to organic polymers. 

Caused by Polarity Gradient 

Another way to fill the capsule with small molecules is by 
establishing a polarity gradient of hydrophilic polymers. 
These capsules were suspended in a waterlorganic solvent 
mixture to keep a higher water content in the interior 
because of the hydrophilicity of encapsulated polyelec- 
t r ~ l ~ t e s . ' ~ ~ '  With the preparation of a waterlacetone or 
waterlacetone mixture with an overall high ratio of 
organic solvents, one can dissolve many poor water- 
soluble (PWS) molecules. However, inside the capsule, 
we have media with low solubility and PWS molecules 
should precipitate there. At slow evaporation of organic 
solvents, the PWS molecules are collected in the capsule 
interior because of lower solubility there. Finally, one has 
an aqueous suspension of capsules containing precipitates 
of organic molecules.'441 Scanning electron microscopy 
images of capsules filled with PWS are similar to the 
image shown in Fig. 9. Incidentally, we found that the 
precipitates formed inside the capsules did not show any 
X-ray diffraction signals unless later annealed. Hence they 
are either amorphous or exist as nanocrystallites. This is a 
highly desirable feature for many drug applications 
because it facilitates dissolution and hence release. 
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Fig. 11 Optical microscopy image of urease-catalyzed CaC03 
crystal growth inside 5-pm polyelectrolyte capsules. 

ENZYMATIC REACTIONS 

In Lvov et al.'391 and Antipov et a ~ . ' ~ ~ ]  the encapsulation 
of urease by solvent variation and its enzymatic activity 
were demonstrated. Urease catalyzes the reaction: 

CH4N20 + 2H20 + 2NHz + CO:- 

In the presence of ca2+ ions, calcium carbonate is formed: 

ca2+c0:- --t CaC03 1 

Carbonate ions generated by urease in the capsule interior 
immediately react with calcium ions and freely diffuse 

through the capsule wall. As shown by Antipov et 
calcium carbonate crystals presumably grow within the 
capsule interior until they occupy the whole capsule 
lumen (Fig. 11). The formation of calcium carbonate 
particles might also occur outside of the capsule because 
of the diffusion of carbonates, but in certain conditions, 
calcium carbonate particles might be found almost only 
inside the capsule. As investigated by electron diffrac- 
tion, the lattices of calcium carbonate grown within the 
capsule interior exhibit vaterite structure. Remarkably, 
there was no growth of calcium carbonates over the cap- 
sule wall. Thus the microcapsules with an imported 
enzyme can be a suitable model to mimic inorganic 
processes in biological cells. 

Another illustration of enzymatic reactions inside 
capsules has been reported in Ref. [38]. A proteolytic 
enzyme, a-chemotrypsin, was homogeneously distributed 
in the capsule interior with a concentration of 50 g/L. 
Encapsulated chemotrypsin was found to retain a high 
physiological activity of about 70%, as shown with 
fluorescent products. 

CONCLUSION 

The uniformity, simplicity, and versatility of possible 
applications are significant points of the abovedescribed 
technology. The particular aspects coming from the basic 
concept of the technology are outlined in Fig. 12. As an 
initial matrix, we have a colloidal template. Organic and 
inorganic particles, drug nanocrystals, biological cells, 
protein aggregates, emulsion droplets, and, in fact, any 
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Fig. 12 Comprehensive illustration of applications of stepwise shell formation on colloidal particles. (View thir art in color at 
www.dekker.com.) 
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colloidal particles ranging in size from 50 nm to tens of 
microns are possible templates to fabricate shells. The 
shell can be composed of a variety of materials. The 
choice of polymers to build the shell is determined by 
application to reach the desired stability and comparabil- 
ity. Actually, one could choose the proper line to pursue 
certain tasks using the scheme in Fig. 12 to achieve the 
desired characteristics of core-shell structures or capsules. 

Selective shell permeability makes it possible to keep 
macromolecules in the capsules. Macromolecules can be 
incorporated into the inner volume of the capsule by 
different means, either through their aggregation in the 
solution or precipitation onto the surface of collecting 
colloidal particles, followed by their capture through the 
formation of stable polyelectrolyte shells afterward, or the 
opening and closing of pores in the capsule wall by pH, 
salt, and solvent. These approaches to load macromole- 
cules into the capsules differ by the size of capsules, their 
monodispersity, low or high macromolecule concentra- 
tions in the capsules, encapsulation efficiency, and pos- 
sibilities to incorporate several substances in one capsule. 
Of course, the macromolecules can be incorporated as 
layer constituents during shell buildup. Layer-by-layer 
deposition on colloidal particles at fabrication could sup- 
ply the LbL degradation of components afterward. One 
could find the optimum time scale for this process as well. 
Generally speaking, one also has to choose the most pro- 
fitable way according to the aims these capsule are sup- 
posed to serve. Talking about encapsulation of enzymes, it 
should be stressed that selective permeability provides the 
elaboration of enzymatic microreactors where the proteins 
are placed into the capsule interior, whereas substrates and 
products of the one-step or multistep enzymatic reactions 
in the capsules can readily penetrate the capsule wall. In 
addition, the encapsulated enzymes have higher stability 
and are protected by the outer shell against high-mole- 
cular-weight inhibitors and proteolytic agents. The cap- 
sules themselves can be easily withdrawn from one 
solution, washed, and placed in another by filtration or 
centrifugation, or they can be driven by applying magnetic 
fields if the magnetite particles were used as layer 
constituents. We did not mention here any chemical 
treatment of the capsules after they have been assembled. 
Obviously, further modifications, such as cross-linking, 
can significantly change the properties of the capsules, 
such as permeability or stability. 

The capsules might be used as combinatorial libraries. 
For instance, Gaponik et al.[461 modified the polyelec- 
trolyte capsules with different semiconductor lumines- 
cent nanoparticles (Q-dots). A variety of possibilities to 
impart fluorescent fingerprint characteristics (labelling 
with defined mixtures of different Q-dots) open an 
avenue to make many experiments with capsules in one 
pot. Indeed, the capsules of each functionality, size, or 

composition discriminated by unique fluorescent char- 
acteristics can be followed at the same time in in vitro or 
in vivo testing. 

Fundamental research on these capsules should be 
mentioned. They represent a unique system to study the 
chemical and physical phenomena in micron-sized and 
submicron-sized volumes. In comparison with liposomes, 
the polyelectrolyte capsules, besides their higher stability, 
give the possibility of varying the content of the inner 
volume in a controllable way. Defined inner composition 
allows chemical reactions in restricted volumes, which 
has been demonstrated up to now only as precipitation 
reactions for small organic molecules and inorganic salts 
in the capsule interior. There are no doubts that such a 
philosophy might be expanded further. Selective perme- 
ability and related solubility, pH, and temperature are 
background parameters to modify the capsule interior. 
The complexity provides more possibilities. For example, 
if one establishes a different pH in the capsules loaded 
with different enzymes to achieve the optimal conditions 
for catalytic reactions in each capsule, these capsules 
might either exchange intermediate products or selective- 
ly collect them in each tape of capsules. These capsules 
might be a device to study single-molecule effects. 
Indeed, the concentration of substances M means 
about one molecule of this substance in capsules of 
300 nm diameter. Defined inputs into the interior could 
register discrete chemical reactions occurring in the cap- 
sule interior. 

The polyelectrolyte capsules could serve also as 
support for lipid bilayers. As shown in Refs. [19] and 
[47], lipid bilayers assembled on polyelectrolyte capsules 
reduce the permeation for small ions. Thus there are 
perspectives to reconstitute channel formers into the lipid 
bilayer supported by polymeric shells and to use this as a 
stable model. Such research might aim to construct 
artificial cells, cell compartments, or artificial organs 
because of the emerging possibilities to introduce differ- 
ent substances into the capsule and build the shell (i.e., 
"membrane") using a variety of compatible materials. 
The hollow and loaded capsules are novel types of cages 
for compartmentalization of materials, and are good 
models for research on biomineralization. 

Mimicking the processes in biological cells and cell 
compartments foresees the involvement of a number of 
enzymes, which work together at the same time. The 
method of controllable opening and closing pores 
provides also a possibility to encapsulate several proteins 
at the same time and at certain concentrations in the 
capsules to catalyze sequential enzymatic reactions (for 
instance, glucose oxidation by glucose oxidase followed 
by utilization of hydrogen peroxide by peroxidase). 
The loaded enzyme, as we showed, might be released 
out of the capsule after a certain pH treatment, which 
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could find some applications for systems with con- 
trolled release. 

A wide range of possible uses, interplays of several 
approaches, the solving of different problems, and the focus 
on fundamental and application aspects in diverse areas of 
life and material sciences attract interest and stimulate 
further research on the development of approaches for 
nanoengineering surfaces of colloidal particles and poly- 
meric capsules. 
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INTRODUCTION 

The magnetic hard disk drive has become the foremost 
data storage device for computer applications based on 
cost, capacity, performance, and miniature form factor. 
Although it is a mechanical, rotating disk storage device, 
power requirements are minimal, usually a few watts; 
reliability over a wide range of operating environments, 
from below 0°C to well over 100°C, is excellent; and costs 
are less than $0.01 per megabyte. Throughout its 46-year 
history, hard disk drives have been the recipient of 
significant technological innovations which have added to 
the usefulness of this device, and data density on the disk 
surface, areal density, has increased nearly 35 million 
times in this period (Fig. l).[ll 

The principal magnetic components in a drive are the 
media or disks, and a recording head that reads and writes 
data (Fig. 2). These data are recorded in the form of 
magnetized regions on the media within a deposited thin 
film of magnetic alloy normally consisting of chromium, 
cobalt, platinum, and a fourth component as boron. Data 
are distributed geometrically on a series of concentric 
rings, or tracks, whose location has been predetermined 
by a process called formatting. Along these tracks, bits 
of data are magnetically written by an inductive element 
in the head, and subsequently sensed or read by the giant 
magnetoresistive element that is an integral part of the 
head structure. Fig. 3 is a schematic of the writing pro- 
cess with a projection of the bit length and track width 
for a 100 ~ b l i n . ~  areal density. Writing involves a mag- 
netic reorienting of the very small alloy micrograins in 
the media, and the interface between two magnetized bits 
is shown in Fig. 3. To maintain an adequate signal-to- 
noise ratio, a large number of grains are required per bit, 
nearly 1000 grains. Increasing areal density involves 
reducing bit dimensions, requiring smaller grain diame- 
ters. In the case of 100 Gblin.', a grain diameter of 5 nm 
is projected. 

Fig. 4 illustrates the history of magnetic recording 
head design since 1970. The transition from a ferrite, 
wire-wound inductive head to a thin film head in late 
1970s to early 1980s was driven by progressive areal 
density increases. In both of these early designs, an 
inductive element performed both read and write 

functions. As areal density increased beyond 0.10 Gb/ 
in.*, this inductive element proved inadequate to 
maintain an acceptable signal-to-noise ratio in reading 
and, in addition, the read amplitude was velocity- 
dependent. A second element was added to recording 
heads, a simple magnetoresistive (MR) [or anisotropic 
magnetoresistive (AMR)] sensor that now separated read 
and inductive write parts of the head, but shared 
common elements or layers of the structure. The MR 
element used a nickel-iron (NiFe) ferromagnetic film 
that consequently changed resistance when experiencing 
a magnetic field originating from stored bits on the 
rotating disk media. This modification allowed the write 
element to be more easily built with fewer copper coil 
turns than inductive heads that perform both read and 
write operations. 

As areal densities continued to increase beyond 10 Gbl 
in.2, scaling of the MR element to smaller dimensions 
based on reading submicrometer tracks also reduced 
signal amplitude. A new read sensor technology was 
required.[2,31 

GMR HEAD DEFINITION 

In 1988, a new magnetoresistive effect was discovered 
in Germany and France, identified as the giant magne- 
toresistive (GMR) effect, using multifilms of chromium 
and iron synthesized by molecular beam epitaxy. When 
this CrIFe structure was tested at liquid helium, 
cryogenic temperatures in very strong magnetic fields 
of several thousand Oersteds, or about 100 times greater 
than what would be obtained from a rotating magnetic 
media in a disk drive, the result was a resistance change 
of as much as 50%.[~' This newly observed behavior was 
of great interest to magnetic recording scientists. An 
application of GMR as a sensor element to magnetic 
recording would be very valuable at high data densities, 
where scaling sensor dimensions into the nanometer 
range could still yield a readable room temperature 
signal amplitude, or resistance change in the presence of 
a magnetic field of a magnitude experienced with a 
recorded disk. 
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Fig. 1 Hard disk areal density trend. (View this art in color at www.dekker.com,) 

Subsequently, IBM researchers demonstrated that the operating temperatures and in low magnetic fields.['] 
origin of the GMR effect arose from electron spin Whereas in the early investigations, a strong antiparallel 
scattering in ferromagnetic materials. Using conventional (AP) coupling within the CrIFe layers was the origin of 
vacuum sputtering techniques, unique thin film structures GMR, IBM researchers found that the interaction of a 
were shown to exhibit the GMR effect at disk drive magnetically fixed or pinned ferromagnetic layer and a 
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Fig. 2 Magnetic hard disk drive components. (View this art in color at www.dekker.com.) 
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Fig. 3 Magnetic recording basics at 100 ~ b / i n ~ .  (View this art in color at www.dekker.com,) 

magnetically free ferromagnetic layer separated by a layer remained magnetically fixed. Control of the spin- 
highly conductive, nonmagnetic spacer also produced the dependent current and a valve-like similarity to tunneling 
GMR effect. This free layer was free to rotate, responding between ferromagnetic layers prompted the label "spin 
to external magnetic fields from the disk, while the pinned valve" for this ~tructure.'~' 
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Fig. 4 The evolution of magnetic readwrite sensors. (View this art in color at www.dekker.com 



Nanofilms in Giant Magnetoresistance Heads 

Fig. 5 

Shield 1 
GMR Sensor 

GMR read sensor with section of inductive write element. (View this art in color at www.dekker 

Year Areal Bit Pitch Track 
1 

Density 
Gbitslin2 pm pitc h p m  

I Contacts 
Hard Bias 

0 NiFe 
0 Spacer 

Soft Film 
GMR Pinned 
Film 

Fig. 6 MRIGMR read head evolution. (View this art in color at www.dekker.com.) 
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The GMR effect varies as the cosine of the angle of 
magnetizations between pinned and free layers (Fig. 5 ) ,  
varying as 

Considering that QPinned = 71/2 
Therefore the voltage of a spin valve, GMR sensor with 

width W,  height h, resistance R, and a relative term called 
magnetoresistance (AR/R)GMR with current I passing 
through the structure is given by: 

VCMR = I{R + ( W / 2 h ) ( A R / R ) y  sin Of,,) (2) 

where v] is an efficiency factor which includes any 
misalignment of the magnetization based on demagnetiz- 
ing effects. 

Fig. 6 shows the read head progress for the transition to 
giant magnetoresistive heads (GMR) and the accompa- 
nying bit pitch and track pitch evolution including 
projections for future years. These advanced GMR read 
elements could be composed of multiple films with a total 
thickness of as small as 0.01 pm with a contactxontact 
spacing of less than 0.2 pm. These ultrasmall dimensions 
qualify GMR sensors as nanotechnology devices. 

Both MR and GMR read head electrical resistance 
depends on a magnetic field produced by the recorded 
information on the disk. In the previous MR heads, this 
resistance change occurs in a single NiFe film, while in 
GMR heads, this resistance change occurs in multiple 
films. Whereas in a conventional NiFe MR film, the 
resistance change is maintained as a linear response to the 
disk's field based on the close interaction of a magnet- 

ically soft adjacent layer (SAL), and the GMR response is 
intrinsically linear.[71 

There are four fundamental film types in a conventional 
GMR structure, although some of these films may be 
comprised of multiple subfilms. Fig. 5 is a cross section 
of a GMR read sensor and overlying inductive write 
element through the air bearing surface (ABS). The plane 
of this figure is parallel with the disk media. A GMR or 
free film has a variable magnetization that changes under 
the influence of the disk's magnetic field. The second film 
is a very thin conducting spacer, usually copper, with a 
thickness less than the mean free path of electrons. This 
film allows electrical current to pass easily to the third 
film, also a GMR film, which has a fixed or pinned 
magnetization. The fourth film is a pinning film which 
maintains the fixed magnetization of the third film through 
the process of antiferromagnetic exchange coupling. 
Typical antiferromagnetic exchange films contain the 
element manganese alloyed with either iridium, platinum, 
or iron. In contact with both ends of the GMR film stripe is 
a magnetically hard region, usually composed of an alloy 
of chromium, platinum, cobalt, and boron. These regions 
maintain a stability to the GMR sensor by suppressing 
magnetic domain noise through the use of a longitudinal 
bias applied to both ends of the GMR multifilm region. 

THE GMR EFFECT 

GMR read sensors exploit the quantum nature of 
electrons, which have two spins, spin up and spin down. 

Contacts 

Hard Bias 
End Region 
CoPtCr 

"High Resistance" 
ntiparallel Magnetization 

A Pinned Laver 

Free Layer 
NiFe 

Fig. 7 GMWspin valve operation. (From Ref. [2].) (View this art in color at www.dekker.com.) 
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Referring to Fig. 7, a view of a GMR sensor with ABS 
perpendicular to the plane of the page, the multifilm 
structure is indicated with antiferromagnetic exchange 
layer, pinned layer, spacer and GMR free layer with hard 
bias, stabilizing end regions, and electrical contacts. The 
electrical conductivity of this multifilm structure is 
proportional to the mean free path of electrons and the 
density of electrons in the films' materials. The mean free 
path is the distance an electron travels before a scattering 
event occurs, i.e., the loss of momentum through 
collisions with phonons or magnons within the material's 
lattice. Therefore, electrical conductivity depends on the 
amount of electron scattering that occurs within the 
multifilm structure. Electron spin generates a magnetic 
dipole, analogous to the magnetic dipole originating from 
electrical current flowing within a loop of conducting 
wire. Electron scattering can be observed to be more 
prevalent in films having an opposing magnetization, i.e., 
mean free paths of electrons are ~~in-de~endent . [~I  

Conductivity depends on the ability of electrons to 
traverse the entire multifilm structure, without collisions, 
and both spin up and spin down electron mean free paths 
are determined by the relative orientations of the mag- 
netizations within each film. In Fig. 7, if these magnetiza- 
tions are all parallel, as would be the case if the free NiFe 
layer senses a magnetic field originating from the disk 
media, the spin up electron's path through the free layer, 
across the Cu spacer, and penetrating far into the pinned 
layer results in a low resistance (high conductivity). Spin 
down electrons undergo collisions in both free and pinned 

layers and do not add to the conductivity. In fact, spin 
down electrons would not be able to penetrate far beyond 
the spacer layer before colliding. If all the magnetizations 
are antiparallel, as would be the case when no magnetic 
field from the media is present and the magnetization of 
the free layer is reversed, the distance of both spin up 
and spin down electrons is reduced by collisions so that 
neither can penetrate far beyond the spacer layer. This is 
the high resistance case. It can be demonstrated that the 
difference in conductivity between parallel and antiparal- 
lel cases for the GMR sensor can be expressed as: 

where C is the sensor conductivity, u is a proportionality 
constant, A+ is the mean free path of electrons with spin 
parallel to the magnetization, and 1.- is the mean free path 
antiparallel. Typical GMR sensors exhibit conductivity 
changes of 10% from antiparallel to parallel states, 
although values larger than 20% have been reported in 
the l a b ~ r a t o r ~ . ' ' ~ ~  

INTERNAL MAGNETIC FIELDS 
IN GMR STRUCTURES 

Fig. 8 demonstrates a GMRJspin valve linear voltage re- 
sponse to a changing external disk media magnetic field, 
which is the read process in magnetic recording. To design 
an efficient GMR read structure. the full linear portion of 

mn Ma 
para 

Magnetization of pinned 
and free films are 
perpendicular-medium 
res~stance 

Ma netization of pinned B an free films are parallel- 
low resistance 

disk 

Fig. 8 Spin valve response to disk magnetic field. (View this art in color at www.dekker.com.) 



Nanofilms in Giant Magnetoresistance Heads 

I 
bias 

pinned Hinter 4 Yurrent 
I 

Pinned Layer 
conducting-J Sensor 
Spacer (Free Layer) 

pinned + Hinter + Hcurrent = 0 

Key: Electrons shared between layers 

Fig. 9 Spin valve head (GMR) internal magnetic fields. (View 
this art in color at www.dekker.com.) 

this curve is the operating response region, and is obtained 
by matching the free layer magnetic moment with the 
magnetic flux originating from the disk media. 

where M, is the magnetization and t is thickness of the 
GMR free layer and, conversely, Mr and d are the 
magnetization and the thickness of the disk media layer. 
The GMR voltage, and therefore sin Of,,, is proportional 
to the time-varying disk field H(t) applied along the 
structure's transverse direction. The free layer magneti- 
zation is normally oriented 90" to this field, along the 
longitudinal direction of the sensor when no disk field is 
present, previously shown in Fig. 5. For this magnetic 
field "balancing" between GMR and disk moments to be 
effective, the net of all other magnetic forces within the 
GMR free layer must be zero, as shown in Fig. 9. This 
design objective is often referred to as the "proper bias" 
of the GMR read head, so that 

Hpinned + Hinter + Helect = 0 ( 5 )  

where Hpinned is the magnetostatic field arising from the 
pinned layer, Hinter is the spacer coupled field between 
pinned and free layers, and He,,,, is the normal induced 
field arising from electrical sense current flowing within 
the free layer. Also shown in Fig. 9 are the shield 
structures that function to isolate the GMR sensor from 

adjacent disk media magnetic fields, assuring that only 
one specific magnetized region of transition is read at a 
time. In many GMR designs, the overlying inductive head 
PI element also serves as one side of the shield structure 
(Fig. 5). 

GMR STABILIZATION 

Figs. 5-7 show a magnetic hard bias region contiguous to 
the GMR element which adds a longitudinal magnetic bias 
to the structure. As in MR read heads, complex multido- 
main regions within the NiFe free layer must be prevented 
from forming within the thin film. These regions would 
promote Barkhausen induced noise effects in the GMR 
sensor read back signal. Unlike the prior MR read head 
structures, in GMR read heads, only the free layer must 
make contact with the hard bias end regions because the 
pinned and exchange regions have a fixed magnetization 
in a direction perpendicular to the current flow (transverse 
direction). During processing, the pinned and exchange 
layer's magnetization is oriented by heating beyond 
the "blocking temperature," i.e., the temperature above 
which magnetization reverts to a very low value (Fig. 10). 
A cooling cycle in a transverse magnetic field determines 
the final pinned layer's magnetic orientation. As the hard 
bias end regions are also magnetically oriented, but in the 
longitudinal direction, the alloy selection for this film as 
well as the pinned layer is critical, based on blocking 
temperatures. Usually, an alloy of CoPtCr is selected for 
the hard bias region because its longitudinal magnetiza- 
tion is not affected by the thermal cycle required to set the 
pinned layer's transverse orientation. In addition, the 
pinned layer's blocking temperature must still be high 

Troorn Toperat~ng Tbloc king 

Fig. 10 The blocking temperature. (View this art in color at 
www.dekker.com. ) 
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Table 1 Comparison of antiferromagnets for GMRIspin valves 

Blocking Exchange Critical 
temperature energy thickness 

Antiferrornagnet [cl [erg/crn2] [ A1 

enough to remain stable during heat cycling in subsequent 
process operations. Table 1 shows the blocking temper- 
ature for some common antiferromagnetic alloys used in 
GMR heads. 

ANTIFERROMAGNETIC 
EXCHANGE COUPLING 

Exchange coupling is a principal mechanism that deter- 
mines GMR head operation, and it may be considered as 
the interaction between a ferromagnet (NiFe in this case) 
in contact with an antiferromagnet, with sample composi- 
tions as shown in Table 1. Referring to Fig. 11, a 
ferromagnetic material is defined as one in which all 
atomic dipole moments line up in the same direction; 
whereas in antiferromagnetic materials, the moments of 
adjacent atoms line up in opposite directions. In the 
former material, there is a net magnetic moment while in 
the latter there is no net macroscopic moment. Exchange 
may be defined as the tendency for neighboring atomic 
dipoles to line parallel or antiparallel to each other, and it 
results from the overlap of orbiting electrons in neigh- 
boring atoms. Exchange may occur within the same 
material or in two different adjacent materials. In the latter 
case, because exchange principally occurs across dis- 
tances between atoms in a solid, it can be considered a 
near-neighbor phenomenon and is critically dependent on 
the quality and purity of the interface. 

If an antiferromagnetic film is deposited onto a ferro- 
magnetic film by vacuum sputtering, a clean, contaminant- 
free interface results, and the atoms align themselves by 
exchange so that a permanent biasing layer is created, 
which maintains the ferromagnet oriented in a constant 
direction. The B/H hysteresis loop of a ferromagnetlanti- 
ferromagnet structure is shifted by an amount H, and is 

Nanofilms in Giant Magnetoresistance Heads 

a direct measure of the amount of exchange coupling 
occurring across the interface. The ideal antiferromagnetic 
material would basically be an insulator with a high ex- 
change energy, a high blocking temperature for process 
stability with a narrow blocking temperature range and 
distribution, and with a small critical thickness.[61 

MORE COMPLEX GMR STRUCTURES 

In a nanolayer GMR structure, thin (as small as a 
monolayer) films of Co or Fe are added to NiFe free 
layer / Cu spacer interface, resulting in an increase in the 
GMR signal amplitude up to 50%. These nanolayer films 
are believed to reduce the spin-dependent scattering at the 
interface by improving the interfacial purity of the NiFe, 
which could be lost by mixing with Cu during the 
sputtering process. The nanolayers may be added to the 
NiFe free layer, or the pinned layer, or both, and many 
GMR read head structures attain higher GMR amplitudes 
through the use of nanolayers. 

In a dual spin valve or dual GMR structure, the NiFe 
free layer is surrounded with two Cu spacers, as well as 
two pinned and antiferromagnetic exchange layers in an 
almost symmetrical configuration. This can be considered 

Antiferromagnetic Film 
I 

Ferromagnetic Film 

Fig. 11 Ferromagnetic/antiferromagnetic mterface structure. 
(From Ref. [ I  I].) (View this art in color at www.dekker.com.) 
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as a combination of two simple GMR structures, back-to- 
back and sharing a common free layer. In this case, a 
majority of electrons originating from this free layer can 
now reach a pinned layer, eliminating any electrons from 
these layers that do not participate in the GMR effect. It is 
estimated that an increase in the GMR amplitude reaches 
up to 33% for the dual structure. In addition, because the 
GMR structures are mirror images of each other, the 
current induced field is effectively cancelled so that 
proper biasing may occur independent of applied current. 
Conversely, because more films are involved in the dual 
GMR structure, the resulting resistance of the structure is 
lower, and this may lead to a lower overall GMR signal. 

Depositing an additional layer of ruthenium or rhodium 
within the pinned layer was shown to stabilize the 
magnetization of this film and enhance the exchange 
field. This could allow the use of many more antiferro- 
magnets, which previously did not have adequate fields, 
but had other beneficial characteristics such as higher 
blocking temperatures or better insulation properties. 
Based on the phenomenon of antiparallel (AP) coupling, 
the pinned layer now consists of two ferromagnetic films 
separated by the AP-spacer layer. This increased stabili- 
zation can also be the result of decreasing the demagnetiz- 
ing field in the pinned layer, thereby reducing any rotation 
of the magnetization. It is estimated that a 25- to 100-times 
improvement in pinned layer stabilization results from AP 
pinning and, as areal density increases necessitate nar- 
rower and shorter GMR structures, this technique is 
expected to become more prevalent in read heads. 

The use of a thin interposed layer of a nonmagnetic 
metal, such as ruthenium, to create a coupling effect be- 
tween two ferromagnetic layers to retain opposite mag- 
netic orientations was recently extended to the magnetic 
disk ~tructure.~ '~.~" This media structure, termed antifer- 
romagnetic coupled (AFC) media, was demonstrated to 
exhibit good magnetic stability as areal density increases 
beyond 30 ~blin.', thereby delaying the effects of super- 
paramagnetism. The latter phenomenon occurs when me- 
tal grains within the media become so small that the 
energy required to create or erase the bits of magnetically 
stored information is the thermal energy (kT, where k is 
the Boltzmann constant and T is the operating tempera- 
ture of the disk drive) of the environment.[l4] Ruthenium 
thicknesses of 6C ( about three atomic layers) are com- 
monly used because coupling strength oscillates with film 
thickness. It was found that at a thickness of maximum 
strength, electron waves in this ruthenium spacer con- 
structively interfere and allow the magnetically polarized 
energy from one interface through to the other ferromag- 
netic layer. The AFC medium is projected to find appli- 
cation in magnetic storage for many years to come. 

GMR PROCESSING-LITHOGRAPHY 

Fig. 1 indicated a 100% growth rate in areal density for 
magnetic recording since 1997, based on the use of GMR 
read sensors, in effect doubling this parameter every year. 

7 I I -, . IC Features . lC Gate 
lC General Head Features GMRw 

0.01 I , l I t I I I I I  

1980 1990 2000 2010 

Year of Production 

Fig. 12 Lithographic critical feature roadmap for GMR heads and semiconductor IC. (View this art in color at www.dekker.com.) 
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Fig. 13 Partial microphotograph of inductive write, GMR read head. (View this art in color at www.dekker.com.) 

This density increase in magnetic recording originates area or lithographic improvements. This is shown in 
from a shrinking in the bit cell area, which results from Fig. 12, where historical IC, general IC, and IC gate 
lithographic and processing improvements. This is in features are compared with historical magnetic recording 
contrast to the integrated circuit (IC) field in which the head, inductive write head width, and GMR element 
transistor count in an IC device doubles every 1.5 years length. The critical head dimensions, P2w (or write width) 
(roughly 60% growth rate). In the latter case, only about determines the track width and GMRw, the read width for 
one-third of this increase originates from a transistor cell the 

,v insulation layers 

- top yoke 

-top shield/ 
bottom yoke 

- GMR contacts 

GMR sensor "zero' throat 

Fig. 14 Thin film head, top view. (View this art in color at www.dekker.com.) 
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I I I I I '  undercoat alumina 
Iszero" throat - bottom yoke - first read gap insulator 

GMRsensor 1 1  contacts 
second read gap insulator 

top shiekllbottom yoke 

Fig. 15 Thin film head, side-section view. (View this art in color at www.dekker.com.) 

It is convenient to describe the fundamentals of sequence of patterning by application of photoresist, 
processing for both inductive write element and GMR masking and exposure operations (lithography), film 
read sensor, which are both integrated into a single read/ deposition, and localized material removal by etching to 
write structure. The actual head processing is similar to create the various layers and structures. In addition, the 
thin film integrated circuit processing, and consists of a use of lift-off operations, as well as highly directional 

Bottom Yoke or Shield I 2Ph+PI+ZDp+lPa=6 
Gads) I Ph+3Dp+Pa=5 . .  . 

Top Shield I 2Ph+P1+2Dp+lPa=6 
I 

SensorlStabilizationI 2Ph + 6Dp + 2Pa = 10 
Contacts 

Top Yoke 

Contacts, Studs, Pads 

Total Processes I 54 

a 

Fig. 16 Inductive write1GMR read process operations. (View this art in color at www.dekker.com.) 

Overcoat 1Dp+Pa=2 
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etching as special techniques for the control of vertical 
and horizontal dimensions of critical features, is required 
at these feature sizes and topographies. Fig. 13 is a top 
view microphotograph of the head structure and Fig. 14 
identifies the principal parts as seen from this view. It can 
be seen that only the overlying inductive write element is 
visible. In Fig. 15, the actual vertical structure is indicated, 
in which the GMR sensor is first formed by successive 
depositions followed by a series of insulators and metal 
films which comprise the inductive element. The total 
device structure consists of the order of 20 layers, ranging 
in thickness from as thin as 1-2 nm in the GMR sensor to 
3 4  pm for the pole tip of the inductive write element. 
Progressively higher areal densities were achieved by 
reducing both critical thicknesses and horizontal dimen- 
sions of the head structure in a process referred to as 
scaling. Over the past 10 years, areal density has increased 
by a factor of 400, which has required a GMR sensor 
thickness decrease of a factor of 10-15, the sensor width 
MRw decreased by a similar factor, and the inductive pole 
tip width P2w scaled down also by a similar factor. It can 
be projected that further areal densities increases, which 
are expected as the norm in magnetic recording although 
probably not retaining the previous 100% growth, will 
involve continual decreases in these critical dimensions 
well into the subnanometer range for vertical GMR 
dimensions, and into the submicrometer range for the 
horizontal dimension of P2w. 

An outline of typical processing operations for both 
inductive and GMR structures for the readwrite head is 
shown in Fig. 16. There are four fundamental, generic 
operations which involve specific equipment and process- 

resist 

es, and these are very similar to those employed in IC 
processes. Photo, involving the application of a photo- 
sensitive resist film and its subsequent exposure by a 
photo mask and UV light source; plating, or electroplat- 
ing, the formation of a relatively thick metal film by an 
electrolytic process (this operation usually requires the 
preformation of a metal seed film to complete the electric 
circuit prior to plating); deposition, usually referring to a 
vacuum sputtering operation in which very thin metal 
films are accurately formed with precise control of 
composition, magnetic orientation, and crystallographic 
structure; and finally, patterning, which denotes the 
formation of elements of the head by either subtractive 
etching or "a lift-off" process. The latter can be 
illustrated by an example of the formation of the inductive 
pole structure, or P2w, as shown in Fig. 17. This material 
removal technique is applied to maintain tight control of 
vertical walls of a very small horizontal pattern, which is 
usually of the order of pm thick, i.e., has a high aspect 
ratio of as much as 10:l. As soon as the seed layer is 
applied and resist pattern formed in Fig. 17, the thick P2 
NiFe film is electroplated. The center region is protected 
with a new field removal resist and exposed. 

After stripping this resist and etching both field film 
and seedlayer, the final pole region remains. The parti- 
cular topography of this P2 film originates from the re- 
quirement that the inductive yokes must encircle the 
copper coils and insulator layers, as shown in Fig. 15. 
This yoke topography for the head conforms to the 
multiple layers of polymers and coils, and the resulting 
head topography can be greater than 10 pm. "Zero 
throat" in this figure refers to the point at which the 

!edlayer, frame resist I) deposit seedlayer, frame resis 
and expose pattern 

2) electroplate P2 film 

anu expusr pattern 

2) electroplate P2 film 

3) strip frame resist, add new 
field removal resist and expose 

- 4) etch field film and strip 
resist 

5) remove seedlayer 

Fig. 17 Inductive head P2w processing. (View this art in color at www.dekker.com.) 
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inductive throat begins and is defined by the edge of one this structure. Subsequent processing and layers form the 
of the polymer insulators. inductive write element. 

GMR PROCESS 

For the formation of a GMR sensor, referring to Fig. 15, 
the GMR gap consists of two dielectric layers which 
electrically isolate the contacts and sensor from the 
surrounding shield and inductive element. Furthermore, 
these electrical contacts and sensor are connected via a 
contiguous junction process in which a degree of 
geometric overlapping results. The horizontal dimensions 
for MRw, as well as the previous example of frame plating 
for P2w, require a fine-line lithographic equipment and 
process to form the images. These sensor dimensions 
define a trackwidth capability on the disk and, as areal 
density evolves to increased levels, these dimensions 
become progressively smaller. The contiguous junction 
process uses a critical lithography step with about 1 pm 
thick resist to form this trackwidth by a similar process to 
P2w-the use of a resist mask to protect the active GMR 
region during the subtractive removal of sensor material to 
define the GMR dimensions. This etching process, shown 
in Fig. 18, is a resist structure which exhibits a reentrant or 
negative wall angle and, therefore, subsequent depositions 
of contact metal and hard bias stabilization films do not 
completely seal the resist edges. This allows the resist 
"stencil" to be removed in this lift-off process based on 
the exposure of the undercut region by the dissolving in 
the appropriate solvent. The stencil is actually floated 
away in this solvent, leaving the GMR sensor defined by 

FUTURE SCALING OF GMR 
NANOLAYER SENSORS 

As was previously indicated, areal density increases 
require further reduction in MRw by scaling of MRw in 
an evolutionary trend described in Fig. 6. The process 
challenge is to create submicrometer openings with a 
controlled undercut in the resist images. For example, if a 
future trackwidth is 0.3 pm, this would result in a 0.1-pm 
undercut, which also would be the base dimension of the 
resist structure overhang, a dimension that could reduce 
the structural integrity of this resist structure at its base. In 
addition, this overhang also determines the amount of 
contact to sensor overlap at the junction region, inferring 
that the read sensor trackwidth is fixed by both the image 
resist as well as control of the undercut. Future GMR 
sensor processing must address both image size in the 
resist, as determined by the exposure tool and process, as 
well as image profile in the resist. 

The above discussion addresses track density, but 
another important factor for future GMR structures is 
scaling of thickness of the GMR sensor to higher linear 
(bit) densities. The GMR sensor layer thickness must be 
decreased to allow it to be saturated by progressively 
smaller magnetic transitions originating from the disk. In 
addition, the shield separation above and below the GMR 
sensor is determined by two dielectric thicknesses-top 
and bottom. At today's areal densities of 40 ~blin.', shield 

ndercut resist lapr  
gmr sTsor a) image bilapr resist 

and create undercut 
or reentrant wall - MRw profile 

b) ion mill to form sensor 
trackwidth edges 

and contact 

d) liftoff to remove contact 
layers and resist 

Fig. 18 GMR head MRw processing. (View this art in color at www.dekker.com.) 
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separations are approximately 70 nm; and the films that 
comprise a GMR sensor, the NiFe free layer, spacer layer, 
pinned layer, and antiferromagnetic exchange layer are 
about 2, 2, 2, and 15 nm, respectively. The latter would 
not be expected to scale to a smaller thickness because this 
value is determined by antiferromagntic coupling to the 
pinned layer. Future areal density increases require that 
top and bottom insulating layers must be reduced to less 
than 25 nm, and that GMR free, spacer, and pinned films 
must all be less than 2 nm. It will be a challenge to dem- 
onstrate insulating layers with a high degree of electrical 
integrity. It does seem reasonable that this challenge will 
be met. 

POTENTIAL DESIGN CHANGES 
IN GMR SENSORS 

As future scaling requirements reduce the vertical dimen- 
sions of GMR sensors, a reduction in the width of this 
element can also be expected. It is proposed that there is a 
critical width dimension, as well as a critical NiFe 
thickness, where the GMR effect is reduced to a very low 
value, i.e., the ARIR of the sensor approaches a value 
where the resulting signal-to-noise ratio does not permit 
accurate reading of the data. One solution to this reduced 
GMR effect is to pass the sense electrical current normal 
to the sensor as opposed to a longitudinal direction, along 
the long axis of the element. This type of device, known as 
current perpendicular to the sensor's plane (CPP), is a 
significant excursion for today's current in-plane (CIP) 
GMR devices, and is being studied in many laboratories. 
A variation of this concept is to replace the metallic spacer 
with a very thin insulator, of the order of a few angstroms 
in thickness. In this structure, known as a tunnel valve or 
tunnel junction device, current carriers are able to tunnel 
through the thin insulator film when magnetizations on 
either side are parallel, and are prevented from tunneling 
in the antiparallel case. Preparing a very thin insulator that 
is pin hole-free is a significant process challenge. The CPP 
read device may become important as areal densities 
increase well beyond 100 Gb/in2. 

CONCLUSION 

The GMR nanotechnology was shown to enable large 
areal density increases in magnetic hard disk drives, which 
have occurred rapidly in the past 5-10 Based 
on the importance of magnetic storage to the computer 
age, a significant research-and-development effort is 

being maintained on a worldwide basis to enhance the 
read capability of GMR technology for higher areal den- 
sities, and this involves the exploration of new magnetic 
materials, scaling down sensor horizontal and vertical di- 
mensions, and finally, considering alternative structures 
based on today's GMR sensors. 
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INTRODUCTION 

The term "nanofiltration" (NF) generally refers to a class 
of pressure-driven membrane separation processes where- 
by nanometer- or larger-sized substances may be selec- 
tively removed from a carrier fluid. The name "nanofil- 
tration" is derived from two phrases. The prefix "nano" 
means 1 billionth. Hence, 1 nm has a value of m or 
10 A. The suffix "filtration" refers to a process whereby 
solutes are physically separated from a solvent by passing 
the solution through a semipermeable barrier or medi- 
um.[" The review that follows intends to introduce the 
reader to the basic concepts of nanofiltration separations, 
the material properties of NF membranes, the common 
applications of NF separations, the theory and models 
describing NF separation performance, and some perform- 
ance limitations. 

NANOFILTRATION BASICS 

Membrane processes are advanced filtration processes, 
which utilize separation properties of finely porous poly- 
meric or inorganic films and are used in a wide range of 
industrial processes to separate biological macromole- 
cules, colloids, ions, solvents, and gases. The development 
and application of membrane separation processes is one 
of the most significant recent advances in chemical, 
environmental, and biological process engineering. 
Membrane processes are commonly distinguished based 
on the main driving force, which is applied to accom- 
plish the separation. An overview of the driving forces 
and related membrane separation processes is given in 
Table 1 .['I 

Nanofiltration falls into the category of pressure-driven 
membrane processes, and it fills an important gap between 
ultrafiltration (UF) and reverse osmosis (RO). Ultrafiltra- 
tion processes are intended to remove all particles, 
colloids, and large macromolecules, while passing small 
macromolecules and dissolved substances. Reverse os- 
mosis membranes are designed to separate all dissolved 
solutes from their carrier solvent down to monovalent 
ions, dissolved metals, and organics above a few hundred 
daltons (Da). Nanofiltration was originally conceived to 

perform water softening (i.e., removal of divalent ions in 
water production), but more generally intends to remove, 
selectively, a particular solute (e.g., divalent ion) while 
allowing another solute (e.g., monovalent ion) to pass with 
the solvent through the membrane. Fig. 1 provides another 
perspective of various pressure-driven filtration processes 
and the substances they are intended to remove. 

In nanofiltration processes, a selective separation takes 
place across a semipermeable separation layer, which is 
formed over the top of a porous support. The driving force 
of the separation process is the pressure difference 
between the feed (retentate) and the filtrate (permeate) 
side of the separation layer of the membrane. The size of 
NF membrane pores in combination with the surface 
electrical properties allows divalent ions and uncharged 
solutes larger than a few thousand daltons to be highly 
retained, while monovalent ions and low-molecular 
weight organics are reasonably well transmitted. The 
nominal molecular weight cutoff for many commercially 
available nanofiltration membranes ranges from a few 
hundred to a few thousand dal t~ns.[~]  These characteristics 
make NF membranes extremely useful in the fractionation 
and selective removal of many dissolved solutes from 
complex process streams. Other advantages include high 
flux and low energy consumption (because of low 
operating pressure requirement), as well as reduced 
environmental impact compared with conventional pro- 
cesses such as evaporation and e~tract ion.~~'  

MATERIALS 

Nanofiltration membranes are characterized by pore 
diameters of about 5 A to 5 nm and operating pressure 
between 5 and 40 bars. Because they significantly reject 
many ions, NF membranes are often wrongly categorized 
as "loose RO" membranes. The most notable difference 
between RO and NF is the ability of NF to highly reject 
multivalent ions, while significantly passing monovalent 
ions. Another distinctive feature of NF membranes is their 
ability to reject uncharged, dissolved materials and 
positively charged ions according to the size and shape 
of the molecule in question. These selective separation 
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Table 1 Driving forces and their related membrane 
separation processes 

Driving force Membrane process 

Pressure difference Microfiltration, ultrafiltration, 
nanofiltration, reverse osmosis 

Chemical potential Pervaporation, dialysis, 
difference gas separation, liquid membranes 
Electrical potential Electrodialysis, 
difference membrane electrolysis 
Temperature Membrane distillation 
difference 

capabilities are directly related to the membrane mate- 
rial properties. 

It is widely known that retained organic and colloidal 
matter may adhere strongly to polymeric surfaces 
through non-covalent interactions-such as those arising 
from van der Waals, electrostatic, and acid-base prop- 
erties of the polymer materials-and cause severe 
performance de~ l ine . '~ - '~ '  Nanofiltration membranes of- 
ten become "fouled" by dissolved organic and colloidal 

matter, which is ubiquitous in many natural and indus- 
trial waters. Hence one of the challenges from a materials 
perspective is to create a membrane with optimal pore 
size, surface charge, and hydrophilic nature to effect a 
highly selective separation with low energy consumption, 
while minimizing the adhesion for fouling materials. 

The array of membrane materials to select from 
includes polysulfone, polyethersulfone, sulfonated poly- 
ethersulfone, cellulose acetate and its derivatives, poly- 
ethylene, polypropylene, polyvinyl alcohol derivative, 
polyamide, polyacrylonitrile, polyvinylidene fluoride, 
organo-mineral complexes, ceramic, alumina, and other 
metal  oxide^.['^-'^^ The polysulfone materials dominate 
UFMF applications for water and wastewater treatment, 
while contemporary ROINF membrane usage is almost 
entirely limited to polyamide-based thin-film composites. 
Although cellulose acetate (CA) technology predates 
other membrane types and remains relatively inexpensive 
to purchase and install, the use of cellulose acetate mem- 
branes has largely been displaced by polyamide thin-film 
composite membranes today. Across the range of possible 
materials, there are two basic material types: integrally 
skinned asymmetric layers and thin-film composites. 

Filtration S~ectrum 

Pressure 

68.9-27.6 

Microns 0.001 0.01 0.1 1 .o 

Fig. 1 Diagram known as the "filtration spectrum," indicating schematically the place of nanofiltration among other common 
pressure-driven filtration processes. (View this arf in color at www.dekker.com.) 
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Integrally Skinned Asymmetric Membranes 

Polymeric asymmetric membranes may be prepared 
through a phase inversion technique. Phase inversion 
is a process whereby a polymer is transformed in a 
controlled manner from a liquid to a solid state.[16' 
The cross section of an integrally skinned, asymmetric 
phase-inversion membrane is schematically illustrated in 
Fig. 2a. The most popular phase-inversion membranes 
may be constructed from cellulose acetate (CA), cellulose 
diacetate (CD), regenerated cellulose (RC), polysulfone 
(PS), polyethersulfone (PES), sulfonated PS or PES, 
polyacrylonitrile (PAN), or polyvinylidine fluoride 
(PVDF). Scanning electron microscope (SEM) images 
of PAN and PS membrane cross sections are presented 
in Fig. 2b and c, respectively. 

Polysulfone membranes formed by phase inversion are 
used as microfiltration or ultrafiltration membranes, or as 
the support layer upon which a thin-film composite RO 
or NF membrane is formed. However, because we have 
defined nanofiltration as a process by which nanometer- 
sized or larger-sized substances are removed from a liquid 
feed, any material used to perform such a separation may 
be considered a "nanofiltration membrane." A charac- 
teristic of the PS membranes is that an increasing degree 
of sulfonation correlates with increasing water permeabil- 

ity and salt r e j e c t i ~ n . [ ' ~ ' ~ ~ '  Dense-skinned phase inversion 
membranes composed of cellulosic materials typically 
function as reverse osmosis membranes. 

Organic Thin-Film Composite Membranes 

In 1978, efforts to improve the performance of "poly" 
membranes by Cadotte et a1.'2'1 yielded composite mem- 
branes having excellent combinations of high salt rejec- 
tion and water permeability. Cadotte et al.'s ideas were 
developed at FilmTec Corporation into a reverse osmosis/ 
nanofiltration membrane product designated as "FT30." 
The FT30 membrane is a thin-film composite membrane 
consisting of three layers: a polyester support web, a 
microporous (polysulfone) interlayer, and an ultrathin 
polyamide barrier (skin layer) on top. Fig. 3a provides 
a schematic illustration of a generic thin-film com- 
posite (TFC) membrane construction resembling that 
of FT30. 

There are several clones of the FT30 membrane that are 
now commercially available; some are made under license 
from FilmTec and others are made by other proprietq 
synthetic routes. The skin layer of NF membranes may be 
as thin as 50 nm in cross section up to several hundred 
nanometers. The composite structure of two commercial 
NF membranes can be seen in the field emission SEM 

Fig. 2 Cross-section illustration of (a) an integrally skinned asymmetric membrane, plus SEM cross sections of dense-skinned 
(b) polyacrylonitrile and (c) polysulfone membranes manufactured by GE-Osmonics Inc. Note: illustration in (a) was adapted from 
Ref. [60]. 
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Fig. 3 Cross-section illustration of (a) thin-film composite membrane, plus SEM cross sections of two commercially available 
polyamide membranes manufactured by (b) GE-Osmonics Inc. and (c) Dow-FilmTec. Note: illustration in (a) was adapted from 
Ref. [60]. 

images of Fig. 3b and c. The surface properties of TFC 
membranes have been studied extensively, largely in 
efforts to understand the role of surface properties on 
separation performance and fouling. In particular, studies 
focusing on surface chargelpotential, hydrophobicity, and 
roughness dominate the literature (see "Membrane Prop- 
erties and Performance"). 

large membrane surface area (such as water production or 
municipal wastewater treatment), so their use has been 
limited to specialty industrial ~ e ~ a r a t i o n s . ' ~ ~ ' ~ ~ '  

In principle, the cross-sectional structure of ceramic 
nanofiltration membranes has much the same look as or- 
ganic TFC membranes. Fig. 4 is an SEM photo of an 

Inorganic Thin-Film Composite Membranes 

Ceramic composite membranes have been used in a 
number of industrial separations. They are synthesized 
from dispersions of silica, titania, or other metal oxide 
nanoparticles that are forced to agglomerate on the surface 
of a similar metal oxide microparticle layer. After initial 
formation, the material is usually sintered at high 
temperature to form a continuous layer. The base material 
of construction makes ceramic membranes particularly 
well suited for treating high-temperature or acidiclcaus- 
tic wastewaters, as well as for high-fouling industrial 
streams. The extreme heat tolerance and chemical re- 
sistance of ceramics allows repeated cycles of use, 
cleaning with harsh physical or chemical treatments, and 
reuse that are unachievable with polymeric membrane 
materials. However, to date, ceramic membranes are 
much too expensive to be used in applications requiring 

Fig. 4 Scanning electron microscope image of ceramic com- 
posite membrane showing three distinct layers of Ti02 nano- 
particle construction: dense skin layer over top of nanoporous 
support and microporous structural support layers. 
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experimental thin-film composite ceramic membrane a structural base formed from much larger T i02  parti- 
(courtesy of Marc Anderson of the University of Wiscon- cles. One of the current goals in ceramic membrane ma- 
sin). There are three distinct layers. A thin film comprised terial research and development is to create a membrane 
of small titanium dioxide (Ti02) nanoparticles, a middle with UF-like permeability, but NF-like selectivity. This 
support layer made from larger T i02  nanoparticles, and may be achieved by taking advantage of nanoparticles 

Membrane - support plate - membrane assembly 

&- Permeate 

Permeate 

Potting resin 
(4 

Fig. 5 Schematic representation of the four principle membrane modules: (a) plate-and-frame; (b) spiral-wound; (c) tubular; 
(d) hollow-fiber. (From Ref. [61].) 
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with high surface charge density sintered to maintain 
more open pore structures than the pores in polymeric 
NF membranes. 

Table 2 Overview of nanofiltration applications in 
various industries (From Ref. [ 2 ] )  

Industry Application 

Water production 
Nanofiltration Element Design 

Membrane modules are available in spiral-wound, plate- 
and-frame, hollow-fiber, and tubular configurations as 
depicted in Fig. 5. Almost all NF membranes used today 
employ the spiral-wound configuration. In a spiral-wound 
element (SWE), the membrane leaves are sealed and 
wrapped around a permeate collection tube. An open mesh 
spacer separates the active layers of membrane material 
on the feed side, while a similar spacer lies between the 
backsides of the membranes and serves as a channel for 
the treated water to travel to the permeate collection tube. 
A significant amount of research was performed in the 
past to optimize the design of feed spacers used in SWEs, 
and the currently available elements perform quite well. 
Generally, a thicker feed spacer is used for high fouling 
waters to prevent clogging of the channel cross section, 
which can result in a significant tangential pressure drop. 

Food 

Textile and paper 

APPLICATIONS 

Currently, the reduction of hardness (i.e., c a 2 +  and M ~ ' + )  
and dissolved organics from water are among the most 
important applications for nanofiltration membranes. 
However, the selective properties of NF membranes make 
them suitable for a wide array of unconventional ap- 
plications. An important example is recovery of heavy Chemical 
metals (e.g., Ni, Fe, Cu, Zn, etc.) and reclamation of 
wastewaters from metalworking plants and textile mills. 
More recently, NF membranes have been adopted for use 
in the biotechnology and pharmaceutical industries for 
purification of small bioactive organic molecules such as 
antibiotics or separation of small organic components 
from biological liquids (e.g., lactic acid separation from 
fermentation broths, amino acid removal from protein 
hydrolysates, or removal of organics from municipal 
wa~tewater).'~' ~ i m m e r ' ~ '  provided a concise summary of 
the various applications for nanofiltration membranes that 
have been reported to date. This summary has been re- 
produced in Table 2. 

Agriculture 
PERFORMANCE 

The performance of nanofiltration membranes is defined 
by solvent and solute permeability, as well as fouling 
resistance. The summary that follows considers the roles 

Recovery of LiOH during 
treatment of battery waste 
Removal of degreasing 
agents from water 
Removal of precursors of 
disinfection byproducts 
Hardness removal 
Removal of natural organic 
matter (a.0. color) 
Removal of pesticides 
Removal of heavy metals 
(As, Pb), Fe, Cu, Zn, and silica 
Treatment of brackish water 
Demineralization of whey 
Demineralization of sugar solutions 
Recycle of nutrients i n  
fermentation processes 
Separation of sunflower oil from solvent 
Recovery of cleaning-in-place solutions 
Recovery of regeneration liquid 
from decoloring resins in sugar industry 
Effluent treatment 
Purification of organic acids 
Removal of dyes from wastewater 
Removal of amino acids 
Recovery of water and salts 
from wastewater 
Recovery and reuse of chromium(1II) 
and chromium(I1) 
Recovery of water from wastewater 
or wastewater treatment effluent 
Recovery of bleaching solution 
Sulfate removal preceding chlorine and 
NaOH production 
C02 removal from process gasses 
Preparation of bromide 
Recovery of caustic solutions in 
cellulose and viscose production 
CaS04 precipitation 
Separation of heavy metals from 
acid solutions 
Removal of metal sulfates 
from wastewater 
Cleaning of machine rinsing solutions 
Removal of nickel 
Recovery of Cu-ions from ore 
extraction liquids 
A I ~ +  removal from canning 
industry wastewater 
Removal of phosphate, sulfate, 
nitrate, and fluoride 
Removal of algal toxins 
Purification of landfill leachate 
Removal of selenium from 
drainage water 
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of membrane material properties, operating conditions, 
and fouling, but begins by defining NF performance and 
the fundamental mechanisms governing NF mem- 
brane separations. Finally, mechanisms of NF mem- 
brane fouling are discussed and the role of membrane 
material properties on separation performance and fouling 
is reviewed. 

Defining NF Separation Performance 

When an external pressure is imposed on a liquid adjacent 
to a nanofiltration membrane, the liquid will flow through 
the membrane in proportion to the applied pressure. 
Liquid flow through a NF membrane is described as a 
solvent flux (J,) ,  which is given by a Darcy-type relation 
such as 

in which Apeff is the effective trans-membrane pressure, p 
is the permeate viscosity, and R,,, is the total hydraulic 
resistance toward solvent flow. 

Dissolved solutes also flow toward the membrane by 
the convective flow of their carrier solvent. If the 
membrane inhibits transport of the solute, it will be 
retained at the feed side of the membrane. The distribution 
of a noncharged solute at the membrane I solution 
interface is determined by steric exclusion. Because of 
its size, a solute only has access to a fraction of the total 
surface area of a pore, and a separation between multiple 
solutes can only be accomplished if the solutes are 
different in ~ i z e . ' ~ . ' ~ , ~ ~ ]  

For charged solutes, two additional distribution 
mechanisms contribute to the separation. First, Donnan 
exclusion has a pronounced effect on the separation of 
charged solutes by NF membranes. Because of the slightly 
charged nature of the membrane, solutes with an opposite 
charge compared with the membrane (counterions) are 
attracted, while solutes with a similar charge (co-ions) are 
repelled. At the membrane surface, a distribution of co- 
ions and counterions will occur, thereby causing an 
additional separation. Second, because of the charge of the 
membrane and the dipole momentum of water, water 
molecules may exhibit polarization in the pore.1251 This 
polarization results in a decrease of the dielectric constant 
inside the pore, thereby making it less favorable for a 
charged solute to enter. However, even in a situation that 
the dielectric constant inside the pore is equal to that of 
water, a change in electrostatic free energy of the ion 
occurs when the ion is transferred from the bulk into the 
pore,L261 which can also cause ion exclusion. 

After the solute distributes at the membrane I solution 
interface, it is transported through the membrane by 
convection and diffusion. At the permeate side, a second 

distribution process occurs, which determines the perme- 
ate concentration. The actual, or intrinsic, rejection by a 
nanofiltration membrane is given by 

CP R , = 1 - -  
c m  

( 2 4  

where Cp is the permeate solute concentration and C, is 
the membrane surface solute concentration. However, 
there is no accurate method of determining the actual 
membrane surface solute concentration. Because the feed 
and permeate solute concentrations can be measured, the 
solute retention is typically described by 

where R, represents the observed solute retention and Cb 
represents the bulk salt concentration. Retained solutes 
accumulate at the membrane surface in a concentrated 
layer and thus diffuse back into the bulk in proportion to 
the concentration gradient, and hence a concentration 
profile develops. This phenomenon is called concentra- 
tion polarization. 

The performance of NF membranes has been studied 
extensively in terms of membrane properties, operating 
conditions, module geometry, and treatment train config- 
uration. Of considerable importance are the influences of 
membrane filter geometry and crossflow hydrodynamics 
on concentration polarization (CP). Concentration polar- 
ization influences nanofiltration performance via two 
mechanisms. First, CP enhances the passage of retained 
solutes by increasing the chemical potential gradient 
driving diffusive transport through the membrane, and 
second, elevated salt concentrations at the membrane sur- 
face reduce electrostatic forces that originate from the 
membrane surface charge and which tend to reduce foulant 
deposition. Accumulation of a fouling deposit layer on the 
membrane surface creates an additional hydraulic resist- 
ance to permeation (over that of the membrane alone) and 
enhances concentration polarization.127~28' 

Solute Transport Model 

Determining the significance of various solute transport 
mechanisms-diffusion, convection, and electromigra- 
tion---on NF membrane performance is most rigorously 
accomplished by coupling a model of solute transport 
through the membrane based on the extended Nernst- 
Planck (NP) equation with a CP model based on the con- 
vective-diffusion equation.r291 However, knowledge of 
the actual charge density of the membrane pores is re- 
quired to make appropriate use of the NP model, and this 
is rather difficult to determine for real membranes. In 
addition, a cumbersome numerical scheme is required to 
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solve the set of equations that result from coupling the 
local NP model with a local CP model based on the 
solution of the convection-diffusion equation. Coupling 
the solution-diffusion model and a simple mass transfer 
model (film theory) provides a reasonable and analytical 
solute transport and CP While the applica- 
tion of a stagnant film model to membrane separations 
may be debated, the model provides quite reasonable 
prediction of NF separation performance. 

The starting point for the mathematical description of 
NF membrane performance is the solution-diffusion 
model. The model assumes that solute permeation is 
driven by the gradient in chemical potential of the solute 
across the membrane.r301 Thus the flux (J) of an individual 
component (i) is represented mathematically by 

where dpi/dx is the gradient in chemical potential of 
component i and Li is a coefficient of proportionality 
linking this chemical potential driving force with flux. 
The chemical potential is written as 

where ci is the molar concentration of component i, y i  is 
the activity coefficient linking concentration with activity, 
p is the pressure, and vi is the molar volume of component 
i. Following the applicable assumptions for reverse 
osmosis, the combination of Eqs. 3 and 4 leads to a 
Fick's law type of relation that is ultimately reduced to 

where B is the solute permeability of the membrane.[301 
When the transport equation is expressed in terms of 
solvent flux (J,), the equation is generally written as 

J, = A ( A P  - An,) ( 6 )  

where A P  is the applied pressure and Anm is the 0s- 
motic pressure at the membrane surface because of 
concentration of rejected ionic species at the surface of 
the membrane. The parameter A is the pure solvent 
permeability of the membrane, which is the inverse of the 
intrinsic membrane resistance, R,. 

Solute Concentration Polarization Model 

The buildup in concentration of rejected solutes at the 
membrane-liquid interface results in the formation of a 
concentrated mass boundary ("film") layer, called the 
salt concentration polarization layer. At steady state, the 
solute flux through the film is constant and is related to 
the solvent flux through the membrane (J,) via the fol- 

lowing one-dimensional, steady-state mass balance within 
the film layer: 

where C is the local solute concentration, D is the solute 
diffusivity, Cp is the solute permeate concentration, and y 
is the distance normal to the membrane surface.[311 
Integrating over the solute concentration polarization 
layer thickness (6,) with the appropriate boundary con- 
ditions (y = 0, C = C,; y = 6,, C = Cb) results in the classic 
film theory equation, 

where C, is the membrane surface solute concentration, 
Cb is the bulk solute concentration, C, is the permeate 
solute concentration, and the ratio of solute diffusivity (D) 
to the solute concentration polarization layer thickness 
(6,) is set equal to the solute mass transfer coefficient (k). 
This expression can be rearranged to provide a direct 
calculation of the concentration polarization factor (C,l 
Cb) as 

For laminar flow in a thin rectangular channel, the 
mass transfer coefficient is often related to a Sherwood 
number (Sh) through a relationship such as 

where Re is the Reynolds number, Sc is the Schmidt 
number, dh is the channel hydrodynamic diameter, and 
L is the channel length.[30-321 By expanding the indi- 
vidual components, 

Eq. 10 can be rearranged to reveal the mass transfer 
coefficient's dependence on flow rate, channel geometry, 
and solute type via 

Here yo indicates the wall shear rate, which is defined by 
yo = ~ Q ~ w H ~ ,  where Q is the volumetric feed flow rate, 
W is the crossflow channel width, and H is the channel 
height.[321 From Eq. 12a, it becomes clear that the mass 
transfer coefficient represents the velocity with which a 
solute migrates away from the membrane surface (back 
into the bulk) as a function of solute diffusivity, tangential 
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convection, and filter geometry. This explains the en- 
hanced performance obtained from optimizing channel 
geometry and crossflow hydrodynamics. 

An alternative solute mass transfer coefficient has been 
derived for laminar flow through thin-rectangular channel 
with a turbulence promoting feed spacer, such as is used in 
a nanofiltration spiral-wound element, the mass transfer 
coefficient may be written as 

where v is the kinematic solution viscosity. Rearranging 
the film theory equation provides an estimation of the 
trans-membrane osmotic pressure. The resulting expres- 
sion is 

An, = CbRTR,exp - (3 
Thus osmotic pressure is directly proportional to bulk 
solute concentration, solute rejection, solvent flux, and 
solute mass transfer. More importantly, An,, R,, Cb, and J 
can be measured experimentally, so the effective mass 
transfer coefficient can easily be determined and com- 
pared with prediction by Eq. 13. 

Fouling and Nanofiltration Performance 

Most municipal, industrial, and natural waters contain 
complex mixtures of dissolved, macromolecular colloidal, 
and particulate matter. Conventional processes used to 
pretreat NF feed waters fail to remove submicron colloids, 
macromolecules and dissolved matter. This matter accu- 
mulates at the membrane surface and results in severe 
performance decline-a phenomenon known as fouling. 
Fouling of N F  membranes may result in loss of both sol- 
ventflux and solute retention. A review of fouling studies 
reveals that the foulants of greatest concern for nanofil- 
tration (NF) separations are colloidal matter consisting of 
organics, silica, clays, metal oxides (specifically iron and 
manganese), and microorganisms.[33421 Fouling may be 
further categorized into reversible and irreversible foul- 
ing. Flux and solute retention may decline because of 
solution chemistry effects, concentration polarization, or 
colloid cake layer formation. The original membrane 
performance may be recovered by simply flushing the 
membrane with clean water, and hence these types of 
fouling are considered reversible. Irreversible fouling is 
defined as a decline in performance that can only be re- 
covered through harsh chemical cleaning, but often only 
partially recovered. Frequent chemical cleaning of mem- 
branes degrades polymeric thin films, and hence reduces 
the life span of membranes in many applications. Further- 

more, it decreases process efficiency because of the re- 
duced flux and enhanced solute passage, requiring higher 
applied pressures and larger membrane area. This makes 
fouling a very important parameter in process design. 

Fouling Mechanisms and Models 

Interactions between accumulated dissolved and colloidal 
matter at a NF membrane surface result in several po- 
tential fouling mechanisms. Fouling by dissolved organics 
and sparingly soluble salts is difficult to describe 
quantitatively, but colloidal fouling is better understood. 
Because colloids fall within the approximate size range of 
10 nm to 10 pm and NF membrane "pores" are no more 
than a few nanometers in diameter, pore-blocking 
mechanisms are considered negligible. Thus the major 
fouling mechanisms discussed below include the hydrau- 
lic pressure drop across the foulant deposit (cake) layer 
and enhanced osmotic pressure effects, which were 
recently shown to be the predominant fouling mechanism 
for RO and NF membranes.'281 Most practical nanofiltra- 
tion processes operate with a constant flux, so this con- 
vention will be used to describe fouling mechanisms. The 
objective is to be able to describe the transient applied 
pressure required to maintain a constant flux in light of 
the various transient mechanisms of fouling. 

The total system pressure is a combination of the trans- 
membrane hydraulic (Ap,), the trans-membrane osmotic 
(An,), and the trans-cake hydraulic (Ap,) pressure drops 
and may be expressed mathematically as 

The trans-membrane hydraulic pressure drop is deter- 
mined by rearranging Eq. 1 to obtain 

Hence by analogy, the trans-cake hydraulic pressure drop 
may be described from 

where R, is the hydraulic resistance offered by the cake 
layer to the pure solvent. 

The cake resistance may be described through the 
Carman-Kozeny equation, as a function of specific cake 
resistance (per unit thickness) and cake layer thickness, 

or specific cake resistance (per unit mass) and cake layer 
mass per unit membrane area, 
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Here E is the cake layer porosity, df represents the nominal 
foulant diameter, and pf is the nominal foulant particle 
density. In most existing models, it is assumed that the 
specific cake resistance is constant in time and across the 
cake layer thickness and only the foulant layer thickness 
(or mass) changes with time. 

It was recently experimentally demonstrated that diffu- 
sion of rejected salt ions was hindered within colloid de- 
posit layers formed over nanofiltration  membrane^.[^^.^^' 
In addition, it was suggested that tangential flow may be 
hindered within a foulant deposit layer, further reducing 
solute mass transfer within the deposit layer. The result 
was elucidation of a single mechanism-"cake-enhanced 
concentration polarization"-capable of describing the 
majority of observed flux decline, as well as the observed 
decline in salt rejection because of colloidal fouling of NF 
(and RO) membranes. 

The overall mass transfer coefficient was considered 
the sum of two mass transfer coefficients, one describing 
salt back-diffusion from the membrane surface through 
the cake layer, and one through the remainder of the salt 
CP layer. Incorporating the hindered mass transfer 
coefficient into Eq. 13 yields 

where An& is termed the "cake-enhanced osmotic 
pressure." 

The term in parentheses in Eq. 18 is derived by 
considering a thin cake layer, in which the tangential 
flow field is stagnant within the cake, and it represents 
diffusion through the cake and into the This 
concept is illustrated in Fig. 6. The reduced salt diffusivity 

Fig. 6 Conceptual illustration of enhanced concentration po- 
larization because of foulant accumulation in crossflow nano- 
filtration. The bulk tangential flow velocity, Uo, and the salt ion 
diffusion coefficient are critical parameters in determining mass 
transfer in the salt concentration polarization layer. Tangential 
flow and salt ion back-diffusion may be locally hindered in the 
presence of a foulant deposit layer, thus enhancing the mem- 
brane surface salt concentration and trans-membrane osmotic 
pressure. (View this art in color at  www.dekker.com.) 

in the cake layer is expressed as ED&, with the 
tortuosity, t, being approximated as 1 - 1 n ( ~ ~ ) . [ ~ ~ ~ ~ ~  Note 
that in the absence of a foulant deposit layer, Eq. 18 
reduces to Eq. 13 as the term in brackets reduces to JJk .  

Combining the trans-membrane hydraulic, trans-cake 
hydraulic, and (cake-enhanced) trans-membrane osmotic 
pressure drops allows direct estimation of the total applied 
pressure needed to maintain a constant flux as a function 
of increasing deposit thickness. Of course, a priori 
knowledge of potential foulants is not always possible, 
which makes prediction of fouling phenomena difficult 
without some experimentation or pilot testing. Further- 
more, physical or chemical polydispersity of foulants in 
many NF applications makes rigorous prediction of 
fouling behavior practically impossible. Perhaps the most 
important implication of enhanced concentration polar- 
ization is that an elevated solute concentration at the 
membrane surface may enhance solute transport through 
the membrane. Therefore, fouling can have severe con- 
sequences for NF separations subject to permeate water 
quality regulation if the separation is not designed with 
consideration of fouling. 

Membrane Properties and Performance 

Nanofiltration membranes may be constructed of any 
number of polymeric organic or inorganic materials, but 
they most commonly appear as polyamide thin-film 
composites. Commercially available polyamide NF mem- 
branes have charged, reasonably hydrophilic surfaces, 
which naturally repel co-ions, and to maintain electro- 
neutrality at the membrane / solution interface, counter- 
ions are also prevented from passmg through the 
membrane. The degree of ion exclusion increases with 
increasing co-ion valence because of increased electro- 
static repulsion by the membrane. However, the degree of 
ion exclusion also decreases with increasing counterion 
valence because high valence counterions tend to screen 
out membrane surface charge. Moreover, high electrolyte 
concentrations cause the membrane charge to be more 
effectively shielded by the counterions, thus reducing the 
selectivity of the membrane.[481 The rejection of sodium 
chloride with NF varies from 0% to 50% according to the 
feed concentration and electrolyte composition. 

Hirose et suggested an approximately linear 
relationship between membrane surface roughness and 
permeate flux for cross-linked aromatic polyamide TFC 
membranes, where permeability increased with increasing 
surface roughness. The linear relationship was attributed 
to surface unevenness of the TFC membrane skin layer, 
which resulted in enlargement of the effective membrane 
area. This is the explanation offered b j  most membrane 
manufacturers. However, Kwak et al.'151 showed that 
substitution of bisphenol biphenyl rings with either methyl 
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or halogen strongly influenced rejection and permeability 
of aromatic polyester TFC membranes. Higher flux and 
lower rejection were associated with the smoother 
membrane surfaces obtained from methyl substitution, 
while lower flux and higher rejection were associated 
with the rougher membrane surfaces resulting from halo- 
gen substitution. 

Additional work by Kwak and ~ h m , ' ~ ~ '  coupling 
nuclear magnetic resonance (NMR) spectroscopy and 
atomic force microscopy (AFM), showed an important 
relationship between proton spin-lattice relaxation times 
and permeability, regardless of surface morphological 
features. This indicates that membrane morphology 
(especially the increased surface area because of rough- 
ness) is not solely responsible for the low-pressure, high- 
flux performance of polyamide membranes. In fact, it 
suggests that the structure and thickness of the thin-film 
polymer network determine membrane permeability. 

Membrane Properties and Fouling 

Physical and chemical properties of NF membranes (i.e., 
permeability, salt retention, "pore" size, etc.) control 
the rate and extent of colloidal f o ~ l i n ~ . [ ' ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~  Th e 
high hydraulic resistance of NF' membranes enables 
substantial foulant deposit layers to form before fouling 
is detected, and rejection of ionic solutes exacerbates 
fouling by screening electrostatic interactions.[431 Other 
recent studies suggest that membrane surface proper- 
ties also influence fouling resistance of NF mem- 
branes.[6.10.12, 13, I5,16,49-5'1 Several investigations of NF 
membrane fouling have explored the roles of membrane 
pore size, surface roughness, electrokinetic surface prop- 
erties, membrane hydrophobicity/hydrophilicity, and spe- 
cific chemical f u n ~ t i o n a l i t ~ . ~ ~ ' - ~ ~ ~  Various analytical 
techniques have been employed for evaluating specific 
physical and chemical surface properties of membranes, 

Fig. 7 Field-emission scanning electron microscope (FESEM) images of two commercially available nanofiltration membranes with 
RMS roughness values of (a) 12.8 nm and (b) 56.5 nm taken from Ref. [43]. Additional (a) and (b) membrane properties include zeta 
potentials of - 18 and - 25 mV (at 10 mM and pH 7),  pure water contact angles of 5 1.9 and 5 1.7, hydraulic resistances of 3.26 x 101° 
and 3.13 x 10" Pa slm, and salt rejections of 35% and 83% (at 30 gallons per square foot of membrane per day, gfd, and 10 rnM NaCl), 
respectively. Field-emission scanning electron microscope images of fouled NF membranes in (c) and (d) show the membranes from (a) 
and (b), respectively, accumulate different amounts of colloidal foulants when the same feed suspension was filtered through the 
membranes under identical operating conditions. The membrane in (b) with significantly rougher and more negatively charged surface 
appears to attract a thicker deposit layer of 100 nm silica colloids than the smoother membrane in (a). 
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including Raman spectroscopy (structure),[131 electron 
spin resonance (solute mobility in membrane polymer 
matrix and pores),['31 AFM, SEM, and TEM (surface 
morphology, structure, and pore size),"0s'33'57'6750,549551 
streaming potential (membrane surface zeta poten- 
tia1),'563571 NMR spectroscopy (permeability),r501 (hydro- 
phobicity) contact angle,[I8] and X-ray photoelectron 
spectroscopy (XPS, surface chemical functional 
groups).[58,591 

Field-emission scanning electron microscope (FESEM) 
images of two commercially available nanofiltration 
membranes are shown in Fig. 7. The two membranes 
exhibit RMS roughness values of (a) 12.8 and (b) 56.5 nm 
(taken from Ref. [43]). Additional properties of mem- 
branes (a) and (b) include zeta potentials of - 18 and - 25 
mV (at 10 mM and pH 7), pure water contact angles of 
51.9 and 51.7, hydraulic resistances of 3 . 2 6 ~  10" and 
3.13 x 10'' Pa dm, and salt rejections of 35% and 83% (at 
30 gfd and 10 mM NaCl), respectively. Field-emission 
scanning electron microscope images in Fig. 7c and d 
are of the membranes from (a) and (b), respectively, after 
filtration of identical 200 mgL  suspensions of 100-nm 
spherical silica colloids in a 10 rnM NaCl solution. 
Different masses of colloidal foulants accumulate on the 
membrane surfaces even when operating conditions (i.e., 
flux, crossflow, temperature, etc.) were constant. 

It is not entirely clear why these membranes attract 
different amounts of the colloidal foulant. It has been 
suggested that subtle differences in physicochemical sur- 
face properties and salt rejections may control the initial 
rate of deposition.[101 Differing salt rejections will yield 
different membrane surface salt concentrations (all other 
conditions being equal), and thus repulsive electrostatic 
interactions are suppressed creating more favorable con- 
ditions for foulant deposition. In this case, the membrane 
in (b) and (d) had higher salt rejection, which may have 
countered the slightly greater membrane zeta potential. It 
has also been suggested that membrane surface roughness 
may decrease electrostatic repulsive interactions, further 
enhancing colloidal foulant deposition. 

CONCLUSION 

Nanofiltration separations are performed in many indus- 
tries and for many applications. The key material 
properties of nanofiltration membranes are their selectiv- 
ity, which may derive from various combinations of size, 
charge, and dielectric exclusion. The most common 
nanofiltration membranes are comprised of a thin, dense 
polymer film polymerized over the top of a porous mem- 
brane cast on a fabric support. The most common nano- 
filtration module type is the flat-sheet, spiral-wound 
element design. The performance of NF separations is 

defined by the solvent permeability and the difference 
between various solute permeabilities. Fouling is a major 
concern in most industrial and water treatment applica- 
tions of nanofiltration separations because it leads to 
higher operating costs, deterioration of NF thin films, and 
decreased selectivity. Overall, nanofiltration separations 
offer low-cost, environmentally friendly, semiselective 
separation capability for a host of applications and are a 
promising nanotechnology. 
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Nanolithography: Length-Scale Limitations 
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INTRODUCTION 

Lithography is one of the fundamental technologies by 
which nanoscale patterns required for the fabrication and 
integration of nanodevices are generated. Lithographic 
requirements are becoming increasingly severe. In the 
semiconductor industry, the past three decades have seen 
the critical length-scales of component devices decrease 
by several orders of magnitude, from 15 pm in the case of 
the first integrated circuit, to less than 130 nm routinely 
obtained today. The phenomenal rate of decrease in size 
seems to reach the limitation of conventional optical 
lithography. The exposure wavelength, photoresist per- 
formance, and equipment determine the lithography 
limitation. The size of the constituent atoms imposes a 
fundamental limit on the minimum length scale that can 
be ultimately attained. This article first provides an 
overview of the fundamentals of optical lithography. It is 
shown how minimum attainable device dimensions are 
intimately related to the wavelength of light used. Then, 
several techniques under investigation for further enhanc- 
ing the resolution of this workhorse of the microelec- 
tronics industry are described. As the options available to 
industry are not all "optical," the discussions cover the 
various nonoptical lithographic techniques currently 
being explored. 

TECHNOLOGY OVERVIEW 
OF LITHOGRAPHY 

Fig. 1 illustrates how the lithographic options vary as the 
critical device dimension decreases, and provides esti- 
mates of the timescales on which decisions may need to be 
made regarding which options to adopt.['] Optical lithog- 
raphy technology has been traditionally used by reducing 
wavelengths of light sources from mercury lamps to ex- 
cimer lasers such as KrF and ArF excimer lasers, and 
probably F2 and Ar2 lasers in the future. Phase shift masks 
(PSM) and immersion configuration can extend the reso- 
lution limit for each optical lithography. Extreme ultra- 
violet (EUV) of wavelengths ranging from 11 to 14 nm is 
used as extension of the optical method. Nonoptical li- 
thography with proximity X-ray (PXL), electron beam 
(EBL), and ion beam (IPL) have a potential for finer pat- 
terns (as opposed to those produced via optical inethods) 

because of their shorter wavelengths. Electron-beam pro- 
jection lithography (EPL), which uses mask projection 
technique, projects to be most promising. However, elec- 
tron beam direct writing (EBDW) has a drawback on its 
throughput. Nanoimprint is a simple technique just like 
paper printing. A shift by the microelectronics industry to 
any nonoptical lithographic technique will require the in- 
troduction of a new infrastructure of tools, materials, and 
processing technologies, resulting in huge research and 
development costs. 

PROJECTION OPTICAL LITHOGRAPHY 

Key elements of a practical lithographic system are essen- 
tially the same for all technologies--optical and nonop- 
tical. As shown in Fig. 2, they include the following: 1) A 
set of "masks" containing the patterns of components to 
be fabricated in and/or on the substrate, the tools for 
making the masks, and the metrology for ensuring precise 
dimensions and pattern overlay. 2) An energy source (e.g., 
a light source) for transferring the pattern from a mask to 
the substrate. 3) A medium-known as a "photoresist" or 
"resistu-for recording the pattern on the substrate fol- 
lowing exposure to the source, and which allows sub- 
sequent processing of material in and/or on the underlying 
substrate. 4) Procedures for reliable detection of pattern 
defects, which clearly becomes more challenging as the 
critical dimensions decrease. The lithographic process- 
especially projection optical lithography-is closely re- 
lated to the developing process in print photography, 
where the photographic negative plays the role of the 
mask, and the photographic emulsion on the print is 
the resist. 

Resolution Limits 

The resolution limit in conventional projection optical 
lithography is largely determined by the well-known 
Rayleigh's equation. The resolution (minimum resolvable 
feature) R and the corresponding depth of focus (DOF) are 
given by the following:[21 

R = kli/NA 

DOF = ~ ~ J . / N A '  
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First year of device production 

Fig. 1 Technology options of lithography 

Here jl is the exposure wavelength, NA is the numerical compares the required minimum feature size and the 
aperture of the optical system, and k ,  and k2 are constants wavelength of the exposure light. At the beginning of the 
that depend on the specific resist material, process introduction of the projection system, the required 
technology, and image-formation technique used. Fig. 3 minimum feature size was relatively large compared to 
shows the evolution of projection optical lithography. It the wavelength of the exposure light. Then low-NA lens 
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Fig. 2 Principle of lithography. (View this art in color at www.dekker.com.) 



Nanolithography: Length-Scale Limitations 2415 

Limit of Projection 1 
iri 
~r Lithographi with 

High NA :- 112 

E .- 

- - 
1970 1980 1990 2000 2010 

Year 

system was used. However, as the miniaturization 
requirement of the semiconductor devices is faster than 
the reduction rate of the wavelength of exposure light, 
higher resolution was required. Therefore, to obtain higher 
resolutions, shorter-wavelength light and lens systems 
with larger numerical apertures are required. In general, 
the minimum feature size that can be obtained is almost 
the same as (or slightly smaller than) the wavelength of 
light used for the exposure, for which one needs a 
relatively large numerical aperture (typically 20.5). In 
such high-NA lens systems, the depth of focus becomes 
very small, and so the exposure process becomes sensitive 
to slight variations in the thickness and absolute position 
of the resist layer.'" The smaller the depth of focus, the 
more rapidly a focused beam diverges on moving away 
from the focal point. With the recent introduction of a 
"chemical mechanical polishing" technology, the topo- 
graphic variations of substrate surfaces have been re- 
duced, making it possible to use extremely large NA 
systems; however, the margin for error becomes extreme- 
ly small under such high-NA exposure conditions. 

Fig. 3 Trend minimum feature size and exposure wavelength Enhancement 
for optical lithography. Practical resolution limit is reduced to 
approximately half of wavelength with extremely higher NA and TO improve the resolution of an optical lithography system 
resolution enhancement techniques. Miniaturization exceeds the without introducing other impractical constraints (on, e.g., 
wavelength reduction trend for ULSI manufacturing. (View this wafer smoothness), several resolution-enhancement strat- 
art in color at www.dekker.com.) egies were Fig. 4 shows a schematic view of 
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Fig. 4 Schematic view of exposure optical system and various resolution enhancement technologies for each stage of the system. 
(View this art in color at www.dekker.com.) 
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Fig. 5 Grating pattern image formation. (View this art in color at www.dekker.com.) 

a typical projection optical-exposure system. Such a 
system consists of several subsystems, and resolution- 
enhancement ideas can be applied at various points. These 
may take the form of modified illumination at the light 
source, phase shifting of the wave front in the mask plane, 
andlor filtering with an aperture (pupil) at the projection 
lens. Some basic ideas of resolution enhancement are 
illustrated in Fig. 5, which compares image formation in: 
a) the conventional setup with b) phase shifting and 
c) modified illumination. 

Consider the case when the image on the mask is a 
simple grating. In the conventional system (a), several 
diffracted light rays are generated by the grating. Zero-th 
order light proceeds straight through the system, and 
several rays of higher order are generated with diffraction 
angles of 8 (first order), 28 (second order), 38 (third order) 
and so on, with 8- Wa for small 0 (where a is the grating 
periodicity). Near the resolution limit, only the zero-th 
order and first-order rays pass through the lens pupil. Now 
consider case (b), where the phase of the light passing 
through the grating mask is modified to have a periodicity 

Fig. 6 shows an example of resist patterns formed by 
using KrF (248 nm) light and a phase shift mask: struc- 
tures having half the wavelength of the exposure light 
are clearly visible. 

Next, we consider oblique (or off-axis) illumination, as 
shown in (c). Zero-th order light no longer passes through 
the center of the pupil, but at an angle to the vertical. The 
first-order rays again emerge at angles of +8 with respect 
to the zero-th order ray. And at the resolution limit, one of 
these passes through the side of the lens pupil opposite to 
that of the zero-th order ray, while the other diffracted ray 
is blocked. Therefore the result is geometrically equiva- 
lent to the phase-shifted case (b), and again leads to a 
doubling of the spatial frequency of the images that can be 
resolved. At present, the most advanced mass-produced 
LSI circuits have a critical dimension of 90 nm. This is 
achieved by using partially coherent light from ArF 
excimer laser with a wavelength of 193 nm, in combina- 
tion with some resolution-enhancement techniques such 

is halved). Although both the opaque pattern and the H 
100 nm 

phase modifications on a real mask will be considera- 
(a)l line and space (b) isolated line 

bly more complex than a simple grating, this example 
nevertheless SeNeS to illustrate the substantial improve- Fig. 6 An example of resolution enhancement technology and 
ment in resolution that can be achieved by this approach. the effect of phase shifting technology. 
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Fig. 7 Various electron beam writing systems; simple point electron beam, shaped electron beam, patterned cell projection, and chip 
pattern projection. (View this art in color at www.dekker.com.) 

as off-axis illumination, phase shift mask, and optical 
proximity correction, as well as advanced resist systems. 
To further reduce the critical dimension, wavelength 
reduction is being actively pursued using F2 and ArZ 
excimer lasers (wavelengths of 157 and 126 nm, respec- 
tively). The combination of shorter-wavelength light and 
resolution-enhancement techniques may ensure optical 
lithography's position as the most productive lithographic 
technology for nanofabrication of length-scale of even 
less than 50 nm. 

ELECTRON BEAM LITHOGRAPHY 

Electron beam lithography-in which a beam of electrons, 
rather than photons, is used as the exposure source-has 

extremely high-resolution capabilities combined with a 
large depth of focus. To date, it has been mainly used in 
the production of masks and reticules for optical lithog- 
raphy. But it has also been used in the fabrication of very 
fine-scale devices for fundamental and device-verification 
studies, and also in the small-scale production of the 
specialized very high frequency devices. However, in the 
context of mass-produced integration circuitry, the great- 
est problem of electron beam lithography is the low 
throughput capability of the system. While using a finely 
focused electron beam makes it possible to delineate 
extraordinarily fine patterns, writing of chip-scale patterns 
with a single electron beam is a slow process. According 
to the pattern complexity, the exposure time for the mask 
writing also becomes very long. Accordingly, there has 
been considerable interest in developing techniques to 
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(Memory Cell Patterns) 
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Variable Shaped Beam 

(Peripheral Circuits Patterns) 

Fig. 8 Resist patterns delineated by cell projection system. 
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Fig. 9 System of proximity X-ray lithography. X-ray is generated from a synchroton ring, reflects on a collimating mirror, and 
irradiates a wafer through a mask. The mask is made of Sic membrane or diamond and absorption pattern. (View this art in color at 
www,dekker.com.) 

expand the throughput of electron beam lithography, and 
these have generally involved finding ways to enlarge and 
make the electron beam parallel. Fig. 7 shows various 
electron-beam writing procedures. 

The electron projection lithography (EPL), such as cell 
projection or chip projection, is one such approach that 
makes use of parallel exposure. Specifically, in a con- 
ventional variable-shaped beam system, the maximum 
size of the electron beam is sufficient to encompass a 
mask containing the pattern of several memory cells, 
which have a repetitive structure. So if such a mask is used 
in place of the second aperture of the shaped beam system, 
the pattern can be projected on the substrate in a single 
exposure. Fig. 8 shows a resist pattern produced by this 

approach: the periodically arrayed patterns at the top are 
produced by exposure using a cell-projection aperture, 
whereas the random wiring patterns at the bottom were 
written by using a variable-shape aperture. But even with 
this system, throughput remains a critical issue. 

A more promising approach to improve throughput is 
to use a projection optical setup, geometrically equivalent 
to that used in optical lithography: an image of the desired 
pattern is projected from a mask. Most notable of the 
recent attempts to utilize mask projection are scattering 
angular limited projection electron beam lithography 
(SCALPEL), developed by Bell Laboratories; projection 
reduction exposure with variable axis immersion lenses 
(PREVAIL), developed by IBM; and low-energy electron 

Fig. 10 Resist patterns on different substrates. (Courtesy of NIT-AT.) 
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Dense Gate (100 nm LIS) 

SRAM-like Gate (100 nm) 

Isolated Gate (75 nrn) 

Fig. 11 Examples of polysilicon patterns transferred with X-ray 
lithography. SRAM-like gate, dense gate, and isolated gate 
pattems are shown. 

beam proximity projection lithography (LEEPL) (see 
Refs. [7] and [8]). These approaches will be used in 
conjunction with optical lithography. 

PROXIMITY X-RAY LITHOGRAPHY 

Proximity X-ray lithography is essentially a form of 
"shadow printing5'-a mask is held in close proximity to 
the substrate surface, and the image is simply produced on 
exposure by the shadow of the mask on the surface. 
Proximity techniques were used in the early days of 
optical lithography, but have long since been superceded 
by projection techniques: the former are more susceptible 
to resolution-limiting diffraction effects. Resolution is less 
of an issue with proximity printing using X-rays, as the 
wavelengths used are so much smaller. 

The exposure system of the PXL is shown in Fig. 9. A 
synchrotron is used as the source of X-ray radiation; 
recently, sources of synchrotron radiation have been de- 
veloped that can store currents as high as 500 mA with 
electron folding lifetimes longer than 10 hr, which should 
be stable enough for practical usage. The X-ray is first 
collimated by using a silicon carbide mirror, before 
passing through a transparent window of beryllium into a 
chamber containing the mask and wafer. Alignment of the 
sample uses a vertical X-Y stage, in contrast to the 
horizontal stages used in most other lithographic tech- 
niques. The X-ray used has a wavelength of about 1 nm. 
The mask is prepared on a membrane of silicon carbide or 
diamond, and a layer of Ta (patterned by direct-write 
electron beam lithography) serves to absorb the X-rays 
and so generate the shadow on the semiconductor wafer. 
The final image exposed by PXL is limited by the 
electron-beam-made mask. 

Fig. 10 shows a series of typical patterns produced in the 
resist layer following X-ray exposure and subsequent 

6.5nm Pitch 

Mo Si 
>40 Pairs 

Wafer MI(Aspherica1) 

Fig. 12 Concept of EUVL optics. (View this art in color at 
www.dekker.com.) 

development.191 The patterns shown were formed on 
stepped substrates, and exhibited critical dimensions as 
small as 150 nm with a distribution of less than 10 nm ( 3 0 ) .  
Fig. 1 1  shows poly silicon patterns transferred from resist 
patterns with PXL. Dry etching technique was inevitably 
used to transfer the resist patterns to poly silicon ones. 

EXTREME ULTRAVIOLET LITHOGRAPHY 

Extreme ultraviolet (EUVL) lithography is a promising 
candidate for achieving critical dimensions of 50 nm and 

Fig. 13 40-nm line-and-space resist pattems delineated by 
EUV exposure system. 
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Fig. 14 Schematic top view of ion projection lithography system. (View this art in color at www.dekker.com.) 

below.['01 This approach utilizes the same principle of optics cannot be used in this lithographic system: an all- 
conventional optical projection lithography and also obeys reflective optic system must therefore be employed. A 
Rayleigh's equation (shown earlier). But now, the second difficulty relates to the mirrors themselves. A 
exposure wavelength is in the range 11-13 nm, which conventional mirror surface cannot he used at these 
introduces its own problems. Fig. 12 shows the concept of wavelengths, so one must resort to multilayer structures 
EUV optics. First, as the absorption of light in this short- that rely on interference effects to achieve reflectivity. 
wavelength regime is very strong, lens-based refractive And even then, the resulting reflectivities are rather low, 

Press Mold 

Mold Fabrication Imprint 

Remove Mold 

Substrate 

RIE 

Fig. 15 Process of nanoimprint lithography. (View this art in color at www.dekker.com.) 
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Lights 

Single Probe Arrayed Probe \ \ r 

Direct Writing with Near Field Probe(s) 1 : 1 Exposure with Proximity Printing using Mask 

Fig. 16 Concept of near field optical lithography using evanescent light. Direct writing on the left side and proximity printing on the 
right side. (View this art in color at www.dekker.com.) 

typically 60-70% at 13 nm. Accordingly, the number of 
mirror surfaces in the system needs to be kept as low as 
possible-6 or fewer-to avoid significant reductions in 
the light intensity level. 

In the case of multilayer mirror optics, the requirement 
of fewer optical elements means that aspherical mirrors 
must be introduced to achieve such capabilities. Such 
aspherical mirrors need to be extremely precise, with 
figure errors and surface roughness less than 0.1-0.2 nm. 
As such, an extremely high precision metrology system 
needs to be developed if this approach to lithography is to 
become viable. 

The source of EUV light is another problematic 
issue.['" At present, the best candidate is a laser-produced 
plasma of xenon gas. But the energy conversion ratio of 
laser light (from a YAG laser) to EUV light is so small 
that lasers of enormous power are required to achieve 
practical EUV exposure intensities. Therefore, different 
strategies, such as the use of electrical discharge lamps, 
are being explored for providing practical light sources for 
EUV l i t h ~ ~ r a ~ h ~ . ~ ' ~ '  Fig. 13 shows an example of resist 
line-space patterns of 40 nm delineated by an experimen- 
tal EUV exposure system. The result features its prom- 
ising lithographic candidate for nanofabrication. 

EMERGING TECHNOLOGIES 

Several other approaches are proposed for delineating 
patterns below 100 nm. The configuration of the ion beam 
projection lithography (IPL) is schematically shown in 
Fig. 14. The ion beam can be used to avoid deep pen- 
etration of the incident ions because of their weight com- 
pared to electrons. The principle of the nanoimprint li- 
thography is schematically shown in Fig. 15. It is just a 
printing of patterns. The near-field optical lithography 
recently appearing is shown in Fig. 16. The technique uses 
evanescent light. Direct writing with a near-field probe 

and exposure with proximity printing with a mask are 
realized to limited applications. Limitations of those tech- 
nologies to fine patterns are currently under investigation. 
IPL is one of the candidates of the next-generation lithog- 
raphy for production. Whereas the latter two approaches 
are good techniques to delineate nanostructures for the 
investigation of nanometer devices. 

CONCLUSION 

Optical lithography is a fundamental process in the 
manufacture of highly integrated microelectronic circuit- 
ry. But with the relentless commercial drive for ever 
smaller, faster, and cheaper components, the existing 
technology are rapidly being pushed to their limits. 
However, optical lithography has far from reached the 
end of the road, and will continue to be used for some 
years, adopting light sources of smaller wavelengths (such 
as F2 or Ar2 excimer lasers) and optical techniques for 
further enhancing resolution. Depending on requirements 
for images and costs, possible next-generation lithograph- 
ic technologies using nonoptical sources are being 
actively explored. Whether the future of lithography 
lies with X-rays, electron beams or extreme ultraviolet 
light is far from clear at present. Critical issues remain 
to be solved with all of these alternative approaches. It is 
the time of length-scale limitation when those develop- 
ments are abandoned. The requirement of nanoscale 
patterning will make those emerging technologies prac- 
tical ones. 
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INTRODUCTION 

The immense potential of functional nanomaterials in the 
fields of communication, information storage, materials, 
and biological sciences has heightened the quest to obtain 
them. In this quest, the "bottoms-up" approach, with its 
emphasis on chemical methods, has proven to be of more 
value than the classical "top-down" approach. Design 
strategies based on quantum theoretical methods are par- 
ticularly suited to accelerate the "bottoms-up" approach, 
because of their ability to predict the properties of these 
nanomaterials to a high degree of accuracy. In the course 
of this article, we show how the pursuit for small, fast, and 
powerful nanoelectronic and nanomechanical devices, 
chemical/biochemical sensorslmonitors, DNA chips, etc. 
can be vastly facilitated using an approach based on de 
novo theoretical design. 

The first step in this process is to obtain a detailed 
insight of intermolecular interactions prevailing in these 
nanomaterials. This is because most physical phenomena, 
such as molecular recognition,[ll nanorec~~nition,[~] mo- 
lecular ~lusterin~la~~re~ation,'~~ self-assembly ,["4' and 
~ e l f - s ~ n t h e s i s , ~ ~ ~  are the result of competitive and coop- 
erative effects of several types of interatomic, intramo- 
lecular, and intermolecular interactions.[6371 

Based on a thorough understanding of various interac- 
tion forces and mechanisms, one can design molecular 
clusters, inorganidmetal clusters, endo-lexo-hedral full- 
ereneslnanotori, nonlinear optical materials, ionophoresl 
receptorslsensors, polypeptideslmembraneslenzymes, or- 
ganic nanotubeslnanowires, photolelectro-nanodevices, 
and nanomechanical molecular devices. In the course of 
this article, we show how the above strategy helped de- 
sign novel and experimentally viable i ~ n o ~ h o r e s , [ ~ - ' ~ '  or- 
ganic nanotube~,[~-~I nanowires,l5] molecular flippers,['31 
and molecular switches,[141 etc. 

INTERMOLECULAR FORCES 

The intricacies of most intermolecular interactions can 
be obtained from the study of molecular c ~ u s t e r s . ~ ' ~ - ~ ~ ~  

These diverse intermolecular interactions can broadly 
be classified as: 1) H-bonding, 2) ionic interactions, 3) in- 
termolecular interactions involving n: systems, 4) me- 
tallic interactions, and 5 )  interactions involving quan- 
tum species. 

DESIGN AND DEVELOPMENT 
OF FUNCTIONAL MOLECULES, 
NANOMATERIALS, AND NANODEVICES 

In the following account, we discuss the strategies em- 
ployed to design nanoclusters, nanowires, ionophores, 
receptors, sensors, carbon-based nanomaterials, organic 
nanotubes, encapsulated nanowires, nonlinear optical 
switches. and nanomechanical devices. 

Nanoclusters and Nanowires 

Clusters, in addition to offering several ways of making 
new materials, are a fundamental subject for understand- 
ing the intrinsic nature of  material^.['^"^' The investiga- 
tion of H-bonded c l ~ s t e r s , ' ~ ~ - ~ ~ ~  metal  cluster^,'^^-^^^ and 
clusters containing n: systems[2G291 not only provides the 
necessary information for nanomaterial design but also 
highlights some of the important similarities and differ- 
ences in their structures and properties. In this discussion, 
we focus our attention on noble metal clusters and metal 
nanowires. Theoretical investigations of these noble metal 
clusters, to a large extent, depend on the ability of the 
theoretical method to describe metallic interactions. In 
particular, the ability of the method to accurately describe 
relativistic effects is vital to the success of the design 
strategy. Small noble metal are of 
particular interest because the dominance of quantum 
effects in such small dimensions alludes to the emergence 
of several interesting characteristics, such as their cata- 
lytic properties, etc. While most studies were concentrated 
on pure metallic clusters, it has recently been realized that 
mixed metallic clusters exhibit unique electronic, mag- 
netic, optical, and mechanical properties. For example, 
mixed clusters of gold and silver have been found to 
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exhibit enhanced optical nonlinearity over the corre- 
sponding bulk metals. Another advantage of studying 
these mixed clusters is that they help understand the 
mechanism of alloying. A recent example of the utility of 
theoretical methods is illustrated in the case of gold- 
tungsten clusters, wherein theoretical calculations were 
able to accurately predict the structures and properties, 
before they were experimentally identified.[243251 

One of the highlights of neutral and anionic gold and 
silver clusters is that they exhibit an even-odd oscillation 
in their stability and electronic properties.[231 Owing to 
the spin pairing, the clusters having an even number of 
atoms tend to be more stable in the neutral state, while 
those having an odd number of atoms tend to be more 
stable in the anionic state. Since the 6s orbital energy of 
Au is almost as low as 5d orbitals due to the relativistic 
effect, the strong s-d hybridization in Au favors one- 
dimensional and two-dimensional structures in the case 
of the gold clusters. This explains the ductility of small 
gold clusters. In contrast, silver clusters exhibit a strong 
preference to exist as three-dimensional structures with 
spherical coordination because the valence orbitals are 
predominantly of the s-type. A similar argument can also 
be employed to explain the low coordination number of 
the Au atom in the gold clusters as compared to the Ag 
atom in the silver clusters. This preference in coordi- 
nation reflects itself in the location of the Au and Ag 
atoms in the corresponding binary clusters of gold and 
silver, with the Au atoms being located on the boundary, 
while Ag atoms are generally located in the inner side 
(Fig. 1). In the anionic systems of both pure and mixed 
clusters, there is a marked tendency to adopt low-di- 
mensional conformations as compared to the corre- 

sponding neutral clusters. However, in the mixed 
clusters, the conformational preferences are strongly 
correlated to the number of Au and Ag atoms in the 
cluster. Given the higher energy of the Ag 5s as com- 
pared to the Au 6s orbital, electron transfers from Ag to 
Au atoms are found in the mixed clusters. This together 
with the predilection for Au atoms to be located on the 
boundary indicates that the core of the mixed clusters 
is positively charged, while the surface is negatively 
charged. The easy formation of the mixed gold-silver 
clusters and as a consequence their alloys is due to the 
significant electrostatic stabilization accruing from the 
charge transfer from Au to Ag atoms. 

In order to obtain more insight into the role of di- 
mensionality, we extend the clusters to nanowires, thin- 
films, and the bulk Toward low-dimensional 
structures, there is a strong sharpening of the d bands, 
which vastly enhances the corresponding density of states 
and raises the band edges. This strong preference for 
lower-dimensional structures is in consonance with the 
experimental observation that the interatomic interactions 
progressively become stronger in low-coordinated sys- 
tems. In our discussion of gold clusters, the presence of an 
excess charge promotes linearity.[231 Interestingly, it was 
experimentally noted that a wire of at least four gold 
atoms suspended between two gold electrodes is lin- 
ear.'353361 However, theoretical calculations of a free- 
standing, one-dimensional gold wire indicate that a two- 
dimensional structure is more stable.1371 Therefore a 
subject of intense interest in the recent past is on methods 
to obtain one-dimensional gold nanowires. It would be 
useful to modulate the charge transfer in gold alloy 
nanowires by injecting s electrons into gold wire without 

Fig. 1 Predicted lowest-energy conformers of neutral and anionic clusters of pure silver (Ag,,,,,,), pure gold ( A U ~ , , ~ , ~ ) ,  and gold- 
silver alloys ( A ~ A L I - ~ , ~ , ~ ) .  
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distorting its band structure.[381 The s band of the alloying 
metal should therefore possess similar energy levels as the 
6s orbital of gold. Of all the s band metals, beryllium, 
magnesium, zinc, cadmium, and mercury have their va- 
lence energy levels closest to that of the 6s orbital of gold, 
and hence can form alloys with gold. Then, density 
functional calculations were carried out on free-standing, 
infinite monoatomic gold wires alloyed with both mag- 
nesium and zinc. In the alloy chains, the locations of the 
gold and zinc (or magnesium) atoms were alternated and 
investigated as both one- and two-dimensional structures. 
In sharp contrast to pure gold nanowires, the one- and 
two-dimensional structures of both gold-magnesium and 
gold-zinc alloys exhibit distinct minima in the plots of 
the cohesive energy, indicating that both forms are ener- 
getically accessible. We note that both zinc 4s and mag- 
nesium 3s bands display p character near the Fermi 
energy. This sp hybridization, which is absent in pure gold 
nanowires, favors a linear structure in the case of these 
alloyed nanowires. 

lonophores, Receptors, and 
Chemical Sensors 

The design and synthesis of receptors capable of binding 
anionic or cationic guests are of crucial importance be- 
cause of their potential applications in environmental and 
biological processes. Unlike nanoclusters and nanowires, 
the theoretical challenge in these systems is to describe the 
interactions of an organic system with a charged metal, or 
another organic cation. Furthermore, one has to take into 
account the role of the environment in modulating the 
binding characteristics. The environment could either be 
solvents, molecules, or other ions. 

We begin our discussion of ionophorelreceptor design 
with one of the seemingly intractable problems of con- 
temporary biochemistry: the selective recognition of the 
ammonium cation ( N H ~ ) . ' * ~ ~ ~ '  Much of the problem is due 
to the nearly equivalent sizes of NH; and the potassium 
cation (K+).'~'] In the following account, we show on how 
we circumvent the problem and were successful in iden- 
tifying a series of receptors with improved selectivity and 
affinity for NH;.'~' The first step in the receptor design 
was that high selectivity for NHi  could be achieved with 
cation-x interactions,[4M21 if the receptors have an opti- 
mal space to capture NH: and exhibit strong interactions 
toward NH:. However, the ionic radius of K+ is nearly 
similar to that of NH:, so spatial differentiation is not 
useful. Therefore we take advantage of the differences in 
coordination numbers. K+ favors a coordination number 
of six, while NH: favors only four. Furthermore, one has 
also to take into account the directional H-bonds involving 
NH: cations, to describe the higher selectivity for NH: 
over K+. Our initial calculations indicated that a benzene- 
based tripodal system with imidazoline arms (Fig. 2a) 
possesses vacant sites for the interaction with only one 
solvent molecule, while the K+ ion has three vacant sites 
for three solvent molecules. In order to maximize the af- 
finity and selectivity of these receptors for NH:, it be- 
comes important to maximize the x-electron density of the 
receptor. Indeed, receptors with enhanced x-electron 
density by trimethylated phenyl ring with the strong pro- 
ton-withdrawing subunits exhibit much higher affinities 
and selectivities. 

Given this background, an extended concept has been 
applied to the receptor design for a biologically important 
molecule, acetylcholine.'91 The receptor should have 
higher affinity and selectivity for acetylcholine over NH:. 

Fig. 2 Receptors for N G  (a), acetylcholine (b), C1- (c), H2P04 (d), and structures of collarenes (e), cyclacenes (f), beltenes (g), and 
Rb+-complexed [8]beltene (h). 
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Fig. 3 Optimized structures of various types of carbon nanotube tori and their stability compared with grapheme, fullerene, and 
nanotubes. (From Ref. [5 1 I.) 

This requires enhanced dispersion interactions and di- 
minished ionic interactions, which is met by replacing 
the imidazole arms of the NH: receptors with pyrrole 
(Fig. 2b). These theoretical inferences were confirmed 
by experiments. 

Interactions involving anions are very different from 
those of cations. As anions are more polarizable and hence 
more susceptible to polar solvents than cations, it becomes 
important to take into account solvent effects. Based on 
molecular dynamics simulations combined with ab initio 
calculations, highly selective anionophores have been 
d e ~ i ~ n e d . [ ' ~ - ' ~ ]  Enhanced dipole moments (Fig. 2c) were 
employed by attaching a strategically placed electron- 
withdrawing This approach would also aid in 
the design of novel functional molecular systems and bi- 
ologically important chemosensors. Utilizing the CH+. . . 
X- H-bonds, fluorescent photoinduced electron transfer 
chemosensors for the recognition of H2P04 have also 
been designed and synthesized (Fig. 2d). In addition, we 
have also been successful in designing cyclopeptides as 
amphi-ionophores. r433441 

It would be appealing to explore the possibility of 
carbon-based materials being used as i o n ~ ~ h o r e s . ~ ~ ~ ~ ~ ~  
Belt-shape carbocyclic-conjugated systems (annulenes, 
beltenes, cyclacenes, and collarenes) are closely related to 
other carbon-based systems containing curved surfaces. 
These include fullerenes and carbon nanotubes. The ion 
binding characteristics of these carbon materials have 
been unraveled through ab initio calculations, Monte 
Carlo, and molecular dynamics simulations of collarenes 
(benzene rings linked by methylene linkages), cyclacenes 
(composed only of benzene rings), and beltenes (ethene 
groups linked by methylene linkages), and their com- 

plexes with various cations (alkali, alkaline-earth metal, 
and organic cations) in both the gas and aqueous phases 
(Fig. 2e-h). Additionally, suitable substituents could also 
enhance their binding affinities and selectivities. In par- 
ticular, the designed molecules could be modified to be 
soluble in polar solvents by adding hydrophilic groups on 
the edges of the molecules. 

Carbon-Based Nanornaterials 

Since the discovery of fullerenes and carbon nanotubes, 
much effort has gone into the discovery of other inter- 
esting allotropes of carbon with unusual structural char- 
acteristics and novel physical properties.[48-501 Toward 
this end, the geometries, electronic structures, and ener- 
getics of small carbon nanotori were investigated em- 
ploying both tight-binding and semiempirical quantum 
chemical It should be mentioned here that the 
very large size of these carbon-based materials precludes 
the use of high-level quantum methods. One therefore has 
to take recourse to the use of semiempirical or tight- 
binding methods. As can be seen from Fig. 3, the struc- 
tures and electronic properties of the smallest nanotori 
exhibit interesting metal, semiconductor, and insulator 
characteristics depending on nanotube building blocks. 

An interesting offshoot in the context of carbon-based 
nanomaterials is the role of external perturbations in mod- 
ulating their physical and chemical characteristics. These 
perturbations can include cations or neutral atoms. In 
this context, we examined the magnetic properties of exo- 
hedral fullerenes of alkali-metal fullerides A=Na, 
K, Rb, ~ s ) ' ~ ~ ~ ~ ' ~  and the spin properties of endohedral 
fullerenes (A<60, A=N, P, AS, 0 ,  s)[~~-"] (Fig. 4). The 
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Fig. 4 Ground triplet (d-D2h) and excited singlet (s-C2h) states of (~60);- with two views (for the alkali cation-doped exoherdal 
fullerenes), and N-containing endohedral fullerene. 

most interesting aspect of the experimental investigation 
of endohedral fullerenes was the fact that the encapsulated 
nitrogen, which possesses three unpaired electrons and is 
paramagnetic in nature, is totally inert within C60. Our 
calculations, however, indicated that the interaction ob- 
served in the case of N-C6O is predominantly dispersive in 
nature. These systems are interesting because endohedral 
fullerenes containing paramagnetic atoms could be uti- 
lized to design quantum computers.[581 

Organic Nanotubes 

There are several advantages in using hydrogen bonds to 
design n a n o r n a t e r i a l ~ , ~ ~ ~ ~ ~ '  and in particular nanotubes, 
because these nanotubes have potential applications as 

artificial biological channels, drug delivery, nanocherni- 
cal reactors, e t ~ . ' ~ ~ ~ ]  One of the spectacular aspects 
of a recent report on the self-assembly of an organic 
nanotube from nontubular units of calix[4]hydroquinone 
(CHQ) was that the theoretical design preceded the ac- 
tual experiment of synthesis and investigation of the X- 
ray s t r ~ c t u r e . ~ ~ '  Apart from highlighting the robustness 
of the theoretical approach, this study also provided 
several insights into the mechanism of self-assembly of 
CHQ nanotubes. 

In the absence of water, for each CHQ monomer, the 
number of dangling H atoms is 4, while in the presence 
of water, these dangling H atoms of CHQs form chains 
HQ-(water-HQ-HQ-),water. Although the strength of 
one-dimensional short H-bonding interaction (-- 10 kcall 

Fig. 5 Calix[4]hydroquinone nanotubes: structure, longitudinal one-dimensional H-bond relay vs. intertubular n-n stacking, the 
HREM image of a single nanotube, and the water-accessible surface of the tubes. Each tube has four pillar frames of short H-bonds, and 
the pore size is 8 x 8 A2. The unit cell is drawn by the dashed lines. (From Ref. [4].) 
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mol) is similar to or slightly stronger than the strength of 
the n-n stacking interaction, the assembly along the one- 
dimensional short H-bonds relay should be much more 
favorable because the number of H-bonds is three times 
the number of n-n stacks. Indeed, in experiments with 
water, CHQs are assembled to form long tubular struc- 
tures with four infinitely long, short strong H-bond arrays. 
The CHQ tubes assemble to form long tubular structures 
in the presence of water, which in turn, form bundles 
with intertubular n-n stacking interactions (Fig. 5), re- 
sulting in crystals with well-ordered two-dimensional ar- 
rays of pores. The structures of these pores were utilized 
for the synthesis of encapsulated nan~wires , [~ '  which 
would be described in the next section. A needle-like 
nanotube bundle exhibits the infinitely long one-dimen- 
sional H-bonding network between hydroxyl groups of 
CHQs and water molecules and weI1-ordered intertubu- 
lar n-n stacking pairs (Fig. 5). The geometries of the 
calculated n-n stacks are very close to the 7c-7c stacks in 
the X-ray structure. 

Encapsulated Metallic Nanowires 

As was mentioned earlier, CHQ nanotubes arrays can 
be utilized in promising templates for nanosynthesis. 
Redox reaction of the nanotube in the presence of silver 
nitrate leads to the formation of a silver nanowire arrays in 
the pores (pore size of 8 x 8 A2) of the CHQ nanotube. 
The wires exist as uniformly oriented three-dimensional 
arrays of ultrahigh density. The driving force for the for- 
mation of these nanowires is the free energy gain due 
to the reduction-oxidation process.[649651 The resulting 
nanowire is composed of four dumbbells, each of which 

contains two silver atoms, superimposed on one another 
and crisscrossed in their length. 

The theoretical characterization of the reduced form of 
the CHQ nanotube was carried out using plane-wave 
pseudopotential methods.'661 Our calculations indicated 
that upon reduction with silver nitrate, the CHQ nanotubes 
get transformed to the corresponding calix[4]quinone- 
hydroquinone (CQHQ) nanotubes, whose band gaps of 
0.3 eV indicate that they are semiconducting in nature. 
The gross structural feature of CQHQ nanotubes is 
similar to that of CHQ nanotubes, with well-ordered 
H-bond arrays and intertubular n-x stacking pairs. In the 
CQHQ nanotubes, there are only two infinitely long one- 
dimensional H-bond arrays per nanotube because two 
hydroxyl groups are transformed to the corresponding 
reduced forms. Simultaneously, silver cations get trans- 
formed to metallic silver. Upon reduction of the CHQ 
nanotubes, the silver atoms are located within the reduced 
CQHQ nanotube (Fig. 6). In the case of 212 nanowire, the 
predicted cohesive energy is 2.4 eV, which is 0.9 eV 
smaller than the bulk value. The encapsulation of a silver 
nanowire within the CQHQ nanotube leads to several 
additional states in the band gap region, which are similar 
to that of an isolated silver nanowire. In this case two s 
channels cross the Fermi energy level, which indicates the 
existence of quantum conductance. 

Nonlinear Optical Switches and 
Right-/Left-Handed Helices of Polypeptides 

We had talked about harnessing the interaction of photons, 
electrons, protons, or charged species with molecular 

Fig. 6 Top and side views of a silver nanowire inside a calix[4]quinone-hydroquinone (CQHQ) nanotubes (left figures), and the 
band structures of an isolated silver nanowire (left-first on the right figure), a silver nanowire encapsulated in a CQHQ nanotube 
(second), a CQHQ nanotube (third), and a calix[4]hydroquinone (CHQ) nanotube (last). (From Ref. [66].) 
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systems in the design of new nanodevices. While photo- 
chemical and electrochemical switching devices have 
been extensively investigated, most of the photochemical 
switching devices are limited to the linear regime. How- 
ever, it would be of interest to use nonlinear optical 
properties for an efficient memory device. In investiga- 
tions of the interaction of photons with matter, it is es- 
sential that the employed theoretical method should be 
capable of characterizing both open-shells and excited 
states. The theoretical investigations of 1,2-bis-(3-thie- 
ny1)-ethene derivatives indicate that after photoswitching, 
the resulting n-conjugated closed forms exhibit highly 
nonlinear optical properties.r671 The substitution of suit- 
able donors and acceptors on certain strategic positions of 
these ethene derivatives, however, makes the closed form 
nonlinear optically active and the resulting molecular 
system behaves as an efficient nonlinear optical switch. It 
should be noted that the above discussion on nonlinear 
optical devices involves the breaking and formation of 
bonds. It is interesting to explore the possibility of devi- 
ces, which rely entirely on conformational or enantio- 
meric changes. 

Peptides are well-known biological systems, whose 
conformational characteristics are well understood. To 
date, the conventional wisdom was that a polypeptide can 
exist only as right-handed helix. However, calculations 
reveal the feasibility of a left-handed helix.L681 Most of 
these calculations on these peptide systems were carried 
out using molecular dynamic simulations based on em- 
pirical potentials. The calculations indicate that the di- 
ameter of the left-handed helix is larger than the 
conventional right-handed helix. The left-handed helix is 
stabilized when the terminal residues are charged, because 
the dipole moments of carbonyl groups for the former are 
aligned opposite to those of the latter. Thus a molecular 
dynamics simulation of a poly-alanine peptide capped 
with neutral amino and methyl groups (CH3-(Ala),-NH2) 
under neutral terminal charge conditions yielded a right- 
handed a-helix pattern, in about - 1.8 nsec. However, 
when the terminals are charged (NH&-(Ala)30-C00p), a 
left-handed h-helix is formed in about ~ 4 . 0  nsec. During 
the formation of the left-handed h-helix, helix-nucleation 
first occurs at the terminal sites (in particular, near the N- 
terminus in the case of the left-handed h-helix) and it 
promotes the propagation of the helix pattern along the 
segment. It should be noted that in both the molecular 
dynamics simulations, only the terminal composition is 
different. Therefore the handedness of the final confor- 
mation is related to the terminal charge conditions. The 
propagation of the helix pattern along the segment clearly 
shows that sequential local interactions determine the 
nascent folding patterns of the protein. The initial folding 
in the left-handed A-helix arises from the electrostatic 
interactions of the positively charged NH; group with the 
adjacent carbonyl dipole moiety, followed by the dipole- 

dipole interactions between two adjacent carbonyl moie- 
ties. These results were further confirmed with more ac- 
curate calculations using a density functional approach. 
The preceding discussion implies that a transition between 
left-handed and right-handed helix motifs can be triggered 
by the presence of charged species near the end of the 
helix terminals. Such a possibility holds immense promise 
in the development of novel chiral switches. 

Nanodevices 

Up to now, our discussion was only centered on static 
systems. However, the quest for nanodevices implies that 
one has to induce motion in a system using external or 
internal means. The external means could include changes 
in pH, radiation, etc. We discuss one such device (a mo- 
lecular flipper), which has been designed, synthesized, 
and characterized."" The flippinglflapping motion, in the 
case of designed device, is due to the changes in edge-to- 
face and face-to-face aromatic  interaction^.^^^'^"' It is in- 
teresting to note that this conformational change can be 
electrochemically controlled by reductiodoxidation of the 
quinone moiety in the molecular system. 

The strategy for the design of nanodevices is to harness 
the subtle changes in the n-electron densities of a quinone 
moiety as results of changes in the electronic environ- 
ment,[70.7 1 I Quinones are particularly suited for this en- 

deavor because their electronic characteristics can be 
electrochemically or photochemically controlled. Based 
on a theoretical investigation of the conformational char- 
acteristics of p-benzoquinone-benzene complexes, we 
found that the energy difference between the stacked and 
edge-to-face conformations of cyclophane molecules 
(Fig. 7) is substantial. Thus if one could subtly control the 

Fig. 7 Cyclic voltammogram of MHQC(left)/MQC(right) 
(1 mM) in acetonitrile with tetrabutylammonium dihydrogen 
phosphate (0.1 M) at 25OC (scan rate 100 mV/sec). (From 
Ref. [13].) 
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conformational characteristics of 2,ll-dithio[4,4]meta- 
metaquinocyclophane (MQC) (stacked conformer is 7 
kcallmol more stable than the edge-to-face conformer) and 
2,ll-dithio[4,4]metametahydroquinocyclophane (MHQC) 
(edge-to-face is 9 kcallmol more stable than the edge-to- 
face conformer) by electrochemical andlor photochemical 
means, we can have a very interesting model of a potential 
molecular device. The cyclic voltammograms of MQC 
exhibit two clear reversible redox reactions (Fig. 7). In 
aprotic media, quinones exhibit two reduction peaks sep- 
arated by 0.7 V, which corresponds to the formation of a 
radical anion species and a dianion species of quinones, 
respectively. This is in agreement with the reduction 
characteristics of MQC. Two well-separated reduced states 
of MQC are formed in the aprotic solvent of acetonitrile 
upon reduction. Therefore the electronic states of MQC 
and MHQC can be easily transformed into each other by 
simple electrochemical control of the redox reaction, 
which results in large conformational flapping motions due 
to a preference for the stable conformation caused by the 
change in the electronic state of the quinone moiety. 

Thus a cyclophane system composed of quinone and 
benzene rings exhibits a flapping motion involving 
squeezing and thrusting motions in the presence of solvent 
molecules by electrochemical redox process. This case 
illustrates a promising pathway of harnessing the differ- 
ences in the relative magnitudes of different kinds of in- 
termolecular interactions to design a nanomechanical 
device. The large flappinglflipping motion from the edge- 
to-face and stacked conformations and vice versa is a first 
step toward a propelling molecular vessel or a molecular 
flipper that can be electrochemically or photochemically 
controlled. It could be applied to design molecular hinges, 
molecular switches, and eventually to design mobile 
nanomechanical devices. 

In the course of this article, we have illustrated using 
several examples from our work that knowledge of inter- 
action forces, together with a judicious choice of theoret- 
ical methods, can be employed in the de novo design of 
functional nanomaterials and nanodevices. The knowledge 
of interaction forces could also be utilized for the devel- 
opment of novel functional molecular systems having the 
capacity of controlled assembly. We have discussed the 
design and synthesis of several functional molecular sys- 
tems such as nanowireslnanotubes, ionophoreslreceptorsl 
sensors, electron/proton/molecular tweezers, molecular 
vehicles, and molecular-robotslbio-nanorobots. We expect 
that some of the ideas gleaned from our work would find 
utility in the search for molecular nanoelectroniclme- 
chanical devices, quantum computing devices, biomolec- 

ular sensors, and nanosurgery. Although this research field 
is still in the embryonic stage, the advent of fast com- 
puters and extremely powerful programs should revolu- 
tionize the design and development of nanomaterials and 
nanodevices in the near future. One of the advantages of 
the present work is that it also helps obtain an enhanced 
understanding of the processes in the macroscopic world. 
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INTRODUCTION 

The particles with small size in the range from a few to 
several tens of nanometers are called quasi zero-dimen- 
sional mesoscopic system, quantum dots, quantized or Q- 
particles, etc."' The reason that nanoscale materials and 
structures are so interesting is that size constraints often 
produce qualitatively new behavior. Nanotechnology 
arises from the exploitation of new properties, phenomena, 
processes, and functionalities that matter exhibits at in- 
termediate sizes between isolated atoms or molecules 
(- 1 nm) and bulk materials (over 100 nm). As opposed 
to the microscale, the nanoscale is not just another step 
toward miniaturization, but is a qualitatively new scale. 
Hence quantum and size phenomena are allowed to man- 
ifest themselves either at a purely quantum level or in a 
certain admixture of quantum and classical components. 
At the foundation of nanosystems lie the quantum mani- 
festations of matter that become relevant. Consequently, 
instead of being a limitation or an elusive frontier, quantum 
phenomena have become the crucial enabling tool for 
nanotechnology. Extensive research on semiconductor 
quantum dots has shown that these particles have proper- 
ties halfway between macroscopic (bulk) and microscopic 
(molecular-like) substances and have recently aroused 
great interest in laser, photochemistry, and nonlinear op- 
t i c ~ . [ * ~ '  Bawendi et aLt3] have observed a number of 
discrete electronic transitions and LO-phonon progression 
which were cleanly resolved for the first time in nano- 
meter-scale cluster in CdSe. Jungnickel and Henneber- 
ger[51 have described the luminescence properties of 
semiconductor nanocrystals and the carrier processes that 
are relevant for the light emission. Their study was con- 
centrated on nanocrystal of size = 5  nm, and hence ob- 
served strong carrier confinement. A size dependence in 
the luminescence efficiency of ZnS:Mn nanocrystals has 
also been observed by Bargava et. and stated that the 
~ n ~ +  ion d-electron states act as efficient luminescent 
centers while interacting with s-p electronic states of the 
host nanocrystals. They showed that this electronic inter- 
action provides an effective energy transfer path and leads 

to high luminescent efficiencies at room temperature and 
hence suggested that nanocrystals doped with optically 
active luminescent centers may create new opportunities in 
the study and application of nanoscale material structures. 

Because nanomaterials possess unique, beneficial 
chemical, physical, and mechanical properties, they can 
be used for a wide variety of applications. This review 
primarily focuses on the synthesis, properties, and appli- 
cations of nanomaterials. It has been proven that the 
particles at the nanometer level have improved quality 
with respect to their potential application that include, but 
are not limited to, various structural, optical, electrical, 
mechanical, and catalytic activity, biomedical, next-gen- 
eration computer chips, kinetic energy (KE) penetrators 
with enhanced lethality, better insulation materials, low- 
cost flat-panel displays, elimination of pollutants, tougher 
and harder cutting tools, high-sensitivity sensors, high- 
power magnets, future weapon platforms, aerospace, large 
lasting satellites, longer-lasting medical implants, corro- 
sion resistance, etc. Fig. 1 shows the improvements in the 
final properties of the nanomaterials. 

SYNTHESIS OF NANOMATERIALS 

There are several methods that can be used to synthesize 
solids. Solids can be also prepared in various forms as 
fibers, films, foams, ceramics, powders, single crystals, 
and nanoparticles. However, those solids, which are not 
thermodynamically stable, may be much more difficult to 
prepare and may require special methods. The oldest and 
widely used method is the solid-state routing of synthe- 
sizing metal oxides. In this traditional technique, the 
powder reactants are mixed together, pressed into pellets 
or some other shape, and then heated in a furnace for 
prolonged periods. However, this method is not very so- 
phisticated because of the following reasons: 

It requires a high temperature to react the reactants. 
Slow diffusion of ions. 
Unhomogenized reaction mixtures. 
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Applications 

Fig. 1 Applications of nanomaterials. (View this art in color at www.dekker.com.) 

Impure final product because of unreacted reactants. 
Large particle size and bimodal particle size distri- 
bution. 
Defects, e.g., points/line/twinning. 
Metal oxides with unusual oxidation states cannot be 
prepared, e.g., vanadates and tungstates. 
Low surface area. 

Solids with nanosize particle size cannot be prepared 
by traditional method simply because the reactants are not 
mixed on the atomic scale. All the alternative methods, 
e.g., hydrothermal, sol-gel, Pechini, CVD, and micro- 
wave, described in the rest of this section address this 
problem by achieving atomic scale mixing of reactants, in 
gas, liquid, or even solid phases. Most of these are low- 
temperature methods, although finally firing may be re- 
quired at high temperatures especially for ceramic-type 
products. These methods enable the final product with the 
following characteristics: 

Nanosize particles. 
Narrow particle size distribution. 
High surface area. 
Homogenous. 
Pure. 
Improved properties. 

Hydrothermal Synthesis 

Hydrothermal methods are becoming a popular technique 
to precipitate mixed metal oxides directly from either 

homogeneous or heterogeneous solution. Hydrothermal 
method utilizes water under pressure and at temperatures 
above its normal boiling point as a means of speeding up 
the reactions between solids.[71 Water is an excellent 
solvent because of its high dielectric constant. This de- 
creases with rising temperature and increases with rising 
pressure, with temperature effect predominating. In ad- 
dition, the high dielectric constant of water is confirmed to 
a region of low temperature and high densities (pressure). 
This property is mainly responsible for increasing the 
solubility of many sparingly soluble compounds under 
hydrothermal conditions leading to many useful chemical 
reactions such as hydrolysis, precipitation, coprecipita- 
tion, and crystal growth. 

Hydrothermal reactions are usuallq performed in 
closed vessels. The pressure-temperature relations of 
water at constant volume are shown in Fig. 2. The reac- 
tants are either dissolved or suspended in a known amount 
of water and are transferred to acid digestion reactors or 
autoclaves (Fig. 3). Under hydrothermal conditions, 
reactants otherwise difficult to dissolve can go into solu- 
tion and reprecipitate. 

Hydrothermal reaction is a single-step process for pre- 
paring several oxides and phosphates.[7-91 Oguri et al."" 
obtained narrow size distribution of spherical submicron 
titanium hydrous oxide, which could be readily trans- 
formed into polycrystalline anhydrous anatase with spheri- 
cal morphology. Fine particles of ferroelectric lead titanate 
with high Curie temperature were prepared via hydrother- 
mal technique.['11 Kutty and Balachandran synthesized 
lead zirconate titanate (PZT) in better compositional 
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Fig. 2 Pressure-temperature relations for water at constant 
volume. (From Basic Solid State Chemistry by A. R. West, John 
Wiley and Sons, Ltd, NY, 1999.) 

homogeneity and sinterability. This technique was further 
used for the fabrication of nanocrystalline metal oxides. 
Sharma et a ~ . ' ' ~ ]  have synthesized nanosize a-alumina 
using hydrothermal method with particle size of 10 nm. 
Quantum size particles (<lo nm) of Y2O3 could also be 
achieved by this technique at 170°C using seedsr12' and 
are shown in Fig. 4. This method was further employed for 
the fabrication of several other metal oxides, e.g., ZnO, 
Ti02, and Zr02, with nanosize particles.['2-'51 

Sol-Gel Synthesis 

In sol-gel synthesis, the precursors, which are essentially 
the starting compounds for the preparation of a colloid, 

I - Pressure pLate,upper 

!&- Rupture disc , 0 0 3 ~  

Teflon cup 
with cover (4 5 ml)  

Bomb body 

I- Bottom disc 

Fig. 3 Schematic diagram of an autoclave. 

Fig. 4 Hydrothermally prepared nanosize yttria. (View this art 
in color at www.dekker.com.) 

consist of a metal or metalloid element surrounded by 
various links called ligands. These ligands do not include 
another metal or metalloid atom, but may be inorganic, 
such as aluminum nitrate [Al(N03)2], or organic, such as 
aluminum butoxide [AI(OC4H9)3]. Metal alkoxides are 
more widely used than any other precursors because 
metal alkoxides react readily with water. However, for 
some nonsilicates, especially for transition-metal-oxide 
gels, inorganic precursors are used. The transition-metal- 
oxide gels are also used for obtaining thin-film ferro- 
electric materials such as barium titanate, electrochromic 
W03 films, and semiconducting VzO5  film^.['^-^^' Fig. 5 
is the high-resolution transmission electron microscopy 
(HRTEM) of u-Al2O3 derived by sol-gel method. 

A gel can be classified as aquagel, alcogel, xerogel, and 
aerogel depending on the nature of the medium that is 
contained within the gel's three-dimensional network of 
particles. An aquagel is a gel wherein water is contained 
within its interstices. An alcogel is a gel in which the 
water is replaced by alcohol substitution. When the gel is 
in as-dried condition, it is called a xerogel. If the gel 
is supercritically dried (a drying process in which a me- 
dium is replaced, by another medium, under controlled 
conditions so that the gel structure does not collapse), then 
the resulting gel is termed an aerogel, where the fluid 
trapped in the gel interstices is air. The techniques used to 
preserve the gel structure include freeze-drying. This ap- 
paratus is called the freeze-dryer and is used commercially 
to preserve foodstuffs such as instant coffee powders, 
dry milk powder, and nondairy coffee creamer, has been 
used to synthesize materials, and is available in large 
sizes. This method has also been used to synthesize dis- 
persion-strengthened alloy and composite systems.[181 
The rationale behind the preservation of the open 
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Fig. 5 High-resolution transmission electron microscopy of a- 
alumina synthesized by sol-gel process. (From Ref. [29].) (View 
this art in color at www.dekker.com.) 

structure of the aquagel or alcogel is to facilitate the ac- 
celerated expulsion of the fluid trapped at the interstices 
of the gel, which is made of a continuous, three-dimen- 
sional network of nanocrystalline particles, during the 
metal deposition process in a fluidized-bed reactor. The 
open structure (greater grain boundary area) of the aero- 
gel lends itself to processing at very low temperatures 
unlike its commercial counterparts. This method is also 
useful in the hydrogen reduction, carburization, nitrida- 
tion, and a host of other surface treatment processes. A 
schematic of the aerogel is depicted in Fig. 6. 

The specific advantages of the sol-gel synthesis tech- 
nique are as follows: 

Sol-gel synthesis is a very viable alternative method 
to produce nanocrystalline elemental, alloy, and com- 
posite powders in an efficient and cost-effective 
manner. 
Almost any combination of materials could be syn- 
thesized at very low temperatures. 
Greater control of material chemistry and homoge- 
neity is possible. 
Sol-gel synthesized powders could be processed, such 
as for coating, carburization, and nitridation, at subs- 
tantially lower temperatures. 
Nanocrystalline powders could be consolidated at 
much lower pressures and temperatures. 

Enhanced densification of high-temperature materials 
without the low-temperature binders, which are 
detrimental to their performance under extreme con- 
ditions, is also possible via sol-gel synthesis of nano- 
crystalline materials. 

Thermomechanical processing of the components 
could be accomplished at significantly lower pro- 
cessing conditions. 
Processes, such as infiltration, could be carried out 
uniformly because of the continuous, three-dimen- 
sional network of nanocrystalline particles. 

However, there are several factors that affect the sol- 
gel chemistry, but among them, the pH of the aqueous 
solution plays important roles in the particle morphology, 
stability, and the particle size of the final reaction pro- 
ducts. During the polymerization process, the three-di- 
mensional networks of particles serve as nuclei for further 
growth. This growth proceeds by a mechanism called 
Ostwald ripening whereby particles dissolve and repreci- 
pitate on larger, less-soluble nuclei. Ostwald ripening 
ceases to exist when the difference in solubility between 
the smallest and largest particles becomes negligible. 
Nevertheless, this growth continues to larger sizes at 
higher temperatures. Europium-doped ytrrium oxide 
(Eu:YZ03) was synthesized by a sol-gel method in the 
presence of Tween-80 and E-caprolactam in pH range 
4-10. It has been observed that the variation in surface 
area, pore size, and pore volume of the final product was 
strongly dependent on the initial pH of the solution. The 
powder with a large surface area (-230 m2lg) and low 
pore diameter (- 16 nm) was obtained when the powder 
was processed at pH-4. The crystallite sizes of the 

Fig. 6 A schematic of an aerogel structure. (View this art in 
color at www.dekker.com.) 



Nanomaterials: Manufacturing, Processing, and Applications 

powders processed at pHN4 and 10 were found to be 35 
and 198 nm, respectively. 

At low pH, the reaction rate of the hydrolysis is gov- 
erned by the hydronium ion in solution (H20+H+-H,O') 
and is also observed by Sakka and ~ a r n i ~ a ' ~ "  (de- 
scribed below). In this reaction, the amount of water is 
small because of the rapid formation of H30+. Cagle 
and Keefer have stated that the hydrolysis/condensation 
in low pH condition is relatively controlled and selec- 
tive, thus generating relatively more linear polymers 
of meta1.[22-241 Hydrolysis can be represented by the 
following equation 

Condensation can take place by any of the following 
two equations: 

- M - 0 - M - (OR), _ ,(Xn _,)(OH) 

+ ROH 

The linear polymerization can be explained by a 
simple steric argument: monomers (11) are more 
readily hydrolyzed than dimers (111 or IV), which are, 
in turn, more readily hydrolyzed than middle groups 
in chains. Therefore the reaction polymerization at 
low pH is expected to be a linear chain (I11 or IV) with 
low cross-links and is also suggested by Pope and 
Mackenzie. [251 

At high pH, the reaction is governed by the hydroxyl 
ions (OH). Although the initial growth leads to linear 

pH< 6 pH> 7 

Fig. 7 Schematic diagram of polymeric network in different 

chains, because of the high concentration of OH ions, it 
results in the cyclization because the probability of in- 
termolecular reaction is higher than intramolecular reac- 
t i~n.[ ,~]  At high pH value, hydrolysis/condensation is 
uncontrolled and unselective, which leads to highly 
branched polymers. It also generates larger interconnected 
particles.[26-281 The polymeric chain at high pH is larger 
than the one at low pH. At high pH, the most probable 
metal-oxygen polymeric network formed in the chain is 
the structure V as shown in Fig. 7. Nevertheless, the larger 
interstices at pH>7 result in larger grains, as shown in 
Fig. 7. Thus the crystallite size of the powder at pH>7 
(198 nm at pH& 10) was smaller than the powder at pH<7 
(35 nm at pH - 4). At pH - 10, a cube-like morphology of 
the particles is seen in Fig. 8. In contrast, the morphology 
at pH-4 has totally changed into polygonal shape with 
size of 40 nm (shown in Fig. 8). 

Modified sol-gel synthesis: 
Microemulsions as microreactors 

Microemulsion-based sol-gel synthesis is a versatile 
technique to prepare materials with novel microstructures, 
in particular, ultrafine (nanosize) powders, e g ,  Ti02, 
AI2O3, Zr02, e t ~ . ~ ~ ~ ~ ~ ~  A microemulsion may be defined 
as a thermodynamically stable, optically isotropic solution 
of two immiscible liquids (e.g., water and oil) consisting 
of microdomains of one or both liquids stabilized by an 
interfacial film of surf act ant^.[^^'^^' The surfactant mole- 
cule generally has a polar (hydrophilic) head group and a 
long chained aliphatic (hydrophobic) tail. Such molecules 
optimize their interactions by residing at the oil / water 
interface, thereby considerably reducing the interfacial 
tension. In water-in-oil microemulsion, the aqueous phase 
is dispersed as microdroplets (typically 10-25 nm in size) 
surrounded by a monolayer of surfactant molecules in the 
continuous hydrocarbon phase. The aqueous cores of 
microemulsions containing soluble metal salts are used 
as microreactors for the synthesis of nanoparticles. Be- 
cause of the dynamic nature of the microdroplets, the 
exchange mechanism involves coalescence and fusion of 
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Fig. 8 High-resolution transmission electron microscopy of Eu-doped yttria at pH (a) 4 and (b) 10. (View tl~is art in color at 
www. dekker. corn.) 

the droplets upon collision, which then disintegrate into 
droplets, and this process occurs continuously in the 
microemulsion.[3s1 If two reactants, A and B, are dis- 
solved in the aqueous core of two identical water-in-oil 
microemulsions, upon mixing, they will form a precipi- 
tate, AB. The growth of these particles in microemulsion 
is suggested to involve interdrop exchange and nuclei 
aggregation.[36*371 Recently, this method has been applied 
for the fabrication of cubic BaTi03 (please refer to Fig. 9). 

Fig. 9 Nanosize metal oxides synthesized by microemulsion- 
mediated sol-gel. 

Polymerized Complex Method 

Wet chemical method using polymeric precursor based on 
the Pechini process has been employed to prepare a wide 
variety of ceramics oxides.[381 The process offers several 
advantages for processing ceramic powders such as direct 
and precise control of stoichiometry, uniform mixing of 
multicomponents on a molecular scale, and homogeneity. 
In this process, an alpha hydroxycarboxylic acid, prefer- 
entially citric acid, is used to chelate various cations by 
forming a polybasic acid. In the presence of a polyhy- 
droxy alcohol, normally ethylene glycol, these chelates 
react with the alcohol to form ester and water by-products. 
When the mixture is heated, polyesterification occurs in 
the liquid solution and results in a homogenous sol, in 
which metal ions are uniformly distributed throughout the 
organic polymeric matrix. When excess solvents are re- 
moved, an intermediate resin is formed. This resin gives 
metal oxides on burning. All the organic matter removes 
on heat treatment. 

In polymerized complex method, several metal ions in 
a solution could be first chelated to form metal complexes 
and then polymerized to form a gel, which seems to be one 
of the most suitable among several other chemical solu- 
tion processes of nanocrystalline particles because rigidly 
fixed cations are homogeneously dispersed in the polymer 
network and have few chances to segregate even during 
pyrolysis. This method has been already successfully ap- 
plied to prepared highly pure samples of various double 
oxides such as B ~ T ~ o , , ~ ~ ~ ]  Y ~ w o ~ ~ , [ ~ " ]  mixed-cation 
 oxide^,'^'] and even for various superconductors[421 with 
multiple cationic compositions. 
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Chemical Vapor Deposition 

Chemical vapor deposition (CVD) may be defined as the 
deposition of a solid on a heated surface from a chemical 
reaction in the vapor phase. It is a versatile process suit- 
able for the manufacturing of coatings, powders, fibers, 
and monolithic components. It is possible to produce most 
metals, metal oxides, and nonmetallic elements such as 
carbon and silicon as a large number of compounds in- 
cluding carbides, nitrides, oxides, intermetallics, and 
many others. The main advantage of CVD is that the 
deposition rate is high and thick coatings or nanoparticles 
can be readily obtained. The process is generally com- 
petitive and, in some cases, more economical than the 
physical vapor deposition (PVD). Additionally, it is not 
restricted to a line of sight deposition, which is a general 
characteristic of sputtering, evaporation, and other PVD 
processes. However, two major areas of applications of 
CVD have rapidly developed the last 20 years or so, 
namely, in the semiconductor industry and in the met- 
allurgical coating industry which includes cutting tool 
fabrication. Very recently, the CVD process has been 
given enormous attention owing to the possibility of 
mass production of monodisperse nanoscale powders; 
however, the mechanism of powder synthesis kinetics 
is still not c~ear . [~~- '~]  Kim et al.'461 have synthesized 
nanosize TiOz powders using CVD. Carbon nanotubes 
have also synthesized by CVD method using Fe-Mo 
nan~~a r t i c l e s . ' ~~ ]  

Microwave Synthesis 

Recently, there has been a growing interest in heating and 
sintering of ceramics by the microwave The 
interest in the use of microwave processing spans a 

number of fields from food processing to medical appli- 
cations to chemical applications. A major area of research 
in microwave processing of ceramics includes microwave 
material interaction, dielectric measurement, microwave 
equipment design, new material development, sintering, 
joining, and modeling. Therefore the microwave process- 
ing of ceramics has emerged as a successful alternative to 
conventional processing. Nevertheless, microwave meth- 
od not only offers the advantages of a uniform heating at 
lower temperature and time than the conventional method, 
but also provides an economic method of processing. The 
microwave energy has been already successively utilized 
in the fabrication of ceramics as well as carbon fibers at 
low temperature and time. Varadan et al.L501 and Sharma 
et al.r511 have synthesized various electroceramics such as 
barium strontium titanate (BST) and lead zirconate tita- 
nate (PZT) by microwave. Fig. 10 shows the schematic 
diagram of a typical domestic microwave unit used by 
Sharma et al. These materials are observed to have im- 
proved mechanical, electrical, and electronic properties. 
Until recently, microcoiled carbon fibers with large sur- 
face area have also been fabricated by using micro- 
wave aid.'521 

Fig. 11  shows a schematic diagram of a microwave 
chemical deposition unit used for the fabrication of carbon 
nanotubes and coils. It consists of microwave magnetron, 
circulator, four-stub tuner, waveguide, cavity, etc. The 
microwave power can be adjusted from 0 to 3000 W at a 
frequency of 2.45 GHz. The function of circulator was to 
prevent power reflected by the load, thus preventing 
overheating of the magnetron. The forward and reflected 
powers were determined by a power meter that is helpful 
in determining impedance matching. The four-stub tuner, 
consisting four threaded stubs spaced at 318 wavelength 
apart, was another part to optimize impedance matching. 

PZT pimcm surroundmd 
by rirconia sand 

insulation \ 
Alumina cruciblo 

PZT powdmr providing thm 
innmr insulation 

Fig. 10 Schematic diagram of microwave used for the powder. 
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Fig. 11 Schematic diagram of the microwave chemical vapor deposition of carbon nanotubes. 

These stubs were adjusted properly, and the four-stub 
tuner became a matching network which maximized the 
power transmitted to the load by matching the source 
impedance to that of the load. As an important part of 
cavity, sliding short was used to adjust the length of the 
cavity such that it could resonate at 2.45 GHz. High field 
intensities could be attained when the cavity resonates. A 

quartz tube, which was the reaction chamber, passed 
through the cavity. Reaction gases were introduced from 
one end of the quartz tube and exhausted at the other 
end. The flow rates were controlled by a set of flow 
controller. In this microwave CVD system, S i c  was 
chosen as substrate because of its high loss tangent; thus it 
could absorb microwave energy effectively. A fibrous 

Fig. 12 Transmission electron microscopy of the CNTs ob- 
tained from microwave. 

Fig. 13 High-resolution transmission electron microscopy of 
MWCNT from microwave CVD. 
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Fig. 14 High-resolution transmission electron microscopy of 
MWNTs with Encapsulated Co. 

morphology with a hollow tube inside was obtained. The 
diameter of these Multi-wall nano tubes (MWNT) ranges 
from 20 to 30 nm as shown in Figs. 12-14. 

High-Energy Ball Milling Processes 

Ball milling has been utilized in various industries to 
perform size reduction for a long time. Recently, materials 
with novel microstructures and properties have been syn- 
thesized successfully via high-energy ball milling pro- 
c e ~ s e s . [ ~ ~ ~ ~ ~ '  Although different terms have been used to 
describe the high-energy ball milling processes, three 
terms are generally used to distinguish powder particle 
behavior during milling: mechanical alloying (MA), me- 
chanical milling (MM), and mechanochemical synthesis 
(MS). Mechanical alloying is referred to when mixtures of 
powders are milled together. In this case, materials transfer 
is involved to obtain a homogeneous alloy. Mechanical 
milling describes a milling process when no material 
transfer is involved; that is, only powder with uniform 
composition is milled. Mechanochemical synthesis, on the 
other hand, is a special MA process where chemical 
reactions between the powders take place during milling. 
The unique feature of MS process is that grain refinement 
and chemical reactions take place at low temperatures 
under far-from-equilibrium conditions. 

A wide variety of nanostructure (grain size in the range 
of 1-100 nm) materials have been synthesized via MA 
and MM t e ~ h n i ~ u e s . [ ~ ~ - ~ ~ I  However, MA and MM are not 
capable of synthesizing nanoscale powders primarily be- 
cause of cold welding and agglomeration during milling. 
In other words, individual powders synthesized by MA 

and MM usually contain many nanosize grains and may 
show rather low specific surface area values. 

It has been shown more recently that the nanocompo- 
site mixtures formed during mechanochemical reactions 
can be further processed into nanoscale particles.'56581 
For instance, nanocomposite of Fe and NaCl was obtained 
by milling FeC13 and sodium metal according to the fol- 
lowing reaction: 

On dissolution of the soluble NaCl phase by a simple 
washing process after milling, Fe nanoparticles with rela- 
tively narrow particle size distribution can be obtained.r56' 
The synthesis of ultrafine oxide powders with particle size 
of 10-50 nm has also been reported.[593601 

There are some inherent advantages in processing 
nanomaterials via high-energy ball milling techniques, 
such as excellent versatility, scalability, and cost-effec- 
tiveness. Therefore high-energy ball milling techniques 
are well suited for manufacturing large quantity of nano- 
materials. A major concern of ball milling techniques is 
the powder contamination. While the contamination is 
mainly caused by the wear of milling media and container, 
the level of contamination depends on factors such as 
milling time, milling intensity, and milling atmosphere. 
Attempts have been made in recent years to minimize the 
powder contamination during ball milling. For example, 
using the same material for the container and grinding 
media as the powder being milled will help reduce 
the contamination. 

PROPERTIES OF NANOMATERIALS 

Optical Properties 

It is well known that the yttrium oxide (Y2O3) has its 
application in the lighting industry for Eu:YZ03, the red 
phosphor of the trichromatic fluorescent Be- 
cause of a 5 ~ o + 7 ~ 2  transition within europium, Eu:Y203 
shows luminescence properties and emits red light with a 
wavelength of 61 1 nm.r621 The rare earth ions, such as 
E U ~ +  and ~ d " ,  show sharp emissions based on electron 
transitions within the 4f manifold. Furthermore, their 
emission is found to be highly dependent on the local 
environment of rare earth ions. Therefore the fluorescence 
of E U ~ +  ions can be used as a probe to investigate the local 
surrounding in the host, e.g., yttria, alumina, and mullite. 

Effect of particle size on fluorescence behavior 
( 5 ~ o - - + 7 ~ 2  transition) of E U ~ +  in the yttria powder was 
studied by Sharma et al.r631 The most noteworthy feature 
of Fig. 15 is the sensitivity of 5 ~ o - + 7 ~ 2  peak (614 nm) 
with the particle size. It has been observed that the 
peak emission intensity of 5 ~ o - - + 7 ~ 2  transition increases 
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Fig. 15 Emission spectra of powder with the particle size 
(a) 6 pm, (b) 1 pm, (c) 0.2 pm, and (d) 0.01 pm. 

approximately fivefold as the average particle size 
decreases from 6 pm to 10 nm. This suggests that the 
emission intensity of fluorescence varies inversely as the 
particles size increases. Its behavior was expected from 
the quantum-confinement model as described by Bawendi 
et al.[641 and Alivisatos et al.[651 Goldburt et a1.[661 have 
observed high efficiency in Tb-doped Y2O3 nanocrystals 
which was measured at 18% as compared with 16% in the 
bulk and stated that the nonradiative contribution 
decreases with decrease in particle size. The size depen- 
dence of the fluorescence emission intensity can also be 
demonstrated in terms of number of particles per unit area 
facing toward the incident light as described by Iwasaki et 
al.[671 Increasing surface area of smaller particles (refer 
Table 1) leads to enhancement in the fluorescence inten- 
sity.[671 All spectral features were found to be unchanged 
except the intensity of the peak centered at 395 nm, which 
was found to be enhanced and shifted to lower wavelength 
(higher energy level) as the particle size decreased. This 
shift in excitation spectra with particle size is the evidence 
of quantum confinement. Gallaghar et a ~ . ' ~ * '  have reported 
a shift of 60 nm in the excitation peak at the maximum 
emission from ~ n ~ +  doped in ZnS nanocrystals to shorter 

wavelength with decrease in particle size because of 
quantum-confined ZnS. 

Electrochromic devices 

An electrochromic device consists of materials in which 
an optical absorption band can be introduced or an 
existing band can be altered by the passage of current 
through the materials or by the application of an electric 
field. Nanocrystalline materials, such as tungstic oxide 
(W03.H20) gel, are used in very large electrochromic 
display devices. The reaction governing electrochromism 
(a reversible coloration process under the influence of an 
electric field) is the double injection of ions (of protons, 
H+) and electrons, which combine with the nanocrystal- 
line tungstic acid to form a tungsten bronze. These devices 
are primarily used in public billboards and ticker boards to 
convey information. Electrochromic devices are similar to 
liquid-crystal display (LCD) commonlj used in calcula- 
tors and watches. However, electrochromic devices dis- 
play information by changing color uhen a voltage is 
applied. When the polarity is reversed, the color is 
bleached. The resolution, brightness, and contrast of these 
devices greatly depend on the tungstic acid gel's grain 
size. Hence nanomaterials are being explored for this 
purpose. Using nanostructure materials, color change will 
be faster and uniform. Additionally, the number of cycles 
of coloration and bleaching can be enhanced. Recently, 
Ntera Inc. has developed an electrochromic display tech- 
nology called ~ a n o ~ h r o r n i c ; ~  using nanostructure film 
electrodes. The nanostructure films are derived from sol- 
gel precursors and formulated to suit the particular coating 
application method. 

Catalytic Properties 

Some of $10 trillion worth of chemicals and materials are 
produced each year through catalytic processes, according 
to industry estimates and published in Chemical and En- 
gineering News. Most of these processing deal with the 
microscopic size of the particle with diameters measuring 

Table 1 Comparison of Li-M02 in microparticle and nanoparticle size 

~ i ~ i 0 , " ~ '  ~ i ~ n 0 ~ [ ~ ~ ~  L ~ c o o $ ~ ~ '  Li[Cul ,Fex]Oz 

Properties Micro Nano Micro Nano Micro Nano Micro Nano 

Crystallite size 830 nm 300 nm %microns 5-50 nm[751 1.67 pm[741 60 nm %microns c50 nm'sO1 
Capacity ( r n ~ ~ g )  901" 2 0 5 ~ ' ~  1 3 0 ~ ' ~ ~  250 87111; 14ol78l; 167111 140111 230'11 

1 2 6 ~ ~ ~ ~ ;  
Potential (V) 4.2 4.2 4.1 3.8 , . .  4.2 4.1 4.2 4.1 L781. 3 9 1791 
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no more than a few billionths of a meter. In catalysis, the 
goal is to design catalysts with certain features that help 
boost catalytic performance. It is anticipated that this goal 
will be more closely approached through tailoring a cat- 
alyst particle via nanoparticle synthesis and assembly, so 
that it performs only specific chemical conversions, per- 
forms at high yield, and does so with greater energy ef- 
ficiency. It has been established that the nanostructures 
have higher surface area than do conventional materials. 
The high surface areas can be attained either by fabri- 
cating small particles or clusters where the surface-to- 
volume ratio of each particle is high (category I) or by 
creating materials where the void surface area (pores) is 
high compared with the amount of bulk support materials 
(category 11). Materials such as highly dispersed supported 
metal catalysts and gas phase clusters fall into the first 
category, and microporous (nanometer-pored) materials 
such as zeolites, high surface area metal oxides, porous 
carbon, and amorphous silica fall into category 11. The 
nanostructure approach to high surface area materials may 
have significant impact in petrochemical process, bio- 
sensors, gas sensors, absorption and adsorption phenom- 
ena, gas storage, energy storage, battery performance, 
biological reactions, etc. 

Inferior electrochemical stability. 
Inferior mechanical properties. 
Greater toxicity. 
Low power-to-energy ratio. 
High costs. 
Low cycle life. 
Low calendar life. 
Poor thermal management capabilities. 
Inferior manufacturability. 
Potential hazards, especially of the liquid electrolytes, 
because of leakage, deposition, and explosion. 

To obviate the aforementioned deficiencies associated 
with cathode materials, researchers have developed a new 
class of material using nanoparticles of different cathode 
materials based on metal oxides, which will exceed, or 
meet, the above performance requirements. 

Furthermore, it is now well established that the lim- 
itations in the rate capabilities of Li-ion batteries are 
caused by slow solid-state diffusion of Li within the 
electrode  material^.[^^-^^] As a result, there is tremendous 
interest in the development of nanostructure Li-ion bat- 
tery cathode electrodes. These batteries can store two to 
three times more energy per unit weight and volume than 
the one with micron-particle-size electrode.[731 Table 1 
represents the improvement in the Li-ion battery. 

Electrochemical Properties 
Energy Storage 

Lithium-based rechargeable batteries have been proposed 
for a wide variety of extremely demanding applications. 
These applications include, but are not limited to, electric 
vehicle (EV), start-light-ignition (SLI), portable electron- 
ics, and personal communications devices. The lithium 
battery technology can be generally classified as cathode, 
anode, and electrolyte technology (liquid-electrolyte and 
solid-electrolyte types). Although variation in cathode 
materials for lithium has been recognized as a highly 
flexible and versatile technological approach for the pro- 
duction of high-energy density batteries, none of the 
existing battery technology is capable of satisfying the 
energy- and power-density requirements in the aforemen- 
tioned applications. The widespread use of battery is se- 
verely hampered by poor performance of cathode materials 
of Li-ion battery because of the following characteristics: 

Micron-size particles. 
Small surface area. 
Unstable structure during cycling. 
Inadequate mechanical strength. 
Costly precursors, high-temperature stability. 

Furthermore, the aforementioned characteristics are the 
primary factors that deprive the overall performance of the 
battery, which include the following 

Recent interest in the use of hydrogen as a multipurpose 
fuel has emphasized the necessity of reliable storage 
system for this element. LaNi=, alloy stores up to 1.6%, 
while FeTi stores up to 1 wt.% of hydrogen in the form 
of metal hydride. The hydrogen capacity in these host 
materials was quite low, and hence research was focused 
on the storage of hydrogen in molecular sieves espe- 
cially in natural and synthetic zeolites.[''] CsA-zeolite 
was found to have hydrogen storage capacity of -6 
wt.%. On the other hand, it is also well known that the 
carbon nanotubes (CNTs) have the capacity of hydrogen 

Dillon et al.['21 reported that the SWNTs 
with low purity could adsorb 5 wt.% of H2 at 133 K and 
0.040 MPa. This value of hydrogen storage was en- 
hanced to 8 wt.% for highly pure Single wall nano tubes 
(SWNT) in the studies of Ye et a~.[ ' '~  However, tem- 
perature was reduced to 80 K and pressure was increased 
to 7.18 MPa. At room temperature, the hydrogen ca- 
pacity was only 4 wt.% at 10 MPa. 

Biomedical 

Biomolecule/inorganic interactions can be used to pro- 
duce ceramics with increased toughness. Fundamen- 
tal studies of biomineralization, in which an organic 
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substance (usually protein or peptide or lipid) interacts 
with an inorganic phase ( e g ,  calcium carbonate or hy- 
droxyapatite), have led to the bioinspired synthesis of 
composite materials. Hydroxyapatite (HAP), a major in- 
organic component of bone, has been used extensively for 
biomedical implant applications and bone regeneration 
because of its bioactive, biodegradable, and osteo- 
conductive properties. However, the application of pure 
HAP is very limited because of its brittleness. Because the 
natural bone is a composite mainly consisting of nano- 
sized needlelike HAp crystals and collagen fibers, many 
efforts have been made to modify by polymers such as 
polylactic acid, collagen, chitosen, and polyethylene and 
have received much attention in the field of medical 
applications because of their excellent biocompatibility 
and biodegradability.[841 Additionally, the following 
materials are used in various applications of biomedical, 
biotechnical, and bioengineering. 

1. Biosensor: Nanoparticles of ZnO can sense the toxic 
and hazardous gas such as H2, SF6, and gasoline in 
shorter time because of high surface area. 

2. Neutralizes biochemical use in biological weapons 
because high surface area of nanostructured ZnO 
is highly reactive and able to degrade toxic bio- 
chemical(e.g., naphthalene, anthracene, phenol, chlo- 
rophenol, and polyaromatic hydrocarbons) use in 
biological weapons. 

Nano-MgO and nano-Ti02 

Nano-MgO and nano-Ti02 neutralize the biological im- 
mune buildings, e.g., bacteria and virus, which are used as 
biological warfare agents. 

Magnetic nanoparticles of Iron 

Magnetic particles coated with biocompatible polymers 
dispersed in water could be used as 

Site-specific drug delivery after being attached with 
drug molecules to the magnetic particles. 
Magnetic tourniquet. In this case, a person with blood 
loss because of injury could be injected with the 
magnetic particles dispersed in water. Then a magnet 
could be placed on the injury site. The magnetic par- 
ticles will agglomerate there and hence would prevent 
the blood from flowing out. 

Biodegradable nanosilica 

Biodegradable nanosilica can be used for drug delivery. It 
is important for an inorganic material to be used as a drug 

delivery agent; it should be biodegradable, nanosized, 
porous, and nontoxic. Nanostructured silica can be a good 
candidate for a drug delivery agent, which can easily 
degrade and would not provide any side effect. This kind 
of drug delivery system will be extremely valuable for the 
instant wound therapy of any injured person. 

Protein tagging using 
nanoluminescent particles 

Protein tagging is an experimental strategy in which a tag 
such as a probe (luminescent lanthanides, e.g., Eu, Sm, 
etc.) is attached to primary sequence of a protein. The size 
of the tag used for attachment to the loops of a protein 
must be extremely small. 

This strategy can also be used in: 

Cancer therapy: to block interactions such as enzyme 
substrate interactions or interaction of a toxin with a 
specific cell or a component of a cell. 
Drug delivery: for delivery of protein drugs to cells. 

CdS and ZnS semiconductor quantum dots 

Immunosensor, bioanalytical, and biolabels: Semicon- 
ductor quantum dots are highly light-ahsorbing lumines- 
cent nanoparticles, whose absorbance onset and emission 
maximum shift to higher energy with decreasing particle 
size because of quantum confinement effect. 

Quantum dots can conjugate with antibodies using an 
engineered adapter protein and are new types of reagents 
for immunosensors and bioanalytical applications. 

Nanogold particles 

Labeling of target molecules especially protein with 
nanogold particles has revolutionized the visualiza- 
tion of cellular or tissue components by electron mi- 
croscopy or atomic force microscopy. 
As a bioconjugate: with DNA, it can detect the active 
site of DNA and can be used in disease diagnostics. 

Nanoparticles in gene therapy 

Nanoparticles are now also being used as a delivery 
mechanism in gene therapy. Nanoparticles can be em- 
ployed to insert good DNA into specific sites to replace 
faulty genes in such disorders as cystic fibrosis. 

Textile 

Another huge industry that will be impacted by nano- 
technology is the textiles industry. Companies are work- 
k g  on "smart" fabrics that can change their physical 
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properties according to surrounding conditions or even 
monitor vital signs. The incorporation of nanoparticles 
and capsules in clothing offers some promise, and nano- 
tubes would make extremely light and durable materials. 
Fabrics are already being marketed that are highly resist- 
ant to water, stains, and wrinkling. 

Magnetic Properties 

Ferromagnetic nanomaterials have potential advantages 
over existing materials in numerous applications in soft 
magnets,[851 hard magnets,'861 magnetic r e c ~ r d i n ~ , [ ~ ~ ~ ~ ~ ~  
etc. The study and exploitation of magnetism at the 
nanometer scale have been exceptionally active research 
areas over the past two decades. Ferromagnetic nano- 
particles (usually referred to as magnetic nanoparticles) 
have generated great interest because of their size-de- 
pendent magnetic properties. The ferromagnetic interac- 
tion leads to parallel spins on adjacent atoms. However, 
the exchange forces responsible are short range, and 
magneto static forces dominate at great distances. Mag- 
netic domains arise spontaneously in bulk ferromagnets to 
minimize their overall energy. The typical sizes of the 
domains are in nanometer-size range. Below a certain 
size, which is in the nanometer range, it is energetically 
favorable for a particle to be monodomain. 

The coercivity of magnetic materials has a striking 
dependence on their size. It increases with the reduction of 
particle size in the nanometer range going through a 
maximum at the single domain size, and then decreases 
again for very small particles because of thermal effects 
and becomes zero at the superparamagnetic particle size. 
Iron, which is a soft magnetic material with coercivity 
about 20 Oe at room temperature, could be made "hard" 
with a coercivity of 540 Oe when the particle size is re- 
duced to about 12 nm.r891 Remarkably low coercivity of 
the order of a few millioersteds along with high saturation 
magnetization and permeability has been achieved in 
Fe74Si15B7C~lNb3 nanocrystalline magnetic alloy where 
a-Fe(Si) nanocrystallites of size 10 nm are embedded in 
an amorphous matrix.r901 These materials were synthe- 
sized by melt spinning followed by annealing. The 
nanocrystallites, whose dimension is less than the ex- 
change length, are exchange-coupled with randomly ori- 
ented easy axes of magnetization. The combination of 
random orientation and averaging over multiple grains 
makes the preference for magnetization in a particular 
direction, and therefore the effective magnetic anisotropy 
and hence coercivity are ~ m a 1 1 . ~ ~ ' ~ " ~  Several other nano- 
crystalline soft magnetic alloys bqsed on Fe(Co)-Si-B 
have been studied.'931 

R-Fe-B (R=Nd, Pr, Dy, Pr) alloys, prepared using 
melt-spinning, exhibited very high coercivity in the range 
10-100 k ~ e . [ ' ~ ]  In these permanent or hard magnets, the 
large coercivity is a result of the highly anisotropic te- 

tragonal R2Fe14B phase, which were produced in the 
nanoscale size during melt spinning or subsequent crys- 
tallization. Several other permanent magnets, e.g., SmCo5, 
Sm2Co17, Sm2Fe17N2,6, etc., with high coercivity have 
been made with nanosized microstructure.r861 Another 
class of hard magnetic material is called nanocomposite 
permanent magnet or exchange-coupled magnet where the 
nanocomposite consisting of a hard magnetic material 
such as Nd2Fe14B and a soft magnetic phase such as a-Fe 
are coupled through exchange i n t e r a ~ t i o n . ' ~ ~ ' ~ ~ ]  This leads 
to high coercivity and high remanence to saturation 
magnetization ratio and hence high maximum energy 
product values. In these magnets, the crystallite size needs 
to be less than 20 nm for exchange coupling to occur. 
Most of these nanocomposite magnets have been prepared 
by melt spinning and mechanical alloying.r963971 Recently, 
a chemical synthesis has been proposed with the potential 
for making three-dimensional magnets with high maxi- 
mum energy product.'981 First, Fe58Pt42 and Fe304 nano- 
particles of 4-nm size are mixed and allowed to self- 
assemble. When i t  was heated and chemically reduced, 
FePt (hard)-Fe3Pt (soft) nanocomposite is formed. The 
particles are 5 nm in size. The maximum energy product is 
20.1 MGOe compared with 13 MGOe for FePt alone. This 
is an exciting new development that shows promise for 
making strong magnets.'991 Moreover, 4-nm particles of 
Fe52Pt48 (synthesized by very similar chemical route) that 
self-assembled into arrays when annealed exhibited a 
coercivity of 1800 ~ e . ' ' ~ ~ ]  These Fe52Pt4 nanocrystal as- 
semblies are smooth ferromagnetic films, and initial 
magnetic recording experiments suggested that it could 
support high-density magnetization reversal transitions or 
bits. A key requirement for magnetic recording at areal 
density in the terabits per square inch regime is a medium 
with nanometer-size, magnetically isolated grains with 
moderately high writable c o e r ~ i v i t ~ . [ ~ ~ ' ~ ~ ~  With these 
4-nm Fe52Pt4x self-assembled particles, it might be pos- 
sible to achieve magnetic recording at areal density in the 
terabits per square inch range. 

CONCLUSION 

This review highlighted on the fabrication of nano- 
materials by various methods e.g. chemical, physical and 
mechanophysical. The various properties e.g. chemical, 
physical, mechanical, magnetic, optical and electrical, of 
nanomaterials have discussed in detail. Nanostructured 
materials exhibit novel and technologically attractive 
properties, which can be exploited for a variety of appli- 
cations which include, but are not limited to the bio- 
medical, energy, displays, insulations, elimination of pol- 
lutants, catalysis, microelectronics, high power magnets, 
sensors, aerospace, weapons, automobiles etc. 
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INTRODUCTION 

This paper reviews recent trends in the development and 
characterization of nanomaterials, which we define as 
materials with a nanoscale component or structure that 
exerts a significant influence on properties or function. 
The trends that we discuss are part of a larger trend 
in technological development toward integration of dis- 
ciplines such as physics, chemistry, materials science and 
engineering, and biology, as well as toward the develop- 
ment of multifunctional materials compatible with in- 
creasingly complex environments.['] We identify three 
principal trends that provide the organizational framework 
for the paper: 

1. Integration of organic and biological materials with 
nanoscale inorganic and polymeric materials (biona- 
nomaterials). 

2. Incorporation of nanoscale components into materials 
to improve functionality (nanocomposites). 

3. Use of "top-down" (e.g., lithography) and "bottom- 
up" (e.g., self-assembly) processing approaches, 
sometimes in combination, to produce novel nano- 
scale structures (functionalnanostructures). 

Each of these trends is discussed in a separate section, 
with references to the recent (e.g., since 2000) literature. 
Considering the continuing rapid evolution of this 
research area, the references are intended to be illustrative 
rather than comprehensive. The discussed trends are 
aimed at developing materials to be used in new devices, 
components, and products, so while a detailed discussion 
of these items is outside the scope of this paper, we do 
examine the possible implications of trends in nanoma- 
terials for applications with potential societal effectsL2] 
Specifically, we examine possible high-growth and low- 
growth developments and drivers and barriers to achiev- 
ing each, as well as the possible synergistic influences that 
these developments might exhibit. In this discussion, we 
follow the approach described in Ref. [I].  

Fig. 1 schematically illustrates the domain of bionanoma- 
terials. This is the intersection of nanomaterials, which 

introduces scale effects to influence materials function, 
and biomaterials, which introduces biology into materials 
function at a variety of scales. It incorporates concepts, 
methods, raw materials, and instrumentation from nano- 
science and nanotechnology as well as biology and bio- 
engineering to develop new functional materials at the 
nanoscale. In some cases, the design and assembly of 
these materials is based on approaches that imitate or 
build upon phenomena or mechanisms that occur in 
nature, which is indicated in Fig. 1 by the inverted arrow 
labeled "biomimetic design/assembly." These biomimet- 
ic approaches are sometimes aimed at developing materi- 
als with biological function and application, e.g., an 
encapsulant for targeted drug delivery. But biomimetics 
can also be applied to the design and assembly of 
nanoscale materials for nonbiological applications, e.g., 
electronic or optoelectronic materials, or catalysts. 

Biomimetic Approaches 

Recent use of biomimetic approaches includes the use of 
motor proteins to shuttle molecules along bioengineered 
tracks,[31 the use of "sticky-ended" cohesion of comple- 
mentary DNA molecules to assemble nanostru~tures,[~] 
the use of block copolymers of polypeptides to f o m  or- 
dered silica ~tructures,'~] and the design of self-assem- 
bling synthetic substitutes for the collagen proteins that 
form templates for bone growth.[61 A number of recent 
reviews describe biologically motivated materials design 
and assembly approaches with a broad range of applica- 
tions including catalysis, drug design and delivery, tissue 
engineering, energy collection, storage, conversion and 
transport, sensing and actuation, bioassays, chemical and 
biological agent detection, and  electronic^.'^-^' 

Supramolecular Materials 

Supramolecular materials (assemblies of molecules that 
are built up through molecular, noncovalent, forces) have 
emerged as a key ingredient in achieving function at the 
nano~cale .~ '~ '  These materials can be self-assembled into 
nanoscale structures such as disks, strips, cylinders, and 
ribbons to which biologically active materials can be 
attached.["] Selective cleaving of the self-assembling 
ends can also be used to obtain functionalized nanoporous 
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Fig. 1 Schematic illustration of the domain of bionanomaterials. 

materials.[12] The biological self-assembly process itself 
has also been adapted for nonbiological materials assem- 
bly, as molecules based on short peptide sequences taken 
from fibrinogen (an active ingredient in coagulation) have 
been used to direct the self-assembly of polyethylene 
glycol.[131 In efforts to link biologically driven assembly 
to electronic devices, peptides with highly specific bin- 
ding properties to semiconductor heterostructures have 
been experimentally demonstrated[I4] and designed using 
computational algorithms.['51 

Dendrimers (supramolecular materials with a branched 
tree structure) are being developed and tailored as vehicles 
for encapsulating drugs for targeted delivery or even 
strands of DNA for gene therapy, as well as to "harvest" 
sunlight and transfer the energy into the center of the 
molecule where it might be used in optoelectronic or 
photovoltaic applications.['61 Dendrimers based on liquid 
crystals have also been proposed for optoelectronic ap- 
plications,['71 and a liquid crystal phase with a very large 
unit cell, containing 30 dendrimers, has recently been 
dem~nstrated.['~] 

A possible alternative to dendrimers for encapsulation 
is afforded by nanocompartments formed from lipid bi- 
layer membranes[191 or vesicles formed from copolymers 
containing hydrophobic and hydrophilic Com- 
plexes of closed lipid bilayer membranes and DNA show 
promise for gene delivery without use of viruses, although 
much remains to be learned about the relationship be- 
tween the supramolecular structures formed by these 
complexes and their efficiency of gene transfer and 
expression.[211 

Biomineralization 

Living organisms form mineralized crystals of many 
types, often containing complex multifunctional structures 
(e.g., mollusk shell, sea urchin skeleton, biogenic silica), 
sometimes with features that have not been incorpora- 
ted in synthetic materials.[221 The development of such 

biomineralized crystals has been shown to depend on both 
stereochemical recognition of surface step edges by amino 
acids and resultant changes in free energy of the growing 
crystal surface,[231 linking biological, physical, and chem- 
ical interactions in the formation of biominerals with varied 
asymmetric structures.[241 Biomineralization principles 
have recently been used to fabricate a large micropatterned 
single crystal of calcite from a patterned amorphous 
calcium carbonate template, with oriented nucleation 
induced by a self-assembled monolayer of alkanethiol on 
gold or silver.[251 

Nanoparticle Probes 

One of the first successful applications of bionanomateri- 
als is the use of DNA-tagged nanoparticles for bioassays 
and biosensors. This has been accomplished through the 
observation of electrical changes due to binding of the 
target species to oligonucleotides functionalized with gold 
n a n ~ ~ a r t i c l e s [ ~ ~ ~  and through the fluorescence of semi- 
conductor nanocrystals linked to oligonucleotides.[271 

Biomedical Applications 

Recent bionanomaterials studies aimed at biomedical ap- 
plications include the development of nanomaterials 
linking radioactive atoms to monoclonal antibodies for 
tumor-specific radiation therapy[281 and the incorporation 
of nanoparticles into cement used for orthopedic implants 
to reduce inflammatory reaction.[291 Several university 
centers in the United States and Europe are focused on 
biomedical applications such as diagnostics, drug deliv- 
ery, and implants and prostheses,[301 including work on 
dendrimers, nanomembranes, and biologically driven mo- 
t o r ~ . [ ~ ' ]  A recent very thoughtful review argues that it is 
the research effort itself in areas related to nanomedicine 
that will produce useful results in the near term, rather 
than the achievement of specific biomedical application 
objectives.r321 

Whether the bionanomaterials trends highlighted above 
will lead to revolutionary advances in technology or 
merely to continued incremental improvements is impos- 
sible to predict. Fig. 2 schematically illustrates two 
possible paths-a high-growth path under which nano- 
materials pervasively affect biology and medicine and a 
low-growth path under which the continued integration of 
biology, materials, and nanoscience leads to technological 
advances in specific areas of opportunity. There are cur- 
rently strong drivers toward the high-growth path, in 
particular the high level of scientific interest and available 
resources, including partnerships between academic, 
governmental, and commercial institutions, resulting from 
the U.S. National Nanotechnology Initiative (NNI) and 
similar initiatives in Europe and Japan, as well as strong 
societal interest in and fascination with nanoscience and 
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High-Growth Achievements 
Targeted drug delivery 
In situ tumor treatment 

BARRIERS: Scientific discoveri DRIVERS: NNI (scientific interest, 
commercial constraints (capital resources, pamerships), societal 
profit, regulation) interest 

LowGrowth Achievements 
Specific drug delivery and therapy enhancements 
Biodegradable scaffolds for tissue growth 
Miniaturized biosensors 

Fig. 2 Possible growth paths for bionanomaterials applications. (View this art in color at www.dekker.com.) 

nanotechnology. However, there are also strong barriers 
that, if not overcome, will push toward the low-growth 
path, in particular the need for major scientific discoveries 
and commercial constraints such as the availability of cap- 
ital, the need to show profit, and regulatory requirements. 

The following are some of the significant scientific 
questions that need to be addressed to progress along 
either path: 

Can integration of functional biological materials into 
nanoscale materials systems be reproducibly scaled? 
Can biological function be sufficiently retained in 
synthetic bionanomaterials to allow high-accuracy 
molecular recognition and targeting? 
Can encapsulation schemes for bionanomaterials be 
implemented on a cost-effective commercial scale? 
Can short-term or long-term compatibility of synthetic 
bionanomaterials in the human body be demonstrated? 
Can effective methods for determining unintended 
side effects of bionanomaterials be developed and 
implemented? 

The rate at which progress is made in addressing these 
questions will determine the timescale in Fig. 2, in 
addition to whether progress is toward the high-growth or 
the low-growth path. 

NANOCOMPOSITES 

The incorporation of nanoscale components into materials 
to improve function is perhaps currently the most ad- 
vanced area of nanomaterials. A growing number of 
commercial entities already produce nanoparticles with an 

estimated world market near $500 million in 2000 and 
growth projected in applications such as conductive and 
magnetic coatings, optical fibers, phosphors, biological 
labels, orthopedic materials, sunscreens, catalysts, and 
scratch-resistant coatings.'333341 From the perspective of 
the chemical industry, nanocomposites can be separated 
into those that incorporate nanoscale clays, nanoscale 
oxides or metals, and carbon nan0t~bes . I~~ '  We will adopt 
a slight generalization of this approach and organize the 
following discussion around polymer nanocomposites 
(based on nanoscale silicates including clays); composites 
incorporating metal, oxide, and semiconductor nano- 
particles and nanocrystals; nanoscale coatings and films 
based on these; and composites incorporating carbon 
nanotubes or semiconductor nanowires. 

Polymer Nanocomposites 

The interest in polymer nanocomposites stems from the 
fact that the dispersion of a relatively small amount (e.g., 
<5%) of a layered silicate such as clay can provide sig- 
nificantly improved properties, including strength, barrier 
properties, reduced water absorption, and reduced flam- 
mability, so long as the clay is exfoliated or intercalated 
into layers of nanoscale t h i ~ k n e s s . ' ~ ~ ~ ~ ]  Recent experi- 
mental demonstrates the positive influence of 
dispersed silicate nanolayers on both the crystalline mor- 
phology and mechanical properties of the nanocomposite, 
and recent theoretical work[401 suggests that the toughen- 
ing mechanisms may be similar to those postulated for 
biological structural materials such as spider silk and 
abalone adhesive. Silicate-based nanocomposites have 
also been made from aerospace epoxy material and 
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demonstrated both to have improved mechanical proper- 
ties and appropriate viscosity and cure kinetics to remain 
suitable for standard composite molding techniques such 
as resin transfer molding.[411 

Nanoparticle and Nanocrystal Composites 

Advances in and approaches to the characterization of the 
electrical, magnetic, optical, and chemical properties of 
isolated and assembled nanoscale particles and crystals 
and attempts to use them to improve materials and device 
function are described in a recent series of articles.'421 
Nanomaterials investigated include Co, Ni, Fe, and 
magnetic alloy nanoparticles for magnetic device applica- 
t i o n ~ ; ' ~ ~ ]  and Mn-doped z~s[~ ' ]  nanocrystals for 
optical and laser applications; nanoscale Au and Ag for 
optoelectronic applications;[461 and nanoparticles capped 
with organic materials for electronic applications.[471 

An alternative approach to incorporating functional Fe 
nanoparticles into electronic devices consists of introduc- 
ing Fe203 nanoparticles externally produced onto a Si 
wafer and annealing in ultrahigh vacuum.[481 Glass 
ceramics consisting of Sn02 nanocrystals dispersed in 
Si02 have also been studied as potential nonlinear 
materials for all-optical switching devices.[491 

~ u l v a n e ~ [ ~ ~ ]  shows that optical properties of Au and 
Ag nanoparticles depend on shape. Both size and 
geometric shape of Au and Ag nanoparticles have been 
shown to be controllable through solution-phase chemis- 
try, yielding Ag nanocubes and Au nanoboxes with a 
truncated cubic shape.[501 

With respect to catalytic applications, capped metallic 
nanoparticles have been demonstrated to avoid aggrega- 
tion on electrode surfaces and show catalytic activity on 
both metal and Pt-doped polymer substrates,[511 while 
semiconductor nanoclusters have been demonstrated to 
enable the photooxidation of the toxic aromatic organic 
material pentachlorophenol.[521 A novel synthesis route to 
a porous composite nanostructure including catalytic 
metal oxide nanoparticles uses aqueous solutions of metal 
salts together with an aqueous dispersion of synthetic clay 
and surf act ant^.['^^ 

Nanoscale Coatings and Films 

All of the nanoparticle and nanocrystal material types 
mentioned in the previous section have been implemented 
as nanoscale coatings or films. FePt nanoparticles were 
synthesized and self-assembled into nanocrystal super- 
lattices and annealed into ferromagnetic films that are 
mechanically robust and support high-density magnetiza- 
tion reversal transitions required for magnetic data 
storage.[541 Ni nanoparticles were also epitaxially grown 
on a TiN thin-film matrix and exhibited significantly 

higher coercivity than randomly oriented Ni particles.[551 
A quantum-dot light-emitting diode was fabricated by 
sandwiching a monolayer of CdSe (ZnS) nanocrystals 
between two organic thin films, using phase separation 
between these films and the organic materials capping the 
nano~rystals.[~~] Films of Au nanoparticles functionalized 
with aromatic molecules were spin coated onto interdig- 
itated electrode structures and used as \. apor sensors.[571 

Nanoscale coatings and films have been demonstrated 
to produce enhancements of a variety of technologically 
important properties. Nanoporous films of PbZrxTil -x03 
(PZT) allow tailoring of dielectric properties to increase 
the figure of merit for pyroelectric applications.[581 Thin 
films of optical polymers with nanoscale corrugated 
surfaces provide an alternative approach to antireflection 
coatings.[591 Nanostructured hydroxyapatite coatings pro- 
vide improved adhesion and corrosion resistance for 
medical implants.[601 Nanocrystalline Al2O3 coatings on 
glass substrates provide increased hardness with no 
degradation of optical properties.[611 Nanoscale coatings 
also provide the possibility of controlled gradients in 
mechanical properties that may provide new design 
options for damage-resistant materials surfaces.[621 

Nanotube and Nanowire Composites 

Carbon nanotubes are exceedingly interesting materials 
both from a scientific viewpoint and because their unique 
combination of properties (high conductivity, high tensile 
strength, high temperature capability. plus nanoscale 
dimensionality) make them suitable, in principle, for 
many important commercial applications. As described in 
a recent review,[631 carbon nanotubes are already in use as 
an additive to graphite in a majority of the lithium ion 
batteries found in cell phones and laptop computers; are 
anticipated to enter the commercial tlat-panel display 
market as field emitters in 2003; have many additional 
potential applications including conductive plastics, high- 
performance fibers for composite materials, and flexible 
sensors for gas detection; and could be enabling materials 
for new nanoelectronic technologies. In this paper, we will 
constrain our discussion to aspects of nanotube research 
related to the formation of composite materials in which 
the nanotubes improve functionality. 

The simplest version of the carbon nanotube, a 
cylindrically rolled sheet of hexagonally arrayed carbon 
atoms, or single-walled carbon nanotube (SWNT), has 
been produced in strands of macroscopic length,[641 and 
micrometer-long crystals consisting of ordered arrays of 
aligned SWNTs have also been produced.[h51 Composite 
materials with a nanocrystalline A1203 matrix and rein- 
forcement by ropes of SWNTs that form a network at 
the grain boundaries have recently been fabricated[661 by 
ball-milling to mix the Al2O3 powders and nanotubes, 
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followed by consolidation using the low-temperature 
spark plasma sintering process. The best of these 
composites, fully dense with 10 vol.% SWNTs, had a 
fracture toughness of 9.7 MPa ml'*, almost three times 
that of pure A1203 of the same grain size. ~ e i ~ n e ~ [ ~ ~ ~  
suggests that the high toughness of these A1203-carbon 
nanotube composites results from the combination of 
high-quality starting materials, homogeneous dispersion 
without damaging the nanotubes, and the relatively short 
time and low temperature required for spark plasma 
sintering. This work demonstrates that carbon nanotubes 
can be used as reinforcement for ceramic matrix compo- 
sites. The next steps toward application will include 
investigation of larger specimens than the 19 x 2-4 mm 
disks reported in Ref. [66]. 

Another type of composite material that can be formed 
from nanotubes involves the incorporation of fullerenes 
(e.g., C60) inside the n a n ~ t u b e ' ~ ~ '  to form the so-called 
peapods. It has been dem~nstrated'~~' that fullerenes 
containing metal atoms inside the cage of carbon atoms 
that make up the fullerene molecule can also be 
encapsulated inside single-walled carbon nanotubes in a 
one-dimensional array of "peapods." Such an arrange- 
ment with Gd atoms inside (& molecules, which are then 
encapsulated inside single-wall carbon nanotubes, has 
been shown to behave as an array of quantum dots, with 
proposed potential application for quantum well-based 
electronic and optoelectronic devices.[701 Another com- 
posite nanotube material with potential application is a 
column of liquid Ga inside a carbon nanotube, which is 
proposed as a nanothermometer based on the increase in 
height of the Ga meniscus with increasing temperature.[711 

Semiconductor nanowires are actively being developed 
as an alternative to carbon nanotubes for nanoelectronic 
device applications.'721 Superlattice structures have been 
developed in nanowires, in which the semiconductor 
material changes along the long axis of the nanowire, 
allowing designed changes in the electronic properties. 
Such composite nanomaterials have been produced using 
Gap, GaAs, and I ~ P ; ' ~ ~ '  Si and s i ~ e ; [ ~ ~ ]  and InAs and 
I ~ P . ' ~ ~ '  These materials are proposed for applications in- 
cluding nanobarcodes, LEDs, and thermoelectric devices. 

Whether the nanocomposites trends highlighted above 
will lead to revolutionary advances in technology or mere- 
ly to continued incremental improvements is impossible 
to predict. Fig. 3 schematically illustrates two possible 
paths-a high-growth path under which nanocomposite 
materials are pervasively applied throughout society and a 
low-growth path under which the use of nanocomposites 
leads to incremental improvements in specific technology 
areas. There are currently strong drivers toward the high- 
growth path, in particular the demonstrated property 
improvements already achieved with nanoparticle com- 
posites in such areas as catalysis and surface strengthen- 
ing, as well as the presence of an active commercial sector 
and existing markets. However, there are also barriers 
that, if not overcome, will push toward the low-growth 
path, in particular the need for continuing engineering 
improvements and commercial constraints such as the 
availability of capital, the need to show profit, and regu- 
latory requirements. 

The following are some of the significant tech- 
nical issues that need to be addressed to progress along 
either path: 

High-Growth Achievements 
Highly efficient and selective catalysts 
Superhard coatings and films 

d conductive plastics 

BARRIERS: Engineering DRIVERS: Demonstrated 
improvements, commercial nanocomposite property improvements, 
constraints (capital, profit, active commercial sector, existing 
regulation) markets 

Low-Growth Achievements 
Increased efficiency catalysts 

200'3 -> Increased hardness materials 
Tim: Lighter higher conductivity materials 

New energy and information storage alternatives 
Improved membranes and filters 

Fig. 3 Possible growth paths for nanocornposites applications. (View this art in color at www.dekker.com.) 
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Functionalization of nanoscale components and main- 
tenance of that function in the composite material. 
Design and implementation of effective interfaces 
between the nanoscale components and the compo- 
site matrix. 
Demonstration of reproducible composite behavior 
and long-term stability. 
Scaling up the nanocomposite for cost-effective 
production while retaining the property improve- 
ments. 

The rate at which progress is made in addressing these 
issues will determine the timescale in Fig. 3, in addition to 
whether progress is toward the high-growth or the low- 
growth path. 

FUNCTIONAL NANOSTRUCTURES 

Perhaps the most fundamental type of functional nano- 
structure is a microscopic composite with multiple phases 
formed in situ during processing. As discussed by ~ a , ~ ~ ~ ~  
metal alloys with nanoscale grain size typically have 
increased strength, but lack plasticity necessary for 
forming or to avoid catastrophic failure in load-bearing 
applications, and several different approaches to increas- 
ing ductility and toughness in such alloys employ a 
nonuniform or composite microstructure. He et 
described an alloy design and solidification process 
leading to as-cast Ti-based alloys with an in situ 
composite microstructure consisting of a nanocrystalline 
matrix and a ductile dendritic phase. The presence of the 
dendritic phase is shown to increase the plasticity of the 
material by preventing the propagation of bands of shear 
stress that, if allowed to grow, could cause catastrophic 
failure. Thus this type of microscopic composite combines 
the increased strength of the nanoscale grain size with 
good ductility and a high elastic-strain limit, and was 
produced with conventional casting methods, suggesting 
that the approach may have more general potential for 
strong, yet tough, metal alloys. The combination of 
nanoscale grains with microscale dendrites in this material 
emphasizes the fact that useful nanomaterials do not have 
to be exclusively nanoscale. 

Nanofabrication Methods 

A variety of different approaches to fabricate nanostruc- 
tured materials are described in a recent set of articles,i781 
including the use of lithographic patterns to induce or 
guide a self-assembly process,[791 applications of lithog- 
raphy using "soft" materials such as organic elasto- 
mers,[801 and the use of an atomic force microscope tip to 

"write" nanostructures onto a gold substrate with alka- 
nethiol "ink", namely, dip-pen nanolithography.18' An- 
other nanofabrication method uses metallic mask 
membranes fabricated from nanochannel glass (a glass 
matrix with uniform arrays of hollow channels as small as 
20 nm) to produce regular arrays of magnetic dots for 
magnetic storage application.182' A recent study compared 
ferroelectric nanostructures fabricated via self-assembly of 
dispersed nanoparticles synthesized from a microemulsion 
and via electron beam lithography of a polymer precursor 
layer,[831 with the self-assembly approach producing 
droplets in the 50-60 nm range (which the authors argued 
was several times too large for self-assembly), while the 
lithographic approach produced arrays of 60-70 nm 
particles with spacing down to 150 nrn. 

The stability of fabricated nanostructures under appli- 
cation conditions can be an important issue. Nanoscale 
features produced on a Cu crystal by ion sputtering under 
ultrahigh vacuum were demonstrated to be stabilized at 
room temperature in air for a week or more (far longer 
than needed to serve as a useful process step) by an 
oxidation The authors noted that without the 
oxidation treatment, the stability of such nanoscale 
features is limited by thermally activated diffusion to 
about 200 K. Feedback-controlled ion beam sputtering has 
been used to "sculpt" a 5-nm pore in a Si3N4 membrane, 
which was then used as a detector for a single DNA 
molecule.[851 The authors suggest that this nanofabrication 
method could be used to fabricate slits, trenches, crosses, 
and other structures for nanoscale semiconductor devices. 

Nanofabrication via Self-Assembly 

Self-assembly phenomena have been used both to form 
templates for fabricating nanostructures and to assemble 
the nanostructure itself. Dynospheres (latex particles 0.5 
pm in diameter suspended in water) were self-assembled 
into regular arrays that were used as a mask to deposit 
arrays of Ni n a n ~ ~ a r t i c l e s . [ ~ ~ '  Polymethylmethacralate 
(PMMA) spheres were self-assembled in trenches in Si 
wafers to from a three-dimensional photonic crystal.1871 
Nanowires of single-crystal Si that self-align to form a 
structure suitable for photoemission applications were 
grown from a thermally evaporated Ni film subjected to 
magnetron sputtering of ~ i . ' ~ ~ ]  An A1 film deposited on a 
Si or SiOz substrate was anodized to produce a hexago- 
nally ordered nanoporous A1203 A large 
variety of topological structures have been produced in 
mesoporous Si02 by combining sol gel and emulsion 
chemistry with molecular self-assemblq .Igo1 

Self-assembled nanostructured films have been shown 
to possess useful chemical and optical properties. A self- 
assembled monolayer of hexadecanethiol on a gold 
surface was shown to block the interaction of the surface 
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with neutral molecules such as water and volatile sulfuric 
compounds, enhancing its effect as a selective detector of 
mercury Self-assembled multilayer superlattice 
films containing chromophoric organic molecules were 
shown to be useful for optical switching based on their 
large second-order nonlinear optical response.[921 

Self-Assembly with Diblock Copolymers 

Films of copolymers consisting of two distinct blocks 
[e.g., polystyrene (PS) and PMMA] spontaneously as- 
semble into ordered domains with morphology principally 
depending on the molecular weight ratio of the constituent 
polymers, allowing the formation of nanoscale tailored 
polymer dot arrays via chemical removal of one of the 
blocks. These polymer dot arrays can then be used as 
templates or masks to form nanoscale dot arrays of metals 
or insulators on silicon and other ~ubstrates.'~~' Incorpo- 
ration of metal nanoclusters synthesized in situ from de- 
composition of precursors within one of the copolymer 
blocks was demonstrated to produce patterned structures 
with selective phase separation and particle confine- 
ment.[941 Arrays of Co nanowires with application as 
ultrahigh-density magnetic data storage media have also 
been fabricated using nanoporous films derived from 
diblock copolymers.r951 Combining a diblock copolymer 
of polystyrene and polyethylene oxide with a dilute ho- 
mogeneous solution of a silica precursor leads to a me- 
sostructured silica film that can be calcined to produce 
closed-cell mesoporous silica films with potential appli- 
cation as low dielectric constant insulators.[961 Control of 
optical energy transfer was demonstrated by embedding 

semiconducting polymers into the pores of such a silica 
film, suggesting their potential application in optoelec- 
tronics as 

Whether the functional nanostructures trends highlight- 
ed above will lead to revolutionary advances in technology 
or merely to continued incremental improvements is 
impossible to predict. Fig. 4 schematically illustrates two 
possible paths-a high-growth path under which advances 
in functional nanostructure fabrication lead to a broad range 
of new materials and devices and a low-growth path under 
which functional nanosystems penetrate existing markets 
in an incremental fashion. There are currently strong drivers 
toward the high-growth path, in particular the continuing 
integration of top-down and bottom-up fabrication approa- 
ches and the increasingly interdisciplinary nature of 
research in this area. However, there are also strong 
barriers that, if not overcome, will push toward the low- 
growth path, in particular the need for continuing scientific 
advances, the need to address scale-up issues, and com- 
mercial constraints such as the availability of capital, the 
need to show profit, and regulatory requirements. 

The following are some of the significant scientific is- 
sues that need to be addressed to progress along either path: 

Retention of microscopic nanostructures under appli- 
cation conditions. 
Reproducible, scalable, cost-effective fabrication of 
designed nanostructures. 
Demonstration of nanostructure function in macro- 
scopic materials and devices. 
Demonstration of long-term nanostructure functional 
stability. 

High-Growth Achievements 
High strength tough metal alloys 
Highly accurate rapid toxic materials detection 

BARRIERS: Scientific DRIVERS: Integration of top-down and 
advances, scale-up issues, bottom-up approaches, increasing 
commercial constraints interdisciplinary interactions 
(capital, profit, regulation 

cific metals 

2003 -------> Improved detection for certain toxic materials 

T'itnt. Integration of nanocomponents into microelecuomechanical 
systems (MEMS) 

Fig. 4 Possible growth paths for functional nanostructure applications. (View this art in color at www.dekker.com.) 



Table 1 Synergisms between nanomaterials applications 

In situ Super Superhard Cheap Fast precise 
Targeted tumor Mobile membranes coatings energy High-strength toxic materials Smart 

drug delivery treatment biosensors and catalysts and films storage tough metal alloys detection nanodevices 
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- 
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and bio agents 

Portable power 
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- 
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biosensors 
Improved 
chemical 
processes 
- 

Portable 
power 
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chemical 
and bio 
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Facilitates Counter chemical 
and bio agents 
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The rate at which progress is made in addressing these 
issues will determine the timescale in Fig. 4, in addition to 
whether progress is toward the high-growth or the low- 
growth path. 

SYNERGISTIC INFLUENCES 

The development of certain nanomaterials trends will 
in some cases exert a synergistic influence on the 
development of other trends. Table 1 illustrates some of 
these potential effects for possible high-growth applica- 
tions of the nanomaterials trends discussed above. Three 
application developments are considered for each nano- 
materials area. Targeted drug delivery, in situ tumor 
treatment, and mobile biosensors are the bionanomaterials 
developments considered. Super membranes and catalysts, 
superhard coatings and films, and cheap energy storage are 
the nanocomposites developments considered. High- 
strength tough alloys, fast precise toxic materials detec- 
tion, and smart nanodevices are the functional nanostruc- 
tures developments considered. Where the presence of one 
development could facilitate the other development, e.g., 
targeted drug delivery and in situ tumor treatment, the 
word "facilitates" is shown in the appropriate box. This 
effect is not always symmetric. For example, the presence 
of in situ tumor treatment would not facilitate targeted 
drug delivery. In some cases, synergism between the two 
developments would improve function, e.g., smart nano- 
devices together with super membranes and catalysts 
would lead to improved chemical processes. In other 
cases, the synergism might lead to an entirely new 
capability, as for example targeted drug delivery and 
smart nanodevices would enable smart drug delivery. For 
the purposes of this analysis, we assumed that the 
synergisms leading to improved function or new capabil- 
ities were symmetric. The boxes in Table 1 with dashes 
indicate no synergism between the two developments. 

The following paragraphs briefly summarize the 
synergisms listed in Table 1 (symmetric synergisms are 
only discussed once). 

Targeted drug delivery: facilitates in situ tumor treat- 
ment by providing a mechanism; spurs development of 
mobile biosensors by providing an application; together 
with fast precise toxic materials detection could provide 
detection coupled with treatment for chemical or biolog- 
ical (CB) agents; together with smart nanodevices could 
provide smart drug delivery. 

In situ tumor treatment: spurs development of mobile 
biosensors by providing an application. 

Mobile biosensors: facilitate targeted drug delivery and 
in situ tumor treatment by providing locations; together 
with super membranes and catalysts could provide the 
basis for blood filters; together with smart nanodevices 
could provide smart biosensing. 

Super membranes and catalysts: together with cheap 
energy storage could provide a means for improved 
energy conversion; together with fast precise toxic 
materials detection could provide both for detection and 
filtering or destruction of CB agents; together with smart 
nanodevices could provide a means for improving the 
selectivity and yield of chemical processes that involve 
separations or catalysis. 

Superhard coatings and films: could facilitate mobile 
biosensors and cheap energy storage by providing protec- 
tion from damaging materials or hostile environments; 
together with high-strength tough metal alloys could 
provide long-life structural materials. 

Cheap energy storage: could facilitate in situ tumor 
treatment and mobile biosensors by providing cost- 
effective power sources; could spur development of 
superhard coatings and films by providing an application; 
together with fast precise toxic materials detection could 
provide a means for detection and destruction of CB 
agents; together with smart nanodevices could provide on- 
demand portable power sources. 

High-strength tough metal alloys: can facilitate cheap 
energy storage, fast precise toxic materials detection, 
and smart nanodevices by providing functional struc- 
tural materials. 

Fast precise toxic materials detection: facilitates mobile 
biosensors by providing the mechanism for the biosensor. 

Smart nanodevices: facilitate in situ tumor treatment by 
providing a means for treatment delivery to the tumor site; 
facilitate high-strength tough metal alloys by providing a 
possible means for fabrication. 
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INTRODUCTION 

The emerging field of Nanotechnology, including nano- 
materials, nanoscale devices, and nanobiotechnology, has 
been purported to impact every aspect of our life in the 
decades to come. The race to capitalize on Nanotechnol- 
ogy, "the next big thing," began in the wake of the 
abating Internet mania in the year 2000, although basic 
and applied research on various aspects of this field has 
been intensely pursued since the early 1990s. For a 
comprehensive review of scientific advances in this field 
during the 1990s, the reader is referred to the World 
Technology Evaluation Center ~ e ~ o r t . " ]  We should all 
remember that studies in catalysis and small metal 
particles began more than a century ago and represents 
one of the most significant applications of nanomaterials 
to date. In many instances, Nanotechnology has been 
referred to as a "disruptive technology," the elegant and 
pithy phrase coined by Harvard professor, Clayton 
~hristensen. '~] With the rapid influx of venture capital 
into the up-and-coming Nanotechnology industry (al- 
though it is a far cry from the investment activity that was 
seen in the mid-1990s with the then emerging internet 
industry), start-ups are realizing the need for sustainable 
competitive advantage in what is now becoming a 
crowded space. Given the scientific evidence so far, the 
potential for Nanotechnology to beneficially impact 
various aspects of our life and society exists, but 
attempting to predict them all at this stage is futile. 

To put this field in perspective to the uninitiated, it has 
often been mentioned that Nanotechnology today is in the 
same state computers were in the 1960s.[11 Perhaps, a 
more apt comparison should be to the Industrial Revolu- 
tion that began in the late eighteenth century. The 
Industrial Revolution enabled products that were already 
in use to be made cheaper, faster, and of uniform and of 
predictable quality.[3341 The Nanotechnology Revolution 
underway has the potential to impact the performance of 
existing products, but not so much in terms of cost. At the 
same time, Nanotechnology has the potential to make 
possible new products that would otherwise not be 
possible. All of this has spawned the growth of Nano- 
technology as an industrial sector, while in reality it is an 

aggregate of several different industries brought together 
in ways never seen before. Accordingly, it is helpful to 
compare this new industrial sector to the several industries 
that came into existence during and after the Industrial 
Revolution: railroad, automobile, commercial aviation, 
and most recently, internet. Several hundreds of compa- 
nies came into existence in the initial stages of each of 
these industries: there was a time when there was a large 
number of companies with motor works being the 
common suffix for a majority of them.[41 This is much 
the same today with the word nano being the prefix in the 
name of the company. Based on information garnered by 
market research entities such as CMP ~ientifica,"' 
Business Communication and Nanobusiness 
~ l l i a n c e , " ~  the number of companies worldwide that are 
active in nanotechnology at the present time can be 
estimated to be in excess of 400. As it has happened in all 
of these industries, the initial flurry of activity fades in a 
few years as the companies come to grips with the realities 
of the market forces. The start-ups burn through the 
invested capital, and either close shop or morph into a 
company with a different objective. The stage had been 
set by the year 2001 for this story line to be repeated in the 
Nanotechnology industry, except that the financial climate 
has been dismal since that time, with investment capital 
becoming a scarce commodity. 

Just as it is said that beauty lies in the eyes of the 
beholder, an objective definition for Nanotechnology 
depends on the aspect of the field that the person is 
involved with. To an oncologist working with nanotech- 
nology, it could mean targeted drug delivery to cure 
certain specific types of cancer, while to a scientist 
involved with computing, Nanotechnology could refer to 
molecular switches. The purpose of this article is to look 
at technological and commercial advances made to date in 
the area of Nanomaterials either enabling new products 
or improving existing products. The focus is on products 
having the potential to beneficially impact present mar- 
kets, as opposed to a number of markets that may emerge 
in the future. Moreover, special emphasis is given on ap- 
plications where the presence of nanoscale features adds 
certain functionality, instead of simply providing a high- 
surface-area template. 
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OVERVIEW 

In a broad sense, Nanomaterials include nanoscale 
particles (metal/ceramic/metalloid/organic particles or 
composites thereof, nanotubes, and buckyballs), nanopar- 
ticles dispersed (or suspended) in a liquid, or nanoparti- 
cles dispersed in a polymeric material, either as a coating 
or a bulk material. A distinction between functional and 
nonfunctional nanoscale features needs to be drawn: by 
nonfunctional nanoscale features, we mean that the na- 
noparticle simply acts as a high surface area support for a 
second-phase material, and does not possess any intrinsic 
functionality. A good example is a ceramic catalyst sup- 
port, such as a honeycomb structure, in which catalyt- 
ically active metallic nanoparticles are embedded in the 
high-surface-area ceramic material. As alluded to earlier, 
such high-surface-area materials have been in existence 
for decades. On the other hand, functional nanoparticles 
are those where the nanoparticles themselves perform a 
certain function, as a result of their particular crystalline 
structure, or the lack thereof; e.g., particles having gas 
sensing capabilities because of their ability to undergo 
redox reactions. 

A few nanomaterials companies made rapid progress 
(measured in terms of the ability to raise capital and build 
substantial manufacturing capability) in the mid- to late 
1990s, with the anticipation that they will be ready if and 
when the market emerges. Most of them have found out 
that either the anticipated markets never materialized, or 
the products they envisioned did not meet the cost 
requirement of the targeted industry. A case in point 
was a company that was initially funded by a U.S. gov- 
ernment small business innovative research (SBIR) 
initiative. The company's manufacturing technology was 
unique, and the nanopowder product had a sufficient 
number of distinguishing features from the state-of-the- 
art, especially with respect to performance. The company 
attracted investment (initially backed by venture capital 
and later by large corporations in the same market sector), 
and a full-scale production facility was commissioned 
within 5 years of obtaining seed capital. However, the 
well-funded company failed to make any impact on the 
market because the market was driven by cost, and not 
by performance. The company's product was superior and 
more expensive, but the market had no need for a better 
product, as the available product at that time more than 
met what the majority of customers desired. The metrics 
of comparison had shifted from performance to cost. It 
was too late by the time management realized the market 
forces in play, and the company had to close down its 
production facility by the start of the new millennium, and 
abandon its forays into nanomaterials, at least for the 
moment. The lesson here is that while nanotechnology can 
lead to a better product, it may not necessarily lead to a 

"business" because the mass market is not ready to pay 
a higher price for an improved product. To extend this 
thought further, it may so happen that, while a particular 
product developed by a company is superior in perform- 
ance to an existing product, the sales volume generated 
may be too small to support a large-scale manufacturing 
infrastructure. It appears that the maximum potential 
exists for products that are just not improved, but enabled 
solely by the use of nanomaterials. 

The initial part of this article will describe advances 
made by small and large corporations in producing a 
variety of nanopowders, because nanopowders provide the 
all-important building block for forming nanostructured 
materials. The discussion will be limited to technologies 
that were successfully developed into, at least, a quasi- 
commercial operation. As it turns out, the roots of a vast 
number of nanopowder synthesis processes are either a 
university or some other research laboratory. However, 
synthesis processes that are still practiced only in a 
research environment are excluded from the discussion. 
Furthermore, the discussion will be restricted to ceramic 
and metal nanoparticles. Carbon-based materials (e.g., 
fullerenes/bucky balls, single-wall carbon nanotubes, and 
multiwall carbon nanotubes) and chalcogenide nanotubes, 
and organic nanoparticles are beyond the scope of the 
present discussion. 

The second part will describe the activities of compa- 
nies involved in commercializing nanomaterials for 
specific applications, where substantial value is added to 
nanoparticles by way of surface treatment or incorporation 
into a host matrix. Also included are work performed at 
corporations that purchase nanoparticles from the open 
market and incorporate them into an end product. This 
section will also detail the activities of a few companies 
that are vertically integrated, i.e., they synthesize their 
own raw nanomaterials and integrate them into a com- 
ponent or a device. However, such vertical integration is 
not common in the materials industry. 

The final section is a reflection on the past decade of 
nanomaterials development, and a prognosis of where 
things are likely to be by the end of the decade. 

PART I: NANOPOWDER PRODUCTION 

Two of the pioneers in production of nanopowders of 
single-phase oxides (e.g., SO2, Ti02, A1203, Fe203, and 
Zr02) are located on either side of the Atlantic Ocean: 
Degussa Corporation, headquartered in Europe, and Cabot 
Corporation in the United States. Both companies have 
been in production of nanopowders for several decades 
now, accounting for much of the "nanopowder sales" 
figures quoted in reports by some market research analysts. 
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Over the years, Degussa and Cabot have steadily made 
incremental improvements in particle characteristics, such 
as reduction in aggregate size and altering surface 
characteristics to suit specific applications. The Degussa 
Process, called the AEROSIL process,[81 involves hy- 
drolysis of gaseous metallic chlorides under the influence 
of water, which develops during the oxyhydrogen reaction, 
which, in turn, leads to a high-temperature reaction zone. 
Example reactions are as follows: 

Nanoparticles of titanium dioxide, produced by Degussa, 
are sold as Degussa P25, and are an extremely well 
characterized nanopowder. The powder has a surface 
area of -50 m21g, with a primary particle size of 21 nm. 
Fig. 1 shows a transmission electron nlicroscopic (TEM) 
image of Ti02 nanopowders. The purity of the oxides 
is in general > 99%, and in some cases, the purity is in 
excess of 99.9%. The reason for the high purity is that the 
chloride byproduct is cleaned relatively well through 
distillation. These nanopowders are used in a number of 
commercial applications, some of which are: aluminum 
oxide used in Ink jet papers (smoothing and sealing), cable 
insulation (improvement in dielectric strength), photo 
resists for production of integrated circuits (ICs) (rheolo- 
gy); titanium dioxide in ultraviolet (UV) protecting gels 
(transparent, yet 100% UV protection); zirconium oxide in 
IC substrate boards (higher resolution), battery separators 
(filler), and polystyrene (free flow aid). 

High-surface-area Si02 has been the flagship product 
of Cabot Corporation (in addition to carbon black, which 
itself is a nanostructured powder, given the high surface 
area of the powder particles). cab-o-sil('l' is the trade name 
of Cabot's Si02 nanopowders, an electron micrograph of 
which is shown in Fig. 2.[91 Nanoparticles of SiOz are 
produced by a flame process, which substantially resem- 
bles the Degussa process described above. An experi- 
mental grade of aluminum oxide is also produced by 
Cabot using the same process, with a surface area of 

Fig. 1 TEM image of Degussa's P2.5 titanium dioxide powder. 

Fig. 2 Electron micrograph of nanoparticles of SO2, produced 
by Cabot Corporation. 

-55 m21g. The reported average aggregate length, which 
is different from the aggregate size measured by a typical 
instrument, such as Coulter N4 plus or a Horiba LA 920, 
is 150-170 nm. 

Interestingly enough, unlike conventional materials 
development-where a unique material is often developed 
in response to either an actual or a perceived need-the 
above-described oxide nanopowders have largely found 
use in new markets as soon as they became available 
in large quantities. For example, the production process 
for synthesis of nanoparticles of aluminum oxide was 
developed well before the powders began to be used in 
inkjet papers. Moreover, nanopowders of aluminum 
oxide, titanium oxide, and silicon dioxide have been 
commoditized over the years by the two industry giants 
mentioned above, thereby leaving little room for nano- 
powder-producing neophytes to use their approach to 
penetrate well-established markets. A further discussion 
on the barrier to entry is presented in the final section of 
the article. 

Baikowski ~ntemational,['~' a company based in France 
with operations in the United States as well as in Japan, 
also provides nanoparticles of aluminum oxide with ex- 
ceptional purity: > 99.99% (in addition to micron- and 
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submicron-size particles). The powders have a high 
surface area, - 120 m21g. Some grades of such high- 
surface-area powders have an aggregate size as small as 
-0.3-0.4 pm. The company exclusively produces alumi- 
num oxide, and caters largely to the lighting (for 
producing translucent ceramics) and polishing (chemical 
mechanical polishing) industries. 

The perceived need for spherical nanoparticles, and 
with a lower degree of aggregation than what was 
commercially available, prompted extensive research into 
new synthesis processes at universities and national 
laboratories. As soon as a basic research showed promise, 
the technologies were transferred to a private entity 
[usually with the aid of federal funds in the form of either 
SBIRs, or its sister program, small business technology 
transfer (STTRs)], often located near the originating 
research institution. The start-ups were the so-called 
"spin-off" nanomaterial companies. Two such companies 
in the early days of the Nanotechnology industry were 
Nanophase Technologies Inc. in Illinois, and Nanodyne 
Inc. in New Brunswick, although Nanophase Technolo- 
gies Inc. was funded by equity investment very early on 
in the life of the company. Nanophase Technologies 
(NASDAQ: NANX), which evolved from research 
activity at Argonne National Laboratory in the outskirts 
of Chicago, focused on the production of oxide nanopar- 
ticles, including such commonly used oxides as aluminum 
oxide, titanium dioxide, and zinc oxide, as well as a 
number of not so commonly used materials, such as 
yttrium oxide, copper oxide, and cerium oxide. The 
synthesis process, schematically shown in Fig. 3, is based 
on high rate evaporation of metals followed by oxidation 
in the gas phase.["1 The process yields nanoparticles on a 
commercial scale with a spherical morphology (in many 
cases) and with minimal aggregation, which was differ- 
ent from the nanopowders available at that time, although 

the surface areas were comparable. As of the writing of 
this article, all of the compositions mentioned above are 
available in tonnage quantities. The strategy to market 
these products appears to be to sell the nanopowders to 
larger chemical manufacturers, as opposed to directly 
providing it to the end user; e.g., the biggest customer of 
Nanophase Technologies is BASF.["' 

Nanodyne Inc. was a spin-off from Rutgers-The State 
University of New Jersey, the basis for the technology 
being intellectual property and prior research that was 
carried out at Exxon Corporation. The hallmark of the 
Nanodyne synthesis approach, shown schematically in 
Fig. 4, was that existing and commercially available 
processing technologies (e.g., fluidized bed and rotary 
furnaces) were used to produce nanostructured materials 
that were protected by a structure of matter patent. The 
sole focus of the company was to produce ultrafine 
grained powders of WCICo. Research had shown that 
fine-grained WCICo materials possessed improved hard- 
ness without the usual accompanying loss in toughness, 
and this provided the impetus to commercialize ultrafine 
grained WC/Co for tool bits.[13' A pilot plant was first 
built in New Brunswick, NJ, with investment from venture 
capitalists (Ampersand and CMEA). Later, Union Miniere 
(now Umicore) bought out the interests of all the share- 
holders, and a semifull-scale production plant was con- 
structed in North Carolina. Unfortunately, the plant was 
shut down not too long after it was comrniss i~ned,[ l~~ and 
Nanodyne Inc. went into the history books as one of the 
first casualties of the Nanotechnology industry. 

Just about the time that nanopowders were coming in 
vogue in the United States, a companq called Advanced 
Powder Technology (APT) was founded in ~ u s t r a l i a . [ ' ~ ~  
Unlike the vapor-phase approaches that were being 
championed by many companies in the United States, 
APT developed a patented solid state process that 
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Jets of thermal 
Nanometric 

Fig. 3 Schematic showing the vapor-phase process practiced at Nanophase Corporation. 
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Fig. 4 Schematic of the spray conversion process, developed by Nanodyne Inc. 

combined a milling operation. Dry milling was used to 
induce chemical reactions through ball-powder collisions 
that resulted in nanoparticles forming within a salt matrix. 
Particle size is defined by the chemistry of the reactant 
mix, milling, and heat treatment condition. Particle ag- 
glomeration is minimized by the salt matrix, which is then 
removed by a simple washing procedure. While reducing 
the size of particles by milling had been known for a very 
long time, APT was among the first to reduce the particle 
size to the nanoscale. A joint venture with Samsung Cor- 
poration was announced in 2001. One of the major pro- 
ducts was cerium oxide, which has generally been an 
expensive material and was scarcely available in a nano- 
powder form. The technology has also been extended to 
other compositions, such as zinc oxide. 

During the mid- to late 1990s, alternative vapor-phase 
technologies to what was practiced at Nanophase Tech- 
nologies was developed by a number of companies, 
including NEI Corporation, the company that the authors 
work for. At NEI, a process called combustion flame- 
chemical vapor condensation (CF-CVC) was developed to 
produce oxide nan~~a r t i c l e s , "~~  the origins of which were 
in a process invented at Rutgers ~ n i v e r s i t ~ . [ ' ~ " ~ '  The CF- 
CVC process, shown schematically in Fig. 5, utilized a flat 
flame in a reduced pressure environment as the heat 
source for pyrolyzing vapors of metalorganic precursors. 

The geometry of the flame insured that the pyrolysis was 
uniform, and the condensation of the pyrolyzed species 
into nanoparticles was rapid. The end result was the 
formation of high-surface-area nanoparticles with a 
narrow primary particle size distribution, combined with 
one of the smallest aggregate sizes among nanopowders 
available in the market. For example, titanium dioxide 
nanopowders had a surface area of -65-75 m21g with 
an aggregate size (as measured by Coulter N4 Plus) of 
-0.1-0.12 ym. Aluminum oxide nanopowders had a 
surface area of - 120 m21g with an aggregate size of only - 0.125 pm.['93201 

Significant progress in developing new methods of 
nanopowder synthesis was made at Nanomaterials Re- 
search Corporation (NRC) toward the late 1990s. The 
production system was based on a patented 
utilizing ultrarapid thermal quenching of high-tempera- 
ture vapors through a boundary layer converging-diverg- 
ing nozzle. A suspension of precursor material, which 
was, for the most part, generated from a fluidized bed of 
micron size metal particles, was continuously fed to a 
thermal reaction zone and vaporized under conditions 
that minimized superheating and favored nucleation of 
the resulting vapor. The expansion ahead of the nozzle led 
to rapid condensation, and minimization of nanoparticle 
coalescence. The process produced metals, intermetallics, 
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Fig. 5 Schematic layout of the CF-CVC process, developed at NEI Corporation. 

single-phase and multicomponent oxides, and even some 
nonoxides. Subsequently, NRC, which was mostly funded 
through a number of SBIR programs until then, spun off 
a separate entity called NanoProducts Inc. A partnership 
with a major Japanese powder equipment company, 
Hosokawa Micron C o p ,  was announced in 2001 for 
scale-up of the nanopowder synthesis process.[221 Produc- 
tion is said to be commencing in Japan, as well as in the 
United States. NRC has also developed other gas-phase 
nanopowder synthesis processes, similar to the one de- 
scribed above, some of them utilizing chemical precursors 
such as acetates and nitrates. 

Meanwhile, through the 1990s, the process of spin- 
ning off nanopowder- and nanomaterial-producing com- 
panies from universities continued in the United States. 
One such company that came into existence in the rnid- 
1990s was TAL Materials, located in Michigan, which 
focused on a process based on combustion of precursors 
in a flame.[231 However, unlike many of the processes 
described above, the TAL Materials technology did not 
require the precursors to be vaporized. The precursors 
were pyrolyzed in a tubular reactor, and high-surface-area 
nanopowders were collected downstream.[241 The com- 
pany, which was still in its infancy at the time this article 
was being written, has focused on multicomponent oxide 
particles for value-added applications in lasers, and of the 
like.[251 

Nanoscale Materials ~ n c . [ ~ ~ ]  (formerly known as 
Nantek Inc.), which started operating in 1995, was spun 
out of Kansas State University-the first commercial 
spin-off from this university. The company sells an array 
of oxide nanoparticles, mostly single phase, under the 
trade name ~ a n o ~ c t i v e ~ ~ .  The powders are characterized 
by an extremely small feature size, resulting in enor- 
mously high surface areas. Accordingly, applications that 
can benefit from a very high surface area are ideal users of 
~ a n o ~ c t i v e ~ ~ .  According to the company, their oxide 
powders have shown utility in a variety of applications, 
including destructive adsorption, purification of air and 
water, scrubbing of acid gases, and sequestering of odors 
and toxic gases. 

Unlike many of its competitors, which emerged from 
transitioning of a research activity into a business in 
nanomaterials, Altair Nanomaterials evolved from being a 
leaseholder on titanium ore mines in the Tennessee Valley 
to a manufacturer of oxide (and some nonoxide) nano- 
particles, titanium dioxide in particular.[271 The Altair 
process is a solution-based process, wherein particles are 
precipitated and milled to be reduced to a smaller size 
while in suspension.[281 As of the writing of this article, 
initial sales into the thermal spray market had been 
reported, along with success in animal trials of a 
phosphate powder for treatment of a kidney disease. 
Altair is a publicly traded company (NASDAQ: ALTI), 
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and the total sales volume of nanopowders appears to be 
in the tens of thousands of dollars per quarter. 

Nanotechnologies, ~ n c . , ' ~ ~ ]  based in Texas, and Tech- 
nanogy[301 in California (both backed by venture capital 
funding), were relative newcomers to the business of - 
producing nanopowders. Both companies championed 
vapor phase processes, where a plasma source was used to 
vaporize metallic materials. The initial emphasis for 
both companies was on aluminum nanoparticles, with 
the objective of using them as rocket fuel, and as a com- 
ponent in the primer for bullets. Neither of these two 
applications seems to have held up to their initial prom- 
ise, presumably because of cost considerations. Nano- 
technologies Inc. has also initiated the development of 
oxide nanoparticles, and recently announced collabora- 
tion with Airproducts Inc. and Essilor, a manufacturer 
of eyeglasses. 

Argonide ~or~oration["'l came into existence in the 
early 1990s, after transferring nanopowder production 
technology from Russia. A wire of the desired material 
is exploded in a continuous manner within a controlled 
atmosphere. A variety of metals including tungsten, alu- 
minum, and oxide nanopowders are produced by the 
process.[32' 

The path followed by a majority of companies has been 
somewhat self-directed, as opposed to being directed by 
the needs of the customer. As a result, considerable 
emphasis has been placed on the production of single- 
phase oxide nanopowders, such as aluminum oxide, 
titanium oxide, zinc oxide, and cerium oxide. This has 
been driven more by what their individual technologies 
can offer, and less by what the specific needs of an 
application are. Accordingly, an additional step of 
converting the single-phase oxide nanopowders into a 
useful form has become necessary, which reduces the 
importance of the starting material, which in turn requires 
it to be relatively inexpensive. Many nanopowder-pro- 
ducing companies have an eventual price target of -$lo/ 
lb; it remains to be seen if such a low price is attainable, 
and even if so, to what extent it remains a viable business 
for small companies. 

In contrast to passive or nonfunctional nanoparticles, 
i.e., where the internal crystal structure does not con- 
tribute to a particular physical phenomenon, functional 
nanoparticles present significant opportunities for en- 
hancing the properties of a product. Three prominent 
examples include: 1) multicomponent nanoparticles of 
electronic oxide ceramics; 2) nanocomposite electrodes 
for lithium-ion batteries; and 3) active materials for 
chemical gas sensors and biochemical activity. Processing 
of these materials is particularly challenging, given the 
complexity of the material systems, thus it is not sur- 
prising that there are very few companies active in these 
areas, although the market opportunity is immense. 

Barium titanate, and variations thereof, is perhaps the 
most widely used electronic ceramic material. As such, 
this has prompted the nanomaterials community to 
investigate the potential benefits of nanostructured barium 
titanate. It is most commonly used as a sintered high 
dielectric material (both thick films and bulk). Accord- 
ingly, many companies have made several attempts in 
developing fine particles of barium titanate. One of the 
most widely practiced synthesis methods has been the 
hydrothermal process, where precursors are allowed to 
react at relatively low temperatures, but at well above 
ambient pressures. TPL Inc. (Albuquerque, NM) has 
reportedly scaled a process for producing tonnage quan- 
tities of ultrafine multicomponent oxide powders belong- 
ing to the titanate family.['31 

NEI Corp. has developed processes for producing 
nanostructured powders of compositions used as elec- 
trodes in rechargeable lithium-ion batteries, and related 
energy storage devices.[34361 Rechargeable lithium-ion 
batteries present a market opportunity for nanomaterials 
as three aspects of this class of energy storage device need 
improvement: energy density, rate capability, and cost. 
The ability to stabilize structures that are intrinsically of 
high energy density (example shown below) in a nano- 
particle has the potential of inducing improvements in 
energy density. The rate capabilities of rechargeable bat- 
teries can be enhanced by reducing the particle size of 
electrode materials, because it is well established that the 
rate capabilities of lithium-ion batteries are limited by 
s&d-state diffusion of lithium ions within the electrode 
materials.["] Furthermore, compositions that utilize rela- 
tively inexpensive compositions (i.e., based on iron rather 
than cobalt) become viable cathode materials when the 
particle size is reduced to the nanoscale. 

Macrocrystalline layered lithium manganese oxide, 
which has a theoretical energy density twice that of the 
presently used lithium cobalt oxide, suffers from structural 
instability during electrochemical cycling, and as a result, 
exhibits significant capacity decline. Moreover, the rate 
capability is less than desirable. NEI Corp. is developing 
nanostructured and doped layered lithium manganese 
oxide. Fig. 6 shows the chargeldischarge curves of the 
sample under a low current density. The first charge 
capacity and discharge capacity were within 15% of the 
theoretical value. When the current density was raised to 
22.5 mA/g during charge and discharge, the discharge 
capacity dropped, but did not show any capacity fade. 
Furthermore, development work is underway to increase 
the discharge capacity at high current densities. 

Sensing an opportunity in gas detection instruments 
needed for industrial health and safety, environmental 
monitoring, and process control, Nanomaterials Re- 
search Corporation spent considerable effort in produc- 
ing single-phase and doped oxide nanoparticles and 
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Fig. 6 A chargeldischarge curve of a nano-LiMnxMI -,02 
cathodes in a Li-test cell at a current density of 2.7 mNg. (View 
this art in color at www,dekker.com.) 

integrating them into gas sensors.[381 Fig. 7 shows a com- 
parison of the sensitivity of coarse-grained and nanos- 
tructured powders. NEI Corp. made initial forays into this 
market using its low-pressure flame deposition (LPFD) 
process, which is a high rate process for depositing and 
sintering nanoparticles in situ on a s ~ b s t r a t e . [ ~ ~ ' ~ ~ ]  The 
process leads to a porous nanoparticulate thick film 
structure, which is a desired morphology for gas sensor 
applications. However, the company did not obtain suf- 
ficient traction from the end users of such a technology, 
and has subsequently shelved the process. 

PART II: VALUE-ADDED 
NANOMATERIALS AND 
NANOMATERIALS-ENABLED PRODUCTS 

In the materials business, the idea of not just producing 
nanopowders, but also integrating in-house synthesized 
nanoparticles into a final end product is generally believed 
to be a good strategy. The argument is that, although 
nanoparticles have properties that are uniquely distinct 
from their coarser counterparts, they are still a "raw 
material," and so do not carry much more value than a 
commodity. NanoGram was perhaps the first company to 
build a business on this concept, and have taken it to the 
extreme. The company, which was founded in the early 
1990s with venture capital backing, concentrated on a 
laser pyrolysis process as the predominant nanopowder 
synthesis method. A substantial amount of intellectual 
property was created in the "use" of nanoparticles for a 
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host of applications, including lithium batteries and 
chemical mechanical polishing. For example, NanoGram 
was the first to patent the use of nanoparticles of va- 
nadium oxide as cathode materials for a lithium bat- 
t e r ~ ; [ ~ ' ]  although sol-gel derived vanadium oxide xero- 
gels (which are, by definition, nanostructured materials) 
have been shown to possess significantly higher capacity 
than coarse particles of vanadium oxide.[421 The laser 
nanoparticle synthesis process was subsequently modified 
to directly deposit nanostructured films at high rates on 
substrates.[431 Using this and other nanocomposite tech- 
nologies, forays were made into the optical waveguide 
business at the turn of the millennium. The company ap- 
pears to be deft at changing course as the market evolves. 
Recently, a new spin-off called NanoGram Devices Cor- 
poration has been formed to commercialize energy storage 
devices for the medical industry. 

Another example of a vertically integrated company is 
Photon-X (Malvern,  PA).'^^] The company was estab- 
lished through a sizable venture capital investment. 
Among the first products envisioned were optical ampli- 
fier modules that support high capacity systems, but 
consume considerably less power with a smaller footprint 
than conventional products. These amplifier modules 
were based on new waveguide materials utilizing optical 
polymers and their nanocomposites. The company has 
combined materials innovations with new and improved 
optical designs that enable a reduction in the number of 
pump lasers for amplifiers. Reducing the number of pump 
lasers significantly reduces the electrical power consump- 
tion. Right from the start, the company's goal was to be 
the provider of amplifier modules, made from building 
blocks that are all developed and fabricated in-house. 

InMat Inc., a New Jersey-based start-up, is among a 
handful of companies that have released their products in 
the commercial market.[4s1 The technology and some 
of the principals of InMat originated from Hoechst 
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Fig. 7 Data showing the difference in the sensitivity between 
coarse grained and nanostructured materials. 
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Research, which had ceased operations in New Jersey in 
the mid-1990s. The basic technology is a composite 
formulation consisting of butyl rubber with a dispersion of 
exfoliated clay particles. The exfoliated layers of clay 
have nanometer dimensions along the c axis, and hence 
the material is a nanocomposite, which has the unique 
feature of reducing permeability of air by as much as 
200%, while maintaining the flexibility of butyl rubber. 
As an example, a coating of the nanocomposite is applied 
to a tennis ball,[461 thereby increasing its life span. The 
company is working on establishing its presence into the 
tire industry and chemically protective gloves, both of 
which can benefit from rubbers that are less permeable. 

Along similar lines, at NEI Corporation, efforts are 
underway to commercialize transparent polymer nano- 
composite coatings that are also hard and scratch- 
resistant. Innovations have centered on increasing the 
refractive index, altering the thickness of the coating 
between 1 and 25 pm (as required by the application), and 
introducing additional functionalities such as electrical 
conductivity .r471 

There are also several examples of companies where 
nanomaterials form an integral part of the final pro- 
duct. For example, Konarka ~ e c h n o l o ~ i e s , [ ~ ~ ]  based in 
Massachusetts, has built upon dye-sensitized solar cells 
invented by Gratzel more than 10 years ago.[491 The core 
of the dye-sensitized technology consists of nanometer- 
scale crystals of titanium dioxide semiconductor coated 
with a monolayer of light-absorbing dye and embedded 
in an electrolyte between the front and back electrical 
contacts. The dye absorbs the photon in light. The com- 
pany claims to be using low-cost raw materials and an 
inexpensive manufacturing technology to bring this 
nanomaterial-enabled photovoltaic technology to market. 

~ a n o ~ a ~ n e t i c s [ ~ ~ ~  (UK) has used nanoparticulate 
magnetic films to produce a data-recording density of 
-6  Gbi t~ in .~  According to the company, this should 
eventually lead to a density of several Tbits per square 
inch. NanoMagnetics realized the importance of a uni- 
form grain size in the film, and has used a protein mole- 
cule called femtin as the cage in which a cobalt-platinum 
metal alloy is deposited. The advantage in using a pro- 
tein molecule is that they are always of the same size: a 
12-nm-diameter cage with an 8-nm cavity. This way, 
the size of the alloy nanoparticle is limited to the size of 
the cavity. 

There are also instances where nanomaterials consti- 
tute a critical component of the process. A case in point is 
Reactive Nanotechnologies Inc., which is building upon 
intellectual property generated at University of Maryland, 
and claims to have developed a new method of joining 
that replaces current processes of soldering and brazing, 
as well as opens up new applications in the areas of metal- 
to-ceramic joining.[511 The principle of joining employed 

by Reactive Nanotechnologies Inc. is based on a self- 
propagating exothermic reaction. Two dissimilar compo- 
nents are sandwiched with a stack of alternating layers of 
elements (with a thickness of several hundred nano- 
meters)-say aluminum and nickel-that undergo an 
exothermic reaction. The reaction between the two metals 
is initiated at one end, and propagates rapidly through to 
the other end. The advantage of the approach is that the 
components being bonded are not sensitive to the high 
temperature. The company envisions opportunities in the 
microelectronics market for application of its technology. 
A similar (but not competing) technology has been de- 
veloped by SusTech Darmstadt in The mi- 
crowave curable adhesive system works on the principle 
that nanoparticulate femtes pick up energy from electro- 
magnetic AC fields, convert it into heat, and pass to the 
immediate surrounding. 

A noticeable trend has emerged, in which large 
corporations are buying out (or exclusively licensing the 
intellectual property) small companies that have forayed 
into areas of interest to the large corporations, although 
there may not be any significant sales.[531 One notable 
example is the purchase by DuPont Titanium Technolo- 
gies, a wholly owned subsidiary of DuPont, of a fledging 
company called NanoSource Technologies in July 2002. 
NanoSource Technologies Inc., which was founded in 
1999, entered into an exclusive licensing agreement with 
Tekna Plasma Systems Inc. (Sherbrooke, Quebec, Canada) 
to produce nanoparticles of titanium dioxide. Moreover, 
the company had announced in January 2001 that it had 
developed a first-of-its-kind polymer coating for the 
surface of titanium dioxide nanoparticles that would make 
it usable in cosmetic applications.[541 

PART Ill: FUTURE PERSPECTIVES 

Given the recent flurry of activity in nanomaterials both 
in the academia and the industry, one can only conclude 
that there is still plenty of ground to cover. With the 
federal governments of advanced and developing nations 
apportioning increasingly large sums of money each year 
for research in nanomaterials and nanotechnology, we are 
most likely still away from seeing the peak in research 
output. In fact, in our judgment, the biggest breakthroughs 
are yet to come. In just the past few years, nanomaterials 
have already penetrated the consumer market, even if the 
sales volume in dollar terms is only in the tens of millions 
of dollars. Higher-volume applications requiring larger 
quantities of nanomaterials take a longer amount of time 
to be qualified for use, and we can expect to see them 
incorporated in products over the next several years. At 
the same time, it is quite difficult to clearly predict where 
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the greatest commercial advances are going to be, and 
how they will manifest themselves in products. While 
significant advances in nanotechnology are routinely 
announced in technical and trade journals, transferring 

' them into applications requires overcoming a number of 
barriers. Most notable among them are the lack of 
reproducibility of results reported from various laborato- 
ries, and the fact that results are often obtained from 
nonstandardized tests, making real-life comparisons dif- 
ficult. To add to all of this, progress in nanomaterials is 
often at odds with the human nature of inflating what is 
achievable in the near term, but not envisioning what can 
be achieved in the distant future. 

Interest in specialized nanomaterials and functiona- 
lized complex nanoparticles is growing. However, the 
demand for single-phase and multicomponent oxide 
powders of commonly used compositions is, at best, 
tepid. This is because oxide nanopowders, even with 
excellent particle characteristics such as small primary 
particle size and small amount of aggregation, do not 
possess sufficient distinguishing features from the pow- 
ders that have been available since the latest blitz in this 
field. In other words, the market has been commoditized, 
and so does not present new opportunities. Therefore, it is 
exceptionally difficult for a small company to make much 
progress as a profitable enterprise. 

Another likely scenario is that nanomaterials will be 
used in a large number of products, where the addition of 
a relatively small quantity leads to a major change in 
the properties and performance of the end product. The 
value-added nanomaterial with functionalized surfaces 
is likely to possess a unique functionality. Because the 
additive will impact a large enough market, it will justify 
the investment in the process technology. The challenge 
at the hands of companies, particularly the smaller com- 
panies in this field, is to identify such applications and 
team up with the right partners so that it becomes a win- 
win situation for both parties. 

CONCLUSION 

Although the number of small nanomaterials companies 
throughout the world is quite large, each at various stages 
of commercialization, only a handful of companies are 
likely to withstand the test of time 10 years from now. 
Those without sustainable competitive advantage will lose 
the support of their investors (including federal sources 
of funding) and cease to exist. On the other hand, those 
that are wildly successful in certain segments of the mar- 
ket are likely to become takeover targets of large com- 
panies dominating that particular niche of the industry. 

The companies cited in this article do not represent 
ALL the companies working in this area, but to the 

authors' knowledge, they represent examples of the 
transition from science to technology. 
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INTRODUCTION 

During the past decade or so, considerable interest has 
grown in the potential commercial and technological 
exploitation of nanoscale materials in analytical chemis- 
try.''' A particular focus of this interest has been the 
utilization of specific size-dependent electronic, optical, 
or magnetic properties. Nanoparticles are crystalline 
clusters (metallic, semiconducting, or insulating) com- 
posed of a few hundred to a few thousand atoms and are, 
characteristically, of nanometer dimension. One conse- 
quence of this size is that many of their properties are 
dominated by their surface rather than by the bulk 
volume[21 and, indeed, this fact alone can make these 
structures very amenable to chemical or environmental 
influence, or "tuning." Their nanometer diameter is also 
the same order of magnitude as the de Broglie wavelength 
of electrons/holes at room temperature and this, then, can 
lead to a quantization of electronic/hole energy levels, a 
phenomenon that has led to the term "quantum dots" 
(QD). The energy-level spacings are related to particle 
size.[" Although the term "nanoparticles" has been 
coined only at a time when advances in microscopy have 
allowed us to resolve them as such, nanoparticles have 
been in use for many years; for example, Faraday carried 
out pioneering work with gold nanoparticles, and some of 
the intense colors evident in stained glass arise from the 
presence of nanometer-sized oxide clusters. 

Gold nanoparticles received substantial attention dur- 
ing the past decade or so. The potential technical im- 
portance of monolayer-protected metal nanoparticles in 
developing nanoscale optoelectronic devices, (bio)chem- 
ical sensors, corrosion-resistant materials, and new cata- 
lysts has made them one of the primary targets of highly 
intensive, nanoparticle-based research activity. To date, 
for example, both single electron and nonlinear optical 
devices have been constructed from these materials.r441 
In addition to utilizing the optical and electronic proper- 
ties inherent in metallic structures, the magnetic char- 
acteristics of suitable particles have also been of some 
interest, particularly in consideration of separation tech- 

nologies. For example, nanoparticles of iron oxide 
(Fe304) can be suitably modified with a biological moiety 
of interest, e.g., a cell and their "superparamagnetic" 
properties used in magnetic field modulated manipula- 
t ion~/se~aration.~~' The possible use of magnetic nano- 
particles as contrast agents in magnetic resonance imaging 
has also been cited.['] Through suitable surface chemical 
modification, it should be possible to generate magnetic 
nanoparticles with a propensity to concentrate in partic- 
ular tissue (or cellular) regions allowing, e.g., enhanced 
image contrast generation between diseased or cancerous 
cells and healthy cells. To date, these have both been 
shown to be more effective than conventional magnetic 
resonance imaging (MRI) agents (such as gadolinium 
complexes) and capable of allowing in vivo cellular 
tracking.r91 

This report will aim to outline the general properties 
of metallic and semiconducting nanoparticles, their modi- 
fication and possible application in high-sensitivity, 
selective ion sensing. There is no universally adopted 
definition as to what constitutes a nanoparticle, but we 
will be concerned here with the properties and utilization 
of particles < 100 nm in diameter. Although more progress 
has been made in the functionalization of metallic 
(notably gold and silver) particles, the properties and 
potential utilization of semiconducting particles will also 
be discussed. 

METALLIC NANOPARTICLES 

Although metal colloids have been known since the mid- 
18th century, only during the past decade or so has it been 
possible to controllably generate homogeneous samples 
and to subsequently scrutinize them at levels of resolution 
comparable to particle s i ~ e . ~ ' ~ ~ " '  Although much of the 
seminal (and applied) work in this field has been carried 
out with gold, nanometer-sized metal particles of sil- 
~ e r , [ ' ~ I  iridium, and palladium['41 have also 
been prepared. Although recent work has recognized that 
nanoparticle shape (in addition to size) greatly influences 
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physical and chemical properties,"57161 this topic will not 
be discussed here. 

Synthesis and Characterization 

Metal nanoparticles can be formed through laser vapor- 
ization of metallic rods. However, this method is not 
generally amenable to either scaling up or subsequent 
chemical modification strategies. Interestingly, with par- 
ticles prepared under such conditions, certain "magic 
numbers" of constituent atoms are evident,[''] an obser- 
vation consistent with nonbulk, "atomistic" character. 
Perhaps the most practical and flexible means of nano- 
particle generation is by chemically reductive routes in 
solution. As "bare" metallic nanoparticles are typically 
unstable in solution, controlled surface functionalization 
(either during or after synthesis-see below) has been key. 
Aqueous phase citrate reduction of HAuC14 has been, 
perhaps, the major workhorse in this area; subsequently, 
surface-bound citrate moieties can be readily displaced by 
thiolated organics in the formation of monolayer-pro- 
tected metallic clusters (MPCs). A breakthrough in this 
field was the demonstration by Brust and of 
a solvent-based, high-concentration, monodisperse syn- 
thesis through a surfactant catalyst-based phase transfer of 
chloroaurate ions (typically with subsequent reduction by 
a borohydride). Most conveniently, chloroaurate reduction 
is camed out in the presence of alkanethi~ls,~~'' and, to a 
large extent, it is possible to control nanoparticle size 
through the relative ratios of tetrachloroaurate and thiol. 
In essence, these capped nanoparticles behave like large 
organic molecules, in that they can be separated from 
solution in powdered form, redissolved in solvent, and 
recrystallized as required. The surface functionalization 
afforded by these preparative methods stabilizes the 
particles to aggregation and further allows their properties 
to be influenced by the structure of the monolayer- 
forming molecules. In addition, this functionalization can 
be utilized in mediating surface-confinement (e.g., self- 
assembly of the nanoparticle itself onto an underlying 
solid support). Analogous chemistry can be used in the 
formation of other particles-chloroplatinate reduction 
yields, for example, platinum nanoparticles. 

Properties 

Metal nanoparticles have extraordinary size-dependent 
optical properties, not present in the bulk metal. Specifi- 
cally, nanoparticles of silver, gold, and copper show distinct 
and well-defined plasmon absorption in the visible spec- 
trum, an absorption characterized by an extremely large 

molar adsorption coefficient. These unique optical, elec- 
trical, and surface chemical characteristics are controllable 
through both particle size and aggregation,[189191 and can 
also be "tuned" to a degree by the nature of the surface 
functionali~ation.[~~~~~ Interestingly, the effect that the 
size-dependent electrical characteristics of nanoparticles 
can have on the properties of surface-confined molecules 
has recently been resolved in a 13c NMR 

Although diffraction analyses have shown that nano- 
particles adopt the same crystal structure as the bulk metal, 
this appears to be less the norm as the particle size falls. For 
example, gold nanoparticles can adopt an icosahedral 
structure quite different to the bulk face-centered cubic 
arrangement. The valence and conduction band density of 
states (DOS) of these particles undergo significant variance 
with size; specifically, the initially continuous DOS is 
progressively replaced by discrete energy levels, the 
spacing of which increases with decreasing particle size 
(Fig. 1). As this spacing exceeds thermal energy, a "band 
gap" effectively opens up in the metal. At smaller sizes 
still, discrete, energetically separated, quanta are resolv- 
able. These size effects are observable in both metallic and 
semiconducting particles, although, in the latter, "quantum 
dot" behavior can be observed at comparatively large (tens 
of nanometers) particle size. 

From the perspective of developing derived electroan- 
alytical devices, the redox properties of nanoparticles 
have been of some interest. The redox behavior of MPCs 
has been probed both diffusively in s o l ~ t i o n [ ~ ~ , ~ ~ ~  and in 
surface-confined mono- or multilayer films.[2c301 Again, 
as soon as nanoparticles fall below a finite size (< 1 nm), 
available electronic states become quantized and, electro- 
chemically, this has the effect of the particle behaving, in 
essence, as a multivalent redox species.r3" The specific 
electrostatic charging of the metallic core of monolayer 
protected nanoparticles has also been referred to as 
quantized double layer charging.r201 The ability of these 

-- 

-. 

Conduction Band 

Large Small 
Metal Nanoparticle Nanoparticle 

Fig. 1 Schematic layout showing the progression from metallic 
band structure to quantized electronic structure as nanoparticle 
dimensions fall. 
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films to mediate current flow is of obvious application to 
the development of sensors. 

Postsynthesis Nanoparticle Functionalization 

Although it is commonly advantageous to modify nano- 
particles as they are created, the covalent attachment of 
molecules to the surface of a nanoparticle is, generally, a 
dynamic process in which the surface-confined molecules 
are in dynamic equilibrium with those in the surrounding 
solution. Because of this, it is possible to displace surface 
bound molecules with those for which surface-confine- 
ment is more thermodynamically favorable-for example, 
it is possible to displace short chain alkane thiols with 
those of longer chain.[321 The use of terminally function- 
alized alkanethiols facilitates the controlled introduction 
of surface chemistry into generated nanoparticles-they 
can be rendered anionic, cationic, hydrophobic andlor 
suitable for coupling to other molecules or surfaces. 

Biomodification 

Although the electron scattering propensity of metallic 
nanoparticles makes them useful biotagging markers,[33v341 
the association of nanoparticles with biomolecules further 
brings with it the possibility of using them in highly 
sensitive optical or electrical bioassays. To date, methods 
have been developed where protein, antibodies, and 
oligonucleotides can be robustly anchored to particles. 
Nanoparticles heavily functionalized with oligonucleo- 
tides have been used as probes in a variety of DNA 
detection methods and as elemental building blocks in 
materials synthesis schemes based upon the sequence- 
specific hybridization properties of D N A . [ ~ ~ - ~ ~ ~  Typically, 
the direct adsorption of protein or enzyme onto bare 
metallic surfaces is accompanied by gross change in 
protein fold (denaturation) and loss of biological activity. 
Interestingly, several recent studies have indicated biosta- 
bility at colloidal metal surfaces.["] 

SEMICONDUCTING NANOPARTICLES 

Much excitement has recently surrounded the potential 
optical utilization of spherical semiconducting nanocrys- 
tals (typically 15-120 A in diameter),[39'401 such as those 
composed of cadmium sulfide,L401 cadmium selenide, or 
gallium arsenide.I4l1 As with metallic nanoparticles, the 
dimensions lead to very interesting optical and electronic 
properties arising from the confinement of excitons 
(electrodhole pairs) within the particle, and their subse- 
quent quantized behavior. These properties have led to 

novel research activity associated with the development 
of quantum computers, laser diodes, and solar cell 
technology. The semiconducting band gap associated 
with these particles is tunable through diameter control at 
the point of synthesis-the smaller the particle, the 
greater the energy level spacing between quantized 
levels; in the case of fluorescence, the absorption and 
emission peaks shift to longer wavelengths with increas- 
ing particle ~ i z e . [ ~ ~ ] - - 2 . 5  nm CdSe particles, for example, 
fluoresce in the green, while 7-nm equivalents fluoresce 
in the red.'361 The potential use of these structures as 
fluorescent labels has been a core focus during the past 
2-3 years; the advantages they hold over more tradi- 
tional organic fluorophore labels are marked. The fact that 
equally sized quantum dots made of different materials 
give rise to different emission/absorption frequencies 
means that quantum dots are tunable fluorophores. They 
have wider excitation and narrower emission spectra than 
conventional organic dye molecules; the former is 
desirable because several probes with different emission 
peaks can be excited with a single source, decreasing the 
number of equipment that might be needed to perform 
imaging (in fact, QDs can be excited efficiently at any 
wavelength shorter than that of their emission peak"61). A 
narrow emission spectra reduces spectral cross-talk 
between different detection channels; in other words, 
fluorophores of differing emission peaks appear clearer 
and more distinct from each other. Additionally, these 
dots also suffer considerably less from the problems 
of photobleaching inherent in organic dyes and have an 
associated higher quantum yield (thus they appear 
"brighter").'421 These quantum yields can be further 
increased by surrounding the dot with an epitaxially 
grown layer of larger band gap semiconducting material. 
For example, cadmium selenide dots can be capped with 
zinc sulfide. These so-called, "core-shell nanocrystals" 
have associated quantum yields that can be as high 
as 80%.[~" 

Synthesis 

Semiconducting dots are typically synthesized in organic 
solvent at high temperature from metallic salt and 
insulator precursors (e.g., a cadmium salt with powdered 
selenium) in the presence of a stabilizing surface-active 
agent. As a direct result of this method of forming 
(stabilized and solubilized) quantum dots, freshly made 
particles are generated with a surface coating, commonly 
trioctyl phosphine oxide (TOPO). As with metallic 
nanoparticles, it appears that the electrical properties of 
particles are strongly affected by geometry as well as 
size.r441 Likewise, as properties are size-dependent, it is 
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OH OH 

Dioxane, Reflux 12 hrs 

HO HO 

Dioxane, Room temp, 2 hrs \ 

Fig. 2 Functional self-assembly on the surface of semiconducting quantum dots can be used to render them both water soluble and 
amenable to subsequent (bio)chemical functionalization. 

clearly advantageous to ensure that size distributions are 
as narrow as possible in any sample. 

Functionalization 

Commonly, quantum dots (and nanoparticles in general) 
are functionalized by utilizing capping molecules with 
thiol groups. These capping molecules attach to the 
surface of the quantum dot by binding at the sulfur atom. 
This is simple to achieve experimentally: normal proce- 
dure involves adding the cap to a colloidal dispersion of 
quantum dots in an organic solvent and then heating.[451 
Monodentate binding leads to stable isolable products, but 
bidentate binding has also been used[461 and, theoretically, 
gives a more stable caplsurface interaction. To utilize the 
fluorescent characteristics of these structures in biological 
media they must, of course, be made water-soluble, and 
capping with a hydrophilic thiol is one means of achieving 
this (Fig. 2). A more involved (but ultimately more stable) 

method of aqueous solubilization is achievable through 
surface silanizati~n.[~~I As well as allowing solubility 
refinements, these surface functionalization methodolo- 
gies can, subsequently, also be used in either coupling of 
the quantum dots to other molecules (biomolecules, for 
example) or their surface assembly.[471 

THE SURFACE-ASSEMBLY 
OF NANOPARTICLES 

To make use of the intrinsic physiochemical properties of 
these particles in the development of novel electronic and/ 
or optical devices, methods must be established whereby 
controlled (many of the potentially useful properties are 
strongly perturbed on aggregation) assembly on solid 
surfaces can be achieved.[487491 In recent years, a 
variety of methods have been reported whereby mono 
(two-dimensional) and multilayers (three-dimensional) of 



Nanoparticles: Generation, Surface Functionalization, and Ion Sensing 2481 

both and s e m i c o n d u ~ t i n ~ ~ ~ ~ - ~ ~ '  particles 
have been generated (with various degrees of control and 
homogeneity) and characterized. The "new physics" 
associated with these surfaces has opened up tremendous 
opportunities for both fundamental research and new 
applications.[32355-581 Although many groups have utilized 
physical methods of depositing particles, c o ~ a l e n t , [ ~ ~ ~ ~ ~ ~  or 
ioniC[6 1,621 assembly offers more (Fig. 3). The 
assembly of nanoparticle films can also be electrochemi- 
cally modulated in cases where the particles are initially 
decorated with redox-active moieties.r701 A number of 
biomolecule-mediated nanoparticle assembly strategies 
have also been proposed for both metallic and semicon- 
ducting 

Because the most useful quantum dot surfaces are those 
generated from closely packed (although not physically in 
contact) colloids, considerable efforts have been expended 

in attempts to control this, something which is easiest to 
achieve if particle-surface interactions are maximized 
(ideally at the expense of particle-particle  interaction^).'^^' 
In a typical, well-packed 10-nm nanoparticle adlayer, there 
are 1 x 10'~-1 x 10" colloids/cm2, depending on edge-to- 
edge distance. These assembled adlayers are conveniently 
analyzed at angstrom levels of resolution, by electron 
microscopy or scanning probe microscopy. 

The immobilization of colloidal nanoparticles onto 
,optically transparent electrode surfaces [such as indium 
tin oxide (ITO)], on which optoelectrochemical analyses 
can be performed, has also been dem~nstrated.'~~' Electro- 
chemical studies have resolved electron transfer rate 
constants between nanoparticles and underlying electrode 
surfaces of the order of 100 sec- and, predictably, this 
shows significant dependence on the alkanethiol modifi- 
cation of the particles.r751 Uosaki et a1.r621 demonstrated 

Dithiol or 
mercaptosilane SAM 

Fig. 3 Schematic representation of a covalent surface assembly protocol for the immobilization of monolayer-capped gold 
nanoparticles on a functionalized gold electrode surface. (View this art in color at www.dekker.com.) 
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that, in addition to the strong electronic coupling between 
surface-confined nanoparticles and their underlying sup- 
port, fast electron transfer is possible from redox-active 
moieties attached to gold particles and the underlying 
electrode. Even in multilayer films, (thermally activated 
hopping) electron transfer is effectively "channeled" to/ 
from the underlying support via intervening particles. 
The sensitivity of these electrochemical characteristics to 
environment is of direct relevance to the generation of 
derived sensing systems. 

ION SENSING AT 
NANOPARTICLE SURFACES 

The development of molecular receptors designed to 
selectively recognize and sense charged or neutral guest 
species of biological and environmental importance is a 
highly topical research field. The "reporting" of recogni- 
tion may be through "physical change," such as an 
interfacial mass change associated with bonding (detect- 
able through piezoelectric devices). One may imagine that 
the "interaction" (binding) and "signaling" regions of a 
sensor are distinct, and that the monitored signal-be it 
optical, electrochemical, or otherwise in nature-is reliably 
and reproducibly perturbed by specific interactions occur- 
ring at the neighboring binding site. With electrochemical 
sensors, perturbation of a voltammetrically monitored elec- 
tron transfer process, achieved by localization of a redox- 
active group (e.g., ferrocene) in the vicinity of the receptor, 
may be achieved by one or a combination of through-space 
and through-bond interactions. Optical sensing can be 
achieved through perturbation of an optical signal, typically 
by equivalent mechanisms. We will focus here on optical 
and electrochemical transduction where specific molecular 
association is accompanied by a change in the monitored 
optical or electrochemical signals derived from the sensor. 
Such changes can facilitate qualitative or quantitative 
analyte determination. 

Supramolecular chemistry may be defined as the 
investigation of molecular systems in which the compo- 
nents are reversibly associated by noncovalent inter- 
molecular interaction. From a sensing perspective, such 
systems may be loosely described as comprising of a 
"host" sensor and a "guest" analyte species, the latter 
being neutral, cationic, or anionic. The binding inter- 
molecular forces include electrostatics (ion-ion, ion- 
dipole, and dipole-dipole), hydrogen bonding, n-n stack- 
ing interactions, dispersion and induction forces (van der 
Waals), and hydrophobic or solvatophobic effects. Indi- 
vidually, these interactions are relatively weak, but in 
combination they lead to thermodynamically stable com- 
plexes, the formation of which can be utilized in the gen- 
eration of ion sensors. 

Cation Sensing 

The binding of a cation at a receptor site can be achieved 
through electrostatic ion-ion or ion-dipole interactions. In 
general, it is advantageous to utilize polydentate receptor 
sites that, for well-known thermodynamic reasons (chelate 
and macrocyclic effects), exhibit increased cation binding 
affinity. Oxygen-containing crown ethers were the first 
macrocyclic ligands synthesized which bound alkali metal 
cations with high selectivity (tunable through structure1 
geometry). Cryptand and spherand receptor molecules are 
more highly organized and can accordingly associate very 
strongly with specific s-block cationic analytes. Through 
the incorporation of redox-active moieties into these 
receptors, sensory systems electrochemically responsive 
to, e.g., lithium,[761 sodium,r771 and as well 
as larger cations (some of considerable environmen- 
tal concern), such as rubidium and has also 
been achieved. 

Anion Sensing 

The physiological and environmental Importance of in- 
organic anions has fuelled a considerable amount of 
interest in anion recognition and sensing.[801 For example, 
nitrates and phosphates are present in low concentrations 
in wastewater, but high levels are a contributing factor to 
eutrophication and, accordingly, are of environmental 
significance. Although substantial progress has been made 
in the development of specific, sensitive, cation receptors, 
similar work with anions has been hindered by their 
characteristic small charge density (relative to isoelec- 
tronic cations) and, subsequently, general low binding 
affinity. The additional effects of competitive solvation 
mean that aqueous-phase anion recognition remains a 
considerable challenge. The design and construction of 
receptors that can selectively recognize and sense anionic 
guest species via a macroscopic physical response is thus 
a current area of chemical sensor technology receiving 
considerable Anions are excellent electron 
pair donors, so they will strongly interact with suitable 
electron pair acceptors, the simplest of these being an 
electropositive hydrogen atom capable of forming a 
hydrogen bond. The directionality of hydrogen bonds 
introduces the possibility of designing receptors with 
specific shapes, capable of differentiating between anionic 
guests of different geometry. Again, by combining a 
binding site with redox-active moiety, electroanalytical 
methods can be applied to anion sensing. In recent work, 
the redox-active ferrocene moiety was used in the 
electrochemical sensing of anions, both in organic and 
aqueous media.[813821 Transduction of anion binding is 
achieved by through-space and through-bond sta- 
bilization of the higher (~e" '  in the case of ferrocenium) 



Nanoparticles: Generation, Surface Functionalization, and Ion Sensing 

oxidation state and, in voltammetric experiments, this 
is observable through a cathodic shift in the ferrocenel 
ferrocenium electrochemical half-wave potential. Acy- 
clic, macrocyclic, and calixarene arnide-functionalized 
ferrocene derivatives have all been subsequently shown 
to undergo substantial cathodic perturbations of the re- 
spective metallocene redox couple in the presence of a 
variety of anions of biological and environmental impor- 
tance. These molecular sensors are capable of detecting 
C1-', Brp, H2P04-, Re04-, and CH3C02- (down to low 
micromolar levels) with, in some cases, the strength of 
binding correlating with basicity of the anionic guest. 

Surface-Confined Chemical Sensors 

Self-assembled monolayers (SAMs) can be formed from 
the exposure of a pristine metallic surface to suitably 
functionalized molecules, which subsequently form or- 
dered, two-dimensional crystalline arrays; the degree of 
ordering being dependent on molecular structure and 
size, substrate morphology, coverage, temperature, and 
solvent. By combining molecular-scale recognition with 
such assembly, it is possible to develop a powerful means 
of generating interfaces capable of analyte detection under 
a variety of conditions. The "surface tethering" of 
receptors yields a number of specific additional advan- 
tages; efficiency, in terms of quantity of material required, 
is high; the sensor can be portable, robust, and capable of 

Electrochcmically-sensing host 

being used in a variety of environments. In addition to 
this, and as discussed below, the preorganization of mo- 
lecular receptors at a surface enhances the thermo- 
dynamic driving force associated with receptorlanalyte 
binding and, therefore, both binding affinity and detection 
limits.[831 

Recent work has shown that the introduction of a 
surface-anchoring thiol moiety into a redox-active anion 
sensor allows the generation of robust sensing molecular 
arrays capable of analyte detection in a variety of polar 
and nonpolar environments. Specifically, by incorporating 
hydrogen bond donor amide groups and directly linking 
these functionalities to a redox-active ferrocene unit, 
hydrogen-bond mediated anion recognition is accompa- 
nied by a significant perturbation in the electrochemical 
characteristics of the monolayer. Strikingly, the anion 
binding affinities associated with such SAMs are, in some 
cases, orders-of-magnitude greater than those associated 
with the same receptors free in solution. This "surface 
amplification," which can lead to the development of 
highly effective sensors, is attributable to two things: 
1) The "macrocyclic effect" is the entropy- and enthalpy- 
driven increased thermodynamic stability of a complex 
formed between an ion (usually cationic) and a multi- 
dentate macrocylic ligand in comparison to the equivalent 
complex formed with open chain (noncyclic) ligands. By 
"preorganizing" the host pseudo macrocycle on a 
surface, and thereby restricting its vibrational and 

Q Anion 

Fig. 4 Schematic representation of a self-assembling, hydrogen-bonding ferrocene amide capable of electroanalytical anion sensing. 
With the specific receptors shown, hydrogen phosphate anion recognition cathodic shifts in the ferrocene half-wave potential are >290 
mV in magnitude-greater, to our knowledge, than anything reported to date. (From Ref. 1811.) (View this art in color at www. 
dekker.com.) 
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rotational degrees of freedom, the entropic driving force 
accompanying complex formation is further increased. 2) 
The comparatively low dielectric constant of the SAM 
receptor binding site is also likely to significantly 
enhance anion binding efficacy. The ability to tune both 
geometry and binding affinity of the host molecular 
receptor allows one to achieve highly selective sensing. 
For example, the SAMs shown in Fig. 4 are able to sense 
dihydrogen phosphate in the presence of more than a 
10,000-fold molar excess of halide in solvent. Functional 
surfaces of this type are able to detect low levels of 
perrhennate anion (a model for pertechnetate, an envi- 
ronmentally important radioactive waste product of the 
nuclear and radiopharmaceutical industries) in aqueous 
solution. By increasing both receptor binding affinity and 
electroanalytical detection sensitivity, it should be possi- 
ble to extend this aqueous sensing to more basic anions. 

Nanoparticle Sensors 

The optical and/or electricaVelectrochemical properties of 
metallic or semiconducting nanoparticles and their arrays 
can be applied to molecular sensing in a variety of ways. 

Solubilising I Stabilising SAM 

One can envisage the role of the nanoparticles being one 
or combinations of the following: 

1) Acting as structural template to preorganize the 
binding sitelreceptors-in this case, transduction is 
not from the particle itself. 

2) Utilizing the nanoparticle optical properties (plasmon 
absorption or fluorescence) in transduction-the 
optical properties of gold nanoparticles (both in 
solution and surface-confined), for example, are 
highly sensitive to both the dielectric properties of 
the intermediate environment and aggregation. 

3) Making use of nanoparticle conductance in either 
the electrochemical sensing of molecular binding 
at mono- or multilayer films, or in recognition- 
mediated change in film conductance. 

Perhaps the least technically challenging, but none- 
theless demonstrably powerful, use of nanoparticles in 
sensing lies with colorimetric assays. Additionally, 
nanoparticle arrays have considerable potential in 
vapor-phase analyte detection, Raman, and optical or 
electrochemical recognition. 

Molecular Recognition Component 
\ 

Optical Transducer - 

Fig. 5 a) Diagrammatic representation of a nanoparticle appropriately functioned such that its properties are stable, it is soluble in an 
appropriate environment, and labeled with a molecular receptor/chemical or biochemical recognition agent. The latter may be a 
coordination site, oligonucleotide or antibody, for example. b) Place exchange of solubilizing alkyl thiols with a thiolated crown ether 
produces nanoparticle species that are sensitive to cations; 18-crown-6 and 15-crown-5 ether modified nanoparticles are sensitive to low 
levels of potassium. Thiolated carboxylic acid modified colloids are sensitive to the presence of heavy metal cations. (From Refs. [87] 
and [88].) (View this art in color at www.dekker.com.) 
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Fig. 5 (Continued). 

Colorimetric sensing 

As mentioned earlier, gold nanoparticles exhibit charac- 
teristic plasmon absorptions that typically give their solu- 
tions a pink coloration. The sensitivity of this visible 
absorption (note: stable nanoparticle suspensions do not 
appreciably scatter visible light) to aggregation can be 
utilized in the nanoparticle equivalent of the latex ag- 
glutination test,[841 in which analyte-mediated color 
change is readily detectable through the use of standard 
UV-visible spectroscopy. Perhaps the best example of this 
has been recently demonstrated by Mirkin and coworkers 
in high-sensitivity colorimetric detection of DNA. '~~ '  In 
this work, gold nanoparticles were surface-functionalized 
with thiolated single-stranded DNA. In the presence of 
femtomolar levels of the complementary DNA, subse- 
quent hybridization-mediated agglutination leads to a 
visible red-to-purple color change. Colorimetric immu- 
noassays have also been developed based on either anti- 

body or antigen nanoparticle funct i~nal izat ion.~~~~ Related 
colorimetric titrations have recently been extended to the 
generation of ion-sensing systems. Specifically, by self- 
assembly of appropriately functionalized receptors on 
nanoparticles, cation- or anion-mediated linking or ag- 
gregation can be spectroscopically monitored (Fig. 5). In 
using self-assembling thiolated crown ethers, Lin et al.[871 
were able to construct colorimetric assays, based on 
standard, proximity-linked, coupling of plasmons, for 
potassium, with detection limits down to low micromolar 
level. Similarly, cadmium-, mercury-, and lead-respon- 
sive assays have been developed.1881 

Vapor phase sensing 

The initially Ohmic, thermally activated, conductance 
properties of MPC films are sensitively dependent on the 
separation of, and intervening medium between, the 
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particles. The "intercalation" of organic vapor into such 
films leads to a detectable decrease in the conductance. 
Although this phenomenon appears to be highly depen- 
dent on the structural aspects of the nanoparticle film, 
it may be applicable to the generation of highly robust 
sensors.[891 To date, several research groups have 
demonstrated fast, reversible, and highly sensitive 
(<5 ppm in some cases) responses to a variety of solvent 
vapors.[901 Although the mechanisms of vapor sensitivity 
are poorly understood, the phenomenon has been quali- 
tatively considered in terms of both film swelling and 
dielectric ~ h a n ~ e . ' ~ " ~ ~ '  

SERS-Raman sensing at surfaces 

The Raman scattering attainable from an adsorbate on a 
rough metal surface is greatly enhanced over the attain- 

able rate on flat substrates. This enhancement, observable 
on "active metals," is greatest when the surface rough- 
ness is of the order of tens of nanometers and, although 
not fully understood, is associated with the ability of such 
surfaces to enhancelfocus electromagnetic radiation. 
Although it is nearly 20 years since the discovery of 
surface-enhanced Raman scattering of molecules ad- 
sorbed at suitable roughened metallic  interface^,[^^'^^' 
where up to lo6-fold enhancements over the adsorbate 
natural Raman scattering can be observed, the generation 
of suitable roughened surfaces by etching or deposition 
methods suffers from reproducibility issues. Through the 
surface-confinement of nanoparticles, homogeneous sur- 
faces of precisely appropriate roughness can be reproduc- 
ibly fabricated. Furthermore, the plasmon characteristics 
of colloids appear to further magnify signal enhance- 
ment.[481 The use of colloidal gold or silver nanoparti- 
cles in enhancing the spectroscopic data attainable from 

Fig. 6 Schematic of an anion-sensing zinc porphyrin nanoparticle. The tetrapodal porphyrin is anchored to the nanoparticle surface 
through disulfide moieties. Note, for reasons of clarity, that the relative sizes of nanoparticle and porphyrin are false. (From Ref. [82].) 
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interfaces has been demonstrated,[953961 where million- 
fold enhancements leading, in some cases, to attomolar 
sensitivity, have been observed.[971 

Electroanalytical sensing 

Through the functionalization of colloidal gold nano- 
particles with self-assembling amidoferrocenes, Astruc 
et a1.[98'991 were able to demonstrate the establishment of 
an effective redox probe for dihydrogen phosphate and 
hydrogen sulfate in an organic solvent medium. This work 
makes use of the diffusive nature of solubilized nanopar- 
ticles, the facile access of anions to the hydrogen-bonding 
receptor site, and the reliable electrochemical communi- 
cation with redox-active units confined to the particle 
surface. Although additional preorganizational effects 
were noted in these studies, they pave the way to others 
in which the controlled assembly of redox-active molec- 
ular or ionic receptors on nanoparticles (free in solution or 
assembled in arrays on a surface) may lead to highly 
effective electroanalytical devices. 

Plasmon and optical sensing 

Plasmon resonance sensors are ubiquitous in the study of 
interfacial (bio)molecular interactions and function by 
detecting changes in local refractive index with high 
sensitivity.['001 The collective oscillation of electrons 
responsible for the characteristic plasmon absorption of 
metallic nanoparticles is highly sensitive to changes in 
local (surface) refractive i n d e ~ . [ ' ~ ' * ' ~ ~ '  In view of the 
associated local enhancement of electromagnetic field, 
one may propose that such a surface can act as an 
"antenna" for interfacial processes such as molecular 
recognition. By utilizing the environmental sensitivity of 
appropriately functionalized nanoparticles, one might 
envisage the development of related SPR sensors of 
nanometer ("molecular level") dimension. Because we 
have observed that it is possible to modify nanoparti- 
cles surfaces with SAMs, the terminal functionality of 
which is flexible, it is possible to generate stable 
colloids which are sensitive totreactive to different 

(Fig. 5). In pursuit of this and related 
optical goals, several groups have recently generated 
nanoparticles functionalized with molecular recognition 
moieties.[20~82.99.1~l 

As a specific example, and with the aim of producing 
optical and redox-active nanoparticle anion sensors, the 
synthesis of a new arnide-disulfide functionalized zinc 
metalloporphyrin has been reported.[821 This compound 
can be self-assembled on to gold nanoparticles to produce 
a novel anion-selective optical sensing system (Fig. 6). In 
this work, the nanoparticle itself is utilized as a diffusive 

Table 1 Association constant (log k) data for anion binding by 
Zn porphyrin receptor both assembled on the surface of a 
nanoparticle and free in solution 

Particle free Particle bound 
Anion Zn porphyrin Zn porphyrin 

C1- >6 >6 
Br- 4.12 4.97 
1- 3.21 4.00 
NOT 2.41 3.22 
H2P0, > 6 >6 
ClO, 0 0 
*c1- < 2 4.3 
*H2P07 2.5 4.1 

*Data obtained in DMSO at 298 K. 

"template" on which the receptor is "preorganized." 
The zinc Lewis acid and hydrogen bond-mediated 
recognition of halide, nitrate, or dihydrogen phosphate 
by the zinc metalloporphyrin center is associated with a 
perturbation of the porphyrin optical spectrum. What 
makes this particularly striking is the ability of the nano- 
particle to generate a solution-phase, but preorganized, 
receptor of high analyte binding affinity. As discussed in 
the previous section, the combined enthalpic and entropic 
factors associated with the monolayer-based, receptor site 
and its surrounding low dielectric are such that binding 
constants are enhanced by more than 2 orders of mag- 
nitude in comparison to the nonparticle-confined receptor 
(Table I). Significantly, this enhanced binding affinity is 
such that anion recognition in a mixed aqueous/solvent 
system, a challenging situation because of the compet- 
itive solvation of the anion, is possible. By further 
tailoring the receptor site chemical and geometric 
properties, it should be possible to generate yet more 
powerful sensing systems. Because functionalized SAMs 
can be similarly generated on semiconducting nanopar- 
ticles, sensing systems based on, e.g., a recognition-based 
perturbation of fluorescence may be feasible. 

CONCLUSION 

The potential impact of nanoscale science and technology 
on our lives is considerable. In recent years, much progress 
has been made in both generating and analyzing nanoscale 
material. To exploit some of the striking properties 
observed in matters of such dimensions, methods must be 
developed where homogeneous samples of material can be 
produced in useful quantities and incorporated into 
functional devices. In this article, we have attempted to 
summarize recent progress made in characterizing and 
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utilizing the size-dependent properties of nanoparticles 
and quantum dots. Specifically, we have outlined and 
demonstrated methods by which the environmental 
sensitivities inherent in these structures can be used in 
sensing technologies. Although interest in generating 
smaller analytical devices for been around for some time, 
only in recent years has it been possible to make use of 
the specific functional properties that are apparent at the 
nanometer scale. The ability to selectively and sensitively 
detect ions is of considerable environmental, clinical, and 
chemical importance. Through designed functionalization 
of nanoparticles with receptor moieties, it is possible to 
construct derived optical or electroanalytical assays. We 
have specifically introduced methodologies whereby 
nanoparticle-based ion assays can be developed. Through 
further refinement of nanoparticle functionalization, 
manipulation, and interrogation, the creation of a vast 
number of novel and highly responsive sensory devices 
seems feasible. 

ACKNOWLEDGMENTS 

The authors wish to acknowledge support from the 
Engineering and Physical Sciences Research Council 
(EPSRC) and The Royal Society. 

REFERENCES 

1. Martin, C. Membrane-based synthesis of nanoma- 
terials. Chem. Mater. 1996, 8, 1739. 

2. Alivisatos, A. Semiconductor clusters, nanocrys- 
tals, and quantum dots. Science 1996, 271, 933. 

3. Bawendi, M.; Steigerwald, M.; Brus, L. The 
quantum mechanics of larger semiconductor clus- 
ters ("quantum dots"). Annu. Rev. Phys. Chem. 
1990, 41, 477. 

4. Klein, D.; Roth, R.; Lim, A.; Alivisatos, A,; 
McEuen, P. A single-electron transistor made from 
a cadmium selenide nanocrystal. Nature 1997, 389, 
699. 

5 .  Wang, B.; Wang, H.; Li, H.; Zeng, C.; Hou, J.; 
Xiao, X. Tunable single-electron tunneling behav- 
ior of ligand-stabilized gold particles on self- 
assembled monolayers. Phys. Rev., B 2001, 63, 
6303. 

6. Novak, J.; Brousseau, L.; Vance, F.; Johnson, R.; 
Lemon, B.; Hupp, J.; Feldheim, D. Nonlinear 
optical properties of molecularly bridged gold 
nanoparticle arrays. J. Am. Chem. Soc. 2000, 122, 
12029. 

Miltenyi, S.; Muller, W.; Weichel, W.; Radbruch, 
A. High gradient magnetic cell separation with 
MACS. Cytometry 1990, 11, 231. 
Hahn, P.; Stark, D.; Lewis, J.; Saini, S.; Elizondo, 
G.; Weissleder, R.; Fretz, C.; Fermcci, J. First 
clinical trial of a new superparamagnetic iron oxide 
for use as an oral gastrointestinal contrast agent in 
MR imaging. Radiology 1990, 175, 695. 
Yeh, T.; Zhang, W.; Ildstad, S. In vivo dynamic MRI 
tracking of rat T-cells labeled with superparamag- 
netic iron-oxide particles. Magn. Reson. Med. 1995, 
33,200. 
Sato, T.; Ahmed, H.; Brown, D.; Johnson, B.F.G. 
Single electron transistor using a molecularly 
linked gold colloidal particle chain. J. Appl. Phys. 
1997, 82, 696. 
Bmst, M.; Fink, J.; Bethell, D.; Schiffrin, D.J.; 
Kiely, C.J. Synthesis and reactions of functionalized 
gold nanoparticles. J. Chem. Soc.. Chem. Commun. 
1995, 16, 1655. 
Murthy, S.; Bigioni, T.P.; Wang, Z.L.; Khoury, 
J.T.; Whetten, R.L. Liquid-phase synthesis of thiol- 
derivatized silver nanocrystals. Mater. Lett. 1997, 
12, 321. 
Yee, C.; Scotti, M.; Ulman, A.; White, H.; 
Rafailovich, M.; Sokolov, J. One-phase synthesis 
of thiol-functionalized platinum nanoparticles. 
Langmuir 1999, 15, 4314. 
Yee, C.K.; Jordan, R.; Ulman, A.: White, H.; King, 
A.; Rafailovich, M.; Sokolov, J. Novel one-phase 
synthesis of thiol-functionalized gold, palladium, 
and iridium nanoparticles using superhydride. 
Langmuir 1999, 15, 3486. 
Jin, R.; Cao, Y.; Mirkin, C.; Kelly, K.; Schatz, G.; 
Zheng, J. Photoinduced conversion of silver 
nanospheres to nanoprisms. Science 2001, 294, 
1901. 
Huang, T.; Murray, R. Visible luminescence of 
water-soluble monolayer-protected gold clusters. J. 
Phys. Chem., B 2001, 105, 12498. 
Duncan, M.; Rouvray, D. Microclusters. Sci. Am. 
1989, 261, 1 10. 
Henglein, A.; Lilie, J. Storage of electrons in 
aqueous solution: The rates of chemical charging 
and discharging the colloidal silver microelectrode. 
J. Am. Chem. Soc. 1981, 103, 1059. 
Kopple, K.; Meyerstein, D.; Meisel, D. Mechanism 
of the catalytic hydrogen production by gold sols. 
Hydrogen/deuterium isotope effect studies. J. Phys. 
Chem. 1980, 84, 870. 
Templeton, A.; Wuelfing, W.P.; Murray, R.W. 
Monolayer-protected cluster molecules. Acc. 
Chem. Res. 2000, 33, 27. 



Nanoparticles: Generation, Surface Functionalization, and Ion Sensing 

Markovich, G.; Collier, C.P.; Henrichs, S.E.; 
Remacle, F.; Levine, R.D.; Heath, J.R. Architec- 
tonic quantum dot solids. Acc. Chem. Res. 1999, 
32, 415. 
Chen, S.; Ingram, R.S.; Hostetler, M.J.; Pietron, J.J.; 
Murray, R.W.; Schaaff, T.G.; Khoury, J.T.; Alvarez, 
M.M.; Whetten, R.L. Gold nanoelectrodes of varied 
size: Transition to molecule-like charging. Science 
1998,280,2098. 
Zelakiewicz, B.; Dios, A.d.; Tong, Y. I3c NMR 
spectroscopy of I3c 1 -labeled octanethiol-pro- 
tected Au nanoparticles: Shifts, relaxations, and 
particle-size effect. J. Am. Chem. Soc. 2003, 125, 
18. 
Hicks, J.F.; Templeton, C.A.; Chen, S.; Sheran, 
K.M.; Jasti, R.; Murray, R.W.; Debord, J.; Schaaff, 
T.G.; Whetten, R.L. The monolayer thickness 
dependence of quantized double-layer capacitances 
of monolayer-protected gold clusters. Anal. Chem. 
1999, 71, 3703. 
Quinn, B.M.; Liljeroth, P.; Kontturi, K. Interfacial 
reactivity of monolayer-protected clusters studied 
by scanning electrochemical microscopy. J. Am. 
Chem. Soc. 2002, 124, 12915. 
Gittins, D.I.; Bethell, D.; Nichols, R.J.; Schiffrin, 
D.J. Redox-connected multilayers of discrete gold 
particles: A novel electroactive nanomaterial. Adv. 
Mater. 1999, 11, 737. 
Chen, S. Self-assembling of monolayer-protected 
gold nanoparticles. J. Phys. Chem., B 2000, 104, 
663. 
Hicks, J.F.; Zamborini, F.P.; Osisek, A.J.; Murray, 
R.W. The dynamics of electron self-exchange 
between nanoparticles. J. Am. Chem. Soc. 2001, 
123, 7048. 
Chen, S. Electrochemical studies of Langmuir- 
Blodgett thin films of electroactive nanoparticles. 
Langmuir 2001, 17, 6664. 
Jhaveri, S.D.; Lowy, D.A.; Foos, E.E.; Snow, 
A.W.; Ancona, M.G.; Tneder, L.M. Self-assem- 
bling monolayer formation of glucose oxidase 
covalently attached on 1 1 -aminoundecanethiol 
monolayers on gold. J. Chem. Soc., Chem. 
Cornmun. 2002, 14, 1544. 
Chen, S.; Murray, R.W.; Feldberg, S.W. Quantized 
capacitance charging of monolayer-protected Au 
clusters. J. Phys. Chem., B 1998, 102, 9898. 
Ingram, R.; Hostetler, M.; Murray, R. Poly-hetero- 
functionalized alkanethiolate-stabilized gold clus- 
ter compounds. J. Am. Chem. Soc. 1997, 119, 
9175. 
Schultz, S.; Smith, D.R.; Mock, J.J.; Schultz, D.A. 
Single-target molecule detection with nonbleaching 

multicolor optical irnrnunolabels. Proc. Natl. Acad. 
Sci. U. S. A. 2000, 97, 996. 
Moller, R.; Csaki, A.; Kohler, J.M.; Fritzsche, W. 
Electrical classification of the concentration of 
bioconjugated metal colloids after surface adsorp- 
tion and silver enhancement. Langmuir 2000, 17, 
5426. 
Mirkin, C.; Letsinger, R.; Mucic, R.; Storhoff, J. A 
DNA-based method for rationally assembling 
nanoparticles into macroscopic materials. Nature 
1996, 382, 607. 
Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; 
Alivisatos, A. Semiconductor nanocrystals as 
fluorescent biological labels. Science 1998, 281, 
2013. 
Taton, T.; Mucic, R.; Mirkin, C.; Letsinger, R. The 
DNA-mediated formation of supramolecular mono- 
and multilayered nanoparticle structures. J. Am. 
Chem. Soc. 2000, 122, 6305. 
Brown, K.; Fox, A.; Natan, M. Morphology- 
dependent electrochemistry of cytochrome c at 
Au colloid-modified Sn02 electrodes. J. Am. 
Chem. Soc. 1996, 118, 1154. 
Mattoussi, H., et al. Properties of CdSe nano- 
crystal dispersions in the dilute regime: Structure 
and interparticle interactions. Phys. Rev., B 1998, 
58, 7850. 
Murray, C.; Norris, D.; Bawendi, M. Synthesis 
and characterization of nearly monodisperse CdE 
(E=sulfur, selenium, tellurium) semiconduc- 
tor nanocrystallites. J. Am. Chem. Soc. 1993, 
115, 8706. 
Olshavsky, M.; Goldstein, A.; Alivisatos, A. 
Organometallic synthesis of gallium-arsenide crys- 
tallites, exhibiting quantum confinement. J. Am. 
Chem. Soc. 1990, 112, 9438. 
Gerion, D.; Pinaud, F.; Williams, S.; Weiss, S.; 
Alivisatos, A. Synthesis and properties of biocom- 
patible water-soluble silica-coated CdSeIZnS semi- 
conductor quantum dots. J. Phys. Chem., B 2001, 
105, 8861. 
Peng, X.; Schlamp, M.; Kadanavich, A.; Alivisatos, 
A. Epitaxial growth of highly luminescent CdSeI 
CdS corelshell nanocrystals with photostability and 
electronic accessibility. J. Am. Chem. Soc. 1997, 
119, 7019. 
Hu, J.; Li, L.; Yang, W.; Manna, L.; Wang, L.; 
Alivisatos, A. Linearly polarized emission from 
colloidal semiconductor quantum rods. Science 
2001, 292, 2060. 
Mitchell, G.; Mirkin, C.A.; Letsinger, R.L. Pro- 
grammed assembly of DNA functionalized quan- 
tum dots. J. Am. Chem. Soc. 1999, 121, 8122. 



Mattoussi, H.; Mauro, J.; Goldman, E.; Anderson, 
G.; Sundar, V.; Mikulec, F.; Bawendi, M. Self- 
assembly of CdSe-ZnS quantum dot bioconjugates 
using an engineered recombinant protein. J. Am. 
Chem. Soc. 2000, 122, 12142. 
Zanchet, D.; Micheel, C.; Parak, W.; Gerion, D.; 
Alivisatos, A. Electrophoretic isolation of discrete 
Au nanocrystaVDNA conjugates. Nano Lett. 2001, 
1, 32. 
Shipway, A.; Katz, E.; Willner, I. Nanoparticle 
arrays on surfaces for electronic, optical, and 
sensor applications. ChemPhysChem 2000, 1, 18. 
Gudiksen, M.; Leuhon, L.; Wang, J.; Smith, D.; 
Leiber, C. Growth of nanowire superlattice 
structures for nanoscale photonics and electron- 
ics. Nature 2002, 415, 617. 
Zamborini, F.; Hicks, J.; Murray, R. Quantised 
double layer charging of nanoparticle films assem- 
bled using carboxylate/(~u2+ or ~n~+) /carbox~la te  
bridges. J. Am. Chem. Soc. 2000, 122, 4514. 
Templeton, A.; Zamborini, F.; Wuelfing, W.; 
Murray, R. Controlled and reversible formation 
of nanoparticle aggregates and films using cu2+- 
carboxylate chemistry. Langmuir 2000, 16, 6682. 
Ogawa, S.; Hu, K.; Fan, F.; Bard, A. Photoelec- 
trochemistry of films of quantum size lead sulfide 
particles incorporated in self-assembled mono- 
layers on gold. J. Phys. Chem., B 1997, 101, 5707. 
Nakanishi, T.; Ohtani, B.; Shimazu, K.; Uosaki, K. 
Layer-by-layer self-assembly of composite films of 
CdS nanoparticle and alkanedithiol on gold: An 
x-ray photoelectron spectroscopic characterization. 
Chem. Phys. Lett. 1997, 278, 233. 
Nakanishi, T.; Ohtani, B.; Uosaki, K. Fabrication 
and characterization of CdS-nanoparticle mono- 
and multilayers on a self-assembled monolayer of 
alkanedithiols on gold. J. Phys. Chem., B 1998, 
102, 1571. 
Yamada, M.; Quiros, I.; Mizutani, J.; Kubo, K.; 
Nishihara, H. Preparation of palladium nanoparti- 
cles functionalized with biferrocene thiol deriva- 
tives and their electro-oxidative deposition. Phys. 
Chem. Chem. Phys. 2001, 3, 3377. 
Quiros, I.; Yamada, M.; Mizutani, J.; Kubo, K.; 
Kurihara, M.; Nishihara, H. Preparation of alkane- 
thiolate-protected palladium nanoparticles and their 
size dependence on synthetic conditions. Langmuir 
2002, 18, 1413. 
Yarnada, M.; Nisihara, H.J. Electrochemical con- 
struction of an alternating multi-layered structure 
of palladium and gold nanoparticles attached with 
biferrocene moieties. J. Chem. Soc., Chem. Com- 
mun. 2002, 21, 2578. 

Nanoparticles: Generation, Surface Functionalization, and Ion Sensing 

Murata, M.; Yamada, M.; Fujita, T.; Kojima, K.; 
Kurihara, M.; Kubo, K.; Kobayashi, Y.; Nishihara, 
H. Structural conversion and spin separation in 
bis(ferrocenylethyny1)anthraquinones triggered by 
proton-coupled intramolecular electron transfer. J. 
Am. Chem. Soc. 2001, 123, 12903. 
Bakkers, E.; Marsman, A.; Jenneskens, L.; 
Vanmaekelbergh, D. Distance-dependent electron 
transfer in Au/spacer/Q-CdSe assemblies. Angew. 
Chem., Int. Ed. Engl. 2000, 39, 3297. 
Pethkar, S.; Aslam, M.; Mulla, I.; Ganeshan, P.; 
Vijayamohanan, K. Preparation and characterisa- 
tion of silver quantum dot superlattice using self- 
assembled monolayers of pentanedithiol. J. Mater. 
Chem. 2001, 11, 1710. 
Sagara, T.; Kato, N.; Kakashima, N. Electrore- 
flectance study of gold nanoparticles immobilized 
on an aminoalkanethiol monolayer coated on a 
polycrystalline gold electrode surface. J. Phys. 
Chem., B 2002, 106, 1205. 
Uosaki, K.; Kondo, T.; Okamura, M.; Song, W. 
Electron and ion transfer through multilayers of 
gold nanoclusters covered by self-assembled 
monolayers of alkylthiols with various functional 
groups. Faraday Discuss. 2002, 121, 373. 
Kiely, C.J.; Fink, J.; Brust, M.; Bethell, D.; 
Schiffrin, D.J. Spontaneous ordering of bimodal 
ensembles of nanoscopic gold clusters. Nature 
1998, 396, 444. 
Sun, S.H.; Murray, C.B.; Weller, D.; Folks, L.; 
Moser, A. Monodisperse FePt nanoparticles and 
ferromagnetic FePt nanocrystal superlattices. Sci- 
ence 2000, 287, 1989. 
Jin, J.; Iyoda, T.; Cao, C.S.; Song, Y.L.; Jiang, L.; 
Li, T.J.; Zhu, D.B. Self-assembly of uniform 
spherical aggregates of magnetic nanoparticles 
through-Interactions. Angew. Chem. Int. Ed. 
Engl. 2001, 40, 2135. 
Gittins, D.I.; Bethell, D.; Nichols, R.J.; Schiffrin, 
D.J. Diode-like electron transfer across nanostruc- 
tured films containing a redox ligand. J. Mater. 
Chem. 2000, 10, 79. 
Caruso, F.; Mohwald, H. Preparation and charac- 
terization of ordered nanoparticle and polymer 
composite multilayers on colloids. Langmuir 1999, 
15, 8276. 
Pardo-Yissar, V.; Katz, E.; Lioubashevski, 0 . ;  
Willner, I. Layered polyelectrolyte films on Au 
electrodes: Characterization of electron-transfer 
features at the charged polymer interface and 
application for selective redox reactions. Langmuir 
2001, 17, 1110. 
Caruso, F.; Spasova, M.; Saigueirino-Maceira, V.; 



Nanoparticles: Generation, Surface Functionalization, and Ion Sensing 

Liz-Marzan, L.M. Multilayer assemblies of silica- 
encapsulated gold nanoparticles on decompos- 
able colloid templates. Adv. Mater. 2001, 13, 
1090. 
Yamada, M.; Tadera, T.; Kubo, K.; Nishihara, H. 
Electrochemical deposition of biferrocene deriva- 
tive-attached gold nanoparticles and the morphoi- 
ogy of the formed film. J. Phys. Chem., B 2003, 
107, 3703. 
Gerion, D.; Parak, W.; Williams, S.; Zanchet, D.; 
Micheel, C.; Alivisatos, A. Sorting fluorescent 
nanocrystals with DNA. J. Am. Chem. Soc. 2002, 
124, 7070. 
Chu, L.; Yang, S. Contributions of r-1, r-2, r-3 
terms of the full dipole fields associated with 
Raman scattering enhancement from CN molecules 
adsorbed on a 2-D array of Ag spheroids. J. Appl. 
Phys. 1985, 57, 453. 
Doron, A.; Katz, E.; Willner, I. Organization of Au 
colloids as monolayer films onto IT0 glass surfaces: 
Application of the metal colloid films as base 
interfaces to construct redox-active monolayers. 
Langmuir 1995,11, 13 13. 
Hicks, J.; Zamborini, F.; Murray, R. Dynamics of 
electron transfers between electrodes and mono- 
layers of nanoparticles. J. Phys. Chem., B 2002, 
106, 775 1. 
Chen, S.; Pei, R. Ion-induced rectification of 
nanoparticle quantized capacitance charging in 
aqueous solutions. J. Am. Chem. Soc. 2001, 123, 
10607. 
Plenio, H.; Diodone, R. Complexation of Na+ in 
redox-active ferrocene crown ethers, a structural 
investigation, and an unexpected case of Li+ 
selectivity. Inorg. Chem. 1995, 34, 3964. 
Shephard, D.; Johnson, B.; Matters, J.; Parson, S. 
Novel redox-active ruthenium cluster crown com- 
pounds capable of host-guest chemistry. J. Chem. 
Soc. Dalton Trans. 1998, 14, 2289. 
Beer, P.; Gale, P.; Chen, Z.; Drew, M.; Powell, H. 
New ionophoric calix[4]diquinones: Coordination 
chemistry, electrochemistry, and x-ray crystal 
structures. Inorg. Chem. 1997, 36, 5880. 
Webber, P.; Beer, P.; Chen, G.; Felix, V.; Drew, M. 
Bis(calix[4]diquinone) receptors: Cesium- and 
rubidium-selective redox-active ionophores. J. 
Am. Chem. Soc. 2003, 125, 5774. 
Beer, P.; Gale, P. Anion recognition and sensing: 
The state of the art and future perspectives. Angew. 
Chem., Int. Ed. Engl. 2001, 40, 486. 
Beer, P.; Davis, J.; Drillsma-Milgrom, D.; Szemes, 
F. Anion recognition and redox sensing amplifica- 
tion by self-assembled monolayers of 1,l -bis(alkyl- 

N-amido)ferrocene. J. Chem. Soc., Chem. Com- 
mun. 2002, 16, 1716. 
Beer, P.D.; Cormode, D.P.; Davis, J.J. Porphyrin- 
functionalised nanoparticle anion sensors. 2003, 
submitted. 
Davis, J.J.; Beer, P.D.; Szemes, F.S.; Drillsma- 
Milgrom, D. J. Chem. Soc., Chem. Commun. 2002, 
1716. 
Bangs, L.B. New developments in particle-based 
immunoassays: Introduction. Pure Appl. Chem. 
1996, 68, 1873. 
Elghanian, R.; Storhoff, J.; Mucic, R.; Letsinger, 
R.; Mirkin, C. Selective colorimetric detection of 
polynucleotides based on the distance-dependent 
optical properties of gold nanoparticles. Science 
1997, 277, 1078. 
Erp, R.V.; Gribnau, T.C.J.; Van Sommeren, A.P.G. 
Application of a sol particle immunoassay to 
the determination of affinity constants of 
monoclonal antibodies. J. Immunoass. 1991, 
12, 425. 
Lin, S.; Liu, S.; Lin, C.; Chen, C. Recognition of 
potassium ion in water by 15-crown-5 function- 
alized gold nanoparticles. Anal. Chem. 2002, 74, 
330. 
Kim, Y.; Johnson, R.; Hupp, J. Gold nanoparticle- 
based sensing of "spectroscopically silent" heavy 
metal ions. Nano Lett. 2001, 1, 165. 
Zamborini, F.; Leopold, M.; Hicks, J.; Kulesza, P.; 
Malik, M.; Murray, R. Electron hopping conduc- 
tivity and vapor sensing properties of flexible net- 
work polymer films of metal nanoparticles. J. Am. 
Chem. Soc. 2002, 124, 8958. 
Vossmeyer, T.; Guse, B.; Besnard, I.; Bauer, R.; 
Mullen, K.; Yasuda, A. Gold nanoparticlelpoly- 
phenylene dendrimer composite films: Preparation 
and vapor-sensing properties. Adv. Mater. 2002, 
14, 238. 
Zhang, H.; Evans, S.; Henderson, J.; Miles, R.; 
Shen, T. Vapour sensing using surface function- 
alized gold nanoparticles. Nano Technol. 2002, 13, 
439. 
Evans, S.; Johnson, S.; Cheng, Y.; Shen, T. Vapour 
sensing using hybrid organic-inorganic nano- 
structured materials. J. Mater. Chem. 2000, 10, 
183. 
Blatchford, C.G.; Campbell, J.R.; Creighton, J.A. 
Plasma resonance-enhanced Raman scattering by 
absorbates on gold colloids: The effects of 
aggregation. Surf. Sci. 1982, 120, 435. 
Tran, C.D. Subnanogram detection of dyes on filter 
paper by surface-enhanced Raman scattering spec- 
trometry. Anal. Chem. 1984, 56, 824. 



Soper, S.A.; Ratzhlaff, K.L.; Kuwana, T. Surface- 
enhanced resonance Raman spectroscopy of liquid 
chromatographic analytes on thin-layer chromato- 
graphic plates. Anal. Chem. 1990, 62, 1438. 
Grabar, C.C.; Griffith-Freeman, R.; Hornrner, M.B.; 
Natan, M.J. Preparation and characterization of 
Au colloid monolayers. Anal. Chem. 1995,67,735. 
Duyne, R.P.v.; Haller, K.L.; Altkorn, R.I. Spatially 
resolved surface enhanced Raman spectroscopy: 
Feasibility, intensity dependence on sampling area 
and attomole mass sensitivity. Chem. Phys. Lett. 
1986,126, 190. 
Labande, C.; Astruc, D. Colloids as redox sensors: 
Recognition of H2PO4- and H S 0 4  by 
amidoferrocenylalkylthiol-gold nanoparticles. J. 
Chem. Soc., Chern. Commun. 2000, 12, 1007. 
Labande, A.; Ruiz, J.; Astruc, D. Supramolecular 
gold nanoparticles for the redox recognition of 
oxoanions: Syntheses, titrations, stereoelectronic 
effects, and selectivity. J. Am. Chem. Soc. 2002, 
124. 1782. 

Nanoparticles: Generation, Surface Functionalition, and Ion Sensing 

Brochman, J.; Nelson, B.; Corn, R. Surface 
plasmon resonance imaging measurements of 
ultrathin organic films. Annu. Rev. Phys. Chem. 
2000, 51, 41. 
Malinsky, M.; Kelly, K.; Schatz, G.; Duyne, R.v. 
Chain length dependence and sensing capabilities 
of the localized surface plasmon resonance of silver 
nanoparticles chemically modified with alkanethiol 
self-assembled monolayers. J. Am. Chem. Soc. 
2000, 123, 1471. 
Bright, R.; Musick, M.; Natan, M. Preparation 
and characterization of Ag colloid monolayers. 
Langmuir 1998, 14, 5695. 
Weisbecker, C.S.; Memtt, M.V.; Whitesides, G.M. 
Molecular self-assembly of aliphatic thiols on gold 
colloids. Langrnuir 1996, 12, 3763. 
Jensen, T.R.; Malinsky, M.D.; Haynes, C.L.; Van 
Duyne, R.P. Nanosphere lithography: Tunable lo- 
calized surface plasmon resonance spectra of 
silver nanoparticles. J. Phys. Chem., B 2000, 104, 
10549. 



Nanoparticles: Synthesis in Polymer Substrates 

Bai Yang 
Junhu Zhang 
Jilin University, Changchun, People's Republic of China 

INTRODUCTION 

Advanced materials composed of inorganic nanoparticles 
are currently one of the most dynamic areas of scien- 
tific research. These particles represent significant fun- 
damental and commercial interest with a wide range of 
applications including the next generation of optics, elec- 
tronics, catalysts, and sensors. In the past 20 years, with 
the increasing developments in nanoengineering, nano- 
electronics, and nanobioelectronics, functional building 
blocks with which to construct microstructures and de- 
vices are under intensive investigation. Increasing attention 
has been paid to metal or semiconductor nanoparticles, 
which have also been called nanocrystals, nanoclusters, 
quantum dots, and Q particles. 

Nanoparticles are in the size range of 1-100 nm, which 
lies between single atoms or molecules and bulk materi- 
als, and their chemical and physical properties differ 
markedly from those of the bulk solids. The reasons for 
these properties can be attributed to high surface area and 
quantum size effect, which is caused by the reduced size 
in three dimensions. One typical example is that the 
melting temperature of nanoparticles strongly depends on 
the particle size and is substantially lower than the bulk 
melting temperature. The melting point of 2.5-nm Au 
nanoparticles is ~ 4 0 %  lower than that of bulk gold. 
Similar behavior has been observed for CdS nanoparticles. 
At the same time, with the decrease in the number of 
atoms in the particles, their electronic properties also start 
to change. This is the so-called quantum size effect, which 
can be observed as a blue shift in the optical band gap or 
exciton energy. When the size of particles is reduced to 
nanometer scale, the number of atoms at the surfaces or 
grain boundaries of the crystalline regions is comparable 
to the number of those that are in the crystalline lattice 
itself. Physical and chemical properties, which are usually 
determined by the molecular structure of the bulk lattice, 
become increasingly dominated by the defect structure of 
the surface. During the preparation of nanoparticles, 
engineering of the size and surface structure is of both 
theoretical and practical importance, because it leads to 
mechanical, chemical, electrical, optical, magnetic, elec- 
tro-optical, and magneto-optical properties that are subs- 
tantially different from those observed for the corre- 

sponding bulk materials. Chemists, biologists, and mate- 
rials scientists have studied and reviewed the preparation 
and characterization of metal and semiconductor nano- 
particles in detail, focusing on their physical and chemical 
properties.['-241 

Nanoparticles can be synthesized from a variety of 
materials with controllable sizes, shapes, and structures, 
but because of their high specific surface area and low 
surface energy, nanoparticles are not stable in ambient 
circumstances, and they must be incorporated in certain 
kinds of materials. Materials such as reverse rnicelles and 
surfactant vesicles,[251 glass,[26,271 ~ e o l i t e s , [ ~ ~ * ~ ~ ]  and poly- 
m e r ~ [ ~ ~ - ~ ~ ~  have been used as the substrate to prepare 
composite materials containing nanoparticles. During the 
preparation of such materials, the substrate not only can 
prevent the nanoparticles from aggregation, but also can 
accurately control their size and surface structure. In 
addition, in applications for optical, electrical, and mag- 
netic devices, nanoparticles are mostly used in the form of 
thin films. Currently, such films can be made by spin 

spraying,[387391 chemical 
electrical deposition,r43461 Langmuir-Blodgett (LB) tech- 
nique,[47-5 1 I and layer-by-layer self-assembly (LBL) 

m e t h ~ d . [ ~ ' - ~ ~ '  
In this article, we will focus on the preparation of 

nanoparticles in polymer matrices and the assembly of 
nanoparticles at interfaces. 

PREPARATION OF NANOPARTICLES 
IN POLYMER MATRICES 

Polymers have been considered one of the most important 
matrix materials for the preparation and application of 
nanoparticles because of their mechanical, optical, elec- 
trical, and thermal properties.[30-341 In polymer networks, 
movements of nanometer-sized particles are restricted by 
the polymer chains, so aggregation is avoided and the 
nanoparticles are stabilized by the polymer networks. The 
size and size distribution of the particles can also be 
controlled by the concentration and density of metal ions. 
In order to prepare nanoparticles in polymer networks, the 
metal ions should be previously dispersed in the polymer 
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Fig. 1 Scheme for the assembly of metal sulfide nanoparticles in polymer networks. (From Ref. [64].) 

networks. There have been two methods for the incorpo- 
ration of metal ions into polymer networks. 

The first method involves the introduction of metal 
ions into polymer networks by a metal-ion-containing 
monomer. PbS nanoparticles with an average size of 4.0 
nm have been prepared in polymer networks by H2S 
treatment of a copolymer of styrene and lead methylac- 
rylate.r583591 The concentration of the metal ions could be 
controlled by altering the relative proportion of the two 
monomers. Infrared (IR) measurements and the variations 
of the molecular weight of the copolymer before and after 
reacting with H2S implied that there exist P M O C  bonds 
on the surface of the nanoparticles. PbS nanoparticles act 
as cross-linking agents, and the interaction of the polymer 
with the nanoparticles gives a surface chemical modifi- 
cation of the PbS nanoparticles, which strongly affects the 
optical properties of the nanoparticles. 

The second method involves the introduction of metal 
ions into polymer networks by ion-exchange adsorp- 
tion.r60-651 AS shown in Fig. cross-linked polymer 
networks were formed by polymerization of styrene with a 
cross-linking agent. Then the polymerisate was sulfonated 
by sulfuric acid, and the product could be immersed in an 
aqueous solution that contained metal salts to adsorb 
metal ions into the polymer networks by exchange with 
H+ of -S03H. By varying the duration of the ion exchange 
and the concentration of the metal salt solution, we can 
control the concentration of the metal ions. The metal-ion- 
containing polymer networks could be dissolved in an 
organic solvent and then treated with H2S gas, after which 
the solution turns yellow but without precipitation, which 
shows the formation of CdS nanoparticles, The resulting 
nanoparticles had a narrow particle size distribution. By 

this method, CdS, Cu-doped ZnS, and Cu2S/CdS/ZnS 
nanoparticles could also be prepared. All these results 
indicated that the polymer networks could effectively 
prevent the particles from growing and aggregating. 

Metal or semiconductor nanoparticles may also be pre- 
pared in situ in the microdomain space formed in block 
copolymers.[6"711 Block copolymers exhibit phase sepa- 
ration, which may help isolate the nanoparticles as they 
form. When a copolymer is used as the matrix for nano- 
particles, the particle size is controlled by the composition 
of the copolymer and the concentration of metal ions. 
Nafion film, which is a type of ionic polymer and can 
adsorb metal ions by ion exchange, has also been used to 
prepare n a n ~ ~ a r t i c l e s . [ ~ ~ - ~ ~ '  Similarly, the size of the 
nanoparticles can be controlled by the initial metal ion 
concentration and subsequent thermal annealing treatment. 

THIN FILMS OF NANOPARTICLES 

Nanoparticles in LB Films 

Transfemng a well-packed monolayer from aqueous 
solution surfaces to solid substrates uas demonstrated 
about 60 years ago by the Langmuir-Blodgett (LB) tech- 
nique. Surfactant structures have also been used for direct 
assembly of metallic, semiconducting, and magnetic na- 
noparticles. This organization can be accomplished by 
adsorbing particles electrostatically to charged surfactant 
headgroups or by in situ generation of particles beneath 
monolayers at the air-water in te r fa~e . [~ ' -~ '*~"~~]  Surfac- 
tant monolayers with attached nanoparticles can be trans- 
ferred to solid supports using standard LB techniques. 
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Monolayers of surfactants have proven to be versatile 
as templates for the in situ growth of thin nanoparticle 
films. These monolayers are formed from a range of 
naturally occurring and synthetic surfactants or from a 
mixture of suitable surfactants, and their two-dimensional 
phase behavior and structure are well understood. Fendler 
and Meldrum have described the formation of sulfide 
semiconductor nanoparticulate films under a Langmuir 
monolayer of surfactants as follows:r511 After the spread- 
ing of surfactant monolayer on the air-water interface of 
the metal ion solution with an atmosphere of H2S, metal 
sulfide bonds formed at a large number of sites at the 
monolayer-aqueous interface. Well-separated nanoparti- 
cles of metal sulfide then formed and coalesced into 
interconnected arrays of semiconductor nanoparticles and 
a porous semiconductor particulate film composed of 
particles 20-40 A thick and 30-80 A in diameter. Once 
the first layer of semiconductor nanoparticulate film 
formed, subsequent layers were deposited up to a plateau 
thickness beyond which the film cannot grow. The 
presence of a monolayer with an appropriate surface 
charge is essential to the formation of the sulfide 
semiconductor nanoparticulate film. In the absence of a 
monolayer, infusion of H2S over an aqueous metal ion 
solution resulted in the formation of large, irregular, and 
polydispersed metal sulfide particles, which precipitated 
in the bulk solution before settling to the bottom of the 
trough. Furthermore, the nanoparticulate film could not 
form under positively charged monolayers. 

Thin films of nanoparticles can also be fabricated by 
spreading surfactant-stabilized nanoparticles on aqueous 
solutions and then transferring them to solid substrates by 
the LB technique. The technique can be regarded as 
analogous to monolayer formation from simple surfac- 
tants. Nanoparticulate films were formed at the air-water 
interface by dispersing surfactant-stabilized nanoparti- 
cles on an aqueous subphase, which was contained in a 
Langmuir trough. There are many intrinsic benefits to this 
method. The nanoparticles are prepared before the in- 
corporation into the films, allowing one to control their 
dimensions, physical properties, and the particle size and 
distribution. Gao et al. have reported the fabrication of 
Fe203/polymer composite film using the LB method.[771 
Methylacrylic acid was used as the surfactant to prepare 
Fe203 nanoparticles by the microemulsion method in a 
system of water-toluene. After a cross-linking agent 
together with an initiator were added into the organosol 
and reacted under ultrasonic stirring, an organic-inorgan- 
ic composite microgel was obtained. This composite 
microgel showed good amphiphilic properties and could 
be transferred onto solid substrates from a pure water 
interface using the LB technique. Infrared and UV-visible 
(UV-vis) spectra of the film showed the presence of some 

residual vinyl groups, which means that the microgel 
could be further polymerized. Polymerization of surfac- 
tant in the composite films improved the stability of the 
LB film. 

Assembly of Nanoparticle Monolayers 

Solution-based approaches to surface assembly of metal 
and semiconductor nanoparticles typically involve elec- 
trostatic or covalent binding of the particle to a surface- 
bound molecular or polymeric thin film.[84901 Self-as- 
sembly of metal nanoparticle monolayers on polymer- 
coated substrates yields macroscopic surfaces that are 
highly active for surface-enhanced Raman scattering 
(SERS).[*~-~" Nanoparticles are bound to the substrate 
through multiple bonds between the colloidal metal and 
functional groups on the polymer such as cyanide (CN), 
amine (NH2), and thiol (SH). Self-assembly of nanopar- 
ticles onto the oppositely charged substrate surface is 
governed by a delicate balance of the adsorption and 
desorption equilibria. The efficient adsorption of one 
monolayer of nanoparticles onto the oppositely charged 
substrate surface is the objective of the immersion step. 
Preventing the desorption of the nanoparticles during the 
rinsing process is of equal importance. The optimization 
of the self-assembly in terms of maximizing the adsorp- 
tion of nanoparticles from their dispersions and minimiz- 
ing their desorption upon rinsing requires the correct 
selection of stabilizers and the careful control of the 
kinetics of the processes. 

The deposition process may also be performed on a 
substrate modified by an LB film, which may give a 
charged surface. As we have reported,r911 one monolayer 
of Pb12 nanoparticles can be adsorbed on a substrate 
modified by LB films through electrostatic interactions. 
First, we transferred two layers of Y-type LB film of 
stearic acid onto some hydrophilic substrates, which 
allowed one layer of bipolar pyridinium to be adsorbed 
onto the carboxylic surface of the LB film. Finally, we 
deposited one layer of anionic Pb12 after the bipolar 
pyridinium. The structure of the self-assembled mono- 
layer film is shown in Fig. 2. Substrates such as Si, CaF2, 
quartz, glass, Ag, and Au are widely used for LB 
processes, so LB film-covered slides can provide a wide 
range of substrates for a self-assembled monolayer of 
nanoparticles. In order to observe the Pb12 nanoparticles 
monolayer in the self-assembled film with transmission 
electron microscopy (TEM), a copper grid covered with a 
very thin layer of formvar was used as the LB film 
substrate. A TEM photograph of the self-assembly film 
shows that all the Pb12 nanoparticles are round and closely 
packed, but without any large aggregates. As a compar- 
ison, one droplet of the Pb12 solution was dropped onto the 
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Fig. 2 Scheme for one monolayer of Pb12 nanoparticles in the 
stearic acid-bipolar pyridinium-Pb12 four layer structure. (From 
Ref. [91].) 

grid and blown dry with N2. TEM measurements showed 
that the small particles had aggregated into large ones 
during the evaporation in the sample preparation. This 
contrast proves that the bipolar pyridinium film interacts 
with the nanoparticles strongly and can effectively keep 
the small particles from aggregating. 

Covalent attachment strategies often take advantage of 
the reactivity of the outer shell atoms in the nanoparticles. 
Many metallic and semiconductor nanoparticles (Au, Ag, 
CdS, CdSe) have a high affinity for amine andlor thiol 
moieties.[541 For example, Colvin et al. have covalently 
attached CdS nanoparticles to Au and A1 substrates using 
bifunctional cro~s-linkers.[~~] Natan and coworkers have 
assembled Au and Ag nanoparticles on -NH2 and -SH 
terminated organosilane polymers on silica sub- 
s t r a t e ~ . [ ~ ~ ~ ~ ~ ~  The kinetics of this surface-assembly reac- 
tion have been investigated in some detail, affording 
control over the number of particles on the surface. 

Alternatively, close-packed monolayers of alkanethiol- 
stabilized nanoparticles have been formed by solvent 
evaporation.['77181 Self-assembled arrays involve self- 
organization of size-selected nanoparticles encapsulated 
in protective, compact organic coatings into monolayers, 
thin films, and superlattices. A key step in this process is 
the fabrication of size- and shape-controlled nanoparticle 
superlattices that can grow large enough for technological 
applications. In this case, the length of the organic ligand 
defines the distance between particles. This distance has a 
pronounced effect on the electronic properties of the 
resulting structure. Particles that can be self-assembled are 

usually smaller than 10 nm in size, and it is in this size 
range that many exciting and unusual physical properties 
are enhanced. 

Layer-by-Layer Assembly of Nanoparticles 

The LBL method developed by G. Decher is one of the 
most promising new methods of thin film deposition, and 
it is often used for oppositely charged polymers.[92-941 
Recently, it has also been successfully applied to thin films 
of nanoparticles and other inorganic  material^,[^'-^^^ such 
as ~ ~ , [ 9 5 - 9 7 1  198-1011 cds,[I02I pbs [I031 , Fe304, 

[104-1061 
~d~~,[107-1091 H g ~ e , [ l  101 T ~ o ~ , [ I  1 1 1  sio2,11 12-1 141 and 

 other^.["^-"^] Its simplicity and universality combined 
with the resulting high quality of coatings and uniform 
distribution of nanoparticles open broad perspectives for 
this technique both in research and in industry. Compared 
with other techniques for the fabrication of thin films of 
nanoparticles, the LBL method has two main advantages: 
1) simplicity (the relative ease of preparation and ver- 
satility have contributed to the rapid development of this 
method), 2) universality (tolerance of the substrate shapes 
and materials and the dual, organic-inorganic nature of 
the coating). 

The LBL assembly of nanoparticles can be described as 
the sequential adsorption of monolayers of nanoparticles 
on positively charged layers of a polyelectrolyte. Inter- 
estingly, purely inorganic LBL films were described more 
than 30 years ago.['201 The deposition of the films can be 
performed in a cyclic manner, which is made possible by 
the overcompensation of surface charge, which often 
takes place when polyelectrolytes and other high molec- 
ular weight species are adsorbed onto a solid-liquid 
interface. The construction of an LBL film of nanopar- 
ticles requires four simple steps:[521 1)  prime a cleaned 
substrate by absorbing a layer of surfactant or polyelec- 
trolyte onto its surface; 2) immerse the primed substrate 
in a dilute aqueous solution of a cationic or anionic 
polyelectrolyte for the optimized length of time for 
adsorption of a monolayer; 3) rinse and dry the substrate; 
4) immerse the polyelectrolyte monolayer covered sub- 
strate in a dilute dispersion of oppositely charged serni- 
conductor nanoparticles, also for the optimized length 
of time for adsorption of a monolayer of nanoparticles. 
These four operations complete the self-assembly of one 
polyelectrolyte-nanoparticle bilayer, and by repeating 
them, multilayered self-assembly films of polyelectrolyte 
and nanoparticles can be fabricated. The electrostatic 
attraction between semiconductor colloids and a layer of 
polyelectrolytes ensures the facile adsorption. At the 
same time, the electrostatic repulsion between similarly 
charged species in solution limits the thickness of the 
newly formed thin layer of nanoparticles. 
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Our group has reported several kinds of LBL films of 
n a n ~ ~ a r t i c l e s , [ ~ ~ ' - ~ ~ ~ ~  among which we have also fabri- 
cated a CdS nanoparticlelcationic polyelectrolyte multi- 
layer film based on electrostatic  interaction^."^^' An 
aqueous solution of CdS nanoparticles was prepared by 
the addition of mercaptoacetic acid as a stabilizer agent. 
Infrared measurements imply that mercaptoacetic acid 
was chemically modified on the surface of CdS nanopar- 
ticles through thiol groups, with carboxylic acid groups 
pointing to the solvent, and the carboxylic acid group was 
in a state of COO-, which made it possible to use the 
surface-modified CdS nanoparticles as the negatively 
charged species in the LBL assembly process. A quartz 
substrate covered with aminopropylsilane was prepared 
by treating with the vapor of 3-aminopropyltriethoxysi- 
lane and then reacted with HCl solution to become 
positively charged. Then, using the LBL method, nega- 
tively charged nanoparticles and positively charged 
polyelectrolyte could be alternatively deposited on the 
substrate. The structure of the LBL film is shown in Fig. 3. 
UV-vis absorption spectroscopy was used to monitor the 
LBL assembly process, and the similarity of the absorp- 
tion spectra of the alternating films to that of the CdS 
nanoparticles in the visible region implies that the CdS 
nanoparticles were successfully assembled in the alter- 
nating film. In the UV-vis spectra (Fig. 4) of multilayer 
films with different numbers of layers, a linear increase of 
the absorbance of CdS nanoparticles could be observed, 
which indicates that the oppositely charged species were 
deposited equivalently in different steps during the LBL 
process. The deposition process was also monitored by 
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Fig. 3 Scheme for the assembly of CdS nanoparticles in LBL 
films. (From Ref. [122].) 
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Fig. 4 UV-vis absorption spectra of the LBL films of CdS 
nanoparticles and a cationic polyelectrolyte with different 
numbers of layers. Inset: absorbance vs. number of layers at 
340, 400, and 461 nm. (From Ref. [122].) 

quartz crystal microbalance (QCM), which can detect the 
adsorption of the charged species in the LBL films. The 
QCM results of the LBL film in different steps also show a 
uniform deposition process. 

The driving force of the LBL process of nanoparticles 
could be not only electrostatic interactions, but also coor- 
dinative  interaction^['^^^^^^^ or hydrogen  bond^.'^^^,'^^' AS 
is well known, there exist typical coordinate complexa- 
tions between pyridine and some transition metals. Based 
on coordinative bonds, CdS nanoparticles with general 
Cd-rich surfaces could be assembled in LBL films by 
alternating deposition with poly(4-vinylpyridine) (PVP). 
The construction of CdSPVP multilayer film is shown in 
Fig. 5. The substrate was modified first to create a surface 
covered with pyridine groups. The resulting substrate was 
then dipped into a colloidal CdS solution to adsorb one 
layer of CdS nanoparticles. After being washed, the 
substrate was transferred to the PVP solution to absorb 
one PVP layer. The CdSPVP multilayer films were 
prepared by repeating the above steps. UV-vis spectra 
were used to monitor the self-assembly process, confirm- 
ing a stepwise and uniform assembly process. The driving 
force for the CdSPVP multilayer film was identified by 
IR spectroscopy. By comparing IR spectra of pure PVP 
and the multilayer film (Fig. 6), a new peak at 1610 cm- 
appeared in the spectrum of the multilayer film. Since the 
coordinate complexation between pyridine groups and 
metal ions usually exhibits this band because of the 
formation of coordination bonds, we considered that 
CdS nanoparticles were assembled into the multilayer 
film based on the formation of coordinative bonds 
between the surface Cd atoms of CdS nanoparticles and 
the pyridine groups of PVP. We also found that CdS 
nanoparticles that have S-rich surfaces could not be 
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Fig. 5 Scheme for the build-up of alternating films of PVPICdS nanoparticles based on coordinative bonds. (From Ref. [134].) 
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Fig. 6 Infrared spectra of (a) pure PVP and (b) PVPICdS multilayers. (From Ref. [134].) 
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assembled with PVP, which ensures the driving force to 
be coordinative bonds. 

It has recently been reported that nanoparticles could 
also be formed in situ in LBL films of polyelectro- 
lytes.[1"-~4~~ Sllver . nanoparticles were prepared in situ 
within poly(acry1ic acid) (PAA) and poly(ally1amine 
hydrochloride) (PAH) multilayer films. Carboxylic acid 
groups in the PAWPAA-based multilayers bind silver 
cations by ion exchange with the acid protons. Subsequent 
reduction forms metallic nanoparticles. Because PAA has 
a pH-dependent degree of ionization, the multilayer film 
can be fabricated with different concentrations of free acid 
groups that are available to bind silver cations depending 
on the multilayer assembly pH. The nanoparticle size and 
silver concentration can be controllably increased by 
reducing the assembly pH of PAHIPAA-based multi- 
layers. Furthermore, because the metal-binding carboxylic 
acid groups are reprotonated upon nanoparticle formation, 
the synthesis methodology can be repeatedly cycled to 
incorporate more silver cations, which increases the size 
and concentration of silver nanoparticles. 

Recently, the LBL process has been applied to the 
surface modification of colloidal microspheres, which 
represent attractive building blocks from which to create 
ordered and complex materials. Mohwald and coworkers 
have demonstrated the LBL assembly of polyelectrolytes 
on the surface of colloidal latex spheres.[14271431 The 
main advantage of this LBL process is that the film 
thickness on the colloidal spheres could be fine-tuned by 
altering the number of layers deposited and the solution 
conditions from which the polymers are adsorbed. More 
recently, nanoparticles of SOz, Ag, and Au have also 
been assembled on the surface of colloidal micro- 
spheres. [24.144-1 501 A ssembly of nanoparticles on the sur- 

face of colloidal microspheres resulted in the formation 
of nanoparticle-coated microspheres. By removing the 
colloidal rnicrospheres template through calcination or 
dissolution, hollow spheres of metal or silica were form- 
ed, which may find applications in catalysis, sensing, 
optics, and separations. 

CONCLUSION 

With the development of nanoscience and nanotechnol- 
ogy, nanosized building blocks as nanoparticles will 
attract more and more attention. In both bulk and film 
structures, nanoparticles can be stabilized and assembled. 
We have introduced the incorporation of polymers as the 
substrates for nanoparticles and the assembly of nanopar- 
ticles in thin film structures such as LB films, self- 
assembled monolayers, and LBL multilayers, which have 
proved to have potential applications in optics, electron- 

ics, magnetics, catalysis, and sensors. Research will now 
focus on controlling the size, shape, and surface structure 
of nanoparticles, as well as fabricating new nanostructured 
materials and looking for new applications. The assembly 
of nanoparticles on microscale substrates such as pat- 
terned surfaces or microspheres, and the physical and 
chemical properties of single nanoparticles continue to 
invite our scrutiny. 
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INTRODUCTION 

Cell membranes define the size and shape of the cell. In 
addition to this structural role, the membrane has a crucial 
regulatory role determining what information, nutrients, 
and waste can permeate this barrier. The cell membrane 
consists of a lipid bilayer and proteins, which can be ei- 
ther transmembrane or associated with one leaflet of the 
bilayer. The dynamic organization of proteins and lipids 
into domains (e.g., rafts) within the bilayer is important 
for multiple cellular processes, such as recognition and 
signaling events. 

The chemical recognition process occurring on the 
surface of membranes is the basis of a versatile and 
specific sensor system for the cell. Lipid bilayer systems 
that mimic certain aspects of cell membrane function 
have been employed in biosensor schemes and continue 
to generate great interest in the nanotechnology field. 
Chemical recognition events can also cause structures to 
form, providing a mechanism for creating controllable, 
dynamic nanoscale architectures. The two main plat- 
forms for studying the dynamic properties of membranes 
for both nanotechnology and nanoscience applications 
are vesicular structures, called liposomes, and supported 
lipid bilayers. 

This article aims to illustrate the importance of 
dynamic nanoscale structures in biological and model 
biological membranes. Applications of such structures for 
drug screening, biosensors, and microanalysis will be 
discussed. The emphasis will be on understanding what 
triggers structural reorganization on the nanoscale and 
how the temporal and spatial aspects of such reorganiza- 
tion can be controlled. The sophistication of the nanoscale 
machinery of the cell membrane offers many lessons that 
can be applied to the emerging field of nanotechnology. 

LIPIDS, LIPOSOMES, AND 
SUPPORTED BILAYERS 

Lipids are amphiphilic molecules, having a hydrophobic 
tail and a polar head group (Fig. IA). Most commonly the 
tail consists of two fatty acid chains with an even number 

of carbon atoms (14-18 atoms long) and with various 
degrees of un~aturation.~" In biological membranes, the 
key components are phospholipids, which have a phos- 
phate at the head group position that is connected to the 
hydrophobic tails through a glycerol backbone. Often, 
another moiety, such as choline, serine, or inositol, is 
attached to the phosphate to form PC, PS, or PI-type 
lipids, respectively.[21 

In an aqueous solution, these amphiphilic lipids self- 
assemble into liposomes (Fig. l ~ ) . ' ~ ]  The spherical 
bilayer structure minimizes unfavorable interactions of 
the hydrophobic tail region with the water. The head 
group and tails determine the properties of the bilayer 
membrane, such as fluidity, charge density, and perme- 
ability. As recognized by Singer and ~ i c o l s o n , ' ~ '  the 
membrane is a fluid mosaic of lipids and proteins. This 
fluid-mosaic model does not, however, preclude the 
existence of structured regions (domains or rafts) within 
the lipid bilayer. In fact, it is the membrane's fluidity that 
enables the creation of dynamic nanoscale structures. The 
lipids can exist in three distinct phases: a tightly packed, 
ordered gel phase, an intermediate liquid ordered phase, 
and a disordered liquid phase. The transition temperature 
for gel to liquid phase transitions (T,) decreases with 
decreasing chain length and degree of unsaturation. The 
steric hindrances, electrostatic charge, and hydrogen 
bonding of the head groups can also affect the transition 
temperature as well as the phase separation within the 
membrane. Such phase-separated domains (e.g., rafts) can 
undergo compositional flu~tuations.'~' It is key to recog- 
nize that under physiological conditions, the membrane is 
a h e t e r ~ ~ e n e o u s , ' ~ '  nonequilibrium'51 system. 

As previously mentioned, liposomes and supported 
bilayers are the two main systems of interest. Supported 
lipid bilayers can be prepared by the classic Langmuir- 
Blodgett method. Alternately, liposomes can be fused 
with surfaces to form supported bilayers.[61 The fusion 
schemes for hydrophilic surfaces outlined in Fig. 2A and 
C result in opposite orientations of membrane faces and 
any incorporated proteins. In Fig. 2C, the orientation of 
the leaflets toward the bulk aqueous solution is preserved 
upon fusion. In the mechanism detailed in Fig. 2A, 
however, the orientation of the leaflets is reversed; that is, 
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Fig. 1 (A) Cartoon of a lipid molecule showing the hydro- 
phobic tail region and polar head group and the chemical struc- 
ture for a typical lipid (1,2-Distearoyl-sn-Glycero-3-Phospho- 
choline, DSPC). (B) The liposome (or vesicle) that spontaneously 
forms when lipids are placed in aqueous solutions. 

the inside leaflet of the liposome becomes the top leaflet 
of the supported bilayer. Vesicle fusion to hydrophobic 
surfaces (Fig. 2B) can also be accomplished but the 
liposomes must rupture resulting in attachment and 
spreading of the two leaflets of the lipid bilayer. 
Liposome composition, surface chemistry, vesicle size, 
temperature, osmotic pressure, and the presence of 
calcium ions are all factors that influence vesicle 
f ~ s i o n . ' ' ~ ~ ~  Typically, supported bilayers formed by 
vesicle fusion maintain a thin layer of water (N 10 A) 
between the substrate and the adjacent membrane 
s~rface.[~-"l This supported bilayer structure is very 
stable (days to months) in an aqueous environment, but 
unstable in the presence of detergents or in air. The 
lateral mobility of lipids within the bilayer is maintained 
enabling the molecules in the membrane to diffuse over 
long distances. 

There is a suite of tools available for the characteriza- 
tion of nanoscale structures in lipid bilayers. For a 
description of standard methods for general liposome 
characterization, the reader is referred to the relevant 

chapters in the book by D.D. ~as ic" ]  and the book edited 
by R.R.C. ~ew. ' * '  Fluorescence microscopy provides a 
means to attain real-time data on the dynamical structures 
occumng in lipid bilayer systems. Single-molecule sensi- 
tivity is achievable. Fluorescence resonance energy trans- 
fer (FRET) between a fluorescently tagged donor 
component and a fluorescently tagged acceptor component 
yields accurate distance information for short length 
scales. In fluorescence recovery after photobleaching 
(FRAP), an area on the bilayer surface is photobleached 
and then monitored for recovery of fluorescence intensity. 
The fluorescence recovery is due to fluorescently labeled 
molecules diffusing into the bleached area and can thus be 
used to measure diffusion rates to evaluate lateral fluidity. 

Spatial resolution of fluorescence techniques are, 
however, diffraction limited to a few hundred nanometers. 
Unfortunately, this length is often the same size as the 
dynamic structures. The atomic force microscope (AFM), 
on the other hand, can be used to characterize features in 
supported bilayers with subnanometer resolution.['21 
The AFM typically requires about a minute to capture 
an image. Thus it is suitable for imaging relatively static 
systems, or slow dynamics. Fluorescence and AFM 
imaging are the two techniques most relevant to the work 
discussed in this article, but other methods, including 
neutron scattering and nuclear magnetic resonance (NMR) 
spectroscopy,1~31 have also been applied toward dynamic 
nanostructures in bilayer systems. 

Computer simulations are also an effective tool for 
understanding dynamic nanostructures in bilayer mem- 
brane~. ' '~] Nielsen and coworkers simulated binary mix- 
tures of lipid bilayers revealing dynamic microphase 
separations with length scales of tens of  nanometer^.'^' 
They further showed that this nanoscale structure affects 
the functional properties of the membrane. Through 
simulations and theoretical modeling, Gil et al. analyzed 
protein organization in lipid bilayers.lV The lateral or- 
ganization of transmembrane proteins can be explained by 
the properties of the lipid bilayer. Hydrophobic matching 
between lipids and the hydrophobic region of proteins can 
lead to an enrichment of one lipid species near the protein. 
As such, the lipids can mediate protein attraction or repul- 
sion. Also, the wetting of a protein by one lipid component 
can lead to larger protein organization patterns. 

DYNAMIC NANOSTRUCTURES 
IN BIOLOGICAL AND MODEL 
BIOLOGICAL MEMBRANES 

In this section, a few examples will be given to illustrate 
the importance of dynamic nanostructures in biological 
systems. Rafts, domains, and hierarchical structures are 
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Fig. 2 Schematic representation of the possible mechanisms for planar bilayer formation from liposomes on hydrophilic and 
hydrophobic surfaces. The drawings are not drawn to scale. Lipid molecules on the support are enlarged approximately 50-fold 
compared to a liposome. (A) Vesicle fusion on a hydrophilic surface with the leaflet orientation reversed. (B) Vesicle fusion on a 
hydrophobic surface. (C) Vesicle fusion on a hydrophilic surface with the leaflet orientation preserved. (From Ref. [7].  Copyright 1997 
Elsevier Science B.V.) 

prevalent in the cell membrane and are the predominant 
sites of biological activity. Subczynski and ~ u s u m i ' ' ~ ~  
reviewed the three types of rafts (Fig. 3) found, to date, in 
plasma membranes. In unstimulated cells there are small, 
unstable (lifetimes of less than 1 msec) lipid rafts (a, a', 
and a" in Fig. 3) that may have associated proteins. When 
receptor molecules in these unstable rafts react with 
ligands, they can create stabilized rafts (Fig. 3b) with 
lifetimes of minutes. The coalescence of these two types 
of rafts creates transient confinement zones (TCZs), 
which serve as signaling rafts (Fig. 3c) by assembling the 
necessary constituents to switch on a downstream signal- 
ing pathway. 

Such dynamic nanostructures have been shown to be 
important in a variety of biological systems. Sheets et al. 
explain how the organization of the plasma membrane 
likely exerts spatio-temporal control on immunoglobulin 
E receptor-mediated signal transd~ction.['~] Lipid rafts 
also play a key role in the immunological ~ ~ n a ~ s e . [ ' ~ - ' ~ '  
The T-cell antigen receptors (TCR) are located in rafts and 
they become cross-linked by ligand binding. The cross- 
linking induces raft aggregation, causing colocalization of 
signaling proteins. This activates the phosphorylation of 

tyrosine residues on membrane-associated proteins and 
starts downstream signaling. 

Because the biological membrane is a complex entity, 
most structure and function studies are performed on 
simpler, well-defined model membrane systems of lipo- 
somes and supported bilayers. For example, in studies of 
lipid raft formation, ternary mixtures of saturated lipids, 
unsaturated lipids, and cholesterol have been found to 
spontaneously form rafts over a wide range of specific lipid 
species and concentrations.[2c221 In these studies, micron- 
sized domains were imaged via fluorescence microscopy 
techniques. Nanostructural features in lipid bilayers can 
also be revealed with AFM, although the domain shape and 
size have been shown to be somewhat dependent on the 
substrate and bottom leaflet of the supported bilayer.[2'3241 

Not only do lipid-lipid interactions cause domain 
formation but lipid-protein interactions can also induce 
nanoscale structures to form. Rinia et al. reported that 
transmembrane WALP proteins perturb the bilayer, 
creating striated domains of 25 nm to 10 pm with the 
nanoscale striations spaced at 7.5-nm intervals.[251 Fur- 
thermore, the specific physical properties of the bilayer 
components can modulate enzyme activity. Honger and 
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Small/unstable rafts 1 

Fig. 3 Three types of rafts found thus far in the plasma mem- 
brane. The first type (a) is prevalent in the absence of extra- 
cellular stimulation. They are small (perhaps consisting of seve- 
ral molecules) and unstable (the lifetimes may be less than 1 
msec) and may be the kind of raft that monomeric GPI-anchored 
proteins associate with. The second type of raft (b) may appear 
when receptor molecules form oligomers upon liganding or 
cross-linking. The receptors may be GPI-anchored receptors or 
transmembrane receptors with some affinity to cholesterol and 
saturated alkyl chains. Oligomerized receptors may then induce 
small but stable rafts around them, perhaps due to the slight 
reduction in the thermal motion around the cluster and the sub- 
sequent assembly of cholesterol. Given the rather stable oligo- 
merization of the receptor molecules, the second type of raft 
may be stable for minutes, although the associated raft-con- 
stituent molecules may be exchanged frequently between the raft 
and the bulk domains. Such receptor-associated rafts are called 
"core-receptor rafts." The third type of raft (c) may be formed 
around these core receptor rafts (although the core receptor rafts 
may be undergoing diffusion). Here they are called "signaling 
rafts," because they are likely to be directly involved in 
downstream signaling from the receptor molecules, by assem- 
bling signaling molecules through the (transient and/or more 
stable) coalescence of rafts that may contain one or two 
signaling molecules. Small/unstable rafts are also likely to exist 
in the inner leaflet of the membrane (a') and could coalesce 
with the core receptor rafts (b and c) ,  where the signaling 
molecule in the inner leaflet is activated, which might also 
leave from the signaling rafts (c and a"). (From Ref. [15]. 
Copyright 2003 Elsevier Science B.V.) (View this art in color 
at www.dekker.com.) 

coworkers demonstrated that phospholipase A2 enzyme 
activity correlates with the degree of microheterogeneity 
within the bilayer.[261 

Protein binding to receptor lipids in model membranes 
can also induce a membrane reorganizational process.[271 
Concanavalin A (Con A) protein was found to bind to 
bilayers composed of the mannosamine-functionalized 
lipid PSMU and distearylphosphatidylcholine (DSPC). 

Initially, PSMU forms aggregates in DSPC, but slowly 
disperses following Con A adsorption to the membrane 
surface and binding to the mannosamine head groups. 
Dispersal is attributed to Con A x o n  A steric interactions, 
distance between receptor sites, and possible protein 
insertion events. 

Another example of a molecular recognition-induced 
lipid reorganization was developed by Song and co- 
workers to detect b i o t o ~ i n s . ' ~ ~ , ~ ~ ]  Fluorescently tagged 
receptors are dispersed in a fluid lipid matrix of palmitoyl, 
9-octadecenenoyl phosphatidylcholine (POPC). The dis- 
persed receptors exhibit strong fluorescence. Specific, 
multivalent binding of the toxin to its receptors brings the 
fluorophores in close proximity, causing a strong decrease 
in fluorescence intensity due to self-quenching. Nonspe- 
cific binding of toxins to lipid bilayers can also be used in 
a biosensing scheme that employs optical evanescence.[301 
Pattern analysis and comparison to standards are required 
to assign the identity of the bound toxin, but the method is 
rapid and can be used for multiple toxins. The original 
work analyzed the binding of six different protein toxins. 

DYNAMIC NANOSTRUCTURES AS 
NANOTECHNOLOGY BUILDING BLOCKS 

The same specificity of chemical recognition events that 
alter the nanostructures of biological membrane systems 
can be utilized to make rapid and sensitive chemical sen- 
sors. In a manner similar to the Con A-induced dispersion, 
the Sasaki lab has developed several synthetic receptor 
systems for metal ions, C U ~ + , [ ~ ~ '  and ~ b ~ + , [ ~ ~ ~  

that are sensitive to parts per billion (ppb) levels of the 
analyte. In all of these cases, a receptor is synthesized with 
a head group specific for the metal ion of interest and with 
a pyrene label in the lipid tail. The receptor naturally 
aggregates in the DSPC lipid matrix, yielding a large py- 
rene excimer fluorescence peak. Once the receptors che- 
late the metal ions they disperse, and the monomer 
fluorescence peak grows in intensity while the excimer 
diminishes. Binding of the metal ions gives the receptor 
head groups a net charge; electrostatic repulsion causes 
their dispersal into the matrix. The AFM can capture be- 
fore and after images showcasing these controllable dy- 
namic nanostructures. Fig. 4A shows an AFM image of a 
supported bilayer consisting of a receptor lipid (1 8-crown- 
6 ether functionalized lipid, PS18C6) embedded in a 
matrix lipid (DSPC). Islands and filaments of PS 18C6-rich 
regions are clearly visible. These nanostructures decrease 
in size and intensity upon the addition of pb2+ ions (Fig. 
4B) and removal of the ions leads to a reaggregation of the 
PS 18C6 lipids. Fluorescence measurements indicate this 
reorganization occurs within second$. The undefined 
dynamic nanostructures provide a starting point for the 
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Fig. 4 AFM topographic images of a 20% PS18C6lDSPC bilayer supported on a mica surface demonstrating the actuation of the film 
from aggregated to dispersed states with pb2+ ions. The membrane in the (A) initial state, then (B) after addition of 0.1 mM Pb(NO&. 
All solutions were aqueous saline (0.1 M NaCI). (From Ref. [33]. Copyright 2002 American Chemical Society.) 

development of reversible nanoscale architectures con- has been the subject of several excellent  review^,[^^-^^] it 
trolled by chemical recognition events. will only be briefly described here. The fluid bilayers are 

The Boxer laboratory has pioneered the field of mi- patterned into micron-sized features by creating barriers to 
cropatterning supported lipid bilayers. Because this work lateral diffusion through methods as diverse as scratch- 

ing,[371 using polymer stamps to blot away lipidsr381 or to 
microcontact print barriers,[381 and microfluidic manip- 

Fig. 5 Epifluorescence images of supported membranes pat- 
terned by printing proteins. In each panel the protein is TR-BSA 
and is colored red, while the supported membrane regions are 
2% NBD-PE-doped egg PC and are colored green (note: for the 
color version of the image visit www.dekker.com). The scale 
bars are each 20 pm across. (A) 20-pm bilayer regions separated 
by 15-pm protein; (B) 10-pm bilayer regions separated by 5-pm 
protein grids; (C,D) 40-pm bilayer regions separated by 10-pm 
protein grids. In panel C an octagonal spot was photobleached 
for 30 sec centered on the middle corral. After irradiation 
ceased, the lipids mix freely within each corral, creating corrals 
of uniform but intermediate fluorescence intensity, as seen in 
(D) after 360 sec of recovery. (From Ref. [40]. Copyright 2000 
American Chemical Society.) (View this art in color at 
www.dekker.com,) 

ulation of thelipid bilayer.[391 The supported bilayers in 
Fig. 5 were patterned by microcontact printing of protein 
(TR-BSA) barriers. After printing the proteins, vesicle 
fusion was used to form the supported bilayers of 
fluorescently doped egg-PC lipids. The bilayers only fuse 
to and occupy regions free of adsorbed proteins. The 
patterned surfaces contain the lipids within their micron- 
sized corrals as demonstrated by FRAP measurements 
(Fig. 5C and D). Although the development of these tools 
for patterning supported lipid bilayers has been focused on 
the micron scale, the tools can be scaled down into the 
nanoscale arena. The polymer stamps used for blotting or 
microcontact printing can be created with nanoscale 

\I Substrate I 
Fig. 6 Schematic diagram of an electric field-induced reor- 
ganization of lipids in a confined patch of supported bilayer 
membrane. A two-component system is shown in which the 
negatively charged lipid (shaded) builds up a concentration 
gradient toward the anode side of the corral. This represents 
an equilibrium distribution where the field-induced drift is 
balanced by diffusion. (From Ref. [42]. Copyright 1998 National 
Academy of Sciences, U.S.A.) 
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features by using advanced photolithography or electron 
beam lithography and, likewise, microfluidics can be  
scaled to  nanofluidics. 

The  lipids within the patterned supported bilayers can 
be  dynamically controlled on  a submicron scale. The  ap- 
plication of an electric field tangentially to the plane of the 
supported bilayer induces a reorganization of the charged 

B field induced electrophoretic drift 

stripping solution 

0 100 200 300 400 500 600 700 800 
Position (pm) 

Fig. 7 (A) Epifluorescence image of several corrals of fluid 
membrane separated by scratch boundaries. The membrane is of 
uniform composition in the absence of an electric field. 
Fluorescence is from 1 mol% of N-(Texas Red sulfony1)-1,2- 
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylam- 
monium salt doped into this egg-PC (90%) and DOPS (9%) 
membrane. (B) Epifluorescence image of a steady-state 
molecular reorganization induced by an applied field of 25 V/ 
cm. The negatively charged components have built up 
concentration gradients toward the anode. A trace of the fluo- 
rescence intensity across the image is depicted below with the 
scratch boundaries marked with gray bars. The concentra- 
tion profiles can be observed to a greater extent in the larger 
corrals. (From Ref. [41]. Copyright 1997 National Academy of 
Sciences, U.S.A.) 

Fig. 8 Micropatterning, electrophoresis, and stripping of lipid 
bilayers. (A) Schematic diagram of a supported lipid bilayer 
confined or corralled by microfabricated barriers. Mobile 
species, illustrated by lipids with red and green head groups, 
freely diffuse and mix, approaching a uniform concentration 
across the extent of the lipid bilayer. (B) Application of an 
electric field induces manipulation of charged membrane 
components (the red lipids) and represents one method of 
manipulating a lipid bilayer after formation; the neutral lipids 
(green) do not respond to this applied field and remain 
homogeneous in the corral. (C) A stream of stripping solution 
is flowed over part of the surface under laminar flow conditions, 
leaving an open region on the substrate. (D) A new lipid bilayer, 
which could contain new biomolecular species, indicated by the 
lipid with blue head groups is introduced. The relative sizes and 
organizations of the components in these drawings are for 
illustrative purposes only and are not to scale. (From Ref. [39]. 
Copyright 2003 American Chemical Society.) (View this art in 
color at www.dekker.com.) 
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components in a confined patch of membrane[40'411 as 
illustrated schematically in Fig. 6. The equilibrium con- 
centration profile is a balance of the field-induced re- 
organization and Brownian diffusion. The concentration 
profile will be steeper for larger species, such as dimers 
and larger molecular aggregates, as these species will be 
slower diffusing.'401 Electric field manipulation takes an 
initially uniform membrane patch (Fig. 7A) and induces a 
concentration gradient (Fig. 7B) that can be dynamically 
reversed by switching the applied electric field. The 
behavior of charged species in the bilayer in response to 
an applied field can also be exploited to separate mixtures 
of membrane-associated molecules. Boxer and van Oude- 
naarden designed a geometrical Brownian ratchet that 
consists of an array of asymmetric patterned barriers on a 
solid support.'421 The barriers rectify the lateral Brownian 
motion of the molecules within the membrane inducing 
the various molecular species (with different diffusion 
coefficients) to follow distinct trajectories through the 
device. This application of Brownian ratchets to bilayers 

offers a promising way to separate membrane proteins in 
their native conformations. 

The composition of the patterned bilayer corrals can 
be changed after preparation. Fig. 8 details a process of 
applying a field to concentrate a charged species near one 
of the barriers (field-induced reorganization; Fig. 8B). The 
charged species is then selectively removed with the 
microfluidic flow of a stripping solution (Fig. 8 ~ ) ; ~ ~ "  thus 
a new bilayer species can now be introduced (Fig. 8D). 
Laminar flow could be used to strip sections of the pat- 
terned bilayer, carrying the species downstream to com- 
partments on the microfluidic chip for compositional 
analysis. An alternate method for changing the lipid 
composition after patterning uses membrane-coated beads 
to deliver the new species to areas of opposite charge.r431 
The beads adhere to the patterned corral through an elec- 
trostatic attraction and some lipid exchange between the 
beads and the patterned supported bilayer occurs. This may 
provide a novel mechanism for incorporating membrane 
proteins or glycolipids into prepatterned bilayer arrays. 

Fig. 9 SEM images of RBL cells. (A) Resting RBL on a plain silicon surface with lamellipodia randomly spreading on the oxidized 
silicon substrate. Magnification: x 3000. (B) Stimulated RBL at the corner of four patterned squares of lipids. Magnification: x 2100. 
(C,D) Stimulated RBL over patterned lines of lipids. Magnification: x 1250, x 1250. (C) shows gray lines where the haptenated lipids 
were patterned. (From Ref. [46]. Copyright 2003 American Chemical Society.) 
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These micropatterned supported bilayers have multiple 
applications for cell culturing and drug discovery. For 
example, fibronection protein barriers for the lipid 
bilayers create well-defined surfaces for studying cell 
adhesion.[441 In addition, cell spreading can be controlled 
and, conceivably, directed by tuning the dimensions and 
geometries of the patterned bilayer. Proteins can also be 
included in the patterned bilayer. The incorporation of 
antigens creates an anisotropic environment for the study 
of localized stimulation of rat basophilic leukemia (RBL) 
mast cells.[451 Scanning electron microscopy (SEM) 
images (Fig. 9) clearly show that RBL cell adhesion and 
spreading is directed by the underlying patterned sup- 
ported bilayer. This method of incorporating components 
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BT-CGP 50 nrn CGPI 21 77 

0) (ii) 

in the membrane should extend to the localized confine- 
ment of other cellular receptors and provide a means to 
study their induced cellular responses. 

Today, membrane-bound proteins account for 50% of 
current drug targets.[461 Yet, membrane proteins are 
among the most difficult to study because the protein 
usually requires the membrane for it to remain in its 
native, active conformation. Patterned membrane micro- 
arrays provide a method for studying protein-protein or 
protein-small molecule (e.g., drug)  interaction^.'^'] Mem- 
brane microarrays maintain the functionality of living cell 
membranes while providing the simplicity and controlla- 
bility of an array. The array of membrane patches can be 
patterned with any of the techniques mentioned above. 
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Fig. 10 Demonstration of the use of GPCR microarrays for determining the selectivity of compounds among the different subtypes of 
a receptor. Each microarray consists of three columns; each column contains, from left to right, five replicate microspots of the pl ,  p2, 
and a2A adrenergic receptors, respectively. (A) Fluorescence false-color images (from left to right) of the array incubated with solutions 
containing BT-CGP (5 nM) and mixtures of BT-CGP (5 nM) with CGP 12 177 (50 nM), ICI 1 1855 1 (10 nM), and xamoterol (200 nM) to 
the array. (B) Histogram analysis of the images in (A) showing the relative fluorescence intensities (RFU) of the arrays incubated with 
BT-CGP or mixtures of BT-CGP and inhibitors. (C) Table showing the amounts of inhibition and the Ki values for the inhibitors used in 
the experiment. (From Ref. [49]. Copyright 2002 Wiley-VCH.) (View this art in color at  www.dekker.com.) 
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The patches can also be printed with a quill-pin printer. 
This technique has been successfully demonstrated for G- 
protein coupled receptor (GPCR) proteins.[46'481 GPCRs 
consist of seven transmembrane helices. The binding of 
a ligand to the extracellular side of the transmembrane 
helices activates a G protein on the intracellular side. The 
affinity of the GPCR for its ligand depends on the 
presence of a G protein complexed to the intracellular 
side. Thus it is important for G proteins to be in the 
membrane microarray, which is achieved with the quill- 
pin method. Fig. 10 shows GPCR microarray results for 
the determination of the affinity of a series of compounds 
for Dl, P2, and a2A subtypes of the adrenergic receptor. 
The BT-CGP ligand is known to be specific for P- 
subtypes and the GPCR microarray clearly shows this 
specificity (Fig. 10Ai) as only the P1 and 82 receptor 
spots show fluorescence. When the BT-CGP ligand is 
incubated with a microarray in the presence of an inhibitor 
(e.g., CGP 12177, ICI 118551, or Xamoterol), the percent 
binding inhibition can be determined. 

CONCLUSION 

In recent years, it has become clear that nature takes 
advantage of dynamic nanoscale structures in many 
cellular signaling pathways. As mentioned, this serves as 
a sensitive sensor system for the cell. The ability to 
monitor nanoscale features in biological systems has 
provided new insights into the mechanisms of this mem- 
brane activity. This article has described progress that the 
field of nanotechnology has made in mimicking this 
complex yet robust cellular component. Dynamic aggre- 
gates can be used as the basis for chemical and biosensing 
elements with very high sensitivity and selectivity. Spatial 
and temporal control of dynamic nanoscale structures in 
lipid membranes may serve as unique nanobuilding blocks 
and template scaffolds in bottom-up architectures. 
Advances in fabrication technology should soon enable 
supported lipid bilayers to be patterned at the nanoscale 
and, as discussed, physical methods (electric fields and 
fluid flows) are already in place for dynamically 
controlling the lipids in a patterned corral. The near 
future should bring efforts to combine physical control 
with chemical control to create more complex dynamic 
nanoscale structures with lipid membranes for nano- 
technology applications. 
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INTRODUCTION 

Amphiphilic diblock copolymers,['~21 which have hydro- 
philic and hydrophobic chains, self-assemble to form a 
monolayer at the air/ water interface and a micelle in 
selective solvents. The diblock copolymer monolayer 
system is of great importance and interest from the 
scientific and technological points of view. The relation- 
ship between the fundamental molecule structure and 
properties, such as length and stiffness of each chain, 
hydrophilicity-hydrophobicity balance, and the nano- 
structure of monolayer formed, is an important aspect in 
establishing a tailor-made polymer assembly at the surface 
and interface. Furthermore, the hydrophilic chain in the 
polymer monolayer is an excellent model system of the 
"polymer brush,"[31 which is useful in surface modifica- 
tion, colloid stabilization, etc. 

OVERVIEW 

We have been studying amphiphilic diblock copolymer 
monolayers at the air / water interface by in situ ~ - r a ~ [ ~ - ~ ]  
and neutron refle~tometry.['~] In recent years, our interest 
has been focused on ionic amphiphilic diblock copolymer 
monolayer systems that form an ionic polymer brush in 
water ~ u b ~ h a s e . [ ~ ~ ~ ' ~ ]  The long-range electrostatic inter- 
action and osmotic pressure inside the ionic polymer 
brush are important for the monolayer nanostructure, in 
addition to short-range steric forces and conformational 
effects that are usually seen in the neutral brush. This 
situation causes a large variety of brush structures. Elu- 
cidation of the polymer brush nanostructure will enable 
on-demand control of surface structure and a wide-range 
application of the polymer brush system. 

The diblock copolymer chosen for the investigation is 
composed of a fluid-like, very flexible hydrophobic chain 
and a weak polyacid chain, poly(l,l-diethylsilacyclobu- 
tane),-block-poly(methacry1ic acid),, [poly(Et2SB-b- 
MAA)]."" The fluid-like nature of EtzSB makes it pos- 
sible to form a polymer monolayer with smooth interface 
between air and hydrophobic layer with 3-5 A rough- 
ness.@] Furthermore, the electron density contrast between 

Et2SB and MAA is larger than that in the general diblock 
copolymer system. Merited by these two, a suitable sys- 
tem for X-ray reflectivity measurement could be achieved 
by this diblock copolymer. 

The nanostructure of the polymer monolayer has been 
systematically investigated as a function of hydrophilic 
chain length, surface pressure, and p~.[638791 Interesting 
features are as follows: 1) The hydrophobic layer thick- 
ness takes a minimum as a function of hydrophilic chain 
length at any surface pressure studied.l6] 2) The hydro- 
philic layer under the water is not a simple layer but is 
divided into two layers, i.e., a "carpet"-like dense MAA 
layer near the water surface and a polyelectrolyte brush 
layer.[91 3) The thickness of this dense layer is about 10- 
20 A independent of surface pressure and polymerization 
degree of PMAA in the range ~tudied.'~' Phenomenon 
1) can be explained by reasonable speculation based on 
2) and 3). 

The above-mentioned phenomena (1-3) have not been 
predicted or reported before except for one ~ a s e . ' ~ ' . ~ ~ '  
By combining precision synthesis of diblock copolymers, 
in situ and high-resolution X-ray reflectivity (XR) meas- 
urement, and highly quantitative analysis, we have 
clarified the nanostructure of polymer self-assembly at 
the interfaces. 

IN SlTU X-RAY REFLECTIVITY EXPERIMENT 

The X-ray reflectivity (XR) technique has been attract- 
ing attention as a useful tool for the in situ investigation 
of the surface nanostructure in laboratory-scale experi- 
ment~ . [ '~ - '~ '  The usefulness and powerfulness of the neu- 
tron reflectivity (NR) technique have also been widely 
recognized, and novel NR instruments have been con- 
~tructed[ '~l although NR is still regarded as a spe- 
cial technique because of the limitation of experimen- 
tal facilities. 

X-ray reflectivity measurements were performed with 
an RINT-TTR-MA (Rigaku Corp., Tokyo, Japan) appa- 
ratus in which the X-ray generator and detector vertically 
rotate around the sample stage. The Langmuir-Blodgett 
(LB) trough (length 130 mm x width 60 mm), made of 
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aluminum coated with ~e f lon@ (US1 System, Fukuoka, 
Japan), was mounted on the sample stage to study the 
water surface system. Details of the XR apparatus and 
data treatment have been fully described el~ewhere.['~-'~] 
Data analysis is based on the theory of ~arrat"'] and Sinha 
et al.[19] The measurements were performed under spe- 
cular conditions; that is, the incident and reflection angles 
were kept equal. The specular reflectivity of X-ray 
provides information on an electron-density variation nor- 
mal to the surface in the order of angstroms. The scat- 
tering vector q in specular reflectivity is defined by 
q =4nsinBII, where 8 is the incident or reflection angle 
from the sample surface, and I is the wavelength of the 
incident X-rays, which was 1.5406 A (Cu K,,). 

AMPHlPHlLlC DIBLOCK COPOLYMER 
AND POLYMER BRUSH 

Amphiphilic diblock copolymers have both hydrophilic 
and hydrophobic chains in one molecule. It is possible to 
design diblock copolymer amphiphiles with large hydro- 
philic and hydrophobic parts in contrast with amphiphilic 
small molecules whose hydrophilic and hydrophobic parts 
are both short. Because of the large hydrophobicity due to 
the long hydrophobic chain, the diblock copolymer forms 
a polymer monolayer on water with dangling hydrophilic 
chain. The long hydrophilic chain in the monolayer forms 
a "polymer brush" in the water subphase. 

The brush structure is mainly characterized by brush 
thickness, brush density, and density profile in the brush. 
Theoretical predictions, especially for charged brush, have 
been made since the early 1 9 9 0 s . [ ~ ~ - ~ ~ ]  In the past two 
decades, experimental studies on the polymer brush have 
been greatly promoted by advances in refle~tornetry[ '~- '~~ 
and methods of surface graft polymerization.[231 

The polymer brush in water has been mainly studied on 
either the hydrophilic chain in diblock copolymer mono- 
layer at air / water interface or grafted polymer chain from 
a solid substrate immersed in water. The advantages of 
the monolayer at the air/ water interface are as follows: 
1) The graft length and polydispersity can be precisely 
controlled and characterized in the polymerization proce- 
dure of a diblock copolymer. 2) The graft density can 
be easily and freely controlled by changing the surface 
pressure after spreading a diblock copolymer on a water 
surface if the sample is insoluble to the subphase. On the 
other hand, if the sample is not perfectly insoluble, it 
might be anticipated that the n-A isotherm gives only 
apparent graft density. An estimation of the solubility and 
its effect on the monolayer is needed. The solubility 
problem in our case can be solved by a simple calculation 
from density and thickness of the hydrophobic layer.[61 

For a grafted polymer chain from a solid substrate, once a 
well-characterized sample is prepared, the same graft 
density is always maintained regardless of subphase 
condition, i.e., pH and salt concentration. However, si- 
multaneous control of graft density and chain length is 
still difficult, and special instruments and efforts are 
needed for their characterization. 

In the course of polymer brush studies, a neutral 
diblock copolymer system has been studied by reflectom- 
etry from the preliminary stage.[24-291 The polyethylene- 
oxide (PEO) brush in the water subphase is a well-studied 
representative system.[2c291 Many investigations on the 
polyelectrolyte brush have been performed since the late 
1990s.'6930-371 In the polyelectrolyte brush systems, the 
grafted polymer system is often introduced instead of the 
monolayer system at the airlwater i n t e r f a ~ e . [ ~ ~ - ~ ~ ]  This 
trend owes much to the progress of living radical 
polymerization.[231 However, as described above, the 
diblock copolymer system has many advantages. Further- 
more, the diblock copolymer system is suitable for 
investigating the relationships between the monolayer 
structure and the hydrophilic-hydrophobic balance that 
has not yet been systematically studied either experimen- 
tally or theoretically. We believe that detailed discussions 
on the monolayer structure at the air / water interface and 
the interesting features related to the hydrophilic-hydro- 
phobic balance are possible only when the diblock co- 
polymer system is utilized. 

MONOLAYER STRUCTURE INVESTIGATED 
BY X-RAY REFLECTOMETRY 

Monolayer Preparation 

Three polymer samples with different MAA (hydrophilic) 
chain lengths and a constant Et2SB (hydrophobic) chain 

Table 1 Characterization of poly(Et,SB),,-b-poly(MAA), 

- 

aNumber-average degree of polymerization of the poly (Et2SB) segment 
determined by 'H-NMR. 
b~umber-average degree of polymerization of the poly (tBMA) segment 
(before hydrolysis) determined by 'H-NMR. 
'Number-average molecular weight of the block copolymer determined 
by 'H-NMR. 
d~olydispersity index determined by gel permeation chromatography 
(GPC) relative to polystyrene standard before hgdrolysis. 
Source: Ref. [6]. Copyright 2002 by the American Chemical Society. 
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length were synthesized by anionic polymerization.r6~"1 
The characteristics of the samples are summarized in 
Table 1. A polymer monolayer was prepared by spreading 
the sample solution [l mgImL tetrahydrofuran (THF) 
solution] on the water surface in a Langmuir trough. After 
solvent evaporation, the surface was compressed to reach 
the desired surface pressure at which XR measurements 
were carried out. 

Nanostructure of Polymer 
Monolayer-CarpetIPolymer Brush 
Double-Layer Formation in Hydrophilic Layer 

The XR profiles of poly(Et2SB-b-MAA) monolayer on 
water surface are shown in Fig. 1. The profiles had clear, 
high-order Kiessig fringes that were rarely observed in 
profiles on water surface systems mainly because of 
surface roughness and low contrast. Such clear profiles 
enabled highly quantitative data analysis and detailed 
discussion on the monolayer structure in the scale.r6791 

In principle, if the monolayer is composed of two 
discrete layers with a thickness of dl and d2, the ref- 
lectivity profile should be represented as a superimposi- 
tion of three cosine curves with a frequency of dl ,  d2, 
and (dl +d2), on the decay of - 4 power governed by 
Fresnel's law. The cosine curve is amplified by each 
electron density contrast between layers. The sufficient 
density contrast between each layer enables us to detect 
three kinds of frequencies. However, in a poly(Et2SB-b- 
MAA) system, the Et2SB hydrophobic layer is more 
enhanced in the reflectivity curves because this layer has 
larger electron density contrast than the MAA hydrophilic 
layer. As a result, the frequency of fringes in the observed 
curves reflects the thickness of the Et2SB layer, but the 
profile contains a contribution from the MAA layer. In 
fact, the small fringes that originated from the whole layer 
including the MAA layer were found in a m:n =43:81 
sample around q = 0.05 k I. 

The monolayer structure was determined by model 
fitting of the XR profiles. The amphiphilic diblock 
copolymer monolayer on water is supposed to be com- 
posed of hydrophobic and hydrophilic layers. Therefore 
a two-box model, which has two discrete layers with 
interface roughness between layers, is applied first to 
reproduce experimental data. A three-box model was 
applied if there was not sufficient agreement by the two- 
box 

As is indicated in Fig. 1 by lines, a three-box model 
was needed to reproduce the XR profiles for the 
m:n = 43:81 monolayer above 20 mN/m. The small fringe 
at a lower q pointed above could not be reproduced by the 
two-box model. Profiles for the other two samples were 
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Fig. 1 X-ray reflectivity profiles for poly(Et2SB),-b-poly- 
(MAA), monolayer on water. (a) m:n = 40: 10, (b) m:n = 45:60, 
(c) m:n=43:81. Each profile was shifted downward by one 
decade for clarity. The solid lines are the best-fit curves by the 
two-box model (m:n = 40: 10, 45:60) and the three-box model 
(m:n=43:81). (a,b--From Ref. [6]. Copyright 2002 by the 
American Chemical Society. c-From Ref. [9]. Copyright 2003 
by John Wiley & Sons, Inc.) 

(Continued) 
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q K11 
Fig. 1 (Continued). 

well reproduced by a two-box model at any surface 
pressure studied. 

The density profiles obtained by the three-box model 
fitting are shown in Fig. 2. The m:n=43:81 monolayer 
[Fig. 2c] above 20 mN1m was found to be composed of 
an Et2SB layer and two MAA layers: The MAA layer 
was divided into two MAA layers, an upper layer and a 
lower layer. The upper MAA layer just beneath the Et2SB 
layer has a higher density than the lower MAA layer. 
The lower layer has a lower density and has a large 
roughness at the interface with a water subphase. This 
means that this MAA layer has a diffuse structure like a 

. polymer brush. So we call the former a dense MAA layer 
and the latter a difSise MAA layer. The diffuse layer is, 
in principle, the "brush layer." A schematic figure of the 
monolayer structure is also shown in Fig. 3. The thick- 
ness of the dense MAA layer is about 15 A and its 
density is almost the same as the bulk density of MAA. 
The surface pressure and chain length dependence of 
the monolayer structure will be discussed in the follow- 
ing section. 

1 . 2OmNlm 
2 . 25mNlm 
3 - 30mNIm 
4 . 35mNIm 

3-box model fit. 
2-box model fit. 

Effect of Surface Pressure--Transition 
from Carpet Layer to CarpetlPolymer 
Brush Double Layer 

X-ray reflectivity measurements were carried out at 
different surface pressures, i.e., at different grafting 
densities (number of polymer chains per unit area), by 
compressing the monolayer. Brush density was from 0.1 
to 0.8 nm- in the surface pressure range studied.[6791 

The distinguishing feature shown in Fig. 2 is that the 
existence of the MAA dense layer with 10-20 A thickness 
is independent of surface pressure. The maximum density 
of the dense MAA layer in contact with water surface, i.e., 
contact with a hydrophobic Et2SB layer, is almost the 
same as the bulk MAA density. The dense layer seems to 
have an important role in determining the monolayer 
structure as discussed in the following section. 

In Fig. 2c, the transition from a carpet-like dense layer 
to a denseldiffuse double layer as the surface pressure 
increases is clearly visualized. At a low surface pressure 
(20 rnNlm), the brush layer cannot be seen by XR; that is, 
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Fig. 2 Density (6) profiles for poly(Et2SB),-b-poly(MAA), on 
water. (a) m:n = 40: 10, (b) m:n = 45:60, (c) m:n = 43:8 1. 6 is 
proportional to electron density, and defined by r.i. = 1 -6-ip, 
where r.i. is the refractive index. Each profile was shifted 
upward by one decade for clarity. The order of the profiles is 
consistent from (a) to (c). (a,b-From Ref. [6]. Copyright 2002 
by the American Chemical Society. c-From Ref. [9]. Copyright 
2003 by John Wiley & Sons, Inc.) 

Air 

Hydrophobic 
Layer 
Hydrophilic 
"Carpet" 

Polyelectrolyte 
"Brush" 

Fig. 3 Schematic representation of the "carpet" layer and the 
brush layer in p~ly(Et~SB)~~-b-poIy(MAA)~,  monolayer. (View 
this art in color at  www.dekker.com.) 

almost no brush layer exists. By an increase of the surface 
pressure, the MAA brush layer was formed in addition to 
the dense layer, and the thickness of the diffused brush 
layer increased with a further increase of surface pressure. 

The density difference between the dense MAA layer 
and the diffuse MAA layer was largest at 25 mN/m, at 
which the density of the dense MAA layer was also at 
maximum. The MAA fraction that contributed to the dense 
MAA layer was calculated to be 40% at 25 mN/m with an 
assumption that the MAA bulk density was 1.22 g/cm3. 

Fig. 4 X-ray reflectivity profiles for poly(Et2SB),-b-poly- 
(MAA), on water at 30 mN1m. (1) m:n = 40:10, (2) m:n = 45:60, 
(3) m:n=43:81. Each profile was shifted downward by one 
decade for clarity. The solid lines are the best-fit curves obtained 
by the two-box model (m:n =40:10, 4560) and the three-box 
model (m:n = 43:s 1). 
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The density difference became smaller as surface pressure 
increased beyond this point. At the same time, the brush 
layer formed and its thickness increased as the surface 
pressure increased. 

From these observations, a possible interpretation of 
the structural change is that a part of the MAA chains is no 
longer necessary in dense layer above 20 mN/m and they 
are pushed out to the water subphase and then joined to 
make a polyelectrolyte brush. In this sense, the dense layer 
plays a role similar to a "carpet" or "cushion" for the 
Et2SB hydrophobic layer on water. 

Effect of Hydrophilic Chain Length- 
Minimum Hydrophobic Layer Thickness and 
Discrete Layers in the Hydrophilic Layer 

The XR profiles for all three samples at 30 mN/m are 
compared in Fig. 4. As mentioned above, the period of the 

fringe corresponds to the hydrophobic Et2SB layer 
thickness. It is obvious that the period of the profile for 
m:n = 45:60 (middle MAA length) is the longest, which 
means that the Et2SB layer for the sample is the thinnest. 
The same tendency was observed at any other surface 
pressure ~ t u d i e d . [ ~ * ~ '  

In Fig. 5, the MAA chain length dependence of each 
layer thickness is shown. The Et2SB layer showed an 
interesting phenomenon: The Et2SB thickness at the same 
surface pressure takes a minimum at a medium MAA 
length at every surface pressure studied [Fig. 5al. The 
variation of MAA layer thickness with MAA unit length 
is also interesting. The thickness variation of the three 
samples with different hydrophilic chain length (m:n = 
40: 10,45:60,43:81) in Fig. 5 showed that the thickness of 
this dense layer is 10-20 A independent of surface pres- 
sure and polymerization degree of PMAA in the range 
studied. It is also confirmed in the density profiles in 

MAA unit 

Fig. 5 Thickness variation of the hydrophobic and hydrophilic layers with MAA length. (a) Et2SB layer and (b) MAA layer. The MAA 

80 , 

layer in the m:n = 4331 sample was well reproduced by two discrete layers, a dense MAA layer and a diffuse MAA layer. (From Ref. 
[9]. Copyright 2003 by John Wiley & Sons, Inc.) 
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Fig. 6 X-ray reflectivity profiles for p~ly(Et~SB)~~-b-poly- 
(MAA),, monolayer on various pH subphases at 25 mN/m. (1) 
pH 2, (2) pH 7 (pure water), (3) pH 10. Each profile was 
shifted downward by one decade for clarity. The solid lines are 
the best-fit curves obtained by the two-box model (pH 10) and 
the three-box model (pH 2, pH 7). (From Ref. [8]. Copyright 
2003 by IUCr.) 

Fig. 2. For m:n = 45:60 sample, slightly larger thickness, 
i.e., 18-35 A, was observed. It is fair to say that we 
could not distinguish the dense and the short diffuse 
MAA layers from the XR profiles in this case. 

The independence of the thickness in MAA layer just 
beneath the EtzSB layer, i.e., dense layer, is interesting 
because the number of MAA units largely varies from 10 
to 80 units. Although the data are not shown here, our 
newly synthesized samples with different chain lengths 
(m:n = 30:20 to 30:90) also have a dense layer with a 
thickness of 10-20 A thickness of about 15 A might 
be the "critical thickness" for a dense layer, or for a dense 
layer-brush layer transition. 

On the other hand, a well-established polyelectrolyte 
brush is formed only for the m:n = 43:81 polymer mono- 
layer. For m:n = 40: 10 and m:n = 45:60 polymer mono- 
layer, only dense MAA layer is formed. 

The minimum hydrophobic layer thickness can be re- 
lated to the double-layer formation in the hydrophilic 
layer. To explain the Et2SB layer thickness variation, it is 
reasonable to consider that the MAA layer has two 
opposite effects, positive and negative, on surface pres- 
sure, and that the formation of a dense MAA layer and 
diffuse MAA layer in m:n =43:81 monolayer is the key 

point. For a small n sample, m:n=40:10, because the 
MAA contribution to surface pressure is small, much sur- 
face compression is needed to achieve the surface pressure 
desired. This results in the largest thickness of Et2SB 
layer. For the medium n sample, m:n =45:60, a positive 
contribution of MAA chain due to its layer size to the 
surface pressure appears. Hence at the same surface pres- 
sure, the Et2SB layer becomes thinner. For the large n 
sample, m:n = 43:81, a negative contribution due to brush 
formation appears in addition to the positive contribution 
mentioned above. An increase in Et2SB layer thickness 
should be observed to compensate for the negative 
contribution. At this stage, it is not clear whether the 
dense and the diffuse MAA layers directly correspond to 
the positive and the negative contributions to surface 
pressure, respectively. However, it is reasonable to think 
that the layer near the surface should contribute to a larger 
increase in surface pressure (a decrease in surface energy) 
than the brush layer in the subphase. 

Effect of pH on the Monolayer 
Structur~Anomalous pK, at the Surface 

The hydrophilic chain of the diblock copolymer is a weak 
polyacid, which enabled us to control the monolayer 
structure by pH. Hence the pH dependence of the 
monolayer nanostructure was investigated by changing 
the pH of the s ~ b ~ h a s e . ~ ~ ~ ~ '  

A marked structural change by pH was observed 
especially for the m:n = 43:81 monolayer. Fig. 6 shows the 
XR profiles for m:n =43:81 monolayer at different pHs. 
The fringe with a short period, which was notable for pH 2 
and 7 (pure water), was not observed for the profile on the 
subphase of pH 10. Density profiles (Fig. 7) obtained by 

HCl aq. (pH=2) 

0 
- - - - -  pure water 
. . . . . . . . . NaOH aq. (pH=lO) 

Fig. 7 Density (6) profiles for p~ly(Et~SB)~~-b-poly(MAA)~~ 
monolayer on various pH subphases at 25 mN/m. (1) pH 2 (solid 
line), (2) pH 7 (dashed line), (3) pH 10 (dotted line). (From 
Ref. [8]. Copyright 2003 by IUCr.) 
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model fitting of the XR profiles indicate that the brush 
layer was not detected for the m:n = 43:81 sample on pH 
10 subphase (dotted line) at 25 mN/m, at which the carpet/ 
brush layer formation was detected for acid (solid line) 
and neutral (dashed line) conditions. Taking the block 
ratio into consideration, a highly diffused brush should be 
formed by alkaline condition. Because of the low contrast 
between the brush layer and water subphase coming from 
the low volume fraction of the polymer chain in the 
brush layer, the brush layer could not be detected by 
XR measurements. 

The variation in hydrophobic and hydrophilic layer 
thickness with pH for all three samples is summarized 

in Fig. 8. Almost the same monolayer structure was 
obtained at acidic (pH 2) and neutral (pure water) con- 
ditions, but significant differences were found on the 
monolayer on subphase of pH 10. For the shortest MAA 
chain samples, the thickness of the Et2SB layer in mono- 
layer at pH 10 is explicitly larger than those in acidic 
and neutral conditions at the same surface pressure. For 
the long MAA polymer, the carpet/brush structure in the 
monolayer was not observed and only a dense carpet 
layer was detectable. Obviously, the observed change 
of nanostructure with pH is a result of the change of the 
degree of ionization of carboxylic acid on the hydrophi- 
lic chain. 

Fig. 8 Thickness variation of the hydrophobic and hydrophilic layers with pH at 20 and 25 mNlm. (a) Et2SB layer and (b) MAA layer. 
The m:n = 43231 monolayer was well described by a three-box model at pH 2 and pH 7 but well reproduced by a two-box model at 
pH 10. Considering the m:n block ratio, the diffuse MAA layer should exist at pH 10 in a very diffused form as indicated by the arrow. 
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In general, a drastic change is expected at the pH 
around pK,, which is pH =4-5 in bulk solution for 
carboxylic acids. However, in this system, at the air/  
water interface, the change occurs between neutral pH 
and p H =  10. This means that the pKa value of the 
carboxylic groups on the polymer chain in the mono- 
layer is higher than that for bulk state, and it should be 
located between 7 and 10. This is one of the special 
characteristics of the surface. The possible origin of this 
anomalous pKa at the surface might be an anomalous 
structure of water, which shows two-dimensional 
packing of molecules such that the density of polymer 
chain in the brush is high. This should be clarified in 
future works. 

Comparison with Proposed Theory 

Theoretical studies on the structure of the polyelectrolyte 
brush with variable charges (e.g., weak polyacid) have 
been carried out as a function of grafting density and ionic 
strength.[2s221 The variation of brush thickness with 
grafting density and ionic strength is not monotonic and is 
categorized into several regimes. The regimes are char- 
acterized by the ratio d ~ ( ~ ,  where cr is the degree of 
dissociation in brush and ab is the degree of dissociation in 
bulk. For a brush of weak polyacid in a salt-free solution 

as in our system, a is considered to be very small com- 
pared to ab, and categorized into neutral brush regime. In 
this regime, the brush is expected to behave like a neutral 
b r ~ s h . ' ~ ' , ~ ~ '  However, our observation of the two discrete 
MAA layers seems to be characteristic of the polyelec- 
trolyte brush. In addition, the two discrete layers have not 
been observed in a neutral brush system. These dis- 
crepancies are simply because of the oversimplification 
of the theoretical model: To theoretically describe the 
polymer brush, the interaction between the brush and 
the substrate surface (grafted surface) should be taken 
into account. 

The "Real" Nanostructure of Polymer 
Monolayer and Polymer Brush 

The surface pressure and chain length dependencies of the 
monolayer structure are schematically summarized in 
Fig. 9.[6*91 The density profiles are described besides 
drawings. As also indicated in Fig. 9, the value of the area 
per molecule is largest for middle n sample. Similarly, the 
hydrophobic layer thickness is thinnest for the middle n 
sample. The polymer monolayer formed by the samples 
with a shorter MAA length is composed of a hydrophilic 
layer and a dense MAA layer, i.e., without a well- 
established brush layer at any surface pressure. For the 

Low t-- Surface Pressure -+ High 

Air 

t Hydrophobic Layer 

Dense Layer 

Diffuse Brush Layer 

Fig. 9 Schematic representation of the dense layer and the brush layer in poly(Et2SB),-b-poly(MAA), monolayer on water surface as 
functions of the surface pressure and the hydrophilic PMAA length. Density profiles are also shown beside the drawings. (From Ref. [9]. 
Copyright 2003 by John Wiley & Sons, Inc.) 
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monolayer of a longer MAA sample, a similar situation is 
observed at a lower surface pressure. With increasing 
surface pressure, long MAA chains extend to the subphase 
to form a brush layer that has a lower density than the 
dense layer. 

CONCLUSION 

The nanostructure of a monolayer of the ionic arnphiphilic 
diblock copolymer, poly(1, l -diethylsilacyclobutane)- 
block-poly(methacry1ic acid) [poly(Et,SB-b-MAA)], at 
the air 1 water interface was investigated by in situ XR as a 
function of surface pressure, MAA chain length, and pH. 
The MAA brush under the water surface was found to be 
composed of two parts: a dense layer with a higher density 
and a diffuse layer with a lower density. The dense layer is 
always formed independent of MAA chain length, surface 
pressure, and pH. By contrast, the diffuse layer is formed 
in addition to the carpet layer only when the hydrophilic 
chain length is long enough and the surface pressure, i.e., 
the brush density, is also high enough at lower pHs. At pH 
10, the diffuse layer was not observed in the studied range. 
The dense layer thickness was found to be almost constant 
at 10-20 A, independent of surface pressure and MAA 
chain length. Furthermore, the discrete MAA structure 
could be an explanation for the interesting observation 
that the MAA chain length dependence of the thickness of 
Et2SB layer showed a minimum at a critical MAA chain 
length. Either dense or diffuse layer structure and 
minimum thickness has never been expected in a 
theoretical study, which indicate the great importance of 
the in situ experimental study. 

We found several new aspects of the diblock copoly- 
mer monolayer structure in this study. In situ studies are 
essential for identifying the capethrush double-layer 
structure and anomalous pK,. Systematical in situ inves- 
tigation should clarify the nature of polyelectrolyte brush 
and make it possible to design and control its structure 
totally by chain length, chain length ratio, pH, and salt 
concentration. These findings are expected to contribute 
to the development of fundamental polymer surface 
chemistry and of polymer surface nanomaterials. 
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Nanostructured Catalysts 
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INTRODUCTION 

Practicing green chemistry has become more important 
over the last decade, reflecting the design, development, 
and implementation of chemical products and processes 
to reduce or eliminate the use and generation of sub- 
stances hazardous to human health and the environment. 
Some of the principles of green chemistry['] are as follows: 
1) It is better to prevent waste than to treat or clean up 
waste after it has been created. 2) Synthetic methods 
should be designed to maximize the incorporation of all 
materials used in the process into the final product. 3) The 
use of auxiliary substances, solvents, separation agents, 
and others should be avoided; when used these substances 
should be innocuous. 4) Employ catalysts or catalytic 
reagents as selective as possible and that are superior to 
stoichiometric reagents. Hence, the application of cata- 
lysts in chemical reactions and more so the impact of 
nanostructured catalysts is the scope of this article; a few 
examples will be discussed pertaining to the topic. A 
catalyst is considered to be active in any given chemical 
process if it shows high conversion, is selective to the 
desired products, is stable for a prolonged period of time, 
and has good mechanical strength. Out of all the 
concerns, conversion and selectivity dictate the fate of 
the catalyst in a larger way as it can significantly change 
the economics of the process. High conversion can be 
achieved in general if the catalyst species is not sintered 
during the reaction and selectivity is achieved from the 
specific crystal structure of the catalytic active metal or 
the metal oxide precursor. Hence, controlling the catalyst 
species at molecular level is possible if catalysts were 
fabricated at nanometer scale. From the definition, 
particles of between 1 and 10 nm in size have definite 
crystal structure at nanometer level, and hence the 
application of nanostructured materials as catalysts can 
drastically change the conversion and selectivity in the 
chemical processes. This article describes in detail how 
nanostructured catalysts affect the catalytic process in 
comparison to bulk catalysts. More examples can be 
found in the book chapter written by Klabunde and 
~ulukut la . [~]  

NANOSTRUCTURED CATALYSTS FOR 
SELECTIVE PROCESSES 

Selectivity in a chemical reaction is defined as the pro- 
duction of one molecule out of many other thermody- 
namically feasible product molecules. There is an enor- 
mous opportunity, for to understand selectivity is very 
important, and it is less understood than activity.131 On the 
nanometer scale, bifunctional catalysis has been docu- 
mented as playing a major role in selectivity. On nano- 
structured catalysts reactant molecules undergo chemical 
change to produce intermediates. These reaction inter- 
mediates will then diffuse a certain distance to other sites 
where they undergo further rearrangements to produce the 
final product, which then desorbs. In this case, selectivity 
changes markedly with conversion. As can be seen from 
Fig. 1, nanostmctured catalysts can be divided into two 
classes: the first category is composed of nanoparticles of 
metals supported on metal oxides or molecular sieves and 
the second includes high-surface-area nanocrystalline 
metal oxides themselves as catalysts or catalyst supports. 
Examples for each category are shown and will be de- 
scribed in detail in the following sections. 

NANOPARTICLE SUPPORTED CATALYSTS 

Nanoparticle catalysts can be designed and synthesized 
from various methodologies.r41 The most attractive and 
appropriate methods involve nanoparticles of metals or 
metal oxides supported on inert oxides, molecular sieves, 
and polymers. 

Gold Nanoparticle Catalysts 

Gold nanoparticle catalysts have attracted wide attention 
because of their wide applications in CO oxidation, ep- 
oxidation of propylene, water-gas-shift reaction, hydro- 
genation of unsaturated hydrocarbons, and liquid phase 
selective ~xidation.'~] It is well known that gold is a poor 

Dekker Encyclopedia of Nanoscience and Nanotechnology 
DOI: 10.108 1/E-ENN 120009408 
Copyright O 2004 by Marcel Dekker, Inc. All rights resewed. 
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Nanostructured Catalysts 
1 

Nanoparticle 
Catalysts Nanocrystalline metal 

oxides 

supported on supported on 
metal oxides molecular sieves 

Ex: Ex: Ex: Aerogel Ex: WMgO 
AwTi02, RhOxIMCM-41, prepared MgO 
AGe203, PtlMCM-41 
WTiO2 

Fig. 1 Classification of nanostructured catalysts. 

catalyst in the bulk form, whereas gold nanoparticles 
supported on oxides exhibit high catalytic activity. A 
schematic representation of gold nanoparticles supported 
on oxides is shown in Fig. 2a. 

Zhong and ~ a ~ e ~ ~ ~  demonstrated a novel ap,proach 
involving monolayer-encapsulated metal nanoparticles in 
a core-shell nanostmctured assembly as shown in Fig. 2b. 

Gold nanoparticles 

Oxide Support 

Fig. 2 Schematic representation of nanoparticle catalysts.[21 (a) 
Oxide-supported nanoparticle catalyst, (b) core-shell nanopar- 
ticle catalyst. (Reprinted with permission from Ref. [4]. Wiley- 
VCH Verlag GmbH.) 

Average cluster diameter (nm) 

Fig. 3 Turnover frequencies and bandgaps measured by STM 
as a function of the diameter of Au islands deposited on Ti02. 
(Reprinted with permission from Ref. [ 5 ] .  Elsevier Science B.V. 
0 2001.) 

The core-shell assembled nanostructure undergoes struc- 
tural or morphological changes during catalytic activation 
and reaction within both the individual core-shell stmc- 
ture and the collective network environment. The mono- 
layer encapsulation imparts the nanoparticles with shell 
reactivity and processibility dictated by functional groups 
in a three-dimensional framework. 

Valden et al. reported Au/Ti02 catalystr6] and demon- 
strated the change in turnover frequency (TOF) of CO 
oxidation with the change in the diameter of Au islands. 
As can be seen from Fig. 3, the CO oxidation reaches a 
maximum at an Au cluster diameter of 3.5 nm, where Au 
partially loses its metallic nature. They have suggested 
that this transition might be correlated to the high catalyt- 
ic activity. 

Hayashi and coworkers[" found that Au supported on 
T i02  could catalyze epoxidation of propylene in the gas 
phase containing 0 2  and HZ There are several factors 
that influence the catalytic activity of the reaction. The 
most important is the method of preparation, as shown in 
Fig. 4. The Au/Ti02 was prepared by either an 
impregnation method or a deposition precipitation meth- 
od. The impregnation method did not result in selective 
oxidation, but instead complete oxidation to H 2 0  and 
C02, whereas the direct precipitation method led to 
epoxidation with selectivities above 90%. The difference 
in the structure of the catalysts prepared by the different 
methods influences the selectivity. The impregnation 
method produces large, spherical Au particles with sizes 
of about several tens of nanometers in diameter, whereas 
the direct precipitation method results in small hemi- 
spherical Au particles strongly contacted with Ti02 
support. This is a very interesting example of how 
structure and size of the nanoparticles affects the 
selectivity of the reaction. 
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:H3CH=CH2 + CH3C\H-J;H2 + Hz0 
+ 02+ H2 

Impregnation 
Au 

L A,, ' R 

was achieved at a temperature of 85°C due to the Pt 
nanoparticles around 2 nm, which resulted in high 
conversion. The other two catalysts showed 50% conver- 
sion between 1 10' and 1 30°C. The work on Pt nanoparticle 
catalysts provided ample evidence that nanoparticles of Pt 
can exhibit high rates for CO conversion. 

Catalyst Temperature (K) 

Fig. 4 Epoxidation of propylene over Au/Ti02 prepared by 
different methods. (Reprinted with permission from Ref. [ 5 ] .  
Elsevier Science B.V. 0 2001.) 

Platinum NanoparticleIMCM-41 Catalysts 

Over the last three decades, there have been considerable 
efforts to synthesize platinum nanoparticle supported 
catalysts and attempts to study the selectivity in various 
organic reactions. A classical example is the work of 
Junges et a1.,l8' who prepared Pt nanoparticles on MCM- 
41 and applied the catalyst for low-temperature carbon 
monoxide oxidation. In this work, three methods were 
employed to synthesize Pt-MCM-41: 1) incipient wet- 
ness, 2) ion exchange, and 3) in situ methods. The Pt 
particle sizes obtained with the three preparation methods 
varied substantially. For the in situ loading the final 
average particle size was around 4-6 nm, and TEM ob- 
servation revealed that the 4-nm-sized particles are lo- 
cated in the pore channels of the MCM-41, while the 
larger particles might be present on the external surface of 
MCM-41. The samples synthesized by ion exchange 
method resulted in 10-nm-sized particles. The incipient 
wetness impregnation resulted in 2-nm-sized Pt particles 
with total Pt loading up to 2% mass. All three catalysts 
were evaluated for CO oxidation with air in an open 
flow reactor at gas hourly space velocity 25,000 hr-'. 
The synthetic methods, which resulted in different sizes 
of Pt particle, had a strong influence on the catalytic per- Fig. 5 TEM photographs of (a) R ~ - M c M - ~ I - A - ~ ~ ~ ;  (b) ~ h -  
formance. The best performance was observed on the Sam- MCM-41-B-200, and (c) Rh-su-MCM-41-200. (Reprinted with 
ples prepared by incipient wetness, where 50% conversion permission from Ref. [12]. Elsevier Science B.V. 0 2002.) 
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RhOx NanoparticleIMCM-41 

Mulukutla et al.[9-121 synthesized RhOx nanoparticles in 
the MCM-41 molecular sieve via a sol-gel method. As 
shown in Fig. 5, assorted sizes of RhOx nanoparticles were 
prepared by changing the conditions of the synthesis. The 
size and location of the resulting rhodium oxide particles 
varied with the hydrothermal synthesis conditions as 
shown in TEM photographs in Fig. 5. The RhOx nano- 
particles in Rh-MCM-41-A with Si/Rh=200 (Fig. 5a) grew 
to 6- to 8-nm RhOx particles and they seemed to be located 
in the bulk of MCM-41. The local structure of MCM-41 
might have been destroyed because the particle sizes were 
larger than the MCM-41 pore diameter (3.2 nm). The ar- 
gument for RhOx on the surface has been ruled out from the 
comparison with the MCM-41 supported RhOx sample 
(Fig. 5c) with a similar Rh loading. Furthermore, the RhOx 
particles in Rh-MCM-41-A (Fig. 5a) were orthorhombic, 
whereas the RhOx particles supported on the MCM-41 
surface were hexagonal, demonstrating the different loca- 
tions between the two samples. 

TheRh-MCM-41-B with Si/Rh = 200(Fig. 5b)possessed 
<3-nm-sized RhOx particles, which were smaller than the 
MCM-41 with pore diameter of 3.4 nm. TEM photograph 
of Fig. 5b depicts that the RhOx particles are located in 
the pore channels of MCM-41. Fig 5c is a TEM photograph 
of the Rh-su-MCM-41 having SiIRh = 200, where rhodium 
oxides are observed as aggregates of about 10-nm size, 
while the MCM-41 pore channels are clearly visible. 

RhOx nanoparticles in the MCM-41 with different 
particle sizes, structures, and locations in the MCM-41 

200 250 300 350 
Temperature PC 

Fig. 6 The NO conversion to N2 and N20 against reaction 
temperature on the Rh-MCM-41-B catalyst; (0 )  N2. (0) N2, (-) 
NO+C0+02,  (- - -) CO+NO. (Reprinted with permission from 
Ref. [ l l ]  Acta Materialia Inc. Published by Elsevier Science 
Ltd. 0 2001.) 

250 300 350 
Temperature / 'C 

Fig. 7 The NO conversion to N2 and NIO against reaction 
temperature on the Rh-MCM-41-A catalyst; (0) N2, (0) N2,(-) 
NO+C0+02,  (- - -) CO+NO. (Reprinted with permission 
from Ref. [ I l l .  Acta Materialia Inc. Published by Elsevier 
Science Ltd 0 200 1 .) 

were used as catalysts for NO-CO reactions. The NO 
reduction with CO was performed in the presence and 
absence of 02 .  On the Rh-MCM-41-B catalyst, the NO 
conversion to N2 and N20 in the absence of O2 began 
between 275°C and 300°C as shown in Fig. 6. The con- 
version to N20 reached a maximum of 30% at 325°C. The 
selectivity to N2 increased with temperature and reached 
92% at 375°C. Excess oxygen (4%) was added to the 
stream of NO and CO, which resulted in unexpected 
promotion of the NO conversion to N2 and N20 as shown 
in Fig. 6. The reaction in the presence of O2 proceeded at 
250°C, whereas it did not proceed below 275OC in the 
absence of 02 .  The promotion phenomenon by excess O2 
is of interest and it may be attributed to the nanosized 
rhodium oxide precursors in the pore channels of MCM- 
41. The excess O2 usually poisons the Rh catalysis since 
O2 oxidizes CO to C02 very rapidly. It was concluded that 
under the reaction conditions NO conversion was pro- 
moted in the NO-CO reaction in the presence of excess O2 
on the Rh-MCM-41-B catalyst. 

Fig. 7 depicts the NO conversion to N2 and N20 on 
the Rh-MCM-41-A catalyst with and without 02 .  At 
275°C there was about 75% conversion to N2 and the rest 
was N20, and at the higher temperatures the selectivity 
toward N2 was 100%. However, the presence of O2 in the 
stream dramatically suppressed the conversion of NO, 
and the NO conversion to N2 and N20 began above 
375°C. Thus, the Rh-MCM-41-A catalyst, which had 
RhOx particles of the size of &8 nm exhibited a negative 
effect of excess O2 on the NO conversion. These results 
are entirely different from those observed with the 
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Rh-MCM-41-B catalyst. NO conversion to N2 and N20 
in the NO-CO reaction on the RhOx supported on MCM- 
41 (Rh-su-MCM-41) catalyst exhibited a negative effect 
by excess 02 .  This feature resembles that observed with 
the Rh-MCM-41-A catalyst. This observation on the 
nanostructured RhOx-MCM-41 is emphasized to show 
that the active sites in different locations and particles 
sizes play a significant role in the catalytic reaction of 
NO-CO in presence of 02. 

NANOCRYSTALLINE METAL OXIDE AS 
CATALYSTSICATALYST SUPPORTS 

Synthesis of high-surface-area nanocrystalline alkaline 
metal oxides has drawn much attention because of their 
high surface area and adsorption capacity compared to their 
commercial analogues. Some examples are MgO, CaO, 
Ti02, and Al2O3. The extraordinary properties of these 
nanocrystalline oxides are due to the morphological fea- 
tures of the small crystallites possessing higher populations 
of reactive surface sites such as edges, comers, and ion 
vacancies. It has been proposed that some of these 
nanocrystalline metal oxides, because of their defective 
sites, might have catalytic properties and that they can be 
used as catalyst supports because they have high surface 
area. The following are some examples where nanocrystal- 
line MgO exhibited catalytic properties. In addition, it has 
been used as support for synthesizing superbase catalysts. 

Aerogel-Prepared MgO 

Utamapanya et al."31 prepared nanocrystalline MgO 
through an aerogel method using supercritical drying 
and were successful in obtaining high surface areas in 
the range of 400-500 m21g with crystallite sizes of about 
3 nm. The nanocrystalline MgO obtained is referred to 
as AP-MgO. 

Chlorination of Hydrocarbons with 
Aerogel-Prepared MgO 

Aerogel-prepared MgO, when exposed to C12 gas at 
atmospheric pressure and room temperature, exothermally 
formed an extremely reactive AP-MgO-C12 adduct; 15% 
C12 by weight was adsorbed on the The 
chlorine adduct was able to chlorinate hydrocarbons in a 
batch reactor. The normal forms of MgO did not react 
with C12 gas. Richards et al."51 performed further inves- 
tigation on the characterization of the AP-MgO-C12 ad- 
duct, conducting pulse reactions and demonstrating the 

catalytic behavior of AP-MgO in the chlorination of 
hydrocarbons. The XPS characterization of AP-MgO-C12 
indicated that the binding energy for C12p is 198.2 eV and 
this value corresponds to monochloro compounds similar 
to NaCl and KCl. Hence, the chlorinated species on the 
surface of AP-MgO is not MgC12. As shown in Fig. 8a, the 
chlorination of propane conducted over AP-MgO at 
temperatures from 0" to 200°C proceeded in normal light. 
The expected products were 1-chloropropane, 2-chloro- 
propane, and 1,2-dichloropropane. Fig. 8b shows the re- 
action data conducted without AP-MgO where the reaction 
proceeded with the help of normal light. As noted, the 
selectivity to 1,2-dichloropropane up to 60% was observed 
when the reaction was conducted at 200°C with AP-MgO, 
with simultaneous decrease of the 2-chloropropane. The 
selectivity was not affected in the case of a blank reaction. 

Temperature / OC "1 ;+On - -0- Zcfiloropr~parre l-chl~~~propane 

70 -A- I ,2 dichloropropane 
a9 

0'0 ~2'o';o'&~do'l&lidljdl&l&~ 
Temperature l OC 

Fig. 8 Chlorination of propane (a) with AP-MgO catalyst. (b) 
Blank reaction. (Reprinted with the permission from Ref. [15]. 
Acta Materialia Inc. Published by Elsevier Science Ltd 0 
200 1 .) 
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CONCLUSION 

Time in Stream, min 

Fig. 9 Kinetics of chlorobutane conversion at different tem- 
peratures. (Reprinted with permission from Ref. [17]. American 
Chemical Society 0 2001 .) 

Dehydrochlorination of 1-Chlorobutane with 
Aerogel-Prepared MgO 

Mishakov et a1.[I6] and Fenelonov et al.[I7' evaluated 
nanocrystalline MgO for dehydrochlorination of 1-chloro- 
butane. Exposure of AP-MgO to I-chlorobutane at 
200-350°C resulted in both stoichiometric and catalyt- 
ic dehydrochlorination to form isomers of butene and 
simultaneous topochemical conversion of MgO to MgC12. 
The resulting MgC12 was believed to be an active catalyst 
for the dehydrochlorination reaction. As shown in Fig. 9, 
the conversion of chlorobutane at different tempera- 
tures over time established the formation of active MgC12 
from AP-MgO. The formation of such an active cata- 
lyst species on the surface of nanocrystalline MgO was 
possible only with AP-MgO. Hence, this work is a 
striking example of how a high-surface-area catalytic 
species such as MgC12 can be formed from a nano- 
crystalline MgO. 

Potassium/Aerogel-Prepared MgO 

The high surface area of AP-MgO in the range of 350-500 
m21g can be used as a support. Sun and ~ labunde"~ '  
prepared potassium metal-doped nanocrystalline MgO, 
which exhibited high activity in base-catalyzed isomeri- 
zation and alkylation. It was established that 10 wt.% of 
K-doped AP-MgO showed 100% conversion to isomer- 
ized products from 2,3-dimethyl-1-butene at room tem- 
perature in 30 min. However, the use of commercial 
analogues and lower-surface-area MgO did not result in 
such high conversions. The edgeslcorners on the polyhe- 
dral crystallites of high-surface-area MgO are responsible 
for creating superbasic sites to obtain a highly active 
isomerization catalysts. 

This article demonstrates that nanostructured catalysts can 
be designed by several methods. The prominent ways are 
synthesizing metal nanoparticles supported on metal 
oxides and sol-gel method of generating metallmetal 
oxide nanoparticles in MCM-41 molecular sieves. Nano- 
crystalline metal oxides with high surface area, which 
were prepared from aerogel methods. can be used as 
catalysts or catalyst supports. The examples show that 
nanostructured catalysts have a significant influence on 
the conversion and selectivity of the chemical reactions. 
Control and understanding of particle size and structure of 
the catalytic active species is the most important factor in 
achieving the difference between the catalytic property of 
nanostructured catalysts vs. bulk catalysts. 
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INTRODUCTION 

Natural and manmade catalytic materials are among the 
oldest "nanostructured materials" known long before the 
era of nanoscience and nanotechnology. The classic het- 
erogeneous catalysts consist of active nanoscale metal 
component(s) and solid carriers,'" namely, ' 'inert' ' oxide 
supports such as alumina, silicates, or magnesium oxide, 
to increase the reaction surface area and metal utilization. 
Conventional processing techniques for fabrication of 
supported catalysts contain one or more of the following 
steps: impregnation, precipitation, coating, rewashing, 
ion-exchange, pulverization, dying, and calcination, etcr2] 
Nanoscale metal clusters or particles can be thus formed 
on the oxide carriers after these processes. It is now well 
known that the particle size, local composition, and 
structure (shape) of nanoscale catalysts determine the 
ultimate catalytic activity and selectivity. For example, it 
has been demonstrated that the activity of Ti02-supported 
gold particles is very sensitive to their size (2 to 3 nm) in 
the CO oxidation reaction with oxygen at ambient con- 
dition~.'~] It is also well known that the structure and 
composition of nanocatalysts may change under the 
reaction conditions, and thus their performance could be 
time-dependent. Nonetheless, prevailing catalyst prepara- 
tion still remains largely as a technological art rather than 
a science, although surface science has significantly 
deepened our general understanding of heterogeneous 
catalysis using single-crystal model catalysts.'41 

Over the past 15 to 20 years, we have witnessed 
exciting advances in the design and synthesis of low- 
dimensional nanostructured materials, ranging from full- 
erenes, carbon nanotubes, supramolecular assemblies, 
mesoporous structures, to various organic-inorganic hy- 
brid materials. Taking advantage of the rapid development 
in nanoscience and nanotechnology, a wide range of syn- 
thetic techniques are now in place. For example, nano- 
structured materials can be prepared with constrained or 
unconstrained synthetic methods, in which inorganic or 
organic templates (e.g., porous oxides, organic ligands, 
well-oriented crystal planes, and supramolecule-directing 
agents) are commonly employed. With these newer ap- 
proaches and knowledge, a huge variety of nanostructured 
catalytic materials have been designed and synthesized, 
which will be the main review topic of the present article. 

With the emphasis on catalytic prospect, the objective of 
this article thus aims at introducing various design and 
synthesis strategies for this new class of materials. Future 
challenges and research directions in this area will also 
be addressed. 

DESIGN AND SYNTHESIS 
OF NANOSTRUCTURED 
CATALYTIC MATERIALS 

Because of the advances in nanostructured catalytic ma- 
terials and assembling methodologies, we may have to 
reexamine the roles of each component in the traditional 
heterogeneous catalysts and redevelop the technology. In 
fact, a practical solid catalyst is normally not a simple 
chemical compound, but a highly organized multicompo- 
nent materials system (e.g., active components and car- 
rier). In this regard, a modern view of solid catalysts is 
different from the traditional one. An organized assembly 
of catalytic materials can be considered as a "catalyst 
device",f51 and the ways of chemical and structural 
organizations in the device will give profound impacts on 
its ultimate performance. In the foreseeable future, a 
transformation from the traditional catalyst preparation to 
a more sophisticated "assembly" technology is antici- 
pated in view of the rapid progress of this field. As the 
first steps toward this end, nonetheless, various nanocom- 
ponents with desired chemical and structural properties 
and organization programmability must be fabricated and 
investigated for the constitution of a nanocatalyst "tool- 
box." In the following sections, we will look into the 
current trends of research in this important area. 

Architectures of Porous Materials 

Many significant progresses in porous materials have been 
made over the past two decades, which extends the com- 
monly known zeolites (chemical formula M:![(A102)x- 
(SiO2),Ix - . zH20, where Mn+ represents a metal cation; 
pore diameter < 1 nm) from microporous regime (pore 
diameter < 2  nm) to mesopores (2-10 nm),[61 large meso- 
pores (> 10 nm), and macropores (>50 nm). In particu- 
lar, crystalline VPI-5 with uniform pores larger than 
1.0 nm had been synthesized for the first time in 1988, 
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as illustrated in Fig. I.['] Subsequently, periodic meso- 
porous solids were discovered by Mobil researchers in 
1992.[*' These ordered porous materials with large pore 
openings had significantly enhanced our ability in uti- 
lizing intrapore chemical reactivity and space confine- 
ment for catalytic reactions, sorption processes, ion 
exchange, as well as materials synthesis, including archi- 
tectures for growth and organization of functional nano- 
materials. For example, hexagonal MCM-41 and cubic 
MCM-48 (Mobil codes) can be prepared with cationic 
surfactants under basic conditions. These mesoporous 
silicates together with various modifications (i.e., with 
metal cations via ion exchange, complexation, and direct 
"planting")[91 allow us to tailor chemical and thermal 
properties to meet different working environments. For 
instance, isomorphic substitution and postsynthesis incor- 
poration of active metal species are the two major 
methods for metal introduction to mesoporous silica.['01 
Furthermore, surface functionalization with organic 
groups will change the chemical properties of the surfaces, 
forming hybrid inorganic-organic mesoporous silicates. 

In the latter cases, the mesopores of the prepared solids 
can be viewed as nanoscopic reactors, separators, or host 
templates for chemical processes and nanostructured 
materials fabrication. 

Various methods have been developed to introduce 
organic surface groups onto the mesoporous hosts, on the 
basis of chemical reactions between the hydroxyl-covered 
surfaces and reactive silane coupling agents. For example, 
covalent grafting, coating, and co-condensation reactions 
are common methods to tailor surface properties these 
days.["] In grafting processes, surface modification with 
organic ligands and functional groups is normally carried 
out by silylation that takes place on free and geminal 
silanol groups [i.e., =Si-OH and =Si(OH)2] under dry 
conditions. On the other hand, coating provides a means to 
introduce organics onto hydrated pore surfaces where a 
monolayer of water is present to form organosilanes. 
Compared to the above two methods, the co-condensation 
process is a more direct method. The surface organic 
functional groups can be anchored together with the for- 
mation of mesoporous silicates under so-called "one pot" 

Effective pore diameter (A) 

Fig. 1 (a) Pore characteristics in some representative aluminophospates AlP0,-1 I ,  A1P04-5, and VPI-5. (b) Measured pore sizes by 
argon adsorption techniques, noting that the VPI-5 shows a pore diameter greater than 1.0 nm. (From Ref. [7].)  (View this art in color at 
www.dekker.com.) 
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synthetic conditions.['21 These organic-inorganic hybrids 
possess a number of advantages for catalytic applications 
that organic polymers and amorphous/nonporous silica 
counterparts do not have.["] In many cases, space con- 
finement and stabilization of the catalyst in the mesopo- 
rous solid can be attributed to the observed enhancement 
of catalytic activity. These materials have demonstrated 
utility as catalysts in acidbase catalysis, oxidations, re- 
ductions, enantioselective catalysis, stereospecific po- 
lymerizations, and fine chemicals synthesis.'"] Rich 
inclusion chemistry of this class of materials with guest 
species in the internal space had been reviewed recently.r91 

Over the past decade, increasing research activities 
have been shown in the fabrication of hierarchical porous 
structures that possess ordered pores ranging from micro- 
to macroscale. There have been a number of techniques 
developed.[71 For example, microporous colloidal parti- 
cles have been used for shape-, film-casting to prepare a 
range of hierarchical porous structures. On the other hand, 
bulk dissolution and restructuring of preexisting oxides 
have been used to fabricate shaped hierarchical structures 
of zeolite. Furthermore, structures with mesoporosity can 
be prepared by using surfactants as structuring directing 
agents.'71 In addition to these approaches, new film 
formation methods allow us to fabricate various zeolite 
and molecular sieve layers and membranes. In recent 
years, pore sizes of ordered mesoporous oxides have been 
extended up to 10 nm with the use of block copolymers, 
and from 100 nm to 1 pm with Latex spheres as tem- 
plating s t r ~ c t u r e s . ~ ' ~ ~ ' ~ ~  For example, nonionic polyethyl- 
ene oxide surfactants were used to prepare wormhole-like, 
MSU-type SBA-n and CMI-1 mesoporous materials. With 
decaoxyethylene-cetyl-ether or polyoxyethylene(6)tride- 
cyl-ether surfactants, hierarchical macroporous metal 
oxides had been synthesized without using polymeric 
sphere template.['31 It is believed that the macremeso- 
structured metal oxides were formed through an interme- 
diate phase of supermicelles (the length in the micrometer 
range and the diameter in the submicrometer range) and 
mesostructured nanoparticles of metal oxides. The re- 
moval of the organic components resulted in the formation 
of hierarchical mesoporous-macroporous structures.r131 
The approach had been successfully applied to Zr02, 
Nb2O5, Ta205, A1203, and Ce02 oxide systems, and the 
networks of the pores can be preserved at elevated 
temperatures to meet catalytic applications. Very recently, 
hierarchical and self-similar growth of self-assembled 
mesophase crystals in micrometer size had been investi- 
gated with the assistance of glass substrate. Ordered 
octahedral crystal building units can be assembled into 
various high-ordered stack structures via edge-sharing. 
It is found that the large structures are formed through 
stepwise nucleation from the edges of the previous 
crystals.['51 

In addition to the general interest in the synthesis and 
design of micro-, meso-, and macroporous materials, there 
are interests in the preparation of single-site molecular 
receptors in silica matrix for specific adsorption and 
catalysis applications. Using molecular imprinting tech- 
niques, both microporosity and chemical functionality 
have been achieved for this new class of organic- 
inorganic hybrid materials. Typically, bulk-imprinted 
silica with hydrophilic framework can be prepared via 
copolymerization of the imprint organosilane(s) with a 
silica source (normally, silicon alkoxides such as tetraethyl 
orthosilicate, TEOS), followed by a mild thermal treat- 
ment.[I6] Fig. 2 shows a flowchart of this type of synthesis, 
where organic functional groups (such as amines) can be 
immobilized into the silica matrix possessing high specific 
surface area. The imprinted silicas can act as shape- 
selective base catalysts,"71 and the hydrophilic framework 
prepared in this way offers an interesting potential to 
stabilize polar reactive intermediates and transition states 
at the active sites."61 

Finally, it should be mentioned that the mesoporous 
materials can be used as traditional high-surface-area 
catalytic supports for active metal loading. On the other 
hand, nanostructured metallic catalysts encapsulated can 
nucleate the expansion of the mesopore channels. For 
example, prefabricated gold and platinum nanoparticles 
had been investigated to tune the pore size of the meso- 
porous silica (SBA-15) that are grown around them (e.g., 
in the range of 9.2 to 11.6 nm).[lgl 

Other important applications of the porous materials 
include template synthesis of nanostructured catalytic 
materials used as either individual (freestanding) catalysts 
or basic building blocks for self-assembly, as will be 
discussed in subsequent sections. 

Designs of Layered 
Organic-Inorganic Nanohybrids 

In recent years, layered organic-inorganic materials have 
attracted increasing research attention not only because of 
the fundamental interest in general supramolecular chem- 
istry, but also because of their potential usage as 
precursors for catalytic nanomaterials processing. There 
are two basic types of clay materials: cationic and anionic 
clays. The cationic clays, which have been investigated 
extensively over the past decades, were conventional 
catalysts used in oil cracking before the replacement of 
zeolites in 1964 ."~~ They have been used in many in- 
dustrial chemical processes such as isomerization, liquid 
refining, and Friedel-Crafts alkylation, including some 
emerging environmental technologies (such as cation 
exchange and waste carriers).r191 In this class of materials, 
cations are located in the lamellar space (interlayer space) 
formed by negatively charged alumino-silicate layers. As 
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Fig. 2 Process of molecular imprinting in bulk silica. (a) Sol-gel hydrolysis and condensation catalyzed by HCl. (b) Removal of the 
aromatic core and creation of a cavity with spatially organized aminopropyl groups covalently anchored to the pore surfaces. (From 
Ref. [17].) 
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Fig. 3 The hydrotalcite-like anionic-clays have a layered 
structure similar to that of brucite [Mg(OH)2] but with some 
positive charges. To maintain the electrical neutrality for the 
solid, intercalation of anions (e.g., nitrate and carbonate or 
even DNA) into the interbrucite layers (i.e., interlayer space) 
occurs, which leads to a hydrotalcite-like structure. (View this art 
in color at www.dekker.com.) 

they are generally prepared starting from the natural 
minerals, these clays and modified clay catalysts promise 
widespread industrial applications in the future owing to 
the low cost. Similar to cationic clays, anionic clays also 
have alternate lamellar structures, but with an opposite 
charge arrangement. Anionic clays are mainly synthetic. 
The preparation is relatively simple and inexpensive; they 
can be synthesized primarily with coprecipitation, anion 
exchange, and structure reconstruction methods. Hydro- 
talcite-like compounds (HTlcs), for example, have been 
investigated extensively over the past decade, and they 
have been widely used as catalysts, flame retardants, 
molecular sieves, anion adsorbents, ion-exchangers, and 
medicine stabilizers.[201 The sheet-like structure contain- 
ing cations can be derived from layered Mg(OH)2 
(brucite) structure. When divalent cations are partially 
substituted by trivalent ones, positive charges will be 
built-up within the octahedron sheets. For solid charge 
neutrality, anions have to be intercalated into the 
interlayer space, as illustrated in Fig. 3. The HTlcs have 
a chemical formula of [M:'~ ,M~,"(OH)~]"(A=~,). mH@ 
(where M = metal, A = interlayer anions),[201 whose prop- 
erties can be tuned with variations of cationic brucite-like 
sheets and anionic interlayer species. For example, or- 
ganics- and polymer-containing HTlcs should be viewed 
as supramolecular assemblies or nanocomposites com- 
posed of organic parts (anionic) and inorganic molecular 
sheets (cationi~).[~'] It is important to realize that the 
intercalative ability in these alternately arranged layers 
is based on electrostatic interaction, and the inorganic 
parts are dissolvable in acidic environment while the or- 
ganic parts are removable by ionic exchange or oxida- 
tion at elevated temperatures. Furthermore, layer charge 
density can be tuned with the content of M"' cations in 
the synthesis. The basal spacing (the distance between 
two brucite-like sheets) depends on the size of the 
intercalants. For instance, large-sized biomolecular anions 
(up to several nanometers), such as nucleoside monophos- 

phates and deoxyribonucleic acid (DNA), have been 
intercalated into the interlayer space of Mg0.68A10,32 
(OH)2N03)0.32. 1 .2H20 (a pristine H T ~ C ) . ' ~ ~ ~  Because of 
their synthetic versatility in compositional tailoring, this 
class of organic-inorganic hybrids has been used as 
precursor compounds for the synthesis of functionalized 
metal-oxide nanomaterials and nanocomposites after the 
thermal removal or conversion of polymeric interca- 
lants.12" The chemical nature of the intercalated anions, 
such as oxidative or nonoxidative, had been investigated 
with respect to thermal reactions, in which nanostructured 
Co3O4 spinel oxides were formed from CO"CO"'-HT~C 
precursors.r2" Nanocrystalline Co3-,AlXO4 can also be 
incorporated into the y-A1203 matrix via the simultaneous 
formation of catalyst and support from the CO"CO"'-HTIC 
and alumina ~ e r o ~ e l . [ ~ ~ '  

In addition to the above bulk materials preparations, 
organic-inorganic hybrid materials can also be prepared 
into thin films to meet new applications. The major 
synthetic methods employed in this area are sol-gel-based 
techniques, intercalation reactions, layer-by-layer assem- 
bly (e.g., Langmuir-Blodgett technique and electrostatic 
self-assembly), and evaporation techniques, as exempli- 
fied in Fig. 4.[261 Although the primary objective of these 
film-fabrication developments is for organic-inorganic 
electronics, it is believed the hybrid structures prepared 
can be extended to catalytic applications, including 
chemical sensors, in the near future. 

Very recently, single-crystal bulk organic-inorganic 
hybrids had been investigated for the fabrication of cat- 
alytic nanocomposites and large-scale organization of 

Polymer adsorption 
I 

anionic silicate & & ?+ 

. , 

I Substrate I 

anionic nanoparticle 
layer - 

cationic- 
polyelectrolyte 

1 Substrate 

Fig. 4 (a) Electrostatic assembly of anionic inorganic layers 
and cationic organic layers. (b) A similar assembly of (a) but 
with negatively charged layers formed from nanoparticles (e.g., 
CdSe or CdS). (From Ref. [26].) 
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catalysts under high-temperature  environment^.'^^'^^' In 
particular, individual MoS2 (used in hydrodesulfurization) 
layers can be converted from direct sulfidation of single- 
molecular sheets of Moo3 supported with organic "pil- 
lars" in the interlamellar layers. As there has been a large 
variety of metal-oxide-organic hybrids available nowa- 
days, this method provides a new means for the indirect 
synthesis of lamellar organic-inorganic catalytic hybrid 
materials consisting of building units of transition metal 
d i~ha l co~en ides .~~~]  To make the catalytic materials us- 
able in high-temperature environments, large-scale orga- 
nization of metal-oxide nanostructures in a controllable 
manner at elevated temperatures is highly desirable but 
particularly challenging, because of the difficulties in 
controlling the interconnectivity among individual crys- 
tallites due to random nucleation and grain growth upon 
heating. An organized condensation of single-molecular 
Moo3 sheets can be achieved with a controlled removal of 
the organic in te r~a lan ts .~~~]  This controlled condensation 
takes place within the space provided by the pristine 
organic-inorganic hybrid single-crystals. In this sense, the 
role of precursor crystal can be viewed as a microscopic 
"green compact" analogous to the macroscopic one in 
ceramic processing.[281 These new types of catalyst 
organization may be useful for microreactor systems 
where fluid stream stability is crucial, because the stack- 
ing of nanostructured catalysts can be controlled to reduce 
flow resistance. 

In addition to the above chemical conversion and or- 
ganization of nanostructured catalytic materials, organic- 
inorganic hybrids have also been used in the preparation 
of freestanding nanostructured materials. For example, 
catalytically important materials such as tungsten oxide 
nanowires, tungsten disulfide nanotubes, and V0,-nano- 
tubes had also been prepared from organic-inorganic hy- 
brid precursors that were preorganized in the forms of 
lamellar me so structure^.'^^-^^^ The final nanostructures 
are formed either with high-temperature processing or 
with hydrothermal treatment. These synthesized individ- 
ual inorganic nanostructures will be the subject of the 
next section. 

Nanobuilding Blocks and Mesoscale 
Self-Organizations 

The research in low-dimensional catalytic materials has 
blossomed in many new directions since Iijima's discovery 
of carbon nanotubes in 1991 .'321 For example, syntheses of 
low-dimensional catalytic nanostructures of MoS2, WS2, 
Moo3, Ti02, V205, Zr02, Co3O4, ZnO, etc. have been 
carried together with fabrications of nanostruc- 
tured catalyst carriers such as MgO, A1203, and s ~ o ~ . ' ~ ' ~ ]  
While many significant breakthroughs have been made for 

the metal oxides and chalcogenides, the search for new 
types of nanostructures and self-assemblies continues, 
aiming at complementary functionalities and perform- 
ances. Technologically, many known catalytic materials 
are expected to gain better utilizations, because of their 
new properties and possible high catalytic activities in the 
nanometer regime (quantum confinement effect).r391 Dis- 
crete, freestanding nanostructures can be viewed as basic 
structural units or construction building blocks; they can be 
used individually or collectively (after a proper organiza- 
tiodassembly, will be addressed soon) in heterogeneous 
catalysis and chemical-sensing applications. 

Many synthetic strategies have been developed for the 
fabrication of nanostructures. For example, metal oxide 
nanoparticles (zero-dimension, 0-D) can be prepared 
rather routinely via sol-gel methodsr451 and direct precip- 
i t a t i ~ n . ' ~ ~ ]  A great variety of core-shell nanostructures 
(0-D) have also been prepared via sol-gel and other 
coating methods (e.g., layer-by-layer deposition) with the 
assistance of removable inner-core supports.'471 On the 
other hand, one-dimensional (I-D) nanomaterials can be 
fabricated with the following techniques. 1) Utilizing 
intrinsic structural anisotropy: Inorganic materials with 
low structural symmetries can be prepared into 1-D 
morphology along certain crystallographic axes.[37,401 
The unidirectional growths can be further manipulated 

AI2o3 membrane after 
Ag evaporation and 

initial Ag 
electrodeposition 

1. Au+ + e- -+ Au x Coulombs (C) I l .Au++e-+Au x C  
2.Ag++e-+Ag X C  2. Ag+ + e- + Ag 2x C 
3. Au+ + e- + Au 2x C 3.Au++e-+Au 3xC 
4.Ag++e-+Ag x C  
S.Au++e-+Au x C  

1 1. Ag film dissolution with HN03 
2. A1203 dissolution with NaOH 1 

Fig. 5 Synthesis of barcoded 1-D materials with alumina 
membrane template where 1-D channels are parallel to each 
other. (From Ref. [SO].) (View this art in color at www.dekker. 
corn.) 
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with the assistance of inorganic salts or ioniclnonionic 
organic surfactants present in the solution synthesis.r481 2) 
Template-directed growth: In addition to the soft templates 
(such as self-assembled molecular structures, e.g., micelles 
discussed in the previous sections), this method utilizes 
solid templates for growth depositions or chemical inser- 
tions. For example, nonporous single-crystalline NaCl 
substrate and porous supports such as zeolites, MCM-41, 
and anodic alumina membranes (with parallel 1-D chan- 
nels) have been used in the synthesis of 1-D nanostruc- 
t ~ r e s , ' ~ ~ '  including semiconductor metallic barcodes 
(Fig. 5).[501 The resultant nanostructures can be harvested 
by template-removal. In certain cases, however, the 
template can become a part of the resulting 1-D nano- 
structures. These latter cases had recently been demon- 
strated in the synthesis of 1-D bimorphcomposites of Ti02- 
Sn02 and ~ o ~ , ~ ~ ~ i ~ ~ ~ ~ 0 ~ - ~ n 0 ~ , [ ~ ~ ~  and in the preparation 
of AgNo03 catalytic nanostru~tures.[~~' 3) Surfactant- 
assisted synthesis: Preferred electrostatic and chemical 
interactions between organic surfactants and certain crys- 
tallographic surfaces will restrict the growth along certain 
directions, resulting in the kinetic control of the growth 
anisotropy. This method had been investigated extensively 
for metals (e.g., Au) and semiconductor nanomaterials such 
as CdSe, ZnSe, CdS, and ZnS in recent years.[533541 4) 
Oriented attachment: This growth mechanism had recently 
been investigated for the synthesis of 1-D materials such as 
ZnO nanorods and P-CO(OH)~ nanoplatelets, respectively, 
from smaller building 

Individual nanostructure units can be used as model 
catalysts or chemical-sensing devices. For example, a gas 
sensor for NO2 detection had been developed with a single 
nanoribbon of Sn02. In the illuminated state (UV light), 
photo-generated holes recombine with trapped electrons at 
the Sn02 surface, desorbing NO2 and increasing the 
sensing current.[571 The general advantages of nanode- 
vices are small size, fast response, and high sensitivity. If 
required, 2-D- or even 3-D nanostructures can be further 
constructed from starting 0-D- or 1-D subunits via meso- 
scale self-assembly processes. There have been numerous 
investigations in this area using organic surf act ant^.[^^'^'] 
As illustrated in Fig. 6, direct crystallite coupling via 
oriented attachment process provides another possible 
means to serve this purpose.[581 More examples in this 
area can be found in the  literature^.[^^'^^] Unlike the 
layered nanostructures (2-D), self-assembled 2-D nano- 
structures must possess different properties, because of the 
presence of discrete low-dimensional subunits and organic 
capping molecules within the assemblies. The retention or 
removal of these organizing agents is an important issue in 
catalytic applications, as the presence of organic compo- 
nents will change the inorganic nature of catalysts 
(hybridization). Future detailed comparisons for different 
design strategies are urgently needed. 

Fig. 6 (A) Flowchart of synthesis of forklike a-Moo3 
nanostmctures via manipulating growth directions with TiOz 
capping. (B) Oriented attachment between two forklike 
nanostmctures along the [OlO] direction (perpendicular to 
the paper). (From Ref. [%I.) (View this art in color at www. 
dekker.com.) 

In addition to the ordered organic-inorganic assem- 
blies, nanoarchitectures of multifunctional catalysts can 
be further achieved by introducing dispersible organic- 
capped inorganic nanostructures into 3-D gel matrixes, 
which will also create the necessary chemical function- 
ality and porosity in addition to the better material 
utilization. In particular, structurally shaped (or faceted) 
nanocatalysts may provide predesigned active catalytic 
sites for the desired chemical reactions, although they may 
appear to be random in the composite matrixes. 

Interfacial Engineering and Self-Assembly 

Our understanding of the catalyst carrier has now gone 
beyond its supporting role; various levels of participation 
of carriers in catalytic reactions have been known in 
atomic and molecular scales.[601 As mentioned earlier, the 
surface functionalities of catalytic materials (in either 
planar or spherical form) can be further modified with the 
guide of nanochemistry principles'611 and a wide range of 
surface-engineering processes available.[471 In addition to 
metal single-crystal surfaces that have been investigated 
extensively over the past three decades, the synergetic 
effects of catalyst-carrier systems have been investigated 
with model catalysts, which may be closer to the reality of 
a heterogeneous catalytic reaction environment. Taking 
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nm nm 

Fig. 7 Scanning tunneling microscopic images of Ti02(1 10)- 
(1 x 1): (A) clean surface before oxygen exposure, and (B) after 
oxygen exposure at 650 K. Scanning tunneling microscopic im- 
ages of Au/Ti02(1 10)-(1 x 1): (C) before CO:02 exposure, and 
(D) after CO:02 exposure at 300 K. (From Ref. [3].) 

advantage of the electron beam lithography technique, for 
example, metal nanoparticles have been arrayed on silicon 
surface at predesignated locations.[621 Pt and Ag nano- 
particle arrays were prepared at different interparticle 
distances. By varying the particle size and distances 
between particles, the structural factors responsible for 
the selectivity and activity in diverse catalytic reactions 
had been investigated.[621 Other versions of model ca- 
talysts on oxidized silicon wafers have also been fabri- 
cated by spin-coating technique in recent years.[631 These 
wafer-supported catalytic metal and metal-oxide thin 
films have been tested under catalytic reaction conditions 
and investigated with state-of-the-art surface analytical 
techniques. Various catalyst systems have been studied 
over the past few years.[631 In view of its versatility, this 
evaluation approach is expected to be suitable for the 
characterization of various nanostructured catalytic ma- 
terials that can be prepared into colloidal suspensions 
for spin-coating. 

Apart from electrodion beam lithography techniques, 
nanoelectrochemical patterning process and photolitho- 
graphy methods have also been widely used in the 
fabrication of substrate patterns for the deposition of nano- 
structured materials. These processes have been conducted 
in both vapor-phase (e.g., chemical vapor deposition) and 

liquid phase ( e g ,  solution growth), producing various 
patterned 2-D nanostructures on the supports. For ex- 
ample, the hierarchical self-assembly of gold nanopar- 
ticles onto an organic bilayer template pattern on silicon 
had been demonstrated.[641 Furthermore, ordered porous 
structures had been fabricated by self-assembly of zeo- 
lite nanocrystals on micropatterned silicate film sur- 
f a c e ~ . [ ~ ~ '  Without demanding pretreatments, single- 
crystal surfaces have recently been proven to be suitable 
for nanoparticle self-aligned growth. In particular, a 
hexagonal superlattice of anatase Ti02 nanospheres has 
been arranged on a-Moo3 (010) surface without any 
surfactants and surface patterns,'661 noting that both TiOz 
and a-Moo3 are important catalysts in this material 
combination. With well-developed surface science tech- 
niques, in-depth investigations of supported nanostruc- 
tured catalysts can be further pursued. Elegant examples 
in this area have been reported in the literature, as 
shown in Figs. 7 and 8 for the investigations on CO 

Fig. 8 A scanning tunneling microscopic image of a MoSz 
nanocluster exposed to atomic hydrogen at 600 K, which 
resulted in the formation of S vacancies (circled). Models below: 
side and top views of S vacancies. (From Ref. [67].)  (View this 
art in color at www.dekker.com.) 
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Fig. 9 Packing of ball-like anions [ { M O ~ ~ ~ ( C H ~ C O ~ ) ) ~ ~ -  
{(Mo)Mo~O~~(H~O)~],~]~~- in the crystal lattice (space filling 
model viewed along [ I l l ]  (top) and perpendicular to [ l  1 11 
(bottom)). (From Ref. [lo] .) 

oxidation and hydrodesulfurization.[".671 On the (110) 
surface of Ti02, Au particles show high activity at 2-3 
nm for CO oxidation. However, Au particles in the Au- 
Ti02 composite aerogel retain high activity for the same 
reaction at a size of 6 nm, because of an increase in the 
interfacial contact area of the gold with multiple 
domains of Ti02 in the aerogel matrix.r681 The catalytic 
bifunctionality of an active composite can thus be 
explored when the support and catalyst have comparable 
sizes (within a factor of 2).[681 

Similar to vertical arrays of carbon nanotubes, catalytic 
materials have also been prepared into 2-D arrays, but 
with an extruding direction perpendicular to the surface. 
Recently, ZnO nanorods and GaN nanotubes had been 
prepared with gold nanoparticle catalysts in the vapor 
phase and with a subsequent thermal treatment to remove 
inner templates (e.g., in the synthesis of GaN nanotubes, 
ZnO nanorods were used as templates);[691 the diameter of 
the prepared I-D nanostntctures is proportional to the size 
of metal catalysts in the synthesis. This method is now 
widely used in the synthesis of 1-D-nanostructures, 
including the control of periodic chemical component 
variation along a nanostructure. 

Superpolyhedral Clusters and Their 
Organizational Forms 

Compared with the nanobuilding blocks discussed above, 
inorganic super fullerene and polyhedral clusters, which 
have been synthesized in recent years, are generally much 
smaller but with more distinct geometrical features. This 
class of materials is formed from even smaller metal- 
ligand polyhedra, such as tetrahedrons, octahedrons 
through edge-, corner-sharing, etc. On the other hand, 
these super inorganic "molecules" can be further packed 
into repeated arrangements, giving away larger crystal- 
lites. Fig. 9 shows a representative packing of this type 
of ~ u ~ e r c l u s t e r s . ' ~ ~ ~  Instead of oxygen in zeolites, basic 

Fig. 10 Models of the anionic clusters: a) a ball-and-stick model, b) the same view as a) shown as metal-centered 
tetrahedra, and c) crystal packing of the clusters, viewed along the c axis (the unit cell is framed). The large sphere indicates the central 
cavity. (From Ref. [71].) (View this art in color at www.dekker.com.) 



units of tetrahedrons can now be extended to sulfur, noting 
that the ionic radius of s 2  is much larger than that 
of 02-. For example, metal sulfides can now be pre- 
pared into supertetrahedral clusters with a large cavity, 
as shown in Fig. 10 for [ c ~ ~ ~ I ~ ~ ~ s ~ ~ ~ ] ~ ~ -  (3.1 nm in edge 

A great variety of this type of superpolyhedral 
clusters and molecules has been prepared nowadays and 
has been reviewed recently.[721 One common feature in 
these superpolyhedral clusters is their inner cavity. If 
treated as nanobuilding blocks in their further architec- 
tures, the superclusters with inner space will create even 
more complex structures in addition to their chemical 
complexity in nanoconfinement regime. Many of these 
solids show a semiconducting character.[721 Apart from the 
assembly shown in Fig. 9, there have existed a great 
number of organization schemes of inorganic clusters with 
organic  counterpart^.'^^] These tailor-made organic-inor- 
ganic nanocomposites could be potential candidates for 
future heterogeneous catalysis applications. 

CONCLUSION 

We have examined various design and synthesis strategies 
for the fabrication of nanostructured catalytic materials. 
Generally speaking, nanostructured "kits-and-parts" as 
well as their organization methodologies have been 
available to constitute a nanocatalyst toolbox, i.e., they 
are ready for direct usage or further assembly. To 
transform "catalytic materials" to real custom "cata- 
lysts", however, a large research endeavor is needed, and 
this includes systematic investigations on multicomponent 
assemblies and resultant chemico-physical properties, 
including hierarchical pore structures. It is noted that the 
catalytic performance of these materials remains largely 
untested, despite the significant progress in materials 
research. While traditional methods will still dominate the 
industrial-scale catalyst processing at the present time, we 
are beginning to see nanostructured catalytic materials in 
practical applications of "chemical plantllaboratory-on-a- 
chip" and chemical-sensing technology where the amount 
of catalysts required is small, and supported type catalysts 
may not be needed. For larger-scale industrial chemical 
processes, for instance, it is believed that the traditional 
"metal ions impregnation7' can be replaced with "nano- 
structures impregnation," as the nanobuilding blocks can 
be prepared into colloidal suspensions for metal loading 
on general catalyst supports. Furthermore, nanoarchitec- 
tures of these building units can be achieved with the well- 
developed sol-gel technology. Perhaps, simultaneous 
formation of nanobuilding blocks and supporting oxide 
matrix should be considered as a next level of architec- 
tures, where the catalyst and support could be better 
integrated in the new-generation catalysts. 
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INTRODUCTION 

This entry discusses the importance of nanostructure and 
especially interfacial chemical interactions in the forma- 
tion of composites where an appropriate matrix material is 
strengthened by a carbon fiber. Such composites have 
mechanical and other properties that are especially 
dependent upon the surface chemistry of the fibers; 
in other words, the nanostructure of the surface region 
has a dramatic impact on these properties. The focus of 
the article will be upon the types of fiber currently used 
in composite production, with an emphasis upon the 
surface chemistry of carbon fibers determined by X-ray 
photoelectron spectroscopy (XPS) in the core and valence 
band region. 

CARBON FIBERS 

Fibers find a number of important practical applications. 
Fibers themselves may be woven into a structure that can 
be one, two-, or three-dimensional. The surface chemistry 
of the fibers is important when the fibers are used to 
generate a fabric, which may require treatment such as 
dyeing. This chapter will focus on carbon fibers. Carbon 
fibers are light and strong fibers, which consist of largely 
graphitic character. The microstructure of the fibers can 
vary considerably depending upon their production, 
although on a nanoscale dimension the untreated fibers 
consist largely of graphite. The principal use for these 
fibers is to employ them to construct a composite which 
involves a matrix which is often an epoxy resin or plastic. 

The remarkable feature of composites composed of a 
fiber and a matrix is that the surface chemistry of the fiber 
has a dramatic impact on the mechanical and other 
properties of the composite. For example, in carbon fiber 
composites with an epoxy resin matrix the load that can be 
sustained without fracture for the same fiber and matrix 
can be increased by a factor of three by changing the 
surface chemistry of the outer 5 to 10 A of the carbon fi- 
ber surface. 

Carbon is known in three principal allotropic forms, 
graphite, diamond, and fullerenes. Graphite materials 
have extensive applications associated with their high 
thermal and electrical conductivity and their negligible 

thermal expansion. In addition, they are one of the lightest 
refractory materials known and possess biocompati- 
ble characteristics. 

Perfect graphite has continuous planar hexagonal 
sheets of carbon atoms with six-member carbon rings 
with each sheet separated by 3.354 A from the adjoining 
sheets. Many less-ordered forms of carbon are known 
such as pyrolytic carbon where the hexagonal sheets have 
only short-range order, with intersheet separations that 
differ from those of perfect graphite. 

Carbon fibers were first made in the form of carbon 
filaments by heating cellulose fibers, an approach used by 
Thomas ~d i son . ' ' ~  Carbon fibers of the type of such value 
today are high modulus fibers. These fibers were 
developed independently by ~ a c o n , ' ~ . ~ ]  ~ h i n d o , ~ ~ '  and 
watt,Isl who all used a process of continual stretching 
of the precursor material as it was carbonized during 
heat treatment. 

Commercial carbon fibers are derived from two 
principal sources. The first source is based upon textile 
fibers, especially polyacrylonitrile. The second source is 
based upon mesophase pitch. In both cases an initial fiber 
is heated and stretched leading to decomposition to form 
carbon in a form which may be more or less graphitic-like. 
Residual molecules of the precursor may be left; for 
example, the fiber may contain nitrogen if the precursor 
was polyacrylonitrile. Carbon fiber manufacturers can 
vary the stretching and heating conditions to yield a fiber 
with the desired properties (such as the fiber modulus). A 
third source of carbon fiber has been less well used and is 
based upon fibers produced when hydrocarbon gas 
mixtures pass over a catalyst at high temperatures. 
These fibers have potential, but there are production 
difficulties associated with the formation of continuous 
fiber lengths (referred to as a "tow") and reproducible 
fiber diameters. Fibers formed from the two principal 
sources are generally sold with particular "tow" sizes 
(such as 3000 fibers and 12,000 fibers) and very sub- 
stantial lengths. 

It has long been recognized that carbon fibers must be 
surface treated in order that they can be used for 
composite production. Early attempts to use untreated 
fibers led to composites with very disappointing compos- 
ite properties. Various, commercially confidential, meth- 
ods were developed for surface treating the fibers. These 
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methods are nearly always made an integral part of the 
carbon fiber production process, the treatment plant being 
included in the carbon fiber production line. Most 
manufacturers sell fibers with surface treatment "tuned" 
to the matrix application. Thus a particular type of 
treatment is recommended for epoxy matrices, and a 
different treatment for phenolic matrices. The particular 
treatment methods are not reported. In addition to surface 
treatment, fibers are generally subjected to a thin coating 
of a polymeric material known as a "size." This practice 
is conducted so that the fiber "tows" are easier to handle. 
In fact, the extent to which fiber surface treatment and 
sizing impacts the final composite properties is not well 
understood. The so-called "tuning" of surface treatment 
to a particular matrix is frequently not based upon a 
complete understanding of the factors involved. It is 
the purpose of this chapter to address this matter in 
more detail. 

A very full discussion of the synthesis and other 
important details of carbon fibers can be found elsewhere 
(e.g., Ref. [6]). 

CARBON FIBER SURFACE CHEMISTRY 
AND TOPOGRAPHY 

Carbon fibers can be produced with a range of surface 
chemistry and topography. Most commercial carbon 
fibers, with the exception of those specially prepared for 
high absorption characteristics, have a relatively low 
surface area. This is deliberate and a feature of the 
production process, which may lead to grooves on the 
fibers resulting from the original production process for 
the fibers, which involves the extrusion of a polymer (such 
as polyacrylonitrile) or a pitch to produce the fiber. 

When a fiber is placed in a matrix material such as a 
polymer or resin, the initial first step is the wetting of the 
fiber by the matrix material. This wetting is assisted if 
there is some chemical or physical interaction between the 
fiber and the matrix material. The first key step in the 
process is thus the wetting of the fiber that allows the fiber 
to come into contact with the matrix, and then the possible 
chemical interaction between the fiber and the matrix. 
Interaction between the fiber and the matrix can involve 
both chemical and physical interaction. 

Carbon fibers are surface treated by processes that 
nearly always lead to the oxidation of the carbon fiber 
surface. These processes may involve gas-phase oxidants 
such as ozone, liquid oxidants such as sodium hypochlo- 
rite, and electrochemical oxidation in various electrolytes. 
Plasma oxidation may also be conducted, although in 
practice it presents practical problems as a result of the 
need to pass the fibers without damage into a very low 
pressure region with the plasma gas. These surface treat- 

ments result in two major changes on the carbon fiber 
surfaces, namely, a change in the fiber surface chemistry 
and a change in the fiber surface topography. Unfortu- 
nately, it is not possible to separate these two factors in a 
simple way. This is because the surface treatment methods 
change both the surface chemistry and topography at the 
same time. Fig. 1 illustrates this situation for a high- 
modulus carbon fiber based upon pitch.17' The atomic 
force microscope (AFM) data for this fiber change 
substantially as one compares the AFM data (a) for the 
carbon fiber (which was neither surface treated nor sized 
by the manufacturer) before treatment nith the fiber after 
treatment. Before treatment the fiber shows a smooth sur- 
face with striations, which are associated with the produc- 
tion of the mesophase pitch fibers, used in the production 
process. When the fiber is subjected to surface treatment 
resulting from the galvanostatic electrochemical oxidation 
of the fiber in 1 M nitric acid at 0.5 A for 10 sec, the 
surface topography clearly changes. Some pitting of the 

Fig. 1 Atomic force microscope images of (a) a high-modulus 
pitch-based carbon fiber that was neither surface treated nor 
sized, (b) the same carbon fibers after electrochemical oxidiza- 
tion in 1 M nitric acid at 0.5 A for 10 sec, and (c) same as (b) but 
oxidized for 1 min. (View this art in color at www.dekker.com.) 
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surface can be observed, but the original surface striations 
from the production process are clearly visible. When the 
galvanostatic oxidation is conducted for 1 min rather than 
10 sec the surface topography changes substantially, with 
all the original surface striations being lost. 

The changes in surface topography produced by the 
surface treatment are quite clear, and in fact it is clear 
from the AFM image that the topographical features show 
differences on a nanoscale dimension. 

It is interesting to examine whether there are any 
changes that arise in the surface chemistry, and not 
surprisingly one finds that the surface is oxidized by the 
electrochemical treatment. There are many ways to 
examine the changes that arise in surface chemistry (for 
a review, see, for example, Refs. 181 and [9]). One espe- 
cially powerful method is the use of XPS. This chapter 
will focus on this technique for the following reasons. The 
technique is normally nondestructive, the information 
comes from the outer 10-100 A of the surface, is atomic 
(i.e., the atomic numbers of the elements in the surface 
region can be identified), and provides chemical details. It 
will be shown below that the topographical changes seen 
in Fig. 1 are also associated with chemical changes, and 
these chemical changes can be identified by XPS. 

X-RAYPHOTOELECTRONSPECTROSCOPY 

X-ray photoelectron spectroscopy [which is sometimes 
referred to as electron spectroscopy for chemical analysis 
(ESCA)] is a mature surface analytical probe that is one of 
a number of ultra-high vacuum surface analysis tech- 
niques. The experiment involves placing the sample of 
interest in an ultra-high vacuum (10-"0 1 0  ' O  Torr) and 
then exposing the surface to soft X-rays. This leads to the 
emission of photoelectrons from both the core and valence 
band region. The X-ray light used is normally a soft X-ray, 
typically Mg Ka (1253.6 eV) or A1 Ka (1486.6 eV), the 
latter source having the advantage that it can be obtained 
in monochromatic form using a range of commercial 
X-ray monochromators. As the energy of the photon is 
known and the energy of the photoelectron measured, the 
binding energy that holds the electron into the material is 
simply obtained by the difference in the photon and 
photoelectron energy with suitable corrections for sample 
work function and any charging effects. The core region 
readily provides information about the type of atom 
present because core electrons normally come at very 
distinct binding energies, and an examination of an overall 
spectrum (i.e., a spectrum collected over a wide energy 
range, typically 1000 or more electron volts) leads to the 
easy identification of the elements present. Closer 
examination of the core region obtained by obtaining 
photoelectron data over a narrow energy range (typically 

around 15 eV) allows energy shifts that are characteristic 
of chemical differences to be identified. It took about 60 
years from the first photoelectron spectroscopy experi- 
ments before it was realized that core electrons, which 
take no part in chemical bonding, do in fact give rise to a 
chemical shift. The reason for this shift is that while the 
core electrons are strongly attracted to the positively 
charged atomic nucleus, they are also repelled by the outer 
valence electrons (the electrons that take part in chemical 
bonding), leading to a small but readily detectable 
chemical shift. When the author first started in this field 
in 1972 it was hoped that chemical shifts might be quite 
substantial, allowing subtle chemical differences to be 
determined. It became clear over the past 30 years that 
these shifts, while very useful, are sometimes small and it 
is not uncommon for compounds with different chemistry 
to exhibit similar chemical shifts as a result of a 
"canceling out" of the principal factors that determine 
the chemical shift. In fact, the main factors are the charge 
on the atom from which the photoelectron is ejected, the 
charge on the surrounding atoms, and the difference in 
extra atomic relaxation energy between different com- 
pounds containing the atom of interest. Atomic charge is a 
useful but very subjective quantity, because while the 
nuclear charge (the number of protons in the nucleus) is 
known exactly, the electronic charge is not clearly defined 
when it comes to the valence electrons because these 
electrons are shared between different atoms involved in 
chemical bonding. Nevertheless, simple models based 
upon atomic charge have proved very useful for the 
prediction of core chemical shifts in XPS (see, for 
example, Ref. [lo]). 

Fig. 2 illustrates the type of information that can be 
obtained for a simple carbon compound, and how a simple 
calculation model can explain the spectrum. The exper- 
imental data are for the compound N-methyl-2-pyrrolidi- 
none (NMP), frozen as a solid from the gas phase by 
forming the solid on a liquid-nitrogen-cooled plate.'"1 
Two peaks can readily be seen in the C l  s region, the peak 
at higher binding energy being due to the carbon atom 
(No. 4) associated with the C=O (where No. 11 is the 
oxygen atom) group in the molecule. The spectrum can be 
understood by examination of the calculated spectrum 
obtained using the relaxation potential model, which 
suggests that the four remaining carbon atoms form the 
low binding energy peak around 285 eV. In fact, the 
observed shift of around 3-3.5 eV from the C-H carbons 
is typical for the carbon atom of the >C=O group in a 
wide range of carbon compounds. Fig. 2 indicates that it is 
expected that the shift between some inequivalent atoms 
will be small (such as between carbon atoms 1, 3, 5 ,  and 
6). The experimental data have been fitted to a number of 
component peaks. The curve fitting of XPS data is an 
important approach to the analysis of core XPS data, and 
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Fig. 2 X-ray photoelectron spectrum of frozen NMP in the Cl s 
region showing the experimental and calculated spectrum. The 
calculated spectrum shows the component peak positions 
obtained from a molecular orbital cluster calculation, with the 
peak areas obtained by adjusting the number of electrons 
associated with each atomic orbital type by the orbital's 
photoelectron cross section. 

the method has proved a valuable method for extracting 
chemical information in a wide range of systems. Of 
course, any curve fitting process is approximate, and there 
is never a unique answer. The best approach is to use a 
combination of well-developed fitting procedures, where 
the understanding of the peak shape and position is good, 
and combine this approach with a situation where the 
chemical environment changes and the fitted spectra have 
to be conducted in a consistent manner. 

It is useful at this stage to return to the carbon fiber 
sample discussed in the previous section. The X-ray 
photoelectron spectrum observed in this case shows the 
significant chemical changes that accompany the topo- 
graphical changes discussed above. Fig. 3 shows the core 

and valence band region observed"' for the three samples 
indicated by (a), (b), and (c) in Fig. 1. 

The overall XPS spectrum shows that the surface is 
practically entirely carbon, which is expected for an 
untreated and unsized fiber. The detailed 0 1 s  region can 
be seen to be of very low intensity. The detailed C l s  
region shows some very small amounts of surface 
functionality that can be seen from the curve fitted 
features at high binding energy of the principal C l s  
graphitic peak around 285 eV. In fact, the width and fine 
details of this peak can be associated with not only 
residual surface functionality, but also the degree of 
graphitic character of the carbon The 10-sec 
electrochemical treatment gives the spectra shown in (b). 
Now a dramatic increase can be seen in the amount of 
oxygen with respect to carbon. The detailed C l s  region 
now shows an additional peak shifted by about 2 eV from 
the graphitic peak at around 285 eV. In addition, other 
features can be fitted to the C l s  region. The 0 1 s  region 
shows a single intense peak. The 60-sec treatment shown 
in (c) shows a significant increase in the amount of 
oxygen, with the detailed C l s  region showing the peak at 
287 eV now showing the greatest intensity. 

These results can be understood in terms of the 
oxidation of the carbon fiber at the edge sites to form a 
C/O functionality that lies between a >C=O and a >C- 
OH functionality. This grouping, which will be referred to 
as the "bridged structure," can be represented as shown 
in Fig. 4. 

The C-O groups can be seen to have the intermediate 
functionality described above. The "main peak" is 
represented by the carbon atoms attached to the oxygen 

Overall CIS 01s 

Binding Energy (eV) 

Fig. 3 X-ray photoelectron spectra of the fibers described in 
Fig. 1. The overall region identifies the 0 1 s  and Cls features 
which are expanded and curve fitted in the separate Cls and 
0 1  s regions. 
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Fig. 4 Representation of the hydrogen-bridged oxide structure (HBS) unit showing the location of the "P" and "main" carbon atoms. 

atoms, and this is the peak that corresponds to the feature 
at 287 eV. The P-carbon peak arises at about 0.7 eV to 
higher binding energy of the principal graphitic feature 
around 284.6 eV. It is interesting to note that the principal 
form of oxidized carbon is the bridged structure of Fig. 4. 
A number of authors suggest that oxidized carbon forms a 
stable carboxylic acid surface functionality, but the author 
finds that while this type of functionality is formed in 
certain cases it never is very intense, and this type of 
functionality frequently decomposes with the loss of 
carbon dioxide. The author has conducted extensive 
studies of the surface chemistry of these systems, and in 
nearly all cases the types of functionality described above 
are found.[81 

Core XPS is a very valuable approach to the study of 
the chemistry of carbon fiber surface, but the approach is 
not always able to distinguish between different surface 
functionalities. For example, it is not possible to distin- 
guish between >C-OH and >C-0-C< functionality. As 
noted above the "chemical shifts" obtained with XPS are 
dependent upon electrostatic effects. The valence band 
region contains electrons whose energy is determined by 
the mixing of atomic orbitals to give molecular orbitals 
that are involved in the chemical bonding of the materials 
under study. This region gives "shifts" whose position 
depends upon the chemical bonding and thus depends 
upon factors different from those that give rise to the core 
shifts. The author has found that this region complements 
the core region and can often distinguish between subtle 
chemical differences. For example, it is possible to 
distinguish between >C-OH and >C-0-C< functionality. 
In oxidized carbon systems the C2s and 0 2 s  atomic 
orbitals strongly mix to give molecular orbitals when C/O 
functionality is present, with shifts that are the reverse to 
those found in the core region. For example >C-OH 
functionality occurs at higher binding energy to >C=O 
functionality in the core 0 1 s  region, but the reverse is true 
in the principally 0 2 s  valence band region around 25 eV 

finding energy. Using model calculations it is possible to 
predict the changes in the valence band region that would 
arise when different surface functionalities are present. 
Fig. 5 shows the predicted valence band XPS spectra for a 
series of oxidized carbon species that are represented by a 
D6h-symmetry-substituted coronene structure with differ- 
ent functionalities with the molecular orbitals calculated 
by multiple scattered wave Xa  calculation^.['^^'^^ The 
calculations predict a different separation between the 
principally 0 2 s  region around 25 eV and the principally 
C2s region around 18 eV. Note how this separation is 
predicted to be significantly larger for the -C-0-C- 
functionality than for the -C-OH functionality. This has 
allowed the author to distinguish between these two 
groups experimentally . [ I 6 ]  It should also be noted that the 
calculations predict that the -COOH carboxylic acid 
functionality should give rise to two separated peaks in the 
valence band region. 

The Effect of Size and Initial 
Surface Treatment 

Most carbon fibers used in practical applications have a 
surface that is sized and initially surface treated by the 
manufacturer. The presence of this initial surface treat- 
ment and size can have a significant impact on the 
interaction of the fiber with a matrix. To illustrate this 
point consider taking a commercially surface-treated fiber 
and the same fiber with the commercial surface treatment 
removed. Let us now apply an oxidative surface treatment 
to both fibers, which involves potentiostatic treatment in 1 
M nitric acid for 20 min.[17' The C l s  XPS data for both 
experiments are shown in Fig. 6, where "untreated" 
refers to the commercially surface-treated fiber with the 
surface treatment removed. 

The fiber with no surface treatment can be seen to 
exhibit steadily increasing C/O functionality with the 
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Fig. 5 Calculated X-ray photoelectron valence band spectra of model compounds used to represent typical ox~dized carbon fiber 
surfaces. (a) carboxyl, (b) epoxide, (c) carbonyl, (d) bridged, and (e) hydroxide functional groups. 

"bridged structure" of Fig. 4 appearing as a separate additional features at 288.1 eV can be seen due to >C=O 
peak at higher binding energy (286.7 eV) than the C l s  surface functionality and 288.8 eV due to -C02H 
graphitic peak at 284.6 eV. Note how the corresponding functionality. Note how the curve fitting includes 
"beta" peak of Fig. 4 is shown with half the intensity the nonlinear background in the fit. and note also 
as the "bridged structure" at 285.3 eV. At 1.5 and 2.0 V, how the fit has to be consistent over the whole range of 
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Untreated 
Commercial 
Treatment 

generally applied in a solvent solution, the removal of the 
size by solvent is not straightforward. In fact, the surface 
chemistry is dominated by the size, and solvent extraction 
does not remove all the size, with significant interaction 
occurring between the size and the underlying surface 
treatment. The higher the level of surface treatment the 
more difficult it is to remove the s i ~ e . [ ~ ~ ' ~ ]  

MONITORING THE BURIED 
FIBER-MATRIX INTERFACE 

The purpose of surface treatment of carbon fibers is to 
increase the wetting of the fiber by the matrix and to allow 
chemical and physical interaction with the matrix mate- 
rial. The interfacial chemistry that occurs between the 
fiber and the matrix, which has seen to be based on a 

X-ray Photoelectron Spectroscopy Helium(lI) Photoelectron Spectroscopy 

Binding Energy (eV) 

Fig. 6 X-ray photoelectron spectra of the Cls region of an IM7 
commercially surface-treated carbon fiber before and after 
electrochemical oxidation under potentiostatic conditions in 1 
M nitric acid for 20 min. The voltages shown are with respect to 
the saturated calomel electrode. The "untreated" sample is the 
IM7 commercially surface-treated sample with the surface 
treatment removed by heating. (From Ref. [Ill.) 

spectra, an illustration of the curve fitting approach 
discussed above. 

In contrast, the spectra for the commercially treated 
sample show marked differences on electrochemical 
oxidation from the untreated fiber. The differences are 
particularly striking at 1.5 and 2.0 V; in fact, the amount 
of oxidation at 2.0 V seems to be less than that at 3.0 V. 

The principal lesson that one can learn from these 
results is the importance of a well-defined and untreated 
surface as a precursor for chemical interaction. 

The presence of size on a carbon fiber surface might 
seem to be a simple matter to remove before the fiber was 
used to form a composite. Solvent extraction would seem 
the appropriate approach, but in fact while the size is 

I ' I " " , " '  I 

Binding Energy (eV) 

Fig. 7 Valence band photoelectron spectra using X-ray and UV 
radiation. (a) shows the valence band region for a sample of 
aluminum with an oxide-free phosphate film, coated with a very 
thin film of polyvinyl alcohol (PVA). In the X-ray photoelectron 
spectra for (a), "1" is the valence band spectrum for the 
orthophosphate film on aluminum without any overlying PVA, 
and "2" the spectrum with the PVA film. (b) shows the valence 
band region for polyvinyl alcohol. (c) shows the calculated 
valence band region for polyvinyl alcohol generated from a band 
structure calculation. (From Ref. [19].) 
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nanoscale topography on the fiber surface, will be very 
important in final composite performance. 

The author has approached the challenge of examina- 
tion of this buried interface by developing a technique 
where photoelectron spectroscopy can be used to probe 
this interface by placing a very thin layer of the matrix 
onto the fiber. The matrix layer is so thin that the 
interfacial region can be probed by XPS. The outer surface 
region can also be examined and ultraviolet photoelectron 
spectroscopy (UPS) can be used for this purpose. Fig. 7 
illustrates this approach by showing the valence band 
spectra for a thin film of polyvinyl alcohol placed on an 
oxide-free orthophosphate coating on metallic alumi- 
n ~ m . ~ ' ~ ]  The coating is so thin that the underlying 
aluminum can be seen, the A12p region showing two 
features one because of metallic aluminum and the other 
because of aluminum orthophosphate, suggesting a film 
thickness for the phosphate film of about 20 A. Fig. 7(a) 
shows the valence band region using X-ray light and UV 
light. The spectrum in (a) is identical to that in (b), which 
is for a sample of polyvinyl alcohol when He(I1) UV light 
is used. This confirms that the outer film region is 
polyvinyl alcohol because the photoelectrons generated by 
UV light have a much smaller escape depth than those 
generated by X-ray light. The valence band region in 
Fig. 7(a) for X-ray light is quite different from that of 

untreated IM7 fiber Addition of Fiber+K3B 

K3B Powder I Difference: Addition-Fiber coated K3B 

290 285 290 285 
Binding Energy (eV) 

Fig. 8 X-ray photoelectron spectra of the Cls region for (a) as- 
received IM7 fibers; (b) K3B powder; (c) fibers in part (a) dip- 
coated with K3B solution; (d) addition of parts (a) and (b); (e) 
difference of parts (d) and (c); (f) smoothed version of part (e). 
The intensity scales for parts (d)-(f) are the same. 

3xidized IM7 fiber (0.5A 

K3B Powder 

3xidized fiber coated K3I 

Addition of Fiber tK3B 
I_ 

I >  ; ' 

Difference: Addition-Fiber coated K3B 
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290 285 290 285 
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Fig. 9 X-ray photoelectron spectra of the Cls region for (a) 
IM7 fibers galvanostatically oxidized in 1 M nitric acid at 0.5 A 
for 40 sec; (b) K3B powder; (c) fibers in part (a) dip-coated with 
K3B solution; (d) addition of parts (a) and (h); (e) difference of 
parts (d) and (c); (f) smoothed version of part (e). The intensity 
scales for parts (d)-(f) are the same. (From Ref. [ I  I].) 

polyvinyl alcohol shown in Fig. 7(b) and that of aluminum 
orthophosphate (Fig. 7(a)).'l1 If the valence band spectrum 
of polyvinyl alcohol is added to that of the aluminum 
orthophosphate film, the spectra do not superimpose and 
this can be demonstrated by using difference spectra."91 
Also, an additional peak is seen in the C l s  region for the 
PVA-coated phosphate film. 

In a carbon fiber system this buried interface can be 
probed using this approach. For example, the polyimide 
matrix material K3B is valuable as a matrix that can 
withstand higher temperatures than a typical epoxy resin 
matrix. Unfortunately, it is not easy to obtain a chemical 
interaction between the carbon fibers and this matrix. It is 
possible to see chemical interaction when a particular 
surface oxidation is conducted on the carbon fibers. Fig. 8 
shows the C l s  core region for an untreated IM7 carbon 
fiber, for K3B, and for a thin film of K3B on this fiber. 
The difference spectrum (Fig. 8(e) and 8(f)) between the 
spectrum with the thin K3B film (thin enough to probe the 
interface region) and the sum of the carbon fiber and K3B 
spectrum shows no significant difference. In other words, 
there has been no chemical interaction at the interface. 
When the untreated IM7 carbon fibers are electrochem- 
ically oxidized under galvanostatic conditions at 0.5 A in 
1 M nitric acid for 40 sec, and the process repeated, then 
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Carbon Phenolic 
fiber Titanate resin 

Fig. 10 Reaction scheme between tetrakis(2-ethylhexyl) titanate (TOT) and an oxidized carbon fiber surface. 

the corresponding difference spectrum does indeed 
show a difference, indicating a chemical reaction be- 
tween the carbon fiber surface and the K3B (Fig. 9). 

When a carbon fiber surface does not chemically react 
with the matrix material, then a "coupling agent"-- 
another molecule that reacts with both the carbon fiber 
surface and the matrix--can be used. X-ray photoelectron 
spectroscopy can be used to monitor the effectiveness of 
this approach. For example, one can use a titanium 
alkoxide coupling agent (tetrakis(2-ethylhexyl) titanate, 

;1'.. , jG ; calculated) 

1 

0 .- 
m ' 

E * - Fiber 
+Resin 
-+TOT 

39 7 39 7 
Binding Energy (eV) 

Fig. 11 X-ray photoelectron spectra in the valence band region 
for E-120 pitch-based carbon fibers. The experimental valence 
band spectra of the fiber which was surface treated by galvano- 
static oxidation in 1 M orthophosphoric acid at 0.5 A for 30 sec 
is shown (indicated as "fiber"), together with the fiber with a 
very thin coating of a phenol-formaldehyde resin (indicated as 
"fiber+resin"), and a fiber where the resin coating contains 
tetrakis(2-ethylhexyl) titanate (TOT) (indicated as ' 'fiber + 
resin+TOTW). The difference spectra between "fiber+resin+ 
TOT" and "fiber+resin" are shown where a nonlinear back- 
ground was removed from both the spectra and the difference 
spectra were smoothed. The difference spectra are compared 
with the calculated valence band spectrum for Ti(OCH& and 
TiO, calculated by multiple scattered wave Xa calculations. 

TOT) to couple a surface-treated carbon fiber to a 
phenolic resin. Fig. 10 shows the way in which the 
coupling agent acts. 

The valence band XPS spectrum can be used to show 
that the interface between the coupling agent and the fiber 
and matrix is as suggested. Fig. 11 shows the difference 
spectrum for the difference between the XPS spectrum of 
a thin film of a phenolic resin on an E-120 pitch-based 
carbon fiber electrochemically oxidized in 1 M orthophos- 
phoric acid, and the same situation but with TOT added to 
the resin. The surface treatment in this case leads to the 
formation of -C-OH functionality on the fiber surface. 
Hence the reaction scheme in Fig. 10. The smoothed 
difference spectrum in Fig. 11 was obtained using the 
background-subtracted spectra. It can be seen that the 
difference spectrum gives good agreement with the 
spectrum calculated for the Ti(OCH3), molecule based 
upon a multiple scattered wave Xa calculation.r201 The 
five features identified in the outer valence band region 
are in good agreement with the difference spectrum. The 
difference spectrum also gives evidence of the presence of 
oxidized titanium (Ti02). This can be seen when one 
considers that the calculated spectrum for Ti02 (based 
upon a multiple scattered wave Xci calculation on the 
T ~ O ~ '  cluster) suggests that the peak identified as "2" in 
this calculation would fill the valley between peaks 1 and 
2 and 3-5 in the calculated spectrum of Ti(OCH,),. Thus 
the presence of T i02  is consistent with the features 
observed in the valence band spectrum. 

NANOTUBES AND COMPOSITES 

Carbon nanotubes have considerable potential for com- 
posite fabrication. In recent years there have been an 
enormous number of important developments in this 
area. There are many recent reviews and books on this 
area (e.g., Ref. [21]). The interest in nanotubes as the 
"ultimate carbon fiber" arises from the very desirable 
mechanical properties with the potential for a very 
high Young's modulus which can be close to that of 
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the in-plane value for perfect graphite, some 10 to 100 
times greater than currently available carbon fibers. 
Single-wall nanotubes have good flexibility unlike carbon 
fibers, and thus composites with such nanotubes would 
be unlikely to fracture when exposed to compressive 
stress along the axis of the fiber, in contrast to carbon 
fibers reinforced composites. 

There has been little success so far in replacing carbon 
fibers with carbon nanotubes in composite fabrication. 
The principal problem is the difficulty of getting good 
interaction between the carbon nanotube and the matrix. 
This chapter has focused strongly on this issue, because 
it is so important in the development of practical 
composites. We have seen how this interaction can be 
studied and achieved in this chapter. Further discussion 
of this issue can be found elsewhere (e.g., Ref. [21]). It 
is likely that the interfacial interaction issues, and other 
issues associated with the differences between carbon 
fibers and nanotubes such as the tendency of the latter 
to aggregate, will limit the use of nanotubes in com- 
posite applications. 

CONCLUSION 

The surface chemistry associated with the buried 
interface between a carbon fiber (or carbon nanotube) 
and the matrix plays a very important role in determin- 
ing the practical performance of the chosen composite. 
The surface treatment methods available change both 
the nanostructure and the chemistry at the interface. 
Surface science methods, especially XPS, have a very 
valuable role to play in probing and understanding 
this interaction. 
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INTRODUCTION 

Compared to bulk materials, nanoscale materials, with 
their large surface areas and possible quantum confine- 
ment effects, possess distinct electronic, optical, and 
chemical Therefore the synthesis of de- 
fined nanostructures is of potential interest in various 
fields including catalysis or microelectronics. In catalysis, 
for example, interesting applications for metal nanopar- 
ticles emerge from an enhanced activity, good selectivity 
(controllable by surface modifiers), and synergistic effects 
in bimetallic ~ a t a l ~ s t s . ' ~ ' ~ ]  In electronics, a fundamental 
concept for miniaturization is the handling of single 
charges by means of single electron tunneling (SET) in 
ordered one-, two-, or three-dimensional arrangements of 
metal or semiconductor clusters.[61 Inspired by the unique 
physical and chemical properties, much effort has been 
made to tailor defined one-, two-, or three-dimensional 
nanostructures ranging from ordered nanoparticle arrays 
to nanowire~.[~'~' 

In biology, nanostructures are familiar objects. Bio- 
logical components exhibit size dimensions from the 
nanometer to the micrometer size range together with 
exceptional molecular recognition capabilities and func- 
tionalities for distinct biochemical transformations and 
translocations. However, many of these biomolecules do 
not possess the required physical or chemical properties. 
DNA, for example, has the appropriate recognition capa- 
bilities, but poor electric characteristics prevent its direct 
use in electric circuits.[91 On the other hand, inorganic 
materials such as metals or semiconductors display, for 
example, the desired electric or optical properties, but 
their controlled deposition into defined nanostructures is 
difficult by conventional methods. Recently, the unique 
features of biological systems have been explored as 
building blocks for bottom-up assembly or controlled 
deposition of novel inorganic materials and devices with 
advanced structures and f~nc t iona l i t i es . [ '~ '~~  For exam- 
ple, the specific recognition properties of oligonucleo- 
tides['3.'41 or antibodies[15] have been exploited for 

assembling metal nanoparticles into well-ordered three- 

dimensional aggregates. The protein cages of viruses have 
been used as a template for a controlled deposition and 
organization of metallic nan~~ar t ic les .~ '~ '  Motivated by 
future electronic applications, researchers used DNA to 
control the deposition of metals"71 and create conductive 
nanowires consisting of ~ilver,"~] gold,[191 palladium,'201 

and copper.[221 
In this article we address the template-directed depo- 

sition of metals on microtubule supports for fabricating 
metal nanostructures ranging from regular arrays of 
nanoclusters to continuous nanowires. 

GENERATING NANOSTRUCTURES ON 
BIOLOGICAL SUPPORTS 

Biotemplating strategies take advantage of the character- 
istic dimensions of biological support, ranging from a few 
nanometers up to several micrometers. The structure of 
these biostructures is well defined for a controlled depo- 
sition of inorganic materials. Moreover, the surface of 
these biomolecular components reveals specific patterns 
of surface functionalities, e.g., amino acid residues or the 
bases of nucleic acids that are able to bind metal ions or 
nanoparticles by formation of metal-ligand complexes or 
electrostatic interaction. In this approach, the biostructure 
serves as a functionalized scaffold where the metal is 
generated in situ and shaped into a nanostructure with its 
morphology dependent on that of the biotemplate. 

The basic concept of a surface-controlled, heteroge- 
neous metallization of a biotemplate consists essentially 
of several steps: First, appropriate metal ions are bound to 
the biomolecule, creating reactive sites and thus providing 
activation of defined sites at the biotemplate. Second, the 
metal ion/biomolecule adducts are treated with a reducing 
agent establishing metal nuclei attached to the biostruc- 
ture. In another strategy, nanoparticles that were previ- 
ously obtained by a homogeneous nucleation process in 
solution are attached to the surface functionalities of the 
biotemplate. Once small metal seeds cover the biotem- 
plate, the metal growth proceeds autocatalytically by 
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consuming the educt feedstock from solution. The final 
metal coating does not necessarily have to consist of the 
same metal as the first formed metal nuclei or bound metal 
seeds, as has been shown by several gro~ps.['9s23-251 
Within this concept, homogeneous cluster nucleation or 
heterogeneous background metallization-if the reduction 
is carried out on a substrate-should be suppressed as 
much as possible as it leads to unspecific deposition of the 
metal. Many metal deposition techniques require special 
reaction conditions influenced by various parameters 
including applied temperature, educt concentration, the 
reduction potential of the reducing agent, and, in general, 
the presence of nonnative chemicals. As a consequence, 
the biomolecular structure used needs to exhibit a suffi- 
cient physical and chemical stability toward these non- 
native conditions for metal deposition. 

STRUCTURAL FEATURES 
AND PROPERTIES OF 
MICROTUBULE TEMPLATES 

Microtubules, ubiquitously present in eukaryotic cells, are 
proteinaceous filaments with a diameter of about 25 nm 
and several micrometers in length.[261 As part of the 
cytoskeleton, microtubules are involved in a variety of 
cellular functions including maintenance of the cellular 
shape, segregation of the genetic material during mitosis 
and meiosis, intracellular transport of organelles as well as 
cell motility. The repeating unit of these polymeric 
structures is the up-tubulin heterodimer, 4-5 nm in 
diameter and 8 nm in length, and a M ,  of approximately 
55,000 each. Microtubules assembled in vitro are typically 
composed of 12 to 14 protofilaments consisting of longi- 
tudinally connected heterodimers with a strict @alter- 
nation. Neighboring heterodimers are tilted by ap- 
proximately 1 nm with respect to the long axis of the 
microtubule resulting in a helical array of tubulin subunits. 
In vitro, microtubules can be assembled from tubulin at 
physiological temperature, pH, and ionic strength in the 
presence of the cofactors guanosine-5'-triphosphate and 
magnesium ions. The assembly of microtubules is revers- 
ible. At 0°C microtubules depolymerize into the hetero- 
dimers, a feature actually exploited to purify microtubule 
protein from porcine brain by applying several temper- 
ature-dependent centrifugation cycles. Even at the assem- 
blydsassembly steady state where the average length of 
microtubules in solution is constant, microtubules are 
highly dynamic. They constantly polymerize and de- 
polymerize, both in vivo and in vitro. Application of such 
protein assemblies as template or support for inorganic 
materials, however, requires a certain stability regarding 
the dynamic structural properties and the exposure of the 
biomolecules to nonphysioiogical conditions such as metal 

ion precursors or elevated temperatures. Therefore we 
used taxol which suppresses the dynamic instability of 
microtubules or glutaric dialdehyde which cross-links the 
tubulin subunits. Treatment with glutaric dialdehyde 
results in stabilized microtubules remaining intact in the 
presence of metal ion precursors and up to temperatures of 
approximately 90°C. 

Microtubules are very promising as biotemplates 
because of their favorable geometric aspect ratio (with a 
thickness of 25 nm and lengths up to several micrometers) 
and the variety of potential metal-binding sites at their 
surface. Moreover, depending on the assembly conditions, 
tubulin is able to form not only microtubules but also 
various other polymorphic assemblies with different ge- 
ometries, among them sheets, ribbons, spirals, or rings.[271 

CONTROL OF METAL NANOSTRUCTURES 
BY MICROTUBULE SUPPORTS 

It is possible to conjugate Au nanoparticles to biological 
components and, eventually, control their arrangement 
into one- to three-dimensional structures with interesting 
physical properties. Conjugation of Au nanoparticles to 
biological reporter molecules such as antibodies has long 
been known to be connected with electron-dense tags for 
biological samples in transmission electron microscopy 
(TEM) . [~~ , '~ '  Mirkin and coworkers prepared three- 
dimensional Au colloid aggregates revealing, for example, 
unusual  tical['^.^^' and electric[3" properties. 

We examined the surface of microtubules as a template 
to guide the assembly of Au nanoparticles into tube-like 
superstructures. The Au particles could easily be con- 
nected to microtubule supports by simply incubating the 
Au nanoparticles with the protein assembly. By this 
method, the microtubule surface was densely decorated by 
Au nanoparticles. The particles, however, were not 
arranged in a geometrically regular pattern but were 
randomly distributed over the whole surface of the bio- 
molecular support. Fig. 1 shows Au particles, -5  nm in 
size, arranged along the backbone of a single microtubule. 
The conjugation of Au particles to protein surfaces may 
depend upon several phenomena: It is well known that Au 
atoms bind to proteinatious surfaces via a covalent bond to 
S atoms occurring, e.g., in amino acid side chains of 
methionine or ~ ~ s t e i n e . [ ~ ~ ]  Cysteine or methionine resi- 
dues, however, are not located in freely accessible parts of 
the tubulin molecule on the outside surface of a micro- 
tubule. Besides this, at pH 6.8, often used for assembly of 
microtubules, the surface of a microtubule (isoelectric 
point: pI 4.2[331) displays a net negatlve charge which 
should result in the repulsion of the likewise negatively 
charged Au particles. However, nonspecific electrostatic 
binding could occur at domains positively charged at this 
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Fig. 1 Transmission electron micrograph of Au particles, 5 nm 
in size, bound to a single microtubule filament by simple mixing 
of the biostructure with the preformed Au nanoparticles (scale 
bar, 250 nm). The particles are randomly distributed over the 
microtubule surface. 

pH, e.g., lysine residues which could cause a random 
distribution of particles over the surface of the bio- 
molecule.[341 By another strategy, -2-nm Au particles 
attached to microtubule backbones were directly nucle- 
ated in situ from HAuC14 in the presence of microtubule 
templates. As a result, the microtubule surface got densely 
covered by small, 2.3-nm Au particles. The distribution of 
particles over the microtubule surface, however, was not 
completely random, but bore some resemblance to the 
helical arrangement of the tubulin subunits within the 
protein assembly (Fig. 2), a feature pronounced in a higher 
gear for nucleation of palladium on microtubules (see 
below; Fig. 3). 

Metal properties, e.g., catalytic activity and selectivity, 
and optical and electric properties can be altered by 
combination with a second metal.lM1 Bimetallic AuPd  
particles in the size range of 3 to 60 nm have been syn- 
thesized by a seed-growth mechanism and stabilized by 
microtubule supports: In a first step, the Au nanoparticles 
were linked to the protein surface and, in a second step, 
these Au seeds were covered with Pd by reduction of 
Na2PdC14 with trisodium citrate at 7 0 " ~ . [ ~ ~  The formation 

Fig. 2 Transmission electron micrograph of a single micro- 
tubule densely covered by Au nanoparticles, 2.3 nm in size. The 
particles were directly nucleated in situ with sodium borohydride 
in the presence of the microtubule template (scale bar, 150 nm). 

of the bimetallic Pd/Au particles was confirmed by energy 
dispersive X-ray analysis (EDX). The product of a typical 
synthesis contained both bimetallic PdJAu particles and a 
few Pd particles nucleated directly on the Au-free parts of 
the protein surface. Examining the catalytic activity by 
hydrogenation of crotonic acid as a test reaction, we found 
that the obtained microtubule-supported AuPd  particles 
revealed a high catalytic activity under very mild reaction 
conditions (atmospheric pressure and 25°C) in aqueous 
reaction medium. Within the size range of the particles 

Fig. 3 Transmission electron micrograph of Pd particles, 3.1 
nm in size, nucleated on the surface of a microtubule (scale bar, 
20 nm). The particles reflect the arrangement of the helical 
template. (From Ref. [36]. Copyright 2002, Wiley-VCH.) 



2566 Nanostructwed Materials Synthesized by Deposition of Metals on Microtubule Supports 

investigated (particle diameter, 3.8 to 61.8 nm), an 
increase in catalytic activity with decreasing particle 
diameter was observed. 

Microtubules also promote directly the in situ forma- 
tion of regular nanoparticle arrays with defined patterns 
when coupled with an appropriate chemical reaction and, 
as a support, provide some stabilization of the attached 
particles. Small monometallic Pd nanoparticles were 
nucleated in situ after incubation with a Pd ion precur- 
~ o r . ' ~ ~ ]  After incubation, the adsorbed metal ions could be 
subsequently reduced to form ordered arrays of Pd 
nanoparticles along the backbone of the microtubule 
reflecting the tubulin pattern in an isomolecular fashion. 
Depending on the kind of reducing agent used, particles 
with different sizes were obtained. Reduction with 
trisodium citrate at 90°C yielded particles having 1.9 nm 
in diameter. Applying a dimethylamine reduction bath at 
room temperature allowed the synthesis of slightly lager 
Pd particles with a mean particle diameter of 3.1 nm. 
Fig. 3 shows Pd particles on a microtubule obtained by 
reduction with dimethylarnine borane. The particles were 
mainly attached to the surface of the biotemplate resulting 

in densely covered microtubule filaments. High-resolution 
TEM revealed the crystalline character of the particles. 
Lattice spacings were consistent with a pure metallic 
palladium phase, which was further confirmed by EDX. 
Interestingly, the obtained Pd particle arrays resembled 
closely the helical arrangement of the tubulin subunits in 
the protein assembly. The preferential Pd deposition on the 
biotemplate suggests that in this case specific molecular 
interactions between functional groups on the protein 
surface and the Pd in solution were important for the 
formation of the superlattice arrays. We assume that, 
firstly, precursor Pd (11) ions were bound to the protein 
surface, followed by a heterogeneous surface-controlled 
nucleation process, and, finally, yielding nanosized parti- 
cles attached to the protein template. The surface of a 
microtubule consists of defined patterns of amino acid 
residues providing various active sites for metal ion 
binding and particle nucleation. The question, however, 
arises which of these amino acid residues are actually 
involved in metal ion binding and the process of particle 
formation. According to the hard acids and bases (HSAB) 
principle after Parr and Pearson, ~ d "  is a soft metal ion 

Fig. 4 a) Ribbon diagram of afi-tubulin as seen from the outside of a microtubule for selected N and S containing amino acids 
(cysteine: red; methionine: blue, histidine: green; and tryptophane: orange). b) The solvent accessible surfaces (Connolly surface) for the 
whole tubulin molecule (gray) and for the selected amino acids remaining freely accessible on the outer surface after assembly into 
microtubules. The histidine residues (a: 309, 393, and 406; P: 309) are centrally positioned and easily accessible. These histidine 
residues should be the preferred sites for ~ d "  binding and particle nucleation. (From Ref. [36]. Copyright 2002, Wiley-VCH.) (View this 
art in color at www.dekker.com.) 
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and, thus, is expected to bind to soft donor ligands such as 
to the N or S atoms in the side chains of tryptophan, 
histidine, cysteine, and methionine. Some of the amino 
acids, e g ,  lysine and arginine, are protonated at the ap- 
plied pH, so that they are excluded as donor ligands. 
Fig. 4a shows a schematic diagram of the clp-tubulin as 
seen from the outside of a microtubule. It displays the 
selected amino acids tryptophan, histidine, cysteine, and 
methionine at the microtubule outside surface. Tubulin 
assembly into microtubules involves two types of contacts: 
head-to-tail binding forming the protofilaments and lateral 
contacts between the protofilaments. As a consequence, 
some of the amino acids located in the periphery of the 
tubulin molecule will be covered after tubulin assembly. 
Fig. 4b shows the solvent accessible surfaces (Connolly 
surface) for the remaining amino acids. Some of the shown 
amino acids are located in channels or only parts of them 
are exposed to the surface of the molecule. As a result, 
only four histidine residues are actually centrally posi- 
tioned on both cl- and p-tubulin at the microtubule's outer 
surface, and should be freely accessible. We therefore 
suggest that these histidine residues are potential sites for 
the binding of Pd ions and Pd particle nucleation. In fact, 
histidine is a typical metalbinding residue in peptides due 
to the deprotonated N3 atom in the imidazole ring.r37-391 
By varying, the experimental conditions it was possible to 
control the Pd coating of the template. If the reservoir of 
metal ions present was increased, the Pd clusters on the 
template grew and were further connected to generate a 
quasi-continuous coverage of the microtubule surface with 
palladium aggregates. 

The assumption that these metal clusters were het- 
erogeneously grown in situ, after binding of Pd(I1) ions 
selectively at the histidine sites, was supported by 
theoretical simulations of Ciacchi and coworkers.[401 They 
investigated the heterogeneous nucleation of Pt clusters on 
DNA and proteins by means of first principles molecular 
dynamics simulations. They found that Pt dimers formed 
from a Pt" complex, covalently bound to a biopolymer, 
and a free ~ t "  complex after a single reduction step. 
The imidazole ring, which is a structural feature of both 
histidine and the purine bases guanine and adenine, was 
a key residue at the biopolymer surface to induce the 
formation of these platinum dimers. The formation of Pt 
dimers was only possible in the presence of strong donor 
ligands such as purine DNA bases or histidine amino 
acids, and appeared to be forbidden in the homogeneous 
dimer formation reaction leading to a weaker Pt-Pt 
bond. Because of the delocalized electronic states on the 
heterocyclic ligands, the biopolymer-bound Pt atoms and 
dimers accepted reducing electrons more easily than the 
free complexes or dimers in solution and, moreover, the 
initially formed Pt-Pt bonds were stabilized. Thus the 
presence of these ligand systems contributed to enhanc- 

ing the reaction rate of the heterogeneous cluster 
nucleation channel. The first-formed Pt nuclei developed 
then into bigger particles consuming the feedstock of 
metal complexes in solution and hindering the homoge- 
neous formation of metal particles. As a result, the kinetics 
of the reduction and deposition process was locally 
enhanced at the surface of the biopolymer. Thus such a 
preferential heterogeneous particle growth on an activated 
biotemplate permits a certain degree of control over the 
metallization process. 

In addition to Au and Pd, other noble metals such as 
Rh, Ru, and Ag have been used in material synthesis with 
this type of microtubule template. Fig. 4 displays small Rh 
nanoparticles on a microtubule obtained by in situ 
reduction with NaN,. For electroless metal plating with 
Ni or Co, the surface of the template had to be previously 
activated with noble metal atoms or clusters. Kirsch and 
coworkers deposited about 10-nm-thick Ni or Co coats on 
microtubule templates, which yielded magnetic nanowires 
with an outer diameter of 50 to 60 nm.L249251 In a first step, 
the microtubule surface was activated by adsorption of a 
molecular Pd catalyst. In a second step, Ni or Co was 
deposited onto the activated microtubules by applying an 
electroless metallization bath with dimethylamine borane 
as reducing agent. In their experiments they found clear 
evidence that nucleation of Ni crystallites started exclu- 
sively at the catalytic surface of the Pd catalyst. 

CONCLUSION 

The interdisciplinary field emerging between biotechnol- 
ogy and materials science for the production of nanoscale 
materials is a rapidly growing field. Our results illustrate 
the potential of protein assemblies as biological compo- 
nents with their unique chemical and topological features 
for the controlled deposition of metals into well-defined, 
protein-supported nanostuctures. In the interplay, the 
biological and inorganic components provide structure- 
directing properties and, furthermore, the biological 
support stabilizes the resulting nanostructure. Au colloids, 
for example, have been pursued as building blocks for the 
formation of wire-like structures through manipulation by 
microtubule templates. When coupled with an appropriate 
chemical reaction, microtubules promote the in situ 
formation of ordered arrays of metal nanoparticles re- 
sembling the arrangement of the protein molecules within 
the assembly. Preferential heterogeneous particle growth 
on the biotemplate permits control over the metallization 
process on the nanometer scale. Depending on the reaction 
conditions, the composites formed range from the iso- 
molecular decoration of every protein molecule with one 
nanoparticle to the complete coating of the whole protein 
assembly. Although many examples exist where metallic 
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nanoparticles and materials have successfully been de- 
posited on biomolecules,'lO~l'l there still remains a great 
demand for new, mild, and selective chemical deposition 
techniques. One of the major advantages associated with 
this type of protein assemblies as biological template is 
that it will enable the future design of various patterns of 
nanomaterials, e.g., ring structures exploiting the great 
diversity in size and shape of biomolecular tools, e.g., the 
polymorphic tubulin assemblies. A variety of technical 
obstacles still have to be solved ranging from the currently 
limited availability of large amounts of the biological 
building blocks to the improvement of analytical tech- 
niques. Because of the very low amount of material used 
in single nanodevices, the costs of the protein components 
should normally not limit application. A decrease in 
production costs will be required, however, for scale-up of 
both purification techniques and artificial syntheses. 
Biomolecular structures modified by genetic engineering 
and combined with an appropriate metal deposition 
technique will allow producing advanced materials on 
the nanometer scale with, for example, novel electronic, 
optical, magnetic, or catalytic properties. 
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Nanostructured Materials Synthesized 
by Mechanical Attrition 

Carl C. Koch 
North Carolina State University, Raleigh, North Carolina, U.S.A. 

INTRODUCTION 

A wide variety of techniques are being used to synthesize 
nanostructured materials including inert gas condensation, 
rapid solidification, electrodeposition, sputtering, crystal- 
lization of amorphous phases, and chemical processing.[11 
Mechanical attrition-ball milling of powders-is a 
technique that has also been used widely for preparation 
of nanostructured The term "mechanical 
attrition" can be subdivided into "mechanical milling," 
which is the milling of single composition powders, often 
elements, and "mechanical alloying," which involves 
milling of dissimilar powders such that material transfer 
occurs during milling. Unlike many of the methods for 
synthesis of nanostructured materials, mechanical attrition 
produces its nanostructures not by cluster assembly, but 
by the structural decomposition of coarser-grained struc- 
tures as the result of severe plastic deformation. This has 
become a popular method to fabricate nanocrystalline 
materials because of several factors: the simplicity of the 
process, the relatively inexpensive equipment (on the 
laboratory scale) needed, and the applicability to essen- 
tially all classes of materials. A major advantage of 
mechanical attrition is the possibility for easily scaling up 
to tonnage quantities of material for various applications. 
The disadvantages that are often cited are contamination 
from the milling media andlor atmosphere, and the need, 
for many applications, to consolidate the powder product 
without coarsening the nanocrystalline microstructure. 

A number of reviews concerned with the synthesis of 
nanostructured materials by mechanical attrition have 
been published in recent years, e.g., those of K O C ~ , ' ~ , ~ '  
Fecht,15' Suryanarayana and Koch,['] and ~ e c h t . [ ~ ]  This 
article will serve to update these previous reports. The 
details of the mechanical attrition processes, equipment 
used, etc. has been covered in a number of reviews (e.g., 
Ref. [4]), and will not be repeated here. The phenome- 
nology of the development of nanoscale microstructures 
by mechanical attrition will be reviewed for the various 
classes of materials including single-phase metals, metal- 
lic alloys, brittle materials, and multiphase materials. 
Several mechanisms proposed for the development of a 
nanoscale microstructure will then be described with 
reference to recent experimental observations. Finally, a 

brief discussion of the problems associated with mechan- 
ical attrition as a processing method will be presented. 
These are powder contamination and the need to consol- 
idate the powders into bulk form without coarsening the 
nanoscale microstructure. 

PHENOMENOLOGY-EXPERIMENTAL 
OBSERVATIONS 

Single-Phase Elements-Mechanical Milling 

Mechanical attrition has been found to refine grain size of 
all solid elements studied to the nanoscale. However, the 
minimum grain size achieved is dependent on a number 
of process variables as well as properties of the element. 
The minimum grain size obtainable by milling has been 
attributed to a balance between the defect/dislocation 
structure introduced by the plastic deformation of mill- 
ing and its recovery by thermal processes.[61 It has been 
found that the minimum grain size induced by milling 
scales inversely with the melting temperature of the group 
of fcc structure metals studied.I6] These data are plotted 
in Fig. 1, along with data for other metals and carbon 
(graphite).L21 For these data, only the lower melting point 
metals show a clear inverse dependence of minimum 
grain size on melting temperature. The minimum grain 
size for elements with higher melting temperatures (larger 
than melting temperature for Ni) exhibits essentially 
constant values with melting temperature for given crystal 
structure classes. For these elements, it appears that dm,, is 
in the order: fcc < bcc < hcp. However, before explanations 
for the above based on the strain hardening response, 
twinning, or other fundamental differences in deformation 
behavior for the various metallic crystal structures can be 
considered, it should be pointed out that a number of 
variables can influence the values of the minimum grain 
size attained by ball milling. First of all, most of the 
measurements reported in Fig. 1 are based on the analysis 
of X-ray line broadening measurements. It is now well 
established that such measurements are subject to diffi- 
culty in terms of absolute quantitative values for grain 
sizes. Variability among analysis techniques for X-ray line 
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Fig. 1 Minimum nanocrystalline grain size for ball milled 
elements vs. their melting temperature. (From Refs. [2,6-81.) 

broadening, as well as comparisons between these X-ray 
line broadening results and those from transmission 
electron microscopy (TEM) measurements, can be signif- 
icant. However, most of the data in Fig. 1 are obtained 
from the Cal Tech group, Professor W. L. Johnson and 
coworkers,[6371 or from Oleszak and ~ h i n ~ u . ' ~ ]  Both of 
these groups used the approach of Williamson and ~ a 1 1 [ ~ " ]  
to estimate the crystallite size and root-mean-square (rms) 
strain from the X-ray line broadening. Although the mill 
energies and contamination levels were very different 
in these studies, remarkable agreement for minimum grain 
size, d, is found for Al, Cu, Ni, and Fe. Oleszak and 
shinguC8' found a lower d value for W (5.5 nm) than 
the value (9 nm) obtained by Fecht et al.17] The Cal Tech 
group used a high-energy shaker mill (Spex 8000), while 
Oleszak and Shingu used a conventional horizontal low- 
energy ball mill. The metallic impurity level (Fe) from 
the shaker mill is much larger (-2 at.% Fe) than that 
from the conventional ball mill (<0.1% Fe). Conversely, 
the reported oxygen concentrations were about 4 times 
higher for powders milled in the conventional mill than 
for those from the shaker mill. The observation that the 
minimum nanocrystalline grain sizes for a number of 
elements milled in a low-energy mill are comparable to 
those milled in a high-energy mill is contrary to the 
conclusions previously reported after milling TiNi in a 
high-energy Spex shaker mill and a lower-energy vibra- 
tory mill.[91 After about 10 h in the Spex mill, the grain 
size (determined by both TEM and X-ray line broaden- 
ing analysis) decreased to about 4-5 nm. At longer mill- 
ing times, an amorphous structure was observed. Mill- 
ing for 100 h in the vibratory mill resulted in a grain 
size of about 15 nm. It was originally assumed that this 
value represented a saturation to the minimum grain size 
obtainable in the lower energy mill. However, in the 

light of the work of Oleszak and Shingu, it is likely that 
the dmi, was not obtained at 100 h in the lower-energy 
mill, and that continued milling may have further reduced 
the grain size. These results suggest that total strain, rather 
than milling energy or ball-powder-hall collision fre- 
quency, is responsible for determining the minimum 
nanocrystalline grain size. This is different from ball 
milling-induced amorphization or disordering, where it 
appears that the energy and frequency of ball-powder- 
ball collisions determine the final structures formed in 
"driven systems." However, it is consistent with obser- 
vations of nanocrystallites formed by high strain values 
using other noncyclic deformation methods.['01 These 
results suggest that mill energy per se is not critical to the 
final microstructure, although, naturally, the kinetics of 
the process are dependent on the energy, and times for 
attaining the same microstructure can be several orders of 
magnitude longer in the low-energy mills than in high- 
energy mills. 

Milling temperature has been observed to affect the 
rate at which the nanocrystalline structure develops. The 
milling time at which a given grain size was attained 
in a TiNi intermetallic compound was a function of mill- 
ing temperature.[91 In this case, amorphization occurred 
at a "critical" grain size of about 4-5 nm, thus the fi- 
nal nanocrystalline grain size at each milling tempera- 
ture could not be determined. Shen and ~ o c h [ " '  also ob- 
served smaller nanocrystalline grain sizes in both Cu and 
Ni milled at -85°C compared with samples milled at 
room temperature. For example, for Cu, d = 26+3 nm 
for room temperature milling and d = 17+2 nm for mill- 
ing at - 85°C. Evidence for smaller nanocrystalline grain 
sizes formed by milling at low temperatures have now 
been observed in a number of materials including the 
intermetallic compound C O Z ~ " ~ '  and elemental ~ n . ' ' ~ ]  

Metallic Alloys-Mechanical Alloying 

While the majority of studies of nanocrystalline materials 
synthesized by ball milling have been on single-compo- 
sition materials-i.e., either elemental metals, intermetal- 
lic compounds, or metal alloys-there have been a num- 
ber of studies on mechanical alloying of dissimilar 
powders that result in nanoscale microstmctures. First, 
the alloy effect on nanocrystalline grain size on nano- 
crystalline alloys will be discussed. These include both 
alloys made by mechanical alloying of dissimilar powders 
or milling of alloy powders. It has been suggested that the 
ultimate grain size achievable by milling is determined by 
the minimum grain size that can sustain a dislocation 
pileup within a grain and by the rate of recovery during 
milling.[61 To estimate the composition dependence of 
grain size after milling, one may use the formula 
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suggested by Nieh and   ads worth."^^ The minimum 
distance, L, between dislocations is given by L=3GbI 
n(1- v)h, where G is shear modulus, b is Burgers vector, v 
is Poisson ratio, and h is hardness. Indeed, if this is related 
to the formation of a minimum nanocrystalline grain size, 
then this nanocrystalline grain size is inversely propor- 
tional to hardness, and therefore, in most cases, to 
composition. In fact, a decreasing nanocrystalline grain 
size with solute concentration is observed in nanocrystd- 
line alloy systems exhibiting solid solution hardening, 
such as Cu (Fe), Ti (Cu), Nb (Cu), Cu (Ni), and Cu 
( C O ) . ~ ' ~ ~  Also consistent with this is the essentially 
constant nanocrystalline grain size in Ni (Co), where 
hardness does not change significantly with composi- 
tion'] ' I  and the increased grain size in nanocrystalline Ni 
(Cu), Fe (Cu), and Cr (Cu), which exhibit an apparent 
solid solution softening effect.'I5l However, the influence 
of alloying elements on the hardness of the nanocrystal- 
line solid solutions is different from that in conventional 
polycrystalline solid solutions. The hardness of nanocrys- 
talline solid solutions depends on both solid solution 
hardening and grain boundary hardening, while the latter 
makes the major contribution to total hardness. The 
increase in hardness resulting from the solid solution 
hardness effect in nanocrystalline alloys is of the same 
magnitude as that in conventional grain size polycrystal- 
line alloys. However, the addition of alloying elements 
into the matrix for nanocrystalline alloys may have a 
strong influence on the grain boundary energy and grain 
boundary diffusion coefficient and thus on the deforma- 
tion and recovery mechanisms of the nanocrystalline 
alloys formed by mechanical attrition. The different 
deformation and recovery behaviors are responsible for 
the various grain sizes obtained by milling and thus for the 
decreased or increased grain boundary hardening effects 
for the various nanocrystalline solid solutions. 

Nanocrystalline grains are observed during the me- 
chanical alloying of dissimilar component powders. 
Klassen et a1.[I6] followed the phase formation and 
microstructural development during the mechanical alloy- 
ing of Ti and A1 powder blends of overall composition 
Ti25A17s. TEM revealed nanocrystalline grains of partially 
ordered L12 phase with a crystallite size of 10-30 nm in 
the alloy layers at the interface between the pure Ti and A1 
lamellae at the very early stages of the milling process. 
The alloy phase that develops between the pure powder 
components consists of nanocrystalline grains, presum- 
ably because of the multiple nucleation events and the 
slow growth occumng at the relatively low temperatures 
(100-200°C above ambient) during milling. Trudeau 
et al.[I7] prepared nanocrystalline FeTi by both low mill- 
ing energy mechanical alloying (MA) of elemental Fe 
and Ti powders and mechanical milling (MM) of FeTi 
compound powders. Higher mill energies resulted in 

amorphization. The grain size of the MM Fe/Ti steadily 
decreases with milling time, while that for the MA FePTi 
initially increases and then decreases to values essentially 
identical to those for the milled samples. This effect is 
illustrated in Fig. 2. 

Brittle Materials 

The first materials subjected to mechanical alloying were 
combinations of ductile metals and brittle oxide powders, 
or with both components ductile metals. It was not clear 
that, if both components were brittle, the welding of the 
dissimilar powders believed to be required for the alloying 
to occur would take place. It might be expected that brittle 
components would simply fracture during milling and be 
reduced in size to the limit of comminution observed in 
the grinding of brittle mineral powders. However, it has 
been found that ball milling of nominally brittle materials 
can lead to alloying of brittle components, e.g., Si and 
~ e , " ~ ]  and the introduction of significant plastic defor- 
mation and high dislocation densities in brittle com- 
pounds, e.g., ~ b ~ ~ n . " ~ '  Si and Ge are completely brittle at 
room temperature, and yet complete solid solutions of Si- 
Ge alloys were obtained across the binary phase diagram. 
Thus alloying on the atomic scale was observed by 
mechanical alloying of brittle components. Nb3Sn is an 
extremely brittle intermetallic compound that elastically 
fractures until tested at temperatures above about 1400°C. 
However, ball milling Nb3Sn can produce large amounts 
of plastic deformation, as observed by TEM of the milled 
powder. The dislocations so produced then induce a 

0  20 4 0 6 0 

Milling Time (h) 

Fig. 2 Crystallite size for FeTi intermetallic phase for low- 
energy (.) mechanical alloying of Fe and Ti powders, and (A) 
mechanical milling of the FeTi compound powders. (From 
Ref. [17].) 
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nanocrystalline grain structure similar to that formed in 
milled ductile metals. It is not yet clear how ball milling 
can produce large plastic deformation in materials that are 
very brittle under uniaxial stress conditions. It is suggested 
that the high hydrostatic stress component, which may 
exist in the powders during milling, can favor plastic 
deformation over fracture and allow a large dislocation 
density to be generated.['91 Mechanical attrition was also 
found to induce nanocrystalline microstructures in brittle 
ceramics, such as Zr02, and ceramic powder mixtures, 
such as Fe203/Cr203 and 

Polymer Blends 

The application of mechanical attrition to polymeric 
materials was initiated by  haw.[^^' To fracture the 
polymer particulates, and on the microscopic level the 
polymer chains, milling was conducted at temperatures 
below the glass transition temperature of the given 
polymer. Shaw's group has studied a number of homo- 
polymers such as polyamide, polyethylene, acrylonitrile- 
butadiene-styrene, polypropylene, and polystyrene. Re- 
finement of the microstructure typically occurred and 
milling-induced structural and property changes were 
noted that were very material-specific. Subsequently, 
others have studied milling-induced changes in the 
structure of several semicrystalline and amorphous homo- 
polymers.[211 For example, in poly(ethy1ene terephthalate) 
(PET), milling promotes an oriented amorphous morphol- 
ogy in both high- and low-crystallinity PET. Molecular 
weight, glass transition temperature, and impact strength 
have been used to probe the milling-time-dependent 
molecular and property evolution of several homopoly- 
mers, e.g., poly(methymethacry1ate) (PMMA) and poly- 
isoprene (PI). Milling of PMMA resulted in monotonic 
decreases in molecular weight and glass transition tem- 
perature, reflecting the milling-induced scission of the 
polymer chains. PI exhibited much different behavior in 
that the decrease in glass transition temperature, T,, given 
by AT, = Tg,O - Tg(tm), where TgTo is the glass transition 
temperature of the unmilled polymer, first increased and 
then decreased, as illustrated in Fig. 3. In this case, 
cryomilled PI does not exhibit a monotonic increase in 
AT,, but instead shows a sharp maximum at relatively 
short milling times (2 h), followed by a drop to almost zero 
before again increasing slightly for longer milling times. 
This unusual, but reproducible, behavior strongly suggests 
that the PI chains undergo chemical crosslinking during 
cryomilling. In such a case, we imagine a dynamic 
competition between chains breaking (causing a decrease 
in molecular weight) and crosslinking (promoting an 
increase in molecular weight) under the nonequilibrium 
conditions of milling. Sol-gel analysis and Fourier 

Fig. 3 Dependence of ATg on milling time, t,. for cryomilled 
polyisoprene. (From Ref. [21].) 

transform infrared (FTIR) spectroscopy yielded further 
evidence for milling-induced crosslinking in PI. Mechan- 
ical attrition was also performed at cryogenic temperatures 
to incorporate PI into P M M A . [ ~ ~ ]  A number of experi- 
mental techniques were used to study the structure of these 
normally immiscible polymer mixtures. TEM clearly 
showed that the solid-state blending by mechanical attri- 
tion of polymeric materials can yield nanoscale disper- 
sions of immiscible polymers. The strong evidence for free 
radical formation and crosslinking induced by milling 
suggests many possibilities for the design of novel new 
polymeric materials with nanoscale microstructures. In- 
corporation of inorganic dispersoids in polymeric materi- 
als at the nanoscale by mechanical attrition is an area of 
research not yet fully explored. 

Nanocomposites 

Nanoscale precipitates or dispersoids used to strengthen 
structural materials have been commonly used for about a 
century. However, the combination of nanoscale second 
phases in a nanocrystalline matrix are new microstructures 
and mechanical attrition is a particularly suited synthesis 
method for such materials. Because equilibrium solid 
solubility limits can be significantly enhanced by me- 
chanical attrition of systems of limited mutable solubil- 
i t i e ~ ' ~ ~ ]  to form nanocomposites, the immiscible nature of 
the component phases must be strong. Metals with very 
different atomic sizes such as Pb and A1 can form 
nanocomposites[241 as well as covalently or ionic bonded 
compounds in metallic matrices, such as y-A1203 and AlN 
in ~ e . [ ~ ~ '  

Metalloid second phases in nanocrystalline grain 
size matrices have been produced via the method of 
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cryomilling. This technique of reactive milling of metals 
in liquid nitrogen was first developed by Huang et al.[261 
for Al, and has since been applied to several other metallic 
materials. The cryomilling of elemental A1 and Ni 
powders in liquid nitrogen resulted in a nanoscale grain 
size for the Ni-base matrix of about 6 to 11 nm. Continued 
cryomilling in nitrogen resulted in a reaction between N, 
0 ,  and the Al, which depleted the A1 content of the matrix 
until, at long cryomilling times (170 h), the structure 
consisted of nanocrystalline Ni with A1N and y-A1203 
nanoscale dispersions. Similar to the results they obtained 
from their work on Al, the presence of the nanoscale 
dispersoids resulted in a marked inhibition of grain growth 
even on annealing at high temperatures. The Ni-based 
nanocrystalline grain size containing the nitride and oxide 
dispersoids maintained a nanoscale grain structure with 
limited grain growth (grain size distribution of mostly 
about 11 nm, with some grains up to 300 nm) after 
annealing at 1373 K. The same material milled in argon 
was found to have extensive grain growth to about 1 pm 
grain size after annealing at this temperature. These re- 
sults demonstrated the effectiveness of nanoscale second 
phases in a nanoscale matrix to impede grain growth. 

MECHANISMS FOR NANOCRYSTAL 
SYNTHESIS BY MECHANICAL AlTRITION 

Single-Phase Metals by Mechanical Attrition 

The first description of the evolution of a nanoscale grain 
structure during mechanical milling of elemental metals 
was given by Fecht and coworkers and summarized, for 
example, in Ref. [5] The basis of this first model was a 
study of the nanocrystallization of AlRu and Ru by 
mechanical attrition.[271 The structure1microst~cture of 
AlRu as a function of milling time was followed by 
analysis of X-ray line broadening to estimate average 
grain size and lattice strain and TEM and high-resolution 
TEM (HRTEM) to directly observe the microstructural 
development. The TEM and HRTEM studies showed that, 
at the early stages of milling, the deformation was 
localized within shear bands that are approximately 0.5- 
1 pm wide. The shear bands contain a high dislocation 
density. At a given strain, these dislocations begin to 
annihilate and recombine to small-angle grain boundaries 
separating individual cells or grains. Small grains, 8-12 
nm in diameter, observed within the shear bands and 
electron diffraction patterns suggest that the misorienta- 
tion angles between the grains are relatively small. At 
longer milling times, the grain size steadily decreased, 
consistent with the X-ray results, and the shear bands 
coalesced. The small-angle boundaries were replaced 

by higher-angle boundaries, implying grain rotation, as 
reflected by the disappearance of texture in the electron 
diffraction patterns, as well as the random orientation of 
the grains observed from the lattice fringes in HRTEM. 
Fecht summarized the observed phenomenology of nano- 
crystallization by mechanical attrition into the following 
three stages: 

Stage 1. Deformation localization in shear bands contain- 
ing a high dislocation density. 

Stage 2. Dislocation annihilation/recombinationlrear- 
rangement to form a celllsubgrain structure with nano- 
scale dimensions-further milling extends this struc- 
ture throughout the sample. 

Stage 3. The orientation of the grains becomes random, 
that is, low angle grain boundaries disappear as high 
angle grain boundaries replace them, by presumably 
grain boundary sliding, rotation. 

From evidence of the atomic-level lattice strain and the 
stored enthalpy as a function of reciprocal grain size (or 
milling time), it was concluded that two different regimes 
can be distinguished, i.e., dislocation vs. grain boundary 
deformation  mechanism^.[^' The lattice strain in the fcc 
elements studied by Eckert et a1.,l6] milled in a high- 
energy shaker mill, was found to increase continuously 
with decreasing grain size, and reach a maximum value at 
the smallest grain size. This is in contrast to the earlier 
observation on Ru and AlRu, which indicated a maximum 
in strain vs. l ~ d , ' ~ ~ ]  and the more recent study of Oleszak 
and shinguL8' on a low-energy mill, which also shows a 
broad maximum in strain vs. l ld for a number of elements 
including several fcc elements. The lattice strain values 
available from the literature are plotted against reciprocal 
grain size, lld, in Fig. 4. With the exception of Ru, the 
data for increasing lattice strain with l ld appear to fall on 
a common relatively narrow band before decreasing 
from the maximum strain values. However, these data 
are obtained from several groups using mills with various 
energy levels and possible differences in milling temper- 
ature. It has been demonstrated["] that lower milling 
temperature resulted in larger values for lattice strain 
for Cu and Ni. However, the data from the low-energy 

should be self-consistent and exhibit interesting 
behavior. That is, the strain rises with decreasing grain 
size, reaches a maximum, and then decreases to low val- 
ues for the smallest nanocrystalline grain sizes. A maxi- 
mum in strain with l ld was previously explained by either 
a change in deformation mechanism from dislocation 
generation and movement to grain boundary sliding, grain 
rotation,1271 or, in brittle intermetallics to fracture after 
the strain maximum is reached.[17] A problem with the 
first mechanism is that the nanocrystalline grain size 
continues to decrease after the strain maximum is reached, 
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Fig. 4 Lattice strain vs. reciprocal grain size. (From Ref. 121.) 

and grain boundary sliding and rotation presumably 
cannot result in grain size reduction. There is no clear 
evidence at present in the elements for the fracture 
mechanism, which would also presumably result in a finer 
particulate distribution. 

Additional information to help explain the mecha- 
nism of nanocrystalline formation comes from measure- 
ments of stored enthalpy. Maxima in stored enthalpy vs. 

l ld (nm-1) 

Fig. 5 Stored enthalpy (AH) and lattice strain ( E )  vs. reciprocal 
grain size for W. (From Refs. [2,8].) 

Ild are typically o b s e ~ e d . ' ~ . ~ ' ~ ~ ]  However, the maximum 
in stored enthalpy is often found at smaller grain sizes 
than the strain maximum, as illustrated in Fig. 5 for w.Igl 
Here the maximum in strain occurs at d = 8.3 nm, while 
the maximum in stored enthalpy is at d = 5.5 nm. Several 
suggestions have been offered to explain the maxima in 
stored enthalpy with lld, including decreasing strain[83281 
or impurity pickup during milling.[281 The latter is an 
unlikely explanation for samples obtained by low-energy 
milling,[81 where metallic impurity contamination is neg- 
ligible. It is stated that the stored enthalpy comes mainly 
from grain boundaries[277281 and grain boundary strains. 
Stress relaxation may be responsible for the maxima,[81 
but, as noted above, the strain and stored enthalpy maxima 
do not necessarily coincide. 

While the general concepts described above for 
synthesis of elemental metal nanocrystalline structures 
by mechanical attrition are likely to have some validity, 
questions still remain especially regarding the maxima in 
lattice strain and stored enthalpy, and the mechanism of 
grain refinement. Several recent experimental studies as 
well as suggested alternate mechanisms will now 
be discussed. 

Recent studies of the synthesis of nanocrystalline Zn 
by milling at liquid nitrogen temperatures (cryomilling) 
have provided evidence for an alternate mechanism for 
making nanoscale grains.[297301 In most previous studies, 
the progress of nanocrystallization as a function of mill- 
ing time was followed by X-ray diffraction line broaden- 
ing analysis, which gives an average grain size. The grain 
size so determined typically exhibits monotonically 
decreasing values with milling time. This is also the case 
for cryomilled Zn, as illustrated in Fig. 6. This average 
grain size decreases rapidly for the early milling times, 
and then saturates to a value of about 20 nm for the longer 
times. However, to study the change in grain size distri- 
bution with milling time, an extensive study using TEM 
was carried It was surprising to observe a large 

Cryornilling time (hrs) 

Fig. 6 Average grain size for cryomilled Zn vs. milling time. 
(From Ref. [29].) 
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fraction of very small grain sizes (less than 5 nm) even in 
the very early stages (e.g., 0.5 h) of cryomilling. The grain 
size distribution was found to be essentially bimodal for 
the shorter milling times, as shown in Fig. 7A and a for 0.5 
h of milling, and then collapsed to one peak at longer 
milling times, and finally narrowed to a tighter distribu- 
tion at the longest times, as seen in Fig. 7E and e for a 
milling time of 12 h. These distributions were determined 
from dark-field TEM micrographs, as shown in Fig. 8a 
and b for the samples milled 0.5 and 12 h, respectively. 
From Figs. 7 and 8, it is observed that at short milling 
times, grains of about 250 nm size exist together with 
small grains of less than 10 nm. It was suggested that 
the very small grains formed at the early milling times 
might have been caused by a dynamic recrystallization 
(DRX) phenomenon. Dynamic recrystallization refers 
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E 

CM12h 
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d =16.7nm : 
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Fig. 7 The number fraction and volume fraction of grain size 
at cryomilling times: 30 min (A, a) and 12 h (E, e). (From 
Ref. [29].) 

Fig. 8 A) TEM dark field image for Zn cryomilled for 30 min. 
B) TEM dark field image for Zn cryomilled for 12 h. (From 
Ref. (291.) 
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to the occurrence of crystallization during deformation. 
The mechanisms and transformation kinetics for both 
static and dynamic recrystallization have been reviewed 
by Doherty et al.r311 It appears that DRX can occur as a 
nucleation and growth process, or as a recovery process. 
Many issues related to the transformation kinetics for 
DRX remain unresolved, and the underlying mechanisms 
are not well understood. However, it is assumed that the 
high dislocation densities possible by deformation at low 
temperatures and the nucleation sites probably provided 
by shear banding are consistent with cryogenic temper- 
ature milling of, e.g., Zn, in the high strain, high strain rate 
deformation which occurs. Evidence for the possibility of 
dynamic recrystallization playing a role in the synthesis of 
nanocrystalline grain sizes in metals is dramatically 
observed in the oscillatory hardness behavior with cryo- 
milling time in This oscillatory hardness behavior 
is illustrated in Fig. 9. The dramatic oscillatory hardness 
changes with milling times at cryogenic temperatures 
are not reflected in the hardness data for samples milled 
at room temperature. They are also not related to any 
artifact, such as porosity, as shown by the essentially 
constant, and nearly theoretical, density of the samples. 
Transmission electron microscopy showed that large var- 
iations in the dislocation density and grain-size distribu- 
tion occurred during cryornilling. The observations sug- 
gest that dynamic recrystallization takes place in larger 
grains (>50 nm), when the dislocation density due to 
strain hardening reaches a critical level to nucleate DRX. 
A reaction-rate model was developed which accounts for 

-e- Density 
t CMZn 
-A- RTZn 

Milling time (hrs) 

Fig. 9 Hardness vs. milling time for Zn milled at 100 K (solid 
circles) and at room temperature (solid triangles). The relative 
densities for the cryomilled samples are indicated by open 
squares. (From Ref. [32].) 

the DRX effect and the observed oscillations in hardness. 
Good agreement was obtained with the experimental data. 
These results imply that in special circumstances, i.e., 
where conditions are right to nucleate DRX, the dynamic 
recrystallization reaction may also contribute to the 
synthesis of a nanoscale grain microstructure. In analogy 
to "continuous recry~tall ization,"~~'~ the mechanism pro- 
posed by Fecht and coworkers, in which dislocation 
structures continuously rearrange themselves during de- 
formation in a recovery-like fashion that ends in high- 
angle boundaries, nanocrystalline grains, can sometimes 
be also formed by a "discontinuous" DRX process. 

He and ~avernia l~ ' ]  offered an alternative explanation 
for the synthesis of nanoscale microstructures in cryo- 
milled Inconel 625 alloy. This Ni-base alloy was milled in 
liquid nitrogen to form a nanocrystalline grain structure. 
TEM observations indicated that grains in the cryomilled 
powder were deformed into elongated grains containing a 
high density of deformation faults. With continued 
milling, the elongated grains fractured into small nano- 
scale fragments. The occurrence of the elongated grains 
and their subsequent fragmentation Here attributed to 
repeated strain fatigue and fracture caused by the cyclic 
impact loading in random directions, along with cold 
welding. A high density of mechanical nanoscale twins 
was also observed. 

While most of the studies on the development of 
nanocrystalline grain structures by mechanical attrition 
have involved observing the microstruture as a function of 
milling time, and presumably, total average strain, Tao 
et a1.[341 recently investigated the microstructure of a pure 
Fe plate that had been subjected to surface mechanical 
attrition. In this case, the milling balls were impacted 
on the surface of the Fe plate by vibratory motion, such 
that the surface layer was subjected to high-strain-rate 
plastic deformation. The degree of plastic deformation 
was highest at the surface of the plate and decreased, 
eventually to zero, as distance from the surface into the 
plate increased. The structure and microstructure of the 
deformed Fe was then studied by X-ray diffraction line 
broadening analysis as the plate was progressively etched, 
layer by layer, and by scanning electron microscopy 
(SEM), TEM, and HRTEM observations of the cross 
sections of the surface layers. X-ray diffraction results 
showed that the grain size was a minimum at the surface 
and increased with depth, while the microstrain was a 
maximum at the surface and dropped to about zero at a 
depth of 60 pm. From the electron microscopy, the sur- 
face-treated layer could be subdivided into several sec- 
tions in terms of grain (or cell) size. From the top surface 
these were: 

Section 1. Nanostructured regime: - 0- 1 5 pm; 
Section 2. Submicron-sized regime: - 1 5 4 0  pm; 
Section 3. Micron-sized regime: -40-60 pm. 
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Beyond a depth of 60 pm, the original Fe matrix 
showed some evidence of plastic deformation but no 
grain refinement. At the regions adjacent to the strain-free 
matrix, homogeneously distributed dislocation lines are 
observed, and the dislocation density increases as the 
distance from the surface decreases. In addition, dense 
dislocation walls (DDWs) are observed, with spacing in 
the micron range and parallel to each other along ( 1 10) 
planes. Dislocation tangles are also observed and in some 
regions the dislocation density is high. With decreasing 
depth, into Section 3, most original grains are subdivided 
into micron-sized cells, which are either roughly equiaxed 
or lamellar. The misorientation of these cells of DDWs are 
small, typically less than lo. At still smaller depths, that is 
in Section 2, the cell sizes are found to decrease with 
elongated cells several microns long and about 2 0 W 0 0  
nm thick. Some equiaxed cells are also seen that are 
N 200-500 nm in size. Finally, near the surface, where the 
deformation strain and strain rates are maximum, nano- 
crystalline microstructures are observed. Equiaxed nano- 
crystalline grains are observed near the surface, while at 
the bottom of Section 1, lamellar nanoscale grains are 
observed. However, inside the lamellar grains, smaller 
equiaxed grains are also present. Based on these extensive 
microstructural observations, the sequence of nanocrystal- 
line formation was summarized as follows. Formation of 
DDWs and dislocation tangles (DTs) first occur, then the 
DDWs and DTs transform into subboundaries with small 
misorientations. Finally, the subboundaries and subgrains 
evolve into nanocrystalline grains with large misorienta- 
tion angles between them. It was suggested that, for the 
synthesis of nanocrystalline grains during plastic defor- 
mation, high strain rates were necessary as well as large 
strains. This suggestion is consistent with observations of 
plastic-deformation-induced grain refinement at high 
strains, while lower strain rates such as equal channel 
angular pressing or cold rolling typically produce grain 
sizes no smaller than about 100-200 nm. However, it may 
be at variance with the results of low-energy milling 
experiment, where similar minimum grain sizes have been 
observed to those produced by high-energy milling.[81 
More studies along the lines of the above are needed to 
clarify the mechanism for synthesis of nanocrystalline 
metals by mechanical attrition. 

Nanocrystallization Mechanisms for 
Milling of Dissimilar Elements 

The proposed mechanism for nanocrystallization on 
milling of dissimilar elements that form an intermediate 
phase, e.g., TiAl from Ti and A1 powders,['61 was the 
biasing of nucleation vs. growth of the new phase at the 
relatively low temperatures of milling, as described earlier 
in this paper. However, milling of dissimilar metals that 
do not form intermediate phases can also form nanoscale 

microstructures and the mechanism must be different. 
Zghal et reported the results of milling the normally 
immiscible Cu-Ag and Ni-Ag systems. The Cu-Ag 
microstructure after milling at lower temperatures exhibits 
a pronounced texture and a complex microstructure. Mill- 
ing at higher temperature produced small equiaxed nano- 
scale grains, which were the result of dynamic re- 
crystallization. In the case of Ni-Ag, which has a larger 
positive heat of mixing than Cu-Ag, complete mixing was 
not possible, and a nanocomposite was formed. It was 
suggested that, as texture was not observed in the Ni-rich 
phase, which featured smaller grain size (5-10 nm), full 
mixing of the components cannot take place because of 
the differences in their mechanical properties. 

More studies are needed to clarify the diverse possi- 
ble mechanisms for nanocrystallization by mechanical 
attrition of dissimilar powders. 

PROBLEMS: CONTAMINATION AND 
POWDER CONSOLIDATION 

A serious problem with the milling of fine powders is the 
potential for significant contamination from the milling 
media (balls and vial) or atmosphere. If steel balls and 
containers are used, iron contamination can be a problem. 
It poses a most serious risk for the highly energetic mills, 
e.g., the Spex shaker mill, and depends on the mechan- 
ical behavior of the powder being milled, as well as its 
chemical affinity for the milling media. For example, 
milling Ni to attain the minimum grain size in a Spex mill 
resulted in Fe contamination of 13 at.%, while the Fe 
contamination in nanocrystalline Cu similarly milled was 
only 5 I at.%.['" Lower-energy mills result in substan- 
tially less, often negligible, Fe contamination. Other mill- 
ing media, such as tungsten carbide or ceramics, can be 
used, but contamination from such media is also possible. 
Interstitial element (oxygen, nitrogen) contamination can 
be controlled by milling and subsequent powder handling 
in a pure inert gas atmosphere, with care taken that the 
milling vial is leak-free during processing. 

Powder consolidation to theoretical density of nano- 
crystalline materials prepared by mechanical attrition 
without significant coarsening is necessary for many 
property measurements, e g ,  mechanical behavior, and 
for applications requiring bulk materials. There is no room 
in this paper to adequately review the escalating efforts in 
this important field. However, a number of successes have 
been documented by both conventional and innovative 
methods and are reviewed by ~ r o z a . ' ~ ~ ]  For the special 
case of very ductile, relatively low melting temperature 
metals such as Zn and Al, it has been found that, in the 
absence of a process control agent during milling, cold 
welding can dominate the process and the powders can be 
"consolidated" into spherical-shaped balls that can be up 
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to 6-8mm in diameter.[371 Thus in situ consolidation can 
be attained in these cases during milling. Disks can be 
formed from the spherical samples via compression. Such 
disks are suitable for mechanical tests such as miniatur- 
ized disk bend tests or small-size tensile samples. 

CONCLUSION 

Mechanical attrition of powders is a simple and versatile 
method to prepare nanocrystalline microstructures in a 
variety of materials including metals, ceramics, polymers, 
intermetallics, and composites. The mechanism for for- 
mation of nanoscale grains by severe plastic deformation 
induced by ball milling, in general, involves the compe- 
tition between defect production and defect recovery by 
thermal processes. The details by which this occurs are 
still not completely defined. In most cases, a continuous 
buildup of dislocation density and the rearrangement of 
dislocations into first cells, and then small equiaxed 
grains, occur. In some cases, there is evidence for dis- 
continuous dynamic recrystallization. More systematic 
TEM studies on a variety of materials are needed to 
confirm the mechanism. Problems of powder contamina- 
tion during processing must be considered, but can be 
minimized. Consolidation of the powders with nanoscale 
microstructures into bulk structures is a topic that requires 
further attention. 
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Nanostructured Materials Synthesized by 
Mechanical Means 
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Mechanical attrition, mechanical alloying, and other 
methods of extreme plastic deformation (high pressure 
torsion, equal channel angular pressing) have been de- 
veloped as versatile alternatives to other physical and 
chemical processing routes in preparing nanophase ma- 
terials. Here several examples are discussed including 
the deformation-induced nanophase formation in powder 
particles, in thin foil sandwich structures, and at the sur- 
face of alloys exposed to friction-induced wear leading to 
the formation of nanocrystals and, in some cases, amor- 
phous nanostructures. This opens exciting perspectives in 
preparing nanostructured materials with a number of 
different interface types in terms of structure (crystalline1 
crystalline, crystalline/arnorphous) as well as atomic bond 
(metallmetal, metaYsemiconductor, metauceramic etc.). It 
is expected that the study of nanostructure formation by 
mechanical means in the future not only opens new pro- 
cessing routes for a variety of advanced nanophase 
materials but also improves the understanding of tech- 
nologically relevant deformation processes on a nano- 
scopic level. 

INTRODUCTION 

Internal interfaces in materials are extended defects, such 
as grain boundaries and interphase boundaries, which can 
be found in almost every natural or artificially produced 
material or man-made structure.['l In general, the corre- 
lation between the atomic structure and the energy of 
interfaces can be described by their respective excess free 
volume,[21 which can be minimized by the formation of 
closely packed structural units of atoms so that interfaces 
with low index planes and low index atomic rows are 
parallel to each other.["41 However, the experimental 
evidence concerning structure-energy correlations of in- 
ternal interfaces, in particular under thermodynamic 
equilibrium conditions where entropic effects should be 
taken into account, remains unclear because of the in- 
herent experimental difficulties and the generally small 
interface-to-volume ratio in conventional polycrystals. 

Decreasing the grain size of a material to a few nano- 
meters leads to a drastic increase of the number of grain 
boundaries (or other internal interfaces) reaching typical 
densities up to 10" interfaces per cubic centimeter. The 
large number of atoms located in these interfaces in 
comparison with the crystalline part scales roughly with 
the reciprocal grain size and corresponds approximately to 
3 dld, 6 being the width of the interface, typically 0.8- 
1.2 nm.r51 For example, for a material with a grain or 
domain size of 5 nm, about 50% of the overall atoms 
deviate from ideal lattice site positions and become in- 
fluenced by the grain boundaries. At the same time, the 
energy (and other properties) of the material is being in- 
creased in proportion to the level of atomic disorder of the 
material, i.e., in proportion to the overall grain boundary 
area. Nanostructured materials have therefore attracted 
considerable scientific interest for more than a decade 
because of their unusual and sometimes unexpected 
physical (electronic, magnetic, mechanical, optical) and 
chemical (catalytic) properties.[61 

Besides the synthesis of clusters, thin films, multi- 
layers, and coatings from the gas or liquid phase, chemical 
methods such as sol-gel processes and electrodeposition 
are common methods of synthesizing nanostructured 
materials. As a versatile alternative, however, mechanical 
methods have been developed which allow to fabricate 
nanostructured materials in large quantities with a broad 
range of chemical compositions and atomic structural 
arrangements.r73x1 These methods can, for example, be 
applied to powder samples, thin-foil sandwiches, and to 
the surface of bulk samples in order to produce nano- 
structures at surfaces as discussed below. As a result, a 
wide range of metals, alloys, intermetallics, ceramics, and 
composites can be prepared in an amorphous, nanocrys- 
talline, or quasicrystalline state. Because of the broad 
range of possible atomic structures very different prop- 
erties in comparison with conventional materials are ob- 
tained. For example, nanostructured particles prepared 
by mechanical attrition can exhibit unusually high values 
in hardness,[',lol enhanced hydrogen giant- 
magnetoresistance effects,'I2' magnetic spin-glass behav- 
ior.[I3l etc. 

Dekker Encyclopedia of Nanoscience and Nanotechnology 
DOI: 10.1081/E-ENN 120009256 
Copyright O 2004 by Marcel Dekker, Inc. All lights resewed. 



Nanostructured Materials Synthesized by Mechanical Means 

Fig. 1 Schematic sketch of the process of mechanical attrition 
and the corresponding shear action of metal powders. (View this 
art in color at www.dekker.com.) 

EXPERIMENTAL 

A variety of mechanical milling devices have been devel- 
oped for different purposes.['41 The basic process of me- 
chanical attrition is illustrated in Fig. 1. Powder particles 
with typical particle diameters of about 20-100 pm are 
placed together with a number of hardened steel or WC- 
coated balls in a sealed container, which is shaken vio- 
lently. Consequently, plastic deformation at high strain 
rates (N 103-104 s e c  ') occurs within the particles and the 
average grain size can be reduced to a few nanometers after 
extended milling. The temperature rise during this process 
is modest and is generally estimated to be < 100 to 200°C. 
The collision time corresponds to typically 2 msec. 

High-energy milling forces can be obtained by using 
high frequencies and small amplitudes of vibration. Ball 
mills (e.g., SPEX model 8000), which are preferable for 
small batches of powder, i.e., % 10 cm3, are sufficient for 
research purposes. As the kinetic energy of the balls is a 
function of their mass and velocity, dense materials (steel 
or tungsten carbide) are preferable to ceramic balls. 
During mechanical attrition contamination by the milling 
tools (Fe) and atmosphere (trace elements of 0 2 ,  N2 in 
rare gas) can be problematic. By minimizing the milling 
time and using the purest metal powders available, a thin 
coating of the milling tools by the respective powder 
material is generally obtained, which reduces Fe-con- 
tamination levels of less than typically 1 at.%. Atmo- 
spheric contamination can be minimized or eliminated by 
sealing the vial with a flexible "0"-ring after the powder 
has been loaded in an inert gas glove box. Small experi- 
mental ball mills can also be enclosed completely in an 
inert gas glove box. As a consequence, oxygen and ni- 
trogen contamination can be limited to less than 300 ppm. 
In this respect, the nanoscaled powder material obtained 
has often a higher purity than materials synthesized by 
alternative methods, such as chemical processes or inert 
gas evaporation and condensation. In addition, the struc- 

tural contributions of small pores occurring during com- 
paction of small clusters can be safely neglected.[15] 

An alternate route to producing samples with high 
levels of both plastic deformation and interfacial area is 
cold rolling of layered elemental sheets.[I6' Each defor- 
mation cycle consists typically of rolling the multilayered 
sandwich to a thickness of approximately 80 pm and 
subsequent folding as shown in Fig. 3. Here the large 
increase in interfacial area is created internally with ab- 
solutely negligible contamination at ambient temperature. 

As a further example of more technical relevance, the 
development of high-speed ICE trains reaching velocities 
of more than 300 krnlhr is also a materials challenge 
concerning the mechanical integrity and safety required 
for the railway tracks (high-strength steel with composi- 
tion Fe-0.8 at.% C-1.3 at.% ~ n ) . [ " ]  In particular, the 
interaction and slip between wheel and rail has to be op- 
timized and is controlled by sophisticated electronics. On 
the steel surface where the local pressure typically is ex- 
ceeding 1.0-1.5 GPa, solid-state transformations have 
been observed which are caused by friction-induced shear 
forces and have strong similarities with mechanical attri- 
tion of powder samples. 

EXPERIMENTAL RESULTS 

Nanostructure Formation 

During mechanical milling or attrition the metal powder 
particles are subjected to severe plastic deformation from 
collisions with the milling tools. Consequently, plastic 
deformation at high strain rates (- 103-104 sec- ') occurs 
within the particles and the average grain size can be re- 
duced to a few nanometers after extended milling. As such, 
the metal particle is plastically deformed with most of the 
mechanical energy expended in the deformation process 
being converted into heat, but the remainder being stored 
in the metals, thereby raising its internal energy.[183191 

Cold Rolling 

(;.? 

Fig. 2 Schematic sketch of the process of cold rolling of 
elemental foils. (View this art in color at www.dekker.com.) 
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The microstructural changes as a result of mechanical 
attrition can be followed by X-ray diffraction methods 
averaged over the sample volume. The X-ray diffraction 
patterns exhibit an increasing broadening of the crystalline 
peaks as a function of milling time. The peak broadening 
is caused by size as well as internal strain  effect^.[^^'^" 
The average coherently diffracting domain size (grain or 
crystal size) and the microstrain as a function of milling 
time are obtained from the integral peak widths assuming 
Gaussian peak shapes. Based on the method of X-ray 
analysis applied (Schemer formula,r221 Williamson and 
Hall method at full width at half maximum, or integral 
peak width at half maximum,[231 Warren-Averbach 
analysis,[241 etc.) the weighting of the grain size distri- 
bution is different and therefore the average grain size can 
vary by a factor of two. Further evaluation by TEM and 
small angle X-ray or neutron diffraction improves the 
accuracy of the data. 

After corrections for K, and instrumental broadening, 
the line broadening due to the small crystal size is constant 
in K-space and is given by AK=0.9 (2n/d), where d is the 
average domain or grain diameter. The strain broadening 
corresponds to AK=A ( e 2 ) ' " ~  with A being a constant 
depending on the strain distribution (A x 1 for a random 
distribution of dislocations[251 and (e2)1/2 being the rms 
strain). Additional defects which might contribute to the 
peak broadening, such as stacking faults, can be safely 
neglected in ail cases discussed here. However, for some 
metals with very small stacking fault energies, e.g., Co, 
the contribution of staclung faults to the peak broadening 
can be considerable, but is clearly the exception. 

As a result, it is generally found that in the very be- 
ginning mechanical attrition leads to a fast decrease of the 
average grain size to 40-50 nm. Further refinement occurs 
slowly to about 10-15 nm after extended milling. The 
average atomic level strain is reaching values up to 0.7% 
as shown in Fig. 3 for the milling of Fe powders. 

Microstrain ' 0,7 
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Fig. 3 The average grain size and microstrains as a func- 
tion of milling time for iron powder determined from X-ray 
line broadening. 

Fig. 4 X-ray spectra for mechanically alloyed ZrmAl10Ni9- 
C U ~ & O ~  powder samples exhibiting the transformation from 
the initially crystalline powder mixture to an amorphous glass- 
like structure. 

From a combination of X-ray, electron, and neutron 
diffraction, the elemental processes leading to the grain 
size refinement include three basic stages:[261 

6)  

(ii) 

(iii) 

Initially, the deformation is localized in shear bands 
consisting of an array of dislocations with high 
density (up to log6 per m2). Here the dislocation cell 
size dimensions are basically a function of the act- 
ing shear stress z resulting in an average cell size 
dimension L of L= 10 Gblz with G being the shear 
modulus and b the Burgers vector. 
At a certain strain level, these dislocations annihi- 
late and recombine to small angle grain boundaries 
separating the individual grains. The subgrains 
formed via this route are already in the nanometer- 
size range. 
The orientations of the single-crystalline grains with 
respect to their neighboring grains become com- 
pletely random. Thus the microstructure becomes 
identical with the microstructure of samples pro- 
duced by the noble gas condensation and compac- 
tion and exhibiting a largely reduced number of 
internal pores. 

Extended Solid Solutions and 
Metallic-Glass Formation 

Extended solid solutions far beyond the thermodynamic 
equilibrium have generally been noted in the course of 
mechanical milling of alloys. In addition, for phase mix- 
tures with negative enthalpies of mixing and large (> 15%) 
atomic size mismatch solid-state arnorphization is ob- 
served. During this process long-range solute diffusion 
and solute partitioning are suppressed and therefore 
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highly metastable amorphous and nanocrystalline states 
become accessible. 

For example, during mechanical alloying of 75 at.% 
Zr and 25 at.% A1 the formation of a supersaturated hcp 
(a-Zr) solid solution was observed prior to the solid-state- 
amorphization reaction.[271 However, in all cases of bi- 
nary alloys it remained unclear whether indeed a metallic 
glass has been formed or just a material with "X-ray 
amorphous structure". More recently, a similar phase 
transformation sequence has been investigated in a me- 
chanically alloyed multicomponent elemental Zr60A110- 
Ni9C~18C03 powder mixture with an alloy composition 
that is known to form a bulk metallic glass when cooled 
from the liquid state.IZ8] These multicomponent alloys are 
considerably more stable than binary alloys and can be 
heated above the glass transition temperature before 
crystallization sets in. The X-ray spectra at different 
stages of the milling process are characterized by the 
successive disappearance of the elemental Al, Co, Cu, and 
Ni peaks and a simultaneous shift of the Zr peaks to 
higher scattering angles, corresponding to a decrease in 
the lattice constant of the hcp-Zr as a result of the rapid 
dissolution of the smaller atoms, such as Cu, Ni, Co, and 
A1 in the (a-Zr) matrix[291 as shown in Fig. 4. 

An alternate route to producing samples with high 
levels of both plastic deformation and interfacial area is by 
cold rolling of layered elemental sheets in an inert gas 
atmosphere with subsequent folding between each defor- 
mation cycle. In this case, the large increase in interfacial 
area is created internally with negligible contamination. In 
contrast to mechanical alloying of powder samples the 
uncertainty in the temperature during processing is re- 
moved as the sample is in firm contact with the massive 

Fig. 5 XRD profiles showing development of a metallic glass 
by cold rolling of elemental foils of Zr, Al, Cu, and Ni ( x  : Zr, 
0:  Al, +: Cu, +: Ni). 

Fig. 6 High-resolution TEM micrograph of a cold-rolled mul- 
tilayered sample exhibiting a remaining nanocrystalline Zr-rich 
crystallite surrounded by an amorphous matrix (a) after 80 
cycles of deformation and (b) a fully amorphous sample after 
120 cycles. 

rolls and deformation can be performed at a low strain rate 
in order to maintain ambient temperatures. 

This approach has been used to examine amorphous 
phase formation in several binary alloys such as Zr-Ni 
and C U - E ~ . ' ~ ~ ~ ~ ' ]  In the prior work on amorphous phase 
formation, deformation rates in excess of 1 sec-I were 
employed and some annealing was needed to complete the 
amorphization reaction.1321 In contrast, fully amorphous 
foils of a multicomponent Zr65A17,5C~17.5Ni10 alloy have 
been synthesized at ambient temperatures from a layered 
array of individual elemental sheets by repeated low strain 
rate (0.1 secpl). Fig. 5 exhibits the X-ray diffraction 
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patterns from the Zr-Al-Ni-Cu foils taken after 10, 40, 
80, and 120 deformation cycles. High resolution TEM 
analysis exhibits further evidence that a true amorphous 
phase has been formed when some nanocrystallites of 
Zr are still present after 80 cycles as shown in Fig. 6a. 
The sample becomes fully amorphous after 120 cycles 
(Fig. 6b). However, structural features and corresponding 
contrast variations of the order of about 2 nm (Fig. 6b) are 
apparent and typical for a small-scale phase separation. 

Thermal Stability 

As a result of the cold work considerable energy has been 
stored in the powder particles. Therefore thermodynam- 
ically these materials are far removed from their equilib- 
rium configuration and a large driving force toward 
equilibrium exists. The stored energy is released during 
heating to elevated temperatures due to recovery, relaxa- 
tion processes within the grain boundaries, and grain 
growth. As a consequence, during annealing at elevated 
temperatures, relaxation and grain-growth processes will 
occur leading to a concomitant increase of the grain size. 

This behavior has been investigated for a number of 
materials and presented here in detail for iron. For ex- 
tended periods of milling time a fast decrease of the 
average grain size to nanometer dimensions is observed 
with a stationary average grain size d= 15 nm and 0.7% 
microstrain as mentioned above. The enthalpy release 
during differential scanning calorimetry (DSC) heating 
experiments spreads over the entire temperature range of 
the scan as shown in Fig. 7.  The very broad signal does not 
exhibit any distinct peaks but a further increase of the 
exothermic signal for T>550 K. 

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0  
Temperature [K] 

Fig. 7 Exothermal DSC heating scan at 10 Wmin of iron 
powder after mechanical attrition for 5 and 25 hr showing two 
stages of heat release (below and above ca. 550 K). 

Fig. 8 Dependence of the stationary grain size and microstrain 
of (initially) nanocrystalline Fe-powder milled for 25 hr on 
annealing as a function of temperature. 

X-ray diffraction of powder samples annealed for 
80 min at each temperature revealed the evolution of grain 
size and strain as a function of annealing temperature as 
shown in Fig. 8. The microstrain is decreasing rapidly 
below 550 K whereas the grain size remains nearly con- 
stant in this range. As such, the enthalpy release during the 
first exotherm in Fig. 7 is only related to relaxation and not 
to grain growth. Grain growth starts to become significant 
above about 570 K. Furthermore, it has been found that 
after a fast increase at early times the average grain size d 
changes from 15 to about 30-40 nm. The average grain 
size remains constant for t 2 2400 sec and reaches values 
of 100-200 nm at temperatures about 870 K. 

As such, two regimes with and without grain growth 
can be clearly distinguished. As the influence of lattice 
point defects and lattice dislocations is negligible, the 
enthalpy release can be clearly assigned to the existence of 
grain boundaries. The reduction of the microstrains is 

200 400 600 
Time [s] 

Fig. 9 Isothermal exothermic DSC curve at 500°C of nano- 
crystalline iron (upper part) and plot of ( d H ~ d t ) - ~ ' ~  VS. time 
(lower part). 
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probably caused by grain boundary relaxation and anni- 
hilation of secondary grain boundary dislocations. Based 
on elastic theory it is estimated that this contribution to the 
overall energy is less than about 10%. 

Further isothermal DSC measurements allow to ana- 
lyze the grain-growth processes in nanocrystalline Fe. For 
example, the isothermal DSC curve shown in the upper 
part of Fig. 9 was measured at 770 K after annealing the 
sample at 670 K and heating to 770 K at a rate of 50 K/ 
min. A monotonically decreasing signal typical for grain 
growth is observed. Similar signals are observed at 470, 
570, and 670 K and clearly differ from those measured in 
isothermal recrystallization processes controlled by nu- 
cleation and growth in conventional polycrystalline metals 
which are described by Johnson-Mehl-Avrami-type 
models.[331 Fig. 9 does not exhibit the expected maximum 
related to an incubation time for nucleation, but shows 
only a decrease in the signal. 

Furthermore, (cWldt)pu3 should scale linearly with 
time when normal parabolic grain-growth behavior is as- 
~ u m e d . [ ~ ~ ]  This assumption is well approximated for 
t< 1200 sec as shown in the lower part of Fig. 9. The upper 
part of Fig. 9 includes a fit to the measured DSC signal 
assuming parabolic grain growth and a grain boundary 
energy of 1.2 ~ / m ~  in agreement with theoretical estimates 
for fully relaxed large-angle grain boundaries in bcc- 

DISCUSSION 

Elemental Metals 

The energies finally stored during mechanical attrition 
largely exceed those resulting from conventional cold 
working of metals and alloys (cold rolling, wire drawing, 
extrusion, etc.). During conventional deformation, the 
excess energy is rarely found to exceed 1-2 kJ/mol and 
therefore is never more than a small fraction of the en- 
thalpy of fusion AHf. In the case of mechanical attrition, 
however, the energy determined can reach values typical 
for crystallization enthalpies of metallic glasses corre- 
sponding to about 40%  AH^.'^^] 

A simple estimate demonstrates that these energy 
levels cannot be achieved by the incorporation of defects 
which are found during conventional processing. In the 
case of pure metals, the contribution of point defects 
(vacancies, interstitial) can be safely neglected because of 
the high recovery rate at the actual processing tempera- 
ture. Even taking nonequilibrium vacancies into account 
which can form as a consequence of dislocation annihi- 
lation up to concentrations of lop3, such contributions are 
energetically negligible in comparison. 

The maximum dislocation densities that can be reached 
in heavily deformed metals are less than 1016 m-2 which 

would correspond to an energy of less than 1 Wmol. 
Therefore it is assumed that the major energy contribution 
is stored in the form of grain boundaries and related 
strains within the nanocrystalline grains which are in- 
duced through grain boundary stresses. 

Other detailed studies are obtained from cold rolling 
and torsion,[371 wire drawing,[381 and cyclic deforma- 
t i ~ n [ ~ ~ ]  processes resulting in an asymptotic saturation of 
the flow stresses. This is considered as a result of the 
simultaneous occurrence of dislocation multiplication and 
annihilation leading to a saturation of the dislocation 
density. In particular, under cyclic deformation slip be- 
comes highly localized in so-called persistent slip bands 
(shear bands). These lie parallel to the primary glide plane 
and are separated by regions containing the original 
matrix structure. These bands consist of dense walls of 
dislocations, largely screw dislocations having a density - 1013 mP2. The closest spacing between screw disloca- 
tions of opposite sign is -50 nm, the minimum distance 
before annihilation occurs. For edge dislocations which 
are more relevant for the deformation of fcc crystals this 
critical annihilation length is found to be 1.6 nm for Cu. 
As such, it has been concluded that the annihilation of 
dislocations can set a natural limit to the dislocation 
densities which can be achieved by plastic deformation 
(typically less than 1013 mp2 for screw dislocations and 
1 0 ' ~  mP2 for edge  dislocation^).[^] Steady-state defor- 
mation is observed when the dislocation multiplication 
rate is balanced by the annihilation rate. 

It is expected that the shear modulus of the grain 
boundary regions is lowered by about 40% when the 
"volume-fraction" of the grain boundaries becomes 
comparable to that of the  crystal^.['"^.^^^ Localized de- 
formation then proceeds by the dilatation of the grain- 
boundary layers similar to superplastic behavior[401 with 
the undeformed crystallites moving in a "sea" of dilated 
grain boundaries. 

Extended Solid Solutions 

Mechanical attrition has also gained much attention as a 
nonequilibrium process resulting in solid-state alloying 
reactions beyond the equilibrium solubility limit for a 
broad range of alloys, intermetallics, ceramics, and com- 
posites.[4',421 In the case of mechanical attrition of a bi- 
nary powder mixture, amorphous phase formation can 
occur by intermixing of the atomic species on an atomic 
scale, thus driving the crystalline solid solution outside of 
its stability range against "melting" resulting in solid- 
state amorphi~at ion.[~~~ This process is considered as a 
result of both mechanical alloying[441 and the incorpora- 
tion of lattice defects into the crystal lattice.[451 

The formation of extended solid solutions during me- 
chanical attrition of systems with negative heat of mixing 
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can be explained in terms of milling-induced interdiffu- 
sion reactions.t461 In this regard the action of deformation 
(i.e., "driven system") and especially shearing processes 
in causing atomic-scale mixing has been clarified re- 
~ e n t l ~ . ' ~ ~ '  This can be considered as an athermal process 
that yields a high level of homogenization of the 
component atoms provided that sufficient deformation is 
applied. In fact, Monte Carlo simulations indicate that 
deformation can yield a solid solution even in alloy sys- 
tems with a positive enthalpy of mixing. In this case, the 
driven system action, characterized by a "forcing pa- 
rameter'' as the frequency ratio between forced and ther- 
mally activated jumps, results in a behavior that is similar 
to that resulting from an enhanced diffusivity 
characteristic of a high-temperature, high-entropy state 
with extended solubilities. 

An alternate route to producing samples with high 
levels of both plastic deformation and interfacial area is by 
cold rolling of layered elemental sheets which are folded 
between each deformation cycle. In this case, the large 
increase in interfacial area is created internally with ab- 
solutely negligible contamination. Similarly, in contrast to 
mechanical attrition the uncertainty in the temperature 
during processing is removed as the sample is in firm 
contact with the massive rolls and deformation can be 
performed at a low strain rate to maintain ambient tem- 
peratures. This approach has been used to examine 
amorphous-phase formation in several binary alloys such 
as ~ r - ~ i , [ ~ ~ ]  C U - E ~ , [ ~ ~ ]  and A I - P ~ [ ~ ~ ) ~  and also for the 
preparation of bulk FeIAg nanomultilayers with giant 
magnetoresistance.[511 

In the prior work on amorphous-phase formation, de- 
formation rates in excess of 1 s e c  ' were employed and 
some annealing was needed to complete the amorphiza- 
tion reaction. Fully amorphous foils of a multicomponent 
Zr65A17.5C~17.5Ni10 alloy have been synthesized at ambi- 
ent temperatures from a layered array of individual ele- 
mental sheets by repeated low-strain-rate (0.1 sec- I )  cold 

Zr (x) Ni, Cu, Co, Al (x) 

Fig. 10 Schematics of solid-state amorphization reaction at an 
intermediate stage. 

Fig. 11 High-resolution TEM micrograph of a glassy ZrmAll0- 
Ni9CuIXCo3 alloy slowly (10 Wsec) cooled from the liquid state. 

rolling.[52' Fig. 5 shows X-ray diffraction patterns from 
the Zr-Al-Ni-Cu foils taken after 10 (a), 80 (b), and 120 
(c) deformation cycles. High-resolution TEM analysis 
exhibits further evidence that a true amorphous phase has 
been formed as shown in Fig. 6. 

The detailed X-ray and electron diffraction experi- 
ments revealed that the crystal-to-glass transition was 
preceded by a rapid solution of smaller atoms such as Cu, 
Ni, Co, and A1 in the a-Zr matrix to supersaturation levels 
with a concomitant reduction in grain size to values below 
30 nm as schematically shown in Fig. 10. 

As a final product, a fully amorphous Zr-Al-Ni-Cu- 
Co samples were obtained with structural and thermal 
properties identical to a metallic glass of the same com- 
position produced by liquid undercooling. Fig. I1 exhibits 

Temperature [K] 

Fig. 12 Thermal analysis exhibiting the difference in heat 
capacity of the sample material Zr60AlloNi9Cu18C03 in compar- 
ison with the thermodynamically stable crystalline configuration 
for amorphous mechanically alloyed powder, bulk metallic 
glass, and foil stacks (black squares: mechanically alloyed 
powder, open circles: liquid cooling, closed circles: cold rolling). 
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a high-resolution TEM image of a fully amorphous, me- 
tallic glass with identical composition produced from the 
liquid state. Whereas structural features on the scale of 
2 nm have been observed in the amorphous phase formed 
in the solid state (Fig. 6b), such contrast variations typical 
for small-scale phase separation have not been observed 
by cooling from the liquid phase. This structurally ho- 
mogeneous state is thermodynamically closer to the 
equilibrium, albeit metastable. 

Surprisingly, thermal analysis of cold-rolled amor- 
phous samples and amorphous powder samples prepared 
by mechanical alloying also reveals a distinct glass tran- 
sition at Tg=647 K and about 620 K, respectively, as 
shown in Fig. 12 (followed by a sharp exothermic crys- 
tallization peak at 745 K which is not shown here). As 
such, it is worthy to note that very similar to amorphiza- 
tion reactions observed in mechanically alloyed Zr-based 
powder mixtures of similar composition the initial stage 
of cold rolling is characterized by the dissolution of 
solute into Zr along with a reduction in grain size to about 
30 nm before the onset of the crystal-to-glass transition. 
The formation of similar amorphous phases from two 
inherently different initial states, i.e., the solid and the 
liquid state, suggests that compositionally induced static 
disorder in a mechanically driven system can lead to the 
same final glassy state which is conventionally derived 
from freezing the dynamic disorder of a liquid out to 
a glass. 

Nanocrystallization of Surfaces 

Many microscopic processes occurring during mechanical 
attrition and mechanical alloying of powder particles ex- 
hibit common features with processes relevant in tribol- 
ogy and wear. For example, the effects of work hardening, 
material transfer, and erosion during wear situations result 
in similar microstructures of the wear surface as observed 
during mechanical attrition.[537541 In particular, during 
sliding wear, large plastic strains and strain gradients are 
created near the surface. Typical plastic shear strain rates 
can correspond here to several lo3 sec-'. 

Close to the surface of wear scars as well is in the wear 
debris of Cu, nanocrystalline structures have been ob- 
served by high-resolution electron microscopy with an 
average grain size of 4-5 nrn.[551 Within the interior of the 
grains no defects were observed suggesting that most of 
the defects are absorbed by the grain boundaries because 
of their proximity. However, this type of plastic defor- 
mation at high strain rates does not seem to be limited to 
metals and alloys,[561 but has been observed in ceram- 
i c ~ ' ~ ' ]  and diamond[581 as well. 

During sliding wear a special tribo layer develops on 
the surface of a sliding component being subjected to 
large plastic strains. This surface layer often is called the 

Fig. 13 TEM bright field images (a) of the nanostructured 
surface layer and (b) the initial pearlitic steel sample. 

Beilby layer which, for a long time, was thought to be 
amorphous because its microstructure could not be re- 
solved with the instruments commonly used.'591 There are 
indeed some systems in which truly amorphous layers are 
produced by sliding,'601 but in most cases the subsurface 
layer with a thickness of several m~crometers has a 
nanocrystalline structure. 

Corresponding X-ray diffraction and TEM results in- 
dicate that the average grain size of the extremely deformed 
surface layer corresponds to about 20 nm, whereas a gra- 
dient in grain size is observed further away from the surface 
reaching values up to 200 nm.'611 For example, Fig. 13 
exhibits TEM micrographs and the corresponding diffrac- 
tion patterns of the initial pearlitic structure (a) in com- 
parison with the nanocrystalline layer near the surface (b). 

Corresponding X-ray diffraction and TEM results in- 
dicate that the average grain size of the extremely de- 
formed surface layer is decreased to about 20 nm, whereas 
a gradient in grain size is observed further away from the 
surface where values up to 200 nm are r e a ~ h e d . ' ~ ~ , ~ ~ '  As a 
consequence, hardness measurements have been per- 
formed by nanoindentation and conventional methods as 
shown in Fig. 14a and b as a function of deformation and 
also temperature. This remarkable increase in hardness 
and mechanical strength of regions near the surface by a 
factor of 4-5 is clearly related to the fact that the average 
grain size is drastically decreased by the continuous 
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Fig. 14 Microhardness of the nanostructured surface layer of a 
high-speed railway track and the pearlitic material (core) as a 
function of total deformation during measurements with 
indenters of (a) variable pyramid angle and (b) "in situ" as a 
function of temperature. (Courtesy of Y. Millman.) 

deformation process as found by TEM analysis and X- 
ray diffraction. The apparent hysteresis seen in Fig. 14b 
is an indication that the microstructure is drastically 
changed during thermal annealing resulting in consider- 
able grain growth and (re-) precipitation of Fe-carbides 
and concomitant mechanical softening.r641 

CONCLUSION 

Severe plastic deformation, which can be achieved by a 
number of different methods, leads to a refinement of the 
microstructure to a nanometer scale. The correlation of 
structural and thermal analysis reveals that the defect 
structure after long milling times is composed of a net- 
work of large angle grain boundaries. These grain 
boundaries are formed by reorganization of dislocations 
produced in the initial step of the deformation process. 
Because of the high density of grain boundaries and the 
large amounts of stored enthalpy, relaxation processes of 
the heavily deformed structure and grain growth start at 
rather low temperatures. In some cases with large chem- 

ical driving force (large negative enthalpies of mixing, 
"deep eutectics") the formation of a glass-like state with 
a distinct glass transition temperature is observed. How- 
ever, this state obtained by solid-state processing exhibits 
a distinct underlying disordering on the scale of 2 nm not 
observed in glassy alloys with identical composition 
produced from the liquid. 

Furthermore, many microscopic processes occurring 
during mechanical attrition and mechanical alloying of 
powder particles exhibit common features with processes 
relevant in tribology and wear. For example, the effects of 
work hardening, material transfer, and erosion during 
wear situations result in similar nanostructured layers of a 
wear surface as observed during mechanical attrition. 
Typical plastic shear strain rates can correspond here to 
several 10'. As such, the study of extreme plastic defor- 
mation processes not only is opening new processing 
routes for a variety of advanced nanostructured materials 
but also improves the understanding of technologically 
relevant deformation processes, e.g., surface wear, on a 
nanoscopic level which often limit the lifetime of tech- 
nical components. 
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INTRODUCTION 

Supercritical fluid (SCF) approach is a novel and emerg- 
ing technology to generate nanomaterials in small 
areas, high-aspect-ratio structures, complicated surfaces, 
and poorly wettable substrates with high uniformity, high 
homogeneity, and minimum environmental problems. 

Through hydrogen reduction of metal-bdiketone com- 
plexes in supercritical C02, a rapid, convenient, and 
environmentally benign approach has been developed to 
synthesize a variety of nanostructured materials: 1) metal 
(Pd, Ni, and Cu) nanowires and nanorods sheathed within 
multiwalled carbon nanotube (MWCNT) templates; 
2) nanoparticles of palladium, rhodium, and ruthenium 
decorated onto functionalized MWCNTs. These highly 
dispersed nanoparticles are expected to exhibit promising 
catalytic properties for a variety of chemical or electro- 
chemical reactions; 3) Cu, Pd, or Cu-Pd nanocrystals 
deposited onto Si02 or S i c  nanowires (NWs). Differ- 
ent types of nanostructures were achieved, including na- 
nocrystal-NW, spherical aggregation-NW, shell-NW 
composites, and "mesoporous" metals supported by the 
framework of NWs. 

BACKGROUND 

Supercritical fluid synthesis and processing of nano- 
structured materials have attracted an increased attention 
during the past decade.""' SCFs exhibit a novel hybrid 
of liquid-like and gas-like properties. They have appre- 
ciable densities and can dissolve solid compounds like 
liquid solvents yet they have low viscosities, low surface 
tension, and high diffusivities like gases. As a result 
of their high compressibility, SCFs offer a convenient 
means of accessing a wide range of solvent properties 

without physically changing the solvent. Because of these 
unusual properties, the synthesis and processing of 
nanostructured materials using SCFs show significant 
advantages over conventional processes: 1) SCFs facil- 
itate permeation, diffusion, and penetration to small 
areas, high-aspect-ratio structures, complicated surfaces, 
and poorly wettable substrates to attain high uniformity 
and homogeneity, therefore being capable of fabricating 
nanostructured materials which are difficult to accom- 
plish through traditional methods; 2) SCFs allow higher 
concentrations of starting materials than chemical vapor 
deposition (CVD) does and provide diffusivities higher 
than liquid solvents do, therefore SCF synthesis and 
processing could be very fast; 3) the solvent strength of a 
SCF can be varied by manipulation of fluid temperature 
and pressure, thus allowing a degree of control and rapid 
separation of products which is not possible using 
conventional solvents; and 4) some SCFs, such as 
supercritical C 0 2  (scC02), leave no solvent residues 
and are recyclable, thus being environmentally benign. 
Furthermore, unreacted materials, by-products, and con- 
taminants in SCFs can be easily removed from the 
system; therefore products of high purity can be obtained. 
The synthesis and processing of nanostructured materials 
such as nanoparticles, nanowires, nanorods, nanotubes, 
nanocomposites, and thin solid films with nanoscale 
thickness have been achieved through a number of SCF 
physical and chemical transformations in which a SCF 
can act as a medium either for transporting solute species 
or for chemical reactions, or both. In some cases, the SCF 
itself can also take part in the reactions. Table 1 sum- 
marizes the typical SCF approaches to a variety of nano- 
structured  material^.'^"' The aim of this article is to 
show how to use SCFs in the synthesis and processing of 
nanostructured materials templated by MWCNTs and 
nanowires (NWs). 
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Table 1 Typical SCF approaches to nanostructured materials 
- - 

Nanoparticles, nanowires, 
nanorods nanotubes, nanocomposites Thin films 

Physical transformation Rapid expansion of supercritical solutions (RESS) Physical RESS deposition 
Supercritical-assisted nebulization and atomization Physical deposition in SCFs 
Physical impregnation in SCFs without expansion 
Supercritical antisolvent precipitation 
Supercritical drying processes 
Size-selective supercritical dispersion and dissolution 
Physical deposition processes in SCFs 

Chemical transformation RESS into liquid solvents SCF transport and chemical deposition 
Hydrothermal reactions SCF transport chemical vapor 

deposition 
Water-in-SCF microemulsion reactions SCF immersion deposition 
Arrested precipitation in SCFs SCF chemical deposition 
SCF-liquid-solid approach Chemical fluid deposition 

SCF Deposition of Self-Assembled 
Monolayers 
Electrodeposition in SCFs 
Hydrothermal leachmg 

Because of their exceptional electrical and mechanical 
properties caused by quantum confinement effects, one- 
dimensional carbon nanotubes (CNTs) and NWs have 
stimulated a growing interest over the past decade for their 
application potential as interconnects and building blocks 
for functional nanodevi~es.[~- '~] CNTs also have other 
possible uses including storage of hydrogen and other 
gases, membrane materials for batteries and fuel cells, 
anodes for Li-ion batteries, capacitors, and chemical 

Modification of CNTs and NWs to produce 
nanocomposites provides an attractive strategy to expand, 
improve, or alter their properties and functions as well as 
their promising applications.[14-251 

Because of their small size, high chemical stability, 
high-aspect-ratio cavities, and large surface-area-to-vol- 
ume ratio, CNTs have been considered as templates for 
confining and directing the growth of metallic nanowires, 
nanorods or tubular structures, or as supports for metal 
nanoparticles which can be impregnated in the cavities or 
attached to the external walls of the C N T S . [ ~ ~ ~ ~ ]  The 
produced metal/CNT composites can be used as catalysts, 
sensors, semiconductor devices, data storage, and pro- 
cessing devices, contrast agents in magnetic resonance 
imaging, new reinforced metal-nanofiber materials, and in 

Metal impregnation in the 
hollow interiors of the CNTs can be achieved in situ 
during CNT growth by incorporating the metals or metal 
precursors along with the carbon source. Although Fe, Co, 
Ni, Ti, Cu, and certain lanthanide and transition-metal 
carbides have been successfully trapped in CNTs using 

this method, harsh conditions such as high temperature 
or arc evaporation are usually required, and impurities 
could be produced as encapsulated carbon clusters and 
soot.[4241 Capillary drawing of low-melting metals into 
cavities of CNTs provides a simple approach for metal 
loading;[283451 however, CNTs are not wetted by liquids 
with surface tensions higher than 10&200 mN m-', 
thereby excluding most metals and other elements in the 
periodic table.[461 The most promising and flexible 
approach to metal loading is then to deposit metals into 
the cavities or onto the external walls of CNTs through a 
chemical reaction such as CVD or wet chemical 
proCeSS.[l 3,15,26,29-32,35,36,47-551 However, by virtue of 
the small inner diameter and the extremely high aspect 
ratio of CNTs, this approach requires high temperatures 
or extensive reaction times for filling metals into the inner 
cavities of CNTs, and, consequently, the percentage of 
filled CNTs often is low. The CVD procedure may suffer 
from the limited volatility of metal precursors and the 
resulting low-vapor-phase concentration and mass-trans- 
fer-limited reactions, in addition to the high temperature 
for the decomposition or reduction of metal precursors. In 
the case of wet chemical procedures, a hindrance could be 
the slow process for concentrating and impregnating 
reactants into the cavity of CNTs. As the pristine surface 
of the CNTs is rather inert and poorly hydrophilic, this 
approach also results in unsatisfactory adhesion and 
coverage control of metal nanoparticles coated onto the 
outer walls of CNTs, and metal agglomeration into fewer 
larger particles as For most of the catalytic 
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applications, catalyst particles loaded on the exterior of the 
CNTs are preferred because they are more accessible to 
the reactant molecules than those encapsulated inside the 
internal channels. In order to obtain a specific nucleation 
of metals on the outer surface with good adhesion and 
control, functionalization of CNTs before metal deposition 
is required and can be accomplished by chemical treat- 
ments using a myriad of oxidants, such as HN03, KMn04, 
0s04 ,  HN03/H2S04, and Ru04 to generate -COOH, -OH, 
and other functional groups on the external walls of 
~ ~ ~ ~ . [ 1 5 . 3 1 , 3 2 , 3 6 , 5 5 , 5 6 ]  Also, one-step or two-step sensitiza- 

tion-activation methods have been used for introducing 
catalytic nuclei (often Pd-Sn alloys or Pd nuclei) to the 
otherwise noncatalytic CNT surface to achieve a better 
metal loading through electroless deposition.["-301 How- 
ever, the known wet chemical processes usually involve 
tedious and time-consuming treatment of CNTs and 
generate aqueous wastes. 

Considerable efforts have also been spent to the 
modification of NWs to produce hybrid nanocomposites, 
in which NWs were decorated with nanoparticles, or 
sheathed by thin films, shells, and molecular layers, and 
most methods for modifying are s ~ l u t i o n - b a s e d . " ~ - ~ ~ ~  

Based on hydrogen reduction of metal-gdiketone 
complexes in supercritical C02, we have developed a 
rapid, direct, and clean approach for the modification of 
MWCNTs and NWs to achieve nanocomposites as 
follows: metal nanowires or nanorods sheathed within 
MWCNT templates, MWCNTs decorated with catalytic 
metal nanoparticles, NWs decorated with metal nanocrys- 
tals, spherical aggregations of metal nanocrystals strung 
up by NWs, NWs wrapped by metallic shells, and 
"mesoporous" metals supported by the framework of 
NwS.[57-591 

HYDROGEN REDUCTION OF METAL+ 
DIKETONE COMPLEXES IN ScC02 

Hydrogen reduction of metal precursors such as metal-p- 
diketone complexes in scC02 has proven to be one of 
the most successful approaches for synthesizing steri- 
cally stabilized metal n a n o ~ r ~ s t a l s . [ ~ ~ ' ~ ~ '  ScC02 reac- 
tions and particle nucleation occur in the presence of 
organic capping ligands, which bind to the surface of 
the agglomerates to form monolayers and quench fur- 
ther growth, providing size control and nanocrystal 
stabilization. Moreover, the steric stabilization of nano- 
crystals in scC02 varies with the tunable density and 
solvation power of scC02, enabling reversible stabiliza- 
tion and destabilization of colloidal dispersion, which 
could improve many aspects of nanocrystal processing, 

COZ + H2 Mixer 

Oven 

Fig. 1 Schematic drawing of the experimental apparatus. 

such as size-selective separation, synthesis, and self- 
assembly. Robust, highly crystallized, relatively size- 
monodisperse, and sterically stabilized silver, iridium, 
and platinum nanocrystals ranging in diameter from 20 
to 120 A were synthsized in scCO2 by reducing metal-p- 
diketone complexes with H2 in the presence of fluori- 
nated thiol ligands. 

Hydrogen reduction of metal-bdiketone complexes in 
scC02 has also been demonstrated as an effective 
method to deposit metal films into high-aspect-ratio 
structures of inorganic and polymer substrates as well as 
into mesoporous Herein a metal-B-diketone 
complex is dissolved into scC02 and a heated substrate 
(or mesoporous solid) is exposed to the solution. Hz is 
then mixed into the solution and initiates a chemical 
reaction involving the precursor, thereby yielding metal 
films onto the substrate. 

Likewise, hydrogen reduction of metal-P-diketone 
complexes in scC02 can be applied to the modification 
of MWCNTs and NWs using a typical experimental set- 
up shown in Fig. 1 .[57-591 The MWCNTs have diameters 
of about 20-30 nm and lengths of about 2-3 pm. Two 
types of NWs, SO2,  and S i c  NWs, 40 to 110 nm in 
diameter, several tens of micrometers in length, and 
randomly oriented on silicon substrates, were subjected to 
modification. MWCNTs, Si02, or S i c  NWs on silicon 
substrates were loaded in a 3.47-mL high-pressure 
stainless steel reactor along with a metal-&diketone 
complex. Following precursor loading, valve V1 was 
closed while valves V2, V3, and V4 were opened and H, at 
3 atm was allowed to flow through the reactor for 5 min to 
expel the air inside. Valves V2, V3, and V4 were then 
closed, and V I  was opened to charge the H2-C02 mixer 
with 80 atm of CO,. After mixing of Hz and C02,  valve V3 
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Fig. 2 TEM images of metal nanowires or nanorods im- 
pregnated in MWCNT templates. (a,b) Paladium. (c) Nickel. 
(d) Copper. (From Ref. [57].) 

was opened forcing the mixture into the reactor. Valves V I 

and Vj were then closed for the dissolution of the 
precursor in the C 0 2  solution. To ensure complete 
dissolution, the reactor was left undisturbed for 30 min. 
After that, the reactor was heated gradually to the desired 
temperature and kept at this constant temperature for 5- 
10 min. After the reaction, the reactor was cooled to 35°C 
and vented slowly by opening V4. Neat C 0 2  flow was used 
to flush the reactor twice to remove the possible unreacted 

species and by-products. The reactor was then opened to 
recover the modified MWCNTs or NWs. 

METAL NANOWIRES AND NANORODS 
SHEATHED WITHIN MWCNTS 

Unfunctionalized MWCNTs were used as the templates 
for confining and directing the growth of metal nanowires 
and nanorods caused by the hydrogen reduction of metal- 
0-diketone complexes in scC02. The metal-gdiketone 
complexes used were M(hfa)2.xH20 (M=Pd, Ni, and Cu; 
hfa=hexafluoroacetylacetonate), and the temperatures of 
hydrogen reduction were 80-150°C, 250°C, and 250°C 
for filling paladium, nickel, and copper into MWCNTs, 
respectively. Transmission electron microscopy (TEM) 
observation of many different views of the product 
revealed several forms of foreign materials inside the 
MWCNTs. The amount of filled MWCNT out of the total 
number of nanotubes is estimated at about 10%. Fig. 2a 
and b shows the TEM images of nanowires or nanorods 
sheathed within carbon nanotubes. The nanowires are 7-9 
nm in diameter and can be more than 200 nm in full 
length. The diameter of nanowires corresponds to the 
inner diameter of the MWCNTs and varies along the wires 
due to the fluctuation in the MWCNT diameter. The 
nanowires can be straight or curved, depending upon the 
curvature of the CNT wrapping. Fig. 2b also shows 
several segments of nanowires or nanorods that have been 
filled into the MWCNT. A typical energy dispersive X-ray 
spectrum (EDS) conducted on an individual nanowire or 
nanorod in the TEM is shown as an inset in Fig. 2b. It 
confirms that the nanowires and nanorods were made 
purely of palladium. Similarly, nanowires and nanorods 
of nickel or copper can also be developed within the 

Fig. 3 (a) HRTEM images of a Pd nanorod sheathed within a MWCNT, revealing that the Pd nanorod is crystalline with a fcc 
structure, (b) enlarged section of (a) showing that the imaging zone axis is [I 101. (From Ref. [57].) 
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channels of MWCNT templates, as shown in Fig. 2c 
and d. 

Fig. 3a shows a high-resolution transmission electron 
microscopy (HRTEM) image of a Pd nanorod sheathed by 
a MWCNT, revealing that the Pd nanorod is composed of 
segments of single crystals. The region marked by a 
dashed square in Fig. 3a was further enlarged and is 
shown in Fig. 3b. Fourier transform and Fourier filtered 
HRTEM image are shown as insets in Fig. 3b. The 
HRTEM image processing indicates that this segment of 
Pd nanorod possesses the face centered cubic (fcc) 
structure with a measured lattice constant of 0.38 nm, 
which is comparable with the reported lattice constant of 
0.3887 nm. 

Similar to CVD and some wet chemical processes for 
MWCNT decoration, nucleation of metals as nanoparticles 
on the outside of MWCNTs occurred unavoidably in 
supercritical C02 along with metal filling. As has been 
reported, the defects in the MWCNT structure can provide 
favored sites for nucleation and growth of particles. 
Therefore besides the pure nanowire (or nanorod)/ 
MWCNT composites, nanowire(or nanorode)NWCNTl 
nanoparticle composites are also observed. As shown in 
Fig. 3a, a couple of palladium nanoparticles were attached 
to the exterior surface of the MWCNT sheathing the 
nanowire. Based on our experiment, we can somehow 

adjust the outside or inside loading preference of a metal 
by functionalization of MWCNTs. Metal deposition 
occurs only on the external walls of functionalized 
MWCNTs. 

MWCNTS DECORATED WITH CATALYTIC 
METAL NANOPARTICLES 

Functionalization of MWCNTs 

The functionalization of MWCNTs was performed by 
dispersing and refluxing 0.5 g of MWCNTs in 40 mL of 
concentrated H2S04-HN03 mixture (1:l vlv ratio) for 
6 hr to form a dark-brown suspension. The reaction 
mixture was then diluted with distilled water to 200 mL 
and stirred for several hours, cooled down to room 
temperature, and filtered. The recovered black solid was 
washed several times with distilled water and finally dried 
at room temperature in vacuum. Previous X-ray photo- 
electron spectroscopy (XPS) and diffusion reflectance 
infrared Fourier transform (DRIFT) studies revealed 
that the surfaces of functionalized MWCNTs become 
covered with carboxylic (-COOH), Carbonyl (>C=O), 
and hydroxyl (-COH) gro~ps'31332.681 These func- 
tional groups have been demonstrated to provide favorite 

Fig. 4 TEM images and EDX spectroscopy of MWCNTs decorated with Pd nanoparticles after hydrogen reduction of (A) 10 mg, 
(C) 20 mg, (D) 30 mg and (E) 50 mg Pd(hfa)2. (From Ref. [%I.) 
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Fig. 5 (A) TEM and (B) HRTEM images of MWCNTs decorated with Rh nanoparticles. 

nucleation sites for metal nanoparticle growth and to sta- 
bilize the nanoparticles by increasing the nanoparticle- 
CNT interaction. 

Functionalized MWCNTs Decorated with 
Catalytic Palladium Nanoparticles 

Modification of 10 mg of functionalized MWCNTs was 
carried out through hydrogen reduction of Pd(hfa)2 .xH20 
at 80°C. A bright field TEM micrograph of the MWCNTs 
after scC02 deposition using 10 mg of Pd(hfa)2.xH20 is 
shown in Fig. 4A. Well-dispersed, spherical particles were 
anchored onto the external walls of MWCNTs, and the 
size range of these particles was about 5-10 nm. A 
selected area electron diffraction (SAED) pattern on a 
nanoparticle is shown as an inset in Fig. 4A, and the bright 
rings with occasional bright spots signify the crystalline 
nature of the nanoparticle. EDS examination confirmed 
the presence of Pd in the nanoparticles decorating 
MWCNTs (Fig. 4B). For comparison, a commercial Pd 
on activated carbon catalyst sample was also examined by 
TEM, and the results showed numerous very large Pd 
particles irregularly distributed on carbon surfaces. The 
MWCNT appears to provide a unique template for 
decoration of nanometer-sized Pd metal particles on the 
carbon surfaces. By increasing the amount of Pd(hfa)2 
precursor, the loading density of Pd nanoparticles on the 
outer walls of CNTs can be increased (Fig. 4C to E). 

Functionalized MWCNTs Decorated with 
Catalytic Rhodium Nanoparticles 

R h ( a c a ~ ) ~ . x H ~ O  (acac=acetylacetonate) was used as the 
metal precursor in the hydrogen reduction reaction for 
loading Rh nanoparticles onto functionalized MWCNTs. 
The adopted temperature for the reduction was 250°C. A 

representative TEM image of MWCNTs decorated with 
Rh nanoparticles is displayed in Fig. 5A. A high and 
homogeneous dispersion of nanoparticles with a uniform 
distribution of particle sizes centered around 3-5 nm can 
be distinguished. The nanoparticles are comparable in 
size to the diameter of MWCNTs and are crystalline in 
nature as indicated by the SAED pattern given as an 
inset in Fig. 5A. The HRTEM image shown in Fig. 5B 
verifies that Rh nanoparticles are crystallites with visible 
lattice fringes. 

Functionalized MWCNTs Decorated with 
Catalytic Ruthenium Nanoparticles 

Decoration of Ru nanoparticles onto functionalized 
MWCNTs was performed by using Ru(acach .xH20 as 
the metal precursor for hydrogen reduction at 250°C. 
Fig. 6 presents the TEM images of highly dispersed Ru 
nanoparticles attached on MWCNTs. with very tiny 
diameters around 1 nm and a uniform distribution 
throughout the full length of MWCNTs. The SAED 
pattern exhibits a set of diffraction rings from Ru metal. 
The diffraction did not appear as clear spots, but as 
concentric rings, each of which consists of a large number 
of very small spots, suggesting that the nanoparticles are 
composed of many fine crystallites. EDS spectrum of the 
nanocomposite shows emission from Ru, indicating the 
chemical identity of nanoparticles as Ru containing. 

Chemical States of Metal Nanoparticles 
Decorated onto Functionalized MWCNTs 

The chemical composition of the nanoparticles deposited 
onto functionalized MWCNTs was analyzed by XPS. 
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Fig. 6 TEM image of highly dispersed Ru nanoparticles 
attached on MWCNTs. 

Survey XPS spectra of the decorated MWCNTs provide 
results similar to those from EDS. In addition to peaks of 
C, 0, and Si resulting from the MWCNTs and background 
(MWCNTs were dispersed onto silicon substrates for XPS 
analysis), each survey XPS spectrum shows strong peaks 
of Pd, Rh, or Ru. No other heterolement including fluorine 
was detected, implying no byproducts or unreacted 
precursors are present in the nanocomposites. 

The states of MWCNT-supported palladium, rhodium, 
and ruthenium nanoparticles can be more clearly identi- 
fied through high-resolution XPS analysis. A typical high- 
resolution Pd3, XPS spectrum of the Pd-decorated 
MWCNTs is shown in Fig. 7A. The binding energies, 
335.3 eV for Pd3d5/2 peak and 340.6 eV for Pd3d312 peak, 
are in accordance with those reported for ~ d ~ . ' ~ ' ]  
Furthermore, the peaks are asymmetric, having a line 
shape typical of metallic ~ d . [ ~ "  All these imply that the 
palladium in the nanoparticles is zero-valent. No signif- 
icant changes were observed in the binding energies or 
intensities of the XPS core levels after exposing the 
palladium-decorated MWCNTs to air for 1 month, which 
demonstrates the stability of the palladium nanoparticles. 

Fig. 7B displays the high-resolution Rh3d core level 
XPS spectrum of MWCNTs coated with Rh nanopaticles. 
The spectrum shows a low-energy band Rh3d5/2 at 307.3 
eV, and a high-energy band Rh3d3/2 centering at 312.1 eV. 
As the Rh3d5/2 and Rh3d3/2 peaks for rhodium metal lie 
at 307.2 and 312.0 eV, respectively,[6" this indicates that 
Rh is also in the zero-valent state in Rh nanoparticle- 
MWCNT composites. 

For MWCNTs decorated with ruthenium nanoparti- 
cles, the high-resolution R u ~ ~  XPS spectrum has been 
obscured by the CIS spectrum. The deconvoluted spectrum 
shown in Fig. 7C gives broad bands that can be curve-fitted 
into two pairs of Ru3, peaks, therefore two chemically 

350 345 340 335 
Binding Energy (eV) 

322 318 314 310 306 
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290 288 286 284 282 280 278 
Binding Energy (eV) 

Fig. 7 High-resolution (A) Pd3,, (B) Rh3d, and (C) R u ~ ~  XPS 
spectra of MWCNTs decorated with Pd, Rh, or Ru nanoparti- 
cles. (View this art in color at www.dekker.com.) 
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different Ru entities can be identified: the dominant pair 
with a R u ~ ~ ~ , ~  peak at 279.8 eV corresponds well with the 
3d512 and 3d312 lines of element RU', indicating that the 
majority of ruthenium loaded on MWCNTs is present as 
metallic Ru; the minor pair showing a R u ~ ~ ~ / ~  peak at 
280.8 eV can be assigned to Ru oxides. The presence of 
Ru oxides is responsible for the strong interaction 
between highly dispersed Ru nanoparticles and oxygen- 
containing groups on the functionalized MWCNTs and 
could also be resulted from the slight oxidation of Ru 
nanoparticles upon exposure of samples to ambient air. 

Promising Applications of the Metal-MWCNT 
Nanocomposites in Catalysis 

Chemistry in ecologically benign solvents is of increasing 
interest in recent years. Most solvents used in organic 
syntheses for heterogeneous or homogeneous catalysis are 
coming under close scrutiny because of their toxicity and 
waste generation. There is a great push in industry today 
to replace these solvents with environmentally friendly 
solvents such as liquid or supercritical C02. We have 
recently reported that palladium nanoparticles dispersed 
by a water-in-C02 microemulsion are very effective 
catalysts for hydrogenation of a number of ole fin^.[^^] 
However, separation of products from the surfactants and 
reuse of the catalyst are potential technical difficulties 
associated with the microemulsion technique. Devel- 
oping effective heterogeneous catalysts that can be reused 
for chemical synthesis in liquid or supercritical C02 is 
currently of great interest to the chemical industry. The 
Pd nanoparticle-MWCNT composite may provide an 
effective catalyst for chemical synthesis in a green solvent 
that allows easy separation of products and minimizes 
waste solvent generation. 

The catalytic capability of the Pd-MWCNT composite 
was tested for hydrogenation of a C02-soluble olefin 
trans-stilbene in liquid C02: 

In this test, stilbene was dissolved in a mixture of 5 atm 
H2 and 100 atm of C02 to make a 0.033 m o m  solution. 
The solution was pumped into a 6.94-mL stainless steel 
vessel loaded with 5 mg of the Pd-MWCNT composite 
(reported in Fig. 4C) at room temperature (23°C). 
Ultrasonication was applied to the vessel for 10 sec to 
disperse the catalyst. The product was trapped in CDC13 at 
different times and analyzed by proton NMR (Bruker, 

AMX 300). According to our NMR results, conversion of 
stilbene to 1,2-diphenylethane was about 80% and 96% 
after 5 and 10 min of reaction, respectively. 

A number of noble metal-carbon fiber or metal 
porphyrin-graphite composites have been demonstrated 
to catalyze electrochemical reactions significantly.['33717721 
The Pd-MWCNT nanocomposite was also tested for its 
electrocatalytic activity in oxygen reduction that is 
important in fuel cell applications. For comparison, 
graphite powder, MWCNTs, and Pd-MWCNT (Fig. 4C) 
were mixed individually with mineral oil to make three 
different carbon paste working electrodes. Cyclic voltam- 
metry measurements were conducted at room temperature 
in a three-compartment electrochemical cell. The electro- 
lyte was 1.0 M H2SO4 saturated with oxygen. The 
potential was cycled between +0.60 and -0.10 V at 40 
mV1sec. As shown in Fig. 8, essentially no 0 2  reduction 
was observed over the potential window for the carbon 
paste electrodes of bare MWCNT and graphite powder. In 
contrast, for the Pd-MWCNT electrode. a very large 0 2  

reduction wave was observed at potentials characteristic 
for Pd electrocatalysis. The enhancement of the cathodic 
current indicates a high electrocatalytic activity of the 
Pd-MWCNT electrode for the reduction of oxygen. 

The highly dispersed Rh and Ru nanoparticles on 
MWCNTs are also expected to be potential catalysts for a 
variety of  reaction^.[^^'^^] As a catalyst for the hydroge- 
nation of trans-cinnamaldehyde and the hydroformylation 
of hex-1-ene in the liquid phase, Rh-supported MWCNTs 
were found to be very selective toward C=C double-bond 
hydrogenation and the production of linear and branched 
aldehydes, respectively.[731 However, Ru nanoparticles 
anchoring on MWCNTs showed an unexpected increase 
in selectivity (up to 92%) for cinnamyl alcohol in liquid- 
phase hydrogenation of ~ innamaldeh~de . '~~ '  

0.70 0.M) 0.50 0.40 0.30 0.20 0.10 0 -0.10 -0.20 
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Fig. 8 Cyclic voltammograms of oxygen reduction in 1.0 M 
&So4. (From Ref. [%I.) 
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Fig. 9 SEM images of SiOz NWs after copper deposition from supercritical C02 solutions of (A) 2.0 x lop3 (B) 2.7 x molL 
Cu(hfa)*. (From Ref. [59] .) 

METAL-NW NANOCOMPOSITES 

Metal-Si02 NW Composites 

Modification of SiOz NWs was performed by hydrogen 
reduction of C ~ ( h f a ) ~ . x H ~ O  in scC02 at 250°C and 
80°C, respectively. Typical SEM images of Si02 NWs 
after copper deposition are shown in Fig. 9, and three 
types of nanostructures are clearly visible. When a lower 
precursor concentration (2.0 x lop3  mol/L) was used in 
the experiment, discrete Cu nanoparticles were found to 
randomly anchor to the Si02 NWs (inset of Fig. 9A). As 
the concentration of the precursor increased to 
2.7 x mol/L, the NWs became thicker after coating, 
wrapped by shells of densely packed Cu nanoparticles. 
The average outside diameter of the wire-shell composite 
structures can be up to 400 nm, indicating that the shells 
were composed of multilayers of Cu nanoparticles. The 
rough surfaces of the composites suggested that the 
copper coating was polycrystalline. We believe that 
the Cu nanoparticles were nucleated in the SCF medium 
and then deposited onto the Si02 NW surfaces to form 

the coated layer. Noticeable from the SEM images is 
also the aggregation of the Cu nanocrystals to form 
larger structures, most of which were sphere-like and 
"strung" up by the NWs. The inset in Fig. 9A shows a 
TEM image of a nanoparticle-decorated NW. Cu 
nanoparticles with different sizes, ranging from several 
to 50 nm in diameter, strung onto the Si02 NWs. 

Metal Alloy-Sic NW Composites 

In principle, a number of metal precursors can be used as 
starting materials as long as they are soluble in C02, and 
metals other than palladium and copper, or metal alloys 
can be coated on the Si02 NWs to form nanocomposites. 
Furthermore, NWs suitable for the SCF fabrication 
process are not limited to Si02. Such hydrogen reduction 
of metal precursors in supercritical C 0 2  may provide a 
general and clean process to modify NWs with metallic 
nanoparticles. Fig. 10 describes Cu-Pd alloy nanoparticles 
attached to S i c  NWs through hydrogen reduction of a 
mixture of C ~ ( h f a ) ~ . x H ~ O  (95%) and Pd(hfa)2.xH20 

Fig. 10 Cu-Pd-Sic nanocomposites. (a) SEM image of Cu-Pd nanocrystals supported by Sic NWs, (b) EDS of the nanocomposites. 
(View this art in color at www.dekker.com,) 
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(5%) in scC02 at 80°C. Some aggregated balls of metals 
are also observed. 

CONCLUSION 

SCF approach is a novel and emerging technology to 
generate nanomaterials in small areas, high-aspect-ratio 
structures, complicated surfaces, and poorly wettable 
substrates with high uniformity, high homogeneity, and 
minimum environmental problems. 

Through hydrogen reduction of metal-p-diketone com- 
plexes in supercritical COz, a rapid, convenient, and 
environmentally benign approach has been developed to 
synthesize a variety of nanostructured materials: 1) metal 
(Pd, Ni, and Cu) NWs and nanorods sheathed within 
MWCNT templates; 2) nanoparticles of palladium, rho- 
dium, and ruthenium decorated onto functionalized 
MWCNTs. These highly dispersed nanoparticles are 
expected to exhibit promising catalytic properties for a 
variety of chemical or electrochemical reactions; 3) Cu or 
Cu-Pd nanocrystals deposited onto Si02 or S ic  NWs. 
Different types of nanostructures were achieved, including 
nanocrystal-NW, spherical aggregation-NW, shell-NW 
composites, and "mesoporous" metals supported by the 
framework of NWs. 
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INTRODUCTION 

The mass-strength ratio is of exceptional importance for 
different applications. Critical parts of various moving 
vehicles from satellites to aircrafts to cars depend on 
strength and toughness of the materials they are made of, 
while strict limitations on the weight of the different 
components are placed by the launch technology. Single- 
walled carbon nanotubes (SWNT) present significant 
potential as the basic material for space applications. The 
exceptional mechanical properties of SWNTS[ '~]  have 
prompted intensive studies of their composites. These 
qualities can also be used in a variety of other technol- 
ogies from automotive to military and medical. However, 
the present composites have shown only a moderate 
strength enhancement when compared to other hybrid 
 material^.'^-^' Although substantial advances have been 
made,'lO' the mechanical characteristics of SWNT-doped 
polymers are noticeably below their highly anticipated 
potential. Pristine SWNTs are well known for poor 
solubilization, which leads to phase segregation of 
composites. Severe structural inhomogeneities result in 
the premature failure of the hybrid SWNT-polymer 
materials. The connectivity with and uniform distribution 
within the matrix are essential structural requirements for 
the strong SWNT composites.r1 '-I3' Here we show that a 
new processing approach based on sequential layering of 
chemically modified nanotubes and polyelectrolytes can 

greatly diminish the phase segregation and render SWNT 
composite highly homogeneous. Combined with chemical 
cross-linking, this processing leads to drastically im- 
proved mechanical properties. The tensile strength of the 
composites is several times higher than that of SWNT 
composites made via mixing; it approaches values seen 
for hard ceramics. The universality of the layering 
approach applicable to a wide range of functional 
materials makes possible successful incorporation of 
SWNT into a variety of composites, imparting them 
required mechanical properties. 

The thin-film membranes that are obtained as a result 
of the layer-by-layer process can be used as an interme- 
diate or as a component of ultrastrong laminates. At the 
same time, the prepared membranes can also be utilized in 
the as-prepared form for space and biomedical technol- 
ogies because of the combined strength and multiple 
functionalities of the SWNT membranes. 

RESULTS AND DISCUSSION 

Single-walled carbon nanotube composites are typically 
prepared by blending, in situ polymerization, and extru- 
sion. After extensive surface modification, such as 
grafting or polymer wrapping,"2-141 the phase segregation 
from a macromolecular matrix is smaller than for pristine 
SWNT, but still remains high owing to vastly different 
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molecular mobilities of both components. Very intense 
research on appropriate surface modification of SWNT is 
currently under way in many groups around the world. 
Nevertheless, most common loadings of nanotubes in the 
polymer matrix are within the 1-15 wt.% range, whereas 
more than 50% of the SWNT content is needed for 
materials with special mechanical performance without 
compromising the homogeneity of the composite at the 
nanometer level. This high loading of the nanotubes is 
particularly important when both electrical and mechan- 
ical qualities of the nanotubes are going to be utilized. 

The phase segregation between dissimilar materials 
can be circumvented by applying a new deposition tech- 
nique often called layer-by-layer assembly (LBL)."~] It is 
based on the alternating adsorption of monolayers of 
individual components attracted to each other by electro- 
static and van der Waals interactions and can be carried 
out with a variety of polyelectrolytes and other com- 
pounds with high molecular weight. The immobilization 
of the macromolecular compounds and strong interdigi- 
tation of the nanometer-thick film allows for the close-to- 
perfect molecular blending of the 

The SWNT-polyelectrolyte composites produced in 
this study were assembled onto a solid support via 
alternate dipping of a solid substrate (glass slides, Si 
wafers) into dispersions of SWNT and polyelectrolyte 
 solution^.['^-^^^ The individual assembly steps, i.e., 
adsorption of SWNT and polyelectrolyte monolayers, 
were interlaced by rinsing steps to remove the excess of 
assembling materials. When the LBL procedure was 
complete, the multilayer films were lifted off the substrate 
to obtain uniform freestanding membranes, which can be 
handled as regular composites.[211 Such films make 
possible straightforward testing of their mechanical 
properties. It is important to note that large-area mem- 
branes for space telescopes and similar applications can 
similarly be made by deposition on the substrates of 
appropriate size. 

Single-walled carbon nanotubes were produced by 
laser ablation and subsequently purified via acid treat- 
ment. They were manufactured by laser vaporization of 
carbon rods doped with Co, Ni, and FeS in an atmosphere 
of Ar:H2. It needs to be pointed out that the standard 
SWNT products made by HiPCO and other methods 
contain significant amount of sooth, graphite flakes, and 
remnants of the catalyst, which need to be removed before 
the assembly. The quality of the dispersion directly affects 
the mechanical performance of the resulting composite. 

A suspension of SWNT raw material was refluxed in 
65% HN03 and subsequently purified by centrifugation. 
Supplemented by sonication, this treatment results in the 
partial oxidation of ca. 5% of the total number of carbon 
atoms both in caps and walls of SWNT. '~~]  A similar type 
of dispersion can also be made following other methods, 
such as polymer wrapping the nanotubes and chemical 

derivatization. Optimization of the aqueous nanotube 
dispersions should be considered as one of the most 
critical direction of the optimization of the carbon 
nanotube composites and speed and quality of their 
processing in the composites. 

The presence of carboxylic acid groups affords the 
preparation of metastable SWNT dispersions after 1-min 
sonication in deionized water without any additional 
surfactant. Thus-prepared, negatively charged SWNT 
with a zeta potential of -0.08 V can be layer-by-layer 
assembled with positively charged polyelectrolyte, such 
as branched poly(ethy1eneimine) (PEI; Mw=70,000) 
(Fig. 1). Because the overall negative charge of the 
SWNT used here was fairly small, a layer of SWNT was 
replaced with a layer of poly(acry1ic acid) (PAA; 
Mw=450,000) after every fifth deposition cycle (Fig. 1). 
These additional layers improve the linearity of the 
deposition process and present a convenient chemical 
anchor for subsequent chemical modification. For the 
same reasons, a single PEVPAA bilayer was deposited on 
a bare glass or Si substrate before the SWNT assembly. 
The assembly conditions of the entire procedure (pH, 
ionic strength, concentrations, etc.) were optimized so that 
the dipping cycles can be repeated as many times as 
needed with linear growth of the multilayers (Fig. 2a). 
This enables the preparation of films with any desirable 
thickness and architecture tailored to different applica- 
tions. The ionic conditions of LBL assembly were the 
following: 1% solution of PEI at pH 8.5: 1% PAA at pH 6 
(pH 3 for wafer coating); SWNT at pH 6.8. All solutions 
were made in 18 MR deionized (DI) water without 
addition of any extra salt or other low molecular weight 
electrolyte. Deionized water was also used for rinsing at 
pH 8.5, adjusted by NaOH. Wafers and glass slides were 
cleaned in piranha solution, rinsed with DI water, 

I' 
COO- Hf Cl- 

/?\ 
H3C CH3 

poly(acrylic acid), PAA poly(dimethyldiallylammonium chloride), PDDA 

poly(styrenesu1fonate) sodium salt, PSS Branched poly(ethyleneimine), PEI-b 

Fig. 1 Common polyelectrolytes used for LBL process. 
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o 5 micron 

Fig. 2 Structural characterization of SWNT multilayers. (a) Sequential UV-vis spectra of a glass substrate in the course of the LBL 
deposition of SWNT. The spectra were taken for a total number of (PEIISWNT) bilayers indicated in the graph. (b) Raman scattering 
spectra of SWNT dispersion (I) ,  LBL film on a glass substrate (2), and freestanding film (3). (c) Tapping mode AFM image (DI, 
Multimode IIIA) of a Si wafer bearing (PEI/PAA)(PEVSWNT)s. (From Refs. [18,19].) 

sonicated for 15 min, and again thoroughly rinsed with DI 
water. After that, they were coated with a precursor layer: 
PEI (10 min)+PAA(15 min, pH 3), followed by the 
deposition of (PEYSWNT),. The layer sequence of (PEV 
PAA)(PEVSWNT), was repeated until the desirable 
thickness was obtained. Exposure times of 10 and 60 
min was used for polylectrolytes and SWNT baths, 
respectively .[183'91 

Multilayer stacks with a cumulative structure of [(PEII 
PAA)(PEI/SWNT),16 and [(PEI/PAA)(PEI/SWNT)5]8 
containing 30 and 40 (PEIISWNT) bilayers, respectively, 
were typically used in this study. 

We are currently investigating other methods of SWNT 
dispersion in water to avoid excessive damage to the 
SWNT wall, for example, wrapping the nanotubes with 
copolymers, which can work equally well on the SWNT 
and multiwalled carbon nanotubes (MWNT). For some 
applications, MWNTs can be the preferred materials 
because of their lower cost. 

Similarly to other polyelectrolyte LBL systems,[lsl a 
submonolayer of SWNT is deposited in each deposition 
cycle. The final morphology of the multilayers can be 
described as a mixture of individual carbon nanotubes and 
their 4-9-nm bundles intricately interwoven together in a 
fine fabric (Fig. 2c). Two important structural character- 
istics should be pointed out. Single-walled carbon nano- 
tubes uniformly cover the entire surface of the substrate 
without any evidence of phase separation. Also, the 
presence of oxidized flat graphite sheets and other forms 
of carbon colloids in our experiments was very small. Both 
these factors contributed to the mechanical properties of 
the composites. The quality of the nanotube material was 
also assessed by Raman spectroscopy. (Raman measure- 
ments were performed in a backscattering configuration 
with 50 mW of 514.5-nm laser light incident on the 
samples). The characteristic Raman peaks for SWNTs, 
e.g., the radial breathing mode at - 182 cm-' and the 
tangential C-C stretching modes located at 1560 cm- 

(GI mode) and - 1583 cm- ' (G2 mode), were very sharp 
and narrow, indicating the high uniformity of the SWNT 
and low level of impurities present in the films. A barely 
visible peak at - 1340 cmp'  (D mode) revealed the 
presence of residual amounts of disordered carbon 
structures. Using the correlation between the frequency 
of the radial breathing mode, v, and the SWNT diameter, d, 
expressed as d = 2 2 3 . 7 5 1 ~ , [ ~ ~ '  a value of d= 1.2 nm is 
obtained, which is in a good agreement with the SWNT 
diameters obtained from atomic force microscopy (AFM) 
images of many individual nanotubes. From these images, 
the length of the nanotubes was estimated to be 2-7 pm. 

Poly(ethy1eneimine) was utilized as the LBL partner of 
SWNT because of the terminal -NH2 and backbone -NH- 
groups in the main chain and branches suitable for the 
subsequent chemical modification of the composite.'241 
The PEI chains can be cross-linked I) with each other and 
2) with carboxyl groups on SWNT and PAA. Chemical 
stitching increases the connectivity of the polyelectrolyte 
matrix with SWNT, and therefore, the load transfer in the 
composite."" We used here the combination of both 
modification pathways. Partial covalent SWNT-PEI- 
PAA cross-linking was achieved by heating the films to 
130°C after the deposition of each layer, resulting in 
amide bonds between a variety of protonated and 
nonprotonated functional groups of PEI, PAA, and SWNT 
complementing the intrinsic ionic cross-linking of the 
LBL films.'251 Subsequently, the film was exposed to 
glutaraldehyde at room temperature. The sample 
was cross-linked in 0.5% glutardialdehyde solution in 
phosphonate buffer (0.054M Na2HP04, 0.013 M 
NaH2P04, pH 7.4) for 1 hr at room temperature. To 
remove unreacted glutardialdehyde, the film was rinsed 
with tap water for 3 x 10 min and then with DI water the 
same number of times. This reaction produces a tight 
network of polymeric chains and nanotubes connected by 
dialdehyde linkages. It was found that if only 1% of all 
carbon atoms of SWNT are chemically bonded to the 
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Fig. 3 Electron microscopy of the rupture region in SWNT multilayers. (a) Scanning electron microscopic image of the surface and 
broken edges of [(PEI/PAA)(PEI/SWNT),18. (b, C) Transmission electron microscopic images of ruptured areas of the freestanding 
films. The arrows indicate the likely stubs of the broken nanotube bundles. They were identified as such because 1) their diameters are 
both equal to that of the actual SWNT bundle bridging the gap and 2) their mutual positioning presents a virtually perfect match with the 
expected location of the ends of a bundle broken during gap opening. 

polymer matrix, such cross-linking drastically increases 
the sheer between them by an order of magnitude."31 
Therefore a 5% density of -COOH groups on the SWNT 
surface cited above should be sufficient to obtain good 
connectivity with the polyelectrolyte matrix. Note that 
these groups are not completely utilized at the moment 
because of the relatively low temperature of the amide 
bond cross-linking step. 

The mechanical properties of the LBL-assembled 
SWNT thin films were studied in their freestanding form 
prepared by the chemical delamination from the sub- 
strate.[211 Multilayers of SWNT were separated from the 
silicon wafers by immersion into 0.5% aqueous HF for 
3 min The Raman scattering spectrum of the separated 
film is almost identical to that of the supported film and 
original nanotubes (Fig. 2b), demonstrating that the 
structure of SWNT remains mostly unaltered during 
cross-linking and delamination. The breathing mode 
frequency shifts from 185 cm-' in the assembled film 
to 182 cm-' in the cross-linked, self-standing films, 
indicating a small expansion of the tube  diameter^.^'^^'^' 

The delaminated thin films (Fig. 3a) can be easily 
handled in a variety of ways. They can be made of any 
desirable size or shape determined only by the dimensions 
of the substrate. The films that we routinely prepare in this 
study were ca. 1 x 3 cm. Assemblies with a structure of 
[(PEI/PAA)(PEI/SWNT)5]6 and [(PEI/PAA)(PEI/ 
SWNT)5]8 displayed an SWNT content of 50+5 wt.% 
as calculated from carbon and nitrogen energy-dispersive 
X-ray analysis (EDAX) peak integrals. Previously 
reported composites made with modified SWNT revealed 
strong inhomogeneities even at SWNT loadings as low as 
6-8%.r8791 The cross-sectional image of the freestanding 
film (Fig. 4a,b) clearly demonstrates the absence of 
micron-scale inhomogeneities although the occasional 
inclusion of round 30-60 nm particles can be seen (possibly 
dust). The slight variations in the gray-scale contrast 
between different strata show the actual variations in 
SWNT distribution within the sample. They originate 

from small deviations in SWNT adsorption conditions, 
such as dispersion concentration and pH, during the 
buildup procedure. In scanning electron microscopy 
(SEM) (Fig. 3a), the surface of the sample also appears 
smooth and continuous. Typically, the separation of 
single-walled or multiwalled carbon nanotubes and their 
bundles in mixed polymer composites can be observed as 
whiskers clearly visible in transmission electron micros- 
copy (TEM) and SEM images.[4,261 The TEM examina- 
tion of the initial stages of rupturing showed that virtually 
no fiber pullout occurs in the LBL multilayers (Fig. 3b). 
This can be contrasted by extensive nanotube pullout 
reported before by several gro~ps.[4,261 For many TEM 
images obtained in different areas of the self-standing 
films, we were able to observe only one SWNT bundle 
bridging the break region (Fig. 3c). The same image also 
shows two broken carbon fiber stubs embedded in the 
walls of the crack (marked by arrows in Fig. 3c). In total, 
the microscopy results indicate the efficient load transfer 
in the LBL composite. Similar films are currently 
prepared from the multiwalled carbon nanotubes utilizing 
the polymer wrapping (Fig. 5). 

Fig. 4 Transmission electron microscopic examination of the 
homogeneity of the SWNT LBL film. Survey (a) and close-up 
(b) TEM images of SWNT film cross sections. The top and 
bottom sides of the film are slightly different in roughness: The 
one that was adjacent to the flat substrate is smoother than the 
"growth" surface of the film. (From Refs. [18,19].) 
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Fig. 5 Optical photograph of the free-standing LBL films 
made from multiwalled carbon nanotubes. (View this art in color 
at www.dekker.com.) 

The mechanical properties of the layered composites 
were tested on a custom-made thin-film, tensile-strength 
tester (McAllister Inc.) recording the displacement and 
applied force by using pieces cut from [(PEVPAA)(PEI/ 
SWNT)& and [(PEI/PAA)(PEI/SWNT)5]8 freestanding 
films. The tester was calibrated on similar pieces made 
from cellulose acetate membranes and Nylon threads. 
[(PEI/PAA)(PEIlSWNT),1, and [(PEI/PAA)(PEI/ 
SWNT)5]8 samples had an average TEM thickness of 
0.75 and 1.0 pm, respectively. Their typical stress (o) vs. 
strain ( 8 )  curves differed quite markedly from stretching 
curves previously seen for SWNT composites"01 and for 
LBL films solely made from polyelectrolytes, (PEII 
PAA)40. obtained by the same assembly procedure 
(Fig. 6b). They displayed a characteristic wave-like 
pattern, gradual increase of d o l d ~  derivative, and the 
complete absence of the plateau region for high strains 
corresponding to plastic deformations (Fig. 6a). The latter 
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Fig. 6 Typical tensile-strength curves of the SWNT LBL films. 
Stress-strain dependence for (a) [(PEUPAA)(PEYSWNT)5]8 and 
(b) a similar free-standing multilayer film solely made from 
polyelectrolytes. The dependence of the mechanical properties 
of the cross-linked LBL composites on humidity was tested in 
the range of relative humidity of 30-100%. T=298"C, and was 
found to be negligible. (From Refs. [18,19].) 

Fig. 7 Atomic force microscopy of rarified PDDA films. (A) 
Overview of adsorbed PDDA molecules (2 x 2 pm, mica). (B) 
Cluster of PDDA molecules (360 x 230 nm, Si wafer). (C) Fully 
extended PDDA chain (350x 170 nm). (D) Partially coiled 
PDDA chain (160 x 80 nm, mica). (E) Typical highly coiled 
conformation of PDDA chain (100 x 110 nm). (From Ref. [29].) 

correlates well with the enhanced connectivity of SWNT 
with the polymer matrix (Fig. 3). Other mentioned 
stretching features indicate the reorganization of the 
layered composite under stress. A process similar to the 
sequential breakage of cross-linked parts of coiled 
molecules (see AFM image in Fig. 2) observed in natural 
nanocomposites, such as seashells and 
is likely to be responsible for the wave-like pattern and 
the increase of the stretching curve slope. This statement 
can be substantiated by the AFM investigation of the sin- 
gle molecules of a polyelectrolyte adsorbed to the sub- 
strate (Fig. 7). Atomic force microscopy images of poly- 
(diallydimethylammonium) chloride (PDDA) (Fig. 7) 
polycation adsorbed to silicates revealed the actual con- 
formation of macromolecules at the organic-inorganic 
interface. Similarly to PEI, this polyelectrolyte has a 
positive charge when adsorbed to silica or glass. Coiling 
of PEl is expected to be even stronger than that of PDDA 
because the latter has intrinsically strong propensity to 
form a rod-like structure because of its greater charge. The 
intentionally rarified submonolayers of polycation were 
made from 2 x lop7  wt.% solutions to resolve single 
chains (Fig. 7A). These are intricately entangled to form a 
continuous film at higher concentrations. Adsorbed 
polyelectrolyte were found to be present in the film in 
different conformational states: extended (Fig. 7C), 
partially coiled (Fig. 7D), and tightly coiled (Fig. 7E). 
The length of the macromolecules in extended conforma- 
tion, 350-400 nm (Fig. 7C), coincides with that expected 
for poly(diallydimethylammonium) chloride with Mw= 
200,000. As can be seen from Fig. 7A, most of the 
molecules (>75%) are present in the tightly coiled con- 
formation. Moreover, the AFM examination of the clusters 
of the macromolecules molecules (Fig. 7B) demonstrates 
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that this is apparently the preferential conformation of the 
polyelectrolyte in densely packed films made at higher 
concentrations used for multilayer preparation.[291 

Considering the complexity of the deformation pro- 
cess, the assessment of elastic and inelastic behavior in 
each part of the curve will be carried out upon detailed 
microscopic investigation. Meanwhile, the values of dddc  
exceeding 50 GPa should be noted. 

The comparison with stretching curves of polyelectro- 
lytes (Fig. 6b) shows that the incorporation of nanotubes in 
the LBL structure resulted in the transfer of the SWNT 
strength to the entire assembly. The stretching curves of 
the SWNT multilayers display a clear break point. The 
ultimate tensile strength, T, was found to be 220k40 MPa 
with some readings being as high as 325 MPa. This is 
several times to an order of magnitude greater than the 
tensile strength of strong industrial plastics with T=20- 
66 M P ~ . [ ~ ~ '  It is also substantially higher than the tensile 
strength of carbon fiber composites made by mixing: 
Polypropylene filled with 50 vol.% carbon fibers has T= 
53 M P ~ . [ ~ ' ]  A recent study on SWNT-poly(vinylalcohol) 
ribbons with axially aligned nanotubes reported a tensile 
strength of 150 MP~.["' The T values obtained for SWNT 
LBL films are in fact close to those of ultrahard ceramics 
and cermets such as tungsten monocarbide (T=340 MPa), 
silicon monocarbide (T=300 MPa), and tantalum mono- 
carbide (T=290 MP~).'~'] Such strength and failure strain 
greater than in cermets (ca. > 1% in SWNT LBL vs. 0.2- 
0.6% in carbides) displayed by an organic composite is 
quite remarkable. 

The tensile strength of single carbon nanotubes 
was experimentally determined to be between 13 and 
50 G P ~ . [ ~ ~ * ~ ~ ~  The lower values obtained for the SWNT 
multilayers should be mainly attributed to the contribu- 
tion of polyelectrolytes and some uncertainty in the actual 
cross-section area at the break point and a degree of 
cross-linking. The mixing law predicts that polyelectro- 
lyte matrix with T=9 MPa makes negligible contribution 
to the strength of the composite while taking about 50% 
of its volume fraction. [SWNT is d =  1.14 g/cm3. Because 
the density of the polyelectrolytes used for the prepara- 
tion of the multilayers (i.e., PDDA d= 1.04 g/cm3; PAA 
d =  1.14 g/cm" is almost the same, the volume fraction of 
SWNT in the composite can be considered to be equal to 
the mass fraction.] Additionally, the decrease of the 
mechanical strength of the nanotubes in the process of 
ionic functionalization (estimate 1 5 % ) ~ ~ ~ '  should also be 
considered as a factor affecting the strength of these 
composites. These issues are pointed out as means of 
further optimization of the multilayers. Tuning of their 
molecular structure and composition should lead to vast 
improvement of their mechanical properties that could 
possibly approach those of pristine carbon nanotubes. 

It is also interesting to compare the T values for SWNT 
composite films to those obtained for other LBL films 

made with other inorganic components such as montmo- 
rillonite platelets, M, and nanoparticles, NP, for instance 
8-10-nm magnetite nanoparticles. The freestanding films 
(PDDA/NP)40 and (PDDA/NP/PDDA/M)40 made accord- 
ing to Ref. [21] revealed T equal to 40 and 72 MPa, 
respectively. In conjunction with the tensile strength data 
(see above), it can be concluded that inorganic or SWNT 
components act as a molecular armor in the layered 
composites significantly reinforcing them. The molecular 
organization of the material made possible the transfer of 
a part of their strength to the entire assembly. 

CONCLUSION 

The technology of the preparation of nanocomposites 
described above should be considered as an effective tool 
in developing new ultrastrong materials. High structural 
homogeneity and interconnectivity of the structural 
components of the LBL films combined with high SWNT 
loading leads to significant increase of the strength of 
nanocomposites, being somewhat weaker than some other 
organic and carbon fiber materials but at the same time 
being far beyond their potential as ultrastrong composites. 
The described technique minimizes the structural defects 
originating from phase segregation and opens a possibility 
for the molecular design of layered hybrid structural 
materials from different polymers and other nanoscale 
building blocks. The prepared freestanding membranes 
can serve as a unique component for a variety of 
technologies. One of its great advantages over other 
technologies is the ability to prepare ultrathin ultrastrong 
membranes with minimal heterogeneitj . We expect these 
composite materials to be used initially in high-value 
applications, most possibly as a critical part of a space or 
biomedical device. Once the carbon nanotubes become 
less expensive and the LBL processing becomes a routine 
operation, the same composites can be utilized in more 
high-volume products such as building construction 
materials and car components. At the same time, the 
less-expensive alternatives to the ultrastrong composites 
with comparable performance can be developed from 
carbon- or ceramics-based nanomaterials. 
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INTRODUCTION 

Nanotechnology is an emerging field that studies funda- 
mental nanoscale processes and the exploitation of those 
processes in the development and function of nanode- 
vices.['] To date, development has been hampered by the 
need for materials and processes that can perform 
reproducibly at the nanometer scale. Although at present 
nanodevice development is dominated by materials made 
from SiOz or metals, these materials can suffer from a lack 
of processability.121 As an alternative that has met with 
some success, organic-based materials can be easily 
processed by a variety of methods including spin coating, 
evaporation, and printing.[" Organic and organiclinor- 
ganic hybrid materials have been developed for organic 
light-emitting diodes (OLEDs), field-effect transistors, and 
other  device^.'^-^] However, organic devices usually suffer 
from a short lifetime as a consequence of poor mechanical 
and thermal stability associated with small organic 
molecules.[51 Although organiclinorganic hybrid materials 
have better mechanical and thermal ~ t a b i l i t ~ , [ ~ - ~ ]  there still 
exists an inherent lack of component compatibility, 
leading to difficulties in processing, and intercomponent 
c~mmunication.[~' 

A promising class of materials for nanodevice appli- 
cation is conducting polymers (Fig. 1). Their thermal and 
environmental stability facilitates use in devices for 
photochemical and electrochemical applications,"o-121 
and their physical and chemical properties can be easily 
tailored for specific  function^."^"^^ When conducting 
polymers were first introduced, their poor solubility in 
common processing solvents limited their versatility.[111 
However, this issue has been addressed through modify- 
ing the backbone of the polymer with side chains, such as 
alkyl and alkoxy groups. With this approach, processing 
of these materials in either aqueous or organic media has 
expanded the utility of conducting polymers in OLEDs, 
electrochromic displays, and coatings for more sensitive 
 material^.^^"^-^^] Numerous articles are found in the 
literature reporting devices in the micrometer regime 
made with conducting polymers.[2~'~18~2'1 

Although Moore's law predicts a doubling in the num- 
ber of transistors per chip approximately every 18 
months,'221 the limits of traditional patterning techniques 

are threatening to hinder this advancement. The feature 
size required to continue this trend is in the < 100 nm 
regime, where control over feature size is critical and dif- 
ficult to achieve. New procedures and variations on current 
methods need to be developed to break this regime barrier. 
In this article, we will review current approaches to 
creating conducting polymer nanopatterns, from "tem- 
plate synthesis" to lithography. We discuss the advantages 
and disadvantages of each method and highlight the unique 
nanostructures formed with these techniques. These 
materials are likely to enhance the emerging field of 
nanoelectronics, while complementing current technology. 

TEMPLATE SYNTHESIS 

The first reported patterning of conducting polymer 
nanostructures used template synthesis, a method devel- 
oped by Penner and in the mid-1980s. They 
reported the electrochemical polymerization of pyrrole in 
the pores of a polycarbonate membrane. Template 
synthesis, as the name implies, utilizes the microporous 
or nanoporous structure of materials as a template for the 
electrochemical or oxidative synthesis of conducting 
polymer nanotubules and nanofibril~.'~~' This technique 
can also be used to form nanotubes and nanofibrils of 
metals, carbon, and semiconductors.'243251 

Template Materials 

The most common template materials used are "track- 
etch" membranes and alumina membranes.[261 Track-etch 
membranes are formed by bombarding a nonporous 
membrane with nuclear fission fragments.[271 These 
membranes are typically polycarbonate or polyester. The 
tracks that are formed are subsequently chemically etched 
to produce pores in the material. The size of the uniform 
pores can be as small as 10 nm in diameter with pore 
densities as high as lo9 poreslcm2.1261 The bombardment 
occurs randomly, which, at small pore diameters and high 
pore densities, can cause intersections of the pores.[261 If 
these intersections are not desired, alumina or other 
membranes can be used because the processes used to 
form these membranes are more controlled. 
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isolated nanostructures. Membranes, including Si02,  zeo- 
lites, and other nanoporous solids, have also been used as 
template materials, although to a lesser extent.[251 

polythiophene 

polypyrrole 

polyaniline 

Fig. 1 Examples of conducting polymers. 

Porous alumina membranes are formed from the 
anodization of A1 metal in acidic solution. The uniform 
pores are cylindrical, with pore densities as high as 10" 
pores/cm2 and a size range from > 100 down to <5 nm.[261 
Because of the nature of pore formation in the alumina 
membranes, interconnects do not develop between 
pores,[251 affording a template material that can form 

Mechanism for Template Synthesis 

The polymerization mechanism for conducting polymers 
using template synthesis is either electrochemical or oxi- 
dative. The most common electrochemical method is to 
plate one surface of the membrane with a conducting metal 
thin film and use this film as the anode in an electroplating 
process.[281 The polymer first nucleates on the walls of the 
pore, and subsequent deposition yields a well-ordered 
polymer outer layer that becomes more disordered as the 
tubule wall thickens.[291 In the oxidative method, the 
template is immersed in a solution containing monomer 
and a polymerization reagent, such as an aqueous iron(II1) 
salt.r303311 The deposition occurs in a manner similar to the 
electrochemical method, resulting in a similar polymer- 
order gradient for the nanostructures (Fig. 2). 

Physical Properties of Conducting 
Polymer Nanotubules/Nanofibrils 

Early studies of polypyrrole chain order in nanofi- 
brils (closed tubules) used polarized infrared absorption 

I deposit metal thin film 

1 polymerize polymer 
from solution 1 dissolve 

away membrane 

Fig. 2 Schematic of template synthesis. (View this art in color at www.dekker.com.) 
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spectroscopy (PIRAS) to examine a range of fibril diame- 
ters from 30 to 600 nm. In addition, X-ray diffraction was 
used to observe 30 and 400 nm fibrils.r321 In the X-ray 
diffraction studies, 400-nm fibrils showed diffractograms 
similar to amorphous conducting polymer, while the 30- 
nm fibrils exhibited diffractograms similar to stretched 
polymer, suggesting an alignment of the polymer chains in 
these small-diameter fibrils.[321 

The PIRAS experiment supported the X-ray diffraction 
evidence that polymer chain alignment in a fibril increases 
as the diameter decreases. In a typical PIRAS experiment, 
the absorbance is measured for light polarized parallel and 
perpendicular to the major axis of a material (Fig. 3). In 
the case of a polymer fibril, if the polymer chain align- 
ment is completely random, then the absorbance of light 
parallel to the pore axis will be the same as the absorbance 
of light perpendicular to the pore axis and will give a 
dichroic ratio (ratio of absorbances parallel and perpen- 
dicular to the pore axis) of 1. Smaller fibrils had dichroic 
ratios significantly different from I ,  with the fibrils 
preferentially absorbing one polarization over another.[321 
Amorphous polymer and large-diameter fibrils do not 
absorb polarized light preferentially, giving dichroic 
values very close to I.'323331 

Polarized infrared absorption spectroscopy experiments 
were also performed on polycarbonate membranes; the 
polycarbonate was also found to be stretch-oriented.[321 
Studies have shown that conducting polymers can be 
induced to align with the orientation of the ~ u b s t r a t e . [ ~ ~ - ~ ~ ]  
This orientation is lost as the thickness of the deposited 
polymer film grows. Similarly, the outer walls of 
conducting polymer tubules and fibrils deposited in 
stretch-oriented polycarbonate membranes align with the 
axis of the membrane, but this alignment is slowly lost as 
polymerization continues and the walls thicken. Wall 
thickness is controlled by the polymerization time.[251 

Perpendicular 
polarized light 
____) 

I 

Parallel 
polarized 

conducting 

The thickness of the polymer walls is also correlated 
with the conductivity of the tubule. While thick-walled 
nanotubules had conductivities similar to bulk material, 
the narrow-walled nanotubules had significantly higher 
values.[351 One explanation for this phenomenon is that 
the alignment in the polymer chains increases the 
conjugation length of the polymer, enhancing the elec- 
tronic properties of the material. As the walls thicken, the 
overall randomness of the structure increases, decreasing 
the conjugation length and hence the conductivity.[351 This 
method provides a means to control the conductivity of 
the material through polymerization time. It has been 
postulated that the walls in a polycarbonate membrane 
nucleate the ordered polymer in two ways: 1) as the 
polymerization commences, the polycationic oligomers 
forming are not as soluble as the monomer units and 2) 
there is a coulombic attraction between the anionic walls 
of the membrane and the forming cationic polymer.[261 

Recently, this "greater ordering" claim has been 
disputed. Most of the above studies of polypyrrole 
nanotubules were performed with a polycarbonate mem- 
brane; Mativetsky and ~ a t a r s l ~ ~ '  used an alumina mem- 
brane to form nanotubules of polypyrrole oxidatively and 
found the tubules to have a highly irregular morphology. 
Indeed, PIRAS studies with alumina membranes have 
shown no preferential polarized absorption (dichroic 
ratios near I) ."~] Because there are no charged sites in 
an alumina membrane, the nucleation occurs more 
randomly in the alumina pores. Polypyrrole then grows 
radially outward from each nucleation site until it 
encounters an obstacle: that of the pore wall or another 
"polypyrrole mass," disrupting order. Although 
Mativetsky and ~ a t a r s ' ~ ~ '  were not able to measure 
conductivity directly, their measurements suggest that the 
conductivity of these random fibrils is comparable to 
the fibrils of similar size formed from a polycarbonate 

- 
pore 

Data Analysis 

Readout 
___) 

Wavelength 

Fig. 3 Schematic of a typical PIRAS experiment. (View this art in color at www.dekker.com.) 
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membrane. They therefore concluded that the enhanced 
conductivity of these nanotubules is not a result of 
increased order imposed by the polycarbonate walls. 

Applications of Template Synthesis 

Conducting polymer nanofibrils and nanotubules have a 
wide variety of potential applications. They are highly 
permeable, and studies have shown that they can be highly 
selective for certain gas mixtures; the high-density 
conducting polymer fibrils could be used as a gas per- 
meation membrane.[381 Conducting polymer nanotubules 
are also well suited for encapsulated sensors because the 
polymerization process can be stopped at any time, thus 
controlling the size of the cavity. Researchers have 
encapsulated a variety of enzymes and chemical species 
in thin-walled tubules and have found that their activity is 
greater than that of enzymes trapped in a thin polymer 
film.L30.39.401 Tl-, ese reactions could be carried out in 
aqueous or organic solvents because the conducting poly- 
mer "microreactor" is isolated from the environmental 
surroundings by the walls of the conducting polymer, 
utilizing the relative insolubility of the polymer in com- 
mon solvents.[301 The surface area for enzymelsubstrate 
interaction can be adjusted by changing the porosity of the 
membrane, producing a microreactor with a high loading 
capability .r301 

With the enhanced conductive properties of these 
materials, numerous groups have reported using nanotu- 

Fig. 4 Scanning electron microscope image of polyaniline 
nanofibrils formed from a porous alumina membrane using 
template synthesis. (From Ref. [42]. Copyright (2001), with 
permission from Elsevier Science.) 

bules to form a variety of novel systems. For example, 
Granstrom et al.[411 polymerized 3,4-ethylene-dioxythio- 
phene (EDOT) in polycarbonate membranes with pore 
sizes of 10 nm and 100 nm for the preparation of a hole- 
injection contact in a polymeric light-emitting diode 
(PLED). An electroluminescent layer was spin-coated on 
the surface of the membrane, followed by an AVCa layer 
for the electron-injecting contact. Although the PLED 
tested had a very low efficiency, with optimization, the 
authors believed that increased efficiencies up to 1-10% 
could be obtained.[411 The advantage of this technique is 
in the sheer quantity of nano-LEDs that can be formed at 
one time. 

In other applications, polyaniline tubules have been 
studied for use as microscalelnanoscale transistors and for 
field emission because of their excellent switching 
properties and mechanical stability (Fig. 4).[42,431 Polymer 
composites have been made to blend physical proper- 
ties, and many have been found to enhance desirable 
characteristics, such as conductivity and "rectification 
effect. 9 [3 1.44-461 

Inverse Opal Formation 

A variation of template synthesis is to use microspheres 
and nanospheres of polymers as templates for the 
formation of macroporous 2-D and 3-D polymer struc- 
tures, called inverse opals. A typical experiment involves 
assembling a template of colloidal microspheres or 
nanospheres on a conductive metal electrode surface by 
slow evaporation from a weight percent solution of 
colloidal particles on an electrode surface. The particles 
of materials such as poly(styrene) or silica will assemble 
themselves as the solvent evaporates. Once the structure is 
dry and mechanically immobilized, it is immersed in a 
solution containing the desired monomer units. Electro- 
polymerization of the conducting polymer has been 
favored in the literature over the oxidative method, with 
many groups citing a greater control over the polymer 
growth rate and deposition than with the oxidative method 
(Fig. 5).[473481 The templates are then etched (silica) or 
dissolved away (colloidal polymer), leaving conducting 
polymer patterned into a "honeycomb" structure. 

This technique has been used to create nanostruc- 
tures of polypyrrole,[47491 polyaniline,'49-5 ' I  polythio- 
phene,[47'491 and poly(pheny1enevinylene) (PPV) . [~~]  
Nanostructure sizes as low as 50 nm have been reported 
with polypyrrole,[481 where it was found that the pore 
size can be controlled by the amount and time of applied 
voltage and by the size of the colloidal particle utilized. 
Han et al.'501 used polystyrene nanospheres that were 
coated with increasing layers of a polyelectrolyte (PE) to 
see what effect the size of the nanoparticle would have 
on the resulting conducting polymer film (Fig. 6). The 
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Fig. 5 Schematic of "inverse opal" synthesis. (View this art in 
color at www.dekker.com.) 

pore size actually decreased upon increasing the number 
of PE layers, leveling off after 4 PE layers, and the struc- 
ture shrank less upon extraction of the template, im- 
proving mechanical stability.r501 

The tunability of these systems has attracted interest in 
the field of photonic bandgap ~ r y s t a l s . [ ~ ' ~ ~ ' ~ ~ ~ ~  They have 
been shown to exhibit the property of reflecting certain 
wavelengths of light, spanning the visible and near- 
infrared (NIR) regions of the spectrum. The conductivities 
of these 2-D and 3-D structures are similar to those of bulk 
conducting polymer.[491 

efficient. Development over the past 10 years has dealt 
with these issues, and the next few sections describe 
these advances. As nanolithography is still a relatively 
young field, many of the techniques described below 
are unoptimized. 

Solvent-Assisted Micromolding 

Solvent-assisted micromolding (SAMIM) is a "soft 
lithography" technique that provides a simple, fast way 
to form patterns on a surface. The mold is made out of an 
elastomeric material [usually poly(dimethylsi1oxane) 
(PDMS)]; it is coated by wetting the mold itself with a 
thin layer of a solvent appropriate for the polymer or 
precursor substrate. The mold is then brought into contact 
with the substrate, and the solvent dissolves (or swells) the 
substrate, allowing the substrate to flow into the recesses 
of the mold. As the solvent evaporates, the polymer 
hardens, but maintains the shape of the mold (Fig. 7).[5'1 
Kim et al.'"' first utilized this method to form features 
down to 50 nm in height and 60 nm in width on polymeric 
photoresists. Solvent-assisted micromolding was used to 
create polymeric light-emitting diodes (PLEDs) using a 
precursor to poly(phenyleneviny1ene) (PPV) and metha- 
nol as a solvent.'551 Although the features formed were 
larger than 100 nm, the potential of this technique to form 
very small devices of interest has been demonstrated. 

Micromolding in Capillaries 

Micromolding in capillaries (MIMIC) is a technique 
related to SAMIM. A prepatterned stamp made out of an 

LITHOGRAPHY AND MASK TECHNIQUES 

Lithography is the process of writing a free-form or rep- 
licated pattern on a surface by electrical (applied voltage), 
photochemical (UV, X-ray beam), or physical (diamond 
etching) means. Lithography has been very successful 
at creating structures at the micrometer scale, but there 
are significant challenges and obstacles to forming struc- 
tures of < 100 nm in dimension. Ultimately, the lithogra- 
phy techniques developed must be reliable, accurate, and 

Fig. 6 a) Assembly of PS particles with 2 PE layers on a Au 
surface. b) Polyaniline honeycomb nanostructure formed in the 
interstitial voids of the particles. (From Ref. [50]. Copyright 
(2002) American Chemical Society.) (View this art in color at 
www.dekker.com.) 
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Fig. 7 A) Schematic of MIMIC. B) Schematic of SAMIM. (From Ref. [53] by Annual Reviews.) 

elastomer such as PDMS is placed on a clean, flat the substrate, and the stamp is subsequently removed.'531 
substrate and a drop of solution of the desired patterning This technique has been used to form nanowire and 
material is placed at the edge of the stamp. Through nanodot patterns of poly(3,4-ethylenedioxythiophene) 
capillary action, the drop migrates into the grooves of the (PEDOT) doped with poly(4-styrenesulfonate) (PEDOT- 
stamp. As the solution dries, the material is patterned on PSS) . [~~]  By varying the size of the capillary channel and 
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@ =precursor 
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T 
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Fig. 8 Schematic of a typical STM lithography experiment. (View this art in color at www.dekker corn.) 
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the solution concentration, nanowires of 6 nm in height 
and nanodots of 10 nm in height were formed on the 
~ubstrate . '~~ '  

Scanning Tunneling Microscopy Lithography 

Scanning Tunneling Microscopy (STM) and related tech- 
niques have been used for surface modification for about 
15 years. The first example of conducting polymer 
deposition was reported by Wuu et a ~ . ' ~ ' ~  using a scanning 
electrochemical microscope (SECM), "which maintains a 
constant faradaic current between a tip electrode and a 
metal surface electrode." In this procedure, NafionTM film 
was first deposited on the Pt surface and immersed in an 
anilinium sulfate solution to saturate the film. In this 
system, the platinum is the surface electrode and tungsten 
is used as the tip electrode. A positive potential was 
applied to the Pt surface to oxidize the aniline at the Pt 1 
Nafion interface, and deposition of the resulting polymer 
was localized around the tip electrode (Fig. 8). The 
features formed were larger than 100 nm, which was 
attributed to tip size, thickness of the Nafion film, and 
electric field distribution. Control over these parameters 
was predicted to give smaller features.'"' Borgwarth et 
a1.1581 utilized SECM to form polythiophene by oxidizing 
bromide to bromine, which locally diffused to the 
conductive substrate and oxidatively polymerized the 
thiophene monomer. 

Using a gold electrode, Yang et al.L591 reported the 
formation of polypyrrole nanostructures from a tetrafluo- 
roboratelpyrrole solution. The PtAr STM tip was coated 
with ApiezonTM to insulate most of the tip, helping to 
control the size of the nanofeature deposited on the 
surface. Polymer dots were deposited on the surface, and 
then the ability to remove the polymer dots was 
demonstrated by "blasting" the polymer dot from the 
surface with higher voltage.1591 This technique was used to 
"write" the word science using dots of 5-10 nm in 
diameter (Fig. 9). The variation in diameter was attributed 

Fig. 9 The word "science" formed using STM nanolitho- 
graphy. (From Ref. [59].  Copyright (1995) American Chemical 
Society .) 

to thermal evaporation and consequent concentration of 
monomer solution during operation, and to the local 
variation of surface roughness, affecting the movement of 
the tip as it maintains a constant distance above the 
surface.L591 A polymer line with a width of 10 nm and a 
circle with a diameter of 6 nm were formed by controlling 
the translation of the tip on the surface using a simple 
computer program.[591 

Highly oriented pyrolytic graphite (HOPG) has also 
been used as the conductive surface for forming conduct- 
ing polymer nanostructures with an STM tip. Yaniv and 
~ c ~ o r m i c k ~ ~ ~ '  reported nanofeatures as small as 50 nm in 
diameter and 4 nm in height, formed from a 0.1 M KCIlO.1 
M pyrrole solution. They found that no deposition 
occurred with potentials below 7.5 V, and control of the 
features could only be achieved with pulses below 100 
nsec. Above this pulse duration, deposition became 
scattered over the scanned area.1601 Nyffenegger and 
~ e n n e r ' ~ ' ~  studied qualitatively the mechanism of nano- 
structure formation using a similar setup. They concluded 
that the bias pulse forms defects in the basal plane of the 
HOPG within a few microseconds, and then aniline 
monomer diffuses to the edge of the defect and is 
oxidized. As this process proceeds, the cationic aniline 
oligomers become insoluble and nucleate in the defect.16" 

Atomic Force Microscope Lithography 

The first example of atomic force microscopy (AFM) 
being used for patterning conducting polymer nanostruc- 
tures was reported by Cai et a1.'621 The electrochemical 
polymerization of pyrrole and aniline on an HOPG 
substrate was locally altered using an AFM tip. De- 
pending on when the AFM scanning was activated, the 
amount of polymer could be decreased or enhanced in the 
scanning area. When the AFM tip is scanned over the 
surface before the application of a potential, any oligo- 
mers that are formed once the potential is applied are 
"swept" to the edges of the scanning area. Indeed, there 
is an enhancement in the amount of polymer at the edges 
of the scanning area. When the AFM tip is scanned after 
polymerization has commenced, the vertical force exerted 
on the developing polymer both creates a denser film and 
forces oligomers downward toward the polymer, increas- 
ing the local concentration of oligomers and thus the rate 
of polymerization.1621 

Dip-pen nanolithography (DPN) was developed by 
Piner et a1.'631 and, as the name suggests, it uses the AFM 
tip as a pen, dipped in the desired patterning material. The 
AFM tip is then brought in close proximity to the surface. 
A water meniscus forms, which facilitates transport of the 
material from the tip to the surface. This method has been 
utilized to pattern a variety of materials to the surface 
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such as DNA and t h i ~ l s . ' ~ ~ " ~ ]  The Noy group utilized 
this method to deposit poly[2-methoxy-5-2'-ethylhex- 
yloxy-l,4-phenylenevinylene] (MEH-PPV) on a glass 
surface.r661 The method was coupled with scanning 
confocal microscopy to obtain luminescent images of the 
deposited polymer nanostructures. Although the deposi- 
tion was successful, more studies are needed to determine 
the extent of nanowire alignment and continuity.[661 

A technique that combines aspects from previous STM 
tip techniques is electrochemical dip-pen nanolithography 
(E-DPN), which has been used to deposit metal and 
conducting polymer nanofeatures on a ~ u r f a c e . [ ~ ' . ~ ~ ]  The 
tapping mode AFM tip is dipped in the desired monomer 
or metal salt solution, and as the tip engages the surface 
in a preprogrammed pattern, a potential is applied be- 
tween the tip and the surface. This potential reduces the 
metal salt or electrochemically polymerizes the monomer 
and deposits the resulting nanostructure on the surface 
through the meniscus (Fig. In this way, poly- 
mers of 3,4-ethylenedioxythiophene,r681 pyrrole, and 
aniline[691 have been formed and deposited on a Si(l l1) 
surface with feature sizes as small as 30 nm in width and 
up to 5 nm in height. 

The size of the nanostructures formed depends on a 
variety of factors, including humidity, speed of transla- 
tion, and applied voltage, and it has been found that these 
factors are monomer-dependent. For example, it is easier 
to draw lines of polyaniline at lower humidity, while other 
polymers were less affected by the humidity. Aniline has a 
measurable solubility in water at 25OC (1 g in 28.6-mL 
water), and upon formation of the water meniscus, 
capillary action could disperse the aniline before a voltage 
is applied. 

The height of the line can be controlled by the speed of 
translation of the tip as it deposits.[681 Two lines of 

/ meniscus 

Fig. 10 Schematic of E-DPN. (View this art in color at 
www.dekker.com.) 

Fig. 11 Atomic force microscope image of PEDOT lines 
drawn at 10 and 1 nrnlsec. Inset shows height difference of the 
two lines. (From Ref. [67]. Copyright (2001) American 
Chemical Society.) (View this art in color at www.dekker.com.) 

poly(ethy1enedioxythiophene) (PEDOT) were drawn at 10 
and 1 n d s e c ,  and the line drawn at 1 n d s e c  was 
significantly higher than the line drawn at 10 nrntsec 
(Fig. 11). Applied voltage along with humidity controls 
the width of the line. A larger water meniscus covers a 
larger surface area, leading to a larger area of deposition. 

The voltage applied depends, in part, on the potential of 
the monomer being used and on the native oxide layer that 
exists on the Si wafer. As the thickness of the oxide layer 
increases, so does the necessity of higher voltages for 
polymerization and deposition. Bias voltages ranged from 
- 7 to - 15 V. At such a high bias voltage, it is important 
to ensure that polymer, and not Si02, is being deposited. 

After depositing PEDOT, an oxide layer was formed 
next to the polymer, and etching studies were performed. 
Upon exposure to HF, the Si02 was etched from the sur- 
face, but the PEDOT line remained. Conversely, when ex- 
posed to a strongly oxidizing solution of 1 :2 H202:H2S04, 
the PEDOT line was removed while the Si02 remained. 
Similar etching studies were performed with polyaniline 
and polypyrrole, and the results were consistent with 
the PEDOT studies. Interconnects also have been formed 
with a single polymer and with two different polymers 
using this technique. The ability to pattern these nano- 
structures precisely will be important toward the devel- 
opment of nanodevices. 

Masks 

Seo et al.[701 reported a mask method for the formation 
of polypyrrole micropatterns and nanopatterns using 
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Fig. 12 A) Atomic force microscope image of nanopatterns 
formed with polypyrrole on PS-b-4PV nanometer-separated 
domains. B) Cross section showing height difference before 
(blue) and after (red) polypyrrole formation. (From Ref. [69]. 
Copyright (2002) American Chemical Society.) (View this art in 
color at www.dekker.com.) 

domains formed from polymer blends and block copoly- 
mers as the template. It is known that in thin films of 
polystyrene (PS) and poly(4-vinylpyridine) (4PV), micro- 
phase-separated domains are formed, and that thin films of 
block poly(styrene-b-4-vinylpyridine) (PS-b-4PV) form 
nanometer-separated The mask is formed 
from protonating the pyridine ring and immersing in a 
solution of sodium dodecyl sulfate (SDS), which will form 
a bilayer with the pyridine and itself through ionic and 
hydrophobic interactions, respectively. Although SDS 
forms a monolayer with the PS through hydrophobic 
interactions, the polypyrrole nucleates preferentially on 
PS and displaces the SDS monolayer, but cannot displace 
the SDS bilayer. Using this method, nanopatterns as small 
as 50 nm were obtained (Fig. 12).'701 The pattern formed 
is not well defined, and additional research is needed to 
control pattern size and alignment. 

CONCLUSION 

The ability to pattern nanostructures has opened up the 
field of nanoelectronics, and conducting polymers will 
play a significant role in the development of this field. The 

complementarity of these techniques is already apparent 
and represents a strength in the field. At the nanoscale, 
control and quantity will be immensely important, 
highlighting the advantages of both template synthesis 
and lithography. Today, template synthesis can afford 
numerous repetitive nanostructures, and lithography can 
yield nanostructures with precise size at a specific 
location. Unfortunately, most of the lithography tech- 
niques that work so effectively at the micrometer scale 
have yet to break the nanoscale barrier because of physical 
limits and methods used to form lithographic masks. 
Template synthesis is still a "bulk synthesis" technique 
because it has not been demonstrated that this technique 
can accurately deposit one or a few nanostructures. 

Numerous applications have already been demonstra- 
ted for these new materials, from encapsulators for 
biosensors to photonic bandgap crystals. In addition, the 
potential for use in fabrication of nanodevice components 
and interconnects is great, although high-throughput 
methods may be some years away. The success of many 
research groups in circumventing the current chemical, 
physical, and engineering challenges has encouraged an 
increasing number of researchers to study fundamental 
nanoscale processes. Such further research and innovation 
will likely lead to nanoelectronics playing an integral role 
in the development of future commercial applications. 
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INTRODUCTION 

The discovery of carbon nanotubes by ljimal'l initiated a 
new area of materials science. Following Ijima7s discov- 
ery, Tenne et a1.[" later found layered sulfides (MoS2 and 
WS2) to form nanotubes and other fullerene-type struc- 
tures. Nanoparticles based on layered transition metal 
sulfides (LTMS) are of special interest because of their 
diverse applications. Layered transition metal sulfides 
have been extensively studied because of their crucial role 
in the petroleum and chemical industry. MoS2-based and 
WS2-based catalysts have been used for sulfur and 
nitrogen removal from petroleum feedstock.[31 In addition, 
MoSz is used as a lubricant additive.r41 Related com- 
pounds of TiS2, as well as MoS2, can work as cathodes in 
lithium nonaqueous batteries[s361 and possess interesting 
and useful intercalation chemistry.''] WS2, WSe2, TiS2, 
MoS2, MoSe2, and MoTe2 are all semiconductors with 
unusual properties and potential electronic applications.[81 

The structure of MoS2, WS2, and ReS2 consists of a 
two-dimensional layered closed-packed sulfur arrange- 
ment with a transition metal sandwiched between each 
layer. Weak van der Waals interlayer forces occur 
between stacked "sandwiches" that allow easy, low- 
strength shearing.[93101 These materials are highly folded 
and distorted in nature, forming commonly known "rag" 
and "tubular" structures. Layered transition metal sulfide 
materials appear as morphological analogs of fullerenes 
exhibiting structures described as inorganic fullerenes 
(IFs), single sheets, folded sheets, nanocrystals, and nested 
IFs, also known as "onion crystals" or "Russian dolls." 

Fullerene-related nanoparticles of MoS2 can be ob- 
tained by electron beam irradiation,["] laser ablation[12] 
of MoS2 bulk powder, and arc discharge.[13] Scanning 
tunneling microscope electrical pulses over amorphous 
MoS3 nanoparticles lead to the formation of closed MoS2 
shell IF (a few layers thick) and amorphous MOS~. [ ' ~ ]  
Inorganic fullerene nanoparticles have been synthesized 
recently by a variety of methods. Others have reported the 
gas-phase synthesis of fullerene-like structures of ws2['] 
and M ~ s ~ ~ ~ ~ ~  and nested fullerenes of M O S ~ . " ~ ~  Complex 
WS2 nanostructures have been obtained by template 
growth by Whitby et al.[I7] The preparation and optical 

characterization of crystalline nanoparticles prepared by 
intercalation and ultrasonic fragmentation of bulk crystals 
have also been ~ t u d i e d . [ ' ~ - ~ ~ '  Divigalpitiya et al.[2'-231 
have reported the synthesis and preliminary characteriza- 
tion of composites based on single sheets of MoS2. 
Wilcoxon et al.1241 Wilcoxon and ~amara,["~ and Parsa- 
pour et a1.[261 have reported the growth of MoS2 nano- 
particles using micelle techniques. 

SYNTHESIS OF LAYERED TRANSITION 
METAL SULFIDES 

A variety of methods have been used to synthesize LTMS. 
In general, poorly crystalline dichalcogenides are pre- 
pared by heating under hydrogen sulfide flow. The highly 
folded material is prepared by heating several grams of 
amorphous MoS2 for 2 hr at 400°C in a stream of Hz 
mixed with 15% H2S. As a result, the structure denoted 
as "poorly crystalline" and "raglike" LTMS is ob- 
tained.r27-291 The "rag" structure consists of stacked but 
highly folded and disordered MoS2 layers (Fig. I). The 
number of stacks and the dimensions of the layers can 
vary by changing the preparation conditions. The general 
reaction scheme of low-temperature metaphorical reac- 
tion in a solution is: 

where T=transitional metal, X=salt anion (Cl, carboxyl- 
ate, etc.), A=alkali-like cation (Li', Na+, NH4+, etc.), and 
Y=chalcogenides anion. Redox reactions tend to occur 
because the transition metal ions and the chalcogenides 
exist in several oxidation states: 

The great stability that the oxides and hydroxides lend to 
the transition metal salt eliminates the need for an 
aqueous environment. Moreover, hydroxylic solvents, in 
general, are very reactive and can serve as solvents for 
TX4 or TXS. Poor reaction between hydrogen sulfide and 
the transition metal salt does not allow for direct synthesis 
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Fig. 1 Folded and disorder sheets of MoS2. (From Ref. [28].) 

Fig. 2 Onion-like structures in MoS2. (From Ref. [ l  11.) 

of TY2 species. This is why alkali chalcogenides must be 
used. Even in the absence of oxygen in air or water, the 
reaction of TiCI4 with H2S is unfavorable at temperatures 
lower than 400°C. These are highly reactive ionic sources 
of chalcogenides and the reaction readily proceeds at 
room temperature. Lithium sulfide was found to be the 
most convenient source of sulfide ion: 

For precipitation at room temperature, tetrahydrofuran 
and ethyl acetate are suitable solvents. Dark precipitates 
are obtained and easily filtered. Repeated washings with 
the solvent completely remove LiCl excess. To obtain 
crystalline TiS2, further heating at 400-600°C is required 
in a sealed quartz tube under an inert atmosphere. This 
example illustrates the synthesis of TiS2 but it can be 
applied to any other transition metal sulfide. 

WS2, ReS2, and 0sS2 can be prepared by heating 
amorphous sulfides at 400°C in a stream of H2 mixed with 
15% H2S. The structure of the ReS2 poorly crystalline 
structure is the most likely material for the production of 
large amounts of nanotubes and fullerene-like materials. 
Recently, tetraalkylammonium thiomolybdates have been 
used to incorporate carbon into the extremely disordered 
materials and it is believed that this impurity increases the 
ability of the MoS2 to 

NESTED INORGANIC FULLERENE 
ONION-LIKE STRUCTURE 

Carbon fullerene onion-like structures have been obtained 
under high electron irradiation using transmission elec- 
tron microscopy (TEM). '~~] Tenne et al.['] and Margulis 
et have also observed fullerene onion-like 
structures in layered materials including WS2 and 
MoS2. Electron-irradiated MoS2 crystals at 0.5 MeV 
energy were studied by Yacaman et al. using high- 

resolution electron microcopy. The irradiated MoS2 
crystals presented two main features: onion layers with 
fullerene-like structures, and others with their planes 
rotated with respect to each other by well-defined 
angles.["l In the case of carbon, onion-like structures tend 
to be rounded.[331 However, the layered materials onion- 
like structures are faceted near the center and rounded at 
the edges, as illustrated in Fig. 2. MoSz layers in onion- 
like structures are not evenly spaced (Fig. 3). Another 
interesting feature of these structures is illustrated in 
Fig. 4, where a relative rotation of the MoS2 layers around 
an axis perpendicular to the basal plane can be clearly seen. 

In a different approach, IFs such as IF-MoS2 have also 
been synthesized using high-temperature methods that 
occur above 650°C. These methods involve such tech- 
niques as growth from the gas phase in which Moo3 in 
the vapor phase is reacted with H2S in a camer gas 
(Scheme 1). The gas-phase reactor synthesis has achieved 
great control over the nanoparticles growth parameters. 

Fig. 3 High-resolution transmission electron microscopy 
image of MoSz onion-like structure. Fourier transform of the 
structure is shown in the inset. (From Ref. 11 11.) 
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Fig. 4 Irradiated MoS2 that illustrated a relative rotation of 10" 
by the layers on MoS2 around an axis perpendicular to the 
image: (a) low magnification; and (b) high magnification. (From 
Ref. [ll].) 
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Scheme 1 (A) Vertical gas-phase reactor for synthesis of MoS2 
fullerene-like nanoparticulates: (a) inner tube; (b) middle tube; 
(c) nozzles; (d) external tube. (B) Closer look at the inner reactor 
(a). (From Ref. [35].) 

This process consists of Moo3 powder placed in the inner 
part of the reactor, (a) which is heated to 780°C. 
Molecular clusters   MOO^)^ are formed and carried down 
through the reactor by N2 gas. Hydrogen gas diffuses 
through the nozzles (c) from the outer reactor (b) and 
starts to react with the molecular clusters. The mild 
reduction conditions yield reduced Moo3_,  clusters, 
which are less volatile and form Moo3-, nanosize 
particles at the low part of (a). The suboxide nanoparticles 
reach a size less than 5 nm before the sulfidization step. 
The coated oxide nanoparticles are swept by the carrier 
gas outside the reactor (a). Because the nanoparticles are 
surface-passivated, they land on the ceramic filter (d) and 
the oxide-to-sulfide conversion continues within the core 
without coalescence of the nanoparticles. The gas-phase 
reactor synthesis process generates pure IF-MoS2 phase 
and the control over the size and shape of the nanopar- 
ticles is quite good.'351 A characteristic image of three IF 
nanoparticles produced in the gas-phase reactor is illus- 
trated in Fig. 5. 

MoS2 fullerene-like nanoparticles can also be produced 
by a combination of sonochemistry and electrochemistry, 
recently termed sonoelectrochemistry. Sonoelectrochem- 
ical formation of nanoscale metal powders has been 
achieved by applying an electric current pulse to nucleate 
the electrodeposit, followed by a burst of ultrasonic 
energy that removes the metal particles from the sonic 
probe cathode.r361 Mastai et al. used the known process for 
cathodic electrodeposition of MoS2 from solutions of 
thiomolybdate ions. Normally amorphous MoS2 is depos- 
ited and becomes crystalline after heat treatment, forming 
a highly textured film.r361 Fig. 6 illustrates TEM images of 
the sonoelectrochemically prepared MoS2 particles at 
different orientations with respect to the electron beam. 
The curved and closed nature of the structures can be 
observed at different angles. The authors could not state if 

Fig. 5 "Russian doll" structures obtained by gas-phase 
synthesis. (From Ref. [ I  51.) 
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Fig. 6 Transmission electron microscopy images of the same 
MoS2 particles taken with the sample rotated in the sample 
rotated in the direction of the electron beam at an angle of (A) 
+45"; (B) 0"; and (C) - 45". (From Ref. [36] . )  

the structures are made up of MoS2 sheets entirely, are 
hollow, or contain a core of another material (i.e., Moo2, 
amorphous MoS2). However, the presence of MoS2 planes 
inside the closed structures, but oriented in various 
directions (Fig. 6C), suggests that the structures are 
hollow to some extent, as stated by Mastai et al. 

They suggested an interesting mechanism to explain 
the closed curved structure. Amorphous MoS2 is sus- 
pected to be formed by electrodepositing onto the sonic 
probe cathode. The deposit is then removed from the 
probe surface by a sonic shock wave. The deposit could 
be found in a spheroid or planar structure because 

nucleating electrodeposits are often nanoparticulates. The 
effect of the shock wave is not enough to crystallize the 
deposit according to the authors. They concluded that 
the cause of the crystallization, and possibly bending, 
which normally require high temperatures, is the collapse 
of cavitation bubbles. Cavitation bubble nucleation is 
favored at a surface, either of the sonic probe itself or of 
MoS2, which was previously removed from the probe 
surface. The bubble can then grow with the MoS2 attached 
to it. During collapse, the high temperature at the surface 
of the bubble can cause crystallization.1361 The authors 
presented two cases to describe the crystallization of the 
particle. If the original amorphous particle was spheroidal, 
then the final crystallized particle is likely to maintain a 
related morphology. If the original particle, as removed 
from the probe, is closer to two-dimensional, curvatures 
and closures may occur around the collapsing bubble (the 
bubble then determines the shape of the structure), or the 
temperature from the bubble surface into the solution 
should cause a temperature gradient across the particle, 
which could also cause curvature. The closure is energet- 
ically preferred because of bond energy released by 
removing reactive edges. The less common nanotube for- 
mation could occur if the nucleated deposit were fila- 
mentary, or, more likely, if the bubble collapse occurred at 
the electrodeposit that was still on the electrode surface.[361 
In that case, the effect of the bubble collapse is asymmetric, 
which could lead to an asymmetric-shaped structure of the 
final product. Sonochemical reactions that take place 
inside the collapsing bubble result always in amorphous 
products because of fast cooling rates (> 10" ~ / s e c ) . [ ~ ~ I  

On the other hand, amorphous or crystalline materials 
are produced by aqueous ionic reactions that take place in 
the 2000-nm ring surrounding the collapsing bubble. 
When operated separately, electrochemistry or sonochem- 
istry yields amorphous MoS2. The proposed mechanism, 
involving the collapse of the cavitation bubble, logically 
explains the crystallization of this amorphous compound 
and (bending and closure) considers that the amorphous 
particle is not already related to the final shape and size. 

Ultrasonic radiation not only induces crystallization 
and shape control reactions, but it can also induce 
chemical reactions. The combination of electrochemical 
and sonic processes provides many experimental vari- 
ables, which allow to control particle size and shape 
distribution, and will probably be applicable to the 
formation of closed structures of other layered compounds 
that can be prepared by electrochemical techniques.f361 

MoS2 NANOTUBES 

Microtubes of MoS2 have been grown by Remskar et 
MoS2 nanotubes produced using a template have been 
reported by Zelenski and ~ o r h o u t . [ ~ ~ ]  A low-temperature 
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Fig. 7 Scanning electron microscopy images of the surface of 
electrochemically produced A1203. (A) Low-magnification 
picture of the cross-section band structure. (B) High-magnifica- 
tion picture of the pores. (From Ref. [40].) 

method developed by Prasad et produced MoS2 
from solution-phase precursors within the porous mem- 
brane of electrochemically generated A1203. MoS2 nano- 
tubes were obtained using Prasad et al.'s method and 
characterized by high-resolution electron microscopy 
(HREM) and electron diffraction by Chianelli et al.[401 
MoS2 nanotubes were prepared using nonporous alumina 
templates produced by ionization of aluminum. To obtain 
the nanotubes, a solution-phase precursor of (NH4)2M~S4 
in dimethylforrnide (DMF) was prepared. Small pieces of 
alumina template were immersed into the solution for a 
few seconds. The templates were dried at 70°C on a hot 
plate until the solvent evaporated. The samples were 
loaded into a quartz tube, which was placed into a furnace 
and treated with a mixture of 10% H2/N2 at 450°C. The 
MoS2 nanotubes were then removed from the templates 
and characterized by high-resolution transmission elec- 
tron microscopy (HRTEM). Computational calculations 
were carried out to study the properties of the MoS2 
nanotubes. A minimum diameter was determined to 
indicate the structural stability of the MoS2 nanot~bes . [~~ '  

In Fig. 7A, and B, two images of the A1203 template 
used to produce the MoS2 nanotubes are illustrated. The 
figure shows low-magnification and high-magnification 

scanning electron microscopy (SEM) pictures of the 
surface and the cross section of the template. The cross- 
section band structure illustrates pores of 25 nm in diam- 
eter in uniform distribution (Fig. 7A). The pore length 
was about 25 pm wide and 250 pm long, as observed in 
Fig. 7B. The MoS2 nanotubes were grown in the pores of 
the templates. A characteristic high-resolution image of a 
nanotube is illustrated in Fig. 8. The nanotube shown is 
approximately 260 nm long. An interplanar average dis- 
tance of about 6.25 A and an interplanar distance of about 
2.74 A (100 plane) were determined by measuring the 
(002) planes of the MoS2 structure at the border of the 
tubes using higher-magnification micrographs.[401 This 
value is larger than the 6.16 A expected for crystalline 
MoS2. It should be noted that the (002) planes are not seen 
in the interior part of the tube indicating normal contrast 
for a tubular structure. A 2H-MoS2 nanotube structure was 
determined by electron diffraction. The (002) reflection 
also showed an expansion to 6.22 A of the lattice 
parameter as already mentioned. It was noted that the 
tube is not continuous, but it is split in several sections, 
each one with a diameter from 15 to 30 nm and a length 
between 150 and 500 nm. Commonly, the sections of the 
tube are ellipsoidal. However, in some cases, the shape is 
distorted as in the last section of the long tube (Fig. 8). 
The planes of the nanotubes are bent in a similar fashion 
as the bending of carbon nanotubes previously re- 

A computer-generated model of a MoS2 
nanotube including two layers built using cerius2 
(molecular simulation program, ACCELRYS Corpora- 
tion) is shown in Fig. 9. The MoSz in trigonal prismatic 
coordination was used as a starting model. As the 
minimum energy configurations were searched, stable 
configurations for cylinders of different sizes were 
calculated. Analyzing the Mo-S distances, two groups 

Fig. 8 High-resolution transmission electron microscopy 
image of a section of a MoS2 tube. (From Ref. [40].) 
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Fig. 9 Molecular model (cerius2) of MoS2 nanotube formed 
by two layers. (From Ref. [40].) 

of measurements were reported. One group contains the 
interior Mo-S distances [Mo-S (int)] and the other 
contains the exterior Mo-S distances [Mo-S (ext)]. The 
mean distance for the Mo-S interior bond is 2.65 A and 
the mean distance for the exterior bond is 2.75 A. The 
calculation implied that MoS2 nanotubes of this diameter 
are not stable because bending to form a tube of this 
diameter requires stretching of the Mo-S bonds well 
beyond their normal length of 2.41 A.u4O] The mean 
distance for six tubes of various diameters between 20 
and 120 A was also calculated and plotted in Fig. 
The mean values of both the interior and the exterior 
Mo-S bonds approach the single crystal value of 2.41 A. 
Chianelli et al. stated that below a value of approximately 

Mo-S interior and Exterior Distances vs. Diameter 

I I I I I 
20 40 60 80 100 

Diameter 

Fig. 10 Interior and exterior distances as a function of tube 
diameter. (From Ref. [40].) 

Fig. 11 (A) Model of a bent sheet (30") of MoS2 (with four 
layers). (B) Atoms' position measurements for a similar sheet. 
(From Ref. [40].) 

120 A, the tubes might be highly unstable because of 
bond strain. They have reported MoS2 nanotubes contain- 
ing bending zones that, in the case of MoS2 crystals, are 
often observed on the edges of the surface.[201 Hence 
"bent zones" are important to understanding the behav- 
ior of MoS2 sheets. Fig. 11A and B presents the model of 
a bent sheet of MoS2 comprised of four layers of MoS2. 
Examination of the values of the S-S and Mo-Mo 
distances shows a very large distortion that clearly 
appears in the bending zone. In comparison with the 
distances in the straight sections of the sheet, an increase 
of 20% in the distance between neighboring atoms is 
observed. This strongly emphasizes the instability of 
bent layers as the radius of curvature is reduced. 

Synthetic nanotubes, lubricants, and catalysts all exhibit 
similar bending phenomena. Yacarnan et al. reported that 
even in the case of MoS2 crystals, a bending effect is often 
observed at the edges of the crystal surface. Their study 
showed that although large MoS2 nanotubes can be syn- 
thesized, their minimum size is limited by the stain induced 
by stretched Mo-S bonds that are required to close tubes 
with diameters less than approximately 10 nm. Tenne et 
al.[*] earlier reported the synthesis of WS2 nanotubes with 
diameters in the range of 10 nm. However, a close 
examination of their published micrographs reveals that the 
"nanotubes" become broken and discontinuous as the 
diameter becomes smaller, in agreement with Yacaman et 
al.'s study. This is in contrast to nanotubes of carbon that 
can exist down to very small diameters because of the 
change in carbon bonding, which is natural in fullerene- 
based materials. Layered materials such as MoS2 and WS2 
cannot be formed into small nanotubes unless a change in 
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Fig. 12 The cross section of a (MoS2)-I, TEM image of (A) 
hexagonal structure of the tubes. (B) High-resolution view of the 
structure. The insert shows an image simulation for zone [OOl]. 
(C) A model structure perpendicular to the nanotube axis (gray, 
S; dark gray, Mo; black, I). (From Ref. [42].) 

Mo-S bond occurs. A change from six coordinates to a 
lower metal coordination might result in smaller-diameter 
nanotubes; however, this phenomenon has not yet been 
reported, but is possibly based on the known chemistry of 
Mo and S. Furthermore, the nanotubes made by the 
template method are not infinitely long but break into 
sections, giving the shape of a "Spanish chorizo," a term 
coined by Yacaman et al. Calculations indicate that, in 
principle, there is no structural energetic reason for a 
nanotube not to grow infinitely. The total energy of the 
nanotube will be minimized by the distortion from the edge 
to the center described in "Nested Inorganic Fullerene 
onion-like Structure." Nevertheless, HRTEM images 
clearly show that two sections of the tube are in contact, 
but each one is preserving its corresponding layers. 
Therefore it is very likely that the sections are produced 
as a result of growth kinetics. 

MoSz single-wall nanotubes (SWNTs) were grown by 
a catalyzed transport reaction involving C60 as a growth 
promoter.[421 Remskar et al. show that the MoS2 nano- 
tubes grow in twisted chiral bundles of identically 

structured molecules stacked together with interstitial 
iodine. The nanotubes were found to vary in length but not 
in diameter. The chemical composition of the bundles 
was determined by energy-dispersive x-ray spectroscopy 
(EDX) and x-ray fluorescence spectrometry to be (MoS2)- 
I, with X N  113. However, the authors did not find C60 
incorporated into the structure using energy electron loss 
spectrometer (EELS). The bundles possess a hexagonal 
close-packed structure of identical nanotubes along the 
longitudinal direction revealed by HRTEM. The center- 
to-center distance between two tubes was found to be 
0.961(1) nm, as seen in Fig. 12. A complex electron 
diffraction pattern shows a slightly distorted hexagonal 
symmetry, as illustrated in Fig. 13C. Perpendicular to 
the bundle axis, a period of 0.83 nm is dominant.'421 The 
period is equal with regard to the period 0.27 nm 
belonging to the hexagonal pattern. Another strong peak 
located close to the (030) spot is caused by a period 
of 0.30(1) nm. Two strong periods of 0.20(1) and 

Fig. 13 The (MoS2)-I, TEM image and electron diffraction in 
zone [ I O l ] .  (A) High-resolution image with image simulation 
revealing ordered stacking of nanotubes; bright spots correspond 
to the positions of molybdenum atoms. (B) Model structure of 
the tubes. (C) Corresponding electron diffraction pattern indexed 
in accordance with the model structure. (From Ref. [42].) 
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0.30(1) nm are present along the axis. The transition 
electron diffraction (TED) data were confirmed by x-ray 
diffraction where intense peaks were found corresponding 
to interlayer distances of 0.832(1), 0.351(1), 0.314(1), 
0.308(1), 0.279(1), and 0.20(1) nm.1421 Remskar et al. 
proposed a model (3,3) armchair nanotube structure 
illustrated in Figs. 12C and 13B. The distance between 
sulfur and molybdenum atoms in the nanotube is nearly of 
the same distance in platelike MoS2. The close position of 
molybdenum and sulfur atoms in neighboring layers 
perpendicular to the nanotube axis requires at least 25% 
extension of the unit cell along the tube axis to avoid 
overlap of the covalent radii.[421 The distance between the 
layers was determined to be 0.20 nm by diffraction pat- 
terns. The unit cell of the hexagonal close-packed nano- 
tubes within a bundle was found to be 0.40 nm along the 
bundle axis and 0.96 nm perpendicular to the bundle axis. 
Their van der Waals diameter corresponds approximately 
to the distance between the closest sulfur atoms on 
adjacent nanotubes [0.35(1) nm]. Iodine atoms are in- 
serted in interstitial trigonal voids between the nanotubes, 
creating one-dimensional rows along the bundle axis. The 
periodicity of possible sites for iodine position along the 
bundle is 0.40 nm, which is slightly less than the van der 
Waals distance for iodine (0.43 nm). The observed 
HRTEM images are in agreement with their simulations 
using the symmetry operations of group P63 ( ~ 6 6 ) . [ ~ ~ '  The 
authors found Cso to be essential in the growth process, 
but a detail mechanism is not clear at the moment. 

ZrSe2 AND SnS2 
FILAMENT-LIKE NANOPARTICLES 

Filament-like nanoparticles of ZrSe2 and SnS2 were 
obtained by microwave plasma process.[431 Synthesis is 
performed using microwaves with a frequency of 0.915 or 
2.45 G H Z . [ ~ ~ ]  The reaction takes place inside a quartz tube 
passing a monomode microwave cavity.[451 The precursor 
compounds are vaporized outside of the reaction zone and 
introduced to the reaction gas in front of the plasma zone, 
where the nanoparticles are formed. The reaction gas is 
preheated to avoid the precipitation of the precursor. The 
reaction was preformed under a pressure of 30 mbar using 
0.915-GHz plasma. The reaction temperature was set at 
260°C or 580°C. The flow rate of the gas was adjusted to 
obtain a resistance time of the particles of about 8 msec in 
the reaction zone at a temperature of 580°C, and about 4 
msec at 260°C. Further reduction of the reaction temper- 
ature is obtained by using 2.45-GHz microwaves. Vollath 
et al. were able to perform the reaction at a temperature as 
low as 160°C. Gas pressure was set to 10 mbar. The 
resistance time of the particles in the reaction zone was 
about 2 msec. The reaction temperature was determined 

directly after the reaction zone. Because microwave 
plasma was a nonequilibrium system, the true temperature 
of the particles during the formation was different. The 
reaction products were collected on cooled surfaces. 
Sulfide synthesis used H2S as a carrier. The metals were 
introduced in the form of SnC14. Elemental sulfur was 
obtained along with the nanoparticles. To evaporate the 
sulfur excess, the reaction product was heated up to 120- 
140°C in a vacuum. The selenide samples were prepared 
using argon 4 vol.% H2 as plasma gas. Selenium was 
introduced in the form of SeC14. Fine particles of selenides 
are extremely sensitive to humidity; therefore the speci- 
mens were handled under argon gas prior to electron 
microscopy data collection. Filament-like morphology is a 
characteristic example of ZrSe2 small particles, as illus- 
trated in Fig. 14. The filaments are randomly bent and 
knotted together. At higher magnifications, the lattice 
planes clearly show the same bends and twists as the 
particles (Fig. 15). The fringes in the micrograph represent 
the Se-Zr-Se (0002) layers with a distance of 0.36 nm 
close to the reported value of 0.3095 nm.[461 This filament- 
like structure is not unique for ZrSe2 and also appears in the 
case of SnS2 structures (Fig. 16). The distance of the lattice 
fringes for SnS2 is 0.56 nm, which corresponds to the 
(0001 ) planes (JCPDS value, 0.589 nm).[471 The reduced 
number of dislocation-like structures is the main difference 
between the SnS2 and ZrSe2 structures. In addition to these 
filament-like structures, ZrSe2 exhibited onion-like crystal 
structures with varying distances between the lattice 
planes, as shown in Fig. 17. The distance between the 
lattice fringes was determined to be 0.34 nm. The lattice 
images (Figs. 16 and 18) show layered structures contain- 
ing defects and varying distances between the planes. 
ZrSe2 tends to recrystallize in the electron microscope; 
therefore it cannot be completely ruled out that the 
particles are crystallized under the electron beam of the 
microscope. The electron diffraction pattern obtained 

Fig. 14 Filament-like zirconium selenide particles. (From 
Ref. [43].) 
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Fig.  15 Filament-like structures of zirconium selenide particles 
at higher magnification. The lattice fringes distance is 0.36 nm. 
(From Ref. [43].) 

from the SnSe2 samples shows a pattern similar to 
s ~ s ~ ~ ~ ~ , ~ ~ ~  with a 1.5% expansion from 0.589 to 0.598 nm 
for the (0001 } spacing, whereas the lattice parameter in 
the a-direction shows no expansion. Table 1 compares the 
diffraction patterns for the two SnS2 phases according to 
JCPDS tables with experimental values. The first dif- 
fraction line of the (OOi) type shows a maximum intensity 
at 0.589 nm, corresponding to the P-SnS2 structure. 
However, the diffraction line observed at 0.306 nm is not 
allowed for 0-SnS2. This line is allowed for the ordered 
polytype of the B-structure. Considering these observa- 
tions, the authors may be tempted to conclude that the 
nanoparticles synthesized within this study represent a 
structural transition from the P-SnSz structure to its 
ordered polytype. 

The ZrSe2 nanoparticle structures are not so subtle. The 
material has obviously a layered structure but the diffrac- 
tion pattern, shown in Fig. 18, does not agree with ZrSe2 
and ZrSe-\ of the selenide phases with layered structures. 

Fig.  16 SnS2 filaments, synthesized at 200°C. The lattice 
fringes distance is 0.56 nm, corresponding to the (0002) planes. 
The filaments have a length of around 30 nm and a width of 3-4 
nm. (From Ref. [43].) 

Fig. 17 onion-like zirconium selenide particle formed under 
electron microscope observation. (From Ref. [43].) 

The electron diffraction pattern indicates a broad distribu- 
tion of the distances between the lattice planes. Assuming 
an expanded c-axis of 0.676 nm instead of 0.619 nm, the 
diffraction patterns disagree significantly with the hexag- 
onal ZrSe2 structure.[461 The second zirconium-selenium 
phase with layered structure is ~ r ~ ~ e ~ , ' ~ ~ ~  given that a c- 
axis expansion from the JCPDS value of 1.251-1.351 nm 
has to be assumed. Furthermore, this assumed expansion in 
the c-axis still does not match the actual diffraction pattern 
with the published pattern. Assuming an 8% or 9% 
expansion in the van der Waals bond, the c-axis may still 
be reasonable. If a similar expansion is also assumed in the 
a-direction, the diffraction pattern obtained with the 
nanosized particles fits relatively well with the published 
diffraction pattern for ZrSe2 or Zr2Se3. Undoubtedly, this 
may not be a valid description of the actual structure 
because expanding in the a-direction means an elongation 
of the covalent bonds. Table 2 summarizes the results of 
measured d-values and shows the possible calculated 
indices, based on a c-axis and a-axis expansion. 

Fig. 18 Zirconium selenide electron diffraction. (From 
Ref. [43].) 
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Fig. 19 Structure o f  trichalcogenide-NbSe3 shown. (From 
Ref. [ S O ] . )  

POTENTIAL USE OF LAYERED 
TRANSITION METAL CHALCOGENIDES 
AS MICROMACHINE COMPONENTS 

Recently, transition metal trichalcogenides have been 
synthesized at high temperatures in a variety of shapes. 
Trichalcogenides such as NbSe3, TiS3, and others have 
layered as well as chainlike structures.[501 These objects 
exhibit unusual morphologies larger than atomic scales; 
Fig. 19 shows an example. Morphologies observed 
include "wheels," "tubes," "rods," and numerous other 
shapes. The ability to synthesize shapes such as these from 
materials that can be metals, magnets, semiconductors, 
and insulators has led to speculations regarding the con- 
struction of micromachines. For example, the "wheel," if 
magnetic, might be incorporated into a microelectric 
motor. In another example, a microbattery might be con- 
structed based on the intercalating abilities of the LTCM. 
Fabrication seems feasible, but reproducible synthesis in 
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Fig. 20 ''Rimledge" model. (From Ref. [51].) (View this art in 
color at www.dekker.com.) 
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large uniform quantities remains a problem; however, 
possibilities for micromachine devices seem extensive. 

NANOPARTICULATE HETEROGENEOUS 
CATALYSIS 

Heterogeneous catalysis used in the petroleum refining and 
chemical industries is an obvious example of widely 
applied nanoparticles. Traditionally, the industries have 
relied successfully on empirical methods for synthesizing 
these materials, but have not applied the understanding of 
nanoparticles to make further improvements. MoS2 may be 
used as an example to show how understanding of 
nanoparticles leads to improvements in catalytic activity 
and selectivity. 

Catalysts based on MoS2 have been widely used in the 
petroleum refinering industry since World War 11. Usually 
the MoS2 is mixed with a second component such as Co or 

Fig. 22 
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Ni to improve activity.[" These very successful catalysts 
were largely discovered and developed empirically. Re- 
cently, much progress has been made in understanding 
their catalytic properties from a nanoparticulate point of 
view."" 

Several issues have become clear and are probably 
applicable to other heterogeneous catalysts: 

1. Commercial catalysts, because they are made at 
relatively low temperatures, appear in a highly folded 
and disordered form such as that described above. 
This is disadvantageous because maximum activity is 
obtained on catalysts that are well crystallized, and a 
major unrealized challenge is to cheaply make nano- 
crystals of these commercial catalysts in large quan- 
tities in a supported form. 

2. In the case of MoS2, the selectivity of the reaction is 
determined by the "stack height" of the crystallites, 
as indicated in Fig. 20. The industrially important 
hydrodesulfurization (HDS) reaction, indicated in 
Fig. 21, occurs along two pathways that take place 
on different parts of the crystal. The first pathway 
leading to cyclohexylbenzene occurs only on the 
"rim" sites, and the second pathway leading to bi- 
phenyl occurs on the "rim" and "edge" sites. Thus 
the aspect ratio of the nanoparticles must be con- 
trolled to positively affect the selectivity of the reac- 
tion, and the diameter of the crystallite must be made 
as small as possible to maximize the activity. All 
these must be accomplished with as much crystalline 
order as can possibly be retained. 

3. Working catalysts are "promoted" with a second 
metal such as Co or Ni. This metal usually occurs as a 
second component, such as Cogss that interacts at the 
MoS2 edge plane and can form an interface with it. It 
is at this interface that the promotion effect occurs by 
setting up an interaction at the junction of the two 
materials. A high-resolution electron micrograph of 
such an interaction is shown in Fig. 22.[521 It is a 
further challenge to synthesize these complex nano- 
phase materials in an optimum form in commercial 
quantities. 

THESTRUCTUREANDPOTENTIAL 
ROLE OF ATMOSPHERIC 
NANOPARTICLES IN PHOTOCATALYTIC 
AND THERMAL PRODUCTION AND 
ATMOSPHERIC POLLUTANTS 

Nanoparticles are now being recognized as playing a 
potentially important role in the complex physical and 

chemical process that occurs above heavily polluted 
cities.r531 Atmospheric aerosols occurring in these areas 
are found to be complex materials that have the potential 
to accelerate important ozone-forming reactions both 
photocatalytically and thermocatalytically. In addition, 
because the particles are small enough to inhale, they 
represent a considerable health hazard. The aerosols 
consist of two intermixed components: the first consists 
of amorphous carbonaceous materials of variable com- 
position with "fullerene-like" materials dispersed 
throughout; the second is an inorganic material consisting 
of nanoparticles of oxides and sulfides "supported" on 
clay minerals. These inorganic components have all of 
the characteristics of an airborne photocatalyst. Nano- 
particles of Fe203, Mn02, and FeS2 have demonstrated 
catalytic properties, particularly when occurring in the 
nanoparticles range as they do in the subject aerosol 
materials. These materials have band gaps that occur in 
the broad solar spectrum, enhancing the photocatalytic 
adsorption of solar radiation beyond that of the wider 
band gap aluminosilicate and titanate materials that also 
occur in aerosols. In addition, the materials are acidic 
and probably are coated with moisture when suspended 
in air, further enhancing the catalytic ability to crack 
hydrocarbons and create free radicals. Although this 
area is still being studied, nanoparticulates appear to 
play an important, but as yet undetermined, environmen- 
tal role. 

CONCLUSION 

The layered transition metal sulfur structure encloses the 
significance of the fundamental and applied chemistry of 
molybdenum disulfide. Their properties and crucial 
catalytic uses of unpromoted and promoted systems are 
strongly dependent both on the weak van der Waals 
interlayer interactions and on the nature of the sites 
defined by its layered structure. Complete understanding 
of the catalytic properties of MoS2 requires more 
information on the edge planes that terminate the 
anisotropic layers, which are the location of catalytically 
active sites. Further progress in developing this under- 
standing will enhance the ability to improve the catalysts' 
effectiveness for HDS processes. The combination of 
chemical synthesis and physical processes provides many 
experimental variables that allow control of particle size 
and shaping distribution, and will probably be applicable 
to the formation of closed structures of other layered 
compounds. It is a further challenge to synthesize these 
complex nanophase materials in an optimum form in 
commercial quantities. 
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INTRODUCTION 

The field of polymer-based materials continues its 
enormous growth covering a wide range of products from 
disposable coffee cups to car bumpers to biomedical 
devices. The increased emphasis on enhancement of prop- 
erties via materials with structures of components engi- 
neered on the nanoscale has opened up many new 
opportunities. For example, blending different polymers 
while retaining their individual properties in the composite 
is an effective way of engineering new nano- and mi- 
crostructural materials from a limited palette of commodity 
polymers. At present five major reasons for the technolog- 
ical importance of polymer multicomponent systems can be 
identified: 1) improvements in material performance via 
synergistic interactions (e.g., temperature resistance, mod- 
ulus, adhesion); 2) realizing desired processing conditions 
( e g ,  melt viscosity, softening point, solvent resistance); 
3) recycling industrial or municipal scrap polymers; 
4) adjusting product composition to customer specifica- 
tions by mixing of different batches; and 5) dilution of high- 
performance polymers for cost reduction. 

Despite their great industrial relevance, there exists no 
formally accepted nomenclature for multicomponent 
polymer systems. A possible classification scheme is 
provided in Scheme 1. Understanding and controlling the 
mechanisms of phase separation and nanostructure for- 
mation in polymer systems allows one to tailor the 
performance of these materials to a manifold of applica- 
tions. For example, co-continuous blends of high- and 
low-melting point polymers where the low-melting point 
component is the majority component facilitate to 
dramatically increase thermal and mechanical properties 
such as toughness, stress at break, or high-temperature 
creep resistance while retaining ease of processability. 
Recent research suggests possible future applications of 
multicomponent polymer systems that are more far- 
reaching. Nanostructures based on block copolymer- 
homopolymer blends are currently studied as a platform 
for photonic materials with possible use in integrated 
optics or in thin films as nonlithographic route toward 
controlled patterning of 100-nm feature sizes. The future 
technological impact of the latter type of applications will 
crucially depend on the ability to control structure 

formation on multiple length scales by strategic design 
of chemical groups as well as integrating synthetic design 
with specific processing pathways that increase the 
likelihood of attaining a targeted structure. 

This article reviews polymer phase behavior and 
nanostructure formation beginning with a discussion of 
molecular architecture, equilibrium thermodynamics, and 
phase separation dynamics. The second part describes 
recent achievements to control the structure formation 
processes over macroscopic dimensions. The interplay of 
relevant balancing forces in self-organization processes 
is discussed aiming to give the reader some intuition 
about how molecular details and processing conditions 
can be used in order to control structure formation. 
In the third part, new research areas will be presented 
in which polymer-based nanostructures are likely to 
have major technological impact. Throughout, examples 
will focus on synthetic polymers that either are of high 
industrial interest or that suitably represent characteris- 
tics of a broad range of macromolecules but leaving out 
the complex structure formation processes found in nat- 
ural biopolymers. 

MOLECULAR ARCHITECTURE 
AND PHASE DIAGRAM 

The term polymer means "many units" and designates a 
large molecule made up of smaller repeating units, the 
number of which determines the degree of polymerization 
N. Other basic quantities characterizing a polymer chain 
are the molecular weight M=Nm, with m being the 
molecular weight of a single repeat unit, and its radius of 
gyration RG which scales as N"' for flexible chains in 
their melt state. As a rule of thumb, molecular weights of 
common-type flexible polymers of M- lo5 glmol corre- 
spond to an effective size of the polymer chain of RGw 
10 nm. The inherent length scale in the nanometer range 
renders polymer materials naturally attractive for nanoen- 
gineering purposes. Depending on the synthetic proce- 
dure, the repeating unit of a linear polymer may comprise 
a single identifiable precursor such as in poly(styrene) 
(PS) or might be composed of the residues of several 
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Scheme 1 Multicomponent polymer system classification scheme. The types of polymer systems relevant to this text are marked 
in black. 

smaller molecules as in poly(hexamethy1ene-adipamide) 
(Nylon-6,6). Table 1 shows the chemical structures of a 
small selection of polymers relevant to this article. Next to 
the linear chain architecture, synthetic strategies have 
been developed to also obtain well-defined star- or 
branched molecular structures. For a detailed discussion 
of methods for polymer synthesis the reader is referred 
to Refs. [l] and [2]. A small subset of the wealth of 
architectures is shown in Scheme 2. Depending on mo- 
lecular architecture, degree of polymerization, and tem- 
perature, the physical state of polymeric materials can 
vary between viscous liquid, glassy, semicrystalline, or 
liquid crystalline. Crystallization processes, which require 
a highly regular stereochemistry of the polymer, and the 
associated hierarchy of structures are beyond the scope of 
this article and will only be briefly mentioned. 

Homopolymer Blends 

The equilibrium phase behavior of a mixture of two linear 
polymers A and B was first derived by ~ l o r y ' ~ ]  and 
~ u ~ ~ i n s . ' ~ ]  According to the Flory-Huggins theory, the 
change in free energy upon mixing AG, for a binary 
polymer blend is given by 

with kg denoting the Boltzmann constant, T the temper- 
ature, NAIB the degree of polymerization (the number of 
mers of A and B), +A/B the volume fraction of polymers 
A and B, and x the Flow-Huggins segment-segment 
interaction parameter. As large chains assume fewer 

mixed configurational states, the entropic contribution 
(first two terms in Eq. 1) decreases with increasing 
molecular weight of the polymers. The phase behavior of 
binary polymer blends is then largely determined by the 
value of x that is fixed by the particular choice of the 
repeating units of polymers A and B. parameters can 
often be expressed as a linear function of IIT, i.e., 
x(T) = a + PIT; values for a and P have been tabulated for 
a variety of  monomer^.'^] Given a binary polymer 
mixture, the phase behavior can be predicted by the 
calculation of the spinodal and binodal that are given by 
the criteria of stability (Eq. 2) and thermodynamic 
equilibrium (Eq. 3), respectively. 

The binodal and spinodal curves meet in the critical point 
that is given for a symmetric polymer blend with equal 
molecular volumes (NAvA=NBvB, V, denoting the volume 
of monomer i) by $,= 112 and ~ , = 2 l N .  A typical phase 
diagram for a binary mixture of symmetric linear 
homopolymers is shown in Fig. 1. Depending on the 
sign and temperature dependence of X, different types of 
phase behavior can be distinguished, the most important 
are referred to as: upper critical solution temperature 
(UCST, mixing upon heating), which is found for 
positive x and d~ld(llT)>O, as well as lower critical 
solution temperature (LCST, mixing upon cooling), 
which is found for negative x and dzld(llT)<O. In a 
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Table 1 Structure and nomenclature of selected polymers 

Nomenclature 
Structure Monomer (abbreviation) 

Poly(styrene) (PS) 

Poly (isoprene) (PI) 

Poly(methylmethacry1ate) 
(PMMA) 

Poly(hexamethy1ene adipamid) 
(Nylon-6,6) 

few experimental systems, closed-loop behavior has been 
observed, i.e., low-temperature LCST and high-temper- 
ature UCST.'~] Table 2 shows a list of some homopoly- 
mers that are frequently found in industrial applications 
and their mixing behavior. 

Mechanisms of phase separation in 
homopolymer blends 

There are two major mechanisms of phase separation that 
have been identified and that occur in different parts of 
the phase diagram as shown in Fig. 1: nucleation and 
growth (NG) and spinodal decomposition (SD). NG 
occurs in the metastable region of the phase diagram (the 
area between binodal and spinodal) and is characterized 
by the following steps: 1) initial formation of spherical 

rn linear 

star 

v branched 

Scheme 2 Selection of homopolymer architectures. 

fragments of the more stable phase (requires activation 
barrier); 2) growth of nuclei by first diffusion of material 
from the supersaturated continuum followed by droplet- 
droplet coalescence and Ostwald-ripening. Spinodal 
decomposition, which is the commonly observed mech- 
anism for phase separation in homopolymer blends, 
occurs in the unstable region of the phase diagram and 
is characterized by initial small-amplitude composition 
fluctuations that increase with time and result in 
interconnected phase morphologies at intermediate stages 
of phase separation. Co-continuous polymer blends have 
been the subject of intense research as they generally 
exhibit superior mechanical properties. Co-continuous 
interconnected morphologies are commonly induced 
either by arresting SD or by mechanical mixing of 
polymer mixtures. Such systems often suffer the problem 
that they tend to move toward the equilibrium macro- 
phase-separated structure. Blending of homopolymers in 
the presence of appropriately chosen graft copolymers 
has been shown to be a versatile alternative to mechanical 
mixing, facilitating the stabilization of co-continuous 
blends by increasing the thermodynamic stability and 
flexibility of the interfa~e.'~' Fig. 2 shows the micro- 
structure of a poly(ethylene)/poly(amide) co-continuous 
blend and the associated enhancement of elastic and 
tensile properties. Note that the elastic modulus increases 
by order of magnitudes in the case of the co-continuous 
blend with regard to its phase separated counterpart. 
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Fig. 1 a) Phase diagram of a symmetric homopolymer blend 
(NA = Ns).  Shaded area indicates metastable region. b) Sche- 
matic of the mechanism of phase separation in the metastable 
(nucleation and growth, NG) and instable (spinodal decompo- 
sition, SD) region of the phase diagram. (View this art in color at 
www.dekker.com.) 

Block Copolymers 

Block copolymers consist of two distinct polymer chains 
that are covalently linked together to form a chain. The 
large variety of block configurations that can be con- 
structed using modem synthetic methods can be classified 
based on the number of chemically distinct blocks as well 
as linear vs. branched connectivity of the blocks within a 
copolymer as indicated in Scheme 3. As structure for- 
mation processes of most of these systems are still under 
discussion, this article will focus on the current under- 
standing of the simplest and most studied system-linear 
amorphous diblock copolymers. For excellent review 
articles in this field we refer the reader to Refs [8-101. 

Because block copolymers are single-component 
systems, they cannot macrophase separate in the melt 
like a pair of linear homopolymers does. Instead, block 
copolymers segregate on a local scale. The decrease of 
A-B segment contacts by local segregation is often 

referred to as microphase separation. The enthalpy gain 
obtained by the local segregation process is counter- 
balanced by an associated loss in system entropy that 
results from the localization of the block joints at the 
intermaterial dividing surface (IMDS) and the necessary 
stretching of the polymer chains away from the IMDS in 
order to maintain uniform density. As the entropic 
contribution can be shown to scale as N p l  with 
N=NA+NB, it is again the product XN that dictates the 
microphase-separation process. Three different limiting 
regimes exist for diblock copolymer melts: 1) the 
disordered state with unperturbed Gaussian chain statis- 
tics (RG- N"') which is found for ;cN< 1; 2) the ordered 
state in the weak segregation limit (xN- 10) with 
sinusoidal composition fluctuations representing a peri- 
odic microstructure; and 3) the ordered state in the strong 
segregation limit (;cN>> 10) where strong repulsive forces 
between segments of A and B result in sharp interfaces 
separating nearly pure A and B domains with pronounced 
stretching of the block chains ( R ~ w N ~ ' ~ ) .  Below the 
order-disorder transition temperature, enthalpic effects 
become more influential and the block copolymer 
microphase separates. The product XN and the composi- 
tional parameter f= NAI(NA + NB) determine one of seven 
phases that represent free-energy minima for the ensem- 
ble of molecular configurations. The following sequence 
of phases has been observed for PS-PI diblocks: 
fps <0.17, body-centered cubic (BCC): 0.17 < fps <O.28, 
hexagonal; 0.28<fps<0.34, bicontinuous (double gyroid); 
O.%< fps <O.62, lamellar; O.62< fps <O.66, inverse double 

Table 2 Mixing behavior of selected homopolymer blends 

Polymer 1 

Poly (styrene) 
Pol y (styrene) 

Pol y (styrene) 

Pol y (propy lene) 
Poly (styrene) 

Pol y (styrene) 

Poly(ethy1ene 
oxide) 
Poly(vinylch1oride) 

Poly(methy1 
methacry late) 

Polymer 2 Miscibility 

Poly (butadiene) 
Poly(methy1 
methacrylate) 
Poly(dimethy1 
siloxane) 
Poly(ethy1ene- 
propy lene) 
Poly(ethy1ene) 
Poly(viny1 
methylether) 
Poly(dimethy1 
phenyleneoxide) 
Poly(acrylic acid) 

Poly(buty lene 
terephthalate) 
Poly(vinylidene fluoride) 
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Fig. 2 Transmission electron micrographs of a) co-continuous 
nanostructured blend (80120 ratio poly(ethylene)/Nylon-6,6); b) 
phase separated blend. c) and d) show the increase of elastic 
modulus and stress-strain properties for co-continuous phase 
formation. Triangles: co-continuous (80/20), squares: micellar 
blend (80/20), diamonds: macrophase separated blend, circles: 
poly(ethy1ene). (From Ref. [8]. Copyright 2002, Macmillan 
Publishers Ltd.) (View this art in color at www.dekker.com.) 

gyroid; 0.66 < fps <O.77 inverse hexagonal; fps >0.77, 
inverse BCC. Depending on the packing frustration 
self-consistent field calculations also suggested the 
formation of a double diamond and a perforated lamellar 

Fig. 3 Phase diagram of a symmetric block copolymer 
( N A = N B ) .  L: lamellar phase, C: cylindrical phase, G: gyroid 
phase, S: spherical phase (cubic body centered). (More 
information about minimal surfaces: http://www.msri.org/pub- 
lications/sgp/jim/images/stills/mini/index.html.) (View this art in 
color at www.dekker.com.) 

structure between the well-established lamellar and 
cylinder phases, but these microdomain geometries are 
considered to be only metastable and will not be 
discussed here. A phase diagram along with a schematic 
of the different periodic microstructures found as a 
function of X N  and f for a typical diblock copolymer is 
shown in Fig. 3. Fig. 4 demonstrates the observation of 
the above mentioned morphologies via electron micro- 
graphs of PS-PI diblock copolymers. 

diblock multiblock 
Block copolymer-homopolymer blends 

f 
linear J 

- 
branched 

Scheme 3 Selection of di- and multiblock copolymer archi- 
tectures. (View this art in color at www.dekker.com.) 

A natural continuation of the research mentioned above is 
the study of block copolymer/homopolymer blends. 
Structure formation in blends of homopolymers and block 
copolymers is determined by the interplay of macrophase 
separation of the homopolymer and the microphase 
separation of the block copolymer. Which effect predom- 
inates depends on the relative lengths of the respective 
polymers and on the composition of the blend. In binary 
blends, low-molecular weight homopolymer is solubilized 
within a microphase-separated block copolymer structure 
at low concentrations. Increasing the molecular weight of 
the homopolymer such that it approaches that of the block 
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Fig. 4 Transmission electron micrographs of a) lamellar; b) 
hexagonal cylindrical viewing direction along cylinder axis, 
inset: viewing direction perpendicular to cylinder axis; c) gyroid 
[view direction along (110)l and d) BCC spherical phase of 
poly(styrene-b-isoprene) copolymer [along (loo)]. For all 
micrographs, the isoprene block was stained with Osmiumte- 
troxide to enhance contrast. 

copolymer leads to an increasing tendency for segregation 
of the homopolymer to the center of the domain. If the 
molecular weight of the homo~olvmer exceeds the one of 

SELF-ORGANIZATION PROCESSES 

Mechanical behavior can be readily tuned when, e.g., 
glassy mesostructures are formed in a rubbery matrix, 
and indeed, glassy-rubbery block copolymers are used for 
various applications as advanced engineering materials. 
However, the possible impact of block copolymer 

u A ,  

the block copolymer, macrophase separation tends to 
predominate.["1 

4 

Binarv block co~olvmer blends 

Binary block copolymer blends offer another route toward 
nanoscale structures. Binary blends of triblock (ABC) and 
diblock (ac) copolymers, with the upper and lower case 
characters distinguishing the chemical composition and 
molecular weight of the respective blocks, were exten- 
sively studied because of their potential to microphase 
separate into noncentrosymmetrical morphologies. These 
nanostructures are of high technological interest, as the 
absence of centrosymmetry implies macroscopic polari- 
zation that is associated with many useful properties 
such as piezo- and pyroelectricity and second-order 
nonlinear optical activity. Theoretical studies on the 
formation of noncentros~mmetric were Fig. 5 a) Diagram of the possible lamellar morphologies of 
performed for the case of lamellar structure and "ggest ABC/ac block copolymer blends. 1: Macrophase separation, 2: 
that nOncentros~mmetrical require suffi- random sequence, 3: centrosymmetric sequence, 4: noncenstro- 
cient asymmetry between the Aa and Cc domains. Fig. 5 symmetric sequence. b) Transmission electron micrograph of the 
shows a schematic of possible lamellar morphologies in noncentrosymmetric blend. Scale bar: 250 nm. (From Ref. [13]. 
blends of ABC and ac block copolymers along with an Copyright 1999, Macmillan Publishers Ltd.) 
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nanostructures that are envisioned is much more far- 
ranged. The emerging challenges that have to be resolved 
involve the extension of hierarchically ordered structures 
to larger length scales and the development of new 
processing technologies that allow to control the ordering 
process at various length scales. In the following sections, 
several approaches will be presented that address these 
challenges. 1) Strategic design of the molecular architec- 
ture, e.g., by introducing anisotropic groups that introduce 
configurational constraints to the self-assembling process; 
2) by exploiting the effect of external fields on the self- 
assembly process; or 3) by using surface energetics and 
selective polymer-substrate interactions to guide the 
system to the desirable global geometries. 

Techniques Involving Molecular Architecture 

Structure formation in rod-coil block 
copolymer systems 

If one block in a coil-coil block copolymer is substituted 
by a polymer type that exhibits highly restricted confor- 
mational freedom, a rod-coil block copolymer is obtained. 
The interest in rod-coil block copolymers is fueled by 
the extraordinary wealth of morphologies that are found 
in rod-coil systems, which can result in novel func- 
tional materials with intriguing optical or electronic 
properties. This spectrum of domain morphologies is 
due to the delicate interplay between liquid crystallinity 
of the rod block combined with the phase separated 
microdomain morphologies. Rod-coil block copolymers 
also provide an excellent example of designer nano- 
scale materials as the rod blocks represent active sites 
that can be addressed by external fields (flow, electric, 
magnetic), providing a means to guide the system into 
well-defined macroscopically ordered states. A rod-like 
conformation of a polymer is induced either by step- 
wise coupling of rigid mesogenic units to form low- 
molecular weight oligomeric rods or in macromolecular 
systems by creating a rigid polymer backbone with al- 
ternating conjugation, by steric hindrance of side groups 
attached to each repeating unit or by the formation of 
helical secondary structures. The asymmetry in the rigidity 
of the respective rod vs. coil blocks significantly increases 
the Flory-interaction parameter X, such that rod-coil block 
copolymers microphase separate already at low weight 
fractions of the rod component. The hierarchical order 
from the nano- to the microscale results as a consequence 
of the mutual repulsion of the dissimilar blocks and the 
packing constraints that are imposed by the connectivity 
as well as the tendency toward orientational ordering of 
the rod block. 

Currently, there exists no general theoretical frame- 
work that can account for the complex phase behavior 
thus observed in rod-coil copolymer systems. Three 
examples will be provided that represent some of the new 
morphologies that are encountered in rod-coil block 
copolymer systems. For excellent review articles of this 
field we refer the reader to Refs. [l3] and 1141. 

Stupp et al. reported the formation of large, well- 
organized supramolecular structures (lo2 kDa) by self- 
assembly of rod-coil oligomers consisting of an elongated 
mesogenic rods with volume filling fractions ranging from 
0.19 to 0.36 and a coil-like poly(isoprene) (PI) part.['51 
Depending on the rod filling fraction, the formation of a 
strip morphology EOd=0.36) or a hexagonal superlattice 
structure (f,,d=0.25) was observed. Substituting the 
poly(isoprene) coil block by a (~tyrene)~-b-(i~oprene)~ 
oligomer was reported to result in the formation of 
mushroom-like assemblies containing about N= 100 rod- 
coil oligomers that self-organize into superlattice domains. 
A schematic of the proposed structure is given in Fig. 6. 

Chen et al. investigated the structures formed in high- 
molecular rod-coil block copolymer systems consisting of 
poly(hexy1isocyanate) with N=900 as the rod block and 
poly(styrene) with N=300 as the coil bl~ck. ' '~ '  Depending 
on the volume fraction of rod component, the formation of 
three different morphologies was reported. These were 
explained to occur as the result of microphase separation 
of the blocks and crystallization of the rods during solvent 
evaporation. For a volume filling fraction of the rod 

Fig. 6 Transmission electron micrograph revealing superlattice 
of regularly shaped aggregates. Inset: Suggested mushroom-like 
morphology of the aggregate. (From Ref. [16]. Copyright 2001, 
American Association for the Advancement of Science.) 
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Fig. 7 Transmission electron micrographs of the morphologies of the PHIC-PS rod-coil block copolymer: wavy-lamellar (fPHIC=0.42), 
zigzag ( fPHIC=0.89) and bilayer arrowhead (fPHIC=0.96). The dark regions correspond to PS (stained with Rutheniumoxide). (From 
Ref. [17]. Copyright 2001, American Association for the Advancement of Science.) (View this art in color at  www.dekker.com.) 

component Ad=0.42, the formation of a wavy lamellar 
structure was observed, in which the rod blocks are tilted 
with respect to the layer normal by about 60". For 
fmd=0.73 a novel "zigzag" morphology was observed in 
which the rod and coil blocks are arranged in a zigzag 
fashion and the rod blocks are tilted with respect to the 
layer normal by 45". For even higher rod filling fractions 
(frOd>0.96) an "arrowhead-like" pattern formation was 
observed. Fig. 7 shows electron micrographs of the 
observed morphologies. The complexity of the structure 
formation process in rod-coil systems is indicated by the 
pronounced effect of solvent on the structures depicted in 
Fig. 7. Well-oriented zigzag patterns were observed only 
when toluene was used, whereas the use of chloroform as 
a solvent resulted in more disordered arrangement of 
the zigzags. The observed difference can be understood 
as the quality of the solvent determines the onset of 
microphase separation of the blocks as well as the onset of 
liquid crystallization of the rod blocks. As a consequence, 
rod-coil morphologies often do not represent equilibrium 
structures but rather kinetically trapped states. Park et al. 
have continued the study of microstructure formation in 

Fig. 8 Tapping mode atomic force micrographs of the 
hierarchical structure formation of PS-PIHC thin films after 
casting on silica substrate. The insets show Fourier-transformed 
images. (View this art in color at  www.dekker.com.) 

rod-coil block copolymers and demonstrated the forma- 
tion of long-range periodic domain walls yielding a 
hierarchical morphology with order on multiple length 
scales consisting of interchain crystals of the rod blocks 
(1.5 nm), block copolymer microdomains (55 nm), and 
periodic Nee1 domain walls (N  1 pm)."71 This study is 
remarkable for two reasons. First, the block copolymer- 
poly(3-(triethoxysilyl)propylisocyanate-b-styrene) (PIC- 
PS) employed in their study contains reactive groups as 
part of the isocyanate rod blocks. These entities allow the 
polymer to be covalently tethered to inorganic substrates 
after microstructure formation. Second, by directional 
solvent evaporation, the authors demonstrated unidirec- 
tional alignment of domain wall patterns on the centimeter 
length scale while maintaining interchain and microdo- 
main ordering. A pair of atomic force micrographs of 
the observed hierarchical rod-coil structure are shown 
in Fig. 8. 

Effect of Mechanical and Electric Fields 

Polymeric materials can undergo dramatic changes in 
their structure in response to external fields. This provides 
opportunities to direct distinct alignments of polymeric 
nanostructures through processing. Polymer engineers 
have long exploited processing to increase properties 
(e.g., fiber production) through increase of crystallinity 
and chain orientation. For many envisioned applications 
of polymer-based nanostructures, it is of special impor- 
tance to be able to produce functional macroscopic 
materials with uniform large-scale orientation. In general, 
self-assembly processes alone do not result in globally 
ordered structures but rather heterogeneous morphologies 
consisting of randomly oriented grains within which the 
domains have homogeneous alignment. The possibility to 
induce global order in block copolymer microstructures 
by flow field alignment was pioneered by Keller et al. in 
extruded polymer materials and a variety of other flow 
methods have been developed, such as roll-casting and 
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extensional f l o ~ . [ ' ~ - ~ ~ ]  Kornfield et al. studied the 
influence of oscillatory shear on the alignment of lamellar 
morphology forming block copolymers by in situ rheo- 
optical methods that allow monitoring the alignment of 
the lamellae as a function of applied shear rate and 
amplitude."91 It was argued that with increasing shear rate 
three different frequency regimes can be distinguished for 
layered microstructured block copolymers in which the 
polymer domains have dissimilar viscoelastic properties. 
Two characteristic frequencies that determine the effect of 
oscillatory shear on the alignment of lamellar samples 
were identified: a lower frequency limit od that is 
associated with the lifetime of fluctuations on a layered 
structure and a higher frequency limit o, that reflects the 
dynamics of conformational distortions of single polymer 
chains. It was found that oscillatory strain shearing 
induces parallel alignment with respect to the shear 

direction for o<od, perpendicular alignment for 
ad< w<o,, and parallel alignment for o,<w. 

For cylindrical microdomain forming coil-coil block 
copolymers subjected to steady or oscillatory shear, parallel 
orientation, i.e., the cylinder axes are aligned along the 
flow direction, was found to be the usual orientational 
state. However, by anchoring liquid crystalline side 
groups to a coil-coil block copolymer, Osuji et al. could 
demonstrate that the strong interaction of the mesogens 
with the applied flow field can force the cylindrical 
microdomair~s to align transverse to the flow direc- 
t i ~ n . [ ~ "  In their study of the effect of oscillatory me- 
chanical shear on the microstructure formation of a PS- 
PI block copolymer in which each isoprene block was 
functionalized with a mesogenic group, the authors con- 
cluded that the invariant homogeneous anchoring of the 
mesogens with respect to the IMDS results in the 

Fig. 9 Schematic structural model of the transverse alignment of cylindrical microdomains and smectic layers. Flow is along x- and 
vorticity is along y direction. The model represents a compromise structure in which cylinders are transverse and smectic layers are 
perpendicular, but the boundary condition for the mesogens are maintained homogeneous. (From Ref. [22] . )  
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transverse cylindrical orientation under shear. A sche- 
matic of the proposed structural model of perpendicular 
smectic layers and transverse cylindrical microdomains 
is given in Fig. 9. 

Amundson et al.12'] presented a detailed mechanistic 
study of the effect of electrical fields on the structure 
evoution in lamellar block copolymer systems. By 
applying electrical fields of 1.8 MVlm to a symmetric 
PS-PMMA diblock copolymer while heating the poly- 
mer above glass transition temperature, a significant 
increase in orientation of the larnellae along the electric 
field direction could be observed. The ordering effect 
of the electric field could be explained by the 
orientational dependence of the systems free-energy in 
the presence of the external field. The situation is sim- 
ilar to the effect of an oscillatory shear-field when o<od. 
The external field raises the free-energy associated with 
lamellar compression or splay and hence causes move- 
ment and annihilation of defect walls and disclination 
lines. A schematic of the defect movement along with 
electron micrographs of the films with and without electric 
field alignment is shown in Fig. 10. Recently, Thurn- 
Albrecht et al. applied a similar procedure to align 
cylindrical PS-PMMA block copolymers using electric 
field strengths of 40 M V / ~ . [ ~ ~ '  

Thin Film Morphologies 

Whereas bulk morphologies of microphase-separated 
block copolymers are often typified by grains of ordered 
domains that are randomly oriented with respect to each 
other, thin films can sometimes exhibit highly ordered 
domains. This orientation can be understood as a direct 
result of the surface and interfacial energy minimization. 
The possible applications of block copolymer thin films 
have been widely recognized and constitute a very active 
current field of research. An excellent introduction to the 
field is the recent review article by Fasolka and ~ a ~ e s . ' ~ ~ '  
Of the various microdomain types, the most investigated 
is the lamellar. Most theoretical work regarding the 
physics of thin film morphology was done for the case of 
symmetrical boundary conditions that is realized, e.g., 
when the film is located in between two identical 
substrates. It was found that for films with thickness 
greater than the lamellar thickness, t>L, the lamellae 
orient parallel to the substrate surface. As a result of 
the surface substrate boundary conditions the most 
energetically compatible block is expressed at each of 
the surfaces. Depending on which block wets the 
respective surface, one distinguishes between symmetric 
(same block wets each surface) and antisymmetric 
(different blocks wet the two surfaces) wetting. The 
equilibrium conditions for stability of symmetric films are 
then given as t=nL, with n being an integer, and t=(n+ll  
2)L for antisymmetric wetting. It was proposed that the 

Fig. 10 a) Movement of the disclination lines and wall defects 
occurring by glide and climb of edge dislocations and creation 
of pores. 1: Disclination lines approach by perforation of layer; 
2: focal conic loop forms island that grows by climb motion 
along the disclination loop; 3: through combination of climb and 
glide motion an edge dislocation propagates along a wall defect. 
b) Transmission electron micrographs of PS-PMMA perpen- 
dicular to field direction and c) parallel to field direction. (From 
Ref. [23].) 

entropic penalty that is imposed on chains when surface- 
parallel lamellae are constrained to film thicknesses 
incommensurate with integer multiples of L can induce 
the perpendicular lamellar orientation if the entropic 
penalty exceeds the enthalpic gain from preferential 
wetting. A summary of possible thin film morphologies 
is given in Fig. 1 1. 

Although the assumption of symmetric boundary 
conditions simplifies the analysis, many practical thin 
film situations exhibit asymmetric boundary conditions, 
e.g., supported film systems. In supported film systems, 
the polymer-substrate interfacial energy of a given type of 
monomer can differ from its surface energy by an order of 
magnitude. The presence of asymmetric boundary condi- 
tions can therefore result in new morphological trends not 
found in the symmetric case, e.g., the formation of hybrid 
structures involving parallel as well as perpendicular 
alignment. At the time of writing no theoretical model has 
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application of the theoretical models mentioned above to 
real supported films. 

Epitaxial crystallization of block 
copolymer thin films 

FL AFL AHY 

Fig. 11 Diblock copolymer thin film morphologies as a 
function of boundary conditions. A-block is gray, B-block is 
black. Lo: film thickness, FL: symmetric surface-parallel full 
lamellae, AFL: antisymmetric surface-parallel lamellae, AHY: 
antisymmetric hybrid structure, HL: half-lamellae, HY: sym- 
metric hybrid structure, PL: surface-perpendicular lamellae. 
(From Ref. 1241. Copyright 2001, Annual Reviews.) (View this 
art in color at www.dekker.com. ) 

been developed that could accurately account for many of 
the experimental observations. This is in part due to the 
finite roughness and deformability of most surfaces on the 
molecular scale that represents a major problem in the 

Epitaxy denotes the oriented overgrowth of one crystalline 
material upon the surface of another. In general, this 
process requires an approximate agreement in lattice 
spacings of the two components. Epitaxy is a traditional 
method of material science used to control registration and 
orientation. Block copolymers that contain one crystalliz- 
able block are of great interest as the crystallization 
provides an additional driving force for the microphase 
separation. The resulting morphology is the result of the 
interplay between segregation and crystallization process 
and is therefore process-path dependent, resulting in new 
opportunities to control the structure formation process by 
directing the crystallization process. Epitaxial methods 
were shown to be particularly interesting in controlling the 
orientation of microphase-separated block copolymer 
domains over large areas. De Rosa et al. recognized that 
because of crystallographic matching of poly(ethy1ene) 
and benzoic acid crystals, the poly(ethy1ene) blocks of 
a semicrystalline poly(ethylene-b-ethylenepropy1ene-b- 
ethylene) triblock copolymer can be epitaxially crystal- 
lized onto crystals of benzoic acid thereby directing the 
microphase separation process.r251 Electron micrographs 
depicting the microstructure of the block copolymer 

homogeneous mixture 
(block copolymer, benzoic acid) 

Glass suUbBhates 

directional eutectic solidification 

oriented cylinder formation 
and e~itaxiai cwstaliization 

Fig. 12 Transmission electron micrographs of a) solvent-cast and b) directionally solidifiedlepitaxially crystallized PS-PE copolymer. 
PE domains form pseudo-hexagonal lattice of perpendicular-oriented cylinders. The styrene blocks have been stained with 
Rutheniumtetroxide for contrast enhancement. The inset in b) shows magnified region demonstrating the noncircular shape of the PS- 
PE interface resulting from the 15% smaller domain spacing of benzoic acid in b direction. (From Ref. [25]. Copyright 2000, Macmillan 
Publishers Ltd.) 
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thin film with and without epitaxial direction are shown 
in Fig. 12. Epitaxial control over the microphase 
separation process continues to attract much attention 
as it opens a new dimension to the control of 
nanostructure formation: crystal orientation on the 1-10- 
nm length scale as well as microstructure orientation on 
the 10-100-nm length scale. 

TRENDS IN EXPLOITING 
POLYMER-BASED NANOSTRUCTURES 

Recent advances in understanding the formation of 
nanostructures based on self-assembled microphase sep- 
arated block copolymers and the external parameters that 
afford global ordering of these structures have resulted 
in applications that capitalize on the specific structural 
characteristics rather than on a volume averaged behavior. 
Microphase separated block copolymers have been stud- 
ied extensively as an alternative approach to conventional 
lithographic techniques to produce highly ordered nano- 
structures with possible applications such as a high- 

Fig. 13 a) Schematic model of the double-gyroid morphology 
showing two interpenetrating networks (here: PS) embedded in 
the matrix material (here: air). Scanning electron micrograph of 
a free-standing interconnected PS network obtained from a high 
molecular weight double-gyroid PS-PI block copolymer after 
selective UVIozone etching of the PI domain. (View this art in 
color at www.dekker.com.) 

density magnetic recording device or a photonic band-gap 
material. In the following we present some examples of 
the new directions in this area of research. 

Block Copolymers as Photonic 
Band Gap Materials 

As block copolymers self-assemble into periodic one-, 
two-, or three-dimensional equilibrium structures, optical 
effects such as photonic band gaps can be obtained when 
the molecular weight of the block copolymer is high 
enough such that the domain spacing is of the order of the 
wavelength of light (typically M-- lo6 gtmol). Photonic 
band gaps denote frequency regions in which light of 
certain polarization and propagation direction cannot 
propagate through the material.[261 As the synthesis and 
processing of high molecular weight polymers is delicate, 
the first observation of a self-assembled polymer-based 
photonic material was not published until 1999.[~'] 
Various techniques have been developed in order to solve 
the eminent problem of the inherently low dielectric con- 
trast between typical polymers. Methods such as selective 
deposition of high index nanocrystals within the polymer 
scaffold[281 or selective etching of one of the domains[291 
can raise the dielectric contrast. It could be shown that 
even for high molecular weight copolymers the double 
gyroid microdomain morphology can be obtained, indi- 
cating pathways to three-dimensional photonic crystals 
that combine a full photonic band gap with the advanta- 
geous mechanical properties of polymeric materials and 
the ease of self-assembly. Fig. 13b shows a scanning 
electron micrograph of a double gyroid obtained from 
high molecular weight PS-PI after selective etching of the 
PI matrix using ~ ~ / o z o n e . [ ~ ~ I  

Block Copolymer Lithography 

The typical length scale of microphase separation, 10- 
100 nm, is particularly interesting as it provides a 
versatile alternative to conventional photolithographic 
techniques for surface structuring. Possible applications 
for regular texturing of a surface at the 10-nm length 
scale are the fabrication of high-storage magnetic 
recording media, DNA electrophoresis membranes or 
microoptical elements. Of particular interest is the 
combination of the controlled structure formation on 
the nanometer length scale with the distinct chemical 
nature of the respective blocks. Lopes and Jaeger 
demonstrated the selective decoration of the PS domains 
of a cylindrical microstructure forming PS-PMMA 
diblock copolymer by evaporation of gold on top of 
the spin-casted polymer thin film.r301 The dense packing 
of gold nanocrystals on the PS domains allowed for the 
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Fig. 14 a) Metal nanochain and nanowire formation after 
vapor-deposition of Au onto a thin film of cylindrical PS- 
PMMA block copolymer and annealing for 1 min at 180°C 
under Ar atmosphere. Au highly selectively decorates the PS 
domain. b) Magnification of a) demonstrating individual na- 
nocrystal array formation. Scale bars: 200 nm. (From Ref. [30]. 
Copyright 2001, Macmillan Publishers Ltd.) 

formation of a regular pattern of conducting nanowires 
50 nm in width which are of great interest as 
interconnects, gratings, or for biosensor applications. A 
schematic of the described structure formation process 
along with electron micrographs of the resulting struc- 
tures is shown in Fig. 14. Block copolymer lithography 
has also been studied as possible alternative to conven- 
tional lithographic techniques for the fabrication of high- 
density magnetic storage media. For example, Cheng et 
al. demonstrated that single-domain ferromagnetic cobalt 
dots can be fabricated using self-assembled block 
copolymer lithography.r311 In their study, the authors 
took advantage from the significantly different etching 
rates of organic-inorganic block copolymers when ex- 
posed to a reactive ion beam, allowing the selective 

etching of one component from the microstructure while 
converting the inorganic-containing block to a ceramic. A 
thin film of spherical microdomain morphology forming 

poly(styrene-b-ferrocenyldimethylsilane) (PS-PFS) block 
copolymer was cast on a layered cobalt-tungsten-silica 
substrate and the PFS domains used as a mask for 
subsequent reactive ion etching. A schematic of the 
procedure as well as a scanning electron micrograph of 
the obtained nanodot arrays is shown in Fig. 15. 

Inorganic-Organic Mesostructures from 
Block Copolymer Phases 

At present, great attention is being paid to the preparation 
of complex inorganic-organic hybrid materials with long- 
range order that could find possible applications in 
catalysis, membrane, and separation technology. Two 
major synthetic approaches can be distinguished: 1) the in 
situ synthesis of inorganic particles within a block 
copolymer domain that has been loaded with a suitable 
precursor reagent and 2) the simultaneous self-assembly 
of the block copolymer in the presence of ex situ 
synthesized nanoparticles that are surface-tailored in order 
to allow preferential sequestration within a target domain. 

Ashing, 
Ion Beam Etching 

Fig. 15 a) Schematic of the sequential reactive ion etch process 
(see text fort details). b) Tilted scanning electron micrograph 
showing Co-nanodot arrays obtained after complete etching of 
the PS-PFS block copolymer. (From Ref. [31]. Copyright 2001, 
Wiley Interscience.) (View this art in color at www.dekker.com.) 



Fig. 16 a) Schematic of the nanoreactor approach. 1: Thin film 
cast of spherical PS-PAA; 2: selective swelling of PAA spheres 
with metal precursor; 3: formation of metal nanocrystals by 
reduction of metal precursor. b) Transmission electron micro- 
graph of thin film demonstrating hexagonal array of Ag 
nanodots within PS matrix. (From Ref. 1321. Copyright 2002, 
American Chemical Society.) (View this art in color at 
www.dekker.com.) 

Whereas the first approach facilitates higher volume 
filling fractions of the inorganic material, the second 
approach allows better control of the structural character- 
istics of the sequestered component. Micropatterned solid 
particles in a block copolymer matrix were produced by 
Bootongkong et al. in a nanoreactor scheme, in which the 
hydrophilic domain of a poly(styrene-b-acrylic acid) 
block copolymer is pre-loaded with a metal salt that is 
reduced in a second reaction step.[321 The procedure is 
outlined in Fig. 16. The authors demonstrated that the 
block copolymer nanoreactor scheme might be applied to 
a wide variety of metal (Pd, Cu, Au, Ag) as well as 
semiconductor (PbS) nanocrystals. Whereas the block 
copolymer nanoreactor scheme results in the formation of 
discrete or interconnected nanocrystals dispersed within 
the respective block copolymer domain, Templin et al. 
demonstrated that by swelling of the poly(ethy1ene oxide) 
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domain of a poly(ethy1ene oxide-b-isoprene) block co- 
polymer with an inorganic precursor followed by hydrol- 
ysis and calcination, continuous inorganic nanorelief 
structures can be obtained.1331 The authors also described 
the formation of the "plumber's nightmare" morphology 
for the hybrid material, which is an uncommon bicontin- 
uous morphology for block copolymers and which was 
explained by subtle differences in the phase behavior of 
hybrid vs. neat block copolymer structures. In contrast to 
the abovementioned in situ approaches, ex situ method- 
ologies become advantageous when precise control of the 
structural features of the inorganic component becomes 
relevant to the desired function of the hybrid material or 
the geometrical characteristics of the inorganic compo- 
nent cannot be obtained through in situ synthesis. For 
example, Ha and Thomas studied the incorporation of 
"two-dimensional" clay sheets into lamellar PS-PI block 
copolymer microstructures.[341 The authors demonstrat- 
ed that by decorating the mineral's surface with poly- 
(styrene), individual clay sheets can be preferentially 
sequestered within the polystyrene domain of the block 
copolymer. The resulting nanocomposite materials exhibit 

Fig. 17 Transmission electron micrograph of exfoliated clay- 
PS-PI nanocomposite (no stain). Individual PS-decorated clay 
sheets are sequestered within PS layers. Inset: Schematic of the 
composite structure. (View this art in color at www.dekker.com.) 
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highly anisotropic mechanical and permeability proper- 
ties. An electron micrograph of the nanocomposite 
material revealing single-layer clay sheets sequestered 
within the poly(styrene) domains is shown in Fig. 17. The 
development of surface decoration techniques that allow 
for molecular level dispersion of the inorganic component 
within the polymer matrix represents a major advance- 
ment in the field as the inclusion of single-sheet 
(exfoliated) mineral layers permits to downscale the 
amount of inorganic component by an order of magnitude 
(only 2 wt.% inorganic is needed) while providing the 
advantageous material properties. 

The control of the composites' architecture on the 
nanometer scale is of special importance for future 
research in this area as it facilitates to dramatically 
decrease the switching speed in these materials which is 
diffusion limited, scaling as the square of the feature size. 
At present, research focus is on the development of next- 
generation actuator materials that capitalize from both the 
mechanical and optical characteristics of the sequestered 
component as well as the rapid dynamic response to 
external stimulus that results from the architectural control 
on the molecular level. 
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INTRODUCTION 

This article discusses materials and techniques used to 
generate polymer replicas of nanostructures by molding, 
embossing, and printing. Nanostructures are defined as 
those that have lateral dimensions of less than 100 nm. The 
effect of spatially confining materials to these dimensions 
gives rise to physical, electronic, mechanical, magnetic, 
and optical properties, e.g., quantum beha~ior,''.~' super- 
paramagnetism,[31 depressed melting and in- 
creased hardness,[6971 that differ, at times significantly, 
from those of microstructures and macrostructures. 

The fabrication and characterization of nanostructures 
are important for applications in optics,[x1 computation,[91 
data specialty  material^,^^] and 
Most processes for producing electrically, magnetically, 
and optically functional devices containing nanostructures 
include four basic steps: 1) fabrication of a "master" 
(i.e., a substrate from which replicas are formed); 
2) replication of the master; 3) transfer of the replica 
into a functional material (e.g., semiconductor or metal); 
and 4) registration of the pattern of a master (the same as 
or different than the one used originally) with that of the 
replica for multilayer structures. This article focuses on 
the polymers and the molding techniques useful for the 
second step of this process. 

OVERVIEW 

Why Replication of Nanostructures 
into Polymers? 

Replication of nanostructures into photosensitive poly- 
mers by photolithography is routine in fundamental and 
applied research and in commercial man~facturing.l'~] 
The process replicates features from a photomask that is 
prepared by a serial lithographic technique such as elec- 
tron-beam l i t h ~ ~ r a ~ h ~ , [ ' ~ . ' ~ ~  focused-ion milling,l'"'81 or 
scanning probe l i t h ~ ~ r a ~ h ~ . ~ ~ " ~ ' ~  The fabrication of mas- 
ters by these techniques is slow (- 10 hr/cm2) because 
each feature in the mask is drawn individually. The lateral 

dimensions of the structures that can be patterned by 
photolithography are limited by the wavelength of the 
illumination source; state-of-the-art, 157-nm sources can 
fabricate features as small as 50 nm.[221 The techniques for 
making masters and for sub-100-nm photolithography re- 
quire specialized, expensive equipment; such equipment 
is readily accessible in industry, but is not commonly 
available in academic research laboratories. 

Advantages and Disadvantages of 
Replication of Nanostructures into Polymers 

Replication of nanostructures by the molding of polymers 
shares the attractive feature of photolithography (that is, it 
can replicate all the features on a master in one step), but 
with a much lower limit, in principle, for the lateral di- 
mensions of features (N  1 nm) than that for photolithog- 
raphy. This limit is set by the size of the molecules in the 
replica. The molding of polymers has four advantages 
over photolithography: 1) the techniques can replicate 
nanostructures over large areas (> 1 m2); 2) the dimensions 
of the features replicated into polymers are not distorted 
by problems common to photolithographic techniques 
(e.g., variations in focus, intensity, and exposure dose); 3) 
the materials and the facilities necessary are inexpensive 
and readily accessible; and 4) the process may be 
compatible with low-cost manufacturing processes (e.g., 
roll-to-roll processing). 

The replication of nanostructures by molding in 
polymers has seen only limited commercial applications 
to date. Replication of sub-10-nm features is still difficult 
to obtain reproducibly over large areas because of lateral 
collapse of the features in the polymeric replica. Defect 
densities are currently too high for use in most high- 
performance electronic devices; no defects must be 
observed over an area of several square centimeters for 
commercial applications. The process of replication does 
not reduce the dimensions of features; that is, the 
dimensions of the features defined in the master must be 
the same as those desired in the replica. This characteristic 
differs from photolithography where dimensions in a 
mask can be reduced optically. 
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POLYMER MATERIALS AND PROPERTIES 
FOR USE IN REPLICAS 

Table 1 summarizes some of the types of polymers used to 
replicate masters by molding and the properties relevant to 
molding. Two properties that influence the quality of a 
polymer replica are the coefficient of thermal expansion 
of the master and the polymer and the dimensional change 
in the polymer during curing. The dimensions of features 
defined in masters or replicas made of polymers with large 
coefficients of thermal expansion can be distorted by 
changes in the temperature. The polymer replica also can 
shrink during curing because of evaporation of solvents, 
cross-linking of the polymer, andor thermal expansion of 
the polymer (for heat-based curing)r231 These processes 
can also yield replicas with distorted features. 

Some processes of replication reshape thin films of 
polymers by softening them at elevated temperatures; the 
temperature at which the polymer softens is the glass 
transition temperature (T,). Low glass transition tempera- 
tures (i.e., 45"C<Tg< 150°C) can minimize distortions of 
the critical dimensions of the features because of thermal 
expansion of the master during heating and thermal 
contraction of the replica during cooling. Temperatures 
within this range also make the process compatible with a 
wide range of substrate materials (e.g., polymers and low- 
melt glasses). 

Table 1 Properties of polymers used commonly in replication 

Mechanical instabilities in the polymers can lead to 
vertical and lateral collapse of the features in the replica. 
The elasticity or the tensile modulus of the material used 
to make the replica determines the importance of these 
distortions. They are significant for nanostructures 
defined in polymers that have a low tensile modulus 
(<2 MPa), and they limit the minimum dimension (>300 
nm) and the minimum aspect ratio (0.4; heightlwidth) 
of the features these polymers (e.g., derivatives of poly- 
dimethylsiloxane (PDMS) such as 184-PDMS and 
s-PDMS) can replicate.[26261 A number of groups have 
developed formulations of PDMS (e.g., h-PDMS and 
hv-PDMS) that have a medium to high elastic modulus 
(4-10 M P ~ ) . [ ~ ~ ~ ~ ~ , ~ ~ ~  Th ese formulations of PDMS are 
particularly useful for the replication of nanostructures, 
as they can replicate features with lateral dimensions as 
small as 30 nm and with vertical dimensions as small as 
2 nm.127.291 

The process removing a rigid replica from a rigid 
master can damage the fragile nanostructures defined on 
each surface. The physical toughness of the polymer is an 
indication of how much stress it can tolerate before 
cracking. The potential for damage to the features in the 
master and in the replica decreases when using a polymer 
with a tensile strength of >0.1 MPa (e.p., PDMS) as the 
material for the replica. Polymers with a high toughness 
tend to have a low tensile modulus. 

Tensile Surface free Coefficient of 
modulus Toughness energy linear thermal Glass transition Method of Commercially 
(MPa) (MPa) (dyn/cm2) expansion (ppmI0C) temperature ( O C )  curing available 

Poly (dimethyl 
siloxane) 
(PDMS) 
1 84-PDMSa 1 .8[231 4.77c2'' 21.6 260-3 lob N/A Heat Yes 
~-PDMS['~] 8,2[23] 0 . 0 ~ ~ 1  -- 20 4 5 0 ~ ' ~ ~  N/ A Heat NO 
~ v - P D M s ' ~ ~ '  3.4[231 0 . 1 3 ~ ' ~ ~  -- 20 3001231 N/ A UV-light No 
s-PDMSc 0.6[231 0.4 1 '231 -- 20 - N/ A UV-light Yes 
Poly(methy1 2200-3 lood 1 9 5 ~  36.5 50-9od 85-105°C' NI A Yes 
methacrylate) 
Poly 2 4 0 ~ 1 0 0 ~  65 39 50-10od 75-105°C' N/A Yes 
(viny lchloride) 
Poly(styrene) 2300-3300d 36.52d 33 5 ~ 8 3 ~  74-100"CC N/A Yes 
Poly (urethane) 20-70e 75-80" 28-30 30-60 N/A UV-light Yes 
Novalac --6000-9000 --1W110 43.6 3650 -- 120"CC N/A Yes 
Photoresist 

"Sylgard 184 available from Dow Coming. 
b ~ o ~  Corning technical data sheet for Sylgard 184. 
CRMS-033 available from Gelest. 
d ~ o d e m  Plastics Encyclopedia 1999, p B158 to B216. 
eNorland Optical Adhesives technical data sheets. 
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The surface free energy of the polymer is a parameter 
that determines the ease of release of the polymer replica 
from the master and thus the damage to the replicated 
nanostructures during this process. PDMS is a useful 
material for use in replicas because it has a low surface 
free energy (-21.6 dyn/cm).[301 After molding, the 
surface energy of PDMS replica can be lowered further 
to -- 12 dynlcm by coating the surface with a fluoro- 
silane;t3 1.321 this process makes the surface properties of 

the stamp similar to poly(tetrafluoroethy1ene) ( ~ e f l o n ~ ) .  

TECHNIQUES FOR THE REPLICATION 
OFNANOSTRUCTURESBYTHE 
MOLDING OF POLYMERS 

Replica Molding 

Replica molding is a technique used routinely to fabricate 
macroscale and microscale objects, e.g., compact disks, 
digital versatile disks (DVD), holograms, and plastic 
parts, by molding a polymer against ceramic, metallic, or 
rigid plastic masters (Fig. 1). Typically, the surface of the 
master is modified chemically to lower its surface free 
energy by coating it with a fluorinated molecule or 
polymer; this layer facilitates the separation of the master 
from the replica after molding. Damage to the nano- 
structures defined in the master andlor the replica occurs 
most commonly during this separation. The use of elas- 
tomeric polymers in replica molding helps to minimize 
damage to the nanostructures, especially in the replica, 
during separation because of the toughness and elasticity 
of the polymers. An example of replica molding into 
PDMS is the replication of rings of photoresist into 
a composite polymer made of a thin layer (40 pm) of 
h-PDMS and a thick layer (> l mm) of 184 PDMS (Fig. 2). 
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Fig. 1 Scheme for replica molding. (View this art in color at 
www.dekker.com.) 
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Fig. 2 a) Scheme for replica molding a master into a h-PDMSI 
184 PDMS composite polymer. b) An atomic force micrograph 
of the replica (top) and a scanning electron micrograph of the 
master (bottom). The scheme and images in (b) are reproduced 
with permission from the American Chemical Society. (From 
Ref. [28].) (View this art in color at www.dekker.com.) 

The composite PDMS structure can replicate sub-100-nm 
features by molding and can be removed easily from a 
master without damaging the nanostructures on either 

Soft Lithography 

Soft lithography is a suite of techniques that use a PDMS- 
based stamp-prepared by replica molding-as the master 
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The soft lithographic version of replica molding uses a 
PDMS stamp as the master instead of a rigid material 
(Fig. 3a). Fig. 4 shows the replica molding of nanostruc- 
tures into an UV-curable polyurethane. The PDMS 
stamp can be used repeatedly; no measurable difference 
in feature quality is observed after successive replica- 
tion into polyurethane more than 20 times from the 
same stamp. 
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Fig. 3 Schematic illustrations of the procedures used in the 
corresponding soft lithographic techniques. (View this a n  in 
color at www.dekker.com.) 

(Fig. 3).['33313321 Replica molding (RM),"" microtransfer 
molding ( y ~ ~ ) , [ 3 4 1  micromolding in capillaries (MIM- 
I C ) , [ ~ ~ '  and solvent-assisted micromolding ( S A M I M ) ~ ~ ~ ]  
are four soft-lithographic techniques that replicate fea- 
tures by the molding of polymers. For many of these 
techniques, the inherent low surface free energy of PDMS 
is enough to permit the stamp to be separated from the 
replica without the need of a release layer. 

a\ Master b\ Polvurethane realica 

C) Master d) Polyurethane replica 

Fig. 4 Atomic force micrographs of (a) a chrome master and 
(b) a polyurethane replica of the master produced by replica 
molding. The images in this figure are reproduced with 
permission from Advanced Materials. (From Ref. [33].) 

Microtransfer molding prepares a replica by first filling 
the recessed regions of the stamp with a curable 
prepolymer (Fig. 3b). The excess prepolymer is scraped 
from the surface of the stamp using a thin slab of PDMS; 
this scraping process does not remove the excess polymer 
completely, and, often, a thin film of excess polymer 
remains on the replica. The filled stamp is placed onto a 
rigid substrate under slight pressure. The prepolymer is 
cured by the appropriate technique, and the mold is 
removed manually. This technique is well suited for UV- 
curable materials because the PDMS stamp is optically 
transparent above - 290 nm. 

Lines of polyurethane 

Fig. 5 (a) Atomic force micrograph of lines of photoresist 
patterned by MIMIC. (b) Scanning electron micrograph of 
Novalac photoresist patterned by SAMIM. The images are 
reproduced with permission from The American Chemical 
Sociely. (From Ref. [28].) 
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Micromolding in capillaries 

Micromolding in capillaries uses capillarity to fill chan- 
nels in a PDMS stamp with a photocurable or thermally 
curable polymer (Fig. 3c). A PDMS-based stamp is placed 
in conformal contact with a surface. The stamp is 
topographically patterned with a series of channels that 
extend from one end of the stamp to the other. A drop of 
liquid prepolymer placed at one end of the stamp fills the 
channels by capillarity. The polymer is cured once the 
entire channel network is filled. The replication of 
nanochannels in a 184-PDMS stamp is difficult because 
the channels tend to collapse when the stamp is placed in 
contact with a surface.[281 Composite stamps of h-PDMS 
and 184-PDMS overcome this limitation and can be used 
to replicate features with critical dimensions below 300 nm 
(Fig. 5a). Unlike pTM, this technique does not produce 
an excess polymer film on the replica. 

Solvent-assisted micromolding 

Solvent-assisted micromolding is similar operationally to 
traditional embossing techniques, but it uses solvent to 
reshape a polymer rather than elevated temperatures, and 
it uses an elastomeric stamp instead of a rigid master 
(Fig. 3d). Elastomeric stamps are especially useful in 
embossing because the stamp conforms to the surface of 
the polymer and contacts uniformly over large areas. The 
stamp is wet with a solvent for the polymer that is to be 
molded and placed in contact with a thin film of this 
polymer. The solvent is allowed to evaporate, and the 
stamp is removed to reveal the replica in the polymer. Air 
bubbles and voids in the replica as a result of poor evap- 
oration of the solvent before removal of the stamp are not 
observed because the stamp is gas-permeable. This pro- 
cess has been demonstrated for a number of polymers 
including: Novalacphotoresists,poly (styrene),poly(methyl- 
methacrylate), cellulose acetate, poly(viny1 chloride), and 
precursors to conjugated organic polymers.[361 An exam- 
ple of nanostructures prepared by this technique is in 
Fig. 5b. The molded structure can also act as its own op- 
tical element for further size reduction of the features.13'] 

Advantages and disadvantages 
of soft lithography 

The advantages of soft lithography are that: 1) it uses 
inexpensive materials and equipment; 2) it can replicate 
over large areas and on nonplanar surfaces; 3) it uses 
stamps that are compatible with a large number of poly- 
mers; and 4) it uses stamps that are gas-permeable. The 
disadvantages are that: 1) the PDMS molds are not com- 
patible with many organic solvents or high temperatures; 2) 
the softness of PDMS can cause distortions in molded 

structures; 3) the use of PDMS-based stamps requires 
careful temperature control because of the high coefficient 
of thermal expansion; that is, small changes in temperature 
can change the dimensions of the nanostructures; and 4) the 
registration of multilayer patterns is difficult. 

Imprint Lithographies 

Step-and-flash imprint lithography (developed by Willson 
et al.[384'1) and nanoimprint lithography (developed by 
Chou et al.[4241) are two forms of imprint lithography 
that are used for the replication of nanostructures into 
polymers. Both techniques work by placing a topograph- 
ically patterned, rigid master in contact with a formable 
material coated on a rigid surface. The rigid master is 
prepared by photolithographic replication of the features 
into a polymer that is coated on a rigid substrate (e.g., 
quartz and silicon). The structures are transferred into the 
substrate by etching. 

Step-and-flash imprint lithography 

Step-and-flash imprint lithography uses a low-viscosity, 
photocurable polymer as the material for the replica 
(Fig. 6)14'] The low viscosity of the polymer eliminates 
the need for high temperatures and pressures. A quartz 
master is placed in contact with the photocurable polymer 
under slight pressure. Flood illumination through the 
backside of the master cures the polymer replica. The 

1 Remove 
template 

Fig. 6 a) Schematic illustration of step-and-flash imprint 
lithography. b) Scanning electron micrograph of lines of 
polymer on a silicon substrate patterned by the technique. c) 
Scanning electron micrograph of the cross-section of the lines in 
(b). The images in (b) and (c) are reproduced with permission 
from Proceedings of the SPIE. (From Ref. [45]). (View this art 
in color at www.dekker.com.) 
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master is transparent to the wavelengths necessary to cure 
the polymer. Treatment of the surface of the master with a 
fluorosilane lowers its surface free energy and facilitates 
the removal of the master from the replica. The technique 
can replicate features with lateral dimensions greater than 
30 nm and with aspect ratios as high as 8:l (for 50-nm 
lines).[413451 Step-and-flash lithography is "self-cleaning" 
because particulates on the surface of the master are 
trapped in the replica during the curing process. Repeated 
use of a master actually lowers the density of defects in 
the replica.[461 

The advantages of step-and-flash imprint lithography 
are that: 1) it is a room-temperature technique and is 
therefore not subject to thermal- or pressure-induced 
deformations of the nanostructures; 2) it is a rapid process 
(<5 m i r ~ / c ~ c l e ) ; [ ~ ~ ~ ~ ' ~  and 3) it uses optically transparent 
masters that permit alignment of the replica with 
underlying features. The disadvantages are that: 1) the 
masters are more difficult to prepare than those used in 
soft lithography; 2) the replication of nonplanar masters is 
difficult;[481 and 3) the technique is not good for the 
replication of isolated, recessed features in the 

Nanoimprint lithography 

Nanoimprint lithography differs from step-and-flash im- 
print lithography in that it reshapes a polymer at tem- 
peratures above its glass transition point, e.g., 90-100°C, 
and requires high pressures, e.g., 50-100 bar (Fig. 7).[43.441 
The high temperatures lower the viscosity of the polymer 
enough to fill the master uniformly. The replica and mold 

polymer 

1 Remove 
template 

Fig. 7 a) Schematic illustration of the process used in 
nanoimprint lithography. b) Scanning electron micrograph of 
the SiOz master. c) Scanning electron micrograph of the polymer 
replica of the master in (b) made by nanoimprinting. The images 
in (b) and (c) are reproduced by permission of MRS Bulletin. 
(From Ref. [43].) (View this art in color at www.dekker.com.) 

(8) Angle relative to incident polarization 

Fig. 8 a) Scanning electron micrograph of rings of nickel 
formed by lift-off of a photoresist patterned by phase-shifting 
photolithography and the corresponding transmission spectrum 
as a function of wavelength for the sample and the CaF2 
substrate. b) Lines of palladium formed by lift-off of photoresist 
patterned by phase-shifting photolithography and the cor- 
responding plot of the intensity of the transmitted light as a 
function of angle of polarization. Figure (a! is reproduced with 
permission from The Optical Society of America. Figure (b) is 
reproduced with permission from The American Chemical 
Society. (From Ref. [28,62].) 
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Fig. 9 a) scanning electron micrograph of a polymer gate 
made by step-and-flash imprint lithography. b) Optical micro- 
graph of the complete MOSFET device that incorporates the 
polymer gate in (a). The images are reproduced with permission 
from Proceeding of the SPIE. (From Ref. [77].) (View this art in 
color at www.dekker.com.) 

are allowed to cool before separation. The technique can 
replicate nanostructures as small as 10 nm and aspect 
ratios as large as 10: 1 .[431 Transparent masters can be used 
to permit multilevel registration of replicas. Nanoimprint 
lithography can be carried out in a sequential, step-by-step 
process similar to that of step-and-flash. The fidelity of 
replication of nanostructures with critical dimensions of 
less than 50 nm is poor over large areas because the 
polymer chains in the materials used in the replicas tend to 
relax and spread over distances of tens of 
These factors can only be corrected by designing the 
original master to account for polymer shrinkage in the 
processing steps. Another disadvantage of nanoimprinting 
is that it requires 10-15 min per replication for the heat- 
ing and cooling cycles; this interval is 3-5 times longer 

than that necessary for the entire replication process for 
step-and-flash imprint lithography and some soft litho- 
graphic  technique^.'^^' 

Uses for Polymeric Replicas 
with Nanostructures 

Replication of nanostructures into polymers is used to 
make e l e c t r o n i ~ , [ ~ ~ - ~ ~ ]  and mechanical[65491 
devices. Single-layer, subwavelength, optical elements, 
e.g., frequency-selective surfaces (Fig. Xa), are one 
example of such a device fabricated by soft lithogra- 
phy .[37.62,70,711 A master was replicated into Novalac 
photoresist by solvent-assisted micromolding. The replica 
acted as a photomask, and the edges of the raised features 
were transferred into the underlying photoresist upon 
exposure to UV-light. The PDMS replica prepared by 
standard replica molding was used to fabricate polarizers 
by a similar, phase-shifting lithography technique (Fig 
8b).[701 The PDMS replicas can also be used to replicate 
nanostructures into metals by microcontact printing. This 
process uses the PDMS replica as a stamp to print an 
organic molecule selectively onto a metal surface. This 
molecule acts as an etch resist and permits the selective 
etching of unprotected regions. This technique was used to 
fabricate polarizers,[281 hydrogen-gas sensors,[721 transis- 
tors,[503521 and microelectromechanical systems (MEMS) 
 device^.'^^'^^] The imprint lithographies use the polymer 
replica as an etch resist to transfer the pattern of the replica 
into a functional material. These techniques have been 
used to make photonic crystals,1741 polarizers,[75'761 photo- 
detectors,[561 and transistors (Fig. 9).[58759,771 

CONCLUSION 

Although replication will not replace the techniques used 
currently for the preparation of masters, it is extremely 
useful as a research tool for the rapid prototyping of 
devices using nanostructures. The combination of the two 
techniques could enable the fabrication of nanostructures 
to become routine and cost-effective. Polymeric replicas 
containing nanostructures may be most useful in the 
process of fabricating low-cost, low-to-medium perform- 
ance optical and electronic devices (e.g., RF-ID tags, large 
area displays, optical filters, and polarizers). Efforts to 
improve the capabilities of replication will lead to the 
fabrication of new devices based on the unique properties 
of nanostructures. 
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INTRODUCTION 

We have been exploring the transport and electrochemical 
properties of nanotube membranes prepared by the 
template method,['-31 a general approach for preparing 
nanomaterials. This method entails synthesis or deposition 
of the desired material within the cylindrical and mono- 
disperse pores of a nanopore membrane or other solid. We 
have used polycarbonate filters, prepared via the "track- 
etch" method,[41 and nanopore aluminas, electrochemi- 
cally prepared from A1 foil,[51 as our template materials. 
Cylindrical nanostructures with monodisperse diameters 
and lengths are obtained, and depending on the mem- 
brane and synthetic method used, these may be solid 
nanowires or hollow nanotubes. We and others have used 
this method to prepare nanowires and tubes composed of 
meta~s, '~- '~] polymers,"3-151 car- 
bons,['8m and Li+ intercalation rnaterial~.[~@"~ ~t is also 

possible to prepare composite nanostructures, both con- 
centric tubular composites, where an outer tube of one 
material surrounds an inner tube of a n ~ t h e r , ' ~ ~ ' ~ ~ ~  and 
segmented composite nan~wires.['~' 

One application for these nanotube membranes is in 
electroanalytical chemistry where the membrane is used to 
sense analyte ~ ~ e c i e s . [ ~ ~ . ' ~ ]  In that work, membranes con- 
taining gold nanotubes with inside diameters that 
approached molecular dimensions (1 -4 nm) were used.[261 
The Au nanotube membrane was placed between two salt 
solutions and a constant transmembrane potential was 
applied. The resulting transmembrane current, associated 
with migration of ions through the nanotubes, was 
measured. When an analyte molecule whose diameter 
was comparable to the inside diameter of the nanotubes 
was added to one salt solution, this molecule partitioned 
into the nanotubes and partially occluded the pathway for 
ion transport. This resulted in a decrease in the trans- 
membrane ion current, and the magnitude of the drop in 
current was found to be proportional to the concentration 
of the analyte.[261 

In the experiment discussed above, a baseline trans- 
membrane ion current was established, and the analyte 
molecule, in essence, turned off this current. It occurred to 
us that there might be an advantage in doing the opposite, 

i.e., starting with an ideally zero current situation and 
having the analyte molecule switch on the ion current. 
In other words, we would like to make a synthetic mem- 
brane that mimics the function of a ligand-gated ion chan- 
nel. An example is the acetylcholine-gated ion channel,[281 
which is closed ("off" state) in the absence of acetylcho- 
line but opens (and supports an ion current, "on" state) 
when acetylcholine binds to the channel. To accomplish 
this, the off state was obtained by making gold and alumina 
membranes hydrophobic, and the on state was obtained by 
introducing ions and electrolyte into the rne~nbrane.~'~] Ions 
were introduced by either partitioning a hydrophobic ionic 
species (e.g., a drug or a surfactant) into the membrane. 

MEMBRANE PREPARATION AND ANALYSIS 

Commercially available track-etched polycarbonate filters 
are used as the templates to prepare the Au nanotubes. The 
track-etch process[41 entails bombarding a solid material 
(in this case a -- 10-pm-thick polycarbonate film) with a 
collimated beam of high-energy nuclear fission fragments 
to create parallel damage tracks in the film. The damage 
tracks are then etched into monodisperse cylindrical pores 
by exposing the film to a concentrated solution of aqueous 
base. The diameter of the pores is determined by the etch 
time and the etch-solution temperature. Membranes with 
pore diameters ranging from as small as 10 nm to as large 
as -- 10 pm are commercially available. The membranes 
used for these studies had nominal pore diameters of 30 
nm and contained 6 x lo8 pores per square centimeter of 
membrane surface area. 

The electroless plating method is used to deposit the Au 
n a n o t u b e ~ [ ~ - ~ ~ ]  within the pores of these membranes. 
Briefly, the template membrane is first "sensitized" by 
immersion into a SnC12 solution, which results in depo- 
sition of Sn(I1) onto all of the membrane's surfaces (pore 
walls and membrane faces). The sensitized membrane is 
then immersed into a AgN03 solution, and a surface redox 
reaction occurs (Eq. l), which yields nanoscopic metallic 
Ag particles on the membrane surfaces. 
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(The subscripts surf and aq denote species adsorbed to the 
membrane surfaces and species dissolved in solution, 
respectively.) The membrane is then immersed into a 
commercial gold plating solution and a second surface 
redox reaction occurs, which yields Au nanoparticles on 
the surfaces (Eq. 2). 

These surface-bound Au nanoparticles are good auto- 
catalysts for the reduction of Au(1) to Au(0) using 
formaldehyde as the reducing agent. As a result, Au 
deposition begins at the pore walls, and Au tubes are 
obtained within the pores.[799~3033'1 

ESTIMATION OF THE NANOTUBE 
INSIDE DIAMETER 

We used a gas-transport method to obtain an estimate of 
the inside diameter (id.) of the template-synthesized Au 
nan~tubes. '~ '  Briefly, the tube-containing membrane is 
placed in a gas-permeation cell, and the upper and lower 
half-cells are evacuated. The upper half-cell is then 
pressurized, typically to 20 psi (138 kPa) with H2. and the 
pressure-time transient associated with leakage of H2 
through the nanotubes is measured using a pressure 
transducer in the lower half-cell. The pressure-time 
transient is converted to gas flux (Q, mol s- '), which is 
related to the radius of the nanotubes (r ,  cm) via.r71 

where AP is the pressure difference across the membrane 
(dyn c m 2 ;  1 dyn= N), M is the molecular weight of 
the gas, R is the gas constant (erg K- ' mol- ' ; 1 erg= 10- 
J), n is the number of nanotubes in the membrane sample, 
1 is the membrane thickness (cm), and T is the temperature 

Plating time h 

Fig. 1 Variation of the nanotube effective inside diameter with 
plating time. 

(K). At long plating times, membranes containing nano- 
tubes with i.d.'s of molecular dimensions are obtained 
(Fig. 1). 

CHEMICAL SENSING WITH THE Au 
NANOTUBE MEMBRANES 

These Au nanotube membranes have been used as sensors 
for the determination of ultratrace concentrations of ions 
and molecules.[263271 In this case, the nanotube membrane 
was allowed to separate two salt solutions, a constant 
transmembrane potential was applied, and the resulting 
transmembrane current was measured. When an analyte of 
comparable dimensions to the inside diameter of the 
nanotubes was added to one of the salt solutions, a 
decrease in transmembrane current was observed. The 
magnitude of this drop in transmembrane current (Ai) is 
proportional to the analyte concentration. 

CALIBRATION CURVES AND 
DETECTION LIMITS 

As in the transport experiments, a U-tube cell was 
assembled with the nanotube membrane separating the 
two halves of the cell. The two half-cells were filled with 
the desired electrolyte and an electrode was placed into 
each half-cell. Three different sets of electrodes and 
electrolytes were used. The first set consisted of two Pt 
plate electrodes, and the electrolyte used in both half-cells 
was 0.1 M KF. The second set consisted of two Ag/AgCl 
wires, and the electrolyte used in both half-cells was 0.1 
M KCl. The third set consisted of two Ag/AgI wires 
immersed in 0.1 M KI. 

As noted above, the experimental protocol used with 
these cells was to immerse the electrodes into the 
appropriate electrolyte and apply a constant potential 
between the electrodes. The resulting transmembrane 
current was measured and recorded on an X-t recorder. 
After obtaining this baseline current, the anode half-cell 
was spiked with a known quantity of the desired analyte 
(Fig. 2). This resulted in a change in the transmembrane 
current, Ai (Fig. 3). A potentiostat was used to apply the 
potential between the electrodes and measure the trans- 
membrane current. The transmembrane potential used was 
on the order of 0.5 v . ~ ~ ~ * ~ ~ ~  

Plots of log Ai vs. log[analyte] for the analytes 
~ u ( b ~ ~ ) ~ ~ + ,  M V ~ + ,  and quinine (Fig. 2) were obtained 
using Ag/AgCl electrodes and 0.1 M KC1 as the 
electrolyte in both half-cells (Fig. 4). For these experi- 
ments, a membrane with 2.8-nm i.d. Au nanotubes was 
used. A log-log format is used for these "calibration 
curves" because of the large dynamic range (spanning as 
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Quinine 

Fig. 2 Chemical structures and approximate relative sizes of the three "big moleculelsmall molecule" pairs used in the molecular 
filtration experiments. Quinine, MV~', and ~ u ( b p ~ ) ~ ~ +  were also used as analytes in the sensor work. (View this arr in color at 

much as 5 orders of magnitude in analyte concentration) 
obtained with this cell. Analogous calibration curves were 
obtained for the other electrode/electrolyte systems 
investigated. The detection limits[261 obtained are shown 

0 1 2 3 4 5 

Time min 

Fig. 3 Nanotube membrane sensor current-time transients 
associated with spiking the anode half cell with the indicated 
concentrations of ~ u ( b p ~ ) ~ ~ + .  Tube i.d. =2.8 nm; AglAgClIKCI 
cell: Ai determined as shown in C. 

in Table 1. For the divalent cationic electrolytes, the 
detection limits were lowest (best) in the AgIAgLKI cell 
and worst in the PtKF cell. The detection limit for quinine 
was the same in both the AgIAgVKI and Ag/AgCl/KCl 
cells. In general, the detection limit decreases as the size 
of the analyte molecule increases (Fig. 2). Finally, the 

r Quinine 

lo-ll lo-lo 10-9 10-a I o-' lov6 10-5 
Concentration (M) 

Fig. 4 Calibrations curves for the indicated analytes. Mem- 
brane and cell are as described in Fig. 3. 
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Table 1 Detection limits obtained for the three different 
electrodelelectrolyte systems studied (nanotubule id.) 

Cell 
Detection 

Analyte limit (M) 

WKF Ru (~PY);+ 
AgIAgCYKCl Ru (bpyh2+ 

Quinine 
MV'+ 
2-napthol 

AglAgWK1 Ru (bpyh2+ 
Quinine 
MV'+ 
2-napthol 

detection limits obtained (down to lo-" M) are extraor- 
dinary and compete with even the most sensitive of 
modem analytical methods. 

The majority of the quinine in both the KC1 and KI 
solutions is present as the monoprotonated (monocationic) 
form. Perhaps the reason the detection limits for 
~ u ( b ~ ~ ) ~ ~ +  and M v 2 +  are lower in the AgIAgVKI cell 
while the detection limit for quinine is the same in both 
this cell and the AgIAgCVKCl cell has to do with the 
difference in charge of these analytes (predominantly 
monocationic vs. dicationic). To explore this point, the 
detection limits for a neutral analyte, 2-naphthol, were 
obtained in both the AgIAgVKI and AgIAgCYKCl cells. 
Like quinine, the detection limit for this neutral analyte 
was the same in both cells M) (Table I). 

In the membrane transport studies, it was shown that 
~ u ( b ~ ~ ) ~ ~ +  and M v 2 +  come across such membranes as 
the ion multiples R U ( ~ ~ ~ ) ~ ~ + ( X - ) ~  and M V ~ + ( X - ) ~  
(x-=anion).['] In the KI cell, the ion multiple contains 
two larger (relative to chloride) iodide anions. Perhaps the 
larger size of the iodide ion multiple accounts for the 
lower detection limit in the KI-containing cell. If this is 
true, then the difference between the quinine cation paired 
with one I- vs. this cation paired with one C1- is not great 
enough to cause the detection limit for this predominantly 
monovalent analyte to be significantly different in the Agl 
AgVKI vs. the AgIAgCllKCI cells (Table 1). 

The final variable to be investigated is the effect of 
nanotube inside diameter on detection limit. To explore 
this parameter, membranes with nanotube inside diameters 
of approximately of 3.8, 2.8, 2.2, 1.8, and 1.4 nm were 
prepared and used in the AgIAgVKI Calibration 
curves for the analytes ~ u ( b ~ ~ ) ~ ~ + ,  Mv2+, and quinine 
were generated as before, and detection limits were ob- 
tained from these calibration curves. Fig. 5 shows plots of 
detection limits for these three different analytes vs. the 

nanotube inside diameter in the membrane used. A mini- 
mum in this plot is observed for each of the three analytes. 

The nanotube membrane that produces the minimum 
(best) detection limit depends on the size of the analyte. 
These molecules decrease in size in the order Ru- 
(bpy)32+>quin ine>~~2 ' .  The nanotube membrane that 
yields the lowest detection limit follows this size order; 
that is, the nanotube diameters that produce the lowest 
detection limit for ~ u ( b ~ ~ ) ~ ~ + ,  quinine, and M v 2 +  are 2.8, 
2.2, and 1.8 nm, respectively. For the roughly spherical 
analytes, the optimal tube diameter is a little over twice 
the diameter of the molecule. 

MOLECULAR-SIZE-BASED SELECTIVITY 

The data presented above show a strong correlation 
between detection limit and the relative sizes of the 
nanotube and the analyte molecule (Fig. 5). This indicates 
that this device should show molecular-size-based selec- 
tivity. This is not surprising given the transport studies 
previously discussed. To explore size-based selectivity, a 
series of solutions were prepared containing decreasing 
concentrations of the analyte species, but containing a 
constant (higher) concentration of an interfering species. 
The interfering species was smaller than the analyte 
species. The response of the nanotube membrane (nano- 
tube diameter=2.8 nm) to these solutions was then 
measured starting from lowest to highest concentration 
of the analyte species. 

The small pyridine molecule was used as the first 
interfering species. When present at a concentration of 
lop4  M, pyridine offered very little interference for any of 
the analytes ~ u ( b ~ ~ ) ~ ~ + ,  Mv2+, or quinine. The detection 
limits in the presence of l o p 4  M pyridine were 10- M 

Quinine : 
Nanotubule Diameter (nm) 

Fig. 5 Detection limits for MV'+, quinine, and ~ u ( b ~ ~ ) ~ ' +  vs. 
i.d. of the nanotubes used in the sensor. 
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for ~ u ( b ~ ~ ) ~ ~ + ,  lop6 M for Mv2+, and M for 
quinine, within an order of magnitude of the detection 
limit with no added interfering species (Table 1). In other 
words, this nanotube membrane sensor can detect lo-'' 
M ~ u ( b ~ ~ ) ~ ~ +  in the presence of 6 orders of magnitude 
higher pyridine concentration. 

A second set of experiments was performed using the 
larger Mv2+ as the interfering species. Now at low 
concentrations of analyte, there is a region where the 
device produces a constant response as a result of the 
constant concentration M) of this interfering 
species; that is, the much higher concentration of the 
M v 2 +  swamps the response of the device. However, as the 
concentration of ~ u ( b ~ ~ ) ~ ~ +  increases, there is a concen- 
tration range where the device responds to this analyte 
species without interference from the Mv2+. This con- 
centration range begins at concentrations of ~ u ( b ~ ~ ) ~ ~ +  
above M. That is, the size-based selectivity is such 
that the larger analyte species, ~ u ( b ~ ~ ) ~ ~ + ,  can be 
detected down to lop8  M in the presence of 4 orders of 
magnitude higher concentration of the smaller interfering 
species, Mv2+.. 

SYNTHETIC ION CHANNEL PORES 

We have conducted experiments that provide proof of the 
basic concept that an analyte molecule can switch on an 
ion current in a synthetic membrane-based ion-channel 
mimic.i291 The membrane used for most experiments was 
a commercially available microporous alumina filter. The 
pores in this membrane were made hydrophobic by 
reaction with an 18-carbon (CI8) alkyl silane. When 
placed between two salt solutions, the pores in this C18- 
derivatized membrane are not wetted by water, yielding 
the off state of the membrane. When exposed to a solution 
containing a sufficiently high concentration of a long- 
chain ionic surfactant (the analyte), the surfactant mole- 
cules partition into the hydrophobic membrane, and 
ultimately cause the pores to flood with water and 
electrolyte. As a result, the membrane will now support 
an ion current, and the ion channel-mimetic membrane is 
switched to its on state. Cationic drug molecules can also 
switch this membrane from the off to the on state. 

MEMBRANE PREPARATION AND A.C. 
IMPEDANCE EXPERIMENTS WITH 
1-DODECANESULFONIC ACID ANALYTE 

The alumina membranes were ~ n o ~ o r e @  (Whatman Inc., 
Clifton, New Jersey) that had nominally 200-nm-diameter 
pores and were 60-pm thick. The alumina membranes 

were modified with octadecyltrimethoxysilane.[291 The 
membrane assembly was mounted between the halves of a 
U-tube permeation cell, and both half-cells were filled 
with -20 mL of 0.1 M KCI. A AgIAgC1 working 
electrode was immersed into one half-cell solution, and a 
Pt counter electrode and a AgIAgC1 reference electrode 
were placed in the other h a l f - ~ e l l . ~ ~ ~ ' ~ ' ]  

Alternating current impedance measurements proved 
to be a useful way to demonstrate the analyte-induced 
switching of the membrane between the off and on states. 
The uppermost curve in Fig. 6 is the Nyquist plot for a 
C18-modified alumina membrane with 0.1 M KC1 solu- 
tions, and no analyte (I-dodecanesulfonic acid, DBS) on 
either side of the membrane. As per prior investigations of 
ion-channel and ion-channel-mimetic membranes,['49351 
the impedance data were interpreted in terms of the 
equivalent circuit shown in the inset of Fig. 6, where R, is 
the solution resistance, R ,  is the membrane resistance, 
and C is the membrane capacitance. The dashed curve is 
the best fit to the experimental data, from which the R, 
(Fig. 7) and C values were obtained. Also shown in Fig. 6 
are impedance data after spiking the half-cell electro- 
lyte solutions to the indicated concentrations with the 
analyte (DBS). 

In the absence of DBS, the membrane resistance is very 
large, >50 MR as opposed to -5 R for the alumina 
membrane before modification with the C18 silane. 

Real Impedance (MQ) 

Fig. 6 Nyquist plots for a CIS-modified alumina membrane 
upon exposure to increasing concentrations of DBS in 0.1 M 
KCI. The points are the experimental data. The lines are 
calculated data obtained using the equivalent circuit shown in 
the inset. Concentrations of DBS were as follows: 0 = 0  nM; 
+=l .4  nM; A=3 nM; O=10 nM; X=4O nM; +=lo0 nM. 
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Fig. 7 Plots of log membrane resistance (left y axis) and micromoles ~ u ( b ~ ~ ) ~ ' '  transported across the membrane (right y axis) vs. 
log[DBS] for a C18-modified alumina membrane. The error bars represent the standard deviation of three separate experiments. 

Transport experiments (vide infra) show that this is 
because the very hydrophobic CIS-modified pores are not 
wetted by water. This is supported by contact angle 
measurements on the membrane surface, where a water 
contact angle of 130(+8)" was obtained for the CI8- 
treated alumina membrane as opposed to 8(+ 1)O for the 
untreated membrane. 

While over the concentration range lop9 to lop7 M, 
there is some drop in membrane resistance with increasing 
DBS concentration (Fig. 8), R,  remains very large (>20 
MR). However, over the DBS concentration range 
between lop6 and lop5  M, there is a precipitous, 

DBS Concentration (nM) 

Fig. 8 Plot of membrane resistance vs. DBS concentration. 

4-order-of-magnitude, drop in R,  (Fig. 7). This drop 
signals the analyte-induced switching of the membrane 
from the off to the on states. 

TRANSPORT EXPERIMENTS 

These were conducted by mounting the membrane 
between the two halves of a U-tube permeation cell and 
adding 0.1 M KC1 to each half-cell. The feed half-cell was 
also 50 pM in either ~ u ( b ~ ~ ) ~ ~ '  or naphthalene disulfo- 
nate (NDS'P), the permeate ions. An increment of the 
analyte surfactant (for these experiments DBS) was added 
to both the feed and permeate half-cells and permeation 
was allowed to occur for 24 hr. After this time, the 
permeate half-cell was sampled and the UV absorbance 
was used to determine the moles of the permeate ion 
transported. The permeate solution was then returned to 
the permeate half-cell and a second increment of DBS was 
added. Permeation was again allowed to occur for 24 hr 
and the amount of permeate ion transport was again 
determined. This process was repeated for various DBS 
concentrations over the range from lopX to lop4  M. 

The data obtained for ~ u ( b ~ ~ ) ~ ~ +  transport are shown 
in Fig. 7. At DBS concentrations below lop6 M, there is 
no detectable ~ u ( b ~ ~ ) ~ ~ +  in the permeate solution. It is 
important to emphasize that each permeation data point in 
Fig. 7 corresponds to an additional 24 hr of permeation 
time. Hence by the time the DBS concentration was 
increased to 9 x lop7  M, the total permeation time was 5 
days. The inability to detect ~ u ( b ~ ~ ) ~ ' +  in the permeate 
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solution after 5 days of permeation shows that over the 
DBS concentration range 0 to -- M, the pores in the 
CI8  membrane are not wetted by water, making the rate of 
~ u ( b ~ ~ ) ~ ~ +  transport immeasurably small. These data 
again show that at DBS concentrations below lop6 M, the 
membrane is in the off state. 

At DBS concentrations above lop6 M, ~ u ( b ~ ~ ) ~ ' +  
transport is switched on, and flux increases with concen- 
tration of DBS for concentrations above this value. The 
impedance and transport data tell a consistent story about 
the effect of DBS on the CIS-derivatized membrane 
(Fig. 7). At low DBS concentrations (< M) where the 
membrane resistance is in the lo7 R range, ~ u ( b ~ ~ ) ~ ' +  is 
not transported. The sudden drop in R,  at DBS concen- 
trations above M is seen in the transport 
experiments as an abrupt switching on of ~ u ( b ~ ~ ) ~ ~ +  
transport across the membrane. 

X-RAY PHOTOELECTRON SPECTROSCOPY 

X-ray photoelectron spectroscopy (XPS) was used to 
show that the prototypical analyte dodecylbenzene sulfo- 
nate (DBS) is present on the C s-modified alumina surface 
after exposure of the membrane to DBS solution. 
However, the XPS cross section for S from the DBS 
proved too weak to obtain unambiguous evidence; 
furthermore, 0 ,  C, and Na+ (the counterion for the 
DBS) are ubiquitous, and therefore not useful as probes to 
prove that DBS is present on the surface. For this reason, 
we used a surface ion-exchange reaction to replace Na+ 
with Cs+ as the counterion for the surface-bound DBS. We 
then used XPS to look for the presence of Cs+ on the C18- 
modified surface that had been treated with DBS, using an 
identical surface that was exposed to the Cs+ solution but 
not to DBS as the control. 

30,000 - 
V1 ,- 
c 5 20,000 - 
0 ." 
V) 

3 10,000 
C 
M Control - no DBS 

Binding energy (eV) 

Fig. 9 X-ray photoelectron spectroscopy data for a 
modified alumina-membrane surface that was exposed to a 
DBS solution and then to a Cs+ solution and for an identical 
surface that was exposed to Cs+ but not to DBS. 

Fig. 9 shows XPS data for a C18-modified membrane 
that had been exposed to an aqueous 2.0 mM solution of 
Na+-DBS, rinsed, exposed to a 100 mM aqueous solution 
of CsN03, and then extensively rinsed again. The Cs 3d 
peaks at 724 and 738 eV are clearly evident.r361 This may 
be contrasted to the control surface-a CIS-modified 
alumina membrane that was exposed to the Cs+ solution 
but not to DBS-where no Cs signal is seen (Fig. 9). 
These data show that exposure of the membrane to DBS 
results in partitioning of this analyte species onto the C18- 
modified surface. 

MEASUREMENTS OF ION CURRENT 

While the transport experiments show that the analyte 
DBS can switch on ion (e.g., Ru(bpy)3'+ and NDS'-) 
transport across the membrane, we also wanted to obtain a 
direct measure of the ion current. To do this, a constant 
transmembrane potential of 1.5 V was applied and the 
resulting transmembrane ion current was measured. The 
current was monitored for 30 min and then the half-cell 
solutions were spiked with DBS to a total concentration of 

M. The current was again measured for 30 min and 
the half-cells were spiked again with DBS. This process 
was repeated for various DBS concentrations over the 
range from 10-Qo 1 0 - ~ . ~  M. 

Fig. 10 shows the measured ion current vs. time data; at 
the indicated times, the electrolyte solutions were spiked 
to the indicated concentrations with DBS. The ion-current 
data show the same general trend as both the impedance 
and transport data-at concentrations below - lop6 M, 
the ion current is at a very low baseline value and at 
concentrations above - lop6  M, the ion current abruptly 
switches on. In addition, the 10-5.5 M datum shows that 
the transition from the low-current to the high-current 
state very abruptly occurs. 

Both the impedance and ion-current data show that 
when the membrane is in the off state, some small baseline 
current does flow across the membrane. It is important to 
note that the resistance value for the off state obtained by 
the impedance and ion current measurements are essen- 
tially identical. As shown in Fig. 6, the impedance 
measurement yields a value of - lo7 R. The ion current in 
the off state is - 1.5 x lop7 A, which for a 1.5 V 
transmembrane potential yields a membrane resistance of - lo7 R. However, the issue left to resolve is-what is 
supporting this baseline ion current when the membrane is 
in the off state? At this point, we cannot say other than to 
suggest that this current results from some surface 
conduction process that occurs along the pore walls when 
the pores are devoid of water. In the absence of DBS, this 
surface conduction process may involve residual surface 
hydroxyl sites. The impedance data (Fig. 6) indicate that 
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0.1 M KC1 
no DBS 

Time (s) 

Fig. 10 Ion current through a Cln-modified alumina membrane vs. time. The contacting solution phases were spiked with the indicated 
concentrations of DBS at the indicated times. The electrolyte was 0.1 M KCI. A constant transmembrane potential of 1.5 V was applied. 

in the presence of DBS, the surfactant itself is involved in 
the conduction process. 

DETECTION OF DRUG MOLECULES 

To explore the role of the hydrophobic effect in driving 
the analyte species into the C18-derivatized alumina 
membrane, we investigated the effect of hydrophobic 
cationic drug molecules on the membrane resistance. The 
molecules and their molecular weights are amiodarone 

Fig. 11 Plots of log membrane resistance vs. log[Drug] for the 
indicated drugs and a Cln-modified alumina membrane. 

(645 g mol-I), amitriptyline (278 g m o l ' ) ,  and bupiva- 
caine (288 g mol-') (Fig. 11). Because its molecular 
weight is more than double those of the other drugs and 
because it contains very hydrophobic iodo substituents, 
amiodarone is by far the most hydrophobic of these 
molecules. If the hydrophobic effect is responsible for 
driving molecules into the C18-derivatized membrane, 
then the transition from the off to the on state would occur 
at lowest concentrations for amiodarone. and this is what 
is experimentally observed (Fig. 11). There is only a 3% 
difference in the molecular weights of amitriptyline and 
bupivacaine; however, bupivacaine presents two addi- 
tional opportunities for hydrogen bonding with water- 
the lone pairs on the carbonyl group and the lone pair of 
the nonprotonated nitrogen. For this reason, bupivacaine 
is much more hydrophilic, and it would be expected to be 
the mostly poorly detected of the three drugs; Fig. 11 
shows that this is also experimentally observed. 

CONCLUSION 

We have described a highly sensitive method of electro- 
analysis based on Au nanotube membranes. In addition, 
we have also shown that synthetic micropore and 
nanotube membranes can mimic the function of ligand- 
gated ion channels; that is, they can be switched from an 
off state to an on state in response to the presence of a 
chemical stimulus. This concept of ion-channel mimetic 
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sensing, as originally proposed by Umezawa's 
has been of considerable interest in analytical chemis- 
try.[3740' There is also considerable appeal in using 
naturally occurring and genetically engineered protein 
channels as sensors (Ref. [41], and references therein). 
Such research at the biolnano interface is of great current 
interest in our group. 
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1875 
platinum-group elements composed of, 

1874- 1875 
Binary alloys, nanoporosity, 893-902 
Binding kinetics on biosensor surfaces, fractal 

analysis of, 1191-1202 
dual-fractal analysis, 1 193 
single-fractal analysis, 1192-1 193 
surface plasmon resonance biosensor, 

1191-1 192 
Bioactive substances, nanoencapsulation of, 

2339-2354 
controlled release, 2339-2340 
liposomes, 2340-2343 
molecular inclusion complexes, 2348-2350 
polymer nanocapsules, 2345-2348 
polymer nanospheres, 2343-2345 

Bioaugmentation, 332 
Biocatalytic single enzyme nanoparticle, 

235-245 
catalytic stability, 237-238 
enzyme stabilization approaches, 236 
kinetics, 238 
mass transfer, 238 
methacryloxpropyltrimethoxysilane. 236 
synthesis, 235-236 
transmission electron microscopy, 236237 

Biocompatibility, nanobiomedical implants, 
265-266 

BioDelivery Sciences, 256 
Bioelectrochemical sensors, 5 13-5 14 
Bioengineering, hybrid nanostructures for, 

355-356 
Biofiltration, 335-336 
Bioinertness, proposed mechanism for, 399 

Biological membranes, halide transport through, 
structural base, 3697-371 1 

Biological sensors, electrically functional 
microstructures from, 1032-1034 

Biological weapon decontamination, by 
nanoparticle, 241-245 

Biomedical applications, 247-261 
cell-substratum contact sites, 249 
diagnostic relevance, 248 
diagnostic systems, nanotechnology in, 

251-253 
dip-pen nanolithography, 247 
miniaturization, controlled drug delivery 

devices, 254-256 
nanobiotechnology companies, 256 
nanomedicine, 247-248 
nanoscale, 247 
nanotechnology, cellular, tissue engineering, 

248-25 1 
research challenges, 254 
therapeutic relevance, 248 
therapeutics, nanotechnology in, 253-256 

Biomedical implants from nanostructured 
materials, 263-275 

amino acid 
charge, hydrophobicity, surface tension, 

266 - - 

in proteins, 266 
characteristics, 265 
fibrous encapsulation, newly implanted 

materials, 263-264 
future developments, 272-273 
hydroxyapatite fibers, 266 
implant biocompatibility, 265-266 
nanophase ceramics, as nanobiomedical 

implants, 266-269 
nanophase materials, surface properties of, 

265 
nanophase metals, as nanobiomedical 

implants, 269 
nanophase polymers, as nanobiomedical 

implants 269-270 
nanoscale surface, potential implants, 266 
nanostructured composites, as nanobiomedical 

implants, 270-272 
potential risks, 272 
soft tissue wound healing, sequential events 

of, 264 
surface-enhanced Raman scattering technique, 

268 
Bio-microarrays, based on functional 

nanoparticle, 277-286 
dip coating of nanoparticle, 279 
ethylene glycol dimethacrylate, 281 
layer-by-layer technique, 283-284 
lithographic microstructuring, particle 

deposition, 278 
methacrylic acid, 281 
microarrayer, 284 
microcontact printing, 284 

of nanoparticle layer, 279 
microspotting, of nanoparticle layer, 281 
microstructured surface preparation, 

277-283 
nanoparticle, applied in microarray 

preparation, 28 1-282 
patterned monolayers of functional 

nanoparticle, 282-283 

This is an inclusive index for all five volumes. Volume breaks are as follows: Volume 1: pages 
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photoablation, 278-279 
photolithography, 284 
protein binding polymer nanoparticle, 282 
surface activation, 277-278 

Biomimetic macrocyclic receptors, for 
carboxylate anion recognition, 
295-309 

charged receptors, 295-300 
hydrogen bonding receptors, 301-306 
metal centers, carboxylate coordination to, 

3 W 3 0 1  
Biomimetic self-assembling systems, 287-294 

artificial self-assembling systems, 289-291 
constrained self-assembly, 289-290 
dynamic self-assembling systems, 291 
hierarchical self-assembly, 290 
self-healing structures, 290-291 
shape complementarity, recognition by, 

290 
Biomineralization, 2452 
Biomolecular, polymeric nanostructures, 

scanning probe lithography, 
2973-2983 

Biomolecular nanostructures, scanning probe 
lithography, 2973-2983 

Biomolecular structure at interfaces, 31G319 
Biomolecules, analytical techniques for detection 

of, 351-352 
Bionanomaterials, 245 1-2453 

biomineralization, 2452 
nanoparticle probes, 2452 
supramolecular materials, 245 1-2452 

Bionanoparticle, 321-330 
adenoviruses, 327-328 
cowpea chlorotic mottle virus, 322-323 
cowpea mosaic virus, 324-327 
ferritins, 321-322 
gene delivery, 327-328 
M13 bacteriophage, 324 
tobacco mosaic virus, 323-324 

BioOral nanocochleates, 256 
Bioremediation, environmental contaminants, 

331-341 
anaerobic organisms, 332 
bioaugmentation, 332 
biostimulation, 332 
environmental pollutants, 331-334 

hydrocarbons, 331-333 
metals, 334 
polycyclic aromatic hydrocarbons, 

333-334 
Exxon Valdez oil spill bioremediation project, 

336338 
lessons from, 337-338 

techniques, 334-336 
biofiltration, 335-336 
groundwater bioremediation, 334-335 
phytoremediation, 336 

BioSante Pharmaceuticals, 256 
Biosensor platform, components of, 251 
Biosensor surface 

binding kinetics on, fractal analysis of, 
1191-1202 

dual-fractal analysis, 1193 
single-fractal analysis, 1192-1 193 
surface plasmon resonance biosensor, 

1191-1192 
engineering of, 35 1-360 

1-892; Volume 2: pages 893-1796; Volume 3: 



4 Index Wolume 1: 1 4 9 2 ;  Volume 2: 893-1796; Volume 3: 1797-2676; Volume 4: 2677-3296; Volume 5: 3297-3980) 

Biosensors 
based on carbon nanotubes, 361-373 
for chemical warfare agent detection, 375-388 

air, detection of chemical warfare agents in, 
375, 377-378, 380-381, 383-386 

cell chamber, 379 
fluorescence measurements, 379 
water, detection of chemical warfare 

agents in, 375-379, 381-383, 385, 
386 

water quality monitoring, toxic agents used 
for, chemical structures, 379 

porous silicon microcavities, 343-350 
bacterial biosensor development, targets 

for, 347 
bacterium detection, 345-349 
DNA detection, 344 
lipopolysaccharide, structure of, 347 
virus detection, 344-345 

Bioseparations, nanotube membranes for, 
3663-3664 

Biostimulation, 332 
Biosurfaces, 389403 

bioinertness, 389 
cell adhesion, resisting, 390-391 
D-mannitol-terminated self-assembled 

monolayers, adsorption of protein on, 
397 

D-mannonic 1.5-lactone, 2, 401 
polymer polydimethylsiloxane elastomers, 

395 
polymer-colloidal science, 391-392 
polyol-terminated self-assembled monolayers, 

395-398 
protein adsorption, resisting, 389-390 
tools for measuring, 394-395 

Biphenylthiol, electrostatic surface potential, 692 
Birefringence in quantum dot arrays, 3101-3105 

numerical estimates, 3 102-3 105 
planar array, 3 105 

Bloch bands, expansion in linear combination of, 
3216-3217 

Bloch law, 1670-1673 
Block copolymer, templating polymer crystal 

growth using, 3853-3865 
amorphous systems, block copolymer phase 

separation, 3853-3854 
large areas, patterning semicrystalline block 

copolymers over, 3862-3863 
moderately-segregated systems, 3860-3861 
rubbery block copolymers, strongly- 

segregated semicrystalline, 
3861-3862 

semicrystalline systems, microphase 
separation in, 3854-3855 

semicrystalline-glassy block copolymers, 
crystallization in nanoscale 
environments, 3855 

semicrystalline-poor block copolymers, 
3855-3858 

semicrystalline-rich block copolymers, 
3858-3860 

semicrystalline-rubbery systems, 3860 
Block copolymer micelle 

coronas, 2906-2907 
nanoparticle formation in, metallation, 

2903-2907 
Block copolymer nanoparticle, 405414 

dilute solution, 405407 
enantiomeric lactide sequences in solution, 

4 0 7 4  12 
Block-type carbon nanotube electrodes, 426 

Blood-brain barrier, anticancer drug delivery 
across, 256 

Boehmite, energetic parameters, 1 148 
Bolaform amphiphiles, layer-by-layer assembly, 

1607-1622 
Bonding, nanoceramics, 2240 
Bonding nature of carbon atoms, 475476 
Bovine pancreatic trypsin inhibitor, 2819 
Brain, gene delivery, polymer nanoparticle for, 

2945 
Brillouin zone, graphite electron, 479 
Bronsted acid sites, 636 
Brookite, energetic parameters, 1148 
Brownian, gravitational coagulation kernels, 

compared, 38 
Brownian coagulation, collision kernels, 36-37 
Brownian dynamics, 213 1 

counterions around DNA, 2 137 
Buckminster fullerend C6& 1225 
Bulk enantiomorphic crystals, surfaces of, 

1117-1118 
Bulk ferromagnetic materials, magnetic 

properties, 17 18-1 7 19 
Bulk nanocrystalline substances, microstructure, 

2298-2300 

Cadmium selenide 
quantum dots made of, 3 167-3 176 

formation of, 3 168-3 170 
microphotoluminescence, 3 170-3 17 1 
optical properties, 3 170-3 174 
selectively excited photoluminescence, 

3171-3174 
quantum rods made of, anistropy, optical 

properties, 3256-3259 
Cadmium sulfide nanocrystals, 787-796 

optical, electronic properties, 789-790 
quantum mechanics/molecular mechanics 

calculations, 793-795 
semiconductor nanocrystals, 787 
semiempirical calculations, 791-793 

Calcite, surface free energy, 1573 
Calcium phosphate, orthopedic implant, 269 
Calix-4-hydroquinone, 2427 
Calixarenes, 1312-1313, 1337-1340 
Cambridge Structural Database, 2 126 
Cancer, drug delivery across blood-brain barrier, 

256 
Canonical Monte Carlo simulation, electrical 

double layer formation, 1006-1007 
Capacitors, carbon nanotubes, 537-546 

capacitor performance, 538 
conducting polymer composites, 543-545 
multiwalled nanotubes, 540-543 
single-walled nanotubes, 539-540 

Capillaries, micromolding in, 2619-2621 
Capillary condensation, adhesion, self-assembled 

monolayers, 1-3 
Capillary electrophoresis separation, single- 

walled carbon nanotubes. 3617-3628 
Capillary forces, assembly of electrical circuits 

by, 1026-1027 
Capsules, hollow, 870-875 
Carbogenic molecular sieves, 23 1-232 
Carbon atom, cohesive energy per, carbon- 

related structures, 478 
Carbon forms structured by energetic species, 

415424 
amorphous carbon forms, structuring of, 

4 1 7 4 2 0  
crystalline carbon forms, structuring, 422423 

ion beam structuring, 41 6-41 7 
ordered forms, structuring of. 4 2 W 2 2  

Carbon fullerenes, 1447 
Carbon monoxide oxidation, gold nanoparticle 

on titania, 1299-1 30 1 
Carbon nanotube chemistq . 1473-1476 
Carbon nanotube electrode.;, 425434 

atomic hydrogen, 429 
block-type carbon nanotube electrodes, 426 
electrochemical capacitors, 425427 
electrochemical sensors, actuators, electrodes 

in, 4 3 W 3  1 
functionalization of carbon nanotubes. 427 
molecular hydrogen, 429 
secondary hydrogen battery, fuel cells, 

electrodes in, 429430 
secondary lithium ion batteries, anodes, 

427429 
Carbon nanotube field effect transistors, 2190 
Carbon nanotube interconnects, 435459 

interconnect architectures, integration in, 
441-442 

internanotube contacts, 439441 
junctions, crossed-tube, - 1 3 9 4 1  
synthesis, 435439 

directed, 437439 
nondirected, 436437 

Carbon nanotube-conducting polymer 
composites 

Raman spectroscopy studies, 3267-3279 
charge transfer, 3274--3277 
interfacial interactions, 3270-3274 
shear field processing. 3270 

in supercapacitors, 447159 
polymer composite, conducting, 447449 
prototype devices, 454-455 
supercapacitors, 449151 

Carbon nanotubelpolymer nanocomposites, 
2923-2925 

electrical properties, 2921-2925 
mechanical properties, 2924 
optical properties, 2924-2925 

Carbon nanotubes, 475492, 507, 1203-121 1 
atoms, foreign 

doping by, 486-489 
intercalation, 486-489 

biosensors based on, 361 -373 
carbon, fibrous forms of. 481486 
carbon atoms, bonding nature of, 475476 
chemistry, 493-506 

chemically functionallzed carbon 
nanotubes, applications of, 501-502 

covalent functionalization, 496-500 
noncovalent functionalization, 5 W 5 0 1  
purity evaluation, 494-495 
reactivity, 495496 
structure of, 493494 

cohesive energy per carbon atom, carbon- 
related structure\, 478 

disordered carbons, 4 7 U 8 0  
electrochemical modification, 507-5 17 

actuators, 5 14 
batteries, 5 14 
(bio) electrochemical sensors, 5 13-5 14 
bulk electrodes, 507-509 
covalent modification. 509-5 10 
electrochemical applications, 5 13-5 14 
film electrodes, 507 
fuel cells, 5 14 
hydrogen storage, 5 14 
microbundle electrodes, 508 
nanotube electrodes, 507-509 
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Carbon nanotubes (con?.) 
noncovalent modification, 5 10-5 12 
paper electrodes, 507 
paste electrodes, 507 
powder microelectrodes, 507 
single-nanotube electrode, 509 

electronic switches, 1104-1 107 
electro-osmotic flow control in membranes, 

519-528 
electrochemical derivatization, effect on 

electrosomotic flow, 525-526 
electroosmotic flow, effect of applied 

current density on, 522-523 
electroosmotic flow velocity, 522 
ionic strength, effect on electroosmotic 

flow, 523-524 
solution pH, effect on electrosomotic flow, 

524-525 
transport properties, carbon nanotube 

membranes, 521-522 
foreign molecules 

doping by, 4 8 W 8 9  
intercalation, 4 8 M 8 9  

fullerene solid, 1207-1209 
doped fullerenes, 1208 
polymerization. 1209 
superconductivity, 1208-1209 

functionalization of, 427 
gas adsorption, 547-556 

confined spaces, matter in, 55C55 1 
gas chemisorption, carbon nanotubes, 55 1 
gas physisorption, 547-549 
gas storage capacity, 549-550 

graphite. fibrous forms of, 481486 
graphite Brillouin zone, graphite electron, 479 
graphites, 476480 
hydrogen chemisorption, 529-536 

armchair nanotubes, models of, 530 
chemisorption studies, 532-534 
hydrogen storage, 534-535 
investigations of hydrogen adsorption, 

531-535 
models, 530-53 1 
nanotube small cluster model, 532 
nanotube structure, 529-530 
physisorption studies, 532 

hydrogen storage, 557-566 
room temperature, 560-564 
single-walled carbon nanotubes, 557 
sorption mechanisms, 559-560 
temperature-programmed-desportion 

system, 558 
ice nanotubes inside, 14 15-1424 

continuous freezing, 1420-1 422 
experiments, 1423-1424 
freezing, 14 17-1422 
freezing into ice nanotube, 1418-1420 
melting behavior, 1417-1422 
phase diagram, 1422-1423 
simulations, 1423-1424 
structure, 1415-1417 

molecular modeling, 461473 
molecular properties, 1205-1 207 

electrical conduction in, 12061207 
electronic states in Cm, 1205- 1206 
nanotubes, electrical conduction in, 

1 2 0 6  1207 
molecular structure, 1203-1 204 

within multilayered polyelectrolyte films, 
567-574 

muti-wall carbon nanotubes, 480-481 
optical properties, 575-586 

optical absorption, 580-586 
parameters, 577 
resonance Raman process, 583-586 
van Hove singularities, 576580 

oxidation, 496 
single-wall carbon nanotubes, 4 8 W 8 1  
single-walled, 3605-3615, 3629-3639 

actuation upon charge injection, 
3610-361 1 

graphite intercalation compounds, 
3610-361 1 

armchair, 3607-3608 
capillary electrophoresis separation. 

36 17-3628 
chiral, 3608 
density functional theory study, field 

emission properties, 3597-3604 
electronic properties, 3608-3610 
geometry of, 3607-3608 
graphene, structures from, 3629-3630 
helical, rotational symmetries, 3631-3633 
translational symmetries, 3630-363 1 
zigzag, 3608 

supramolecular mechanics, 587401 
coalescence of nanotubes, as reversed 

failure, 597-598 
elastic shell model, supramolecular 

morphology changes, 591-593 
failure, relaxation mechanisms, 593-596 
linear elastic properties, 588-589 
strength-failure evaluation, kinetic 

approach, 596597 
supramolecular scale, tensegrity at, 

598-599 
van der Waals interactions, 589-591 

synthesis, 1204-1205 
thermal properties, 603410 
vapor-grown carbon fibers, 484-486 

Carbon orthopedic implant, 269 
Carbon paste electrodes, modified, 

electrochemical sensors based on, 
1053-1057 

Carbon (pyrolitic), orthopedic implant, 269 
Carbon structures, ferromagnetism in, 

1661-1662 
Carbonates, 1149 
Carbon-based nanomaterials, design, 24262427 
Carbon-derived fibers, nanostructured 

composites using, 255 1-256 1 
carbon fibers, 2551-2552 

surface chemistry, 2552-2553 
composites, 2559-2560 
fiber-matrix interface, buried, monitoring, 

2557-2559 
nanotubes, 2559-2560 
x-ray photoelectron spectroscopy, 2553-2557 

Carboxylate anion recognition, biomimetic 
macrocyclic receptors for, 
295-309 

charged receptors, 295-300 
hydrogen bonding receptors, 301-306 
metal centers, carboxylate coordination to, 

300-301 
Carboxytetramethylrhodamines, 2377 

Canier lateral transport, quantum dot lasers, 
3121 

Catalysis, by supported gold nanoclusters, 
61 1-620 

adsorbate binding energies, 614-615 
catalyst deactivation, 61 8 
catalytic properties, 6 1 3 4  14 
characterization, 6 1 2 4 1  3 
cluster sintering, 618 
cluster sublimation energies, 6 1 M  18 
electronic properties, 61 5 4 1  6 
model catalysts, 612418 
synthesis, 612 

Catalyst, nanocrystalline metal oxide as, 
2535-2536 

Catalyst nanostructures, x-ray absorption studies, 
3953-3972 

catalyst deactivation, 3964-3966 
by coking, 3965-3966 
cycles, 3966 
by poisoning, 3965 
by sintering, 3965 

catalyst preparation, 39563960 
catalyst regeneration, cycles, 3966 
future developments, 3966 
heterogeneous catalysts, 3955-3956 
structural characterization, 3960-3964 

Catalysts 
heterogeneous, atomic scale studies, 

179-193 
metal nanoparticle as, 1869-1 880 

bimetalic nanoparticle, formation of, 
1876 

C-C bond formation, 1878-1 879 
characterization, 1873-1 874 
hydration, 1878 
iron-group element, composed of, 1875 
oxidation, 1878 
platinum-group elements, composed of, 

1874-1875 
preparation, 187 1-1 874 
reduction, 18761 877 
structure control. 1874-1 876 
visible-light-induced hydrogen generation. 

1877 
nanoparticle supported, 253 1-2535 
nanostructured, 226-232, 253 1-2537 

basic, 225-234 
basicity, defined, 225-226 
carbogenic molecular sieves, 23 1-232 
historical perspective, 225 
hydrotalcite, 232 
mesoporous (alumino) silicates, 23G231 
zeolites. 227-230 

Catalytic applications, polymerization catalysts, 
1803 

Catalytic cracking, mesoporous materials, 
1803-1 804 

Catalytic functions, zeolite membranes, 
1162-1 163 

Catalytic processes, over supported nanoparticle, 
621-632 

Catalytic properties 
micro-, mesoporous nanomaterials, 

633447 
nanocrystal dispersed platinum particles, 

2259-2268 
transition metal oxides, 1913-1914 
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Catenanes 
hydrogen bonding, self-assembly directed by, 

3405-3406 
switchable, computational analysis, 797-805 

binding site selectivity origin of, 801 
catenane systems dynamics, 799-801 
co-conformational isomerism, 801-802 
structural fundamentals, 798-799 

Cation-arene interactions, molecular probes, 
2123-2130 

Cation-chloride cotransporter, 3699 
Cavitand-based coordination cages, self- 

assembly of, 3415-3430 
enlarged nitrile-based coordination cages, 

3422-3423 
nitrile-based coordination cages, 3417-3422 
pyridine-based coordination cages, 

3423-3426 
Cell adhesion, resisting, 390-391 
Cell surface receptors, biologically 

functionalized tips for probing of, 138 
Cell-substratum contact sites, 249 
Cellular delivery, micro-Inanoscale needles for, 

254-255 
Cellulose, surface free energy, 1573 
Cellulose acetate, 2400, 2401 
Cellulose nitrate, surface free energy, 1573 
Ceramics 

functionalization of surface layers on, 
1277-1285 

alkali-resistant surface layer, 1283-1284 
gradient titanilayer, photocatalytic fiber 

with, 1283 
new process, 1277-1279 
photocatalytic fiber, 1279-1283 
surface gradient structures, 1277 

mesoporous, functionalization of, 11261 127 
nanophase, as nanobiomedical implants, 

266-269 
Cethyl trimethyl ammonium bromide, 2317 
Cethyl trimethyl ammonium chloride, 2317 
Cetyltrimethylammonium bromide, 2898 
Chain polymerization, controlled, polymer 

nanowires by, 2951-2958 
photopolymerization, 2953 
scanning tunneling microscope, 2954-2955 
self-ordered molecular layer, 2951-2953 

Channel lattices, nanosized, heterogeneous 
surfaces with, 1357-1367 

Chaotic transport in antidot lattices, 649666 
Aharonov-Bohm oscillation, 654.664 
Altshuler-Aronov-Spivak oscillation, 657-658 
commensurability peaks, 6 5 M 5 4  
magnetic focusing, leading to fundamental 

commensurability peak, 65 1 
scattering, from two adjacent antidots, 652 
scattering matrix formalism, 658-664 
triangular antidot lattices, 656457 

Charge carrier dynamics, nanoparticle, 667682 
metal nanoparticle, charge carrier dynamics 

of, 673475 
semiconductor nanoparticle, charge carrier 

dynamics in, 667473 
Charge transfer in metal-molecule 

heterostructures, 683698 
Moore's law, 683 

Charge transport properties, multilayer 
nanostructures, 699-707 

nanoscale multilayer structures, 699-700 
Chemical deposition, formation of electrical 

circuits by, 1027-1028 
Chemical force microscopy, 2709 

Chemical imaging, 2703-27 12 
Chemical selectivity, 1505-1514 

interfacial phenomena and, 1505-15 14 
molecular interactions, 1 5 6 1 5 1  1 
molecular organization, 1508-1 5 1 1 
molecular recognition, at interfaces, 

1505-1506 
molecular structure, 1506-1 508 
surfaces, chemical selectivity of, 

15W1511 
Chemical sensors 

design theory, 2425-2426 
electrically functional microstructures from, 

1031-1032 
Chemical switches, 2 146-2 149 

chemical bimolecular reactions, 2149 
molecules in interaction, 2147-2149 
simple chemical conversions, 2146-2147 

Chemical synthesis, lab-on-a-chip micro reactors 
for, 1547-1564 

Chemical transport reactions, inorganic 
nanotubes synthesized by, 1457-1466 

applications, 1465 
crystal flakes, instability against bending, 

1459-1460 
interlayer distances, nanotube chirality, 

1460-1461 
lattice structure, 1458-1459 
multiwall nanotubes, 1457-1461 
nucleation, 1458-1459 
plate-like crystal structures, 1457-1458 
silver, nanotube alloyed with, 1461-1465 
stacking-order, tube diameter and, 1460 

Chemical warfare agent, 381 
structures of, 242, 378 

Chemical warfare agent decontamination, by 
nanoparticle, 241-242 

Chemical warfare agent detection 
biosensors for, 375-388 

in air, 375, 377-378, 380-381, 383-386 
cell chamber, 379 
fluorescence measurements, 379 
toxic agents, 379 
in water, 375-379, 381-383, 385-386 
water quality monitoring, toxic agents used 

for, chemical structures, 379 
sensor response to, 385 

Chemically functionalized carbon nanotubes, 
applications of, 501-502 

Chemicurrents, sensors based on, 3527-3537 
Chemiresistor sensors, metal nanoparticle 

monolayers, 1864-1 865 
Chip-detection, DNA-conjugated metal 

nanoparticle 
marker application, for DNA chip readout, 

959 
molecular nanotechnology, 959-960 
networks in solution based, 955-956 
preparation, 955 
solid substrates, immobilization onto, 

956-958 
surface immobilization of DNA, 957 
whole substrate incubation, immobilization 

technique, 958 
Chiral, pseudochiral molecules at interfaces, self- 

assembly, 343 1-3438 
Chiral nanostructures 

enantioselectivity on surfaces with, 
1113-1123 

surfaces with, enantioselectivity, 11 13-1 123 
achiral bulk crystal structures, chiral 

surfaces from, 1 1 18-1 120 

bulk chiral materials. surfaces based on, 
1117-1118 

chiral organic modifiers, surfaces 
templated with, 11 15-1 117 

chiral surfaces, 1 1 1 4 - 1  1 15 
molecules, chirality of. 11 13-1 114 
solids, chirality of, 1 1 13-1 114 
surfaces, chirality of, 11 13-1 114 
technological impact of chiral surfaces, 

1120-1121 
Chiral organic modifiers, surfaces templated 

with, 11 15-1 117 
Chiral pair self-assembled monolayers, scanning 

tunneling microscopy, 3305-33 13 
iodination products of oleic acid, elaidic acid, 

monolayer of, 3309-331 1 
oleyl alcohol iodination product monolayer, 

3307-3309 
Chiral single-walled carbon nanotubes, 3608 
Chiral switches based on enantiomers, 

2159-2160 
Chiral switches based on pseudoenantiomers, 

2160-2162 
Chiral templates, 1 1 16-1 1 17 
Chirality in gold nanoclusters, 1292-1293 
Chiroptical molecular switches, sterically 

overcrowded alkenes as, 2 159-2 166 
Chiroptical switching, in polymeric matrices, 

2165-2166 
Chitosan, polymeric gene carrier, 2943 
Chlorella biosensor, 377, 38 1-382 
Chloride channel, 3699 
Chloride complex, x-ray crystal structure, 64 
Chloride pumps, conversion of proton pumps to, 

3707 
Chloride-conducting membrane proteins, Saier 

nomenclature, 3699 
Chloroform, surface tension, 1573 
Chromophore-receptor systems, 2749 
Circuit, integrated, 221 1-2212 
Citrate method, magnetic nanomaterial synthesis, 

1685-1686 
Classical computing, limits of energy dissipation 

vs. performance. 2199 
Clay, in soil, 1149 
Clay surfaces, polymer brushes from, 2959-297 1 
Clay-nanoparticle polymer composites, 

300&3001 
Closed-shell carbon cluster\, magnetic properties 

of, 1655-1656 
Cluster sublimation energies, gold nanoclusters, 

61-18 
Coagulation, 35-44 

atmospheric nanoparticle, 103 
of monodisperse aerosols, 35-36 

Coagulation equation, aero\ol nanoparticle, 36 
solutions, 4 M 3  

coagulation in nanoparticle synthesis. 43 
moment method, 42-43 
sectional method, 4 M 1  
self-preserving solution, 4 1 4 2  

Coating of titanium dioxide, on stainless steel, 
391 8-3925 

Coatings, nanoceramics, 2243-2244 
Cobalt 

anion templated system, 55-57 
tungsten carbide, nanocomposites, 3943-3952 

Cobalt alloys, orthopedic implant, 269 
Cobalt/chrornium multilayers, thin film 

structural transit~on, 3740 
Cobaltkopper multilayers, thin film structural 

transition, 3738-3739 
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Cobalthnanganese multilayers, thin film 
structural transition, 3739 

Cohesive energy, per carbon atom, carbon- 
related structures, 478 

Coking, catalyst nanostructures deactivation, 
3965-3966 

Collagen, properties of, 3082 
Collision kernels, 36-39 

Brownian coagulation, 36-37 
electrostatic coagulation, 39 
gravitational coagulation, 37-38 
turbulent coagulation, 38-39 

Colloid solutions, nanocrystalline powders 
precipitation, 2292-2293 

Colloid systems, 709-715 
colloids, 709-7 10 
micelles, 710-71 1 
nanocrystals, superlattices, 7 11-7 14 
nanoreactors, schematic of, 7 12 

Colloidal assembly, fabrication of electrical 
circuits via, 10261031 

Colloidal crystals 
assembly by alternating current chaining, 

dielectrophoretic forces, 1035-1036 
assembly by electrophoretic forces. 

1034-1035 
Colloidal germanium nanoparticle, 7 17-723 
Colloidal gold films 

tunable nanocrystal distribution, 15 15-1 523 
electrostatic interactions, particle 

deposition, 1515-15 17 
gold nanocrystals, 1517-1518 
kinetics, nanocolloidal gold adsorption, 

1519-1520 
nanocolloidal gold suspension, 15 17 
quantitative analysis, 1520-1 52 1 
saturation coverages, 15 18-1 5 19 
size distribution, 1517-1518 
spatial distribution, 1518-1519 

tunable nanocrystal distribution in, 151 5-1523 
electrostatic interactions, particle 

deposition, 1515-1517 
gold nanocrystals, 15 17-15 18 
kinetics, nanocolloidal gold adsorption, 

1519-1520 
nanocolloidal gold suspension, 15 17 
quantitative analysis, 152G1521 
saturation coverages, 15 18-1 5 19 
size distribution, 15 17-1 5 18 
spatial distribution, 1518-1519 

Colloidal gold nanocrystals, tumor necrosis 
factor bound to, vector with docking 
site for gene therapy, 256 

Colloidal micro nanostructures, assembled on 
patterned surfaces, 725-738 

3-D colloid assembly, 726728 
fundamental interactions in colloid systems, 

725-726 
planar surfaces, 728-729 
structured colloid assemblies, 729-736 

Colloidal nanometals, as fuel cell catalyst 
precursors, 739-759 

metal salt reduction method, 741-743 
wet chemical reduction, 741-748 

Colloidal nanoparticle, 717-723 
electrokinetic characterization, 773-786 

composite particles, synthetic process of, 
778-785 

concentrated dispersion, 775-778 
diluted suspension, measurements of 

particles in, 773-775 
model molecular surfaces, aggregation 

patterns, 761-772 
Colloidal particle, solid, liquid, interfacial forces 

between, 1491-1503 
deformable interfaces, interactions involving, 

1493-1494 
direct measurement, 1494-1498 

deformable surfaces, 14961497 
force curve analysis, 1497-1498 
surface force measurement, 1494-1496 

interfacial forces, 1491-1493 
surface forces measurement, 149 1 

Colloidal particles 
electrically functional microstructures from, 

103 1-1034 
biological sensors, 1032-1034 
chemical sensors, 103 1-1032 
quantum electronics nanoparticle devices, 

1034 
multiplayer assembly on, 2369-2371 

Colloidal self-assemblies, nanocrystals 
synthesized in, 23 17-2327 

direct micelles, 23 17 
divalent surfactant, 23 18 
ferrite nanocrystals, 2323-2324 
reverse micelles, 23 17-23 18 
self-assemblies differing by sizes, shapes, 

2318-2323 
Colloidal suspensions, electrical field-induced 

forces in, 1025-1026 
Combustion flame-chemical vapor condensation. 

2469 
Complementary molecular field effect 

transistors, 2092 
Composite nanowires, bending modulus of, 

17761778 
Composites, nanostructured, using carbon- 

derived fibers, 255 1-256 1 
carbon fibers, 2551-2552 

surface chemistry, 2552-2553 
fiber-matrix interface, buried, monitoring, 

2557-2559 
nanotubes, 2559-2560 
x-ray photoelectron spectroscopy, 

2553-2557 
Computational analysis, 823-844 

computational analysis 
computational analysis, normal mode, 

simplified, 824 
normal mode, 824 

Hessian matrix evaluation, 827 
mukiparticle soft matter systems, 

828-829 
coupled rotational modes, 829 
indifferent modes, 828-829 
particle vibrational modes, 829 
spectator modes, 829 

normal mode, 824 
simplified, 824 

sparse matrix diagonalization, 827-828 
switchable catenanes, 797-805 
switchable rotaxanes, 807-821 

Computer-aided design, DNA-based 
nanoinstruments, 833-844 

measurement principle, 834-836 

polyacrylamide gels, detection of DNA 
deformation in, 841 

solution, DNA deformation measured in, 
836841 

at surfaces, detection of DNA deformation, 
84 1-843 

Computing, limits of energy dissipation vs. 
performance, 2199 

Condensational growth, atmospheric 
nanoparticle, 100-102 

Conducting polymers, nanostructures based on, 
26 15-2626 

atomic force microscope lithography, 
262 1-2622 

capillaries, micromolding in, 2619-2621 
inverse opal formation, 261 8-261 9 
lithography, 2619-2623 
mask techniques, 2619-2623 
masks, 2622-2623 
polarized infrared absorption spectroscopy, 

26162617 
scanning tunneling microscopy lithography, 

2621 - - - -  

solvent-assisted micromolding, 2619 
template synthesis, 2615-2619 

Conduction in molecular wires, 2188-2189 
Conductivity, thermal, nanoceramics, 3867-3872 
Confocal laser scanning microscopy, 2357 
Constructive nanolithography, 110-1 11 
Contacting nanowires, nanoarrays, 

electrochemical self-assembly, 
1076 

Continuous water quality monitoring, 
experimental apparatus, 379 

Continuum solvent models, DNA counterion 
distributions, 2133-2127, 2138-2139 

Controlled chain polymerization, polymer 
nanowires by, 2951-2958 

photopolymerization, 2953 
scanning tunneling microscope, 2954-2955 
self-ordered molecular layer, 2951-2953 

Controlled drug delivery 
miniaturization devices, 254-256 
nanoscale polymer carriers, 255-256 

Coordination framework topology, multimodal 
ligands, 845-853 

coordination framework design, 845-846 
coordination polymers, 848-852 

three-dimensional architectures, 848-849 
two-dimensional architectures, 849-852 

coordination preferences, 847-848 
multimodal ligands vs. unimodal ligands, 

846-847 
Copolymers, block 

nanoparticle, 405-4 14 
dilute solution, 405407 
enantiomeric lactide sequences in solution, 

407-4 12 
templating polymer crystal growth using, 

3853-3865 
amorphous systems, block copolymer 

phase separation, 3853-3854 
large areas, patterning semicrystalline 

block copolymers over, 3862-3863 
moderately-segregated systems, 3860-386 1 
rubbery block copolymers, strongly- 

segregated semicrystalline, 
3861-3862 

This is an inclusive index for all five volumes. Volume breaks are as follows: Volume 1: pages 1-892; Volume 2: pages 893-1796; Volume 3: 
pages 1797-2676; Volume 4: pages 2677-3296; Volume 5: pages 3297-3980. 
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Copolymers, block (con?.) 
semicrystalline systems, microphase 

separation in, 3854-3855 
semicrystalline-glassy block copolymers, 

crystallization in nanoscale 
environments, 3855 

semicrystalline-poor block copolymers, 
3855-3858 

semicrystalline-rich block copolymers, 
3858-3860 

semicrystalline-rubbery systems, 3860 
Copper ions, equilibrium state of adsorption, 

174 
Core-shell hydrogel nanoparticle, 855-864 

environmentally responsive microgels, 855 
fluorescence analysis, 860-862 
mechanical interactions between core, shell, 

858-859 
shell thickness dependence, 859-860 
synthesis, 855-837 
thermodynamic properties, 857-858 

Core-shell latex particles, preformed, 
complexation of, 2901 

Core-shell nanospheres, 865-879 
composite capsules, 875 
hollow capsules, nanobottles, 870-875 

inorganic, 872-875 
polymer, 87 1-872 

nanosized core-shell spheres, 866-870 
with inorganic, composite shell, 868-870 
with polymer shell, 866868 

rare earth complex, encapsulation in 
nanobottles. 875-876 

silica nanobottles, preparation procedure of, 
874 

Cortical bone, orthopedic implant, 269 
Corundum, energetic parameters, 1148 
Counterion condensation, 2 13 1 
Counterions around DNA 

Brownian dynamics, 2137 
solvent simulations, 2137-2140 

Covalent functionalization, carbon nanotubes, 
496-500 

Covalent immobilization, surface engineering, 
354-355 

Covalenthonic self-assembly, nonlinear optical 
film fabrication, 3473-3474 

Cowpea chlorotic mottle virus, 322-323 
Cowpea mosaic virus, 324-327 
Cross-linked polyvinylpyrrolidone, hydrogel 

nanoparticle synthesized by, 
1403-1414 

ultrafine poly(N-vinyl pyrrolidone) 
nanoparticle, 1406141 2 

Cryofracture, transmission electron microscopy 
after, 980 

Cryo-transmission electron microscopy, 2771 
Crystal fibers, photonic, 2853-2867 
Crystal matrix, pseudoenantiomeric switches in, 

21662167 
Crystal structures, molecular designs for, 

2057-206 1 
neutral biimidazolate complex, 2061-2064 

Crystalline carbon forms, structuring, 
422423 

Crystallization, organosilanes, molecular 
assembly, organosilane monolayers, 
at air-water interface, 2031-2036 

Crystallization at air-water interface, 
organosilane monolayers, 203 1-2036 

Crystallization kinetics, microgel dispersions, 

Crystallization structure, intercalated 
polypropylene nanocomposites, 
1485-1486 

Crystals, liquid, protein binding event detection, 
1635-1646 

CSD. See Cambridge Structural Database 
Cubic phase structure, cubosomes, 881-883 
Cubosomes, 882 

bicontinuous liquid crystalline nanoparticle, 
881-892 

cubic phase particles, 883 
cubic phase structure, 881-883 
cubosome manufacture, 885-886 
hexagonal liquid crystalline phase, 889 
monoolein, molecular structure of, 882 
other liquid crystalline phases, formation 

of, 89 
sponge phase, 889 
systems forming, 886887 

Cyanide, 2495 
Cyano, to carboxylic termination conversion, 

self-assembled silane monolayers, 
3345-3359 

Cyanobacterium biosensor. 377 
Cyanogels, spin-coated, 3667-3674 

film characterization, 3669 
preparation, 3669 

Cyclic peptides, self-assembly, hydrogen-bonded 
nanotubes, 3439-3457 

application status, peptide nanotubes, 
3450-3454 

Cycloaddition, on lab-on-a-chip micro reactor, 
1556 

Cyclophane hosts, 1318-1321 
Cysteine, 266 

properties of, 3082 
Cytimmune Sciences, 256 

Daisy-chain polyrotaxane, 195 
DARPA. See Defense Advanced Research 

Projects Agency 
Data storage on atomic scale, 1477 
Dealloying, nanoporous metals formed by, 

893-896 
Decontamination, by nanoparticles, 241-245 

biological weapons, 241-245 
chemical warfare agents, 241-242 

Defect reduction techniques, quantum dot lasers, 
3117-3118 

Defense Advanced Research Projects Agency, 
2077 

Defensin, 3699 
Dehydration, on lab-on-a-chip micro reactor, 

1556 
Dendrimers, nanoparticle formation in, 

metallation, 2907-2909 
Dendritic nanocatalysts, 903-91 1 
Density functional methods, silicon nanocrystals, 

quantum confinement, 3567-3570 
Density functional theory, 2086 
Deoxyribonucleic acid. See DNA 
De jaguin-Landau-Venvey-Overbeek theory, 

169, 171-172, 3807-3809 
surface forces, nanoparticle, 3807-3809 

Design theory, nanomaterials, molecular devices, 
2423-2433 

Detonation, nanocrystalline powders, 2292-2294 
Detoxification of nerve agents, 243 
Diacetylene derivatives, photoreactive bolaform 

amphiphiles, 1612-1615 
1973-1974 Diagnostic syitems, nanotechnology in, 247-261 

Dialkyldimethylammonium bromide, 2769 
Diamidopyrrole ligand, Gale's, 77 
Diaspore, energetic parameters, 1148 
Diazo coupling, on lab-on-a-chip micro reactor, 

1556 
Diazotization, on lab-on-a-chip micro reactor, 

1556 
Diblock copolymers, self-asembly with, 

2457-2459 
DiblocWparticle mixtures, nanoparticle-polymer 

mixtures, supramolecular networks 
synthesized in, 37863787 

Dibutyl sulfide, structure ot, 378 
Dielectric effects, DNA counterion distributions, 

2134 
Dielectrophoretic forces, colloidal crystals, 

assembly by, 1035-1036 
Differential scanning calorimetry, 2587 
Diffraction, structural color from, 37 17-37 19 
Diffusion reflectance infrared Fourier transform, 

2599 
Digermane, 1 170-1172 
Diiodomethane, sutiace tension, 1573 
Dimensionally graded semiconductor 

nanoparticle films, 9 13-92 1 
Dimeric copper-complexed rotaxane, 8 17 
Dimethylaminophenylazobenzoic acid, 2763 
Dimethylformide, 263 1 
Dimethylsulfoxide, 21 87 
Dinuclear triple-stranded helicates, template- 

directed assembly, 383 1-3842 
Dip coating of nanoparticle. 279 
Dip-pen nanolithography, 109-1 10, 247, 

923-931, 2621, 2975-2978 
direct-write, 2978-2979 

Direct force measurement of liposomes, by 
atomic force microscopy, 933-942 

Direct measurement determmation, surface 
forces, nanoparticle, measurement 
techniques 

atomic force microscopy. 38 1 1-3812 
for nanoparticle, 3812-38 16 
surface force apparatus, 3810-3811 
total internal reflection microscopy, 381 1 

Direct micelles, 23 17 
Disilane, 1 170-1172 
Dissipation of power, performance and, (Moore's 

law) 
limits of energy dissipation vs. performance, 

2199 
predictions for CMOS technology, 2198 
single-electron transistors, 2 198-2 199 

Distearylphosphatidylcholine, 25 10 
Distributed Bragg, 2874 
Dithiol linked 3-D assemblies, 3826 
Divalent sutiactant, colloidal self-assemblies. 

nanocrystals synthesized in, 23 18 
Divinylbenzene, 2347 
D-mannitol-terminated self-assembled 

monolayers, adsorption of protein on, 
397 

D-mannonic 1.5-lactone, 2, 401 
DNA, 2201, 2361 

atomic force microscopy. 120-124 
functionalized emulsions. interactions with, 

977-986 
applications, 984-985 

DNA counterion distributions, molecular 
simulations, 213 1-2143 

analytical theory evaluation, 2 133-2134 
continuum solvent models, 21 33-2127 

compared, 2 138-2 139 
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DNA counterion distributions, molecular 
simulations (cont.) 

counterions around DNA 
Brownian dynamics of, 2137 
simulations of, solvent, 2137-2140 

dielectric effects, 2134 
ion competition, 2136 
ions, specific binding of, 21 38 
mo1ec;lar dynamicsbf DNA, 2137 
multiscale simulation. 2139-2140 
multivalent ligands, interaction of DNA with, 

2136-2137 
polyelectrolyte models, 213 1-2133 
specific distribution of charges, 2135-2136 

DNA damage, electrochemical toxicity sensors, 
electroanalytical methods for 
detecting, 1065-1068 

DNA detection, porous silicon microcavities, 
344 

DNA hybridization, electronic control, 963-975 
DNA toxicity detection, combining bioactivation 

with, 1068-1070 
DNA-based nanoinstruments, computer-aided 

design, 833-844 
measurement principle, 834-836 
polyacrylamide gels, detection of DNA 

deformation in, 841 
solution, DNA deformation measured in, 

836-841 
at surfaces, detection of DNA deformation, 

841-843 
DNA-conjugated metal nanoparticle, chip- 

detection 
immobilization onto solid substrates, 956-958 
marker application, for DNA chip readout, 

959 
molecular nanotechnology, 959-960 
networks in solution based, 955-956 
preparation, 955 
surface immobilization of DNA, 957 
whole substrate incubation, immobilization 

technique, 958 
DNA-nanoemulsions complexes, 977-986 
Dodecane, surface tension, 1573 
Dodecyltrimethylammonium bromide, 2901 
Dolomite, surface free energy, 1573 
Dots, quantum. See Quantum dots 
Double helicate, Kruger's, molecular structure 

of, 76 
Double layer formation, electrical, 1001-1014 

canonical Monte Carlo simulation, 1006-1007 
Gouyxhapman theory, 1003-1004 
grand canonical Monte Carlo simulation, 

1004-1006 
nonprimitive model, 1006-1007 
primitive model, grand canonical Monte Carlo 

simulation, 1007-1008 
Double-hydrophilic block copolymers. 

2897-2899 
Drug delivery, 256 

fullerene-based, 256 
miniaturization devices, 254-256 
nanobiotechnology in, 247-261 
nanoparticulare platform for, 256 
nanoscale polymer carriers, 255-256 

Drying methods, templating aerogels for tunable 
nanoporosity, 3845-3849 

evaporative drying, 3846-3847 

removal of template material, 3849 
supercritical drying, 3847-3849 

Dual-mode photoswitching of luminescence, 
2163-3164 

Dual-mode resonance, nanobelts, 1779-1780 
Ductility, structural nanomaterials, 3728-3730 
Dynamic atomic force microscopy, 

heterogeneous surfaces, 987-1000 
receptor-ligand interactions, dynamic 

measurements, 995 
steric forces, dynamic measurements, 

994-995 
tapping mode atomic force microscope, 

988-991 
Dynamic nanostructures 

biological membranes, 2508-2510 
as nanotechnology building blocks, 

2510-2515 
Dynamic random-access memory, 2075 

Egg yolk phosphatidylcholine, 933 
Elastic shell model, carbon nanotubes, 

supramolecular morphology changes, 
591-593 

Elasticity of cell walls, force spectroscopy, 
137 

Electric field-induced mechanical resonance 
nanobest, nanowire, dynamic bending 

modulus, nonlinear effect, 1774-1776 
nanowires, nanobelts, dynamic bending 

modulus, 1773-1776 
experimental method, 1773-1774 
fundamental resonance frequency, 

1774-1776 
Electrical applications, nanoceramics, 

2242-2243 
Electrical conductivity, molecular assembly of 

nanowires, 2026-2027 
Electrical double layer formation, 1001-1014 

canonical Monte Carlo simulation, 1006-1007 
Gouyxhapman theory, 1003-1004 
grand canonical Monte Carlo simulation, 

1004-1006 
in nanopores, 1004-1007 
nonprimitive model, 1006-1007 

canonical Monte Carlo simulation, 
1008-1012 

primitive model, 1004-1006 
grand canonical Monte Carlo simulation, 

1007- 1008 
surface properties, 1001-1003 

Electrical double layer model, mineral 
nanoparticle, 1992 

Electrically conducting polymeric 
nanostructures, one-dimensional, 
1015-1024 

molecular interactions as "soft" templates, 
1017-1018 

synthesized on surfaces, 1019-1020 
using "solid" templates, 1015-1 017 

Electrically conductive inks, metallic 
nanopowders, 1929-1 930 

Electrically conductive pastes, metallic 
nanopowders, 1929-1930 

Electrically functional nanostructures, 
1025-1042 

Electrochemical capacitors, 425427 

Electrochemical deposition, formation of 
electrical circuits by, 1027-1028 

Electrochemical dip-pen nanolithography, 2622 
Electrochemical heavy metal detection, 1131 
Electrochemical Langmuir trough, 1043-1049 

examples of application, 1045-1048 
molecular conformation, 1045-1 046 
open grids, 1046-1048 

Electrochemical modification, carbon nanotubes, 
507-5 17 

bulk electrodes, 507-509 
covalent modification, 509-5 10 
electrochemical applications, 5 13-5 14 

actuators, 5 14 
batteries, 5 14 
(bio) electrochemical sensors, 5 13-5 14 
fuel cells, 5 14 
hydrogen storage, 5 14 

film electrodes, 507 
microbundle electrodes, 508 
nanotube electrodes, 507-509 
noncovalent modification, 5 10-5 12 
paper electrodes, 507 
paste electrodes, 507 
powder microelectrodes, 507 
single-nanotube electrode, 509 

Electrochemical sensors, 1063-1 072 
actuators, electrodes in, 430-431 
based on functionalized nanoporous silica, 

1051-1061 
for selective adsorption of metal species, 

1053 
based on modified carbon paste electrodes, 

1053-1057 
DNA damage, electroanalytical methods for 

detecting, 1065-1068 
DNA detection, combining bioactivation with, 

1068-1070 
DNA electrochemistry, 1065-1 066 
enzyme-DNA films, 1063-1065 
microelectrode array modified with 

functionalized nanoporous silica thin 
film, 1057-1059 

toxicity sensing, electrochemical methods for, 
1 0 6 6  1068 

Electrochemical synthesis, 746-747 
Electrochemically self-assembled nanoarrays, 

1073-1085 
electrochemical self-assembly, 1073-1076 

anodization, 1075 
contacting nanowires, 1076 
electrodepositing compound 

semiconductor, 1075 
electrodepositing metal, 1075 

nanofabrication, 1073 
quantum dot image processors, 1079-1084 

dot capacitance, 1084 
interdot resistance, 1082 
measurements of circuit parameters, 1082 
negative differential resistance, 1082-1084 
quantum dot based neuromorphic 

architectures, 1080-108 1 
self-assembling neural network, 1082 
"superdot" for image-processing 

applications, 1084 
quantum wire based room temperature 

infrared photodetectors, 1076-1079 
origin of photoresponse, 1077-1079 

This is an inclusive index for all five volumes. Volume breaks are as follows: Volume I: pages 1-892; Volume 2: pages 893-1796; Volume 3: 
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Electrochemistry of DNA, 1065-1066 
Electrodepositing compound semiconductor, 

nanoarrays, electrochemical self- 
assembly, 1075 

Electrodepositing metal, nanoarrays, 
electrochemical self-assembly, 1075 

Electrokinetic characterization, colloidal 
nanoparticle, 773-786 

composite particles, synthetic process of, 
778-785 

concentrated dispersion, 775-778 
diluted suspension, measurements of particles 

in, 773-775 
Electrokinetics, mineral nanoparticle, 1991-2005 

double-layer model, 1992 
electrical double layer model, 1992 
electroosmosis, 1999 
electrophoresis, 1999 
electrophoretic mobility, applications of, 

2002-2003 
ions, 19961998 
isoelectric point, 1998 
mineral particle interaction mechanisms, 

2000-2002 
point of zero charge, 1998 
properties, 1991-1998 
sedimentation potential, 1000 
streaming potential, 2000 
surface charge, origin of, 1991-1992 
zeta potential, 1998 

applications of, 2002-2003 
measurement, 1998-2000 

Electroluminescence, optical characterization, 
self-formed quantum dots, 
3232-3234 

Electron back scattering diffraction, 2272 
Electron beam direct writing, 2413 
Electron beam lithography, 2413 
Electron beam projection lithography, 2413 
Electron energy loss spectroscopy, 2330 
Electron microscopy imaging techniques, 

environmental, geological science, 
1087-1 097 

analytical techniques, 1088-1089 
examples, 1089-1095 
gold nanocrystals, in gold ore deposit, 

1091-1093 
heavy element colloids, at Nevada test site, 

1091 
lead in early archean zircon, 1093-1095 
uranium nanocrystals, in atmospheric 

particulates, 1089-1 09 1 
conventional techniques, 1087-1088 

Electron projection lithography, 2418 
Electron spin resonance, 2027 
Electronic artifacts, atomic force microscopy, 

151 
Electronic control, DNA hybridization, 963-975 
Electronic coupling in vertically aligned 

quantum dots, 3 135-3 143 
coupled quantum dots, 3140-3143 
electronic coupling in quantum dot columns, 

3138-3140 
quantum dots columns, 3 135-3 137 
theory, 3137 

Electronic nanostructures, metal nanoparticle 
self-assembly into, 1829-1840 

electronic applications, 1830-1833 
fabrication of ordered'arrays, 1834-1838 

I-D arrays, 1838 
2-D arrays, 1835-1838 
3-D arrays, 1835 

molecularly protected nanoparticle, 1829 
synthesis, 1833-1834 

Electronic switches, 1099-1 11 1 
carbon nanotubes, 1 104-1 107 
molecular actuators, 1107-1 109 
nanoparticle, 1099-1 10 1 
quantum dots, 1099-1 101 
switches, 1101-1 104 

Electroosmosis, 1999 
Electroosmotic flow velocity, carbon nanotubes, 

522 
Electro-osmotic membrane flow control, carbon 

nanotubes, 5 19-528 
electrochemical derivatization, effect on 

electrosomotic flow, 525-526 
electroosmotic flow 

effect of applied current density on, 
522-523 

velocity, 522 
ionic strength, effect on electroosmotic flow, 

523-524 
solution pH, effect on electrosomotic flow, 

524-525 
transport properties, carbon nanotube 

membranes, 521-522 
Electrophilic substitution, fullerenes, 12 17 
Electrophoresis, 1999 
Electrospinning, polymer nanofibers prepared 

by, 2931-2938 
concentration of polymer in solution, 2934 
electrical conductivity, 2933-2934 
electrospun nanofibers, applications of, 

2935-2936 
electrospun polymer systems, 2934 
fiber formation, 2933-2934 
structure formation, 2934-2935 
surface free energy, 2933 

Electrostatic coagulation, collision kernels, 
39 

Electrostatic forces, nanoparticle, determined by 
direct measurement, 3807 

Electrostatic surface potential, 68-95 
Ellipsometer, 284 
Ellipsometry, spectroscopic. See Spectroscopic 

ellipsometry 
Empirical pseudopotential method, silicon 

nanocrystals, quantum confinement, 
3564-3567 

Emulsions, functionalized, DNA interactions 
with, 977-986 

Enamine, on lab-on-a-chip micro reactor, 1556 
Enantiomeric switches, in liquid crystal matrix, 

2166 
Enantiomerically pure compounds, surfaces of, 

11 17 
Enantiomers, chiral switches based on, 

2159-2160 
Enantiomorphic crystals, bulk, surfaces of, 

1117-1118 
Enantiomorphic heteroepitaxial growth, metals 

on chiral oxides, 1120 
Enantioselectivity 

naturally chiral metal surfaces, 1120 
surfaces with chiral nanostructures, 

1113-1123 
achiral bulk crystal structures, chiral 

surfaces from, 11 18-1 120 
bulk chiral materials, surfaces based on, 

11 17-1 118 
chiral organic modifiers, surfaces 

templated with, 1 1 15-1 1 17 
importance of, 11 14-1 11 5 

molecules, chirality of, 11 13-1 114 
naturally chiral metal surfaces, 1120 

solids, chirality of, 1 1  13-1 1 14 
surfaces, chirality of, 11 13-1 114 
technological impact of chiral surfaces, 

112&1121 
types of, 1 115-1 120 

on surfaces with chiral nanostructures. 
11 13-1 123 

Encapsulated metallic nanowires, design, 2428 
End functionalization, 49-97 
Endohedral fullerene complexes. dynamics of, 

1472-1473 
Endohedral hydrogen physisorption, 531 
Energetic parameters, environmental 

nanoparticle, 1 148 
Energetics, metallic nanopowders, 1927-1928 
Energy dispersive x-ray, 2565 
Energy electron loss spectrometer, 2633 
Energy-dispersive x-ray, 2372, 2633 
Enlarged nitrile-based coordination cages, self- 

assembly of, 3412-3423 
Environmental applications. molecular self- 

assembly, 1125-1 135 
actinides, 1130 
electrochemical heavy metal detection, 

1131 
heavy metal assay, 1 130-113 1 
nanoscience, 1 126-1 I28 

mesoporous ceramics, functionalization of, 
11261 127 

nanostructured materials, 1 126 
self-assembled monolayen. 1127-1 128 

nuclear assay methods, enhancement of, 
1131-1133 

oxometallate anions, 1129 
radiocesium. 1129-1 130 
soft heavy metals, 1 128- 1 129 
sorbent materials, self-assembled monolayers 

as, 1128-1 129 
x-ray fluorescence, 1 130-1 13 1 

Environmental catalysts based on nanocrystalline 
zeolites, 1137-1 145 

assembly, 1 139-1 140 
hydrothermal synthesis, 1 137-1 138 
nanocrystalline zeolite materials, 1 140-1 142 

environmental remediation. 1141-1 142 
hydrocarbons, partial oxidation reactions 

of, 1140-1 141 
organic contaminants, photocatalytic 

decomposition, 1 142 
self assembly, 1137-1 140 
synthesis, 1137-1 140 
templating methods, 11 38-1 139 

Environmental contaminants. bioremediation, 
331-341 

anaerobic organisms, 331 
anaerobic processes, 332 
bioaugmentation, 332 
biostimulation, 332 
environmental pollutants. 331-334 

hydrocarbons, 331-333 
metals, 334 
polycyclic aromatic hydrocarbons, 

333-334 
Exxon Valdez oil spill bioremediation project, 

336338 
lessons from, 337-338 

techniques, 334-336 
biofiltration, 335-336 
groundwater bioremediation, 334-335 
phytoremediation, 336 
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Environmental nanoparticle, 1 147-1 155 
in atmosphere, 1 15 1 
beyond earth, 1152 
in deep earth, 1151-1 152 
energetic parameters, 1148 
in minerals, 1149 
physical chemistry, 1147-1 148 
in rocks, 1151-1152 
in sediments, 1151-1 152 
in soil, 1148-1 151 
in water, 1148-1 15 1 

Environmental scanning electron microscope, 
2039 

Environmental science, electron microscopy 
imaging techniques, 1087-1097 

analytical techniques, 1088-1089 
examples, 1089-1095 
gold nanocrystals, in gold ore deposit, 

1091-1093 
heavy element colloids, at Nevada test site, 

1091 
lead in early archean zircon, 1093-1095 
uranium nanocrystals, in atmospheric 

particulates, 1089-1091 
conventional techniques, 1087-1088 

Enzymatic synthesis, polyphenols, polyaromatic 
mines, 3374-3375 

Enzyme-based fiber optic nanobiosensors, 
2762-2763 

Enzyme-DNA films, electrochemical toxicity 
sensors, 1063-1065 

Epithelial chloride channel, 3699 
Epoxy layered-silicate nanocomposites, 

aerospace applications, 45-54 
aerospace epoxy nanocomposites, 46 
layered organosilicate, 4 5 4 6  
layered silicate, 4 5 4 6  
morphology characterization, 46-47 
morphology development, 49-50 

different curing agents, 50-51 
primer layer for aircraft coating, 51-52 
processing, 49-50 
properties of, 47-49 

Escherichia coli, nanoparticle decontamination, 
244 

Esterification, on lab-on-a-chip micro reactor, 
1556 

Ethane preferred conformation, 1 167-1 173 
Ethanol, surface tension, 1573 
Ethyl acetate, surface tension, 1573 
Ethylene glycol, surface tension, 1573 
Ethylene glycol dimethacrylate, 281 
Ethylenediaminetetraacetic acid, 2841 
Ethylene-dioxythiophene, 2618 
Europium-based cubane structure, 64 
Evaporative drying, templating aerogels for 

tunable nanoporosity, 3846-3847 
Excited state properties, configuration 

interaction methods, 3570-3571 
Excited state transitions, quantum dot lasers, 

3114-3116 
Exfoliation, 3019-3020 

intercalated polypropylene nanocomposites, 
1485 

Exohedral hydrogen physisorption, 53 1 
Explosives, metallic nanopowders, 1928-1929 
~xtended x-ray absorption fine structure, 

170 

Exxon Valdez oil spill bioremediation project, 
336338 

lessons from, 337-338 

Fabricating molecular-assembly nanowires, 
202 1-2022 

Fast Fourier Transform, 2103 
Fatigue properties, structural nanomaterials, 

3730-3731 
Femte nanocrystals, 2323-2324 
Ferritins, 321-322 
Ferrohydrodynamic Bernoulli's law, 1735 
Ferromagnetic molecular TDAE-Cm, 1656-1657 
Fiber optic chemical nanosensors, 2759-2761 
Fiber optic nanobiosensors, 2761-2763 
Fiber optic nanoimaging 

probe fabrication, 2763-2764 
sensors, 2763-3764 

Fiber-matrix interface, buried, monitoring, 
2557-2559 

Fibrinogen, properties of, 3082 
Fibrous encapsulation, newly implanted 

materials, 263-264 
Fibrous forms of carbon, 481486 
Field emission scanning electron microscopy, 

2410, 2804 
Film electrodes, carbon nanotubes, 507 
Films, nanoparticle, semiconductor, 

dimensionally graded, 9 13-921 
Finite-size scaling, mesoscopic thermodynamics, 

3900 
First light-driven unidirectional molecular motor, 

2169 
Flame atomic absorption spectrometry, 170 
Flame spray pyrolysis, 2008 
Flexible polymer adsorption, 29 
Fluorescein isothiocyanate, 2762 
Fluorescence confocal scanning laser 

microscopy, 2847 
Fluorescence measurements, chemical warfare 

agent detection biosensors, 379 
Fluorescence near-field scanning optical 

microscopy, 2706-2707 
Fluorescence recovery after photobleaching, 

2508 
Fluorescence resonance energy transfer, 2508 
Fluoride templated helix, Gale's, crystal 

structure of, 77 
Fluorination, on lab-on-a-chip micro reactor, 

1556 
Fluorine- 19 nuclear magnetic resonance 

spectroscopy, 1 181-1 182 
Fluorine-like sarin, decontamination by 

nanoparticle, 241 
Fluorofullerenes, 1 175-1 190 

chemical properties, 1 184-1 186 
addition reactions, 1 185 
oxafluorofullerenes formation, 1 184-1 185 
substitution reactions, 1185-1 186 

physical properties, 1182-1 184 
fluorofullerene ions, 1184 
solubilities in organic solvents, 11 82-1 184 
thermodynamic properties, 1 184 

structural characterization of, 1178-1 182 
fluorine- 19 nuclear magnetic resonance 

spectroscopy, 1181-1 182 
x-ray crystallography, 1178-1 181 

synthesis of, 1176-1 178 
Fluorophore-receptor systems, 2750-275 1 
Fluorophore-spacer-receptor systems, 275 1 
Force gradient atomic resolution imaging, 3650 
Force spectroscopy, 135-140 

elasticity of cell walls, 137 
microbial cell surfaces, 133-1 42 
orinciole of. 135-136 
A . .  

spatially resolved force spectroscopy, 
136-137 

Foreign molecules 
doping by, 486489 
intercalation, 486-489 

Formamide, surface tension, 1573 
Formate method, magnetic nanomaterial 

synthesis, 1693-1694 
Fourier transform ion cyclotron resonance mass 

spectroscopy, 138 1 
Fractal analysis, binding kinetics on biosensor 

surfaces, 1191-1202 
dual-fractal analysis, 1193 
single-fractal analysis, 1 192-1 193 
surface plasmon resonance biosensor, 

1191-1 192 
Fracture, structural nanomaterials, 3730 
Free radical fluorination, on lab-on-a-chip micro 

reactor, 1556 
Fuel cell catalyst precursors, colloidal 

nanometals as, 739-759 
metal salt reduction method, 741-743 
wet chemical reduction, 741-748 

Fuel cells 
carbon nanotubes, 5 14 
secondary hydrogen battery, electrodes in, 

429430 
Fuels, nanometal powder, 1937-1 942 

aluminized gels, development, 1939- 1940 
"combustion" in nitrogen, 1942 
gelled aluminized propellants, mechanisms ot 

combustion of, 1938-1939 
hybrid propellants, Alex as additive to, 1938 
ignition delay measurements, 1940 
liquid propellants, Alex as additive to, 1938 
small rocket engine tests, 1942 
solid propellants, Alex as additive to, 

1937-1938 
Fullerene C70, 1225-1 226 
Fullerene C76, 1226 
Fullerene C7& 1226 
Fullerene Cso. 12261227 
Fullerene CX2. 1228 
Fullerene C8& 1227-1 229 
Fullerene Cx6, 1229 
Fullerene Cx8, 1229 
Fullerene Cgo, 1230 
Fullerene carbon nanotubes, 3657 
Fullerene chemistry, 147 1-1 473 
Fullerene solid, magnetism, 1208-1209 
Fullerene-based drug delivery, 256 
Fullerenes, 1203-121 1, 1213-1221, 1235-1249 

amorphous sp2 carbon, 1244-1 245 
applications, 1219 
chemical reactivity, 1214-1219 

cycloadditions, 1215-1216 
electrophiles, addition of, 1216-1217 
electrophilic substitution, 1217 
higher fullerenes, 1218-12 19 
hydrogenation, 1215 
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Fullerenes (cont.) ' 

metal complexes, 1217-1218 
multiple additions, 1217 
nucleophiles, addition of, 1216 
oxidation, 1215 
radicals, addition of, 1216 

fullerene solid, 1207-1209 
doped fullerenes, 1208 
polymerization, 1209 
superconductivity, 1208-1209 

graphene topology, 1238-1245 
historical background, 1235-1237 
inorganic, 3933-3942 
molecular properties, 1205-1207 

electronic states in C60r 1205-1206 
nanotubes, electrical conduction in, 

12061 207 
molecular structure, 1203-1204 
nanotubes, 1240-1 241 
nuclear magnetic resonance spectra, 

identification of isomers based on, 
1223-1234 

periodic schwarzites, 1241-1244 
polymerization of, 1657 
structure, 1213-1214 

synthesis, 1214 
synthesis, 1204-1205 
topology vs. total energy, 1245-1246 
van der Waals interactions with, 1473 

Functional nanostructures, 2456 
diblock copolymers, self-assembly with, 

2457-2459 
nanofabrication, via self-assembly, 

2456-2457 
Functionalized nanoporous silica, 

electrochemical sensors based on, 
1051-1061 

for selective adsorption of metal species, 
1053 

Functionalized polysilsesquioxane colloids, 
metallation, nanoparticle formation 
in, 2910-2911 

Gale's "anion-anion" assembled solid-state 
polymer, x-ray crystal structure, 77 

Gale's diamidopyrrole ligand, 77 
Gale's fluoride templated helix, crystal structure 

of, 77 
Gas adsorption, carbon nanotubes, 547-556 

confined spaces, matter in, 550-551 
gas chemisorption, carbon nanotubes, 551 
gas physisorption, 547-549 
gas storage capacity, 549-550 

Gas phase synthesis, nanocrystalline powders, 
2291 

Gated response, dual-mode photoswitching of 
luminescence, 2163-3 164 

Gel permeation chromatography, 2739 
Gene delivery 

bionanoparticle, 327-328 
polymer nanoparticle for, 2939-2949 

active targeting, 2944 
brain, 2945 
chitosan, 2943 
liver, 2945 
lung, 2945 
muscle, 2944-2945 
nanoparticle formation, 2939-2940 
nonviral systems, delivery obstacles for, 

2940-294 1 

passive targeting, 2944 
poly(2-dimethylamino)ethyl methacrylate, 

2943 
polyamidoamine dendrimers, 2943 
polyethylenimine, 2941-2943 
poly-L-lysine, 2941 
polymeric gene carriers, 2941-2944 
polyphosphoester, 2943-2944 
targeting, 2944 
tumor, 2945 
in vivo application, 2944-2946 

Gene therapy, vector with docking site for, 
256 

Geological science, electron microscopy imaging 
techniques, 1087-1097 

analytical techniques, 1088-1089 
examples, 1089-1095 
gold nanocrystals, in gold ore deposit, 

1091-1093 
heavy element colloids, at Nevada test site, 

1091 
lead in early archean zircon, 1093-1095 
uranium nanocrystals, in atmospheric 

particulates, 1089-1091 
conventional techniques, 1087-1088 

Germanium, colloidal nanoparticle, 717-723 
Germanium nanoparticle, colloidal, 717-723 
Giant magnetoresistance effect, 1674-1675 
Glassy phase, nanostructured alloys with, 

1397-1400 
Globular protein adsorption, 29-32 
Glucose, surface free energy, 1573 
Glucose detection, 366367 
Glutamic acid, properties of, 3082 
Glutamine, 266 

properties of, 3082 
Glycerol, surface tension, 1573 
Glycine, 266 

properties of, 3082 
Glycolate method, magnetic nanomaterial 

synthesis, 1694-1695 
Glycoluril, 1314-1316, 134CL1342 
Goethite, energetic parameters, 1148 
Gold 

alkylthiol self-assembled monolayers on, 
3 4  

nanotube alloyed with, 1461-1465 
photochemistry, membrane-coated 

nanoparticle, 2835-2843 
Gold films, colloidal, tunable nanocrystal 

distribution, 15 15-1523 
electrostatic interactions, particle deposition, 

1515-1517 
kinetics, nanocolloidal gold adsorption, 

15 19-1520 
quantitative analysis, 1520-1521 
saturation coverages, 15 18- 15 19 
spatial distribution, 15 18-15 19 

Gold nanoclusters, 1287-1296 
chirality in, 1292-1293 
layer-by-layer assembly of, modified with 

self-assembled monolayers, 
1581-1590 

structural properties of, 1288-1291 
supported, catalysis by, 61 1 4 2 0  

adsorbate binding energies, 614-615 
catalyst deactivation, 618 
catalytic properties, 613414 
characterization, 61 2 4 1  3 
cluster sintering, 618 
cluster sublimation energies, 61 M 18 
electronic properties, 615416 

model catalysts, 612418 
synthesis, 612 

thiol-passivated gold nanoclusters, structural 
properties of, 129 1-1 292 

Gold nanocrystals, 15 17-15 18 
nanocolloidal gold suspension, 1517 
size distribution, 15 17-1 5 18 

Gold nanoparticle 
assembly, surface plasmon spectra, 

38 19-3830 
layer-by-layer assembly of, 1625-1628 
on titania, 1297-1 304 

carbon monoxide oxidation, 1299-1 301 
catalytic activity, 1297 
decomposition of sulfur dioxide on, 

1301-1302 
Gold surface, supramoleculm aggregates, with 

controlled size, shape on, 3775-3777 
Gouy-Chapman theory, electrical double layer 

formation, 1003-1004 
Grain size, nanocrystalline materials, 2301-2303 
Grand canonical Monte Carlo simulation, 

electrical double layer formation, 
1004-1006 

Graphene topology, fullerenes, 1238-1245 
Graphite Brillouin zone, gmphite electron, 

479 
Graphite electron, Brillouin zone, 479 
Graphite intercalation compounds, single-walled 

carbon nanotubes, 36 10-36 1 1 
Graphites, 4 7 M 8 0  
Gravitational, Brownian coagulation kernels, 

compared, 38 
Gravitational coagulation, collision kernels, 

37-38 
Green function, 208 1 
Groundwater bioremediation, 334-335 
Guanidinium-appended porphyrins, 76 
Gun propellants, metallic nanopowders, 1929 

Halide transport through biological membranes, 
structural base, 3697-371 1 

Halide-specific membrane transport systems, 
3698 

Halobacrerim halobium, atomic force 
microscopy, 170 

Halorhodopsin, 3703-3707 
Hamilton's self-assembled \olid-state hydrogen- 

bonded structure. ribbon arrangement 
of, 70 

Heavy metal assay, 1 130-1 13 1 
Hectorite, 2 15 
Helices of polypeptides, de\ign theory, 

2428-2429 
Hematite 

energetic parameters, 1 148 
surface free energy, 1573 

Hemoglobin, properties of, 3082 
Heptane, surface tension, 1573 
Hessian matrix evaluation, 827 
Heterogeneous catalysts, atomic scale studies, 

179-193 
Heterogeneous catalytic reactions, high- 

resolution mass spectromehy, 
1381-1391 

Fourier transform ion cyclotron resonance 
mass spectroscopy, 138 1 

laser ablation, 1383-1381 
zeolite/silica mass spectroscopy research, 

1384-1385 
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Heterogeneous surfaces, dynamic atomic force 
microscopy, 987-1 000 

receptor-ligand interactions, dynamic 
measurements, 995 

steric forces, dynamic measurements, 
994-995 

tapping mode atomic force microscope, 
988-991 

Hewlett-Packard, 2067 
Hexadecanethiol, 2869 
Hexadecyltrimethylammonium, 1992 
Hexagonal close-packed, 28 15 
Hexagonal liquid crystalline phase, cubosomes, 

889 
Hexa-molybdenum-based complex, anion 

templated system, 59 
Hexanuclear silver array, route of, 63 
Hierarchical self-assembly, 290 
Hierarchically imprinted nanostructures, 

separation of metal ions, 1369-1 379 
molecular imprinting, 1369 

High-cycle fatigue, 2270 
High-resolution electron microscopy, 2631 
High-resolution mass spectrometry, 

heterogeneous catalytic reactions, 
1381-1391 

Fourier transform ion cyclotron resonance 
mass spectroscopy, 1381 

laser ablation, 1383-1384 
zeolite/silica mass spectroscopy research, 

1384-1385 
High-resolution transmission electron 

microscopy, 2260, 2330, 2437, 2575, 
2599, 2631, 2804 

High-temperature synthesis, nanocrystalline 
powders, 2294 

Histidine, 266 
properties of, 3082 

HIV, anti-HIV dendrimer, 256 
Hollow capsule, 870-875 

colloidal core decomposition, 2371-2376 
nanobottles, inorganic, 872-875 
polymer, 87 1-872 

Hollow spheres, polyelectrolyte-surfactant 
complex nanoparticle, 2900-290 1 

Homogeneous nucleation, atmospheric 
nanoparticle, 102-1 03 

HOMO-LUMO gap, 2084 
Honeycomb lattice, of nanotube, 576 
Human fibronectin, surface free energy, 1573 
Humidity, adhesion of surfaces coated with self- 

assembled monolayers, 1-9 
adhesion, 1-3 

hysteresis, 5 
alkylsilane self-assembled monolayers 

on mica, 6-8 
on silica, 4-6 

alkylthiol self-assembled monolayers, on 
gold, 3-4 

pulloff forces, 4 
Hybrid bilayer membranes, infrared 

spectroscopy, 3 12-3 17 
Hybrid devices, 221 1-2219 
Hybrid magnetic materials, 1723 
Hybrid methods, application in nanochemistry. 

1471-1477 
Hybrid nanostructures for bioengineering, 

355-356 

Hybrid quantum mechanics, molecular 
mechanics methods, 1469 

Hybridization, DNA, electronic control, 963-975 
Hydrocarbon-based liquid rocket engines, 

Alexgel applications, 1942 
Hydrocarbon-based RBCC systems, Alexgel 

applications, 1942 
Hydrocarbons, environmental pollutants, 

331-333 
Hydrocracking, mesoporous materials, 1805 
Hydrodemetallation, mesoporous materials, 

1805-1 806 
Hydrodesulfurization, 2637 
Hydrofluoric acid, 2758 
Hydrogel nanoparticle 

core-shell, 855-864 
environmentally responsive microgels, 855 
fluorescence analysis, 860-862 
mechanical interactions between core, 

shell, 858-859 
shell thickness dependence, 859-860 
synthesis, 855-837 
thermodynamic properties, 857-858 

synthesized by cross-linked 
polyvinylpyrrolidone, 1403-1414 

ultrafine poly(N-vinyl pyrrolidone) 
nanoparticle, 1406-1 41 2 

Hydrogen, atomic, carbon nanotuhe electrodes, 
429 

Hydrogen battery, electrodes in, 429-430 
Hydrogen bonding, self-assembly directed by, 

3399-341 3 
catenanes, 3405-3406 
cyclic assemblies, 3401-3403 
helical structures, 34063408 
hydrogen-bonded polymers, 3409 
molecular capsules, boxes, 3403-3405 
molecular self-assembly, 3399 
rotaxanes, 3405-3406 
self-assembly of nanotubes, 3408-3409 
simple systems, 3400 

Hydrogen chemisorption, carbon nanotubes, 
529-536 

armchair nanotubes, models of, 530 
hydrogen storage, 534-535 
investigations of hydrogen adsorption, 

531-535 
chemisorption studies, 532-534 
physisorption studies, 532 

models, 530-53 1 
nanotube small cluster models, 532 
nanotube structure, 529-530 

Hydrogen cyanide 
chemical structure, 379 
generation, on lab-on-a-chip micro reactor, 

1556 
Hydrogen production, semiconductor 

nanoparticle, 2845-2846 
Hydrogen storage, carbon nanotubes, 514, 

557-566 
room temperature, 560-564 
single-walled carbon nanotubes, 557 
somtion mechanisms. 559-560 
temperature-programmed-desportion system, 

558 
Hydrogenation 

alpha-ketoesters on platinum, 1 1 16 
beta-ketoesters on nickel, 11 15-1 1 17 

fullerenes, 1215 
on lab-on-a-chip micro reactor, 1556 
mesoporous materials, 1806 

Hydrogen-bonded nanostructures, atomic force 
microscopy, 155-167 

Hydrogen-bonded nanotubes, self-assembly, 
cyclic peptides, 3439-3457 

application status, peptide nanotubes, 
3450-3454 

Hydrogen-bonded polymers, self-assembly and, 
3409 

Hydrogen-bonding, 2057 
Hydroisomerization, mesoporous materials, 1806 
Hydrophilic-hydrophobic block ionomers, 

reverse core-shell structures by 
complexation of, 2899-2900 

Hydrophobic pocket 
self-assembly synthesis, 1329-1355 
synthesis, 1305-1327 

Hydrophobicity, amino acid, 266 
Hydrotalcite, 232 
Hydro-talcite-like compounds, 2543 
Hydrothermal extraction of aluminum, from 

zeolite lattice, 636 
Hydroxyapatite, 266, 2446 
Hydroxyquinoline ligands, triple-stranded 

helicates, dinuclear, template-directed 
assembly, 3838-3840 

Hypernetted chain, 2132 

Ice nanotubes inside carbon nanotubes, 
1415-1424 

continuous freezing, 1420-1422 
experiments, 1423-1 424 
freezing, 1417-1422 
melting behavior, 1417-1422 
phase diagram, 1422-1423 
simulations, 1423-1424 
structure, 1415-141 7 

Image processors, quantum dot, 1079-1084 
dot capacitance, 1084 
interdot resistance, 1082 
measurements of circuit parameters, 1082 
negative differential resistance, 1082-1084 
quantum dot based neuromorphic 

architectures, 1080-1081 
self-assembling neural network, 1082 
"superdot" for image-processing applications, 

1084 
Imidazolium threads, 75 
h i d e  clusters supported in zeolites, 230 
Implants, biomedical, 263-275 

amino acid 
charge, hydrophobicity, surface tension, 

266 
in proteins, 266 

biocompatibility, 265-266 
characteristics, 265 
fibrous encapsulation, newly implanted 

materials, 263-264 
future developments, 272-273 
hydroxyapatite fibers, 266 
nanophase ceramics, as nanobiomedical 

implants, 266-269 
nanophase materials, surface properties of, 265 
nanophase metals, as nanobiomedical 

implants, 269 
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Implants, biomedical (conr.) 
nanophase polymers, as nanobiomedical 

implants, 269-270 
nanoscale surface, potential implants, 266 
nanostructured composites, as nanobiomedical 

implants, 270-272 
potential risks, 272 
soft tissue wound healing, sequential events 

of. 264 
surface-enhanced Raman scattering technique, 

268 ~~ - - 

In situ electron microscopy techniques, 
1425-1438 

aberration correction, electron optics, 
1436-1437 

analytical techniques for, 1435-1436 
catalysis studies, 1430-1432 
electrical property studies, 1427-1428 
examples, 1426-1435 
irradiation effects studies, 1432-1433 
magnetic studies, 1426-1427 
mechanical property studies, 1428-1430 
quantum dot studies, 1433-1435 
specialized apparatus for in situ studies, 1435 
thin film growth studies, 1433-1435 

In situ free radical polymerization, 2961-2966 
In situ intercalative polymerization, 216 
In situ living polymerization, 29662967 
In situ polymerization, methods of, 2961-2967 
Incident photon to photocurrent efficiency, 

2841-2842 
Indium arsenide islands on silicon, 1439-1446 
Indium tin oxide, 248 1 
Indium-doped tin oxide, 2841 
Inelastic light scattering, quantum dots, 

3155-3166 
electronic ground state, 3 156-3 158 
GaAs-AlGaAs deep-etched quantum dots, 

3161-3162 
InAs self-assembled quantum dots, 

3 162-3165 
electron quantum-dot atoms, 3 162-3 163 

scattering mechanisms, 3 159-3161 
Infinite binding affinity, 89-94 
Infrared near-field microscopy, 2708-2709 
Infrared spectroscopy 

biomolecular structure at interfaces, 3 10-3 19 
hybrid bilayer membranes, 3 12-3 17 

Injectable nanospheres, for therapeutic, 
diagnostic agents, 256 

Inks, electrically conductive, metallic 
nanopowders, 1929-1930 

Inorganic compounds, anion templated self- 
assembly, 5 5 4 8  

cobalt, 55-57 
hexa-molybdenum-based complex, 59 
hexanuclear silver array, route of, 63 
iron, 55 
molybdenum, 59 
nickel, 57-59 
0x0-vanadium, structure of, 56 
palladium, 59-62 

cage, route of formation of, 62 
palladium-based molecular triangle, crystal 

structure of, 61 
platinum, 5 9 4 2  
silver, 62-66 
tetrafluoroborate templated nickel square, 59 
vanadium, 55 
x-ray crystal structure, chloride complex, 

64 
Inorganic fullerene, 3933-3942 

Inorganic fullerene-like nanoparticle, 1450-1451 
Inorganic nanoparticle, tribology, 3933-3942 
Inorganic nanotubes, 1447-1455 

applications, 1452-1453 
beyond carbon, 1447-1449 
carbon fullerenes, 1447 
inorganic fullerene-like nanoparticle, 

1450-1451 
properties, 145 1-1452 
synthesis, 1449-1450 
synthesized by chemical transport reactions, 

1457-1466 
applications, 1465 
crystal flakes, instability against bending, 

1459-1460 
gold, nanotube alloyed with, 1461-1465 
interlayer distances, nanotube chirality, 

1460-1461 
lattice structure, 1458-1459 
multiwall nanotubes, 1457-146 1 
nucleation, 1458-1459 
plate-like crystal structures, 1457-1458 
silver, nanotube alloyed with, 1461-1465 
stacking-order, tube diameter and, 1460 

Inorganic thin-film composite membranes, 
2402-2404 

In-plane structured electrodes, 730 
Institute of Pure and Applied Mathematics, 21 10 
Integrally skinned asymmetric membranes, 2401 
Integrated circuit, 221 1-2212 
Integrated methods, application in 

nanochemistry, 1471-1477 
Interaction of DNA with multivalent ligands, 

2136-2137 
Intercalated polypropylene nanocomposites, 

1483-1490 
clay intercalation, 1485 
crystallization structure, 1485-1486 
exfoliation structure, 1485 
kinetics, 1485-1486 
mechanical properties, 1487-1488 
rheology, 1486-1487 
synthesis, 1484-1485 

Intercalative free radical polymerization, using 
traditional initiators, 2961-2964 

Interconnects, carbon nanotube, 435459 
interconnect architectures, integration in, 

4 4 1 4 2  
internanotube contacts, 439441 
junctions, crossed-tube, 4 3 9 4 1  
synthesis, 435439 

directed, 437439 
nondirected, 436437 

Interfaces 
biomolecular structure at, 3 10-3 19 
molecular orientation at, sum frequency 

generation vibrational spectroscopy 
studies, 3749-3760 

nano-mesoscopic, 22 1 1-22 19 
silicon, 2213-2215 

pseudochiral, chiral molecules, self-assembly, 
343 1-3438 

water structure at, 389403 
bioinertness, 389 
cell adhesion, resisting, 390-391 
D-mannitol-terminated self-assembled 

monolayers, adsorption of protein on, 
397 

D-mannonic 1,5-lactone, 2, 401 
polymer polydimethylsiloxane elastomers, 

395 
polymer-colloidal science, 391-392 

polyol-terminated self-assembled 
monolayers, 395-396, 396-398 

protein adsorption, re\isting, 389-390 
tools for measuring, 394-395 

Interfacial forces between solid colloidal 
particle, liquid, 1491-1503 

deformable interfaces, interactions involving, 
1493-1494 

direct measurement, 1493-1498 
deformable surfaces, 1496-1 497 
force curve analysis, 1497-1498 
surface force measurement. 1494-1496 

interfacial forces, 1491- 1493 
surface forces measurement, 1491 

Interfacial phenomena, 1505-15 14 
molecular recognition, at interfaces, 

150.5- 1506 
surfaces, chemical selectivity of, 15W1511 

molecular interactions, 1506-15 11 
molecular organization, 1508-1 5 1 1 
molecular structure, 1 5 W  1508 

Interference, structural color from, 3714-3717 
Intermaterial dividing surface, 2644 
Intracellular chloride channel, 3699 
Intrinsic molecular switche\, 2 149-2 153 
Inverse opal formation, 261 8-26 19 
Ion beam lithography, 24 13 
Ion beam projection lithography. 2421 
Ion competition, DNA counterion distributions, 

2136 
Ion sensing, nanoparticle, 2477-2492 

at nanoparticle surfaces, 2482-2487 
lonic amphiphilic block copolymer monolayer, 

nanostructure 
air-water interface, 25 19-2529 
at air-water interface, 25 19-2529 

Ionic strength, carbon nanotubes, effect on 
electroosmotic flow, 523-524 

lonic strength effects, tunable nanocrystal 
distribution in colloidal gold films, 
1515-1523 

electrostatic interactions. particle deposition, 
1515-1517 

gold nanocrystals. 15 17- 15 18 
nanocolloidal gold suqmsion, 15 17 
size distribution, 15 17-15 18 

kinetics, nanocolloidal gold adsorption, 
1519-1520 

quantitative analysis, 1510-1521 
saturation coverages, 15 18-15 19 
spatial distribution, 1518-15 19 

Ionophores, design, 2425-2426 
Ions 

mineral nanoparticle, 1996-1 998 
specific binding, DNA counterion 

distributions, 21 38 
Ion-sensitive fiber optic nanosensors, 276&2761 
IPAM. See Institute of Pure and Applied 

Mathematics 
Iron, anion templated system, 55 
Iron oxide nanoparticle, 1575-1532 

aligned magnetic nanoparticle, thin films 
with, 1527 

application, 1529-153 1 
catalysis, 1530 
coercive force, 1528-1529 
composites, 15261 527 
electromagnetic functions, 153 12 
fenites, 15261527 
functions, 1529-153 1 
magnetic inks, 1530-153 1 
magnetic properties, 1528-1 529 
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Iron oxide nanoparticle (con?.) 
Mossbauer spectra, 1529 
orientation, 1527-1528 
patterning, 1527-1528 
pure oxides, preparation, 1525-1 526 
saturation magnetization, 1528-1529 
in situ patterning, 1528 
two-dimensional array, 1527-1528 

Iron oxides, 1 149 
Iron-group element, composed of bimetallic 

nanoparticle, 1875 
Ironhickel multilayers, thin film structural 

transition, 3739 
Irodruthenium multilayers, thin film structural 

transition, 3738 
Irreversible gold nanocrystal deposition, 

346 1-3466 
Island nucleation 

capture zone areas, distribution of, 154G1541 
irreversible island formation, behavior of 

models, 1536-1538 
algorithm for simulation, 1537 
analyses, 1537-1538 
model prescription, 1536-1537 

island nucleation positions, 1543- 1544 
nucleation impact of, 1541-1543 
nucleation rate, 1538-1540 
positions, 1543-1544 
predictions of, 1533-1545 

Isoelectric point, mineral nanoparticle, 1998 
Isoleucine, 266 

properties of, 3082 
Isomer identification, based on nuclear magnetic 

resonance spectra, fullerenes, 
1223-1234 

Isopropyl-B-thiogalactopyranoside, 2 1 18 
Isotope-labeled proteins, amide bands, sum 

frequency generation studies, 
3758-3759 

Isotropic nanocomposite permanent magnets 
based on alpha-Fe/Nd,Fe,,B. 1752-1754 
based on alpha-FelSm-Co, 1755 
based on alpha-FeISm-Fe-C, 1755 
based on alpha-FeISm-Fe-N, 1755 

Kartree-Fock method, silicon nanocrystals, 
quantum confinement, 3570-357 1 

Kruger's double helicate, molecular structure of, 
76 

Kumada coupling, on lab-on-a-chip micro 
reactor, 1556 

Lab-on-a-chip micro reactors for chemical 
synthesis, 1547-1564 

micro reactor fabrication, 1548-1 549 
reaction control principles, 1549-1555 
reactions performed, 1555-1561 

Lactococcus lactis, imaging, 135 
Lactose, surface free energy, 1573 
Lagrange-Euler formulation, molecular 

manipulator dynamic design criteria, 
2105-2107 

Landau-Ginzburg mesoscopic functional, 
3897-3898 

Langevin magnetization, ferrofluid 
magnetization, 1734 

Langmuir trough, electrochemical, 1043-1049 
examples of application, 1045-1048 
molecular conformation, 1045-1046 
open grids, 1046-1048 

Langmuir-Blodgett film, vesicles, at silicon- 
water interface, 2783 

Langmuir-Blodgett formation, polymerlsingle- 
walled carbon nanotube films, 
57 1 

Langmuir-Blodgett surface modification 
method, 352-353 

Langmuir-Blodgett technique, 2020 
Large unilamellar vesicles, 2340 
Laser Doppler electrophoresis, 1999 
Laser-based deposition technique, nanoparticle 

patterning, 1565-1579 
optical field inside system, 1567-1569 
particle dynamics, 157G1.572 
setup optimization of system, 1569-1570 
solid-liquid interactions during, 1572-1578 

solid-liquid interfacial energy, 1572-1573 
suspensions, 1574-1575 
transported droplets, 1575-1577 

Lasers, rare earth-doped, 2861-2862 
Lateral force microscopic, 2035 
Lattice, antidot, chaotic transport in 

Aharonov-Bohm oscillation, 654-664 
Altshuler-Aronov-Spivak oscillation, 

657458 
commensurability peaks, 650-654 
magnetic focusing, leading to fundamental 

commensurability peak, 65 1 
scattering from two adjacent antidots, 652 
scattering matrix formalism, 658-664 
triangular antidot lattices, 656-657 

Lattice thermal conductivity, nanoceramics, 
3867-3868 

Layer-by-layer assembly 
gold nanoclusters, modified with self- 

assembled monolayers, 158 1-1590 
nanoparticle, 2496-2499 
thin films, mixed nanoparticle, 1623-1633 

Layer-by-layer surface modification method, 
352-353 

Layer-by-layer technique, bio-microarray, 
283-284 

Layered double hydroxides 
brucite-like layers, 3387 
crystallization, 3389-3390 
interlayer anions, 3387-3388 
morphology, 3389-3390 
multiple phases, 3387-3398 
polytype, 3388-3389 
self-assembly, 3387-3398 
stacking, 3388-3389 
structure, 3387 
superlattice formation, 3389 

Layered double hydroxide-surfactant 
interactions, nanocomposite 
formation, 3390-3396 

Layered transition metal chalcogenides, 
2617-2639 

Layered transition metal sulfides, 2617 
Lead zirconate titanate, 2436, 2441 

Lens-shaped quantum dots, self-assembled, 
applications, 3220-3223 

Lepidocrocite, energetic parameters, 1 148 
Leucine, 266 

properties of, 3082 
Lewis acid sites, 636-637 
Lewisite, decontamination by nanoparticle, 242 
Ligand-gated ion channel family, 

neurotransmitter receptors, 3699 
Ligand-receptor systems 

with different affinities, binding curves for, 90 
with infinite binding affinity, 89-94 

Light olefin-paraffin alkylation, 1806-1 807 
Light scattering, inelastic, quantum dots, 

3155-3166 
electronic ground state, 3 156-3 158 
GaAs-AlGaAs deep-etched quantum dots, 

3161-3162 
InAs self-assembled quantum dots, 

3162-3165 
electron quantum-dot atoms, 3 162-3 I63 

scattering mechanisms, 3 159-3 161 
Light-driven unidirectional molecular motor, 

2169 
Light-emitting diodes, 1037 
Light-induced switching, motion and, 

2159-2176 
Light-polymerized fullerenes, ferromagnetism 

in, 12657-1659 
Limits of energy dissipation vs. performance, 

2199 
Linear scaling methodology, 1468-1469 
Linewidth enhancement factor, quantum dot 

lasers, 3 120-3 121 
Lipid membranes 

dynamic organization of, 2507-25 17 
nanostructure, 2507-25 17 

Lipid nanoparticle, 256 
Lipopolysaccharide, structure of, 347 
Liposomes, 2507-2508 

direct force measurement, by atomic force 
microscopy, 933-942 

nanocapsulation, 2340-2343 
Liquid, solid colloidal particle, interfacial forces 

between, 1491-1 503 
deformable interfaces, interactions involving, 

1493-1494 
direct measurement, 1494-1498 

deformable surfaces, 1496-1497 
force curve analysis, 1497-1498 
surface force measurement, 1494-1496 

interfacial forces, 1491-1493 
surface forces measurement, 1491 

Liquid crystal matrix 
enantiomeric switches, 2166 
pseudoenantiomeric switches in, 2166-2167 

Liquid crystalline environment, unidirectional 
rotary motion, 2173-2174 

Liquid crystalline nanoparticle, bicontinuous, 
cubosomes, 88 1-892 

cubic phase structure, 881-883 
cubosome manufacture, 885-886 
hexagonal liquid crystalline phase, 889 
monoolein, molecular structure of, 882 
other liquid crystalline phases, formation of, 

89 
sponge phase, 889 
systems forming, 886-887 

This is an inclusive index for all five volumes. Volume breaks are as follows: Volume 1: pages 1-892; Volume 2: pages 893-1796; Volume 3: 
pages 1797-2676; Volume 4: pages 2677-3296; Volume 5: pages 3297-3980. 
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Liquid crystalline nanoparticle, bicontinuous, 
cubosomes (cont.) 

Liquid crystalline phases, switching of, 
21662169 

Liquid crystals, protein binding event detection, 
1635-1 646 

Liquid hydrogen engines, Alexgel applications, 
1943 

Liquid metals, superfine oxides, nanocrystalline 
powders, 2294 

Liquid monopropellants, rocket propulsion, 
1936 

Liquid rocket engines, rocket propulsion, 
1935-1936 

Lithium ion batteries, anodes, 427429 
Lithium reactivity 

through conversion processes, 2796 
through insertion processes, 2791-2795 

Lithographic microstmcturing, particle 
deposition, 278 

Lithography, conducting polymers, 2619-2623 
Live chemical warfare agents, sensor response 

to, 385 
Liver, gene delivery, polymer nanoparticle for, 

2945 
Living free radical polymerization, 2967 
Low-temperature wet-chemical synthesis, 

precipitation from solutions, 191 1 
Luminescence 

dual-mode photoswitching of, 2163-3164 
nanoparticle-labeled antibodies, antigens, 

1647-1653 
Luminescence properties of quantum dots, 

thermal effect on, 3873-3881 
bulk semiconductors, optical properties of, 

3873-3874 
carriers transfer between quantum dots, 

3877-3879 
recombinations 

in quantum dots, 3875-3877 
in simple confined systems, 3875 

Lung, gene delivery, polymer nanoparticle for, 
2945 

Lysine, 266 
properties of, 3082 

Lysozyme, properties of, 3082 

Macrocycles, axle molecules threaded through, 
195-204 

daisy-chain polyrotaxane, 195 
equilibrium constants, 198-203 

chain length, branching, effects of, 
200-202 

pseudo-[2]-rotaxane formation, 197-198 
solvent, effect of, 198-200 
steric effects, 200 
substituent effects, 200 
terminal groups, influence of, 202-203 

molecular threading, 195-197 
riveted oolvrotaxane. 195 . . 

Maghemite, energetic parameters, 1 148 
Magnesium, nanocrystalline oxide, surface 

chemistry of, 3795-3804 
Magnetic applications, nanoceramics, 2243 
Magnetic field sensor, 700 
Magnetic liquid crystals, 1724 
Magnetic nanomaterials, 1665-1 68 1 

Bloch law, 1670-1673 
chemical design, 1683-1699 
combustion method, femtes obtained by, 

1695-1696 

complexation method for synthesis of, 
1683-1 685 

effect of particle shape, 1673 
fabrication of, 1665-1668 
giant magnetoresistance effect, 1674-1675 
interparticle interactions, 1673-1674 
magnetic domain, 1668-1 670 
magnetization temperaturelsize dependence, 

167C1673 
polynuclear coordination compounds, thermal 

decomposition of, 1685-1695 
properties, 1668-1676 
quantum tunneling, magnetization, 

1675-1676 
superparamagnetism, 1668-1 670 
surface effects, 1673-1674 
synthesis, 1683-1699 

acetate method, 169 1-1 693 
citrate method, 1685-1686 
formate method, 1693-1694 
glycolate method, 1694-1695 
magnetic nanoparticle, 1701-17 13 
malonate method, 1689-1 69 1 
oxalate method, 168- 1689 
properties, 1665-168 1 
tartarate method, 1686-1688 

Magnetic nanoparticle, 17 15-1730 
applications, 1725-1726 
capsules, 1724 
characterization, 1724-1725 

interactions between particles, 1725 
nature of surface coverage, 1725 
particle size, 1724-1725 

colloidal dispersion, 172C1723 
phase behavior, 1721-1722 
processes, 1720-172 1 
properties, 1722-1723 

emulsions, 1724 
hybrid magnetic materials, 1723 
latex, 1724 
liposomes, 1724 
magnetic properties, 171 8-1720 

bulk ferromagnetic materials, 17 18-17 19 
magnetic properties of fine particles, 

1719-1720 
preparation procedures, 17 1 6 1  7 18 

chemical nature of particles, 1716 
maghemite particles, 1716-1717 
magnetite particles, 17 16-1717 
metallic particles, 17 17-1 7 18 
other ferric oxides, 17 17 
plydispersite of samples, 17 18 

Magnetic nanoparticle in fluid suspension, 
1731-1748 

application to power transformer cooling, 
1738 

bacterial threads of nanomagnets, 1743 
biomedical applications, 174C1743 

bacterial threads of nanomagnets, 1743 
drug delivery, 1741-1742 
immunoassays, 1742 
magnetic resonance imaging, 1742-1743 
magnetocytolysis, 1741 
separations, 1742 

drug delivery, 1741-1742 
ferrofluid colloidal stability, 1732 
ferrofluid composition, 173 1-1732 
ferrofluid magnetization, 1733-1 735 

Langevin magnetization characteristic, 
1734 

magnetization relaxation time constants, 
1733-1734 

magnetocaloric effect, 1734 
magneto-optical effects, 1734-1735 

ferrofluid preparation, 1732-1 733 
ferrofluid synthesis, 173 1-1733 

ferrofluid colloidal stability, 1732 
ferrofluid composition. 173 1-1732 
ferrofluid preparation, 1732-1733 

ferrohydrodynamic Bernoulli's law. 1735 
ferrohydrodynamics. 1735-1 738 

application to power transformer cooling, 
1738 

ferrohydrodynamic Bernoulli's law, 1735 
fluid instabilities, 1735-1736 
rotating magnetic field torque-driven 

phenomena, 1736-1738 
fluid instabilities, 1735-1 736 
immunoassays, 1742 
Langevin magnetization characteristic, 1734 
magnetic resonance imagmg, 1742-1743 
magnetization relaxation time constants, 

1733-1734 
magnetocaloric effect, 1734 
magnetocytolysis, 1741 
magneto-optical effects. 1 7 3 4  1735 
microelectromechanical systems. 1738-1740 
nanoelectromechanical sjstems, applications 

to, 1738-1740 
rotating magnetic field torque-driven 

phenomena, 1736-1738 
separations, 1742 

Magnetic properties, 1722 
molecular assembly of nanowires, 2026-2027 
nanocomposite permanent magnets, 

1749- 1760 
anisotropic nanocomposite permanent 

magnet films, 1755-1756 
based on alpha-FeMd2Fe14B, 1752-1754 
based on alpha-FeISm-Fe-C, 1755 
based on alpha-FelSm-Fe-N, 1755 
based on Fe-B/Nd2Fe14B, 1754-1755 
coercivity, 1750 
critical sizes, 1749-1750 
exchange coupling, 17-19-1 750 
"exchange-spring" behavior, 175 1 
fabrication techniques, 1752 
isotropic nanocomposite permanent 

magnets 
maximum energy product, 1750 
micromagnetically assessed magnetic 

properties, 175& 175 1 
remanence, 1750 
utilization, 17561757 

nanoparticle assemblies, 1 761-177 1 
Magnetic random access memory, 2077 
Magnetic resonance imaging, 2477, 2783 
Magnetospirillum gryphiswuldense, imaging, 

137 - - 

Malonate method, magnetic nanomaterial 
synthesis, 1689-1691 

Maltose, surface free energ), 1573 
Manganese oxides, 1149 
Mask techniques, conducting polymers, 

2619-2623 
Masks, conducting polymers, 2622-2623 
Mechanical alloying, nanostmctured materials 

synthesized by, 2572-2573 
Mechanical attrition, nanostmctured materials 

synthesized by, 2571-2581 
brittle materials, 2573-2574 
contamination, 2579-2580 
mechanical alloying, 2572-2573 
mechanical milling, 2571 
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Mechanical attrition, nanostructured materials 
synthesized by (cont.) 

mechanisms. 2575-2579 
nanocomposites, 2574-2575 
polymer blends, 2574 
powder consolidation, 2579-2580 
single-phase metals, 2575-2579 

Mechanical synthesis, nanocrystalline powders, 
2293 

Mechanosynthesis, nanophase powders, 
1787-1785 

industrial trends, 1793-1794 
kinetics, 1789-1791 
mechanical aspects, 1788-1789 
mechanosynthesis of Fe3C, 1792-1793 
thermodynamics, 1789 

Melamine formaldehyde, 2356, 237 1 
Membrane-coated nanoparticle, photochemistry, 

2835-3852 
gold, 2835-2843 
metal particles, 2835-2843 
semiconductor nanoparticle, 2843-3846 

hydrogen production, 2845-2846 
photocurrents, photoelectrochemical cells, 

2845 
spectral sensitization, 2844 

silica particles, 2846-2847 
Membranes 

electro-osmotic flow control in, carbon 
nanotubes, 5 19-528 

lipid, nanostructure, 2507-2517 
Memory, molecular electronic, 2067-2080 
Mendoza's tetraguanidinium strand, double 

helicate structure self-assembly, 70 
Mercaptohexadecanoic acid, 923 
Mesoporous (alumina) silicates, 230-23 1 
Mesoporous ceramics, functionalization of, 

1126-1 127 
Mesoporous materials, 1797-1 8 1 1 

applications, 1802-1 803 
catalytic applications, 1803-1 807 

catalytic cracking, 1803-1 804 
hydrocracking, 1805 
hydrodernetallation, 1805-1 806 
hydrogenation, 1806 
hydroisomerization, 1806 
light olefin-paraffin alkylation. 

1806- 1807 
olefin disproportionation, 1806 
oligomerization catalysts, 1804-1 805 
refining catalysts, 1803 

discovery of, 1797-1800 
functional product development, challenges, 

1802 
nitrogen oxides, catalytic decomposition of, 

1807-1 808 
petrochemical catalysis, 1807 

aromatics alkylation, 1807 
phase transfer catalysts, 1807 
polymer encapsulation, biomolecular 

approach to, 3383-3384 
separations, application to, 1808 
synthesis development, 1800-1802 

Mesoporous nanomaterials, catalytic properties, 
633-647 

Mesoporous silica 
self-assembled acetamide phosphonic acids 

on, 1055-1057 

thiol-terminated self-assembled monolayer 
on, 1054-1055 

Mesoscopic thermodynamics, 3893-3904 
complex fluids, competition of mesoscales in, 

3900-3902 
finite-size scaling, 3900 
fluctuations, role of, 3895 
Landau-Ginzburg mesoscopic functional, 

3897-3898 
percolation, 3902 
susceptibility, 3899-3900 

Metal clusters on oxides, 1813-1820 
cluster morphology, 1815-1816 
gold on Ti02, 18181-1819 
metal deposition, 1814-181 5 
palladium on A1203. 1816-181 8 
substrate preparation, 18 13-1 8 16 

Metal ion separation, nanostructures, 
hierarchically imprinted, 1369-1379 

Metal ion sorption, 170-171 
atomic force microscopy, 169- 178 

Metal nanoparticle 
charge camer dynamics of, 673-675 
DNA-conjugated 

marker application, for DNA chip readout, 
959 

molecular nanotechnology, 959-960 
networks in solution based, 955-956 
preparation, 955 
solid substrates, immobilization onto, 

956-958 
surface immobilization of DNA, 957 
whole substrate incubation, immobilization 

technique, 958 
protected with monolayers, 1859-1867 

chemiresistor sensors, 1864-1 865 
gas chromatographic phases, 1863-1 864 
sorptive properties, 1861-1863 
vapor sorption, 1861-1 863 

receptor-modified, 1841-1 850 
anions, recognition of, 1844 
as catalysts, 1847-1848 
cations, recognition of, 1844 
fabrication of networks in, 1846-1 847 
redox-active species, recognition of. 

1843-1 844 
rotaxanes on, 1846 
surfaces of, molecular recognition at, 

1 842- 1844 
as templates, 1845-1 846 

self-assembly into electronic nanostructures, 
1 829-1 840 

I-D arrays, 1838 
2-D arrays, 1835-1838 
3-D arrays, 1835 
electronic applications, 1830-1833 
fabrication of ordered arrays, 1834-1838 
molecularly protected nanoparticle, 1829 
synthesis, 1833-1834 

in supercritical carbon dioxide solutions, 
1851-1858 

microemulsions, 1852 
rapid expansion, supercritical solutions, 

1851-1852 
reactive supercritical fluid processing, 

1852 
silver nanoparticle, 1853-1 855 
silver sulfide nanoparticle, 1855-1856 

Metal nanoparticle as catalvsts. 1869-1 880 
bimetalic nanoparticle, formation of, 1876 
bimetallic nanoparticle 

iron-group element, composed of, 1875 
platinum-group elements, composed of, 

1874-1875 
structure control, 1874-1 876 

C-C bond formation, 1878-1 879 
characterization, 1873-1 874 
hydration, 1878 
oxidation, 1878 
preparation, 1871-1 874 
reduction, 1876-1 877 
visible-light-induced hydrogen generation, 

1877 
Metal nanoparticle ensembles, collective optical 

properties, 1821-1 828 
clusters of, 1822-1 823 
linear arrays of, 1823 
metal, metallodielectric nanoparticle, 3-D 

superlattices of, 1825-1 826 
nanoparticle assembly fabrication, 

1821-1826 
surface plasmons, I82 1 
two-dimensional arrays of, 1823-1 825 

Metal nanoparticle in supercritical carbon 
dioxide solutions, 185 1-1858 

microemulsions, 1852 
rapid expansion, supercritical solutions, 

1851-1852 
reactive supercritical fluid processing, 1852 
silver nanoparticle, 1853-1855 
silver sulfide nanoparticle, 1855-1856 

Metal nanoparticle protected with monolayers, 
1859-1867 

chemiresistor sensors, 1864-1 865 
gas chromatographic phases, 1863-1 864 
sorptive properties, 1861-1863 
vapor sorption, 186 1-1 863 

Metal nanostructures, photoexcitation synthesis, 
1881-1894 

metal-dot deposition onto metal surface, 
photoinduced, 1886-1887 

nanoscale structural characteristics of, 
1885-1886 

near-infrared optical response, metal thin film, 
1890-1891 

photoinduced anisotropic agglomeration, gold 
nanoparticle, 1881-1885 

silver nanoparticle, photoinduced structural 
changes of, 1887-1 890 

Metal oxide, nanocrystalline, as catalysts/catalyst 
supports, 2535-2536 

Metal oxide nanoparticle, 1905-1 919 
adsorptive properties, 1914 
applications, 1912-1915 
bonding, 1905-1907 
mechanical properties, 1914-1 915 
metal oxide surfaces, acidbase behavior of, 

1912-1914 
physical properties, 1914-1915 
properties, 191 2-1915 
structure, 1905-1907 

defects, 1906- 1907 
synthesis, 1907-1912 

chemical methods, 1909-191 2 
physicaVaerosol methods, 1907-1 909 

Metal oxide nanoribbons, 461473 

This is an inclusive index for all five volumes. Volume breaks are as follows: Volume I: pages 1-892; Volume 2: pages 893-1796; Volume 3: 
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Metal-functionalized dendrimer catalysts, 
comparison of, 904 

Metallamacrocyclic receptors, ion-pairs, 
3504-3509 

Metallation, polymer colloids, 2903-2915 
adsorbed polymer layer, nanoparticle with, 

29 12-29 13 
block copolymer micelles, nanoparticle 

formation in, 2903-2907 
dendrimers, nanoparticle formation in, 

2907-2909 
functionalized polysilsesquioxane colloids, 

nanoparticle formation in, 2910-2911 
nanoparticle formation inside, 2903-291 1 
nanoparticle formed on, 291 1-2912 
polyelectrolyte microgels, nanoparticle in, 

2909-29 10 
Metallic nanoparticle, 2477-2479 
Metallic nanopowders, 1921-1933 

alloying reactions, pressed pellets, 1929 
applications, 1927-1930 

energetics, 1927-1928 
explosives, 1928-1929 
gun propellants, 1929 
nanostmctures, 1930 
pyrotechnics, 1929 
rocket propellants, 1928 
self-heating synthesis, 1929 

chemical properties, 1924-1927 
electroexploded, characteristics, 1924 
handling, 193 1 
inks, electrically conductive, 1929-1930 
nanometal processes, 1921-1924 
pastes, electrically conductive, 1929-1930 
physical properties, 1924-1927 
rocket propulsion, 1935-1945 

Alexgel applications, 1942-1943 
aluminized gels, development, 1939-1940 
"combustion" in nitrogen, 1942 
environmental issues, 196-1937 
gelled aluminized propellants, mechanisms 

of combustion of, 1938-1939 
hybrid propellants, Alex as additive to, 

1938 
hydrocarbon-based liquid rocket engines, 

1942 
hydrocarbon-based RBCC systems, 1942 
ignition delay measurements, 1940 
liquid hydrogen engines, 1943 
in liquid monopropellants, 1936 
liquid propellants, Alex as additive to, 1938 
for liquid rocket engines, 1935-1936 
nanometal powder fuels, 1937-1942 
pulse detonation engines, 1942-1943 
small rocket engine tests, 1942 
solid propellants, Alex as additive to, 

1937-1938 
for solid rocket engines, 1935 

safety, 1931 
shipping of, 1931 

Metallic nanopowders low-temperature sintering, 
1930 

Metallic semiconductor nanoparticle, polymer- 
nanoparticle composites, 3001 

Metallic tips, with near-field Raman 
spectroscopy, 2695-2702 

Metal-molecule heterostructures, charge transfer 
in, 683-698 

Metal-oxide interface, 1895-1 904 
defects, role of, 1899-1900 
kinetics, 1898-1 899 
oxide vacancies, nucleation at, 1900-1903 

atom trapping, 19W190 1 
cluster stability, impact on, 1901-1903 

thermodynamics, 1897-1 898 
Metals 

as environmental pollutants, 334 
nanophase, as nanobiomedical implants, 269 
quantum dots made of, 3 177-3202 

core-shell particles, 3 19 1-3 192 
ligand binding, effect of alloying on, 

3192-3194 
metal nanoclusters, 3 194 
nanocluster characterization, 3 180-3 183 
nanocluster matter, 3 198-3 199 
nanocluster synthetic methods, 3179-3180 
nanoclusteriligand binding studies, 

3184-3185 
optical properties, core-shell nanocrystals, 

3187-3191 
quantum dot arrays, 3194-3198 
synthesis optimization, 3183 
svnthetic variables. 3 185-3 187 

~eta&etah~dro~uinoc&lo~hane, 2430 
Metaquinocyclophane, 2430 - - 
Methacrylic acid, 281 
Methacryloxpropyltrimethoxysilane, 236 
Methanol, surface tension, 1573 
Methanospirillum hungatei, imaging, 137 
Methionine, 266 

properties of, 3082 
Methoxy-ethylhexyloxy-phenylenevinylene, 

2622 
Methyl parathion, chemical structure, 379 
Methylmethacrylate, 2040 
Mica, alkylsilane self-assembled monolayers on, 

6-8 
Mica surface 

charge nucleation, 1947-1965 
molecular-assembly nanowires on, 2023-2025 
quantitative measurements, 1949-1955 

adhesion measurements, 195 1 
cantilevers, calibration of, 1949-1950 
contact radius-line step analysis, 

1952-1955 
probe tip characterization, 1950-195 1 
wear, 1952 

scanned probe methodologies, 1948-1949 
atomic force microscopy, 1948-1949 
lateral force measurements, 1949 , 

wear, 1947-1965 
alkylsilanes, 1959 
native mica surfaces, 1955-1959 

Micelles, 7 10-7 1 1 
polymer synthesis, 3381-3382 

Micro reactors, lab-on-a-chip, for chemical 
synthesis, 1547-1 564 

Microarray preparation, nanoparticle applied in, 
281-282 

Microarrayer, 284 
Microarrays, biomedical, based on functional 

nanoparticle, 277-286 
dip coating of nanoparticle, 279 
ethylene glycol dimethacrylate, 281 
layer-by-layer technique, 283-284 
lithographic rnicrostmcturing, particle 

deposition, 278 
methacrylic acid, 281 
microarrayer, 284 
microcontact printing, 284 

of nanoparticle layer, 279 
microspotting, of nanoparticle layer, 281 
microstructured surface preparation, 

277-283 

nanoparticle, applied in microarray 
preparation, 281-282 

patterned monolayers of functional 
nanoparticle, 282-283 

photoablation, 278-279 
photolithography, 284 
protein binding polymer nanoparticle, 282 
surface activation, 277-278 

Microbial cell surfaces, force spectroscopy, 
133-142 

Microbial rhodopsins, 3699 
Microbundle electrodes, carbon nanotubes, 508 
Microchip-based delivery systems, 256 
Microcontact printing, 284, 2869-2870 

of nanoparticle layer, 279 
Microcrystalline peptide nanotubes, 3442 
Microelectrode array, modified with 

functionalized nanoporous silica thin 
film, 1057-1059 

Microgel dispersions, 1967- 1976 
colloidal forces, 1968-1970 
crystallization kinetics, 1973-1974 
equilibrium phase diagram, 197 1-1973 
phase equilibrium calculations. 1970-1971 

Micro-lnanoelectromechanical sensors, 252 
Microporous nanomaterials, catalytic propenies. 

633-647 
Microscopy techniques, in s ~ t u  electron, 

1425-1438 
aberration correction, electron optics, 

1436-147 
analytical techniques for, 1435-1436 
catalysis studies, 1430-1432 
electrical property studies, 1427-1428 
examples, 1426-1435 
irradiation effects studies. 1432-1433 
magnetic studies, 14261127 
mechanical property stud~es, 1428-1430 
quantum dot studies, 1433-1435 
specialized apparatus for in situ studies, 1435 
thin film growth studies, 1433-1435 

Micro-sized ring self-assembly, nanoparticle, 
3282-3284 

thermocapillary mechanisms, 3282-3283 
wetting mechanisms, 3283-3284 

Microspotting, of nanoparticle layer, 281 
Microstructured surfaces for DNA 

immobilization, 958 
Microtubule supports, deposition of metals on 

nanostructures synthesized, 
2653-2569 

Microweighing in supercritical carbon dioxide, 
1977- 1990 

gravimetric technique, 1977-1978 
microweighing methods, comparison of, 1980 
piezoelectric technique, 1977-1978 
polymer films in supercritical C02,  

dissolution study. 1983-1984 
quartz crystal microbalance theory, 

1981-1983 
high-pressure fluids, 1978-198 1 

Milling, mechanical, nanostructured materials 
synthesized by, 2571 

Mineral nanoparticle, electrokinetics, 1991-2005 
description, 1991-1998 
double-layer model, 1992 
electrical double layer model, 1992 
electroosmosis, 1999 
electrophoresis, 1999 
electrophoretic mobility, dpplications of, 

2002-2003 
ions, 1996-1998 
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Mineral nanoparticle, electrokinetics (cont.) 
isoelectric point, 1998 
mineral particle interaction mechanisms, 

2000-2002 
point of zero charge, 1998 
properties, 1991-1998 
sedimentation potential, 1000 
streaming potential, 2000 
surface charge, origin of, 199 1-1 992 
zeta potential, 1998-2000, 2002-2003 

applications of, 2002-2003 
measurement, 1998-2000 

Mineral particle interaction mechanisms, 
2000-2002 

Minerals, soil, 1149 
Miniaturization, controlled drug delivery 

devices, 25&256 
Mitochondrial, plastid porin, 3699 
Mitochondrial carrier, 3699 
Mixed metal oxide nanoparticle, 2007-20 17 
Mixed nanoparticle, thin films, layer-by-layer 

assembly of, 1623-1633 
Modified carbon paste electrodes, 

electrochemical sensors based on, 
1053-1057 

Molded nanostruchlres, photonic applications, 
2869-2878 

Molds, high-resolution, 2869-2873 
Molecular actuators of electronic switches, 

1107-1109 
Molecular assembly of nanowires, 2019-2029 

air-water interface, charge-transfer complexes 
at, 2022-2023 

electrical conductivity, 2026-2027 
fabricating molecular-assembly nanowires, 

202 1-2022 
Langmuir-Blodgett technique, 2020 
magnetic properties, 20262027 
mica surface, molecular-assembly nanowires 

on, 2023-2025 
molecular conductors, 2019-2020 
molecular-assembly structures within, 

2025-2026 
nanowire, molecular-assembly structures 

within, 2025-2026 
supramolecular chemistry, 202C2021 

Molecular assembly organosilanes, 203 1-2042 
chemisorption, fabrication of monolayers 

through, 2036-2040 
mixed monolayers, at air-water interface, 

phase separation, 2033-2036 
organosilane monolayers, at air-water 

interface 
formation of, 203 1-2033 
via crystallization, 2031-2036 

Molecular beacon-based fiber optic 
nanobiosensors, 2761-2762 

Molecular computing machines, 2043-2055 
Molecular conductors, 2019-2020 
Molecular designs for self-organized 

superstructures, 2057-2066 
controlled crystal structures, 2057-2061 

by neutral biimidazolate complex, 
206 1-2064 

molecular metal building block, 2057 
Molecular devices, design theory, 2423-2433 
Molecular dynamics of DNA, 2137 
Molecular electronic logic, memory, 2067-2080 

Molecular electronics, 221 1-2219 
ab initio methods, switchable, programmable 

devices, 208 1-2099 
integrated circuit, 221 1-2212 
silicon, 22 13-22 15 

Molecular inclusion complexes, 
nanocapsulation, 2348-2350 

Molecular manipulator dynamic design cnteria, 
2101-211 1 

Lagrange-Euler formulation, 2 105-2 107 
Newton-Euler formulation, 2104-21 05 

Molecular mechanics methods, 1469 
Molecular modeling, carbon nanotubes, 461-473 
Molecular motor 

second-generation, 21 69-2173 
unidirectional, 2159-2176 

light-driven, 2169 
Molecular motor-powered nanodevices, 

21 13-2122 
allosteric chemical controls, implementation 

of, 2115-2120 
motor proteins, control of, 2 1 13-2 1 15 

Molecular orbital, 2081 
Molecular orientation at interfaces, sum 

frequency generation vibrational 
spectroscopy studies, 3749-3760 

Molecular probes, cation-arene interactions, 
2 123-2 130 

Molecular recognition at interfaces, 1505-1506 
Molecular resonant tunneling diode, 2084 
Molecular rotation, controlled, 2162 
Molecular self-assembly, environmental, sensing 

applications, 1 125-1 135 
actinides, 1 130 
electrochemical heavy metal detection, 113 1 
heavy metal assay, 1130-1 131 
nanoscience, 1 1 2 6 1  128 

mesoporous ceramics, functionalization of, 
11261 127 

nanostmctured materials, 1 126 
self-assembled monolayers, 1 127-1 128 

nuclear assay methods, enhancement of, 
1131-1133 

oxometallate anions, 1129 
radiocesium, 1129-1 130 
soft heavy metals, 1128-1 129 
sorbent materials, self-assembled monolayers 

as, 1128-1 129 
x-ray fluorescence, 1130-1 13 1 

Molecular simulations, DNA counterion 
distributions, 213 1-2143 

analytical theory evaluation, 2 133-2 134 
continuum solvent models, 21 33-21 27 

compared, 21 38-2139 
counterions around DNA 

Brownian dynamics of, 21 37 
simulations of, solvent, 2 137-2140 

dielectric effects, 2 134 
DNA polyelectrolyte models, 21 3 1-2 133 
ion competition, 2 136 
ions, specific binding of, 2138 
molecular dynamics of DNA, 2137 
multiscale simulation, 2139-2140 
multivalent ligands, interaction of DNA with, 

21362137 
specific distribution of charges, 21 35-2 136 

Molecular switches, 2145-2157, 2159-2176 
chemical switches, 2146-2149 

chemical bimolecular reactions, 2149 
molecules in interaction, 2147-2149 
simple chemical conversions, 21462147 

chiroptical, sterically overcrowded alkenes as, 
2 159-21 66 

intrinsic, 2149-2153 
pyrrolidine-functionalized, 2 164-2165 
surface, 2153-2155 

Molecular wires, 2 177-2 195 
conductance, measurement of, 2 189-2 191 
conduction, measurement of, 21 88-21 91 
electronics, molecular, 2177 
optoelectronics, 21 77-2178 
organic molecular wires, 2 178-2 186 
organometallic molecular wires, 21862188 
theory of conduction in, 2188-2189 

Molecular-assembly structures within nanowire, 
2025-2026 

Molecularly protected nanoparticle, 1829 
Molecules, chirality of, 11 13-1 1 14 
Molten polymer, intercalation by, 216 
Molybdenum, anion templated system, 59 
Monodisperse aerosol particles, coagulation of, 

36 
Monolayer on mesoporous silica, thiol- 

terminated self-assembled, 
1054-1055 

Monolayers, metal nanoparticle protected with, 
1859-1 867 

chemiresistor sensors, 1864-1 865 
gas chromatographic phases, 1863-1864 
sorptive properties, 1861-1863 
vapor sorption, 186 1-1 863 

Monoolein, molecular structure of, 882 
Monoolein-water system, aqueous phase 

behavior of, 883 
Monophenyl thiol, electrostatic surface potential, 

692 
Monosaccharides, phase transfer through 

noncovalent interactions, 2825-2833 
Montmorillonite, 215 
Moore's law, 2197-2200 

charge transfer in metal-molecule 
heterostmctures. 683 

limits of energy dissipation vs. performance. 
2199 

predictions for CMOS technology, 2198 
single-electron transistors, 2198-2199 

Motor proteins 
control of, 2 1 13-21 15 
in synthetic materials, 2201-2209 

Multilayer nanostructures, charge transport 
properties, 699-707 

Multilayer polymer nanocomposites, ordered, 
barrier properties, 213-224 

multilayered polymer-polymer 
nanocomposites, 22&22 1 

polymer-layered aluminosilicate 
nanocomposites, 214-220 

Multilayered polyelectrolyte films, carbon 
nanotubes within, 567-574 

Multimodal ligands, coordination framework 
topology, 845-853 

coordination framework design, 845-846 
coordination polymers, 848-852 

three-dimensional architectures, 848-849 
two-dimensional architectures, 849-852 

coordination preferences, 847-848 

This is an inclusive index for all five volumes. Volume breaks are as follows: Volume I: pages 1-892; Volume 2: pages 893-1796; Volume 3: 
pages 1797-2676; Volume 4: pages 2677-3296; Volume 5: pages 3297-3980. 
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multimodal ligands vs. unimodal ligands, 
846847 

Multiparticle soft matter systems, computational 
analysis, 828-829 

coupled rotational modes, 829 
indifferent modes, 828-829 
particle vibrational modes, 829 
spectator modes, 829 

Multiphase nanostructured alloys, 1395-1396 
Multiphoton absorption, three-dimensional 

nanofabrication, 3905-3915 
Multiplayer assembly, on colloidal particles, 

2369-237 1 
Multiscale simulation, DNA counterion 

distributions, 2139-2140 
Multivalent ligands, interaction of DNA with, 

21362137 
Multiwall nanotubes, 1457-1461 
Multiwalled carbon nanotubes, super capacitors, 

54G543 
Muscle, gene delivery, polymer nanoparticle for, 

2944-2945 
Mustard gas 

decontamination by nanoparticle, 241-243 
detoxication of, 242-243 
structure of, 378 

Muti-wall carbon nanotubes, 4 8 W 8 1  
Myoglobin, properties of, 3082 

N -methyl-2-pymolidinone, 2553 
NaI-symporter, 3699 
Nanoarray 

electrochemically self-assembled, 1073-1085 
anodization, 1075 
contacting nanowires, 1076 
dot capacitance, 1084 
electrochemical self-assembly, 1073-1076 
electrodepositing compound 

semiconductor, 1075 
electrodepositing metal, 1075 
interdot resistance, 1082 
measurements of circuit parameters, 1082 
nanofabrication, 1073 
negative differential resistance, 1082-1084 
quantum dot based neuromorphic 

architectures, 1080-1081 
quantum dot image processors, 1079-1084 
quantum wire based room temperature 

infrared photodetectors, 10761079 
self-assembling neural network, 1082 
"superdot" for image-processing 

applications, 1084 
synthesized from porous alumina, 2221-2235 

Nanobelt 
bending modulus, I78Gl78 1 
dual-mode resonance of, 1779-1780 
mechanical properties of, 1773-1786 
as nanocantilevers, 1782-1783 
oxide, bending modulus, 1778-178 1 
structurally controlled nanowires, 1778-1 779 

NanoBio, 256 
Nanobiomedical. See Biomedical 
Nanobiosensor, 2757-2768 

antibody-based fiber optic, 2761 
enzyme-based fiber optic, 2762-2763 
fiber optic, 2761-2763 
molecular beacon-based fiber optic, 

2761-2762 
optical, 2757-2768 

Nanobiotechnology 
companies, 256 

drug delivery applications, 247-261 
Nanobottle, 870-875 

inorganic, 872-875 
polymer, 871-872 
rare earth complex encapsulation in, 875-876 
silica, preparation procedure of, 874 

Nanobridge, thermal properties of, 3883-3891 
breaking, 3887-3890 
initial structures, 3884 
melting, 3887-3890 
oscillations, 3884-3886 

Nanocantilever, nanobelts as, 1782-1783 
NanoCap micellar nanoparticle, for water- 

insoluble drugs, 256 
Nanocapsule 

oil-filled, 2739-2747 
polymer, 2345-2348 

NanoCanier, 256 
Nanocatalyst, dendritic, 903-91 1 
Nanoceramics, 2237-2244 

applications, 2242-2244 
bioceramics, 2243 
biomedical applications and bioceramics, 

2243 
coatings, 2243-2244 
electrical applications, 2242-2243 
magnetic applications, 2243 
mechanical applications, 2242 
nuclear industry, 2244 

bonding, 2240 
preparation, 2237-2240 

chemical methods, 2239-2240 
physical methods, 2237-2239 

properties of, 224G2242 
chemical properties, 2241 
electrical properties, 2242 
magnetic properties, 2242 
mechanical properties, 2241-2242 

thermal conductivity, 3867-3872 
grain boundaries, scattering by, 3869-3870 
inclusions, reductions by, 3871 
increasing, 387 1-3872 
interaction processes, 3868 
lattice thermal conductivity, 3867-3868 
radiative component, 3870 
reductions, 3868-3869 
thin layers, reductions by, 3871 
wave scattering by obstacles, 3870 

Nanocluster 
design, 2423-2425 
gold, 1287-1296 
palladium, 2803-281 1 

preparation, 2803-28 1 1 
silicon, simulation, 355 1-3562 
simulation, silicon, 355 1-3562 

computational methods, 3552-3553 
impurity atom, 3553-3554 
multiple oxygen termination, 3555 
oxygen passivation, 3554-3555 
surface passivation, 3553-3555 

Nanocolloidal film 
self-assembly of, 3459-3469 

kinetics, irreversible gold nanocrystal 
deposition, 346 1-3466 

Nanocomposite film, 2454, 3826-3827 
Nanocomposite multilayer polymer, ordered, 

barrier properties, 2 13-224 
Nanocomposite permanent magnet, magnetic 

properties of, 1749-1 760 
anisotropic nanocomposite permanent magnet 

films, 1755-1756 
coercivity, 1750 

critical sizes, 1749-1 750 
exchange coupling, 1749-1750 
"exchange-spring" behav~or, 175 1 
fabrication techniques, 1752 
isotropic nanocomposite permanent magnets 

based on alpha-Fe/Nd2Fe14B. 
1752-1 754 

based on alpha-FeISm-Co, 1755 
based on alpha-FeISm-Fe-C, 1755 
based on alpha-FeISm-Fe-N, 1755 
based on Fe-B/Nd2Fe14B, 1754-1755 

maximum energy product, 1750 
micromagnetically assessed magnetic 

properties, 175G175 1 
remanence, 1750 
utilization, 17561757 

Nanocomposites, 2453-2456 
nanocrystal composites, 3454 
nanoparticle, 2454 
nanoscale coatings, 2454 
nanotube, 2454-2456 
nanowire composites. 2454-2456 
polymer nanocomposites. 2453-2454 

Nanocrystal 
cadmium sulfide. 787-796 

optical, electronic properties, 789-790 
quantum mechanicshnolecular mechanics 

calculations, 793-795 
semiconductor nanocrvstals. 787 
semiempirical calculations, 791-793 

ferrite, 2323-2324 
superlattices, 7 1 1-7 14 
synthesized in colloidal self-assemblies. 

23 17-2327 
direct micelles, 23 17 
divalent surfactant. 23 18 
fenite nanocrystals, 2323-2324 
reverse micelles, 23 17-23 18 
self-assemblies differing by sizes, shapes, 

23 18-2323 
Nanocrystal arrays, self-assembly, physical 

properties, 2245-2258 
Nanocrystal dispersed platinum particles, 

2259-2268 
NanoCrystal Technologies, 256 
Nanocrystalline materials, 2289-2304 

bulk nanocrystalline substances, 2294-2298 
fatigue, 2269-2288 
grain size, 230 1-2303 
interfaces on properties of, bulk 

nanosubstances, 2301-2303 
microstructure, bulk nanocrystalline 

substances, 2298-2300 
nanocrystalline powders 

colloid solutions, precipitation from, 
2292-2293 

detonation, 2292-2294 
gas phase synthesis, 2291 
mechanical synthesis, 2293 
nonstoichiometric compounds, 2294 
plasmachemical synthesis, 2292 
self-propagating high-temperature 

synthesis. 2294 
superfine oxides, in liquid metals, 2294 
synthesis, 2291-2294 
thermal decomposition, 2293 

properties of, 2289-2291 
Nanocrystalline oxide 

aluminum, surface chemistry of, 3795-3804 
as catalysts/catalyst supports, 2535-2536 
magnesium, surface chemistq of, 

3795-3804 
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Nanocrystalline powder 
colloid solutions, precipitation from, 

2292-2293 
detonation, 2292-2294 
electric explosion, 2292-2294 
gas phase synthesis, 2291 
mechanical synthesis, 2293 
plasmachemical synthesis, 2292 
reduction, 2293 
self-propagating high-temperature synthesis, 

2294 
synthesis, 2291-2294 
thermal decomposition, 2293 

Nanocrystalline zeolite, environmental catalysts 
based on, 1 137-1 145 

assembly, 1139-1 140 
hydrothermal synthesis, 1137-1 138 
materials, 1 140-1 142 

environmental remediation, 1 141-1 142 
hydrocarbons, partial oxidation reactions 

of, I lW-ll4l  
organic contaminants, photocatalytic 

decomposition, 1142 
self assembly, 1137-1 140 
synthesis, 1137-1 140 
templating methods, 1138-1 139 

Nanocrystallization, 2305-2315 
NanoCure System, anticancer drug delivery 

across blood-brain barrier, 256 
Nanodevice design, 2423-2425, 2429-2430 
Nanodiamond, 2329-2338 
Nanoelectromechanical sensors, 252 
Nanoencapsulation, bioactive substances, 

2339-2354 
controlled release, 2339-2340 
liposomes, 2340-2343 
molecular inclusion complexes, 2348-2350 
polymer nanocapsules, 2345-2348 
polymer nanospheres, 2343-2345 

Nanoengineered capsule, with specific layer 
structures, 2355-2367 

Nanoengineered polymer microcapsules, 
2369-2382 

Nanofabrication 
three-dimensional, using multiphoton 

absorption, 3905-3915 
via self-assembly, 24562457 

Nanofiber, polymer, prepared by electrospinning, 
293 1-2938 

concentration of polymer in solution, 2934 
electrical conductivity, 2933-2934 
electrospun nanofibers, applications of, 

2935-2936 
electrospun polymer systems, 2934 
fiber formation, 2933-2934 
structure formation, 2934-2935 
surface free energy, 2933 

Nanofiller, surface modification of, 29 19-2920 
Nanofilm, in giant magnetoresistance heads, 

2383-2397 
Nanofiltration 

element design, 2404 
separations, 2399-2412 

Nanogranular phase, high strength alloys 
containing, 1393-1402 

glassy phase, nanostructured alloys with, 
1397-1400 

mechanical properties, 1395-1 400 

multiphase nanostructured alloys, 1395-1396 
nanoquasicrystalline alloys, 1396-1397 
nanostructure formation, 1393-1395 
single-phase nanocrystalline alloys, 1395 

Nanoindentation, hardness of nanobelt by, 
1781-1782 

Nanoinsbument, DNA-based, computer-aided 
design, 833-844 

measurement principle, 834-836 
polyacrylamide gels, detection of DNA 

deformation in, 841 
solution, DNA deformation measured in, 

8 3 6 8 4  1 
at surfaces, detection of DNA deformation, 

841-843 
Nanolayered cobalt, thin film structural 

transition, on gallium arsenide, 3738 
Nanolayered copper, palladium thin film, on 

tungsten substrate, thin film structural 
transition, 3740 

Nanolayered thin film. See Thin film 
Nanolithography 

atomic force microscope, organized molecular 
films, 109-1 18 

anodization AFM nanolithography. 
111-116 

constructive nanolithography, 110-1 11 
current sensing AFM, nanolithography 

using, 11 l 
dip-pen nanolithography, 109-1 10 
nanografting lithography, 110 

dip-pen, 923-931 
length-scale limitations, 2413-2422 

Nanomaterial. See also under type of 
nanomaterial 

bionanomaterial, 245 1-2453 
biomineralization, 2452 
nanoparticle probes, 2452 
supramolecular materials, 245 1-2452 

design theory, 2423-2433 
functional nanostructures, 2456 

diblock copolymers, self-assembly with, 
2457-2459 

nanofabrication, via self-assembly, 
24562457 

magnetic, 1665-1 681 
combustion method, femtes obtained by, 

1695-1 696 
complexation method for synthesis of, 

1683-1685 
effect of particle shape, 1673 
fabrication of, 1665-1 668 
giant magnetoresistance effect, 1674-1675 
magnetic domain, 1668-1670 
magnetization temperaturelsize 

dependence, 1670-1 673 
polynuclear coordination compounds, 

thermal decomposition of, 1685-1695 
properties, 1668-1676 
quantum tunneling, magnetization, 

1675-1676 
surface effects, 1673-1674 
synthesis, 1683-1699 

nanocomposites, 2453-2456 
nanoparticle, 2454 
nanoscale coatings, 2454 
nanotube, 2454-2456 
polymer nanocomposites, 2453-2454 

processing, 2435-2450 
structural, 3723-3735 

ductility, 3728-3730 
elevated temperature behavior, 3731-3732 
fabrication, 3723-3725 
fatigue properties, 3730-3731 
fracture, 3730 
strength, 37263728 
wear, 3731 

technology advances, 2465-2475 
trends, 245 1-2463 
two-phase, 3730 

Nanomaterials Research Corporation, 2469 
NanoMed Pharmaceuticals, 256 
Nanomedicine, 247-248 
Nano-mesoscopic interface, 221 1-2219 

integrated circuit, 221 1-2212 
molecular electronics, 221 1 
silicon, 22 13-2215 

Nanometal, colloidal, as fuel cell catalyst 
precursors, 739-759 

metal salt reduction method, 741-743 
wet chemical reduction, 741-748 

Nanometer scale physical heterogeneity, 
25-28 

NanoMill technology, nanocrystals, 256 
Nanomolding, 2872-2873 
Nanoparticle, 2454,2477-2492. See also under 

specific type of nanoparticle 
assembly of electrical circuits from, 

1028-1031 
biological weapon decontamination, 241-245 
block copolymers, 405414 

dilute solution, 405-407 
charge carrier dynamics, 667-682 

metal nanoparticle, charge carrier dynamics 
of, 673-675 

semiconductor nanoparticle, charge carrier 
dynamics in, 667473 

direct measurement determination, surface 
forces, 3805-3817 

Derjaguin-Landau-Verwey-Overbeek 
theory, 3807-3809 

electrostatic forces, 3807 
measurement techniques, 38 10-38 16 
steric force, 3809-3810 
van der Waals force, 3805-3807 

electronic switches, 1099-1 101 
Nanoparticle assemblies, magnetic properties, 

1761-1771 
Nanoparticle composite models, 2925 
Nanoparticle film, semiconductor, dimensionally 

graded, 9 13-92 1 
Nanoparticle manipulation, electrical displays 

based on, 1036-1037 
Nanoparticle patterning, laser-based deposition 

technique, 1565-1579 
optical field inside system, 1567-1569 
particle dynamics, 1570-1572 
setup optimization of system, 1569-1570 
solid-liquid interactions during patterning, 

1572-1578 
solid-liquid interfacial energy, 1572-1573 

suspensions, 1574-1575 
transported droplets, 1575-1 577 

Nanoparticle probe, 2452 
Nanoparticle sensor, 2484-2487 
Nanoparticle supported catalysts, 2531-2535 
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Nanoparticle suspension, phase behavior of, 
28 13-2824 

hard sphere behavior, 28 14-28 16 
soft repulsions, 28 1 6 2 8  17 
weakly attractive suspensions, 2817-2821 

Nanoparticle-based optical nanosensors, 
2764-2765 

Nanoparticle-filled polymer properties, 
292G2923 

electrical properties, 2923 
mechanical properties, 292C2922 
optical properties, 2922-2923 
thermal properties, 2922 

Nanoparticle-labeled antibodies, antigens, 
luminescence of, 1647-1653 

Nanoparticle-polymer mixtures, supramolecular 
networks synthesized in, 3785-3793 

binary particle systems, 379G3792 
diblock/particle mixtures, morphology of, 

3786-3787 
models, 37863788 
particle size, 3788-3790 
solid polymeric composites, micromechanical 

behavior of, 3787-3788 
Nanoparticulare platform, for drug delivery, 256 
Nanophase ceramics, as nanobiomedical 

implants, 266-269 
Nanophase material, surface properties of, 265 
Nanophase metal, as nanobiomedical implants, 

269 
Nanophase polymer, as nanobiomedical 

implants, 269-270 
Nanophase powder, mechanosynthesis, 

1787-1785 
industrial trends, 1793-1794 
kinematic, mechanical aspects, 1788-1789 
kinetics, 1789-1791 
mechanical aspects, 1788-1789 
mechanosynthesis of Fe3C, 1792-1793 
thermodynamics, 1789 

Nanopore sensor, 252 
Nanoporosity 

binary alloys, 893-902 
tunable, templating aerogels for, 3843-385 1 

drying methods, 3845-3849 
sol-gel synthesis, 3843-3844 
tailoring nanoporous material, 3849-3850 
template materials, 3844-3845 

Nanoporous anodic aluminum oxide, optical 
anisotropy in, 3685-3695 

anodization, aluminum thin-film samples, 
3685-3686 

spectroscopic ellipsometry, 3688-3693 
Nanoporous metals, formed by dealloying, 

893-896 
Nanopowder, metallic, 1921-1933 

alloying reactions, pressed pellets, 1929 
applications, 1927-1930 

energetics, 1927-1928 
explosives, 1928-1929 
gun propellants, 1929 
nanostructures, 1930 
pyrotechnics, 1929 
rocket propellants, 1928 
self-heating synthesis, 1929 

chemical properties, 1924-1927 
electroexploded, characteristics, 1924 
handling, 193 1 
inks, electrically conductive, 1929-1930 
nanometal processes, 1921-1924 
pastes, electrically conductive, 1929-1930 
physical properties, 1924-1927 

rocket propulsion, 1935-1945 
Alexgel applications, 1942-1943 
aluminized gels, development, 1939-1940 
"combustion" in nitrogen, 1942 
environmental issues, 1961937 
gelled aluminized propellants, mechanisms 

of combustion, 1938-1939 
hybrid propellants, Alex as additive to, 

1938 
hydrocarbon-based liquid rocket engines, 

1942 
hydrocarbon-based RBCC systems, 1942 
ignition delay measurements, 1940 
liquid hydrogen engines, 1943 
in liquid monopropellants, 1936 
liquid propellants, Alex as additive to, 

1938 
for liquid rocket engines, 1935-1936 
nanometal powder fuels, 1937-1942 
pulse detonation engines, 1942-1943 
small rocket engine tests, 1942 
solid propellants, Alex as additive to, 

1937-1938 
for solid rocket engines, 1935 

safety, 193 1 
shipping of, 1931 

Nanoquasicrystalline alloys, 1396-1 397 
Nanoreactor, schematic of, 712 
Nanoribbon, 467470 

metal oxide, 461473 
Nanoscale, 247 

charge transport, 702-705 
Nanoscale charge storage, 702 
Nanoscale coatings, 2454 
Nanoscale polymer carriers, for controlled drug 

delivery, 255-256 
Nanoscale ring self-assembly, ring structures, 

3284-3285 
Nanoscale site control, semiconductor, quantum 

dots, 3247-3249 
Nanoscale surface, potential implants, 266 
Nanoscale tribology, 3927-393 1 

applications, 3927-3930 
computer simulations, nanotribological 

behavior, 3929-3930 
experimental characterization, 

nanotribological behavior, 
3928-3929 

Nanosensor 
fiber optic chemical, 2759-2761 
ion-sensitive fiber optic, 2760-2761 
nanoparticle-based optical, 2764-2765 
optical, 2757-2768 

nanobiosensors, 2757-2768 
quantum dot-based, 2764 

Nanoshaving, scanning probe lithography, 
2975 -. - 

Nanoshells, for optical therapies, 256 
Nanosized channel lattices, heterogeneous 

surfaces with, 1357-1367 
regular nanochannel lattice, 1357-1360 
wetting instability models, 1360-1361 

NanoSpectra Biosciences, 256 
Nanosphere 

core-shell, 865-879 
composite capsules, 875 
hollow capsules, nanobottles, 87C875 
nanosized core-shell spheres, 866-870 
rare earth complex, encapsulation in 

nanobottles, 875-876 
silica nanobottles, preparation procedure 

of, 874 

polymer, 2343-2345 
Nanostructure 

based on conducting polymers, 26 15-2626 
atomic force microscope lithography, 

262 1-2622 
capillaries, micromold~ng in, 2619-2621 
inverse opal formation. 261 8-26 19 
lithography, 2619-2623 
mask techniques, 2619-2623 
masks, 2622-2623 
polarized infrared absorption spectroscopy, 

26162617 
scanning tunneling microscopy 

lithography, 262 1 
solvent-assisted micromolding, 2619 
template synthesis, 26 15-2619 

based on layered transition metal 
chalcogenides, 26 17-2639 

derived from phase separated polymers, 
264 1-2656 

electronic, metal nanopanicle self-assembly 
into, 1829-1 840 

I-D arrays, 1838 
2-D arrays. 1835-1838 
3-D arrays, 1835 
electronic applications. 1830- 1833 
fabrication of ordered arrays, 1834-1838 
molecularly protected nanoparticle, 1829 
synthesis, 1833-1 834 

hierarchically imprinted, separation of metal 
ions, 1369-1 379 

ionic amphiphilic block copolymer monolayer 
air-water interface, 25 19-2529 
at air-water interface, 25 19-2529 

metal, photoexcitation synthesis, 1881-1894 
metal-dot deposition onto metal surface, 

photoinduced, 18861 887 
nanoscale structural characteristics of, 

1885-1 886 
near-infrared optical response, metal thin 

film, 189Cb1891 
photoinduced anisotropic agglomeration, 

gold nanoparticle, 188 1-1 885 
silver nanoparticle, photoinduced structural 

changes of, 1887-1890 
metallic nanopowders, 1930 
replicated by polymer molding, 2657-2666 
stability on surfaces, 3675-3683 
synthesized, by deposition of metals on 

microtubule supports, 2653-2569 
Nanostructure formation, 1393-1 395 
Nanostructured catalyst, 253 1-2537 

basic, 225-234 
basicity, defined, 225-226 
historical perspective, 225 
nanostructured materials, 226232 

nanostructured materials 
carbogenic molecular sieves, 231-232 
hydrotalcite. 232 
mesoporous (alumino) silicates, 23G23 1 
zeolites, 227-230 

Nanostructured composite 
as nanobiomedical implants, 27G272 
using carbon-derived fibers, 255 1-2561 

carbon fibers, 2551-2552 
composites, 2559-2560 
fiber-matrix interface, buried, monitoring, 

2557-2559 
nanotubes, 2559-2560 
surface chemistry, 2552-2553 
x-ray photoelectron spectroscopy, 

2553-2557 
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Nanostructured material 
synthesized by mechanical attrition, 

257 1-258 1 
brittle materials, 2573-2574 
contamination, 2579-2580 
mechanical alloying, 2572-2573 
mechanical milling, 257 1 
mechanisms, 2575-2579 
nanocomposites, 2574-2575 
polymer blends, 2574 
powder consolidation, 2579-2580 
single-phase metals, 2575-2579 

synthesized by mechanical means, 2583-3593 
synthesized in supercritical fluid, 2595-2606 

Nanostructured surface, protein binding event 
detection, 1635-1646 

Nanostructured ultrastrong materials, 2607-2613 
Nanotechnology, cellular, tissue engineering, 

248-25 1 
Nanotemplate engineering, for drug, vaccine 

delivery systems, 256 
Nanotransfer printing, 2870-2872 
Nanotribological behavior 

computer simulations, 3929-3930 
experimental characterization, 3928-3929 

Nanotube, 2454-2456, 2559-2560 
for biotechnology, biocatalysis, 3655-3666 

bioseparations, nanotube membranes for, 
3663-3664 

fullerene carbon nanotubes, 3657 
peptide nanotubes, 3657-3660 
self-assembling lipid microtubes, 

3656-3657 
template-synthesized nanotubes, 

366(&3664 
carbon, 461-610, 1203-121 1. See also Carbon 

nanotube 
fullerene solid, 1207-1 209 
ice nanotubes inside, 14 15-1424 
molecular properties, 1205-1207 
molecular structure, 1203-1 204 
single-walled, 3605-3615, 3629-3639 
synthesis, 1204-1205 

carbon-derived fibers, nanostructured 
composites using, 2559-2560 

formation of, 60 
fullerenes, 1240-1 24 1 
inorganic, synthesized by chemical transport 

reactions. 1457-1466 
applications, 1465 
crystal flakes, instability against bending, 

1459-1460 
gold, nanotube alloyed with, 1461-1465 
interlayer distances, nanotube chirality, 

1460-1461 
multiwall nanotubes, 1457-1461 
nucleation, 1458-1459 
plate-like crystal structures, 1457-1458 
silver, nanotube alloyed with, 1461-1465 
stacking-order, tube diameter and, 1460 

nanoparticle composite models, 2925 
organic, design theory, 2427-2428 
protein, as building blocks, 3065-3077 
single-walled carbon, field emission 

properties, density functional theory 
study, 3597-3604 

unrolled honeycomb lattice of, 576 
Nanotube electrode, carbon, 425434 

atomic hydrogen, 429 
block-type carbon nanotube electrodes. 426 
electrochemical capacitors, 425427 
electrochemical sensors, actuators, electrodes 

in, 4 3 M 3  1 
functionalization of carbon nanotubes, 427 
molecular hydrogen, 429 
secondary hydrogen battery, fuel cells. 

electrodes in, 429-430 
secondary lithium ion batteries. anodes, 

427429 
Nanotube interconnect, carbon, 435459 

interconnect architectures, integration in, 
44 1 4 4 2  

internanotube contacts, 439441 
junctions, crossed-tube, 439441 
synthesis, 435439 

directed, 437439 
nondirected, 4 3 W 3 7  

Nanotube self-assembly, hydrogen bonding, self- 
assembly directed by, 3408-3409 

Nanotube sensor, 2667-2676 
Nanotube surface functionalization, 125 1-1268 

chemical functionalization strategies, 
1263- 1 264 

inorganic interfaces, 1255-1258 
sidewall functionalization, 1252- 1255 
solubilization, 1258-1 261 
tube manipulation, 1264 

Nanowire, 467470,  2068, 2595 
barcoded, 205-21 2 

harcoded rods, nonfluorescent bioassay 
using, 208 

biological multiplexing, 207-209 
bulk metals, reflectance values for, 207 
characterization, 206-207 
nanoelectronics, 207 
nanowire synthesis, 205 
reflectance image of nanowire, 206 
striped nanowire synthesis, 205-206 
tagging, nonbiological, 209 
uses for, 207-209 

composite, bending modulus of, 1776-1778 
design theory, 2423-2425 
encapsulated metallic, design theory, 2428 
mechanical properties of, 1773-1786 
molecular assembly of, 2019-2029 

air-water interface, charge-transfer 
complexes at, 2022-2023 

electrical conductivity, 2026-2027 
fabricating molecular-assembly nanowires, 

2021-2022 
Langmuir-Blodgett technique, 2020 
magnetic properties, 2026-2027 
mica surface, molecular-assembly 

nanowires on, 2023-2025 
molecular conductors, 2019-2020 
nanowire, molecular-assembly structures 

within, 2025-2026 
supramolecular chemistry, 2020-202 1 

polymer 
by controlled chain polymerization, 

295 1-2958 
fabrication of, 929-930 

Nanostructured catalytic materials, design, 
2539-2550 

Naturally c h i d  surfaces, roughening of, 
11 19-1 120 

Near-field microscopy techniques, 2677-2686 
Near-field Raman spectroscopy, 2687-2702 

metallic tips, 2695-2702 
micro-Raman, contrasted, 2692-2693 

Near-field scanning optical lithography, 
2979-2980 

Near-field scanning optical microscopy, 351, 
2687, 2703-2712, 2758-2759 

Near-field surface-enhanced resonance Raman 
spectroscopy, 2759 

Negative differential resistance, 2084-2085, 
2152 

Nerve agents, detoxification of, 243 
Neuromorphic architectures, quantum dot based, 

1080-1081 
Neutral biimidazolate complex, controlled 

crystal structures, 2061-2064 
Newton-Euler fornulation, molecular 

manipulator dynamic design criteria, 
2104-2105 

Nickel 
anion templated system, 57-59 
beta-ketoesters, hydrogenation, 11 15-1 117 
hydrogenation of beta-ketoesters on, 

1115-1117 
Nickel-nitrilotriacetic acid, 21 18 
Nicotinamide threads, 75 
Niobium/titanium multilayers, thin film 

structural transition, 3740-3741 
Niobium/zirconium multilayers, thin film 

structural transition, 3738 
Nitration, on lab-on-a-chip micro reactor, 1556 
Nitrile-based coordination cages, self-assembly 

of, 3417-3422 
N-octanol, surface tension, 1573 
Nonadecenyltrichlorosilane, 2034 
Nonbiological tagging, 209 
Noncovalent functionalization, carbon 

nanotubes, 500-501 
Nonlinear near-field spectroscopy, 2709 
Nonlinear optical materials, self-assembly of 

organic films for, 3471-3480 
characterization, 3474-3476 
chromophore deposition, orientation, 

34763478 
covalent/ionic self-assembly, nonlinear 

optical film fabrication, 3473-3474 
Nonlinear optical switches, design, 2428-2429 
Nonlinear transmission lines, 2680 
Nonstoichiometric compounds, nanocrystalline 

powders, 2294 
Nonviral systems, delivery obstacles for. 

2940-294 1 
Nostoc commune biosensor, 377 
NRC. See Nanomaterials Research Corporation 
Nuclear assay methods, enhancement of. 

1131-1133 
Nuclear industry, nanoceramics, 2244 
Nuclear magnetic resonance, 2 136, 2 186, 2409, 

2508, 2826 
Nuclear Overhauser enhancements, 2 125 
Nucleation 

homogeneous, atmospheric nanoparticle, 
102-103 

island, predicitons of, 1533-1545 
irreversible island formation, behavior of 

models, 1536-1538 
island nucleation process, 1538-1544 
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Nucleation (cont.) 
of nanoparticle, in ultrathin polymer films, 

2713-2719 
in ultrathin polymer films, 2713-2719 

Nucleobase-porphyrin derivatives, 272 1-2729 
Nucleobase-substituted oligopyrrolic 

macrocycles, 2721-2738 
Nucleoside-substituted oligopyrrolic 

macrocycles, 2721-2738 

Octadecyltrichlorosilane, 2032 
Octadecytriethoxysilane, 2037 
Office of Naval Research, 2077, 2191 
Off-specular scattering, vesicles, at silicon-water 

interface, 2775 
Oil-filled nanocapsules, 2739-2747 
Oily carriers, 1720 
Olefin disproportionation, mesoporous materials, 

1806 
Olefins, thermoplastic, 3025-3026 
Oligomerization catalysts, mesoporous materials, 

1804-1805 
Oligo(pheny1ene ethynylene), 2074 
Oligo(pheny1ene vinylene)~, 2180 
Oligopyrrolic macrocycles, 2721-2738 
One-dimensional electrically conducting 

polymeric nanostructures, 1015-1024 
molecular interactions as "soft" templates, 

1017-1018 
synthesized on surfaces, 1019-1020 
using "solid templates, 1015-1017 

ONR. See Office of Naval Research 
On-tube junctions, 4 4 W 1  
Optical absorption, carbon nanotubes, 58G586 

resonance Raman process, 583-586 
Optical anisotropy, nanoporous anodic aluminum 

oxide, 3685-3695 
anodization, aluminum thin-film samples, 

3685-3686 
spectroscopic ellipsometry, 3688-3693 

Optical characterization 
self-assembled thin films, 3361-337 1 

colloidal assemblies, 3364-3370 
effective medium theories, 3365-3366 
ellipsometric spectra, 3365 
gold colloid preparation, 3362-3364 
spectroscopic ellipsometry on thin island 

films, 3364-3365 
thin island film theory, 33663370 

self-formed quantum dots, 323G3234 
electroluminescence, 3232-3234 
photoluminescence, 3230-3232 
time-resolved photoluminescence, 3232 

Optical force microscopy, 284 
Optical molecular devices, 2749-2756 
Optical nanosensors, 252-253, 2757-2768 

evolution of, 2757-2759 
nanobiosensors, 2757-2768 

Optical phonons, in self-assembled multiple 
germanium structures, 3204-3207 

Optical properties 
carbon nanotubes, 575-586 
metal nanoparticle ensembles, 1821-1 828 

clusters of, 1822-1823 
linear arrays of, 1823 
metal, metallodielectric nanoparticle, 3-D 

superlattices of, 1825-1826 
nanoparticle assembly fabrication, 

1821-1826 
surface plasmons, 1821 
two-dimensional arrays of, 1823-1 825 

Optical therapies, nanoshells for, 256 
Optical waveguide lightmode spectroscopy, 

protein adsorption kinetics, under 
applied electric field, 3033 

Optically active structures, field-driven 
assembly, electrical functionality, 
1034-1037 

Optoelectronics, 2177-2 178 
Ordered multilayer polymer nanocomposites, 

barrier properties, 2 13-224 
multilayered polymer-polymer 

nanocomposites, 22C221 
polymer-layered aluminosilicate 

nanocomposites, 2 14-220 
Ordered vesicles, at silicon-water interface, 

2769-2777 
Organellar chloride channel, 3699 
Organic compounds, anion-templated self- 

assembly, 69-8 1 
Gale's "anion-anion" assembled solid-state 

polymer, x-ray crystal structure, 77 
Gale's diamidopyrrole ligand, 77 
guanidinium-appended porphyrins, 76 
Hamilton's self-assembled solid-state 

hydrogen-bonded structure, ribbon 
arrangement of, 70 

Kruger's double helicate, molecular structure 
of, 76 

Mendoza's tetraguanidinium strand, double 
helicate structure self-assembly, 70 

Schalley's "stoppering" rotaxane synthesis, 
anion template, 73 

Organic film self-assembly, for nonlinear optical 
materials, 347 1-3480 

characterization, 3474-3476 
chromophore deposition, orientation, 

34763478 
covalentlionic self-assembly, nonlinear 

optical film fabrication, 3473-3474 
Organic molecular wires, 2 178-2 186 
Organic nanotubes, design, 2427-2428 
Organic thin-film composite membranes, 

240 1-2402 
Organic-based solar cells, 2879-2895 
Organized molecular films, atomic force 

microscope nanolithography, 
109-1 I8 

anodization AFM nanolithography, 11 1-1 16 
constructive nanolithography, 11G111 
current sensing AFM, nanolithography using, 

111 
dip-pen nanolithography, 109-1 10 
nanografting lithography, 1 10 

Organofullerenes in water, 2779-2789 
Organometallic half-sandwich complexes, 

3503-3504 
Organometallic molecular wires, 2 1 8 6 2  188 
Organophosphorus compound detection, 

367-368 
Organosilanes, molecular assembly, 203 1-2042 

chemisorption, fabrication of monolayers 
through, 20362040 

mixed monolayen, at air-water interface, 
phase separation, 2033-2036 

organosilane monolayers, at air-water 
interface 

formation of, 2031-2033 
via crystallization, 2031-2036 

Outer Helmholtz plane, 1995 
Oxafluorofullerenes formation, 1 184-1 185 
Oxalate method, magnetic nanomaterial 

synthesis, 168-1 689 

Oxidation, of carbon nanotubes, 496 
Oxide, 2791-2801 
Oxide nanobelts, bending modulus, 1778-1 78 1 
Oxide nanoparticle, 2791-2801 

alloying reactions, 2796-1798 
electrolyte, 2798-2799 
lithium reactivity 

through conversion processes, 2796 
through insertion processes, 2791-2795 

Oxide polymorphs, energetic parameters for, 
1148 

Oxide vacancies, nucleation. metal-oxide 
interface, 19W1903 

atom trapping, l 9 W l 9 0  1 
cluster stability, impact on, 190 1-1903 

Oxides, metal clusters on, 18 13-1 820 
cluster morphology, 1815-1816 
gold on Ti02, 18 18- 18 19 
metal deposition, 1814-1815 
palladium on A1203, 18 1 6 1 8  18 
substrate preparation, 18 13-1 8 16 

Oxometallate anions, 1129 
0x0-vanadium, structure of. 56 
Oxygen passivation, silicon nanocluster 

simulation, 3554-3555 
Oxyhydroxide polymorphs, energetic parameters 

for, 1148 

Pacific Northwest National Laboratory, 2604 
Palladium, molybdenum, 5 9 4 2  
Palladium cage, route of formation of, 62 
Palladium carbonyl acetate, 2806 
Palladium nanoclusters, 2803-28 1 1 

preparation, 2803-28 1 1 
Palladium thin film, on tungsten substrate, thin 

film structural transition, 3740 
Palladium-based molecular triangle, crystal 

structure of, 61 
Palmitoyl, 9-octadecenenoyl 

phosphatidylchol~ne, 25 10 
Paper electrodes, carbon nanotubes, 507 
Paraoxon 

decontamination by nanoparticle, 242 
detoxification of, 243 

Paraquat, chemical structure, 379 
Partial oxidation of ammonla, on lab-on-a-chip 

micro reactor, 1556 
Paste electrodes, carbon nanotubes, 507 
Pastes, electrically conductive, metallic 

nanopowders, 1929-1930 
Pattern anodization, on aluminum surfaces, 

83-88 
anodization cell, 83-84 
bulk aluminum sheets 
evaporated aluminum films on glass, 86-87 

Patterned substrate-driven synthesis, 438439 
Patterned surfaces, colloidal micronanostructures 

assembled on, 725-738 
3-D colloid assembly, 726728 
fundamental interactions in colloid systems, 

725-726 
planar surfaces, 728-729 
structured colloid assemblies, 729-736 

PEBBLES sensors, 2764 
Pentameric circular helicate. chloride-templated 

assembly of, 57 
Peptide nanotubes, 3657-3660 
Percolation, mesoscopic thermodynamics, 3902 
Peffluorododecyloxy propyltriethoxysilane, 2032 
Peffluorohexyl-ethyltriethoxysilane, 2037 
Perfluorooctyl]ethyltrichlomsilane, 2032 
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Performance, power dissipation and, (Moore's 
law), 2197-2200 

limits of energy dissipation vs. performance, 
2199 

predictions for CMOS technology, 2198 
single-electron transistors, 2198-2199 

Periodic schwarzites, fullerenes, 1241-1244 
Phase analysis light scattering, 1999 
Phase separated polymers, nanostructures 

derived from, 2641-2656 
Phase transfer 

on lab-on-a-chip micro reactor, 1556 
monosaccharides through noncovalent 

interactions, 2825-2833 
Phase transfer catalysts, 1807 
Phenylalanine, 266 

properties of, 3082 
Phenylenediacrylic acid amphiphile derivatives, 

1610-1611 
photoreactive bolaform amphiphiles, 

1610-1611 
Phonos in self-assembled multiple germanium 

structures, quantum dots, 3203-321 1 
Phospholemman, 3699 
Phospholipid sensors, 2764-2765 
Photoablation, 278-279 
Photochemical generation of singlet oxygen, on 

lab-on-a-chip micro reactor, 1556 
Photochemical isomerization, bolaform 

amphiphiles, 1615-1620 
azobenzene containing chromophores, 

1615-1618 
photochemical isomerization, ionic strength, 

1619-1620 
Photochemistry, membrane-coated nanoparticle, 

2835-3852 
gold, 2835-2843 
metal particles, 2835-2843 
semiconductor nanoparticle, 2843-3846 

hydrogen production, 2845-2846 
photocurrents, photoelectrochemical cells, 

2845 
spectral sensitization, 2844 

silica particles, 2846-2847 
Photocyanation, on lab-on-a-chip micro reactor, 

1556 
Photoexcitation synthesis, metal nanostructures, 

1881-1894 
metal-dot deposition onto metal surface, 

photoinduced, 1886-1 887 
nanoscale structural characteristics of, 

1885-1 886 
near-infrared optical response, metal thin film, 

1890-1 891 
photoinduced anisotropic agglomeration, gold 

nanoparticle, 1881-1885 
silver nanoparticle, photoinduced structural 

changes of, 1887-1 890 
Photoinduced electron transfer, 2751 
Photolithography, 284 

fabrication of multiphase organosilane 
monolayers through, 20362040 

Photoluminescence, 2252 
optical characterization, self-formed quantum 

dots, 323G3232 
Photoluminescence of silica-based nanoscale 

materials, 1476-1477 
Photomultiplier tube, 2760 

Photon correlation spectroscopy, 284, 2739 
Photonic active structures, field-driven assembly, 

electrical functionality, 1034-1037 
Photonic crystal fiber, 2853-2867 
Photoreactive bolaform amphiphiles, 1610-1615 

diacetylene derivatives, 1612-161 5 
layer-by-layer assembly, 1607-1622 
phenylenediacrylic acid amphiphile 

derivatives, 161CL1611 
Photovoltaic cells, 1037 
Photovoltaics, organic-based solar cells, 

2879-2895 
Phyllosilicates, commonly used, 2 15 
Physical vapor deposition, 2889 
Physicochemical properties, atmospheric 

nanoparticle, 97-1 00 
chemical composition, 99-100 
physical characterization, 97-98 

Physisorption, gas, carbon nanotuhes, 547-549 
Phytantriol, aqueous phase progression of, in 

excess water, 888 
Phytoremediation, 336 
Piezoelectric technique, microweighing in 

supercritical carbon dioxide, 
1977-1978 

Pinned orbits, examples of, 650 
Plasmachemical synthesis, nanocrystalline 

powders, 2292 
Platinum 

alpha-ketoesters, hydrogenation, 1 116 
hydrogenation of alpha-ketoesters on, 1 116 
molybdenum, 59-62 
morphological evolution, impact on catalytic 

behavior, 22662267 
Platinum particles, nanocrystal dispersed, 

2259-2268 
Platinudcobalt multilayers, thin film structural 

transition, 3739 
Platinum-group element, composed of bimetallic 

nanoparticle, 1874-1 875 
PNNL. See Pacific Northwest National 

Laboratory 
Poisoning, catalyst nanostructure deactivation, 

3965 
Poisson-Boltzman equation, 169 
Polarized infrared absorption spectroscopy, 

2616-2617 
Pollution, environmental, 331-334 

bioremediation, 33 1-34 1 
anaerobic, 332 
bioaugmentation, 332 
biostimulation, 332 
environmental pollutants, 33 1-334 
Exxon Valdez oil spill bioremediation 

project, 336-338 
hydrocarbons, 331-333 
techniques, 334-336 

Exxon Valdez oil spill bioremediation project, 
lessons from, 337-338 

hydrocarbons, 331-333 
metals, 334 
pollutants 

metals, 334 
polycyclic aromatic hydrocarbons, 

333-334 
polycyclic aromatic hydrocarbons, 333-334 
techniques 

biofiltration, 335-336 

groundwater bioremediation, 334-335 
phytoremediation, 336 

Poly(2-dimethy1amino)ethyl methacrylate, 
polymeric gene carrier, 2943 

Poly(3,4-ethylenedioxythiophene), 2620 
Poly(3-hexylthiophene), 2884 
Poly(4-aminobuty1)-L-glycolic acid, 2943 
Poly(4-styrenesulfonate), 2620 
Poly(acry1ic acid), 2499, 2718 
Polyacrylonitrile, 2401 
Poly(alky1 cyanoacrylate), 2344 
Polyamidoarnine dendrimers, 2943 
Polyampholytes, complexation of, 2900 
Polyaromatic amines, enzymatic synthesis, 

3374-3375 
Polycyclic aromatic hydrocarbons, 333-334, 

2330 
Poly-(dialkydimethylammonium) chloride, 2347, 

2611, 2715 
Poly(dimethylsiloxane), 207 1, 2619, 2658 
Polyelectrolyte capsules, physicochemical 

reactions inside, 2376-2377 
Polyelectrolyte films, layer-by-layer assembly, 

1591-1605 
catalyst applications, 1598-1600 

biocatalytic multilayer assemblies, 
1598-1600 

inorganic catalysts, multilayer assemblies 
bearing, 1600 

membrane preparation, 159 1-1592 
polyelectrolyte multilayers, materials 

transport across, 1592-1598 
alcohol/water mixtures, pervaporation of, 

1592-1594 
gas permeation, 1592 
ion permeation, 1594-1596 
organic compounds, enantiomers, 

separation, 1596 
proteins, fouling behavior, separation of, 

1596-1597 
salt transport under nanofiltration, 1596 

Polyelectrolyte microgels, nanoparticle in, 
metallation, 2909-2910 

Polyelectrolyte models, DNA, 2131-2133 
Polyelectrolytes, multilayer formation on colloid 

particles, 782-784 
Polyelectrolyte-surfactant complex, 2897-2902 

hollow spheres, 29W2901 
Polyethersulfone, 2401 
Polyethylene, surface free energy, 1573 
Poly(ethy1ene oxide), conformation at different 

solid/liquid polymer interfaces, 3752 
Poly(ethy1ene oxide)-b-poly(l-lysine), 2899 
Poly(ethy1ene oxide)-b-poly(sodium 

methacrylate), 2897 
Poly(ethy1ene oxide)-g-poly(ethy1ene imine), 

2898 
Poly(ethy1ene terephthalate), 2574 
Poly(ethylenedioxythiophene), 26222 
Polyethylene-oxide, 2520 
Polyethylenimine, 294 1-2943 
Polyfunctional nanoparticle, 256 
Poly(glycolic acid), 2344 
Polyisobutylene, surface free energy, 1573 
Poly(lactic acid), 2344 
Poly(1actic-co-glycolic acid), 2344 
Poly-L-lysine, 2941 
Polymer brushes from clay surfaces, 2959-2971 
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Polymer colloid surface, nanoparticle formed on, 
metallation, 29 1 1-291 2 

Polymer colloids, metallation, 2903-2915 
adsorbed polymer layer, nanoparticle with, 

2912-2913 
block copolymer micelles, nanoparticle 

formation in, 2903-2907 
dendrimers, nanoparticle formation in, 

2907-2909 
functionalized polysilsesquioxane colloids, 

nanoparticle formation in, 
2910-291 1 

nanoparticle formation inside, 2903-291 1 
polyelectrolyte microgels, nanoparticle in, 

2909-29 10 
polymer colloid surface, nanoparticle formed 

on, 291 1-2912 
Polymer encapsulation, in mesoporous materials, 

biomolecular approach to, 3383-3384 
Polymer molding, 2657-2666 
Polymer nanocapsules, 2345-2348 
Polymer nanocomposites, 2453-2454 

particle, carbon nanotube fillers, 2917-2930 
Polymer nanofibers prepared by electrospinning, 

2931-2938 
concentration of polymer in solution, 2934 
electrical conductivity, 2933-2934 
electrospun nanofibers, applications of, 

2935-2936 
electrospun polymer systems, 2934 
fiber formation, 2933-2934 
structure formation, 2934-2935 
surface free energy, 2933 

Polymer nanoparticle for gene delivery, 
2939-2949 

nanoparticle formation, 2939-2940 
nonviral systems, delivery obstacles for, 

2940-2941 
polymeric gene carriers, 2941-2944 

chitosan, 2943 
poly(2-dimethylamino)ethyl methacrylate, 

2943 
polyamidoamine dendrimers, 2943 
polyethylenimine, 2941-2943 
poly-L-lysine, 2941 
polyphosphoester, 2943-2944 

targeting, 2944 
active targeting, 2944 
passive targeting, 2944 

in vivo application, 29442946 
brain, 2945 
liver, 2945 
lung, 2945 
muscle, 2944-2945 
tumor, 2945 

Polymer nanospheres, 2343-2345 
Polymer nanowires 

controlled chain polymerization, 2951-2958 
photopolymerization, 2953 
scanning tunneling microscope, 2954-2955 
self-ordered molecular layer, 295 1-2953 

fabrication of, 929-930 
Polymer polydimethylsiloxane elastomers, 395 
Polymer scaffolds, 2985-2986 
Polymer substrates, synthesis of nanoparticle, 

2493-2505 
Polymer synthesis 

in micelles, 3381-3382 
in novel surfactant gel mesophase, 3378-3381 
in reverse micelles, 3375-3378 

Polymer-clay nanocomposites, 2959-2971 
Polymer-colloidal science, 391-392 

Polymeric, biomolecular nanostructures, 
scanning probe lithography, 
2973-2983 

protein grafting, 2974 
self-assembled affinity templates, 2973 
surface-initiated polymerization, 2973-2974 

Polymeric light-emitting diode, 2618, 2619 
Polymeric matrices, chiroptical switching in, 

2 165-2 166 
Polymeric nanostructures, electrically 

conducting, one-dimensional, 
1015-1024 

molecular interactions as "soft" templates, 
1017-1018 

synthesized on surfaces, 1019-1020 
using "solid" templates, 1015-1017 

Polymerized fullerenes 
ferromagnetism, 1662 
magnetic behavior, 1655-1664 

closed-shell carbon clusters, magnetic 
properties of, 1655-1656 

ferromagnetic molecular TDAE-C60, 
16561657 

fullerenes, polymerization of, 1657 
light-polymerized fullerenes, 

ferromagnetism in, 12657-1 659 
pressure-polymerized fullerenes, 

ferromagnetism in, 1659-1660 
Polymer-mediated self-assembly of nanoparticle, 

2985-2998 
catalyic applications, 2987-2990 
highly organized polymer-nanoparticle 

assemblies, 2994-2996 
nanoparticle assemblies, organized, 

2990-2994 
nanoparticle building blocks, 29862987 
polymer scaffolds, 2985-2986 

Polymer-nanoparticle composites, 2999-3014 
catalysis, composites for, 3008-3010 
clay-nanoparticle polymer composites, 

3000-3001 
with metallic, semiconductor nanoparticle, 

3001 
ordered assemblies, 3005-3008 
polymer growth, 3001-3005 

Polymers, adsorption of, 23-34 
chemical heterogeneity, 28-32 

flexible polymer adsorption, 29 
globular protein adsorption, 29-32 

modeling, 23-24 
nanometer scale physical heterogeneity, 

25-28 
simulation studies, 24-25 

Polymethylmethacrylate, 2456, 2679 
surface free energy, 1573 

Poly(methylmethacrylate), 2040, 2574 
Polynuclear coordination compounds, thermal 

decomposition of, i685-1695 
Polyol-terminated self-assembled monolayers, 

395-398 
Polypeptides, helices of, design theory, 

2428-2429 
Polyphenols, enzymatic synthesis, 3374-3375 
Poly(phenylenevinylene), 2618, 2619, 2877 
Polyphosphoester, 2943-2944 
Polypropylene, 301 5-3025 

bamer, 3023 
crystallization, 3020 
electrical properties, 3025 
flammability, 3024-3025 
hat deflection temperature, 3025 
mechanical properties, 3020-3023 

rheology, 3023 
structure, 3015-3020 
thermal stability, 3024-3025 

Polypropylene nanocomposltes, intercalated. 
1483-1490 

clay intercalation, 1485 
crystallization structure, 1485-1486 
exfoliation structure, 1485 
kinetics, 1485-1486 
mechanical properties, 1487-1488 
rheology, 14861487 
synthesis, 1484-1485 

Polysaccharides. atomic force microscopy, 
125-127 

Polysilsesquioxane colloids. metallation, 
nanoparticle formation in, 291C-2911 

Polystyrene, surface free energy, 1573 
Poly(styrenesu1fonate). 271 5 
Polyvinyl alcohol, surface free energy, 1573 
Polyvinyl chloride, surface free energy, 1573 
Polyvinylpyrrolidone. cross-linked. hydrogel 

nanoparticle synthesized by, 
1403-1414 

ultrafine ply(N-vinyl p)rrolidone) 
nanoparticle, 1406-141 2 

Porous alumina, nanoarrays synthesized from, 
2221-2235 

Porous silicon microcavity, 343-350, 344 
bacterial biosensor development, targets for, 

347 
bacterium detection, 345-349 
DNA detection, 344 
lipplysaccharide, structure of, 347 
virus detection, 344345 

Porphyrin surface. supramolecular aggregates. 
with controlled size, shape on. 
3775-3777 

Porphyrinic films, self-organized. on surfaces, 
3484-3489 

Porphyrinic materials, self-assembly on surfaces, 
348 1-3502 

applications, 3484 
porphyrinoids, 348 1-3483 
self-assembled porphyrin~c materials on 

surfaces, 3489-3193 
self-organized porphyrinic films on surfaces, 

3484-3489 
supramolecular chemistr), 3483 
supramolecular systems on surfaces, 

3483-3484 
Porphyrinoids, 3481-3483 
Powder consolidation, nanostructured materials 

synthesized by, 7579-2580 
Powder microelectrodes, carbon nanotubes. 

507 
Powders 

nanocrystalline 
detonation, 2292-2294 
electric explosion, 2292-2294 
synthesis, 2292-2294 

nanophase, mechanosynthesis, 1787-1 785 
Power transformer cooling, 1738 
Predictions, CMOS technology, 2198 
Preformed core-shell latex particles, 

complexation of. 2901 
Pressure-polymerized fullerenes, ferromagnetism 

in, 1659-1660 
Printed nanostructures, photonic applications, 

2869-2878 
Printing 

microcontact, 2869-2870 
nanotransfer, 2870-2872 
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Programmable devices, molecular electronics, 
208 1-2099 

Proline, 266 
properties of, 3082 

Propellants, gun, rocket, metallic nanopowders, 
1928, 1929 

Propulsion, rocket, metallic nanopowders, 
1935-1 945 

Alexgel applications, 1942-1943 
hydrocarbon-based liquid rocket engines, 

1942 
hydrocarbon-based RBCC systems, 1942 
liquid hydrogen engines, 1943 
pulse detonation engines, 1942-1943 

environmental issues, 1961937 
in liquid monopropellants, 1936 
for liquid rocket engines, 1935-1 936 
nanometal powder fuels, 1937-1942 

aluminized gels, development, 1939-1940 
"combustion" in nitrogen, 1942 
gelled aluminized propellants, mechanisms 

of combustion of, 1938-1939 
hybrid propellants, Alex as additive to, 

1938 
ignition delay measurements, 1940 
liquid propellants, Alex as additive to. 1938 
small rocket engine tests, 1942 
solid propellants, Alex as additive to, 

1937-1938 
for solid rocket engines, 1935 

Protein adsorption 
atomic force microscopy study, 3041-3064 

adsorbed protein structure, 3048-3049 
adsorption mechanisms, 3054-3060 
artifacts, 3044-3045 
atomic force microscopy techniques, 3042 
electrostatic effects, 3054-3055 
force interactions, 3051-3054 
growth mechanisms, 30563058 
kinetics, 3055-3056 
measurement techniques, 3041-3042 
multilayer formation, 3058 
nonuniform surfaces, 3049-305 1 
protein structure, 3058-3060 
supramolecular organization, 3045-3048 

chemical heterogeneity 
flexible polymer adsorption, 29 
globular protein adsorption, 29-32 

principles of, 3087-3088 
resisting, 389-390 
thermodynamics of, 3088 

Protein adsorption kinetics, 3088 
under applied electric field, 3031-3039 

impedance measurements, 3032 
local pH effects, 3038 
optical waveguide lightmode spectroscopy, 

3033 
protein charge heterogeneity, 3038 
quartz crystal microbalance, 3033 
reflectometry, 3032-3033 
solvent interfacial structure, 3038 
surface-bound counterions, 3037 
total internal reflection fluorescence, 3033 

Protein binding polymer nanoparticle. 282 
Protein interactions 

nanophase materials for enhancing, 
3090-3093 

properties influencing, 3088-3090 

with surfaces, 3087-3090 
properties influencing, 3088-3090 
protein adsorption, 3087-3088 
protein orientation, principles of, 3088 

Protein nanotubes, as building blocks, 
3065-3077 

arrangement, 3067-307 1 
coating, 3065-3067 
mechanical motion, 307 1-3073 
sensing, 3071 

Protein orientation, principles of, 3088 
Protein structure, 3079-3087 

primary protein structure, 3079-3080 
quaternary structure, 30863087 
secondary structure, 3080 
tertiary structure, 3080-3086 

Proteins 
adsorption of, 23-34 

chemical heterogeneity, 28-32 
modeling, 23-24 
nanometer scale physical heterogeneity, 

25-28 
simulation studies, 24-25 

atomic force microscopy. 124-1 25 
properties of, 3082 

Proximity x-ray lithography, 2413, 2419 
Pseudochiral, chiral, molecules, self-assembly at 

interfaces, 3431-3438 
Pseudoenantiomeric switches, in liquid crystal 

matrix, 21662167 
Pseudoenantiomers, chiral switches based on, 

2160-2162 
Pseudomoms putida, imaging, 139 
Pseudorotaxane crystal structure, 74 
P-type ATPases, chloride-conducting membrane 

protein, 3699 
Pulse detonation engines, Alexgel applications, 

1942- 1943 
Purity evaluation, carbon nanotubes, 494495 
Pyramidal quantum dots, applications, 

32 18-3220 
Pyridine-based coordination cages, self- 

assembly, 3423-3426 
Pyrolitic carbon, orthopedic implant, 269 
Pyrotechnics, metallic nanopowders, 1929 
Pyrrazoie synthesis, on lab-on-a-chip micro 

reactor, 1556 
Pymolidine-functionalized molecular switch, 

2164-2165 

Quantum chemical methods, extended systems, 
1468-1471 

Quantum computing, limits of energy dissipation 
vs. performance, 2199 

Quantum confinement, silicon nanocrystals, 
3563-3574 

excited state properties, 3564-3573 
density functional methods, 3567-3570 
empirical pseudopotential method, 

3564-3567 
Kartree-Fock method, 3570-3571 
passivated silicon nanocrystals, 3572-3573 
tight binding method, 3567 

Quantum dot arrays 
birefringence in, 3101-3 105 
electromagnetic properties, 3097-3 107 

Quantum dot image processors, 1079-1084 

dot capacitance, 1084 
interdot resistance, 1082 
measurements of circuit parameters, 1082 
negative differential resistance, 1082-1084 
quantum dot based neuromorphic 

architectures, 1080-1081 
self-assembling neural network, 1082 
"superdot" for image-processing applications, 

1084 
Quantum dot lasers, 3109-3 126 

advantages of, 3109-3 110 
defect reduction techniques, 3 1 17-3 1 18 
excited-state transitions, 3 114-31 16 
high-power operation, 3 121-3 122 
linewidth enhancement factor, 3120-3121 
quantum dot array, equilibrium vs. 

nonequilibrium carrier distribution in, 
3111-3112 

reduced camer lateral transport, 3 121 
temperature characteristics, 3 1 18-3 1 19 
threshold current density. 3 116-3 117 
time-response, 31 19-3 120 
vertical cavity surface emitting lasers, 

3122-3123 
Quantum dot polarizability, 3099-3100 

nonlocality, 3 100-3 101 
physical interpretation, 3100 

Quantum dot-based nanosensors, 2764 
Quantum dot-based neuromorphic architectures, 

1080-1081 
Quantum dots 

electronic coupling, 3 127-3 154 
electronic switches, 1099-1 101 
inelastic light scattering, 3155-3166 

electron quantum-dot atoms, 3162-3163 
electronic ground state, 3 156-3 158 
GaAs-AlGaAs deep-etched quantum dots, 

3161-3162 
InAs self-assembled quantum dots, 

3 162-3165 
scattering mechanisms, 3159-3161 

luminescence properties of, thermal effect on, 
3873-3881 

hulk semiconductors, optical properties of, 
3873-3874 

carriers transfer between quantum dots, 
3877-3879 

recombinations in quantum dots, 
3875-3877 

recombinations in simple confined systems, 
3875 

self-assembled, 3227-3235 
electroluminescence, 3232-3234 
electron diffraction, 3229 
electron microscopy, 3229 
electronic structures, 3213-3225 
fabrication methods, 3227 
lens-shaped dots, 3220-3223 
optical characterization, 3230-3234 
optical properties, 3213-3225 
photoluminescence, 3230-3232 
pseudopotential techniques, 3214-3217 
pyramidal quantum dots, 3218-3220 
single-particle Hamiltonian solution, 

3215-3217 
strain profile, 3214-3215 
structural characterization, 3227 
time-resolved photoluminescence, 3232 
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Quantum dots (cont.) 
"two-body" interactions calculation, 3217 
x-ray scattering, 3229-3230 

self-assembled multiple germanium 
structures, phonos in, 3203-321 1 

acoustic phonons, 3208-3209 
optical phonons, 3204-3207 

semiconductor, atomic ordering, 3237-3246 
Quantum dots made of cadmium selenide, 

3167-3176 
formation of, 3 168-3 170 
microphotoluminescence, 3 170-3 17 1 
optical properties, 3 170-3 174 
selectively excited photoluminescence, 

3171-3174 
Quantum dots made of metals, 3177-3202 

core-shell particles, 3 191-3 192 
ligand binding, effect of alloying on, 

3192-3194 
metal nanoclusters, 3 194 
nanocluster characterization, 3180-3183 
nanocluster matter, 3 198-3 199 
nanocluster synthetic methods, 3179-3180 
nanoclusternigand binding studies, 

3184-3185 
optical properties, core-shell nanocrystals, 

3187-3191 
quantum dot arrays, 3 194-3 198 
synthesis optimization, 3183 
synthetic variables, 3 185-3 187 

Quantum electronics nanoparticle devices, 
electrically functional microstructures 
from, 1034 

Quantum Hall effect, single-electron transistor 
microscopy, 3301-3302 

Quantum rods made of cadmium selenide, 
anistropy, 3255-3265 

dielectric properties, 3259-3260 
optical properties, 3256-3259 

Quantum tunneling, magnetic nanomaterials, 
1675-1676 

Quantum wire based room temperature infrared 
photodetectors, 1076-1079 

origin of photoresponse, 1077-1079 
Quantum wire junctions, two-dimensional array, 

658 
Quartz, 1149 
Quartz crystal microbalance theory, 

microweighing in supercritical carbon 
dioxide, 1981-1983 

Radiocesium, 1 129-1 130 
Raman near-field microscopy, 2707-2708 
Raman spectroscopy, 2690-2691 

carbon nanotube-conducting polymer 
composites, 3267-3279 

charge transfer, 3274-3277 
interfacial interactions, 3270-3274 
shear field processing, 3270 

Rare earth complex, encapsulation in 
nanobottles,' 875-876 

Rare earth-doped lasers, amplifiers, 2861-2862 
Reactivity, carbon nanotubes, 495496 
Receptor I -chromophore-receptor systems, 

2749-2750 
Receptor I -spacer , -fluorophore-spacer 

-receptor systems, 2753-3755 
Receptor-ligand interactions, dynamic 

measurements, 995 
Receptor-modified metal nanoparticle, 

1841-1850 

anions, recognition of, 1844 
as catalysts, 1847-1 848 
cations, recognition of, 1844 
fabrication of networks in, 1846-1 847 
redox-active species, recognition of, 

1843-1 844 
rotaxanes on, 1846 
surfaces of, molecular recognition at, 

1842-1 844 
as templates, 1845-1 846 

Receptors, design theory, 2425-2426 
Redox-responsive receptors, self-assembly of, 

3503-35 1 1 
metallamacrocyclic receptors, ion-pairs, 

3504-3509 
organometallic half-sandwich complexes, 

3503-3504 
Refraction, structural color from, 37 13-37 14 
Resonant probes, 2682-2683 
Resorcinarenes, 1308-13 12, 1329-1337 
Reverse micelles, 23 17-23 18 

polymer synthesis, 3375-3378 
Ring structures from nanoparticles, 3281-3288 

micro-sized ring self-assembly, 3282-3284 
thermocapillary mechanisms, 3282-3283 
wetting mechanisms, 3283-3284 

nanoscale ring self-assembly, 3284-3285 
magnetostatic mechanisms, 3285 
polymer films, 3285 

self-assembly of macroscopic rings, 
328 1-3282 

Risk assessment, 3289-3295 
nature's complexity, matching, 3292-3293 
punctuated equilibrium, understanding, 

329 1-3292 
technologies, 3290-3291 
transformation of, 3290-3292 

Rocket propulsion, metallic nanopowders, 
1935-1945 

Alexgel applications, 1942-1943 
hydrocarbon-based liquid rocket engines, 

1942 
hydrocarbon-based RBCC systems, 1942 
liquid hydrogen engines, 1943 
pulse detonation engines, 1942-1943 

environmental issues, 196-1937 
in liquid monopropellants, 1936 
for liquid rocket engines, 1935-1936 
nanometal powder fuels, 1937-1942 

aluminized gels, development, 1939-1940 
"combustion" in nitrogen, 1942 
gelled aluminized propellants, mechanisms 

of combustion of, 1938-1939 
hybrid propellants, Alex as additive to, 

1938 
ignition delay measurements, 1940 
liquid propellants, Alex as additive to, 1938 
small rocket engine tests, 1942 
solid propellants, Alex as additive to, 

1937-1938 
for solid rocket engines, 1935 

Rotary motion, unidirectional, in liquid 
crystalline environment, 2 173-2174 

Rotary motors, unidirection, sterically 
overcrowded alkenes as, 2 169-2 173 

Rotaxanes 
hydrogen bonding, self-assembly directed by, 

3405-3406 
switchable, computational analysis of, 

807-82 1 
Roughening, naturally chiral surfaces, 

1119-1 120 

Rubbery block copolymers, templating polymer 
crystal growth using, strongly- 
segregated semicrystalline, 
386 1-3862 

Rutheniumliridium multilayers, thin film 
structural transition. 3740 

Rutile 
energetic parameters, 1148 
surface free energy, 1573 

Saccharomyces carlsbergen.\is, imaging, 138 
Saccharomyces cerevisiae, imaging, 134, 137 
Saier, chloride-conducting membrane proteins, 

3699 
Salts, in soil, 1149 
Saponite, 2 15 
Sarin 

decontamination by nanoparticle, 241, 242 
structure of, 378 

Scanner artifacts, atomic force microscopy, 
150-151 

Scanning electrochemical microscope, 2621 
Scanning electron micrograph, 2758 
Scanning electron microscope, 2401 
Scanning electron microscopy, 2072, 2272, 

2372, 2514, 2578, 2610, 2631, 2740 
Scanning far-infrared microscopy, 2678-2680 
Scanning near-field infrared microscopy, 

2678-2680 
Scanning near-field microwave microscopy, 

2680-2683 
coaxial waveguides, 268 1 

Scanning near-field optical microscopy, 
2677-2678 

apetureless probes, 2677-2678 
fiber probes, 2677 
integrated probes, 2678 

Scanning probe lithography 
dip-pen nanolithography, direct-write, 

2978-2979 
nanografting, 2975 
polymeric, biomolecular nanostructures, 

2974-2978 
dip-pen nanolithography, 2975-2978 
nanoshaving, 2975 
near-field scanning optical lithography, 

2979-2980 
Scanning single-electron transistor microscopy, 

3297-3303 
imaging with, 3299-3302 

quantum Hall effect, 3301-3302 
surface charge patterns, 3300 

single-electron transistor 
nature of, 3297-3298 
as scanning device, 3298-3299 

Scanning thermal microscopy, 2680 
Scanning tunneling microscope, 2145, 2213 
Scanning tunneling microscopy, 35 1, 207 1, 

2 180, 262 1, 2677, 2695, 2709 
chiral pair self-assembled monolayers, 

3305-33 13 
iodination products of oleic acid, elaidic 

acid, monolayer of, 3309-331 1 
oleyl alcohol iodination product 

monolayer, 3307-3309 
Scanning tunneling microscopy lithography. 

262 1 
Scanning tunneling microscopy-based 

microwave microscopy, 268 1 
Scattering, structural color from, 3720-3721 
Scenesdesmus subspicatus hiosensor, 376 
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Schalley's "stoppering" rotaxane synthesis, anion 
template, 73 

Second-generation molecular motor, 2 169-2173 
Sedimentation potential, 1000 
Sediments, environmental nanoparticle, 

1151-1 152 
Selectivity, chemical, interfacial phenomena and, 

1505-1514 
molecular recognition, at interfaces, 

1505-1506 
surfaces, chemical selectivity of, 1506151 1 

molecular interactions, 1506-15 1 1 
molecular organization, 1508- 15 1 1 
molecular structure, 1506-1508 

Self-assembled acetamide phosphonic acids on 
mesoporous silica, 1055-1057 

Self-assembled monolayers 
effect of humidity, adhesion between surfaces 

coated with, 1-9 
layer-by-layer assembly of gold nanoclusters 

modified with, 1581-1590 
modification under vacuum conditions, 

3315-3329 
alkanethiolate, 332 1-3322 
atomic chlorine modification, 3322-3323 
atomic radicals, chemical modification 

with, 3319-3323 
electron-induced modification, 33 17-33 19 
radical modification, 3317 
sample preparation, 33 17 
surface analysis, 331 7 
vapor-phase metallization, 33 17, 

3323-3326 
x-ray-induced modification, 33 17-33 19 

surface nanostructure, wetting, 333 1-3344 
Self-assembled multiple germanium structures. 

phonos in, quantum dots, 3203-321 1 
acoustic phonons, 3208-3209 
optical phonons, 3204-3207 

Self-assembled nanoarrays, electrochemically, 
1073-1085 

electrochemical self-assembly, 1073-1076 
anodization, 1075 
contacting nanowires, 1076 
electrodepositing compound 

semiconductor, 1075 
electrodepositing metal, 1075 

nanofabrication, 1073 
quantum dot image processors, 1079-1084 

dot capacitance, 1084 
interdot resistance, 1082 
measurements of circuit parameters, 

1082 
negative differential resistance, 1082-1084 
quantum dot based neuromorphic 

architectures, 1080-108 1 
self-assembling neural network, 1082 
"superdot" for image-processing 

applications, 1084 
quantum wire based room temperature 

infrared photodetectors, 1076-1079 
origin of photoresponse, 1077-1079 

Self-assembled silane monolayers, conversion of 
cyano to carboxylic termination, 
3345-3359 

Self-assembled solid-state hydrogen-bonded 
structure, Hamilton's, ribhon 
arrangement of, 70 

Self-assembled thin films, optical 
characterization, 3361-337 1 

colloidal assemblies, 3364-3370 
effective medium theories, 3365-3366 
ellipsometric spectra, 3365 
spectroscopic ellipsometry on thin island 

films, 3364-3365 
thin island film theory, 33663370 

gold colloid preparation, 3362-3364 
single-particle optical characterization, 

3362-3364 
substrates, 3362 

Self-assembling lipid microtubes, 3656-3657 
Self-assembling systems, biomimetic, 287-294 

artificial self-assembling systems, 289-291 
constrained self-assembly, 289-290 
dynamic self-assembling systems, 291 
hierarchical self-assembly, 290 
self-healing structures, 290-291 
shape complementarity, recognition by, 

290 - ~ 

Self-assembly 
cavitand-based coordination cages, 

34 15-3430 
enlarged nitrile-based coordination cages, 

3422-3423 
nitrile-based coordination cages, 

34 17-3422 
pyridine-based coordination cages, 

3423-3426 
chiral, pseudochiral molecules at interfaces, 

343 1-3438 
cyclic peptides, hydrogen-bonded nanotubes, 

3439-3457 
application status, peptide nanotubes. 

3450-3454 
hydrogen-bonded nanostructures, 155-157 
layered double hydroxides, 3387-3398 
nanocolloidal gold films, 3459-3469 

kinetics, irreversible gold nanocrystal 
deposition, 346 1-3466 

two-three-dimensional nanostructure, for 
electronic applications, 35 13-3525 

Self-assembly directed by hydrogen bonding, 
3399-3413 

catenanes, 3405-3406 
cyclic assemblies, 3401-3403 
helical structures, 34063408 
hydrogen-bonded polymers, 3409 
molecular capsules, boxes, 3403-3405 
molecular self-assembly, 3399 
rotaxanes, 3405-3406 
self-assembly of nanotubes, 3408-3409 
simple systems, 3400 

Self-assembly monolayers 
immobilization on, 355 
surface modification method, 352-353 

Self-assembly of macroscopic rings, 
nanoparticle, 3281-3282 

Self-assembly of nanoparticle, polymer- 
mediated, 2985-2998 

catalyic applications, 2987-2990 
highly organized polymer-nanoparticle 

assemblies, 2994-2996 
nanoparticle assemblies, organized, 

299G2994 
nanoparticle building blocks, 29862987 
polymer scaffolds, 2985-2986 

Self-assembly of organic films, nonlinear optical 
materials, 347 1-3480 

characterization, 3474-3476 
chromophore deposition, orientation, 

34763478 
covalent/ionic self-assembly, nonlinear 

optical film fabrication, 3473-3474 
Self-assembly of porphyrinic materials, on 

surfaces, 348 1-3502 
applications, 3484 
porphyrinoids, 348 1-3483 
self-assembled porphyrinic materials, 

3489-3493 
self-organized porphyrinic films, 3484-3489 
supramolecular chemistry, 3483 
supramolecular systems, 3483-3484 

Self-assembly of redox-responsive receptors, 
3503-35 1 1 

metallamacrocyclic receptors, ion-pairs, 
3504-3509 

organometallic half-sandwich complexes, 
3503-3504 

Self-formed quantum dots, 3227-3235 
fabrication methods, 3227 
structural characterization, 3227 

electron diffraction, 3229 
electron microscopy, 3229 
x-ray scattering, 3229-3230 

Self-heating synthesis, metallic nanopowders, 
1929 

Self-organized porphyrinic films on surfaces, 
3484-3489 

Self-organized superstructures, molecular 
designs for, 2057-2066 

controlled crystal structures, 2057-2061 
by neutral biimidazolate complex, 

206 1-2064 
molecular metal building block, 2057 

Self-propagating high-temperature synthesis, 
nanocrystalline powders, 2294 

Semiconducting bolaform amphiphiles, layer-by- 
layer assembly, 1607-1622 

Semiconducting nanoparticle, 2479-2480 
Semiconductor, quantum dots 

atomic ordering, 3237-3246 
nanoscale site control, 3247-3249 
optical properties, 3252-3253 
site-controlled self-organization, 3247-3254 

mechanism of, 3249-3250 
three-dimensional site control, 3250-3252 

Semiconductor nanocrystals, cadmium sulfide 
nanocrystals, 787 

Semiconductor nanoparticle 
charge carrier dynamics in, 667-673 
layer-by-layer assembly of, 1628-1629 
photochemistry, 2843-3846 

Semiconductor nanoparticle films, dimensionally 
graded, 9 13-92 1 

Semicrystalline-glassy block copolymers, 
templating polymer crystal growth 
using, crystallization in nanoscale 
environments, 3855 

Semicrystalline-poor block copolymers, 
templating polymer crystal growth 
using, 3855-3858 

Semicrystalline-rich block copolymers, 
templating polymer crystal growth 
using, 3858-3860 
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Semicrystalline-rubbery systems, templating 
polymer crystal growth using, 3860 

Sensing applications, molecular self-assembly, 
1125-1 135 

actinides, 1 130 
electrochemical heavy metal detection, 1 13 1 
heavy metal assay, 1 130-113 1 
nanoscience, 1 1 2 6 1  128 

mesoporous ceramics, functionalization of, 
11261127 

nanostructured materials, 1 126 
self-assembled monolayers, 1127-1 128 

nuclear assay methods, enhancement of, 
1131-1133 

oxometallate anions, 1 129 
radiocesium, 1 129-1 130 
soft heavy metals, 1 128-1 129 
sorbent materials, self-assembled monolayers 

as, 1 128-1 129 
x-ray fluorescence, 1 l 3 G l l 3  1 

Sensors. See also Biosensors 
nanoparticle, 2484-2487 
nanotube, 2667-2676 

Sensors based on chemicurrents, 3527-3537 
Separations, nanofiltration, 2399-2412 
Sequential adsorption, nanoscale domains, 

3539-3549 
Serine, 266 

properties of, 3082 
Shell thickness dependence, core-shell hydrogel 

nanoparticle, 859-860 
Shipping of metallic nanopowders, 193 1 
Sidewall functionalization, 497-500 
Silane monolayers, self-assembled, conversion 

of cyano to carboxylic termination, 
3345-3359 

Silane self-assembled monolayers, 3539-3549 
Silica 

alkylsilane self-assembled monolayers on, 4-6 
mesoporous 

self-assembled acetamide phosphonic acids 
on, 1055-1057 

thiol-terminated self-assembled monolayer 
on, 1054-1055 

Silica mass spectroscopy research, 
heterogeneous catalytic reactions, 
1384-1385 

Silica particles, photochemistry, 28462847 
Silica surface functionalization, 1269-1272 

chemical reactions used to produce, 
1270-1271 

in chromatography, 127 1-1272 
immobilized enzymes, functionalized silica 

surfaces, 1273-1274 
metal complex catalysts, anchored on silicas, 

1272-1273 
in polymers, dispersion media, 1274-1275 
in solid-phase extraction, 127 1-1272 

Silica-based nanoscale materials, 
photoluminescence of, 14761477 

Silicate nanocomposites, epoxy layered, 
aerospace applications, 45-54 

aerospace epoxy nanocomposites, 46 
layered organosilicate, 4 5 4 6  
layered silicate, 4 5 4 6  
morphology characterization, 46-47 
morphology development, 49-50 

different curing agents, 50-51 
primer layer for aircraft coating, 51-52 
processing, 49-50 
properties of, 4 7 4 9  

Silicon, 22 13-22 15 

indium arsenide islands on, 1439-1446 
Silicon microcavities, porous, 343-350 

bacterial biosensor development, targets for, 
347 

bacterium detection, 345-349 
DNA detection, 344 
lipopolysaccharide, structure of, 347 
virus detection, 344-345 

Silicon nanocluster simulation, 355 1-3562 
computational methods, 3552-3553 
emission gaps via stokes shift, 3557-3560 
impurity atom, 3553-3554 
multiple oxygen termination, 3555 
oxygen passivation, 3554-3555 
surface passivation, 3553-3555 
surface reconstructions, 3555-3557 

Silicon nanocrystals, quantum confinement, 
3563-3574 

excited state properties, 3564-3573 
density functional methods, 3567-3570 
empirical pseudopotential method, 

3564-3567 
Kartree-Fock method, 3570-3571 
passivated silicon nanocrystals, 3572-3573 
tight binding method, 3567 

Silicon nanoparticle, 67-673 
Silicon-water interface, ordered vesicles, 

2769-2777 
Silicotungstic acid, 28 19 
Silver 

formation of cages, polymers with, 62-66 
nanotube alloyed with, 1461-1465 

Silver halide nanoparticle, 673 
Silver nanoparticle assembly, surface plasmon 

spectra, 38 19-3830 
Simulants, 38 1 
Single enzyme nanoparticle, biocatalytic, 

235-245 
catalytic stability, 237-238 
enzyme stabilization approaches, 236 
kinetics, 238 
mass transfer, 238 
methacryloxpropyltrimethoxysilane, 236 
synthesis, 235-236 
transmission electron microscopy, 236-237 

Single molecule spectroscopy, 3575-3596 
detection methods, 35763580 

spatial selection, 3577-3579 
spectral selection, 3577 

historical perspective, 3576 
materials characterization, 3580-3590 
verification, 3580 

Single molecules 
mechanical properties of, 139-140 
superconducting nanowires templated by, 

376 1-3773 
fabrication of, 3763-3765 
properties of, 3761-3763 
transport measurements, 3765-3771 

Single nanoaprticle spectroscopy, 3821-3822 
Single-electron transistor microscopy, 

3297-3303 
imaging with, 3299-3302 

quantum Hall effect, 3301-3302 
surface charge patterns, 3300 

nature of single-electron transistor, 
3297-3298 

single-electron transistor as scanning device, 
3298-3299 

Single-electron transistors, 21 98-2 199 
Single-layer quantum dot ensembles, 3 128-3 135 

island formation, 3 128-3 129 

Single-molecule force microscopy. 1 19-1 3 1 
Single-nanotube electrode, carbon nanotubes, 

509 
Single-phase nanocrystalline alloys, 1395 
Single-walled carbon nanotubes, 2019, 2068, 

2109, 3605-3615, 3629-3639 
actuation upon charge injection, 3610-3611 

graphite intercalation compounds, 
3610-3611 

armchair, 3607-3608 
capillary electrophoresis separation, 

361 7-3628 
chiral, 3608 
density functional theory study, field emission 

properties, 3597-3604 
electronic properties, 3608-3610 
field emission properties. density functional 

theory study, 3597-3604 
geometry of, 3607-3608 
graphene, structures from, 3629-3630 
helical, rotational symmetries, 3631-3633 
hydrogen storage, 557 
super capacitors, 539-540 
translational symmetries, 3630-363 1 
zigzag, 3608 

Single-walled nanotubes, 2190, 2633 
Sintering, catalyst nanostructures deactivation, 

3965 
Size distributions, atmospheric nanoparticle, 95 
Size exclusion chromatography, 3 180-3 182 
Small amplitude atomic force microscopy, 

3641-3654 
Smart nanotubes for biotechnology, biocatalysis, 

3655-3666 
bioseparations, nanotube membranes for, 

3663-3664 
fullerene carbon nanotubes, 3657 
peptide nanotubes, 3657-3660 
self-assembling lipid microtubes, 3656-3657 
template-synthesized nanotubes, 3-3664 

Soft heavy metals, 1 128-1 129 
Soft tissue wound healing, aequential events of, 

264 
Soil, nanoparticle in, 1148-1 151 
Soil minerals, 1149 
Solar cells, organic-based, 2879-2895 
Sol-gel synthesis, templating aerogels for 

tunable nanopomsity, 3843-3844 
Sol-gel technique, 1909-19 10 
Solid colloidal particle, liquid, interfacial forces 

between, 1491-1503 
deformable interfaces, interactions involving, 

1493-1494 
direct measurement, 1493-1498 

deformable surfaces, 14961497 
force curve analysis, 1497-1498 
surface force measurement, 1494-1496 

interfacial forces, 149 1-1 493 
surface forces measurement, 1491 

Solid polymeric composites. micromechanical 
behavior of, nanoparticle-polymer 
mixtures, 3787-3788 

Solid rocket engines, rocket propulsion, 1935 
Solids, chirality of, 11 13-1 1 14 
Solid-state hydrogen-bonded structure, self- 

assembled, Ham~lton's, ribbon 
arrangement of, 70 

Solvent-assisted micromoldmg, 2619 
Soman, decontamination by nanoparticle, 

241-242 
Sorbent materials, self-assembled monolayers as. 

1128-1 129 
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Sorption of metal ions, 17G171 
Spatially resolved force spectroscopy, 136-137 
Spectroscopic ellipsometry 

optical anisotropy, nanoporous anodic 
aluminum oxide, 3688-3693 

on thin island films, 3364-3365 
Spectroscopy, single molecule, 3575-3596 

detection methods, 35763580 
spatial selection, 3577-3579 
spectral selection, 3577 

historical perspective, 3576 
materials characterization, 3580-3590 
verification, 3580 

Spin-coated cyanogels, 3667-3674 
film characterization, 3669 
preparation, 3669 

Spinel, energetic parameters, 1 148 
Spirulina subsalsa biosensor, 377 
Spotting of DNA, immobilization technique, 

958 
Spray pyrolysis, 1908 
Stainless steel 

orthopedic implant, 269 
titanium dioxide coatings, 3918-3925 

Stamps, high-resolution, 2869-2873 
StarPharma, 256 
Steric force, nanoparticle determined by direct 

measurement, 3809-38 10 
Sterically overcrowded alkenes, as unidirection 

rotary motors, 2169-2173 
Streaming potential, 2000 
Structural color, 3713-3722 

by diffraction, 37 17-3719 
from interference, 37 14-37 17 
from refraction, 3713-3714 
by scattering, 3720-3721 

Structural nanomaterials, 3723-3735 
ductility, 3728-3730 
elevated temperature behavior, 3731-3732 

two-phase nanomaterials, 3732 
fabrication, 3723-3725 

processing, 3723-3725 
fatigue properties, 373G3731 
fracture, 3730 
strength, 37263728 
wear, 3731 

Structural transitions in thin films, 3737-3747 
cohaltlchromium multilayers, 3740 
cobaltlcopper multilayers, 3738-3739 
cobaltlmanganese multilayers, 3739 
ironhickel multilayers, 3739 
i rod~thenium multilayers, 3738 
nanolayered cobalt, on gallium arsenide, 3738 
nanolayered copper, palladium thin film, on 

tungsten substrate, 3740 
niobiudtitanium multilayers, 3740-3741 
niobium/zirconium multilayers, 3738 
platinum/cohalt multilayers, 3739 
mtheniudiridium multilayers, 3740 
titanium nitridelaluminum nitride multilayers, 

3740 
titaniumlfcc metal multilayers, 3741-3743 
titaniumlsilver multilayers, 3737 

Submicron resolution, two-photon absorption 
polymerization, microstructures 
fabricated by, 3909-39 12 

Sulfate permease, 3699 
Sulfate-polyacrylamide gel electrophoresis, 21 18 

Sum frequency generation vibrational 
spectroscopy studies, molecular 
orientation at interfaces, 3749-3760 

Supercapacitors 
carbon nanotube-conducting polymer 

composites in, 447459 
polymer composite, conducting, 447449 
prototype devices, 454-455 
supercapacitors, 449-451 

carbon nanotubes, 537-546 
capacitor performance, 538 
conducting polymer composites, 543-545 
multiwalled nanotubes, 540-543 
single-walled nanotubes, 539-540 
for storage of energy, 537-546 

Superconducting nanowires, templated by single 
molecules, 3761-3773 

fabrication of, 3763-3765 
properties of, 3761-3763 
transport measurements, 3765-3771 

Supercritical carbon dioxide 
metal nanoparticle, 1851-1858 

microemulsions, 1852 
rapid expansion, supercritical solutions, 

1851-1852 
reactive supercritical fluid processing, 1852 
silver nanoparticle, 1853-1855 
silver sulfide nanoparticle, 1855-1 856 

microweighing, 1977-1990 
gravimetric technique, 1977-1978 
microweighing methods, comparison of, 

1980 
piezoelectric technique, 1977-1 978 
polymer films in supercritical CO,, 

dissolution study, 1983-1984 
quartz crystal microbalance theory, 

1981-1983 
Supercritical drying, templating aerogels for 

tunable nanoporosity, 3847-3849 
Supercritical fluid, nanostructured materials 

synthesized in, 2595-2606 
Superfine oxides, in liquid metals, 

nanocrystalline powders, 2294 
Superlattices, nanocrystals, 71 1-7 14 
Superparamagnetism, magnetic nanomaterials, 

1668-1670 
Superstructures, self-organized, molecular 

designs for, 2057-2066 
controlled crystal structures, 2057-2061 

by neutral biimidazolate complex, 
206 1-2064 

molecular metal building block, 2057 
Supported bilayers, 2507-2508 
Supramolecular aggregates 

atomic force microscopy, 155 
with controlled size, shape, on solid surfaces, 

3775-3784 
Supramolecular chemistry, molecular assembly 

of nanowires, 202G2021 
Supramolecular materials, 245 1-2452 
Supramolecular mechanics, carbon nanotubes, 

587401 
coalescence of nanotubes, as reversed failure, 

597-598 
elastic shell model, supramolecular 

morphology changes, 591-593 
failure, relaxation mechanisms, 593-596 
linear elastic properties, 588-589 

strength-failure evaluation, kinetic approach, 
596-597 

supramolecular scale, tensegrity at, 598-599 
van der Wads interactions, 589-591 

Supramolecular networks, synthesized in 
nanoparticle-polymer mixtures, 
3785-3793 

binary particle systems, 3790-3792 
diblocWparticle mixtures, morphology of, 

37863787 
models, 37863788 
particle size, 3788-3790 
solid polymeric composites, micromechanical 

behavior of, 3787-3788 
Supramolecular scale, tensegrity at, carbon 

nanotubes, 598-599 
Surface charge, mineral nanoparticle, origin of, 

1991-1992 
Surface engineering, biosensors, 35 1-360 

biomolecules, analytical techniques for 
detection of, 351-352 

protein immobilization, 353-356 
surface patterning, 356357 

Surface forces, nanoparticle determined by direct 
measurement, 3805-381 7 

Derjaguin-Landau-Verwey-Overbeek theory, 
3807-3809 

electrostatic forces, 3807 
measurement techniques, 3810-3816 

atomic force microscopy, 38 1 1-38 12 
for nanoparticle, 38 12-38 16 
surface force apparatus, 38 10-38 1 1 
total internal reflection microscopy, 381 1 

steric force, 3809-3810 
van der Wads force, 3805-3807 

Surface molecular switches, 2153-2155 
Surface nanostructure, self-assembled 

monolayers, wetting, 3331-3344 
Surface patterning, biosensor applications, 

356357 
Surface plasmon spectra, silver, gold 

nanoparticle assemblies, 3819-3830 
Surface-assembly of, 2480-2482 
Surface-enhanced Raman scattering technique, 

268 
Surface-initiated free radical polymerization, 

using cationic initiator derivatives, 
2964-2966 

Surfaces 
chemical selectivity of, 150615 11 

molecular interactions, 150615 11 
molecular organization, 1508-151 1 
molecular structure, 15061508 

stability of nanostructures on, 3675-3683 
Surfaces coated with self-assembled monolayers, 

adhesion, 1-9 
adhesion hysteresis, 5 
alkylsilane self-assembled monolayers 

on mica, 6-8 
on silica, 4 4  

alkylthiol self-assembled monolayers, on 
gold, 3-4 

capillary condensation, 1-3 
pulloff forces, 4 

Surfactant gel mesophase, polymer synthesis, 
3378-3381 

Suspensions, nanoparticle, phase behavior of, 
28 13-2824 
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Switchable, programmable devices, molecular 
electronics, 2081-2099 

Switchable catenanes, computational analysis, 
797-805 

binding site selectivity origin of, 801 
catenane systems dynamics, 799-801 
co-conformational isomerism, 801-802 
structural fundamentals, 798-799 

Switchable rotaxanes, computational analysis of, 
807-82 1 

Switches 
chiral 

based on enantiomers, 2159-2160 
based on pseudoenantiomers, 2160-2162 

electronic, 1099-1 11 1 
carbon nanotubes, 1104-1 107 
molecular actuators, 1107-1 109 
nanoparticle, 1099-1 101 
quantum dots, 1099-1 101 
switches, 1101-1 104 

enantiomeric, in liquid crystal matrix, 2166 
molecular, 2145-2157, 2159-2176 

chemical bimolecular reactions, 2149 
chemical switches, 21462149 
chiroptical, sterically overcrowded alkenes 

as, 2159-2166 
intrinsic, 2149-2 153 
molecules in interaction, 2 147-2 149 
pyrrolidine-functionalized, 2164-2165 
simple chemical conversions, 2 1462147 
surface, 2153-2155 

nonlinear optical, design theory, 2428-2429 
pseudoenantiomeric, in liquid crystal matrix, 

21662167 
Switching 

chiroptical, in polymeric matrices, 2165-2166 
liquid crystalline phases, 2166-2169 

Synthesis in polymer substrates, 2493-2505 

Tabun, structure of, 378 
Tagging, nonbiological, 209 
Tantalum, orthopedic implant, 269 
Tapping mode atomic force microscope, 

988-991 
Targesome, 256 
Tartarate method, magnetic nanomaterial 

synthesis, 1686-1688 
Temperature-programmed-desportion system, 

hydrogen storage, 558 
Template synthesis, conducting polymers, 

2615-2619 
Template-directed assembly, dinuclear triple- 

stranded helicates, 383 1-3842 
Template-synthesized nanotubes, 3660-3664 
Templating aerogels for tunable nanoporosity, 

3843-385 1 
drying methods, 3845-3849 

evaporative drying, 3846-3847 
removal of template material, 3849 
supercritical drying, 3847-3849 

sol-gel synthesis, 3843-3844 
tailoring nanoporous material, 3849-3850 
template materials, 3844-3845 

Templating polymer crystal growth using block 
copolymers, 3853-3865 

amorphous systems, block copolymer phase 
separation, 3853-3854 

large areas, patterning semicrystalline block 
copolymers over, 3862-3863 

moderately-segregated systems, 3860-3861 

rubbery block copolymers, strongly- 
segregated semicrystalline, 
3861-3862 

semicrystalline systems, microphase 
separation in, 3854-3855 

semicrystalline-glassy block copolymers, 
crystallization in nanoscale 
environments, 3855 

semicrystalline-poor block copolymers, 
3855-3858 

semicrystalline-rich block copolymers, 
3858-3860 

semicrystalline-rubbery systems, 3860 
Tensegrity at supramolecular scale, carbon 

nanotubes, 598-599 
Tetracyano-P-quino-dimethane, 2019 
Tetradecylammonium bromide, 2898 
Tetraethoxysilane, 2846 
Tetraethyl orthosilicate, 2541 
Tetrafluoroborate templated nickel square, anion 

templated system, 59 
Tetraguanidinium strand 

double helicate structure self-assembly, 70 
Mendoza's, double helicate structure self- 

assembly, 70 
Tetrahedral cage, 57 
Tetrahydrofuran, 2356 
Tetramelamine, atomic force microscopy, 156 
Tetramers, nanoparticle, 3822 
Tetrarosettes, atomic force microscopy, 156 
Tetrathiafulvalene, 20 19, 2021, 2152 
Therapeutic devices, nanotechnology in, 

247-261 
Therapeutics, nanotechnology in, 253-256 
Thermal conductivity 

carbon nanotubes, 606409 
nanoceramics, 3867-3872 

grain boundaries, scattering by, 3869-3870 
inclusions, reductions by, 3871 
increasing, 387 1-3872 
interaction processes, 3868 
lattice thermal conductivity, 3867-3868 
radiative component, 3870 
reductions, 3868-3869 
thin layers, reductions by, 3871 
wave scattering by obstacles, 3870 

Thermal decomposition 
nanocrystalline powders, 2293 
polynuclear coordination compounds, 

1685-1695 
Thermal effect, luminescence properties of 

quantum dots, 3873-388 1 
caniers transfer between quantum dots, 

3877-3879 
on optical properties of bulk semiconductors, 

3873-3874 
on recombinations in quantum dots, 

3875-3877 
on recombinations in simple confined 

systems, 3875 
Thermal properties of nanobridges, 3883-3891 

breaking, 3887-3890 
initial structures, 3884 
melting, 3887-3890 
oscillations, 3884-3886 

Thermodynamics, at meso-, nanoscale, 
3893-3904 

complex fluids, competition of mesoscales in, 
3900-3902 

finite-size scaling, 3900 
fluctuations, role of, 3895 

Landau4inzburg mesoscopic functional. 
3897-3898 

mesoscale susceptibility. 3899-3900 
nanoparticle, building, 3895-3896 
percolation, 3902 

Thermomorphic allylic ammation, 907 
Thermoplastic olefins, 3025-3026 
Thin films 

mixed nanoparticle, layer-by-layer assembly 
of, 1623-1633 

structural transformations, 3737-3743 
structural transitions in, 3737-3747 

cobaltkhromium multilayers. 3740 
cobaltkopper multila!ers, 3738-3739 
cobalthanganese multilayers, 3739 
ironhickel multilayer\, 3739 
iron/ruthenium multilayers. 3738 
nanolayered cobalt, on gallium arsenide, 

3738 
nanolayered copper, palladium thin film, 

on tungsten subwate. 3740 
niobiudtitanium multilayers, 3740-3741 
niobium/zirconium multilayers, 3738 
platinumkobalt multilayers, 3739 
ruthenium/iridium multilayers, 3740 
titanium nitride/aluminum nitride 

multilayers, 3740 
titaniudfcc metal multilayers, 3741-3743 
titaniudsilver multilayers, 3737 

Thin island film theory, 33663370 
Thiocyanine, 2840 
Thiol-passivated gold nanwlusters, structural 

properties of, 1291-1 292 
Thiol-terminated self-assembled monolayer on 

mesoporous silica, 1054-1055 
Threading of axle molecules through 

macrocycles, 195-204 
daisy-chain polyrotaxane. 195 
equilibrium constants, 198-203 

chain length, branching, effects of, 
200-202 

pseudo-[2]-rotaxane format~on, 197-198 
solvent, effect of, 198-200 
steric effects, 200 
substituent effects, 200 
terminal groups, influence of, 202-203 

molecular threading, 195-197 
riveted polyrotaxane, 195 

Three-dimensional nanofabrication, using 
multiphoton absorption, 3905-3915 

Threonine, 266 
properties of, 3082 

Threshold current density, quantum dot lasers, 
3116-3117 

Tight binding method, silicon nanocrystals, 
quantum confinement, 3567 

Time-resolved laser fluorescence spectroscopy, 
170 

Time-resolved photolumine\cence, optical 
characterization, self-formed 
quantum dots, 3232 

Tips, metallic, with near-field Raman 
spectroscopy, 2695-2702 

Tissue engineering, 247-26 1 
nanotechnology for, 272 

Titania, gold nanoparticle on, 1297-1 304 
carbon monoxide oxidation, 129% 130 1 
decomposition of sulfur dioxide on, 

1301-1302 
Titanium, orthopedic implant, 269 
Titanium dioxide coatings, on stainless steel, 

391 8-3925 



(Volume I: 1-892: Volume 2: 893-1796: Volume 3: 1797-2676; Volume 4: 2677-3296: Volume 5: 3297-3980) Index 

Titanium nitride/aluminum nitride multilayers, 
thin film structural transition, 3740 

Titaniumlfcc metal multilayers, thin film 
structural transition, 3741-3743 

Titaniumlsilver multilayers, thin film structural 
transition, 3737 

Tobacco mosaic virus, 323-324 
Toluene, surface tension, 1573 
Total internal reflection fluorescence, protein 

adsorption kinetics, under applied 
electric field, 3033 

Total internal reflection microscopy, surface 
forces, nanoparticle determination, 
381 1 

Toxicity sensing, electrochemical methods for, 
1066-1068 

Trabecular bone, orthopedic implant, 269 
Transdermal delivery, micro-Inanoscale needles 

for, 254-255 
Transistors, single-electron, 2 198-21 99 
Transition metal oxides, catalytic properties of, 

1913-1914 
Transmission electron microscopic, 2467 
Transmission electron microscopy, 236-237, 

2272, 2312, 2372, 2495, 2572, 2598, 
2610, 2628, 2714, 2740, 2898, 
3 182-3 I83 

after cryofracture, 980 
Transport properties, carbon nanotube 

membranes. 521-522 
Tribology, inorganic nkoparticle, 3933-3942 
Tribology at nanoscale, 3927-393 1 

applications, 3927-3930 
computer simulations, nanotribological 

behavior, 3929-3930 
experimental characterization, 

nanotribological behavior. 
3928-3929 

Tributylamine, structure of, 378 
Triethoxybenzamide dendrimer, structure of, 

907 
Trimers, nanoparticle, 3822 
Trimethoxymethylsilanes, 2847 
Trinitrotoluene, 2330 
Trioctyl phosphine oxide, 2479 
Triphenylthiol, electrostatic surface potential, 

692 
Triple-stranded helicates, dinuclear, template- 

directed assembly, 3831-3842 
Tryptophan, 266 

properties of, 3082 
Tryptophan synthase, properties of, 3082 
Tumor, gene delivery, polymer nanoparticle for, 

2945 
Tumor necrosis factor, bound to colloidal gold 

nanocrystals, 256 
Tunable nanocrystal distribution, colloidal gold 

films, 1515-1523 
electrostatic interactions, particle deposition, 

1515-1517 
gold nanocrystals, 15 17-15 18 

nanocolloidal gold suspension, 15 17 
size distribution, 1517-1518 

kinetics, nanocolloidal gold adsorption, 
1519-1520 

quantitative analysis, 1520-1521 
saturation coverages, 151 8-1519 
spatial distribution, 15 18-1519 

Tunable nanoporosity, templating aerogels for, 
3843-3851 

drying methods, 3845-3849 
evaporative drying, 3846-3847 
removal of template material, 3849 
sol-gel synthesis, 3843-3844 
supercritical drying, 3847-3849 
tailoring nanoporous material, 3849-3850 
template materials, 3844-3845 

Tungsten carbide-cobalt nanocomposites, 
3943-3952 

Turbulent coagulation, collision kernels, 38-39 
Two-photon absorption polymerization, 

submicron resolution, microstructures 
fabricated by, 3909-39 12 

Tyrosine, 266 
properties of, 3082 

Ultra pure water, 2 189 
Ultrafast scanning tunneling microscopy, 2682 
Ultrafine poly(N-vinyl pyrrolidone) nanoparticle, 

1406-1412 
Ultrananocrystalline, 2331 
Ultrathin polymer films, nucleation of 

nanoparticle, 27 13-2719 
Ultraviolet photoelectron spectroscopy, 2558 
Unidirection rotary motors, sterically 

overcrowded alkenes as, 2169-2173 
Unidirectional molecular motor 

light-driven, 2169 
light-induced switching, 2159-2176 

Unidirectional rotary motion, in liquid crystalline 
environment, 2 173-21 74 

Vacuolating cytotoxin, 3699 
Vacuum conditions, self-assembled monolayer 

modification under, 3315-3329 
alkanethiolate, 3321-3322 

atomic chlorine modification, 3322-3323 
atomic radicals, chemical modification with, 

3319-3323 
radical modification, 33 17 
sample preparation, 3317 
semifluorinated 

x-ray, electron-induced modification of, 
3317-3319 

x-ray-induced modification, 33 18-33 19 
surface analysis, 33 17 
vapor-phase metallization, 3317, 3323-3326 
x-ray-induced modification, 3317 

Valine, 266 
properties of, 3082 

Van der Waals force, 3805-3807 
Van der Waals interactions 

carbon nanotubes, 589-591 
with fullerene, 1473 

Van Hove singularities, carbon nanotubes, 
576-580 

Vanadium, anion templated system, 55 
Vapor condensation methods, 1907-1 908 
Vapor-grown carbon fibers, 484486 
Vapor-phase metallization, self-assembled 

monolayer modification, vacuum 
conditions, 3317, 3323-3326 

Variant alpha subunit, properties of, 3082 
Vector with docking site for gene therapy, 256 

Vegetative bacteria, nanoparticle 
decontamination, 244 

Vertical cavity surface emitting lasers, 
3122-3123 

Vertically aligned quantum dots, electronic 
coupling in, 3 135-3 143 

coupled quantum dots, 3140-3143 
electronic coupling in quantum dot columns, 

3138-3140 
quantum dots columns, 3 135-3 137 
theory of quantum dot vertical alignment, 

3137 
Vesicle morphology, tip compression scheme, 

937 
Vesicles, ordered, at silicon-water interface, 

2769-2777 
Vibrational spectroscopy, 1475-1476 
Virus detection, porous silicon microcavities, 

344-345 
Visible-light-induced hydrogen generation, metal 

nanoparticle catalyst, 1877 
Vitronectin, 268 
VivaGel anti-HIV dendrimer, 256 
Vogtle's anion-templated rotaxane synthesis, 72 

Wacker oxidation, 2807-2809 
Warfare agent detection, biosensors for, 375-388 
Water 

organofullerenes in, 2779-2789 
quality monitoring, toxic agents used for, 

chemical structures, 379 
surface tension, 1573 

Water-insoluble drugs, NanoCap micellar 
nanoparticle, 256 

Weapon decontamination, by nanoparticle, 
24 1-245 

Wetting, surface nanostmcture, self-assembled 
monolayers, 3331-3344 

Wide-angle x-ray scattering, 2377 
Wires, molecular, 2177-2195 

conductance, measurement of, 2 189-2 19 1 
electronics, molecular, 2177 
optoelectronics, 21 77-2178 
organic molecular wires, 2178-2186 
organometallic molecular wires, 21862188 

X-ray absorption spectroscopy, 170 
catalyst nanostructures, 3953-3972 

catalyst deactivation, 3964-3966, 
3965-3966 

catalyst preparation, 39563960 
catalyst regeneration, cycles, 3966 
future developments, 3966 
heterogeneous catalysts, 3955-3956 
structural characterization, 3960-3964 

X-ray crystal structure 
chloride complex, 64 
Gale's "anion-anion" assembled solid-state 

polymer, 77 
X-ray fluorescence, 1 13G113 1 
X-ray photoelectron spectroscopy, 284, 2034, 

2333, 2551, 2553-2557, 2599, 2673 
nanostructured composites, 2553-2557 
nanotube sensors, 2673 

X-ray reflectometry, monolayer structure 
investigated by, 2520-2528 

This is an inclusive index for all five volumes. Volume breaks are as follows: Volume 1: pages 1-892; Volume 2: pages 893-1796; Volume 3: 
pages 1797-2676; Volume 4: pages 2677-3296; Volume 5: pages 3297-3980. 
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Yttria-tetragonally stabilized zirconia, 
3973-3979 

aqueous chemistry, 3973-3974 
synthesis methods, 3974-3975 
wet processing of nanosized particles, 

3975-3976 

Zatomic force microscopy, imaging artifacts, 
143-153 

electronic artifacts, 15 1 
scanner artifacts, 150-1 5 1 

Zeolite, 227-230, 1149 
amide clusters supported in, 230 
nanocrystalline, 1 137-1 145 

assembly, 1 139-1 140 
environmental remediation, 1141-1 142 
hydrocarbons, partial oxidation reactions 

of, 1 l 4 G l l 4 l  
hydrothermal synthesis, 1137-1 138 

materials, 1 14G1142 
organic contaminants, photocatalytic 

decomposition, 1142 
self assembly, 1 137-1 140 
synthesis, 1137-1 140 
templating methods, 1138-1 139 

Zeolite lattice, hydrothermal extraction of 
aluminum from, 636 

Zeolite membranes, 1 157-1 166 
in environmental separation, 1 159-1 161 

for energy-efficient alcohoVwater 
separations, 1 16& 1 16 1 

H2 separation from gas mixtures, 
1160 

for membrane reactors, 1 161-1 163 
with combined separation, catalytic 

functions, 1 162-1 163 
with separation functions, 1161-1 162 

preparation of, 1158-1 159 
types, 1157-1158 

Eoli te  pores 
alkali metal clusters in, 129-230 
alkali metal oxides in, 237-229 

Zeolitelsilica mass spectroscopy research, high- 
resolution mass spectrometry, 
heterogeneous catalytic reactions, 
1384-1385 

Zeta potential, 1991, 2741 
mineral nanoparticle, 1908 

measurement, 1998-2000 
Zigzag nanotubes, cross-sectional models of, 

530 
Zigzag single-walled carbon nanotubes, 3608 
Zintl salt metathesis, 7 18-7 19 
Zirconia, yttria-tetragonally stabilized, 

3973-3979 
aqueous chemistry, 3973-3974 
synthesis methods, 3974-3975 
wet processing of nanosized particles, 

3975-3976 


