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PREFACE

The unique electronic and chemical properties of nanoparticles have drawn the
attention of chemists, physicists, biologists and engineers who wish to use them for the
development of next generation nanodevices. Organized nanoassemblies of inorganic
nanoparticles and organic molecules are building blocks of nanodevices, whether they are
designed to perform molecular level computing, sense the environment or improve the
catalytic properties of a material. The key to creation of these hybrid nanostructures lies
in understanding the chemistry at a fundamental level. This book serves as a reference
book for advanced graduate students and active researchers by providing fundamental
understanding of many nanoscopic materials. Scientists and engineers who wish to
diversify their research into nanoscience and nanotechnology will find this book
extremely useful.

The rapidly evolving field of nanoscience has come out of its infancy and is
paving its way into novel technological applications. The topics chosen for this book
provide a global perspective into the status of an extremely active research field.
Constantly evolving methodologies and techniques provide new dimensions to this field
every year. Though many issues are still being debated, the general interest in
nanoscience will continue to grow during the coming decade.

Luis M. Liz-Marzán

Prashant V. Kamat
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1
NANOSCALE MATERIALS

Luis M. Liz-Marzán and Prashant V. Kamat*

Nanoscale materials can be defined as those whose characteristic length scale lies
within the nanometric range, i.e. in the range between one and several hundreds of
nanometers. Within this length scale, the properties of matter are sufficiently different
from individual atoms or molecules and from bulk materials, that their study has been
recently recognized as a new area of science, which is generally termed Nanoscience.
Even more popular than Nanoscience has become the term Nanotechnology, which
relates to the ability to build functional devices based in the controlled assembly of
nanoscale objects, for specific technological applications. The importance of both
nanoscience and nanotechnology has been confirmed by a number of national and
international initiatives to promote their study. Funding agencies in the USA, Europe,
Australia and Japan are spending a significant part of their funds for the development of
this relatively new area of study. Likewise, the number of groups working in nanoscience
or nanotechnology has dramatically increased during the past two decades, which also
means that the amount of information available is becoming larger and larger, so large
that it is basically impossible to follow in sufficient detail.

A key to designing organized nanoassemblies for next generation nanodevices is to
understand their electronic, structural, and chemical properties, and the manner in which
their components contribute to these properties. Such fundamental information is
generally lacking. We have attempted to provide this missing link by selecting a broad
range of topics that include micro and mesoporous structures, semiconductor and metal
nanoparticles, as well as sol-gel and core-shell materials. The spectroscopy and
theoretical topics chosen for this book will provide the basic knowledge of dynamics and
charge transfer processes of photoactive nanomaterials.

Although it is basically impossible to cover all the areas where nanoscale materials
are involved, we have made a choice of topics for this book that will provide the reader
not only with a broad overview of current hot topics in materials chemistry, but also with
specific examples of the special properties of these materials and some particular
applications of interest.

Chapters 2-4 are concerned with metal nanoparticles, one of the most extensively
investigated nanoscale materials since the origins of this area. Firstly, Katz, Shipway, and

Luis M. Liz-Marzán, Departamento de Química Física, Universidade de Vigo, 36200, Vigo, Spain.
Prashant V. Kamat, Radiation Laboratory, University of Notre Dame, Notre Dame, Indiana, 46556.

*



2 L.M. LIZ-MARZÁN AND P.V. KAMAT

Willner extensively review the large amount of work that has been devoted to the
synthesis, properties and applications of surface functionalized metal nanoparticles. Then,
Toshima focuses in the third chapter on the catalytic activity of metallic and bimetallic
nanoparticles, describing the role of the nanoparticle structure on activity. Finally, Hu
and Hartland describe the electron dynamics within spherical and rod-like metal
nanoparticles upon expoure to an electromagnetic radiation. Meisel also covers the
interaction of electromagnetic radiation with nanoparticles, but in this case high-energy
radiation is considered, and the nanoparticle nature is not necessarily metallic. The
chapter by López-Quintela and co-workers is devoted to a particular method for
nanoparticle synthesis, namely chemical reactions in microemulsions. The authors have
tried to describe the mechanisms involved in this method using Monte-Carlo simulations,
comparing their results with experimental observation. Two chapters on semiconductor
quantum dots follow. Trindade describes basic concepts on the nature of this very special
state of matter, and reviews various synthetic methods often used in the literature. The
chapter by Guyot-Sionnest focuses on the manipulation of quantum dot optics by means
of charge injection. The following two chapters deal with polymeric, nanoscale materials.
Schaertl describes the behavior of nanoparticles of which the surface has been modified
through the adsorption of polymer molecules, as well as their potential use as fillers
within bulk polymers with tailored properties. On the other hand, Hellweg describes
hydrogels, which display very interesting properties due to their very high and
temperature-dependent porosity. In this chapter we also find a clear explanation of the
basics of scattering methods for the characterization of nanoscale materials.

The following block of chapters (11-18) is mainly concerned with the organization of
nanoscale building blocks for the preparation of nanostructured materials with interesting
properties. Liz-Marzán tackles the coating approach to tailor interparticle separation
within nanostructures. The particular system chosen here comprises gold nanoparticles
homogeneously coated with silica shells, so that upon assembly the optical properties can
be modulated in various ways. Tamil-Selvan also deals with the incorporation of
nanoparticles within nanostructures, covering both metal and semiconductor
nanoparticles. The chapter by Kotov and Liz-Marzán focuses on the now well-established
layer-by-layer assembly method, which has proven very effective for the construction of
uniform thin films using nanoparticles of various nature as building blocks. Another
standard thin film construction technique is the Langmuir-Blodgett method, which
provides an unrivaled degree of order within thin films. This method, as well as novel
applications are described by Prieto, Martín and Camacho in chapter 14. Three chapters
follow on different approaches to magnetic thin films. Hilgendorff and Giersig review the
synthesis of magnetic colloids, and describe several ways to assemble them as thin films
with novel properties. The approach presented by Perez et al. is also based on small
magnetic nanoparticles, but they are created in the gas phase, which comprises a very
different problem, and yields quite different materials. Finally, Farle describes continuous
(rather than particulate), nanoscale thin films and carefully approaches the effect of
several parameters on their optical properties. The final assembly chapter within this
block is that by Imhof, dealing with another hot topic, namely photonic crystals. Since
there are a number of approaches to construct these novel materials used to modulate the
flow of light, which would be impossible to cover in a single chapter, Imhof reviews
here properties and techniques for photonic crystals based only on colloid assembly.

The subsequent two chapters are related to nanoscale materials that are based in
carbon. In chapter 19, Subramoney reviews the fundamental properties of carbon
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nanotubes, several procedures for their synthesis, and selected applications that are
currently on the way to the market. The chapter by Thomas and Kamat deals with
fullerenes, and more specifically with their assembly to create novel nanostructured
carbon systems.

Design and development of nanoscale materials is not just another step towards
miniaturization. The physical, chemical, electrical and optical properties of these
materials are size and shape dependent. They often exhibit important differences from the
bulk properties that are not fully explained by current theories. The major challenge for
the future is to exploit these unique properties and develop next generation nanodevices.
The selected topics of nanoscale materials covered in this book should assist future
scientists and engineers to achieve this goal.
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2
CHEMICALLY FUNCTIONALIZED METAL

NANOPARTICLES

Synthesis, Properties and Applications

Eugenii Katz, Andrew N. Shipway and Itamar Willner *

1. INTRODUCTION

Nanoparticles (particles of 1-100 nm in diameter) exhibit unique electronic, optical,
photonic and catalytic properties1-3 and are an ideal size for use as nanotechnological
building blocks.4 They may be composed of any substance, including metals,5,6

semiconductors,7,8 core-shell composite architectures,9-11 and organic polymers.12, 13 These
particles often display properties intermediate between quantum and bulk materials
because of their intermediate size14,15 and large surface area-to-volume ratios.16

Nanoparticles of different sizes and shapes exhibit different absorbance and fluorescence
features and reveal polarization effects.6,17,18 Microscopy techniques including high-
resolution TEM, SEM, and scanning microscopy methods such as AFM, STM and
NSOM can be employed to characterize their size, shape, crystal morphology and energy
band gaps.19-25 Ingenious methods for the preparation of nanoparticles have been reported
during the last years. Nanoparticles represent metastable clusters exhibiting the
fundamental property to aggregate. Thus, the stabilization of the nanoparticles against
aggregation is a fundamental pre-requisite in nanoparticle science and technology. The
stabilization of nanoparticles may be accomplished by the capping of the nanoparticles
with weakly, electrostatically-bound ions (e.g. citrate stabilized Au or Ag particles),5,26,27

by molecular ligands,28,29 and the protection of the nanoparticles in polymer matrices,30,31

or micellar assemblies.32,33

The association of ligands to growing nanoparticles can control the dimensions34 and
shapes of nanocrystals.35 Nanoengineering of nanoparticle surfaces, eg. layer-by-layer
deposition of organic modifiers, allows fine control of the shell size and structure.36 The
linkage of ligands to cation-rich nanocrystals may yield surface-states that could, for
example, act as surface traps for excited electrons generated in the nanocrystal.37,38 Such
surface functionalities may then be used to link particles to surfaces or to inter-connect
particles into extended nanoscale architectures and functional systems.39-41 Specifically,

* Eugenii Katz, Andrew N. Shipway, Itamar Willner, Institute of Chemistry, The Hebrew University of
Jerusalem, Jerusalem 91904, Israel.
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the integration of chemical units of predesigned chemical functions such as recognition
sites, redox groups, or chromophore units, may yield hybrid systems combining the
unique features of nanoparticles with the tailored properties of the molecular or
macromolecular coatings. Such integrated hybrid systems may yield new sensoric,
photonic, and electronic devices.42

Tremendous scientific progress has been made in the past few years in the synthesis,
characterization and functional design of chemically modified nanoparticles. This article
will limit itself to the synthesis, characterization and application of chemically-
functionalized metal nanoparticles. It will exclude recent advances in the synthesis and
characterization of other nanoparticle materials (e.g. semiconductors or nanostructured
polymers). Even in the area of functionalized metal nanoparticles, we are forced to
exclude significant advances that include biomaterial-functionalized nanoparticles (e.g.
DNA- or protein-modified metal nanoparticles), but this subject has been reviewed
recently.43,44

2. SYNTHESIS AND PROPERTIES OF MONOLAYER CAPPED METAL
NANOPARTICLES

Thiolate monolayers were assembled on different bulk surfaces such as Au, Ag or
Pt. 45,46 The thiol monolayers are covalently linked to the surfaces by the reaction of the
metal surfaces with the respective thiols and for some metals by the reaction with
disulfides. For gold surfaces, two different mechanisms for the formation of the
monolayers were experimentally supported,45,46 as outlined in Eq. (1) and Eq. (2). As the
upper gold surface includes an oxide sublayer, its reduction by the thiol was suggested as
a path for the formation of the Au-thiolate bond, Eq. (1). Alternatively, hydrogen
evolution by the Au-mediated reduction of the thiol protons could lead to the Au-thiolate
bond, Eq. (2). The formation of the Au-thiolate bond in the presence of the disulfide is a
redox process where the gold surface is oxidized by the disulfide and the disulfide bond
is splitted, Eq. (3). The self-assembly and the organization of monolayers on flat surfaces
has been studied in detail.45,46

It was found that the primary formation of the Au-thiolate monolayer is accompanied
by the release of 40-45 Subsequently, the monolayer reorganizes to a dense
packing stabilized by van der Waals or For monolayers that include
terminal groups capable of forming intermolecules, interaction of the monolayer is
further reorganized to reach a minimum energy configuration. Different methods such as
ellipsometry, surface plasmon resonance (SPR), microgravimetric quartz crystal
microbalance, contact angle, XPS, FTIR, different scanning microscopy techniques, and
electrochemical methods were applied to characterize these monolayers.45,46
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Not surprisingly, thiols and disulfides were employed as capping reagents for the
stabilization of different metal nanoparticles and for the surface derivatization of metal
nanoparticles with molecular functionalities.

2.1. Functionalized Metal Nanoparticles in Organic Phases

The synthesis of metal nanoparticles covered with a hydrophobic monolayer of
alkanethiols is usually performed in a two-phase system composed of aqueous and non-
aqueous solutions. This method was introduced by Faraday, who reduced an aqueous
gold salt with phosphorus in carbon disulfide, and obtained a ruby colored aqueous
solution of dispersed gold particles.5,47 Combining this two-phase approach with the
modern techniques of ion extraction48 and monolayer self-assembly with alkanethiols,45,46

a one-step method for the preparation of monolayer-functionalized nanoparticles was
developed by Schiffrin et al.49,50 According to this method, ions are transferred
from an aqueous to a toluene solution using tetraoctylammonium bromide as the phase-
transfer reagent. The gold is reduced with an aqueous solution of borohydride in the
presence of dodecanethiol as a capping reagent, Eq. (4) and Eq.(5).

Upon the addition of the reducing agent to the aqueous phase, the organic
phase changes color from orange to deep brown within a few seconds. This color change
indicates the formation of Au nanoparticles protected with a self-assembled thiol
monolayer. High resolution Transmission Electron Microscopy (TEM) photographs of
the nanoparticles (Figure 1) show that they have diameters in the range 1-3 nm and a
maximum size distribution of 2.0-2.5 nm. Examination of the specimens at high
resolution reveals a mixture of particle shapes with a preponderance of cuboctahedral and
icosahedral structures.51,52 In contrast with some other preparations of colloidal gold,
twinned particles are rare. It is proposed that this could result from the conditions of
growth employed, where the formation of a self-assembled thiol layer on the growing
nuclei inhibits twinning. Alkanethiolate monolayer-functionalized Au-nanoparticles
obtained by this method differ from conventional colloids5 and nanoparticles prepared by
other routes (micelle34 and polymer stabilization,32 gas-phase cluster formation,53

stabilization with small organic ligands26,28) in that they can be repeatedly isolated from
and redissolved in common organic solvents without irreversible aggregation or
decomposition. This property, together with their the air stability, is difficult to
overemphasize, since it allows for their handling and derivatization by standard synthetic
methods, and gives considerable flexibility in their characterization. The method has the
following advantages: (i) It leads to a simple way for the direct synthesis of surface-
functionalized nanoparticles. (ii) Since the kinetics of the cluster growth is determined by
the surface coverage, cluster size can be controlled by the reaction conditions and not by
the metal ion reduction kinetics, as is usually the case in condensed-phase colloidal metal
preparations. (iii) These new hydrophobic metal clusters are of intrinsic interest since in
some respects, they behave like simple chemical compounds; they can be precipitated,
redissolved and chromatographed without any apparent change in properties.
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Alkanethiols with various chain lengths 54 and perfluorinated thiols55-57

have been used in this procedure, yielding a variety of organic-phase soluble thiolate-
capped metal nanoparticles. The perfluorinated alkane-functionalized Au nanoparticles
were only soluble in fluorocarbon media.56 Differential scanning calorimetry (DSC),58,59

FTIR-spectroscopy,54,59,60,62 small-angle X-ray scattering (SAXS),58 and and
NMR-spectroscopy59-62 have been used to characterize structure and properties of
thiolate-capping monolayers. Smaller chain lengths are relatively disordered,
with large amounts of gauche defects present. The longer length alkanethiolates are
predominantly in the all-trans zigzag configuration. However, even the long alkyl chains
with a high degree of conformational order are not rigid, but instead undergo a dynamic
process involving large-amplitude motion about the chain axes.61 Molecular mobility
increases towards the unbound ends, where there is a higher population of gauche
conformers. Equilibrium structures and thermodynamic properties of dodecanethiol self-
assembled monolayers on small and larger gold nanocrystallites were
investigated with the use of molecular dynamics simulations.63 Compact passivating
monolayers were theoretically predicted on the (111) and (100) facets of the
nanocrystallites with adsorption site geometry differing from those found on extended
flat Au(111) and Au(100) surfaces, as well as with higher packing densities.

Simple alkanethiol capping molecules provide good protecting properties for the
metal cores, and allow reasonable solubility in non-polar organic solvents.50 Although
most studies have been performed with Au-capped nanoparticles, other nanoparticles
(e.g. Pd, Pt, Ag) can also be prepared by the same method.62,64,65 In addition, considerable
modifications in regard to the protecting ligands are tolerated.49 Arenethiol-protected Au
nanoparticles have been prepared by Shiffrin’s method using phenethyl mercaptan,
benzylthiol, thiophenol, 4-thiocresol, and 2-naphthalenethiol.66 The resulting arenethiol-
functionalized Au nanoparticles have small cores of 2-3 nm less polydisperse than in the
case of the usual alkanethiolate-shell. In order to introduce unique electronic properties, a
thiol derivative containing a chromophore unit with a large dipole moment,

was applied for capping of Au nanoparticles.67

Although most studies were performed using thiol-derivatives for the
functionalization of metal nanoparticles, disulfides offer several attractive properties.68,69

First, the use of unsymmetrical disulfides having two distinct functional groups at the
molecular termini (X-R-SS-R-Y) offers the possibility of generating mixed self-
assembled monolayers possessing a homogeneous distribution of functional groups.
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Studies of nanoparticles that have these multicomponent interfaces might, for
example, permit the modeling of complex biological systems (e.g., cell-cell interactions).
Second, the use of unsymmetrical disulfides possessing two distinct chain lengths (X-R-
SS-R'-X) offers the possibility of generating nanoparticles designed with molecular
“roughness”. This might prove useful in manipulating the interactions between
nanoparticles by controlling the degree of interdigitation of the molecular tail groups.
Third, disulfides can be used to generate functionalized nanoparticles with terminal
groups that are incompatible with thiol anchor groups. Thus, Shiffrin’s method was
extended to disulfides using n-octadecyl disulfide for the preparation of functionalized
Au and Ag nanoparticles.68 The resulting metal nanoparticles exhibited solubilities and
size distributions that were comparable to those prepared by the adsorption of
alkanethiols. Raman spectroscopy showed that the self-assembled monolayer is formed
by the covalent attachment of the sulfur atoms of the disulfide to the surface of gold.68

shows that the anchor group exists in the form of thiolate, and not of
disulfide R-SS-R.70 FTIR-spectra suggests that the alkyl chains are highly ordered in the
region near the sulfur anchor-group.68 The application of disulfide capping molecules
with polymerizable moieties (1) allows the formation of polymer shells around Au
nanoparticles upon intraparticle polymerization.71 Further etching of the Au cores results
in the formation of nanosize polymer capsules with small size dispersion, Figure 2.
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Size control of Au nanoparticles by tuning the molecular cross section of capping
disulfides was also attempted.69 The use of a four-chained disulfide ligand (2) resulted in
smaller and monodispersed gold nanoparticles compared to Au nanoparticles capped with
a conventional single chain alkanethiol, Figure 3.

A different approach to the formation of thiol-derivatized nanoparticles of Au, Pt and
Ag (diameter 1-10 nm) included the acid-facilitated transfer of hydrosol particles to a
toluene layer containing a thiol.65 The nanoparticles were produced by chemical
reduction of the respective salts and stabilized in the aqueous solution at a high pH value.
When an organic layer containing a capping thiol was added and the aqueous solution
was acidified, the nanoparticles were destabilized in the aqueous solution and moved to
the organic layer, yielding thiolate-functionalized metal nanoparticles in the organic
phase, Figure 4.

Au nanoparticles have also been functionalized with chalcogenide (Se, Te) alkane
derivatives.72 Alkaneselenide and alkanetelluride functionalized Au nanoparticles can be
prepared by methods similar to those used for preparation of alkanethiolate-
functionalized Au nanoparticles. However, the electron orbitals are extended on Se and
Te relative to S, thus it should lead to a significant change in electronic coupling between
the ligand and the gold core. Likewise, the change in binding energy will lead to
differences between Se, Te, and Au, both with regard to exchange reactions and ligand
shell mobility, allowing increased tuneability of the system for particular purposes.

2.2. Functionalized Metal Nanoparticles in Aqueous Systems

While alkanethiolate self-assembled monolayers are nonpolar and the metal
nanoparticles capped with them are usually produced in two-phase immiscible liquid-
liquid systems, highly polar ligands can yield water-soluble metal nanoparticles that can
be obtained directly in an aqueous phase.73 An aqueous solution of a metal salt (e.g.

in case of formation of Au nanoparticles) was reacted with a reductant (e.g.
in the presence of a water-soluble bifunctional thiol yielding thiolate-capped Au

nanoparticles directly in the aqueous solution, Eq. (6). Thiol-capping molecules used in
this procedure have a polar functional group providing their solubility in an aqueous
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solution (hydroxyl,55,73-75 carboxylic,55,74,76,77 amino,74,78 sulfonic,79 boronic acid,55

phosphonic acid,55 thioheterocycles80). Multifunctional molecules (i.e. tiopronin81,82)
including bioorganic compounds such as cysteine,83 glutathione,84,85 and coenzyme A81

were also used in this procedure as the water-soluble capping material.

where R is an aliphatic or aromatic spacer and X is a polar group, i.e. OH,

The presence of the ligand and its attachment to the Au nanoparticles via the
formation of a thiolate bond was established using FTIR spectroscopy.74 Sulfur-
containing heterocycles could demonstrate various molecular orientations on the surfaces
of different metal nanoparticles. For example, surface-enhanced Raman spectroscopy
(SERS) showed that the capping molecules of 2-mercaptobenzothiazole adsorb with their
molecular plane flat on Ag and perpendicular on Au nanoparticles.80 The process could
include the in situ formation of the thiol-anchor group upon reduction of thiosulfate salt
(Bunte salt),79 Figure 5. Stability of the functionalized-metal nanoparticles in a water
solution, provided by hydrophilic moieties at the capping layer, strongly depends on the
extent of their hydrophilicity and the charge state of the functional groups. Charging
properties of the functionalized metal nanoparticles were characterized by measuring
their (–45.3 mV for carboxylic-derivatized Au nanoparticles).76
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The charge of the dissociated head groups is pH dependent, allowing control on the
solubility of the nanoparticles. For example, nanoparticles functionalized with amino
groups are soluble in acidic solutions, whereas carboxylic units provide solubility in basic
solutions. When pH change results in neutralization of the functional groups of the shell
layer, the nanoparticles loose the solubility and start to coagulate, precipitate or adsorb at
solid supports.86 Nanoparticles functionalized with sulfonic acid units are well soluble in
a broad pH range. Dissociation of the functional groups at the nanoparticle surfaces is
quite similar to that in planar self-assembled monolayers,87,88 however, hydrogen bonding
between the nearest groups was found to be less efficient for the functionalized
nanoparticles than for planar monolayers, probably because of longer distances between
them at curved surfaces.75 The dissociation of the functionalized metal nanoparticles was
studied by measurements of the contact angle at a solid support covered with the
nanoparticles,75 Figure 6(A). The increase of pH value results in dissociation of the
carboxylic groups at the particle surfaces thus resulting in the increase of the
surface hydrophilicity, and therefore the decrease of the advancing contact angle for a
drop of water. Nanoparticles functionalized with and units demonstrate a
propensity for H-bond formation, leading to particle-particle, particle-solvent, and
particle-water vapor interactions,76,89 Figure 7. These interactions result in significant
aggregation and 3-D growth.74 The interparticle H-bonding and their aggregation also
show pH dependent character. Titration of carboxylate-functionalized Au nanoparticles
with NaOH produced an increase in the intensity of the plasmon band at 550
nm, Figure 6(B). This behavior was attributed to the conversion of groups, that
provide effective H-bonding and aggregation, to groups that provide repulsion
and dissociation of the particle aggregates. The values of pK corresponding to the
transitions in the titration curves, Figures 6(A) and 6(B), are significantly higher than the
pK value of benzoic acid in solution however, this pK shift is typical
for polyelectrolytes and it has already been observed for carboxylic acid-derivatized
planar self-assembled monolayers.90 Intrashell-hydrogen bonding could result in the
increased particle stability, including the metal core stability against chemical etching.91
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Amphoteric capping molecules that have basic groups and acidic
groups in addition to the thiol anchor groups (e.g. cysteine) provide very

efficient aggregation of the functional nanoparticles due to H-bonding and electrostatic
attraction,83 Figure 8(A). This aggregation process is temperature-dependent and the
particles can dissociate upon increase of the temperature resulting in the absorbance
decrease at 550 nm, Figure 8(B). However, this process is reversible and a temperature
decrease results in re-association of the functionalized nanoparticles.
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2.3. Chemical Reactivities of Functionalized Metal Nanoparticles and their Stepwise
Modifications

Understanding chemical reactivities of functionalized metallic nanoparticles and
developing efficient strategies to functionalize them is key to their application in areas
such as catalysis and chemical sensing. Towards this aim, ligand place-exchange,92-94

nucleophilic substitutions95 and ester and amide couplings73,96,97 were studied.
It has been shown that thiol-monolayers self-assembled on bulk Au electrodes can be

exchanged with other thiols.98-100 This reaction can also be performed at metal
nanoparticle surfaces, thus resulting in the formation of a capping layer that cannot be
directly formed upon formation of the nanoparticles,92 Eq. (7). Partial substitution of the
primary capping molecules leads to a mixed monolayer shell structure.

The reactions were characterized by and IR spectroscopy, and the
dispersity of place-exchange reaction products was inspected by chromatography.92 The
results of these experiments show that ligand exchange is an associative reaction and that
the displaced thiolate is found in solution. Disulfides and oxidized sulfer species are not
involved in the reaction.
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Nanoparticle-bound thiolate ligands differ widely in susceptibility to place-exchange,
presumably owing to differences in binding sites. Au core edge and vertex sites are
presumably more reactive than terrace sites. The rate of place-exchange decreases as the
chain length and/or steric bulk of the initial protecting ligand shell is increased. Positive
charges electrochemically placed on the thiolate-functionalized Au nanoparticles make
the bounding of the sulfur-anchor group weaker, and thus enhance exchange reactions.101

Thiolate-capping molecules can move from one metallic nanoparticle to another one that
has a bare unprotected surface.102 This was shown by mixing negatively charged 4-
carboxythiophenol (4-CTP)-functionalized Au nanoparticles with bare Ag nanoparticles.
After the interparticle thiolate-transfer reaction, both particles were functionalized with
the same, but diluted capping monolayer that has been demonstrated by their electrostatic
attraction to positively charged Langmuir-Blodgett monolayer, Figure 9. Transfer from
the functionalized Ag nanoparticles to bare Au nanoparticles was also possible.
Functional groups on the outermost portion of the monolayer-functionalized
nanoparticles can undergo many synthetic transformations. Covalent binding of a
secondary modifier to functional groups of the primary capping molecules is a powerful
technique that allows the synthesis of very complex structures. For example, p-
mercaptophenol-capped Au nanoparticles were esterificated using propionic
anhydride,73,97 Figure 10(A). Even more complex structures were obtained when Au
nanoparticles functionalized with tiopronin capping molecules were covalently modified
with N-methyl-N'-ethylamine-4,4’-bipyridinium by the amide bond formation between
the carboxylic group of tiopronin and the amino group of the secondary modifier.82 Steric
effects in the reactivity of mixed functionalized Au nanoparticles with reactions were
studied.95 Nanoparticles functionalized with monolayers terminated with a Br-atom were
reacted with amines, Figure 10(B). The rate of the reactions were found to be
dependent on the steric bulk of the incoming nucleophile (rates of n-propylamine >
isopropylamine > tert-butylamine) and on the relative chain lengths of

and surrounding alkanethiolate chains (rates of
It is surprising that even in the system where the active

Br-atom is deeply screened by the surrounding chains, the reaction
proceeds with an observable rate. This dramatically differs from a 2D-self-assembled
monolayer at a planar Au support, where the similar reaction is fully blocked. The higher
chemical activity of the monolayer at the nanoparticle surface originates from the curved
surface, which allows flexibility of the chains and allows access to the active sites of the
ligands.
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3. SYNTHESIS AND PROPERTIES OF POLYMER-CAPPED METAL
NANOPARTICLES

Polymers are often used as stabilizing matrices for nanoparticles and the
nanoparticle-polymer composite materials have been extensively reviewed.103-105 Most
polymers are easily processable and a transparent, permeable, or conductive material can
be chosen, as required for specific applications. Numerous methods for preparation of
nanoparticle-polymer composites have been developed. Polymer-metal nanoparticle
composites have been synthesized by the condensation of metal vapors into liquid
monomers, followed later by polymerization,106,107 by reduction of metal complexes in
solution where the solvent also acts as a polymerizable ligand,108 by emulsion
polymerization in the presence of nanoparticles,109 and by electrosynthesis at liquid-liquid
interfaces.110 Supercritical solutions have also been used to load bulk polymer films
with metal salts and to reduce these salts to metal nanoclusters by chemical post-
treatment.111 Au nanoparticles were produced inside growing polyaniline using as a
reducing agent for and an oxidizing agent for aniline.112 Insoluble crosslinked
polymers (resins) are often used as matrices for metallic nanoparticles used as
catalysts.113 In the frame of the present review we will discuss chemical methods based
on complex formation between a polymer shell and a metallic core.

Functional groups of a capping polymer molecule can provide strong interaction with
metallic cores included into the polymer matrix. For example, poly(vinylpyrrolidone)114

and poly(dithiafulvene)115 are polymers capable of complexing and stabilizing metal
nanoparticles. A more general method for the synthesis of different metal nanoparticles
(Ag, Au, Cu, Ni, Pb, Pd and Pt) using diblock copolymers has also been developed.104, 116

Diblock copolymers, owing to their ability to form microdomains and to associate in
solution in the form of micelles, can provide small compartments inside which particles
of a finite size can be generated and stabilized. Metal ions or complexes are coordinated
to carboxylic acid groups within the hydrophilic blocks of a diblock copolymer by
immersion of the polymer in an aqueous metal salt solution. The metal ions or complexes
are subsequently reduced by exposure to hydrogen at elevated temperatures or by
immersion in an aqueous sodium borohydride solution. This approach leads to uniformly
sized nanoclusters homogeneously dispersed within the water-soluble domains of the
diblock copolymers, and the length of the hydrophilic domains controls the size of the
resulting nanoparticles.117-120 Additional conductive polymeric shells capping the metal
cores could be introduced inside the diblock copolymer matrices. For example,
polypyrrole-coated Au nanoparticles were synthesized within the microdomains of a
diblock copolymer, providing an excellent means for the formation of such
dispersions.121,122 Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP), taken in toluene
solution (0.5% w/w) was treated with (0.5 to 2VP units) which got selectively
bound within the P2VP cores of the micelles. This solution was treated with pyrrole so
that it diffused into the core of the micelles where polymerization was readily effected by

with the simultaneous generation of Au nanoparticles and an in situ formation of
polypyrrole-Au nanocomposite. The diblock supplied the core within which the
composite was formed and stabilization could thereby take place. Au nanoparticles (7-9
nm), surrounded by the shell of polypyrrole (24 nm) within the core of micelle of the PS-
b-P2VP copolymer were finally obtained.
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Thiol anchor groups have been applied in several different approaches to provide
efficient binding of polymeric shells to metallic nanoparticles. The methods include
nanoparticle capping with polymers containing thiol groups, or primary formation of a
thiol-monolayer functionalized nanoparticles followed by stepwise assembly of a
secondary polymer shell bound to the primary thiol via covalent or non-covalent (e.g.
electrostatic) modes. For example, a preformed polymer containing thiol anchor groups,

bifunctional linkers.124 Au nanoparticles capped with a thiol with moiety
capable of initiating atom transfer radical polymerization were used to enlarge the
primary thiol shell by the formation of a polymeric layer.125,126 The functionalized Au
nanoparticles were reacted with n-butylacrylamide in the presence of

catalyst, yielding a growing polymeric
shell covalently bound to the primary thiol with a diameter depending on the monomer
concentration and polymerization time, Figure 11. Very small, uniform Au nanoparticles
(diameter less than 5 nm) capped with a functionalized siloxane shell were obtained by
reduction of with in ethanolic solution containing
trimethoxysilane (MPS), followed by reaction with and
crosslinking of the silane layer,127 Figure 12. A cage-like silane structure is formed
around the Au core and functional amine groups are put at the nanoparticle shell
periphery. Finally, the silane molecules forming the shell structure are crosslinked,
resulting in a rigid siloxane layer with amine functional groups at the surface.

A versatile method based on the non-covalent binding of the primay thiolate shell
and secondary polymer shell includes the primary adsorption of thiols functionalized with
a charged head group (e.g. 10-mercaptodecanesulfonate) at a Au core surface followed by
layer-by-layer deposition of polyelectrolytes holding opposite charges (e.g.
poly(diallyldimethylammonium chloride and poly(styrenesulfonate)),128 Figure 13. The
multilayer shell diameter depends on the number of the polymer layers and the last
polymeric layer exposed to the liquid phase determines the charge of the nanoparticle.
Thus, the method allows tuning of the shell size and controlling its charge by simple
variation of the building steps.

was employed to enhance the binding of a
polymeric shell layer to a Au core surface.123 A thiolated polymer layer bound to a Au
core could be further covalently modified by reactiong its other functional groups with
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Several noble metal nanoparticles have been prepared in the presence of dendrimers
in aqueous solution or organic solvents.129-142 When metal ions are chemically reduced in
the presence of dendrimers, individual metal nanoparticles are surrounded by small
dendrimers, or alternatively, several metal nanoparticles can be encapsulated by large
size dendrimers, Figure 14.
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Whether a dendrimer functions as a capping material or allows encapsulation of
nanoparticles inside its volume depends on the size of the dendrimer and on the
interactions between metal ions and functional groups of the dendrimer. For example, in
aqueous solutions poly(amidoamine) (PAMAM) dendrimers with surface hydroxyl
groups provide dendrimer-encapsulated noble metal nanoparticles,132,133,135 while
PAMAM dendrimers with surface amino groups act as stabilizers by capping the surface
of noble metal nanoparticles.130, 137 When the surface functional groups of the dendrimer
do not provide efficient binding to the metallic surface, the nanoparticles grow inside the
dendrimer’s structure if its size is sufficient. In order to provide bulk polymeric support
for the dendrimer-encapsulated metallic nanoparticles, positively charged poly-
(amidoamine) dendrimers were electrostatically entrapped into a negatively charged
poly(2-hydroxyethyl methacrylate) network.141 Then the dendrimer units were saturated
with metal ions that were further chemically reduced to yield metal nanoparticles inside
the dendrimer molecules distributed within the polymeric network.

4.  CONTROLLING THE SIZE AND COMPOSITION OF THE METALLIC
CORES OF NANOPARTICLES

The ability to selectively synthesize metal nanoparticles of any desired size or shape
would generate significant opportunities in chemistry, because catalytic, optical,
magnetic, and electronic activities are dimensionally sensitive.143-146 Very small clusters
(< 50 metal atoms) act like large molecules, whereas large ones (> 300 metal atoms)
exhibit characteristics of bulk samples of those atoms. Between these extremes lie
materials with intermediate chemical and physical properties that are unique, but largely
unknown. As an example, the optical properties of a metal cluster, including the intensity
and energy of its surface plasmon bands, strongly correlate to its size.147-150 Schiffrin’s
method allowed preparation of Au nanoparticles of variable size (average diameter from
1.5 nm to 5.2 nm),151 thus providing a unique opportunity to synthesize nanoparticles
with tailored properties.



20 E. KATZ ET AL.

The ratio between the capping thiol molecules and metal nanoparticles controls the
size of the resulting functionalized nanoparticles.62,64,76,152 Figure 15 exemplifies the
relationship between the diameter of carboxylic-functionalized Au nanoparticles and the
molar ration between mercaptosuccinic acid and Au precursor salt. The increase of this
ratio results in the inhibition of the particle growth and thus results in their smaller
diameter. The sizes of the thiol monolayer-functionalized Au nanoparticles were
measured, with generally good agreement, by scanning tunneling microscopy (STM),58

atomic force microscopy (AFM),58 transmission electron microscopy (TEM),49,151,153

small-angle X-ray scattering (SAXS),58,151 laser desorption-ionization mass spectrometry
(LDI-MS)153 and X-ray diffraction (XRD).l51,154

Knowing and controlling the dispersity of core size is also important. Figure 16
illustrates the use of LDI-MS153 to track the solubility-fractionation of core sizes of
dodecanethiolate-functionalized Au nanoparticles, conducted in concert with theoretical
modeling to predict the core size and shape of isolated fractions. The number of atoms
per nanoparticle tends toward closed shell structures (“magic numbers”) with an
equilibrium truncated octahedral shape. However, since the synthesis of the thiol-
functionalized nanoparticles (Eqs. (4)-(5)) is based on competing core growth-passivation
kinetics, the occurrence of non-equilibrium core shapes cannot be discounted. The size of
polymer-capped metallic nanoparticles could also be controlled by changing relative
concentration of the polymer, its molecular weight, and the metal reduction
conditions.155,156 For example, the preparation of Pd nanoparticles capped with
polyvinylpyrrolidone (PVP) with sizes varying from 1.5 to 15 nm with relative standard
deviation of < 0.5 depending on synthetic procedure was reported.155

Various shapes of functionalized-metal nanoparticles (e.g. triangular, hexagonal,
pentagonal, square and rhombohedral nanocrystals of polymer-capped Pd157) as well as
the extent of their aggregation resulting in different particle assemblies158 have also been
achieved by controlling the metal atom/capping molecules ratio during the reductive
particles formation.
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The rate of the reductive formation of the functionalized metallic nanoparticles,
controlled by the reductant chemical properties, can affect the resulting shape of the
obtained capped nanocrystals. For example, a slow reduction of by in the
presence of capping polyacrylic acid results in the formation of tetrahedral Pt
nanoparticles, whereas its fast reduction by methanol mainly results in truncated
octahedral Pt nanoparticles.159

Metals different from gold, such as Ag, Pt, pd62,64,65,160 and various alloys (Au/Ag,
Au/Cu, Au/Ag/Cu, Au/Pt, Au/Pd, and Au/Ag/Cu/Pd161) have been applied successfully
for the synthesis of monolayer-covered nanoparticles. Alloy nanoparticles can provide
particularly broad applications because they exhibit electronic,162-164 optical,165-171 and
catalytic172,173 properties that are controllable by the alloy composition. For example,
Figure 17 shows spectral properties of the thiol monolayer-functionalized alloy
nanoparticles dependent on the ratio of the metallic components.161 Small variation of the
(Au:Ag) ratio as well as addition of Cu results in changes in the spectrum.
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TEM showed that Au/Pd cores are small and relatively monodisperse (1.7 nm
average, ca. 20% dispersion), while most Au/Ag cores are larger (3.2 nm). Other alloy
cores were of intermediate size. Elemental and XPS analyses showed that overall thiol-
functionalized alloy core nanoparticles have metal ratios dependent on but different to the
original salt composition, and that incorporation of the more noble metal into the core is
favored. Galvanic effects may be in part responsible for the differential incorporation; for
example, in Ag/Cu mixtures the Cu core content could be depressed by acting as an
ancillary reductant of which leaches from the nascent core.

Dielectric core – metallic shell composite nanoparticles (e.g. silica core and Au or
Ag shell) have been prepared and capped with self-assembled monolayers or
polymers.174,175 The resulting composite nanoparticles show unique optical and
photophysical properties. A main characteristic of dielectric spheres with continuous
metallic coatings is that their optical plasmon absorption consists of several modes,
generally dipole and quadrupole, with peak positions dependant on the dielectric core
diameter to metallic shell thickness ratio. Further organic capping layers provide
solubility and stability.

5. CATALYTIC, ELECTROCHEMICAL AND PHOTOCHEMICAL
PROPERTIES OF FUNCTIONALIZED METAL NANOPARTICLES

The controlled sizes and shapes of chemically-modified metal nanoparticles are
anticipated to yield unique catalytic, electrochemical and photochemical functionalities as
a result of the hybrid structures of the nanoassemblies. The high surface-area of
nanoparticles and the control of the edge-step ratio by the particle morphology, is
expected to yield effective heterogeneous catalysts differing from bulk heterogeneous
metal catalysts. Furthermore, the molecular functionalization of the nanoparticles, e.g.
with chiral molecules, might generate unique nanoenvironments for stereoselective
synthesis. The electrochemical properties of monolayer-functionalized metal
nanoparticles are expected to be controlled by the particle sizes. As the capacitance of
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nanoparticles is controlled by their sizes, charging effects dominated by the particle
dimensions are expected to lead to intermolecular interactions of redox species and to
electron transfer properties that differ from the electrochemistry in solution. The discrete
electronic levels existing in metal nanoparticlels, and the control of the energy levels of
this electronic state by the particle dimensions, may lead to important photochemical
functionalities of chromophore-capped metal nanoparticles. Photoinduced electron
transfer in chromophore-functionalized metallic nanoparticles is envisaged to proceed in
analogy to molecular dyads, and the intra-hybrid quenching rate constants should be
controlled by the nanoparticle dimensions and the distance separating the chromophore
and the metal particle.

5.1. Catalytic Properties of Functionalized Metal Nanoparticles

Catalytic properties of metallic nanoparticles have been known for decades, and they
have been reviewed, particularly for nanoparticles included into vesicles of surfactants
and water-soluble polymers,1 and nanoparticles included into insoluble polymers, resins.2

The long list of reactions catalyzed by functionalized metallic nanoparticles (mainly Rh,
Pd, Pt, Ir, Os, Au) includes isomerizations, reductions of multiple bonds (C=C, C=O,
N=O), hydroformylation, Fischer-Tropsch synthesis, cleavage of carboxylic acid ester
groups,176 and the reduction of and The unique catalytic properties of
nanosized materials and their differences from the catalytic properties of the bulk
materials are acknowledged.177 For example, although gold is a poor catalyst in the bulk
form, the high catalytic activity of Au nanoparticles has led to inspiration for exploring
nanoscale gold catalysis.178 A typical example is CO oxidation. The achievement of
highly active catalysts for this reaction has been shown to require Au nanoparticles less
than 5 nm, and a fortunate combination of factors and conditions.179 However, most of
the studied systems deal with catalytic nanoparticles included into polymer matrices and
then immobilized on solid supports.180,181 New methods for the incorporation of catalytic
nanoparticles into polymeric matrices have been developed. Self-assembly of thiol-
functionalized metal nanoparticles at a polymer-template due to electrostatic interactions
allows formation of stable catalytic aggregates of desired size and shape.182 Alternating
adsorption of polyethyleneimine-metal ions, or complexes and polyanions (e.g.
polyacrylic acid) results in the formation of multilayered polyelectrolyte films.183

Postdeposition reduction of the metal ions by heating or exposure to then yields
composite films containing catalytically active Ag or Pt nanoparticles. More versatile
electrochemical reduction of metal ions included into a polyelectrolyte layer at an
electrode surface yields metallic species of various sizes and properties.184 Less attention
was paid to homogeneous catalysis provided by soluble polymer-protected
nanoparticles185 and dendrimer-encapsulated nanoparticles,186 polymer-microcapsules-
entrapped nanoparticles,187 including those that operate under extreme conditions, e.g. in
supercritical fluids.188

Novel monolayer-functionalized metal nanoparticles could provide a unique
opportunity for highly efficient catalyses with precisely tunable activity and selectivity.
Weak temporary association of selected species with functionalized nanoparticles could
provide their increased local concentration and thus enhanced reactivity at the particle
surfaces. This effect could be used to develop nanosized catalytic centers with selective
activity. The shell-structure of the functionalized nanoparticles could also provide a
favorable environment for a specific chemical route, resulting in selectivity.
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Metal nanoparticles capped with chiral molecules can lead to a new type of
enantioselective catalyst combining good selectivity control and extraordinarily high
activity and simple extraction. For example, AU nanoparticles (2.5 nm) functionalized
with alkanethiols that have dihydroquinidine head groups, Figure 18, were used to
catalyze the asymmetric dihydroxylation of olefins.189 Dihydroxylation reactions were
performed at room temperature in t-butylalcohol/water with the functionalized
nanoparticles in the presence of and as oxidizers. The dihydroxylation
of proceeded in 80% yield and gave diol with an enantiomeric
excess of 90%, Eq. (8).
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Another example of an enantioselective nano-sized catalyst includes Pt nanoparticles
(size from 1.5 nm to 4 nm depending on the Pt/capping molecules ratio) capped with
alkaloid dihydrocinchonidine (3),190,191 Figure 19. The (3)-functionalized Pt nanoparticles
catalyzed enantioselective hydrogenation of ethyl pyruvate, Eq. (9).

Highly specific and effective catalysts based on functionalized metal nanoparticles
will find broad applications not only for synthetic purposes, but also for the
decomposition of waste materials and environmental cleaning, and for the development
of chemical sensors and fuel cells.27

5.2. Electrochemical Properties of Functionalized Metal Nanoparticles

The electrochemical properties of nanoparticles could be significantly different from
those of the same bulk metal. For example, bulk Au electrodes are not electrocatalytically
active for CO oxidation, unlike alkanethiolate-functionalized Au nanoparticles deposited
onto a bulk Au conductive support.192 The overpotential for electrochemical dioxygen
reduction is significantly decreased at electrode surfaces modified with Au or Pt
nanoparticles, thus indicating the electrocatalytic process.193,194 The electrocatalytic
activity of electrodes modified with metallic nanoparticles depends on the size of the
nanoparticles, and it is similar to the increase of an electrode catalytic activity upon
roughening of an electrode surface.195

Double-layer capacitances of individual functionalized metal nanoparticles in
electrolyte solutions are small (sub-attoFarad, aF). This results in the potential change of
the metal core by >0.1 V increments for single-electron transfers at the
electrode/electrolyte interface. This allows the electrochemical observation of quantized
capacitance charging (Coulomb staircase) behavior.62,152,196 For example, a differential
pulse voltammogram obtained for a solution of thiolate-capped Au nanoparticles clearly
shows peaks for a multi-step single-electron charging process,62 Figure 20.
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The electrochemical properties of redox unit-functionalized nanoparticles are
unusual in comparison with free redox-molecules because they transfer many redox-
equivalents under diffbsional control to the electrode/solution interface. The few known
precedents of poly-electron transfer reactions include soluble redox polymers197,198 and
redox-labeled dendrimers.199 Monolayer-capped nanoparticles with different metallic
cores, such as Au, Ag, Pd, were poly-redox-functionalized with ferrocene redox
sites per particle),62,93,94,200-205 anthraquinone redox sites per particle),206-209

phenothiazine redox sites per particle),96 viologen redox sites per particle),82

and fullerene redox sites per particle).210-212

Electrochemical studies of redox-functionalized metal nanoparticles reveal that all
redox-units bound to the metal core are electrically contacted and participate in the
electrochemical process that can originate from internal electrical conductivity of the
metallic core and fast rotation of the functionalized nanoparticles at the electrode surface.
Thus, the redox-functionalized nanoparticles can be considered as nanoelectrodes with a
modified surface. Cyclic voltammetry and rotating disk electrode (RDE) measurements
demonstrated that diffusionally limited electrochemistry could be achieved for the redox-
units bound to the soluble nanoparticles.93,94,200,201 Effective sizes of the functionalized
metal nanoparticles were derived from their diffusional coefficients.213 Figure 21 shows
typical cyclic voltammograms at a stationary electrode (curve a), and a RDE (curve b), in
the presence of ferrocene-functionalized Au nanoparticles.93 However, even in those
systems that show diffusional type of electrochemistry, “prewaves” and “postwaves” in
the cyclic voltammograms 201 are sometimes observed as evidence of complications in the
redox processes possibly originating from the adsorption phenomena.

Octylthiolate-covered Pd nanoparticles (3.8±0.8 nm) were prepared by reduction of
salt with in tetrahydrofuran (THF) solution and capped in situ

with monolayer.203 The functionalization of the Pd nanoparticles with
biferrocene units was performed by an exchange reaction of the biferrocene thiol
derivative (4) with the octylthiolate-capping monolayer in solution. Cyclic
voltammograms of the biferrocene-functionalized Pd nanoparticles were recorded on
indium-tin oxide (ITO) electrodes in solution, Figure 22(A). The first cyclic
voltamograms showed two-step one-electron waves at and 0.577 V

corresponding to the reversible oxidation of both ferrocene units bound to the
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solubilized Pd nanoparticles. However, the peak currents were linearly dependent on the
applied potential scan rate, characteristic of electrochemistry of redox-species adsorbed at
the electrode surface. Consecutive potential scans exhibited a gradual increase in the peak
current and the voltammogram slowly changed its shape to display one new redox wave
between the two original waves. After the electrode was washed and immersed into a
background solution, the cyclic voltammogram still showed the same redox process. This
behavior is similar to the electropolymerization processes and can originate from an
electrochemically induced intra-molecular reaction of ferrocene units resulting in their
binding to the electrode surface. The electrochemical deposition of ferrocene-
functionalized Pd nanoparticles yields a Pd layer with the thickness controlled by the
time of the electrochemical process and the electrochemical properties quite different
from the original ones, Figure 22(A). The spectral measurements performed upon the
electrodeposition process also show the increase of the Pd film thickness when the
process progressed, Figure 22(B)). Similar oxidative electrodeposition processes were
achieved for biferrocene-functionalized Au nanoparticles205 and reductive electro-
deposition was reported for anthraquinone-functionalized Au nanoparticles.208,209

The adsorption of redox-functionalized metal nanoparticles could be reversibly
controlled by their electrochemical reaction. For example, N-methyl-N'-ethylamino-4,4’-
bipyridinium (amino-viologen) was covalently linked to the carboxylic groups of
tiopronin-functionalized Au nanoparticles by amide bond formation.82 Since the viologen
units carry two charges, the resulting functionalized Au nanoparticles are soluble in water
and can be studied in aqueous solution. Figure 23(A) shows cyclic voltammograms of
functionalized Au nanoparticles (curve a), and of a solution of free amino-viologen with
the same concentration of the viologen units (curve b). It can be seen that the vilogen
units bound to the Au nanoparticles show slightly positive-shifted redox potentials as a
result of the association that is typical for vilogen monolayers,214 and a low peak current
that originates from the smaller diffusion coefficient of the nanoparticles.
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Electrochemical in situ quartz crystal microbalance (EQCM) measurements, Figure
23(B), show the frequency decrease upon the viologen units electrochemical reduction
and the frequency increase upon its oxidation. This originates from the reversible
adsorption/desorption of the functionalized nanoparticles to and from the electrode when
the viologen units are reversibly reduced and oxidized, respectively.

Electrochemistry of the redox-functionalized metal nanoparticles can be studied after
their association with a solid conductive support. For example, Au
nanoparticles were synthesized by the exchange reaction of octanethiol-derivatized Au
nanoparticles with (5) in solution.211 The

Au nanoparticles were spontaneously adsorbed on a flat Au electrode by
simple dipping of the electrode into the nanoparticle solution in The adsorbed

Au nanoparticles demonstrate well resolved reversible redox waves
with V and –1.29 V in corresponding to and

redox transformations of the fullerene units, Figure 24, curve (a). For
comparison, the 5 was directly chemisorbed onto a flat Au electrode yielding a

electrode. However, this electrode showed a poorly
resolved cyclic voltammogram with the peak potentials different from those of the

nanoparticle adsorbed at the Au electrode, Figure 24, curve (b). The electrochemical
properties of redox-functionalized metal nanoparticles can be affected by their
association with ions or molecules. This suggests the application of redox-functionalized
metal nanoparticles for electrochemical sensing. For example, alkylthiolate-
functionalized Au nanoparticles49 were reacted with a dendritic ferrocene thiol derivative
to yield ferrocene-functionalized Au nanoparticles by thiol exchange.202
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A cyclic voltammogram of the ferrocene-functionalized Au nanoparticles solubilized
in shows reversible electrochemistry for the ferrocene units. This redox wave is
decreased and finally disappeared upon titration of the particle solution with
while a new redox wave of the complex appears at a potential less
positive by 210 m V, Figure 25. An apparent association constant for the ferrocene
derivative and of 5200±1000 was derived from the titration curves. Another kind
of amidoferrocenylalkylthiol ligands bound to Au nanoparticles allowed specific sensing
of and ions due to a potential shift originating from the complex
formation between the ions and the ferrocene redox units.215 The redox potential of the
amidoferrocenyl group is sufficiently perturbed by the synergy between the hydrogen
bonding, electrostatic interaction and topology in the alkylthiol-Au nanoparticles
containing amidoferrocenyl ligands. Redox-functionalized metal nanoparticles can
behave as nanoelectrodes and can also be used for transporting reduced or oxidized
multi-electron equivalents. This allows their application for electrocatalysis. For example,
anthraquinone-functionalized Au nanoparticles were used for the electrocatalytic
reduction of 1, 1-dinitrocyclohexane,206,207
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Comparison of cyclic voltammograms corresponding to the electrocatalytic process
in the presence of the anthraquinone-functionalized Au nanoparticles and molecular
solution of the anthraquinone, Figure 26, curves (1) and (2), respectively, show
comparable efficiencies of the electron transfer. Similar electron transfer rate constants
for the electrocatalytic process of both systems were derived from rotating disk electrode
(RDE) experiments. This opens the way for the use of redox-functionalized metal
nanoparticles also as multi-electron carriers in bioelectrocatalytic reactions.

5.3. Photochemical Properties of Functionalized Metal Nanoparticles

Photochemical properties of chromophore-functionalized metal nanoparticles have
been extensively studied and reviewed.216 For this purpose metal nanoparticles
functionalized with pyrene,217,218 fluorescein,82 stilbene,219 porphyrin,220,221 azobenzene,222

and fullerene210,212 were synthesized, Figure 27. It has been shown that various
chromophore-functionalized metal nanoparticles can demonstrate efficient quenching of
the photoexcited chromophore states with or without the formation of photoseparated
charges, but in some cases they show long a lifetime of the photoexcited state.
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Interestingly, that fullerene thiol emission is totally quenched when it is anchored on
the Au nanoparticles.212,216 This observation shows that the decay of singlet fullerene
moieties is affected by its binding to the particle. Time-resolved spectroscopy has shown
that energy transfer from the photoexcited singlet state of the fullerene to the Au core is
responsible for the efficient quenching of the fluorescence, Eq. (10), whereas the
photoinduced electron transfer mechanism does not contribute significantly.212,216

Another nanosized photochemical system involving pyrene (Py)-functionalized
nanoparticles was studied by time-resolved spectroscopy.216,223 It was seen that electron
transfer resulting in the formation of a photooxidized pyrene cation radical and charged
Au core, Eq. (11), is mainly responsible for the fluorescence quenching.

Thiolate-capped Au nanoparticles are capable of holding charge in a quantized
fashion.6,196,224,225 This photoinduced charge separation between the Au nanocore and the
pyrene ligand is sustained for several microseconds before undergoing the recombination.
The ability of functionalized Au nanoparticles to participate in photoinduced electron
transfer reactions, and the long lifetime of the photoseparated charges, suggests that such
systems could be used as nanosized photoreactive centers.216 Such application of
photoactive functionalized metal nanoparticles has been demonstrated with photoinduced
hydrogen evolution.226 The fact that metallic nanocores can be charged in quantized mode
allows control over their ability to quench bound fluorophores.216 For example, a pyrene
amino derivative yields very low fluorescence in solution because of self-quenching of
the pyrene by the electron donating amine group.217 However, binding of this material to
Au nanoparticles results in high fluorescence due to coupling of the electron donating
amino group with the Au metallic core,216,217 Figure 28. Recent studies on some other
fluorescent ligands bound to gold nanoparticles have shown suppression of their
quenching by the Au cores.82,217,219 In this context, porphyrin-functionalized Au
nanoparticles were studied in detail. Au nanoparticles (2.4±0.6 nm) were synthesized in
toluene by reduction of with in the presence of the porphyrin disulfide
derivative 6, yielding porphyrin-functionalized Au nanoparticles,220,21 Figure 27. The
resulting derivatized Au nanoparticles were characterized by UV-visible, and
fluorescence spectroscopies, electrochemistry, elemental analysis, and transmission
electron microscopy (TEM). It was concluded that the Au nanoparticle coverage with the
porphyrin units (109 porphyrin molecules per particle) corresponds to 56% ratio between
the porphyrin molecules and Au atoms at the particle surface — almost one order of
magnitude higher than that of a 2D-monolayer of the porphyrin. Electrochemical and
spectral properties of the porphyrin molecules bound to the Au nanoparticles are not
significantly different from those of the free porphyrin molecules in solution. The most
surprising and important result is that the lifetime of the excited porphirin bound to the
Au nanoparticle is similar to that of free porphyrin molecules. Thus, there is no
significant quenching of the porphyrin excited state by the nanoparticle, whereas a bulk
Au electrode effectively quenches the fluorescence of a 2D-monolayer of the porphyrin
self-assembled at a Au surface.
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Taking into account the high loading of the porphyrin at Au nanoparticles and its
long-life fluorescence, one could conclude that such a system is promising for light
harvesting in photoelectrochemical devices.

Photoisomerizable molecules have been used extensively in photoswitchabe systems
in solutions and at interfaces.227,228 Au nanoparticles were functionalized with an
azobenzene thiol derivative (7), Figure 27, in order to study their photoizomerizable
features in solution.222 Photoswitching was not observed in a single-component
monolayer of the azobenzene bound to Au nanoparticles, however, by increasing the free
volume available per azo unit by monolayer dilution with alkanethiol, reversible
photoisomerization between the cis- and trans-states was observed.

5.4. Recognition, Specific Association, and Sensoric Operation of Functionalized
Metal Nanoparticles

Metallic nanoparticles functionalized with specific recognition sites have been
suggested for the controlled binding of low molecular components and controlled
aggregation. For example, non-covalent multivalent hydrogen bonding between flavin-
guest molecules and diacyldiaminopyridine-functionalized Au nanoparticles provides an
efficient host-guest complex formation.229 Such a system is different from molecular
host-guest complexes because a single functionalized Au nanoparticle carries many
binding sites that accommodate many guest molecules. The diacyldiaminopyridine-host
sites have different affinities to the oxidized and reduced states of flavin-guest, and the
binding of flavin increases more than 20-fold upon its reduction. This provides a direct
electrochemical switch for the control of complex formation at the surface of the
functionalized nanoparticles. Specific host-guest interactions between the flavin and
diacyldiaminopyridine units were enhanced when pyrene aromatic stacking elements
were introduced into the shell layer.230
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While the diacyldiaminopyridine units bind flavin via triple hydrogen bonds, the
pyrene aromatic units provide an additional interaction with the flavin aromatic
system, Figure 29. It has been shown that this multivalent interaction results in an
association constant of — nearly double that provided by the H-bonding
only in the absence of pyrene units It is interesting to note that multivalent
complex formation between the flavine-guest molecule and two binding sites of the shell
requires lateral movement of the binding units in order to meet the guest molecule and
form the complex. The stability of the resulting complex depends on the spacer length
between the Au core and the binding sites.231 When the spacer is shorter (so the flavin
molecule is closer to the metallic core), the recognition was enhanced ca. 3-fold due to
increased preorganization of the shell structure. The effect of preorganization is reversed
upon reduction of flavin, where the functionalized Au nanoparticles with longer side
chains bind the reduced flavin ca. 7-fold stronger than the short chain counterpart due to
unfavorable dipolar interactions between the electron-rich aromatic stacking pyrene units
of the host and the anionic flavin guest.

Formation of host-guest complexes between a molecular guest and two host units
that belong to different nanoparticles would result in the nanoparticle crosslinking and
therefore aggregation. In order to build up such a system, intraparticle host-guest
complex formation should be excluded. For example, Au
nanoparticles were interacted with guest component resulting in the crosslinked Au
nanoparticle aggregate originating from host-guest complex
formation.232 The size of the guest molecule prohibits intraparticle complex
formation, but allows the interparticle binding, thus resulting in their crosslinking.
Bioorganic capping molecules can also provide complexation sites. For example, Au-
nanoparticles capped with glutathione tripeptide molecules could be used for the binding
of glutathione S-transferase, the enzyme having special affinity to glutathione substrate,84

whereas Au nanoparticles functionalized with coenzyme A molecules could be used for
affinity binding of the coenzyme A-dependent enzymes.81 Au-nanoparticles
functionalized with receptor units can bind to enzyme molecules competing with natural
substrate molecules, thus resulting in the inhibition of enzymatic activity.233

Nanoparticle-biomolecule hybrid systems have been extensively studied and reviewed,44

thus we will not discuss them in the present paper.
Non-covalent bonding between functionalized metal nanoparticles and

complementary polymeric templates could result in the formation of controlled
aggregates. As an example, complementarity between functionalized metal nanoparticles
and a polymer template was achieved using the diaminotriazine-thymine three-point
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hydrogen bonding interaction,234,235 Figure 30. For the polymer component, diamino-
triazine-functionalized polystyrene (8) was employed. The required thymine-
functionalized Au nanoparticles were synthesized starting with ca. 2 nm Au nanoparticles
capped with an octanethiolate monolayer. Thiol place-exchange with a thymine-
functionalized alkanethiol then provided the thymine-derivatized Au nanoparticles.

The temperature-controlled association of the thymine-functionalized Au
nanoparticles with the complementary diaminotriazine-functionalized polymer resulted in
the formation of spherical aggregates of size 97±17 nm at 23 °C, Figure 31(A)), spherical
assemblies of size with ca.  individual subunits at –20 °C, Figure
31(B). In addition to controlling the size of the aggregates, temperature strongly affects
the morphology of the resulting assemblies. At 10 °C, networks of ca. 50 nm subunits
were formed, Figure 31(C), as opposed to the discrete structures observed at higher and
lower temperatures. This suggests that network formation is an intermediate process in
the formation of the giant assemblies at –20 °C. The individual assemblies within these
networks remained spherical, although their sizes are more highly dispersed. Further
control of the aggregate size could be achieved by controlling the length of the template
polymer and by introducing binding and non-binding domains into the polymer
structure.236 Mixed aggregates composed of negatively-charged functionalized Au and
functionalized silica nanoparticles associated with a positively charged polymer were
prepared by a similar approach.237
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The degree of ordering and the control of particle material, size and shape, coupled
with the inherent modularity of the ‘bricks and mortar’ nanoparticle-polymer self-
assembly process, represent a powerful and general strategy for creation of highly
structured multifunctional materials.234,235

Metallic nanoparticles capped with molecules providing recognition sites for host-
guest interactions could be used for the development of specific sensors and selective
catalysts. Au nanoparticles (18 nm) were functionalized with alkylthiol with a 15-crown-
5 head group.238 The 15-crown-5 units form different kinds of complexes with and

ions, Figure 32(A). While in the presence of ions the 15-crown-5 units bind one
guest ion per the host crown-unit providing charging of the functionalized Au

nanoparticles and resulting in their dispersion in an aqueous environment with a red
color, Figure 32(B), each ion is bound with two crown-units resulting in sandwich-
type complexes. There are two possible binding schemes for the sandwich complexation,
in which the two 15-crown-5 are either from neighboring chains or from different
nanoparticles. In the former case, the exterior of sandwich crown ethers and thus the
entire nanoparticles become hydrophobic. The polar aqueous medium enhances
interparticle attractions (such as van der Waal’s attraction) among less polar
nanoparticles, resulting in the formation of aggregates. In the later case, nanoparticles are
networked via sandwich complexes. Because there are multiple binding sites on the
nanoparticles, the aggregates are developed in a hexagonally close-packed structure,

ions (e.g. with carboxylic derivatized thiolate-capped Au
nanoparticles.239 Interparticle chelation of the metal ions by the negatively charged shell
molecules results in the aggregation of the functionalized Au nanoparticles, thus resulting
in a change in the spectrum. Another example of recognition elements bound to the
thiolate-shell of Au nanoparticles includes aminophenylboronic acid, which provides
specific binding of vicinal-glycols.240 The aminophenylboronic acid-functionalized Au
nanoparticles show affinity properties for binding of glycol-containing molecules,
particularly sugars and glyco-proteins, thus allowing their specific assembly and sensing.

Figure 32(C). The aggregation of Au nanoparticles in the presence of ions results in
the change of their dispersion from red to blue color, Figure 32(D), and finally to the
precipitation of the particles aggregates. The system demonstrates an analytical
application of metal nanoparticles functionalized with recognition units. Another example
of the spectroscopic detection of metal ions includes interaction of multi-charged metal
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Specific binding sites organized as a “shell” monolayer on functionalized metallic
nanoparticles could provide substrate, promoter or inhibitor binding, thus resulting in the
activation, enhancement or inhibition of catalytic reactions, respectively. For example,
cyclodextrin-functionalized Pd nanoparticles have demonstrated catalytic activity for the
hydrogenation of olefins.241 Specific binding of a ferrocene derivative to the cyclodextrin
units of the shell results in the inhibition of the catalytic process, since it partially blocks
the catalytically active surface of the Pd nanoparticles, Figure 33. Thus, the host-guest
binding allows tuning the nanoparticles’ catalytic activity.

6. FUNCTIONALIZED METAL NANOPARTICLE ARRAYS ON SURFACES

The construction of nanoparticle architectures on surfaces attracts substantial interest
because of the degree of control that can be exercised over the size, shape and functions
of the nanoparticle blocks and by their integration with bulk solid surfaces. The
integration of functionalized metal nanoparticles with bulk conductive supports may lead
to the electrical contacting of the nanoparticles and to the assembly of devices
demonstrating single electron transfer charging devices or triggered electron transfer
devices.4,242 The assembly of metal nanoparticles functionalized with recognition sites on
electronic transducers such as electrodes or field-effect transistors may lead to new
selective sensoric devices.243,244 Similarly, the assembly of nanoparticles on transparent
surfaces or conductive transparent supports, may lead to controllable optical245 and
electrochromic246 functionalities. For all of these functional systems the development of
methods for the assembly and characterization of the nanoparticles on surfaces is
essential. Several recent reviews have addressed this topic.6,7,42 The present section will
briefly discuss the concepts for immobilization of metal nanoparticles on surfaces, and
will exemplify the scientific methodologies of transforming the organized nanostructures
into functional sensoric, electronic and photonic devices.

6.1. Preparation of Functionalized Metal Nanoparticles Arrays on Surfaces

Monolayer deposition of functionalized nanoparticles onto a solid support surface is
the first step for further multilayer functional assembly. Organized lattices, 2D- and 3D-
ordered assemblies demonstrating sensoric, catalytic, electrochemical and photoelectro-
chemical properties have been obtained. Nanosized electronic circuits were organized
upon assembling of conductive metal nanoparticles on non-conductive solid supports.
There are numerous methods to generate polymeric matrices with non-ordered, randomly
distributed metal nanoparticles. These include absorption of metal ions by polymer
matrices (usually negatively charged polymers such as polyacrylic acid are used) and
their chemical or electrochemical reduction to yield nanoparticles247 or entrapment of
stabilized nanoparticles by growing polymer layers upon their formation (e.g. upon
electropolymerization step).248 Metal nanoparticles could be also entrapped into the
polymeric matrix upon its swelling-shrinking in the presence of nanoparticles.249 The
polymer-nanoparticles composite materials demonstrate interesting features, for example
their conductive and optical properties could be reversibly switched by temperature,250

solvent,249 or potential change.184 However, these non-ordered composite materials are
mainly out of the frame of the present review.
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6.1.1.  Adsorption of Nanoparticles at Modified Surfaces

Nanoparticles have been assembled on a wide variety of substrates, sometimes by
highly ingenious means, but true nanoengineering requires nanoscale control, i.e. control
over the nanoparticle packing morphology on the surface. This is becoming a reality with
new research into the ordering of adsorbed particles, bringing new applications to light,
such as the use of nanoparticles as nanoscale “masks” for lithography of surfaces.251-253 It
should be noted that one should expect some nonideality even from networks of
nanoparticles with a very narrow size distribution (variation less than 10%). Theoretical
consideration of nanoparticle lattices using Hamiltonian based on a Hückel-type tight
binding like approximation results in the conclusion that they have a configurational
disorder and are never identical.254

Various functionalized solid supports such as glass (including conductive glasses)
and metallic electrodes have been used for the adsorption of nanoparticles. The most
usual way for chemical derivatization of glass substrates is silanization.255,256 The
silanized glass surface bears chemical groups that are capable of binding a colloid
particle either covalently (e.g. thiol to bind Au nanoparticles, Figure 34(A)) or through
electrostatic interactions (e.g. amine to bind anionic nanoparticles, Figure 34(B)). The
formation of a colloid monolayer is achieved by placing the surface-functionalized glass
substrate in a solution of the nanoparticle, which binds to the surface, assembling into a
saturated monolayer over a period of time. The monolayer density is dependent on factors
such as the particle size and charge as well as the attachment method and the substrate.257

In a study of citrate-stabilized gold nanoparticles assembled on amine- and thiol-
functionalized ITO glass surfaces, it was found that 80 nm particles formed layers over
20 times less dense than 15 nm particles as opposed to ca.

258 Amine-functionalized substrates are found to bind the
particles at a slightly higher density than thiol-functionalized substrates. The dynamics of
monolayer assembly has been followed directly by quartz crystal microgravimetry
(QCM),259,260 and spectroscopy,261 and in the case of citrate-capped Au-particles occurs
over a period of a few hours. It should be noted that electrostatic adsorption of negatively
charged Au nanoparticles on amino-functionalized solid supports is pH-dependent.262 The
electrostatic attraction of the oppositely charged nanoparticles and the amino-
functionalized surface is effective only when the amino groups are protonated at pH
smaller than the pK-value of the surface bound amino groups.

The assembly of nanoparticles on gold substrates often follows a similar procedure to
that for glass substrates, i.e. surface modification of the substrate followed by the
adsorption of colloid particles. The modification of the gold surface is achieved by use of
a thiol,45,46 which forms a covalent link to the Au-surface. This thiol also bears a group
capable of binding a nanoparticle, for instance another thiol for Au or Pt nanoparticles,263

or an amine for Au nanoparticles.264,265 Aluminium surfaces are easily functionalized by
carboxylic acids, Figure 34(C), and thus nanoparticles may be immobilized on them
either by the use of carboxylic acid-functionalized nanoparticles or by functionalizing the
surface with carboxylic acids attached to a colloid-binding group (such as a thiol for gold
nanoparticles).266 It is interesting to note that a bifunctional linker containing a carboxylic
group and a thiol group (e.g. 4-carboxythiophenol) is capable to adsorb differently on Al
and Au surfaces, via the carboxylic and thiol groups, respectively, thus exposing to the
solution the opposite functional group and providing additional synthetic possibilities
including the possibility of patterning.267
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Studies on the adsorption of Au nanoparticles functionalized with thiols ( e.g.
or at planar gold electrode surfaces modified

with the same thiols268 show that the strongest adsorption is achieved when hydrophobic-
functionalized Au nanoparticles interact with a hydrophobic electrode surface, whereas
interactions between hydrophilic/hydrophobic surfaces are much weaker.

Conductive substrates also allow the possibility for particle adsorption by
electrophoretic means.269-272 In this procedure, the Au nanoparticle surface is first reacted
with alkanethiols in order to lower the surface charge. The particles are then deposited on
anodic surfaces under relatively low potentials, and are subsequently desorbed if the
electrode polarity is reversed. The monolayers formed have extremely regular structures,
but the particles are not truly bound to the substrate so the structures exhibit low
stabilities. Real electrocatalyzed adsorption can be accomplished by the use of
functionalized nanoparticles. Reduced viologen is known to adsorb strongly to gold
electrodes, and thus viologen-functionalized Au-colloids can be electrochemically
activated to form a monolayer on a QCM surface.82 When the viologen units are
subsequently oxidized, the nanoparticles are released from the electrode surface.

The electrochemical deposition of metal nanocrystals on carbon electrodes has been
the subject of a large number of investigations273-276 as this type of interface is of great
importance to electrocatalysis and as a model system for electroplating. The focus of
many of these studies has been on the early stages of electrochemical deposition in an
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effort to elucidate the nucleation and growth mechanism of the metal phase on the
substrate (usually a glassy carbon electrode).275 The electrochemically-assisted deposition
of metal nanoparticles includes the electrochemical reduction of the respective salt (e.g.

for Au-deposition), primary formation of ad-atoms and the further growth of
nanocrystals on the carbon electrode. The overall surface area of gold as well as the
nanocrystal size, density, and surface texture, can be controlled by the variation of
deposition conditions (the bulk concentration of the salt and the overpotential applied).274

Significant results have been accomplished for the assembly of negatively charged
nanoparticle layers on adsorbed polycationic polymer films such as poly(ethyleneimine)
or poly(diallyldimethylammonium chloride). This methodology is very general, yielding
successful results for various metal nanoparticles.277,278 Techniques for the construction
of thin polymer films are very well known, and allow the construction of nanoparticle
arrays almost irrespective of the substrate material. Similarly, nanoparticles have been
assembled on PAMAM dendrimer films.279,280 Surfaces have also been prepared for
nanoparticle organization by the formation of Langmuir-Blodgett films.281 This
methodology gives access to very thin, dense sublayers, but is not suitable for large-scale
production or shaped substrates. The Langmuir-Blodgett technique and a similar
“surface-tension-driven” method282 have also been used for the direct assembly of
nanoparticle layers. The nanoparticles can be immobilized at the air-water interface either
within a ‘carrier’ monolayer (for instance, negatively-charged silver colloids have been
immobilized in positively-charged fatty amine monolayers283,284) or by virtue of their own
properties.283-285 Langmuir-Blodgett films allow for a very high degree of control over the
nanoparticle density and ordering since the monolayer can be manipulated prior to its
assembly on the substrate,286 but their formation has neither the generality nor the ease of
the self-assembly method.

We have already seen that monolayers formed by electrophoresis can have very
regular, close-packed structures. Similar results can be obtained from the evaporation of
colloid solutions on substrate surfaces under carefully-controlled conditions,287,288 but
other methods of monolayer formation tend to give less organized films of lower
coverages. The particle density of electrostatically-produced monolayers is dependent on
factors such as the particle size258 and surface charge — the particles in these films are
usually well spaced as their charges do not allow them to come into close contact with
each other. Citrate-stabilized Au-nanoparticles normally give adsorption coverages of
around 30% for 12 nm particles,261,289 but closer packing can be achieved by the
neutralization of their surface charge, Figure 35. If a thiol-bound monolayer of citrate-
stabilized colloids is exposed to a solution of an alkanethiol, then the alkanethiol
displaces the citrate, neutralizing the particle’s charge, Figure 35(A). After this
procedure, additional nanoparticles can be adsorbed in the spaces between those in the
original layer as electrostatic repulsion no longer inhibits their approach.261 Continued
cycles of neutralization and nanoparticle adsorption lead to a dense monolayer with
interparticle spacings controlled by the choice of the alkanethiol.277 A similar procedure
on an amine-functionalized substrate can even coax the nanoparticles into reorganizing
themselves, Figure 35(B).290 In this case, when the citrate layer is removed from the
nanoparticles, their electrostatic bond to the substrate is substantially weakened. The
freed nanoparticles can then self-assemble into highly regular hexagonally-packed
structures on the surface, and further neutralization and adsorption cycles give rise to
highly ordered surfaces. These monolayers suffer from low stabilities however, as a
consequence of the loss of binding between the particles and the surface. Other studies
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have generated crystallized monolayers by applying carefully optimized conditions for
colloid deposition,291 and very dense but uneven layers by the aggregation of the colloid
solution prior to its adsorption onto the substrate.289 A two-dimensional (2D) assembly of
Au nanoparticles with regular controlled distances (ca. 2 nm) between metallic cores was
produced using tetrapyridylporphine molecules as spacers between the nanoparticles.292

The system represents a 2D regular network composed of Au nanoparticles forming
hexagonally packed array. Similarly, metallic nanoparticles (e.g. Ag, Pd) functionalized
with hydrophobic long-chain thiols were organized in 2D arrays with the core-to-core
distaces controlled by the length of the thiol chains.293,294 A 2D-nanoparticle assembly
with a gradient of its density was prepared by deposition of Au nanoparticles on a solid
support with the gradient of the surface concentration of amino groups responsible for the
nanoparticle binding.295
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6.1.2. Layer-by-Layer Assembly of Functionalized Metal Nanoparticles Crosslinked by
Charged Molecules

In order to assemble nanoparticle multilayers, a monolayer must be primed in some
way for the adsorption of the second (and subsequent) particle layers. This “priming”
may be little more than a modification of the surface layer, or it may involve
functionalization with another significant component. The forces used to hold such
structures together are either covalent or ionic. Architectures may be much more
complicated than simple alternating layers — constructions may contain different layers
consisting of different types of nanoparticle263,296 or crosslinker,297,298 leading to designed
functional materials.

The assembly of electrostatically-linked nanoparticle arrays is a general method
which has been shown to be effective up to the micron-scale using charged polymers or
small molecules as linkers.299 Nanoparticle arrays can be constructed from any charged
nanoparticle and an oppositely multicharged “crosslinker”.39,40,42 Metal nanoparticles
stabilized with weakly bound ionic species (e.g. citrate ions), as well as charged thiolate-
functionalized nanoparticles have been used in this kind of layered assemblies. For
example, negatively charged 11-mercaptoundecanoic acid functionalized gold
nanoparticles were self-assembled in a multilayer configuration using positively charged
poly(allylamine hydrochloride) as a linker,300 Figure 36(A). The charge on anionic Au
nanoparticles allows them to be adsorbed onto the cationic polymer and vice versa,
allowing a three-dimensional structure to be built up in a stepwise fashion. On the other
hand, positively charged 4-mercaptophenylamine-functionalized Au nanoparticles were
crosslinked with negatively charged poly(sodium 4-styrene sulfonate) yielding a similar
structure,300 Figure 36(B). In another example Au nanoparticles capped with positively
charged poly(amidoamine) dendrimers were crosslinked by negatively charged
poly(sodium 4-styrene sulfonate) to yield a multilayer assembly.301 Application of
dendrimers with different numbers of generations allowed precise control of the
interparticle distances. Strong interaction between charged thiolate-functionalized Au
nanoparticles and the oppositely charged polymer molecules involves multiple hydrogen
bond formation between them.302 Figure 36(C) shows how a polymer-nanoparticle
multilayer composite can be constructed by the exploitation of electrostatic interactions.
If the base nanoparticle layer has a net negative charge, it facilitates the assembly of a
thin film of a polycationic polymer. In turn, the polymer layer leaves a surface positive
charge, on which a second negatively charged nanoparticle layer is assembled, and
subsequent layers are built likewise. Polymers that have been used include positively
charged poly(diallyldimethyl ammonium chloride),303,286 negatively charged poly(sodium
4-styrene sulfonate)300 and others,278,297,304 and a wide range of metal nanoparticles such
as Au,278,297 Ag303 have been utilized. Another synthetic route includes the electrostatic
deposition of metal ions between oppositely charged polymer layers and their further
reduction to yield metallic nanoparticles entrapped in the layered polymeric
matrix.183,305,306 This approach allows control of metal nanoparticle concentration in the
polymeric matrix as well as their size. For example, ions were self-assembled with
a polycationic poly(4-vinylpyridine) linker in a multilayer configuration on a conductive
support and then they were electrochemically reduced resulting in Pd nanoparticles (3-7
nm) sandwiched between the polyelectrolyte layers.305
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Similarly ions were complexed with polyethyleneimine and then layer-by-layer
deposited on an electrode support using polyacrylic acid as a negatively charged
polymeric linker.183 Post-deposition reduction of the ions yielded Ag nanoparticles in
the multilayered polymeric assembly. The “crosslinker” may be not only a charged
polymer, but also a small molecule or even another functionalized-nanoparticle.307'308 For
example, sequential layer-by-layer deposition of oppositely charged amino-derivatized
Au and carboxylic-derivatized Ag nanoparticles was performed on a glass support.78 The
electrostatic crosslinker must bear multiple charges so it can interact with the colloid
layers both above and below it simultaneously. Singly-charged species such as
tetrabutylammonium chloride are able to partially neutralize the colloid’s charge so that
greater coverages can be realized, but they cannot be used to assemble true multilayer
structures.307 In fact, not even all oligocations are successful. Those that bind the
nanoparticle more strongly than the underlying substrate may destroy the superstructure,
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and those with a low charge density may not be effective. The oligocationic molecule can
be assembled in a variety of solvents, but to achieve efficient coverage, a fairly
concentrated nanoparticle solution (ca. 10 mM) is usually required for a period of at least
30 minutes. It is very important that the sample is washed very thoroughly before every
colloid treatment as any weakly-bound crosslinker can diffuse into the bulk solution,
causing aggregation of the nanoparticles.

Like in the construction of polymer-linked structures, the treatment of a nanoparticle
monolayer with an oppositely-charged species results in a surface ready for the assembly
of a second nanoparticle layer. In this case however, the much smaller “crosslinker”
means the nanoparticle layers are much closer — even interleaved — such that there can
be electrical communication throughout the entire structure.309 The use of N,N'-
diaminoethyl-4,4'-bipyridine as a crosslinker has been used to demonstrate the versatility
of the method — gold and silver colloids offer the same assembly characteristics,
allowing composite structures to be built.296 Great success has been realized by the use of
4,4'-bipyridinium-based cyclic crosslinkers,41,296,298,309-311 which also exhibit electro-
chemical activity as well as sensoric functions (to be discussed in Section 6.3).
Complexation of carboxylic-thiolate-functionalized metal nanoparticles with multiply-
charged cations was used to build up multilayered assemblies.312,313

These assemblies were also used for the deposition of continuous metallic layers on solid
supports.313 For this purpose, several layers of carboxylic-functionalized Au nanoparticles
were deposited onto a glass support using ions as bridging units. Further heating of
the nanoparticle covered surfaces resulted in the formation of continuous metallic films
of controllable thickness.

Although the charged nanoparticles-crosslinker architectures are only stabilized by
ionic interactions, they tend to be highly stable in almost any solvent, requiring physical
scratching or chemical reaction to damage them. Further stabilization of nanoparticle-
polymer assemblies can be achieved if the multilayers are covalently linked. For
example, the use of a positively charged diazo-functionalized polymer between
negatively charged sulfonate-thiol-functionalized Au nanoparticles allowed photo-
chemical transformation of the electrostatic interactions to covalent bonds.314 In another
example, a single step deposition of Au nanoparticles complexed with a diblock
copolymer, polystyrene-block-poly(4-vinylpyridine), onto a solid support yielded a
multilayered assembly of alternating pure polymeric lamellae and Au nanoparticle-
containing lamellae, both in a nanometer thickness.315 It should be noted that all the
polymeric layers are covalently linked and belong to a single diblock polymer. The
spontaneous separation of the Au nanoparticle-containing diblock polymer in well-
defined layers originates from minimization of the interfacial energies. Covalently-linked
colloid superstructures can be built in an analogous way to electrostatically-linked
architectures. This has been accomplished by using bisthiol crosslinkers for Au259,316-319

and other263 nanoparticles, Figure 37, and has been verified by QCM and other
techniques. If a Au-colloid monolayer is exposed to a solution of a bisthiol, then the
crosslinker assembles on the Au-surface, leaving thiol moieties at the nanostructure-
solution interface. The assembly of a second colloid layer is then possible, and
construction can be continued in the same way. This methodology allows some control
over interparticle spacing by the use of bisthiols with spacers of various lengths,316 and in
turn, the interparticle spacing affects lattice properties such as conductivity.320
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The conditions required for assembly are very similar to those of electrostatic
assembly, but this methodology has not yet been extended to the use of functionally
interesting crosslinkers. It should be noted that reaction of the Au-surface with a thiol
displaces the negatively charged citrate ions, leaving the thiolate-functionalized
nanoparticle interface uncharged. As is seen in Figure 37 however, the charge remains at
the colloid-solution interface, leaving a path open for the construction of composite
covalent-ionic structures. 2-Mercaptoethylamine has been used as an interparticle
crosslinker.321 A novel strategy to prepare Au nanoparticles multilayers using 3-
(mercaptopropyl)-trimethoxysilane as a linker molecule was demonstrated.322 The
nanostructure consists of alternative layers of ultrathin thiol-functionalized silica films
and Au nanoparticles, Figure 38. A stepwise surface sol-gel process was used to prepare
the thiol-functionalized silica matrix with included Au nanoparticle layers.

The characteristics of nanoparticle layers can be controlled by the conditions at
which they are adsorbed. Polymer layers or molecular spacers between the nanoparticles
can be of controllable thickness, isolating colloid layers from each other by whatever
distance is required, and may also be conducting, semiconducting or insulating. Layered
nanoparticle assemblies hold great promise for the construction of nanoscale electronic
devices. Novel electrical and optical properties have been observed for metallic
nanoparticles self-assembled in polymer-layered matrices. For example, a thin film
electrostatically assembled by layer-by-layer deposition of negatively charged polyacrylic
acid-capped Ag nanoparticles and positively charged poly(diallyldimethylammonium
chloride) linker showed electroconductive properties and a reversible blue shift in the
position of the surface plasmon resonance upon application of a negative potential of–1
V.323 This shift originates from excess electrons. Strong inter-particle interactions could
result in the formation of a new plasmon band whereas increase of the interparticle
distances due to excessive amount of the polymer-linker results in gradual decrease of
this band intensity and restoration of the spectrum typical for the non-aggregated
nanoparticles.324
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Thus, application of various metallic nanoparticles separated by controllable
distances allows design of tunable optical filters. aggregation of Au-
nanoparticles can be used for the construction with unusual optical and
electronic properties.325 The origin of the binding interaction between gold particles and
fullerene molecules is still unclear, but it has been suggested that it involves an electron
transfer process between the organic and inorganic components of the array.

6.2. Patterning of Functionalized Metal Nanoparticles Arrays

The patterning of nanoparticle arrays is of paramount importance if these structures
are to be used in nanoelectronic applications or to tailor addressable sensing domains. In
recognition of this fact, methods for the patterning of nanoparticle-functionalized
surfaces have been developed, which can broadly be categorized into three paradigms:
lithography, microcontact printing and physical engineering.42 The direct engineering of
surfaces by scanning microscopic tools such as STM and AFM tips is intriguing but is far
from a cheap industrial or general laboratory process. Nanoparticles have been
electrodeposited,326,327 “swept”328-330 and even etched by at the touch of a scanning
microscopy tip.331 Au nanoparticles have been selectively deposited on a self-assembled
monolayer surface, which had been already patterned with AFM electrochemical
engraving lithography.332,333 Even so, the construction of large devices is unfeasible, and
even the manipulation of a single particle is currently seen as quite an achievement.
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The pattern engineering of the nanoparticle monolayer after its formation has not
been studied in any depth. This route would involve the construction of a nanoparticle
monolayer and its subsequent patterning, for instance by scanning nanocapillaries filled
with an “etching ink”. In one example, a thin film of surfactant-covered Pd nanoparticles
was patterned by an electron beam. In the exposed areas, the surfactant coating was
removed from the particles, allowing them to agglomerate into solid metal. The
remaining (unexposed) separate nanoparticles were then washed away to leave the metal
pattern.334

Lithography provides a well-known route to patterned substrates, and a number of
examples concerning nanoparticle systems are known. The most trivial of these relies on
standard lithographic techniques to produce a PMMA pattern on a silica substrate.335 The
“windows” in the pattern can then be silanated and a nanoparticle layer assembled by the
standard procedure, Figure 39(A). In other methods, substrates are functionalized so that
they may adsorb colloids depending on their exposure to the lithographic medium. Figure
40(A) shows the photolithographic patterning of a thiol-surfaced substrate.336,337

Irradiation at 254 nm under air oxidizes the exposed thiol moieties to sulfonates, which
are unable to bind Au-nanoparticles. Subsequently, treatment of the photolithographed
surface with an Au-nanoparticle solution results in colloids being immobilized only in the
areas that have not been irradiated (as seen in Figure 39(B)). The system outlined in
Figure 40(B) behaves in the opposite fashion.338 An amine monolayer is protected with
the photolabile nitroveratryloxycarbonyl (NVOC) group. Upon UV irradiation, the
neutral NVOC-amines are photodeprotected, exposing the positively-charged amines.
The nanoparticle pattern is generated by immersing the pattern-irradiated substrate in a
solution of negatively-charged Au-nanoparticles, which adsorb only to the amine. This
pattern of Au-nanoparticles can also be intensified by the construction of further layers of
nanoparticles crosslinked by bisthiol molecules (the final pattern is shown in Figure
39(C)). Electron beam lithography on Langmuir-Blodgett films of alkanethiol-capped Au
nanoparticles was shown to be a viable strategy to define nanoscale structures of such
particles.339 Sub-50 nm wide “nanowires”, the thickness of which is controlled at the
single particle level, were created with e-beam doses in the range. It was
shown that the patterns are formed by radiation-induced cross-linking of the alkyl chains.
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In another example an e-beam resulted in the crosslinking of a Langmuir-Blodgett
organic matrix where metallic nanoparticles were dispersed,340 thus resulting in the
insolubility of the hydrocarbon matrix in organic solvents and in the impossibility of
nanoparticle aggregation in the exposed regions. After immersion of the film into an
organic solvent, the exposed areas remain insulating while conductive nanoparticle layers
are formed in the nontreated zones due to removal of the matrix and particle aggregation.
Ag nanoparticles were covered with a photosensitizing dye to stimulate their growth and
aggregation upon irradiation with a laser or electron-beam.341 This system allowed one-
step “writing” on the surface yielding one-dimensional (1D), 2D, and 3D patterns of the
aggregated Ag nanoparticles. Other lithographic methods have been used similarly, and
the final nanoparticle pattern has been used for the deposition of other metals to create
continuous metal patterns.342-344

Nanoparticle patterns have also been achieved by the process of microcontact
printing, often as a means to construct other architectures.345,346 This technique uses a
microstructured “stamp” to form the nanoparticle pattern by one of two general routes,
Figure 41. In one of the these routes, the stamp is used to introduce a pattern of
functionality onto the substrate, which may be either specifically chosen or of the well-
known hydrophobic/hydrophilic type, Figure 41 (A). Self-assembly of nanoparticles on
the functionalized surface yields the colloid pattern.
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Figure 42(A) shows a pattern generated by the evaporation of a nanoparticle solution
which had selectively adsorbed to 2-mercaptoethanesulfonic acid-functionalized areas,
leaving hexadecanethiol-functionalized areas bare.346 This method was further modified
by in situ formation of nanoparticles at the microprinted domains.347 A silicon wafer was
primarily microprinted with resulting in the formation of a protecting
hydrophobic layer with bare domains used to adsorb dendrimers that provide binding
sites for ions, Figure 43.
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Chemical reduction of the ions with yields Pd nanoparticles associated
with dendrimer-covered domains of the surface. Catalytically-active Pd nanoparticles
were further used for electroless deposition of copper as a continuous metal layer that
follows the primary microprinted pattern. The other, simpler method is to use the stamp
to introduce a nanoparticle-containing “ink” directly on the surface, Figure 41(B). In one
such example, a pattern of palladium nanoparticles was deposited on a siloxane-
functionalized substrate by means of a poly(dimethylsiloxane) (PDMS) stamp.345 The
nanoparticle domains were used to catalyze the electroless deposition of copper, forming
a submicron-scale conductive pattern on the surface, which is shown in Figure 42(B).
Similar direct microprinting of Ag nanoparticles onto a cystamine-functionalized gold
support was also carried out.348 The adhesion of the negatively charged citrate-stabilized
Ag nanoparticles originates from their electrostatic attraction to the positively charged
protonated cystamine monolayer. The resulting pattern was imaged by surface-enhanced
Raman scattering (SERS) spectroscopy.

6.3. Sensoric Applications of Functionalized Metal Nanoparticles Arrays

The use of metal nanoparticle superstructures for the creation of electrochemical
sensing devices is an extremely promising prospect. Multilayers of conductive
nanoparticles give rise to a porous, high surface-area electrode, where the local
microenvironment of the metallic nanoparticles can be controlled by the crosslinking
elements and may lead to specific and selective interactions with substrates.39,40,42
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6.3.1. Vapor Sensors

Chemiresistors are simple solid-state devices whose electrical resistance is changed
by the presence of chemical species. The resistance of nanoparticle arrays depends on the
colloid size, interparticle distance and dielectric properties of the interparticle material.
An array consisting of Au nanoparticles stabilized with hydrophobic long-alkyl thiols is a
medium that can accommodate organic materials such as hydrocarbons or halogen-
hydrocarbons between the particles. Incorporation of the additional material can increase
the interparticle distance and lower the medium dielectric permittivity, resulting in a
decrease of the electrical resistance of the array. This approach was recently applied for
the detection of toluene and tetrachloroethylene vapors, providing a detection threshold
of ca. 1 ppm (v/v).349 The device demonstrated high sensitivity to these low polarity
materials being almost insensitive to materials with higher polarity (e.g. 1-propanol and
water) at the same vapor pressure.
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The application of different kinds of metallic nanoparticles within various organic
matrices, providing interactions with different vapors, allows the development of
chemiresistors selectively sensitive to specific analyte molecules.350,351 For example, Pd
nanoparticles incorporated into a poly(p-xylylene) film demonstrated sensoric capability
for vapor.352 Precise control of hydrophobicity/hydrophilicity of the matrix as well
as control of the sizes of pores between the matrix chains would allow tuning of the
chemiresistor selectivity.353,354 This aim was achieved using Au-nanoparticles self-
assembled with various dendrimer molecules.355,356 Vapor-sensitive thin-film resistors
comprising Au-nanoparticles and different types of organic dendrimers (polyphenylene,
poly(propylene imine), and PAMAM) were prepared by layer-by-layer self-assembly.
While the Au nanoparticles were utilized to provide the film material with electric
conductivity, the dendrimers served to crosslink the nanoparticles and to provide sites for
the selective absorption of analyte molecules. The dendrimers (with differing
hydrophobicity/hydrophilicity) allowed the specific sensing of different analyte
molecules, Figure 44. While the less polar polyphenylene dendrimers were more
sensitive to toluene molecules, the most polar PAMAM dendrimers were more affected
by water vapor.

Although chemiresistors are usually used for direct current measurements, the
application of impedance spectroscopy could result in a better understanding of the
physical mechanisms of the sensing phenomenon, i.e. finding which component of the
resistance — faradaic or non-faradaic is mainly responsible for the resistance change.

6.3.2. Sensing by a Receptor-Crosslinked Array

A series of electrochemical sensors were built by the electrostatic crosslinking of Au
nanoparticles with the bipyridinium cyclophanes 9 or 11, or the oligocationic Pd(II)-
ethylenediamine bipyridine square-type complex 12,41,298,309,311 Figure 45. The
bipyridinium cyclophanes act as receptors for the association of substrates in
their cavities and the 3D-conductivity of the Au nanoparticle array permits the
electrochemical sensing of substrates associated with the cyclophane units. The
formation of complexes between the host-receptor and the
analyte enables the preconcentration of the analyte at the conductive surface.
Furthermore, control of the number of Au nanoparticle layers associated with the ITO
electrode allows tuning of the sensor sensitivity. Figure 46(A) shows the electrochemical
sensing of p-hydroquinone (13) at a bulk concentration corresponding to by 9-
crosslinked Au-nanoparticle-functionalized electrodes consisting of different numbers of
particle layers. The electrical responses of both the cyclophane (E°= –0.450 V vs. SCE)
and the analyte increase with the number of layers, implying that the array must be
porous. Figure 46(B) shows the calibration curve for the response of the 5-layer electrode
to 13. The electrochemical response of the electrode as indicated by the calibration curve
is approximately linear within the concentration range examined, showing that the sensor
is not easily saturated. The electrochemical sensing of the hydroquinone is possible at
concentrations as low as In contrast, within the concentration range of

it is electrochemically undetectable by a Au nanoparticle array crosslinked by the
acyclic crosslinker N,N'-diaminoethyl-4,4'-bipyridinium (10).
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These observations clearly reveal that the successful sensing of 13 by the 9-
crosslinked superstructure originates from a specific host-guest interaction rather than
from the fabrication of a roughened Au nanoparticle interface. In addition to the
enhanced sensitivity in the analysis of 13 upon the growth of the layers, the electron
transfer kinetics of the guest is vastly improved upon the build-up of the layers, as
evidenced by the decrease in its peak-to-peak separation.
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Other substrates such as dihydroxyphenyl acetic acid and the neuro-
transmitters adrenaline (14) and dopamine (15) can also be sensed by the 9-crosslinked
Au nanoparticle electrode.41 These substrates contain o-hydroquinone units, but
in addition include substituents on the aromatic ring. Oxidation of the
ortho-hydroquinone residue to the respective quinone is only partly reversible since the
amine substituent induces a Michael-type ring-closure, bringing about a species that
exhibits quasi-reversible electrochemical properties. Figure 47 shows the electrochemical
sensing of different concentrations of adrenaline by an electrode consisting of five layers
of 9-crosslinked Au nanoparticles.41 In addition to the cyclophane redox-wave, an
irreversible oxidation wave for adrenaline is observed (0.3 V vs. SCE) as well as a quasi-
reversible redox-wave at E°= –0.28 V vs. SCE, corresponding to the electrochemically-
induced cyclization product generated from the primary oxidized species. Coulometric
assay of the quasi-reversible redox wave of the electrogenerated product enables the
extraction of the respective calibration curve.

The selectivity of these Au-nanoparticle electrodes is controlled by the structure of
the crosslinking receptor units. Application of the enlarged cyclophane 12 as crosslinker
for the Au nanoparticles enables the electrochemical sensing of bis-dihydroxy-
methylferrocene (15), Figure 48(A), but not of 13, due to its large cavity dimensions.298

Likewise, the 11-crosslinked Au-nanoparticle superstructure fails to sense 13 because of
the small receptor dimensions that preclude the accommodation of the larger guest,
Figure 48(B).

The Pd(II)-octacationic complex 12 enables the electrochemical sensing of both
substrates since its cavity is large enough for the former, and the letter can associate with
it in a diagonal orientation.311 Lastly, the sensoric features of the cyclophane-colloid
electrodes are affected by the lattice morphology. A Au-superstructure consisting of three
layers of 9 crosslinked Au nanoparticles followed by three layers of 11-crosslinked
nanoparticles (the outer layers) enables the electrochemical sensing of both p-
hydroquinone and bis-dihydroxymethylferrocene.
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Conversely, an Au-nanoparticle composite electrode consisting of 11-crosslinked Au
nanoparticles followed by 9-crosslinked Au nanoparticles, enables the electrochemical
sensing of hydroquinone only.298 This phenomenon has been attributed to the porosity
control of the Au nanoparticle array by the receptor crosslinking units — the
superstructure consisting of 11-crosslinked Au nanoparticles is porous to 9, but is
impervious to the larger molecule 15.

The receptor-based sensors described above are efficient in the concentration of the
analyte at the substrate surface, but since the sensing is fundamentally electrochemical,
the technique is limited to redox-active analytes. The same sensing principle can be used
with a different sensing methodology however, allowing the analysis of non redox-active
compounds. Ion-Sensitive Field-Effect Transistors (ISFETs) provide a means to detect
charged species in close proximity to a gate surface. A charged species at the sensing
interface of such a device causes a change in the polarization of the underlying
interface (a thin layer of a non-conductive material on the sensing interface, e.g. GaAs,

is often used to ensure insulation), Figure 49(A). The conductance of electrons
from the source electrode to the drain electrode through the semiconductor is highly
sensitive to this gate polarization (which has the effect of either attracting or repelling
charge carriers). By measuring either (a) the source-drain current at a given gate-source
potential or (b) the gate-source potential required for a given source-drain voltage

and source-drain current it is possible to determine the polarization of the
sensing interface.

An ISFET-based sensor for small was made by the fabrication of a Au

constant between 9 and adrenaline of

nanoparticle-9 assembly at the sensing interface of an ISFET,243,244 Figure 49(A).
This assembly was built up by the stepwise deposition of polyethyleneimine, Au
nanoparticles and 9 on the sensing interface. The resulting sensor is able to detect any
charged molecule that complexes the receptor, including those that are not
electrochemically active, such as serotonin. Figure 49(B and C) shows the results from a
study of adrenaline. Reliable data can be obtained over six orders of magnitude of
concentration, and Benesi-Hildebrand analysis allows the calculation of a binding
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6.4. Photoelectrochemical Applications of Functionalized Metal Nanoparticles
Arrays

The high surface area, porosity, and conductive properties of Au nanoparticle arrays
can be exploited for the construction of photoelectrochemically active superstructures.
Au-nanoparticles were functionalized with a mixed monolayer composed of a fullerene
thiol derivative and dodecanethiol, Figure 27. The resulting Au-
nanoparticles were self-assembled onto a Au electrode covered with nanoparticles,
Figure 50(A). Figure 50(B), curve (a), shows the absorbance spectrum of the obtained
photoelectrode, demonstrating significant absorption in the visible region with spectral
features similar to those observed for the nanoparticle suspension in toluene. The
modified electrode was irradiated in the presence of redox couple dissolved in
acetonitrile, generating a photoanodic current, Figure 50(B), curve (b). The system
showed a steady photovoltage (ca. 150 mV) and short circuit photocurrent

that were reversibly switched on and off, Figure 50(B), inset. The observed
photocurrent density was more than 2 orders of magnitude greater than that obtained
from a fullerene self-assembled monolayer film on a plane Au surface.357 The robust
coverage and high surface area of the nanostructured assembly are the major
factors that make the high photocurrent generation possible in the photoelectrochemical
cell.
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More sophisticated multi-component systems including chromophores and electron
relays aligned in nanostructured aggregates can be envisaged.358 Another
photoelectrochemically active array was assembled by layer-by-layer deposition of Au
nanoparticles crosslinked by chromophore-electron relay units.39,40,359 Figure 51 (A and B)
shows absorbance spectra and cyclic voltammograms of a gold nanoparticle multilayer
architecture crosslinked by the hexacationic catenane 16. This catenane consists of non-
covalently bound ruthenium tris(bipyridine) (photosensitizer) and bipyridinium (electron
acceptor) groups. The absorbance spectra show similar features to those of other
molecule-crosslinked gold nanoparticle arrays, as well as an additional absorbance at 425
nm that is attributed to the ruthenium tris(bipyridinium) chromophore. Coulometric assay
of the cyclic voltammograms corresponding to the bipyridinium crosslinking units
reveals an almost linear increase in the surface coverage of the crosslinking units upon
the build-up of the layers. The derived surface coverage of 16 per layer is

and it was estimated that on average ca. 45 units of the photosensitizer/electron
acceptor crosslinker are associated with each Au nanoparticle.



transfer quenching of the excited chromophore by the
bipyridinium electron acceptor. The reduced acceptor acts as an electron mediator for
charge injection into the electrode, Figure 52(C). Upon the electrochemical reduction of
the bipyridinium units, intramolecular electron transfer quenching is inhibited and
photocurrent generation is blocked. The nanoengineered electrode operated at a quantum
efficiency of in the generation of the photocurrent. A related electrode for
photocurrent generation using Zn(II)-protoporphyrin IX-bis(bipyridinium) dyad (17) as a
crosslinker was also developed.310

6.5. Functional Devices Based on Electronic Properties of Metal Nanoparticles
Arrays

If metallic particles with a size of a few nanometers are arranged within ca. 1 nm of
each other, they build tunnel junctions with electrical capacitances down to ca.
This allows controlled charge transport between the particles by single electron tunneling
(SET) events at room temperature, which has been recognized to be a fundamental
requirement for the development of quantum electronics.242 Charging energy as well
as capacitance depends on the size of the metallic nanoparticles and the distances
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Irradiation of the nanoparticle multilayer array results in the photocurrent action
spectra shown in Figure 52(A), which follow the absorbance features of the Ru(II)-
tris(bipyridinium) chromophore. The photocurrent increases upon the build-up of the
array and is reversibly cycled between “on” and “off” states upon switching the light on
and off. Figure 52(B) shows the dependence of the photocurrent intensity on an applied
potential. The photocurrent decreases as the potential is negatively shifted and it is
blocked at a potential where the bipyridinium units are reduced to the radical cation. This
observation led to the conclusion that the photocurrent originates from primary electron
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between them. The charging energy (i.e. the energy barrier that has to be overcome to
transfer a single electron from an initially neutral cluster to a neutral nearest neighboring
cluster) is dependent of the inter-particle capacitance C, as follows from Eq. (12), where
e is the charge of electron.

The use of interparticle spacers can be valuable in controlling capacitance. For
instance, while the close packing of the clusters gives a capacitance of

the insertion of 4,4'-diamino-l,2-diphenylethane spacers decreases it down
to 360 The electrical conductivity and capacitance of nanostructured materials
have been studied using direct current (DC) measurements4,360 and impedance
spectroscopy.361 Cyclic voltammetry performed at a single Au-nanoparticle contacted
with an STM-tip has also been used to study single electron transfer processes.362

SET devices range from a single conductive nanoparticle located between two
micro-electrodes363-365 or contacted with an STM-tip362,366 to 2D and 3D arrays.201,366,367

Scanning tip-microscopy techniques can be used to observe SET-events and even to
build-up the respective devices. For example, scanning tunneling spectroscopy (STS) has
been applied for the observation of SET effects on nanoparticle monolayers of

contacted with a tip, demonstrating “Coulomb staircase”
behavior up to room temperature, where the capacitance of the cluster/substrate junction
was calculated to be 368 Similar results were obtained applying STS to self-
assembled 1.8 nm-gold nanoparticles on a dithiol-modified Au surface.366,369 A single-
particle device was fabricated by AFM-assisted manipulation of a 20-nm sized Au
nanoparticle between two metallic leads.370 Two-dimensional lattices for SET devices can
be prepared by self-assembly techniques.371-373 Layer-by-layer assembly has been used
for the construction of metal-insulator-nanoparticle-insulator-metal (MINIM) capacitors
which demonstrate single electron transfer steps in the i-V curve (Coulomb staircase).297
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These devices were made, Figure 53, by first priming the surface of a gold substrate
with cysteamine. Insulating layers of and polyallylamine
(PAH) hydrochloride were adsorbed (terminating in cationic substance) until the desired
thickness was obtained (typically 30-100 Å) as measured by ellipsometry. Subsequently,
citrate-stabilized gold particles (ca. 2.5 nm) were immobilized on top of the insulating
layer. The remaining half of the double junction was constructed by simply reversing the
adsorption sequence described. For a junction thickness of 80 Å and a particle radius of
1.25 nm, the capacitance of a double tunnel junction device calculated from Eq (13)
(where is the vacuum permittivity constant, is the dielectric constant of the insulator,
r is the particle radius, and L is the junction thickness374) is 4.5 F. A Coulomb gap,
e/C = 360 mV, should be observed at room temperature since it is substantially higher
than kT.

A typical i-V curve for such a MINIM-structure is shown in Figure 54(A). The high
impedance region is observed on both sides of 0 V and represents the average charging
potential (± e/2 C) of each particle at the double junction array by a single electron. When
enough energy is supplied to charge particles, electrons tunnel through the junction,
resulting in the square-law dependence of the current rise on either side of the gap. Figure
54(B) shows the i-V behavior of a device of similar thickness in the absence of the gold
particles. The linear curve typical for ohmic resistance is observed. In the next generation
of single-electron devices,375 “switchable” quantum dots and quantum channels with
correlated electrons will provide us with components orders of magnitude smaller than
classical electronic switches or semiconductor memory. This could result in a new
generation of computers,376 supersensitive electrometers, near-infrared receivers and very
simple miniature lasers.242
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Recently a single electron transistor was constructed using alkanedithiol-stabilized
gold nanoparticles as tunnel junctions.363,364 Three Au-colloidal particles (10 nm) were
linked via 1,6-hexanedithiol, producing an Au-colloid-chain. The particle chain was
formed on a substrate with source, drain and gate electrodes defined by electron
beam lithography, Figure 55. The Au-colloid-chain bridged a 30 nm-gap between the
source and drain, forming a single electron transistor with a multi-tunnel junction in the
particle chain. Electron conduction through the chain exhibited a clear Coulomb staircase
and the periodic conductance oscillation as a function of gate voltage. Gold nanoparticles
capped with dissociating modifier molecules (Au/galvinol) provided pH-adjustable
resistance for single electron transfer processes, even at only ca. 10 modifier molecules
per Au-nanoparticle.377 A redox-switchable electron tunneling device was produced by
covalent attachment of a Au nanoparticle to a conductive support using N,N'-
bipyridinium (18) as redox-active bridging units, Figure 56.378 The nanoarchitecture
embedded in an electrochemical cell allows the reduction of the bipyridinium units to the
respective cation-radical by means of the bulk conductive support, and the reversible
electrochemical oxidation of the cation-radical to the original N,N'-bipyridinium. The
oxidized bipyridinium bridge was found to act as a barrier for electron tunneling from an
STM tip to the electrode surface. Reduction of the bipyridinium units results in the
occupation of the LUMO energy level and the formation of a hybrid electronic wave
extending over the Au nanoparticle and the molecular bridging unit. This reduces the
tunneling barrier and a high tunneling current is observed. Thus, by the cyclic reduction
and oxidation of the redox units a gated tunneling current switched between “ON” and
“OFF” states is generated, respectively. While single electron computing continues to be
the ultimate goal of SET technology, its most advanced practical application is currently
the construction of a super-sensitive electrometer. FET devices with nanoparticles in the
gate have so far provided a charge sensitivity of 600 pA per gate electron.242 This
electrometer could be used as an extremely sensitive tool for the detection of the redox-
state of a single molecule linked to the nanoparticle, thus allowing determination of
single molecule chemical reactions.
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Combining many SET elements together for the development of computing devices
remains challenging. It may not be an impossible task to make electrical connections to a
single nano-transistor, but fabricating the billion-transistor network that is required for
computing is currently a far-off dream, Two independent approaches to contact many
SET-units have been suggested recently. The first approach involves the simple
combination of SET-units with well-developed FET-devices, where a multi-gate FET-
device is used and each gate is associated with a single SET-unit.

The second, more novel approach is to forgo the wires altogether.379,380 This scheme,
named quantum cellular automata (QCA), is based on the electrostatic interactions
present between cells of connecting clusters.
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In one possible design, the basic cell is a line of nanoclusters connected by insulating
material, Figure 57(A). An electric field polarizes the string to give a “1” or “0” state,
depending on the field direction. A similar design is produced from square cells of
nanoclusters carrying the polarization states, Figure 57(B). Again, two states are possible
depending upon the direction of the applied field. In either design the cells can be
connected in various configurations to make more complex logic circuits. Figure 57(C)
illustrates how the cells can be connected to form a logic gate. The dark and open circles
correspond to one-electron rich and one-electron deficient clusters, respectively. The
signals in QCA are rapidly transferred between interconnecting cells via electrostatic
interactions at the speed of light. Fast inter-cell interactions and the small size of each cell
(as low as ca. make the prospects of ultra-high density data storage and
processing excellent from this kind of device.

7. CONCLUSIONS AND PERSPECTIVES

We have reviewed recent advances in the synthesis and applications of chemically-
modified metal nanoparticle hybrid systems. Diverse synthetic methods are available to
synthesize and functionalize metal nanoparticles of controlled sizes and shapes. The
functional nanoparticles have enabled the preparation of organized two-dimensional and
three-dimensional structures on surfaces. These architectures are generated by covalent
bonds or supramolecular binding interactions between the functionalized particles and the
respective surfaces or by interparticle linkage of particles that contain complementary
functionalities. The functional nanoparticle hybrid systems reveal unique optical,
electronic, catalytic, photonic and sensoric functions in solutions and upon their
integration with electronic transducers.

The future perspectives of chemically-modified metal nanoparticles certainly lie in
the area of functional nanodevices. The size-controlled capacitance properties of metal
nanoparticles, the single-electron charging features of nanoparticles, the tunneling
barriers introduced by chemical modification layers, and the ability to switch the
electronic wave functions of capped metal nanoparticles by redox processes or
photochemical reactions, yield new building units to nanoengineer functional smart
devices. Numerous applications of such nanodevices in information storage and
processing are envisaged. Different scanning microscopy techniques to manipulate and
assemble nano-structures on surfaces exist. These include, for example, the lateral
movement and positioning of nano-objects on surfaces by an AFM tip,333 the chemical
patterning of surfaces with nanoparticles using dip-pen lithography methods332 and the
nano-capillary delivery of chemical structures on surfaces. These provide invaluable tools
for the future fabrication of nanodevices. To reach these goals, however, the development
of means to connect and electronically communicate nanostructures is essential. Thus, the
development of methods for interparticle circuitry and wiring is important. Preliminary
studies have been reported on the generation of nanoparticle wires and circuits.381, 382

Other approaches to wire nanostructures could involve the use of nanotubes of different
compositions. The subject of developing nanodevices based on functional nanoparticles
is at its infancy. It opens, however, challenging interdisciplinary problems where
chemists, physicists and materials scientists will find exciting opportunities in the near
future.
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METAL NANOPARTICLES FOR CATALYSIS

Naoki Toshima*

1. INTRODUCTION

Metal nanoparticles have attracted a great interest in scientific research and industrial
applications, owing to their unique large surface-to-volume ratios and quantum-size
effects.1-3 Since industrial catalysts usually work on the surface of metals, the metal
nanoparticles, which possess much larger surface area per unit volume or weight of metal
than the bulk metal, have been considered as promising materials for catalysis.

Industrial catalysts are usually composed of inorganic supports and metals on the
supports. They are often prepared by heat treatment of metal ions on the support at high
temperature sometimes under hydrogen. They have very complex structures. For example,
they are the mixtures of metal particles with various sizes and shapes. Metal particles
often strongly interact with the inorganic supports, thus resulting in the structure of half
balls, for example.

In contrast, colloid chemistry has provided the colloidal dispersion of metal fine
particles in water.4 In the 1950’s colloidal dispersions of metal fine particles were already
prepared and applied to catalysis. Although they contained metal nanoparticles, the size
of nanoparticles was not sufficiently monodispersed. In addition they were not stable
enough when used in solution. Thus, there still remain many problems in the
reproducibility of the preparation and catalysis of metal nanoparticles. In 1976, we
prepared colloidal dispersions of rhodium nanoparticles protected by water-soluble
polymers by reduction of rhodium(III) ions under mild conditions, i.e., reduction with
refluxing alcohol in the presence of water-soluble polymers.5 These nanoparticles were
applied as catalysts for hydrogenation of olefins. In 1989, we have developed colloidal
dispersions of Pd/Pt bimetallic nanoparticles by simultaneous reduction of Pd and Pt ions
in the presence of poly(N-vinyl-2-pyrrolidone) (PVP).6 These bimetallic nanoparticles
display much higher catalytic activity than the corresponding monometallic nanoparticles,
especially at particular molecular ratios of both elements. In this chapter, the preparation
and catalytic properties of colloidal dispersions of metal nanoparticles will be discussed.

* Naoki Toshima, Tokyo University of Science, Yamaguchi [The former Science University of Tokyo in
Yamaguchi], Onoda-shi, Yamaguchi, Japan 756-0884



80 N. TOSHIMA

Although there are many reports7,8 on the preparation of monodispersed metal
nanoparticle catalysts supported on inorganic supports by physical methods, we have
chosen not to include them in this chapter.

2. METALS AS CATALYSTS

Catalysts play a very important role not only in industrial chemical processes but
also in chemical reactions (enzymatic reactions) in the human body. Industries usually
use heterogeneous catalysts supported on inorganic supports at high temperature, and
sometimes use homogenous catalysts at lower temperature. The former catalysts are
much superior than the latter from the viewpoint of recycling of catalysts. In a human
body or any living being, in contrast to industries, enzymes are used as catalysts in
reactions at low temperature around 40 °C. They are very active and selective, and rather
homogenous.

Both in industries and living beings, acid or base is used as the most popular catalyst
for simple reactions, and metals work as active sites of the catalysts for rather complex
reactions. Transition metals have often been used in the form of metal particles dispersed
onto inorganic supports such as silica gel, alumina and activated charcoal. Dispersed
particles on an inorganic support have advantages over metal powders in that:

(a) the particles can be readily dispersed through the use of the support;
(b) the resulting dispersed particles exhibit a much larger total surface area per unit

weight than the bulk metal, thus allowing more effective utilization of the
expensive transition metal as a result of dispersion;

(c) the active sites of the metal catalyst can be brought into a homogeneous condition
by dispersion; and

(d) the small particles resulting from dispersion may exhibit new catalytic properties.

Colloidal dispersions of metal nanoparticles usually work at rather low temperature
as homogeneous catalysts. In this point, metal nanoparticles are similar to enzymes and
are often regarded as artificial enzymes.9 From the viewpoint of green chemistry (less
energy, less byproduct, more efficiency, more selectivity, etc.), enzymes could be a model
of industrial catalysts. Thus, metal nanoparticles could provide a step forward for
industrial catalysts to step up from the present practical heterogeneous catalysts to more
ideal and enzyme-like ones.

A polymer-protected metal nanoparticle catalyst has not only the similar advantages
to dispersed particles on an inorganic support but also new benefits in that:

(a) colloidal dispersions can form “homogeneous” solutions;
(b) the protecting polymer can shield a nanoparticle catalyst from deactivation by

catalytic poisons or air;
(c) the protecting polymer can interact attractively or repulsively with substrates,

which results in high selectivity and/or sometimes high activity; and
(d) colloidal dispersions of metal nanoparticles transmit light more readily than

powders.

As a result of this last benefit, colloidal dispersions of metal nanoparticles have
frequently been used as catalysts in recent photochemical investigations.
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3. PREPARATION OF METAL NANOPARTICLES

Preparation of metal nanoparticles can be classified into two categories: physical and
chemical methods. The physical methods are based on subdivision of bulk metals,
including mechanical crushing or pulverization of bulk metal, arc discharge between
metal electrodes, and so on. Metal nanoparticles thus produced are usually large in size
and have wide size distribution. The chemical methods are based on the reduction of
metal ions or decomposition of precursors to form atoms, followed by aggregation of the
atoms (c.f. Figure 1). Nanoparticles prepared by chemical methods have usually a narrow
size distribution.10

The formation of metal nanoparticles by chemical methods can be carried out by
reduction of metal ions with chemical reductants or decomposition of metal precursors
with extra-energy. The chemical reductants involve molecular hydrogen, alcohol,
hydrazine, citrate, and so on. Energy provided from the outside involves
photo-energy (ultra-violet and visible light), electricity, thermal energy (heat),
sonochemical energy, and so on. In order to produce metal nanoparticles with a narrow
size distribution, stabilizers are important. Without stabilizers it is difficult to obtain
stable colloidal dispersions of metal nanoparticles with a narrow size distribution.

Many kinds of materials have been used as stabilizers for metal nanoparticles. In the
traditional colloidal dispersions of metal, electric charges could be used as the stabilizer.
Electric repulsion between the metal particles prevents them from the aggregation. The
electric charges may be attributed to anions adsorbed on the metal surface. Another
method to stabilize the dispersion of metal particles is steric repulsion between the
stabilizers adsorbed on the metal particles. Water-soluble polymers are often used for this
purpose. Even small organic molecules can work as the stabilizer. In this case many
organic molecules strongly bind to the surface of metal particles as ligands of the metal.
The polymeric stabilizers do not necessarily make a strong bond at one site, but can
interact with the metal particle at many sites (cf. Figure 2 (a)).
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The multi-interaction results in totally strong adsorption of the polymer molecule
onto the metal particle. In the case of molecules with low molecular weight, in contrast,
the bond between the molecule and the metal particle must be strong (cf. Figure 2 (b)).
Otherwise, the stabilizer can be detached from the surface of metal nanoparticles, which
results in aggregation of the nanoparticles.

Each weak interaction between a coordinating site of the stabilizing polymer
molecule and the surface of a metal nanoparticle seems insufficient to stabilize the
colloidal dispersion of metal nanoparticles. But this is not true. Weak but multiple
coordination of the polymer molecules can sufficiently stabilize the metal nanoparticles.
Polymer-stabilized metal nanoparticles, on the contrary, can work as the most effective
catalysts. If the interaction between the polymer and the metal at each site is strong, there
remains no vacant site on the surface of the metal nanoparticle. This means that, when
substrate molecules are going to attack the surface of metal particles, they cannot reach
the surface of metal because of the absence of a vacant site, i.e., no catalytic reaction
occurs on the surface of metal nanoparticles. If the interaction is weak, then the substrate
molecule can replace a coordinating site of the polymer molecule and attack the surface
of metal, which results in the prompt catalytic reaction. This process is illustrated in
Figure 3.

If the molecules with low molecular weight strongly interact with the metal surface
as stabilizers, the substrate cannot attack the surface and no reaction can be catalyzed by
the metal nanoparticles surface. However, the metal nanoparticles can work as catalysts
when the interaction between the stabilizing organic molecules and the metal particles is
not strong enough to inhibit the attack by the substrates. This is the case when the metal
nanoparticles are stabilized by micelles (cf. Figure 2 (c)). In this case the substrate
molecules can attack the surface of metal nanoparticles. After being attacked by
substrates, the metal particles can be still stabilized by the micelles. Another example is
the metal nanoparticles which are partially stabilized by strongly coordinating ligands
and partially covered by weakly coordinating ligands providing vacant sites. The giant
cluster is one of such examples, where phen (phenanthlorine) works
as the strong ligand to stabilize the nanoparticles. It catalyzes the oxidation of
benzylalcohol under oxygen for example.11
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A typical method to prepare the colloidal dispersions of metal nanoparticles
stabilized by water-soluble polymers is alcohol-reduction of metal ions in the presence of
the polymers.5 In this case, easily oxidized solvents such as ethanol can be used both as a
reductant and a dispersing medium of colloidal dispersions of metal nanoparticles. The
alcohol reduction method has the following advantages:

(a) The procedure is very simple.
(b) The colloidal dispersions prepared by this method are usually very stable and

reproducible.
(c) The particle sizes of metal nanoparticles are rather small and their distribution is

rather narrow.
(d) The size and shape of metal nanoparticles can be controlled by preparative

conditions, for example, the concentration and the kind of metal precursors or
metal ions, the kind of reductants used, the quantity and the variety of polymers,
the quantity and the quality of additives, etc.

Reduction of metal ions with alcohol can form metal atoms and aldehyde. Thus, the
reduction of palladium chloride with ethanol, for example, can proceed as follows:

Acetaldehyde produced does not reduce another palladium chloride to palladium(0).
Any alcohol with can be used for this purpose. The details of other
preparation methods can be found in the various articles.2-4, 12, 13
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Metal nanoparticles composed of two (or more) different metal elements are of great
interest as catalysts. For the preparation of the colloidal dispersions of bimetallic
nanoparticles by chemical methods2,14 three typical procedures have been reported as
follows, which are schematically shown in Figure 4 as well.

(a) Preparation from bimetallic precursors. The bimetallic complexes composed of
two different metal elements are used as the precursor. Reduction or
decomposition of the precursors in the presence of stabilizers may produce
bimetallic clusters, the aggregation of which can result in the formation of
colloidal dispersions of bimetallic nanoparticles. Metal-metal bond(s) may be
kept during the reactions.

(b) Simultaneous reactions of mixtures of the precursors of two different metal
elements. The simultaneous reactions may produce atoms of two different metal
elements. If they aggregate together and the sizes of aggregates are controlled by
the stabilizers, then colloidal dispersions of bimetallic nanoparticles can be
produced. For this purpose a kind of interaction between the two different metal
atoms is required. Otherwise, the mixtures of two different atoms will just result
in the formation of the mixtures of two kinds of monometallic nanoparticles.
Sometimes the simultaneous procedure does not result in the simultaneous
reactions but practically successive reactions.

(c) Successive reactions. After the formation of colloidal dispersions of
monometallic nanoparticles the precursors of another meal are added into
the colloidal dispersions. Then, the monometallic nanoparticles may work as a
seed and atoms of another metal may deposit on the former nanoparticles
producing bimetallic nanoparticles. This kind of ideal reactions do not always
proceed.

In 1989 we succeeded to prepare the colloidal dispersions of Pd/Pt bimetallic
nanoparticles with a core/shell structure by simultaneous reduction of  and
in refluxing ethanol/water in the presence of poly(N-vinyl-2-pyrrolidone).6,15 After that,
several reports have appeared on the formation of the core/shell-structured bimetallic
nanoparticles by simultaneous reactions.2,16-18
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4. CHARACTERIZATION OF METAL NANOPARTICLE CATALYSTS

The complete characterization of colloidal dispersions of metal nanoparticles is not
so easy. Difficulties arise from not only their smallness but also their complexity. The
complete characterization requires clarifying the following kinds of structures;

(a) dispersion structure,
(b) structure of stabilizers, and
(c) structure of metallic parts.

Many methods are used in order to clarify these structures. References can be
referred to for the detailed discussions.2,12,14 Table 1 summarizes these methods.

The structures of colloidal dispersion of metal nanoparticles can be schematically
illustrated as Figure 5. The size of superstructures can be measured by small angle X-ray
scattering analysis. The size of whole nanoparticles including stabilizers can be measured
by light scattering or a Taylor dispersion method.19 Scanning tunneling microscopes
(STM) can measure the similar size in a dry state.20 Transmission electron microscopy
(TEM) is the best method to evaluate the size and size distribution of metal parts of
nanoparticles. However, sizes evaluated by TEM often contain the aggregated size of
metal nanoparticles. Extended X-ray absorption fine structure (EXAFS) analysis can give
the size of elementary metal clusters which can not be seen by other methods like TEM.21

EXAFS is also the best method to analyze the bimetallic structure.15, l6, 21



metal particles increases in proportion to the square of the diameter of the particles.
Thus, the surface-to-volume ratio increases with decreasing particle size (see Figure 6). If
the fcc (face-centered-cubic) structure is assumed, for example, a platinum nanoparticle
with 1.4 nm in diameter is composed of 44 Pt atoms, and 32 of those 44 atoms (about
80% of the total amount of atoms) are located in the surface layer of the nanoparticles.
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5. EFFECT OF STRUCTURES ON CATALYSIS OF METAL NANOPARTICLES

5.1. Size of Metal Nanoparticles

The size of the metal parts is one of the most important factors that affect the
catalytic properties of metal nanoparticles. The total surface area per unit amount of
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Since the catalytic reactions occur only on the surface of the metal nanoparticles, the
small size can provide a large ratio of surface atoms, which results in the high catalytic
activity per unit amount of metal.

In addition, the small size may provide a completely different structure, which may
in turn result in different catalytic activity. This way of thinking has not completely been
proved yet, but is going to be important when considering specific catalytic properties of
metal nanoparticles. In fact shape-selective preparation of metal nanoparticles has been
achieved in reverse micelles22 and in the presence of oxalate.23

There are many reports showing the size effect of metal nanoparticles on the catalytic
activity. For example, the hydrogenation rate of olefins over Rh nanoparticles increases
rapidly with decreasing size (cf. Figure 7 a and b atoms).24 However, the increment is not
proportional to that of the total surface area. The rate of hydrogenation of internal olefins
increases slowly with decreasing size (Figure 7a), while that of external olefins increases
rapidly (Figure 7b). This is probably due to the steric effect and/or the surface structure
effect.

Sometimes, the catalytic activity increases with decreasing size until a certain size,
but after the certain size the activity does not increase with decreasing size. Thus the most
prompt size is observed for some reactions (cf. Figure 7c). In photochemical hydrogen
generation catalyzed by platinum, for example, the Pt nanoparticles with about 3 nm were
observed to be most active as the catalyst.25 This is probably due to the mechanism of
catalysis. For hydrogen generation two-electron reduction is required for the platinum
nanoparticles. Thus, a certain size is necessary to maintain enough numbers of electrons
in a Pt nanoparticle.

The size of metal nanoparticles can also affect the selectivity of the catalyst. For
example, the selectivity of monoene formation in the partial hydrogenation of
cyclopentadiene catalyzed by PVP-protected Pd nanoparticles increases with decreasing
size below about 2 nm.26 This is probably due to the steric effect and/or the surface
structure effect of nanoparticle catalysts.
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5.2. Bimetallic Structure

The catalytic activity of one metal is usually improved through the addition of
another metal. Thus, the catalytic activity of bimetallic nanoparticles changes with their
composition. Figure 8 shows the three types of changes of the catalytic activity of
bimetallic nanoparticles depending on the composition of the metal elements. Curve (a)
shows the case where the additive B can increase the catalytic activity of the metal A
even though the additive B itself has a low or no catalytic activity. Curve (b) is the case
where there is no interaction between metal A and metal B. Thus, the catalytic activity of
bimetallic nanoparticles is just the average of those of metal A and B. Curve (c) shows
the case that the additive B can decrease the catalytic activity of the metal A. This is
reverse to the case (a).

The effect of the additive on the catalytic activity can be attributed to two kinds of
effects. One is a ligand effect (an electronic effect) and the other is an ensemble effect (a
steric effect). Let us consider the case where the metal A works as the catalyst and
provides a catalytic site(s). If the additive metal B has the former effect on the catalysis of
metal A, metal B can influence the electronic density and/or electronic structure of the
metal A. In this case the metal B must be located near the metal A. Since the catalytic site
is located on the metal A, it is not necessary that metal B is located on the surface, but
must be located near the metal A. If the metal B is adjacent to the metal A, the effect
could be most effective. In the case of an ensemble effect, on the other hand, both metals
A and B must be located on the surface of the metal particles, since the catalytic sites of
metal A are located on the surface and the metal B must attack the substrate together with
the metal A. The metal B does not need to be adjacent to the metal A. However, it could
be better for the metal B to be adjacent to the metal A, because then metal A and metal B
can easily attack the substrate at the same time. These two effects are illustrated in Figure
9.
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When the metal A and the metal B form a bimetallic particle composed of the two
elements, there are a variety of possible bimetallic structures. The most common structure
could be a random alloy structure, where metals A and B are located completely at
random. The cross section of the model structure for 55-atom clusters with A:B=1:1 is
illustrated in Figure 10, in which Figure 10 (a) shows the random model.

The reversed structure to the random model could be a “cluster-in-cluster” strcuture.
“Cluster-in-cluster” means that small metal clusters are located in a large cluster. Figure
10 (b) shows the case where a half-sphere cluster of metal A and another half-sphere
cluster of metal B are combined to form a 55-atom cluster. This is one of the typical
cluster-in-cluster structures.
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The other most interesting one will be a core-shell structure, where one metal forms
a core and the other metal surrounds the core to form a shell. Figure 10 (c) shows the case
where metal B forms a core and metal A surrounds the core. In this case some atoms of
the core metal B are not located in the core but in the surface layer because the atomic
ratio of metal A and B equals 1:1.

In the case of a 55-atom cluster with an fcc structure, 42 atoms are necessary to
cover the core. Thus, the A-B bimetallic cluster with the atomic ratio of metal A and B of
4:1 can provide a completely covered core-shell structure as shown in Figure 10 (d). This
kind of perfect core-shell structured bimetallic nanoparticles have been produced by
simultaneous alcohol-reduction of Pd and Pt ions in the presence of
poly(N-vinyl-2-pyrrolidone) (PVP). The structure shown in Figure10 (d) (A=Pd, B=Pt)
was proved by EXAFS analysis.15 Similar structures are produced in the combinations of
two kinds of noble metal.16,21,27 The mechanism for the formation of this kind of
interesting structure by the simultaneous reaction has also been proposed.28 Two factors
are concerned with the formation of the core-shell structure. The first factor is redox
potential. The metal easily reduced can form the core. The other factor is a coordination
ability of the ligand polymer (PVP in this case) upon the metal. The metal strongly
coordinated by the ligand polymer can form the shell.

The core-shell structure is interesting from the viewpoint of not only the structure
itself, but also the catalysis. When the Pd-Pt bimetallic nanoparticles with various Pd/Pt
ratios were produced in the presence of PVP, they have a similar size to each other, but
display a quite different catalytic activity for selective partial hydrogenation of
1,3-cyclooctadiene to cyclooctene. The highest catalytic activity was achieved by the
bimetallic nanoparticles with Pd/Pt=4/1. This is the nanoparticle with the perfect
core-shell structure. The catalytic activity decreases with decreasing the Pd/Pt ratio, in
other words, with decreasing number of Pd atoms. If the total catalytic activity is divided
by the number of Pd atoms in a bimetallic nanoparticle, the catalytic activity of the Pd
atoms nearly equals to each other. This means that all Pd atoms are located in the surface
layer of the Pd-Pt bimetallic nanoparticles. In addition, the Pd atom in the bimetallic
nanoparticles has much higher catalytic activity than the surface Pd atom in Pd
monometallic nanoparticles. This fact demonstrates that the Pt atom, located in the core
of bimetallic nanoparticles and adjacent to the surface Pd atom, affects the catalytic
activity of the surface Pd atoms. This cannot be an ensemble effect but should be a ligand
effect. The inner Pt atom should change the electronic density and/or structure of the
surface Pd atoms, resulting in the higher catalytic activity of Pd-Pt bimetallic
nanoparticles than Pd monometallic ones.

Now let’s consider why and how these bimetallic structures are constructed.
Thermodynamically stable structures should principally be favored. Sometimes, however,
the structure can be controlled by kinetics. A kinetically controlled and
thermodynamically non-equilibrium structure may be produced. Even if the
thermodynamically stable structures are concerned, there are many factors to affect the
stability. Not only the interactions between the metals, but also the interactions involving
ligands, solvents and so on must be considered.

In order to simplify the discussion, only the interactions between metals will be
considered now. In the A-B bimetallic nanoparticles, there are three kinds of bond, i.e.,
bonds A-A, B-B, and A-B. In relation to the strength of these three bonds, four kinds of
structures are considered, namely: (a) core-shell, (b) inverted core-shell, (c) dispersed,
and (d) cluster-in-cluster structures.
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They are illustrated in a two-dimensional way in Figure 11. A hatched box shows
atom A and an open box shows atom B. In the upper series (Figure 11 a - d), the clusters
are composed of 13 atoms of metal A and 12 atoms of metal B. In the core-shell structure
(Figure 11a), there exist 16 A-A bonds and each atom concerned with the bond has 1.23
A-A bonds in average (shown in brackets in Figure 11a). In the lower series (Figure 11 e -
h), the bimetallic nanoparticles are composed of 9 atoms of metal A and 16 atoms of
metal B. The number of bonds and the average number of bonds per atom concerned with
the bond are shown in Figure 11 as well.

In the cases of core-shell structure (Figure 11 a and e), the average number of bonds
per atom for the A-A bond is larger than those of B-B bond and A-B bond. This is shown
in the last row in Figure 11. In the inverted core-shell structure (Figure 11 b and f), the
average number of B-B bonds is larger than those of A-A and A-B bonds. In these cases
the homo-bond (A-A or B-B bonds) is preferred to the hetero-bond (A-B bond). In other
words, they are a homobond-philic structure, but there still remains the difference in
homobond strength between A-A and B-B bonds.

In contrast, the heterobond (bond A-B) is preferred to the homobond (A-A and B-B
bonds) in the dispersed structures (Figure 11 c and g). This is a heterobond-philic
structure. Sometimes, this structure is referred to as a completely random structure. But
this is not correct because “complete random” should allow any atom to be located
adjacent to atom A. Then homobond A-A could be formed.

In the case of Figure 11c neither A-A nor B-B bonds are formed. Opposite to the
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dispersed structure, “cluster-in-cluster” (Figure 11 d and h) is a homobond-philic
structure, where bond A-A and bond B-B are equally favored. The concept of heterobond
and homobond-philicity could be very important for understanding the structure of
bimetallic nanoparticles. The structures of Cu-Pd bimetallic nanoparticles can be
understood by this concept.29 The Cu-Pd bimetallic nanoparticles were first prepared by
thermal decomposition of a bimetallic acetate precursor.30 Later, well-defined
PVP-protected Cu-Pd bimetallic nanoparticles were prepared by reduction of and

in refluxing glycol/dioxane at in the presence of PVP.31 These
nanoparticles are very important from a viewpoint of catalysis, because they have high
catalytic activity for two completely different reactions, i.e., hydration of acrylonitrile to
acrylamide and selective partial hydrogenation of 1,3-cyclooctadiene to cycooctene. The
former hydration of acrylonitrile is usually catalyzed by Cu and the latter hydrogenation
of octadiene, by Pd. The same Cu-Pd bimetallic nanoparticles can catalyze both reactions,
and the catalytic activities of bimetallic nanoparticles are much higher than the
corresponding monometallic ones, respectively. This result demonstrates that both Cu and
Pd atoms are located in the surface layer of bimetallic nanoparticles. In fact the ensemble
effect of Pd is proposed for the hydration of acrylonitrile catalyzed by Cu-Pd bimetallic
nanoparticles.32

Now let us consider the core-shell and inverted core-shell structures shown in Figure
11. The core-shell structure and the inverted core-shell structure are based on the very
same concept. The difference is just which homobond, A-A or B-B, is favored. If A-A
bond is preferred to B-B bond but the inverted core-shell structure is still constructed,
then this inverted core-shell structure should be thermodynamically unstable and of great
interest. This has been successfully achieved by using the so-called “sacrificial hydrogen
strategy”.32 In the case of Pd-Pt bimetallic nanoparticles, Pd-cores were first prepared.
After the Pd-cores were covered by hydride by contact with molecular hydrogen, Pt ions
were added to be reduced by hydride adsorbed on the surface of Pd-cores, which resulted
in bimetallic nanoparticles with the inverted core-shell structure of Pd-core and Pt-shell.
Without the sacrificial hydrogen strategy the successive reduction cannot give rise to the
inverted core-shell structure but rather to the cluster-in-cluster structure usually. The
thermodynamical instability of the present inverted core-shell structure has been
confirmed by the change of the catalytic activity of nanoparticles with inverted core-shell
structure with heat treatment.33

6. EFFECT OF POLYMER FIELD ON CATALYSIS OF METAL
NANOPARTICLES

As described in the last section, the polymers surrounding the metal nanoparticle
play an important role to stabilize nanoparticles and control the structure. The stability of
metal nanoparticles, especially under catalytic reaction conditions, is very important. To
understand the effect of the polymer on this stability is still a target of researchers.34,35 In
addition, some polymers and organic stabilizers are used for modifying the metal
nanoparticles to be stabilized in not only aqueous but also nonaqueous solutions. The
palladium nanoparticles were stabilized by polystyrene-b-poly-4-vinylpyridine micelles
in toluene and used as a catalyst for the coupling reaction of styrene and
4-bromoacetophenone (Heck reaction).36 Palladium nanoparticles embedded in inverse
microemulsions were prepared by reduction of palladium acetate by ethanol in systems
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containing tetrahydrofuran (THF) as dispersion medium and tetradodecylammonium
bromide surfactant as stabilizer.37 Cobalt nanoparticles, synthesized by decomposition of
biscobalt octacarbonyl in dioctyl ether in the presence of oleic acid and trioctylphosphine,
were used in THF as catalysts for cycloaddition of alkynes with alkenes and carbon
monoxide to cyclopentenones (Pauson-Khand reaction).38

On the other hand, the polymers or stabilizers play an important role to improve the
catalytic activity and selectivity of metal nanoparticles, which is similar to the case of
protein surrounding the active site of metal enzymes.9 The polymers usually have
interactions with substrate molecules, which can increase the rate of reaction with the
substrates and/or increase the selectivity by choosing the particular substrate (cf. Figure
12). For example, acidic or basic polymers can construct the acidic or basic reaction field.
The acidic polymers can concentrate basic substrates into the acidic polymer field near
the metal nanoparticles. This concentration of basic substrates can increase the reaction
rate of the basic substrates. In contrast, the polymers involving basic functional groups
like amino groups can increase the reaction of acidic substrates.39

Acidic polymers such as poly(acrylic acid) can interact with not only basic substrates
but also metal ions. These metal ions, which can be located near the metal nanoparticle
catalysts by the interactions with acidic polymer surrounding the nanoparticles, can play
a role of the promoter for the metal nanoparticle catalyst.

For example, the lanthanide ions located near Pd and Ag nanoparticles by this
method can promote the hydrogenation of oxygen-containing olefins and epoxidation of
ethylene with oxygen, respectively.40 The other examples of the effect of coexisting metal
ions on the catalytic activity of metal nanoparticles were reported for enantioselective
hydrogenation of methyl pyruvate over PVP-protected Pt nanoparticle catalysts41 and
hydrogenation of o-chloronitrobenzene over PVP-protected Ru nanoparticle catalysts.42.
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Cyclodextrins are known to play a role of molecular recognition. This property can
be used for improvement of catalytic properties of metal nanoparticles. Metal
nanoparticles surrounded by polycyclodextrin were prepared and applied to the catalysis.
Reactions of the substrates which can be easily included into the cavity of cyclodextrin
were accelerated by the presence of polycyclodextrins surrounding metal nanoparticle
catalysts.43 Coordination of optical active ligands to the metal nanoparticle catalysts can
promote the enatioselective reactions.41,44

Hydrophobic fields surrounding metal nanoparticle catalysts can play another role to
improve the catalytic activity. The micelles surrounding metal nanoparticles are one of
the most interesting examples. For example, the hydrophobic field can accelerate the
charge separation in photochemical hydrogen generation (artificial photosynthesis) by
favorite interactions with cation radicals of viologen rather than those with dications.45

The micelles surrounding the nanoparticles can also provide the aligned field, which can
align the substrate molecules. This alignment can provide a suitable regioselectivity in the
catalytic reactions.46

7. CONCLUDING REMARKS AND FUTURE ASPECTS

Recent developments in chemistry including chemistry of macromolecular
complexes makes it easy to construct the metal nanoparticles with the desired size and
structure. Design of not only size and structure of metal parts of the nanoparticles but also
properties and alignment of polymer field surrounding the nanoparticles is important to
develop tailor-made catalysts. This is now in hand for chemists. Recent research targets
on metal nanoparticles for catalysis are:

(a) control of structures of metal parts,47 especially those of bimetallic and
multimetallic nanoparticles,48

(b) control of the structures and properties of the surroundings of metal naoparticles,
especially for stabilization of catalysts and improvement of selective reactions,
and

(c) application of metal nanoparticles to practical catalysts, for example by
supporting on inorganic supports.49-52

Metal nanoparticle catalysts can now be applied to a lot of reactions. Hydrogenation
and hydrosilation of olefins or dienes are one of the most popular reactions. Other kinds
of reductions and C-C coupling reactions like Heck reaction and Suzuki reaction are the
other target. Oxidation reactions have been less reported because the organic stabilizers
are usually less stable for oxidation than for reduction. However, this limitation is now
removed by using more stable stabilizers.

Real tailor-made catalysts for industrial purposes will be expected to be developed
on the basis of the basic research results on metal nanoparticles in the near future.
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ULTRAFAST DYNAMICS OF METAL

NANOSPHERES AND NANORODS

Min Hu and Gregory V. Hartland *

1. INTRODUCTION

The optical properties of metal nanoparticles have played a key role in the
development of physical chemistry and nanotechnology.1 The existence of metal particles
in solution was first recognized by Faraday in 1857,2 and a quantitative explanation of
their colour was given by Mie in 1908.3 Mie’s theory allows the extinction spectra of
spherical particles to be calculated from the dielectric constants of the metal and the
surrounding medium. These calculations show that the distinctive colours of metal
particle solutions arise from a collective dipolar oscillation of the conduction electrons,
which is called the surface plasmon band.1 The position of the plasmon band depends on
the identity of the metal and the surroundings and is also sensitive to the distance
between particles. For example, the characteristic purple colour of flocculated Au sols
arises from dipolar coupling between the plasmon oscillations of neighbouring particles.
For Au, Ag and Cu the plasmon band falls in the visible region of the spectrum, and is
responsible for the brilliant colours of solutions of these particles. For most other metals
the plasmon band occurs in the UV, yielding solutions with a drab grey or brown colour.1

Mie’s theory is extremely successful, so much so that deviations from it are automatically
assigned to changes in the dielectric constant of the material. For example, the
broadening of the plasmon band for small Au or Ag particles is attributed to electronic
scattering at the particle surface, which becomes significant when the particle diameter is
less than the mean free path of the electrons in the metal.4-7

Recent optical experiments with metal nanoparticles have concentrated on using
time-resolved techniques to study the electron dynamics. The majority of these
experiments (ours included) have been performed with ca. 100 fs laser pulses, which
provide sufficient time resolution to study coupling between the excited electron
distribution and the phonon modes of the particles.8-15 Our view of the photophysics of
these materials is that the ultrafast laser pulse excites single electrons, that rapidly
redistribute their energy over the entire electron distribution, causing an increase in the
electronic temperature.16,17 This broadens the plasmon band,18,19 causing a strong
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bleaching at the band maximum.17 The initial temperature of the electrons can be
calculated from the electronic heat capacity and the number of photons absorbed by the
particle.20 Because metal particles can absorb many photons (their absorption transitions
do not bleach in the same way that molecules do) and electrons have a very small heat
capacity, the initial temperature rise can be very large, thousands of Kelvin. 16,17,20 The hot
electron distribution then equilibrates with the phonon modes via electron-phonon (e-ph)
coupling. This process can be described using the Two-Temperature Model (TTM).21-24

In the TTM the electron and phonon sub-systems are characterised by two separate
temperatures, and and they exchange energy in a way that depends on the
difference in temperature. Specifically,

and

where and are the electronic and lattice heat capacities, and g is the electron-
phonon (e-ph) coupling constant.21-24 The electronic and lattice heat capacities play off
each other in an interesting way. The lattice heat capacity is over two orders of magnitude
larger than the electronic heat capacity,25 which means that the overall change in the
lattice temperature (once the electrons and phonons have reached equilibrium) is much
less than the initial electronic temperature. However, inspection of Eq. (1a) shows that
the time scale for coupling between the electrons and phonons is controlled by
Thus, the overall temperature rise is determined by but the time scale for heating is
determined by Given that the electronic heat capacity is known, time resolved
measurements for metal particles (or for bulk metals) yield g — the e-ph coupling
constant. For particles larger than a few nanometres the size dependence of g is
moderate,26-30 and can be explained by classical theories that consider how the electrons
couple to the surface phonon modes of the particles.31 For Au particles (which have been
the main topic of our studies) the value for the e-ph coupling constant is the same as bulk
Au for particles as small as 2 nm.28

Current topics of interest in this field are to perform measurements on very fast time
scales (< ps) to examine the dynamics before the electrons have equilibrated amongst
themselves,32,33 or (conversely) to look at slower time scales to investigate heat
dissipation to the environment.34-37 The last point has been neglected by the ultrafast
community, but it is an important issue for nanoparticle applications. For example, heat
dissipation from bio-functionalized Au particles has been used to selectively kill cells and
study denaturation of proteins.38 Heat dissipation is also an important consideration in
laser-induced annealing, and size and shape transformation of metal particles,39-47 as well
as for laser-induced alloying of multi-component particles.48 The time scale for heat
dissipation will be one of the points discussed in this article.

Another topic that will be examined in detail is lattice expansion. The heat deposited
into the lattice causes the particles to expand. For Au particles larger than ca. 6 nm, the
time scale for heating is faster than the period of the phonon mode that
corresponds to the expansion co-ordinate — which is the symmetric breathing mode for
spherical particles.49-52 This means that this mode can be impulsively excited. The
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coherently excited vibrational motion shows up as a modulation in the transient
absorption traces because it changes the electron density and, therefore, the position of
the plasmon resonance of the particles.50,52,53 The observed period depends on the size
and shape of the particles, and their elastic properties.1,50-52,54-57

The vibrational modes of spherical particles have been analysed using continuum
mechanics. The result for the symmetric breathing mode is54,55

where R is the radius of the particle, is the longitudinal speed of sound, and is an
eigenvalue that depends on the transverse and longitudinal speeds of sound. The value of

can be determined by solving the boundary condition equation: where
and is the transverse speed of sound.54-57 This result assumes that the particles

are isotropic, i.e., polycrystalline. Calculations using Eq. (2) and values of and for
bulk Au are in excellent agreement with our experimental data for Au particles with
diameters between 8 nm and 120 nm.52 This means that the elastic constants of 8 nm
diameter particles (~16,000 atoms) are the same as those for bulk Au. Unfortunately,
simple expressions for the period are not available for the vibrational modes of non-
spherical particles, or for particles that are single crystals.

The aim of this chapter is to review our recent work on heat dissipation and coherent
vibrational motion in nanospheres and nanorods. The topics that will be examined are: (i)
The mechanism for coherent excitation of vibrational motion (lattice expansion versus
hot electron pressure). (ii) How the time scale for heat dissipation depends on the size of
the particles and the intensity of the excitation source (i.e., the initial temperature rise).
(iii) Mode softening in spherical particles at high temperatures. (iv) How the measured
period depends on the shape of the particles, especially the differences between spheres
and rods. As a whole these experiments demonstrate a unique capability of transient
absorption studies of nanoparticles — they can provide information about the elastic
constants of nanometer sized objects. Specifically, our measurements provide
information about the transverse and longitudinal speeds of sound, which are related to
the bulk (K) and shear (G) moduli by:58

where is the density. It is important to note that this information cannot be obtained by
conventional (or even non-conventional) techniques, due to the difficulty in making
mechanical contact with the samples. The work discussed in this chapter is a combination
of recently published and unpublished results and, as such, represents a review of work
that we feel is extremely topical and exciting. Of course, this means that some of the
statements in this chapter are a little speculative, and may be modified as our
understanding of these systems improves!
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2. EXPERIMENTAL TECHNIQUES

The experiments described in this paper were performed with a regeneratively
amplified Ti:Sapphire laser (Clark-MXR, CPA-1000) pumped by a Spectra Physics
Millenia Vs solid-state diode pumped Nd:YAG laser. The output of the regenerative
amplifier 0.5 mJ/pulse; 120 fs fwhm deconvolution; 1 kHz repetition
rate) is split by a 90:10 beamsplitter. The 90% portion is frequency doubled in a 1 mm
BBO crystal to generate 390 nm pump pulses. The intensity of these pulses is controlled
with a combination. The 10% portion is used to generate a white
light continuum in a 3 mm sapphire window, which was used as the probe. The pump and
probe are cross-overlapped at the sample by focussing with a 10 cm lens, and the
polarizations are typically set to parallel. The relative polarization of the pump and probe
beams is not crucial for spherical metal particles. Specific probe wavelengths are selected
using a Jobin-Yvon Spex H-10 monochromator (10 nm spectral resolution) placed after
the sample. Fluctuations in the probe laser intensity are normalized by splitting-off and
monitoring a small portion of the probe beam before the sample.17 The timing between
the pump and probe pulses was controlled by a stepper motor driven translation stage
(Newport UTM150PP.1). The length of the translation stage and the geometry of our
experiment allow us to collect transient absorption data over an ca. 500 ps delay range.
The pump laser intensity at the sample was measured by a Molectron J3-02 Energy
Detector, and the pump laser spot size was for the experiments described
below. The spot size was measured using both standard laser burn paper or by observing
the laser-induced colour change in a thin film of Au particles deposited on a glass slide.
These measurements gave equivalent results, but the images of the beam are much clearer
from the thin Au particle films.

Au particles with a 15 nm diameter were prepared using the standard citrate
reduction recipe.59 Smaller 4 nm diameter Au particles were made using as the
reductant rather than citrate.60 Larger diameter particles were made by depositing Au onto
the surface of the 15 nm particles using radiation chemistry.61,62 In this technique the
excess citrate is removed by ion exchange with and a Au salt is added to the solution.
The Au salt is then reduced onto the existing particles by under an
atmosphere of nitrous oxide with ~0.3 M methanol added to the solution. The particle
sizes were measured either by TEM, or by observing quantum beats due to the symmetric
breathing mode of the particles in transient absorption experiments. Although it is not
strictly relevant to the experiments discussed in this paper, radiation chemistry is an
extremely flexible technique for synthesizing metal nanoparticles. For example, core-
shell bimetallic particles can be simply produced by adding a salt of a different metal to a
solution of “seed” particles. This technique has been used to produce bimetallic particles
with a core of Au, Ag, Pd or Pt, and shells of Au, Ag, Pt, Cd, Hg or Tl.61-69 Tri-metallic
particles have even been produced by successive radiation treatments.70

Samples of Au nanorods were obtained from Prof. Paul Mulvaney of the University
of Melbourne. The rods were synthesized using the electrochemical technique first
described by Wang and co-workers.42,71-73 The nanorod samples used in our experiments
had average aspect ratios between 2 and 5.5, and widths between 12 and 28 nm. Despite
extensive purification, these samples are polydisperse, i.e., each sample contains a wide
distribution of different length rods. The UV-vis absorption spectra of the samples show
the characteristic longitudinal and transverse plasmon resonances, that correspond to
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oscillation of the conduction electrons along the length or width of the rod.42,71-73 The
transverse plasmon band appears at ca. 520 nm for all the samples, whereas, the
longitudinal resonance appears between 600 nm and 840 nm, depending on the aspect
ratio. It is important to note that the absorbance at the pump laser wavelength (400 nm)
does not strongly depend on aspect ratio, i.e., in our experiments all the rods in the
sample are equally excited by the pump laser pulses. The samples were held in 2 mm
cuvettes for the transient absorption experiments, and the data was collected without
flowing or stirring. However, the relatively low pump laser powers and repetition rates
used in these experiments mean that thermal effects — which arise from heat
accumulation in the solvent — are not a problem.

3. RESULTS AND DISCUSSION

3.1. Coherent Vibrational Motion in Nanospheres: Observations and Excitation
Mechanism

Figure 1 shows results from transient absorption experiments with ca. 50 nm
diameter Au particles performed with a series of probe wavelengths. Modulations due to
the symmetric breathing mode can be clearly seen in the data. The maximum in the
modulations occurs at ca. 550 nm, which is 25 nm red-shifted from the maximum of the
plasmon band for these samples. Careful inspection of the transient absorption data
shows that the modulations for probe wavelengths on the red and blue sides of the
plasmon band are 180° out-of-phase. This implies that this signal arises from a periodic
change in the position of the plasmon band.
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The transient absorption data in Figure 1 can be use to determine how the position of
the plasmon band changes with time. The peak position versus time data, in turn,
allows us to estimate how the size of the particles changes with time.74 Assuming that the
dielectric function of the metal is dominated by free electron contributions,25 it can be
shown that the maximum of the plasmon band occurs at:1

where is the dielectric constant of the medium and is the plasma frequency. The
plasma frequency is given by where n is the electron density, is the
effective mass of the electrons, and and e have their usual meanings.25 Calculations
using Eq. (4) to convert the data to radius versus time are shown in Figure 2.74 The
important points to note are that: (i) laser excitation produces an overall increase in the
radius of the particles of ~0.4%, just after the electrons and phonons have reached
equilibrium. (ii) The oscillations in the radius are ~50% of the overall increase in size.

A simple way to understand how this beat signal is generated is as follows. The
pump laser deposits energy in the electronic degrees of freedom, which subsequently
flows into the phonon modes on a picosecond time scale. This increases the lattice
temperature, and causes the particles to expand. Because lattice heating is faster than the
phonon mode that correlates with the expansion coordinate, the nuclei cannot respond
instantaneously. Thus, following excitation the nuclei start to move along the expansion
coordinate (the symmetric breathing mode) and pick-up momentum. When they reach the
equilibrium radius of the hot particles their inertia will cause them to overshoot.
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The elastic properties of the particle then provide a restoring force that makes the
nuclei stop, and reverse their motions. The competition between the impulsive kick from
the rapid laser induced heating, and the restoring force from the elastic response of the
particles, cause the nuclei to “ring” around the equilibrium radius of the hot particles.

The response of the nuclei to the rapid laser induced heating can be modelled by
treating the symmetric breathing mode as a harmonic oscillator:51,52,74-76

In this equation is the period of the vibrational motion, is the increase in the
radius of the particles due to heating, and is a phenomenological damping constant.

can be simply calculated from the coefficient for thermal expansion by
where is the temperature increase.52,74 It is important to note that the

coefficient for thermal expansion contains contributions from the lattice and the
electronic degrees of freedom. This can be seen by writing in terms of the heat
capacities:25

where K is the bulk modulus, is the Grüneisen parameter for the lattice,25 and the
temperature dependence of has been explicitly noted. For metals when the
electrons and lattice are in thermal equilibrium, which means that the anharmonicity in
the potential energy surface for the ions dominates expansion. However, in ultrafast

to expansion approximately equal. The effect of the electronic degrees of freedom on
is known as hot-electron pressure.75-78

The hot-electron pressure and nuclear contributions to expansion are shown
schematically in Figure 3. The force due to the hot electrons decays rapidly as the
electrons equilibrate with the phonons. On the other hand, the contribution to expansion
from the nuclei reaches a maximum when the electrons and phonons reach thermal
equilibrium, and decays slowly as energy is transferred from the particle to the
environment. Thus, the nuclear heating contribution to expansion is a step function like
perturbation, whereas, the electronic contribution is a delta-function like perturbation. In
the harmonic oscillator model these two driving forces produce modulations that have a
different phase.74-76

Calculations using the harmonic oscillator model with Eq. (6) for are included in
Figure 2 as the solid line. The time dependent temperatures for the electrons and the
lattice were calculated using Eqs. (1a) and (1b), and the initial temperature rise was
determined from the pump laser intensity and spot size, and the absorbance of the sample
at 400 nm.74

experiments at early times, which makes the electronic and lattice contributions
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The harmonic oscillator model does a good job of reproducing the magnitude and the
phase of the oscillations. Importantly, calculations that do not include the contribution
from hot-electron pressure (shown as the dashed line in Figure 2) do not correctly
reproduce the phase of the modulations. The difference in phase between the two
calculations is ~ 45°. This analysis provides strong evidence for the existence of hot
electron pressure effects in ultrafast experiments with metal nanoparticles. Our
conclusions are in excellent agreement with recent work on spherical and ellipsoidal Ag
particles in a glass matrix.75,76 It is important to note that the instantaneous force due to
hot electron pressure may make it possible to coherently excite vibrational motion in very
small metal particles, where the period of the symmetric breathing mode is comparable to
or faster than the time-scale for lattice heating. Experiments are currently being
conducted to probe particles in the < 4 nm diameter range, to see if the elastic constants
for these objects (< 2000 atoms) differ from that of bulk gold.

3.2. Heat Dissipation for Gold Particles in Aqueous Solution

Once the electrons and phonons have reached equilibrium the temperature of the
particles decays though heat transfer to the environment. Typical time scales quoted in
the literature for energy dissipation from metal particles are several hundred
picoseconds.34-36 However, it is not clear how this process depends on factors such as the
size and surface properties of the particles. In recent studies El-Sayed and co-workers
examined how the time scale for energy dissipation from ~15 nm Au particles depended
on the environment.35,36 Their results showed that the surroundings do influence
relaxation, specifically, liquids with higher thermal conductivities give faster relaxation
times. Au particles supported on a solid substrate were also examined,
again they found that the relaxation time depends on the environment of the particles. In a
recent paper we examined different sized Au particles in aqueous solution. The aim of
these experiments was to determine how size affects the rate of heat dissipation.37
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Figure 4 shows transient bleach data for 15 nm diameter Au particles recorded with
530 nm probe pulses, i.e., with the probe laser tuned to the peak of the plasmon band.
This probe laser wavelength was chosen for two reasons (i) the signal from the coherently
excited phonon modes (which is a distraction in these experiments) is minimized at the
plasmon band maximum, and (ii) the magnitude of the transient bleach signal at 530 nm
is roughly proportional to the electronic temperature.17 The data shows two distinct
regions. First, a fast initial decay due to coupling between the hot electrons created by the
pump laser and the phonon modes (labelled as e-ph coupling in Figure 4). Second, a slow
decay due to heat dissipation from the particle to the environment (labelled as ph-ph
coupling). When the time scale for ph-ph coupling is much longer than the time scale for
e-ph coupling, the break in the transient absorption trace represents the point where the
electrons and phonons have reached equilibrium. At this point the temperature of the
particles can be simply calculated from the number of photons absorbed and the heat
capacity of the metal.

Transient bleach data for different sized Au particles (15, 26, 40 or 50 nm diameter)
are presented in Figure 5(a). The pump laser power used in these experiments was
per pulse. The data have been normalized by the break point between the e-ph and ph-ph
coupling regions of the decay. Note that in general the magnitude of the bleach signal
depends on the sample concentration, the particle size (through the intensity of the
plasmon band), and the electronic temperature. Normalizing by the break point in the
transient bleach decay allows us remove the effects of the sample size and concentration
from the signal, and simply examine how the temperature varies for the different sized
particles. Also shown in Figure 5(a) are fits to the transient bleach data using a stretched
exponential function: Figure 5(b) shows the characteristic time constant
for energy dissipation obtained from these fits versus the diameter of the particles.
The value of the stretching parameter obtained from the data is
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These results show that the time constant for heat dissipation is proportional to the
i.e., to the surface area of the particles. The solid line in Fig. 5(b) is a fit to

the experimental time constants assuming that We find a proportionality constant
of 0.64 ± 0.01 for in ps and R in nm. Experiments performed with pump laser pulse
energies up to 2 gave identical results. This shows that in this excitation region
(<200°C increase in lattice temperature) the heat dissipation time is independent of the
initial temperature. This somewhat surprising result is confirmed by analysis of classical
theories for heat transfer derived for a sphere in infinite fluid medium.79,80 Taken
together, these results mean that the temperature in the particles at any time t can be
estimated by:

where is the initial temperature, is the temperature of the surroundings and t and R
are expressed in ps and nm, respectively. For 4 nm diameter particles the time scale for
heat dissipation (~10 ps) is comparable to the time scale for electron-phonon coupling
(several ps). This implies that for very small particles significant energy transfer to the
environment can occur before the electrons and phonons have reached equilibrium.
Thus, for these particles the solvent molecules may interact with non-thermal electrons.

3.3. Mode Softening at High Temperature

The harmonic oscillator description of vibrational motion (section 3.1) is an
approximation that works extremely well at low excitation levels.81,82 However, at high
vibrational levels anharmonicity effects need to be accounted for. For stretching
vibrations in molecules anharmonicity decreases the vibrational frequency.81 In our
experiments higher levels of vibrational excitation can be probed by simply increasing
the pump laser power. An example is shown in Figure 6, where data for ca. 100 nm
diameter Au particles is presented. Large particles were chosen for these experiments for
two reasons. First, the time scale for heat dissipation is very long, so that the temperature
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changes during the experiments are minimized. Second, the size distributions are much
sharper for large particles,61,62 which allows us to measure the vibrational periods more
accurately.

The two traces in Figure 6 have been normalized for better comparison of the
modulations. The vibrational period from these measurements is plotted versus pump
laser power in Figure 7 (a). The period increases as the pump laser power increases and,
therefore, the temperature of the system increases. This “mode softening” is consistent
with the concept of anharmonicity; that is, the attractions between atoms become weaker
at high levels of vibrational excitation.81

The way the period of the symmetric breathing mode changes with laser intensity
can be quantitatively calculated by considering the temperature dependence of the elastic
constants and the density of Au (see Eq. (3)).83 A plot of the calculated period versus
temperature is presented in Figure 7(b). Note that for liquid metal particles, the frequency
of the symmetric breathing mode is given by84

where is the speed of sound in the molten metal. The speed of sound in liquid Au is
m/s, where is the temperature above the melting point.85 This

is significantly different to the speed of sound in solid Au near the melting point, which
we estimate to be ca. 3040 m/s,83 and produces the break in the calculated period versus
temperature at the melting point of Au (1336 K).
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The points in Figure 7(b) are the experimental data from Figure 7(a). The
temperatures in the experiments were estimated from the pump laser power and spot size
at the sample, the absorbance of the Au particles at the pump laser wavelength, and the
heat capacity and enthalpy of fusion for Au. Note that the sample absorbance was
corrected for scattering in this calculation, which is significant for particles larger than ca.
50 nm diameter.86 The calculated and experimental periods are in reasonable agreement
for temperatures below the melting point of Au. This shows that the estimated
temperatures are quite reliable for pump laser powers less than ca. 3 per pulse. At
higher pump powers the calculated and experimental data deviate quite dramatically.
Specifically, Eq. (8) predicts that the vibrational period for ~100 nm diameter liquid Au
particles should be greater than 40 ps, whereas, the experimental values flatten off to

ps at high power. This indicates that the particles do not completely melt in our
experiments.

There are several points to note about the estimated temperatures presented in Figure
7(b). First, we have not considered energy transfer to the environment, which means that
the actual temperatures in our experiments are lower than the calculated temperatures.
Calculations using Eq. (7) indicate that the temperature of the particles decreases by ca.
50% during the experiments. However, Eq. (7) may not be valid at very high powers,
where the temperature of the solution surrounding the particles could exceed the boiling
point of water. The rate of heat dissipation from the particles depends on the thermal
conductivity of the surroundings,79,80 and the thermal conductivity of water vapour is
significantly less than liquid water. This means that Eq. (7) probably overestimates the
rate of heat dissipation in our experiments for high pump laser powers. Thus, the
temperatures in the experiments are lower than those indicated in Figure 7(b) due to heat
dissipation, but it is not clear how much lower. Second, measurements of the
transmission of the pump laser beam through the sample as a function of power show that
the transmission is independent of power at low excitation levels i.e., the
extinction of the pump follows Beer’s Law. However, at pump laser powers > 3 there
are significant nonlinear effects (self-focussing and white light generation) in our
samples. These effects reduce the pumping efficiency (they compete with linear
absorption), with the result that the effective temperatures in the particles are less than
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that calculated using Beer’s Law. The transmission of high-power, short-pulse width
laser beams through nanoparticle samples is not well understood, and we are currently
performing experiments to try and understand how the relative contributions from
scattering and absorption change as a function of laser power. These effects are
responsible for the optical limitation properties of metal nanoparticles,87,88 which is a
potential commercial use for these materials.

From the above considerations and the data in Figure 7, it appears reasonable to state
that we can use ultrafast laser excitation to increase the temperature of the particles up to
the melting point of Au. However, we cannot make completely liquid Au particles.
Metal particles at or near their melting point consist of a solid core and a liquid shell.89-93

The thickness of the liquid shell depends on the amount of heat added to the system.
Thus, it is very possible that at high pump laser powers we have
particles. The period of the breathing mode for these core-shell particles will be different
to that for completely solid or completely liquid particles. Continuum elastic theory
calculations for the breathing mode of core-shell nanoparticles have recently been
published by Sader et al..57 Using these results, and the speeds of sound for liquid and
solid Au at the melting point, shows that the vibrational period for Au
particles will be < 38 ps for a shell thickness up to approximately 20% of the total
diameter of the particles. On the other hand, the vibrational period will be essentially the
same as pure liquid Au particles for shell thickness greater than 75% of the total
diameter. The maximum period observed in our experiments is 37 ps, which indicates
that the thickness of the liquid shell (if present) remains much less than 20% of the
particle diameter. (A period of 37 ps corresponds to a liquid shell thickness of 13% in the
continuum elastic calculations.)

The last point to note from the intensity dependent measurements is that the damping
times at high powers are significantly faster than those at low power. We have previously
shown that at low excitation levels the dephasing of the signal in our experiments
is dominated by polydispersity in the samples.52,74 Specifically, different sized particles
have different modulation frequencies, and the sum of the contributions from all the
particles in the sample leads to an inhomogeneous decay in the beat signal. Assuming
that the sample distribution is reasonably narrow, and can be described by a Gaussian
distribution, the signal in our experiments can be written as:74

where is the period corresponding to the average radius of the sample, and

is the inhomogeneous damping time due to polydispersity in the
sample. The width of the sample distribution is characterized by the standard deviation

Fits to the experimental data for the 100 nm particles at low power indicates a
sample polydispersity of ~ 5% (assuming that there are no contributions from
homogeneous damping to the decay). At high power the decay rate increases, but the
sample polydispersity does not change (we believe that fragmentation of the particles
does not occur in these experiments). We attribute the increased damping to an additional
homogeneous contribution to the dynamics. Assuming that the homogeneous contribution
can be described by a simple single exponential function, analysis of the experimental
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data at high pump powers yields a homogeneous damping time of 600 ± 100 ps. At
present we do not know the mechanism for this decay. Two possibilities are energy
transfer to the environment, or visco-elastic damping due to the formation of a liquid Au
shell at high power. The 550 ps homogeneous decay time is close to the energy
dissipation time predicted by However, energy transfer should
produce a change in the modulation frequency rather than a dephasing of the
modulations, since it results in a decrease in the temperature of the system. Thus, these

nanoparticles can be synthesized by reduction of triangular Ag particles
have been produced by aging a citrate stabilized Ag sol in light,95 and elliptical metal
particles can be made by deformation of spherical particles embedded in a glass.96

However, the most significant progress has been made in synthesizing rod-shaped
particles. Rods of different widths and almost any length can be made by electrochemical
deposition in a template, such as the pores of a membrane.97-100 This method has the
advantage that a variety of different metals can be deposited, however, significant post-
synthesis processing has to be performed to remove the rods from the template.

experiments may allow us to examine visco-elastic damping in
particles, which is an exciting opportunity. We plan to further investigate these effects by
performing experiments with much greater temperature control, i.e., by placing the
particles in a solid matrix which can be precisely heated in an oven.

3.4. Vibrational Modes of Nanorods

The continuum mechanics calculations described above are explicitly derived for
spherical, elastically isotropic (i.e., polycrystalline) particles. An interesting question is to
consider what happens for particles that have different shapes and/or are single crystals.
Synthetically it is difficult to control the shape of metal or semiconductor nanoparticles,
although there has been considerable progress in recent years. For example, cubic Pt
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A more straightforward technique is to use a micelle solution to direct the growth of
the rods in combination with either chemical or electrochemical reduction of a metal
salt.42,71-73,101-103 This technique can be used to make Au or Ag rods, with aspect ratios up
to ~20.101-103 Nanorods are of particular interest because of their unusual optical
properties. Specifically, rod-shaped particles show two plasmon bands corresponding to
electron oscillations along the long or the short axis of the rod.1,71,73 For Au, the
transverse plasmon band occurs at ~520 nm (which is close to the plasmon resonance for
spherical Au particles), and the longitudinal band falls in the visible to near-IR spectral
region. The position of the longitudinal resonance makes these materials potentially
useful as polarizing filters or as labels for biological molecules, and the optical properties
of Au nanorods have attracted considerable attention.

Figure 8 shows representative transient absorption data for a Au nanorod sample
with an average aspect ratio of ~2. The rods were synthesized in Paul Mulvaney’s group
at the University of Melbourne, using the electrochemical technique first described by
Wang and co-workers.42,71 Detailed TEM analysis has shown that the rods produced by
this technique are single crystals, and that they grow along the [001] direction.104,105 The
transient absorption experiments were performed with 400 nm pump laser pulses and a
probe laser wavelength of 640 nm, which is resonant to the longitudinal plasmon band of
the sample. Note that the rod samples also contain spherical particles, however, the
vibrational modes of spheres cannot be observed at probe wavelengths greater than ~600
nm, as shown in Figure 1. Two types of modulations can be observed in our data: a fast
modulation with a period of ca. 11 ps and a slower (more pronounced) modulation with a
period of ca. 70 ps. The period of the faster modulation is approximately equal to
which is the value expected for a vibrational motion that corresponds to expansion and
compression along the long axis of the rod. In contrast, the period of the slower
modulation is closer to Perner et al. have also observed modulations due to
coherently excited vibrational motion in their transient absorption measurements with
ellipsoidal Ag particles.76 In these experiments the vibrational period was found to be
close to
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We have performed extensive measurements on rod samples with different aspect
ratios, and have observed that for a given sample the exact value of the period depends on
the probe wavelength. On the other hand, for spherical particles the measured periods are
independent of wavelength to within the accuracy of our measurements. An example of
the probe wavelength dependence is shown in Figure 9, where results for a Au nanorod
sample with an average aspect ratio of 3.5 are presented.106 The two probe wavelengths
used in these experiments lie on either side of the longitudinal plasmon band of the
sample. There are several points to note. First, both the frequency and the phase are
different for these two probe wavelengths. Second, the fast modulations are not present,
i.e., only the slower vibrational motion is observed in these experiments. Indeed, we have
only observed the fast modulation, which corresponds to the expected compressional
wave, in a few experiments.

The way the period of the vibrational motion changes with probe wavelength is
shown in Figure 10. This figure presents data collected from five different samples with a
variety of probe laser wavelengths. The average aspect ratios for the samples are given in
the figure caption. The increase in the period with increasing probe laser wavelength can
be qualitatively explained as follows. The nanorod samples are polydisperse, i.e., each
sample contains rods with a variety ofdifferent lengths.

The different length rods have different longitudinal plasmon resonances, with
longer rods (larger aspect ratio) absorbing further into the near-IR: for Au nanorods in
aqueous solution where the aspect ratio                  42,71,73    As
the probe laser is tuned from the blue to the red, it probes (on average) longer rods in the
sample. Because the vibrational period is proportional to the length of the rod, longer
vibrational periods are obtained for longer probe laser wavelengths. The period versus
probe wavelength results appear to fall onto two curves: the rods with an average aspect
ratio of are on one curve, and the rods with aspect ratios of 2.7, 3.0, 3.5 and 5.5
are on another. This is because the rods in the sample with are approximately 2×
wider than the rods in the other samples.
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A given probe wavelength interrogates rods with a certain aspect ratio, but the actual
length probed depends on their width (w). Specifically,
using the relationship between and given above.106

Note that the period versus wavelength data for a given sample is not a straight line
— the period “flattens off” at high and low probe wavelength. This occurs because of the
finite size distributions of the samples. The exact way the vibrational period changes with
probe wavelength depends on the bandwidth of the probe laser, the size distribution of
the sample, and the transient absorption spectrum of a single rod.106 Our initial report on
coherently excited vibrational modes in nanorods presented an analysis of the period
versus probe wavelength data using Gaussian functions for the distribution of lengths,
and the spectra of the rods and the laser. These simulations showed that at probe laser
wavelengths near the plasmon band maximum the effect of the sample polydispersity is
minimized, i.e., the measured periods are close to the values expected from the average
length of the rods. Thus, to compare different samples, the probe laser should be tuned as
close to the maximum of the longitudinal plasmon band as possible. Figure 11 shows
results for different rod samples, where the period of the acoustic vibrational mode was
determined from experiments with The straight line is a fit to the data assuming
that the period is linearly proportional to the length of the rod, i.e., The value
of obtained is which is in between the values for the transverse and
longitudinal speeds of sound in Au: and respectively.83,107

At this point it is not clear why our Au nanorod samples give a different period
compared to the ellipsoidal Ag particles. Two possibilities are, first, the vibrational
modes excited in the Au nanorods are fundamentally different to those for the Ag ellipses
(i.e., we are exciting a motion that is much more complicated than simple stretching and
compression along a single axis). Second, use of material properties for bulk
(polycrystalline) gold is not appropriate for these small crystalline nanorods. In
comparison, the Ag ellipses of ref. 76 are polycrystalline and show good agreement with
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bulk data. The elastic properties of the single crystal nanorods may be different to those
of polycrystalline rods. Further experiments and continuum mechanics calculations are
currently being performed to elucidate the vibrational dynamics of these systems.

4. SUMMARY AND CONCLUSIONS

Excitation of metal nanoparticles with an ultrafast laser pulse causes a rapid increase
in the electronic temperature. The hot-electrons subsequently equilibrate with the phonon
modes on a several picosecond time scale. These rapid heating processes can impulsively
excite the phonon mode that correlates with the expansion co-ordinate. For spherical
particles the symmetric breathing mode is excited. For particles with diameters between 8
nm and 120 nm the frequency of this mode can be exactly calculated using continuum
mechanics.52,57 For nanorod samples the period of the coherently excited phonon mode
depends on the length of the rod, but the values obtained do not match those previously
observed for Ag ellipses. It is not clear whether this difference is due to differences in the
symmetry of the particles (cylindrical compared to ellipsoidal), or their material
properties (the gold nanorods in our experiments are single crystals, whereas, the Ag
particles in ref. 76 are polycrystalline).

By performing wavelength dependent transient absorption measurements for a ca. 50
nm diameter Au particle sample we have been able to calculate how the radius changes
with time. These results can be directly compared to model calculations where the
expansion co-ordinate (the symmetric breathing mode) is treated as a harmonic oscillator.
A careful analysis of the phase of the modulations shows that both hot-electron pressure
and lattice heating contribute to the impulsive excitation process. The force due to the hot
electrons is only significant at early times, when the electronic temperature is much
greater than the lattice temperature. The overall expansion of the particles, and the
magnitude of the oscillations in the particle radius, are controlled by the lattice heating
contribution. The rate of energy dissipation from Au nanoparticles to their surroundings
was also examined by time-resolved spectroscopy. These experiments were performed
for particles suspended in aqueous solution, with average sizes ranging from 4 nm to 50
nm diameter. The results show that energy relaxation is a very non-exponential process.
The relaxation times were found to be proportional to the square of the radius, but do not
depend on the initial temperature of the particles (i.e., the pump laser power) at low
excitation levels. For very small particles the time scale for energy dissipation is
comparable to the time scale for electron-phonon coupling, which implies that significant
energy loss occurs before the electrons and phonons reach equilibrium within the particle.

Finally, at very high pump laser power our transient absorption experiments reveal a
“softening” of the coherently excited vibrational mode. This can be qualitatively
explained by considering how the elastic properties of gold change with temperature.
Analysis of the way the period depends on the pump laser intensity indicates that we can
approach the melting point of Au in these experiments, however, we do not create
completely liquid particles. This raises the possibility that the particles have a liquid-
shell/solid-core structure. The data at high power shows an increased damping compared
to the low power experiments, which may be due to visco-elastic damping effects from
the liquid shell.
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RADIATION EFFECTS IN
NANOPARTICLE SUSPENSIONS

*Dan Meisel

1. INTRODUCTION

Several directions may be identified is studies of the effects of ionizing radiation on
particles in suspension. The first one is simply to understand the consequences of
irradiating a multi-phase system.1,2 Would the energy be confined into one phase or the
other? How much energy or charge is transferred across the interface and what fraction
remains arrested in each of the phases? Does the interface, its composition and the
surface charge alter the outcome of the chemistry? In another direction ionizing radiation
is used as a synthetic tool to prepare particle suspensions. Many metallic particles and a
few semiconductors as well, were prepared using this approach.3-6 The advantage of
using radiolytic approach over wet chemical methods is the ability to control the size and
size distribution by controlling the dose-rate delivered to the precursors solution. A third
direction focuses on mechanistic studies conducted on suspensions of nanoparticles. The
suspensions allow time domain optical measurements, which are common in radiation
research, and therefore are often utilized to study mechanisms of short-lived
intermediates generated in the suspensions. In this report we survey mostly recent
observations from the first area of activity: transfer of energy or charge initially generated
by ionizing radiation in one phase into the other.

Interfacial processes induced by ionizing radiation are of interest as a fundamental
scientific question, as well as a technologically relevant concern. When high-energy
particles travel through a multiphase system, ionization and excitations occur at each of
the phases. When the weight percentage of each phase is significant, these events occur in
both phases and both phases contribute to the degradation of the original material. Often
the consequences of the radiation in each of the phases is reasonably well understood but
when the two phases coexist, in particular when the dimensions of one of the phases are
small, interfacial charge or energy transfer can occur. The various possible pathways that
the carriers can undergo are illustrated in Scheme 1. The electron or the hole can lose its
excess energy and thermalize, it can localize in a trap state within the particle, and the
two carriers can recombine. While these processes occur the carriers may also cross into

* Dan Meisel, Radiation Laboratory and Department of Chemistry and Biochemistry, University of Notre
Dame, Notre Dame, IN 46556.
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the other phase (large arrows in Scheme 1). This is the process of interest in the present
discussion. The technologically relevant issue is the potential for radiolytic processes to
occur preferentially in one of the phases. In the case of particles suspended in water, the
potential for enhanced water radiolysis products, e.g., molecular hydrogen generation, is
a very practical concern.7 On the other hand, strategies to remedy contaminated soils may
benefit from enhanced radiolytic yields in the aqueous phase of such heterogeneous
systems.8 Transfer of radiolytically generated charge carriers across the solid-liquid
interface is of great technological significance to the vitrification of radioactive waste.9

Escape of charges from irradiated particles has important consequences for stored high-
level-liquid waste, which invariably is heavily loaded with solid particles.10 Various
molecules adsorbed onto metal oxide particles or porous bulk materials have been shown
to form radical anions, radical cations, or to decompose under the action of ionizing
radiation due to charge migration to the interface.2 Although the underlying mechanisms
are not entirely clear, the adsorbates are believed to interact with surface-trapped charge
carriers. As a result, possible applications of ionizing radiation to the degradation of
adsorbed environmental pollutants are being explored.11,22

Early studies demonstrated catalytic conversion of all the reducing equivalents (and
sometimes the oxidizing equivalents as well) that are produced by radiolysis of water into
molecular hydrogen in the presence of metallic particles.13-15 Detailed mechanisms were
developed to delineate the pathways that lead radical reactions, commonly one-electron
redox entities, to participate in multi-electron redox reactions via the catalytic
particles.16,17 However, in these studies essentially no energy was deposited in the solid
particles; rather the aqueous phase alone absorbed the energy. Radicals were generated in
the water but their chemical fate was determined by the catalytic surface of the
nanoparticles. Below we focus on the reverse processes, transfer of charges from the
solid to the water.

Several groups recently studied irradiation of wet oxide surfaces.18-20 Often these
studies concentrate on the first few monolayers in intimate contact with the solid.
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In several instances it was shown that yields of stable water radiolysis products, e.g.,
fromwater layers onseveraloxides, such as are  unusually high.21,22

This high yield necessitates energy transfer from the solid material to the aqueous layers.
Furthermore, this yield and the correlation between the yield and the oxide bandgap led
Petrik and coworkers to suggest transfer of excitons across the interface. Zhang et al.18

reported redox processes at silica powders and slurries surfaces, where siloxane groups
are abundant, which lead to efficient production upon irradiation, following release of
H atom from surface –SiO-H moieties. The holes in that system are trapped at acceptor
sites, such as pyrene molecules, generating the radical cation. The structure of the water
under such circumstances is significantly different from bulk water and the behavior of
the few water layers under the field of radiation may then differ from that of bulk water.

In our own studies we focus on radiolytic products from bulk water that is in the
vicinity of the suspended particles. It was shown recently, by directly following the
hydrated electrons, that their yield does not decrease upon addition of nanoparticles
up to loading of 50% by weight to the suspensions.23 On the other hand it was found that
holes remain trapped in the silica particle even at the smallest size available.24 The
observation that the production of OH radicals decreases upon loading the suspension
with silica particles suggests that the trapped holes cannot oxidize water at the interface.
However, the energy level at which they are trapped has not been determined.
Furthermore, it is evident that charge separation occurs across the silica nanoparticle/
aqueous solution interface. These observations are summarized in the following sections.

2. ENERGY DEPOSITION IN PARTICLE SUSPENSIONS

High-energy electrons, in the range of a few MeV, lose their kinetic energy mostly
via interactions with the electrons of the medium. The cross section for absorption of
ionizing radiation can be estimated by the Bethe formula, in which the energy loss is
directly proportional to the electron density of the irradiated material.25 For all practical
purposes the electron density of the material can be considered equal to its density. As the
high-energy electrons pass through the aqueous colloidal suspension of particles, energy
is lost via electronic interactions in both the liquid and solid phases in a ratio determined
by their relative electron densities and concentration. Thus, as the percentage of solid
material increases, so does the fraction of energy deposited in the solid phase. Since it is
common to conduct radiolytic experiments at constant volume (to ensure constant
geometry relative to the radiation source) the dose absorbed in the sample increases with
the increase of total density of the sample. This is shown in Figure 1 as the upper solid
curve.

If the energy originally deposited in the particles remains in the solid, the total
number of hydrated electrons observed in a given volume of sample must decrease upon
increasing the weight % of the solid proportionately with the decrease in the volume
fraction of water. If no electrons are transferred from the particles to the water, the
concentration of will decrease. The lower solid curve in Figure 1 describes this
decrease for  in water suspensions. This description also assumes that the probability
of capture of electrons from water by silica particles is small.
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There is little doubt that when the particles are large enough this lower-limit curve
will be followed, unless some chemical process intervenes. When the particles are small,
a fraction of the charge carriers may escape into the water.

Energetic considerations may affect the fate of charge carriers in either phase. At the
very early physical stage of the generation of an electron in the material its energy may
be very high, tens of eV. At these energies the identity of the material makes little impact.
It may appear in either phase. As the energy degrades and the charge carrier thermalizes
the identity of the medium and its energy levels become increasingly important.

Figure 2 shows the energies of the conduction and valence bands of silica and
zirconia. It also shows the redox level of A thermal electron in the conduction band
of can generate a hydrated electron but the latter cannot return into the conduction
band. The order of the levels is reversed in Therefore, one expects in
suspensions a facile reaction of with the particles. In practical terms this means that
direct determination of the yield of hydrated electrons in the latter suspensions is
essentially impossible. High concentrations of scavengers of redox potential more
positive than the conduction band of  are needed. Because of the very negative redox
potential of the hydrated electron, most oxides can serve as its acceptors.26 On the other
hand, the valence band of many oxides, including those in Figure 2, allows oxidation of
water to hydroxyl radicals. Experimentally, however, it is very difficult to observe
directly the hydroxyl radical and scavengers required to follow its formation.
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3. EXPERIMENTAL PROCEDURES

Short-lived intermediates were determined using pulse-radiolysis of aqueous
colloidal suspensions of silica or zirconia particles. The pulse radiolysis experiments
were performed using 2-3 ns pulses of 8 MeV electrons from the Notre Dame linear
electron accelerator. Early studies utilized the Argonne National Laboratory linac with
pulses of 30 ps and time resolution of  0.1 ns. The doses used generated   of
solvated electrons. Spectrophotometric detection of the radicals was used in these
experiments. Several principles guided the choice of particles. The colloidal solutions
allow convenient Spectrophotometric detection. Silica and zirconia, in addition to being a
common material in many nuclear applications, are also transparent across the near UV-
visible range allowing convenient detection of the radicals. No interference from trapped
species in the particles could be observed in any of the suspensions. All experiments
involving silica were performed in the basic pH range, where silica is negatively charged
and thus the scavengers remain in the water phase, removed from the interface. Silica
particles were DuPont Ludox products ranging in size from 7 to 22 nm in diameter. High
concentrations of silica particles are easy to obtain and the energy levels are conveniently
posed relative to the redox levels of water. Zirconia suspensions were studied at pH 3-4
in the presence of high acetate concentrations to stabilize the suspensions. Whereas the
particles at this pH are usually positively charged we believe that ion-pairing and specific
surface adsorption at the high concentrations used modified significantly the surface.

For yields of molecular hydrogen a irradiator was used at a dose rate of 0.2-0.3
kGy/min. The production of was measured with an in-line gas chromatograph using
5A molecular sieve columns, Ar carrier gas, and a thermal conductivity detector.
Dosimetry was done with the standard Fricke dosimeter. No corrections were made for
changes in the dose absorbed by the suspensions due to changes in their density in the
steady state, as well as in the pulse radiolysis experiments.
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4. ESCAPE OF ELECTRONS INTO THE AQUEOUS PHASE

Attempts to determine the yield of charge carriers that escape from the particles to
the water phase are scarce. For detailed studies were reported and for some
information is available. The experimental data in Figure 1 shows the concentration of
hydrated electrons in silica suspensions as a function of the concentration of particles.
These concentrations are normalized to the concentration of in neat water. They were
measured as close as possible to the time of generation of the hydrated electrons,

following the electron pulse before significant recombination occurred. As can
be seen in the figure,  concentration increases upon increasing the concentration of the
particles. It is also clear that the size of the particles has little effect if any on the yield up
to 22 nm particles. Taking the radius as the average distance traveled by the escaping
electron, one may compare it with results obtained from electron microscopy studies of
metal oxide thin films. 27,28 The most probable escape depth observed in these studies is
~25 nm. Thus, only upon increasing the particle size to about twice the largest size
studied, might a significant fraction remain (recombine or get trapped) in the particle.

As discussed in the preceding section, the dose deposited in the sample increases as
well (upper curve in Figure 1). The close similarity between the increase in the absorbed
dose and the concentration of hydrated electrons indicates the yield (number of species
generated per unit absorbed energy) of electrons in water remains unchanged even when
50% of the water have been replaced by silica. Clearly, electrons that are generated
initially in the particles escape to the water. Furthermore, assuming that the initial yield
of electron-hole pairs that are generated in silica is not very different from water, the
majority of them escape. Indeed, even though the band gap in silica is ~9 eV, the lowest
energy required for the generation of an electron-hole pair is ~20 eV.29 Alig et al30

suggested a correlation between the bandgap of the material, and the average energy
required to produce an electron-hole pair, This leads to
for silica, and 14 eV for zirconia. From this correlation one expects similar yields (G~4-5
electrons per 100 eV) in silica and water. The yield, however, should increase in zirconia
suspensions (expected 

Zirconia particles are difficult to maintain in transparent suspensions. Acetate
stabilized 5-10 nm particles, up to 20% weight were used in these
studies.31 All experiments were conducted at pH 3.4 in solutions containing 2.76 M acetic
acid. Under these conditions the majority of electrons are converted to hydrogen atoms.
Electrophoresis of diluted suspensions show that the surface charge of the particles is
positive and the point-of-zero-charge (pzc) was Methyl Viologen, labeled was
used to scavenge the reducing equivalents and all yields were compared to the same
solutions containing no At the concentration used (10 mM) complete
scavenging occurs to generate the reduced radical, Figure 3 shows the
concentration of normalized to the yield in the absence of The increase in

concentration upon increasing loading far exceeds the absorbed dose and thus,
the yield (in terms of the number of equivalents per unit of absorbed energy, i.e.,

increases as well. At the highest concentration shown in Figure 3 the yield
increased by 50%, from 4.2 radicals/100 eV in the absence of the particles to 6.3
radicals/100 eV at 20% weight. Thus, one concludes that thermalization, recombination
and trapping of charge carriers in the small particles are significantly less efficient
than they are in water.
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Quantitatively, it can be shown that this high total yield of reducing equivalents
requires a yield of approximately 10 electrons per 100 eV that escape from the particles,
somewhat higher than the yield of 7 electrons/100 eV predicted above. One possible
explanation to that increased yield is partial conversion of holes to reducing radicals (e.g.,
from acetate). Another possibility is increased capture of electrons by surface adsorbed
species as described below in Section 6.

5. ESCAPE OF HOLES INTO THE AQUEOUS PHASE

The mobility of hot holes in silica is much slower than that of electrons.
Furthermore, many trapping sites for holes have been identified in silica. Thus, one may
expect more efficient trapping of holes relative to electrons and consequently less escape
into the aqueous phase. To test this expectation the yields of OH radicals in the aqueous
phase following radiolysis of suspensions of silica colloidal particles were measured. The
yield of two OH scavengers was determined and (from and

respectively). These negatively charged scavengers are expected to reside
exclusively in the aqueous phase, removed from the particle surface. The result from
suspensions of particles of 7 and 12 nm in diameter, are shown in Figure 1 (lower half of
the figure). Upon increasing the loading the relative yield of OH radicals decreases.
These results seem to follow the solid lower curve in Figure 1, which describes the
fraction of energy absorbed by the aqueous phase. Thus, the only observed OH radicals
seem to be those that were generated from radiolysis of the aqueous phase and no holes
cross the interface even from the smallest particles available.
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The consequences of charge separation across the interface, electrons in the aqueous
phase and holes in the particles, were alluded to earlier. Mechanisms to relieve this
electrostatic asymmetry must intervene since electrons cannot indefinitely escape the
continuously increasing attractive potential. Charge compensation by migration of ions
from the solution towards the surface will undoubtedly occur and will relief some of the
electrostatic stress. The solution pH often determines the surface-potential for oxides.
Therefore, protons or hydroxide ions are the most common ions to migrate to the surface
of oxides. Release of protons from the surface can reduce the electrostatic potential but
such a process still leaves trapped holes in the solid. An increase in the yield of oxidation
equivalents in the water upon loading the suspensions with particles was observed.
However, electrostatic imbalance is observed in these suspensions as well.31

The fate of the holes that are generated in particle suspensions was determined
using a similar approach to that described above for electrons, except that ions
were used to scavenge the escaping holes. At sufficiently high concentrations (1 M) it
captures most of the OH radicals before their reaction with the acetic acid. The valence
band edge of is at 4,0 V vs. NHE at pH = 0 (Figure 2), and therefore, the holes can
thermodynamically oxidize water to OH radicals. Nonetheless, both direct capture of
holes by and oxidation of water to OH, were proposed to generate the oxidized

radicals. In the absence of zirconia the yield of OH in these solutions is assumed
to be equal to the yield of reducing species, 4.2 radicals/100 eV. The normalized yield of

as a function of the % weight of increases upon addition of particles but is
only 35% higher in 20% weight zirconia than in the absence of the particles. For
comparison, the yield of electrons in Figure 3 is 80% higher. When corrected for the
increase in dose absorbed upon increasing loading, the yield at 20% is only 4.9
molecules/100 eV. The imbalance between the yield of electrons and holes captured
indicates that the escape into the solution competes mostly with thermalization and
trapping processes and not with recombination. Similar to the results in silica, it also
leads to the conclusion that positive charges accumulate in the solid particle.
Alternatively, if as suggested above the holes are partially converted to reducing radicals
before they are captured by the thiocyanide ions, then the imbalance may be due to this
competing process.

6. INTERFACIAL CAPTURE

It is of interest to test the effect of the interface on the yields discussed above. At
least two parameters of the interface can be externally modified: the surface potential and
the chemical identity of species at the interface. If these parameters can modify the yield,
then the yields may be controlled externally. These possibilities were studied in silica
suspensions.32 To change the surface potential of the silica particles, ions (up to 25
mM) were added to the suspensions. Above the pzc of silica these ions strongly adsorb at
the surface thus neutralizing much of the surface charges. The yields of were
measured with and without these ions with essentially the same results. We concluded
that a significant reduction in the negative charge density at the surface has little effect on
the yield of

Similar experiments to those described in Figure 1 for the yields of hydrated
electrons from silica suspensions were repeated with added. All of the
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acceptors were adsorbed on the silica particles at the conditions of these experiments as
was evident from the reduction of the rate of reaction with Furthermore,from
the ionic strength dependence of the rate constant for this reaction, it was shown that the
hydrated electrons react against a negative potential (rather than positive if has
been free in solution). Hydrated electrons that originate from direct ionization of water in
the same suspensions were scavenged by ions in the bulk of the aqueous phase. The
yield of electrons captured by was found to track the fraction of dose absorbed by
the silica particles. Since this is also the contribution of silica to the total generation of
solvated electrons, one concludes that the acceptors at the surface can capture all the
electrons that cross the interface. Yet, the possibility that the presence of acceptors at the
interface affects competing processes within the particle, such as recombination,
trapping, and escape, cannot be precluded. A slight increase in the yield, beyond the
increase in absorbed dose, may result from such an effect. The results described above
serve to further illustrate the difficulties of determining the yields of charge carriers when
the energy levels of the solid are within the gap allowed by water (Figure 2). Once
scavengers are required in order to measure the yield of charge carriers, the effect of the
scavenger needs to be examined.

7. HYDROGEN YIELDS

Generation of molecular hydrogen during irradiation of particle suspensions is often
of much concern, especially in technological applications. Therefore, some effort was
taken to determine the yield of from irradiated oxide suspensions. Hydrogen yields
from wet oxide surfaces are sometimes very high21 and some correlation between that
yield and the oxide bandgap has been suggested.22,23 Yet, the mechanism for hydrogen
evolution from irradiated water is reasonably well understood. There is ample evidence to
suggest that much, if not all, of the produced in neat water comes from reactions of
hydrated electrons and/or their precursors, the “dry” but thermalized electrons.34,35 One
may expect then a similar mechanism in the suspensions as well.

As described above, an increase in the concentration of solvated electrons is
observed in both, and which may lead to enhanced production. Such a
“trivial” effect is not the focus of our studies and efforts were made to scavenge most
radicals that are formed in the bulk aqueous phase. However, since the energy of the
escaping electrons is not known, it is conceivable that different mechanisms may
contribute to the final generation of hydrogen. Furthermore, because the surface of most
oxides is covered with Si-OH groups in water, new pathways may become available in
the presence of oxide particles.18 The yield of in silica suspensions at high
loading was therefore measured.36

Figure 4 shows the dependence of hydrogen yield, in molecules per 100 eV,
on the weight percentage of        for three particle sizes. The solution contained 1 mM of
each ferricyanide and ferrocyanide. Neither ion is expected to adsorb on the negatively
charged silica surface. However, the mixture of efficiently reacts with all
three radicals, OH, and H in the aqueous phase. Thus, no contribution is observed
from homogeneous reactions in the bulk to the production or destruction of hydrogen.
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The solid curve in Figure 4 shows the effect of the excluded volume due to the
particles. If no energy is transferred in either direction, the decrease should follow the
excluded volume of silica in the suspension. Surprisingly, the yield depends on particle
size. It is slightly higher than expected from the water volume-fraction effect for the
smaller sizes and significantly lower for the larger size.

The observations of Figure 4 are independent of the scavengers used, provided they
do not adsorb onto the particles. Similar results were obtained using nitrite instead of the
combination of  The slight increase in  above the yield in the absence
of silica, noticeable in particular for the smaller particles in Figure 4, is attributed to the
escape of electrons from the particles as described in Section 4. Apparently, a small
fraction of these are not scavenged by ferricyanide and recombine to produce molecular
hydrogen. The decrease in beyond the predicted excluded-volume effect is
attributed to a back reaction between and the trapped holes in the solid particles. From
the results described in Section 5 it is clear that the holes in silica do not oxidize water.
They do not oxidize 2-propanol either,24 even though the valence band in silica is at ~4 to
4.5 V vs. NHE. However, the energy of the trapped holes is presently unknown and two-
electron oxidation of may be thermodynamically feasible. Indeed it is now well
established that can react with trapped holes in amorphous silica. The H atom that is
produced from that reaction certainly can react with the trapped holes.20,37-41

This back reaction of holes with can also rationalize the dependence of the yield
on size seen in Figure 4. As the size of the particles increases their concentration
decreases, for a given weight percentage of silica. Therefore, the probability that a given
particle contains a trapped hole following a given dose of irradiation increases. The
probability that an molecule or some of its precursors, from the water will encounter a
hole-containing particle is larger for the bigger particles. The probability that a single
particle will contain two holes, required for oxidation of hydrogen to protons, is even
more dependent on particle size. For the smallest particles shown in Figure 4, the number
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of holes per particle at the dose delivered in these experiments  is assuming every
hole that is generated in the particles remains trapped in the solid. Under the same
conditions ~5 holes are trapped at the largest particles of Figure 4. Note that under these
assumptions the number of holes trapped in a particle is independent of the concentration
of the particles. As the concentration of particles increases the dose absorbed by the
particles increases proportionately to their concentration. If this hypothesis is correct then
elimination of the trapped holes before they can back react with molecular hydrogen
should remove the size dependence. Several experiments were devised to demonstrate

presence of 1mM of     (and 10 mM to eliminate radical reactions in the
bulk) the size dependence disappeared (Figure 5).

The redox potential of the couple in water is 0.2 V vs. NHE but in
contrast to the ferri/ferrocyanide couple used in the experiments of Figure 4, the
ruthenium hexamine cations adsorb at the surface of the particles. The divalent state is,
therefore, expected to react with the trapped holes in the solid, similar to hydrogen. As
can be seen in Figure 5, all the suspensions produce a similar yield of independentof
particle size. Furthermore, the yield also closely tracks the expected decrease resulting
from the drop in volume fraction of water.

To conclude, no excess of molecular hydrogen can be observed from the irradiated
silica suspensions, and similar results were obtained from zirconia. Any effect of the first
few water monolayers is too small to be observed in the  suspensions.18,21,22 On the other
hand, the presence of trapped holes may significantly affect the measured hydrogen
yields because of the intervention of back reactions with trapped holes.

that this is indeed the case. For example, when suspensions of were irradiated in the
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8. RADIOLYSIS AS A SYNTHETIC TOOL

Numerous reports describe the use of radiolysis in the synthesis of metallic
nanoparticles and a few extend this approach to the synthesis of semiconductor particles.
A comprehensive description of these studies is beyond the scope of the present report.
Henglein and coworkers42-44 and Belloni and coworkers5,45,46 describe the radiolytic
reduction of many metal ions either of a single metal or in combination of a variety of
metals to generate metallic or bimetallic mixtures as well as core-shell structures. To
obtain metallic particles from their parent ions one only needs to ensure reductive
conditions during the irradiation. Naturally, both oxidizing as well as reducing radicals
are generated by the radiolysis of water. The oxidizing equivalents, OH radicals, can
conveniently be converted to reducing radicals by the addition of organic scavengers
(e.g., alcohols, formate ions) that will produce reducing radicals. The radiolytic approach
may offer some advantages because of the fine control over the rate of generation of the
growing species afforded by the control over the dose rate delivered to the sample.
Furthermore, the mechanism of nucleation and growth can be delineated5,46 and
properties, such as absorption spectra or redox potentials, of the growing clusters can be
determined.47-49 By judicious selection of the parent metal ion or complex narrow size
distribution of the particles at predetermined sizes can be achieved.3 To generate core-
shell structures one would rely on the large difference in redox potentials between the
reduction of the parent ion to a single atom and its reduction to the bulk metal (Scheme
2). The presence of core seed particles of the first metal will then serve as the “bulk” for
the shell metal. Using this strategy only few new seeds are generated and most of the
reduction occurs on top of the existing seeds. When the same metal (but a different parent
complex so the redox potential allows only reduction on “seeds”) is deposited on existing
seeds the synthesis leads merely to increase in the particle sizes. However, because the
rate of growth is inversely proportional to the square of the size, whereas the rate of
reduction is directly proportional to the size, the net rate of size increase is inversely
proportional to the size. This results in narrowing of the size distribution as the particles
grow. The smaller particles grow faster than the larger ones.

The strategies described above lead to well defined structures, often to core-shell
materials of high quality. This allows detailed studies of the properties of the core-shell
particles.50,51 However, recent results indicate that the core-shell structures may not last
for very long periods of time. Core-shell, silver on gold particles were observed to
spontaneously alloy at ambient temperature and in suspension.52 This spontaneous
mixing of the two metals is a size-dependent process, which is accelerated when the sizes
reach a few nm. A possible explanation for the size dependent alloying is the strong
depression of the melting temperature of the metals when the particle size drops into this
size regime.53,54 The depression of the melting point leads to increased diffusion
coefficients at ambient temperature of the solid metals in one another, and therefore
might enhance their inter-mixing. Quantitative estimations of the rate of mixing from the
estimated diffusion coefficients, however, indicate that this effect is still too slow to
rationalize the observed rate of alloying. Molecular dynamics calculations suggest that
defects at the bimetallic interface in the core-shell particles might explain the fast
alloying.55
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To initiate radiolytic growth of semiconductors, one component of the material, e.g.,
    or        is added to the solution. An organic precursor that contains the counter ion,
RX, where is a halide or chalcogenide, is also added. The reaction of the precursor
with releases the counter ion, and the growth of the nanoparticles can be
followed.56,57 The main reason to use radiolytic techniques to initiate the production of
the particles is to study the mechanism of their growth and the properties of the various
intermediates. Using this approach the absorption spectrum of the single molecule (e.g.,
AgX, CdS) could be measured and the equilibrium constant between the molecule and its
component ions can be determined. As might be expected, these studies reveal that the
single molecule dissociates into its component ions to a much larger extent than the bulk
material. The solubility is size dependent, and therefore, the stability of the nanoparticles
to dissolution in polar solvents is significantly lower than that of the bulk.

9. CONCLUSIONS

This report summarizes the effects of ionizing radiation on nanoparticles suspensions
in aqueous media. Radiolytic methodologies to synthesize nanoparticles of metals and
semiconductors in suspension were developed and the use of radiolytic techniques to
outline mechanisms of a large number of processes at the surface of the particles has been
reported. However, the focus of the present report is on radiolytic yields and on
interfacial exchange of charge carriers among the solid particle and the aqueous phase. It
is clear that the interface does not offer a barrier to exchange of carriers. On the contrary,
the presence of the solid phase often enhances products from the fragmentation of water
molecules. This has practical implications in technological application where ionizing
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radiation and radioactivity are present. Absorption of radiation by the surfaces of
pipelines in nuclear reactors can contribute to radiolytic water dissociation and thus to the
generation oxidizing intermediates, hydroxyl radicals or hydrogen peroxide. These are
the major sources of corrosion processes in the cooling system lines of the reactor.
Similarly, nuclear materials stored as powders in sealed cylinders can accumulate water
from humid environments. The irradiated water then can generate high quantities of gases
not merely from direct irradiation of the water but from the radiation energy absorbed by
the solid material. Nuclear waste stored in tanks as heterogeneous suspensions waiting
permanent disposition can lead to water products, including flammable gas mixtures,
from absorption of dose in both phases. On the other hand, the deep penetration of
ionizing radiation together with the exchange of carriers among the phases might be
utilized to increase the efficiency of radiolytic processes. For example, electron-beam
sterilization of foods or hardware in general, as well as, decontamination of polluted
environments may benefit from this exchange.
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SYNTHESIS OF NANOPARTICLES IN
MICROEMULSIONS

M.A. López-Quintela, J.Rivas, M.C. Blanco and C. Tojo*

The technique of chemical reactions in microemulsions to produce nanoparticles has
already 20 years of history behind1, but the mechanisms to control the final size and the
size distribution are still not well known. The knowledge of the mechanism is a crucial
step in order to extend the potential applications of this technique. Nowadays there is a
great interest in nanotechnologies and the developing of simple and reproducible methods
to synthesize nanomaterials has attracted the interest of many researchers. The
microemulsion method is a good candidate for this purpose. Microemulsions are
thermodynamically stable systems composed of two inmiscible liquids (usually, water
and oil) and a surfactant. Droplets of water-in-oil (W/O) or oil-in-water (O/W) are
stabilized by surfactants when small amounts of water or oil are used, respectively. The
size of the droplets can be controlled very precisely just by changing the ratio R = [water
or oil] / [surfactant] in the nanometer range. These nanodroplets can be used as
nanoreactors to carry out chemical reactions. It was initially assumed that these
nanodroplets could be used as templates to control the final size of the particles, however,
the research carried out in the last years has shown that besides the droplet size, several
other parameters play an important role in the final size distribution.

The purpose of this review is not to summarize all the results obtained in
microemulsions, for which other reviews are available,2 but to provide a general picture
of the different mechanisms involved. The influence of different parameters, such as
exchange rate constant, film flexibility, reactant concentration, etc, on the final particle
size will be discussed on the basis of Monte Carlo simulation results. Although this study
is more focussed on reactions carried out in W/O microemulsions the general conclusions
could be also applied to O/W microemulsions.

*  M.A. López-Quintela and M.C. Blanco, Dept. of Physical Chemistry, University of Santiago de Compostela,
E-15782 Santiago de Compostela, Spain. J. Rivas, Dept. of Applied Physics, University of Santiago de
Compostela, E-15782 Santiago de Compostela, Spain. C. Tojo, Dept. of Physical Chemistry, University of
Vigo, E-36200 Vigo, Spain.
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1. INTRODUCTION
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The main idea behind the microemulsion technique is very simple: two reactants (A
and B) are introduced in two identical microemulsions. After mixing both
microemulsions, droplets collide and interchange the reactants. Then the reaction can
take place inside the nanoreactors (see Figure 1A). Different variations of this procedure
have been employed. For example, one of the reactants can be introduced in solution into
a microemulsion carrying the other reactant; or can be added directly to the
microemulsions as a solid, liquid or gas (see Figure 1B). The most commonly used
method of synthesis is the use of two similar microemulsions containing the reactants. In
this case, the different steps of the mechanim are shown in Figure 2.

Because the different parameters involved in the mechanism are crucial for the final
particle size distribution, we discuss each one separately.

2. MECHANISM OF FORMATION OF PARTICLES IN MICROEMULSIONS

2.1. Intermicellar material exchange

In order to discuss this influence we have to distinguish two cases depending on the
ratio of the intermicellar exchange rate, to the reaction rate,
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b)
In this case the intermicellar material exchange is the determinant step in particle

formation. According to Fletcher et al.3 the material exchange takes place following the
mechanism shown in Figure 3. Microemulsion droplets collide and form transient dimers
(encounter pairs) being this a diffusion-controlled process, For uncharged droplets of
radius r and diffusion coefficient D, the encounter rate constant, (see Figure 3), can be
estimated by the Smolochowski equation, being N
Avogadro’s number, R the gas constant, T the absolute temperature, and the viscosity
of the medium. As an example, for microemulsion droplets at 25°C moving in a typical
oil, like n-heptane, The transient dimer has a lifetime given by4

For droplets of radius r = 5 nm in the same conditions
Therefore, the equilibrium constant of this process is given by5

For the same case considered above, If the droplets are
charged the Coulomb interaction between the droplets has to be taken into account. In
this case the equilibrium constant is given by Fuoss equation6: exp

where z is the droplet charge, e the elementary charge, the dielectric
constant of the medium, and k the Boltzmann constant.

a)
In this case each droplet behaves as a small piece of a bulk reaction because all

reactants are statistically distributed inside the droplets from the beginning. Then, the
reaction proceeds similarly as it does in the bulk. To obtain small and monodisperse
particles it is necessary that the nucleation and growth processes be well-separated to
produce a bursting of nuclei. In this case the material exchange does not play an
important role on the particle formation and the same parameters which control the
reaction in bulk should be considered.
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It is interesting to note that the value of can be much lower than (by various
orders of magnitude!) if the droplets are charged. The formation of the encounter-pair can
be followed by another process in which the droplets fuse together. This is a slow process
because it needs the opening of the micellar walls and the inversion of the surfactant film
curvature. Therefore it will depend on the film flexibility (f) and, until now, there is no
theory from which this rate constant can be estimated. The overall rate constant, is
then given by: The material exchange can take place either during the
encounter pair or in the fused dimer. In the first case the material interchange is only
possible if a channel is opened through the surfactant bilayer which is created between
both droplets (see Figure 4). The channel would be created only if the surfactant film is
distorted by the presence of species which are dissolved into the palisade layer
(cosurfactants, etc). The permeation rate through the channel would be highly material
dependent: a voluminous and highly charged ion will hardly cross the channel whereas a
small and neutral molecule will cross more easily. Both factors can be taken into account
introducing in the encounter rate a factor (film distortion, material) which would depend
on the kind of exchanged material and film distortion: (film distortion, material)
Moreover the encounter lifetime, has to be large enough to allow the material
exchange.



Taking into account the previous estimation of one can calculate the
approximate distance travelled by a species during this time: (for
this calculation we have taken a diffusion coefficient Then, for small
droplets the encounter lifetime should not have much influence on the exchange rate.
However for big droplets the exchange rate would decrease as the droplet size increases.
In the case that the material exchange occurs in the fused dimer, the intermicellar
material exchange rate is given by the overall rate constant, and can be expressed as:

in which we have explicitly introduced the idea that mainly depends on
the film flexibility. It can be seen that the micellar exchange rate increases with
increasing the dimer stability.

The interchange mechanism involved in a particular synthesis in microemulsions can
be deduced from the rate of exchange and from the dependence of this rate on the
exchanging species. When the exchange rate is near the diffusion-encounter rate limit and
this exchange rate depends on the kind of interchanging species, the involved exchange
mechanism goes through the encounter-pair. In the opposite case, the exchange takes
place in the fused dimer. As an example, in AOT microemulsions, for some species like

electron-transfer reagents (negatively charged), and Fremy’s salt,
(i.e., far from the diffusion-controlled limit) regardless of the species. The low

value of  (aprox. 1000 times lower than and its species independence clearly show
that the exchange mechanism occurs through a fused dimer, which was first pointed out
by Fletcher et al3. However, much higher exchange rates which could be associated with
an exchange through the encounter pair have been reported. For example, Gebicki et al.7

have shown that radical anions show a high exchange rate
depending on the droplet size. Also Atik et al.8 have found a value of

by adding benzyl alcohol to an AOT/heptane microemulsion. The high values of the
exchange rates would be an indication that the exchange takes place through the
encounter-pair. It is interesting to note that is smaller than by a factor

that is, only 1 of each 10–50 collisions are effective.
Compare this value with that of the fusion mechanism where only one of each about 1000
collisions are effective.
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2.2. Droplet Volume Fraction

When the droplet volume fraction increases the interaction between droplets
becomes more and more important. Depending on the flexibility of the surfactant film,
droplet clusters (in rigid films, like AOT) or bicontinuous structures can be formed due to
attractive interactions between droplets. When droplet clusters are formed and the
reactant concentration is low, the intercluster material interchange is slower than the
interchange between individual droplets, because both the average distance between
reactants and the number of walls to be crossed by the reactants increase.

The reduction of the exchange rate constant is approximately given by the number of
walls to be overcome, as has been found by Gebicki et al.7 For a fractal cluster with a
radius of gyration, the number of walls is given by: where is
the droplet diameter, N the number of droplets in the cluster and the fractal dimension
of the cluster. Figure 5 shows how the number of droplets changes on approaching the
percolation point in AOT microemulsions with different droplet volume fractions,
obtained by DLS.
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Figure 6 shows how the fractal dimension of the clusters changes on approaching the
percolation point.9 From N and one can estimate the reduction in As an example,
for microemulsions far away from the percolation point, the average number of droplets
per cluster is about 10, independent of Then, a reduction of a factor about 3 is expected
in as has been found by Gebincki et al.7 This factor increases on approaching the
percolation point.

2.3. Film Flexibility

The film flexibility depends on the type of surfactant, cosurfactant and oil used as
well as on the droplet size. From a thermodynamic point of view, the film flexibility
increases on approaching the upper boundary of the microemulsions due to the increase
of the difference between the natural curvature and actual curvature of the surfactant
film.10,11
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In Figure 7 the one-phase microemulsion stability region is shown for AOT
microemulsions in two solvents with different number of carbon atoms (n=5 and 9). The
continuous lines indicate the low and high temperature phase boundaries. Near the low
temperature phase boundary the film curvature is highly negative corresponding to a W/O
micromulsion. In this region the actual curvature (=1/droplet size) is equal to the natural
curvature. By increasing the temperature the negative film curvature gradually decreases
until the phase inversion temperature (PIT) (indicated in Figure 7 by the discontinuous
line for the oil with n=5). At the PIT the film has a zero natural curvature, and
corresponds to the temperature at which the maximum amount of water is solubilized. At
higher temperatures the positive curvature increases being maximum near the upper
boundary region in which an inverse O/W microemulsion is formed. Near this region the
discrepancy between the natural and the actual curvature (proportional to the film
flexibility) is maximum, because the radius of the droplets does not appreciably change
with temperature. The upper boundary in AOT microemulsions (that is, high flexible
films) can be reached by increasing the temperature, the chain length of the oil or the
droplet radius. The influence of the chain length of the oil has been explained assuming
that, when solvent molecules penetrate between the surfactant tails produce an increase of
the curvature and a decrease of the flexibility.11,12 The longer the chain length, the more
difficult is to penetrate into the surfactant layer because the extent of interaction between
the surfactant tail and the solvent chain decreases.
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The film flexibility plays two important roles in the mechanism controlling the
particle size: first, it is related with the material exchange mechanism as it has been
pointed out above (section 2.1b). Second, it is related to the mechanism of particle
stabilization. Once the particle has been formed inside a droplet two different
stabilization mechanisms are possible depending on the film flexibility. For highly
flexible surfactant films the mechanism shown in Figure 8A has been proposed by Pileni
et al.13 Firstly the particle approaches to the droplet interface and part of the surfactant
molecules are adsorbed onto the particle leaving the droplet. This first order process
requires an inversion of the film curvature and, therefore, is favored at high flexibilities.
For rigid films another mechanism activated by droplet collisions has been proposed by
Rivadulla et al.14, as it is shown in Figure 8B. In this case the whole surfactant droplet
film can be adsorbed onto the particle by a second order “implosion” mechanism, when a
collision with an empty droplet takes place.

This mechanism is favored when particle size and droplet size are similar and can be
clearly distinguished from the other one because the adsorption of surfactant onto the
particles is higher.14 When the film is very flexible the surfactant film is able to adjust to
the particle size during the growth. Consequently, in this case, particles much bigger than
the droplet size are obtained.15

M. A. LÓPEZ-QUINTELA ET AL.

2.4. Nucleation and Growth Processes

As it has been pointed out above, the role of microemulsions is to compartmentalize
reactants. From a mechanistic point of view, the reactants confinement within the water



Many studies have been reported for different growing, aging, or ripening
mechanisms in bulk.18,19 A particular coarsening process which has to be considered in
microemulsions is the Ostwald ripening. The particle size changes by solubilization and
condensation of the material. The ripening theory assumes that the largest particles will
grow by condensation of material, coming from the smallest particles that solubilize more
than the larger ones. In microemulsions this growth can only take place through the fused
dimer mechanism because of the great size of the material exchanged (Figure 9). The
flexibility of the surfactant film around the droplets governs both the ease to form
colliding droplet communicating channels and the size (l) of these channels. Therefore, a
small nanoparticle formed inside a droplet, can be transferred or not to another one
carrying a bigger particle, depending on the size ratio between the small particle
and the interdroplet channel. Therefore, the surfactant film flexibility plays a fundamental
role in the ripening contribution to the growth process.
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2.6. Autocatalysis

The reaction inside the microemulsion droplet can be catalyzed by the surface of an
existing aggregate. A large aggregate has a greater probability of acting as a catalyst
because of its big surface. Therefore, if the reaction is autocatalytic, the growth process
will be quicker on bigger nanoparticles.

Both ways of growth, ripening and autocatalysis, favor the growth of the biggest
nanoparticles. It is interesting to point out that there is an important difference between
both mechanisms: the autocatalysis depends on the reactant interdroplet exchange,
whereas ripening depends on the product interdroplet exchange. This autocatalytic
mechanism can be successfully applied for the production of multilayer nanoparticles, as
it will be shown later on.

2.5. Ripening

pools modifies both nucleation and growth with respect to the same processes in bulk.
Nucleation and growth processes involved in particle formation in homogeneous media
are well-known.3,10,16,17 According to the classical crystallization theory, the final particle
size depends mainly on the ratio of nucleation to growth rates. A slow nucleation leads to
a low number of nuclei which can grow and reach large polydisperse sizes. On the
contrary, if nucleation is quick, a large number of nuclei are formed, so that the final
particle size will be small and monodisperse. There is a critical number of atoms forming
a stable nuclei, for which growth is favored against redisolution. Although this critical
number has been determined for many reactions in bulk, there are no data for reactions in
microemulsions. Particle formation in compartmentalized media is different, because
interdroplet material exchange plays an important role in the mechanism as it will be
shown below (see section 3.5).



The final nanoparticle size and its monodispersity depend on the particular
combination of all previously described parameters. From an experimental point of view
is difficult to fix all parameters in order to study the influence of a given parameter on the
final particle size. To gain more insight into this problem, different computer simulations
on the formation of nanoparticles in microemulsions have recently been performed which
elucidate some concrete aspects of the problem. In particular, the nanoparticle size
distribution and the effects of intermicellar exchange have been successfully studied by
simulation.34,35 We discuss in this chapter only the main results obtained by the Monte
Carlo simulation program developed in our laboratory.36-40 This simulation procedure
allows to analyze the influence of droplet size (q), concentration (c), excess of one of the
reactants (x), film flexibility (f), and reactant exchange constant (k), as well as the
phenomena of ripening and autocatalysis. We will briefly describe the main results and
show the comparison of simulation and experimental results for different systems.24,25,31

The simulation details can be seen in references 36,37,40.
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2.7. Concentration

2.8. Droplet Size

It has been observed both experimentally20-23 and by simulation24-25 that
concentration (absolute reactant concentrations as well as relative reactant
concentrations) has a large influence on the final particle size distribution. Until now
most of the explanations were based on the idea that high concentrations imply fast
reaction rates (nucleation). However, concentration can also have a large influence on
the growth mechanisms, autocatalysis and ripening. Therefore, it is difficult to predict
how the concentration affects the final particle size.

3. MONTE CARLO SIMULATION

When the microemulsion technique was introduced, it was believed that with this
technique the particle size could be controlled just by controlling the droplet size. But in
the mean time different behaviors have been observed when the droplet size increases:
increasing of particle size20-22,26-32, constant particle size, bimodal distributions31,33, and
even almost no control by droplet size.15 Although water droplets are no real templates,
the combination of the droplet size with all previous discussed parameters can be used to
have a very precise control of the final particle size, as it will be discussed in the next
section.

3.1. Study of Nucleation and Growth Processes

The simulation procedure allows to follow the time evolution of a particular particle
size. In this way, the nucleation and growth processes can be clearly distinguished.
Figures 10A and B show the time evolution of small clusters (a) and particles (b) for high
and low concentrations, respectively. Curves (a) show a quick increase in the number of
nuclei followed by a further decrease due to the growth, because the nuclei are
disappearing during the growth process. Curves (b) show mainly the growth process.
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At high reactant concentrations, the nuclei are rapidly generated, and a large number
of seed nuclei appear (Figure 10A). Thereafter, particle growth starts. At low
concentrations the reaction is slower and some particles may grow whereas the reaction is
still taking place. Therefore the nucleation and growth can take place on a different time
scale only when the concentration is high (Figure 10A).

This is in agreement with experimental results obtained for the formation of different
kinds of particles in microemulsions. As an example, Figure 11 shows the evolution of
the absorbance during the formation of Pt particles in Brij30 microemulsions.14 The
nucleation can be observed as a decrease in the absorbance (reactant disappearence).
After nucleation, the absorbance increase due to the scattering of the growing particles is
observed. Autocatalysis and ripening can be clearly distinguished in this figure by
comparison with simulation results.36

The influence of the reactants concentration on the mechanism of particle formation
has important consequences on the final particle size distribution. It has been
experimentally found that increasing the concentration the distribution changes from
unimodal to bimodal. Figure 12A shows experimental results obtained for AgBr particles
prepared in AOT microemulsions.33 Figure 12B shows simulation results obtained using
a rigid film (f=5, see below). A good agreement between experimental and simulation
results can be seen. The influence of the concentration depends on the film flexibility24:
the bimodality disappears when a flexible surfactant film is used. Furthermore, low
concentrations give rise to unimodal distributions being broader as the film flexibility
increases.24,41 These results are contrary to what is expected for a reaction in bulk since at
low concentrations the nucleation and growth processes overlap, whereas at high
concentrations both processes are well-separated (see Figures 10A,B).

3.2. Influence of the Concentration
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Therefore, at high concentrations a narrow size distribution of particles would be
expected and the contrary at low concentrations. The reason for this different behavior
can be attributed to the rigidity of the film which does not allow the interchange of big
particles. This size restriction has two implications depending on the reactant
concentration. At low concentrations, the autocatalysis is the main growth mechanism
(see below) and this limits the growth. Therefore, small monodisperse particles are
obtained. At high concentrations the main growth mechanism is by ripening (see below).
The interchange size restriction of the rapidly formed bursting nuclei gives rise to small
particles being present all the time. They cannot grow by autocatalysis because the
reactants are almost exhausted after the nuclei formation. However, the growth by
ripening is always possible giving rise to a second population of particles which grow
faster creating a final bimodal distribution. This process can be nicely seen in Figure 13
which shows simulation results of the temporal evolution of the bimodal distribution
obtained at high concentrations for a rigid film.

3.3. Influence of the Film Flexibility

Surfactant film flexibility places a limit on the size of the particles traversing the
droplet-droplet channels. The film flexibility is introduced in the simulation by varying a
flexibility parameter (f) specifying a maximum particle size for transfer between droplets:
particles with more than f units (number of P atoms forming a cluster) are not allowed to
pass from one droplet to another. In this way, a highly flexible film will allow the
interchange of larger aggregates than a rigid film.



(isooctane). Taking into account that the parameter being the curvature elastic
modulus,11,42it can be deduced that the curvature elastic modulus for the AOT surfactant
film in isooctane is approximately half than in cyclohexane. This result agrees with the
exchange rate constant obtained for both oils:3 (cyclohexane,

and (isooctane, if one considers that the activation
energy for the droplet exchange is proportional to the curvature elastic modulus and to
the change of the area when the dimer is formed.42 Both experimental and simulation
results show that bigger sizes with a wider size distribution are obtained for the film with
the highest flexibility.
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Figure 14 illustrates both, simulation (Figure 14A) and experimental results (Figure
14B) of the flexibility influence on the final nanoparticle size distribution. Low
concentrations are used in order to avoid bimodal distributions. The best values of the
film flexibility to reproduce the experimental results are f = 15 (cyclohexane) and f = 30
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The influence of the excess of one of the reactants has been investigated
for different systems.20,21,39,43 It is observed that the particle size decreases as x increases.
Similar qualitative behaviors are obtained for any film flexibility. These results have been
explained, as in bulk, assuming that an increase of the reactant excess produces a faster
nucleation.

However, simulation results (Figure 15) show that, contrary to the behavior expected
in bulk, the x parameter hardly influences the nucleation process, although it has a great
influence on the growth mechanism. The growth rate of the aggregates is higher when
one of the reactants is in excess, being this effect less important as x increases.

This result can be explained taking into account that for x=1 two possible
mechanisms, autocatalysis and ripening, contribute to the growth as it has been said
above. However, for x>1 growth is mainly due to ripening because growth by
autocatalysis is not possible when one of the reactants is exhausted. Growth by ripening
is limited by the channel size (f), whereas growth by autocatalysis is only limited by the
reactant concentration. For a fixed film flexibility, when  particles can grow larger
than the channel size through the autocatalysis mechanim. As x increases the size is
reduced because the contribution of autocatalysis is smaller. Because ripening is faster
than autocatalysis the whole process is faster at higher reactant excess, but the simulation
results clearly show that the different rates are not responsible for the final particle size.

3.4. Influence of the Reactant Excess



As we said above, the interdroplet material exchange can take place in two
situations: in the fused dimer or in the encounter pair. The fused dimer formation is
determined by the surfactant film flexibility: when the film flexibility increases the
inversion of the curvature needed to form a fused dimer is easier. In the simulation
procedure the f parameter is related to the channel size:40 a value f=30 would imply a
“permeation channel” (the minimum section inside the fused dimer) of aproximately 6-10
Å in diameter, assuming that 30 P units are aggregated in a spherical shape. For f=5 one
can obtain a permeation channel of about 1-2 Å. A smaller value of f would imply that
interchange would occur only through the encounter pair.

The interdroplet material exchange includes different species: reactants and products.
When a chemical reaction gives rise to clusters or particles the interchange of these
species can only be possible through the fused dimer. Contrary to these species, reactants
could be interchanged in both encounter pair and fused dimer, as was described in section
2.1.b). The interchange mechanism of reactants depends on the exchange rate being
through the encounter pair when the exchange rate is fast and
through the fused dimer when it is slow In order to take into
account both possibilities it has been introduced in the simulation a variable which
controls the rate of reactant exchange, k.40 The reactant exchange parameter k determines
how many units of reactant could be interchanged in each collision. Until now, the
effective collisions were referred to collisions which lead to the fused dimer (k =1), and
the experimental results have been successfully interpreted using flexibility parameters in
the range However, because k and f are not independent when the reactant
interchange mechanism goes through the fused dimmer, the range of f values to explain
the experimental results is more restricted. As we said above (see Section 2.1.b) the
interchange rate in the encounter pair is, at least, approximately 20 times larger than the
interchange rate in the fused dimer. Therefore, for the reactants exchange, the transition
from the fused dimer to the encounter pair mechanism can be simulated introducing a
value Consequently, k should vary in the range 1<k<3 corresponding to in
the fused dimmer mechanism; k>20 in the encounter pair region, and 5<k<20 in the
transition region in which both mechanisms contribute to the reactants interchange. The
different interchange possibilities will influence the final particle size. Figure 16 shows
the change of the nanoparticle size with k obtained by simulation for x=1. In the fused
dimer region the particle size increases with k, i.e., with the exchange rate, as it has been
experimentally observed.12,44 As we have said above, growth by ripening is favored at
high flexibilities. Besides, an increase of the exchange rate implies a larger contribution
of the growth by autocatalysis, because more reactants are interchanged per unit time.
The simultaneous increase of both parameters, f and k, in the fused dimer region gives
rise to a large increase of the final particle size. At high k values reactants could be
interchanged through the encounter pair. In this case the growth is mainly by
autocatalysis, and the film flexibility has a minor influence on the final size, but still an
increase in the final size with is observed. The transition region from the fused dimer
to encounter pair interchange mechanism is accompanied by a decrease in the final
particle size as it can be seen in Figure 16. Table 1 shows the experimental results
obtained by Bagwe et al.12 for silver chloride and silver particles obtained in AOT
microemulsions.

150 M. A. LÓPEZ-QUINTELA ET AL.

3.5. Influence of the Interdroplet Material Exchange
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It can be observed the increase in the particle size with in both mechanisms as
well as the decrease in size corresponding to the transition of reactants exchange
mechanism. A change in the mechanism can be induced by changing either the film
flexibility for a particular reaction (as it is shown in Table 1) or the reactants for a
particular film flexibility. It has to be pointed out that most of the results reported in the
literature assume exchange through the fused dimer, and there are only few reports about
exchange through the encounter pair.7,8 In fact the exchange through the encounter pair
should be difficult unless the surfactant film is disrupted, as it is the case of some
cosurfactants like benzylalcohol.8 This exchange mechanism through the membrane
formed in the encounter pair (see Figure 4) is somehow similar to the porous-facilitated
transport in membranes.
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By choosing the appropriate conditions one can obtain particles smaller than the
droplet size of the employed microemulsions. The particle size can then be increased by
adding new reactants to the microemulsion containing the particles, as has been
previously described.45

By successive additions of reactants, Fe nanoparticles of 4 nm in size were grown to
5 nm after a first addition and further up to 6 nm after a second addition. The size
increase being only limited by the used reactant concentration. By a similar procedure
multilayer “onion-like” particles can be obtained just by changing the employed reactants
in the successive additions. As an example, we will show here how antiferromagnetic
coupled Fe@Cu@Fe nanoparticles can be obtained. By reducing (0.1M) with

(0.2M) in AOT-water-n-heptane microemulsions Fe particles of 8 nm in size are
obtained. Adding (0.1M) and (0.2M) a Cu covering layer with a thickness of
1 nm is obtained. Finally, a third reaction similar to the first one produces a third Fe layer
of 0.7 nm. In Table 2 it is shown the fundamental parameters of the hysteresis loops

measured for the different samples (Fe, Fe@Cu
and Fe@Cu@Fe) at a maximum magnetic field of 10 kOe and room temperature. In the
same table the calculated magnetization, at 10 kOe, is also shown. Taking as reference
the value of the magnetization obtained for the Fe particles, it can be seen that the
calculated and experimental values of the magnetization agree for the Fe@Cu particles.
In the case of Fe@Cu@Fe particles two magnetic couplings are possible, but only an
antiferromagnetic coupling agrees with the experimental data46 (see Figure 17). It is
interesting to note that this result surprisingly agrees with that found in flat sputtered Fe-
Cr multilayers,47 offering now the possibility to study the change in the type of magnetic
coupling in spherical geometries just by changing the thickness of the non-magnetic
layer. This will be a very promising route in order to understand the magnetic interactions
at the nanoscopic level, which is of crucial importance in the development of new
magnetic nanotechnologies.
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5.   CONCLUSIONS AND FUTURE PERSPECTIVES

Microemulsions are not real templates but they constitute an elegant technique
which can provide a good control on the final particle size. The reason for that is a
complex interplay between different parameters, mainly film flexibility, reactant
concentration and reactant exchange rate. By adequately choosing these parameters one
can obtain a homogeneous distribution of particle sizes. The high precision in the particle
size control allows the preparation of multilayer onion-like particles with a thickness
precision of few Ångstrøms.

The preparation of spherical multilayers having a great number of layers is very
important in order to obtain not only magnetic materials with new properties, but also
particles having gradual variation of the refraction index which could be of great interest
in nonlinear optics. From a more fundamental point of view this technique could provide
an useful tool to compare the physicochemical properties of flat and spherical
multilayers.

Finally the arrangement of these multilayer particles in one, two and three
dimensional structures could provide nano-composite materials having tailor-made
properties.
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7
CHEMICAL ASPECTS OF

SEMICONDUCTOR NANOCRYSTALS

Tito Trindade*

1. INTRODUCTION

The last two decades have seen an increasing progress in the synthesis and
characterization of inorganic nanocrystals. These materials are of great interest because
they show unique properties related to their small size and large surface-to-volume ratio.
Whether or not a finely divided crystalline material is considered as formed by
nanocrystals is a matter of some discussion. Nanocrystals have intermediate dimensions
between the molecules and the sub-micrometric crystallites. Therefore, a definition based
solely on the particles dimension does not take into account the type of material
considered and the property to be evaluated. One possible definition is based on the
scaling of a property of a material with nanometric dimensions, which varies with the
particles dimensions and which is intrinsically different from both the macrocrystalline
analogues and molecules. For most semiconductor materials this has been observed for
particles within the 1-20 nm size range, i.e. when the semiconductor nanocrystals have
dimensions less than the Bohr radius of the exciton of the corresponding macrocrystalline
material.

The foundations of the chemistry and physics of inorganic nanocrystals are
becoming well established. A wealth of information can be found in several reviews in
this field.1-6 Here the main focus will be on recent developments in the application of
chemical methods to the synthesis and chemical manipulation of semiconductor
nanocrystals. This branch of chemistry, sometimes simply referred to as nanochemistry,
deals with a sort of engineering of quasi-molecular objects at a mesoscopic level. From
colloidal science to solid-state chemistry, nanochemistry gathers methodologies from
diverse scientific areas and has acquired the status of a chemical discipline on its own. To
understand this tendency one has to realize that there are specific methodologies to
develop nanomaterials that will show specific properties related to their size and surface
characteristics. Therefore this review starts with a brief summary of some fundamental
properties of semiconductor nanocrystals, followed by the discussion of some important
synthetic routes. Finally, examples of surface derivatization methods and of the

* Tito Trindade, Department of Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal.
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fabrication of functional materials from the assembly of inorganic nanocrystals will be
addressed.

2. STRUCTURAL, ELECTRONIC AND OPTICAL PROPERTIES

A semiconductor nanocrystal is a crystalline arrangement of hundreds to thousands
of atoms, with a bulk structure similar to the macrocrystalline compound. Starting from
the macrocrystalline semiconductor, as the particle size is reduced to the nanosize regime,
there is an increase in the ratio between the number of surface atoms and the total number
of atoms. This increase in the surface area originates an increasing number of disrupted
chemical bonds at the surface, therefore creating an excess of energy when compared to
the bulk structure. This increase in the surface energy is thermodynamically unfavorable,
in fact the nanocrystals form a metastable phase in which surface reconstruction has to
occur leading to chemical and structural environments distinct from those of the bulk.
Unless the nanocrystals are properly stabilized, with time they will grow to yield the
stable macrocrystalline phase, although the kinetics involved may be rather slow. From a
chemical perspective, inorganic nanocrystals are small crystalline fragments with an
internal structure similar to the bulk lattice, which have been stabilized, usually using a
capping agent. This means that considering a semiconductor compound, the surface in the
nanocrystals is different from the macroscopic material surface. As it will be clear below,
this definition takes into account the fact that nanochemistry has much to do with surface
chemistry phenomena, in the sense that surface derivatized nanocrystals can be
manipulated in solution as larger inorganic macromolecules. It is important to note that in
this discussion, the main focus will be on semiconductor nanocrystals in which the
internal crystalline structure is similar to the macrocrystalline lattice but show distinct
electronic properties. This is not the case for particle sizes approaching the molecular
level, nanoclusters, in which quantum mechanical effects are important in determining
the type of the internal structure. Besides, in nanocrystals the stable crystalline structure
(polymorph) is largely conditioned by their surface energy, hence by their surface
characteristics and particle size. In fact, highly monodispersed nanocrystals are suitable
models to investigate the fundamentals of phase transformations in crystalline solids
because they behave as single structural domains. This has been elegantly demonstrated
in a key-note paper by Tolbert and Alivisatos on the structural transformations occurring
in CdSe nanocrystals under high-pressure.7 At high pressures, the hexagonal based
structure of CdSe nanocrystals is transformed in a denser cubic close-packed structure
(NaCl-type).

A macrocrystalline semiconductor is composed of a large number of atoms
covalently bound. The energy levels diagram consists of sets of molecular orbitals very
closely spaced in energy, each set forming effectively a continuum. At 0 K the levels of
lower energy are filled with electrons, the valence band; the levels at higher energy are
unoccupied, the conduction band. These two bands are separated by an energy gap (Eg),
the magnitude of which is characteristic of the macrocrystalline semiconductor at a
specific temperature. Due to thermal activation or light absorption, electrons in the
valence band may receive enough energy (> Eg) to be excited across the band gap to the
conduction band. An excited electron in the conduction band and the resulting hole in the
valence band form an electron-hole pair.
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The charge carriers in a semiconductor, conduction-band electron and valence-band
hole, can form a bound state when they approach each other. This bounded electron-hole
pair (Wannier exciton) is delocalised within the crystal lattice and experiences a screened
Coulomb interaction. The Bohr radius of the bulk exciton is given by

is the bulk optical dielectric coefficient, e the elementary charge, and

represent the effective mass of the electron and hole, respectively).
As stated above, semiconductor nanocrystals have intermediate dimensions between

the molecular state and sub-micrometric crystallites. In a first approximation, one can
consider that strong quantum size effects are observed for semiconductor nanocrystals in
the size range defined by8:

(l is the characteristic length of the semiconductor lattice, R is the particle radius and

is the bulk-exciton Bohr radius of the semiconductor). At this size range, the electronic
and optical properties of semiconductor nanocrystals, often referred to as quantum dots,
are very sensitive to:

i) particle size (comparable to the De Broglie wavelength of electrons or holes in the
semiconductor);
ii) surface characteristics and interface phenomena (due to large surface-to-volume
ratios).

Quantum confinement of the electron-hole pairs (excitons) occurs in nanocrystals
with dimensions comparable to the bulk-exciton Bohr radius of the semiconductor (2). In
this case, due to the small dimensions of the lattice, the Coulomb interaction between
electron and hole cannot be neglected and they have higher kinetic energy than in the
bulk solid. The valence band and the conduction band in nanocrystalline materials are
formed by sets of discrete electronic levels. In relation to the macrocrystalline material,
the exciton binding energy increases and the charge carriers in the lattice are no longer
described using infinitely delocalized wave functions. A quantum description based on
the particle-in-a-box model gives the approximate size-dependent energy of the first
electronic transition of the exciton9-11 (i.e. the semiconductor nanocrystalline band gap):

In Brus equation (3) the first term is the kinetic energy of both the electron and the
hole dependence). The second term represents the Coulomb energy (1/R
dependence). For semiconductors with small dielectric constants, the spatial correlation
between the charge carriers can be significant, hence a third term corresponding to the
effective Rydberg energy has to be taken in account12,13:
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This size-independent term is given by:

Eqs. (3) and (4) show that for a nanocrystalline semiconductor there is a size-
dependent band gap due to a quantum localization term with a dependence and to
the electron-hole Coulomb attraction with a 1/R dependence. As a result the band gap
increases in energy as the particle size decreases (Figure 1). Using a molecular
terminology, this means that in the energy-level diagram the difference between the
HOMO and LUMO increases with decreasing particle dimensions. This prediction has
been confirmed experimentally for a wide range of semiconductor nanocrystals; a blue
shift is observed for the optical band edge (or excitonic peak) in the optical spectrum. For
some nanocrystalline semiconductors (e.g. CdSe) there are perceptible dramatic color
changes during the synthesis due to these quantum size effects (Figure 1). A large
number of semiconductors have band gaps and localized electronic states in the visible or
near-infrared region of the electromagnetic spectrum, therefore optical spectroscopy is a
powerful characterization technique to evaluate the quantum confinement behavior. For
example, Eq. (3) is particularly useful for the experimental chemist as the dependent size
energy shift can be easily estimated during a synthetic task, allowing size tuning from the
optical properties. As the particle size approaches the molecular level, Eqs. (3) and (4)
are no longer valid and other calculation methods have been reported using distinct
theoretical approaches.13-16

The surface characteristics of semiconductor nanocrystals have a strong influence on
important properties for device fabrication, including luminescence,17-21 optical non-
linearity,13,22,23 and redox chemistry.4,24,25 Here, only a brief reference to the luminescence
of semiconductor nanocrystals will be made. Photoluminescence and electro-
luminescence in semiconductor nanocrystals depend strongly on the chemical nature and
defects at the particles surface. In order to fabricate photoluminescent devices such as
lasers26,27 and bio-probes,28,29 charge separation upon photoexcitation is required. Size
tuning luminescence over a wide energy range has been observed for nanocrystalline
semiconductors; CdSe and CdS nanocrystals have been particularly investigated.2-6

Surface capped semiconductor nanocrystals of these compounds emit at wavelengths
close to the respective optical band gap, originating sharp emission bands. This emission
is due to electron-hole pair recombination processes with short lifetimes and has been
designated as (near) band edge or excitonic emission. Crystalline defects in nanocrystals
are mainly located at their surfaces, due to unbalanced surface sites. Recombination of
the charge carriers at such surface defects is a competitive emission process with longer
luminescence lifetimes, originating broad emission bands at energies greater than the
corresponding band gap.



CHEMICAL ASPECTS OF SEMICONDUCTOR NANOCRYSTALS 161

These considerations have been confirmed in many experiments which have shown a
remarkable enhancement of the near band gap luminescence on semiconductor
nanocrystals mediated by surface modification.17-21 Two main approaches have been
delineated, (1) the growth of a wide-gap semiconductor coating the surface of
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semiconductor nanocrystals, or (2) the surface derivatization with organic ligands which
may subsequently be exchanged for another ligand. In this case, the surface defects are
filled with electron-donors or –acceptors, precluding trapping of the semiconductor
charge carriers. The exact mechanisms involved and the electron-hole recombination
dynamics are strongly dependent on the nanocrystals characteristics in particular on their
surface nature.30-32 This is a topic in which photophysic studies associated to surface
modification methods will necessarily bring some light to the luminescence of
semiconductor nanocrystals.

3. CHEMICAL SYNTHESIS OF SEMICONDUCTOR NANOCRYSTALS

3.1. General Concepts

The chemical synthesis of semiconductor nanostructures has been a very active area
of research.6 For CdS, in particular, a wide range of chemical methods have been
reported in the literature. Table 1 gives examples of chemical methods for the preparation
of nanocrystals of CdS. In some way, this semiconductor has been used as a prototypical
material in semiconductor nanocrystals synthesis. Some of the methods mentioned in
Table 1 have also been adapted to other semiconducting materials.6 It has become clear
that among the variety of synthetic methods developed over the last two decades, just a
few are reliable paths to produce high-quality nanomaterials for technological
applications. Nowadays, the development of novel synthetic methods to produce high
quality semiconducting nanostructures is still a challenge for the materials chemist.
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The choice of a particular synthetic method to produce semiconductor nanocrystals
depends on several factors, including the envisaged applications and scale production.
Relevant considerations common to traditional synthetic chemical methods also apply in
developing a synthetic route towards nanomaterials, including the possibility to scale-up,
reaction yield, safety hazards and environmental implications. In order to take advantage
of the unique properties of semiconductor quantum dots there are specific characteristics
required for these materials. Among the principal aims of semiconducting nanochemistry
are the preparation and the assembly of ideal nanocrystals with the following
characteristics:

i)
ii)
iii)
iv)
v)

size monodispersity and controlled shape;
ability for surface derivatization;
high degree of crystalinity;
chemical purity and homogeneity;
defects free.

Recently, a tentative broad classification for the most common and well-established
solution chemical methods for the preparation of semiconductor nanocrystals has been
proposed (Table 1).53 In brief, the following three main categories have been considered:

i)
ii)
iii)

controlled precipitation in confined spaces;
molecular precursors route;
cluster building-up approach.

The outline in this section will follow this classification although it should be clear
that in such classification, the borderlines within those chemical routes are diffuse.
Herein the term “controlled precipitation” include the methods based in traditional
exchange reactions, involving the formation of a stable sol from the mixture of the
chemical components of the semiconductor in the form of the respective ionic sources.
The stability of this sol is attained either by using the presence of stabilizers in solution
(e.g. polymers, surfactants, Lewis basis) or by the electric double-layer repulsion. The
formation of nanoparticles either using sol-gel methods or inside confined spaces of
matrices is also included in this category. The term “controlled precipitation” has its
origin in some commonly used synthetic colloidal techniques. The molecular precursors
approach, includes the methods involving the preparation of nanocrystals using a thermal,
chemical or mechanical treatment applied to a reacting solution containing the molecular
precursor species, which may consist in metal complexes or other molecular compounds.
The cluster-building-up approach involves the preparation of nanocrystals or superlattices
by phase transformation or assembling of inorganic nanoclusters. The latter have a
definite chemical composition and dimensions smaller than the final nanostructure.

There is still a lack of understanding on the fundamental mechanisms of nucleation
and growth of a solid. In the classical nucleation theory, a solid forms from critical nuclei
which result of random collisions from small structural units (ions, atoms or molecules).
In certain experimental conditions some of these nuclei are stable enough to grow into
larger particles without loosing mass. The classical nucleation theory assumes that the
critical nuclei are in fact very small fragments of the bulk crystalline lattice, having
structural features in common. Quantum mechanical effects are neglected in the classical
nucleation theory, although they are important in determining the properties of
particulates approaching the molecular scale. A thorough explanation of these
considerations is beyond the scope of this text but alternative theoretical framework has
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been investigated. For the purposes of this chapter, two main ideas should be retained
from the above considerations:

i)

ii)

The dimensions of the critical nuclei can be considered to be in the nanosize
regime, this means that there is an interesting interplay between the
understanding of the mechanisms of solid formation, and of the
nanocrystals properties,
The critical nuclei formed are thermodynamically unstable; the nuclei grow
into larger particles decreasing the total surface energy.

3.2. Controlled Precipitation in Confined Spaces

In a large number of methods for the chemical synthesis of nanocrystals,
experimental conditions are set up in order that the growth process is terminated abruptly
and a stable sol is formed in solution. The stability of the small particles against
agglomeration can be attained using chemical protective agents. This general idea is
behind many synthetic methods in which polymers, surfactants or Lewis bases have been
used to surface cap the small particles formed (nanocrystals). An elucidative example of
this concept is the controlled precipitation of a metal sulfide in confined spaces such as
reverse micelles (water-in-oil microemulsions). The formation of the semiconducting
phase occurs inside a nanoreactor which in this case is the water droplet confined by the
surfactant molecules dispersed in a hydrocarbon solvent (Figure 2). Knowing the phase
diagram for an amphiphilic system, the controlled precipitation can occur in the cavities
of more complex nanostructures, for example by preparing lipid bi-layers or liquid
crystals. The chemical reaction occurring inside the nanoreactors (Figure 2) is typically a
controlled precipitation at room temperature, using the corresponding metal salts as the
chemical sources. However, provided that the experimental conditions are compatible
with the presence of a stable microemulsion, other soluble starting chemicals can be
employed to yield nanocrystalline semiconductors. Nanocrystalline metal chalcogenides
have been prepared in reverse micelar solutions by reacting organometallic species such
as silylorganochalcogenides with metal alkyls or simple metal salts.54,55

Typically, microemulsions containing the metal ions were prepared and a
silylchalcogenide reagent was added (Eqs. (6) and (7)). The nanocrystals surface was
then tailored using either organic ligands or a second inorganic phase to replace the
surfactant molecules. This is a clear example that the borderlines in the classification
proposed above are not rigid, in fact this synthetic approach is a controlled precipitation
in confined spaces using molecular precursors. The synthesis in reverse micelles also
addresses two major requirements for nanocrystals preparation:

i)

ii)

size-tuning: by varying the relative amount of water/surfactant, distinct
particle size distributions are obtained;
surface modification: the surfactant molecules at the nanocrystals surface can
be replaced by other chemical capping agents, such as thiols or amines.
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Capped nanocrystals can be isolated as powders and re-dispersed in solvents for
further chemical or physical treatments. For example, although semiconductor
nanocrystals prepared at room temperature have a fair crystallinity, this can be improved
by annealing the nanocrystals in a high boiling point solvent. This means that the
nanocrystals surface has to be efficiently capped to avoid the coalescence into the bulk
material or the substitution of the capping molecules by the solvent. An efficient
annealing can considerably improve the nanocrystals properties, therefore the choice of
the high boiling point solvent is important. Both coordinating solvents (e.g. 4-
ethylpyridine) and non-coordinating solvents (e.g. p-xylene) should be tested in order to
get the best crystalline samples.

It is easily recognized that there is a plethora of synthetic strategies to prepare
nanocrystals by extending the concept of precipitation within a confined space to other
types of nanoreactors (Figure 2). Examples of other commonly used host matrices for the
preparation of semiconductor nanocrystals include: zeolites,34 layered solids,35

mesoporous materials,56 gels37,57, polymers36,58 and Langmuir-Blodgett monolayers.41,59,60

In using these nanoreactors, there is a template-assisted effect determining the
morphology of the nanocrystals and there is also a chemical-assisted effect, which
defines the chemical nature of the particles surface. Zeolites and porous inorganic
frameworks are rigid templates and are examples of hard matrices. In these matrices the
nanocrystals diameter is limited by the pore size existing within the inorganic framework;
typically nanocrystals smaller than 20 Å are obtained. Although the chemical
manipulation of the nanocrystals, once they have been removed from the host matrix, is
not feasible, in the right conditions this method leads to very low particle size
dispersions. For example the preparation of CdS in zeolite Y cages34 involved a pre-step
in which the sodium form was ion-exchanged to the cadmium cation form by treatment
with aqueous Cd(II) at pH 5. Hydrogen sulfide gas was then flowed over the sample.
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Depending on the loading level of Cd(II) inside the zeolite, different sizes for the CdS
clusters were obtained. A low loading (1:1 metal/sulfide ratio) led to isolated CdS
clusters with an average size of less than 13 Å, showing an absorption peak at around 280
nm in the optical spectrum. When an excess of cadmium was used, a higher loading level,
the individual clusters aggregated into an extended structure, modulated by the internal
cavities of the zeolite. The optical spectrum shows an excitonic shoulder near 350 nm
corresponding to CdS clusters of about 28 Å in diameter. In the synthesis of
nanocrystalline semiconductors using more flexible confined spaces, such as polymers or
organic Lewis bases, to avoid large particle size dispersions, strict experimental
conditions are required, as compared to the use of solid matrices. On the other hand, these
matrices offer the possibility of surface modification and interface chemical reactivity in
order to fabricate hybrid materials.

Many other solution methods have been described for the synthesis of
nanocrystalline semiconductors in which confined growth and surface passivation are not
so obvious. Although somewhat different, the fact is that the basic concept still applies to
other common synthetic methods. Provided the chemical feedstock is not depleted,
following nucleation of the solid, the as formed nuclei will grow into the bulk phase
unless particle growth is terminated in an intermediate stage by physical or chemical
means. Hence, simple arrested precipitation techniques have been applied to prepare
colloidal nanocrystals. The colloidal stability of these nanocrystals has been achieved by
electrostatic double-layer repulsion or by using stabilizers such as hexameta-
phosphates.38,61

3.3. Molecular Precursors Routes

A protective effect, similar to that mentioned in the previous section, occurs when
the particles are generated in a coordinating solvent chemical and thermally stable at
certain reacting conditions. If the reactants, metal and non-metal sources, are introduced
into the reaction vessel containing the coordinating solvent at a high temperature, a burst
of nuclei will form and tend to grow. Experimental parameters such as reaction
temperature and time can be adjusted to allow steady growth of the particles formed. The
solvent molecules will coordinate to the particles surface, avoiding further growth and the
coalescence of the colloidal nanocrystals to the bulk phase of the semiconductor. For
most of the purposes, the presence of the solvent molecules at the particles surface is not
a limitation. By the contrary, as discussed before, it is now well established that optical
properties such as photoluminescence are strongly enhanced due to surface passivation
effects by the solvent.

The use of molecular precursors is commonly associated, although not exclusively,
to the preparation of semiconductor nanocrystals in coordinating solvents. Generally, the
molecular precursors are decomposed in a coordinating solvent at relatively high
temperatures, hence promoting the crystallinity and allowing the nanocrystals surface
passivation. This is the case of the chemical synthesis of nanocrystals using tri-
octylphosphine oxide (TOPO) as the solvent. Taking into account the properties of
TOPO, one may consider this compound as a prototypical solvent for nanocrystal
synthesis:

i)
ii)

it has high chemical and thermal stability;
coordinates to metal sites at the inorganic surfaces, but can be displaced by
other coordinating molecules when these are used as the new solvent;
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iii)

iv)

allows size-tuning (via Ostwald ripening) during the synthetic process by
adjusting the time and temperature of synthesis,
the long octyl chains confer hydrophobic character to the nanocrystals,
which can be isolated and manipulated using traditional solution chemistry.

Since the landmark work45 of Murray, Norris and Bawendi, describing the synthesis
of cadmium chalcogenides in TOPO, a wide range of nanocrystalline semiconductors has
been prepared by diverse molecular precursor methods which have in common the use of
that solvent as the reacting medium (Table 2). In the conventional TOPO method, a non-
metal source (e.g TOPSe) and the metal source (e.g are injected separately
into hot TOPO to produce TOPO capped CdSe quantum dots. A major limitation of this
method is the use of toxic and highly pyrophoric compounds at high temperatures, this is
a especial concern if scale-up procedures are envisaged.
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To overcome these limitations and to extend the TOPO method to a wider range of
semiconductors, a single source approach was developed.46 In this method, single
molecule precursors, i.e. compounds which contain both elements of the final
semiconductor within a single molecule, are injected into TOPO yielding surface capped
quantum dots. Hence, the thermalysis of simple cadmium dithiocarbamates, such as

in TOPO yielded high quality TOPO capped CdS quantum dots. In similar
reacting conditions, but using the analogous cadmium diselenocarbamato complex, a
mixture of elemental selenium and hexagonal CdSe was obtained. Working out the
molecular precursors chemistry, the method was proven to be successful also for CdSe
quantum dots. Instead of the alkyl derivatives R=Me,
Np) were used46 or, since these compounds are air-sensitive, unsymmetrical and air-stable
complexes type are an alternative.62 Metal dithiocarbamates and metal
diselenocarbamates have been extensively used as precursors for numerous metal
chalcogenides (Table 2). However, there is still a rich molecular precursor chemistry
associated to the simplicity of this approach which has yet to be fully developed. The use
of single-molecule precursors in other high-boiling point solvents has also been
investigated. For example, well-defined nanofibers have been synthesised using the
thermalysis of bismuth (III) dithiocarbamates in ethyleneglycol.71

In the TOPO methods described above, nearly spherical nanocrystals (a prolate shape
has been described as more realistic) are generally obtained. In fact the description of
nanocrystals as having a spheroidal or prolate shape is a crude description which derives
from what is observed in conventional TEM images. As expected, these nanocrystals
have faceted surfaces leading to more complex morphologies at the atomic scale.5

Recently Alivisatos et al. have prepared CdSe nanocrystals of diverse morphologies by
using a binary surfactant mixture of HPA (hexylphosphonic acid )/TOPO.72 The precise
control of the synthesis parameters, such as HPA/TOPO ratio, volume and number of
injections in the surfactant mixture, resulted in nanoparticles with rod-, arrow-, teardrop-
and tetrapod-shapes. Spheroidal shapes are obtained at slow particle growth rates whereas
nanorods are favored at higher growth rates by unidirectional growth of selected faces of
the nanocrystallites. CdSe nanorods with different aspect ratios were thus obtained by
careful control on the synthetic conditions and also nanorods were formed by the stacking
of both polymorphs of the semiconductor (wurtzite and blenda lattices).

3.4. Cluster Building-Up Approach

There is a prominent perspective concerning the synthesis of truly monodisperse
semiconductor nanocrystals by the chemical synthesis of inorganic nanoclusters.50-52

These nanoclusters can be regarded themselves as structural-like units of a
semiconductor, although the bulk structure has not yet been achieved, with dimensions
generally smaller than those of the nanocrystals mentioned in the previous sections. This
approach is more related to molecular chemistry than the other chemical methods
reported above, in the sense that clusters with a well-defined chemical composition and
crystal structures are envisaged. In some particular cases, X-ray crystal structures have
been reported showing structural features common to macrocrystalline solids.50,51 This
type of knowledge associated to quantum mechanical calculations on metal chalcogenide
clusters, can provide some understanding on the structural development of clusters of
atoms into the corresponding macrocrystalline lattice.73



4.1. Nanocrystals Surface Modification

The ability to control the chemical surface in nanocrystalline semiconductors is
essential to the fabrication of nanodevices. However, compared to the study of their bulk
properties, the chemistry of the surfaces of semiconductor nanocrystals is still at a
primitive stage. Two main issues arise in the fabrication of a nanostructured material by
manipulation of nanocrystals with derivatized surfaces:

i) the chemical reactivity at the interface between the nanocrystals and a distinct
material, usually an organic matrix;
ii) assembly methods to produce organized nanostructures using passivated
nanocrystals as the building blocks.

Obviously both approaches require derivatization techniques at the particles surface
which do not disturb the integrity of the semiconductor core. The nanocrystals surface
can be derivatized either by an inorganic layer, an organic layer or both. Associated to the
ability to chemically manipulate the nanocrystals, surface derivatization also improves
the physical properties of semiconductor nanocrystals. It is now well established that the
surface passivation of cadmium chalcogenide nanocrystals with an organic cap (e.g.
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In terms of synthesis, the concept is the development of larger nanostructures using a
cluster build-up approach. For example, the synthetic clusters can be used as the starting
materials to produce a semiconductor nanostructure by phase transformation. An example
is the preparation of 15 Å diameter clusters of using

clusters as the starting materials.50 The clusters have
been prepared in the process of the gradual conversion of a discrete molecular solid

into bulk crystalline CdS, on a controlled thermal
decomposition. In a first step at 250°C, the tetramethylammonium cations and four
thiophenolate ligands are removed, yielding as the product. The phenyl
groups are then eliminated at 500°C originating bulk crystalline CdS. The cluster

was obtained by recrystallization from a pyridine solution
containing the solid and to which N,N-dimethylformamide was added.
X-ray analysis and NMR spectra, show that the structure of this quantum dot is an
82-atom CdS core with a cubic spharelite lattice (~12 Å), with four corners capped by
hexagonal wurtzite-like CdS units (~15 Å in whole). The absorption spectra of the cluster
is blue-shifted from the bulk (358 nm), and the peak position is insensitive to the effect of
the solvent (THF) polarity, which means that the ground state of the corresponding
excited state has a vanishing small dipole moment.

A major breakthrough in this field is the fabrication of more complex networks using
the clusters as the building-blocks.51 In this cluster build-up approach, the clusters retain
their chemical individuality although conferring unique properties to the final
nanostructures due to their collective behavior. The processes in which these clusters will
be assembled into larger nanostructures have much in common with the chemistry
involved on the assembly of nanoparticles into superlattices or nanostructured films.
Although considerably less investigated, the surface chemistry of these nano-objects will
play a major role on the fabrication of functional nanomaterials. In the next section some
of the results in this area are summarized.

4. SURFACE CHEMISTRY AND ASSEMBLY METHODS
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TOPO, amines, thiolates) promotes the near band-edge photoluminescence of the
semiconductor.45,46,74 For CdSe nanocrystals prepared in TOPO, the replacement of the
solvent molecules by a cap of a wide-gap semiconductor, increases considerably the
luminescence quantum yield. As discussed earlier, the increase on the near-band edge
photoluminescence quantum yield has been explained by attenuation of the broad
emission due to charge carriers recombination at defects mainly located at the
nanocrystals surface.26,74 There are restraints on the growth of such composite particles in
solution, which include the relative solubility of the solids and the mismatch in the lattice
constants of the solid phases. The growth of a crystalline phase on the surface of
semiconductor nanocrystals, immediately remits to the need to develop hetero-epitaxial
growth techniques for nanocrystalline semiconductors. In these heterostructures, among
other properties, there is need to control conduction type, charge carriers concentration
and lattice mismatch.

The semiconductor nanocrystals can also be coated with an inorganic amorphous
layer such as silica. The encapsulation of semiconductors and metal nanocrystals
has been recently reviewed.75 A possible route involves the controlled hydrolysis of
sodium metasilicate in the presence of inorganic nanocrystals which were previously
surface treated with a silane coupling agent (e.g. aminopropyltrimethoxysilane

or mercaptopropyltrimethoxysilane In
these compounds, the electron donor atoms (nitrogen or sulfur) coordinate to metal sites
at the particle surface, with the siloxy group directed outwards from the particle surface,
hence rendering the surface vitreophilic. The coated inorganic nanocrystals obtained
in this way can be further derivatized using typical solution chemistry. There is a wealth
of information on the organic functionalization of amorphous and the silica
functionalization of commercial polymers.76,77 For example, Bourgeat-Lami et al. have
used this approach to prepare inorganic-organic hybrid colloids, in which a shell
was grown on the core of SiOH-functionalized polymer beads (Figure 3).76 This type of
chemistry associated to the preparation of coated semiconductor nanocrystals will
provide the means to fabricate new hybrid products with novel properties. In fact, the
importance of silica encapsulation of inorganic particles associated to the dispersion in
polymer matrices, has been long recognized for example in the fabrication of composites
or in the paints and pigments industries. Some inorganic pigments require a stabilization
step, consisting of the coating of the pigment using a robust chemical material such as

or Similarly to the coated pigment particles, in silica coated semiconductor
nanocrystals, the core is chemically protected and the thermal stability is improved. In the
particular case of nanocrystalline CdS, the photochemical stability is enhanced because
the CdS sulfur layer is not available for photo-oxidation of sulfur to sulfate by molecular
oxygen.78 Moreover, as stated above, the optical properties of the semiconducting phase
can be improved because surface defects at the disordered surface of the semiconductor
become passivated by an amorphous phase.

It may be of interest to produce a nanocrystalline phase at the surface of particulate
materials or porous matrices, for example to develop novel substrates for electrochemical
cells or heterogeneous catalysts. The synthesis of inorganic nanocrystals inside zeolitic
cavities, as mentioned above, is an example of the later process.34 Recently, a novel
method to synthesize metal sulfide nanocrystals at the surface of sub-micrometric
particles has been described.79 This mild temperature deposition method involves the
decomposition of metal dithiocarbamato complexes in the presence of ethylenediamine
and a colloid, yielding particles coated with the respective metal sulfide.
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Varying the metal dithiocarbamato complexes, a variety of nanocrystalline
semiconductors at the surface of substrates can be prepared in a single-step
synthesis. Since mild temperatures are used in this process, typically 60°C, the chemical
and morphological integrity of the core is maintained. In these nanocomposites the outer
semiconducting layer is formed by islands of smaller nanocrystallites leading to quantum
size effects in the diffuse reflectance spectra of the powdered solid.79 The nanocomposite
particles can be further coated with a protective layer using reported coating
processes.75

The preparation of nanostructures termed quantum-dot-quantum-well systems, such
as CdS/HgS/CdS, has also been reported.80 In this nanostructure, a core of CdS, and a
well of 1-3 monolayers of HgS, are capped by 1-5 monolayers of CdS, the outer shell.
The synthesis involved the growth of cubic-type HgS on cubic-type CdS (52 Å diameter)
by ion replacement when adding aqueous to the CdS colloid. The solubility
products of CdS and HgS are respectively and therefore the
substitution of for in is thermodynamically favored. There is a good
match between the lattice constants of cubic CdS (5.818 Å) and cubic HgS (5.851 Å)
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which also favors the formation of CdS@HgS core shell nanocomposites. The capping of
these nanocomposites with a CdS outer shell has been performed by re-precipitation of
displaced on the CdS/HgS particle surface, followed by the dropwise addition of  a
dilute solution of The final particle diameter was estimated as 77 Å ± 12 Å. The
authors80 reported fluorescence measurements in which the band-edge emission for
CdS/HgS/CdS (1-3 monolayers of HgS between CdS) is shifted to lower energy as the
HgS monolayer becomes thicker.

The organic functionalization of semiconductor nanocrystals provides the means to
use these materials as building blocks to fabricate hybrid nanostructures. A possible
approach involves the use of (macro)molecules carrying specific functional groups to
coordinate to the particles surface and which further react to form more complex
nanostructures. Ideally the resulting dots should have surfaces bearing chemically active
sites and improved molecular moieties such as cromophores or redox centers. Pietro et al.
reported the preparation of CdS nanocrystals by the controlled mixing of a solution
containing and cadmium acetate at room temperature, in the presence of 4-
mercaptoaniline.81 Following purification, stabilized 4-mercaptoaniline surface
passivated CdS nanocrystals were obtained. The organic coating provides a platform for
linking chemically active functionalities. In this case the thiol derivatized nanocrystals
were subjected to different coupling procedures,82 promoting the reaction between the
aniline nitrogen at the particles surface, with molecules containing a carboxylic acid,
amide or chloride terminal, and an alternative group (R) that should provide special
characteristics to the surface. The electronic absorption spectra of derivatized CdS
nanocrystals showed confinement effects, affording a band gap energy of 3.27 eV (2.53
eV for bulk CdS), and 2.1 nm in diameter. The absorption spectra of the CdS
nanocrystals do not change significantly after derivatization, suggesting that the inorganic
core was maintained intact. The same authors showed that the thiolate-capped CdS
nanocrystals (3 nm) photo-decompose to yield bulk CdS and a single organic product, the
symmetric disulfide corresponding to the thiolate cap. Furthermore, they report that the
decomposition rate is enhanced by both electron donors and acceptors in the 4-position of
the thiolate capping agent, and is strongly correlated with the fluorescence quenching
efficiency of the substituted cap. These results drove the investigators to the conclusion
that there is a facile electronic contact between the core of the semiconductor and the
remote substitutes, which is an important criterion for the realization of activity in novel
electronic and optical devices. The state of the art on the fabrication of functional
inorganic-organic nanostructures from nano-building blocks has been recently
reviewed.83

4.2. Nanocrystals Assemblies

There has been an increasing interest on the use of chemical synthesis accomplished
with assembly methods to build nanoelectronic components. It is believed that the
electronic devices for the next generation will consist of integrated circuits of nanoscale
and molecular units. Although important in this context, supramolecular devices are
beyond the scope of this chapter and will not be discussed here. At the nanoscale, single
electron tunneling and quantum size effects are noticeable and can be used at room
temperature. Recent advances have been reported such as single electron-transistors84 or
the use of carbon nanotubes as electron field emitters.85 To take advantage of the unique
properties of nanocrystals in nanodevices, it is crucial the formation of superstructures
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with long-range order. Some assembly chemical methods have been investigated,
including:

i)
ii)
iii)

Colloidal crystallization,
Langmuir-Blodgett (LB) manipulation
Layer-by-Layer (LbL) deposition.

The use of scanning probe techniques to organize nanoscale patterns will not be
considered here. There are some fundamental requirements in order to assemble
inorganic nanocrystals using chemical methods. These include the availability of
nanocrystals with a high degree of monodispersity, an efficient surface functionalization
and chemical stability. When the appropriate conditions are found, such high quality
nanocrystals can assemble into well-ordered superstructures by simple techniques. An
interesting example is the formation of colloidal crystals obtained by the selective
crystallization of capped CdSe/TOPO dispersed in organic solvents.86 The highly
monodispersed CdSe nanocrystals (< 5%) pack into a hexagonal pattern forming three
dimensional ordered structures. The optical properties of the superlattice retain the main
characteristics of the starting CdSe nanocrystals, including size tuned photoluminescence
behavior; small red-shifts in the emission spectra were assigned to inter-nanocrystal
coupling. Underlying the mechanism of this self-assembly process are nanocrystal-
specific interactions not yet fully elucidated. Fitzmaurice et al. have anticipated some
possible explanations related to the formation of thiol capped Ag nanocrystal
superlattices.87 The capped inorganic nanocrystals behave as soft balls, the organic
ligands filling the voids between the Ag cores, hence determining the interparticle
spacing. Entropy effects at high particle volume fractions drive the proper positioning of
the capped Ag nanocrystals into an extended face centered cubic structure. Since these
two studies refer to distinct nanocrystal systems, a semiconductor (TOPO capped CdSe)
and a metal (thiol capped Ag), some caution should be present in drawing conclusions
about a possible common assembly mechanism. Undoubtedly this is an area requiring
further investigation at a fundamental level.

Langmuir-Blodgett (LB) techniques have seen a renewed interest associated to
nanodevice fabrication. Typically, LB thin films are prepared by the layer-by-layer
deposition of amphiphilic molecules onto a substrate, using a Langmuir trough. The films
consist of arrays of monolayers showing a high degree of organization. Compared to
other deposition techniques, the LB manipulation allows a high degree of order over large
areas and high control over packing. However, in order to prepare reliable nanodevices
using conventional LB techniques there are also some limitations to overcome, including:
photodegradation, slow disorganization of the monolayers with time and the high number
of deposition cycles required to get an appropriate thickness for the film. The LB
technique as a possible route to prepare nanostructures may be approached by two main
strategies:

i)
ii)

the in situ preparation of nanocrystals within deposited monolayers;
the assembly of as prepared organically capped nanocrystals into LB
monolayers.

In the first method, the synthetic and assembly processes are performed
concomitantly. As discussed before, this methodology relies on the concept of
nanocrystal synthesis in confined spaces.87 The second method has been less investigated
to produce monolayers of well-defined nanocrystals.88-90 Compared to conventional LB
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monolayers, there are advantages in using such an approach to build nanostructured
films. The films are formed by robust units (passivated nanocrystals) and hence display
enhanced photo and chemical stability. Moreover, the film thickness and state of
organization of the films can be controlled by size fractionation and surface passivation
of the starting nanocrystals. Cadmium chalcogenide nanocrystals capped with TOPO
molecules have been deposited on glass substrates using the LB technique.88,89 CdSe
monolayers obtained by this process have been characterized88 showing a hexagonal
packing array as observed for the CdSe nanocrystals superlattices mentioned
previously.86
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The LB manipulation studies of TOPO capped CdS nanocrystals prepared by a single
source method,90 including Langmuir isotherms and Brewster angle measurements,
suggest that the nanocrystals do not form true monolayers, in the sense usually applied to
amphiphilic molecules (Figure 4). Using this technique, the CdS nanocrystals have been
deposited on neat glass as well as in polymer coated glass substrates. Comparative
photoluminescence studies performed on the CdS nanostructured films and the starting
nanocrystals, suggest that the main optical features of the starting nanocrystals were
maintained in the final nanostructure.

Finally a brief mention to the LbL deposition method using polyelectrolytes.91,92 This
assembly method is technically simple although requiring the strict control of deposition
parameters. The high quality of the final assemblies associated to the simplicity and wide
applicability of LbL, makes this approach a very interesting process to obtain ordered
assemblies of inorganic nanocrystals for industrial production. The LbL assembly of
inorganic nanocrystals is based on the alternate dip coating of a substrate, using a
solution containing high molecular weigh chemical species (polyelectrolyte) and a
dispersion of the nanocrystals. Distinct substrates can be used and they are normally
homogeneously coated with a polyelectrolyte with numerous charged chemical sites
available. Obviously the type of polyelectrolytes chosen depends on the nanocrystals
surface properties. The polyelectrolytes and the nanocrystals form a hybrid layered
superstructure stabilized by electrostatic forces and van der Walls interactions. The film
thickness, ranging from the nanometer to sub-micron range, can be controlled by the
number of dip-coating steps in a cyclic process. Provided the substrate is optically
transparent, the deposition process can be monitored by measuring the absorbance as a
function of the number of deposited layers, at a characteristic wavelength. This assembly
method has been applied successfully to a variety of semiconductor nanocrystals, as well
as to other inorganic systems such as polyoxometalates, metal oxides and lamellar
materials.

5. CONCLUSIONS AND OUTLOOK

Much progress has been achieved during the last decade in understanding
fundamental phenomena related to semiconductor nanocrystals. This fundamental
research has been dependent on the availability of synthetic methods to produce high
quality nanocrystals. Although this has been achieved for a number of nanocrystalline
semiconductors, there is still a need of reliable synthetic processes for other types of
nanostructures. The preparation of semiconductor nanocrystals with controlled doping
and the preparation of epitaxial hetero-nanostructures are just two examples.
Unsurprisingly the assembly of semiconductor nanocrystals into superstructures with
long-range order has been less investigated, since to date semiconductor nanochemistry
has developed mainly the control on the particle sizes and the nanocrystals
characterization. The unprecedented progress observed in semiconductors nanochemistry
teaches us that the foresight of research directions in this area is a daring exercise.
Nevertheless, the fabrication of functional nanodevices using assembly methods
associated to surface modification strategies will be a major breakthrough in Chemistry.
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INFRARED AND VISIBLE ELECTROCHROMIC

SEMICONDUCTOR COLLOID QUANTUM DOTS

Philippe Guyot-Sionnest*

1. INTRODUCTION

Colloidal semiconductor nanostructures are most interesting because they
conveniently associate the flexibility of chemical synthesis along with the predictable
optical properties of semiconductor materials. The field of quantum confined
semiconductor nanocrystals probably originates back to 1980 with the discoveries of
Ekimov1 and Efros.2 Its extension into colloid chemistry was actively pursued in the 80's,
largely under the leadership of Brus,3 Henglein,4 and Nozik.5 By 1993, the
monodispersity of the materials was greatly improved with the use of high-temperature
solvent and organometallic reagents introduced by C. B. Murray et al.6 To date, the
absorption edge of colloid quantum dots covers the whole spectrum from the UV to the
mid-infrared with II-VI, III-V and IV-VI materials, along with high monodispersity and
fluorescence efficiency. A typical example is shown by PbSe nanocrystals in Figure 1. In
many groups, the processing of the colloid materials is evolving towards core-shell
heterostructures, and more complex shapes. Furthermore, self-assembly and directed
assembly of colloids is also being investigated with the hope that new functions may
arise from the interactions. The stable and high-quality materials have spawned a number
of potential applications such as photovoltaic materials, light-emitting diodes and lasers,
electrochromic materials and fluorescent markers for biological microscopy.

Various levels of theoretical modelling, have been developed, from the multiband
effective mass theories that have been extremely useful and effective7 to more elaborate
atomistic methods8-10 that promise to provide finer details. From a basic point of view,
several physical concepts take on an increased significance in the strongly confined
colloid quantum dots. These are exchange interaction,11-13 Auger effects,14,15 phonon
bottleneck,16 boundary conditions17 and charging.18,19

There have also been unexpected observations, such as the blinking of the
fluorescence,20 the presence of large dipole moments,21 a strong Stark effect,22,23 and
spectral diffusion upon photoexcitation.24,25 To date, these effects have been tentatively
assigned to charging and surface charges.

*  Philippe Guyot-Sionnest, James Franck Institute, The University of Chicago, Chicago IL 60637.
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Yet, it is in fact unknown whether charging is truly the cause, where the charges are
and their exact role. As a consequence, charging is one of the most unknown aspects in
the colloid quantum dots.

2. CHARGING AND SEMICONDUTOR QUANTUM DOTS

The combined effects of the sparse density of state and the increasingly large
Coulomb energy at small sizes lead to the significant effects of charging. In an ideal
quantum dot, charging by occupation of conduction band states (reduction) or extraction
from valence band states (oxidation) is expected and observed to lead to bleach of
previously allowed interband exciton transitions and appearance of intraband transitions
with “giant” oscillator strength in the infared.27 The interaction between charges is also
stronger as the nanocrystal radius becomes smaller, largely exceeding thermal energies at
room temperature for small dots.

The controlled charge injection gives a great flexibility in determining the optical
and electronic properties of nanocrystals. In the infrared, the presence of a charge in the
delocalized quantum states of the “artificial atoms” opens up the intraband transitions
with well-defined, strong and easily tunable absorption band. Organic materials are
notably lacking these qualities in the infrared, and therefore semiconductor colloids may
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provide great opportunities for solution processing of infrared specialty coating and
electrooptic materials.

The controlled charging can also tune the electronic transport within nanocrystal
close packed films, therefore semiconductor colloids may also someday be used as thin
film electronic materials.28

In addition to occupying the quantum confined interior states, charging can also
arise from the occupation of localized “dark” surface states. Such surface charges have
not yet been detected but it is widely understood that they could have a significant effect
on the photophysical properties of nanocrystals. One may in fact speculate that one or a
few charges could be used to control the quantum dot brightness with potential
applications as displays or in the detection of oxidizing or reducing species.

Electrical techniques have been applied to the colloid quantum dots to detect
charges and transport through the quantum dots. In the most direct effort to detect
charging, Brus and Krauss developed a capacitive AFM technique to monitor charging
events in individual surface supported quantum dots.19,29 The technique showed very
interesting results of fluctuating charges under optical excitation but there is not yet an
established correlation between the fluorescence characteristics and the charging events.
High quality data on transport through individual semiconductor colloid quantum dots
have been obtained by Millo, Banin and coworkers with low-temperature STM.30,31

The data have revealed charging energies associated with the quantum confined states
occupation and energy differences that are consistent with the spectroscopic data. The
charging energies are in fair agreement with simple expectation, as well as with more
elaborate estimates using pesudopotential approaches.32 To further understand the effect
of charging on transport, one should use a gate electrode. This provides the possibility to
tune the system right through all surface states and then monitoring the small changes in
the transport. This approach has been demonstrated on single nanocrystals using
nanolithography techniques by McEuen, Alivisatos and coworkers,33,34 however the
results on nanocrystals have not yet been illuminating. One possible drawback is the
practical difficulty to obtain a wide statistics of behaviour. Furthermore, the nanocrystal
colloids that are prepared in solution and capped by organic ligands must be transferred
to a vacuum environment for the low temperature measurements. This affects the
chemical nature of surface and immediate environment of the nanocrystals in unknown
ways.

3. SPECTROELECTROCHEMISTRY OF COLLOID QUANTUM DOTS

Electrochemistry is an alternative method to measure charging processes with the
solution acting as a gate electrode. In the realm of nanoparticles, the electrochemistry of
metallic clusters has been studied for some years. The smallest systems, molecular-like
clusters of a few metal atoms, can exhibit very clear and multiple reduction steps.35 For
larger metal nanoparticles, differential pulse voltammetry is a derivative technique that
allows small amplitude redox process to be discerned from a larger current background.
It was used by R.W. Murray et al. to detect the charging energy of metal nanocrystal
colloids of rather high monodispersity.36 The technique is being recently applied to
semiconductor colloids.37,39 The electrochemistry of semiconductor nanocrystals is little
explored and there is still much to be gained by measuring the currents in ensembles of
nanocrystals to obtain quantitative information on the charges passed through. For most
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semiconductor nanoparticles, voltammetric studies are better performed in non-aqueous
electrolytes to limit anodic and cathodic dissolutions.37-39 Challenges are to reduce or
account for the parasitic currents and care must be taken to eliminate water and oxygen
from the dried and distilled electrolyte.

With semiconductor colloid for which the optical spectra are a-priori so sensitive to
charges, it is particularly advantageous to combine optical spectroscopy with
voltammetric methods. As such, spectroelectrochemistry of thin films of quantum
confined colloids was first used by Hoyer and Weller.40,41 At the time, the spectroscopy
of the ZnO colloids used in these experiments was not well understood, and the
conclusions remained uncertain as to the nature of the mechanism underlying the
electrochromic effects.

More recently, we have applied this approach to high quality semiconductor
nanocrystals of various materials. We have also extended the optical measurements to the
infrared spectral range in order to strengthen the evidence for electron injection. This line
of research started when Moonsub Shim first showed that biphenyl radicals could be
used to inject electrons in the nanocrystals and the electrochemistry was subsequently
developed by Congjun Wang and Moonsub Shim.27,42,43

In small monodispersed quantum dots the transitions between quantum states are
clearly resolved. Thus, changes in state occupation leads directly to strong
electrochromic effects. Figure 2 shows the electrochromic response in visible and
infrared spectral ranges upon reducing a thin film of nanocrystals.27,43,44 The visible
spectra show clear bleach of the first exciton transition. In fact, a shoulder can be
identified to the high energy side of the first bleach resonance and another transition is
clearly bleached about 0.4 eV above. These three features can be assigned to the

and electron-hole excitons. With proper care in the film
preparation, the electron occupation of the state can also be observed providing
effectively a voltage controlled chromatic shift.

The infrared provides the most definite evidence of quantum state occupation. The
size-tunable IR absorption is due to the intraband transition and can be directly compared
to similar infrared absorption observed upon photoexcitation. In the case of CdSe, the IR
transition is between the lowest state of the conduction and the state manifold as
shown in the inset of Figure 2. The strength of the IR transition is also of practical
interest. As expected in semiconductor quantum dots, the oscillator strength of the
bleached exciton is mostly transferred to the intraband transition, leading to oscillator
strength of the order of 5 to 10. This is a large value totally unheard of for any other
soluble molecular material, in this mid-infared spectral range. Further spectroscopy
experiments have also shown that the homogeneous linewidth of this transition can be
much smaller than the overall observed inhomogeneous linewidth,45 promising further
improvement in spectral definition.

With the IR spectra convincingly proving that the electron injection takes place in
the quantum state, one may then identify the visible spectral changes with more
confidence. Difference spectra of electrochemically reduced nanocrystal films show the
bleaches of several transitions. Based on the intraband spectra and the known occupation
of the state, the bleach features can be attributed to excitonic transitions from hole
states to and this agrees reasonably well with the assignments by Norris and
Bawendi.
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Nevertheless, induced weak absorption features are observed in both colloid
solutions and thin films, and probably reflect that is not appropriate to simply assign all
features to the state occupation, neglecting Stark effect or Coulomb interactions
which can shift and broaden ensemble transitions.46 The spectral changes provide also an
accurate monitoring of the electron injection potential and using electrochemistry and a
reference electrode, Wang et al. measured the reduction potential of CdSe nanocrystals
as a function of size,42,44 For CdSe nanocrystals of sizes between 7 nm and 3 nm, the
reduction potential varies from ~ –0.8 V to ~ –1.6 V/SHE, corresponding to rather
reducing potentials, that preclude the possibility of these experiments in hydrous
conditions.

The stability of the electron injection is strongly function of the dryness and
cleanliness of the solutions and the kinetics of charge injection and recovery are strongly
affected by the film preparation. In Figure 2, the inset shows the switching kinetics for a
film obtained by drop casting CdSe/TOPO nanocrystals. Using a more careful procedure
for the film preparation, switching times of less that 100 ms are obtained. Voltammetry
data also show the quantitative injection and retrieval of charges from not only the
state but even the state.47 An example of the data is shown in Figure 3. Video rates of
the electrochromic changes seem to be well within reach.
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In addition to the spectral changes in absorption, the reduction leads to quenching of
the fluorescence. Reduction with biphenyl radicals in solution can lead to a quenching in
excess of     that is fully recoverable after some time.43 Electrochemistry of thin films of
nanocrystals showed also a large quench although not as extensive.42 A common feature
is that while the absorption electrochromic changes are reversibly and directly tied to the
occupation of the quantum confined state, the fluorescence quenching appears
synchronous to charge injection but the fluorescence recovery is much slower. This is
true for both solution and thin film electrochemistry. This suggests that the electron
injection readily modifies the nanocrystal, via a low barrier process while the recovery of
the nanocrystal is hindered by a higher barrier. The first barrier is supported by the
temperature-dependent stability of the electron in the 1Se state, from minutes to hours at
room temperature and indefinitely at 10K.

The question remains then as to what is the nature of the mechanism underlying the
fluorescence quenching: i) it may be due to charges in the quantum-confined states or at
surfaces states, or ii) it is the result of surface chemistry induced by the strongly reducing
electrons.

i) Charge induced quenching: a mechanism first developed by Chepic et al for
fluorescence quenching of nanocrystals is the Auger process.14 In the Auger process, the
Coulomb interaction between a charge and an exciton can lead to nonradiative
recombination of the exciton, at the same time exciting the charge to a higher state. With
an electron already in the state, Auger electron-exciton relaxation leads to a
nonradiative recombination rate of order 100 ps, in approximate agreement with bulk
CdSe Auger recombination rates. Compared to the triplet state lifetime (> 100 ns) or the
singlet lifetime (~ a few ns) this would be sufficient to explain some fluorescence
quenching, although probably not 3 orders of magnitude. Furthermore, since the
fluorescence is still quenched after the electron is removed from the state, the Auger
process cannot be the sole mechanism. Electrons in surface states could also lead to a
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similar interaction, however the possibly smaller density of state and increased physical
separation should make it even less efficient. On the other hand, electrons in surface
states can be efficient hole traps and ps hole trapping time scales are reasonable.

ii) The surface modification mechanism can only generically be described. One
plausible scenario would involve reduction of the surface metal ions to metal, with
possibly bond rearrangement. The recovery could then involve the oxidation and
removal of the exposed chalcogen surface. This is consistent with the small diameter
reduction of about 0.2 nm observed after one complete solution reduction experiment.

At present, the two distinct possibilities have not been experimentally distinguished.
In both cases, surface modifications are expected to lead to stability improvement and
difference in quenching behavior. For example ZnS capped CdSe nanocrystal are
relatively easier to completely reduce (e.g. two electrons in the state ) by exposure to
biphenyl, but the fluorescence quenching is not as complete as for TOPO capped CdSe.

Determining the exact mechanism of charge induced fluorescence quenching will be
useful in helping stabilizing the reduced nanocrystals. The resolution of the problem may
be related to understanding the blinking behavior observed in nanocrystals where the
current belief involves tunneling charges. It will also be of practical interest to be able to
turn on and off the fluorescence with single electron injection.

4 CONCLUSIONS

Charging of semiconductor nanoparticles is a basic issue that may be behind many
unexplained effects including blinking, Stark effects and dipole moments. Spectroelectro-
chemistry has provided a deep insight into the possibility of redox processes involving
the quantum states of nanocrystals. It is now possible to inject electrons in the conduction
band of several quantum dot materials leading to switchable and reversible electro-
chromic changes in the visible and in the mid-IR spectral ranges. There remains still to
explain the mechanism underlying the fluorescence quenching observed during charging.

As it is now possible to control charging and the strong effects that it has on the
optical properties, new prospects may emerge for applications of colloid quantum dots as
electrochromic absorber and fluorophores, in the visible and infared, for example the
sensitivity of the fluorescence to charges may lead to sensors of local potential or ionic
concentration, or as components of energy efficient fluorescent displays. As
electrochromic materials, the colloid quantum dots have unusual properties such as the
spectrally narrow and potential-controlled optical bleach and most dramatically the
unique infrared response.
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NANOPARTICLES WITH POLYMERIC

SURFACES

Fillers and Models for Ultrasoft Colloids

Wolfgang Schaertl*

1. INTRODUCTION

Blending colloidal nanoparticles with linear polymer chains is a well-known strategy
to improve the quality of plastic or elastic polymeric materials. One of the most famous
examples is carbon black blended into tire rubber to enhance the mechanical properties.
In general, colloidal additives may cause a variety of effects within the colloid-polymer
blend, concerning, for example, mechanical stability, scratch resistance, optical and
magnetic properties. The efficiency of the colloidal filler depends on its miscibility with
the polymer chains: the more homogeneous the distribution of the colloidal particles
within the matrix, the lower the amount of colloidal additives necessary to achieve the
desired effect. However, ordinary colloidal particles with smooth surfaces are
incompatible with linear chains for entropic reasons. Phase separation based on the so-
called depletion mechanism1,2 is found. This effect may be overcome by adequate
compatibilization strategies: one possibility is to modify the surface of the colloidal
particles to achieve an enthalpic compatibility with the polymer host.3 For example, it is
possible to mix colloidal particles coated with polyvinylmethylether (PVME)
homogeneously with polystyrene (PS) chains4 because of the enthalpic compatibility of
the two polymers PVME and PS. Here, we will present a way of suppressing depletion
demixing which is only based on entropic effects. The advantage of this approach is that
the surface modification in our case is chemically identical with the polymer host:
polymer chains of the same type as the polymer matrix are grafted onto the colloidal
particle surface. Consequently, this coating of the particles should have no unforeseen
effects on the desired blend properties based on specific colloid-polymer interactions, as
is to be expected for particles modified according to achieve enthalpic compatibility. On
the other hand, as will be shown, entropic compatibilization is less effective than
enthalpic compatibilization, and is limited basically to comparatively short-chain polymer
hosts.

* Wolfgang Schaertl, Institut für Physikalische Chemie, Universität Mainz, Welderweg 11, 55099 Mainz,
Germany, E-Mail: schaertl@mail.uni-mainz.de.
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Interestingly, our entropically compatibilized colloidal nanoparticles within a matrix
of linear polymer chains provide an excellent model for ultrasoft colloids. The effective
particle size, interaction pair potential and particle deformability can be adjusted in a very
simple way by the particle topology, that is grafting density of the polymer coating and
length of the graft chains in respect to the matrix chains. Such soft particles provide an
even more important model than the famous hard spheres studied during the last decades
due to the fact that they more closely resemble systems of practical use (coatings etc.).

This chapter is organized as follows: first, potential strategies to synthesize model
colloidal spherical nanoparticles with surfaces of linear polymer chains are presented and
discussed. Note that in the subsequent text the colloidal particle itself will be named core,
the polymeric coating hairs, and the whole particle spherical polymer brush. In the
second part of this chapter, the compatibility of such spherical brushes with linear
polymer chains, in comparison with simple colloidal particles, will be discussed. Finally,
using copolymer micelles in a matrix of homopolymer chains as a model spherical brush
system blended with linear polymer chains, properties of ultrasoft colloids will be
presented. Here, we will focus on the increase of the viscosity with increasing particle
concentration which provides a quantitative measure of effective particle size and particle
interaction potential.

2. SYNTHESIS OF MODEL PARTICLES

In principle, colloidal particles with surfaces of linear polymer hairs may be
synthesized by three different approaches as sketched in Figure 1:

1. Grafting-onto:5 Colloidal particles and polymeric chains are prepared separately.
During this synthesis, certain chemical functionalities have to be introduced on the
colloidal surface (SiH-groups) and the chain end (vinylic double bonds), respect-
ively. These functionalities are used later on, to couple the chains with the particle
surface by hydrosilylation, that is coupling of SiH and C=C upon platinum catalysis.
Advantages of this approach are: well defined core size and hair length, simple
characterization due to separate access to both components, simple adjustment of
hair number and hair length. The major disadvantage is: for steric reasons, it is not
possible to graft a large number of long hairs onto the colloidal surface.
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2. Grafting-from: Colloidal particles with polymerization initiator functionalities at
the particle surface are prepared. After adding the monomer and starting a living
polymerization reaction, for example atom transfer radical polymerization (ATRP),
the hairs are growing simultaneously from the colloidal surface. Here, particle
characterization is much more complicated (no separate access to core and hairs,
besides the hairs could be cleaved from the particle surface after the reaction. In this
case, however, the hairy particles could exhibit insufficient stability for further
applications.). Since the steric problems encountered during grafting-onto are
avoided, grafting-from may yield densely grafted spherical brushes even with very
long hairs. An additional disadvantage besides the difficult particle characterization,
however, is the larger polydispersity in hair length compared to the grafting-onto
procedure.

3. Micellization:6,7 A method which combines the advantages of both grafting
techniques 1 and 2 is the use of asymmetric copolymer chains with two thermodyna-
mically incompatible polymer blocks: these copolymers, being dissolved together
with homopolymer chains chemically identical to the longer copolymer block in a
solvent for this longer block (and a non-solvent for the shorter block), form spherical
micelles in a self-organization process upon evaporation of the solvent. If the shorter
block polymer, which forms the core of the micelles, has a much higher glass
transition temperature than the corona block polymer, so-called frozen micelles, that
is micelles with a solid glassy core embedded in a matrix of molten polymer which is
comprised both of the corona and the (chemically identical) homopolymer chains,
can be obtained. One disadvantage of the micellization approach is the impossibility
to control core size and grafting density exactly, since both depend on the copolymer
composition in a complicated way. A second disadvantage is the limitation to
copolymer concentrations well above the critical micelle concentration and below the
concentration of potential microphase transitions, e.g. from spherical micellar to
bicontinuous at very high copolymer concentration. On the other hand, copolymer
micelles provide access to spherical brushes containing dye labels within their core
simply by using a copolymer chain containing one dye molecule at the chain end of
the shorter block. Such particles have been employed successfully as optical tracers
to study the diffusional mobility of a spherical brush within a colloid-polymer
blend.8,9

So far, each of these three approaches has been performed successfully in our group.
Details of the synthesis may be found in the references cited above. Here, just a summary
of the characteristics of the particles treated in this chapter is given (see Table 1).

The problem of steric hindrance encountered during grafting-onto of long hairs is
demonstrated by the fact that, using identical core particles of radius 8 nm, the maximum
hair number achievable drops from about 300 to only 150 if the hair molecular weight is
increased from 4200 to 16800 g/mol. On the other hand, micellization allows the
preparation of very dense spherical brushes even for hairs with molecular weight much
larger than 20000 g/mol.
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3. COMPATIBILITY OF COLLOIDAL PARTICLES AND LINEAR CHAINS

Compatibility studies have been performed using standard polyorganosiloxane
nanogel particles of radius 10 nm without polymeric surfaces and samples gr1, gr2 and
gr3 (see Table 1), blended with a matrix of linear polystyrene chains of varying
molecular weight by solution casting from toluene.5

If even a very small amount (1 wt%) of the standard colloidal particles is blended
with linear chains, an optically turbid highly brittle polymer film is obtained. The
turbidity is caused by the presence of large clusters of aggregated colloidal particles, as
seen in the transmission electron micrograph of a thin slice cut from the as-cast film by
using a microtome (Figure 2). As mentioned already in the introduction, the colloidal
particles are immiscible with the linear polymer chains for purely entropic reasons. This
so-called depletion effect shall be explained in a little more detail using the sketch of
Figure 3.
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In Figure 3, the dotted circles around the colloidal particles show the excluded
volume zone into which the center of mass of the polymeric chains cannot penetrate,
being repelled by the smooth surface of the colloidal particles. In case two colloidal
particles aggregate, their excluded volume zones overlap as shown by the striped pattern
on the right hand side of Figure 3. This leads to an increase in accessible volume for the
polymeric chains, which therefore gain in entropy. Since this gain in entropy due to the
large number of polymer chains present in the colloid-polymer blend (in respect to the
much smaller number of the large colloidal particles) largely compensates the loss in
entropy caused by the aggregation of the colloidal particles, the total blend system favors
a demixed state.

This depletion mechanism can successfully be suppressed by using colloidal particles
modified with polymeric surfaces, as is shown by the TEM picture in Figure 4. By this
approach, homogeneous and optically transparent films are obtained even for a very high
colloidal particle content, as can be seen from Figure 4. The entropic mechanism by
which depletion may successfully be suppressed in blends of spherical brushes and linear
chains can be explained according to the scheme shown in Figure 5.

The main difference between Figures 3 and 5 is that, in case of the spherical brushes
shown in Figure 5, no excluded volume zone can be defined. Due to the polymeric
surface of the colloidal particles, which is rough and deformable, the centers of mass of
the linear matrix chains can interpenetrate the colloidal particles beyond their effective
radius (which is shown by the dotted circle). Therefore, particle aggregation does not lead
to any gain in free volume for the single polymer chains, but only causes a loss in entropy
for the colloids. The system in this case favors entropically a homogeneous mixture of
colloidal particles and polymer chains.

However, the interested reader already might have recognized that this line of
argumentation only holds for comparatively small polymer chains, which may penetrate
far into the polymer coating of the spherical brushes. In case of very long (in respect to
the polymer hairs) polymer chains, however, the interpenetration depth is expected to be
much smaller than the chain radius, and in analogy to simple colloidal particles with
smooth surfaces (Figure 3) an excluded volume zone around the spherical brushes for the
chains can be defined again (see Figure 6).
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As shown in Figure 6, in case of long matrix chains the depletion mechanism should
not be suppressed, which consequently leads to an entropically driven demixed state.
That indeed spherical brushes, especially those with short hairs, are incompatible with
comparatively long linear chains is exemplified by the TEM picture shown in Figure 7.
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From a series of investigations of colloid-polymer blends analogous to the few
examples shown above we deduced the following rule-of-thumb: depletion demixing is
completely suppressed and homogeneous colloid-polymer blends are obtained for
spherical brushes if the length of the hairs of the particles exceeds that of the linear
matrix chains. Although we have only studied particles with a very small core size of
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about 10 nm, this rule should hold even for larger particles as long as the surface has a
definite curvature, that is up to a radius of about 200 nm. This statement is supported by
earlier studies of the compatibility of large thermally crosslinked polybutadiene (PB)
spheres grafted with poly(acrylonitrile-co-styrene) (AS) with linear AS chains.10

Before closing this section, one final remark is necessary: results presented so far
only hold for densely grafted spherical brushes (about 150– 300 hairs/800 nm2 ). The
compatibilization effect of polymeric surfaces is expected to depend not only on hair
length but also on grafting density. This aspect, which already has been studied for the
larger PB-spheres where an optimum grafting density for compatibilization has been
found,10 has not yet been investigated in case of very small nano-sized particles.

4. ULTRASOFT COLLOIDS IN COLLOID-POLYMER-BLENDS

4.1. Spherical Micellar Brushes with Colloidal Particle Character

Whereas hard sphere colloids by now have been thoroughly explored in
experiment,11-14 simulation,15-17 and theory,18,19 and their structural and dynamical
behavior is fairly well understood, soft spherical particles due to their more complex
interaction potential and their inherent instability of size and shape still provide a major
challenge. Investigation of such systems, however, is very important due to their practical
importance, e.g. as polymer fillers, coatings etc.. Here, the hairy particles already
presented above provide a nice model system which allows adjustment of the interaction
potential via the particle topology, that is size of the rigid core, hair length and hair
density. In the following, we will only consider blends of copolymer micelles with
homopolymer chains (micl, mic2, see Table 1). The grafted nanogel spheres in a homo-
polymer matrix behave correspondingly as swollen soft colloidal particles. Further, we
will not discuss here the single particle mobility extensively studied by the holographic
grating technique of Forced Rayleigh Scattering20,21 but restrict ourselves to rheological
studies only, since these can easily be applied to all kinds of model spherical brush
colloids without any additional optical labeling.
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To investigate the interparticle interactions between spherical brushes in a
homopolymer matrix in a semiquantitative way, we consider a hard sphere reference
system of simple rigid colloidal particles with a smooth surface dispersed in a simple
molecular solvent, as sketched in Figure 8.

Whereas hard spheres show an infinitely steep repulsive interaction at particle
touching distance, spherical brushes should show a softer repulsive interaction: its range
should depend on the effective particle size while the softness should depend on particle
compressibility and/or deformability. To get a quantitative measure of these two
parameters, we consider the dependence of the structural relaxation of the system on
particle concentration. A very simple model based on free volume theory yields:

Eq. (1) is the so-called Doolittle-equation,22 with the zero-shear viscosity of the
pure polymer chain matrix and the zero-shear viscosity of a blend of spherical micelles
and homopolymer chains, with copolymer volume fraction Effective particle size and
softness are quantified by the two fitting parameters in the following way: is a measure
for the steepness of the slowing down of sample dynamics with increasing particle
volume fraction and thereby provides a semi-quantitative approach to the particle
compressibility and/or deformability, whereas is the particle volume fraction at the
liquid-solid transition where the viscosity becomes infinite. For a hard sphere model
system with suppressed crystallization, which usually is the case for particles of size
polydispersity larger than 10% like our spherical brushes, these parameters are and

the later corresponding to the glassy state of random closed packed spheres.
To investigate the structural relaxation of our micellar system for a detailed data

analysis according to Eq. (1), we have performed mechanical spectroscopic
measurements with an oscillatory shear rheometer type Rheometrics RMS 800. The
experimental setup and typical signals for mixtures of spherical micellar brushes and
linear chains are shown in Figures 9 and 10.
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As shown in Figure 10, at very low shear frequencies the elastic shear modulus and
the viscosity of the blend strongly increase with increasing micelle concentration. This
signal behavior corresponds to a slowing down of the structural relaxation of the blend,
which itself is based directly on the translational mobility of individual micelles, with
increasing particle interactions. Here, it should be noted than at very high micelle
concentration (50 % SI), the elastic modulus approaches a plateau value as shown in the
figure. Correspondingly, the viscosity should become infinite in this regime. Let us have
a closer look on the concentration dependence of the zero-shear viscosity:
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In Figure 11, the best fits to the experimental data according to Eq. (1) for three
different micellar systems and the hard sphere reference are presented. The data for the
shortest matrix (5k) have been determined from diffusion coefficients of spherical
micelles published in ref. 9, which have been recalculated to yield sample viscosities
using a generalized Stokes-Einstein equation, i.e. All systems show the
typical signature of a colloidal particle dispersion, that is occurrence of a liquid-solid
transition by divergence of the viscosity at particle volume fractions well below 1.

Obviously, the strong slowing-down of the particle mobility, that is the increase of
the zero-shear viscosity, occurs at lower micelle concentration with decreasing molecular
weight of the matrix homopolymer. This signifies that the effective particle size and, at a
given copolymer concentration, the effective particle volume fraction, of the micelles is
larger in a low molecular weight matrix than in a high molecular weight matrix. Here, the
reader should note that the liquid-solid transition for all three micellar systems occurs at
micellar volume fractions well below the transition of a hard-sphere system, that is

Therefore, the micelles either possess long-range repulsive interactions, or the
particle size itself is increased by matrix polymer interpenetrating the hairy corona
(swollen spherical brushes). Since the system consists of non-polar materials and
particles should therefore only interact if their surfaces are touching each other, the later
is more probable. Here, it has to be taken into account that corona and matrix are
chemically identical.

Therefore, the driving force for the matrix chains to migrate into the corona is of
purely entropic origin: by entering the corona, the chains gain in free volume. On the
other hand, this leads to a stretching of the corona chains and correspondingly to a loss in
configurational chain entropy. The overall degree of swelling will be determined by a
delicate balance of these two contributions, that is gain in free volume of homopolymers
interpenetrating the corona, and loss in configurational entropy by subsequent stretching
of corona hairs. In this context, the effect of molecular weight of the matrix
homopolymer on the effective size of the micelles may be described as follows: for short
chains, the gain in free volume upon corona interpenetration in respect to the
homopolymer size is considerable, whereas stretching of the corona hairs is insignificant.
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Practically speaking, short homopolymer chains behave like a good solvent, and the
micellar corona is strongly swollen (wet brush). On the other hand, the corona stretching
necessary for a significant increase in free volume for interpenetrating long chains is
considerable. Therefore, long homopolymer chains scarcely interpenetrate the micellar
corona and behave like a bad solvent, causing only slight swelling of the micelles (dry
brush). This explains why, at identical micelle concentration, the system with the lower
molecular weight matrix has an effectively higher particle volume fraction and therefore
shows the higher viscosity, as sketched in Figure 12.

Whereas the dry-brush system shown in Figure 12 still is in a liquid state, the wet-
brush system already shows a close particle packing, which causes a complete jamming
of the structural relaxation dynamics of the blend.

Finally, let us have a closer look at the parameters corresponding to the Doolittle fits
shown in Figure 11. Table 2 summarizes these parameters for all curves shown.

As already discussed, the liquid-solid transition is shifted towards smaller
micelle concentration with decreasing length of the matrix homopolymer because of the
more pronounced increase in effective particle size, which itself is caused by the strong
corona swelling found in a wet-brush system. On the other hand, the wet-brush sample
shows a much larger than the hard sphere reference, whereas the of the dry-
brush sample is fairly close to the hard sphere value of This is also obvious from
Figure 11, where the dry-brush Doolittle fit looks very similar to the hard sphere case, but
the wet-brush shows a less abrupt slowing down of particle dynamics although shifted to
much lower concentrations. Simply speaking, our findings indicate that the more strongly
swollen wet-brush micelle also shows the higher compressibility and deformability, that
is the effective particle size is more strongly decreasing with particle concentration than
in the dry-brush case. This behavior and the significance of the difference in can be
analyzed in more detail if one uses Eq. (1) to determine the increase in particle size, in
respect to the original size of a non-swollen micelle, in dependence of micellar
concentration as follows:

By mapping the mobility of a given micellar sample onto the hard sphere reference,
we assume that identical normalized zero-shear viscosities correspond to identical
effective hard sphere volume  fractions Correspondingly, any micelle volume
fraction (non-swollen micelle) corresponds to an effective particle volume fraction

(swollen micelle), and the degree of particle swelling is simply given by the ratio
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Note, however, that this simplified approach treats also strongly swollen wet-brush
micelles, at a given concentration, as if they would effectively interact via a hard sphere
potential. By this simple approach, particle softness, that is compressibility and/or
deformability of the particles, is indirectly considered by the fact that it causes a decrease
of the effective hard sphere radius with increasing micelle concentration. A physically
more realistic approach based on a soft-interaction pair potential is currently under
investigation. Following the simple approach described by Eq. (2) yields for the effective
particle swelling versus micelle concentration for the three different micellar systems the
results summarized in Table 3.

For the wet-brush micellar system (5 k),9 from dilute up to close to the
liquid-solid transition the swelling ratio and therefore the effective particle
size decreases by about 50%, whereas the volume of the dry-brush micelle (50k) in the
same effective concentration regime only decreases by about 20 %. This underlines that
wet-brush micelles indeed are more compressible and/or deformable than dry-brush
micelles, and consequently also show a softer interaction potential. From the decrease in
particle size with increasing concentration, one also gets a rough estimate of the range of
the soft potential: the size of a non-swollen spherical micelle of type mic1 (see Table1)
according to the polymer densities of PI and PS should be about 18.4 nm. Using the
volume swelling ratios given in Table 3, it is straight forward to calculate the effective
particle radius of the swollen micelles, which are given in Table 4. The dry-brush micelle
(50k), with an effective particle radius of about 21 – 21.5 nm in comparison to 18.4 nm
for a strictly non-swollen micelle, still seems to be slightly swollen. The range of the soft
interaction potential as deduced from the shrinking of the micellar size from dilute to
highly concentrated systems is in the order of 2 nm. The intermediate brush micelle (23k)
is more strongly swollen up to R = 26 nm, the range of the compressibility or soft
potential in this case is about 4 nm. The wet-brush (5k), on the other hand, with R about
28.5 nm, exhibits the strongest swelling whereas the compressibility range, with about 4
– 4.5 nm, is comparable to that of the intermediate system. These results concerning the
respective particle compressibility can also be seen from the similarity in (4.80 for 23k,
5.80 for 5k). Here, we would like to note that the micellar radii given in Table 4 for dilute
samples agree very well with hydrodynamic radii calculated from rotational and
translational diffusion coefficients measured by Forced Rayleigh Scattering.
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As can be seen, the range of the soft interaction potential as deduced from the
maximum particle compression is comparatively small in respect to the overall particle
size. In this respect, it might as well be possible to regard the swollen micelles, in
analogy to colloidal particles with stabilizing surface layers of linear chains studied by
other groups,11,14 as sterically stabilized particles, that is rigid and compact colloidal
particles covered by a thin layer of hydrocarbon chains. Importantly, in our case the
thickness of this stabilizing layer cannot be neglected in respect to the particle core size.
Also, for our swollen spherical brushes the effective layer thickness depends on the
molecular weight of the matrix chains: for a wet-brush micelle, this stabilizing layer,
which is expected to be highly compressible, seems to extend much further than for the
less-swollen dry-brush micelles (Figure 13).

Here, it should be stressed that the effective particle size at the liquid-solid transition,
which in Figure 13 is identified with an effective hard-core particle size (solid circle), is
still much larger than the size of the glassy PS core (10.5 nm) for all micellar systems
considered so far. Therefore, the major part of the corona contributes to a compact
colloidal particle, and only a small part of it to an outer hairy stabilization layer and
therefore to the particle softness. This contribution of the hairy corona to the colloidal
particle character, however, strongly depends on the ratio of corona hair length vs. rigid
core size, as will be discussed in the last part of this chapter.

4.2. Spherical Micellar Brushes Behaving Like Hyperbranched Polymers

The micellar systems discussed in section 4.1 all show a liquid-solid transition as
typical for dispersions of colloidal particles. What, however, happens if the corona
thickness is huge in respect to the size of the rigid PS core of the micelle? Figure 14
shows rheological measurements for a corresponding copolymer wet-brush micelle with
rigid PS core and PB corona in a matrix of low molecular weight polybutadiene (mic2,
see Table 1), which should exhibit strong swelling. For comparison, the rheological data
for the wet-brush system of the former SI micelles (mic1) are also presented:
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Whereas the system with the smaller corona clearly shows an elastic plateau and
thereby the signature of a liquid-solid transition at a micelle concentration of 35 %, the
modulus of the micelle with the larger corona shows the signature of a polymer melt up
to micelle concentrations as high as 50 %. Also, it was not possible to analyze the
concentration dependence of the zero-shear viscosity of this second micellar system with
the Doolittle model. Therefore, one may conclude that if the size of the hairy corona in
respect to the size of the rigid particle core exceeds a certain limit, a spherical brush
behaves not like a swollen colloidal particle but like a flexible, although highly branched,
polymer. In this case, highly concentrated samples or even a sample which purely
consists of the micelles themselves rheologically behave like a melt.

These findings can be explained as follows: although the corona is coupled onto a
rigid core with high grafting density, the size of this core is insufficient to create an
effective colloidal particle, and therefore most of the corona retains its original polymer
flexibility. In addition, if the corona is not to a large extent participating in the particle
character of the micelle as found for the first system (mic1), even for the pure micellar
system the particle volume fraction of just the rigid cores (even including a very small
part of the corona in direct vicinity of the rigid core surface) is far too low to reach the
liquid-solid transition regime (effective hard sphere volume fraction

Therefore, although spherical polymer brushes in a melt of homopolymer chains may
exhibit the behavior of soft compressible colloidal particles, sometimes the corona brush
may dominate the behavior of the system and the particle character is lost in favor of a
polymer melt of hyperbranched chains, where the rigid colloidal core of the brush simply
acts as a branching point.
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5. CONCLUDING REMARKS

In this chapter, we have discussed the compatibility of densely grafted nano-sized
spherical brushes with linear polymer chains, and, in case of homogeneous particle-
polymer blends, their behavior as soft colloidal particles. Although we could not yet
present an exact interaction pair potential for these spherical brush systems, a simple
analysis of the viscosity versus particle concentration following a free volume approach
(Doolittle equation) provided much important information, like the effective particle size
and particle swelling by the matrix homopolymer chains, or the softness/compressibility
of the system. Although there exist some theoretical predictions in literature concerning
the interaction potential of such swollen polymer brushes,24-27 so far we have not been
able to find any suitable interaction pair potential for our given micellar system. Whereas
our simple approach allowed us to gain some insight in the complex behavior of spherical
brushes in a polymer melt, there still remains a lot of work to be done. One aspect not
treated here is a systematic variation of grafting density, which should effect both
compatibility and soft particle character. Another important point is the significance of
the core size in respect to the polymer brush surface.
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PROPERTIES OF NIPAM-BASED

INTELLIGENT MICROGEL PARTICLES

Investigated using scattering methods

Thomas Hellweg*

1. INTRODUCTION

Hydrogels can be seen as intermediates between solids and liquids, exhibiting a
rather complex mixture of properties of these two limiting states.1 Moreover, hydrogels
are of great importance in living systems (e.g. the cytoskeleton is a hydrogel) and are of
broad interest for a large variety of industrial products (e.g. as storage and separation
media).

In recent years a large number of works2-6 and also reviews7,8 on the subject of so
called intelligent macroscopic hydrogels were published. This class of hydrogels is of
special interest, due to the volume phase transition encountered in these systems i.e. the
collapse of the gel when a certain temperature (low critical solution temperature
(LCST))6,9-11 or ionic strength12 is reached. Most of these intelligent gels are made of N-
isopropyl acrylamide (NIPAM). In addition to the already mentioned applications
NIPAM based gels exhibit bio-adhesive properties. This may allow for applications as
drug delivery systems.

Copolymerisation with charged9 and uncharged co-monomers13 can be used to tune
the transition temperature and other properties of these network materials.

However, the major disadvantage of these macroscopic gels is their rather slow
response to the change of an external parameter. It may take several days until the
equilibrium is reached.2,3 Therefore, since the pioneering works of Pelton and Chibante14

there is growing interest in NIPAM based so-called microgel particles. Microgels are
colloidal particles (diameter typically ranging from 100 nm to which internally
have the same gel structure as their macroscopic homologues. They react nearly
instantaneously on changes of external parameters e.g. temperature and are therefore well
suited to study the volume phase transition. Consequently, a growing number of
publications can be found in the literature investigating these systems using differential
scanning calorimetry (DSC),15 dynamic light scattering16-19 and neutron scattering

* T. Hellweg, TU Berlin, Stranski-Laboratorium, Strasse des 17 Juni 112, D-10623 Berlin, Germany.
E-mail: thomas.hellweg@tu-berlin.de
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techniques.20-23 In addition to the gel properties, microgels exhibit the typical behavior of
colloids e.g. crystallization.24-26 Besides the homo-polymer particles, also colloidal
microgels can be prepared using copolymerisation of N-isopropyl acrylamide with
charged monomers e.g. acrylic acid19 or dimethylaminoethyl methacrylate.27 Similar
effects as induced by charged co-monomers can be found in PNIPAM complexes with
anionic surfactants.28 Also core-shell structures with thermo-sensitive PNIPAM shells
were prepared and investigated using small angle scattering techniques.29-31 For
additional references we recommend a rather recent review by Pelton.32

In this contribution we present and discuss the possibilities to investigate microgels
by means of elastic and quasi-elastic scattering methods. However, these techniques are
of course also useful for the study of other mesoscopically structured systems. In
addition, some results obtained by real space imaging techniques will be shown. This text
is organized as follows. The next section gives a general description of the preparation of
microgels. The first subsection of section 3 provides a general introduction to scattering
experiments and then in the following subsections the different methods, which can be
used for the characterization of microgels are introduced.

2. MICROGEL PREPARATION

2.1. Synthesis of PNIPAM Microgels

PNIPAM microgels are prepared using the method of surfactant-free emulsion
polymerization. N-isopropylacrylamide (NIPAM), N,N'-methylene bis-acrylamide (BIS),
and potassium persulfate (KPS) were obtained commercially from Sigma-Aldrich. All
chemicals were reagent grade and used without further purification. The microgel
preparation is based on the procedure described by Pelton et al.14 For the synthesis of the
particles used here we employed a conventional stirring technique as described
elsewhere.33 1.25 g (10.05 mmol) NIPAM and the desired amounts of BIS were dissolved
in 100 ml triple distilled, degassed water. In case of copolymer microgels (e.g. with
acrylic acid) the desired mole fraction of the co-monomer has also to be added to the
reaction mixture. The synthesis was performed under a nitrogen atmosphere. After
heating the solution to 343 K (two phase region of the binary mixture water/NIPAM),

of potassium persulfate were added to start the polymerization. The mixture
became turbid and the reaction proceeded for 4 h at constant temperature. Then the
microgel suspension was cooled for twelve hours under continued stirring. The final step
of the preparation involves extensive dialysis for 20 days against double distilled water in
order to remove unreacted monomers and other low molecular weight impurities.

2.2. Sample Preparation for Scattering Experiments

For light scattering experiments, very dilute solutions of microgels in dust-free
solvents and sample cells are used. To generate contrast in neutron scattering experiments
usually serves as solvent. Heavy water has different scattering length density
compared to the hydrogen containing polymer particles. Also mixtures of water and
can be used in some cases, especially when investigating partly deuterated microgels. The
scattering length density of the solvent can be adjusted this way to exactly match the
scattering length density of parts of polymer network in the microgel.
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3. SCATTERING METHODS

In elastic and quasi-elastic scattering experiments the most important quantity is the
magnitude of the so called scattering vector given by

with being the wavelength of the used radiation (e.g. neutrons or light) and the
scattering angle, q has the dimension of a reciprocal length and is a measure for the
spatial resolution of a scattering experiment.



T. HELLWEG212

This is schematically shown in Figure 1. In this figure the squares indicate the spatial
resolution in the respective q-range. At low values of q the overall size and shape of the
microgels is seen. At high q the internal structure of the particles can be resolved. The
choice of the appropriate scattering method, which has to be used to probe a specific
property of the microgels depends on the relationship between length-scale and q-range.
Static (SLS) and especially dynamic light scattering (DLS) are e.g. well suited to study
the overall size of the particles. In small angle neutron scattering experiments (SANS) the
accessible q-range is usually This is two orders of magnitude smaller
compared to light scattering experiments. Therefore, SANS and also neutron spin-echo
spectroscopy (NSE) are well suited to study local (internal) structures and movements in
microgels. SLS and SANS are elastic scattering methods (also called static) because they
monitor the time averaged scattering intensity (see Figure 1). Photon correlation
spectroscopy (DLS) and NSE are inelastic (or better quasi-elastic) scattering techniques.
These methods scrutinize the energy transfer between the sample and the used radiation.
As can be seen in Figure 2, the initial wavelength distribution (e.g from a laser or a
neutron source) is broadened by energy transfer with the sample (Doppler broadening) or
in other words the dynamic structure factor can be monitored this way. DLS and
NSE both directly measure the Fourier transform of the intermediate scattering
function S(q,t) (see Figure 2).
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At lot of books and reviews concerned with scattering techniques have been
published34-43 and for a detailed description of the different method the reader is referred
to these publications. However, in the following these methods will be briefly discussed.
In addition, in all sections examples with respect to the characterization of microgels will
be given.

3.1. Dynamic Light Scattering

When light interacts with matter, the electrical field of the initial beam generates an
oscillating polarization in the molecules of the illuminated volume. These molecules then
emit secondary waves (they scatter). The polarization direction, the angular dispersion
and the energy shift of the scattered light depend on properties of the scattering medium
(e.g. the shape and movements of the scatterer).

A static light scattering experiment simply measures the time averaged scattered

intensity which is proportional to the square of the scattered electric field

However, on short time scales I is a fluctuating quantity. These fluctuations of I can be
analyzed in terms of correlation functions.44 The normalized electric field autocorrelation
function contains the information about the dynamics of the scattering system, in this
case of the microgel suspension.

In a so called heterodyne-experiment the above function can directly be measured.
This is achieved by mixing unscattered laser light with the scattered light coming from
the sample. Much easier to perform is the homodyne-experiment. Currently, this is the
preferred way to perform DLS experiments and leads to the intensity time correlation
function

These two functions are connected by the SIEGERT-relation:

B is a baseline parameter. In the case of a monodisperse ideal sample is represented
by a single exponential:

with being the translational diffusion coefficient and q the scattering
vector.34
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Normally samples are polydisperse and the decay of the correlation function must be
described by a weighted sum of exponentials

where is the distribution function of the relaxation rates.

The analysis of this distribution of relaxation rates can be performed with different
methods. The ones most frequently used are the method of cumulants45 and the analysis
by an inverse LAPLACE transformation of Eq. (6) by the use of the FORTRAN program
CONTIN.46,47 Another possibility is to apply ORT by O. Glatter.48,49 In Figure 3 an
example for an obtained correlation function is shown. This function was measured for a
sample made of deuterated NIP AM cross-linked with 5% hydrogenated BIS. The shown
data were measured at a temperature of 302.2 K in The solid line in the left part of
the figure is the fit obtained using a second order cumulant function.45 The data are
perfectly described by this function and the calculation leads to a z-averaged relaxation
rate of The found polydispersity is ca. 3%. The right-hand side of the figure
shows the relaxation rate distribution function as obtained by inverse Laplace
transformation of the data using CONTIN.46,47 Also this distribution reveals the low
polydispersity of the prepared microgel particles. The z-averaged relaxation rate obtained
using CONTIN is
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From the mean value one can obtain

Knowing it is easy to calculate the STOKES-radius making use of the
STOKES-EINSTEIN-equation.

with: being the viscosity, k the BOLTZMANN-constant. The STOKES-radius is the
radius of a sphere, behaving hydrodynamically equivalent to the sample. This rather easy
determination of a characteristic length scale in the sample makes dynamic light
scattering an ideal tool to monitor the swelling and de-swelling of microgels. The
swelling ratio of a colloidal microgel particle can be defined by

In Figure 4 an example for a swelling curve of a typical microgel is shown. The
presented data were obtained for the same microgel as described above (see Figure 3).
Partly deuterated microgels are prepared for neutron scattering experiments. The
deuteration allows to easily change the scattering contrast and in the present case e.g. to
investigate only the scattering from the cross-linker. Compared to microgel particles
made with the hydrogenated compounds,50 the volume transition is shifted to higher
temperature by 2.5 K. The swelling ratio is found to be 0.125 for these particles. This is
in agreement with swelling ratios found for the hydrogenated particles at comparable
cross-linker concentration.21,24,50
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3.2. Small Angle Neutron Scattering

In general SANS curves obtained from solutions of particles exhibiting a low
polydispersity can be described by

where S(q) is the inter-particle structure factor, N is the particle concentration, and P(q)
is the particle form factor. The scattering vector q is given by Eq. (1). is the so-
called incoherent background arising from the q independent scattering from hydrogen.
For low concentration and intermediate or large values of q the inter-particle structure
factor and therefore the analysis of the experiments has mainly to deal with the
particle form factor.51,52

For the rather large microgel particles the scattering at low q-values is dominated by
the Porod part53 of the particle form factor (leads to

At high q-values the internal network structure of the microgels is contributing
significantly to the scattered intensity.21,22,31,50 This contribution can be described by an
ORNSTEIN-ZERNICKE function and the scattered intensity can be written as
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Here, denotes the scattering intensity of the ORNSTEIN-ZERNICKE part at q
= 0. In this equation A is the interfacial area in the scattering volume and V the scattering
volume. The contribution from the cross-links, which can be resolved in macroscopic
gels6,54-56 is omitted in this description. In microgels this contribution is negligible
compared to the form factor contribution and can therefore not be resolved. In Figure 5
an example for the small angle scattering curves as obtained from a typical suspension of
microgels is shown. At low temperature the experimental data (triangles) can be
described by Eq. (11). This leads to a correlation length of the network of 2.4 nm.50 At
high temperatures the network is collapsed and only the Porod contribution remains
(circles). For large particles it is however difficult to obtain information about the form
factor (and therefore the size, shape and the polydispersity) of the microgels. This is due
to their rather large diameter. Because of the different q-range static light scattering is
well suited for this purpose and will be discussed in the next section.

3.3. Static Light Scattering

In principle for large particles a static light scattering experiment is simply
performed by measuring the I(q) as a function of q. An example for a typical
experimental result is shown in Figure 6.

The solid line in Figure 6 is a fit using an analytical solution of the following integral
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In this description the polydispersity of the particles is modeled assuming a Gaussian
particle size distribution. The argument has to be integrated over the interval to to
find an analytical solution. This leads to a negligible error, when the polydispersity is low

The obtained fit is represented by the solid line in Figure 6 and leads to the
following parameters characterizing the investigated particles (i.e. PNIPAM microgels
cross-linked with 2% BIS).

The radius of gyration is found to be 221 nm and the polydispersity is 5%. This
value is not corrected for the instrumental resolution. The same form factor can also be
used to analyze SANS data obtained for smaller particles or SANS data measured in a
comparable q-range. On some SANS machines it is possible to nearly reach the q-range
of SLS (e.g. the D11 machine at the ILL in Grenoble) and currently several ultra small
angle neutron scattering (USANS) machines are under development. In Figure 7 SLS and
SANS experiments on the same microgel particles are compared.

The form factor minima are found at approximately the same position. However, the
SANS curve shows a much stronger smearing of the form factor. 38,57 This is due to the
different collimation and the broader initial wavelength distribution in SANS experiments
compared to SLS. Another aspect is that SLS experiments can and have to be performed
on extremely dilute solutions. The SANS samples contain 10 vol% of polymer.
Therefore, also structure factor influences are present, at least at low q-values.

From the data shown in Figure 7 the radius of gyration, is found to be (338 ±30)
nm (SLS) and (276 ±35) nm (SANS), respectively.
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3.4. Characterization of Microgel Based Colloidal Crystals

As other colloidal particles, microgels can form colloidal crystals. The phase
diagram for this crystallization process was studied by Senff and Richtering.24 However,
compared to “classical” colloids (e.g. PMMA spheres) microgels offer an interesting
additional feature, because of their temperature sensitivity. Microgel crystals can be
molten by increasing the temperature slightly above the LCST.26 This can be used to
reduce the number of grain boundaries in the obtained crystals. With respect to crystal
formation copolymer particles with styrene as co-monomer are especially interesting.
They exhibit very low polydispersities. In Figure 8 a scanning electron micrograph of a
crystal of these PNIPAM-co-PS particles is shown.

Scattering methods can be employed to get information about the crystal structure in
colloidal systems.26,58,59 In SANS experiments one would measure a dilute solution of the
particles to determine the form factor P(q). Then the structure factor can be obtained by
dividing an experimental curve from a crystallized sample by this form factor following

From the peak positions in the structure factor the crystal structure can then be
derived. This is e.g. shown in ref. 26.
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3.5. Internal Dynamics of Microgels Studied by Neutron Spin-Echo Spectroscopy

It is not an easy task to investigate the network dynamics of a gel. Most of the
studies of dynamics in gels used DLS experiments. DLS measurements on gels have to
cope with two major difficulties. Firstly, gels are non-ergodic media.60,61 Secondly, at
higher cross-linker concentration the systems are opaque. Additionally, investigating
microgels with respect to internal movements is complicated by the center of mass
diffusion of the particles, which is the major contribution to the intermediate scattering
function (intensity correlation function ISF).62 An experimental technique, which can be
used to access the network breathing modes is the neutron spin-echo technique, which
was invented by Mezei.63 This type of experiment overcomes some of the disadvantages
of DLS when investigating gels (e.g. NSE yields directly the ensemble average and can
also be used for highly cross-linked systems) and was already successfully applied to
microgels.23 The first NSE spectrometer was realized at the ILL in Grenoble (IN 11
machine), but only very recently several new machines became available, making the
method accessible for a larger public.64-70 However, the experiments presented here were
carried out on the IN 11 machine.

The spin-echo method is based on the fact that the neutron has a magnetic moment.
It can therefore be spin-polarized using magnetic super-mirrors.71 The spin is then used as
a kind of hand of a watch which is attached to each neutron. This allows to measure the
speed of each neutron separately, and therefore also changes in speed due to quasi-elastic
scattering caused by the dynamics in the sample under investigation. The experiment has
lot of similarities with nuclear magnetic resonance self-diffusion measurements.72,73 The
energy exchange with the sample leads simply to a loss of polarization of the re-focused
neutrons compared to an elastically scattering standard sample (e.g. graphite).74-77 The
spin-echo polarization P is defined by

where indicates the number of neutrons oriented spin-up and spin-down after the
precession coils. These two numbers are measured using the change of the current in the
last and P can then be calculated.

The probability for a scattering process with an energy transfer is described by the
dynamic structure factor Averaging with leads to

indicates the ensemble average, which is obtained in an NSE experiment due to the
relationship between beam and sample dimension.

This Fourier transform in time can be rewritten as
with
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The Fourier time is given by

Here, is the wavelength of the neutrons, the gyro-magnetic ratio and the
integral of the magnetic field along the neutrons path. 74,75,78 Each Fourier time
corresponds to one point of the intermediate scattering function, and the intermediate
scattering function (or correlation function) describing the dynamics in the sample is
obtained by variation of the current in the precession coils. By changing the wavelength
the probed time window can be extended.

The first approach describing the network dynamics in a gel was published by
Tanaka and co-workers1 and predicts a simple single exponential decay for the
intermediate scattering function.

However, as already mentioned DLS experiments on gels are always perturbed by
the non-ergodicity of the network. In NSE experiments due to the short neutron

wavelength the condition is approximately fulfilled.60 This should allow us

to obtain quasi-ergodic scattering behavior or in other words the simple behavior as
predicted by Eq. (18) should be recovered. In Figure 9 experimental curves

are shown for a PNIPAM microgel cross-linked with the cross-linker EGDMA (15
mol%).22
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The particle volume fraction in these experiments was close to 1
immobilized; no center of mass diffusion). The shown data were obtained at four
different scattering angles (6°, 8°, 10°, 12°) and using neutrons with a wavelength of 8Å.
The solid lines in Figure 9 represent fits to Eq. (18).

In Figure 10 the obtained relaxation rates describing the decay of the single
exponential fits are plotted as a function of As predicted for network breathing modes
(breathing modes have the same dispersion relation as diffusional movements; see Eq.
(7)) a nice linear dependence is found. The diffusion coefficient associated with the
breathing mode is calculated to be This quantity can now be related
to mechanical properties of the network79 and to the correlation length of the breathing
mode.

4. SUMMARY AND OUTLOOK

This chapter can of course not be complete, but we hope we have demonstrated that
colloidal PNIPAM microgels are interesting particles, which offer a lot of possibilities
with respect to applications due to the combination of colloidal properties with those of
the network. Scattering methods are well suited to characterize these particles and
ordered assemblies formed by them.

For future work it will be of great importance to vary the properties (e.g. LCST) by
copolymerization with different comonomers. This strategy can also be used to prepare
particles with enhanced bio-compatibility. A second interesting route for further
experiments is the investigation of the formed mesoscopic crystals of these materials,
which may be useful as templates for the preparation of mesoporous inorganic materials.
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11
DESIGN OF NANOSCALE MATERIALS USING

SILICA-COATED METAL NANOCOLLOIDS

Luis M. Liz-Marzán *

1. INTRODUCTION

This chapter deals with the synthesis and properties of nanostructures based on the
assembly of composite nanoparticles with core-shell morphology. The interest of such
nanosystems relies mostly on the combination of the properties of the two (or more)
materials involved, with the important feature that one of the materials (the shell) will
determine the surface properties of the particles, while another (the core) is completely
encapsulated by the shell, so that it does not contribute to surface properties at all but can
be mainly responsible for other (optical, catalytic, magnetic, etc.) properties of the
system. Apart from this extremely important feature, it is also essential to take into
account the possible interactions between the core and the shell, which may in certain
cases determine the potential applications of the material.

Due to the unique combination of properties achieved by using the core-shell
geometry, there has been an increasing interest in creating nanomaterials and
nanostructures with unique, complex properties. The properties of interest are mainly
optical, electronic or magnetic, involving metal, oxide or semiconductor nanoparticles.
Encapsulated particles have been known since the 1920's. However, it was only in 1951,
that the first theoretical studies were reported by Aden and Kerker,1 who extended Mie
theory for the optical properties of spherical particles to include the interaction of plane
electromagnetic waves with a sphere coated with a concentric spherical shell, with the
view to applying it to certain problems in radar meteorology. The first experiments on
core-shell metal particles only appeared later in 1964 when Morriss and Collins2 applied
the theory of Aden and Kerker to silver coated gold sols. As metal nanoparticles gained
increasing attention, more detailed investigations began in the late 1980's, encompassing
various types and aspects of coated particles. In the case of semiconductor nanoparticles,
or quantum dots, the core-shell strategy has been often used to enhance the luminescence
efficiency, while magnetic particles have been coated to improve their colloidal and
chemical stability and to create thin films with improved properties for data storage.
Thorough descriptions of the different kinds of core-shell particles that have been
studied, as well as their properties can be found in recent reviews.3'4 The focus of this

*  Luis M. Liz-Marzán, Departamento de Química Física, Universidade de Vigo, Vigo, Spain, 36200.
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chapter will be on the description of different techniques that can be used for the
construction of nanoscale materials, using core-shell nanoparticles as building blocks. It
will be shown how the use of particles comprising two different materials can lead to
materials with novel properties, that can therefore be utilized in practice to improve the
efficiency of real devices. Although several different properties can be exploited, we shall
concentrate here on optical properties, and specifically those related to the use of metal
nanoparticles. In order to understand the discussion below, it will be necessary to have a
basic knowledge about the interaction between electromagnetic radiation and metal
nanoparticles. Both detailed5 and simplified6 accounts of such phenomena can be found
in several recent publications. However, with the aim to facilitate the further reading of
this chapter, provided in the following section is a short description of the phenomenon
and how it can be modeled.

Then, various assemblies of gold nanoparticles coated with silica (which will be
denoted as well as their optical properties will be described. The main

benefits from using such nanoparticles, rather than “bare” nanoparticles, stem from: (1) a
greatly enhanced colloidal stability, especially in aqueous media; and (2) the possibility
to tune the separation between the metal nanoparticles through the thickness of the silica
shell. Stable dispersions are a requirement for the assembly of close-packed films and
ordered, crystalline assemblies, while a precise control of interparticle separation will be
essential for a suitable control of interparticle interactions.
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Several accounts have been published on the coating of colloid particles with silica,
mainly based on either the polymerization of silicate moieties from aqueous solution,7 or
on the hydrolysis and condensation of alkoxysilanes in an alcohol8 or in microemulsion.9

However, the coating of citrate-stabilized gold10 or silver11 nanoparticles with uniform
silica shells required a preliminary surface modification with a silane coupling agent, so
as to facilitate the deposition of thin shells from sodium silicate solution, which allows a
fine tuning of the shell thickness through the time of mutual contact with such solution.
Thicker shells can then be grown in ethanol through the base-catalyzed hydrolysis and
condensation of an alkoxysilane. This method has proven extremely efficient to deposit
silica shells with uniform thickness all the way from 1.5 up to several hundreds of
nanometers, so that the Au cores are always placed precisely at the center of the sphere.
Some examples of silica coated gold nanoparticles with a constant core diameter of ca. 15
nm and varying shell thickness are shown in Figure 1.

2. MODELLING OF OPTICAL PROPERTIES

The optical properties of small metal nanoparticles are dominated by the collective
oscillation of conduction electrons due to the interaction with an electromagnetic
radiation. Among the different metals, these properties are mainly observed in gold,
silver and copper, because of the presence of free conduction electrons. The electric field
of the incoming radiation induces the formation of a dipole in the nanoparticle, and there
is a restoring force that tries to compensate it, so that a unique resonance wavelength
matches this electron oscillation within the nanoparticle.12 Such a wavelength depends on
quite a few factors, among which particle size and shape, as well as the nature of the
surrounding medium, are probably the most important ones.5 The description is restricted
here to small spherical particles, but the interested reader can find further information on
other shapes in refs. 13 and 14, as well as references therein. Even after setting a
restriction to spheres, we need to distinguish two different kinds of systems, based on
nanoparticle concentration, because the interactions between neighboring nanoparticles
when they are close enough to each other do not allow us to use the same models we use
for isolated particles. The properties of dilute dispersions will be discussed first, on the
basis of Mie theory and Drude model, while a simple effective medium theory (Maxwell-
Garnett) will be described next to account for the behavior of more concentrated systems,
such as close-packed thin films.

2.1. Dilute Dispersions

The optical properties of dispersions of spherical particles can be predicted by Mie
theory.15 Mie derived expressions for the extinction cross section of spherical particles
with a frequency dependent, complex dielectric function embedded in a
medium of dielectric function which, for very small particles can be expressed as10'16
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In the case of many metals, the region of absorption up to the bulk plasma frequency
(in the UV) is dominated by the free electron behavior, and the dielectric response is well
described by the simple Drude model. According to this theory,17 the real and imaginary
parts of the dielectric function may be written as,

where is the high frequency dielectric constant due to interband and core transitions
and is the bulk plasma frequency,

in terms of N, the concentration of free electrons in the metal, and m, the effective mass
of the electron. is the relaxation or damping frequency, which is related to the mean
free path of the conduction electrons, and the velocity of electrons at the Fermi
energy, by

When the particle radius, R, is smaller than the mean free path in the bulk metal,
conduction electrons are additionally scattered by the surface, and the mean free path,

becomes size dependent as

The advantage of the Drude model is that it allows changes in the absorption
spectrum to be interpreted directly in terms of the material properties of the metal. The
origin of the strong color changes displayed by small particles lies in the denominator of
Eq. (1), which predicts the existence of an absorption peak when

From Eq. (2) it can be seen that over the whole frequency regime below the bulk
plasma frequency of the metal, is negative, which is due to the electrons oscillating out
of phase with the electric field vector of the light wave. This is why metal particles
display absorption spectra which are strong functions of the size parameter kR. In a small
metal particle the dipole created by the electric field of the light wave sets up a surface
polarization charge, which effectively acts as a restoring force for the free electrons. The
net result is that, when condition (7) is fulfilled, the long wavelength absorption by the
bulk metal is condensed into a single surface plasmon band.

Eq. (1) provides the extinction cross section for spherical particles in a dielectric
medium. When the particles are coated by a surface layer, the optical properties of both
the core and shell materials must be considered. The extinction cross section of a
concentric core-shell sphere is given by,11
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where is the complex dielectric function of the core material, is that of the shell,
is the real dielectric function of the surrounding medium, g is the volume fraction of

the shell layer, and R is the radius of the coated particle. As expected, when g=0, Eq. (8)
reduces to Eq. (1) for an uncoated sphere, and for g=l, Eq. (8) yields the extinction cross
section for a sphere of the shell material.

2.2. Thin Films

When the metal nanoparticle volume fraction is high, the above equations are not
valid any longer, since dipole-dipole interactions between neighboring nanoparticles are
then present, i.e., the oscillating dipoles of neighboring particles influence the frequency
of a central particle. Under these conditions, effective medium theories are the simplest
way to describe the optical response of the system. These theories provide us with
expressions to calculate the effective dielectric constant of the composite material, which
can then be used to determine the corresponding absorption and reflection coefficients.

Among the several effective medium theories available, it was found,18 that the one
by Maxwell-Garnett19 better describes the dipole-dipole interactions, and thus will be
used in this context. Through the average polarization of the nanoparticles and the
surrounding medium, the average dielectric function is calculated as:

where is the metal volume fraction, is the dielectric function of the surrounding
medium, and is the complex dielectric function of the nanoparticles. The transmittance
of radiation with a frequency through the film can be then calculated as,

where h is the film thickness, R is the reflectance at normal incidence,

and is the absorption coefficient, which can be calculated as Finally,we
define the parameters and

Note that the expression for the transmittance takes into account not only the
absorption by the metal centers, but also the reflection losses. Therefore, we can say that
it can be considered as the extinction coefficient of the film.
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3. THIN FILMS THROUGH LAYER-BY-LAYER ASSEMBLY

The use of polyelectrolytes for the assembly of nanoparticles was developed only
recently,20 but has experienced a tremendous advance during the last decade (see the
chapter 13 in this volume). The basis of this, so-called layer-by-layer (LBL), technique is
the electrostatic attraction between oppositely charged species.21 Briefly, a substrate
(typically with negative surface charge) is immersed within a solution of a positively
charged polyelectrolyte, so that the surface charge is reversed, which is known as
overcompensation effect. A subsequent immersion in a solution of negatively charged
nanoparticles leads to the deposition of a homogeneous, compact nanoparticle monolayer
on the surface. Since the surface has now a global negative charge, the process can be
repeated to deposit successive monolayers and build up a more complex film. If we
compare it to traditional deposition techniques, such as sputtering and vacuum
evaporation, layer-by-layer deposition possesses features that make it specially valuable
for the formation of complex nanostructures. Firstly, LBL deposition can be performed at
ambient conditions and does not require subsequent annealing of the deposited film, so
that a wide variety of substrates can be used. Furthermore, the shape and size of the
constituting nanoparticles can be selected prior to assembly. This makes possible a
careful design of the properties of the film by means of the proper choice of the parent
colloid. With respect to other standard film formation techniques, such as Langmuir-
Blodgett deposition (see chapter 14), the LBL assembly is much simpler to carry out and
does not require special equipment such as Langmuir troughs. However, it is also true
that Langmuir-Blodgett films show a higher in-plane order.

All these features make LBL an ideal technique for the assembly of core-shell
nanoparticles. The nanoparticle synthesis can be performed completely prior to the
assembly process, and the desired properties can be designed in the first synthetic stage.
Although several kinds of core-shell nanoparticles with various properties have been
assembled into thin films using this method,22-24 we only discuss here thin films made of
monodisperse gold nanoparticles coated with uniform, thin shells of amorphous silica.

The interest of the assembly of silica-coated gold nanoparticles relies on the
possibility of controlling the particle volume fraction by means of the variation of the
silica shell thickness, provided that the assembled films are close-packed. In close-
packing conditions, the separation between metal cores is just twice the thickness of the
coating shell, which can be controlled during the synthesis of the colloids. This system
has been recently studied in detail by Ung et al.,25'26 and described here are the main
results on the influence of metal nanoparticles volume fraction (through interparticle
interactions) on the optical properties of the films. For the calculation of the spectra, Eqs.
(10) and (11) have been used for transmittance and reflectance, respectively, assuming
that the films are constituted by a silica matrix, where the gold nanoparticles are
uniformly distributed.

In Figure 2, the experimental and calculated absorbance spectra are shown for thin
films with different metal contents. It can be clearly observed that, as the gold volume
fraction increases (the separation between nanoparticles decreases), there is a red-shift of
the plasmon resonance, as well as a broadening of the band. This effect originates in the
dipole-dipole interactions between neighboring nanoparticles, and we can see here that a
separation of just 15 nm is sufficient to screen such interactions, so that the thin films
display basically the same properties as a dilute dispersion of the same nanoparticles in
water.
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The agreement between the experimental results and the calculated spectra
demonstrates that Maxwell-Garnett effective medium theory effectively accounts for
such dipole-dipole interactions.

Similarly, the reflectance properties of the films are also affected by the interparticle
spacing. This can be observed in Figure 3, where the specular reflectance for films with
different interparticle separation are compared to the spectra calculated by means of Eq.
(11). Again, as the particles approach each other, the reflected spectrum red-shifts and
broadens. The effect is not so dramatic as we have seen for absorption, but it is clear that
the film becomes golden as more of the higher wavelengths are reflected, while for larger
separations also red light is reflected, so that a different color is observed, and the
reflected intensity is noticeably lower.

Thus, both the transmission and reflection properties of thin gold films can be easily
controlled by means of an adjustment of the thickness of the silica shell surrounding each
nanoparticle, so that dipole-dipole interparticle interactions are effectively screened.
Detailed studies using different metal core sizes have not been carried out yet, but it is
expected that the distance at which interactions are effectively screened will scale up with
particle size, being of the order of one particle diameter.

It should be mentioned here that a similar effect was observed on the magnetic
properties of thin films of silica-coated magnetite nanoparticles,22 which means that the
use of core-shell nanoparticles can be seen as a general tool for the design of
nanostructured thin films with tailored properties.

Screening of interparticle interactions using LBL has also been performed by
depositing inert monolayers between each two consecutive metal27 or magnetic28

nanoparticle layers. In such methods, only interlayer interactions are screened, but that
can be sufficient in certain cases.
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4. NANOPARTICLE ASSEMBLY ON COLLOID SPHERES

The LBL method described above can also be used for the assembly of nanoparticles
on suitable colloid particles. This procedure was recently developed by Caruso et al.29'30

and has found application in a great variety of materials, which have been recently
reviewed.31 We focus here on the assembly of nanoparticles on spherical
polystyrene latex colloids. This is an alternative way to build up nanostructures using
core-shell nanoparticles as building blocks. The main difference with the materials
described in the previous section is that the optical effects observed for the macroscopic
thin films are now obtained for colloidal particles, which possess themselves a core-shell
geometry as well, so that they can be used in turn for the construction of more complex,
nanoscale materials. It should be remarked that the choice of silica coated nanoparticles
was also motivated by their noticeably higher performance with respect to the formation
of close-packed monolayers, as compared to other techniques for the assembly of metal
particles on colloid spheres.32 The resulting spheres are also essentially different to
continuous metal shells grown on colloid templates, which have been reported lately.33-35

Such continuous shells display optical properties associated to resonances along the
whole shell, and are therefore extremely sensitive to both core size and shell thickness,
while in the system presented here the optical properties only depend on the nature and
dimensions of the constituting units.

The assembly was initially performed for with very thin shells (ca. 2 nm)
on 640 nm polystyrene spheres,36 and later extended for latex cores of various sizes and
gold nanoparticles coated with thicker shells.37 Examples of nanostructured colloids
formed by assembly of with identical cores but silica shells with various
thickness are shown in Figure 4. It is clear that, although the surface of the particles is
rough, the obtained coating layers are very compact and uniform, so that, again, the
interparticle separation will be determined by the corresponding thickness of the silica
shell.
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The UV-visible spectra of 640 nm polystyrene colloids coated with five monolayers
of nanoparticles of various shell thickness are shown in Figure 5. Again, as the
separation between gold nanoparticles increases, the plasmon resonance blue-shifts
toward that characteristic of isolated Au nanoparticles. As opposite to assemblies of the
same coated nanoparticles on flat substrates, it has also been observed in the present case
that the low-wavelength tail of the spectra dramatically rises as the size of the deposited
nanoparticles increases, which is due to a larger effect on light scattering by the larger,
composite spheres. These scattering effects also slightly affect the actual position of the
plasmon band, as demonstrated by a larger shift as the size of the polystyrene cores is
increased.37
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The versatility of this system is clearly higher than that of the thin films on flat
substrates, since the composite colloid spheres can still be further modified for the
synthesis of complex nanostructures. An example of further modification can be found in
Figure 6, showing transversal sections of calcined coated spheres. Calcination leads to
sintering of the silica shells, so that they become more stable, but also leads to the
combustion of the polystyrene spheres, so that hollow shells are finally
obtained. Such hollow spheres are extremely interesting for the construction of photonic
materials with a large dielectric contrast (see below and chapter 18 in this volume).
Additionally, it is also possible to remove the insulating silica shells by gentle dissolution
with hydrofluoric acid, so that shells made of closely packed gold nanoparticles are
obtained.37

5. DOPED GLASS FROM COATED NANOPARTICLES

The use of glass doped with metal nanoparticles for the construction of materials
with nonlinear optical properties has been implemented long ago. Most of the methods
used for the doping of glasses comprise the reduction of infiltrated metal salts within the
wet or dry gel. Although successful in most cases, such methods fail from controlling
adequately the particle size and shape, and of course are unable to allow for the
modification of nanoparticle composition to, for instance, vary the optical properties by
using alloys of different metals.38 These difficulties from the in-situ preparation methods
can be overcome if pre-made nanoparticles are used for incorporation into the glass
matrix.

It was recently demonstrated39,40 that silica-coated nanoparticles are ideal candidates
for the fabrication of silica gels and glasses homogeneously doped with different kinds of
nanoparticles. The reason for this is that the silica shell provides the core-shell
nanoparticles with precisely the same surface properties as those of the silica units that
are assembled during the sol-gel process, so that they do not have any preferred tendency
to mutual coagulation and thus will be randomly placed within the final nanostructure.
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Since silica coating has been demonstrated for a number of nanoparticles with
different composition, size and shape, the use of silica-coated nanoparticles offers an
almost unlimited range of possibilities for the synthesis of doped gels and glasses with
various properties.

The doped silica gels can be prepared by simple addition of sodium silicate and
neutralization.41 However, this leads to the formation of relatively large pores, so that
light gets scattered within the material, which is therefore less transparent. Nicer
materials for optical applications can be prepared by performing the sol-gel process
through the controlled hydrolysis of alkoxysilanes.42 Examples are shown in Figure 7, of
15 nm Au nanoparticles coated with 10 nm thick silica shells, which are homogeneously
distributed within silica gels prepared by citrate acid catalyzed hydrolysis of
tetramethoxysilane in water/metnanol mixtures, in the presence of the
nanoparticles. The concentration of the nanoparticles within the gels was varied by
simple adjustment of the concentration of the colloid prior to the sol-gel process.

The advantage of such a homogeneous distribution, apart from a high uniformity in
particle size (which can be controlled prior to the sol-gel processing) is once again that
the (linear) optical properties of the material can be predicted before the material is
prepared, since there is no coupling between the plasmon resonances of the gold
nanoparticles (see above). This is exemplified in Figure 8, in which the spectra of thin
xerogels corresponding to the micrographs in Figure 7 have been plotted. It is remarkable
that the plasmon band is centered precisely at the same position, regardless of
concentration. It has also been shown39 that for larger gold cores the optical properties are
equally preserved during the sol-gel transition.

The third-order non-linear optical properties of such gels have been measured43 by
degenerate four-wave mixing, which yields values for the third-order susceptibility,
from the following equation,

where is the wavelength of incident light, the absorption coefficient, T the
transmissivity, the diffraction efficiency, n the refractive index, and c the light velocity,

is defined by the intensity ratio of the signal beam to the incident beam
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The value of is obtained from the measurement of the intensities of incident,
transmitted, and signal beams, at a wavelength close to the maximum of the surface
plasmon band. For a thin xerogel containing 0.14 wt% Au the measured value was of

while after sintering at 600 °C to convert it into a glass, the value was
These values are over 10 times larger than those of Au particles in glasses

prepared by the conventional melt-quenching method,44 which demonstrates the validity
of this very simple synthetic procedure for the fabrication of materials with interesting
and useful optical properties.

6. ORDERED THREE-DIMENSIONAL ASSEMBLIES

The study of ordered colloidal assemblies is anotner extremely not topic in materials
science. A full chapter is dedicated to photonic crystals in this volume, where A. Imhof
describes the properties and several construction procedures of the so-called photonic
crystals. In this section, we restrict ourselves to colloid crystals and opals prepared
through the assembly of core-shell nanoparticles. In particular, ordered nanostructures
made from silica-coated metal nanoparticles are described in some detail. The interest of
such nanostructures stems again from the optical properties of gold nanoparticles, which
display a well-defined plasmon absorption band in the visible, that can in principle, either
interact with the Bragg diffraction peak characteristic of the ordered assembly, or just add
up to it, thereby providing the material with a second optical feature, which can be
independently tuned.

6.1. “Wet” Colloidal Crystals

We define “wet” colloidal crystals as ordered dispersions of colloid particles in
solution. The study of colloidal crystals was initiated in the context of the determination
of phase diagrams for colloids, as a means to model phase behavior in molecular
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systems.45 Extensive literature is available on the dynamics of colloidal crystal formation,
as a function of several parameters, such as the nature of the solvent, surface charge,
particle size and concentration, etc.. The results described here refer to the formation of
colloidal crystals from dispersions of silica-coated gold nanoparticles in ethanol, after
silica surface functionalization with 3-(trimethoxysilyl)propyl methacrylate (TPM).
Earlier studies by Philipse and Vrij46 showed that TPM adsorption leads to a reduction in
surface charge, so that the particles are stable in organic solvents with low polarity, such
as ethanol, toluene or DMF. This means that the particles behavior is intermediate
between hard and soft spheres and thus the crystallization concentration is also
intermediate. Dhont et al.47 showed that for silica spheres coated with TPM,
crystallization takes place around 20 vol%. Since the colloid chemistry of our
particles is governed by the silica surface (the Au volume fraction in each particle is
small enough to consider that it hardly affects the Hamaker constant), we expect
crystallization to occur at similar concentration values.

It was actually found48 that the precise concentration range in which crystallization
occurs depends on particle size, with higher concentrations being necessary to crystallize
larger particles. Examples of this are crystallization at 16 vol% for a total diameter of 150
nm, while not below 24 vol% for a total diameter of 185 nm. Results are shown in Figure
9 for 150 nm coated particles, with a particle volume fraction close to 16%. This choice is
motivated by the similarity in the Au content (0.31 w%) with respect to that of the gels
described above. The optical characterization was performed through specular reflectance
measurements, so that the spectra in Figure 9 for different incident angles show the
crystalliniry of the sample, through intense Bragg reflection peaks. The peak positions for
different incident angles have been fitted using the following equation for Bragg law:

where is the effective dielectric constant of the sample, which can just be calculated
as a simple average,

and being the refractive indices of silica and ethanol, respectively. is the lattice
parameter for an fcc structure, calculated as d being the particle diameter.
The Au cores have not been included in the calculation, since they only occupy about
0.1% of each particle, and therefore their contribution to diffraction should be negligible.
However, there is still a contribution from absorption, as will be shown below.

It is interesting to note here that Asher and co-workers have recently reported49 on
the formation of colloidal crystals made from silica particles doped with a random
distribution of Ag nanoparticles. These authors found that the plasmon band of the Ag
nanoparticles varied during the transition from a disordered to an ordered state, which
suggests the existence of some sort of coupling between the two optical responses of the
system. However, it is not clear how the coupling between silver clusters within each
silica sphere affects the optical properties of the whole system.
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6.2. Solid “Opals”

Despite the simplicity of the formation of colloidal crystals in solution, which is a
spontaneous process at the right concentration and temperature conditions, such systems
suffer from a number of problems for their use as photonic crystals. One of the major
drawbacks of colloidal crystals is their large polycrystallinity, i.e., small crystallites form
in solution, rather than a large, well-ordered single crystal, which strongly limits their
efficiency for the final goal of obtaining a full photonic band-gap.50 Therefore, a number
of methods have been developed during the last decade (see chapter 18) for the assembly
of colloid particles in the form of solid crystalline compacts, with the largest possible
ordered domains. One simple way that leads to opal formation consists of a slow
sedimentation of the colloid particles in a suitable solvent, so that the interparticle
interactions during deposition result in ordered structures with a face-centered-cubic (fcc)
crystal lattice.51 The same method can be used for the formation of opals using
particles as constituting units, since the nature of the surface is identical.52 Oppositely to
Asher’s report (see previous section), the optical characterization of such opals suggests
that plasmon resonance and Bragg diffraction are independent phenomena in this case. A
clear evidence for this is shown in Figure 10, where optical extinction spectra have been
plotted for a single opal, but with different materials filling the interstices
between the spheres. While the position of the Bragg peak is red-shifted and its intensity
reduced as the refractive index of the medium is increased, the plasmon band position
remains basically unchanged, since the silica shell around the Au cores is thick enough so
that they do not “see” the outer medium any longer.10 A reduction of the plasmon band
intensity is also observed because of the global reduction of light scattering as the
contrast is reduced.
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The main difference between this system and crystals formed from silica spheres
loaded with a large amount of silver nanocrystals is the amount of metal within the
particles, as well as the relative separation between metal particles, which, as expected,
preserves the optical response of the individual nanoparticles within the ordered,
nanostructured material. This result renders the material very interesting, since, as was
mentioned previously, the nature and morphology of the core material (and in turn its
optical properties) can be designed prior to opal formation, which allows for an endless
number of possible combinations, including the tuning of plasmon resonance and Bragg
diffraction to the same wavelength.

6.3. Inverse Opals from Particles

One final example of nanostructures created from the assembly of silica-coated
nanoparticles is the formation of ordered macroporous solids, also known as inverse
opals. These structures are similar to opals, in the sense that they comprise solids with an
ordered structure whose lattice constant lies in the optical wavelength range. The only
difference relies in the nature of the crystal centers and the embedding medium. While
“direct” opals are constituted by solid (or liquid) particles typically embedded in air,
“inverse” opals comprise air bubbles embedded in a solid material. One of the most
extended pathways toward the fabrication of inverse opals is the infiltration of the
interstices of direct opals with the desired material, followed by removal of the colloid
templates.53

Theoretical modeling shows that this configuration is more favorable for the
achievement of a full photonic band-gap, provided that a sufficient dielectric contrast of
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at least 2.8 is present.54 This requirement is hard to achieve, and it has only been reported
for silicon55 and germanium56 inverse opals. An alternative can be the use of metals with
a Drude-like behavior of the dielectric function:

where is the dielectric constant of the material, is the plasma frequency, and is
the frequency of light. When the dielectric contrast of the photonic crystal
becomes extremely large, which favors opening of a complete photonic bandgap, even in
a simple face-centered cubic (fcc) structure.57 It is therefore desirable to use metals with a
well-defined plasmon frequency, which is the case for metal nanoparticles. Thus, one
suitable approach is the infiltration of preformed opals with the previously described

nanoparticles,58 so that the optical features of single nanoparticles are
preserved in the final, inverse opal. Upon removal of the template, rigid and mechanically
stable nanostructures can be easily obtained through sintering of the silica shells, while
retaining the individuality of the gold nanoparticles.

An example of inverse opals prepared by infiltration of polystyrene latex
opals and template removal by calcination, is shown in Figure 11. The figure contains
low and high resolution scanning electron micrographs of an inverse opal formed by

nanoparticles with 15 nm Au cores surrounded by 28 nm thick silica shells.
The spherical particles can still be recognized within the nanostructured system. The
optical characterization of these inverse opals shows again that the position of both the
plasmon band and Bragg peak can be modulated independently, so that a gate is open to
search for the coupling needed to achieve a full photonic bandgap. However, in this case,
since the relative amount of gold nanoparticles is larger, the resulting high dielectric
constant is expected to affect the diffraction properties of the system.
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Inverse opals of a different nature, but also synthesized through the assembly of
core-shell spheres, have been recently reported.59 In this case, opals made from

silica-coated gold nanoparticles (exactly as described in section 6.2, with a total diameter
of 225 nm) were infiltrated with a curable epoxy resin. Upon curing of the resin at 70 °C
and subsequent etching of the silica shells with hydrofluoric acid, an ordered
macroporous polymer is obtained, within which Au nanoparticles were homogeneously
distributed. Note that complete dissolution of the silica shells is only possible because of
the contact between neighboring spheres, which is ensured through the sintering of the
opal. Electron microscopy images showing the morphology of the system during the
subsequent synthetic steps, are shown in Figure 12. It is clear that the ordered nature of
the sacrificial opal is retained in the inverse structure, but although the metal
nanoparticles are homogeneously distributed within the porous material, they do loose
their crystalline arrangement since, as the silica shells are dissolved, they randomly stick
to the closest wall available.

The applications of such systems are not only restricted to the area of photonic
materials, but can be also found in catalysis.60 Due to the connecting windows between
neighboring air bubbles, the metal nanoparticles can be easily accessed when the porous
solid is placed within the medium where the reaction to be catalyzed is to take place.
Various modifications of this process can also be envisaged for the fabrication of
materials with different and interesting properties.
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7. CONCLUSIONS AND OUTLOOK

In this chapter, we have described the use of core-shell nanoparticles for the
construction of functional, nanostructured materials. All of the examples discussed in
detail are based on the assembly of silica-coated gold nanoparticles, due to the special
optical properties of the metal cores, which are extremely sensitive to the dispersed
nature of the system. It was shown that a careful control of the thickness of the insulating
shell leads to a sensitive tuning of the global response of the system toward incoming
light. Furthermore, it was shown that gold nanoparticles can be randomly incorporated
within silica gels, through sol-gel processing of the silica-coated nanoparticles, and
finally, the formation of three-dimensional, ordered arrangements of the coated metal
particles was discussed, which sets a starting point for a more detailed study of the
coupling between surface plasmon resonance and Bragg diffraction.

For any of these examples, it is to be expected a further study of the influence of the
different parameters that control single particle plasmon resonance, such as particle size
and shape, composition and nature of the environment.

The construction of nanostructures using core-shell nanoparticles comprising
semiconductor materials has not been discussed here, but constitutes a broad and
promising area by itself, that is already starting to be explored. Such coated particles
exhibit enhanced luminescence and chemical stability, so that they constitute ideal
candidates for the design of novel lasers and light-emitting displays, among a range of
other practical devices.

Because of space limitations, we have also left out of the scope of the chapter
organic and hybrid organic-inorganic core-shells, but such particles are also extremely
interesting from several points of view.

The next step to be expected is the fabrication of actual devices, which can be
incorporated within commercial products, such as selective optical filters, optoelectronic
devices, sensors or biocompatible materials.
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FABRICATION OF INORGANIC

NANOCOMPOSITES USING SELF-ASSEMBLY
AND SOL-GEL PROCESSING

S. Tamil Selvan *

1. INTRODUCTION

Nanocomposites comprise one of the rapidly growing and emerging areas in
nanomaterials science. The possibility of mixing both organic and inorganic components
at the nanometer scale level allows for the fabrication of multi-functional materials with
improved optical, electrical, catalytic and mechanical properties as compared to their
bulk counterparts.

The field of nanocomposites has recently exploded with the birth of soft inorganic
processes in solution or sol-gel media, exploiting the use of self-assembly processes,
controlled polymeric reactions in solution or directed assembly of nanobuilding blocks,
which could be used as templates for new materials and devices. Nanocomposites can
broadly be classified into four types: inorganic-organic (e.g. metal or semiconductor
nanoclusters dispersed in a polymer matrix such as poly methyl methacrylate and block
copolymers), organic-inorganic (e.g. organic dyes or biopolymers dispersed in an
inorganic matrix such as silica, titania or alumina), inorganic-inorganic (e.g. Au@Silica)
and organic-organic (e.g. organic dyes in poly methyl methacrylate) composites.

This chapter is directed toward the design, synthesis, and functional properties of
various nanomaterials prepared in our laboratory using either self assembly of block
copolymers or sol-gel processing. The main focus will be placed on the optical properties
of noble metal (Au) nanoparticles embedded within a polymer matrix, and rare-earth ions
and/or semiconductor nanoparticles embedded within a silica matrix, prepared by a sol-
gel method, which have been well studied in our laboratory. The chapter is organized in
the following manner: a) Metal-conducting polymer (gold-polypyrrole) nanocomposites
through self-assembly of block copolymers; b) Gold-doped silica glasses and their non-
linear optical properties; c) Rare-earth doped silica gels and their luminescence
characteristics; d) Semiconductor quantum dots (QDs) and their photo-physical behavior;
e) Highly luminescent, tunable QD-glasses and f) Silica-coated QDs.

* Chemistry School, University of Melbourne, Parkville, Victoria 3010, Australia.
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1.1. Quantum Size Effects in Nanocrystals

Nanoscale materials composed of either metal1-21 or semiconductor particles22-42 are
playing an increasingly important role as novel building blocks in solid state chemistry,
physics, materials science, and also in biology. Many fundamental properties of
nanocrystals (e.g., ionization potential, melting point, band gap, saturation magnetization)
depend upon the high quality of the solid being periodic over a particular length scale,
typically in the nanometer regime. Because of the high surface to volume ratio of
nanoparticles, the surface properties have significant effects on their structural and optical
properties. Quantum confinement of both electrons and holes in all three dimensions
leads to an increase in the effective band gap of the material with decreasing particle size.
Consequently, both the optical absorption and emission of QDs shift to the lower
wavelength (higher energies) as the size of the dots gets smaller.

Therefore, by precisely controlling the size and surface of a nanocrystal, its
properties can be tuned. Solution-phase chemistry has proven to be an important bottom-
up approach for the creation of nanocrystals as building blocks for new materials and
devices.23-42 Modification of QD surfaces with various organic and inorganic species is
currently being carried out to remove the surface defects and influence their optical
properties. Organic capping of QDs with surfactants would give rise to a barrier against
aggregation and electronic passivation of the crystallites. Typically, CdSe QDs with
trioctylphosphine oxide (TOPO) already have a quantum yield of ~10% at room
temperature. Over-coating the nanocrystallites with higher band gap inorganic materials
has been shown to improve the photoluminescence quantum yields by passivating surface
non-radiative recombination sites. QDs passivated with inorganic shell structures are
more robust than organically passivated dots and have greater tolerance to processing
conditions necessary for incorporation into solid state structures.

1.2. Polymer Nanocomposites

A variety of metal, semiconductor and magnetic nanoparticles can be encapsulated
within polymer matrices in order to provide enhanced stability and functional
properties.43-54 By virtue of self-assembly, block copolymers can form ordered micro-
domains wherein the particles can be stabilized. Block copolymer micelles can exhibit
well defined colloidal dispersions, by which the particles of a finite size can be formed.
Another advantage is the tunability of both size and inter-particle distance by varying the
block lengths of the polymer.13-20

Recently, colloidal polymer templating has attracted a great deal of interest in several
groups55-59 for the creation of core-shell structures of metal, semiconductor and magnetic
particles onto polystyrene core particles, exploiting the use of electrostatic attraction
between the particles and polyelectrolytes using layer-by-layer (LBL) coating. These
materials are of interest in the area of novel photonic bandgap materials (See the chapter
by Liz-Marzán).

1.3. Sol-gel Processing

There is a need to increase materials’ chemical, thermal and mechanical stability,
durability, lifetime and bio-compatability for different applications. Toward this end,
available are numerous coating procedures such as chemical vapor deposition (CVD),
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plasma-assisted techniques, pulsed laser deposition, mechanical milling, magnetron
sputtering, self-assembly, layer-by-layer coating, dip coating, and electrochemical
deposition. Most of these techniques are used to coat planar substrates. However, when
more complex shapes require coating without loss of the integrity on the nanometer to
micrometer scale, many of these methods have serious drawbacks. In this case the sol-gel
process, which can be carried out in solution, is very attractive.60-63 In addition, the sol-
gel process is cost effective.

Furthermore, the sol-gel process offers unique opportunities to synthesize nano-
materials in the form of thin films, fibers, fine powders and even monoliths. It provides a
versatile way to make gels, glasses, and organic-inorganic hybrid materials through the
hydrolysis and condensation of metal alkoxides.64 The homogeneous mixing of several
components at a molecular level makes it possible to vary the chemical nature of optical
materials over a wide range of compositions to tailor their optical properties. Inorganic
nanoparticles, organic dyes, lanthanide ions, and even biological species can be
embedded in sol-gel matrices, which have been extensively used in the development of
new materials for applications in optics, catalysis, chemical sensors, chemical analysis,
chromatography, membrane design, bioanalysis and solid state electrochemistry.65-74

By combining methods of amphiphilic block copolymer self-assembly, emulsion/
latex sphere templating, and/or sol-gel chemistry and soft lithography, new classes of
ordered nanoporous-macroporous materials75 and patterned structures76-80 can be
developed.

1.4. Photonic Glasses

Glasses are ideal systems for photonic switching and photonic data storage.81,82 The
success of photonic switching depends on materials and devices that are capable of
processing light signals without converting them to electronic forms. They are based on
the non-linear optical properties of the materials, that is, changes of the refractive index
caused by an intense optical beam or by an applied electric field. Glasses are promising
materials for these all-optical devices because of their fast-responding non-linearities and
low absorption. The future opportunities in photonic switching and information
processing will depend critically on the development of improved photonic materials.

Metal or semiconductor nanoclusters dispersed in a transparent matrix such as glass
have high resonant-type third-order non-linear optical susceptibility, Nanoparticle-
glass composites exhibit not only a large third-order nonlinear response, but also
picosecond switching and relaxation times, thermal and chemical stability, high laser
damage threshold, low photon absorption, and tunability.83-95

Glass melting is a well known method in which the particles are nucleated in the
molten glass and subsequent nascent growth occurs after annealing cycles. Although QD
-glasses prepared by melting exhibit fast responding non-linearities and low absorption,
they suffer from several limiting factors. There is no control over the cluster surfaces to
modulate or influence the surface traps or non-radiative recombination of charge carriers.
Furthermore, it is hard to prepare core-shell structures or other complex structures within
glass as particles are nucleated in molten condition. Limitations are also due to large size
distribution, trap states such as vacancies, defects and dangling bonds and also due to
photo-darkening effects. Alternatively, the sol-gel method is attractive since it can be
carried out in solution at room temperature, and fine control over the cluster surface is
possible prior to incorporation into gels. Therefore, by combining both solution phase
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synthesis and sol-gel processing novel QD-glasses can be easily fabricated.
We have recently demonstrated a protocol for the preparation of highly luminescent

and tunable QD-silica composites.31 The surface of QD largely determines the quantum
yield and emission life-time. The surrounding medium can have a profound effect on the
cluster properties. Cluster surfaces can act as electron and/or hole traps upon optical
excitation. The presence of these trapped electrons and holes can, in turn, modify the
optical properties of the clusters – a nonlinear optical effect. Metal and semiconductor
QD-doped glasses have emerged as potential candidates for nonlinear optical devices.83-95

Peyghambarian, Mackenzie and coworkers reported room temperature optical gain in
sol-gel derived CdS QDs embedded in a sodium borosilicate glass matrix.91-95 The gain
originated from the quantum confined states, specifically from the biexciton to exciton
states. However, the gain was spectrally broad and the crossing between absorption and
gain was well above the bulk absorption band energy, since the nanocrystals were in the
intermediate quantum confinement regime. The gain had a long tail extending to the low
energy side of the absorption edge. This tail was shown theoretically to originate from the
multiple excited states involved in the recombination between two and one electron-hole
pairs.

The feasibility of QD lasers has been demonstrated recently by Klimov et al.,29 who
observed large optical gain and stimulated emission at the wavelength of the emitting
transition for close-packed solids of CdSe QDs. The narrow band emission and high
volume fraction are main prerequisites to observe amplified stimulated emission in
semiconductor QDs.

1.5. Silica Particles

Silica allows easily for the introduction of a specific surface functionality, which can
be obtained by modifying the surface hydroxyls on the silica surface with amines, thiols,
carboxyl and methacrylate groups, among others. This modification can facilitate the
incorporation into non-polar solvents, glasses and polymeric matrices. Colloidal Stöber96

silica dispersions have been surface modified by organosilanes to prepare core-shell
particles comprised of either dye molecules or magnetic particles.97,98 Liz-Marzán,
Mulvaney and coworkers5,99,100 reported an elegant method for silica coating of gold,
silver and CdS nanoparticles, consisting of a slow deposition of a thin silica shell from a
silicate solution followed by transfer into ethanol to grow thicker shells (See the chapter
by Liz-Marzán),

Since the pioneering work of Yablonovitch,101 photonic crystals with a three
dimensional ordered structure (with a periodically modulated dielectric constant) have
attracted a huge amount of interest on colloidal silica suspensions and silica-coated metal
and semiconductor core-shell structures, which have been proven to be model systems for
the photonic band gap (PEG) applications.102-110

Alternatively, microemulsions111-113 can also be used as nanoreactors for a variety of
nanocomposite systems ranging from metal109 and semiconductor QDs114-117to
polymers.118-122 Using inverse microemulsions, monodisperse silica particles can be
synthesized.113 By providing an inert barrier to the influence of an external environment,
encapsulation of the nanoparticles within silica leads to an enhancement in chemical and
photostabilities. This has been realized in a heterostructure system, viz., ZnS (core)-two
photon dye-silica (shell) particles. The dye encapsulated within silica shell showed
enhanced luminescence and life-time.115 All these microemulsion methods have utilized
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for the formation of metal or semiconductor particles in the water pools. Whereas the
highly luminescent CdSe QDs, synthesized through organometallic route using
trioctylphosphine oxide (TOPO) as the surfactant, are soluble only in nonpolar
solvents,23-26 these QDs need to be soluble in water, especially for biological applications.
We have developed a simple strategy in order to transfer the QDs into water by silica
coating through a novel inverse microemulsion method. The silica coated QDs exhibited
both colloidal stability and photostabilty.117

2. GOLD-POLYPYRROLE CORE-SHELL NANOCOMPOSITES THROUGH
SELF-ASSEMBLY OF BLOCK COPOLYMERS

The formation of polymer nanocomposites is one versatile approach to stabilize
nanoclusters of various nature.12-20 We have used block copolymers as a template to
synthesize monodisperse Au nanoparticles14-15 as well as novel Au-polypyrrole core-shell
composites.16-18 Spatz et al have studied the mineralization of Au nanoparticles in block
copolymer micelles.13,14 Uniform, monodisperse Au particles were obtained when
anhydrous hydrazine was used as the reducing agent. Gold-polypyrrole inorganic-organic
nanocomposites were fabricated by a similar approach, replacing hydrazine by the
monomer, pyrrole. A micellar solution of a block copolymer, polystyrene-block-poly (2-
vinylpyridine) in toluene was treated with which became selectively bound
within the P2VP cores of the micelles. When this solution was treated with pyrrole,
polymerization occurred, yielding polypyrrole under concurrent formation of Au
nanoparticles (Scheme 1), as supported by FTIR and UV-visible spectroscopy. The
protonation of the pyridine groups is evident at 325 nm (Figure 1; traces a-c). This
absorption band disappears and a new band arises at 450 nm when
0.2. The broad absorption maximum at around 450 nm indicates the formation of
ultrasmall Au particles (traces d-f). The sizes of the tiny Au particles are estimated from
the width of the absorption band to be close to 2 nm. The fitted results of surface plasmon
peaks by the Mie-Drude theory are included in Figure 1.
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These tiny Au particles formed larger clusters, with a diameter of 7 nm, upon
annealing the film at 130 °C (above the glass transition temperature of the block
copolymer) for ca. 2h. Apparently, polypyrrole slowed down the crystallization of Au
considerably, allowing the fabrication of novel core-shell particles. We have also
produced different shapes of Au nanoclusters by allowing the particles to crystallize
severely under ambient conditions with vigorous stirring for several weeks. It is obvious
that an ordered aggregation produces uniform particles, since a disordered aggregation
would result in polydisperse particles of variable morphology.

We have also demonstrated the variation in particle size of monodisperse Au (7-13
nm) by changing the length of the block copolymers. Importantly, using this block
copolymer approach we have synthesized monodisperse hexagonally packed Au
nanoclusters and also gold-polypyrrole composites with core-shell morphology (Figure
2). Our interest in these novel composites stems from three intriguing perspectives. First,
the preparative strategy could lead to a simple way for the direct synthesis of conducting
polymer/metal nanocomposites. Second, the block copolymer architecture is useful for
commercial applications of a processable form of polypyrrole by providing colloidal
stability to the suspension of polypyrrole. Third, different (spheroids, cuboids) Au
nanoparticles may have important implications in the field of catalysis. We have also
observed dendritic nanostructures of gold-polypyrrole through vapor phase
polymerization of pyrrole.17,18
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3. NONLINEAR OPTICAL PROPERTIES OF COMPOSITES

is expressed by the following equation using the third-order nonlinear
susceptibility of a metal particle itself, and the local field factor 123

where is given by

and are the dielectric constants of the metal particle and matrix, respectively. At the
plasmon resonance the following equation holds:

is then simply expressed by the following equation:

In Figure 3, the absorption spectra of Au-doped (0.1 to 1 wt%) silica gels and glasses
and a representative TEM image for gels with a 0.5 wt% Au are shown. The absorption
coefficient in the vicinity of the surface plasmon resonance is given by

where n is the refractive index of the matrix, c the light velocity, and p the volume
fraction of particles.
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Accordingly, the following expression is obtained for

Assuming that is independent of particle size, must be proportional to
The value of can be easily obtained from the optical absorption

spectra by using the analysis described above,124 and is calculated using the value of
through Eq. (4). The size-dependent behavior of reasonably agreed

with the measured This suggested that the enhancement of the local field inside the
particle gives rise to the size dependence of 123 In our case, the value of was
estimated to be esu from Eq. (1). This value of is in reasonable agreement
with the experimental values of 124 The size-dependent
enhancement of in Au particles with the mean diameter of 11.0-37.0 nm has also been
investigated. The value of for the films increased with an increase of the mean
diameter of Au particles. This is interpreted in terms of the size dependence of the local-
field factor and the imaginary part of the dielectric constant of the metal particles. This
size dependence effect has also been observed for Cu particles by Uchida et al.125

The third order optical non-linearity by the degenerate four-wave mixing
method (DWFM) for gel samples with 0.1 wt% Au and 0.14 wt% Au showed values of

and                       esu, respectively.89 These values are about two orders of
magnitude larger than those of the silica gels doped with Au, reported by Yazawa et al.
by a similar sol-gel method.126 At higher Au concentrations, increases further,
revealing that a larger size induces a larger effect.
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The powder X-ray diffraction (XRD) pattern for a glass sample is shown in Figure
4A. The broad halo pattern at around confirms the formation of amorphous
silica. Sharp crystalline peaks are noticed at ca. and 44°. These reflections are
assigned, respectively, to (111) and (200) planes of cubic Au. The Au particle size was
estimated using the Scherrer’s equation and found to be ~26 nm from the diffraction band
at Thus the XRD pattern indicates that a cubic Au-silica nanocomposites can be
readily formed by a facile sol-gel method.

A glass sample with 0.5 wt% Au exhibits a higher value of esu.89 This
value is two orders of magnitude larger than those of Au particles in glasses prepared by
the conventional melt-quenching method.127 This is because the concentration of Au in
the films is two orders of magnitude larger than that of the conventional glasses
containing Au particles. The third-order nonlinear susceptibility of thin films
prepared by a sputtering method, exhibited a peak at the wavelength of the absorption
peak and the maximum value of obtained was esu.123 When the particle
size increases, so does In Figure 4B, we show the dependence of and on
the mean particle diameter of Au particles. Although the sputtering method produced
high ,123 the method presented here offers a greater a figure of merit, which
should be compared with regard to different preparative strategies. Compared to
sputtering123 and sol-gel dip coating,128 our sol-gel method offers about five times greater

89values.

4. LUMINESCENCE OF SILICA COMPOSITES

Rare-earth ion doped gels and glasses are another important class of materials of
considerable technological interest. The optical properties play a crucial role in such
applications and sensitized luminescence can particularly serve as the basis for
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applications of rare-earth ions in photonic devices and color displays.129 Among rare
earth ions, has a simple energy level structure, which allows the absorption and
emission spectroscopy in the visible range. We have recently developed a simple
methodology to enable a greater enhancement of luminescence from silica
gels containing adsorbed silver islands.130 The procedure involves the preparation of

silica gels by a sol-gel method and then immersion in a silver sol for ca. 48 h
to allow the adsorption of Ag particles on the pore surfaces of silica gels. The absorption
and emission spectra of silica gels are shown in Figure 5. We have also
studied the effect of Ag particles in silica glass. The enhancement of fluorescence is
originated from the local field enhancement around ions, owing to the surface
plasmon resonance of small Ag particles in glass.131,132

We have also observed enhanced photoluminescence from silica gels
containing cadmium sulfide (CdS) QDs.133-135 The method is essentially a two step
process. First silica gels were prepared by a typical sol-gel route described
elsewhere.130 Then CdS nanoparticles were allowed to adsorb onto the pore surface of the
gels by immersing them in CdS sol for different periods of time. Figure 6 shows the
absorption and excitation spectra of the samples before and after immersion. In the
absorption spectra, a broad peak at 325 nm for a sample immersed for 1 day in 50 mL of
CdS sol (Figure 6c) shows a size quantization effect (~3 nm), as compared to samples
that have been immersed for longer periods of time in CdS sol. Figures 6b and 6d show
the photoluminescence excitation spectra for samples before and after immersion. The
intensity of emission at 618 nm was measured as a function of the excitation wavelength.
The excitation spectrum (Figure 6b) is typical of doped silica gels. Figure 6d shows
a different behavior. As the wavelength of the incident radiation decreases below 450 nm,
CdS nanoclusters begin to absorb light in addition to the overlapping of absorption,
and a corresponding increase in the intensity of emission results in a sharp peak at
618 nm (see Figure 7b). In the excitation spectrum, a broad peak at around 325 nm (Fig.
6d) is identical to the absorption spectrum (Figure 6c) of the CdS– adsorbed gels. From
the perfect coincidence of the excitation with the absorption spectrum, we infer that the
enhanced luminescence arises from the CdS energy transfer to the ions, evidencing
the location of ions close to the surface of CdS.
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An increase in fluorescence is noted for CdS adsorbed silica gels (traces b-d in
Figure 7). At a lower immersion time of 1 day (trace b), the increase in fluorescence for
the emission (618 nm) is ca. one order of magnitude greater than that of the
control sample (trace a). The luminescence intensity is found to be greater for 1 day
immersed sample than those of other samples immersed for a longer duration (inset of
Figure 7). Apparently, a decrease in CdS particle size (~2.8 nm) resulting from 1 day
immersion causes an enhancement of fluorescence because of the quantum size effect, in
comparison with a sample immersed for 10 days (~6.5 nm).

Compared to Ag adsorbed gels,130 CdS adsorbed similar gels
produced a greater enhancement of fluorescence.133-135 In the former, the fluorescence
was originated from the local field enhancement around ions, caused by the
electronic plasmon resonance of the Ag islands. Despite the enhancement of factor 12,
the CdS particles did not influence the fluorescence decay curves, which were
almost exponential and the lifetime of was found to be ca. As the particle
size of CdS decreases there is a possibility of energy transfer from the
nanocrystals to the ions, owing to the electron or hole trapped surface levels. The
photogenerated electron is first trapped in the surface levels of CdS particles and then
interacts with ions located close to the CdS surface. Secondly, the electron in the
surface trap recombines with a valence band free hole and the energy is nonradiatively
transferred to the ions. The fluorescence excitation spectrum shown in Figure 6d
confirms the energy transfer from CdS nanoparticles to the ions. Since the lifetime
of CdS nanoparticles is extremely low in comparison with that of
the CdS fluorescence is not seen in the spectra. Importantly, the studies presented here
serve to illustrate the usefulness of semiconductor colloids in assessing the optical
properties of lanthanide ion-doped silica gels.

5. PHOTOPHYSICS OF QUANTUM DOTS

CdSe (@ZnS)–TOPO quantum dots provide efficient surface passivation in the
mother solution, butanol or nonpolar solvents such as hexane. However, the QDs exhibit
slow degradation and photo-dissolution upon exposure to ambient light. Oxygen present
in the solvent deteriorates the QD luminescence.
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We have analyzed the effect of oxygen in dark and in ambient light.136 We have
found that the QDs exposed to oxygen but stored in the dark exhibit photo-dissolution but
weaker than those stored in ambient light. Figure 8 shows the absorption and emission
spectra for QDs stored in oxygen and in the dark. There is no change in absorption
maximum at 506 nm up to 3 weeks. After 9 weeks of storage a 10 nm “blue shift”
indicates that the particles dissolve despite being stored in dark. This dissolution might be
attributed to a combination of photo-darkening and dissolution effects. The emission
wavelength at 524 nm slowly shifts to 517 nm over 9 weeks, in addition to a decreased
quantum yield (QY), which again indicates photo-darkening and dissolution effects, in
consonance with the absorption spectra.

The absorption and emission spectra for QDs stored in oxygen and ambient light are
shown in Figure 9. Over 9 weeks of storage, the absorption and emission peaks are noted
at 467 and 500 nm respectively. The photo-dissolution effects are worsened in the case of
light plus oxygen, with respect to the samples stored in the dark and with oxygen.

Bawendi and co-workers have studied the tunneling mechanism for the blinking on
and off (emitting to nonemitting, i.e. bright to dark) process for CdSe QDs.137 These QDs
need to be encapsulated within a rigid matrix in order to prevent the photo-darkening and
blinking effects. What guidelines do actually exist for achieving this goal? QD-silica
composites fabricated through sol-gel processing have been shown to exhibit remarkable
photostability against photo-degradation.31

6. HIGHLY LUMINESCENT QD-GLASSES

Readily prepared via colloid methods, luminescent CdSe QDs can be made in a
range of colors by carefully controlling the particle size.23 Their photoluminescence (PL)
spectra are blue-shifted with respect to the bulk PL due to strong quantum confinement
effects. Recent success in the surface passivation of these QDs with higher band gap
semiconductors (e.g. ZnS) have yielded highly luminescent core -shell QDs.25,26 The size
and shape dependent optical properties of semiconductor nanocrystals render them
attractive candidates as tunable light absorbers and emitters in optoelectronic devices36,37

and as fluorescent probes of biological systems.32-35,38,39
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Whilst such capped and coated QDs display vastly improved photostability in the
solvent of preparation, changes to the solvent polarity can cause solvation, which results
in slow quenching of the luminescence. Consequently, the transfer of these materials into
glasses through sol-gel processing has not been straightforward. Recently, we reported a
facile synthesis of tunable, highly luminescent QD-silica composites through sol-gel
processing.31

Full color emission has been observed from CdSe/ZnS QD-silica monoliths at 365
nm excitation. The QY was estimated to be 0.15 for red gels by comparison to rhodamine
dye (QY=0.92). Octylamine was used as surface passivator and sol-gel catalyst. Orange
emission was created by mixing red and green emitting QDs. CdSe QDs capped with ZnS
remained luminescent over several months. The pH dependence of the sol-gel transition
time is often used as a measure of the overall condensation kinetics for sol-gel systems.
The overall condensation rate is maximized at intermediate pH values. Above pH 4,
surface silanol groups are deprotonated and hence are negatively charged, as indicated
below:

As the number of siloxane bonds increases, the individual molecules are bridged and
jointly aggregate in the sol. When the sol particles aggregate or inter-knit into a network,
a gel is formed. Upon drying, trapped volatiles, (alcohol, water etc) are driven off and the
network shrinks as further condensation can occur.

Generally, the gelation time, is decreased by factors that increase the
condensation rate. For gels made from silicon alkoxides, gelation is much faster in the
presence of a base. Increase in the ratio of water to alkoxide, temperature and a decrease
in the size of the alkoxy group all decrease Figure 10 shows the absorption and
emission spectra from a CdSe @ ZnS QDs during sol to gel transition.
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It is clear that the position of the exciton absorption band remains unchanged during
the sol-gel transition, with the only difference being a slow, steady increase in scattering
arising from the porous structure of the silica gel. Emission spectra (Figure 10B) indicate
that the luminescence decreases over 12 hours upon TMOS addition, and then stabilizes.
This decrease is attributed to changes to the surface chemistry of QD sols despite the
amine capping agent. However, loss in band gap luminescence is not accompanied by a
peak blue-shift, and the final QDs in gels have about 60% of the original QY of the same
particles in butanol. In Figures 11 and 12, time resolved luminescence decay curves are
shown for both CdSe and for CdSe@ZnS QDs in butanol prior to sol-gel processing and
after formation of the monolith. Both the QY and luminescence lifetime are relatively
unchanged for the core-shell QDs over the first hour, but the CdSe particles show a
noticeable loss in band gap luminescence as soon as processing starts. These CdSe QDs
display roughly biexponential decays, with For the core-shells, a
single exponential decay of was observed for the first 15 min, but after this
initial gelation, the QY slowly decreased to the levels shown in Figure 10.

Although we have developed a strategy to prepare highly luminescent QD-glasses,
we currently have these materials at volume fractions up to 0.1%, homogeneously
distributed and exhibiting QYs of only 5-10%. It seems likely that with further
optimization of the QD surface chemistry, cheap, photostable QD glasses with high
volume fraction and QY will be readily attainable.
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7. SILICA COATED QUANTUM DOTS

A fundamental drawback is that the particles remain both highly luminescent and
photostable only in non-polar media, in which both ligand desorption and lattice
dissolution can be neglected. For biological applications in particular, transfer of these
luminescent materials into water is a pre-requisite and one potential method is to
synthesize a QD with an impermeable coating that impedes material exchange between
the lumophore and its environment. Silica capped core-shell quantum dots could fulfill
this need, since such surfaces are biocompatible, and easily functionalized for
bioconjugation purposes. The silica shell also minimizes fluorescence quenching by
surface adsorbates or redox active molecules. Furthermore photodegradation can be
minimized.

Until now, only a few transfer protocols from non-polar to polar media have been
reported and these involve numerous purification steps for silica coating32,39 or lead to
photochemically unstable nanocrystals capped with organic ligands in aqueous solution.38

The organically capped QDs are usually degraded in these polar media before coating can
be effected. Consequently, a method is needed for encapsulating nanocrystals of
luminescent semiconductors (or other materials) that are only soluble in non-polar media.
Very recently, we have demonstrated a straight-forward approach for the preparation of
photostable, highly luminescent, water-soluble core–shell CdSe@ZnS@SiO2

nanocrystals, starting with TOPO–capped nanocrystals.117

CdSe@ZnS QDs with excess TOPO without any surface modification were prepared
according to literature procedures.23,26 The particles had luminescence quantum yields of
10-25% and emission at 625nm (FWHM=30nm). The particles were precipitated once
from methanol to remove excess TOPO and TOP. Inverse micelles were prepared using
Igepal CO-520 (polyoxyethylene nonylphenylether) and cyclohexane as solvent.113,114
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Typically, TOPO QDs (OD=1.35/cm at 610 nm) dissolved either in butanol or n-
hexane (0.1mL) were injected into the inverse micelles (4mL), followed by the addition
of TEOS and allowed to stir for 1h. Addition of ammonia                resulted in a
stable water-in-oil microemulsion. The resulting solution was stirred for 24h, which
resulted in homogeneous silica deposition. Due to the large excess of Igepal, the TOPO
ligand is exchanged for Igepal in cyclohexane and the QDs become more hydrophilic.
They then become solubilized by water through exchange of the Igepal capped QDs with
Igepal capped water pools.

UV-visible (Figure 13A) and photoluminescence spectra (Figure 13B) show the
evolution of silica coating over 24 h in a microemulsion medium. The luminescence
intensity increased after the addition of ammonia, due to the removal of electron trapping
sites following the formation of a dative bond between the amine lone pair and surface
cadmium ions. A 7 nm red shift accompanied this increase (Figure 13B).

263



264 S. T. SELVAN

The luminescence remained constant for about a week, but thereafter the quantum
yield decreased slowly. This is due to slow loss of ammonia from the QD surface.
Electron microscopy revealed that the majority (>90%) of QDs are encapsulated as single
particles within a silica shell (Figure 13C). The average total diameter of QD@Silica is ~
22 nm under the above conditions (Figure 1D). The silica shell thickness can be increased
or decreased by varying the TEOS concentration. Varying the amount of water and
ammonia in the microemulsion also affects the shell thickness, since this alters the water
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pool size. The diameter of CdSe@ZnS particles was 5 nm. the silica shell is not clear in
the images when the total diameter is down to 10 nm, for lower concentration of TEOS,

Conversely, homogeneously coated particles are seen at a TEOS concentration
of (Figure 13C) and above. Centrifugation at 15,000 rpm for about 2 h precipitated
out QD@Silica particles from the microemulsion. The precipitate was washed with
cyclohexane and sonicated to repeptize the colloid. This process was repeated twice and
the fluorescent precipitate was then dried under nitrogen. Finally, the colloid was
sonicated to disperse it in alkaline solution (NaOH, pH 9) and subjected to centrifugation
at 3000 rpm to yield a homogeneous, fluorescent solution.
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UV-visible (Figure 14A) and photoluminescence spectra (Figure 14B) show that
there is a 5 nm red-shift for QD@Silica in water, in comparison to the QDs in the parent
solution, butanol. Silica-coated QDs in water show remarkable colloidal stability, as
shown in Figure 14C. The final quantum yield (QY) for silica-coated QDs in water is
about half that of the parent nanocrystal solution. The losses occur primarily prior to the
deposition process and relate to loss as the TOPO desorbs from the surface and is
replaced by Igepal. The mean diameter of silica coated QDs in water prepared according
to the above protocol was measured by DLS to be 25 nm (Figure 14C). In Figure 14D,
we demonstrate that these materials exhibit remarkable photostability. The core-shell
particles have been exposed to UV irradiation (335 nm cut-off filter) in water and in
butanol, both polar solvents. About 85% of the QY is retained for QD@Silica in water,
where as the parent QD solution virtually lost all luminescence (not shown). We also
compared the results with those dots in water capped by mercaptoundecanoic acid
(MUA). MUA-QDs in water exhibited initial photo-brightening and then photo-
dissolution over a period of 24h. The exciton absorption peak position is plotted against
time of photolysis in Figure 14D. The peak position remains constant at 616 nm for silica
coated QDs indicating the fact that the dots are photostable over extended periods of
photolysis time. On the contrary, the QDs capped with MUA show photodissolution as
exemplified by blue-shifts in exciton position over photolysis time of 24h (Figure 14D).

8. SUMMARY AND OUTLOOK

Inorganic nanocomposites fabricated in our laboratory using either self-assembly of
block copolymers or through a sol-gel method have shown interesting optical properties
which are expected to find applications in areas ranging from tunable lasers and photonic
crystals to biology. Fluorescent labeling using QDs is one of the key areas in nano-
biotechnology because miniaturization reduces the size of the fluorescent signal causing
detection problems. This could do drug screening at a much higher level compared to
conventional organic dyes. QDs coated with silica particles could impart functional
properties with respect to the above in labeling technologies. For example, magnetic QD
particles can isolate biological target materials, such as DNA or RNA. Unlike polymer
based magnetic particles, silica-coated particles can be easily dispersed in organic and
aqueous solutions. QD-glasses could be used as ideal candidate systems for applications
in LEDs, solar-concentrators, waveguides and solid-state lasers. Nanotechnology has
acquired enormous learning to create designed functional nanostructures using bottom up
strategies such as self assembly. It will be important to develop strategies to organize
these nanostructures over various length scales to create advanced systems and materials.
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ORGANIZATION OF LAYER-BY-LAYER

ASSEMBLED NANOCOMPOSITES

Functional effects in photonics and biomaterials

Nicholas A. Kotov and Luis M. Liz-Marzán*

1. INTRODUCTION

The studies on materials properties of nanoparticles (nanocrystals, quantum dots)
represent one of the most dynamic areas of today’s science. Charge carrier confinement
leads to a variety of unique phenomena in optics, magnetism and chemical reactivity.
Considering the technological utilization of these qualities, spatial organization of
nanoparticles becomes one of the most challenging problems in nanoscience. The
production of ordered nanoparticle structures is pivotal both for the design of
nanoelectronic devices and for bulk quantum dot composites. This review is focused on
the organization of nanoparticle layers by means of a technique, which is most often
referred to as layer-by-layer assembly (LBL) also known as electrostatic self-assembly
(ESA) and polyelectrolyte multilayers (PEM). The feature of this method is the
opportunity to create virtually any sequences of nanoparticle monolayers with materials
properties determined by the layer’s order. It is particularly convenient for the spatial
organization of nanocolloids in bulk materials. The principal questions that we shall try to
answer here are the following: “What are the limits of the spatial organization by LBL?”
and “What are the materials and practical applications that can benefit from this
technique?”

2. LAYER-BY-LAYER ASSEMBLY

The layer-by-layer assembly (LBL) is a relatively new method of thin film
deposition, which became popular after being applied to oppositely charged
polyelectrolytes.1 The exceptional ease of preparation of thin films of polyelectrolytes as
opposed to more complex Langmuir-Blodgett deposition attracted a lot of attention to it.
It can also be utilized for nanoparticles as described in the many original works of the
groups of H. Möhwald, T. Mallouk, G. Decher, M. Rubner, N. Kotov, L. Liz-Marzan, Y.
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Lvov, F. Caruso, J. Shen, A. Laschewski, J. Schlenoff, T. Kunitake, Zhang Xi, G.
Sukhorukov, R. Claus, L. Halaoui and many others. In most general terms, the layer-by-
layer assembly can be described as the sequential adsorption of positively and negatively
charged species, say A and B, by dipping a substrate alternatively into their solutions.
Rinsing with solvent (most often water) between the adsorption steps removes the excess
of the previous solution and leaves a thin layer of charged species on the surface, thereby
preparing the surface for the next adsorption step.

Three major advantages of LBL should be pointed out:

simplicity;
universality;
nanometer scale thickness control.

The LBL process does not require sophisticated hardware or high purity of the
components. Considering this feature the quality of coatings is very high. 1,2 Universality
implies that for virtually any aqueous dispersion of a relatively high molecular weight
species (i.e. polymers, nanoparticles, colloids, oligomers, proteins, etc.) one can find an
LBL pair with a steady film build-up.3 Since in each adsorption step a monolayer or a
submonolayer of the species is deposited, the overall thickness of the stack can be
controlled with similar precision.3-5

An LBL film obtained after n deposition cycles can be generically referred to as
and this notation will be used throughout this work. It is important to note that the
abbreviation describes primarily the deposition procedure, rather than the actual

sequence of the multilayers obtained as a result of it. The presence of strong
interpenetration of PE chains6-8 blurring the border between the adjacent layers needs to
be pointed out. For some research tasks related to organized layered superstructures this
can be a problem, in particular when one wants to replicate the organization of the
Langmuir-Blodgett layers, but for others this feature can be beneficial and can be used
for imparting truly unique materials properties.The LBL process for nanoparticles and
nanocolloids is similar to that used for the other systems.3,9,10 Their layer-by-layer
assembly is typically monitored by the increase of the UV-visible absorbance, when the
particles are deposited on a transparent substrate, which is often linear,1,11,17 but may also
level up as a plateau, be zig-zag like, or even exponential.18 The superposition of all these
deposition patterns may, of course, result in an irregular buil-up curve, which happens
with nanoparticles under unfavorable conditions.3 The linearity of absorbance vs. n shows
the equality of the amounts of the material transferred on the substrate in every deposition
cycle. For nanoparticles, the linear growth of the multilayers on planar substrates similar
to that in Figure 1 was demonstrated by many authors. The nanocrystalline materials used
in such multilayers are very diverse. In 1995 it started from simple CdS nanoparticles9,19-

21 and then was quickly extended to CdSe,22-24 CdTe,19,25 ZnS,26 PbS,27

polyoxometallates,12,40HgTe,10 etc.
The thickness of the coating calculated from ellipsometric or quartz crystal

microbalance measurements followed the linear behavior of the absorbance vs. n plots.
The thickness increment added in one deposition cycle often approached that of a
monolayer of polyelectrolyte or nanoparticles.38,42,43 Sometimes it exceeded the average
nanoparticle diameter; for instance, HgTe nanoparticles formed 2-3 monolayers in each
deposition cycle.10

5,31
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In some cases, such as ca. 32 nm yittrium iron garnet (YIG), as well as for some
other relatively big hydrophilic nanoparticles made from oxides, the obtained thickness
was noted to be significantly lower than its average value expected for densely packed
layers of nanoparticles of this diameter. The thickness increment, which was added to the
coating by a single PDDA/YIG layer, was 3.5 nm. This thickness corresponded to the
average surface density of YIG of one particle per 32,300 nm2. Significantly less-than-a-
monolayer thicknesses were also observed for citrate-stabilized CdSe.44 Such a small
thickness of adsorption layer and a low density of particles combined with the steady
linear growth of nanoparticle multilayers implies that the LBL process does not require
the formation of complete monolayers for total charge switching. Thus, despite the
simplicity of the procedure, one needs to admit that there are essential fundamental
aspects of this technique, that we do not currently understand.

3. ORDERING OF THE LBL ASSEMBLED NANOMATERIALS

Over the past ten years, several aspects of ordering with LBL have been considered.
The most apparent as well as probably the most powerful approach to the nanoparticle
ordering is to make ordered stacks of multilayers. The thickness of each strata and their
sequence can be tailored to a particular application. Several examples of such assemblies
have already been reported.2,45-49 Besides that, one should also consider the possibility
and the necessity of ordering in each adsorption layer. Our efforts to respond to these
challenges are described below.

3.1. Sequence Effects in Nanoparticle Multilayers

3.1.1. Stratified multilayers from different materials

The generic nature of the electrostatic and van der Waals interactions affords
combining nanocolloids of different types in the polyelectrolyte multilayers and
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investigate their interactions. The optical properties of metal nanoparticles have been
intensively studied for the last few decades, because of strong catalytic properties, intense
surface plasmon resonances, and strong surface enhanced and nonlinear optical
properties. Surface plasmon effects arising from the coupling of surface electrons with
incident electromagnetic waves,50,51 are especially relevant in noble metals such as gold
and silver, and the plasmon-related phenomena have been studied for them for a large
number of scattering conditions at the nanoparticle interface.52-54 Dipole-dipole
interactions play an important role in optics of metal nanoparticles as well, and especially
so for closely spaced nanoparticle films. In these systems, the interparticle separation
determines the plasmon oscillation frequency. The dependence of the surface plasmon
wavelength on the interparticle interactions can be the most significant parameter to
consider. Thus, the search for the methods of control over the optical properties of noble
metal nanoparticle materials is the subject of significant importance. The strength of
nanoparticle-nanoparticle through-space coupling can be tuned by the variation of the
spacing between the nanoparticle layers, which was recently demonstrated for spherical
and triangular gold nanoparticles by the collaborative effort of the groups of Drs. Kotov
and Liz-Marzan.55

A representative TEM image of gold nanoparticles used in this project is shown in
Figure 2. Gold nanoparticles with several different shapes are formed, including large
polygons (mainly triangles and hexagons), as well as smaller, polydisperse spheres. The
lower contrast observed for the polygons suggests that they are flat, unlike the spherical
nanoparticles around them. Also, at some places (see arrows) two planar particles
overlap, yielding a darker region. The electron diffraction analysis confirmed the
hexagonal structure of a single triangle lying flat on the TEM grid. Such a flat geometry
imposes strong restrictions for the oscillation frequency of the free conduction electrons,
which is directly reflected on the optical properties of the dispersion.
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The UV-visible spectrum shown in Figure 3 was measured from the gold dispersion
in water. The spectrum shows two distinct plasmon absorption bands centered at 540 and
860 nm. The band at higher energy is located at typical values for Au spheres, with a
certain distortion with respect to the spherical shape. However, the band at 860 nm could
only correspond to a resonance over much larger distances (observed for the longitudinal
resonance in nanorods or for nanoshells) or to tight aggregates formed by smaller
nanoparticles. The last possibility is discarded because of the long-term stability of the
colloid, and because only separate nanoparticles were found under TEM observation. The
band is broad because of the relatively high polydispersity, both in size and shape, which
implies quite a broad range of possible resonance frequencies. Therefore, the 860 nm
band is attributed to the surface plasmon band in flat gold particles of triangular and
related shapes seen in Figure 2. The anisotropic morphology and specific shape of the
particles makes possible the plasmon transition over the long distances. Although three
well-differentiated bands are expected for these systems,56 because of the relatively low
concentration of polygons, the absorption by the spheres screens the out-of-plane
quadrupole resonance (located at lower wavelengths).

The control of nanoparticle-nanoparticle coupling with this technique was previously
attempted for magnetic nanoparticles,2,57 however little change in magnetic properties has
been observed. The electron interactions between the gold nanoparticles are of much
shorter range than magnetic dipole interactions and result in a strong shift in the
frequency of the surface plasmon resonance. The later can be easily observed by UV-
visible absorption spectroscopy, which can be utilized to monitor the strength of the
particle interactions in adjacent layers.
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The gold nanoparticles are negatively charged owing to the stabilizing layer of
salicylic acid, and therefore, a positively charged polyelectrolyte was chosen as an LBL
partner macromolecule for them. The morphology of the deposited monolayers was
studied by AFM. A typical image is shown in Figure 4a, where it can be observed that the
proportion of polygons is relatively low, as compared to spheres, which form a compact
monolayer on the background. It is also interesting to note that AFM measurements
confirm the TEM observation that the triangular and hexagonal particles are flat (Figure
4b), with lateral dimensions much larger than their height. It can also be clearly seen that
the flat particles are deposited in parallel to the substrate similarly to montmorillonite
sheets studied previously.58,59

The high density of adsorbed nanoparticles translated at the macroscale into a high
optical uniformity of the coatings over the entire area of the samples prepared. UV-
visible absorption spectra acquired for sequentially deposited PDDA/Au bilayers, i.e. for
coatings where n is the number of the deposition cycles, show that the
absorbance gradually increases with every new bilayer (Figure 5) similarly to the
previously described cases of other oxide and semiconductor nanoparticles (Figure 1). It
can also be seen in the inset that the first (PDDA/Au) bilayer displays absorption bands at
525 nm and 790 nm, which are very similar to those of the starting nanoparticle
dispersion. The slight shift of both peaks can be related to the change in environment
after the deposition, since at least one side is surrounded by air.

The intensity of the absorption band for triangular nanoparticles significantly
increases in respect to the band for spherical nanoparticles (Figure 5a vs. Figure 3). This
can be rationalized as the result of stronger PDDA-nanoparticle attraction forces
involving anisotropic flat triangular nanoparticles than those with spherical ones resulting
in the preferential adsorption of the flat nanoparticles. In the assessment of the absorption
preference, the UV-visible data are more representative than AFM images because they
provide cumulative information about a large area of the sample. Additionally, smaller
spherical nanoparticles can be easily adsorbed on top of the triangles,55 thereby masking
them both in topography and phase scans.
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It can also be seen in the inset that the first (PDDA/Au) bilayer displays absorption
bands at 525 nm and 790 nm, which are very similar to those of the starting nanoparticle
dispersion. The slight shift of both peaks can be related to the change in environment
after the deposition, since at least one side is surrounded by air.

Importantly, a new optical feature develops as the number of layers increases. An
intense band is formed between the two previous ones becoming clearly visible in the
fourth layer and becoming dominant by the seventh bilayer (Figure 5). This new band at
650 nm is attributed to the interparticle interactions between neighboring monolayers,
which can be supported by the extensive literature on the dependence of surface plasmon
band on interparticle separation.50,51,60

Since the nanoparticle-nanoparticle coupling typically results in the red shift of the
surface plasmon bands, we believe that the parent transition for the new band is that in
the spherical nanoparticles at 525 nm. In the multilayer assembly, they interact both with
similar spherical nanoparticles and triangular ones. In the latter case, the coupling
strength should be higher than in former because of the geometry of sphere on a plane
results in greater integral electrostatic attraction than that between two spheres. The
variety of different geometrical arrangements causes band broadening, which can be seen
in Figure 5. Note that the transversal modes of the flat nanoparticles can also contribute
to this new band. However, their contribution is expected to be quite small, since all such
flat nanoparticles lie parallel to the substrate. At the same time, the longitudinal modes of
flat nanoparticles should also be red-shifted and show up in the range of 800-900 nm
partially overlapping with the new band at 650 nm. In order to confirm the origin of this
new band, further LBL experiments were performed by taking advantage of the structural
control afforded by the LBL technique and different insulting layers, which can be used
to separate the Au NPs bilayers. This was accomplished by depositing a polyelectrolyte
(PDDA/PAA) bilayer between PDDA/Au strata as a nanoscale spacer (Figure 6a).
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It is clear that by placing an additional polymeric region in between the nanoparticle
bilayers reduces the interactions of the adjacent Au nanoparticles layers and the band at
650 nm does not develop. However, there is a noticeable red shift of both plasmon bands
as the number of layers increases, showing that there is still a certain electronic
communication between neighboring layers. Flat nanoparticles are deposited parallel to
the substrate as evidenced by atomic force microscopy. This implies that the interparticle
interactions between adjacent layers are strong, which can be seen by the appearance of a
new absorption band. The interaction between the layers can be controlled by depositing
insulating layers of clay and/or polyelectrolytes between the gold nanoparticle layers.

Therefore, further experiments were carried out to obtain virtually electronically
independent surface plasmon oscillations in each Au nanoparticles layer. To achieve that,
the separation layers were made from montmorillonite clay platelets that are (1) better
electrical insulators than polyelectrolytes and (2) reduce interdigitation of the adjacent
layers due to their sheet-like morphology.59,61 Thus, the layered stacks with a repeat unit
of were made and their optical spectra are shown in Figure 6b.
As expected, the improved insulation and better separation of the adjacent gold
nanoparticles bilayers lead to the constant position of both plasmon absorption bands in
every deposition cycle. It should be noted that there is still a slight red-shift of the
maxima in comparison to the UV-visible spectrum of the dispersion because of the
refractive index increase after the deposition of the montmorillonite sheets.

Summarizing the factual material in this section, the sequence of the deposited LBL
layers can be utilized for the gradual control of interparticle interactions, when the
thickness of the layers is comparable with the characteristic length of the interactions.
The demonstrated structural control over the optical properties of the nanoparticle
assemblies can be applied for the design of thin film sensors with a transduction
mechanism based on the variations of spacing between the Au layers.

3.1.2. Stratified multilayers from nanoparticles of the same parent material

Layer-by-layer assembly (LBL) enables effective processing of semiconductor,
metal, or metal oxide nanoparticle dispersions into functional advanced materials, which
retain distinctive optical, magnetic and electrical qualities of size-quantized state of
matter.22,33,44,62-66
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In an optimized LBL deposition, when the UV-visible absorption density linearly
increases with the number of deposition cycles, the packing and thickness of
nanoparticles is reproduced from layer to layer. After coating with polyelectrolyte, the
nanoparticles become virtually immobile in the densely packed multilayer stack, which
prevents phase separation of the nanoparticle/polymer mixture even at the nanoscale.
This leads to materials with much better homogeneity (especially for high nanoparticle
loadings) than spin-coated or painted nanoparticle/polymer mixtures, which is important
for many optical and electronic devices.22,25,33 Besides that, tight packing of nanoparticles
also makes possible the design of materials with intentional inhomogeneity by depositing
LBL bilayers in a certain sequence.2,45-49 It would be interesting to demonstrate the
possibility of the LBL production of one-dimensionally graded semiconducting materials.
The latter have unique capabilities as photodetectors, bipolar transistors, waveguides,
light-emitting, non-linear optical, magnetooptical, and high-speed devices.67-70 This type
of materials also reveals new phenomena in charge injection, charge carrier dynamics,
and light trapping.71-77

However, graded semiconductors are difficult to make, and typically high capital
investment techniques such as molecular beam epitaxy and plasma enhanced chemical
vapor deposition are required for their preparation. By using the LBL assembly of
nanoparticles we built a graded semiconducting material by laying nanoparticles on a
substrate in a sequence from smaller to bigger ones, which can be done even in high
school chemical laboratory.78 Because of the strong size dependence of the nanoparticle
conduction and valence band energies, their arrangement by particle diameters results in
a gradual change of the band gap as pictured in Figure 7, and therefore, creates an
intrinsic ramp of hole and electron potential. Having said that, one also need to mention
that the inherently granular nature of the nanocomposites resulting from LBL deposition
of colloidal particles introduces its own challenges related to facilitation of charge
transport in the film.

The model graded films were prepared from highly luminescent CdTe nanoparticles
(quantum yield 15-20%) stabilized by thioglycolic acid. CdTe nanocrystals of different
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diameters were synthesized according to a published procedure. The graded nanoparticle
films were assembled by using four different CdTe dispersions with luminescence
maxima at 495-505, 530-545, 570-585, and 605-620 nm which display respectively
green, yellow, orange and red luminescence (Figure 8a) and which will be referred to
accordingly. Layer-by-layer assembly was carried out on glass and plastic substrates and
typically 5-10 CdTe nanoparticle bilayers of each of the four luminescent colors were
deposited. It is necessary to point out that high luminescence quantum yield is not a rigid
requirement for further studies of graded semiconductors from nanoparticles, however it
is a useful property that enables convenient probing of the film structure.

The assembly started from the smallest nanoparticles (“green”) and proceeded to the
biggest ones (“red”) according to the visible light spectral sequence. With addition of the
layers of increasing diameter, the luminescence of the assembly shifted toward the red
part of the spectrum while also becoming broader (Figure 8b). Finally, the luminescence
spectrum of the stack of all four nanoparticle diameters had a plateau appearance
reflecting almost equal emission intensity in a wide range of wavelengths. As compared
to the original spectra of CdTe nanoparticle, some prevalence of the red emission (red
shift) should be attributed to the excitation energy transfer from smaller nanoparticles to
bigger ones.79

To evaluate the internal structure of the gradient CdTe film, it was assembled on a
flexible cellulose acetate substrate as described in reference 80. A cross-sectional slice of
the nanoparticle stack was analyzed by transmission electron microscopy (TEM).
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The asymmetry of the film can be seen in the difference of electron diffracting power
of the “red” and “green” sides of the assembly (Figure 9a,b). The layers of bigger
nanoparticles appear noticeably darker in the TEM image due to the greater percentage of
heavier elements on this side of the multiplayer stack (Figure 9a,b). Although it was quite
difficult to obtain the images of single nanoparticles in the network of the polyelectrolyte
matrix, the areas of crystallinity, that could be identified with the diameter of the
particles, were observed to be different in the corresponding parts of the gradient film
being 2-3 nm in the “green” and “yellow” parts and 5-6 nm on the “red” side of the
assembly, which correlates well with the particle size expected from the emission
wavelength (Figure 8a).81

The gradient nature of the prepared nanoparticle film was also unequivocally
established by confocal optical microscopy. The sample was assembled as described
above on a glass slide and the series of luminescence images were obtained at a different
focus depth inside the assembly. Cross-sectional images without physical sectioning of
the film were obtained clearly showing the gradual change of the luminescence emission
wavelength from green in the bottom to red on the top of the stack.57 This also indicates
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the concomitant increase of the nanoparticle diameters, and therefore, confirms the
arrangement of the valence and conduction band energies as described in Figure 7.

Looking at the perspectives of the graded semiconductor films made of
nanoparticles, one can expect significant interest toward this type of materials for use in
photonic devices. The combination of size quantization and gradient nature of the
material opens a possibility for new optical and electrical effects as well as for the
optimization of existing applications of nanoparticle thin films based on charge transfer
from particle to particle as well as from particle to electrode. For the latter, the benefits of
the graded media can be demonstrated by the markedly better light emitting performance
when the homogeneous media in polymer light-emitting diodes is replaced with a graded
one.46 Additionally, the nanoparticle layers can be organized on a scale smaller than the
wavelength of visible light, and therefore, one can engineer polarizability, refractive
index and other parameters on the molecular level in such assemblies, so that the overall
interaction of electromagnetic waves with the film will be significantly different than in
the traditional optically uniform material.

We want to point out that the layer sequence has been used here as a parameter
controlling the properties of the LBL assemblies. Although being simple in concept, one-
dimensional ordering of nanoparticle assemblies, which produce a gradual, abrupt or any
other programmed change in properties, can be a powerful tool for optimizing diverse
functional properties of nanostructured materials from biological, such as designing
artificial leaves,45 to electronic. With this task in mind, it would be important to engineer
the charge transport between the nanoparticles within the assembly, which should be
addressed in future research.

4. LATERAL ORDERING IN LBL FILMS

Control of ordering of the layers in the LBL assemblies is a powerful tool for the
design of materials. However, it implicitly assumes that the individual adsorption layers
are closely packed, which quite often is not the case. This necessitates us to consider how
the organization of particles and other species depends on and can be directed by
experimental parameters.

4.1. Improvement of Packing Density of Nanoparticles in the Adsorption Layer by
Surface Modification

As was noted above, YIG nanoparticles do not form a densely packed layer when
adsorbed on PDDA.3 The SEM images of multilayers revealed that the
repetition of adsorption cycles resulted not in the sandwich-like layering of organic and
inorganic strata,2,5,10,30,32,33,37,38,41,80,82 but rather in the growth of fairly isolated YIG
islands (Figure 10). In layer 1, the film consisted of YIG domains of 0.5-1.5 micron in
diameter (Figure l0a), which increased to 1-3 micron in deposition cycle 2 (Figure 10b),
and 3-4 micron in deposition cycle 3 (Figure 10c). The domains were laterally expanding
along the substrate surface, which was also accompanied by the increase of their average
height. In the close-up image, one could see that the YIG islands were 3D agglomerates
of YIG nanoparticles (Figure 10d), growing in size with increasing n.
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This demonstrated that the particles deposited in the LBL deposition cycles adhered
predominantly to the existing domains rather than to the bare PDDA-covered surface,
although the total number of domains may also increase. The lateral structure of the
adsorption YIG film remains similar to that in Figure 10 in a wide range of pH and ionic
strengths. One of the most effective means to control the surface packing density of the
particles is surface modification. The native surface of YIG is very hydrophilic and
negatively charged. As for many oxide surfaces, alkylsiloxanes can be grafted to YIG.
Hence, 3-aminopropyl siloxane was used, which rendered the nanoparticles positively
charged in acidic media due to the exposed group. The LBL assembly for 3-
aminopropyl-siloxane-modified YIG nanoparticles was performed with negatively
charged polyelectrolytes, such as poly(styrenesulfonate), PSS, and poly(acrylic acid),
PAA. AFM revealed a great improvement of the film structure: the nanoparticles were
densely packed after just one deposition cycle (Figure 11).

The change in the film morphology can be understood considering the new forces
introduced by the surface modification. When YIG was modified with 3-aminopropyl
siloxane, both the electrostatic and van der Waals components of nanoparticle-
polyelectrolyte interactions were changed and, in addition to that, the native and modified
YIG had a different electrical charge. The increase in surface density of the nanoparticles
for modified YIG is primarily attributed to the attractive interactions between
hydrocarbon groups or the organic modifier and the polyelectrolyte chains adsorbed to
the substrate, i.e. hydrophobic interactions. Their amplification increased the attraction of
the nanoparticles both to the polyelectrolyte and to each other.
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4.2. Improvement of Packing Density by Assembly Conditions

The nanoparticles-polyelectrolyte and nanoparticle-nanoparticle interactions
determining the packing density of the adsorption layers are strongly dependent on the
pH and ionic strength conditions during the assembly. For particles with free energy of
adsorption on the polyelectrolyte layer such as YIG, the effect of these parameters is
obscured, but for most other nanoparticles it is as strong as for LBL assembly of
polyelectrolyte pairs.1,83,84 A convenient example of such dependence is the assembly of

core-shell nanoparticles also denoted as

4.2.1. Synthesis of

The preparation of these core-shell nanoparticles can be considered as a combination
of two processes that occur sequentially in a single reaction mixture - the formation of the
silver core and the coating. The ability of N,N-dimethylformamide (DMF) to reduce
silver ions and yield stable silver colloids, in the presence of a stabilizer was recently
reported.85 On the other hand, controlled hydrolysis and condensation of
(TOB) can be accomplished by refluxing in the presence of a chelating agent, such as
acetylacetone, to slow down the hydrolysis. As a result, titania colloids with different
particle sizes can be obtained. In this study, we attempted to combine these two processes
in one single procedure, comprising the high temperature reduction of by a
DMF/ethanol mixture in the presence of TOB and acetylacetone. The prepared
nanoparticles were characterized by high resolution transmission electron microscopy.
Two different populations were found on the carbon-coated copper grids, as shown in
Figure 12. There is a population of larger silver particles, with an average diameter of ca.
20 nm, which are homogeneously coated with a thin shell of amorphous as
identified by EDAX. Additionally, smaller silver particles are also present on the grid,
with an average particle size of some 4 nm. For them, the low contrast of the image does
not allow for the visualization of a shell.
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However, the stability of these dispersions at pH > 2, when standard naked silver
colloids flocculate, suggests that their surface is also modified by TOB. UV-visible
spectroscopy of the dilute aqueous sol of the core-shell nanoparticles shows a large red-
shift of the silver plasmon band from 400 nm, which is typical for uncoated silver
nanoparticles, to 435 nm, as well as largely enhanced absorbance at lower wavelengths.
Both of these spectral features are related to the high refractive index of being in
contact with the silver surface. The electronic nature if this spectral shift is similar to the
one observed for interacting multilayers of gold triangles shown in Figures 5 and 6. A
relatively hydrophobic environment of the DMF-ethanol mixture of the original
dispersion and low surface charge of nanoparticles makes the LBL from the as prepared
dispersions problematic. Therefore, the first step for the film preparation is the 1:15
dilution of the original dispersion (in DMF/ethanol) with water at pH < 3.5. Under these
conditions, the titania coated particles become positively charged, while the large amount
of dilution water activates the hydrophobic attraction to the polyelectrolyte strands. For
positively charged nanoparticles, negatively charged poly(acrylic acid), Mw =
100,000 (PAA) is used as a partner polyelectrolyte for LBL.

The AFM images revealed that the surface density of nanoparticles can be varied by
changing the pH of the nanoparticle dispersions (Figure 13). The highest particle density
is obtained at pH = 2.5 (Figure 13c), while the best ordering is observed at pH = 2.0,
when the nanoparticles form closely packed films (Figure 13d). A deviation in pH in both
directions from the optimal range pH = 2.0 - 2.5 yields a decrease in particle density. At
low the adsorption of protons on the shells results in a high surface charge
of nanoparticles (IEP of is pH = 6.55). Consequently, strong repulsion between
them dominates over other intermolecular forces. Additionally, the degree of PAA
ionization is decreased, too. Both factors make adsorption thermodynamically less
favorable and rarified layers of individual nanoparticles are produced (Figure 13e,f). At
pH = 2.0, the surface charge of nanoparticles is decreased and so is the interparticle
repulsion.
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The relative contribution of the electrostatic and hydrophobic attraction to the PAA-
coated surface increases, which results in the alteration of film structure and increase of
particle density. The situation when the repulsion and attraction both remain strong, while
balancing each other, promotes well-ordered closely packed structures as can be seen in
Figure 13d. Further increase of pH to 2.5 leads to shift of the balance toward nonspecific
attractive interactions due to the charge independent hydrophobic interactions of
nanoparticles with each other and with PAA macromolecules. In response to that, the
films become thicker and less organized with fairly large aggregates distributed all over
the surface (Figure 13c). At relatively high pH. 3.0, the kinetics of adsorption become
very slow due to smaller charge on and the corresponding weakness of the long-
range electrostatic attraction of nanoparticles to the substrate, which results in rarified
films consisting from 3D clusters of many particles (Figure 13a,b). The agglomeration
was found to be stimulated by loose segments of polyelectrolyte chains protruding into
the solution.4

This process of multilayer build-up on glass slides can be monitored by UV-visible
spectroscopy (Figure 14a,b). Similarly to other nanoparticle systems (Figure 1), the
consecutively acquired spectra display a virtually linear increase of absorbance in every
deposition cycle (i.e. with each bilayer) (Figure 14a).
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Note that the position of the surface plasmon band of silver (Figure 14b) remains
identical for any number of layers, which indicates that, while being in close contact with
each other, the nanoparticles remain electrically insulated. This feature distinguishes the
proposed films from LBL assemblies of gold triangles discussed above (Figures 5,6). The
constancy of the absorption band should be attributed to the presence of an insulating
(probably amorphous) shell of titania around the metal cores. It reduces the strength of
dipole-dipole interaction between them manifesting in the red-shifted plasmon peak.

4.3. Effect of Lateral Ordering on the Materials Functions

The lateral ordering of nanoparticles in the multilayers can affect the functional
properties to a great extent. This idea can be exemplified by the ion-selective properties
of nanoshell films, which can be produced from the nanoparticles. In
combination with biocompatibility, such properties can be utilized for selective detection
of neurotransmitters.86

In order to make nanoshells, the silver core is removed by adding a concentrated
solution of ammonia. molecules form coordinate compounds with Ag surface atoms,
which reduces the redox potential of pair and results in the oxidation of silver
metal by oxygen from the environment. The oxidation products, i.e. silver ion complexes,
diffuse out from the interior of the nanoparticles into the solution through
pores in the titania shell. Upon complete extraction of the silver core, ammonia treatment
yields hollow porous spheres of with a shell thickness of 3-5 nm as evidenced by
TEM.86
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nanoshells form stable dispersions at acidic pH, when they are positively
charged (point of zero charge (pzc) of is ca. pH 6). At pH 2, the zeta potential of
the nanoshell dispersion was determined to be +30 mV. Similarly to the parent
nanoparticles, a negatively charged polyelectrolyte, such as PAA, could be employed to
prepare LBL films from the composite core-shell nanoparticles as was previously
demonstrated.5 The sequential adsorption of PAA and nanoshell layers results in a
gradual build-up of a composite film analogously to the layers of described
above. The film build-up occurred in a fairly wide range of conditions. In this study, we
typically used the films obtained at pH 2.5, which display dense packing of the composite

nanoparticles (Figure 13), which were subsequently converted into nanoshells.
AFM and STM images show the in-plane structure of the assembled nanoshell layers
(Figure 15). STM images, which typically allow for better resolution than AFM,
demonstrate the closely packed structure of the film (Figure 15b), while the AFM image
taken over the greater surface area shows the uniformity of the packing (Figure 15a).
Dense and uniform packing of the nanoparticle film is critical for attaining selective ion
transport. No difference in particle packing and image features was observed before and
after removal of the silver core.

4.3.1. Ion-sieving properties

The existence of pores in nanoshells sufficient for ions to escape gave us a
reason to expect sufficient ion permeability in the LBL films made from them. The
hollow sphere geometry of the nanoshells with thin walls provides both high surface area
and nanoscale porosity. All these structural features are indicative of ion-sieving
capabilities of the nanomaterial. Therefore, we investigated the ion-permeable properties
of the nanoshell films using the standard electrochemical method of cyclic voltammetry
with potassium ferricyanide as a probe molecule. This probe was selected on
the basis of its formal redox potential, which must be within the stability limits of the
films. Figure 16a,c shows voltammograms obtained on an LBL coated glass carbon (GC)
electrode with and without Ag cores, while Figure 17 displays the dependence of the peak
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current on the sweep rate. Both of these sets of data are necessary to evaluate the
mechanism of ion transport through the nanoshell LBL film.

Ion permeability of the LBL nanoshell films strongly depends on pH and ionic
strength (Figures 16,17). The flow of  from solution to the electrode is almost
completely blocked at low ionic strength at pH 11 (Figure 16a, trace 2 and Figure 16b).
At the same time, ionic strength has little effect when the nanoshell film is at pH 2
(Figure 16c, traces 2, 3 and Figure 16d). The change of pH from 11 to 2 results in a
drastic increase of transparency of the nanoshell film for the probe molecule as indicated
by the increase of the peak current in the voltammograms (Figures 16,17).
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The magnitude of the voltammetric redox currents – both cathodic and anodic –
reflects the barrier properties of the coatings. Despite the conductive nature of the silver
core, the voltammograms obtained using the electrode covered by
nanoparticles indicate that the multilayer film from the precursor nanoparticle with silver
core effectively passivates the electrode surface and blocks the oxidation and reduction of
the probe at any pH and at any ionic strength (Figures 16a,c, traces 1). Conversely, when
the silver cores are removed, the strong current from the redox reactions of is
observed (Figures 16a,c, traces 4). Linear dependence of for a wide range of pH
(Figure 17) proves that the observed electrochemical processes are diffusion-controlled,
which is commensurate with the through-pore mass transfer mechanism of
typical for many membranes. The permeability of these layers without the silver core
shows that the penetration of ions occurs predominantly through the shell rather than
through the possible gaps between the hollow spheres or defects in the coating. For
poorly packed films, a substantial background current was observed before and after the
core removal. The prevention of the defect currents necessitated maximization of the
packing density of the nanoshells in the film and pH optimization.

The obtained structural information about the films and nanoparticles helps in
understanding the mechanism of the ionic selectivity and transport. Importantly, the ion
permeability curves for and PAA/PDDA films are very similar.86 As well,
there is also no effect of the nature of the terminal layer – positive or negative – on the
voltamogramms. These observations give evidence that the Donnan equilibrium, which
was considered to be the primary source of ion selectivity in other polyelectrolyte layer-
by-layer assembled systems87,88 is not the reason for ionic sieving in this system. The
observed on/off behavior of the ion diffusion (Figure 16) in response to the changes in
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pH and ionic strength is related to the distribution/organization of charges in the bulk of
the assembled film, i.e. is based on the electrostatic (and possibly chemical) interactions
with the film matrix. The molecular mechanism of the pH/ionic strength dependence of
ion permeability can be understood considering the model of ions/double layer
interaction inside ultra narrow pores as suggested by C. R. Martin89-91 and further
developed by R. Crooks and M. Bruening87,92,93 For channels with a diameter comparable
to the thickness of a diffuse part of electrical double layer, i.e. 0.3-30 run, the Hemholtz
layers on pore walls may overlap.

When this happens, the ions of one sign tend to dominate in the channel, while their
counterions are virtually expelled from it. This results in exclusive transport of the ions
with the dominant charge and stoppage of the minority charge carriers. The selectivity of
the membrane improves with lowering of ionic strength when the diffuse layers are
becoming thicker, and worsens for the opposite trend. Changing pH may reverse the
charge of the electrical double layer, and thus, the roles of counterions and their relative
selectivity.87,90-94

The behavior of the nanoshell films can be adequately described by this model.
The variation of the surface potential of with ionic strength and pH is well
known.95,96 For the LBL films of nanoshells at pH 11, the diffuse part of the electrical
double layer is formed predominantly by positively charged ions of the supporting
electrolyte (Figure 16c,d). Negatively charged ions are mostly excluded
from the network of voids and channels formed by nanoshells, and therefore, the redox
current is virtually zero in 0.02 M KCl (Figure 16a,b). When ionic strength increases to
0.5 M KCl, the diffuse part of the double layer shrinks opening the space for diffusion of
the negatively charged ions, and the current increases (Figure 16b). At low pH, the
electrical double layer is always formed from the negatively charged ions of
and and therefore, their diffusion through the film is quite efficient for any ionic
strength (Figure 16c,d).

The complete closing of the nanoshell film occurs for [KCl] = 0.02 M. The
characteristic thickness of the electrical double layer according to the Gouy-Chapman
theory under these conditions is 2-2.5 nm,97,98 which indicates that the upper limit of the
pore diameter is 4-5 nm. The existence of pores in this size range in the nanoshells can be
seen in AFM images obtained with high aspect ratio AFM probes (Figure 18a). Similar
openings in the shells can also be seen in the TEM images (Figure 18b).

One needs to emphasize the significance of the nanoshell morphology of the particles
for obtaining pronounced ion-selective properties in the LBL film. The shells provide the
rigid pores with oxide walls comparable in dimensions with the thickness of the electrical
double layer, which is absent in solid particles. Simultaneously, the 10-30 nm scale
particles form layers with little amount of defects above that limit, which would be
difficult to achieve with particles in, for instance, 100 nm range. The defects of these
dimensions will create a significant background current masking ion conductance through
the pores. This also underscores the importance of fine-tuning the deposition conditions
of the nanoshells maximizing the particle density of the surface. We also noticed that
only freshly prepared nanoshells display the described ion-selective behavior, while the
colloid assembled after 3 month aging period under exactly the same conditions showed
significantly worse performance presumably because of unoptimized nanoshell packing,
which no longer corresponds to the altered balance of attractive/repulsive forces caused
by the change of charge distribution on the nanoshell surface.
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4.3.2. Separation of dopamine

Small thickness on the order of hundreds of nanometers and high density of pores per
unit volume characteristic for nanoshell LBL films, as well as some polyelectrolyte
LBL multilayers,99 resembles the quality of biomembranes and tissues produced by
biomineralization. 100 Similarly to the        film, they also combine
organic and inorganic components.101,102 This resemblance prompted us to seek biological
functionalities of the nanoparticle LBL films and the observed ion selective properties.

In recent years, there has been considerable interest in developing detection methods
for the secretion of small molecules, known as neurotransmitters, from cells deep inside
the brain.103,104 Understanding the mechanism of their secretion and metabolism holds the
key to curing many neurological disorders such as Parkinson’s disease as well as drug
addictions. Among them, dopamine (Figure 19) is one of the most important chemicals in
the nervous system controlling movement, emotional response, and ability to experience
pleasure and pain. It can be easily detected electrochemically with carbon fiber
electrode.105 However, the major problem is the interference of ascorbic acid, which is
often present with dopamine in the tissue and has virtually identical electrochemical
behavior.93,106-108

The blocking of the permeation of negatively charged ions (Figure 16)
suggests the possibility of imparting the selectivity for dopamine over ascorbic acid,
which forms negatively charged ions. Although these substances are both electroactive
and have similar size, the film structure and the conditions may be chosen so that the
permeation of ascorbic acid is blocked. In order to test this hypothesis, the
electrochemical response of LBL-modified electrodes to dopamine and ascorbic acid was
compared to those for uncoated electrodes. For this, we used differential pulse
voltammetry for monitoring electrode reactions, which is the primary method of
dopamine detection in neurochemistry.
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As one can see, the LBL coating with nanoshells makes a drastic difference in the
magnitude of electrochemical signal of ascorbic acid and dopamine (Figure 19). Without
this modification, 1 mM ascorbic acid produces a peak (Figure 19a, trace 2), which is 3
times stronger than that for the equal 1 mM concentration of dopamine (Figure 19a, trace
1). The peak from the 1:1 molar mixture of dopamine and ascorbic acid is approximately
equal to the superposition of those obtained separately (Figure 19a, trace 3), with the
dominant contribution of ascorbic acid. When the electrode was coated with 20 LBL
layers of nanoshells, the peak from ascorbic acid becomes hardly visible (Figure
19b, trace 2), while that of dopamine significantly increases as compared to the bare
electrode (Figure 19b, trace 1).

Considering the predominantly electrostatic nature of the ion-sieving effects in the
porous LBL films, one can take advantage of the difference in the ionization state and the
characteristic charge of the permeating ions, for instance dopamine and ascorbic acid.
Provided a sufficient space charge exists inside the nanoparticle channels, an electrode
with the LBL layer of nanoshells may behave as if it is simultaneously in the “open” state
for dopamine and in the “closed” state for ascorbic acid. This makes possible the
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selective enhancement of the permeation of positively charged dopamine and retardation
of the transport of negatively charged ascorbic acid.

All the measurements were made at pH 7. At these conditions, nanoshells are
negatively charged, and therefore, the diffuse part of the double layer is made primarily
from cations as required for the separation of positively charged dopamine and negatively
charged ascorbic acid. The ratio between the dopamine and ascorbic acid signals changes
from 1:3 for native GC surface to 9:1 for nanoshell-modified electrode, which gives an
overall 27-fold enhancement of the selectivity between these substances. The signal from
the mixture of ascorbic acid and dopamine is virtually equal to that from neat 1 mM
dopamine (Figure 19b, trace 3). Importantly, the overall current from dopamine on coated
and uncoated electrodes is virtually identical, i.e. the LBL coating does not decrease the
detection limit of dopamine. The examination of the performance of the electrode at
different ionic strengths demonstrates that the separation effect remains strong even at
fairly high buffer concentration of 10 mM (Figure 19c) improving slightly with the
decrease of ionic strength, as expected. It is important to note that, the excellent
performance of the coating for physiological pH 7 and for different ionic strengths within
the typical parameters of living organisms, makes possible the utilization of the nanoshell
films in neurochemistry for in vivo monitoring of neurotransmitters.

Thus, a new type of composite material was prepared from nanoshells by using
the layer-by-layer deposition procedure. As a result of their closely-packed morphology
and nanoscale dimensions of the pores inside the nanoshells, films display
strong ion-selectivity. This quality can be further optimized and tailored to various
systems of interest by the size control and surface modification of nanoparticles owing to
exceptional versatility of the LBL deposition. An important aspect of this study is that it
presents a new example of biomedical applications of nanoparticles. Considering that
biocompatibility of the LBL films can be easily attained with appropriate film sequence,
extension of presented technique to other nanoparticle/polyelectrolyte films will enable
preparation of a large variety of biomaterials with different functionalities on this basis.
In-vivo neurochemical monitoring is just one of a few possible areas, where such films
can be successfully utilized.

5. CONCLUSIONS

Layer-by-layer assembly research experienced high-speed growth for the last decade,
which was initially aimed at the expansion of the number of coatings and other
nanostructured objects that can be obtained by this technique. The multilayers reached
substantial structural sophistication. The lateral packing of the nanoparticles in the
adsorption layers can be controlled in a wide range of packing densities by varying the
assembly conditions and particle surface morphology. The limits of the layer organization
originate from the use of polyelectrolyte macromolecules, which, on one hand, enables
the LBL deposition by dipping, but on the other hand, its chaotic conformation introduces
a certain degree of disorder in the films.4 We believe that it will be more advantageous to
embrace this degree of disorder and utilize it for the benefit of the material rather than to
force the polyelectrolyte in a more regular structure. The initial implementation of this
idea is described in a recent work from the Kotov’s group.108 We also intend to elaborate
on this issue in upcoming publications.
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The large variety of the components available for LBL led to an exceptional
functional versatility. Therefore, the answer to the second question raised in the
introduction to this review about possible technological limits of LBL assembled
materials should probably be the following. In our opinion, any application considering
the use of an organic-inorganic composite can find functional reasons for the use of LBL,
which improves the performance of the material. Stratification of LBL can also make
such composite multifunctional.

The inherent hydrophilicity of the films, the polyelectrolyte nature of many
biomolecules, and the characteristic distances of spatial control all point to the direction
of numerous biomedical applications of planar LBL films in the future, which we are
beginning to see now. The incorporation of photonic materials in multilayers (such as
luminescent nanoparticles) will enable the design of a new type of biocomposites, which
possess the functionalities of the nano-sized state of matter.
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NEW APPLICATIONS AND PROPERTIES

OF LANGMUIR-BLODGETT FILMS

Inmaculada Prieto, María Teresa Martín, and Luis Camacho*

1. INTRODUCTION

The advance in nanotechnology is mainly determined by the development of novel
functionalized materials and the use of new principles of device functioning. The
biomimetic approach may provide new insights in the design, development, assembly and
functionalization of new intelligent materials and systems at the molecular level. The
physical principles which drive the interactions leading to formation of self-assembled
and self-organized molecular and nanoscopic systems have been widely investigated
during the last years in order to establish a relation between chemical composition,
structure and organization of these materials and systems with desired physical properties
and functions.

In this context, the Langmuir-Blodgett (LB) method is considered one of the most
versatile techniques for fabricating organic thin films with well-controlled composition,
structure and thickness.1-2 Due to these features, the LB technique has been widely used
to handle and assemble different functional molecules in a predefined manner with the
aim of, e.g., fabricating molecular devices, or investigating physicochemical processes
occurring in the monolayer at the gas-substrate interface.3 The present chapter tries to
describe the latest developments in the use of this technique to fabricate functional
nanoassemblies.

Typical Langmuir films consist of amphiphilic molecules with long alkyl chains that
form organized assemblies at the air-water interface (or gas-liquid interface in general).
When amphiphilic molecules are spread on a trough containing an aqueous subphase,
they form a monolayer where the polar head group is immersed into the water and the
hydrocarbon chain oriented toward the air, as depicted in Figure 1. The trough has a
moving barrier controlled mechanically over the air-water interface that serves to reduce
the surface area. As the monolayer is compressed, it will undergo several phase
transitions that can be identified by monitoring the surface pressure as a function of
the area occupied by the film (A). A typical isotherm can be observed in Figure 1.

* Inmaculada Prieto, Universidad de Vigo, Vigo, Spain E-36200. María Teresa Martín and Luis Camacho,
Universidad de Córdoba, Córdoba, Spain, E-14014
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Therefore, in the “gaseous state”, noted as G, amphiphilic molecules are far enough
apart and they do not interact. As the surface area of the monolayer is reduced, the
hydrocarbon chains will start to interact, and the “liquid state” or expanded monolayer
phase (LE) is reached, after undergoing a transition where gaseous and expanded phases
coexist. When the molecular area is further reduced, condensed phases (LC and S) appear
in which the molecules become oriented nearly vertical with their hydrocarbon chains
closely packed, and their polar groups immersed in the water surface.

Generally, molecules without long alkyl chains are unable to form well-organized
monolayers at the air-water interface. However, new techniques have been developed and
reviewed3 allowing monolayer organization and manipulation of such non-amphiphilic
molecules. The incorporation of molecules without long alkyl chains in monolayers of
selected amphiphilic molecules, like fatty acids, by adsorption from the aqueous
subphase4-6 or by the cospreading technique7-8 facilitates the preparation of well-defined
organized monolayers of those molecules. Another way of obtaining monomolecular
films of hydrophobic non-amphiphilic compounds is including them into host
monolayers.9

Once the monolayer has reached a selected at the air-water interface, which
involves a specific molecular orientation, it could be transferred onto a solid substrate to
fabricate mono- or multilayered Langmuir-Blodgett films (LB films). When the substrate
moves through the monolayer at the air-water interface, the monolayer is deposited onto
the solid substrate as shown in Figure 2.
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At this point, it is necessary to define the transfer ratio (TR) as the ratio between the
decrease of area occupied by the monolayer at the air-water interface, at constant
pressure, and the area of the solid substrate coated with the monolayer. Ideally, TR
should be one; in practice, it may be greater (when the molecules are slowly dissolving
into the subphase) or smaller (when incomplete coverage of the solid substrate is
achieved).

The form of LB film deposition determines different types of ordered LB films that
can be distinguished:

X type film: it is obtained when the floating monolayer is only transferred to the
substrate as it is inserted into the subphase (downstroke process).

Y type film: layers are deposited on the substrate during both up- and downstroke
processes. When the substrate surface is hydrophilic, for instance, the first monolayer is
transferred as it is raised through the air-water interface. Subsequent monolayers are
deposited on each traversal of the interface. As shown in Figure 3, either a head-to-head
or a tail-to-tail film pattern is obtained.

Z type film: it is obtained when the monolayer is only transferred to the substrate as it
is removed from the subphase (upstroke process).

Thus, Y type LB film gives rise to a centrosymmetric multilayer arrangement,
whereas X- and Z- type LB films result in a non-centrosymmetric arrangement. As
described above, the LB method permits the construction of complex monolayer
assemblies consisting of supramolecular structures, where monolayer components are
organized by external control, taking into account specific intermolecular interactions
existing in each system.
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The main interest of LB systems relies on the great number of properties that they
can exhibit, based on the molecular material used for their construction and on the
molecular organization. Indeed, the attachment of a functional group molecule to the
polar hydrophilic group or long chain hydrocarbon tail leads to a functionalized molecule
which can be manipulated and assembled in supramolecular devices with a specific
molecular architecture and diverse properties as described in the following sections.

2. LIQUID CRYSTALS

Liquid crystals (LCs) are structurally intermediate between liquids and solids, i.e.
LCs can be defined as fluids where a certain order in the arrangement of the molecules
exists. LCs are formed by anisotropic molecules and exhibit thermodynamically stable
phases between the liquid and solid states, which result from their anisotropic
interactions, and are called liquid crystalline phases or mesophases.

Liquid crystals can initially be classified into thermotropic, where the transition
between phases is driven by temperature changes, and lyotropic type, in which the
transition is caused by the concentration of the components.

The most usual thermotropic LCs are composed of organic molecules with rod-
shaped backbones joined to flexible aliphatic tails. Nematic and smectic LCs phases can
be observed at temperatures intermediate between that corresponding to isotropic liquid
and that of the crystalline phase(s). The nematic crystalline phase is the least ordered LC
phase, in which the molecules have no positional order, but long-range orientational
order, that is, they are oriented with their long molecular axis in a preferred direction
around which the molecules fluctuate (Scheme 1). This average molecule orientation is
described by an unit vector, n, called the director of the liquid crystal.

On the other hand, smectic LCs possess a higher degree of order because, in addition
to the orientational order of the director, they also have one-dimensional positional order
into layers, i.e. they are ordered in layers. Several smectic phases that differ from one
another in the tilt angle the director forms with respect to the layer normal, and in the
molecular arrangement of molecules within each layer, can be distinguished (see Scheme
1).
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The simplest is the smectic A phase, characterized by a director oriented parallel to
the layer normal and random positional order within the plane. In the smectic C phase, the
director makes a tilt angle relative to the layer normal and has the same random order
within layers. Substances which present the smectic A phase also often exhibit the
smectic C phase at a lower temperature since the tilt angle normally increases with
decreasing temperature. Moreover, other smectic phases with some positional order
within the layers (e.g. hexagonal packing) can be found.

In addition, molecules with a disk-like core attached to a number of aliphatic tails
give rise to LCs, named discotic liquid crystals. Discogenic molecules can form either
discotic nematic phases (ND) or columnar phases with long-range intercolumnar order or
only short-range intracolumnar order, depending on the temperature and molecular
geometry.

As mentioned above, liquid crystals may also be lyotropic. Such liquid crystals,
although sharing some basic features with the thermotropic liquid crystals, differ from
these in structure, properties and applications. Their organization is normally based on
the interaction between two, or more, molecules in solution. Thus, the observed phases
depend on the concentration of the different components added to the mixture rather than
on temperature. These types of liquid crystal are very common in cell membranes, where
both, thermotropic and lyotropic, forms of liquid crystals exist.

During recent years, LC field has attracted a considerable attention because of their
potential applications as sensors, anisotropic conductors, and electrooptic devices such as
flat screen panels, modulators, calculators..., due to their capability for organization in
highly anisotropic structures at the air-solid interface. Besides, the operation of such LC
displays and devices (LCDs) requires an uniform orientational alignment over large areas
in LC cells. Therefore, the orientation of LCs induced by a solid surface is crucial in the
production of LCDs in the absence of an external electric or magnetic field. The
techniques used to obtain a preferred orientation, called anchoring direction, lie on
inducing physical or chemical interactions between a substrate and the LC molecules. In
this context, an important issue concerning the LCs is to relate the observed anchoring
conditions with the structure of interfaces, and to find out the microscopic interactions
that are responsible for a preferred orientation in LCDs. On the other hand, the interfacial
ordering and interactions between LC molecules could be also investigated by using the
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ordered mono- or multilayer formation of molecules induced by the application of a
surface pressure at the air–water interface. For that reason, the LB technique represents a
convenient method to systematically study and handle LC systems. However, it is beyond
the aim of this chapter to cover in great detail the self-organized assemblies, Langmuir
and LB films of LCs which could constitute a separate work by themselves. The reader is
referred to the review published by Janietz.10

2.1. Alignment Properties of Langmuir-Blodgett Films in Liquid Crystal Cells

The first report about LC alignment using LB films was given in 1994 by Hiltrop and
Stegemeyer,11 who used lecithin films. Since then, it has been well-established that the
deposition of LB films with predefined thickness and order on LC cells induces the
alignment of liquid crystals at the macroscopic level. The surface density of molecules on
LB layers is suitable to allow the homeotropic anchoring of nematic LC molecules, that
is, their insertion into the hydrophobic region of the surfactant. In following years, a great
number of molecules have been tested as aligning materials.

The typical liquid crystal cell is a sandwich construction where the LC substance is
encapsulated between two substrates. These are covered on the inside with a conductive
layer and an aligning material, both of them transparent. The conductive layer, for
instance indium tin oxide (ITO), is needed to apply an electric field over the cell, and the
aligning layer is used to control the orientation of LC molecules next to the substrates.
Such layer could be prepared by covalent bonding (self-assembled monolayers, SAMs),
LB deposition or spin coating onto solid substrates.

Systematic studies about alignment dynamics and properties of typical amphiphilic
molecules, such as fatty acids, as aligning materials have been performed using nematic
LC cyanobiphenyl derivatives (CB) or N-(4-methoxybenzylidene)-4-butylaniline
(MBBA).12-13 With that purpose, monolayers of fatty acids at molecular surface densities
corresponding to the liquid condensed phase were transferred onto ITO plates. After that,
the cells were filled with the nematic liquid crystal MBBA at room temperature. An LC
alignment process takes place during and after cell filling and it has been studied by
polarization microscopy, electro-optics and non-linear optics. When looking at liquid
crystals under a microscope, the LC cell is inserted between crossed polarizers. The first,
often called as the polarizer, makes sure that the incident light is linearly polarized in one
specific direction. Since the polarizers are crossed, no light would emerge through the
second polarizer, named analyzer, if the LC was absent. However, as the light passes
through the anisotropic sample, its polarization state is altered, and thus some of it may
pass through the analyzer. The LC sample now appears in bright colors, because the
effect is wavelength dependent, and the LC alignment process is then easily observed.

Therefore, while the LC cell was filled, a colored image was obtained because of the
birefringence of LC. This behavior indicated that the molecules were parallel to the
polarizers, i.e. the orientation of nematic LC molecules was quasi-planar with preferred
orientation along the filling flow direction (Figure 4, left). Once the cell was filled, an
alteration on the LC alignment took place until the whole cell surface adopted a surface
induced homeotropic orientation, where the long axes of the LC molecules were oriented
perpendicular to the planes of the polarizers or substrate (Figure 4, right). On the
homeotropic state, the LC cell appeared completely dark.
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The aligning properties of nematic LC in cells modified by pure and mixed LB films
were observed with each of the fatty acids used in this study, although the LC ordering
quality was quite different depending on the type and composition of the monolayers.
Thus, stearic acid was found to be very good for aligning nematic LC in the homeotropic
state, while behenic acid does not yield a well-defined LC alignment.

Likewise, the speed of expansion of homeotropic domains in LC cells was also
clearly sensitive to the surfactant layer, being proportional to the anchoring strength of
the liquid crystal. This fact suggested the capability of tuning the anchoring strength by
selecting the appropriate composition of the aligning monolayer. To explain it, a model
was proposed assuming the mobility of the alkyl chains of amphiphilic molecules and the
possibility of being deformed by the LC flow. According to this, when the flow ceases,
the chains tend to relax to their equilibrium state with a speed depending on the
monolayer composition. In the equilibrium state, the chains are in the upright position
and their movement is only due to thermal fluctuations. At room temperature, these
fluctuations do not disturb the homeotropic LC alignment. However, in the case of mixed
monolayers, on lowering the temperature from the isotropic phase, they prevent the
transition from the isotropic to the nematic-homeotropic phase. This behavior could be
explained because the different chain length of surfactant molecules induces that the
upper segments of the longest chains undergo strong fluctuations, not allowing then the
insertion of LC molecules.

In addition to the type of pure and mixed surfactant monolayers, other experimental
factors have to be considered on the homeotropic LC alignment process, such as cell
thickness, The speed of expansion of the homeotropic LC alignment clearly decreased as
the cell thickness increased. This fact is in agreement with the model above described,
which involved the elastic relaxation of the liquid crystal splay-bend deformation and the
relaxation of the deformed alkyl chains on the LB. The speed of expansion of the
homeotropic domains as a function of the cell thickness, d, for different aligning
materials is given by the equation:

where called surface relaxation speed, is a constant which depends on the LB aligning
monolayer, and B is a proportionality factor which depends on the characteristic elastic
constant of the splay-bend deformation of the LC (K) and on the bulk LC viscosity
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On the other hand, the use of chromophores like azobencene molecules and
derivatives (noted as Az) has been the basis of a method for photochemical and reversible
orientational regulation of LC alignment, through the deposition of monolayers onto solid
substrates. The layer of photoreactive azobencene derivative molecules could be prepared
by covalent bond 14-15 or by deposition of LB films16 on quartz substrates. As previously
described, the LC cells were constructed by inserting the LC molecules between two Az-
modified surface plates.

The LC alignment change was proved by looking at LC in a polarization
microscope. As soon as the LC cell was constructed, it appeared bright between crossed
polarizers, becoming completely dark with time. The alteration mechanism was clearly
driven by light since, when the cells were exposed to UV light, they became bright
between the two crossed polarizers, indicating the appearance of birefringence of the LC
layer. Also, the alignment change was corroborated by monitoring the transmitted light
intensity of a polarized He-Ne laser beam through the LC cell and a crossed polarizer
placed behind the cell. The photoresponse showed a discontinuous increase and decrease
in the transmittance upon alternate exposure to UV and visible light. This phenomenon
was attributed to the LC alignment changes from homeotropic to planar alignment, where
the long axis of the nematic LC molecules has been reoriented from perpendicular to an
almost parallel way with the substrate surface. The changes were induced by the
reversible cis/trans photoisomerization of Az derivative molecules on the substrate upon
UV illumination. The reversible alignment switching of LC molecules can be described
then in terms of collective host (azobencene)-guest (LC molecules) recognition in the
proximity of the interface.

The efficiency of the photoinduced LC alignment could be affected by a number of
experimental conditions which has to be controlled in order to enhance the process.15-16

The first concerns the molecular structure, since the hydrophobic nature of the substituent
at the azobenzene moiety holds an important role in the alignment regulation. When the
Az is covalently bound to the solid substrate, it has to be considered the mode of
silylation and the length of the spacer unit between the Az moiety and the silylating
group as key factors in regulating the LC alignment. Furthermore, there is a critical area
occupied by an Az molecule for the photoregulation of LC alignment, then a molecular
area larger than critical area value results in no photoregulation. Finally, the cell
thickness and the light exposure cycles also influence on the observed photoresponse.

The dynamic and reversibility of photoswitching alignment process taking place
between the Az layer and LC molecules has been modeled using an interface system.17-18

This approach involved the use of Langmuir films composed of mixtures of an
amphiphilic polymer containing Az side chain and a nematic LC molecule, 4'-pentyl-4-
cyanobiphenyl (5CB). Only when the cospreading technique was used, both components
of the mixed monolayer were found to be oriented perpendicular to the air-water
interface. The orienting interaction, induced by the interpenetration of the rod-shaped
components, was characterized under different experimental conditions.17 After
deposition, the obtained LB films were a convenient interface model of the command
surface that promotes the LC alignment alteration, although some discrepancies in
dynamic properties, attributed to difference in the dimensionality of LC molecules, were
found.18

Many nematic LCs are not able to form stable monolayers at the air-water interface
because of the lack of a polar group. However, its incorporation into a host monolayer of
amphiphilic compounds, such as macrocycles with suitable cavities (e.g. calixarenes)19 or
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polymers, opens a way to obtain a monomolecular layer with these compounds, and its
alignment as well.

2.2. Studies of Liquid Crystalline Phase Rheology in Langmuir Films

The liquid crystalline behavior is a typical feature of two-dimensional molecular
layers, however, in bulk solution it is limited to few specially designed substances.
Likewise, the nature and molecular arrangement of the liquid condensed monolayer
phases are similar to mesophases found in the smectic LCs above described.20 Also the
optical textures are comparable to those obtained in liquid crystal by polarization
microscopy. Then, the Langmuir technique could be considered as an useful tool to infer
LC properties which later would be extrapolated to bulk LCs.

The coupling of molecular orientation to flow is well understood for bulk nematic
LC phase and the mechanism can be extended to 2D systems. However, there is no
understanding of the coupling of structure to flow in the hexatic liquid crystalline phase,
often exhibited by molecular monolayers. This constituted the purpose of an interesting
work performed by Schwartz' s group. They determined the correlation of the flow and
the structure of several crystalline phases in a Langmuir monolayer, based on a
microscopic interpretation of the observed phenomena. The investigation combined
simultaneously the Langmuir technique and Brewster Angle Microscopy (BAM),
allowing the observation of interfacial thermodynamics and rheology of crystalline
phases of molecular films at the air-water interface.21-25 Thus, a monolayer of docosanoic
acid, was studied in three different hexatic liquid crystalline
mesophases, denoted as         and Ov. The behavior of the interfacial flow of the
Langmuir monolayer through a channel, was systematically studied throughout the
different condensed monolayer phases as a function of flow rate, temperature, and alkyl
chain length.21-22

The application of a shear flow to the hexatic condensed phase of the monolayer was
also  investigated.  Previous works  showed  that phase  monolayers of

composed by a mosaic of domains with different reflectivities,
evolved toward larger domains with only two highly contrasted reflectivities under flow
conditions.26-27 In analogy to the behavior of a 2D nematic phase under flow conditions,
docosanoic acid molecules can become aligned at a certain angle with the flow (flow
alignment) or describe periodic orbital movements around an axis perpendicular to the
air-water interface (tumbling). In the case of the hexatic phase, this fact was interpreted
as molecular alignment with the flow, although it was not clear whether the origin of the
flow effects comes from distortions in the underlying lattice or from a direct coupling
with the tilted alkyl tails. The latter situation would be in agreement with the nematic
phase, where the average orientation of the molecules is governed by the flow.

However, the application of a shear flow presents significant differences on the
structure of Langmuir monolayers of docosanoic acid in the hexatic phases and
Ov.23-25 Thus, continuous changes in domain reflectivity and propagating fronts are
observed in the and phases, while only propagating fronts are observed in Ov-
phase monolayers. The application of consecutive shear-reversal cycles results in an
increase in domain size in the phase, and in fragmentation of the domain structure in
the Ov phase. The analysis and understanding of the effects of flow have to take into
account the structure of the monolayers, including the ordering of the underlying lattice
and the ordering of the alkane tails (polar tilt, azimuth angle, lattice-bond coupling, and
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herringbone order). Therefore, the quantitative analysis of the observed transformations
leads to propose a mechanism involving a reorganization of the structure of the
underlying lattice, followed by the realignment of the alkane tails. The suggested
mechanism differs from that expected for 2D nematic liquid crystals. The main difference
is that flow acts directly on the preferred molecular orientation in a nematic phase,
whereas the behavior in a hexatic monolayer is governed by the local unit cell
orientation.

3. LUMINESCENCE PROPERTIES: ORGANIC LIGHT-EMITTING DIODES

The environment and orientation of functional molecules may be controlled by
incorporating them in molecular assemblies. Handling and assembling ordered ultrathin
films containing different molecules with various functions and well-defined architecture
(composition, structure, and thickness) is a promising way for constructing molecular
devices. In this sense, the LB method has been used for fabricating organic light emitting
diodes (OLEDs).

3.1. The Light Emission Phenomenon and Devices

Electroluminescence (EL) is a non-thermal generation of light resulting from the
application of an electric field to a substrate, being the light emission from an active
material as a consequence of optical absorption and relaxation by radiative decay of an
excited state.28 The excitation is accomplished by recombination of charge carriers of
opposite sign (electron and hole) injected into an inorganic or organic semiconductor
beyond a specific threshold voltage depending on the material applied. In the presence of
an electric field the charge carriers move through the active layer and are non-radiatively
discharged when they reach the oppositely charged electrode. However, if a hole and an
electron encounter one another while drifting through the organic layer, excited singlet
and triplet states, so-called excitons, are formed. The singlet state may relax by emission
of radiation.

OLEDs represent a promising technology for large, flexible, lightweight, flat-panel
displays. Such devices consist of one or several semiconductor organic layer(s)
sandwiched between two electrodes. When an electric field is applied, electrons are
injected by the cathode into the lowest unoccupied molecular orbital (LUMO) of the
adjacent molecules, and simultaneously holes are injected by the anode into the highest
occupied molecular orbital (HOMO).

The two types of carriers migrate towards each other and a fraction of them
recombine to form excitons, some of which decay radiatively to the ground state by
spontaneous emission. The simplest emitting diode consists of just one layer located
between the hole and the electron injecting electrodes. The active organic material has in
this case to provide several functions simultaneously.29-32 It has to act as transport layer
for holes as well as for electrons and, also, it has to control the recombination process
giving rise to emission of light (Figure 5). Optimization procedures aimed at increasing
the quantum efficiency and at reducing the onset field for emission have been severely
limited in such one-layer devices, therefore multilayer devices have been considered as a
possible solution and, for instance, three-layer devices consisting of one hole and one
electron transport layer separated by an emission layer have been fabricated.33-34
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An optimized OLED device has a thin film multilayer structure, where a specific
function has been assigned to each layer. Thus, the hole injection, hole transport, the
emissive and electron transport layers are organic thin films sandwiched between two
electrodes, the anode (for example, ITO) and the cathode (usually a reflective thin film of
a low work function metal). These types of devices emit photons as a result of the
following processes: (1) Charge injection of electrons through the cathode and holes
through the anode (ITO); (2) Charge transport of the electrons to the lowest unoccupied
molecular orbital (LUMO) of the organic electron transport layer (ETL), and holes to the
highest occupied molecular orbital (HOMO) of the organic hole transport layer (HTL);
(3) Charge injection (and blocking) at the organic-organic interface; (4) Production of
excited singlets via charge recombination; (5) Migration of excited singlets; (6) Light
emission from some of the excited singlets (see Figure 6). Several parameters are used to
test the efficiency of these types of devices:

Internal EL quantum efficiency of an OLED, is defined as the ratio of the number
of photons emitted per electrons injected and it can be calculated from the measured
external EL quantum efficiency, by using

where n is the refractive index of the organic layer. Likewise, the internal EL quantum
efficiency has been defined35 as the ratio of the number of photons produced within the
device to the number of electrons flowing in the external circuit,

where is the ratio of the number of exciton formation events within the device to the
number of electrons flowing in the external circuit, is the fraction of excitons which
are formed as singlets, and q is the efficiency of radiative decay of these singlet excitons.
The efficiency of radiative decay depends on the device structure, being strongly affected
by the photonic structure of the device, e.g., the proximity of metallic mirrors. In order to
achieve efficient luminescence, it is therefore necessary to have good balancing of
electron and hole currents, efficient coupling capture of electrons and holes within the
emissive layer, strong radiation transitions for singlet excitons, and efficient coupling of
these excitons to photon states allowed in the device structure.

•̂ •̂ n
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Power efficiency, is the ratio of output light power to input electric power, and
can be determined from using the known values of the applied voltage U and the
average energy of the emitting photons as follows

Luminous efficiency, is determined by multiplication of by the eye
sensitivity curve S as defined by the Commission Internationale de L’Eclairage (CIE).
This function pays regard to the fact that the human eye possesses distinct sensitivities
with respect to different colors

Finally, the brightness of an OLED (given in is also used by several authors
to estimate the efficiency of their device.

3.2. Background of LED Formation by Using Organic Materials

The light emission by this type of devices was first discovered for inorganic
materials in 1936, observing high field electroluminescence from a ZnS phosphor powder
dispersed in an isolator and sandwiched between two electrodes.36

However, since materials used to fabricate LEDs are complex, more difficult to
produce and to process, the evolution of an analogous technology was needed in order to
improve automation, cost reduction, size of crystals grown, defect densities and volumes
of devices.

Because of the high photoluminescence (PL) quantum yields common in organic
molecular semiconductors, there has long been interest in the possibility of light emission
by these organic semiconductors through charge injection under an applied high field
(electroluminescence). Light emitting devices based on organic materials have
advantages compared with conventional semiconductor devices.
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They can be easily tailored with respect to characteristic electronic properties such as
the magnitude of the band gap or the photoluminescence yield, for instance to produce a
polarized emission (the tunability of their emissive color can be adjusted by structural
modifications), and they can be optimized with respect to their mechanical properties.
The performance of such devices, the diode characteristics, the onset voltage for emission
or the long-term stability as well as the quantum efficiency will depend not only on the
electronic properties of the films and electrodes, but also on the thickness of the films and
their smoothness, on the internal morphology of the films and on possible orientations of
chromophores within the film.37 Organic materials are much cheaper to produce than
their inorganic counterparts and they can be processed even as very thin films in the
range of 100 nm thickness. OLEDs can be operated with low DC voltage and use
significantly less power than comparable inorganic LEDs or backlit liquid crystal
displays (LCDs). Another improvement is their capability to be illuminated uniformly
over a large area and the possibility of making complex character patterns.

Electroluminescence from organic crystals was first observed for anthracene in
1963.38-39 However, the development of a new generation of light-emitting diodes with
organic thin-film electroluminescence was spurred on in the 1980s through the work of
Tang and VanSlyke,33 who demonstrated efficient electroluminescence in two-layer
sublimed molecular film devices. These devices consisted of a hole-transporting layer of
an aromatic diamine (Scheme 2) and an emissive layer of 8-hydroxyquinoline aluminum

(Scheme 2)- ITO, as the hole-injecting electrode, and a magnesium-silver alloy as
the electron-injecting electrode.

In 1990, Burroughes at al.29 overcame the drawback of expensive and
technologically inconvenient vapor deposition of fluorescent dyes and inorganic
semiconductors by using a highly fluorescent conjugated polymer (poly-p-phenylene-
vinylene, PPV, Scheme 2) as a thin film of the active organic material (30-500 nm),
which is sandwiched between two electrodes (ITO/PPV/A1). Their greatest merit was that
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they indicated for the first time the possibility of producing large area displays by simple
coating techniques.

Conjugated polymers have drawn intense research interest as active materials for
such devices, due to their unusual electrical and optical properties, reasonable chemical
stability, and easy processability.

3.3. Lifetime, Efficiency, and Thickness of OLEDs

The initial works mentioned above have stimulated huge industrial and academic
research interest all over the world. Main targets are the improvement of device
characteristics such as lifetime and efficiency, and the development of new materials for
electrooptical applications. Thus, the preparation of more device structures involving
multiple emissive or transport layers, the employment of flexible and transparent
electrodes, the optimization of device manufacture techniques, and the development of
models in order to obtain an insight into the basic processes of charge generation,
transport and recombination are investigated. Likewise, the synthesis of a great variety of
polymeric, oligomeric, and low molecular weight materials with different color
emissions, electron affinities, ionization potentials, and fluorescence efficiencies is
encouraged.

Some strategies have been used to achieve the aims described above.40 For instance,
by shifting the recombination zone towards the center of the organic layer and
introducing multilayer OLEDs in which electron and hole transport are performed in
different materials and layers, can provide a balanced charge injection, and in turn, the
electron and hole injection rates can be better controlled by creating barriers for the
charge transport at the heterojunction between semiconducting layers.

On the other hand, the synthesis of oligomers and polymers with higher electron
affinity in order to guarantee balanced charge injection can enhance the lifetimes and
efficiencies of the corresponding diodes. One way to improve the structural stability of
these organic layers is to move from molecular to macromolecular materials, and
conjugated polymers are a good choice in that they can, in principle, provide both good
charge transport and also high quantum efficiency for the luminescence. Much of the
interest on conjugated polymers has been devoted to their properties as conducting
materials, usually achieved at high levels of chemical doping.29

Doped polymer layers improve the injection of holes in OLED devices;
this is thought to result from the more favorable work function of these injection layers
compared with the more commonly used layer material (ITO). By increasing the doping
level of such polymers, the barrier to hole injection can be continuously reduced. This
concept is applied in OLED devices with the hole-limited electroluminescence, finding
that it is possible to significantly reduce the operating voltage while improving the light
output and efficiency.41

The effects of incorporating fatty acid layers into single layer and dual layer organic
light emitting structures have been studied. The insertion of arachidic acid (AA) layers
between a poly-(2-methoxy,5-(2´ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV) film
and an aluminum cathode was found to decrease the turn-on voltage for
electroluminescence and to double the quantum efficiency. In contrast, depositing the
fatty acid layer between the polymer and the ITO anode produced little change in the
device efficiency. Dual layer structures using MEH-PPV as the light emissive layer and
poly-(p-(3-hexyl pyridylene)) (HPPPy) as an electron transport layer were also tested and
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an increase in device efficiency could be obtained by placing the AA layers immediately
beneath the aluminum.42 The anode electrode can also be treated, for example, with a
copper phthalocyanine as hole injecting layer in order to reduce the driving voltage and
increase the device performance.43-44

Also, the performance of the device could be improved with some changes in the
electrodes (anode or/and cathode). The possible effects of introducing an insulating layer
into a metal-insulator-semiconductor structure can: (i) control transport; (ii) shape the
electric field in the devices; or (iii) introduce fixed charge, and therefore modify the work
function of the metal electrode. By choosing low work function metals such as Ca and
Mg to reduce the energy barrier to electrons, high efficiencies can be achieved, although
these metals are usually reactive in an air atmosphere. Another approach is to insert an
inorganic insulating layer such as CaO, and LiF beneath the cathode electrode. This
has been found to improve the electron injection. The anode electrode, usually ITO, can
be treated, e.g. with an oxygen plasma, to reduce the turn-on voltage and increase the
device performance.

Finally, the preparation methods of the OLED layers seem to be important in order to
increase the molecular order and consequently the efficiency of the corresponding
devices. In this way, the organic layers can be generated by procedures such as layer-by-
layer processes taking advantage of self-assembling,45-47 or Langmuir-Blodgett (LB)
techniques.48-50

3.3.1. Layers of OLED Prepared by the Langmuir-Blodgett Technique

The Langmuir-Blodgett technique offers an alternative method of depositing
ultrathin, ordered and thickness-controllable layers which are relatively defect-free. As
for the light emitting diodes (LEDs), a tradeoff exists in developing techniques to achieve
a precise molecular organization of the active moieties in order to control transport and
emission properties. In this respect, the LB technique is a way for the achievement of
improved self-organized systems of active electroluminescent molecules. Indeed this
technique allows a good molecular order and a molecular alignment needed in the case of
polarized light emission. Moreover, the use of LB or absorbing layers improves the
charge injection at the ITO electrode, i.e., the operating voltage could be drastically
reduced, and as a result the lifetime of LEDs can be increased.

The most often used technique for the preparation of thin films with polymeric
materials is spin-coating. However, the LB technique, with the advantage of precise
control of the thickness down to the molecular scale, together with the self-assembly
(SA) technique, allow to study and model polymeric devices with approaching molecular
thickness. On the other hand, the degree of order and the type of supramolecular
organization obtained with spin-coating and LB techniques are very different. By
comparing the properties of films prepared with these techniques, it is possible to study
the behavior of LEDs as a function of film thickness and to investigate the properties of
the metal/polymer interface during device operation. By varying the supramolecular
organization in the films, some information on the role of the structural order can be
inferred.

The challenge of fabricating thin film devices by LB techniques is to transfer films
with vertical deposition while preserving their good photoluminescence and
electroluminescence properties. Thus, vertical depositions can be realized by doping
polymers with long chain fatty acids. But, as mentioned earlier, defects in films, in the
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form of either impurities or cavities, are detrimental to electrical properties, left alone the
fact that the films made are usually unstable and the polymer chains are randomly
oriented. A better approach is perhaps to modify the molecular structure of such polymers
to render them amphiphilic. The overall structure of such a polymer could have one-half
of the side chains staying in the water while the other half stay in the air, thus providing a
suitable amphiphilicity, preserving at the same time a high degree of conjugation that is
essential for electrical and optical quality.

The use of amphiphile as an extractable agent for delivering the polymer succeeds in
preventing premature aggregation and providing effective molecular lubrication.
However, as a disadvantage the charge carrier transporting ability of these types of films
can be reduced because of the presence of pinholes within the film. The formation of
those defects could be due to some local phase separation processes, and consequently to
reduce or eliminate the phase separation, water soluble amphiphiles with better
miscibility with the polymer may be used. For example, the hydrophobic part of the
soluble surfactant may be modified to increase the compatibility with the active
component, and the hydrophilic part can also be modified to adjust the solubility, for
example, by pH control. The subphase and the temperature are also tunable for optimal
conditions. Since the dissolution of amphiphiles is a function of time and surface
pressure, both are also influential parameters. Overall, the spreading-then-extracting
method provides a flexible alternative to manipulate polymer films which have little or
no amphiphilicity. The macroscopic homogeneity and the optical isotropy of films
prepared by this method may also be useful for constructing thin film photonic devices.

The flexibility and thickness control offered by the LB technique has been used to
fabricate LEDs of a porphyrin derivative deposited at two different surface pressures, and
the effect of molecular packing of the active layer on LED characteristics has been
studied. The molecule is known to form a monomolecular layer (1.5 nm/layer) at lower
surface pressure (L) and stacked multilayer LB films at higher surface pressure (H). The
I-V characteristics of (H) and (L) devices could be different due to the packing of
emitting layers. The closely packed porphyrin macrocycles in POR(H) film form p-type
semiconducting layer and thus the I-V curves show asymmetric nature. In (L) structure
on the other hand, larger contribution of alkyl chains (non-semiconducting contribution)
reduces the overall hole contribution. The (L) layer thus might act as an intrinsic
semiconductor resulting in symmetric I-V curves for the devices.51

On the other hand, this technique can help to solve some problems related to the use
of organic materials for fabricating OLED as commented below. Conventional organic
photoconductor materials have low mobility. In general, the low mobilities of such
polymeric materials are due to a trap-dominated hopping transport between
photoconductive groups, giving rise to a certain localization of charge carriers. The
electronic charge-carrier mobilities of organic systems are mainly determined by the
supramolecular arrangement and packing of the molecular units involved.

The overlap of molecular wavefunctions is often more important than the molecular
structure itself. Thus is not surprising that organic single crystals are the only organic
systems known so far to show electronic charge-carrier mobilities comparable to the
amorphous inorganic semiconductors which are the mainstream of the microelectronics
industry.

It is now widely accepted that the between the electronically active
transport units is probably the most important parameter for the charge-carrier transport
process in organic systems.
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Therefore, order phenomena, on both an energetic and a geometric scale, are strongly
correlated with the charge-carrier transport properties. Since order is often dominated by
the supramolecular assembly of the molecular transport sites, the approach towards high-
mobility organic systems could involve the use of materials like discotic liquid crystals in
columnar arrangement (Scheme 3). The molecular units in these materials (e.g.
hexahexylthiotriphenylene) self-organized into columnar stacks, providing a favorable
face-to-face orientation of the aromatic cores; this leads to a large between the
adjacent molecular units. This precise molecular organization can be achieved by using
the Langmuir–Blodgett method.52-53

The handling of the material forming the OLED can sometimes constitute a problem.
Solution methods such as casting and spin-coating are often used to prepare soluble
organic thin films. Although the solution cast procedure has the advantages of easy
operation and low cost, it is very difficult to control the thickness, thickness uniformity,
smoothness, and molecular orientation. Most of these characteristics can, however, be
controlled by the LB technique through the layer-by-layer deposition process. For
instance, the thickness of a Langmuir film of a regioregular poly(3-hexylthiophene) is ~
33 Å. A device that contains 5 to 10 layers will have a thickness of 160-330 Å. Compared
with cast films, which are usually thick, the LB film is ultrathin.54

The fabrication of multilayer structures by casting and spin-coating is often difficult
because the solvent used with the upper-layer material should not dissolve or otherwise
deteriorate the underlying layer. On the contrary, the LB technique allows one to control
the film thickness on a molecular scale and to fabricate multilayer structures with well-
defined boundaries between the different material layers. Although the use of additional
charge-transporting and insulating layers in organic LEDs is essential for optimizing the
operation and quantum efficiency, this has only recently been studied in the case of LB
films. As commented before, interesting studies indicate that a multilayer structure where
the hole- or electron-transporting material is contained in a separate layer provides a
better control of the charge carrier injection properties than a single layer structure
containing a blend of the materials. The balance of electrons and holes can also be
controlled by introducing an insulating layer between ITO and the emitting layer to block
the injection of holes, thus resulting in an increase in quantum efficiency.50

The influence of temperature on the photoluminescence and electroluminescence
spectra has been observed for poly(3-decylmethoxythiophene) (PDMT) in ITO/PDMT/A1
as a function of the deposition method.55 Thus, a strong thermochromism is detected in
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the PL spectrum of spin-coating films, which is coherently related to a thermal transition
of the polymer, while a very weak thermochromism is observed for the LB films
indicating that the multilayered arrangement in planes parallel to the substrate makes
them very stable to temperature variations. For the thick spin-coating films (~ 400 Å) the
EL spectrum reproduces the PL spectrum measured at about 75-80 °C, while for the thin
LB films a blue shift of the EL is observed with respect to the PL, which can be
accounted for by a shortening of conjugation length of the polymer due to reactions at the
polymer/Al interface. This effect, which has been observed only for LB films, is in fact
more valuable in the thinner structures.

As briefly described in this section, OLEDs have greatly been improved with respect
to reliability, efficiency and tunability. Their performance is now comparable to, and in
some cases even better than, that of commercially available light-emitting devices based
on inorganic semiconductors. Moreover, they can produce polarized light and any color
in the visible region, including white, which is still difficult to achieve with inorganic
materials. Scientists have designed and synthesized a great variety of suitable materials
(polyfluorens, polyquinoxalines and poly(p-phenylenevinylene) on one hand and
multicomponent systems comprising metal chelates highly fluorescent dopant
emitters (rubrene, coumarins, quinacrione), triarylamines (TPD, NPD) and simple
oxadiazole compounds (PBD) on the other hand) over the last couple of years.40 Only a
few of them have been investigated thoroughly. Possibly, the best materials are still
unknown or the potential of already available materials has not been recognized.
Furthermore, techniques like LB or/and SAM for fabricating OLEDs with good
properties have to be taken into account.

4. MAGNETIC PROPERTIES

Magnetism arises from the cooperative behavior of a large number of electron spins
and it can be examined at the macroscopic or microscopic levels. The macroscopic level
deals with the bulk properties of a material. The bulk magnetic properties of a material,
such as magnetic susceptibility or magnetization (M), involve the ensemble of
individual atomic or molecular magnetic behaviors. The microscopic level is associated
to the magnetic behavior of individual atoms or molecules. The microscopic magnetic
moment (i.e. magnetic moment of a molecule or atom) is called the effective magnetic
moment Since magnetism is a cooperative phenomenon, is related to
Moreover, it is important to notice that the magnetic behavior at the macroscopic and
microscopic levels may not be identical.

Considering this, conventional magnets (e.g. ferromagnetic iron) can be described as
materials consisting of magnetic domains that contain a large number of unpaired
electrons with strong interactions, resulting in the alignment of the electron spins in one
direction. Most organic materials are diamagnetic since the electron spins are paired in an
anti-parallel way, and their magnetic moments cancelled. A paramagnetic material
results when interactions between the molecules are absent, or the electron spins are
randomly aligned, leading to an overall cancellation of the electron magnetic moments in
the absence of an external magnetic field. However, when interactions between the
molecules are non-negligible, the electron spins undergo alignment over large domains
below a critical temperature. The alignment could take different forms. Therefore, in an
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antiferromagnetic material, the electron spins are locked into an antiparallel arrangement
and the net magnetic moment is zero. However, in a ferrimagnetic material, an
antiparallel arrangement between spins of different strength occurs and they do not cancel
completely. In contrast, a ferromagnetic material shows a parallel alignment of spin
magnetic moments of unpaired electrons within small regions below a critical magnetic
ordering temperature, called Curie temperature Within each domain, all the spin
moments point in the same direction, creating a large magnetization in the absence of a
external magnetic field. Above the behavior is that of a regular paramagnetic
material. This behavior is explained because the interaction energy between the spins
becomes larger than the thermal energy of the spins at and, as a result, an ordering of
unpaired electron spins takes place. Since the interaction energies in most organic
compounds are rather small, low values are common. However, high Curie
temperatures are necessary for practical applications.

The magnetic susceptibility of a given material varies upon two factors, temperature
and applied magnetic field. The four types of magnetic materials above mentioned show
different behavior as the temperature and/or field are changed. This fact provides criteria
to study the magnetic properties of molecular films and supramolecular devices as are
now described.

4.1. Purely Organic Magnetic Monolayers and Films

These monolayers and films are composed of purely organic materials, that is, of
organic radicals consisting only of the elements C, H, O and N. An increasing interest in
preparing organic ferromagnets has arisen during the last years because they possess
interesting properties such as solubility, flexibility, low density, and ability to form thin
and transparent films, that make them very convenient to be used in optomagnetic
devices. However, by now these magnets cannot compete with inorganic ones in
magnetization values.

Two approaches could be used in the design and synthesis of purely organic
ferromagnetic materials: the intramolecular and the intermolecular spin alignment. The
intramolecular approach occurs when more than a radical is connected through a
conjugated chemical coupler, e.g. through a polymer chain. This strategy
results in a high-spin molecule. The intermolecular approach, where an assembly of
molecules is considered, leads rise to materials with ferromagnetic behavior. As a
disadvantage of this approach, the crystalline molecular structure is difficult to predict,
and the interaction between unpaired spins in a crystal lattice is unpredictable.

Several novel organic conjugated molecules bearing nitronylnitroxide or imino-
nitroxide radicals (Scheme 4) have been designed to study the 2D magnetic behavior of
these compounds. It is obviously necessary to control the molecular packing within
molecular materials designed for use as molecular magnets due to the cooperative
character of the magnetism. Then, the LB technique could be one of the most useful
methods to prepare a 2D magnetic organization of radicals. By comparing the properties
of bulk materials and films prepared with the LB technique, it is possible to study the
magnetic behavior as a function of molecular organization, and information of the
dependence of intermolecular spin–spin interaction on the intermolecular orientation may
be inferred.



I. PRIETO ET AL.322

The magnetic behavior of a polycrystalline sample of compound 1, a benzene ring
with nitronyl nitroxide and imino nitroxide radical substituents at the meta positions was
studied using electron spin resonance (ESR) and superconducting quantum interference
device (SQUID) techniques.56 The integrated intensity of the absorption line of an ESR
spectrum is proportional to Hence, the analysis of ESR spectra with temperature is a
way of evaluating the existence of magnetic interactions within a bidimensional system.
The temperature dependence of magnetic behavior of 1 in bulk solution shows that,
above 84 K, the product remains almost constant (0.732 emu K mol). Below 84 K, the
product increases with decreasing temperature, reaching a maximum at 24 K, and again
decreases when lowering the temperature below 24 K. According to that, it could be
confirmed an expected intramolecular spin-spin ferromagnetic coupling because of the
meta positions of the radical substituents in the benzene molecule.

The structure and magnetic properties of Z-type LB films of 1 deposited on quartz
glass were also investigated. The first remarkable feature was the dependence of ESR
intensity on magnetic field, evidencing the anisotropic character of LB films in their
magnetic behavior. This behavior is a typical feature of thin films with magnetic
properties. Nevertheless, the most important conclusion of this study came from the
analysis of the temperature dependence of the ESR spectra intensity in the LB films. In
this case, the product remained almost constant above 150 K, and decreased sharply
when lowering temperature below 150 K. In this case, the temperature dependence of the
magnetic susceptibility clearly does not follow the trend of a ferromagnet, but rather that
of an antiferromagnetic material. This fact was later confirmed by SQUID measurements.
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Concerning structural studies, X-ray diffraction experiments on Y-type LB films
revealed a bilayer structure, where the alkyl chain is tilted approximately 46° with respect
to the substrate surface.

In conclusion, the difference in the magnetic behavior of LB films and
polycrystalline samples of compound 1 was assigned to the molecular arrangement in
both systems. The order and supramolecular organization obtained by LB deposition
favored a large intermolecular spin–spin antiferromagnetic interaction over a small
intramolecular ferromagnetic coupling contribution to magnetic behavior.

A similar approach was used to prepare high-spin ordered layers of amphiphilic
conjugated molecules bearing one nitronylnitroxide radical or two imino-nitroxide
magnetically coupled radicals attached at both ends of a rigid rod (compounds 2-5,
Scheme 4).57-58 It became necessary to know the molecular organization and stability of
monomolecular films of these compounds at the air-water interface, where nitronyl
nitroxide and imino-nitroxide radicals acted as polar groups. Results obtained by and
surface potential-A isotherms, and BAM images, demonstrated a quite different behavior
for monoradicals and biradicals.

An exhaustive characterization of the LB films prepared after deposition of mono- or
multilayers of compounds on silicon, glass or quartz substrates, showed a property
dependence on the substrate type where the films are transferred on, as it was evidenced
by optical and diffraction spectra. Results obtained by grazing incidence X-ray analysis
(GIXA) on monolayers of 2 and 4 deposited on Si wafers indicated that, for each film, the
molecules were oriented almost perpendicular to the substrate.

The electron paramagnetic resonance (EPR) technique has been used to characterize
magnetic properties of monolayers of the monoradical 2 and of the biradical 4, both
deposited on hydrophilic quartz plates. A noticeable difference between the EPR spectra
of LB films, consisting of a broad single line, as compared to the EPR spectra of radical
solutions, well-resolved and with hyperfine splittings, was observed. The fact suggested
weak but detectable paramagnetic properties of the LB film. Furthermore, the broadening
of the line could be attributed to dipolar interactions and low dimensionality of the LB
film.

The molecular structure and magnetic properties of polycrystalline samples and LB
films of the monoradical 2 were exhaustively investigated using ESR, SQUID, and X-ray
diffraction.58 For the polycrystalline sample, the layer spacing value was about 29.9±0.2
Å, which is in agreement with a completely extended conformation of the side chain, and
a head-to-tail arrangement of amphiphilic molecules. However, the LB monolayer gave a
thickness of 22 Å, and consequently, the rigid rod molecules are tilted with respect to the
substrate surface.

The ESR spectra of LB films were fully symmetrical, and it was fitted with a
Lorentzian derivative, confirming that spins undergo an exchange interaction. In addition,
the temperature dependence of the ESR signal was recorded in order to assess the
existence of magnetic interactions within the LB films. Again, a discrepancy of magnetic
susceptibility measurements of both types of samples as the temperature changes, was
appreciated. In the polycrystalline powder of 2, the temperature dependence of  in the
range from 2 to 300 K was fitted to Curie-Weiss law, from which a negative Weis
constant value was calculated. Below 2 K, the product decreases with decreasing
temperature. According to those results, the negative value of Weiss constant and
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decrease at the lowest T reached, the molecular interactions in the bulk material were
undoubtedly antiferromagnetic.

On the contrary, the magnetic susceptibility analysis of LB film with temperature
gave a perfect fit with the Curie-Weiss law. However, the Weiss constant value was
positive pointing toward the existence of ferromagnetic interactions within the film.
Again, the LB technique, with the advantage of precise control on the molecular
interactions, gave rise to 2D magnetic molecular device starting from a material with
antiferromagnetic interactions in the bulk.

4.2. Hybrid Organic-Inorganic Materials

Magnetoelectronics is a rich field to explore, given the intrinsic lamellar structure of
devices such as spin valves, magnetoresistive sensors, or magnetic tunneling. Therefore,
new lamellar systems with selected magnetic properties, based on a sequential
organization of organic and inorganic layers, have been developed. Indeed the Langmuir-
Blodgett technique has been extended to create organic-inorganic LB films containing
well-organized layers of polyoxometalates (POMs), leading to hybrid materials
containing high-spin clusters.59-62

POM structures can be described as molecular clusters of close-packed metal oxides
of formula where M=Mo, W, V... and X= P, Si, B, Co, Fe... Their most
important properties are the ability to accept various numbers of electrons giving rise to
mixed valence species, and the possibility of accepting d-transition metals at specific
sites. These abilities make them very useful to build new materials with electronic,
magnetic, and optical properties. Such practical applications rely mostly on the
fabrication of POM-based organic-inorganic films, and in consequence several strategies
have been developed to prepare lamellar films. The fabrication of lamellar organized
materials by using LB technique greatly improves the order and properties of films.

The hybrid organic-inorganic films have been prepared by using a strategy based on
the adsorption properties of the polyanion where
along a monolayer of a positively charged lipid, as dimethyldioctadecylammonium cation
(DODA).59 A preliminary study to characterize the interactions and optimal conditions of
the formation of the Langmuir films involving the cationic amphiphile DODA and
different types of anions was performed. The polyanion concentration, pH and ionic
strength of the subphase, lipid surface density and the global monolayer charge were
experimental conditions that could be modified to optimize the adsorption process at the
air-water interface.60 For instance, by mixing DODA with a negatively charged lipid (or a
zwitterionic compound), which modifies the global charge of the Langmuir film, the
POM amount in the multilayer LB film was controlled. Furthermore, it resulted to be
proportional to the charge of the film. Moreover, no adsorption of polyanions along the
gas-water interface could be achieved with neutral or negatively charged monolayers.
Hence, the electrostatic nature of the interactions between adsorbed anions and the
cationic lipid has opened the possibility of controlling the amount of POMs in the
organized LB films, by changing the global charge of the monolayer used for the transfer.

The choice of appropriate polyoxometalate and lipid molecule would allow the
construction of LB films having magnetic, optical, or electrochemical properties. Thus,
LB films formed by alternating layers of magnetic polyoxometalate clusters and organic
donor molecules gives rise to functional molecular materials with magnetic properties. As
example,  LB films exhibit magnetic behavior that follow the Curie law
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down to about 20 K, as expected for an isolated in a tetrahedral environment.59

Below this temperature, the magnetic susceptibility decreased because of the zero-field
splitting of the S = 3/2 ion, similar to the bulk behavior observed for the potassium
salt of this anion. This fact demonstrated that the magnetic site of the polyanion inserted
in the LB film is not sensitive to the surrounding charge of the DODA molecules.

Other hybrid systems containing POM molecules, such as or

derivative of clusters and behenic acid Langmuir films. The structure of the LB
films was investigated by IR spectroscopy and X-ray diffraction. The obtained results
suggested that metal clusters did not modify the matrix organization, and the cluster
organization within the films depended on the cluster/behenic acid ratio. Thus, lamellar
structures with the clusters organized in well-defined monolayers were observed.

The magnetic susceptibility data provided complementary information on the
composition of the LB films, as the amount of clusters trapped within the LB film.
On the other hand, the magnetization data of cluster films as a function of the
applied magnetic field were obtained below and above the blocking temperature of the
metal cluster (4 K). The benzoate cluster derivative LB film showed at 2 K a marked and
reproducible hysteresis loop with a coercive field of about 0.1 T (0.06 T for the acetate
film), which disappeared as the temperature increased to 4 K. The shape of the loop
depended on the orientation of the film with respect to the applied magnetic field,
corroborating the preferential orientation of the clusters within the layers, with the
magnetic axis of the cluster perpendicular to the monolayer.

4.3. Magnetic Nanoparticles

The LB technique has been used to produce bidimensional arrangements of
organically functionalized nanoparticles of various types. The potential of this technique
lies in the possibility to produce uniform 2D magnetic nanoparticles arrays, while other
methods like the evaporation of suspension drops on solid substrates, cannot achieve an
uniform nanoparticle arrangement.

The construction of a magnetic nanoparticle Langmuir monolayer involves two
important requisites. First, the synthesis of nanoparticles generally leads to polydisperse
samples, which makes quite difficult to obtain a homogeneous layer. Consequently, a
size-selection procedure has to be performed in order to obtain fractions of almost
monodisperse particles. Second, the formation of a nanoparticle monomolecular layer at
the air-water interface requires to some extent the hydrophobic character of particles,
which could be obtained by coating procedures involving chemical bonding, electrostatic
interactions or hydrogen bonds, for instance, thiol ligands chemically bound to the metal
surface of gold and silver nanoparticles, or fatty acid molecules weakly bound to the
metal-oxide particle surface.

The importance of controlling such factors was demonstrated in the work done by
Lefebure et al.65 This group managed to obtain stable monolayers of hydrophobic

61 and mixed-valence cyanide compounds have been object of
later investigations.62-63

The promising results obtained in the construction of LB films containing large metal
oxide clusters with magnetic properties led to extend this technique as a way of
fabricating organized films of single-molecule magnets.64 In this case, the formation of
stable Langmuir films with metal clusters at the air-water interface requires the use of a
fatty acid as amphiphilic matrix. This approach implies a mixed acetate (or benzoate)
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monodisperse magnetic nanoparticles of at the air-water interface. It was shown
that iron oxide particles of different sizes, coated with lauric acid, led to non-uniform
Langmuir films since the nanoparticles formed dense aggregates whose structure strongly
depend on the particle size. Thus, it was possible to observe by transmission electron
microscopy (TEM) that, at low pressure, the larger particles
originated interdigitated aggregates, while upon compression they became more compact.
However, the smaller particles formed dense circular nanoparticle
assemblies at both low and high surface pressures. This behavior was explained based on
the size-dependent balance between van der Waals and magnetic dipole-dipole
interactions of molecules. The interactions with an external magnetic field are discussed
in the same terms.

The LB technique has been often used to prepare uniform two-dimensional arrays of
organically passivated nanocrystal colloids, such as magnetite and Co-ferrite

under optimized experimental conditions.66 The magnetite nanoparticles
underwent a size-selective precipitation in order to obtain uniform particle suspensions,
and, after that, they were coated with oleic acid. The experimental conditions concerning
particle concentration in the spreading solution, type of solvent and subphase pH were
found to be crucial to obtain a bidimensional and homogeneous arrangement of size-
selected nanoparticles.

The magnetic properties of the films were recorded as a function of temperature.
Thus, the magnetization curves of Co-ferrite films exhibited hysteresis below 200 K, and
the magnetite films below 100 K. Also, the Co-ferrite films had larger coercivity below
the blocking temperature than magnetite. The control over the formation of uniform
colloidal solutions of magnetite nanocrystals and of 2D arrays on solid substrates could
therefore allow the study of interparticle forces between magnetic particles in a well-
defined system.

A different approach like adsorption of soluble and magnetic
nanocrystallites from an aqueous subphase along an interfacial monolayer of surfactant
has also been reported.67

5. NONLINEAR OPTICAL PROPERTIES

5.1. Scope and Phenomenon

As light travels trough a material, a variety of nonlinear optical effects (second-order
and third order NLO) may occur, and its oscillating electric field interacts with charges in
the material.

These interactions can cause the original optical beam to have its frequency, phase,
polarization or path significantly changed. The ability to manipulate light in this manner
has many important technology ramifications in optical signal processing, generation of
variable frequency laser light, tunable filters and optical data storage. These significant
technological discoveries are a powerful driving force for research in this area. In order to
control light, an appropriate design and synthesis of optimal media within which the
modulation or combination of photons can take place, and in which the optical processes
can be controlled, is being investigated.
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When electric fields of are applied, for instance by means of a laser,
to an optically excited substance, higher energy vibrational quanta can be excited that
extend into the anharmonic (nonlinear) portion of the potential energy vs. charge
displacement relationship. These nonlinear displacements are the origin of the NLO
phenomena. From a microscopic point of view, when a material is subjected to very high
intensity electric fields, the material can become sufficiently polarized and as
consequence its polarizability can change. Thus, the induced polarization is a nonlinear
function of the field strength. This nonlinear polarization gives rise to nonlinear optical
effects (Figure T).68-69

In the condensed phase, the nonlinearities depend both on the nonlinear optical
properties of the individual molecules and on the arrangement of molecules in this phase.
In this sense, the LB method can be used to control the molecular architecture of the
material, as discussed in previous sections. LB is a potential method in the field of
nonlinear optics.70 Since the films are deposited layer by layer, films of the order of a
wavelength of light can be fashioned with high accuracy. Since the wave vector of a
propagating wave in a waveguide depends on the thickness of the film, phase
relationships between modes can be maintained over considerable distances. Also, NLO
optical properties are phase dependent, so this degree of control offered by LB films is
almost unique.69

5.2. Properties of Organic Materials for NLO Devices

The study and characterization of organic NLO materials is relatively new compared
to investigations of traditional inorganic materials. Most commercial NLO materials are
still inorganic, although as a result of difficulties in crystal growth and sample
preparation, inorganic materials present problems in their utilization as NLO devices and
this constitutes one of the main reasons for pursuing the development of organic
photorefractive materials.69 Thus, since the 1980s, considerable research interest has been
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focused on organic materials for nonlinear optical applications71-72 because they possess
several advantages over inorganic materials, such as high optical nonlinearities, ultrafast
response times, easy processability, and low cost. Moreover, the desirable NLO
properties can be optimized by chemical modification of their structure.

Prerequisites for the appearance of a significant macroscopic second-order NLO
susceptibility, in the active material are a sufficient molecular second-order
hyperpolarizability, and the presence of a non-centrosymmetric internal structure both
on the molecular and the supramolecular level. Chromophores with high second-order
hyperpolarizability are usually linear conjugated chromophores which bear a strong
donor and a strong acceptor in position, and which have a long, undistorted

system. In this group, for instance, phthalocyanine and related compounds, with
their extended two-dimensional  delocalization, are key targets in the study of
nonlinear processes and are very promising candidates for optical switching and optical
limiting devices. Most studies on phthalocyanines and related macrocycles have been
performed on spin-coated or evaporated thin films, where the structure and order
parameters are not well controlled, so that microscopic NLO response cannot be reliably
correlated with the macroscopic one. On the contrary, by using the LB technique
controlled well-ordered multilayers (non-centrosymmetric by X- and Z- type deposition
modes,73 or centrosymmetric by Y mode74) can be built up. Also, azobenzene
chromophores are known to represent a good compromise between high nonlinear
response, and other technologically important properties like sufficient solubility in
common solvents and good photochemical stability.75 Likewise, films consisting of
alternating layers of a merocyanine dye and acid have been studied.76

Modeling the films as being uniform, axially isotropic dielectric media, gives a value for
for the dye in the monolayer of an extraordinarily

large value.
On the other hand, many photonic devices are based on the principle of optical

waveguiding. A typical waveguide thickness reaches values around one or a few
micrometers, and by means of LB technique the structures of waveguides can be
controlled on a molecular scale. For instance, a gradient of refractive index can easily be
introduced through layer-by-layer deposition of suitable amphiphilic polymers. The
control of molecular orientation and of supramolecular arrangement is crucial for two
aspects –the kind of molecular packing perpendicular to the layer plane is important to
obtain non-centrosymmetric or centrosymmetric structures, while the molecular
orientation with respect to the substrate plane is important to obtain an anisotropic
refractive index.

The formation of multiple LB layers creates a waveguide structure. In addition to the
advantages of a high it is also necessary that the final waveguide formed by the
multiple layers permit good phase matching between the first and second harmonics. This
problem is caused by the difference in the phase velocity of the first and second
harmonics as they travel through a dispersive medium. Thus, if uncorrected, there will be
interferences between the fundamental and the second harmonic, with power being
transferred back to the fundamental. Fortunately, by adjusting the thickness of the
waveguides, mismatch can be minimized.69

Another practical problem is to attach optical devices (such as prisms or gratings) to
the LB film in order to direct the fundamental into the length of the film, and to obtain
the second harmonic at the other end of the film. An example of such a system is
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provided by an amphiphilic structure made by placing an alkyl chain on one end of a
polydiacetylene molecule and a carboxyl group on the other end.77

Furthermore, molecules consisting of a donor (D) moiety linked to an acceptor (A)
moiety by a conjugated bridge have become the subject of intensive study due to their
potential in NLO applications. The development of advanced materials for photonic
applications based on second harmonic generation (SHG) requires solution of several
major problems. The first is the design of chromophores with
maximized hyperpolarizabilities that retain reasonable thermal and photostability. Such

materials may be optimized by varying the donor–acceptor strength and
the length of the bridge. Although significant progress in deriving the
structure–properties relationship has been made, full guidelines for the design of SHG
chromophores have not yet been established. The second problem is the assembly of
these chromophores in non-centrosymmetric arrangements in miniaturized nanoscale
systems. This can be realized by fabricating LB or self-assembled films which
incorporate a compatible inert spacer material.78

In addition, there are applications of organic semiconductors (OSC), such as in
electroluminescent devices, for which there are advantages in having a large current flow.
In view of the low mobility of carriers in most organic semiconductors, large field
strengths would then be required for this purpose. For practical reasons it is desirable that
these large fields be achieved with the application of small applied voltages. The
exploitation of the nonlinear optical properties of organic semiconductors is also best
accomplished by the high field-low applied voltage configuration. This configuration can
only be achieved if the OCS is in the form of a thin film. The Langmuir-Blodgett
technique is a successful method for preparing uniform thin films with a total thickness
that can range from 4 nm for two monolayers (e.g. of stearic acid) to with an
uniformity of thickness of ± 4 nm. Some reviews on LB films related to this subject have
been published by Roberts,79 Bosshard et al.80 and Petty.20

Finally, it should be pointed out that the second-harmonic generation (SHG)
measurements carried out in order to determine second-order NLO susceptibility of LB
multilayers, do not only provide values but also information about chromophore
orientation and about the internal structure of LB multilayers. For example, in most cases,
the LB deposition is sensitive to the temperature dependence of the surface pressure

of the floating monolayer, to the composition of the subphase, and to the surface
properties of the substrate. In order to reduce the number of unknown parameters, the LB
deposition should always be carried out under the same conditions, therefore, the change
in the deposition behavior with increasing the number of layers should have its origin in
material inherent properties. With increasing number of monolayers, the influence of the
substrate decreases, which leads to a loss of molecular order especially in the upper
layers. It is, therefore, not possible to deposit oriented multilayers from that kind of
organic material (e.g. arachidic acid) alone, because the deposition is, in this case,
sensitive to the surface energy, which depends on thickness. For azobenzene-containing
polymer Z-type multilayers, the chromophores of the first 10 monolayers are oriented
almost perpendicular to the substrate plane, but they become more and more tilted as the
number of monolayers increases (same consequences as before). The reason could be that
the polar groups of the polymer main chain cannot compensate the large dipole moments
of the chromophores when the interaction with the substrate loses its influence. As a
result, disorder in the upper layers increases in comparison to the lower layers. The
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investigation of molecular order by SHG led to the same result. The reflected SHG
intensity can be given as a sum of contributions from substrate nonlinear susceptibility
and from the susceptibility of deposited multilayers

For perfectly aligned LB multilayers, is proportional to the number of deposited
layers N and as a result, a dependence according to should be observable as a

linear increase in a plot of N (that happened only for the first 30 monolayers).

Likewise, the SHG results together with ellipsometric measurements, orientation and
ordering of chromophores were increasingly reduced for Z-type multilayers above a
thickness of 30 monolayers. The detected SH signal in s- and p-polarization depending on
the polarization angle of the incident fundamental beam allowed to determine the tilt
angle of the chromophore.75

6. REFERENCES

1.
2.
3.

4.
5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

G. L. Gaines, Jr. Insoluble Monolayers At Liquid-Gas Interfaces, (Interscience Publishers, 1966).
G. G. Roberts, Langmuir-Blodgett Films (Plenum Publ. Co., New York, 1990).
H. Kuhn and D. Möbius, in Investigations of Surfaces and Interfaces, Ed., edited by B. W. Rossiter, R.
C. Baetzold (John Wiley & Sons, Inc., New York, 1993) Vol. IXB, p. 375.
H. Kuhn, Functionalized monolayer assembly manipulation, Thin Solid Films 99, 1-16 (1983).
H. Grüniger, D. Möbius, and H. Meyer, Enhanced light reflection by dye monolayers at the air-water
interface, J. Chem. Phys. 79, 3701-3710 (1983).
U. Lehmann, Aggregation of cyanine dyes at Langmuir-Blodgett monolayers, Thin Solid Films 160, 257-
269 (1988).
H. Hada, R. Hanawa, A. Haraguchi, and Y. Yonezawa, Preparation of the J-aggregate of cyanine dyes by
means of the Langmuir-Blodgett technique, J. Phys.Chem. 89, 560-562 (1985).
Y. Yonezawa, D. Möbius, and H. Kuhn, Scheibe-aggregate monolayers of cyanine dyes without long alkyl
chains, Ber. Bunsenges. Phys. Chem. 90, 1183-1188 (1986).
W. Cordroch, and D. Möbius, Incorporation of non-amphiphilic compounds into host monolayers, Thin
Solid Films 210/211, 135-137 (1992).
D. Janietz in: Handbook of Surfaces and Interfaces of Materials, edited by H. S. Nalwa (Academic Press,
San Diego, 2001), Vol. 1, pp. 423–445
K. Hiltrop, J. Hasse, and H. Stegemeyer, On the alignment of thermotropic nematic and smectic l iquid
crystals on lecithin coated surfaces, Ber. Bunsen-Ges. Phys. Chem. 98, 209-213 (1994).
V. S. U. Fazio, L. Komitov, and S. T. Lagerwall, Alignment and alignment dynamics of nematic l iquid
crystals on Langmuir-Blodgett monolayers, Liq. Cryst. 24, 427-433 (1998).
V. S. U. Fazio, L. Komitov, and S. T. Lagerwall, Alignment of nematic l iquid crystals on mixed
Langmuir-Blodgett monolayers, Thin Solid Films 327-329, 681-685 (1998).
K. Ichimura, Y. Suzuki, T. Seki, A.Hosoki, and K. Aoki, Reversible Change in Alignment Mode of
Nematic Liquid crystals regulated photochemically by “command surfaces” modified with an azobenzene
monolayer, Langmuir 4, 1214-1216 (1988).
K. Aoki, T. Seki, Y. Suzuki, T. Tamaki, A. Hosoki, and K. Ichimura, Factors affecting photoinduced
alignment regulation of cyclohexanecarboxylate-type nematic l iquid crystals by azobenzene molecular
films, Langmuir 8, 1007-1013(1992).
T. Seki, M. Sakuragi, Y. Kawanishi, Y. Suzuki, T. Tamaki, R. Fukuda, and K. Ichimura, “Command
surfaces” of Langmuir-Blodgett films. Photoregulations of liquid crystal alignment by molecularly tailored
surface azobenzene layers, Langmuir 9, 211-218 (1993).
T. Ubukata, T. Seki, and K. Ichimura, Modeling the interface region of command surface 1. Structural
evaluations of azobenzene/liquid crystal hybrid Langmuir monolayers, J. Phys. Chem. B 104, 4141-4147
(2000).



331NEW APPLICATIONS AND PROPERTIES OF LB FILMS

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

T. Ubukata, T. Seki, S. Morino, and K. Ichimura, Modeling the interface region of command surface 2.
Spectroscopic evaluations of azobenzene/liquid crystal hybrid Langmuir-Blodgett films under
illumination, J. Phys. Chem. B 104, 4148-4154 (2000)
V. S. U. Fazio, L. Komitov, S.T. Lagerwall, and D. Mobius, D. Incorporation of a non-amphiphilic
nematic l iquid crystal into a host monolayer, Mol. Cryst. Liq. Cryst. Sci. Technol., Sect. A 351, 403-410
(2000).
M. Petty, Langmuir-Blodgett Films (Cambridge University Press, Cambridge, UK, 1996).
A. T. Ivanova, M. L. Kurnaz, and D. K. Schwartz , Temperature and flow rate dependence of the velocity
profile during channel flow of a Langmuir monolayer, Langmuir 15, 4622-4624 (1999).
A. T. Ivanova and D. K. Schwartz , Transient behavior of the velocity profile in channel flow of a
Langmuir monolayer, Langmuir 16, 9433-9438 (2000).
J. Ignés-Mullol and D. K. Schwartz, Alignment of hexatic Langmuir monolayer under shear. Phys. Rev.
Lett. 85, 1476- 1479(2000).
J. Ignés-Mullol and D. K. Schwartz, Molecular orientation in Langmuir monolayers under shear,
Langmuir 17, 3017-3029 (2001).
J. Ignés-Mullol and D. K. Schwartz, Shear induced molecular precession in a hexatic Langmuir monolayer,
Nature 410, 348-351 (2001).
T. Maruyama, G. Fuller, C. Frank, and C. Robertson, Flow-induced molecular orientation of a Langmuir
films, Science 274, 233-235 (1996).
T. Maruyama, J. Lauger, G. G. Fuller, C.W. Frank, and C. R. Robertson, Orientation of a Fatty Acid
Monolayer: Effect of Flow Type, Langmuir 14, 1836-1845 (1998).
Y. A. Ono, in: Electroluminescence in Encyclopedia of Applied Physics, edited by G. L. Trigg (VCH,
Weinheim, 1993), vol. 5, p. 295.
J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend, P. L. Burns, and
A. B. Holmes, Light-emitting diodes based on conjugated polymers, Nature 347, 539–541 (1990).
D. Braun and A. J. Heeger, Appl. Phys. Lett. 58, 1982– (1991).
C. Hosokawa, N. Kawasaki, S. Sakamoto, and T. Kusumoto, Bright blue electroluminescence from hole
transporting polycarbonate, Appl. Phys. Lett. 61, 2503–2505 (1992).
H. Vestweber, A. Greiner, U. Lemmer, R. F. Mahrt, R. Richert, W. Heitz, and H. Bässler, Progress
towards processible materials for light-emitting devices using poly(p-phenylphenylenevinylene, Adv.
Mater. 4, 661–662 (1992).
C. W. Tang and S. A. VanSlyke, Organic electroluminescent diodes, Appl. Phys. Lett. 51, 913–915 (1987).
C. Adachi, T. Tsutsui, and S. Saito, Organic electroluminescent device having a hole conductor as an
emitting layer, Appl. Phys. Lett, 55, 1489–1491 (1989).
R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Marks, C. Taliani, D. D. C. Bradley, D.
A. Dos Santos, J. L. Brédas, M. Lögdlund, and W. R. Salaneck, Electroluminescence in conjugated
polymers, Nature 397, 121–128 (1999).
G. Destriau, Scintillations of zinc sulfides with J. Chim. Phys. 33, 587-625 (1936).
T. Christ, F. Geffart, B. Glüsen, A. Kettnre, G. Lüssem, O. Schäfer, V. Stümpflen, J. H. Wendorff, and V.
V. Tsukruk, Analysis of light emitting diodes by X-ray reflectivity measurements, Thin Solid Films 302,
214–222(1997).
M. Pope, H. P. Kallmann, and P. Magnante, Electroluminescence in organic crystals, J. Chem. Phys. 38,
2042–2043 (1963)
W. Helfrich and W. G. Schneider, Recombination radiation in anthracene crystals, Phys. Rev. Lett. 14,
229–231 (1965).
U. Mitschke and P. Bäuerle, The electroluminiscence of organic materials, J. Mater. Chem. 10, 1471–1507
(2000).
M. Gross, D. C. Müller, H. G. Nothofer, U. Scherf, D. Neher, C. Bräuchle, and K. Meerholz, Improving
the performance of doped polymers for use in organic light-emitting diodes, Nature 405,
661–665 (2000).
G. Y. Jung, C. Pearson, L. E. Horsburgh, I. D. W. Samuel, A. P. Monkman, and M. C. Petty, The effect of
insulating spacer layers on the electrical properties of polymeric Langmuir-Blodgett film light emitting
devices, J. Phys. D: Appl. Phys. 33, 1029–1035 (2000).
J. Kido, and Y. lizumi, Fabrication of highly efficient organic electroluminescent devices, Appl. Phys.
Lett. 73, 2721–2723 (1998).
J. Kido, and T. Matsumoto, Organic electroluminescence devices having a metal-doped electron-injecting
layer, Appl. Phys. Lett. 73, 2866–2868 (1998).
J. D. Hong, D. Kim, K. Cha, and J. I. Jin, Spectroscopic studies on ultrathin poly(p-phenylenevinylene)
film deposited by self-assembly and spin-coating methods, Synth. Met. 84, 815–816 (1997).



332 I. PRIETO ET AL.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

M. Gao, B. Richter, S. Kirstein, and H. Möhwald, Electroluminescence studies on self-assembly films of
PPV and CdSe nanoparticles, J. Phys. Chem. B 102, 4096–4103 (1998).
I. Benjamin, H. Hong, Y. Avny, D. Davidov, and R. Neumann, Poly(phenylenevinylene) analogs with
ring-substituted polar side-chains and their use in the formation of hydrogen-bonding based self-assembled
multilayers, J. Mater. Chem. 8, 919-924 (1998).
A. Wu, and M. Kakimoto, LEDs based on poly(p-phenylenevinylene) and polyimide Langmuir-Blodgett

(LB) films,  Adv. Mater. 7, 812-814 (1995).
Y. Liu, Q. Li, Y. Xu, X. Jiang, and D. Zhu, Light emitting diodes based on high electron affinity polymer
Langmuir-Blodgett films, Synth. Met. 85, 1279–1280 (1997).
T. Östergard, J. Paloheimo, A. J. Pal, and H. Stubb, Langmuir-Blodgett light-emitting diodes of poly(3-
hexylthiophene): electro-optical characteristics related to structure, Synt. Metals 88, 171-177 (1997).
A. Chowdhury, J. Chowdhury, P. Pal, and A. J. Pal, Light-emitting diodes from molecularly thin
porphyrin derivative effect of molecular packing, Solid State Commun. 107, 725-729 (1998).
J. Simmeer, B. Glüsen, W. Paulus, A. Kettner, P. Schuhmacher, D. Adam. K. H. Etzbach, K.
Siemensmeyer, J. H. Wendorff, H. Ringsdorf, and D. Haarer, Transient photoconductivity in a discotic
hexagonal plastic crystal, Adv. Mater. 8, 815-819 (1996).
I. H. Stapff, V. Stümpflen, J. H. Wendorff, D. B. Spohn, and D. Möbius, Multilayer light emitting diodes
based on columnar discotics, Liquid Cryst. 23, 613-617 (1997).
G. Xu, Z. Bao, and J. T. Groves, Langmuir-Blodgett films of regioregular poly(3-hexylthiophene) as field-
effect transistors, Lanmguir 16, 1834–1841 (2000).
A. Bolognesi, C. Botta, G. Bajo, R. Österbacka, T. Östergård, and H. Stubb, Photoluminesence and
electroluminescence in Langmuir-Blodgett films of poly(3-decylmethoxythiophene), Synt. Metals 98, 123-
127 (1998).
D. Zhang, Y. Xu, L. Ding; Y. Liui, and D. Zhu, Magnetic LB films of bis-radicals (nitronyl nitroxide and
imino nitroxide) substituted benzene with long alkyl chain, Chem. Phys. Lett. 304, 236-240 (1999).
J. Le Moigne, J. L. Gallani, P. Wautelet, M. Moroni, L. Oswald, C. Cruz, Y. Galerne, J. C. Arnault, R.
Duran, and M. Garrett, Nitronyl nitroxide and imino nitroxide mono- and biradicals in Langmuir and
Langmuir-Blodgett films, Langmuir 14 , 7484-7492 (1998).
J. L. Gallani, J. Le Moigne, L. Oswald, M. Bernard, and P. Turek, Induced ferromagnetic interactions in
Langmuir-Blodgett films of an organic radical, Langmuir 17, 1104-1109 (2001).
M. Clemente-León, C. Mingotaud, B. Agricole, C. J. Gómez-Garcia, E. Coronado, and P. Delhaes,
Application of the Langmuir-Blodgett technique to polyoxometalates: towards new magnetic films,
Angew. Chem., Int. Ed. Engl. 36, 1114-1116 (1997).
M. Clemente-León, C. Mingotaud, B. Agricole, C. J. Gómez-Garcia, E. Coronado, and P. Delhaes,
Toward New organic/inorgnaic superlattices: Keggin polyoxometalates in Langmuir and Langmuir-
Blodgett films, Langmuir 13, 2340-2347 (1997).
M. Clemente-León, C. Mingotaud, C. J. Gómez-Garcia, E. Coronado, and P. Delhaes, Polyoxometalates in
Langmuir-Blodgett films: toward new magnetic materials, Thin Solid Films, 327-329, 439-442 (1998).
C. Mingotaud, C. Lafuente, J. Amiell, and P. Delhaes, Ferromagnetic Langmuir-Blodgett film based on
Prussian blue, Langmuir, 15, 289-292 (1999).
C. Lafuente, C. Mingotaud, and P. Delhaes, A Langmuir-Blodgett fi lm presenting ferromagnetic state
below 25 K, Chem. Phys. Lett. 302, 523-527 (1999).
Clemente-León, H. Soyer, E. Coronado, C. Mingotaud, C. J. Gómez-Garcia, and P. Delhaes, Langmuir-
Blodgett films of single-molecule nanomagnets, Angew. Chem., Int. Ed. Engl. 37, 2842-2845 (1998).
S. Lefebure, C. Menager, V. Cabuil, M. Assenheimer, F. Gallet, and C. Flament, Monolayers of
monodispersed magnetic nanoparticles coated with a surfactant, J. Phys. Chem. B 102, 2733-2738 (1998).
T. Fried, G. Shemer, and G. Markovich, Ordered two-dimensional arrays of ferrite nanoparticles, Adv.
Mater. 13, 1158-1161 (2001).
S. A. Iakovenko, A. S. Trifonov, M. Giersig, A. Mamedov, D. K. Nagesha, V. V. Hanin, E. C. Soldatov,
and N. A. Kotov, One- and two-dimensional arrays of magnetic nanoparticles by the Langmuir-Blodgett
technique, Adv. Mater. 11, 388-391 (1999).
S. R. Marder, in: Inorganic Materials Edition, edited by D. W. Bruce and D. O´Hare (John Wiley &
Sons, New York, 1996), pp 122–169.
M. Pope and C. E. Swenberg, Electronic Processes in Organic Crystals and Polymers (Oxford Science
Pub., 1999), pp. 1136–1180.
M. Matsumoto, H. Tachibana, and T. Nakamura in Organic Conductors, edited by J.-P. Farges (Marcel
Dekker, New York, 1994), pp. 759–790.
J. Zyss, Molecular Nonlinear Optics (Academic Press, New York, 1993).



333NEW APPLICATIONS AND PROPERTIES OF LB FILMS

72.

73.

74.

75.

76.

77.
78.

79.

80.

H. S. Nalwa and S. Miyata, Nonlinear Optics of Organic Molecules and Polymers (CRC Press, Boca
Raton, Fl, 1997).
Y. Liu and D. Zhu, in: Handbook of Surfaces and Interfaces of Materials, edited by H. S. Nalwa
(Academic Press, San Diego, 2001), pp. 425–429.
F. Fernández.Lázaro, M. A. Díaz-García, A. Sastre, P. Delhaes, C. Mingotaud, F. Agullo-López, and T.
Torres, Síntesis and third-order NLO properties in LB films of triazolehemiporphyrazines, Synt. Metals 93,
213–218 (1998).
S. Schrader, V. Zauls, B. Dietzel, C. Flueraru, D. Prescher, J. Reiche, H. Motschmann, and L. Brehmer,
Linear and nonlinear optical properties of Langmuir–Blodgett multilayers from chromophores-containing
maleic acid anhydride polymers, Materials Science and Engineering C 8–9, 527–537 (1999).
P. N. Prasad and D. J. Williams, Introduction to Nonliner Optical Effects in Molecules and Polymers (John
Wiley, New York, 1991).
R. H. Tredgold, Ordered organic multilayers, J. Mater. Chem. 5, 1095–1106 (1995).
H. Schwartz, R. Mazor, V. Khodorkovsky, L. Shapiro, J. T. Klug, E. Kovalev, G. Meshulam, G. Berkovic,
Z. Kloter, and S. Efrima, Langmuir and Langmuir-Blodgett films of NLO active 2-(p-N-alkyl-N-
methylamino)benzylidene-l, curves, UV–Visible spectra, and SHG behaviour, J.
Phys. Chem. B 105, 5914–5921 (2001).
G. G. Roberts, Electronic and Photonic Applications of Polymers (ACS Publishers, Washington, DC,
1988).
C. Bosshard, K. Shutter, P. Pretre, J. Hulliger, M. Flörsheimer, P. Kaatz, and P. Günter, Organic
Nonlinear Optical Materials (Gordon and Breach, New York, 1995).



This page intentionally left blank



15
ASSEMBLIES OF MAGNETIC PARTICLES

Synthesis and production

*
Michael Hilgendorff and Michael Giersig

1. INTRODUCTION

Because of its promise to provide solutions to the many technological demands of
the next century, nanotechnology has in recent years become one of the most active areas
of research and development. The preparation of inorganic materials with diameters
below 20 nm via colloidal wet chemistry is of great interest to nanotechnology. Colloidal
chemistry allows for the preparation of nanosized crystalline or amorphous particles
which can be used in liquid or dry form on various substrates as the building blocks for
development of new materials. Such research is of great interest for industry since one
can exploit the novel properties of such particles to reduce the size of devices, and to
develop newer and cheaper preparation techniques. Furthermore, the investigation of
nanoparticles is a challenge for ground state scientists who observe exciting new
properties that differ from bulk materials. According to the quantum size effect, if the
size of condensed matter becomes smaller than the bulk delocalization length, the
electronic states of nanoparticles become discrete. As a result, nanosized matter shows
unusual properties such as nonlinear optical effects.1

Theoretical calculations on the structures and properties of clusters consisting of
some hundred atoms have been done in principle. The properties of nanoparticles
consisting of several thousand atoms (e.g. a spherical close packed Co nanoparticle,
l0 nm in diameter, consists of about 47000 atoms) cannot be theoretically calculated
because of the unavailability of sufficient computing power. This can be solved in part by
the development of “bits” of reduced size. Let us assume that a magnetic particle of
10 nm in diameter can act as a spin up/spin down 1/0 binary code element. A close
packed monolayer of these crystals will then have a data storage capacity in the

range, which is several orders of magnitude higher than what is currently
possible. Thus, and in accordance with Moore’s law, it is no surprise that colloidal
chemical preparations of magnetic particles (ferrofluids) have enjoyed increased attention
over the past few years.2 Ferrofluids have received much attention in the past several
decades for their interesting properties which can be exploited to develop new
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technologies,3 such as new refrigerators which employ the magneto caloric effect,4 new
inks for inkjet printers,5 novel spin valves,6 or for new cancer therapies, such as
hyperthermia7 and apherese.8 Therefore, the colloidal chemical synthesis of ferrofluids is
of great interest. Many well documented references and patents have described successful
syntheses of magnetic nanoparticles and the investigation of their properties and
applications. A nearly complete list can be found in the magnetic fluids bibliography.9

For the design of novel storage media and bio-sensor arrays one needs a technique
for preparing on an industrial scale highly symmetric periodic particle arrays (PPA)
within the range of several microns. Different routes have been investigated in the past to
assemble small particles with large areas of high symmetry. One can develop PPA with
particles having a standard size distribution by simply drying a drop of solution on
suitable substrates. This self assembly technique has been improved through use of
different coating techniques (e.g. spin coating, dip coating, or spraying) in combination
with applied external forces. The origin of these external forces is either mechanical, as
used for the preparation of Langmuir-Blodgett (LB) films,10 or electrostatic, which is then
used for layer by layer (LbL) assembly.11 For more details see chapters 13 and 14 of this
book. The use of external electric and magnetic fields to improve the self assembly of
charged and magnetic nanoparticles respectively has also been reported.12,13 The
pioneering work on the self assembly of small particles using sub micron latex and silica
particles along with noble metal assemblies has recently been reviewed.14

Although noble metals are often used as model systems in many chemical fields this
is unfortunately not possible for non-noble materials like Fe, Co, or Ni, which are
sensitive to oxidation and complexation reactions in many cases. This is particularly the
case in the field of colloid chemistry, where the enhanced dispersivity of the surface-to-
volume ratio of nanoparticles implies an enhancement of reactivity compared to bulk
materials. Many successful methods developed for noble metal nanoparticles could not be
transferred to ferrofluids. Thus, many researchers dealt with and Co as model
systems for ferrofluids and their assembly into large PPA. ferrofluids can easily be
prepared in water and have been therefore investigated as a model system for assembly
methods using electrostatic forces (LbL). Co ferrofluids which are usually prepared in
organic solvents because of the necessity to use bulky (i.e. hydrophobic) stabilizers to
prevent oxidation and to overcome the magnetic dipole-dipole interaction, have been
investigated as a model system for self assembly. Furthermore, Co is more stable towards
oxidation than Fe and less expensive than Ni.

Most of the possible applications of ferrofluids require high remanent magnetization
and high anisotropy at room temperature. High remanent magnetization is a characteristic
feature of soft ferromagnetic materials with diameters above a critical minimum
dependent on the material (> 10 nm for Co). On the other hand, hard ferromagnetic
materials, which often exist as alloys, exhibit high anisotropies. Soft ferromagnetic
materials embedded in a noble metallic matrix show a technologically important effect
called the giant magneto resistance (GMR). The ability to prepare air-stable
ferromagnetic/noble metal bimetallic particles is therefore a challenge. Well-known
ferromagnetic alloys consist of ferromagnetic 3d- and noble metal elements of the
platinum group. They are known to have large magnetic moments and large magnetic
anisotropies.15 Accordingly, the synthesis of monodisperse ferromagnetic/noble metal
bimetallic particle alloys (especially Fe/Pt) or core-shell particles and their assembly into
PPA has been investigated intensely in recent years.16

One purpose of this chapter is to give an overview of the existing state of the art wet
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chemical syntheses of ferrofluids, which are suitable for assembling experiments.
Different preparation methods for the assembly of layers of nanoscale magnetic particles
will be discussed.

A second purpose is to update the current knowledge about the principles of
assembly methods in the challenging field of magnetic particles science, which this
chapter was designed to cover. Actual results of experiments and theoretical calculations
concerning particle-particle interactions in the ferrofluids, particle-substrate interactions
combined with the theory of drying and the phenomenon of “self assembly” will be
discussed. In consideration of the limited space of this chapter, the theoretical
background will be given only qualitatively. Moreover, since some chapters presented in
this book do overlap, and since a large number of review articles have already discussed
theoretical aspects in detail, we will only present a (hopefully) helpful list of important
review articles and advanced articles giving rise to a more complete understanding.

Discussion of the assembly of small magnetic clusters consisting of some hundred
atoms and of magnetic particles produced using methods different from wet chemical
methods is covered in chapter 16. Details of methods applied to investigate magnetic
properties of nanoscale materials will be discussed in chapter 17.

2. THEORY

Discussion of the assembly of colloidal magnetic particles requires the discussion of
some major items, most notably the theoretical description of nanoparticle interactions in
a colloidal suspension. Equations describing the interacting behavior of colloidal
nanoparticles were in principle developed by integrating equations describing atomic,
ionic, or molecular interactions over the sum of all atoms in a nanoparticle.

The first item of interest is the origin of colloid stability which involves the control
of repulsive and attractive forces acting on colloidal particles as a function of
the temperature (Brownian motion). Repulsive electrostatic- and steric forces
in aqueous media and mainly steric repulsion in hydrophobic media must be in
equilibrium with attractive van der Waals- and magnetic dipole-dipole interactions

The total interaction force can be written as

The total energy plotted against the separation distance D is commonly
comparable to the well-known Lennard-Jones potential which is valid in the absence of
applied external fields.

Actually, the most popular preparations concerning self assembled two- and three-
dimensional layers of magnetic particles deal with the synthesis of ferrofluids in apolar
solvents. In apolar media of low dielectric constant, electrostatic repulsion can be
neglected (as well as magnetic dipole-dipole interaction assuming superparamagnetic
particles at room temperature and the absence of an external magnetic field), but it is
considered that attractive van der Waals forces between the particles are omnipresent.
The steric repulsion of adsorbed layers on the particle surface is therefore necessary to
overcome this attraction.17

A second issue is concerned with the control of crystal growth during the synthesis
via the kinetic and thermodynamic control of particle size and particle size distribution.18
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Moreover, the availability of crystal structures not found in bulk materials has been well
established using colloidal chemistry methods.13b,19 The phenomenon of self assembly
was first investigated using submicron spheres of polystyrene (PS)-latex or
dispersed in water. This work concluded that self assembly is conditional on the narrow
size distribution of the particles (standard deviation ~ 5 %), i.e. a narrow distribution of
the sum of repulsive and attractive forces between particles in a colloidal solution. Thus,
this conclusion is not limited to well separated single particles. It holds also for
aggregates of particles often found in aqueous systems, assuming that equal forces
interact between aggregates of similar size.

Finally, in discussing the theory of drying, we must establish a theory to explain the
interactions that take place between colloidal solutions and different substrates as well as
the forces between all interfaces in the system under observation.

2.1. Forces Influencing the Colloid Stability

2.1.1. van der Wads attraction (assuming a core-shell structure of colloidal particles)

One of the most important attractive forces in the field of colloid chemistry is the
London-van der Waals attraction. Expressions for London-van der Waals interactions
have been developed about 70 years ago. Due to the instantaneous motion of electron
distributions around the atomic nucleus, temporary electric dipoles have been assumed
(and did fit experimental observations) to arise and to induce dipoles in neighboring
atoms resulting in an attractive energy inversely proportional to the sixth power of
the separation distance D. With the London constant B, describing the (electrostatic)
atomic-atomic pair potential, the attractive energy is:

Eq. (2) is also valid for colloidal particles consisting of thousands of atoms since
integration of Eq. (2) over the sum of the attractive energies of all atoms includes both
neighboring nanoparticles each of which induces an electric dipole in the opposite
particle. Assuming that both particles behave like a large flat plate, the attractive energy
per unit volume can be described using Eq. (3).

is the Hamaker constant and  the material’s molecular density. The
integration of Eq. (2) has been applied for different geometries of interacting bodies in
the past.20 Improved theoretical calculations have since been published. Tadmor
developed expressions for two-body van der Waals attractions assuming a shell around a
spherical particle interacting with another particle or with a semi-infinite wall.21 This is
important in the field of colloid chemistry where the successful preparation of stable
fluids always requires the stabilization of the particles with a protecting shell.

Two results of this work are summarized in Figure 1. While Figure 1a describes the
situation in a colloidal solution, Figure 1b illustrates the wetting behavior of colloidal
particles on substrates (e.g. the interaction of particles with the wall of a beaker used for
synthesis).
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It is necessary to point out that for d, the attractive energy is described by
the interaction of shells. Colloidal systems deal with such parameters as the core material
of the particles, their protecting shell, and the dispersion medium having different
Hamaker constants and respectively. Therefore, the effective Hamaker
constant A is usually approximated by combining laws.

The colloid chemical synthesis of non noble metal colloids often results in materials
with an oxidized surface, irrespective of the protective materials used. Thus, magnetic
particles, synthesized by colloid chemistry methods consist of particles having a core of
the desired material and a double surface layer. While the inner surface layer consists of
oxidation products of the core material, the outer layer is built out of stabilizers. A sketch
of such a particle is presented in Figure 2.

The binding type and strength of stabilizers is determined by the chemical reactivity
of the surface such as the oxidation layer whose chemical properties may differ from the
chemical properties of the core material. Further refinements of van der Waals
expressions concerning core particles covered with a double layered shell are not to out-
knowledge available.
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2.1.2. Magnetic dipole-dipole interaction

The description of the magnetic dipole-dipole interaction between magnetic particles
in a ferrofluid follows in principle from the description of the electric dipole-dipole van
der Waals interaction. Consider a magnetic particle which is completely magnetized in
one direction, and thus possesses a magnetic dipole moment which induces a magnetic
dipole moment in neighboring particles. This results in an attractive energy which is
maximum for parallel dipoles in a head-to-tail configuration. The latter situation holds if
a strong external magnetic field is applied, or if the small particle distances, where the
magnetic attractions are much stronger than the thermal energy kT, can be described by
Eq. (6), with the saturation magnetization of the particles M, and the vacuum
permeability 22

Single magnetic domain particles are the common result of colloid chemical
preparations of ferrofluids. Single domain refers to the case where the spins of all atoms
within these particles are aligned in the same direction thus forming a collective super
spin. The behavior of these super spins in an applied external magnetic field can be in
principle described by rules used for the description of paramagnetic materials, assuming
that the super spin of each particle behaves like the spin of an electron. In the absence of
applied external magnetic fields and in diluted systems, magnetic colloids above an
energy kT are influenced by Brownian motion. As a result rotating super dipoles are
observable, which show no collective behavior. In this context the attractive potential can
be given as:22
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Applying Eq. (7) in light of Eq. (6), the attractive potential of the magnetic dipole-
dipole interaction, follows the same law as the attractive electric dipole-dipole
interaction. It is also inversely proportional to the sixth power of the separation distance
D.22

Ordering phenomena in ferrofluids placed in an external magnetic field have been
observed and theoretically calculated in literature. More recently, the formation of
ordered stripes and hexagonal sheets has been experimentally observed while drying a
thin liquid film of a ferrofluid on a substrate in an applied external magnetic field.
Assuming a lattice gas model and the Carnahan-Starling model, theoretical calculations
have shown, for a given film thickness and a given applied external magnetic field
normal to plane of the thin film, that the ordering parameters are a function of
magnetization and concentration of particles having a size distribution close to zero.23

These calculations result in an phase diagram, with the dimensionless magnetic
field h and the average volume fraction  showing isotropic (I), hexagonal (H), and
stripe (S) phases, separated in general by first-order phase boundaries. The final picture is
qualitatively presented in Figure 3.

One major conclusion of this work is that the shape of ordered structures, which are
obtainable by drying a thin layer of ferrofluid under the influence of an external
magnetic field applied in an identical plane to the liquid layer, can be completely
different. Stripes as well as hexagonal sheets are available and can be made to coexist
simply by changing the strength of the applied magnetic field and/or the concentration of
the particles.

Nevertheless, the authors themselves pointed out that their model needs further
refinements to describe real ferrofluids, especially concerning polydispersity and a non-
dipolar part of interaction due to the interaction of stabilizing layers. Moreover, the
theory summarized here does not take into account drying-forces acting on particles in
ferrofluids during their deposition, as well as the presence of an interaction between an
antiferromagnetic oxidation layer and a ferromagnetic core. Some important principles
concerning drying forces will be given in section 2.3.

2.1.3. Electrostatic repulsion (aqueous media)

The simplest model of an electric double layer at the interface of two phases was first
modeled by Helmholtz in 1879. Assuming that the surface of a solid is charged, this
surface in contact with a liquid gives rise to the formation of a static layer of counter ions
of the liquid close to the surface of the solid. This electric double layer can be described
from first principles as a condenser with parallel plates.

The difference of the inner electric potentials corresponding to the voltage U, is
then given by

where D is the distance between layers, a is the plane of the surface, Q is the charge, and
C is the capacitance. is the vacuum permittivity and the permittivity of the liquid
medium.
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The electric double layer model was later modified by Gouy and Chapman in 1913,
and again by Stern resulting in a three layer model which is presented in Figure 4. This
three layer model, still accurate for the description of colloidal particles, consists of a
static inner Helmholtz layer and an outer Helmholtz layer which overlap with a third
diffuse layer.

The potential difference across the latter diffuse layers is measurable and known as
the zeta potential and is an important property of colloids prepared in aqueous
solutions. The can be either positive or negative according to the nature of the
ions in the diffuse layer.

Electrostatic repulsion, often used to stabilize aqueous colloidal dispersions, requires
the existence of a which is only present if the surface of the dispersed solid is
charged. For a material dependent isoelectric point  the surface of these materials
has no charge and therefore no in solution. Preparing colloid particles in
acidic media  ensures the availability of positively charged particles, while
negatively charged particles are present in alkaline solutions
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In accordance with the theory of Debye-Hückel-Onsager which describes the
dimensions and interactions of ionic clouds in strong electrolytes, knowledge of the

allows one to make judgments concerning the stability of colloidal dispersions
in aqueous media. Usually, successfully stabilized colloids are available if the
is Moreover the fact that the dimension of ionic clouds increases with
decreasing concentration, a consequence of Debye-Hückel-Onsager theory,24 can explain
experimental observations such as the decreasing stability of colloidal dispersions
through dilution.

A further refinement of the three layer model, still dealing with homogeneous
distributed point charges on flat surfaces, has been developed in recent years by
Charmas.25 Assuming a heterogeneity of the solid surface, his conclusions lead to a four
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layer model, dividing the outer Helmholtz layer into two different parts. However, these
refinements do not actually affect the description of the behavior of colloidal particles in
aqueous solutions. For such systems, the solution of the Poisson equation is

with the net density of charge, per unit volume at assuming the three layer model
and taking into account a small electric double layer overlap
results in an expression (10) which was recently mentioned to be the most appropriate
equation for nanosized particles.26

2.1.4. Steric repulsion (hydrophobic media)

As explained earlier, the steric repulsion of stabilizers adsorbed on the surface of
colloidal particles is necessary to overcome attractive forces. It is no surprise that
increased attractive interaction of materials requires increased steric repulsion, which can
be satisfied through addition of long chain organic molecules as stabilizing agents. Long
chained hydrocarbons are usually hydrophobic and consequently increase the possibility
for preparation of stable colloidal dispersions in aqueous media – a flexibility often
required for many applications.

Buske et al. showed that the difference in the Hamaker constant between the
adsorbed protecting layer and the solvent is the main criterion for achieving
stability and for defining the properties of magnetic fluids.17 Furthermore, chemisorption
(beyond physisorption) of the surfactants is required to prevent instabilities that may
occur from adsorption/desorption equilibrium reactions. It is well known in the field of
colloid chemistry that the synthesis of stable dispersions of nanosized inorganic materials
in liquids requires amounts of stabilizers several orders of magnitude higher than the
available space on the surface of nanoparticles can accommodate.

Moreover, the maximum number of molecules that can be adsorbed (accounting for
the space) is extremely small as compared to the number of free valences awaiting
saturation. Figure 5 presents the calculations of the dimensions for two different
geometries of Co particles having the same diameter of 10 nm.

The successful preparation of stable colloidal dispersions using a minimum amount
of stabilizers, which is necessary for complete coverage of the nanoparticle surface with
respect to the calculations presented in Figure 5, has not been carried out. It is also no
surprise that colloidal solutions often become unstable through dilution, specifically
through dilution of the excess stabilizer concentration. Unfortunately, unsuccessful
results, regardless of their importance to the scientific community, are frequently not
published in the literature.
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2.2. Evolution of nanoparticles in a colloidal solution

As mentioned in the introduction, self assembly of colloidal particles into highly
symmetric layers requires a narrow size distribution (standard deviation ~ 5 %). Such a
narrow size distribution can be obtained either by size selective precipitation of the
particles after preparation or by adjustment of the synthesis parameters in accordance to
all interacting forces so as to provide controlled crystal growth (see section 3 for more
details). As the latter method is more elegant from a scientific point of view, it is no
wonder that several mechanisms have been proposed and theoretically calculated27 since
the earliest growth mechanism suggested by Ostwald ninety years ago.28

Proposed models of colloidal crystal growth assume that a small nucleus of a
colloidal particle initially forms in a so-called precursor solution containing an ensemble
of “colloid-particle-forming” molecules. This nucleus can form time dependency29 or
spontaneously as it does in hot injection technique.30 This nucleus, which may be a
pseudospherical cluster consisting of a “magic number” of atoms will then grow further.
Different mechanisms have been suggested to describe this further growth in light of the
final particle’s properties.
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While one growth mechanism is Ostwald ripening, i.e. larger nuclei will growth
while smaller nuclei decompose, a second one deals simply with the precipitation of
excess precursor molecules on the particle surface, well known as seed mediated
growth,31 and a third mechanism suggested by Henglein32 proposes crystal growth as a
consequence of the aggregation of preformed clusters of magic size followed by
coalescence. The latter model has been further developed by Spanhel33 assuming a fractal
growth mechanism for the evolution of the final particles.

Recently, a Monte-Carlo simulation describing the growth of fine particles, when
applying either the hot injection technique or the Ostwald ripening for initial nucleus
formation, as well as a further Ostwald-driven crystal growth have been published by
Talapin et al.18 Their development, based on experimental results on II-VI and III-V
semiconductor colloids, was mentioned to be valid for every kind of nanoparticles. As a
result of this work, the synthesis of colloidal particles with a standard particle size
deviation of ~ 5 % should be possible through an increase in the surface tension of the
solvent-colloid interface through proper choice of surfactants.

The thermodynamic and kinetic control of the colloids synthesis determines not only
their size (distribution) but also their shape (distribution). The shape control of
nanoparticles has been published to be mainly determined by the choice and the
concentration of the stabilizers which is directly contributed to the large surface-to-
volume ratio of smart materials.34

2.3. The Theory of Drying

Discussion of the assembly of particles requires a description of the theory of drying.
Ferrofluids can be dried on substrates using different methods such as spin- or dip-
coating. The simplest method involves the drying of a drop of solution on a substrate.
This method is commonly used to prepare samples for transmission electron microscopy
(TEM) investigations, which is the most favorable technique for the investigation of
colloids. Contrary to the investigation of bulk materials, TEM investigations of colloids
are extremely fast because it is only necessary to dry a drop of solution on a grid which
can then be viewed and analyzed immediately.



ASSEMBLIES OF MAGNETIC NANOPARTICLES 347

Figure 6 shows all parameters necessary to describe the drying situation of a drop of
ferrofluid deposited on a substrate. A drop of solution with a concentration c (or the
volume fraction of colloidal particles, may be coated with a layer of surfactants),
dynamic viscosity vapor pressure and surface tension between the drop and
atmosphere will have a contact angle  on a substrate. This angle is related to the
interface tensions acting between the solution and the substrate, and acting
between the substrate and the atmosphere The relationship of these forces with the
contact angle can be described by Eq. (12)35

The drying of colloidal solutions in an environment with a given temperature T and a
pressure p is naturally a time dependent process, not reflected by the theoretical
calculations described above. Forces that induce ordering phenomena in colloids dried on
substrates need a minimum time  to fulfill final conditions. Thus, the choice of solvents
evaporating in a time will give different results compared to solvents evaporating in
a time

3. WET CHEMICAL SYNTHESIS OF MAGNETIC NANOPARTICLES

Iron oxide ferrofluids are usually prepared in aqueous solutions by hydrolysis and
condensation,36 well-known in the field of sol-gel chemistry.la Due to the enhanced
reactivity of non-noble 3-d transition elements and the large magnetic dipole-dipole
interactions of Fe, Co, and Ni ferrofluids of those elements, they are usually synthesized
using the water-in-oil (reverse micelles) microemulsion technique.37 In addition one can
perform the reduction or thermal decomposition of metal precursors in organic solvents
in the presence of bulky stabilizers such as fatty acids.13a,b,29,30,38

As a result, Fe-,39 Co-,13a,b,29,30,37,38 Ni-,40 and ferrofluids, as well as their
alloys with noble metals of the platinum group, e.g. Fe/Pt,16b Co/Pt,16c or Co/Rh,I6f are
formed with enhanced anisotropy and stability against oxidation. Use of ferrofluids as the
building blocks for GMR devices, the preparation of ferromagnetic particles covered with
a noble metal shell, e.g. Co@Ag,16a Co@Pt,16c or Co@Au,16e and vice versa, e.g.
Ag@Co,16g or Fe@Co16d have been published.

As pointed out in our introduction, the synthesis of ferrofluids suitable for the
preparation of large areas of highly symmetric magnetic nanoparticles on surfaces has
become of increased interest in recent years, because of its possible application in high
density data storage media. In addition to the reverse micelle technique (discussed in
Chapter 6), the thermal decomposition of Fe-, Co-, and Ni-carbonyls, and the reduction
of metal salts in organic solvents in the presence of bulky stabilizers has been reported.

A narrow particle size distribution is required for the self assembly of colloids dried
on a substrate. Two principal methods have shown, after intense investigation, to produce
the best results. The first method involves a size selective precipitation which exploits the
size dependence of nanoparticle stability to separate out monodisperse fractions of
particles. Upon adding a solvent having a larger Hamaker constant, larger particles
aggregate and precipitate faster than smaller particles.
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The precipitate can then be separated from the solution by centrifugation or, in the
case of magnetic particles, by application of an external magnetic field.42 A sketch of this
method is shown in Figure 7.

The second method is based on the optimization of nucleation and crystal growth
during the synthesis. The latter method is of course preferred as it would allow for the
direct in situ control of nanoparticle formation, but it is usually more expensive as it often
requires non-commercial or expensive precursors and an increased expense. So, there is
little wonder why many scientists, especially industrial scientists, deal with size selective
precipitation, which reliably allows for preparation of colloids having a standard size
distribution << 5 %.

Nevertheless, there are application requirements that may favor the second method.
These requirements are concerned with anisotropies, often found in alloys or rod-like
particles. Rod-like Ni particles have already been prepared successfully using nickel
dicyclo-l,5-octadiene as a precursor.40b Indeed, the preparation of alloys may even be
favored by the use of “exotic” stabilizers. The synthesis of nanoparticles in reverse
micelles is the scope of chapter 6 of this book and will be therefore not discussed here.

The colloid chemical synthesis of stable ferrofluids of ternary magnetic particles
such as garnets or hexaferrites have not been published to our knowledge. Thus, we will
offer an overview about optimizing the preparation of magnetite in aqueous solutions, as
well as a review of new advances of the colloid chemical preparation of metallic
magnetic particles in organic solutions, further developed in accordance to the
requirements of new applications.43
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3.1. Iron oxide

The most common preparation of magnetite ferrofluids has been described in
detail by Massart in 1987.36 The synthesis was based on the coprecipitation of Fe(II) and
Fe(III) salts in aqueous solutions stabilized by repulsive electrostatic forces. This can be
either done in acidic media, giving positively charged particles, or in alkaline media,
giving negatively charged particles. Stable ferrofluids are available if the pH of the final
solution is far from the which is the case if a large enough to overcome
attractive van der Waals forces is present, as pointed out in section 2.1.3. As a typical
result, particles with a standard size deviation of ~ 25 % are formed. TEM investigations
show typically aggregated particles, as presented in Figure 8a, consisting usually of a
mixture of ferromagnetic magnetite, and maghemite and paramagnetic
hematite The ratio of the different iron oxide phases is directly compared to
the expense associated with performing the synthesis under oxygen free conditions,
because and are oxidation products of

Since these reports, several optimizations have been discovered to produce
ferrofluids useful for new applications. One of them was concerned with the possibility of
changing the magnetic properties of the inverse  spinell by replacing Fe (II) with
Co (II), Ni (II), Mn (II), or Zn (II) ions.44 A second one dealt with the decrease of the size
distribution of the aggregates, which could be achieved by separating the hydrolysis of Fe
(II) and Fe (III) salts, and using the bulkier stabilizer tetrabutylammoniumhydroxide,
instead of the tetramethylammoniumhydroxide used by Massart. 11c,d,43

Additionally, many reports dealt with solving the classic problem of nanoparticle
aggregation in aqueous solutions. To overcome such aggregation, new preparations have
involved micellar solutions (see chapter 6) as well as the transfer of iron oxide particles
from aqueous to non-polar solvents by hydrophobizing the surface by adsorbing bulky
stabilizers such as fatty acids.10b,45 Figure 8b shows impressively the difference in iron
oxide ferrofluid prepared in aqueous solution (Figure 8a) after its transfer to toluene
using oleic acid molecules adsorbed on the surface of the particles as a hydrophobizing
agent.
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Finally, different methods have been applied to decrease particle size distribution.
One method that has been successfully applied involves synthesis of iron oxides in
reverse micelles. A second method dealt with a size selective precipitation induced by
adding agents which cause flocculation and/or the application of external forces. Particle
size distributions of < 10 % have been available for magnetite ferrofluids.

In the following section, the size selective precipitation scheme for production of
extremely narrow size distributions with a standard deviation of << 5 % for Co particles
in a ferrofluid will be presented. The reason for this difference in the obtained standard
deviation of the particle size distribution between Co- and particles is mainly the
coexistence of different iron oxide phases.

3.2. Metals

The synthesis of colloidal solutions of non-noble metal nanoparticles has been the
topic of intense research in the past several decades. During this time, methods have been
designed and optimized to obtain colloids suitable as building blocks for new
applications. Various synthetic routes have been investigated to develop smart
ferromagnetic particles with novel and application specific properties. As a partial
consequence of this research, stable fluids of non-noble metallic nanoparticles are now
available in hydrophobic solvents. Models have argued that either electrostatic forces
between particles and their stabilizers (tetraoctylammonium (TOA) salts)46 or strong
chemisorption, as demanded by Buske,17 are responsible for the physical nature of the
surfactant-particle interface in organic solvents.

Colloidal particles enjoyed a warm reception in the field of catalysis. Since catalysis
requires extremely small particles possessing a large surface-to-volume ratio and an
amorphous, active shell of metal compound, it came as no surprise that they would find
increased use as highly reactive and efficient catalysts.

Bönnemann et al. developed a method for the preparation of noble metal, as well as
non-noble metal particles, via the reduction of metal salts, dissolved in tetrahydrofuran,
with a non commercial, TOA modified, strongly reducing super hydride.46a The authors
explained that the binding between particles and their stabilizers is electrostatic in nature.

While a summary of Bönnemann’s work has recently been published,16e the authors
did not discuss the varying chemical reactivities, during redox and complexation
reactions, of transition elements towards stabilizers. Completely different particle-
surfactant models have been published by Bönnemann and Schiffrin.46 Bönnemann
assumed positively charged metal particles surrounded by a negatively charged electron
cloud, where the positive TOA ion is located at the particles surface. In contrast, Schiffrin
assumed positively charged noble metal particles surrounded by negatively charged ions.
Moreover, Schiffrin pointed out that it is important to note that the charge of the
surfactant ions points away from the particles. The different models are shown in Figure
9. However, both ionic models describe the physisorption of stabilizers. Physisorption, as
opposed to chemisorption, allows for exchange of stabilizers which enables the transfer
of particles from non-aqueous to aqueous systems. This method  has been recently
studied by Gittins et al.47 As mentioned earlier, chemisorption, more than physisorption,
is required to obtain stable non-noble metal particles of larger size.
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Figure 10 presents TEM images of self assembled layers of monodisperse 11 nm Co
particles, which were stabilized by a chemisorbed shell of oleic acid molecules obtained
after size selective precipitation. Due to chemisorption, no further ligand exchange is
possible meaning that the particles can no longer be transferred to polar solvents. As a
consequence, such colloids would not be suitable for biological applications and LbL
experiments.

The compounds used for a preparation determine not only the shape but also the
stability of the final particles. Small changes in preparation conditions can give
completely different crystalline phases. Moreover, it is well known in the field of colloid
chemistry that crystal structures different from bulk materials are available. Figure 11
shows Co nanoparticles with different crystal structures. While the hcp phase of the
particles in Figure 1la38b,48 is a typical phase of bulk Co, the bcc- (Figure 11b)l3a,19b and

(Figure 11c)13b,19c,49 have been only found in nanoparticles.
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Different crystal structures possess unique properties and anisotropies, which must
be considered before the application of such particles for memory devices. It has been
simulated that if 10% of a monolayer of magnetic crystals were to consist of crystals of a
different structure (a lower anisotropy will cause the percolation of distorted spins), then
this fact alone would be the main reason for media noise and an unknown loss of stored
data.50

It must be summarized that the methods described above have been published to
facilitate the preparation of iron oxide and metal ferrofluids as well as the synthesis of
colloidal alloys and core-shell particles. The use of these colloids in assembly
experiments will be described in the following section.

4. ASSEMBLING MAGNETIC PARTICLES

Two dimensional systems are of much interest from a scientific point of view, and
are of great importance technologically. The magnetic behavior of ferromagnetic
structures can be manipulated by changing their size and geometry.51 Specifically, we
will show this by using a magnetophoretic deposition method with which it is possible to
create one-, two- and three-dimensional structures, based on nanosized magnetic Co
particles.38a,b We will also show that by using the sphere lithography method it is possible
to create two dimensional areas of magnetic particles having different compositions and
geometries which possess potential for many applications.52 One additional method of
deposition of magnetic nanoparticles on polystyrene (PS) submicrometer-sized spheres
permits the creation of hollow magnetic balloons.11c

4.1. Magnetophoretic Deposition Technique (MDT)

The monodisperse solution of Co described in section 3.2, was diluted to a Co
concentration of 0.1 mM in toluene or o–xylene. The different substrates like silicon,
carbon coated copper grids and glass used for the disposition were positioned between
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two of the permanent magnets in parallel and perpendicular positions to the magnetic
field lines. of the diluted Co solution was deposited onto the substrate and residual
solvent was allowed to evaporate. The strength of the magnetic field was varied by
changing the distance between the two magnets. Through the variation of external
magnetic fields in the range of up to 1 T, it was possible to get information about the
formation process of two dimensional structures, depending on the strength and
orientation of the applied external magnetic fields during the drying process.13b
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The typical result of the MDT in parallel position is shown in Figure 12. The TEM
micrographs were recorded after careful deposition of a drop of the solution onto a
carbon covered Cu-grid, while applying a magnetic field between 0.2 and 0.8 T parallel
to the plane of the grid (see the schematic drawing within this figure).

Under low magnetic fields up to 0.3 T, the MDT experiments resulted in the
formation of di- to pentameric structures. Surprisingly, in comparison with self-
assembled layers, the distance between the islands was enlarged but the interparticle
distance was decreased, thus demonstrating an influence of the magnetic field. Above 0.4
T, larger organized units are created, and these higher field strengths lead to relatively
large 2-D structures even at just 0.8 T. The quality of the 2-D ordering of the
cobalt particles, resulting from different magnetic field strengths is evident.
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The power spectrum insert in Figure 12 ( with a field strength of 0.8 T) shows that
the magnetic Co-particles crystallize into a hexagonal close-packed lattice with an
average interparticle separation (core-to-core) of 12.2 nm. The absence of higher order
reflections in the power spectrum means that the orientation of the crystallographic axes
of the individual particles is random. No differences were found using dispersions
containing bcc or Co particles.

With the change of the direction of magnetic fields, (shown schematically in Figure
13), we obtained completely different structures. 2-D chains were observed as a result of
the interaction between an external magnetic field perpendicular to the plane of the
substrate and the force of gravitation. The width of these chains increases with the
increasing magnetic field strength (see Figure 13).

For clarity, the formation of chains in a magnetic field with a strength of 0.8 T is
presented in Figure 14 at low magnification. In this image, it can be seen that all chains
within this large area have the same orientation.

Through the use of higher magnetic fields in a parallel arrangement, it was possible
to create 3-D crystals. A typical result of 3-D deposition is shown in Figure 15 a-c. The
TEM micrographs were recorded after MDT, using magnetic fields in parallel
arrangement. With a magnetic field strength of 0.7 T, only 2-D ordering was obtained
(Figure 15a).
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At a magnetic field strength of 1.5 T, the formation of double layers was observed
(Figure 15b). With increasing magnetic field strength, the particles became more closely
packed and began to assemble into three dimensions, where the minimum interparticle
distance was limited by the stabilizing organic layers. Crystal growth was influenced by a
further increase in magnetic field strength. The final 3-D structure, consisting of a triple
layer, was created with a magnetic field strength of ca. 6 T (see Figure 15c). To aid in the
interpretation of the 3-D crystal structures in Figure15c, schematic representations of the
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top and side view are provided. Magnetic studies on these structures, in particular their
angle-dependent ferromagnetic resonance at room temperature, showed that 12 nm
diameter Co particles are magnetically stable.53

The resultant crystal structures depend on the angular alignment of the applied
external magnetic fields during solvent evaporation. Application of high magnetic field
strengths leads to the creation of multidimensional structures. Assuming that each Co-
particle could be addressed as a magnetic read/write “bit,” this approach in theory offers
a simple and cost-effective way to produce large scale magnetic recording media with a
memory density of the order of terabits per square inch. Nevertheless, it should be
pointed out that the MDT is only a refined self-assembly technique. Thus, colloidal
dispersions of particles possessing a narrow distribution of interacting properties are
required in order to achieve useful results from MDT.

The MDT of magnetic colloids is influenced by the many parameters that are
associated with drying (e.g. concentration, vapor pressure, viscosity, and variation in
surface tension of the solution due to variations in the temperature and pressure of the
environment, the properties of the substrate which influence the substrate/solution and
substrate/environment interface tension and thus the contact angle of the drop). All these
parameters are discussed in the theory section.

4.2. Nano Sphere Lithography (NSL)

The formation of monolayers of self-assembled colloidal particles (mainly
polystyrene submicron-sized, monodisperse spheres) is well-established and is widely
used in various fields of research.54 Well-ordered latex particle films are used, among
others, as masks which allow the production of regularly arranged triangular-shaped
structures on almost arbitrary substrates. Through the evaporation of different metals
through the mask, it is possible to prepare nanosized particles with diverse optical54.55 or
magnetic properties.55 These particles can be used in many potential applications such as
in optics,55,56 data storage or even nanotube growth.57,58 There are many different
fabrication methods based on electrophoresis,12,59 electrostatic deposition,60,61 the
Langmuir-Blodgett technique, spin-coating,62 the controlled evaporation of solvent from
a solution containing latex particles on a hydrophilic substrate63 or non-photolithographic
methods.64,65 Many authors use Micheletto’s method,63a or other drying-based methods
and point out that a hydrophilic surface is crucial for monolayer deposition.66 To deposit
PS-latex particles onto hydrophobic substrates it is necessary to use an alternative method
that involves assembly onto a liquid-gas or a liquid-liquid interface.

To overcome this, one can also use the monolayer transfer technique shown by F.
Burmeister et al.66 Unfortunately, this causes generation of new structure defects.
Because of this, we searched for a new solution to cover hydrophobic silicon substrates
with latex monolayers. To achieve this effect, we developed a novel preparation
technique based on deposition of PS particles similar to a Langmuir-Blodgett film on
water. Our preparation method, involving self-assembly on a liquid-gas interface, allows
us to apply large (a few  monolayers directly onto various surfaces. In addition to
short preparation times, (in comparison to drying-based methods), one can achieve a high
level of hexagonal structure orientation as will be shown below.

The main problem with the formation of 2D latex monolayers is the occurrence of a
high number of different structural defects which include point defects (vacancies), line
defects (dislocations), and disordered areas or grain boundaries.
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In our method we lowered the volume of structural defects through the increase of
average grain size and monolayer condensation. Using this simple fabrication technique,
it was possible to prepare monolayers as large as a few with grain sizes of
and larger (using 1040 and 496 nm latex particles), and areas of even without
structural defects. The quality of an NSL mask is outstanding when larger 1040, 925 and
496 nm PS-Latex particles are used. However, due to stronger interactions between
smaller and lighter particles, (217 or 127 nm), it is much more complicated to obtain
uniform monolayers.

The monolayer preparation recipe is schematically shown in Figure 16. More details
about preparation parameters can be found in the work by Rybczynski et al.52

In Figure 17 typical examples of PS-latex particle depositions are presented. The
second step in the preparation involves electron beam evaporation of metal. Details of the
experimental procedure have been recently published.52 Examples of 2-D ordered
structures of magnetic materials via deposition through different PS-latex masks and
different thicknesses of deposited magnetic materials are shown in Figure 18.

A very good correlation between previously investigated hexagonal latex particle
arrays and evaporated metal structures was observed. The presented pictures show well-
ordered, triangular-shaped nickel particles, defined by dense hexagonal packing of latex
spheres. We also noticed the presence of rings in the middle of round sites left after a
liftoff of latex spheres. These small structures surrounding the original contact area of the
particles were observed by J. Boneberg et al.63d who proposed that these rings came from
residue of the dissolved latex particles, a fact which fully corresponds to our
investigations. Due to the high adhesion of evaporated nickel to the silicon substrate, it
was possible to remove the rings quickly by an additional ultrasonication in THF, without
damage to the evaporated particle array.

Figure 19 shows the result of annealed 10 nm nickel particles after evaporation
through a 496 nm PS-latex particle mask. The obtained structure exhibits a very high
homogeneity of nickel particles. Their mean size is approximately 65 nm. Thus, we can
be sure that annealing allows for the fabrication of perfectly round and highly ordered

which corresponds to 7.1 billion per Theoretically, that means
(1 particle = 1 bit). However, when using smaller 217 nm PS-latex particles, this

value increases to

magnetic particle arrays. In the above case, the particle density is, on average,
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A more complicated sandwich-like structure could be obtained by evaporating layers
of metal one after another such as in the order Au, Ni, Au. Therefore it is possible to
produce core-shell particles containing nickel cores encapsulated within a gold shell,
which could protect the core from oxidation and aggressive environmental influence, and
could enhance the magnetic properties (see Figure 20).

To prove the presence of nickel and gold and to measure the volume of these
elements in a three-layered sample, we additionally performed energy dispersive X-ray
analysis (EDXA) investigations. In the case of three-layered samples, qualitative as well
as quantitative analysis was performed. The presented EDXA spectra show
unequivocally high gold and nickel content. The quantitative measurements exhibit good
conformity with assumed theoretical values.



ASSEMBLIES OF MAGNETIC NANOPARTICLES 361

To obtain a periodic array with an increased distance between each evaporated
particle, double layered masks were prepared. Evaporation of nickel onto such fabricated
surfaces theoretically leads to the formation of round nickel structures with times
enlarged spacing between them. Since in the case of double layer masks the probability
for the appearance of structural defects is twice as high as when using monolayers, such
prepared samples most often exhibit a different structure than theory would indicate.
During our experiments, we obtained two interesting structures (Figures 2la and 22a).
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According to AFM measurements these particles are considerably smaller than
triangular-shaped ones. The average distance between them is also larger. Since the
ordering of these small structures does not correspond to theory, one can explain that
there is a different orientation between both layers than in the case of 3D-hexagonal close
packing.
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To investigate this orientation we performed a simple computer simulation, which
indicates that the angle between both layers is about 30° (Figure 21b) or 10° (Figure 22b).
It is very clear that the NSL technique can be applied to a whole host of applications
because of short preparation times, low production costs, and the possibility for
production of 2-D nanostructures of different geometries in the scale range of up to
Further improvement of evaporated structures could be carried out through annealing,
which would ensure a high unification of particle size and particle homogeneity.
Fabrication of sandwich-like multilayers of particles by the evaporation of three layers of
metal was also presented as a possible method to enhance the magnetic properties of
evaporated metal particles.



4.3. Electrostatic Self-Assembly (ESA)

The last method we will discuss is based on the work of F. Caruso for the creation of
multidimensional structures based on sequential electrostatic adsorption of and
poly(diallyldimethylammonium chloride) (PDADMAC) on submicrometer-sized anionic
polystyrene (PS) particles. The thickness of the deposited multilayers can be tuned by the
number of times the polyelectrolyte and layers are applied onto PS-Latex particles.
Novel efforts to produce uniformly coated colloidal particles in solution have relied on a
number of different approaches.67 By following such a scheme it has been possible to
coat colloidal particles with polyelectrolytes,68 nanoparticles,69 and proteins.70

In this special case, 8-12 nm diameter magnetite particles are synthesized
according to the prescription in section 3.1, while the ESA is performed as follows. In the
first step, 640nm diameter PS-latex particles are coated with a polyelectrolyte multilayer
film (polydiallyldimethylammonium chloride, PDADMAC) which provides a uniformly
charged surface that facilitates subsequent nanoparticle adsorption.69c In this case, the
polyelectrolyte creates positive charge on the film surface permitting electrostatic
interaction between the negatively charged nanoparticles and the film itself.

Once any excess of PDADMAC has been removed from solution via centrifugation,
negatively charged particles are added. Any excess iron particles are also removed
by centrifugation, leaving a PS-latex particle with bound iron particles. This process can
be repeated many times until the desired thickness of the magnetic layer is achieved (see
Figure 23).

In Figure 23, the spherical uncoated particles show a smooth surface (a). It is clear
that the diameter of the PS particles regularly increases with the number of
nanoparticle/polyelectrolyte multilayers deposited, reflecting the increased magnetic
nanoparticle content in the shell structure with each deposition cycle. This coverage is
equivalent to 2-3 monolayers ( on average) of  nanoparticles per deposition.

Magnetic hollow spheres were produced by drying the coated PS particles on quartz
substrates at room temperature, and by then calcining at 500°C under for several
hours, followed by gentle redispersion through sonication in water.
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As a result of this high temperature treatment, one is left with a hollow shell from
dissolution of the latex particles and a variety of iron species such as and
FeO.70 This is presented in Figure 24.

Results similar to those achieved by using the MDT process on cobalt particles can
also be obtained on covered PS-latex. For example, ordered chains of the modified
PS particles have been observed.69c A typical image is shown in Figure 25. From the
large body of experimental evidence it is clear that application of ESA and MDT opens
up new possibilities for the technological application of colloids.

5. CONCLUSIONS

In this chapter, we have presented both the key theoretical principles behind
magnetic assembly as well as some experimental data proving the validity of the methods
discussed. The MDT, ESA and NSL methods are inherently more advantageous in
comparison to self assembly methods, because they offer better control over the assembly
process and greater reproducibility of results. In particular, while the ESA technique can
generate large amounts of nanostructures and the NSL technique can produce large arrays
of two-dimensional nanostructures, both schemes benefit from ease of sample handling.
Of course, all the methods have great promise in aiding the development of technologies
relevant to the electronics, pharmaceutical, and biosciences industries.
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16
MAGNETIC NANOSTRUCTURES

FROM CLUSTERS

The design and fabrication of magnetic nanostructures and the study of their specific
properties are playing an increasingly important role directly related with the large
number of potential applications in various fields such as information storage and
magnetoelectronic devices.1-5 From the fundamental point of view, the magnetic
behaviour of individual, isolated nanoscale systems was mainly theoretically approached
while experimental investigations concerned essentially nanoparticles assemblies because
of the sensitivity limitation of the magnetic characterization techniques. On the
theoretical side**, ab-initio calculations within the now standard Local Spin Density
(LSD) approximation to the Density Functional Theory (DFT) have proven to be a
valuable tool to study the structure and electronic properties of systems up to some few
hundreds of atoms. In particular, the spin order of nanosize systems (atomic monolayers,
small clusters, etc) is now within reach of such calculations. In the last few years, the
appearance of non-colinear spin functionnals6 combined with attempts to provide a
framework for molecular dynamics on the spin degrees of freedom7,8 allowed to extend
the field of application of such approaches. It remains nevertheless that the energy range
at which e.g. spin-orbit effects occur (i.e. a few meV) is still a challenge for ab-initio
calculations aiming at calculating for example the barrier (the anisotropy) for spin flip in
nanosize systems. On the experimental side, the recent development of novel original
magnetometers with sensitivity approaching emu which are capable to detect the
magnetization reversal of one single nanoparticle (i.e. a few cubic nanometers of cobalt)9

*A. Perez, V. Dupuis, J. Tuaillon-Combes, L. Bardotti, B. Prével, P. Mélinon and M. Jamet, Département de
Physique des Matériaux, Université Claude Bernard Lyon 1 and CNRS (UMR 5586), 69622 Villeurbanne
cedex, France. W. Wernsdorfer and B. Barbara, Laboratoire de Magnétisme Louis Néel, CNRS, BP 166,
38042 Grenoble cedex, France.

**The authors are indebted to Dr. X. Blase from the Département de Physique desMatériaux,University
Claude Bernard Lyon 1 and CNRS, for helpful discussions on the theoretical treatments of magnetic
nanostructures.
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has opened a promising window in this field of "experimental nanomagnetism". For
example, in bulk magnetic materials (3D), magnetostatic and bulk magnetocrystalline
energies are the main sources of anisotropy, whereas in lower dimensionality systems
such as thin films (2D), wires (1D) or clusters (0D), strong surface effects are expected
emphasizing the necessity of studying one single nano-object to provide information on
the different contributions to the magnetic anisotropy. Investigations on the sources of
magnetic anisotropy in nanoscale systems are of particular importance for future
applications with regard to the superparamagnetic limit characteristic of such small
systems.5 In fact, when decreasing the size of the particle down to the nanometric range,
the anisotropy energy (where is the anisotropy constant and V the volume of the
particle) which acts to fix the magnetization along an easy axis is counterbalanced by the
thermal energy kT responsible for magnetization fluctuations between easy axis. For
isolated nanosize particles of conventional magnetic materials, the blocking temperature

indicating the upper limit above which the particles behave as superparamagnetic is of
the order of 10 K to a few tens of K. Consequently, a first challenge prior to applications
consists of developing novel magnetic materials in the form of nanosize particles with a
rather high anisotropy in order to remain magnetically oriented up to room temperature or
above.5,10 In the particular case of recording at high area-densities, based on the simple
extrapolation of the continuous density increase in the last two decades directly
connected with bit dimension decrease, one can expect that fundamental physics
limitations and especially those related with the superparamagnetic limit will begin to
predominate typically around 2005.5 Thus, in this general context of quite fast evolution,
the effort to understand the physics of ever smaller structures has been paralleled by
attempts to synthesize magnetic nanoparticles with controlled size and morphology,
structure and composition, to reach optimum values of various key-parameters: coercivity
Hc, remanent magnetization Mr, blocking temperature etc. In this field, solution
phase chemical synthesis has been successfully used to prepare monodisperse pure or
alloyed metal particles1,11 as well as physical methods such as vacuum atomic or
molecular deposition techniques or thin film nanoengraving techniques.12,14 As for the
chemical syntheses, they generally offer the unique advantage to prepare large quantities
of nanostructured matter while the physical ones mentioned above are very often limited
to the preparation of thin films. However, these last methods seem still promising in
terms of specificity of the nanoparticle structures and properties related with their non
equilibrium preparation conditions generally characterized by relatively high cooling
rates. Among various vacuum deposition techniques, a special attention is drawn in this
paper to the low energy cluster beam deposition (LECBD) which has been successfully
developed during the past ten years to prepare original nanostructured materials of
different types (metallic, covalent).2,15-17 This technique consists of the deposition on
various substrates in ultra high vacuum (UHV) of supersonic nanosize clusters preformed
in the gas phase using combined vaporization-inert gas condensation sources. In this case,
cooling rates as large as (i.e. when using a laser vaporization source) can be at
the origin of the formation of clusters with non conventional structures and properties.
Moreover, in the low energy deposition regime (i.e. kinetic energy per atom of the cluster
lower than 1 eV), clusters are not fragmented upon impact on the substrate leading to the
formation of supported nanostructures which retain the memory of the structure and
properties of the free incident clusters.

In this chapter we describe the synthesis of magnetic nanostructures using the low
energy cluster beam deposition technique as well as their structural and magnetic
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properties. Pure transition metal clusters (i.e. Co), and mixed transition metal-rare earth
clusters (i.e. Co-Sm) or other mixed transition metal-metal clusters (i.e. Co-Ag, Co-Pt), in
the size range from a few hundreds to a few thousands of atoms
were prepared in the gas phase inside a laser vaporisation source associated with a high
pressure inert gas condensation and subsequently deposited on various substrates in
UHV. Depending on the deposition rate, films of isolated dispersed clusters supported on
the surface of the substrate (coverage rate lower than 50 % corresponding to the 2D-
percolation threshold), or embedded in non magnetic matrices (volume-fraction lower
than about 20 % corresponding to the 3D-percolation threshold) have been prepared.
Structural characterizations using high resolution transmission electron microscopy
(HRTEM) associated with X-ray diffraction (GISAXS) and absorption (EXAFS) were
performed prior to the study of their corresponding magnetic properties. In this last case,
various complementary techniques were combined in order to investigate the magnetic
behaviour from an isolated individual cluster (using an original microSQUID-
magnetometry technique) to an assembly of non-interacting or interacting clusters (using
conventional SQUID or VSM-magnetometry techniques). Complementary X-ray
magnetic circular dichroism (XMCD) measurements were performed to probe the
magnetism of clusters at a local scale. On the basis of the relatively large and synthetic
view of the behaviour of magnetic nanostructured systems as deduced from these studies,
new routes for the realization of cluster based high area-density devices were tested and
the preliminary results are also presented.

Cluster assembled films are prepared by deposition of low energy clusters preformed
in the gas phase (LECBD) using a specially designed equipment schematically
represented in Figure 1. For that purpose, a cluster generator based on a combined laser
vaporisation-gas condensation source has been developed to produce intense supersonic
jets of nanoclusters with sizes ranging from a few tens to a few thousands of atoms
(diameter    1 to a few nm), typically. Briefly, a YAG laser                    pulse duration
a few ns, frequency or a Ti-Sapphire laser                      pulse duration    a few
µs, frequency are used to vaporize the target rod mounted in the source chamber
(Figure 1). Combined with the laser-pulse, a high pressure gas-pulse (He, 3 to 6 bars,
pulse duration 200 to ) is injected in the source to rapidly cool the plasma
generated at the target surface and to nucleate clusters which are subsequently completely
cooled and stabilized in the supersonic expansion taking place at the exit nozzle of the
source. The main feature of this type of cluster source compared to others currently used
(thermal, sputtering) is the very high cooling rate up to about which governs the
formation of the original nanoscale systems in non-equilibrium conditions. From the key
parameters of the source (laser pulses, gas pulses/continuous gas flow, delay between
both pulses, and geometries of the nucleation chamber in the source and the nozzle), it is
possible to control the cluster size distributions measured in the high resolution time of
flight (TOF) mass spectrometer mounted immediately after the skimmer (Figure 1). In
this case, neutral clusters are photo-ionized using a tunable excimer-dye laser, then
deviated and accelerated at the entrance of the TOF-line.
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At this stage, photo-ionization near threshold and photo-fragmentation experiments
are performed on free clusters to characterize their structures and properties. In the
particular case of Co and Ni free-clusters, icosahedral structures are clearly observed in a
size range up to a few thousands of atoms,18 while for Fe-clusters the situation seems
more complicated probably because of the competition between different structures.18 For
mixed-cluster production (i.e. bimetallic), two methods have been developed, based on
the use of a compound target directly mounted in the source or a special source with two



independent targets simultaneously vaporized by two independent lasers (Figure 1).
When using the technique with a compound target, it has been verified for various
bimetallic systems studied that the clusters exhibit
the same compositions as those from target rods. However, depending on some specific
effects such as segregation, atoms can be inhomogeneously distributed within the
clusters.

After the first stage of free cluster studies in flight, deposition experiments to grow
nanostructured films from clusters are performed. In LECBD-experiments, only neutral
clusters having the very low energy gained in the supersonic expansion at the exit of the
source are deposited on substrates in the UHV-deposition
chamber mounted on line with the cluster generator-TOF arrangement (Figure 1). In this
case, the complete distributions of neutral clusters (nearly Gaussian in shape and rather
narrow when using the laser vaporization generator) are directly deposited on the
substrates to grow films, which allows us to reach relatively high deposition rates (0.1
nm/minute to 0.1 nm/second) for all kinds of clusters. Moreover, by co-depositing on the
same substrate an atomic beam emitted by the e-beam evaporator mounted in the
deposition chamber (Figure 1), it is possible to produce films of clusters embedded in
various matrices (metallic, transparent oxides). In this last case, since both cluster and
atomic beams are independent, this technique allows the preparation of any kind of
cluster/matrix system, even with miscible elements, in a wide range of cluster
concentrations.

A very simple way to study the characteristic nucleation and growth process of
LECBD-metallic films consists of measuring the electrical conductivity of the films in
situ during depositions on insulating substrates (i.e. silica glass) with pre-deposited
conducting electrodes.22 As shown in Figure 2, the diagrams representing the
conductivity as a function of the equivalent thickness of metal deposited measured using
a quartz balance exhibit three zones: a first zone in the form of a plateau at a nearly zero-
conductivity for deposited thicknesses lower than the 2D-percolation threshold, followed
by a second zone represented by an abrupt increase of several orders of magnitude of the
conductivity at a thickness corresponding to the 2D-percolation threshold, and a third
zone above with a plateau of conductivity characteristic of a continuous thin metallic
film. The equivalent thickness of metal corresponding to the 2D-percolation threshold
deduced from these experimental diagrams is of the order of 1.5 to 2 nm when depositing
clusters with a size distribution centred around 2 - 3 nm on substrates at room
temperature or lower (80 K). This corresponds to a coverage of the surface of the
substrate by nanoclusters of about 50 %, in agreement with a model assuming a random
deposition of clusters which do not fragment upon impact on the substrate. From the
observations of the morphology of the deposits at different stages up to the 2D-
percolation threshold this process of a random pavement of the substrate by the incident
free clusters is confirmed in the case of Fe, Co, and Ni-clusters deposited on silica glass
substrates, or on amorphous carbon films, at 300 K and 80 K.23
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The characteristic nanostructured morphologies of cluster assembled films as a
function of the deposition parameters (nature, mean size, and flux of the incident free
clusters, nature and temperature of the substrate) are observed in-situ using the STM-
AFM near field microscope mounted in the UHV-deposition chamber24 (Figure 3).
Complementary high resolution transmission electron microscopy (HRTEM)
observations were performed ex-situ to characterize the atomic structure of isolated
supported clusters and cluster assembled nanostructures.23 In this case, deposits below the
2D-percolation threshold (coverage rate < 50 %) were performed on amorphous carbon
coated grids and subsequently protected by a thin amorphous carbon layer on top before
removing in air. Structural characterizations on collections of clusters by X-ray
techniques (diffraction and absorption (EXAFS))23,25 are generally performed in addition
to HRTEM-observations. From both these experimental and theoretical studies it is
clearly shown that in the LECBD-regime, clusters are not fragmented upon impact on the
surface of the substrate. Deposited clusters as large as a few thousands of atoms can
diffuse quite fast on the substrate and a key parameter to control this process is the misfit
between both lattices at the cluster/substrate interface, in addition to the substrate
temperature.26-30 Moreover, up to room temperature, experimental observations as well as
molecular dynamics simulations show that the coalescence between two adjacent clusters
to form a larger nanostructure is limited leading to a characteristic two dimensional
growth process of the cluster film.2,26-31 Such effect is particularly justified for clusters of
rather high melting temperature materials which are the cases of the magnetic systems
under considerations in our experiments. Finally, depending on the above mentioned
cluster/substrate characteristic parameters which are well controlled during deposition
experiments, specific nanostructure morphologies can be stabilized on the substrate
between the two extreme cases: (i) isolated supported clusters randomly distributed on
the substrate when the diffusion process is very limited24 (Figure 3), and (ii) ramified
islands formed by cluster aggregation when diffusion is taking place24,30 (Figure 4a).
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In this last case, various defects on the surface of the substrate act as traps for the
diffusing clusters leading to the creation of nucleation-centres for the formation of
cluster-islands. Surface-defects to trap clusters can be natural (e.g. atomic steps) or
artificially created. This is well illustrated in Figure 4b, showing the morphology of a
cluster film deposited on an ion-irradiated HOPG-substrate (Highly Oriented Pyrolitic
Graphite) compared to the morphology of the film deposited under the same conditions
on the non-irradiated HOPG-substrate (Figure 4a). Randomly distributed defects in the
form of nano-holes resulting from energetic heavy-ion impacts are at the origin of the
trapping process of the diffusing clusters as shown in the inset of Figure 4b. Finally, the
capability of surface defects to influence the nucleation and growth processes of cluster
assembled films could be efficiently used in a near future to produce 2D-organized arrays
of nanoclusters on functionalised substrates for applications in the fields of high density
magnetic-memory devices, spin electronics, and more generally quantum devices. In this
context, preliminary experiments to deposit clusters on HOPG-substrates exhibiting a
2D-organized array of nanosized defects obtained by the FIB-nanoengraving technique
(Focussed Ion Beam) have been carried out32 (Figure 5). Clusters concentrated around the
nano-defects as shown in Figures 5b,c is a promising result prefiguring future
experiments under improved conditions to reach the ultimate stage of a 2D-organized
array with one dot per site.

The atomic structures of isolated nickel and cobalt deposited-clusters have been
observed by HRTEM (Figure 6). Supported nanoparticles with a mean diameter around
3-4 nm well crystallized in the fcc-structure having the shape of truncated octahedrons
are systematically observed.20 In the case of Ni-clusters the fcc-structure is comparable to
the one of bulk-Ni, whereas the bulk-Co structure is hcp. Moreover, as mentioned in
section 2, free Co and Ni clusters in the gas phase exhibit icosahedral structures while
fcc-structure is more likely after deposition on various substrates. In the case of iron,
supported clusters well crystallized in the bcc-structure are generally observed.2,33-35
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Grazing incidence X-ray diffraction experiments using the synchrotron radiation
facilities at LURE-Orsay were performed on thick cluster assembled films23 (thicknesses
>> 2D-percolation threshold). The spectra presented in Figure 7 for cobalt and nickel
films confirm the granular character due to the random stacking process of incident free
clusters characteristic of LECBD. Comparable granular morphology observed by STM
was previously shown in Figure 3d. The fcc-structure of the grains is confirmed in both
Co and Ni cases as well as the bcc-structure in the particular case of iron cluster films.
From the widths of the lines in the diffraction spectra we can deduce the mean sizes of
the grains which are in good agreement with those obtained from HRTEM on collections
of isolated clusters in films with thicknesses lower than the 2D-percolation threshold. The
results for Co cluster films deposited on various substrates at room temperature or liquid
nitrogen temperature are summarized in Table 1. We observe a variation in the mean
supported grain size, while the mean size of the incident free cluster is the same in all
cases (  2-3 mn in diameter). Such results are probably related with coalescence effects
between adjacent clusters which cannot be completely ruled out depending on the
deposition parameters.

Complementary X-ray absorption measurements on films of isolated cobalt-clusters
embedded in non–magnetic matrices (i.e. Ag, Pt, Nb)36-38 prepared by the co-deposition
technique described in section 2 have been performed. The fcc atomic structure of Co
clusters is also observed in this case. However, in films with a rather low concentration of
clusters (volume fraction      percolation threshold since cluster-cluster
coalescence is significantly reduced in the solid matrix, the cluster-size distribution
measured is relatively narrow and comparable to the incident free-cluster one.
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In the nanosize range concerned by clusters, the number of atoms located at the
cluster surface is not negligible with respect to the number of atoms in the core
% in a fcc Co-cluster of 3 nm in diameter ~ 1200 atoms as in the example of Figure 6b).
In this case, magnetic properties combining surface and core effects are expected which
justify the characterization of different sites of atoms in the clusters using additional X-
ray absorption measurements (EXAFS). Pure Co and Ni-cluster assembled films23 and
films of Co-clusters embedded in matrices (Ag, Pt, Nb)36-38 have been studied by this
technique using the synchrotron radiation facilities at LURE-Orsay. The EXAFS-spectra
were recorded in the electron detection mode at 300 K. By considering only the simple
scattering of the photoelectron by the neighbours and neglecting the multiple scattering,
the radial distributions derived from the EXAFS-signal at the Co or Ni K-edges have
been analysed by fitting (Figure 8) using adapted computer codes. Assuming that Co or
Ni-clusters are crystallized in the fcc-structure with truncated octahedron shape, three
specific local environments are considered for the atoms to fit the EXAFS spectra: (i)
atoms in the core of the grains surrounded by 12 first neighbours, (ii) atoms at the surface
of the grains surrounded by 9 first metallic neighbours on one side, and (iii) oxygen
atoms on the other side. A limited oxygen pollution in the form of some oxygen atoms
bounded at the cluster surface cannot be ruled out since it is observed on free clusters in
the gas phase (satellite peaks in the TOF-mass spectra) before deposition in the UHV-
chamber. Moreover, the thin amorphous carbon layer deposited on top of the cluster films
before removing in air, which is convenient for the EXAFS measurements in the electron
detection-mode, is not fully efficient to protect against pollution. The results of the fits of
the EXAFS spectra for Co and Ni-cluster films deposited on various substrates at 300 and
80 K are reported in Table 2. The number of metallic neighbours is found between 10.1 -
10.9, and 10.5 - 11.1, for Ni and Co-films respectively, indicating grain sizes around 3 - 4
nm in a rather good agreement with HRTEM and X-ray diffraction measurements. One
has also to remark that the surface atomic-layer in both Co and Ni fcc-clusters exhibits a
slightly dilated lattice parameter compared to the distance of atoms in the
core of the clusters and a Debye-Waller coefficient in agreement
with the induced disorder.
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Lattice parameter expansion is not expected in such small particles since for a low
number of nearest neighbours (i.e. 10) a contraction at a value of about 0.245 nm is rather
predicted by J. Tuaillon22 on the basis of the formalism developed by P. Joyes.39 In our
case, the observed dilatation effect could be attributed to the intercalation of oxygen-
atoms in the surface layer of the grains.

In the case of Co-clusters embedded in non-magnetic matrices (i.e. Ag, Pt, Nb),36-38

EXAFS measurements complemented by XPS-analyses confirm that a pure Co-core (fcc)
is still conserved in all cases, even when cobalt is miscible with the matrix-element, (i.e.
Nb, Pt). However, an alloying effect limited to one or two atomic layers at the
cluster/matrix interface takes place depending on the miscibility of elements. In the case
of immiscible cluster/matrix elements (i.e. Co/Ag) quite abrupt interfaces are observed.
Finally, the cluster/matrix co-deposition technique seems promising for the preparation of
specific nanostructured systems since it is not limited by the choice of elements and the
cluster concentration range to be investigated. Especially in the field of magnetic
nanostructures, the samples with pure magnetic nanoparticles embedded in non magnetic
matrices are of great interest for fundamental studies as well as applications. In this last
case, the opportunity to control the alloying effect at the cluster/matrix interface offers
some attractive prospects to adjust the magnetic properties for specific applications.

4. MAGNETIC PROPERTIES OF INDIVIDUAL CLUSTERS AND CLUSTER
ASSEMBLED FILMS

Magnetic nanostructures from pure transition metal clusters (i.e. Fe, Co, Ni) or
mixed transition metal-rare earth clusters (i.e. Co-Sm) are studied using various
complementary techniques in order to investigate on the magnetic behaviour from an
isolated individual cluster to an assembly of non-interacting or interacting clusters. For
that purpose, a ultrahigh sensitivity magnetometry technique based on microSQUID
devices has been developed40 to detect for the first time the magnetic signal of one single
nanoparticle with size as low as 1000 atoms (i.e. one Co-cluster of    3 nm in diameter)9.
Such a challenge is achieved by embedding the Co-clusters directly in the metal
(niobium) constituting the superconducting microSQUID loop at low temperature
to considerably improve the cluster-microSQUID coupling. As for the magnetic
measurements on cluster assemblies, conventional SQUID or VSM magnetometry
techniques are used complemented by X-ray magnetic circular dichroism (XMCD)
measurements2,34,35 to probe the magnetism of clusters at a local scale.

4.1. MicroSQUID Magnetometry Studies of Individual Magnetic Nanoclusters

The development of novel magnetometers based on microSQUID devices40,41 with
sensitivity approaching ( Bohr-magneton) which are capable to detect the
magnetization reversal of individual nanoparticles6 has allowed to investigate in this field
of “experimental nanomagnetism”. For that purpose, 20 nm Nb-films with embedded Co-
clusters (~ 3 nm fcc-truncated octahedron, see Figure 6) were prepared using the co-
deposition technique described in section 2 and subsequently e-beam micro-lithographed
to pattern a large number of micro-SQUID loops (Figure 1a). The concentration of Co-
clusters was low enough (< 0.1 %) to avoid any interaction between them.
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Moreover, only the magnetic flux coupling of a cluster located in a micro-bridge
(Figure 9a) is high enough to allow the detection of its individual magnetization reversal
and the measurement of the corresponding spatial switching field distribution while other
clusters located in other parts of the loop are not detected. 3D-angular dependence of the
switching field was measured by rotating the external magnetic field in and out of the
microSQUID plane (Figure 9b). This last diagram evidences one easy magnetization

9c). We deduce a second order anisotropy energy : where v is
the magnetic volume of the particle, m a unit vector in the magnetization direction, and

the anisotropy constants along the easy and hard
axes, respectively.

direction along the axis and one hard magnetization direction along the axis.
Assuming that T = 0 K (the experimental temperature being 35 mK), and a uniform
rotation process of the particle magnetization, the Stoner-Wohlfarth model generalized in
three dimensions42 is used to perform a rather good fit of this spatial distribution (Figure
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Finally, we can conclude that a Co-nanoparticle embedded in a niobium matrix
mainly behaves as a macrospin with a bi-axial anisotropy corresponding to a second
order anisotropy energy term. Let us discuss the physical origin of such an anisotropy.
First of all, we can rule out the usual cubic magnetocrystalline anisotropy for fcc-cobalt
(Figure 6) since this fourth order term would lead to a completely different 3D-angular
dependence of switching fields. Secondly, by considering the nearly spherical shape of
the Co-clusters, the shape anisotropy term can also be neglected. Moreover, because the
elastic constants of the bcc-niobium are smaller than the fcc-cobalt ones, the contribution
of the magneto-elastic anisotropy energy resulting from the matrix induced isotropic
stresses on the particle should be small. Consequently, the experimental anisotropy
measured for an individual Co-clusters is probably related to an interface anisotropy
resulting from the symmetry breaking at the cluster surface. This clearly emphasizes the
dominant role of surface/interface effects in the magnetic properties of nanosize systems.

The temperature dependence of the switching field distribution of one individual
cobalt nanocluster has been measured using the microSQUID technique. The 2D-
distributions measured in the yz – plane at different temperatures are represented in
Figure 10. The characteristic shape of the 2D-diagrams so-called “astroid” continuously
decreases in size with the increasing temperature allowing to determine the blocking
temperature of the corresponding cluster. In the particular case presented in Figure 10, a
blocking temperature of the order of is clearly deduced.

For a better understanding of the role of the Co-Nb interface on the magnetic
properties of an individual cluster as reported above, thick samples consisting on Co-
cluster assemblies diluted in a niobium matrix (Co-volumic concentration were
prepared in view to perform complementary structural and magnetic characterizations.
Structural studies23,38 using HRTEM, X-ray diffraction and absorption indicate that the
deposited Co-clusters in the bcc Nb-matrix can be described as fcc-truncated octahedrons
containing about one thousand atoms (diameter    3 nm, see Figure 6) distributed as
follows: 36% are in the pure Co-core of the grain, 27% participate to a in
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the sub-surface layer, and 37% participate to a in the surface layer.
Moreover, from VSM-measurements on the same Co-clusters/Nb-matrix films (Figure
11) we can conclude that the Co-Nb alloyed interface is a “magnetically dead” layer
which is probably at the origin of the reduced “magnetic size” distribution observed with
respect to the TEM–one38 (Figure 12).

Additional X-Ray Magnetic Circular Dichroism (XMCD)* experiments were
performed at the European Synchrotron Radiation Facilities Grenoble-France). XMCD is
used in our case as a local magnetometry technique operating in the low temperature
range (i.e. T < 8 K), where the superconducting fluctuations due to the Nb-matrix prevent
any conventional magnetization measurements. Finally, from the hysteresis loops
measured in the temperature range 5 - 50K, we deduce the remanent magnetization
(Figure 13) and an effective anisotropy constant for the Co-clusters.43

Note that is of the same order of magnitude as previously found from the micro-
SQUID measurements on individual Co-nanoparticles. The Co-clusters/Pt-matrix system
which is also a miscible couple has been studied in the same conditions23,24 to verify the
validity of the core-shell model suggested above to account for the magnetic properties in
such nanogranular films. Finally, from both Co/Nb and Co/Pt samples we found that

addition, we assume that leading to a magnetization enhancement
at the interface (to compare with ). On
the contrary, in the Co/Nb case  is found to be equal to zero and x = 0.36,
because of the presence of two "magnetically dead" alloyed-monolayers at the cluster-
matrix interface, leading to the very low experimental value observed

* The authors are indebted to Professor C. Binns from the university of Leicester, UK, for fruitfull collaboration
in the framework of XMCD measurements at ESRF-Grenoble.

cluster magnetization can be written in the form :
For Co/Pt, one atomic layer is expected to diffuse at the interface giving x = 0.63. In
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4.2. MicroSQUID Magnetometry Studies of 2D Clusters Assemblies, Below the 2D-
Percolation Threshold

Magnetization measurements on 2D-disordered arrays of Co-nanoclusters were
performed as a function of the deposition rate below the 2D-percolation threshold of the
deposit using the microQUID technique. Such a study on intermediate states between an
isolated individual cluster and a continuous film of clusters allows to evidence the
interactions between clusters for a better understanding of the evolution of the magnetic
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behaviour characteristic of a nanogranular system. In the particular case of microSQUID
measurements on cluster assemblies, the amount of magnetic matter is larger than in the
case of the measurements on one single cluster as reported in section 4.1. Consequently,
the sensitivity is high enough to use the simple technique consisting on a direct
deposition of clusters in a window patterned on a branch of the microSQUID loop40

(Figure 14). Figures 15 a and b show typical hysteresis loops of a small number of Co-
clusters which are deposited inside two different deposition windows, as seen in the
insets, but with the same equivalent film thickness of about 0.2 nm. This thickness is
much smaller than the 2D-percolation film-thickness ( see section 3).
Nevertheless there is still a ferromagnetic coupling between clusters as the observed
magnetization jumps are larger than those expected for individual clusters of 2 – 5 nm.
The overall amplitude of the magnetization change is 10 times bigger for the sample with
the square window (Figure 15a). This is in agreement with the geometry as its surface is
10 times the surface of the elliptic window in Figure 15b. The insets of Figures 15a and b
show the largest magnetization jumps corresponding to spin flips of about in
Figure 15a and in Figure 15b. As one round Co-cluster of 5 nm in diameter
corresponds to about we can estimate that there are at least 50 clusters which flip
together in Figure 15a, and 5 clusters in Figure 15b. We can mention that the shape of
these curves is typical for a material with a huge random anisotropy as encountered in
rare-earth based particles.44 But in our case, the origin of the random anisotropy comes
from the random stacking of the nanocrystalline Co-particles on the substrate as
discussed in section 3. Near the 2D-percolation threshold, the ferromagnetic correlation
length is between 1 and 10 nm. The switching field is independent of the window area.
The hysteresis loops show very small and not reproducible magnetization jumps
corresponding to the relaxation of a few nanometric particles. In summary, for
thicknesses below the 2D-percolation thickness the particles have no macroscopic shape
dependence.
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Figures 16a and b show the hysteresis loops of Co-cluster films with equivalent
thicknesses of 5 and 15 nm, thus thicker than the 2D-percolation thickness ( see
section 3). In this case the clusters form a nanocrystallized film. They are strongly
coupled by dipole and exchange interactions and the hysteresis loop becomes dependent
on the shape of the window. These hysteresis loops are very similar to those obtained on
submicron Co-particles patterned by electron beam lithography out of sputtered Co-
films.44,45 First the switching field decreases as the thickness increases (from 0.2 to 5 nm
equivalent thicknesses) and the hysteresis loop tends to a rectangular shape as in single-
domain Co-particles (Figure 16a). Then, for thicker samples (15 nm equivalent thickness,
Figure 16b), the hysteresis loop is similar to hysteresis loops of multi-domain particles.
However in the case of nanocrystallized films, the switching field distributions of the
magnetization jumps are about 10 times broader (see inset of Figure 16b). This probably
comes from the fact that nanocrystallized films are porous and slightly oxidized at cluster
boundaries. This leads to a distribution of reduced cluster-to-cluster exchange couplings
(with respect to a bulk film33) which increases the switching field distribution.

Since in this case the cluster to cluster coupling is much stronger than in the previous
one (below the 2D-percolation threshold, see section 4.2), one expects much larger
avalanches. This is effectively observed in Figures 16a and b. The magnetization reverses
mainly in two or three big avalanches whereas for smaller equivalent film thicknesses
(Figures 15a and b) we observe a large number of small avalanches.

4.4. Magnetic properties of thick cluster assembled films

The magnetic behaviour of thick cluster assembled films were studied
using conventional SQUID-magnetometry,46 ferromagnetic resonance (FMR),47 and
conversion electron Mössbauer spectroscopy (CEMS) in the particular case of Fe-
samples.48

4.3. MicroSQUID Magnetometry Studies of 2D Clusters Assemblies, Above the 2D-
Percolation Threshold
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Thick cluster-films grow by random stacking of incident free clusters as described in
section 3 and the corresponding morphology is well illustrated in Figure 3d. In this case,
clusters interact by direct contact and the magnetic behaviour of such films is rather well
described in the framework of the random anisotropy model previously proposed by E.
Chudnowsky49 for amorphous materials. However, in the cluster assembled films, the
characteristic parameter (correlation length of local anisotropy axes) corresponds to
the mean radius of the grains (typically 2 - 3 nm), contrary to amorphous materials in
which it represents the characteristic length of the local order (   a few Å). The radius of
the ferromagnetic domain corresponds to few grains (i.e. for Fe-cluster
films).46 Finally, at zero magnetic field, the behaviour of the films is comparable to a
correlated spin glass. Under magnetic field, depending on the competition between the
grain anisotropy and the exchange interaction, two regimes separated by a cross-over field

(where A and Ms are the exchange constant and the saturation
magnetization, respectively) are observed: in the low applied magnetic-field regime

the total grain anisotropy dominates and the magnetization is proportional

magnetization regime proportional to In amorphous materials, since is
small, is large (several hundreds kOe), and the high field regime is difficult to
observe. In the cluster films, is of the order of the grain size as mentioned above, thus

becomes attainable (i.e. kOe for Fe-cluster films),46 and both magnetization
regimes described above have been observed and interpreted.50

As mentioned previously, in the cluster assembled films produced by direct
deposition of clusters on the substrate in the LECBD-regime, adjacent clusters interact by
direct contact. Consequently, from the competition between the intrinsic magnetic
properties of individual clusters and the interactions between adjacent clusters defined
magnetic behaviours are observed as a function of the external magnetic field applied. In
order to control the interactions between clusters and then to modify the magnetization
regime, films of clusters embedded in matrices have been prepared (see section 2). In this
case, since cluster-cluster coalescence effects are limited, homogeneous dispersions of

to while above particle-particle exchange interaction dominates leading to a
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clusters in the co-deposited matrix exhibiting a rather sharp size-distribution centred on a
mean size close to the incident free cluster-size are stabilized. Moreover, the cluster size-
distribution in such samples does not dependent on the cluster concentration as in the
case of sample produced by precipitation of a magnetic material in a non-miscible non-
magnetic matrix. This allows producing films in a wide range of cluster concentration
with a constant mean cluster-size. The control of the interactions between particles arises
from the mean distance between them directly related to their concentration and the
nature of the non-magnetic matrix (insulating, conducting). In this context, large choice
of cluster-matrix couples including miscible or non-miscible elements is available using
this LECBD-cluster/matrix co-deposition technique. This is well illustrated in the case of
films (~ 100 nm thick) of cobalt clusters embedded in silver matrix for
which transport measurements reveal a nice dependence of the giant magneto-resistance
effect (GMR) on the Co cluster concentration51 (Figure 17). Coupling of Co particles via
the conduction electrons of the matrix could be invoked in this case. The maximum GMR
value is obtained for a Co-concentration close to the 3D-percolation threshold (~ 20 %
vol.) as shown in Figure 17. For Co concentrations lower than this last value, a
magnetization regime in 1/T characteristic of a superparamagnetic behaviour is observed,
while for concentrations above the percolation threshold, a Block-magnetization regime
in is evidenced.22 Let us mention that in the case of clusters embedded in transparent
non-magnetic matrices, the field of magneto-optic systems can be investigated.

5. FUNCTIONALIZED MAGNETIC NANOSTRUCTURES FROM MIXED
CLUSTERS

Pure magnetic transition metal nanostructures extensively studied up to now have
significantly contributed to a better understanding on the structure-properties relationship
in the case of isolated individual clusters with a particular light on the dominant role of
surface/interface effects in the nanosize range. Unfortunately, the superparamagnetic
limit leading to very low magnetic blocking temperatures (see Figure 10) prevents the use
of pure transition metal particles with sizes lower than about 10 nm for applications (e.g.
high density storage media).5
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A challenge in this field of magnetic nanostructures applications wil l consist of
synthesizing stable nanosized magnetic objects with blocking temperatures around or
above room temperature. In this context, various types of mixed clusters, especially
clusters of intermetallic compounds with strong magnetocrystalline anisotropy such as
rare earth-transition metal alloys have been tested. In particular, - nanoclusters
(mean diameter ) prepared from a bulk mounted in the laser
vaporization source (see section 2) have been deposited/embedded in the LECBD regime
on various substrates/matrices for structural and magnetic studies.10,52 As previously
mentioned in section 2, mixed clusters prepared by this technique exhibit the same
composition as the target one, however a poor crystallinity as revealed by TEM
observations and a segregation of samarium atoms at the cluster surface are at the origin
of a loss of magnetization in the as deposited cluster films compared to the bulk
phase. Post annealing treatments in UHV up to 840 K on films of isolated clusters
embedded in niobium (cluster concentration lead to an improvement of the
crystallinity of the Sm-Co nanoparticles (Figure 18), and consequently to a significant
increase of their magnetic anisotropy at the origin of a blocking temperature larger
than 300 K.

This is illustrated in the Figure 19 showing the characteristic evolution of the
magnetization loops with a significant increase of the coercive field upon annealing for a
Sm-Co clusters/Nb-matrix film. Note that the choice of a niobium matrix for the
annealing experiments is directed by the non-miscible character of this element with
samarium. Since in the as deposited samples samarium atoms are segregated at the
cluster/matrix interface one can imagine that during thermal treatments they prefer to
redistribute inside the clusters rather than to diffuse in the surrounding Nb-matrix. At the
same time, the mean size of the embedded Sm-Co clusters slightly increases up to about 6
nm,52 which cannot explain the up to room temperature or more. Finally,
only the efficient role of samarium atoms in the Co lattice of the clusters can be
considered in this case to explain such a large magnetic anisotropy/blocking temperature
increase.
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6. CONCLUSIONS

Magnetic nanostructures from clusters preformed in the gas phase constitute a
fascinating field of research both from the fundamental point of view to understand the
key parameters which govern the properties of nanosized magnetic systems, and for
applications in various fields of interest (ultrahigh density storage, spin electronics,
sensors, magneto-optics systems). In this context the LECBD-technique specially
developed for the preparation of original nanostructures, offers some unique potentialities
directly related with the non-equilibrium conditions which prevail to the formation of
clusters in the gas phase independently of the deposition and stabilization conditions on
the substrate. The studies of the magnetic properties of an individual isolated nanocluster
and of cluster assemblies emphasize the dominant role of the surface/interface effects on
the intrinsic properties of nanoscale systems and the competition with the interactions in
the case of assemblies leading to characteristic magnetic behaviours. A further step in
these fundamental studies will concern the dynamic aspects of the phenomena. In parallel
to the studies of simple and well controlled systems, generally based on pure transition
metal clusters, more complex systems such as bimetallic clusters are prepared and studied
in view of applications. In this field, the final association of functionalised clusters (i.e.
high magnetic anisotropy cluster blocked at room temperature) on functionalised
substrates (i.e. 2D-ordered cluster arrays) will be the ultimate stage prior to the
realization of novel nanomagnetic devices in the Tbit range.
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MAGNETIC THIN FILMS

Michael Farle *

1. INTRODUCTION

Magnetic thin films have provided a highly successful test ground for understanding
the microscopic mechanisms which determine macroscopically observable quantitities
like the magnetization vector, different types of magnetic order (ferro- , ferri- and
antiferromagnetism), magnetic anisotropy and ordering temperatures (Curie, Néel
temperature). The success has been based on the simultaneous development of the
following techniques: a) the preparation of single crystalline mono- and multilayers on
different types of substrates in ultrahigh vacuum systems, b) the development of vacuum
compatible, monolayer-sensitive magnetic analysis techniques, c) the advance in
computing power to provide first-principles calculations of magnetic ground state
properties. Aside from these basic research orientated investigations the technological
exploitation of thin film magnetism has lead to huge increases in the hard disk’s
magnetic data storage capacities and new types of magneto-resistive angle and position
sensitive sensors in the automotive industry , for example.

The purpose of this chapter is threefold: a) An introductory level overview about
basic physics in thin film magnetism will be given, b) characteristic examples of current
research using synchrotron radiation , SQUID and magnetic resonance techniques will be
discussed.

Various aspects of ultrathin film magnetism have been discussed in extensive
reviews and book chapters over the last few years (see for example refs. 1-9) There is no
way to summarize all these issues in such limited space and the reader is referred to the
reviews mentioned before. The examples which I will discuss here are strictly restricted
to the thickness and temperature dependent magnetic ground state properties of single
element ferromagnetic metallic monolayers on metallic single crystalline substrates. This
excludes epitaxially grown films comprised of two or more elements and it excludes
ferromagnetic layers on semiconducting or insulating substrates. Also, the technological
important aspects of exchange biased,10 spin- valve,11 or exchange-coupled multilayer12

structures will not be reviewed here. In general, one should wish to understand the
magnetic ground state properties of the simplest low- dimensional magnets first, before

* Michael Farle, Gerhard-Mercator-Universität Duisburg, Experimentelle Tieftemperaturphysik, Lotharstr. 1,
ME, 47048 Duisburg, Germany.
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turning to more complex systems. It will be shown that epitaxial films consisting of few
atomic layers provide an interesting playground for artificially controlling magnetic
properties and hence improving the understanding of the underlying physical
mechanisms.

This chapter is divided into four sections in which I will present aspects of the film
growth and resulting strains, the magnetic anisotropy and the magnetic moment per atom
at 0 Kelvin, and finally some of the temperature dependent phenomena observed in
magnetic monolayers.

2. FILM GROWTH

Neglecting kinetic principles in film growth one can classify three different growth
modes based on the superposition of the surface energies of the substrate

of the interface         and of the growing film         For               the film wets the surface
and a monolayer forms. Three-dimensional clusters form immediately on the substrate
when (Volmer – Weber mode). Layer-by-layer growth (van der Merwe mode) is
achieved, if the subsequent layer wets the previous one, otherwise three-dimensional
islands agglomerate (Stranski-Krastanov mode). Based on these simple arguments one
would conclude that monolayers of the three ferromagnetic 3d metals Fe, Co, and Ni will
form a monolayer only on the high melting, high surface energy substrates of Mo, Re, Ta
or W and not on Cu, Ag or Au for example. Values for the surface energies and heats of
adsorption for the most common materials have been tabulated by Gradmann.3 However,
experimental results have demonstrated that kinetic aspects, strain, anisotropy and
temperature dependence modify this simple rule of thumb.13-19Using special deposition
conditions like ultrahigh deposition rates (laser ablation) or surfactants excellent layer-
by-layer deposition have been achieved for systems like Fe on Cu(001).20

Another important parameter is the lattice mismatch between the growing film and
the substrate. In Figure 1 the case of fcc Ni growing on the (001) face of fcc Cu is
sketched. The lattice mismatch with the nearest neighbor
distances nm and results in a vertical compression of the
growing film of -3.2 %. The crystal structure of the Ni film becomes face centered
tetragonal which is stable at least up to 10 monolayer (ML) thickness.
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Another interesting case is the growth of Co on Cu(111). The nearest-neighbors
distances of Co in its hcp phase c = 4.070 Å) and its fcc

modification match very closely the in-plane lattice

parameters of the (111) oriented fcc Cu surface This

results in a lattice mismatch which is the same for

hcp(0001) or fcc(111) Co. Consequently, there have been controversial results on the
type of crystal structure which is stabilized on Cu(111). The difficulty results from the
the fact that the staple sequence ABA (hcp) versus ABC (fcc) is already important for
the second Co layer, when the outermost Cu layer is counted as layer A. Monoatomic
steps at the interface will have a dramatic effect on the sequence resulting in mixtures of
both phases in the ultrathin limit.

The lateral mismatch results in a vertical compression or dilation. This vertical
distortion can be calculated by either minimizing the elastic free energy or by
assuming that the volume of the unit cell does not change due to the lateral distortion.

By minimizing the elastic free energy density for the (111) geometry

one calculates using The
isotropic in-plane strain The elastic constants

have been used in this
calculation. The use of continuum linear elasticity theory for thin films with in-plane
strains on the order of 2% may be questionable. However, studies on hcp(001)

found quantitative agreement between measured and calculated strains up
to 3 %.

If one calculates assuming constant volume one finds a large which
corresponds to an interlayer spacing (bulk 0.205 nm). This is less than the
average hcp spacing determined by I(E)-LEED studies. Hence, it seems
more reasonable to use the vertical compression retrieved by minimizing the elastic
energy.

Another tutorial example is the case of Ni on bcc W(110). The lattice misfit between
fcc Ni(111) and bcc W(110) planes is along the W[001], i.e. direction

and along the i.e.

direction Despite this large anisotropy in the
lattice mismatch, Ni on W(110) has been found to grow nearly undistorted fcc (111),
since the distortion is already accommodated in the first 2 layers.

In the discussion above one had to assume that the substrate is perfectly flat and
contamination free. To obtain these perfect surfaces very special procedures have been
developed which depend on the type of crystal and its orientation. These procedures
require ultrahigh vacuum (UHV) conditions and usually involve ion-etching
and heating cycles which have to be repeated several times. It is generally accepted that
“perfectly flat” means: substrate surfaces with smooth terraces of several hundred
area separated by mono-atomic steps. To verify the quality of such substrates the only
available technique is scanning tunneling microscopy. Another technique with lateral



398 M. FARLE

resolution on the order of 10 nm and monolayer vertical sensitivity is low energy
electron microscopy (LEEM).22 More common - because less expensive – UHV
techniques based on electron diffraction – e.g. low energy electron diffraction (LEED) -
cannot provide this information.

3. MAGNETIC MOMENT (T = 0K)

The total magnetic moment is given by

where J is the total angular momentum determined by the Hund’s rule and is the
Landé’s g factor:

Accordingly, a free ion , for example, has a magnetic moment
3.5, J = 4) unless the orbital moment is quenched in the solid. In the metallic bulk state
with cubic symmetry the orbital magnetic moment is almost completely quenched,
and a magnetic moment is measured. The magnetic moments of the four
metallic ferromagnets are listed in Table 1. One should note the huge difference of the
magnetic moment in the free (spherical potential) atomic and the bulk (cubic or
hexagonal crystal potential) state. The free atom and the metallic bulk state represent the
limiting cases for the evolution of the magnetic moment as a bulk crystal is built from
single atoms, atomic lines and planes. The calculated values of the magnetic moment per
atom of Co in the respective 0D, 1D, 2D, and 3D environments are given in Figure 2.
One needs to note that in a strict sense only a free-standing monolayer represents a truely
2D system. In real experiments , however, “2D” layers require a substrate, which will
influence the electronic structure of the monolayer. This substrate may be the same or a
different material as the monolayer under investigation, resulting in different interface
and surface magnetic moments (Figure 2).
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Interestingly, the magnetic moments at the surface, interface, in the 2D and 1D
structure do change at most by 30 % in a somewhat unexpected way. For example, based
on the simple arguments of lower coordination = higher magnetic moment one would
have expected that the surface moments are smaller that the moments in the 1D structure.
It is evident that details of the crystal and electronic structure play an important role.

The experimental determination of magnetic moments in ultrathin films represents a
challenge in terms of required sensitivity of the apparatus and the film homogeneity and
morphology. As discussed in the previous section the issues of film growth have been
satisfactorily solved in many cases. When determining magnetic moments quantitatively
one needs to acknowledge that the error bar of the magnetic moment per atom is given
by the inaccuracy of the determination of the number of atoms carrying the respective
moment. In thin film systems the number of atoms is generally determined by dividing
the volume of the deposited layers by the number of unit cells. This will always result in
an error bar of a few percent. As becomes clear from Figure 2 the challenge is also to
discriminate a surface or interface moment from the interior moment, a problem which
no technique to date is able to solve.24 Even the best experimental setups, which will be
discussed below, average over all magnetic moments within the monolayer film. The
attempts to discriminate interface moments by using different substrate and capping
layers are questionable. This approach presumes that the magnetic layer can be grown on
different substrates in an identical crystal structure and strain state, which is not realistic.
The same material (e.g. Fe) will assume a different crystal distortion and hence a
different electronic structure on different substrates.

Table 2 summarizes the experimental methods which are available to determine the
magnetization quantitatively25 in situ in UHV. The sensitivities of the respective techni-
ques are also given: torsion oscillation magnetometry (TOM),26,27 alternating gradient
magnetometry (AGM),28 X-ray magnetic circular dichroism (XMCD),29,30 and polarized
neutron reflectometry (PNR).31 All of these techniques have their specific advantages
and disadvantages. To determine the magnetic moment per atom the technique must
either be capable of measurement the susceptibility or the magnetization as a function of
temperature. In the first case, the sensitivity requirements are even more stringent, since
the magnetic moment can only be deduced from the Curie-Weiss law in the
paramagnetic regime. Up to now no technique has been capable of measuring the
susceptibility of monolayers in UHV more than 20 % above the Curie temperature.32 In
the second case magnetization data must be extrapolated to zero Kelvin ( as discussed
below) from temperature dependent measurements. The simple approach to use a
theoretical dependence has been demonstrated not to be valid in general.
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Furthermore, the effect of magnetic domain formation must be accounted for,
which in general involves the characterization of the monolayer by a hysteresis loop.

The method of choice seems to be the x-ray magnetic circular dichroism. This
technique is element-specific, can be used in-situ in UHV with large magnetic fields and
determines the spin and orbital contribution of the magnetic moment. In an XMCD
experiment, an x-ray absorption edge spectrum is measured with the incident photon spin
aligned parallel and anti-parallel to the sample magnetization direction. From the
difference of these spectra, the orbital and spin magnetic moments of the optically
excited electrons (or, equivalently, of the core holes) may be determined through the
application of sum rules for the orbital34 and spin35 part of the magnetic moment. One
should note that the spin sum rule includes a so called dipole term which is the
expectation value of the intra-atomic magnetic dipole moment along the direction of
magnetization. This term vanishes for a cubic symmetry, but can become as large as 30%
of the total moment in monolayers and at surfaces. This complicates the quantitative
analysis of the magnetic moment. However, angular dependent measurements can be
used to determine the dipole term, since its angular average is zero. It will vanish for
polycrystalline samples, and for crystalline samples it vanishes at the magic angle of 55°
between the magnetization direction and the surface normal.36

Due to its element-specifity one can –in principle– investigate the effects of spin
polarization in dia- or paramagnetic substrates which may be induced by deposition of a
ferromagnetically ordered film. This has been successfully demonstrated for example for
Co/Cu, Fe/W, and multilayers. Quite considerable induced
interface magnetic moments of up to were found in the W and Ir layers, which
surprisingly showed opposite directions, i.e. antiferromagnetic and ferromagnetic
coupling to the Fe layer. One notes that induced interface moments have been measured
in the cases of multilayers only. The reason is simply, that for a single Co layer on a Cu
single crystal substrate the number of Cu atoms that are influenced by the ferromagnetic
layer is much too small in comparison to the overwhelming signal from the undisturbed
Cu atoms within the sampling depth. Since the physics of multilayers is not the topic of
this chapter, I will discuss an example for XMCD measurements for uncapped Co films
deposited on Cu(001) and measured in situ.40 Co on Cu(001) grows in a tetragonally
distorted crystal structure layer-by-layer. The first Co layer is known to contain at least

The analysis of XMCD–difference spectra requires a careful normalization of
the original spectra obtained with the photon spin parallel and anti-parallel to the magne-
tization direction. Self-absorption effects have to be taken into account. Small changes
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on the order of of the background intensity will cause a big error in the absolute
determination of spin and orbital magnetic moments. Usually the safest method is the
determination of the ratio of the orbital-to-spin magnetic moments since the
background is effectively divided out. In Figure 3 the ratio is shown as a
function of film thickness.40 By comparison with theory (Table 3) one finds that the
increase of the ratio for thinner films is due to a stronger increase of the orbital magnetic
moment while the spin moment increases only slightly. The lowering of the symmetry
lifts the quenching of orbital momentum.

The experimental analysis requires that one considers three different ratios
corresponding to the interface (A), the surface (C) and the remaining Co layers (d-2) in
between (B). Furthermore, the effective electron escape depth has to be taken
into account, when averaging the signal over all detected Co layers according to

This reflects the fact that in the thin film limit relatively more surface and interface
Co atoms are detected which sit in a non-cubic environment. The parameters A, B, and C
that is the of the interface, bulk and surface regions are obtained by fitting Eq.
(4) to the experimental ratio. They are in excellent agreement with the calculated ones
(Table 3).
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Another more recently developed technique42 uses a commercially available High-
sensor to measure the magnetic stray field emanating from a fully magnetized

ultrathin film. In the analysis one considers the magnetic film to be in a single domain
state consisting of elementary magnetic dipoles dm, which produce a magnetic field dB
in a distance R given by

where n = R/R is a unit vector. The total perpendicular component at position (u,v, h)
for an in-plane magnetized film of length and width a in a distance h, with a
homogeneous in-plane magnetization M along the x-axis and a thickness d is given by:

where R is the distance between the elementary dipole dm at (x,y,0) and the measuring
point (u,v,h). As the stray-field is measured only along the x-axis keeping the film
centered (i.e. v = 0) Eq. (6) simplifies, and one derives a characteristic field distribution
with a positive and a negative peak as it can be seen in Figure 4. The only free parameter
is the magnetization M of the film which scales linearly with the peak height. The error
of the fitting procedure is 1 to 2%. Together with the distance uncertainty this sums up to
a maximum error of 5% for Co which is a remarkably small value for determining
directly the total magnetization.

The measured magnetizations at T = 300 K for all films are plotted in Figure 5a
versus the inverse thickness (open triangles). Films with d > 8 ML exhibit a
magnetization which is in excellent agreement with the well
known bulk magnetization of 1447 kA/m at 296 K. The films with thicknesses down to
2.0 ML exhibit a thickness-dependent reduced magnetization down to 1225 kA/m. At
first glance one might think that the reduction is due to a reduced magnetization at the
interface. However, this interpretation is misleading as the magnetization data of thinner
films recorded at T = 590 and 65 K (open circles) show. Their magnetization is
considerably higher than at room temperature since the reduced temperature
changes from about 0.5 to 0.2.



MAGNETIC THIN FILMS 403

To obtain the true ground state magnetic moment, we correct the low temperature
measurements to T = 0 K using the law which is valid for t < 0.3. Moreover, one has
to take into account that the spin-wave parameter is thickness dependent. The corrected
results of all measurements are represented by the solid squares in Figure 5a.

One can see that 2.0 ML Co/Cu(001) exhibit a magnetization of (1600±60) kA/m at
T = 0 K, which is increased by 11% as compared to the bulk. In Figure 5b the data are
given in magnetic moment per atom (full squares). A linear regression gives a bulk Co
magnetic moment of Up to this point we have determined the
magnetization M and the total moment of our films absolutely. By comparison with
XMCD and PND results values for and are derived separately. Both spin and
orbital contributions increase with decreasing thickness. The extrapolation to the bulk
shows a perfect agreement with PND measurements for bulk cobalt. The enhancement of
the total moment is mainly governed by an orbital contribution increased by a factor of 2
which is attributed to an unquenching due to reduced cubic symmetry. The spin-like
contribution for a 2 ML film is increased by compared to the bulk. From
bulk down to 2 ML of Co/Cu(001) the total moment increases from a bulk like value of

This behavior determines a volume contribution
which fits both, the theoretical prediction and previous measurements, and an enhanced
surface/interface contribution. The orbital contribution increases by a factor of 2
following a 1/d law. The spin contribution increases by 4% at 2 ML.

The total magnetic moment is not layer–resolved and represents the average
over all step edge, interface, surface and bulk contributions of the Co magnetic moments.
Interestingly, it shows a linear 1/d dependence for films thinner than 5 ML which has
been exploited23 to determine the surface and interface moments. It should be
remembered that the separation of interface and surface moment is only possible by
capping the co film thus creating “identical” interfaces.
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Using this hypothesis of identical Co on Cu and Cu on Co interfaces one can
calculate the interface moment and the surface magnetic moment from the
experimentally determined using the simple Ansatz:
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As discussed in ref. 23 in more detail, the strong reduction of the Curie temperature
of the different Co films after capping and the different degrees of intermixing at the
interfaces have to be taken into account. The impressive result of such an involved – but
necessary – analysis is the determination of the surface, interface and bulk moments as
shown in Figure 2. Similar studies have been performed for Ni films on Cu(00l).44 A
bulk –like magnetization (Table 1) was determined for a 4 ML thickness which is
reduced by 22% when the tetragonal distorted Ni film is capped by Cu. For a Ni thick-
ness of 8 ML no reduction is found. These new results obtained by a technique which
measures truly the total magnetic moment in its ground state unambiguously show that
previous determinations of “dead layers” or dramatically reduced magnetic moments
were due to sample imperfections or improper analyses, for example not considering the
reduced Curie temperature of ultrathin films.

These new techniques may provide the necessary tests for theoretical predictions
that monolayers of 4d and 5d elements develop a net magnetic moment per atom.45,46

4. MAGNETIC ANISOTROPY ENERGY DENSITY (T = 0 K)

It is experimentally observed that a ferromagnet can be magnetized more easily
along certain crystallographic directions than in others. One finds so called easy,
intermediate and hard axes of magnetization, e.g. for bcc Fe these are <100>, <110>,
<111> and for fcc Ni <111>, <110>, <100> at room temperature.

The energy difference associated with different directions of M , that is the magnetic
anisotropy energy MAE, is a small contribution the order of a few to the total
energy (several eV/atom) of a bulk crystal (Table 4). For applications of ferromagnetic
materials and for the principal understanding of the microscopic origin of magnetism it is
however the all important quantity, which determines for example the direction of
magnetization coercive fields and domain sizes.
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Before discussing the aspects of the MAE of magnetic monolayers it is worthwhile
to have a look at experimental results for bulk ferromagnets. In Figure 6 the
magnetization curves of a bulk Ni single crystal are shown which were recorded with the
magnetic field B applied along the [100] and [111] direction. The area in between these
curves has the units of energy and yields directly the magnetic anisotropy energy density
(MAE). The saturation magnetizations along the different directions which are the easy
and hard axes are different! The effect is very small as the inset shows, but measurable,
and well documented (see for example ref. 47). This means in other words that the
magnetization vector changes its length, it is “longer” in the easy direction. Since the spin
moment is usually assumed isotropic, the MAE arises from the anisotropy of the orbital
moment.

The anisotropy of the moment is correlated with the magnitude of MAE. Both
are larger for the lower symmetry of bulk hcp Co and smaller for cubic fcc Co, fcc Ni and
bcc Fe. The same observation holds for Rare Earth elements. Even for the S-state ion Gd
which crystallizes in the hep structure an anisotropic moment
moment parallel to c, a-axis) has been measured.49 For Tb with its large orbital moment
(L=3) a much larger difference is found.50 One should also note, that the easy axis can
deviate from crystallographic directions as for example in the case of Gd whose easy axis
is temperature dependent and lies between the c-axis and the basal plane at T = 0 K.

In the phenomenological Ansatz used in experimental work the crystallographic easy
direction of the magnetization is determined by the minimum of the free energy density F,
which in an external magnetic field can be expressed as the sum:

with the energy of exchange interaction; the energy of crystallographic magnetic
anisotropy; the internal elastic energy of the crystal; the energy of
magnetoelastic interaction; the energy of external stresses associated with magneto-
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striction; the energy of the demagnetizing field of the sample; and the energy of
the magnetized sample with the external magnetic field.

For the moment we will regard the free energy density Eq. (9) for the case of zero
applied magnetic field, zero externally applied stress and for a spherical sample shape.
Furthermore, we will consider only the single domain state. The exchange energy and the
demagnetizing energy for a sphere are isotropic. The easy axis of the spontaneous mag-
netization is determined by the minimum of the sum One should note
that a gain in magneto-elastic energy depends linearly on the elastic deformations while

is a quadratic function of the deformations. Hence in general, the crystal will
spontaneously deform, if a magnetization develops at the para- to ferromagnetic phase
transition. The equilibrium lattice constant is determined by the minimum of

For a cubic crystal is written in the form:51

This represents the anisotropic energy at constant volume. If one allows the crystal to
deform, the anisotropy parameters are replaced by coefficients given by

where are the elastic moduli, and the magnetoelastic coupling constants.
One has to distinguish between anisotropy parameters at constant volume and

the ones at constant stresses The latter case always occurs in practice in bulk
crystals. In bulk systems the differences between and are very small and can be
neglected in most cases.

A new situation arises when the ferromagnet is clamped to a substrate and large
elastic strains on the order of a few percent are present. This is comparable to the
application of an external stress to the crystal. Depending on the direction of stress

with respect to the crystallographic axes anisotropic strains develop which modify
the intrinsic anisotropy by inverse magnetostriction. The strain anisotropy can be
orders of magnitude larger than the one of the undistorted lattice. An excellent overview
on magnetostriction effects in monolayers has been given by D. Sander.4
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Magnetostriction contributions to the free energy of hexagonal, tetragonal, and
orthorhombic crystals have been derived for example by Mason52 and Bozorth.53 Since
the free energy is temperature dependent also the anisotropy, magnetostriction and
elastic constants must be temperature dependent. This is well-known in bulk physics and
will be discussed below.

Note, that a different choice of angles with respect to the crystallographic axes gives
different expressions for the free energy of the same crystal. Care must be taken to
compare the experimental anisotropy constants used by different groups. Also, one must
not confuse these “experimental” with the coefficients appearing in front of the
spherical harmonics used in theory. There are also different nomenclatures for the
experimental coefficients used in the literature. For example, in hexagonal systems the
“first” order coefficients are the ones for the quadratic angular dependence while for
cubic systems the first order coefficients are used for the fourth-order angular
dependence.

4.1. Microscopic Origin

There are only two microscopic sources of MAE !:
a) the dipole - dipole interaction :

b) the spin - orbit coupling :

dipolar anisotropy is given by with the
components of the demagnetization tensor One should note that the
dipolar interaction in the near field (only nearest neighbors) is sometimes called the
pseudo-dipolar or anisotropic exchange energy. This name is misleading , since exchange
interaction is isotropic. This contribution vanishes for a cubic crystal. Allowing a
spontaneous magnetostrictive deformation of the lattice yields only a slight dipolar
anisotropy which is 1/1000 of the MAE measured in Ni or Fe. Also, in bulk hcp Co this

Both interactions couple the spin vector to the lattice Different orientations
of the spin with respect to the lattice vector yield different interaction energies. The
exchange interaction

does not contribute to MAE since the scalar product of the spin vectors is independent of
the angles with respect to the crystal axes.

The long range dipolar interaction is the source of the so-called shape anisotropy,
which senses the outer shape of the sample. For homogeneously magnetized samples the
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contribution is negligible, since the c/a ratio deviates only by 0.67 % from the ideal ratio

The more important interaction is the spin-orbit coupling, which couples the spin to
the charge (orbital) density distribution in the crystal. Thus, the spontaneous
magnetization “gets the feel” of the crystal via the orbital motion of the magnetic
electrons. The orbital motion is coupled to the lattice by the ligand field which reflects
the symmetry of the lattice. The ligand field is given by the sum of the

electrostatic potentials over the nearest neighbors at sites For example, in cubic
symmetry this yields in cartesian coordinates (x,y,z):

a)

b)

Two kinds of microscopic energies may be produced as a result of this mechanism:

spin-orbit coupling which depends on the spin states of two or more ionic
carriers of magnetic moment (pair model of magnetic anisotropy).
coupling which depends on the effective spin state of individual ions (single-ion
model of magnetic anisotropy).

The latter mechanism corresponds closer to the situation in nonmetallic magnets
where the moment carrying ion is surrounded by magnetically neutral ions. The ligand
(crystal) field whose symmetry is determined by the type of lattice causes a splitting of
the atomic levels. For different lattices one obtains different levels (orbital states)
corresponding to the ground state (Figure 7). With the ligand field approach it is straight
forward to understand why the MAE in cubic lattices is in general much smaller than in
distorted cubic or hexagonal structures. The orbital moment in cubic systems is
completely quenched.
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Hence in second order one does not expect an orbital contribution to MAE in a cubic
crystal. Only with fourth order perturbation a small anisotropic contribution isobtained
(Table 4). In the ligand - field - theory this partial unquenching of orbital moment is due
to the combined effect of spin-orbit interaction and trigonal distortion which leads to a
small decrease of the ground state energy as schematically depicted in Figure 7.

In metallic ferromagnets the explanation is also based on the spin-orbit mechanism.
The correct order of magnitude for MAE can be obtained by taking the spin-orbit
interaction (coupling constant ) and the width of the 3d band into account.54 In
second order perturbation one finds a vanishing MAE for a cubic system and for an
uniaxial system fourth order perturbation yields an anisotropy for a cubic
system With a typical bandwidth of 5 eV and for 3d elements
one finds and Although the quantitative agreement to the
experimental data is not satisfactory, the simple perturbative approach reveals again the
importance of the symmetry of the crystal for the magnitude of MAE.

Recently ab initio calculations of MAE using a self-consistent full-potential method
including orbital polarization (the analogue to Hund´s second rule in atomic physics)
have become available. The calculation55 shows that by compressing fee Ni (c/a = 1) the
MAE (that is the total energy difference between M || [001] and M || [110]) is
tremendously enhanced (Figure 8). The easy axis is parallel to the direction of
compression. The largest MAE of about is reached at a ratio
Upon further compression while keeping the volume constant the bcc lattice structure is
reached at (Bain path), and the MAE decreases to a value of few
characteristic for a cubic system. On the other hand an expansion (c/a > 1) leads to an
easy axis perpendicular to the strain axis.
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The increase of K is related to an increase of the difference in the orbital moment
between the easy direction [001] and the hard direction. From this the following
conclusions on the correlation of MAE and orbital moment are manifested:

The orbital magnetic moment is anisotropic.
The larger orbital moment is parallel to the easy axis of magnetization.
The magnitude of MAE is related to the difference of the orbital moments parallel
and perpendicular to the easy axis.
The anisotropy of the orbital moment increases for lower symmetries, e.g. fcc -> fct

Bruno did also show that in a perturbation theory approach the energy difference
between easy and hard direction is linked to the anisotropy of the orbital moment,
and for a more than half-filled d-shell he calculates

where the proportionality factor depends on the details of the band
structure. However, a simple proportionality between MAE and orbital moment
anisotropy does not exist as demonstrated by the first principles calculation55 shown in
Figure 9.

How can one compare the phenomenological anisotropy coefficients from
Eq. (10) to first principles calculations K(T=0 K)? The difference in the free energy for
different directions of M along [001], [110] or [100] is given in a tetragonal system with
spherical sample shape by:
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Only if the coefficients are known at T = 0 K, experiment and calculation can be
compared. Experimental must be either measured at 4 K or at least extrapolated down
to T=0 K from the temperature dependence at higher T. It is worthwhile to stress that in
the literature experimental data at 300 K have been compared to ground-state
calculations, which is wrong. All are strongly temperature dependent.

4.2. Surface and Interface Anisotropy

The free energy F of systems of reduced dimensions, that is samples with a large
surface S to volume V ratio is usually written as the sum of a volume and a surface term.

The energy per volume of a thin film becomes:

with the film thickness d. In analogy the anisotropic part of the free energy can be
written56,57

where the index i refers to the second and fourth order anisotropy coefficients. The
superscripts “surf” and “int” refer to the “surface” contributions of the vacuum/film and
film / substrate interface (Figure 1). Since most measurements average over both contri-
butions, is replaced by the average over both interfaces In most
experimental studies the appearing in Eq. (19) have been analyzed in second order
only, that is and is determined from a plot of as a function of 1/d or by
plotting versus d. Both effectively contain contributions of dipolar (shape) and spin-
orbit (intrinsic) origin as summarized below.

Changes in symmetry (lattice structure) and lattice distortions can lead to a
tremendous enhancement of the MAE (Figure 8). This effect is due to spin-orbit
interaction and can be orders of magnitude larger than the shape anisotropy (Table 1).
Any epitaxially grown film on a non-magnetic single crystal substrate is strained.
Depending on the lattice mismatch between substrate and film different thickness
regimes must be distinguished: the thickness range of coherency strain and for strain
relaxation by incorporation of misfit dislocations. Both regions are connected at the
critical thickness which is given by the energetic minimum of the sum of elastic
energy, which increases proportional to the strain volume, and the energy to form a
dislocation. For a lattice mismatch a critical thickness is calcu-
lated. For larger can be as small as 1-2 ML (e.g. Gd or Ni or Co/W(110),
Ni/Re(0001)). This thickness dependence has important consequences for the MAE. In
the coherent growth regime the lattice constants are assumed thickness independent and
different from the bulk structure, i.e. the film assumes the lateral lattice constant of the
substrate and relaxes vertically according to the Poisson ratio.
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The total intrinsic MAE consists of a thickness independent (“volume”) and
the “surface” contributions and corresponds to the MAE of an artificial
crystal with infinite dimensions For a (001) oriented fcc film the strain
contribution to MAE is estimated from

with the out-of-plane, in-plane strain, and elastic constants. Expressions for
have been given in refs. 4, 6, and 58.

can be estimated by Néel’s model, which considers the pair interaction at the
surface of a ferromagnet. Even for an ideally flat interface the contribution is not
the same as because of the change in the band structure due to hybridization with the
substrate. In general, the thickness dependent contributions dominates
for small d. However, opposite signs of and can compensate this effect.

In the incoherent growth regime the thickness dependent accommodation of misfit
strains leads to an effective 1/d contribution which does not originate from the

interface.54 Thus, a separate interpretation of the MAE must be made in the regions
above and below the critical thickness

A nice example is shown in Figure 10 and Figure 11. In Figure 10 surface and
volume contributions to the MAE are separated by plotting as a function of reciprocal
thickness at constant reduced temperature which is the correct thermodynamic
parameter. The two different growth regimes discussed above can be identified (above
and below 5.5 ML). Below 5.5 ML one sees a linear increase according to Eq. (19) with
an intersect and slope corresponding to and
respectively. Above 5.5 ML the signs are reversed and decreases linearly with a
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positive slope and negative intersect
(10<d<5 ML). This reflects the fact that below 5.5 ML a strong trigonal distortion
dominates, while above 5.5 ML the accommodation of misfit dislocation and stacking
faults cause a nearly strain free cubic crystal structure. The critical thickness of 5.5 ML
agrees well with the nominal 4.5 ML at which stacking faults are known to form and the
structural change begins.60 At first glance the observation of a linear 1/d dependence is
surprising, since it is known that thermally deposited Co/Cu(lll) grows in the form of
bilayer islands and not layer-by- layer. However the mean roughness of the film surface
stays constant after evaporation of about 1 ML as MEED measurements and scanning-
tunneling-microscopy (STM) studies revealed. Therefore the same dependence as
described by Eq. (9) is expected.

Another example is the case of tetragonal distorted (fct) Ni/Cu(001), which
represents one of the most carefully examined systems in magnetic monolayer research
(see for example refs. 6, 9, 48, and references therein). The free energy density for a
tetragonal lattice which is appropriate for Ni on Cu(001), is given by:

All the anisotropy constants have been experimentally determined by ferromagnetic
resonance as function of Ni thickness (Figure 11). One observes the analogous growth
dependence of the MAE. Above a critical thickness of about 15 ML the slope changes its
sign revealing the relaxation of the crystal structure. One may conclude that the careful
determination of MAE yields very sensitive information on structural deformations
which may be too small to detect by other methods. For completeness one should note
that for negative the easy axis of magnetization is along the [110] direction, for
positive along [100].
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Any real surface or interface contains steps and defect sites. This causes an
additional reduction of the symmetry and of nearest neighbor coordination. Following
the rule of thumb that lower symmetry corresponds to larger MAE one expects a large
contribution to the surface and interface anisotropy which was also confirmed in the
cases of Ni on Cu(001)61 and Fe on Ag(001).62 Preferentially oriented step edges lead to
an uniaxial in-plane anisotropy on the order of 1 meV/atom which
increases quadratically with the step density. In principle two different step induced con-
tributions arise at the substrate and the vacuum interface. The substrate step density does
not change with film thickness. The step density at the vacuum interface changes with
thickness resulting in an unpredictable thickness dependent contribution to

Gradmann et al. showed that step anisotropies at Fe(110) and Fe/Pd interfaces
are on the order of -0.39 and -0.16 meV/atom favoring perpendicular magnetization.
Their finding contradicts the theoretical prediction by the Néel model64 that roughness
always reduces perpendicular anisotropy. Note that dipolar and spin-orbit induced
roughness give contributions of opposite sign to MAE.

The experimental determination of thin film anisotropy was pioneered by Gradmann
and coworkers and subsequently studied also by many other groups. Values of and

have been tabulated for the 3d elements in several reviews (for example 1,6,7,57,59).
The thickness independent part is in general one order of magnitude larger than the
bulk value. of fcc Co films on various substrates has the same magnitude as of
bulk hep Co. This is no contradiction to the previous statement, since bulk fcc Co has a
much lower cubic In general, the averaged of Co is positive (favoring perpendi-

hybridization with the substrate and defects/steps at the interfaces cause the positive
leading to a strong perpendicular anisotropy in most ultrathin Co layers. All Fe faces
show a similar trend, that is negative and positive Exceptions are the
W/Fe(110), Fe/Pt(100) interfaces. The behavior of Ni interfaces is in general opposite,

and The origin of the differences between Ni and Fe or Co is the
opposite sign of the magnetostriction constants. In the monolayer limit the bulk
magnetostriction constants have been found to change sign compared to bulk.4 In some
systems good quantitative agreement between measured and calculated Néel-type
surface anisotropies is obtained, in most cases however, the sign and magnitude differ.

Also four-fold anisotropies depend strongly on film thickness. Fourth order surface
and volume contributions have been determined for Fe (for example 65) and Co ( for
example 7,21). of Fe(001) favors the <110> crystallographic direction, while the
volume anisotropy favors the [100] direction (= easy bulk).

From the above discussion it should have become clear that a naive analysis

Usually the anisotropy is given as energy pervolume, The surface and step
anisotropy have the dimensions of energy per area and energy per line (J/m)
which makes numbers hard to compare. A better way is to give the anisotropy in energy
per atom, which means that the atomic volume in a sample consisting of N atoms must
be estimated. The different faces ((111) versus (100)) contain a different number of

contribution however, may be coincidental.

cular magnetization) and is negative. For the hcp Co(0001) and for the fcc Co(100)
surface/vacuum interface one finds a negative    .. It must be concluded that strong

according to Eq. (19) assuming an averaged and a thickness independent is
questionable for real films. Nevertheless, numerous experiments have confirmed that this
phenomenological approach provides a reasonable description of the MAE in a thin film.
An apparent agreement between a calculated and the experimental anisotropy
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atoms per unit area. This gives a different surface anisotropy in eV/atom, when in
is the same for both. A dimension of energy/atom allows a convenient comparison

of volume-, surface-, and step-type anisotropy. Also the correlation to calculated values
is much more straightforward.

The dipolar interaction which senses the shape of the sample has for magnetic
moments located on a two-dimensional sheet the lowest energy when all the moments
are aligned in the film (x,y) plane. The magnetization of a thin film lies in the plane
along a crystallographic direction determined by in-plane anisotropies. To produce a
perpendicular magnetization the shape anisotropy must be
compensated. for Ni, Co, and Fe layers is on the order of 11, 90 and 140

These values are much larger than the intrinsic anisotropy K due
to spin-orbit coupling of bulk 3d elements. One can estimate the critical thickness for
a disk of diameter D above which a perpendicular magnetization is found by

of a thin disk is approximately given by For a 10 mm
diameter disk of Co at T=0 K one calculates is temperature dependent due to
the different temperature dependencies of and K.66

In the limit of a few atomic layers it was argued that a film should not be considered
as a magnetic continuum. The discreteness of the lattice becomes important. Calculations
of the sum of the dipolar interaction for a discrete assembly of magnetic point dipoles
have shown that the average demagnetization factor for a film containing n atomic
layers is reduced to with A = 0.4245 for bcc(001) layers, A= 0.2338

for fcc(00l) layers and 0.15 for hcp (0001). The deviation is largest for the
most open structure, a "bcc" film. On the other hand, susceptibility measurements67

indicate that the discrete summation of point dipole fields may give questionable
demagnetization factors. The classical continuous thin disk approach seems to agree
better with the experiment, but a satisfactory conclusion has not been reached yet.

The shape anisotropy contributes in second order only. Some groups include the
shape anisotropy in that is they use In our work the
shape anisotropy is always subtracted, before the intrinsic (spin-orbit) anisotropy ( or

) is discussed.
The dipolar anisotropy of the outer layers was calculated68 to be lower than the one

of the inner layers. However, this interface contribution of dipolar origin is negligible in
comparison to spin-orbit induced effects discussed below. Roughness of the surface or
interface changes the effective dipolar contribution considerably. Bruno54 calculates a
dipolar roughness contribution which is positive (favoring perpendicular magneti-
zation) and decreases effectively as 1/d. The degree of roughness is defined by two
statistical parameters, the amplitude, which is the mean square deviation from the ideally
flat surface and the correlation length i.e. the average lateral size of terraces. In the
case of a Co film with and Bruno obtains a value of

The energetic balance of all the anisotropy energies due to spin-orbit effects and
dipole-dipole coupling determine the easy axis of magnetization. While the dipolar
interaction favors always an easy in-plane axis in monolayers the intrinsic spin-orbit
related anisotropy may favor either in-plane or out-of-plane orientations. It has been
summarized in several reports (see for example ref. 6) that the thickness dependent
interplay of volume, surface, and roughness contributions can cause the reorientation of
the easy axis as a function of film thickness as schematically shown in figure 12.
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5. TEMPERATURE DEPENDENT PHENOMENA

In the discussion of temperature dependent phenomena in magnetism one has to
distinguish macroscopically observable quantities like the magnetization and magnetic
anisotropy energy density from microscopic quantities like the magnetic moment per
atom and the anisotropy of the orbital magnetic moment. Let’s start the discussion with
the macroscopically measured quantities, that is the magnetization and the magnetic
anisotropy energy.

The remanent magnetization which is defined as the magnetization measured in
zero external magnetic field, is given by the sum of all magnetic moments in the
sample.70 In general, it decreases with increasing temperature according to Bloch’s
law. This law arises from the excitation of spin waves. These small angle deviations cost
less exchange energy than flipping an individual magnetic moment. Above the Curie
temperature the magnetic moments fluctuate so quickly that no remanent
magnetization is present above Nevertheless the magnetic moment per atom persists
as experimental data for the temperature dependent susceptibility show, which follows
the well – known Curie Weiss law for all the ferromagnets – also the itinerant ones. The
later fact is often forgotten, when the temperature dependence of itinerant
ferromagnetism is discussed. In itinerant ferromagnets like Ni the conduction-band
electrons which carry the resulting magnetic moment per atom can be divided into two
“classes” below “spin-up” electrons, which have their magnetic moment
aligned parallel to the given magnetization direction, and “spin-down” electrons with
their magnetic moment antiparallel. Due to the exchange interaction the kinetic energy of
the “spin-up” electrons is raised with respect to the “spin-down” electrons. This results in
an exchange split band structure. The exchange splitting depends on the
energy, wave vector and the temperature. In the case of Ni the contributing electronic
bands, the 3d and hybriddized 4sp states, are split by 275 ±20 meV and 204 ±8 meV at
room temperature (roughly 71
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The magnetic moment per atom and the orbital moment anisotropy are not a
function of the temperature. It is defined by Eq. (2) and exists in the magnetically
ordered and in the paramagnetic state which sometimes is called “non-magnetic”. This is
immediately verified when one measures the Curie-Weiss law.

In general, the thermodynamically relevant temperature parameter is the “reduced
temperature” Especially in low-dimensional systems magnetic quantities like the
magnetization and magnetic anisotropy must be compared at the same reduced
temperature. The Curie temperature as a function of film thickness must be known. One
of the best techniques to determine is the measurement of the initial susceptibility
which diverges at  yielding in principle infinite sensitivity. An example of in-situ UHV
measurements by K. Baberschke9 and coworkers72 is shown in Figure 13. The in-phase
signal of a mutual inductance bridge measurement is recorded as a function of
temperature for different films, One observes the classical Curie-Weiss susceptibility
which diverges at Below the signal decreases again, since the small oscillating
field (mG) which is applied in the measurement is not large enough to overcome the
coercive field in the ferromagnetic state. To be more accurate one should remember that
the experimentally detected susceptibility is not the true initial susceptibility.
Demagnetization effects have to be taken into account. As a rule of thumb one can note
that the calibrated amplitude of the ac-signal is inversely proportional to the
demagnetization factor of the thin film. In other words this technique is capable of
distinguishing changes of the demagnetization factor on the order of quite easily.

The conventional method to determine is the detection of the remanent
magnetization which vanishes at by torque or Kerr magnetometry in UHV. However,
care must be taken not to mistake the vanishing of the remanent magnetization M, due to
the formation of domains for the Curie temperature.74 ,75 In Figure 14  is shown for
different Ni films as a function of film thickness d. The of the (111) oriented films is
much larger than the one of the (100) oriented film. This shows that the coordination
number or in other words the missing nearest neighbors on the vacuum and interface
sides – 4 for (001) and 3 for (111) – out of 12 in the bulk is a dominating factor for
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The solid lines represent best fits according to 3D finite-size scaling. Deviation from
the expected theoretical behavior below 5 ML indicate the onset of two-dimensional
behavior for which 3D finite-size scaling is not valid anymore.

The other temperature dependent quantity is the magnetic anisotropy. It has been
demonstrated and discussed in detail in refs. 6,9,73 that a thickness dependent analysis in
terms of volume and surface anisotropies requires measurements at the same reduced
temperature. Since  varies strongly in the ultrathin film limit, these types of
measurements can be quite tedious.

6. CONCLUSION

Magnetic monolayers offer a huge playground for the basic understanding of
magnetic interactions. To obtain reliable data it is all-important to consider the
temperature and thickness dependence of the magnetic quantities which are investigated.
Magnetic monolayers –when prepared under proper conditions– are magnetically alive!
There are no non-magnetic monolayers. The experiment has to be capable of detecting
the remanent magnetic state of low dimensional systems in situ in UHV at low
temperatures which remains a challenging task.
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THREE-DIMENSIONAL PHOTONIC

CRYSTALS MADE FROM COLLOIDS

Arnout Imhof*

1. INTRODUCTION

One of the most fascinating properties of monodisperse colloids is that they can form
ordered phases. These phases can be thermodynamically stable if the volume fraction of
particles is high enough, or they can form under the influence of an external field such as
gravity or an electric field. The particles are small enough to exhibit Brownian motion,
which causes them to move around randomly until the collective has found a state of
minimal free energy. In a colloidal crystal the (almost always spherical) particles stack
regularly to form a long-range, three-dimensional array. Particles shaped like rods or
plates form additional liquid crystalline phases with nematic or smectic order. The
spontaneous formation of such phases is nowadays often called self-assembly or self-
organization. Colloidal crystallization has been studied intensively ever since the time
that methods became available to synthesize sufficiently monodisperse colloids, i.e. those
with particles having sizes that are uniform to better than about 8%.1-3 Apart from being
interesting for their statistical mechanical behaviour colloidal crystals have special and
useful optical properties.

The best-known colloidal crystal with special optical properties is almost certainly
the opal. It consists of a three-dimensional array of submicrometer silica spheres, which
must have formed naturally in a sediment and then cemented together.4-6 Visible light
diffracts from the lattice planes, just like Bragg diffraction of X-rays from molecular
crystals. The result is a beautiful iridescence, earning opals the qualification gemstones.
Opals can also be made artificially by sedimenting monodisperse silica spheres in the
laboratory, after which they are dried and sintered together.

Diffraction by colloidal crystals has also been recognized as a useful optical
property. Thus, Asher and co-workers have put these crystals to use as narrow-band
filters, that efficiently reject Rayleigh scattered incident light in Raman spectroscopy,7 as
nanosecond optical switches,8 and as chemical sensors.9

In an independent development certain periodic dielectric structures have been
proposed as materials which would not permit the propagation of electromagnetic waves

* Arnout Imhof, Debye Institute, Utrecht University, Postbus 80000, 3508 TA Utrecht, The Netherlands.
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in a range of frequencies called the photonic band gap.10,11 In this respect they are to light
what semiconductors are to electrons. Such materials are called photonic crystals.
Photonic crystals would inhibit spontaneous emission by excited atoms or molecules
embedded inside and would localize light to a small volume around impurities. The first
photonic crystal was made by Yablonovitch by drilling three sets of cylindrical holes in a
block of dielectric in a periodic arrangement.12 The periodicity was on the order of a
millimeter so that the photonic band gap appeared at microwave frequencies.

Photonic crystals offer unique ways to control the propagation of electromagnetic
waves.13 Crystals possessing a band gap will behave like semiconductors for light,
offering the possibility that light may be manipulated in ways similar to the way electrons
are controlled by semiconductors. If light is forbidden to propagate through the crystal it
would remain trapped at defect sites. Such a defect can be shaped in the form of a tiny
cavity or as a sharply-curved waveguide, allowing one to manipulate light in ways that
have not been possible before. Thus, photonic crystals have been proposed for a large
number of applications such as efficient microwave antennas, zero-threshold lasers, low-
loss resonators, optical switches, and miniature optoelectronic components such as
microlasers and waveguides. The most useful applications would occur at near-infrared
or visible wavelengths. This makes it necessary to fabricate photonic crystals with feature
sizes of less than a micrometer. Furthermore, the refractive index contrast of the crystal
must exceed 2 or 3, depending on the lattice, placing restrictions on the materials used.

A number of different methods is used for the fabrication of photonic crystals. Many
of these apply a variety of lithographic techniques used in the semiconductor industry for
patterning substrates such as silicon. Two-dimensional photonic crystals have been made
this way, which operate at wavelengths down to the visible.13 Good control over the
introduction of defects has also been demonstrated. A number of attempts has been made
to create three-dimensional photonic crystals using these techniques.14-16 However, it has
so far proved too difficult to achieve submicron periodicities of much more than one unit
cell thickness.

On the other hand, colloidal particles naturally possess the desired sizes and can form
periodic structures spontaneously. Moreover, the optical properties of the individual
spheres can easily be tuned, or they can be used as templates to make inverted structures.
Colloids have therefore been proposed as an easy and inexpensive way to fabricate three-
dimensional photonic crystals, and as a suitable system in which to investigate their
optical properties.17,18 Until this realization colloidal crystals had been prepared with only
a modest refractive index contrast, in order for them to remain relatively transparent and
not opaque due to multiple scattering. They can thus be said to reject light propagating in
certain directions, which satisfy the Bragg condition:

Here, is the wavelength of the light in the crystal, d the lattice spacing, the angle
between the incident ray and the lattice planes, and the integer m is the order of the
diffraction. If the dielectric contrast between the spheres and the suspending medium is
made larger the range of angles for which waves of a given frequency diffract increases
due to multiple scattering. At sufficiently high contrast and for certain crystal types
propagation should become impossible in all directions and for both polarizations.
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In this chapter, I will describe the fabrication and optical properties of photonic
crystals. I will concentrate on the work using colloidal suspensions; however, not without
making comparisons with other methods where necessary. Fabrication of photonic
crystals is guided by numerical calculation of their optical properties. Therefore, I will
start in section 2 with a description of the most important optical properties of photonic
crystals, as well as the theories used to describe them and experimental techniques used
to probe them. In section 3 methods for the fabrication of photonic crystals are discussed
with an emphasis on methods using colloidal self-assembly. Section 4 describes recent
work using composite colloids such as core-shell or metallo-dielectric particles.

2. OPTICAL PROPERTIES OF PHOTONIC CRYSTALS

Propagation of electromagnetic waves in periodic media displays many interesting
and useful effects. It was already described in the theory of X-ray diffraction by solids in
the early century by Ewald and von Laue, see e.g. refs. 19,20. Materials with a
layered structure (‘stratified media’) are used as high reflectance dielectric mirrors,21 but
also as diffraction gratings, distributed feedback lasers, and acousto-optic filters.
Materials with a periodicity in only one dimension are not usually called photonic
crystals, nor is this the case for materials in which the variation in refractive index is very
small, such as in X-ray diffraction where it is at most

2.1. Propagation of Light in Photonic Crystals

Electromagnetic waves propagating in a photonic crystal experience a periodic
variation of the refractive index. At every interface part of the incident wave is reflected
(or scattered) and the rest is transmitted. Interference between reflected and transmitted
waves determines the wave form in the crystal. This wave form has a periodicity
corresponding to that of the crystal lattice and can be determined from the Maxwell
equations. For a given angular frequency  the solutions of the fields have a periodic
wave form and are called Bloch modes:

Here, is a function with the same periodicity as the crystal. It is labeled with the
Bloch wave vector k, describing the period and direction of propagation of the wave. The
frequencies of the allowed modes form the so-called dispersion relation. There will
in general be frequencies for which solutions exist only in some directions but not in
others. These waves cannot propagate in the excluded directions. Physically, this means
that destructive interference cancels the wave in those directions. Instead, the wave is
reflected. This is analogous to Bragg diffraction as described by Eq. (1). There may even
be one or more ranges of frequencies for which there exists no wave form for k’s in any
direction. Such waves are forbidden to propagate in the crystal. Their frequencies are said
to be in the photonic band gap.

In Figure 1 the frequencies of the allowed modes are plotted versus wave vectors in
the Brillouin zone of a face-centered cubic lattice of spheres consisting of air in a
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background material of refractive index 3. The allowed modes form the photonic band
structure of this crystal. There is a narrow band gap at a frequency of
where c is the speed of light and A the size of the cubic unit cell. The ‘inverted’ crystal
structure is shown here because the ‘direct’ structure, i.e. spheres of high refractive index
in air, does not possess a band gap. If the refractive index contrast (the ratio of the
refractive index of the spheres and their background) is increased the band gap widens.
Below a contrast of 2.85 the gap is closed.22

The band gap in Figure 1 is located between the and bands. This corresponds
to the region where, in weakly scattering crystals, the second order Bragg diffraction is
located. The first order Bragg diffraction occurs at a lower frequency, around

for the direction corresponding to the L point. At this point the waves
travel perpendicularly to the (111) planes of the crystal. There is a sizeable range of
frequencies for which these waves cannot propagate in the crystal and thus are reflected.
This frequency range is called a stopgap. Since propagation is still possible in other
directions one usually speaks of a partial or incomplete band gap. If the direction is
moved away from the L or X points the bands are seen to split in two. These are the
different polarization states which are then no longer degenerate.

There is a close analogy with electron waves traveling in the periodic potential of
atomic crystals. There, too, the allowed modes are arranged into energy bands separated
by energy gaps. That is why much of the terminology in the photonic crystal literature is
borrowed from solid state physics. There are also important differences, however, most
importantly the fact that electrons are described by scalar wave fields, whereas
electromagnetic waves are vectorial in nature, describing the two polarizations, which are
not independent.
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Due to the photonic band structure the number of allowed modes varies with
frequency. This is described by the density of states (DOS), which is the number of
photon modes per unit of frequency. This function is shown in Figure 2 for the fcc crystal
of Figure 1. The DOS vanishes for frequencies in the photonic band gap. Around

the DOS is strongly depleted, but nonvanishing. This region is usually
referred to as a pseudogap. The density of states is important for the emission of an
excited atom or molecule, because the decay rate of the latter is proportional to the local
density of states (LDOS). The LDOS depends strongly on the position within the unit
cell.23,24 In a complete photonic band gap the excited atom cannot decay radiatively,
wherever it is sitting. Ideally, it will remain in its excited state until it decays
nonradiatively.

Several techniques exist for calculating photonic band structures numerically. The
most common method at the moment is the plane wave method (PWM).25-27 In this
method one of the fields, for example H, as well as the dielectric constant are expanded
in plane waves:

Here, the G run over all reciprocal lattice vectors. The expansions are then substituted
into the Maxwell equations and a cutoff is made. Increasing the number of plane waves
(i.e. the number of G’s) will yield an increasingly accurate band structure. Thus, it was
shown that there is no complete band gap between the and bands for any fcc lattice
of spheres. On the other hand, the diamond lattice, consisting of an fcc lattice with two
spheres per unit cell, does have a complete band gap.27 It occurs for the direct crystal
structure at a refractive index contrast above 2.0. Some time later, however, it was shown
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that also the fcc structure has a complete gap, but between the and bands and only
for the inverted crystal.28 This work also pointed out some convergence problems with
the PWM and provided an extrapolation method to handle these problems. This has led to
improvements in the accuracy of the calculated gap widths. An experimental problem of
interest is to insert lattice defects into the crystal. These may lead to donor or acceptor
states, or allow wave guiding. Numerical calculation of such defect structures is possible
in the plane wave framework using the supercell method.29,30

For comparison with experiments a calculation is needed of the transmission or
reflection spectrum of a finite-sized photonic crystal. These are not easily obtained with
the PWM, which only yields the band structure of an infinite crystal. This problem can be
circumvented using the transfer matrix method (TMM).31,32 The system is then divided
into small cells and the fields in each cell are related to those in the previous by a transfer
matrix. On the incident side the fields are coupled to a set of plane waves. This method
also uses less computer time and memory than the PWM, and can be applied more easily
to crystals with defects or crystals in which the dielectric constant is frequency dependent
or has an imaginary part.

Another efficient method is the photonic version of the Korringa-Kohn-Rostoker
(KKR) method, which was originally developed to describe multiple scattering of
electrons in crystals. The scattered field of individual scatterers is expanded in spherical
harmonics and the band structure is obtained from a secular equation.22,33 This method
converges much more quickly than the PWM and can easily be used with frequency-
dependent or complex dielectric constants. If transmission and reflection spectra of finite
crystals are required then the scattering matrices of individual layers of scatterers are
determined.34-36 The method is then referred to as the layer KKR (or LKKR) method.

Finally, especially if the time dependence of the fields inside photonic crystals is of
interest finite difference time domain (FDTD) techniques are often used.37

Two approximate theories must be also mentioned here, which are often used for
comparison with experimental data because they yield simpler, analytical results. These
are the dynamical diffraction theory (DDT) of X-ray diffraction,19,20 which has been quite
successful in describing optical diffraction by colloidal crystals.38-40 The other is now
called the scalar wave approximation (SWA), and similarly describes this diffraction
well.41,42 In essence, these two approximate theories are very similar. The starting points
are the wave equation for the displacement field D in the DDT or the scalar wave
equation for the electric field E in the SWA. In both cases the field in the crystal is
expanded in plane waves, as in the PWM, but only the two strongest ones are kept
(corresponding to the incident wave and a diffracted wave). Both theories perform
reasonably well for wave vectors close to a reciprocal lattice point (where one diffracted
wave is much stronger than the others) and become exact in the limit of small refractive
index contrast. Experiments suggest that the SWA performs better for larger index
contrast,43 but it has the disadvantage that it cannot describe polarization effects unlike
the DDT.39,40,44 (For completeness it should be remarked that the name scalar wave
approximation was originally used for the full plane wave method, but starting from the
scalar wave equation.45,46 These calculations were quickly superseded by the PWM
starting from Maxwell’s vector wave equation when it became clear that the former
predicted the existence of complete band gaps, where in fact there were none due to the
polarization of the field.)
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2.2. Experimental Probes of Photonic Crystals

As mentioned above, an infinitely large, perfect photonic crystal would reflect 100%
of the incident light at wavelengths in the band gap and would transmit 100% (apart from
a few percent ordinary specular reflection) of the light at other wavelengths. At any given
angle of incidence there will be such gaps. In the case of a complete band gap the
reflected wavelength bands would overlap at every incident angle. This is the reason that
one usually searches for photonic band gaps by measuring transmission of reflection
spectra at varying angles of incidence. Ideally, the wavelengths at which the transmission
goes from 0 to 1 or from 1 to 0 should correspond to the band edges. This approach was
taken in the microwave experiments of Yablonovitch demonstrating that certain crystals
made by drilling holes in a dielectric possessed a complete band gap.12 Similar
measurements of the positions and widths of optical stop gaps have become by far the
most popular method in the literature.

In practice, however, a number of experimental complications arise. First of all, real
photonic crystals are never perfect nor infinite. Due to their finiteness the transmission is
rarely close to 0 or 1. In fact, numerical calculations of transmission and reflection
spectra often show a lot of structure. This is seen in Figure 3. The extra structure arises
when, the external wave is coupled to the internal wave using the proper boundary
conditions. A considerable part of the wave may be reflected even outside a band gap.
Conversely, the transmission inside a band gap does not always drop entirely to zero
because, especially near the edges of the gap, the wave may decay with a characteristic
length of many unit cells. (Because the wave vector becomes imaginary in the band gap
the wave amplitude decays exponentially with distance.) Especially in thin crystals it may
therefore not be easy to determine the band edges. This problem is made worse by a
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certain degree of disorder or the presence of defects, which cause the dip in the
transmission to broaden and its edges to become less well defined. Another, but related
problem is polycrystallinity of the sample, which often occurs in self-assembled crystals.
This will result in a large broadening of the transmitted and reflected bands, because
changing the wavelength will successively probe different crystallites having different
orientations. In all these cases, simply taking the full width at half maximum is therefore
not necessarily the best way to proceed.

These difficulties should be minimized by making sure one is observing a single
crystal with as few defects as possible. Polycrystallinity is not normally a problem in
crystals made with lithographic techniques, but may be a limitation in self-assembled
crystals. It has been shown that gap widths extracted from reflection spectra are much
more reliable than those obtained from transmission spectra, because reflected light
probes only a small number of lattice planes lying close to the surface47 (thus containing
fewer domains with fewer defects). One should therefore reduce the probe beam to a size
smaller than a single crystalline domain. Reducing the beam size even further to much
less than the domain size will further reduce the influence of defects and surface
roughness. This was beautifully demonstrated in reflection and luminescence spectra
measured with the use of an optical microscope.48 Alternatively, polycrystallinity can be
avoided by growing large single crystals, which are not too thick (see section 3.4), so that
transmission spectra also produce accurate gap widths.49,50 An example of a transmission
measurement done on such a sample is shown in Figure 4. The transmission minimum
becomes deeper and narrower as the number of layers is increased. The ripples are Fabry-
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Perot fringes caused by interference of light reflected from the top and bottom surfaces of
the crystal. The transmission of the crystals decreases gradually at shorter wavelengths
due to diffuse scattering by defects.

In studying the band structure and determining the presence of a complete band gap
by transmission/reflection measurements one needs to vary the angle of incident light in
order to study all directions in the irreducible part of the Brillouin zone. Due to refraction
at the crystal surface the direction of the wave inside the crystal will differ from that
outside. Although often used, Snell’s law is no longer adequate to convert external angles
into internal ones, because the effective refractive index changes significantly close to a
band gap. Instead, one should use the fact that the component of the wave vector parallel
to the surface, is conserved.21 It should be realized that this component
is different for frequencies corresponding to the lower and upper band edge. In other
words: at nonzero angle of incidence the transmission/reflection spectra probe varying
crystal directions as a function of wavelength. Especially at higher order band gaps this
complicates the interpretation.51 A related difficulty is that, due to refraction, not all
internal directions can be reached with an external beam. Moreover, some wave vectors
are reflected by the crystal not because they are in a band gap but because they do not
couple to an internal mode for symmetry reasons.52,53 It is therefore necessary to prepare
samples with different lattice planes exposed. Furthermore, complementary band
structure calculations, as well as calculations of transmission or reflection spectra are
required to confirm the presence of a band gap. This was recently performed with
inverted silicon crystals, providing strong indications for the presence of a complete band
gap around 1300 nm.54

A related technique to investigate photonic crystals is the use of Kossel lines,55,56

which can be interpreted in terms of the band structure of colloidal crystals.17,57,58 The
crystal is illuminated with a laser beam resulting in dark rings on a diffusely lit
background, both in reflection and transmission. The diffuse background originates from
scattering by defects or, alternatively, from scattering by an external diffuser. In the
directions of the stop gaps the scattered light is attenuated producing dark rings.

Although I have so far focused on transmission and reflection spectra, an alternative
approach makes use of internal sources. These may be fluorescent dyes, luminescent
ions, or quantum dots. The effect of the crystal upon their emission is twofold. First,
emitted radiation is Bragg diffracted leading to a dip in the measured emission spectrum
that depends on the direction of observation, similar to Kossel lines. This effect is present
in every photonic crystal and does not require a high dielectric contrast. Second, the
spontaneous emission rate can be modified if the photonic crystal alters the local
photonic density of states. This effect has been one of the earliest promises of photonic
crystals.10 For an atom with a transition frequency in a complete photonic band gap the
spontaneous emission should be inhibited and a quantum electrodynamic photon state
bound to the atom is formed.59,60 A reduction of the LDOS should be measurable as an
increase in the radiative lifetime (in a time dependent measurement) or as an overall
reduction of the total amount of emitted light (in a stationary state experiment). This
effect is often regarded as one of the most important goals in photonic crystal research.
Nevertheless, the filtering effect is still very useful as a probe to investigate the band
structure of the crystal.61-69



432 A. IMHOF

It can be safely said that the distinction between the two effects of a photonic crystal
on emission has not always been very clear in the literature so far. This has been caused
in part by chemical effects of the environment of dye molecules on the radiative lifetime
(for example when they are absorbed to particle surfaces). Secondly, the LDOS may
already be modified strongly by a microcavity effect due to scattering resonances in
microdroplets or colloidal spheres70-73 or close to surfaces.74,75 Although this is also a
quantum electrodynamic effect it is not due to the photonic crystal. In colloidal crystals
of polystyrene spheres suspended in water containing a dye a change in lifetime by a
factor of 1.8 was found,76 but it has been suggested that this could have been caused by
chemical interactions and dye adsorption.71,77,78 A change to nonexponential fluorescence
decay has been observed in dye-doped polymer-filled opals.79 In both these examples the
density of states is expected to have changed only a few percent due to the low refractive
index contrast.80 Such a small change was demonstrated experimentally for silica spheres
in which the dye had been incorporated deep inside the spheres to avoid chemical
interactions with the solvent or particle surfaces.81,82 A wavelength resolved
demonstration of changes in lifetime as the wavelength is scanned through the band gap
is still lacking. Instead of a change in lifetime one may also search for an overall
reduction in emitted intensity due to a lower density of states and compare it to a suitable
reference sample.83-86 In three-dimensional titania “air-sphere” crystals, in which
propagation of light is restricted to 45% of all available directions such inhibition of
spontaneous emission was recently seen.86

Other optical probes of photonic band gaps rely on the fact that close to a band gap
the photon dispersion relation vs. k deviates from linearity. This means that the
refractive index associated with a band becomes frequency dependent. This index
change can be determined by measuring the phase change of a transmitted laser
beam in an interferometer as the frequency is tuned through the gap.87,88 Close to the
lower band edge the index decreases by an amount depending on the gap width, while it
increases near the upper band edge. The dispersion relation can be determined from

where L is the sample thickness.
A stronger effect can be seen in the group velocity which vanishes at the

edges of the Brillouin zone, where the bands are horizontal. Short laser pulses should thus
slow down if their frequency is tuned to the band edges, an effect which was measured in
colloidal crystals and artificial opals.89,90 The effect on the travel time of a pulse is shown
in Figure 5. The largest time delay corresponds to a pulse velocity of about 80% of that
far from the gap. Such a pulse experiences an increased effective path length due to
multiple reflections in the crystal. Because ultrashort laser pulses consist of a finite
frequency bandwidth their different frequency components suffer different delays,
resulting in a “chirped” pulse. Using ultrashort pulse interferometry the relative phase
shift of these frequency components can be measured.89 This is expressed in a quantity
called the group velocity dispersion (GVD) also shown in Figure 5. It is
further seen that when such a measurement is done in reflection the GVD is near zero
inside the gap, but very large just outside. Thus, the GVD naturally locates the edges of
the stop gaps without further interpretation being necessary.
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3. FABRICATION OF PHOTONIC CRYSTALS

Numerical calculations have led to the identification of a number of three-
dimensional crystal structures that should have a complete photonic band gap.
Fabrication of these structures on a submicrometer length scale is still a challenge,
especially because materials with a sufficiently high refractive index and negligible
absorption have to be used. Suitable materials are often semiconductors such as Si,
or GaAs. The structures must also have a very high porosity, typically containing ~80%
air. A number of strategies has been developed. I will first briefly discuss nanofabrication
techniques that use lithography and etching, or holography. Then, I will treat methods
that use colloidal self-assembly to fabricate the desired structures, as well as templating
methods to obtain inverse colloidal crystals. Then a number of methods will be described
that use an external field or a surface template for directing self assembly to produce
better ordered or more favorable structures. In the last subsection the effects of disorder
and lattice defects will be discussed.

3.1. Nanofabrication

Compared to their success in the fabrication of two-dimensional photonic crystals
modern semiconductor processing techniques have so far had relatively limited success in
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producing three-dimensional structures. A promising approach is the layer-by-layer
preparation of the so-called woodpile structure (Figure 6), which is known to have a
complete band gap.91,92 Each layer consists of a number of parallel silicon rods with a
square cross section. These are made by depositing a layer of etching out
rectangular grooves and filling them with polycrystalline silicon. Then a subsequent layer

of about sizes were later reduced to produce a band gap around
However, it is a very time-consuming method and has been carried out to only 5 layers,
or 1.25 unit cells. Instead of depositing layers one by one it is also possible to fabricate
this structure from III-V semiconductors by successively stacking and bonding patterned
wafers after careful alignment.16 This way the number of layers can be increased more
quickly and a total of 8 layers has been achieved.

An alternative method is the use of chemically assisted ion beam etching to dril l
narrow channels into a GaAs or GaAsP wafer93,94 in a manner similar to that used by
Yablonovitch, but on a much smaller length scale. The depth reached was only or
4 crystal layers. Using focused-ion-beam etching the same structure with a band gap at

could be made in silicon up to a depth of 5 unit cells.95

Photo-assisted electrochemical etching of pre-patterned silicon has been used to
produce a two-dimensional array of very deep cylindrical holes.96 By
modulating the light intensity in time it is possible to induce a periodicity of up to 25
periods in the vertical direction.97 So far, this periodicity is relatively large compared to
that in the horizontal directions, so that the structure does not yet possess a complete
photonic band gap.

A final method mentioned here uses three-dimensionally periodic patterns of light
created by interfering up to four laser beams,98,99 similar to holographic recording. The

is deposited and the process is repeated with the grooves rotated 90°. Finally, the is
removed completely. While the original structures exhibited a band gap at a wavelength
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Monodisperse colloidal particles can spontaneously organize into three-
dimensionally periodic crystals with a macroscopic size (Figure 7). Their lattice
periodicity is easily adjusted from the nanometer to the micrometer range by varying the
size of the particles. Colloidal crystals form spontaneously if there is a thermodynamic
driving force, for example a sufficiently high particle concentration, making it favorable
for the particles to order into a lattice, thus using the limited space more efficiently.
When left undisturbed most colloidal particles settle to the bottom of their container
where their concentration becomes high enough for crystallization. This process is
sometimes accelerated by centrifugation or by filtration of the liquid through a porous
membrane. Alternatively, ion exchange resin can be added to the suspensions to increase
the range of repulsion between the particles, which leads to crystallization. Typical
crystal sizes are from tens to thousands of micrometers. The crystal structure formed in
most cases is face centered cubic (fcc), although low volume fraction body centered cubic
(bcc) crystals form if the particles interact repulsively over distances much longer than
their sizes.100 Particles which interact nearly as hard spheres show a tendency to form
randomly stacked hexagonal layers. In this structure the stacking order of the hexagonally

pattern is recorded in a film of photoresist. Unpolymerized resin is then removed by
washing. The method is suitable for quickly producing large-area crystals with any
desired structure, as long as the polymerized regions are interconnected. Absorption of
the light by the photoresin limits the maximum thickness of the crystals to several tens of

corresponding to several tens of lattice planes. Since photoresists have a relatively
low refractive index additional steps (such as templating, section 3.3) must be used to
increase the dielectric contrast.

3.2. Self-Assembly Methods
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packed (111) planes is not ABCABC... as in fcc, nor ABAB... as in hcp, but close to
random.101,102

Their self-organizing properties make spherical colloids suitable candidates for
fabricating photonic crystals. There are only a few materials from which colloids can be
made with sufficient monodispersity to crystallize, namely silica, ZnS, and a number of
polymers, most notably polystyrene and polymethylmethacrylate. Colloidal crystals of
most of these materials have a relatively modest refractive index contrast, even when
dried. A lot of work has been done on the fabrication and photonic properties of both
suspended and dried colloidal crystals, often called artificial opals, and even natural
opals.17,18,61,62,103-108 In this work, the influence of photonic band structures on diffraction
was investigated, mostly using angle-dependent transmission and reflection
measurements. The influence of the dielectric contrast was established by infiltrating the
opals with various liquids or semiconductors (such as CdS or InP), and the sphere filling
fraction was varied by gradual sintering of the spheres. The influence of sintering has
also been investigated theoretically with the PWM24 and the TMM.109 As already
discussed in section 2.2 self-assembled crystals have also been filled with luminescent
materials in order to study their influence on emission.61-69

3.3. Colloidal Crystal Templating

Despite this progress the early calculations had already shown that the prevailing fcc
structure possesses a complete photonic band gap only for the inverted crystal structure,
in which the spheres have a lower index than their environment.28 Furthermore, the
refractive index contrast needs to be very large (>2.85). Although the diamond structure
has a complete band gap for the direct crystal structure27 it is never formed in colloidal
self-assembly. More detailed calculations of the photonic properties of crystals formed by
self-assembling systems determined that the optimal air filling fraction was around
80%,24,110,111 but did not identify structures that are easier to fabricate. These facts quickly
led to the development of chemical means by which the interstitial pores of a colloidal
crystal can be filled with a high index solid, after which the colloidal particles can be
removed.112-118 These approaches are known collectively as templating methods. In that
way, the air filling fraction of such an “inverse opal” is automatically close to the
maximum sphere packing fraction of 74% and a larger variety of materials can be used. A
general schematic of colloidal crystal templating is shown in Figure 8. First, a colloidal
crystal is assembled from a monodisperse colloid. Then the fluid in the interstitial pores
is either gelled directly through a sol-gel process or by a polymerization reaction, or it is
removed first by drying and then replaced by infiltration of the pores with a solid or a
solidifying liquid. In the third step the colloidal template is removed from its solidified
environment by dissolution, evaporation, or firing at temperatures of up to 400 °C. This
final step often also involves calcination of the material at elevated temperatures in order
for the resulting porous framework to densify and crystallize. The uncalcined material is
often amorphous and contains micro- and mesopores that lower its refractive index.
Calcination frequently results in shrinkage of the porous material by up to 20%.
Examples of some resulting materials are shown in Figure 9.
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They form a faithful replica of the original colloidal crystal, including lattice defects
such as vacancies. The spherical voids left behind by the spheres are usually connected
by windows where the spheres touched, allowing material to be transported during
template removal.

The initial templating methods used emulsion droplets112 or polystyrene
spheres114,116,118 as the colloidal template, and sol-gel chemistry to fill the interstitial
space. Using emulsion droplets ordered porous materials of titania zirconia

silica, and polyacrylamide were made.112,113 The emulsion oil droplets are not
easy to make monodisperse, but they are easy to remove by dissolution or evaporation. A
calcination step then converted the titania gel into the desirable high refractive index
titania phases anatase (n=2.5, above 400°C) or rutile (n=2.8, above 900°C).120 In
independent work polystyrene latex spheres and a sol-gel reaction were used to produce
inverted crystals of amorphous silica.114, 115 Because polystyrene spheres are easy to
obtain with high monodispersity and because they self-assemble with great ease they
have been used in many subsequent templating studies.116,117,121-124 These particles are
removed either by calcination or by dissolution in, for example, toluene. Monodisperse
polymethylmethacrylate spheres may be used similarly.125 Silica spheres can be made
equally monodisperse as polymer colloids, but must be removed by etching with a
hydrogen fluoride (HF) solution.54,126-130 All these approaches have resulted in materials
containing large domains of well-ordered spherical pores.

The type of material that is desired often limits the methods available for pore filling.
For photonic crystals the desired material is obviously one with a high refractive index
and a low absorption. For this purpose titania and silicon have so far been the most
successful; broad stop gaps have been measured in inverted opals made of these
materials.47,54,123,130 But inverted opals have also been made for many other applications,
such as catalyst supports, filtration and separation materials, and thermal insulators. This
explains the large variety of different materials that have been used in colloidal crystal
templating. This work will now be reviewed briefly. In all cases, it is important that the
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interstitial space of the crystal be sufficiently filled and contiguous, or else the structure
will collapse during template removal.

Many metal oxides (titania, silica, zirconia, alumina, yttria, etc.) are produced by
hydrolysis of the corresponding liquid metal alkoxide, which is infused into the pores by
capillary action, sometimes aided bysuction.116-118,122-124 The alkoxides may be diluted in
alcohol to lower their viscosity. After hydrolysis, the process is repeated several more
times to increase the degree of filling. In some cases small openings in the center of the
interstitial sites are left open when the channels connecting them have become blocked.118

Calcination of materials prepared in this way sometimes leads to excessive grain growth
so that the periodic pore structure may be lost. For this reason, rutile titania could not be
prepared this way, unlike the case with emulsion templating.112 An alternative approach
is to use ultrafine powders of silica or nanocrystalline rutile, which are added to a
monodisperse polystyrene latex. The mixed suspension is then dried slowly to produce an
ordered macroporous material in one step.131-134 Similar approaches using 4 nm CdSe
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quantum dots128 and gold nanocrystals135,136 have also been used. Due to the small size of
the particles efficient pore filling is achieved.

Polymeric inverted opals have been made of polyacrylamide, polystyrene,
polymethylmethacrylate, and polyurethane by infiltrating colloidal crystals with a liquid
monomer followed by heating or exposure to UV light to initiate the
polymerization.83,113,126,129,137-139

Precipitation reactions of salts followed by chemical conversion have been applied to
expand the variety of accessible materials to a large number of carbonates and oxides of
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metals which cannot by prepared by sol-gel chemistry.140 Subsequent reduction with
hydrogen gas has produced ordered macroporous Ni.141 Similarly, reduction of sol-gel
derived germanium oxide has been used to make macroporous germanium, which is
transparent in the infrared where the refractive index is as high as 4.

Electrochemical deposition can also be used to template colloidal crystals that have
been deposited on an electrode. This way ordered macroporous CdS, CdSe142,143 and
Au144,145 have been prepared. A variety of porous metals has been made by electroless
deposition in silica crystals functionalized with gold nanocrystals.146 Alternatively, opals
can be infiltrated with molten metals at increased pressure.147

A final templating method is chemical vapor deposition (CVD), with which the
degree of filling can be accurately controlled. Thus, CVD was used to fill silica crystals
with graphite and diamond,127 silicon, which has a refractive index of 3.5 and is
transparent a wavelengths above 1100 nm,130 and germanium.148 A difficulty was the
obstruction with material of the outermost channels which provide access to the
innermost channels. Using low-pressure CVD, which prevented channel obstruction, and
highly ordered silica crystals, inverted crystals of silicon were made.54 The resulting
material is shown in Figure 10. By measuring two different crystal orientations and
comparing reflection and transmission spectra with numerical calculations the authors
were able to show that their crystals probably possess a complete photonic band gap
around 1300 nm.

3.4. Directed Self-Assembly: More Order and Different Lattices

Although colloidal self-assembly has distinct advantages in the fabrication of three-
dimensional photonic crystals it also has a number of drawbacks. Without gentle
persuasion the material formed is polycrystalline, contains lattice defects and stacking
errors, and can only form a limited number of crystal structures, which have a random
orientation. A number of strategies have been developed to overcome these limitations.
Methods in which an external influence is used to direct particles to preferred lattice
positions will be called directed self-assembly techniques.

A relatively simple technique that already produces well-ordered crystals is called
convective self-assembly or controlled drying. It was originally developed for the
fabrication of two-dimensional crystals from colloidal spheres,149,150 but has been
extended to allow the formation of three-dimensional crystal films of up to 50 layers in
one step.151 The process is shown schematically in Figure 11. A clean and flat substrate
such as microscope slide is placed vertically in a colloidal suspension. As the solvent
evaporates from the meniscus more particles are transported to the growing film by fluid
flow. Capillary forces in the drying film pull the spheres into a regular close packing. The
number of layers can be controlled accurately by the particle volume fraction. The
resulting crystal has a uniform orientation over centimeter distances, making it essentially
single-domain. Although vacancies exist their number is relatively small. Cracks often
form during drying but the crystal orientation is preserved across cracks. Sedimentation
of particles larger than about prevents their deposition in this way. However, this
problem can be overcome by applying a temperature gradient which causes a convective
flow counteracting sedimentation.54 Controlled drying has produced some of the best
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ordered colloidal crystals, which are suitable for investigating the optical properties of
photonic crystals (see Figure 4), both the direct and inverted structures.49,50,54,151,152

Another approach to assembly of well-ordered, large-area crystals of close-packed
spheres is to filter colloidal spheres into a thin slit between two parallel plates.153-155 The
crystal thickness can be controlled from a monolayer to several hundreds of layers
through the plate separation. Fabrication of the filter cells uses photolithography and
cleanroom facilities, but an easier method has been developed using replica molding
against an elastomeric mold.156

Long-range fcc order has also been induced by applying shear flow to a concentrated
colloidal suspension enclosed between parallel plates.157

Although electrophoretic deposition is widely used for the deposition of particulate
films of many different materials it can also be used to prepare ordered three-dimensional
sphere packings.158-161 The quality of the crystals formed appears to be comparable to that
obtained by sedimentation, but is somewhat lower than that in crystals formed by
controlled drying. It is much faster, however.

The methods to direct colloidal self-assembly mentioned thus far produce (nearly)
close packed crystals of the fcc type. Their (111) planes are always arranged parallel to
the substrate. Other directed self-assembly methods try to overcome these limitations.

In colloidal epitaxy the colloidal particles sediment onto a substrate that has been
patterned lithographically with a regular pattern of pits roughly half a particle deep.162-163

The first particles fall into the pits, providing a template for other particles. When the first
layer was forced to be a (100) or (110) lattice plane of fcc this orientation of the growing
crystal was preserved over thousands of layers with relatively few defects. Crystals
prepared in this way have recently been templated with selenium.164 By providing a
surface template with a pattern that is unique to the hcp structure a hexagonal close
packed crystal grew for tens of layers.165 Defect lines in the template are reproduced in
the successive layers, opening the possibility to construct waveguide structures.162
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Another possibility of this method is to make surface templates with a lattice mismatch,
which could produce non-close-packed crystals. In an extension of this work (100)-
oriented fcc crystals have also been made by patterning the surface with much larger
pyramidal pits.166

Colloidal crystals can also form binary crystals if the size ratio between the two types
of spheres is carefully adjusted. The binary structures AB, and have been
observed.167,168 Binary crystal structures also occur in natural opals.6 At present, no band
structure calculations of such lattices have been reported. Binary crystal AB, and

can be made layer-by-layer by controlled drying.169 This is shown in Figure 12. If
the two types of particle are made of different material then new crystal structures can be
made by selectively removing one of the two types. This was demonstrated for a crystal
of silica and polystyrene spheres from which the latter were removed by calcination,169

leading to a stack of hexagonal planes in an AAA... sequence.
Different crystal structures can also be made by making the interaction potential

between the colloidal spheres anisotropic. For example, dipolar interactions can be
induced by applying a high-frequency electric field. This results in self-assembly of a
body-centered tetragonal crystal structure.170

Using optical tweezers or other more advanced techniques of single-particle
manipulation it should be possible to build many more crystal structures. Although these
techniques are better called ‘direct assembly’ rather than directed self-assembly we
mention them because they may lead to the fabrication of any desired crystal structure.
The most interesting structure is the diamond lattice because it has a complete band gap
at an index contrast larger than 2.0. Since the gap appears in the first order Bragg region
it would also be less vulnerable to lattice disorder. A recent paper proposed building a
diamond lattice from two types of spheres, one of which should eventually be
removed,171 using a technique called robot-aided micromanipulation.172

3.5. The Effects of Disorder

A certain amount of disorder will be present in all real photonic crystals. Although
especially relevant for materials formed by self-assembly disorder also occurs in those
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made by nanofabrication. Nevertheless, the effects of disorder on light propagation in
photonic crystals has received only modest attention, although John already discussed
disorder in periodic lattices in terms of Anderson localization.11 Effects on transmission
and reflection spectra were already briefly mentioned in section 2.2. The length scale that
characterizes the degree of disorder as seen by the light used to probe the material is the
transport mean free path l. This quantity is the distance over which light propagates
before its direction is randomized by random scattering. If the sample thickness L is
greater than l the transmission gaps will be broadened by disorder. Broadening was seen
in colloidal crystals in which a small number of spheres with different size was
deliberately added, as well as impurity modes in the stop gap.88,173 In reflection
measurements only a small depth is probed, determined by the attenuation length of the
light, but this depth depends strongly on the wavelength close to the gap. The transport
mean free path can be obtained by measuring the total transmission (sum over all angles)
as a function of L, or from enhanced backscattering. There exist only a few reports in
which photonic crystals have been characterized this way.174-177 In all cases the crystals
had been made by self-assembly without the use of any of the directed self-assembly
methods of section 3.4. The value of l found was in the range of

On the theoretical side it has been shown that disorder narrows the width of the band
gap in fcc inverse opals, making it disappear already at a modest amount of
disorder.178,179 Disorder was modeled as a variation in sphere sizes and positions. The
relatively large effect was attributed to the fact that the gap occurs between high-
frequency bands: Photonic crystals with their gap in the first-order Bragg region, as made
by lithographic methods,180,181 or for a diamond lattice of spheres,182 have been found to
be much more robust to disorder. For self-assembled crystals one should therefore aim
for an extra wide band gap to leave sufficient margin. The effect of stacking faults, which
occur in some self-assembled systems forming randomly-stacked hexagonal lattices, has
also been considered. It was found that gaps will in general appear wider in these
systems183 and that higher order gaps should become very difficult to observe.111

4. ENGINEERING OF COLLOIDAL PARTICLES: CORE-SHELL, METALLO-
DIELECTRIC, AND ANISOTROPIC COLLOIDS

A great advantage of colloidal self-assembly over other methods of fabricating
photonic crystals is that the single particle properties can be engineered. The possibilities
of such approaches have only just begun to be explored. The most common way is to use
composite particles with a core-shell structure, where core and shell consist of different
materials. Other approaches use anisotropic particles.

Core-shell colloids are prepared chemically by the successive deposition of layers of
different materials around a starting particle (called the ‘seed’). A very wide variety of
core-shell colloids has been prepared for many different applications.184 A special type of
core-shell particle is the hollow shell particle, made by removing the core by dissolution
or calcination. An important advantage of the core-shell approach is that one could make
the core consist of a quantum-size nanocrystal, or a shell to contain a fluorescent dye.185

In this way, the active material could be accurately positioned inside the unit cell, where
the local density of states may have a lower or higher value than the total density of
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states. Another advantage is that defects could be introduced more effectively into a
crystal by, for example, substituting some core-shell particles with normal particles of the
same size, or vice versa.

Only recently have core-shell colloids been developed for the purpose of making
photonic crystals. Crystals made of these colloids are often aimed at producing a wider,
and if possible complete, band gap. Thus, fcc crystals of ZnS spheres coated with silica
were shown to have a wider L-stopgap than spheres made of pure ZnS or pure silica.50

The maximum width was reached when the ratio of the core radius to the total radius was
about 0.65. Polystyrene spheres coated with a layer of polymer containing CdTe
nanocrystals have also been self-assembled into crystals.186 An apparent widening of the
bandgap was, at least in part, due to absorption by the nanocrystals. Hollow shell
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particles offer a much higher refractive index contrast and titania has been the favorite
shell material.187-189 An example is shown in Figure 13a. The resulting material is similar
to that obtained by colloidal crystal templating, but the spherical voids are now not
connected. The core-shell ratio can be varied at will, which is not the case in the
templating method.

A complete band gap is not expected for the materials just mentioned, because the
refractive index contrast is still too low.190 This may no longer be the case, however, if
metallic or metallo-dielectric particles are used. Theoretical calculations show that fcc
crystals of metal spheres, or metal spheres with a dielectric coating, have wide photonic
band gaps, originating from the large, negative value of the real part of the dielectric
constant.191-194 However, absorption, due to the imaginary part of the dielectric constant
of the metal, could destroy the band gap. Calculations of the transmission, reflection, and
absorption spectra of such crystals show that for the noble metals the absorption will be
small enough to make such photonic crystals useful at frequencies in the visible and near
infrared, with silver performing the best.194

A practical consideration is that metal colloids in the required size range can, at
present, not be made sufficiently monodisperse. Luckily, the penetration depth of
electromagnetic fields into a metal, or skin depth, is on the order of 10nm at visible
wavelengths. One therefore only needs particles with a metal coating that is several tens
of nanometers thick. Gold-coated silica spheres have recently been synthesized by
depositing gold nanoparticles onto silica spheres.195,196 A similar approach has been taken
for coating silver onto silica197 or latex198 spheres. The optical properties of the individual
metal shells have been studied,199-201 showing that they should be useful in optical filters
and Raman enhancers. Photonic properties of the crystal have not yet been studied,
however. Crystals of gold shell particles were made only recently by coating the metal
shells with an extra layer of silica.196 A dried crystal of these particles is shown in Figure
13b. A further advantage of such silica-gold-silica colloids is that the metal can be
accurately positioned at a desired radial position.
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As mentioned before, the fcc lattice of dielectric spheres does not have a complete
photonic band gap. This can be attributed to a symmetry-induced degeneracy at the W-
point of the Brillouin zone. This degeneracy could be lifted by using particles that are
anisotropic in shape202 or in their dielectric properties.203 This way a complete band gap
can open up between the and bands if the anisotropy has the proper size and
orientation. There have not been many attempts to construct a colloidal crystal of
anisotropic particles experimentally. This is, of course, because there are only a few
methods to synthesize these particles with a sufficiently uniform size and shape.204 Such
particles then have to be assembled into three-dimensional colloidal crystals with control
over the orientation. This has not yet been achieved, although a few strategies have been
suggested by means of external fields and surface templates.205 An alternative approach is
to deform the spheres only after crystal assembly. This has been demonstrated for silica
and ZnS spheres by irradiation with high-energy ions, which deforms the spheres
into ellipsoids206,207 (see Figure 14). The orientation of the ellipsoids can be conveniently
controlled through the direction of the bombarding ions. A complication is that not only
the spheres are deformed but the fcc lattice as well.
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5. CONCLUSIONS

In this chapter the fabrication and optical properties of three-dimensional photonic
crystals made from colloids has been described. Recent progress has led to the
preparation of photonic crystals with a high degree of order and a low defect density.
Combination with templating methods has made it possible to achieve the high refractive
index contrasts needed for useful photonic applications. The use of core-shell type
composite particles or anisotropic particles to tune and improve photonic properties holds
great promise for future research. In order to build actual photonic devices with colloidal
crystals it will be necessary to insert lattice defects with a high degree of control. This is a
much more challenging task in crystals formed by self-assembly than in those made by
lithographic techniques. One way of reaching this goal was recently demonstrated by
writing waveguide structures into a self-assembled crystal using multi-photon
polymerization in a confocal microscope.208 External control is another important
requirement. Indeed, switching of photonic crystals with electric fields has been achieved
by filling colloidal crystals with liquid crystals.209 These examples show that self-
assembly of colloidal particles is a powerful way of fabricating three-dimensional
photonic crystals.



COLLOIDAL PHOTONIC CRYSTALS 447

7. REFERENCES

1.

2.

3.

4.
5.
6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

S. Hachisu, Y. Kobayashi, and A. Kose, Phase separation in monodisperse latices, J. Colloid Interface Sci.
42, 342-348 (1973).
S. Hachisu and Y. Kobayashi, Kirkwood-Alder transition in monodisperse latexes. II. Aqueous latexes of
high electrolyte concentration, J. Colloid Interface Sci. 46, 470-476 (1974).
P. N. Pusey and W. van Megen, Phase behaviour of concentrated suspensions of nearly hard colloidal
spheres, Nature 320, 340-342 (1986).
J. V. Sanders, Colour of precious opal, Nature 204, 1151-1153 (1964).
J. B. Jones, J. V. Sanders, and E. R. Segnit, Structure of opal, Nature 204, 990-991 (1964).
J. V. Sanders and M. J. Murray, Ordered arrangements of spheres of two different sizes in opal, Nature
275, 201-202 (1978).
P. L. Flaugh, S. E. O'Donnell, and S. A. Asher, Development of a new optical wavelength rejection filter:
demonstration of its utility in Raman spectroscopy, Appl. Spectrosc. 38, 847-850 (1984).
G. S. Pan, R. Kesavamoorthy, and S. A. Asher, Optically nonlinear Bragg diffracting nanosecond optical
switches, Phys. Rev. Lett. 78, 3860-3863 (1997).
J. H. Holtz and S. A. Asher, Polymerized colloidal crystal hydrogel films as intelligent chemical sensing
materials, Nature 389, 829-832 (1997).
E. Yablonovitch, Inhibited spontaneous emission in solid-state physics and electronics, Phys. Rev. Lett. 58,
2059-2062 (1987).
S. John, Strong localization of photons in certain disordered dielectric superlattices, Phys. Rev. Lett. 58,
2486-2489 (1987),
E. Yablonovitch, T. J. Gmitter, and K. M. Leung, Photonic band-structure - the face-fentered-fubic fase
employing nonspherical atoms, Phys. Rev. Lett. 67, 2295-2298 (1991).
C. M. Soukoulis (Ed.), Photonic Crystals and Light Localization in the 21st Century (Kluwer Academic,
Dordrecht, The Netherlands, 2001).
S. Y. Lin, J. G. Fleming, D. L. Hetherington, B. K. Smith, R. Biswas, K. M. Ho, M. M. Sigalas, W.
Zubrzycki, S. R. Kurtz, and J. Bur, A three-dimensional photonic crystal operating at infrared
wavelengths, Nature 394, 251-253 (1998).
J. G. Fleming and S. Y. Lin, Three-dimensional photonic crystal with a stop band from 1.35 to
Opt. Lett. 24, 49-51 (1999).
S. Noda, K. Tomoda, N. Yamamoto, and A. Chutinan, Full three-dimensional photonic bandgap crystals at
near- infrared wavelengths, Science 289, 604-606 (2000).
I. I. Tarhan and G. H. Watson, Photonic band structure of fcc colloidal crystals, Phys. Rev. Lett. 76, 315-
318 (1996).
W. L. Vos, R. Sprik, A. van Blaaderen, A. Imhof, A. Lagendijk, and G. H. Wegdam, Strong effects of
photonic band structures on the diffraction of colloidal crystals, Phys. Rev. B 53, 16231-16235 (1996).
W. H. Zachariasen, Theory of X-Ray Diffraction in Crystals (Wiley, New York, 1945).
R. W. James, The Optical Principles of the Diffraction of X-Rays (G. Bell & Sons, London, 1948).
M. Born and E. Wolf, Principles of Optics (Cambridge University Press, Cambridge, 1999).
A. Moroz and C. Sommers, Photonic band gaps of three-dimensional face-centred cubic lattices, J. Phys.
Cond. Matter 11, 997-1008 (1999).
R. Sprik, B. A. VanTiggelen, and A. Lagendijk, Optical emission in periodic dielectrics, Europhys. Lett.
35, 265-270 (1996).
K. Busch and S. John, Photonic band gap formation in certain self-organizing systems, Phys. Rev. E 58,
3896-3908 (1998).
K. M. Leung and Y. F. Liu, Full vector wave calculation of photonic band structures in face-centered-
cubic dielectric media, Phys. Rev. Lett. 65, 2646-2649 (1990).
Z. Zhang and S. Satpathy, Electromagnetic wave propagation in periodic structures - Bloch wave solution
of Maxwell equations, Phys. Rev. Lett. 65, 2650-2653 (1990).
K. M. Ho, C. T. Chan, and C. M. Soukoulis, Existence of a photonic gap in periodic dielectric structures,
Phys. Rev. Lett. 65, 3152-3155 (1990).
H. S. Sozuer, J. W. Haus, and R. Inguva, Photonic bands - Convergence problems with the plane-wave
method, Phys. Rev. B 45, 13962-13972 (1992).
E. Yablonovitch, T. J. Gmitter, R. D. Meade, A. M. Rappe, K. D. Brommer, and J. D. Joannopoulos,
Donor and acceptor modes in photonic band-structure, Phys. Rev. Lett. 67, 3380-3383 (1991).
R. D. Meade, K. D. Brommer, A. M. Rappe, and J. D. Joannopoulos, Photonic bound-states in periodic
dielectric materials, Phys. Rev. B 44, 13772-13774 (1991).



448 A. IMHOF

J. B. Pendry and A. Mackinnon, Calculation of photon dispersion-relations, Phys. Rev. Lett. 69, 2772-2775
(1992).
J. B. Pendry, Calculating photonic band structure, J. Phys. Cond. Matt. 8, 1085-1108 (1996),
A. Moroz, Density-of-states calculations and multiple-scattering theory for photons, Phys. Rev. B 51,
2068-2081 (1995).
N. Stefanou, V. Karathanos, and A. Modinos, Scattering ofelectromagnetic-waves by periodic structures,
J. Phys. Cond. Matt. 4, 7389-7400 (1992).
V. Yannopapas, N. Stefanou, and A. Modinos, Theoretical analysis of the photonic band structure of face-
centred cubic colloidal crystals, J. Phys. Cond. Matt. 9, 10261-10270 (1997).
N. Stefanou, V. Yannopapas, and A. Modinos, MULTEM 2: A new version of the program for
transmission and band-structure calculations of photonic crystals, Comput. Phys. Commun. 132, 189-196
(2000).
A. Taflove, Computational Electrodynamics. The Finite-Difference Time-Domain Method (Artech House,
Boston, 1995).
P. A. Rundquist, P. Photinos, S. Jagannathan, and S. A. Asher, Dynamical Bragg-diffraction from
crystalline colloidal arrays, J. Chem. Phys. 91, 4932-4941 (1989).
Y. Monovoukas, G. G. Fuller, and A. P. Gast, Optical anisotropy in colloidal crystals. J. Chem. Phys. 93,
8294-8299 (1990).
Y. Monovoukas and A. P. Gast, A study of colloidal crystal morphology and orientation via polarizing
microscopy, Langmuir 7, 460-468 (1991).
K. W. K. Shung and Y. C. Tsai, Surface effects and band measurements in photonic crystals, Phys. Rev. B
48, 11265-11269 (1993).
I. I. Tarhan and G. H. Watson, Analytical expression for the optimized stop bands of fcc photonic crystals
in the scalar-wave approximation, Phys. Rev. B 54, 7593-7597 (1996).
D. M. Mittleman, J. F. Bertone, P. Jiang, K. S. Hwang, and V. L. Colvin, Optical properties of planar
colloidal crystals: Dynamical diffraction and the scalar wave approximation, J. Chem. Phys. 111, 345-354
(1999).
G. S. Pan, A. K. Sood, and S. A. Asher, Polarization dependence of crystalline colloidal array diffraction,
J. Appl. Phys. 84, 83-86 (1998).
S. Satpathy, Z. Zhang, and M. R. Salehpour, Theory of photon bands in 3-dimensional periodic dielectric
structures, Phys. Rev. Lett. 64, 1239-1242 (1990).
K. M. Leung and Y. F. Liu, Photon band structures - The plane-wave method, Phys. Rev. B 41, 10188-
10190 (1990).
M. S. Thijssen, R. Sprik, J. Wijnhoven, M. Megens, T. Narayanan, A. Lagendijk, and W. L. Vos, Inhibited
light propagation and broadband reflection in photonic air-sphere crystals, Phys. Rev. Lett. 83, 2730-2733
(1999).
Y. A. Vlasov, M. Deutsch, and D. J. Norris, Single-domain spectroscopy of self-assembled photonic
crystals, Appl. Phys. Lett. 76, 1627-1629 (2000).
J. F. Bertone, P. Jiang, K. S. Hwang, D. M. Mittleman, and V. L. Colvin, Thickness dependence of the
optical properties of ordered silica-air and air-polymer photonic crystals, Phys. Rev. Lett. 83, 300-303
(1999).
K. P. Velikov, A. Moroz, and A. van Blaaderen, Photonic crystals of core-shell colloidal particles, Appl.
Phys. Lett. 80, 49-51 (2002).
W. L. Vos and H. M. van Driel, Higher order Bragg diffraction by strongly photonic fcc crystals: onset of
a photonic bandgap, Phys. Lett. A 272, 101-106 (2000).
W. M. Robertson, G. Arjavalingam, R. D. Meade, K. D. Brommer, A. M. Rappe, and J. D. Joannopoulos,
Measurement of photonic band-structure in a 2-dimensional periodic dielectric array, Phys. Rev. Lett. 68,
2023-2026 (1992).
K. Sakoda, Group-theoretical classification of eigenmodes in three-dimensional photonic lattices, Phys.
Rev. B 55, 15345-15348 (1997).
Y. A. Vlasov, X. Z. Bo, J. C. Sturm, and D. J. Norris, On-chip natural assembly of silicon photonic
bandgap crystals, Nature 414, 289-293 (2001).
P. Pieranski, Colloidal crystals, Contemp. Phys. 24, 25-73 (1983).
T. Yoshiyama, I. Sogami, and N. Ise, Kossel line analysis on colloidal crystals in semidilute aqueous
solutions, Phys. Rev. Lett. 53, 2153-2156 (1984).
T. Yoshiyama and I. S. Sogami, Kossel images as direct manifestations of the gap structure of the
dispersion surface for colloidal crystals, Phys. Rev. Lett. 56, 1609-1612 (1986).
R. D. Pradhan, J. A. Bloodgood, and G. H. Watson, Photonic band structure of bcc colloidal crystals,
Phys. Rev. B 55, 9503-9507 (1997).

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.



COLLOIDAL PHOTONIC CRYSTALS 449

S. John and J. Wang, Quantum electrodynamics near a photonic band-gap - Photon bound-states and
dressed atoms, Phys. Rev. Lett. 64, 2418-2421 (1990).
S. John and J. Wang, Quantum optics of localized light in a photonic band-gap, Phys. Rev. B 43, 12772-
12789 (1991).
Y. A. Vlasov, V. N. Astratov, O. Z. Karimov, A. A. Kaplyanskii, V. N. Bogomolov, and A. V. Prokofiev,
Existence of a photonic pseudogap for visible light in synthetic opals, Phys. Rev. B 55, 13357-13360
(1997).
V. N. Bogomolov, S. V. Gaponenko, I. N. Germanenko, A. M. Kapitonov, E. P. Petrov, N. V. Gaponenko,
A. V. Prokofiev, A. N. Ponyavina, N. I. Silvanovich, and S. M. Samoilovich, Photonic band gap
phenomenon and optical properties of artificial opals, Phys. Rev. E 55, 7619-7625 (1997).
S. G. Romanov, A. V. Fokin, V. I. Alperovich, N. P. Johnson, and R. M. De La Rue, The effect of the
photonic stop-band upon the photoluminescence of CdS in opal, Phys. Status Solidi A-Appl. Res. 164, 169-
173(1997).
S. G. Romanov, A. V. Fokin, and R. M. De La Rue, Anisotropic photoluminescence in incomplete three-
dimensional photonic band-gap environments, Appl. Phys. Lett. 74, 1821-1823 (1999).
T. Yamasaki and T. Tsutsui, Spontaneous emission from fluorescent molecules embedded in photonic
crystals consisting of polystyrene microspheres, Appl. Phys. Lett. 72, 1957-1959 (1998).
A. Blanco, C. Lopez, R. Mayoral, H. Miguez, F. Meseguer, A. Mifsud, and J. Herrero, CdS
photoluminescence inhibition by a photonic structure, Appl. Phys. Lett. 73, 1781-1783 (1998).
M. Megens, J. Wijnhoven, A. Lagendijk, and W. L. Vos, Light sources inside photonic crystals, J. Opt.
Soc. Am. B 16, 1403-1408 (1999).
S. G. Romanov, A. V. Fokin, and R. M. De La Rue, emission in an anisotropic photonic band gap
environment, Appl. Phys. Lett. 76, 1656-1658 (2000).
K. Sumioka, H. Nagahama, and T. Tsutsui, Strong coupling of exciton and photon modes in photonic
crystal infiltrated with organic-inorganic layered perovskite, Appl. Phys. Lett. 78, 1328-1330 (2001).
A. J. Campillo, J. D. Eversole, and H. B. Lin, Cavity quantum electrodynamic enhancement of stimulated-
emission in microdroplets, Phys. Rev. Lett. 67, 437-440 (1991).
B. Y. Tong, P. K. John, Y. T. Zhu, Y. S. Liu, S. K. Wong, and W. R. Ware, Fluorescence-lifetime
measurements in monodispersed suspensions of polystyrene particles, J. Opt. Soc. Am. B 10, 356-359
(1993).
M. J. A. de Dood, L. H. Slooff, A. Polman, A. Moroz, and A. van Blaaderen, Local optical density of
states in spherical microcavities: Theory and experiment, Phys. Rev. A 64, 033807 (2001).
M. J. A. de Dood, L. H. Slooff, A. Polman, A. Moroz, and A. van Blaaderen, Modified spontaneous
emission in erbium-doped spherical colloids, Appl. Phys. Lett. 79, 3585-3587 (2001).
K. H. Drexhage, Influence of a dielectric interface on fluorescence decay time, J. Lumines. 1,2, 693
(1970).
E. Snoeks, A. Lagendijk, and A. Polman, Measuring and modifying the spontaneous emission rate of
Erbium near an interface, Phys. Rev. Lett. 74, 2459-2462 (1995).
J. Martorell and N. M. Lawandy, Observation of inhibited spontaneous emission in a periodic dielectric
structure, Phys. Rev. Lett. 65, 1877-1880 (1990).
N. M. Lawandy, Fluorescence-lifetime measurements in monodispersed suspensions of polystyrene
particles - Comment, J. Opt. Soc. Am. B 10, 2144-2146 (1993).
M. Tomita, K. Ohosumi, and H. Ikari, Enhancement of molecular interactions in strongly scattering
dielectric composite optical media, Phys. Rev. B 50, 10369-10372 (1994).
E. P. Petrov, V. N. Bogomolov, Kalosha, II, and S. V. Gaponenko, Spontaneous emission of organic
molecules embedded in a photonic crystal, Phys. Rev. Lett. 81, 77-80 (1998).
Z. Y. Li and Z. Q. Zhang, Weak photonic band gap effect on the fluorescence lifetime in three-
dimensional colloidal photonic crystals, Phys. Rev. B 63, 125106 (2001).
M. Megens, H. P. Schriemer, A. Lagendijk, and W. L. Vos, Comment on "Spontaneous emission of
organic molecules embedded in a photonic crystal", Phys. Rev. Lett. 83, 5401-5401 (1999).
E. P. Petrov, V. N. Bogomolov, Kalosha, II, and S. V. Gaponenko, Comment on "Spontaneous emission of
organic molecules embedded in a photonic crystal" - Reply, Phys. Rev. Lett. 83, 5402-5402 (1999).
K. Yoshino, S. B. Lee, S. Tatsuhara, Y. Kawagishi, M. Ozaki, and A. A. Zakhidov, Observation of
inhibited spontaneous emission and stimulated emission of rhodamine 6G in polymer replica of synthetic
opal, Appl. Phys. Lett. 73, 3506-3508 (1998).
S. Y. Lin, J. G. Fleming, E. Chow, J. Bur, K. K. Choi, and A. Goldberg, Enhancement and suppression of
thermal emission by a three- dimensional photonic crystal, Phys. Rev. B 62, R2243-R2246 (2000).
H. P. Schriemer, H. M. van Driel, A. F. Koenderink, and W. L. Vos, Modified spontaneous emission
spectra of laser dye in inverse opal photonic crystals, Phys. Rev. A 63, 011801 (2001).

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.



450 A. IMHOF

A. F. Koenderink, L. Bechger, H. P. Schriemer, A. Lagendijk, and W. L. Vos, Broadband fivefold
reduction of vacuum fluctuations probed by dyes in photonic crystals, Phys. Rev. Lett. 88, 143903 (2002).
I. I. Tarhan, M. P. Zinkin, and G. H. Watson, Interferometric technique for the measurement of photonic
band structure in colloidal crystals, Opt. Lett. 20, 1571-1573 (1995).
B. T. Rosner, G. J. Schneider, and G. H. Watson, Interferometric investigation of photonic band-structure
effects in pure and doped colloidal crystals, J. Opt. Soc. Am. B 15, 2654-2659 (1998).
A. Imhof, W. L. Vos, R. Sprik, and A. Lagendijk, Large dispersive effects near the band edges of photonic
crystals, Phys. Rev. Lett. 83, 2942-2945 (1999).
Y. A. Vlasov, S. Petit, G. Klein, B. Honerlage, and C. Hirlimann, Femtosecond measurements of the time
of flight of photons in a three-dimensional photonic crystal, Phys. Rev. E 60, 1030-1035 (1999).
K. M. Ho, C. T. Chan, C. M. Soukoulis, R. Biswas, and M. Sigalas, Photonic band-gaps in 3-dimensions -
New layer-by-layer periodic structures, Solid State Commun. 89, 413-416 (1994).
E. Ozbay, A. Abeyta, G. Tuttle, M. Tringides, R. Biswas, C. T. Chan, C. M. Soukoulis, and K. M. Ho,
Measurement of a 3-dimensional photonic band-gap in a crystal-structure made of dielectric rods, Phys.
Rev. B 50, 1945-1948 (1994).
C. C. Cheng and A. Scherer, Fabrication of photonic band-gap crystals, J. Vac. Sci. Technol, B 13, 2696-
2700 (1995).
C. C. Cheng, A. Scherer, V. Arbet-Engels, and E. Yablonovitch, Lithographic band gap tuning in photonic
band gap crystals, J. Vac. Sci. Technol. B 14, 4110-4114 (1996).
A. Chelnokov, K. Wang, S. Rowson, P. Garoche, and J. M. Lourtioz, Near-infrared Yablonovite-like
photonic crystals by focused- ion-beam etching of macroporous silicon, Appl. Phys. Lett. 77, 2943-2945
(2000).
A. Birner, R. B. Wehrspohn, U. M. Gosele, and K. Busch, Silicon-based photonic crystals, Adv. Mater. 13,
377-388 (2001).
J. Schilling, F. Muller, S. Matthias, R. B. Wehrspohn, U. Gosele, and K. Busch, Three-dimensional
photonic crystals based on macroporous silicon with modulated pore diameter, Appl. Phys. Lett .78, 1180-
1182 (2001).
S. Shoji and S. Kawata, Photofabrication of three-dimensional photonic crystals by multibeam laser
interference into a photopolymerizable resin, Appl. Phys. Lett. 76, 2668-2670 (2000).
M. Campbell, D. N. Sharp, M. T. Harrison, R. G. Denning, and A. J. Turberfield, Fabrication of photonic
crystals for the visible spectrum by holographic lithography, Nature 404, 53-56 (2000).
Y. Monovoukas and A. P. Cast, The experimental phase-diagram of charged colloidal suspensions, J.
Colloid Interface Sci. 128, 533-548 (1989).
P. N. Pusey, W. van Megen, P. Bartlett, B. J. Ackerson, J. G. Rarity, and S. M. Underwood, Structure of
crystals ofhard colloidal spheres, Phys. Rev. Lett. 63, 2753-2756 (1989).
N. A. M. Verhaegh, J. S. van Duijneveldt, A. van Blaaderen, and H. N. W. Lekkerkerker, Direct
observation of stacking disorder in a colloidal crystal, J. Chem. Phys. 102, 1416-1421 (1995).
V. N. Astratov, Y. A. Vlasov, O. Z. Karimov, A. A. Kaplyanskii, Y. G. Musikhin, N. A. Bert, V. N.
Bogomolov, and A. V. Prokofiev, Photonic band gaps in 3D ordered fcc silica matrices. Phys. Lett. A 222,
349-353 (1996).
S. G. Romanov, N. P. Johnson, A. V. Fokin, V. Y. Butko, H. M. Yates, M. E. Pemble, and C. M. S.
Torres, Enhancement of the photonic gap of opal-based three-dimensional gratings, Appl. Phys. Lett. 70,
2091-2093 (1997).
H. Miguez, C. Lopez, F. Meseguer, A. Blanco, L. Vazquez, R. Mayoral, M. Ocana, V. Fornes, and A.
Mifsud, Photonic crystal properties of packed submicrometric spheres, Appl. Phys. Lett. 71, 1148-
1150 (1997).
H. Miguez, F. Meseguer, C. Lopez, A. Blanco, J. S. Moya, J. Requena, A. Mifsud, and V. Fornes, Control
of the photonic crystal properties of fcc-packed submicrometer spheres by sintering, Adv. Mater. 10,
480-483 (1998).
H. Miguez, A. Blanco, F. Meseguer, C. Lopez, H. M. Yates, M. E. Pemble, V. Fornes, and A. Mifsud,
Bragg diffraction from indium phosphide infilled fcc silica colloidal crystals, Phys. Rev. B 59, 1563-1566
(1999).
S. G. Romanov, T. Maka, C. M. S. Torres, M. Muller, R. Zentel, D. Cassagne, J. Manzanares-Martinez,
and C. Jouanin, Diffraction of light from thin-film polymethylmethacrylate opaline photonic crystals,
Phys. Rev. E 63, 056603 (2001).
A. Reynolds, F. Lopez-Tejeira, D. Cassagne, F. J. Garcia-Vidal, C. Jouanin, and J. Sanchez-Dehesa,
Spectral properties of opal-based photonic crystals having a silica matrix, Phys. Rev. B 60, 1142211426
(1999).
R. Biswas, M. M. Sigalas, G. Subramania, and K. M. Ho, Photonic band gaps in colloidal systems, Phys.
Rev. B 57, 3701-3705 (1998).

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.



COLLOIDAL PHOTONIC CRYSTALS 451

111.

112.

113.

114.

115.

116.

117.

R. Biswas, M. M. Sigalas, G. Subramania, C. M. Soukoulis, and K. M. Ho, Photonic band gaps of porous
solids, Phys. Rev. B 61, 4549-4553 (2000).
A. Imhof and D. J. Pine, Ordered macroporous materials by emulsion templating, Nature 389, 948-951
(1997).
A. Imhof and D. J. Pine, Uniform macroporous ceramics and plastics by emulsion templating, Adv. Mater.
10, 697-700 (1998).
O. D. Velev, T. A. Jede, R. F. Lobo, and A. M. Lenhoff, Porous silica via colloidal crystallization, Nature
389, 447-448 (1997).
O. D. Velev, T. A. Jede, R. F. Lobo, and A. M. Lenhoff, Microstructured porous silica obtained via
colloidal crystal templates, Chem. Mater. 10, 3597-3602 (1998).
B. T. Holland, C. F. Blanford, and A. Stein, Synthesis of macroporous minerals with highly ordered three-
dimensional arrays of spheroidal voids, Science 281, 538-540 (1998).
B. T. Holland, C. F. Blanford, T. Do, and A. Stein, Synthesis of highly ordered, three-dimensional,
macroporous structures of amorphous or crystalline inorganic oxides, phosphates, and hybrid composites,
Chem. Mater. 11, 795-805 (1999).

118.

119.
120.

121.

122.

123.

124.

J. E. G. J. Wijnhoven and W. L. Vos, Preparation of photonic crystals made of air spheres in titania,
Science 281, 802-804 (1998).
C. J. Brinker and G. W. Scherer, Sol-Gel Science (Academic, San Diego, 1990).
A. Imhof and D. J. Pine, in Recent Advances in Catalytic Materials, edited by N. M. Rodriguez, S. L.
Soled and J. Hrbek (Materials Research Society, Boston, 1997), Vol. 497, p. 167-172.
M. Antonietti, B. Berton, C. Goeltner, and H. P. Hentze, Synthesis of mesoporous silica with large pores
and bimodal size distribution by templating of polymer latices, Adv. Mater. 10, 154-159 (1998).
J. S. Yin and Z. L. Wang, Template-assisted self-assembly and cobalt doping of ordered mesoporous
titania nanostructures, Adv. Mater. 11, 469-472 (1999).
A. Richel, N. P. Johnson, and D. W. McComb, Observation of Bragg reflection in photonic crystals
synthesized from air spheres in a titania matrix, Appl. Phys. Lett. 76, 1816-1818 (2000).
J. Wijnhoven, L. Bechger, and W. L. Vos, Fabrication and characterization of large macroporous photonic
crystals in titania, Chem. Mater. 13, 4486-4499 (2001).

125.

126.

127.

128.

129.

130.

131.

132.

133.

M. Muller, R. Zentel, T. Maka, S. G. Romanov, and C. M. Sotomayor Torres, Photonic crystal films with
high refractive index contrast, Adv. Mater. 12, 1499-1503 (2000).
S. A. Johnson, P. J. Ollivier, and T. E. Mallouk, Ordered mesoporous polymers of tunable pore size from
colloidal silica templates, Science 283, 963-965 (1999).
A. A. Zakhidov, R. H. Baughman, Z. Iqbal, C. Cui, I. Khayrullin, S. O. Dantas, J. Marti, and V. G.
Ralchenko, Carbon structures with three-dimensional periodicity at optical wavelengths, Science 282, 897-
901 (1998).
Y. A. Vlasov, N. Yao, and D. J. Norris, Synthesis of photonic crystals for optical wavelengths from
semiconductor quantum dots, Adv. Mater. 11, 165-169 (1999).
P. Jiang, K. S. Hwang, D. M. Mittleman, J. F. Bertone, and V. L. Colvin, Template-directed preparation of
macroporous polymers with oriented and crystalline arrays of voids, J. Am. Chem. Soc. 121, 11630-11637
(1999).
A. Blanco, E. Chomski, S. Grabtchak, M. Ibisate, S. John, S. W. Leonard, C. López, F. Meseguer, H.
Míguez, J. P. Mondía, G. A. Ozin, O. Toader, H. M. van Driel, Large-scale synthesis of a silicon photonic
crystal with a complete three-dimensional bandgap near 1.5 micrometers, Nature 405, 437-440 (2000).
G. Subramanian, V. N. Manoharan, J. D. Thorne, and D. J. Pine, Ordered macroporous materials by
colloidal assembly: A possible route to photonic bandgap materials, Adv. Mater. 11, 1261-1265 (1999).
G. Subramania, K. Constant, R. Biswas, M. M. Sigalas, and K. M. Ho, Optical photonic crystals fabricated
from colloidal systems, Appl. Phys. Lett. 74, 3933-3935 (1999).
G. Subramania, R. Biswas, K. Constant, M. M. Sigalas, and K. M. Ho, Structural characterization of thin
film photonic crystals, Phys. Rev. B 63, 235111 (2001).

134.

135.

136.

137.

138.

Q. B. Meng, Z. Z. Gu, O. Sato, and A. Fujishima, Fabrication of highly ordered porous structures, Appl.
Phys. Lett. 77, 4313-4315 (2000).
O. D. Velev, P. M. Tessier, A. M. Lenhoff, and E. W. Kaler, A class of porous metallic nanostructures,
Nature 401, 548-548 (1999).
P. Tessier, O. D. Velev, A. T. Kalambur, A. M. Lenhoff, J. F. Rabolt, and E. W. Kaler, Structured metallic
films for optical and spectroscopic applications via colloidal crystal templating, Adv. Mater. 13, 396-400
(2001).
S. H. Park and Y. Xia, Fabrication of three-dimensional macroporous membranes with assemblies of
microspheres as templates, Chem. Mater. 10, 1745-1747 (1998).
M. Deutsch, Y. A. Vlasov, and D. J. Norris, Conjugated-polymer photonic crystals, Adv. Mater. 12, 1176-
1180(2000).



452 A. IMHOF

139.

140.

141.

142.
143.

144.

145.

H. Miguez, F. Meseguer, C. Lopez-Tejeira, and J. Sanchez-Dehesa, Synthesis and photonic bandgap
characterization of polymer inverse opals, Adv. Mater. 13, 393-396 (2001).
H. W. Yan, C. F. Blanford, B. T. Holland, W. H. Smyrl, and A. Stein, General synthesis of periodic
macroporous solids by templated salt precipitation and chemical conversion, Chem. Mater. 12, 1134-1141
(2000).
H. Yan, C. F. Blanford, B. T. Holland, M. Parent, W. H. Smyrl, and A. Stein, A chemical synthesis of
periodic macroporous NiO and metallic Ni, Adv. Mater. 11, 1003-1006 (1999).
P. V. Braun and P. Wiltzius, Electrochemically grown photonic crystals, Nature 402, 603-604 (1999).
P. V. Braun and P. Wiltzius, Electrochemical fabrication of 3D microperiodic porous materials, Adv.
Mater. 13, 482-485 (2001).
J. Wijnhoven, S. J. M. Zevenhuizen, M. A, Hendriks, D. Vanmaekelbergh, J. J. Kelly, and W. L. Vos,
Electrochemical assembly of ordered macropores in gold, Adv. Mater. 12, 888-890 (2000).
M. C. Netti, S. Coyle, J. J. Baumberg, M. A. Ghanem, P. R. Birkin, P. N. Bartlett, and D. M. Whittaker,
Confined surface plasmons in gold photonic nanocavities, Adv. Mater. 13, 1368-1370 (2001).

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

P. Jiang, J. Cizeron, J. F. Bertone, and V. L. Colvin, Preparation of macroporous metal films from
colloidal crystals, J. Am. Chem. Soc. 121, 7957-7958 (1999).
N. Eradat, J. D. Huang, Z. V. Vardeny, A. A. Zakhidov, I. Khayrullin, I. Udod, and R. H. Baughman,
Optical studies of metal-infiltrated opal photonic crystals, Synthetic Metals 116, 501-504 (2001).
H. Miguez, E. Chomski, F. Garcia-Santamaria, M. Ibisate, S. John, C. Lopez, F. Meseguer, J. P. Mondia,
G. A. Ozin, O. Toader, and H. M. van Driel, Photonic bandgap engineering in germanium inverse opals by
chemical vapor deposition, Adv. Mater. 13, 1634-1637 (2001).
N. D. Denkov, O. D. Velev, P. A. Kralchevsky, 1. B. Ivanov, H. Yoshimura, and K. Nagayama,
Mechanism of formation of 2-dimensional crystals from latex particles on substrates, Langmuir 8, 3183-
3190 (1992).
N. D. Denkov, O. D. Velev, P. A. Kralchevsky, I. B. Ivanov, H. Yoshimura, and K. Nagayama, 2-
Dimensional crystallization, Nature 361, 26-26 (1993).
P. Jiang, J. F. Bertone, K. S. Hwang, and V. L. Colvin, Single-crystal colloidal multilayers of controlled
thickness, Chem. Mater. 11, 2132-2140 (1999).
M. E. Turner, T. J. Trentler, and V. L. Colvin, Thin films of macroporous metal oxides, Adv. Mater. 13,
180-183 (2001).
S. H. Park, D. Qin, and Y. Xia, Crystallization of mesoscale particles over large areas, Adv. Mater. 10,
1028-1032 (1998).
S. H. Park and Y. Xia, Assembly of mesoscale particles over large areas and its application in fabricating
tunable optical filters, Langmuir 15, 266-273 (1999).
B. Gates, D. Qin, and Y. Xia, Assembly of nanoparticles into opaline structures over large areas, Adv.
Mater. 11, 466-469 (1999).

156.

157.

158.

159.

160.

161.

162.

B. T. Mayers, B. Gates, and Y. Xia, Crystallization of mesoscopic colloids into 3D opaline lattices in
packing cells fabricated by replica molding, Adv. Mater. 12, 1629-1632 (2000).
R. M. Amos, J. G. Rarity, P. R. Tapster, T. J. Shepherd, and S. C. Kitson, Fabrication of large-area face-
centered-cubic hard-sphere colloidal crystals by shear alignment, Phys. Rev. E 61, 2929-2935 (2000).
M. Trau, D. A. Saville, and I. A. Aksay, Field-induced layering of colloidal crystals, Science 272, 706-709
(1996).
M. Holgado, et al., Electrophoretic deposition to control artificial opal growth, Langmuir 15, 4701-4704
(1999).
R. C. Hayward, D. A. Saville, and I. A. Aksay, Electrophoretic assembly of colloidal crystals with
optically tunable micropatterns, Nature 404, 56-59 (2000).
A. L. Rogach, N. A. Kotov, D. S. Koktysh, J. W. Ostrander, and G. A. Ragoisha, Electrophoretic
deposition of latex-based 3D colloidal photonic crystals: A technique for rapid production of high-quality
opals, Chem. Mater. 12, 2721-2726 (2000).
A. van Blaaderen, R. Ruel, and P. Wiltzius, Template-directed colloidal crystallization, Nature 385, 321-
324 (1997).

163.

164.

165.

166.

167.

A. van Blaaderen and P. Wiltzius, Growing large, well-oriented colloidal crystals, Adv. Mater. 9, 833
(1997).
P. V. Braun, R. W. Zehner, C. A. White, M. K. Weldon, C. Kloc, S. S. Patel, and P. Wiltzius, Epitaxial
growth of high dielectric contrast three-dimensional photonic crystals, Adv. Mater. 13, 721-724 (2001).
A. van Blaaderen et al., in Photonic Crystals and Light Localization in the 21st Century, edited by C. M.
Soukoulis (Kluwer Academic, Dordrecht, 2001).
Y. D. Yin and Y. N. Xia, Growth of large colloidal crystals with their (100) planes orientated parallel to
the surfaces of supporting substrates, Adv. Mater. 14, 605-608 (2002).
S. Hachisu and S. Yoshimura, Nature 283, 188 (1980).



COLLOIDAL PHOTONIC CRYSTALS 453

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.
185.

186.

187.

188.

189.

190.

191.

192.
193.

194.

195.

P. Bartlett, R. H. Ottewill, and P. N. Pusey, Superlattice formation in binary mixtures of hard-sphere
colloids, Phys. Rev. Lett. 68, 3801-3804 (1992).
K. P. Velikov, C. G. Christova, R. P. A. Dullens, and A. van Blaaderen, Layer-by-layer growth of binary
colloidal crystals, Science 296, 106-109 (2002).
U. Dassanayake, S. Fraden, and A. van Blaaderen, Structure of electrorheological fluids, J. Chem. Phys.
112, 3851-3858 (2000).
F. García-Santamaría, C. López, F. Meseguer, F. López-Tejeira, J. Sánchez-Dehesa, and H. T. Miyazaki,
Opal-like photonic crystal with diamond lattice, Appl. Phys. Lett. 79, 2309–2311 (2001).
H. T. Miyazaki, H. Miyazaki, K. Ohtaka, and T. Sato, Photonic band in two-dimensional lattices of
micrometer-sized spheres mechanically arranged under a scanning electron microscope, J. Appl. Phys. 87,
7152-7158 (2000).
R. D. Pradhan, Tarhan, II, and G. H. Watson, Impurity modes in the optical stop bands of doped colloidal
crystals, Phys. Rev. B 54, 13721-13726 (1996).
Y. A. Vlasov, M. A. Kaliteevski, and V. V. Nikolaev, Different regimes of light localization in a
disordered photonic crystal, Phys. Rev. B 60, 1555-1562 (1999).
Y. A. Vlasov, V. N. Astratov, A. V. Baryshev, A. A. Kaplyanskii, O. Z. Karimov, and M. F. Limonov,
Manifestation of intrinic defects in optical properties of self-organized opal photonic crystals, Phys. Rev. E
61, 5784-5793 (2000).
A. F. Koenderink, M. Megens, G. van Soest, W. L. Vos, and A. Lagendijk, Enhanced backscattering from
photonic crystals, Phys. Lett. A 268, 104-111 (2000).
J. Huang, N. Eradat, M. E. Raikh, Z. V. Vardeny, A. A. Zakhidov, and R. H. Baughman, Anomalous
coherent backscattering of light from opal photonic crystals, Phys. Rev. Lett. 86, 4815-4818 (2001).
Z. Y. Li and Z. Q. Zhang, Fragility of photonic band gaps in inverse-opal photonic crystals, Phys. Rev. B
62, 1516-1519 (2000).
Z. Y. Li and Z. Q. Zhang, Photonic bandgaps in disordered inverse-opal photonic crystals, Adv. Mater. 13,
433-436(2001).
S. H. Fan, P. R. Villeneuve, and J. D. Joannopoulos, Theoretical Investigation of Fabrication-Related
Disorder On the Properties of Photonic Crystals, J. Appl. Phys. 78, 1415-1418 (1995).
A. Chutinan and S. Noda, Effects of structural fluctuations on the photonic bandgap during fabrication of a
photonic crystal, J. Opt. Soc. Am. B 16, 240-244 (1999).
M. M. Sigalas, C. M. Soukoulis, C. T. Chan, R. Biswas, and K. M. Ho, Effect of disorder on photonic
band gaps, Phys. Rev. B 59, 12767-12770 (1999).
V. Yannopapas, N. Stefanou, and A. Modinos, Effect of stacking faults on the optical properties of
inverted opals, Phys. Rev. Lett. 86, 4811-4814 (2001).
F. Caruso, Nanoengineering of particle surfaces, Adv. Mater. 13, 11 -22 (2001).
A. van Blaaderen and A. Vrij, Synthesis and characterization of colloidal dispersions of fluorescent,
monodisperse silica spheres, Langmuir 8, 2921-2931 (1992).
A. Rogach, A. Susha, F. Caruso, G. Sukhorukov, A. Kornowski, S. Kershaw, H. Mohwald, A. Eychmuller,
and H. Weller, Nano- and microengineering: Three-dimensional colloidal photonic crystals prepared from
submicrometer-sized polystyrene latex spheres pre-coated with luminescent polyelectrolyte/nanocrystal
shells, Adv. Mater. 12, 333-337 (2000).
P. Jiang, J. F. Bertone, and V. L. Colvin, A lost-wax approach to monodisperse colloids and their crystals,
Science 291, 453-457 (2001).
R. Rengarajan, P. Jiang, D. C. Larrabee, V. L. Colvin, and D. M. Mittleman, Colloidal photonic
superlattices, Phys. Rev. B 64, 205103 (2001).
A. Imhof, Preparation and characterization of titania-coated polystyrene spheres and hollow titania shells.
Langmuir 17, 3579-3585 (2001).
G. R. Yi and S. M. Yang, Bandgap engineering of face-centered cubic photonic crystals made of hollow
spheres, J. Opt. Soc. Am. B 18, 1156-1160 (2001).
A. Moroz, Three-dimensional complete photonic-band-gap structures in the visible, Phys. Rev. Lett. 83,
5274-5277 (1999).
A. Moroz, Photonic crystals of coated metallic spheres, Europhys. Lett. 50, 466-472 (2000).
W. Y. Zhang, X. Y. Lei, Z. L. Wang, D. G. Zheng, W. Y. Tam, C. T. Chan, and P. Sheng, Robust photonic
band gap from tunable scatterers, Phys. Rev. Lett. 84, 2853-2856 (2000).
Z. L. Wang, C. T. Chan, W. Y. Zhang, N. B. Ming, and P. Sheng, Three-dimensional self-assembly of
metal nanoparticles: Possible photonic crystal with a complete gap below the plasma frequency, Phys. Rev.
B 64, 113108 (2001).
S. J. Oldenburg, R. D. Averitt, S. L. Westcott, and N. J. Halas, Nanoengineering of optical resonances,
Chem. Phys. Lett. 288, 243-247 (1998).



454 A. IMHOF

196.

197.

198.

199.

200.

201.

202.

203.

204.
205.

206.

207.

208.

209.

C. Graf and A. van Blaaderen, Metallodielectric colloidal core-shell particles for photonic applications,
Langmuir 18, 524-534 (2002).
J. B. Jackson and N. J. Halas, Silver nanoshells: Variations in morphologies and optical properties, J.
Phys. Chem. B 105, 2743-2746 (2001).
A. B. R. Mayer, W. Grebner, and R. Wannemacher, Preparation of silver-latex composites, J. Phys. Chem.
B 104, 7278-7285 (2000).
S. J. Oldenburg, G. D. Hale, J. B. Jackson, and N. J. Halas, Light scattering from dipole and quadrupole
nanoshell antennas, Appl. Phys. Lett. 75, 1063-1065 (1999).
S. J. Oldenburg, S. L. Westcott, R. D. Averitt, and N. J. Halas, Surface enhanced Raman scattering in the
near infrared using metal nanoshell substrates, J. Chem. Phys. 111, 4729-4735 (1999).
M. V. Artemyev, U. Woggon, R. Wannemacher, H. Jaschinski, and W. Langbein, Light trapped in a
photonic dot: Microspheres act as a cavity for quantum dot emission, Nano Letters 1, 309-314 (2001).
J. W. Haus, H. S. Sozuer, and R. Inguva, Photonic bands - Ellipsoidal dielectric atoms in an f.c.c. lattice, J.
Mod. Opt. 39, 1991-2005 (1992).
Z. Y. Li, J. Wang, and B. Y. Gu, Creation of partial band gaps in anisotropic photonic-band-gap structures,
Phys. Rev. B 58, 3721-3729 (1998).
E. Matijevic, Preparation and properties of uniform size colloids, Chem. Mater. 5, 412-426 (1993).
Y. Lu, Y. D. Yin, and Y. N, Xia, Three-dimensional photonic crystals with non-spherical colloids as
building blocks, Adv. Mater. 13, 415-420 (2001).
E. Snoeks, A. van Blaaderen, T. van Dillen, C. M. van Kats, M. L. Brongersma, and A. Polman, Colloidal
ellipsoids with continuously variable shape, Adv. Mater. 12, 1511-1514 (2000).
E. Snoeks, A. van Blaaderen, T. van Dillen, C. M. van Kats, K. Velikov, M. L. Brongersma, and A.
Polman, Colloidal assemblies modified by ion irradiation, Nuclear Instruments & Methods in Physics
Research Section B 178, 62-68 (2001).
W. M. Lee, S. A. Pruzinsky, and P. V. Braun, Multi-photon polymerization of waveguide structures within
three-dimensional photonic crystals, Adv. Mater. 14, 271-274 (2002).
K. Yoshino, Y. Shimoda, Y. Kawagishi, K. Nakayama, and M. Ozaki, Temperature tuning of the stop
band in transmission spectra of liquid-crystal infiltrated synthetic opal as tunable photonic crystal, Appl.
Phys. Lett. 75, 932-934 (1999).



19
FUNDAMENTALS AND TECHNOLOGICAL

ASPECTS OF CARBON NANOTUBES

Shekhar Subramoney *

1. INTRODUCTION

Since their initial discovery as a by-product of fullerene-synthesis in the arc-
discharge process, carbon nanotubes have attracted a very significant amount of attention
from the scientific community the world over. The existence of tubular forms of carbon
has been known by scientists and engineers working in the fields of chemical reactors and
thermal management systems for at least half a century.1,2 These tubes of carbon,
typically several tens of nanometers in diameter and several hundreds of micrometers in
length, were formed due to the catalytic decomposition of either hydrocarbons or carbon
monoxide by nanometer-sized particles of transition metals typically found inside the
reactors. Analysis of these tubular forms of carbon showed that they were multi-walled in
structure, and the individual sheets of graphite (graphene) that constituted the walls of
these tubes were found to be extremely defect laden.

Scientific and technical interest in carbon nanotubes was very significantly revived
by the discovery in 1991 by Sumio Iijima4 at NEC of multi-walled nanotubes (MWNT)
grown in the plasma of the arc-discharge apparatus used for the synthesis of fullerenes or
buckyballs. Similar to the whiskers discovered by Roger Bacon3 at GE in 1960, these
MWNT were grown without the aid of a catalyst and formed in the plasma of the arc,
where the temperature is estimated to range anywhere from 3000 to 5000 °C. Subsequent
work by other reserchers at NEC5 demonstrated that the MWNT formed at significantly
higher pressures on inert gas (such as helium or argon) than needed for conventional
fullerene synthesis. A very significant number of scientific papers and books have been
published over the last decade on studies related to the structure, properties, and
applications of MWNT, as will be detailed later in this chapter. However, the almost
simultaneous discovery in 1993 at  NEC6 and IBM7 of the single-walled variants of
carbon nanotubes (SWNT) has considerably overshadowed the scientific excitement
associated with MWNT. SWNT can be considered as unique materials for several
reasons: they are prototype one-dimensional quantum wires that are made up of one
element (carbon) that are one atom in wall thickness and tens of atoms in circumference

* Shekhar Subramoney, DuPont Co. Laboratory Experimental Station P.O. Box 80228 Wilmington, DE 19880-
02288, USA.
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with every atom on the surface of the tube. The theoretical as well as experimentally
measured values of the mechanical properties of SWNT, with elastic modulus and tensile
strength calculated to be near 1000 and several tens of gigapascals (GPa), respectively,
are comparable to those predicted for single sheets of graphene. Perhaps the most
exciting characteristics of SWNT are their electronic properties, which depend
exclusively on their diameter and chirality (the manner in which the single sheet of
carbon atoms is wound). Their electronic properties, in combination with their
mechanical properties, render SWNT as a very exciting class of materials for research
and for several current and potential applications.

The predecessor to what the scientific community now refers to as carbon nanotubes
was discovered in the late 1950s.3 It was referred to as a graphite whisker and it was
synthesized in a graphite arc in an argon atmosphere under high pressure and temperature
conditions. These whiskers were large enough to allow the direct measurement of
physical properties, and based on structural and mechanical property analyses, it was
determined that each whisker consisted of one or more concentric tubes, with each tube
being in the form of a scroll extending continuously along the length of the whisker, with
the graphitic c-axis being normal to the axis of the whisker. Mechanical property
measurements indicated that the tensile strength and elastic modulus of these whiskers
were 20 gigapascal (GPa) and 800 GPa, respectively – which are very close to the
theoretical values calculated for single crystal graphite.

2. SYNTHESIS OF CARBON NANOTUBES

The discovery of both variants of carbon nanotubes4,6,7 was achieved using the same
process used for fullerene synthesis – the evaporation of graphitic electrodes in an arc-
discharge set-up. A schematic of an arc-discharge unit is shown in Figure 1.
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In this process, the positive electrode (anode) is consumed while a growth (which is
sometimes referred to as a boule) occurs on the face of the negative electrode. The
atmosphere inside the arc-discharge chamber is typically an inert gas such as helium or
argon. The gap between the anode and the cathode is maintained by controlling the speed
of the linear motion feedthrough. Conventional fullerenes such as and are formed
in the vapor-phase and deposit on the cold chamber walls along with amorphous carbon,
from which they can be solvent-extracted using organic solvents such as benzene,
toluene, or carbon tetrachloride. The optimum pressure inside the chamber for maximum
yields of conventional fullerenes is typically in the order of 100 torr of helium.8 MWNT
are formed in the high-temperature regime of the plasma of the arc and are found in the
boule that grows on the face of the cathode, and yields of MWNT are maximized by
increasing the inert-gas pressure inside the arc-discharge chamber to about 500 torr.5

Typical low-resolution and high-resolution transmission electron microscope (TEM)
images of MWNT are shown in Figure 2. The tubular structure and the number of
graphene layer planes constituting each wall are clearly visible in Figure 2(b).

The incorporation of small amounts of transition metals into the anode leads to the
formation of a felt-like deposit on the cold chamber walls, and TEM was initially used to
demonstrate that this soot contained significant quantities of SWNT. Figure 3 is a
conventional TEM image of a soot (which was produced with iron and nickel
incorporated into the anode as a catalyst in the arc-discharge process) with a significant
amount of SWNT in it. A well-designed subsequent study by Seraphin clearly
demonstrated that mixtures of transition metals are clearly superior to individual
transition metals when incorporated into the anode during the arc-discharge process for
the catalysis of large quantities of SWNT.9
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One of the major breakthroughs in the synthesis of SWNT came about in 1996 when
Richard Smalley’s group at Rice University reported a development for the synthesis of
SWNT in high yields using lasers as the energy source.10 This technique, where a
composite catalyst metal-graphite (nickel-cobalt-carbon) target that was heated under
flowing argon at 1200 °C was bombarded with a Nd-YAG double-laser pulse, yielded
single-walled tubes with rather uniform diameters of about 1.38 nm each, as calculated
from X-ray diffraction studies. The uniformity of diameters of individual tubes leads to a
greater tendency for the SWNT produced by laser ablation to self-organize as ropes or
aligned bundles. Figure 4 is a unique high-resolution TEM image recorded at Rice
University of a rope of SWNT at a near-normal projection to the plane of the paper,
clearly illustrating that the individual tubes organize in a hexagonal close-packed array
within the rope.

The double-laser based vaporization and condensation of catalyst-graphite targets
typically yielded SWNT in the 70 to 90% range. However, similar yields were also
obtained by the arc-discharge process using mixtures of rare-earth and transition metals
(such as Y and Ni) as catalysts within the graphite electrode.
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These high yields of SWNT, which also manifested themselves as ropes, were found
in a “collar”-like growth around the cylindrical boule that occurs on the face of the
cathode during the arc-discharge process.11 The laser ablation and modified arc-discharge
processes described by the groups of Smalley10 and Bernier11 demonstrated that it was
possible to produce gram quantities of well-defined SWNT in the form of highly
organized ropes during every day of operation, opening avenues for research and
development into the unique properties of these novel nano-scaled materials as well as
for exploring commercial applications.

The major drawback of the processes described above for the synthesis of SWNT is
that none of them could be scaled into a continuous process for production of
significantly higher quantities. This led to the work by various groups to explore
chemical vapor deposition (CVD) processes for SWNT synthesis using various precursor
and catalyst combinations. The group of Hongjie Dai12,13 at Stanford University has been
one of the pioneers in exploring the field of CVD for SWNT synthesis. By systematically
optimizing the process conditions as well as the chemistry and physics associated with
both the catalyst system and the support for the catalyst, they were able to demonstrate
that materials that contain over 40 weight percent SWNT (the rest being catalysts and
support) can be synthesized in a CVD process. The CVD-grown SWNT produced from
the decomposition of methane over oxide-supported metal catalysts were found to consist
of both individual and roped tubes; structural analysis indicated that the tubes were not
over-coated by amorphous carbon and were fairly defect-free. Subsequent work at Rice
University14 using a gas-phase catalytic process involving the thermal decomposition of
iron pentacarbonyl by carbon monoxide precursor under high pressures and temperatures
demonstrated that even larger volumes of SWNT could be produced that were not



460 S. SUBRAMONEY

associated with an oxide support. This process, where the carbon SWNT are formed by
the disproportionation of CO, is termed as high-pressure CO (HiPCO) and produces
SWNT with diameters as small as 7Å. A high-resolution image of SWNT by the HiPCO
process is shown in Figure 5, and it is evident that carbon-encapsulated Fe nanoparticles
responsible for the catalysis of individual tubes are interwoven into the SWNT ropes and
account for a large fraction of the weight of the material obtained from the reactor. Being
a continuous-flow process rather than a batch process, the HiPCO method offers the
advantage of being able to be scaled up to produce SWNT in kilogram quantities per day.

3. STRUCTURE OF CARBON NANOTUBES

The structure of carbon nanotubes has been a fascinating topic to researchers the
world over even prior to Iijima’s discovery of MWNT in 1991.4 In fact, a theoretical
study from a group of researchers at the Naval Research Laboratory15 in Bethesda,
Maryland, USA early in 1991 predicted that a tubular structure composed of a graphene
sheet would have a charge carrier density similar to that of metals with no Peierls
distortion at room temperature. This paper was deemed as being too speculative at the
time of submission and therefore was not published until 1992. The experimental
discoveries in 1991 and 1993 of MWNT and SWNT, respectively, by the arc-discharge
evaporation of graphitic targets led to numerous studies aimed at delineating the structure
of carbon nanotubes at the highest resolutions possible.
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MWNT have been characterized by various analytical tools such as X-ray
diffraction, electron diffraction, and scanning probe microscopy. However, high-
resolution TEM has undoubtedly been the most widely used analytical technique in the
characterization of individual MWNT structure. As shown in Figure 2(b), high-resolution
TEM images of MWNT show evenly spaced lattice fringes (typically about 3.4 Å apart
from the neighboring layers) with an equal number of fringes on either side of the core of
the tube. There have been numerous studies to determine the answer to one of the basic
questions involving MWNT – whether the layer structure observed in high-resolution
TEM images corresponds to a “Russian doll” arrangement of discrete tubes one within
the next4 or whether it corresponds to a scroll-like structure.16 In some cases, it has been
observed that the fringes on one side of the core contain anomalously large spacings, as
shown in the high-resolution TEM image in Figure 6.
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Structural studies of such tubes reveal that such changes in layer spacing (marked as
“B” in Figure 6) are typically in the vicinity of defects (marked as “A” in Figure 6) that
are analogous to edge dislocations in a crystal, as illustrated in the significantly higher
magnification image shown in Figure 7. These defects are believed to mark the transition
from scrolls on one side to nested tubes on the other. Analysis of the helicity of the tubes
shows a strong correlation between diameter and helicity. This suggests that the
organizing principle for the tubes is not van der Waals forces, as in the case of graphite or
turbostratic carbon, but preservation of helicity.17

The structure of SWNT is a significantly more exciting research topic due to the fact
that it can be defined uniquely in terms of two parameters – its diameter and chirality.
The structure of SWNT can be broadly classified into three groups, namely the armchair,
zig-zag, and chiral, and these three types of tubes are schematically represented in Figure
8 18

.

This simple structure, in combination with other factors such as every atom being on
the surface and all of the atoms being composed of only one element (carbon) renders the
SWNT as a unique class of nano-structured materials with extremely fascinating
properties and current and potential applications. The diameter and chirality of a SWNT
can be characterized by a vector or (n, m) that connects crystallographically
equivalent sites on a two-dimensional graphene sheet. In the above nomenclature, and

are the graphene lattice vectors and n and m are integers. Based on electronic band
structure calculations, it has been predicted that the integer set (n, m) determine whether
the individual SWNT would be metallic or semi-conducting.

As illustrated earlier, high-resolution TEM can be used to determine how SWNT are
configured in the reaction product from a particular synthesis route, whether the SWNT
tend to form ropes or not, and how the catalysts may be dispersed within the reaction
product. TEM can also be used to evaluate the efficacy of various cleaning processes to
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remove catalyst particles and/or glassy carbon as well as to determine the diameter and
possibly the length of individual SWNT. Electron nano-diffraction19 techniques have
been used on bundles of SWNT to analyze the helicity distribution and packing
characteristics of the ropes, In SWNT structural analysis, diameter-selective Raman
scattering from vibrational modes20 in SWNT has been employed to obtain spectra that
are indicative of the chirality of the tubes within individual ropes. Probably the highest
resolution technique currently available to characterize the structure of SWNT is the
group of scanning tunneling microscopy (STM) measurements. The group of Charles
Lieber21 at Harvard University has been successfully able to characterize the electronic
properties of atomically resolved individual SWNT by STM and measure current versus
voltage at specific locations along the length of the tubes to yield normalized
conductance. Normalized conductance has been known to be a good measure of the main
features in the local density of states (LDOS) for both metals and semiconductors. The
STM-based analysis has been the major force in the development of carbon nanotube-
based molecular electronics, as will be detailed later in this chapter.

4. PHYSICAL PROPERTIES AND APPLICATIONS OF CARBON NANOTUBES

4.1 Mechanical Properties

The carbon-carbon bond in the basal plane of a graphene sheet is the strongest
known of all chemical bonds, and the elastic modulus of a graphene sheet (based on
measurements from single crystals of graphite) is 1060 GPa. These values would suggest
that an SWNT whose axis is parallel to the basal plane of a graphene sheet should possess
exceptional mechanical properties. As described in the Introduction to this chapter, early
work on graphite whiskers grown in a DC arc under pressures over 90-atmosphere inert
gas (argon) and temperatures over 3600 °C indicated that they had tensile strengths of
over 20 GPa and elastic modulus values of over 800 Gpa.3 Scanning electron microscopic
(SEM) observations indicated that these whiskers were scroll-like in structure and
appeared more perfectly formed that vapor-phase produced carbon fibers. Since the
discovery of SWNT in 1993,6,7 based on the assumption that the in-plane elastic modulus
of a graphene sheet being 1060 GPa, it was natural for researchers the world over to
conclude that these materials would have extremely remarkable mechanical properties.
Considering that these SWNT had hollow cores, it was also natural to assume that the
mechanical property-to-weight ratio would be very impressive as well. However, it is
fairly apparent that nanotubes are too small to be tested by conventional mechanical test
apparatus, and too strong when pulled by “optical tweezers” in the laboratory. These
conditions place rather stringent restrictions on how one might go about measuring the
mechanical properties of carbon nanotubes. Some attempts at these “alternate” techniques
have been made, and they include studies such as computer-based simulations, inferences
based on configurations of nanotubes observed in electron microscopes, and most
recently, some clever experimental techniques were nanotubes were mechanically tested
in-situ inside the SEM.
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While graphite is by itself a very brittle material, serendipitous observations of both
MWNT and SWNT in the TEM appear to indicate that they are extremely resilient,
capable of high levels of bending and torsional strains prior to fracture. MWNT that were
bent either accidentally or intentionally (but under undetermined stress conditions) during
sample preparation exhibited more damage on the compressive side than on the tensional
side, as shown in Figure 9.

On other occasions, observations that the walls of MWNT are deformed by van der
Waals forces generated by a second tube lying side-by-side have been observed.22 The
amplitude of vibration of the free-standing ends of MWNT that were anchored at the
opposite end and subjected to thermal vibrations was analyzed to predict exceptionally
high elastic moduli for carbon MWNT, of the order of several thousands of GPa.23 In
molecular-dynamic simulations by Yakobson and co-workers,24 carbon nanotubes have
been shown to elongate to very high strains and they do not fracture easily, with chains of
carbon forming that are supplemented by carbon atoms “popping in” from the adjoining
locations to retard the fracture process, as illustrated in Figure 10.
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While direct measurement of the mechanical properties is by no means an easy and
straightforward experiment, the mechanical properties of MWNT were experimentally
measured in tension under in-situ conditions inside an SEM equipped with a custom
designed tensile stage.25 While the degree of control in such experiments is far from
ideal, this work demonstrates that the multi-walled tubes typically fail by a “sword-in-
sheath”-type fracture mechanism, similar to that observed in some carbon fibers. While
the scattering in the data was rather significant, the experimental observations suggest
that the tensile strength of MWNT be typically on the order of several tens of GPa and
that the Young’s modulus is typically on the order of several hundreds of GPa. Recently,
the same group has extended their experimental treatment to ropes of single-walled
nanotubes stressed under in-situ conditions inside a scanning electron microscope
equipped with a custom designed tensile stage.26 Although the scattering in the data was
once again fairly significant, they concluded that most single-walled tubes failed at strain
values of 5.3% or lower, and correspondingly their tensile strength was on the order of
tens of GPa, with an average value of about 30 GPa. Their experiments also indicated
that the Young’s modulus of the single-walled tubes was typically on the order of several
hundred GPa, with an average value of about 1000 GPa.
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4.2 Electronic Properties

The field of electronic properties of carbon nanotubes has perhaps been the most
active area of research since their discovery in the early 1990s. Theoretical studies on the
electronic properties of carbon nanotubes have been made using band structure
calculations similar to those for planar sheets of graphene.15,27 Considering the one-
dimensional structural characteristics of nanotubes, number of allowed electron states in
the axial direction will be large, whereas it would be significantly limited in the
circumferential direction. In these studies using conventional indices (n, m) to represent
the chirality of the individual tubes, the electronic structure of the nanotube can be
calculated on an analogous basis to that of graphene, with the additional imposition of the
necessary boundary conditions due to the limits on the nanotube circumference.
Calculations of the electronic density of states near the Fermi level can be graphically
depicted as shown in Figure 11.

In terms of their electronic properties, carbon nanotubes can therefore be classified
into two major groups – those with a moderate band-gap where (where n and
m are the tube indices and p is an integer) that are electrically semi-conducting and those
with a small band gap that satisfy the relation n – m = 3p that are electrically metallic in
nature.
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These findings suggest that arm-chair (n, n) tubes would be metallic under all
circumstances and that zig-zag (n, 0) and chiral (n, m) tubes would be metallic in one-
third of the cases and semi-conducting in the other two-thirds. It is also important to note
that several other theoretical studies have demonstrated that “defect” structures on the
tubes would lead to metal-semiconductor, semiconductor-semiconductor, and metal-
metal junctions at the defect sites, which might themselves behave as nanoscale device
elements.28-31 Topological defects and atomic impurities in the tubes alter the local
electronic density of states near the Fermi level, leading to localized variations in the
dominant conductivity associated with the individual tube.

Recently, several research groups have attempted to measure the electrical properties
of carbon nanotubes experimentally. The development of scanning tunneling microscopy
(STM) and spectroscopy-based techniques has been particularly helpful in these
experimental developments. The initial step of the experimental approach involves the
dispersing of dilute suspensions of nanotubes onto patterned electrical contacts with the
intention of contacting single nanotubes to two adjacent electrodes for electrical transport
measurements. Considering that electrons in control the electrical transport in
nanotubes, the low-bias resistance of the nanotube for ballistic transport would be
which is about However, the two-point resistance of single nanotube samples
draped over platinum-electrodes (or gold electrodes in other cases), which is shown in
Figure 12, was initially measured to be closer to 1 at room temperature.32

The key learning from this initial experiment was that the contact resistance between
the carbon nanotube and metal electrode was a major factor in determining resistivity
numbers and this was an issue that needed further consideration in future experiments.
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Also, the localized changing of the bond-structure of the carbon atoms from
to when the nanotube was “draped” over the metal electrodes led to significant
resistivity enhancement and it was another serious technical issue to be addressed. But it
was apparent from the initial experimental analysis of electronic properties that carbon
nanotubes behaved as coherent quantum wires and that the structure (chirality) was
indeed a major factor in determining whether individual tubes were metallic or semi-
conducting.33 Recent experiments have also demonstrated that the conductivity of
individual SWNT depends significantly on adsorbed gases such as oxygen, making pure
SWNT extremely sensitive detectors for oxygen.34 These elegant experiments clearly
confirmed the theoretical work on electronic properties of carbon nanotubes, as did other
experiments that confirmed that defects structures led to substantial enhancement in the
resistivity of carbon nanotubes.35

5. APPLICATIONS INVOLVING CARBON NANOTUBES

5.1. Carbon Nanotube-Based Field Emitters

The unique combination of the physical structure (high aspect ratio and nanometer-
scale radius of curvature of the tip), mechanical properties such as stiffness and strength,
and the chemical stability of the graphene plane that constitutes its surface makes the
carbon nanotube the consummate field-emitting device. The group at Rice University36

initially demonstrated this for MWNT, using an isolated single multi-walled nanotube.
Subsequently, several research groups have demonstrated that thin ropes of single-walled
nanotubes are superb field-emitting sources that show higher emission properties (lower
turn-on voltage and higher emissivity) than their multi-walled counterparts. The heart of
such devices is the cathode, where the nanotubes serve as emission sources following
appropriate fabrication techniques.
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Typically, single-walled tubes show better emission uniformity than multi-walled
tubes. In prototype demonstrations using a 4.5-inch diode-based flat panel display with
ropes of single-walled tubes serving as emitting sources, researchers in the field emitting
display program at Samsung have demonstrated that the device can be turned on at low
voltages (less than 1 volt per micrometer), and the brightness measured on the green
phosphor (ZnS:Cu, Al) of the screen was of the order of 1800 candelas per square meter
at 4 volts per micrometer.37 This development appears to be well on its way to
commercialization, with the recent demonstration of SWNT-based field emitters with
gated structures, which allow the addressing of individual pixels and the subsequent
development of video running image displays. The schematic of the field emitting display
with SWNT as the emission sources with a gated structure and the flat panel display
video image obtained from it are shown in Figure 13.38

5.2. Single-Electron Field Effect Transistors

Of the various existing and potential applications involving carbon nanotubes, none
appears to evoke the level of interest or excitement as the use of single nanotubes,
particularly single semi-conducting SWNT, as field effect transistors (FET) at room
temperature. What is driving this particular application/technology? Conventional
semiconductor lithographic techniques are reaching their theoretical, practical, and
possibly economic limits. The demand/value for continuing shrinkage of scale will
probably continue to grow even after conventional structures have reached these limits.
The major technical challenge would be identify suitable molecular-level materials
capable of effectively performing as FET at room temperatures.
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This chapter has dealt with the unique and exciting properties of carbon nanotubes,
which have been shown to be quasi one-dimensional nanostructures with unique
electronic properties that render them to be ideal candidates for applications in
microelectronics. In 1998, the group at Delft University led by Cees Dekker39 reported
for the first time the fabrication of an FET where one semi-conducting SWNT connected
to two metal electrodes, whose current-voltage (I-V) characteristics are shown in Figure
14.

Subsequent work by the group led by Phaedon Avouris40 at IBM confirmed this
finding and also showed that the transport through the semi-conducting SWNT is
dominated by holes and not by electrons, suggesting that the semi-conductivity was of the
p- and not the n-type. From a technological standpoint, the need for n-type FET is
critical, as it allows the fabrication of nanotube-based complementary logic devices and
circuits. This can be achieved by converting the predominantly p-type SWNT to n-type
SWNT by either alkali-metal (such as potassium) doping or by annealing the device
either in vacuum or in an inert atmosphere, which results in oxygen removal which
subsequently alters the line-up of the valence bands at the electrode-nanotube junction.41

Besides the effect of carbon nanotube doping to alter the transport properties of
individual SWNT, lowering the contact resistance of the nanotube-electrode junction by
“end-bonding” the nanotube to metals such as titanium,42 and altering the configuration
of the gate electrodes43 to improve the overall electrical characteristics have been the
latest developments in the field of molecular-level electronics. Although the
technological field of using carbon nanotubes in molecular-level electronics is still in its
infancy, the promising results from the various related experiments appear to suggest that
the potential for this field is indeed very promising, especially for intermolecular and
intra-molecular inverters and logic circuits.44,45

Besides the applications discussed earlier, a whole host of other applications have
been envisaged from carbon nanotubes, some of which are in the early stages of
research/development. These applications, to name a few, include the use of either
MWNT or SWNT as scanning probe microscopy tips,46 electromechanical actuators,47

sensing devices for chemical or biological molecules,48 and hydrogen storage devices.49

Which of these applications pan out into commercial successes should probably become
apparent before the end of the current decade.

6. THE FUTURE OF CARBON NANOTUBES

While a variety of topics ranging from the structure to the properties to potential
applications of carbon nanotubes have been discussed hitherto, very little has been
touched upon in terms of manipulating carbon nanotubes to render them “controllable”
for specific purposes. These manipulations have been the focus of several studies in both
academic and industrial laboratories the world over. Examples of such endeavors include
the synthesis of large arrays of well-aligned MWNT on glass or silica substrates50 to the
synthesis of extremely small quantities (preferably individual tubes) to bridge patterned
islands to directly synthesize molecular-scale devices.51 Both chemical and mechanical
means have been exploited to “cut” ropes of SWNT into lengths that might render them
more useful for many of the devices that are being contemplated.52,53 While it has been
demonstrated that naked carbon nanotubes can effectively serve as sensors for particular
gases,48 non-covalent side-wall functionalization can be utilized to suitably alter the
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properties of the SWNT for other specific purposes. Observations by high-resolution
TEM clearly demonstrates that even the acid/oxidizing treatment to remove amorphous
carbon and catalyst particles from freshly prepared SWNT samples functionalizes the
surfaces of individual nanotubes with chemical groups such as –COOH. Other examples
include the functionalization of the side-walls of SWNT with species such as amine-rich
polymers converts semi-conducting p-type SWNT into the desirable n-type species.54

Other fimctionalizing species such as succinimidyl ester groups can be used to effectively
provide anchoring sites for immobilizing specific bio-molecules on the side-walls of
SWNT for biosensor applications.54 In fact, a large number of studies have reported the
chemical alteration of tubes to render them soluble in various solvents.56-58 In fact,
covalent functionalization of carbon nanotubes has currently become a very significant
topic of research,59-62 and recent developments in this field suggest that it might be
possible to develop an entirely new field of organic chemistry based on these
functionalized nanotubes. The development of optimum functionalization chemistries for
carbon nanotubes is likely to lead to the development of very interesting and exciting
properties that might lead to very significant commercial applications in the not-too-
distant future.

In summary, this chapter has provided a brief insight into the novel world of carbon
nanotubes. The references that are cited at the end of this chapter have been carefully
chosen and represent some of the outstanding work that has been documented over the
last decade. They do not, however, do entire justice to the hundreds of other excellent
publications (journal articles, textbooks, and conference proceedings) that are dedicated
to this very exciting field of carbon nanotubes. The reader is encouraged to follow the
trail of publications cited in this chapter and elsewhere to probe deeper into any particular
topic of interest related to carbon nanotubes.
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MOLECULAR ASSEMBLY OF FULLERENES AS

NANOCLUSTERS AND NANOSTRUCTURED FILMS

K. George Thomas and Prashant V. Kamat*

1. INTRODUCTION

Design of molecular systems, which can spontaneously self-assemble and generate
three dimensionally extended structures such as clusters is of interest in “chemical
nanotechnology”.1-3 Of particular interest is the utilization of fullerene materials for
developing next generation nanodevices. Recent studies on molecular systems based on

particularly the dyads and triads,6-15 have renewed the interest towards building
photovoltaic systems16-21 and mimicking photosynthesis.6-15 Organizing molecules as
nanoclusters or binding them to inorganic nanoparticles serve as important building
blocks in developing new generation nanodevices. Assembly of such nanostructures in an
orderly fashion would assist in designing optoelectronic nanodevices that can perform
specific functions such as light induced energy and electron transfer processes. Thus,
designing strategies to obtain robust films of carbon nanostructures on desired electrode
surfaces with a well-controlled morphology remains a major challenge.

Fullerenes and their derivatives readily form self-assembled molecular clusters in
mixed solvents.22-27 These molecular clusters are optically transparent and
thermodynamically stable. Recent studies have demonstrated interesting photochemical
and photoelectrochemical properties of fullerene-based cluster systems.l2,15,22,25,28-31

Furthermore, one can dope these spherical fullerene assemblies with electron donors such
as ferrocene, amines, phenothiazine.30,32 The local concentration of electron donors is
much higher in these clusters. Formation of long lived electron transfer products,
following the photoexcitation of the fullerene cluster and various electron donors were
confirmed through flash photolysis studies.25,30 The size and shape of these clusters can
be altered with structural modifications. These clusters can be readily assembled as 3-
dimensional arrays on a conducting glass electrode.12,29,31,33 An efficient method has also
been reported to fabricate almost perfect and uniformly shaped nanotubular crystals,
which order spontaneously by self-assembly of derivatized fullerenes.34 These interesting
fullerene nanostructures show unusual electrochemical sensing and light energy

* Prashant V. Kamat, Notre Dame Radiation Laboratory, Notre Dame, Indiana 46556-0579, USA. K. George
Thomas, Photochemistry Research Unit, Regional Research Laboratory (CSIR), Trivandrum 695 019, India



P. V. KAMAT AND K. G. THOMAS476

conversion properties. Salient features of 3-D molecular assemblies of fullerene
derivatives as nanostructures are presented here.

2. PREPARATION OF FULLERENE NANOCLUSTERS AND
NANOSTRUCTURED FILMS

By manipulating the solubility of fullerenes in nonpolar solvents and insolubility in
polar solvents one can prepare 100-300 nm diameter molecular clusters in mixed solvents.
The structures of various fullerene derivatives chosen for the present study are given in
Chart 1. A fast injection method24,25 can be successfully employed to prepare stable
cluster suspensions of various fullerene derivatives. In a typical procedure, one prepares
concentrated solution of (or its derivatives) in toluene. Cluster suspension is then
prepared by quickly injecting concentrated toluene solution of fullerene in a pool of
acetonitrile using a microsyringe (the final solvent ratio of mixed solvent is in the range
of 9:1 to 3:1 corresponding to (v/v) acetonitrile/toluene). An instant yellow-brown
coloration of the suspension confirms the formation of fullerene clusters. These optically
transparent clusters are quite stable at room temperature and can be reverted back to the
monomeric form by diluting with toluene. The ratio of polar/nonpolar solvents that is
necessary to achieve aggregation, in each case, depends on the nature of fullerene
functionalization. Additionally one can incorporate electron donor such as N-methyl
phenothiazine or ferrocene into the clusters by incorporating it into acetonitrile solution
before the injection of fullerene solution. This simple process allows incorporation of
electron donor or electroactive species into the molecular clusters.
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Upon subjecting the cluster suspension to a low electric (dc) field (<5 V) it is
possible to increase the size of clusters. A known amount (~2 mL) of cluster solution
(0.11 mM of was transferred to a 1 cm cuvette in which two optically transparent
electrodes (OTE) were kept at a distance of ~6 mm using Teflon spacer. The cell design
employed for electrophoresis experiment is shown in Figure 1. A dc voltage (5-200V)
can be applied using a Fluke 415 high voltage dc power supply. This cell configuration
allows one to carry out spectroelectrochemical measurements and monitor the absorption
changes during the electrodeposition process. An example of cluster growth in an electric
field involves fullerene-aniline dyad system.12 An increase in the absorption throughout
the visible region was observed as clusters grew from 160 to 200 nm in diameter. By
maintaining the electrode parallel to the probe beam it was possible to monitor the
changes in the absorption spectrum of the cluster suspension during the application of dc
voltage. Such a growth in cluster size arises from the charging of clusters during the
application of electric field, which is succeeded by the association of smaller clusters to
form larger ones (Eq. 1).

At higher dc voltages (>20 V) we observe a different behavior from these clusters
systems, namely, deposition on the electrode surface. Within 30-60 seconds of dc voltage
(50 V) application, the cluster suspension in the spectroelectrochemical cell turns
colorless and all the fullerene clusters get deposited as a brown film on the positive
electrode.
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A similar method can be employed to cast films of a variety of fullerene derivatives
as well as ferrocene incorporated clusters on other electrode surfaces such
as glassy carbon electrode. It should be noted that prior to electrodeposition it is
necessary to form the clusters of in the mixed solvents since films cannot be
deposited directly from pristine solution under similar experimental conditions. It is
likely that in the presence of a polar solvent such as acetonitrile the clusters become
charged, thus facilitating their deposition on the electrode surface.

3. PROPERTIES OF FULLERENE CLUSTERS

3.1. Absorption and Emission Characteristics

Fullerenes being strongly hydrophobic in nature prefer to form clusters so as to
minimize its nonpolar surface exposed to the polar surrounding in mixed solvents.
Compared to monomer absorption spectrum in a nonpolar solvent, the clusters show a
broad featureless spectrum, with a significant increase in molar extinction coefficient.22

Examples of absorption and emission spectra of are shown in Figure 2 A&B
(trace b).32 Intermolecular interactions lead to increased absorption in the cluster systems.
The spectral features are quite broad as compared to those of well defined aggregates
(H–, J– or Herring bone type molecular aggregates based upon the nature of interacting
molecules and the nature of the medium.35-38 Interestingly the clusters of fullerenes are
highly photoactive and show singlet and triplet excited state properties that are in close
resemblance of corresponding monomer forms. The spectral properties of various
fullerene clusters are summarized in Table 1.
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3.2. Size and Shape of Clusters

TEM images of the clusters prepared from and derivatives in
acetonitrile/toluene mixed solvents, recorded at two different magnifications, are shown
in Figures 3A & 3B respectively. clusters are spherical in shape with diameter
ranging from 100 nm to 400 nm (Figure 3). What is noticeable from Figure 3 is the self-
assembled clusters of molecules in a globular form that are further entangled to
form a network of clusters.
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Interestingly, a different type of clustering phenomenon is seen for clusters
prepared in acetonitrile/toluene mixture (Figure 3A). The clusters deposited on a carbon
grid show elongated structures with varying lengths (200 nm to The tubular
structures, seen in Figure 3B represent self-assembled fullerene molecules that are
flexible enough to template themselves into nonspherical shapes. If linear stacking is the
dominant pathway for molecules to aggregate, one would expect the clusters to
grow preferentially in one direction. Elongated structure observed in Figure 3A gives the
credence to such an argument. Aggregation of on the other hand, has a geometric
possibility to from clusters in a three dimensional fashion. It is clear from the TEM
pictures that the derivative aggregates uniformly in all directions via hydrophobic
interactions to give spherical structures (Figures 3B). In both these cases, the linker
groups containing polar nitrogen as well as oxygen atoms may preferably be exposed to
the polar solvent environment. The selection of the linker is also important in the
formation of such supramolecular self-assembly. This type of aggregation mimics a
dendrimeric type molecular growth to produce spherical shaped clusters. In the present
case we have been able to achieve similar cluster growth through simple hydrophobic
interactions. The two examples illustrated above demonstrate the possibility of designing
different carbon nanostructures by simply modifying the fullerene functionalization. A
template driven clustering can further aid in designing well-defined shape and size for
these clusters.

3.3. Photoinduced Electron Transfer between Fullerene Clusters and Electron
Donors

For light energy harvesting applications, it is desirable to develop cluster systems
that undergo charge separation under excitation of photoactive molecules. Donor-
acceptor dyad molecules using as the electron acceptor moiety have been extensively
studied to induce such charge separations.6,16,25,39,40 The fullerene based cluster systems
provide a convenient way to incorporate electron donors into the cluster network. The
local concentration of the fullerene molecules is much higher in these clusters and the
microheterogeneous environment facilitates trapping of donor molecules. The feasibility
of this concept was demonstrated by incorporating a series of electron donors of different
oxidation potentials into 1,2,5-triphenylpyrrolidinofullerene (TPPF) clusters.30 Formation
of long lived electron transfer products, following the photoexcitation of the TPPF cluster
and various electron donors were confirmed through flash photolysis studies.

A comparison of photoinduced intermolecular electron transfer between the
monomer and cluster forms of bis- and and an electron donor, N-methyl
phenothiazine (NMP) is presented here.32 The fluorescence quenching observed in this
system confirmed the electron transfer to occur in the excited singlet state (see for
example reaction 2).

The difference absorption spectrum recorded in a laser flash photolysis experiment
shows the formation of species with absorption maximum at 520 nm (Figure 4).
The formation of the transient at 1000 nm confirmed the formation of fullerene anion as
expected from reaction 2 (Figure 4 inset).
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For pristine this absorption band lies around 1060 nm. However, the absorption
of fullerene anion is sensitive to the nature of functionalization as it exhibits a blue-
shifted absorption. The strong absorption of the fullerene anion at 1000 nm enabled us to
evaluate the fate of electron transfer products and their stabilization by comparing the
absorption decay in monomer and cluster systems. The decay of fullerene anion is
dependent on the number of fullerene units in monomer and cluster forms. The decay of
the monomer form of fullerene anions was fitted to single exponential decay whereas
biexponential kinetics was necessary to fit the decay of cluster anions. The lifetimes
measured from the kinetic analysis of the decay of the monomer anion and cluster anion,
for mono-, bis- as well as derivatives, are summarized in Table 2. An increase
in the lifetime of 18 to was observed, for monomer systems, by increasing the
fullerene unit from one to three. These observations further support an earlier argument
that stabilization of charge can be achieved by bringing together several fullerene units in
close proximity. It is evident from these results that the fullerene anion lifetime increases
with increasing number of fullerene moieties. Indeed, clusters of all these molecules
showed a long-lived component with a lifetime greater than Once the electron is
transferred to a fullerene moiety it can quickly hop around the adjacent fullerene
moieties, thus allowing the electron transfer product to stabilize.25
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In the example discussed above, the electron donor (NMP) was incorporated into the
cluster. An orderly way to achieve such a donor-acceptor assembly would be to use a
dyad molecule (e.g., dyad) and then achieve charge stabilization by forming
clusters.25 By comparing the photochemical behavior of dyad in neat solvents
and toluene:acetonitrile mixtures (1:3), it was possible to infer two major conclusions: (i)
The aniline-fullerene dyad molecules undergo fast intramolecular photoinduced electron
transfer in polar solvents and (ii) charge stabilization is observed only in solvent mixtures
that favor aggregation or clustering of dyad molecules. The dyad molecules undergo a
spontaneous self-assembly in mixed solvents in such a way that the hydrophobic
fullerene moieties come together leaving the polar aniline moiety away.12 The self-
assembled geometry of cluster framework helps the initially transferred electron to leave
the parent fullerene molecule and hops on to the adjacent fullerene moiety in the cluster.
Subsequent hopping of the electron from one fullerene moiety into the other increases the
distance of separation of radical ion pair and this in turn retards the charge
recombination. The transferred electrons, thus get fully delocalized within the fullerene
cluster network, while the positive charges may be localized at the aniline functions. The
ultimate goal of the research in this area is to generate long lived charge separated
intermediates and the example discussed here demonstrates a novel method for charge
stabilization, by taking advantage of the clustering behavior of the

4. NANOSTRUCTURED FULLERENE FILMS

Earlier efforts to cast fullerene films using solvent evaporation,18,41 Langmuir-
Blodgett technique,42,43 self assembled monolayer44,45 or layer-by-layer assembly,46,47

have produced polymorphous films. However, a high degree of molecular order has been
achieved with the films formed on pyrolytic graphite (HOPG).48 These films
deposited on HOPG surface exhibit aggregation. Nanoscopic formation of aggregates of
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on various surfaces has also been modeled via experimental49 and numerical
simulations.50 Electrophoretically deposited fullerene films on the other hand exhibit
unique nanostructure features. The electrophoretically deposited film is highly porous
and consists of clusters that are assembled in a fairly orderly fashion. The absorption
spectrum of the electrophoretically deposited fullerene cluster films showed broad
spectral features similar to those observed in cluster suspensions. The electrophoretically
deposited films are photochemically and electrochemically active and are capable of
undergoing multielectron reductions similar to those observed for molecules in
different solvents.

4.1. Electrophoretic Deposition

Figure 5 shows the AFM images of electrophoretically deposited cluster films.
Several clusters coalesce to form larger aggregates of spherical shape (diameter ~500
nm). The AFM image scanned at higher resolution shows the ordering of clusters as
nanoballs thus giving a fine nanostructure to the fullerene film. Each of these aggregated
nanoballs consists of 100-200 nm diameter clusters of varying shapes. Since these
clusters are expected to be hollow,51 it is no surprise that close packing of these
clusters would alter the shape of individual clusters in the film. A schematic illustration
of the electrodeposition process is presented in Figure 6.

The magnitude of the applied dc voltage had a pronounced effect on the morphology
of the electrophoretically deposited cluster films. At higher deposition voltages the
packing of the clusters becomes denser and we observe relatively less void spaces in
the film. Thus, we can conclude that the porosity of the nanostructured film
diminishes with increasing the deposition voltage. Controlling the morphology of the
nanostructured fullerene films by means of applied deposition voltage would prove to be
useful in any device oriented applications.
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4.2. Fullerene Functionalized Gold Clusters And Films

Another approach of designing fullerene clusters is to use a metal nanocore as the
template on which several fullerene moieties can be anchored.53,54 One such example
involves self-assembled photoactive antenna systems containing gold nanoparticles as
central nanocores and appended fullerene moieties as the photoreceptive hydrophobic
shells (Figure 7). Such molecular-gold nanoassemblies can serve as important building
blocks in the design of light harvesting systems.

The preparation and characterization of fullerene functionalized gold nanoparticles
are described elsewhere.52 A dilute solution of when dried on a carbon grid,
shows relatively large clusters of varying size. The TEM image shows large cluster
aggregates of ~30 nm diameter (Figure 8). This is in contrast to well dispersed thiol
stabilized gold nanoparticles with diameter of 3-5 nm. Up to ninety units can be
linked to a single gold nanoparticle. Because of the high concentration of around Au
nanoparticle we can observe secondary clustering effects. What we observe in the TEM
picture are large clusters, which are preferably formed as a result of interparticle
clustering. The formation of such cluster assemblies is a further indication that these
fullerene-gold nanoassemblies prefer to form larger aggregates even in nonpolar solvents.
Strong affinity between fullerenes and gold nanoparticles as reported in an earlier study55

is likely to cause interparticle aggregation effects.
The gold nanocore in the system is redox active and is capable of altering

deactivation pathways of surface bound fullerene. In the absence of gold nanoparticles,
the emission spectrum of fullerene thiol in toluene shows a maximum at 710 nm, which
corresponds to its singlet-excited state. Interestingly, the fullerene thiol emission is totally
quenched when it is anchored on the gold nanocore. Low yields of singlet and triplet of
fullerene moiety in excited assembly and the absence of any charge separated
products confirm that the excited energy of the fullerene moiety is quickly dissipated via
energy transfer to gold nanoparticles.
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4.3. Nanostructured Films of

One of the convenient ways to utilize a fluorophore-gold nanoassembly in light
harvesting applications is to assemble them in an orderly fashion on an electrode surface.
We employed an electrophoretic method to deposit nanoassemblies on an
optically transparent electrode (OTE) surface. Under the application of a dc electric field

clusters become charged in toluene solution and get deposited on the positively
charged electrode surface. The film cast by electrophoretic approach produces a robust
coverage of the fullerene functionalized gold assemblies on the optically transparent
electrode (OTE).

The AFM image presented in Figure 9 shows a 3-D assembly of clusters
that renders a nonporous morphology to the film. Upon close examination of the AFM
image (Figure 6) it is evident that the nanostructured film consists of 50-100
nm diameter clusters and these clusters are larger than those present in solution. These
films are quite robust and can be washed with organic solvents to remove any loosely
bound nanoassemblies. Because of the high coverage, these films are useful for
electrocatalytic and sensor applications.

5. APPLICATIONS

Fullerene nanostructures have a wide range of applications. Its ability to absorb light
throughout the visible region, capture and store electrons and ease of synthesizing hybrid
structures has opened up newer ways to develop diverse optoelectronic devices (sensors,
photonic systems etc.) to light harvesting systems. Photovoltaic devices containing blends
of poly (paraphenylenevinylene, PPV) derivatives as donor materials with various
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derivatives as acceptors have been developed.16,56,57 Nanocomposite resists for sub-100
run features have been developed by incorporating in a commercial resist ZEP520.58

The specific examples discussed below highlight some of the unique features of fullerene
nanostructures.

5.1 Electrocatalytic Aspects

films constitute a new class of carbon electrodes with properties that differ from
graphite and diamond electrodes. These films are quite stable to oxidative potentials, but
show unusual electrochemical dependence on the method of preparation and the
electrolyte medium.59 For example, the one- and two-electron-reduced forms of
undergo complexation with the cation (for example, tetrabutyl ammonium ion in
acetonitrile medium) and exhibit a hysteresis in the cyclic voltammograms. The variation
in the film morphology also affects the rate of ion transport within the film.60   By
incorporating a redox couple (e.g., ferrocene), in clusters before assembling them as
thin films on an electrode surface it is possible to modulate the electrochemical properties
of fullerene films.61 Layer-by-layer (LBL) assembled films of a fulleropyrrolidinium-
androstane-ferrocene dyad have revealed a surprisingly high level of intermolecular
organization producing linear nanowire superstructures.62

The cluster films that were deposited without incorporating ferrocene, do not
exhibit any oxidation peaks (inset in Figure 10), thereby confirming the stability of to
electrochemical oxidation at potentials below 1 V.61 The Fc@ films on the other hand
showed an oxidation peak corresponding to ferrocene oxidation. At negative potentials
one observes a broad cathodic peak around –590 mV, which corresponds to the reduction
of The two scans (#1 & 2) in Figure 10 exhibit a normal electrochemical behavior
that one would anticipate from the cyclic voltammograms of two electroactive species,
viz. and Upon reversal of the scan following the reduction of (scan
#3) we observe a different behavior. A significant enhancement is seen for the oxidation
peak at the potential corresponding to ferrocene oxidation. This enhanced oxidation peak
represents increased oxidation events that involve

The unusual electrochemical behavior observed in the anodic scan can be attributed
to the catalytic process mediated by anions in the cluster films (reactions 3-6).61

Once the in the cluster film undergoes reduction (reaction 1), the anion gets
stabilized in the cluster film. As discussed in an earlier work,60 the complexation between

anion and tetrabutyl ammonium cation is responsible for the stabilization of
reduced species in the cluster film. Szucs et al.63,64 have demonstrated that the cation
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stabilized reduced films of remain stable even when exposed to air. As evident from
the cyclic voltammograms in Figure 10, the stabilized species are not
directly accessible for reoxidation at the electrode surface. The stabilized
species is retained in the film undisturbed until the electrochemical scan reaches a
potential around +300 mV. At this potential, the in the film starts getting oxidized
(reaction 4). As soon as ferrocene gets oxidized, it extracts the electron from

and regenerates the ferrocene in the cluster film (reaction 5). Continuous
oxidation and regeneration events (reactions 4 and 5) at this ferrocene oxidation potential

render the anodic peak current to rise sharply. Once all the
in the film is consumed, a saturation in anodic current is reached

At this point all the ferrocene in the film gets converted into its oxidized form. In the
reverse scan (scan #4) we observe usual reduction wave of (reaction 6). An important
aspect of the electrocatalytic reaction is to improve the sensitivity of electrochemical
detection by increasing the oxidation-reduction turn over events at the detection potential.
For example, in the experiment discussed above a reduced film can yield more than 5
times higher anodic current than the unreduced  film during the oxidation of
ferrocene.

5.2 Photoelectrochemical Conversion of Light Energy

The broad absorption of nanostructured fullerene films in the visible and in the near
IR region as well as higher molar absorptivity compared to the pristine (makes these
films suitable for harvesting solar energy. By employing the film cast on an optically
transparent electrode (OTE) as a photoanode in a photoelectrochemical cell, it is possible
to evaluate their potential application in light energy conversion processes.12,15,29
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Figure 11 shows photocurrent generation in photoelectrochemical cell using
films cast on nanostructured film electrodes as a photoanode. The photocurrent
generation was prompt, steady and reproducible during several on/off cycles of white
light illumination.

The applications of such systems are not only restricted to the area of photonic
materials, but can be also found in catalysis.60 Due to the connecting windows between
neighboring air bubbles, the metal nanoparticles can be easily accessed when the porous
solid is placed within the medium where the reaction to be catalyzed is to take place.
Various modifications of this process can also be envisaged for the fabrication of
materials with different and interesting properties.

Under visible light irradiation and using as redox
couple, the photoelectrochemical cell delivered a stable photocurrent of
and an open circuit voltage of ~200 mV. At an applied bias of 0.15 V we obtained

yielded under similar illumination conditions. The photocurrents observed
using cluster films are 2-3 orders of magnitude greater than recently reported values
using functionalized fullerenes as photosensitizers44 and an order of magnitude greater
than the photovoltaic cell.l9,65

The photocurrent action spectrum of film cast on a nanostructured
electrode showed a broad response in the visible with photoconversion efficiencies
decreasing with increasing wavelength (Figure 12). The photoelectrochemical response
follows the broad spectral feature observed in the absorption spectrum of clusters,
thus confirming the excitation of  film as the origin of photocurrent
generation. It is interesting to note however, that these electrodes show enhanced
photoresponse in the red region. A maximum IPCE (Incident Photon to Charge carrier
generation Efficiency) of ~4% was observed in the wavelength region of 420 nm.

photocurrent as high as Blank films
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The net power conversion efficiency obtained under low intensity visible excitation
remained about 0.1%. The photocurrent generation in the cluster film

involves a photogalvanic type behavior that involves photoinduced electron transfer
between excited and the redox couple to generate anion and the anion in turn
transfers electron to or nanoparticles.

It is important to note that  readily undergoes one electron reduction
vs. NHE) in the presence of electron donors. In the example discussed here

photoinduced electron transfer between and is considered to be the primary step
in the photocurrent generation process (Reactions 1-3).29

Evidence for the formation of species can be obtained from the laser flash
photolysis experiment. The transient absorption spectrum recorded immediately after
337-nm laser pulse excitation confirmed the formation of anion with its characteristic
absorption at 1010 nm. The electrons transferred to the nanocrystallites are driven
to the counter electrode via external circuit to regenerate the redox couple. The transfer of
electrons from anion to the conduction band of is energetically feasible and
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thus, we expect a flow of electrons towards the conducting surface of OTE. On the other
hand, films cast on nanostructured films failed to show any photocurrent
generation. Since the reduced anion of is unable to transfer the electrons to

it was not possible to observe any significant photocurrent
generation using electrodes modified with cluster films.

Another effective way to build photosensitive electrodes is to employ donor-bridge-
acceptor molecules as the light harvesting units.15,66 The photoinduced charge separation
in these units can then be effectively harvested to generate photocurrent. Since fullerene-
aniline dyad clusters show long-lived charge separation it is possible to utilize them for
photoelectrochemical conversion of light energy.25 The clusters of fullerene-aniline
dyad25 and fullerene–porphyrin dyad15 have been deposited on nanostructured film
and used as photoanodes in the photoelectrochemical cell. For example, fullerene-aniline
dyad cluster films under visible light irradiation deliver a stable photocurrent
of and an open circuit voltage of ~170 mV. Under visible light
illumination, the electrode shows remarkable rectification
behavior in the potential range of –300 to 200 mV vs. Ag/AgCl. The electron flow
towards the collecting electrode can be controlled by the application of an
electrochemical bias. The charge-separated pair in fullerene-aniline dyad cluster is
stabilized as the electrons hop away to the neighboring fullerene moieties. Both the
photoinduced charge transfer within the dyad cluster and the electron transfer

from reduced fullerene moiety into nanocrystallites
are thermodynamically favored processes. While the

reduced anion moiety of the dyad cluster injects electrons into the nanocrystallites,
the oxidized aniline counterpart undergoes charge transfer with the iodide in the
electrolyte. The electrons transferred to the semiconductor nanocrystallites are collected
at the OTE surface and are driven to the counter electrode via external circuit to
regenerate the redox couple. The examples discussed here showed the potential use of
fullerene clusters for light energy harvesting applications. The improved performance of
these fullerene electrodes can be attributed to the increased molar absorptivity in the
visible region, long-lived charge separation, and production of electroactive anion
moieties that are capable of delivering charges to  nanocrystallites.
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