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A new method is introduced to build organic/organic multilayer films composed of 
cationic poly(allylamine hydrochloride) (PAH) and negatively-charged poly(sodium 4-
styrenesulfonate) (PSS) using the spinning process. The adsorption process is governed 
by both the viscous force induced by fast solvent elimination and the electrostatic in
teraction between oppositely-charged species. On the other hand, the centrifugal and 
air shear forces applied by the spinning process enhance significantly the desorption of 
weakly-bound polyelectrolyte chains and also induce the planarization of the adsorbed 
polyelectrolyte layer. The surface of the multilayer films prepared with the spinning 
process is quite homogeneous and smooth. Also, a new approach to create multilayer 
ultrathin films with well-defined micropatterns in short process time is introduced. To 
achieve such micropatterns with high line resolution in organic multilayer films, mi-
crofluidic channels were combined with the convective self-assembly process employing 
both hydrogen bonding and electrostatic intermolecular interactions. As a next step, 
we extended the spin SA to the fabrication of multilayer micropatterns with vertical 
heterostructure. 

Keywords: Spin self-assembly method; multilayer thin films; micropatterns; microfluidic 
channels; convective self-assembly. 

1. Introduction 

Fabrication of multilayer thin films have attracted much interest since they are 
of great use in thin film devices based on the electrochemical processes such as 
sensors, integrated optics, rectifiers, or light-emitting devices (LED).1 - 5 For the 
applications of organic or organic/inorganic hybrid multilayer thin films to high 
performance devices, the internal structure of the films should be at the degree of 
high molecular order and the ability to pattern with at least micrometer-scale fea
ture on the films are also required. Since the ionic layer-by-layer self-assembly (SA) 

*Rm. 725, Bldg. 302, School of Chemical Engineering, Seoul National University, San 56-1, Shilim-
dong, Kwanak-gu, Seoul, 151-744, Korea. 
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technique was introduced for the fabrication of polyelectrolyte multilayer, this self-
assembling technique has been extended to conducting polymer composites, non
linear optical dyes, and the assembly of nanoparticles or biomolecular systems.6-9 

This layer-by-layer deposition by dipping method is principally governed by the 
self-diffusion of adsorbing polymer and the rearrangement on the surface and thus 
various experimental factors should be taken into account in order to obtain the 
uniform surface coverage of a polymer layer adsorbing onto a substrate: adsorption 
time, pH, concentration of polyelectrolyte and amount of added ionic salt. After 
the adsorption of a polyelectrolyte layer, thorough washing using pure solvent is 
required because the weakly-adsorbed polyelectrolyte chains increase significantly 
the surface roughness of the multilayer films. 

Until now, several methods of multilayer patterning have been reported, in
cluding template-directed selective deposition with microcontact printing, electric 
field-directed deposition, and water-based subtractive patterning. In these meth
ods, however, chemically-patterned templates should be prepared on the substrates 
because the adsorption process is based on the self-diffusion and rearrangement due 
to the interactions between adsorbing molecules and the patterned templates. 

In present work, we describe the new spin self-assembly (SA) method as an alter
native for producing well-organized multilayer films in short process time. Through 
the analyses by UV-vis spectroscopy and AFM, the multilayer thin films fabricated 
by the spin SA method were compared with those prepared by the conventional dip
ping method. We have also investigated the micropatterning of multilayers based 
on both hydrogen bonding and electrostatic intermolecular interactions. Further
more, the obtained patterns were then used as templates to produce multilayer 
micropatterns with vertical heterostructure 

2. Experimental 

2.1. Materials 

Poly(allylamine hydrochloride) (PAH, Mn = 50000 ~ 65000), poly(diallyldimethyl 
ammonium chloride) (PDAC, Mw = 100 000 ~ 200 000), poly(sodium 4-styrene-
sulfonate) (PSS, MW = 70 000), poly(4-vinylpyridine) (PVP, Mw = 60000) and 
poly(acrylic acid) (PAA, Mv ~ 450 000) were purchased from Aldrich and used 
without further purification. 16-mercaptohexadecanoic acid was obtained from 
Aldrich and used in absolute ethanol solution. Poly(dimethylsiloxane) (PDMS) and 
curing agent were purchased from Dow Corning. 

2.2. Multilayer preparation 

Quartz substrates for the deposition of polyelectrolytes were initially cleaned by 
ultrasonification in a hot mixture of H2SO4/H2O2 (7/3) for three hours. They were 
then heated in a mixture of H2O/H2O2/NH3 (5/1/1) at 80°C for 1 h, and then dried 
by N2 gas purging. After this procedure, the substrates were negatively-charged 
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and used for the polyelectrolyte deposition starting with the cationic PAH. In the 
conventional layer-by-layer SA method, the substrates were immersed alternately 
in the cationic solution and in the anionic solution for 20 min for each deposition. 
After each deposition step, the surface of the self-assembled film was washed by 
dipping into the deionized water for 2 min and then blown dry with a stream of 
nitrogen. In the spin SA method, the deposition steps were carried out as follows: a 
few drops of polyelectrolyte solution were placed on the substrate and the substrate 
was then rotated at a fixed rotating speed (typically, 4000 rpm) for 8 to 15 s. After 
the deposition of each polyelectrolyte layer, the substrates were thoroughly rinsed 
twice with a plenty of deionized water. The spinning time and speed for the washing 
step were also identical to those for the layer deposition. 

2.3. Micropatteming of multilayers 

A silicon wafer was initially coated with a 1000 A buffer layer of silicon oxide 
and followed by deposition of a 100 A adhesive layer of titanium. A 1000 A film 
of gold was then sputtered on the titanium surface. The COOH-terminated 
hydrophilic substrate was prepared by immersing the gold film into a 5 mM 
16-mercaptohexadecanoic acid in absolute ethanol for 30 min. The multilayer de
position steps were carried out as follows: polymer solution was first allowed to fill 
the microfiuidic channels, which were formed by the contact between a PDMS mold 
and a hydrophilic substrate, by the capillary pressure. The channel filling with a 
polymer solution also enables the polymer to adsorb onto the surface and the re
moval of residual solution is then carried out by the spinning process (typically, 
6000 rpm for 2 min). 

2.4. Characterization 

The characteristics of multilayer films were analyzed by UV-vis spectrometer, 
atomic force microscope (AFM). An ellipsometer was also employed for the thick
ness measurement. 

3. Results and Discussion 

Figure 1 shows the difference in UV-vis absorbance of multilayer films prepared by 
both spin SA and dipping SA methods as a function of number of bilayers. Due to 
the contribution of the adsorbed PSS chains, the absorbance occurs at 225 nm in 
the UV region. The aqueous polyelectrolyte concentrations of PAH and PSS used 
in the two different deposition methods were all identical to be 10 mM (on the 
monomer unit basis). The dipping process was performed for an adsorption time of 
20 min per layer in order to allow enough time for the saturated adsorption. In spin 
SA process, however, the amount of polymers adsorbed at each deposition step was 
found to be much larger. The film thickness per bilayer adsorbed by the dipping 
process and the spinning process was found to be about 4 A and 24 A, respectively, 
as determined from the ellipsometric measurement. 

3 
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Fig. 1. Absorbance at 225 nm of PAH/PSS multilayers prepared by spin SA method and dipping 
SA method. 

We also found that the spin SA method has a significant effect on the surface 
roughness of prepared multilayer films presumably due to the air shear force during 
the spinning process. In order to investigate this effect in detail, we measured the 
surface roughness of the self-assembled films using atomic force microscopy (AFM) 
in tapping mode as shown in Fig. 2. Although the flattened adsorption of a poly-
electrolyte onto a substrate was obtained from a low ionic strength of the solution, 
the surface roughness of the dipping SA film composed of (PAH/PSS)3o multilayer 
was measured to be about 8 A. 

On the other hand, the (PAH/PSS)30 multilayer film prepared by the spin SA 
method shows a surface roughness of about 3 A. These results are quite reproducible 
and clearly demonstrate that the air shear force imposed by the spinning process 
enhances significantly the surface planarization of the multilayer films. In addition, 
the surface roughness of about 3 A and the bilayer thickness of 24 A for the spinning 
process compared with 8 A and 4 A for the dipping process provides an indirect 
evidence that the internal structure of the spin SA films is highly ordered.10 

To develop well-defined micropatterns of ultrathin multilayers in short process 
time, microfluidic channels were combined with the convective SA process (i.e., the 
self-assembling process in the presence of external flow) employing both electrostatic 
and hydrogen bonding intermolecular interactions.11 The patterning is performed 
in two steps: polymer solution is first allowed to fill the microfluidic channels, which 
are formed by the contact between an elastomeric mold and a hydrophilic substrate, 
by the capillary pressure. The channel filling with a polymer solution also enables 
the polymer to adsorb onto the surface and the removal of residual polymer solution 
is then carried out by the spinning process. 

The micropatterns of multilayer films with alternating PVP and PAA layers 
were prepared by the convective SA. As shown in Fig. 3, the micropatterns of 
ultrathin multilayers are significantly dependent on the solvent used. Micropatterns 
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Fig. 2. Tapping mode AFM Images of (a) a (PAH/PSS)3o film prepared with the dipping SA and 
(b) a (PAH/PSS)so film fabricated with the spin SA. 

(a) (b) (c) 

Fig. 3. AFM topography images of micropatterns of (PVP/PAA) 5 multilayers prepared with 
(a) DMF, (b) ethanol, and (c) e thano l /H 2 0 (9 /1 , v /v) . 

with sharp edge boundaries and small ridges were developed by using DMF as a 
solvent. For ethanol, high ridges are observed at the edges of the patterned lines, 
while the ridge was remarkably reduced by mixing ethanol with water. In previous 
works, the ridge formation phenomena were also observed in chemically-patterned 
films and were attributed to the retraction of a thin film of polymer from the resist 
alkanethiolate. However, in the case of the microfluldlc channels employed in the 
present work, the ridge formation is due to the wetting of a solvent on the PDMS 
walls. It is consistent with the fact that the contact angle of ethanol on the PDMS 
is 31°, much lower than that of DMF (63°). 

The alternate deposition of PDAC and PSS using the electrostatic intermolec-
ular interactions was carried out by the spin SA on the patterned (PVP/PAA)5 
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(c) (d) 

Fig. 4. Contact mode AFM images of patterned multilayer of (PVP/PAA) 5 (PDAG/PSS) f l . 
(a) n =s 4, (b) n = 8, (c) n = 20, and (d) n = 40. 

multilayer template, Initially prepared by using DMF as a solvent.12 Carboxylate 
groups of PAA, an outmost layer of template, are partially ionized and thus allow 
the adsorption of cationic polyelectrolytes. The AFM topography images of 4, 8, 20, 
and 40 bilayers consisting of PDAC and PSS bilayers are shown In Fig. 4. The fea
ture heights are 24, 30, 49, and 86 nm, respectively. These multilayer micropatterns 
with vertical heterostructure maintain high line resolution and small ridges. The 
surface of the micropatterns Is also found to be quite homogeneous and smooth. 

4. Conclusions 

In summary, we have demonstrated for the first time that the spin SA process uti
lizing the centrifugal force, viscous force, air shear force and intermolecular Interac
tions causes the adsorption, the rearrangement of polymer chains onto a substrate 
and the desorption of weakly-bound chains in a very short time of approximately 
10 s. This new ultrathin film-forming process yields a highly-ordered internal struc
ture far superior to the structure obtained by the conventional dipping SA process 
and it is much simpler and faster. It also allows us to precisely control and predict 
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the bilayer thickness as well as the surface roughness. The patterned multilayer 
films employing the hydrogen bonding and the electrostatic attractions can also 
be fabricated by the convective SA method combined with microfluidic channels. 
The well-defined micropatterns were obtained and then used as templates for the 
additional spin SA. Finally, the vertically heterostructural multilayer micropatterns 
with high line resolution and small ridges were produced. 
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Magnetic bacteria synthesize intracellular magnets which are encapsulated by lipid 
bilayer membranes. Easy aqueous dispersion of bacterial magnetic particles (BMPs) 
enable development of highly sensitive chemiluminescence enzyme immunoassays by an
tibodies on BMP surfaces. We have reported a technique for preparing recombinant 
BMPs on which proteins were displayed by gene-fusion. We further applied such recom
binant BMPs to biotechnologically-important issues, including novel bioassay platforms 
for medicine and environmental management. 

Keywords: Bacterial magnetic particle (BMP); protein display; nanosized magnet. 

1. Introduction 

Nanotechnology has been identified as an area which will bring about new evo
lutions in materials, devices and processes. The challenges of nanobiotechnology 
entail manufacturing more sophisticated and highly efficient biosensors and bioma-
terials at the nanoscale level for use in interdisciplinary fields. Here, we introduce 
the molecular mechanism of bacterial magnetic particle (BMP) formation and the 
molecular architecture technique we have used for its application. 

Magnetic bacteria have been isolated from freshwater and marine sediments, 
and are known to produce magnetite particles which are aligned in chains of 
around 20 particles per cell (Fig. 1(a)).1^4 Bacterial magnetic particles (BMPs) 
are nanosize and disperse well in aqueous solution due to their stable lipid mem
branes (Fig. 1(b)).5 On the basis of these properties, BMPs have been utilized in 
nuoroimmunoassays,6"8 mRNA recovery9 and as DNA carriers.10 The use of mag
netic particles in immunoassays enables the separation of bound and free analytes 
by applying a magnetic field. For example, proteins can be attached covalently to 
solid supports, such as magnetic particles, preventing the desorption of antibodies 
during assaying. Because these particles disperse evenly throughout the reaction 
mixture, they allow rapid reaction kinetics without the need for continuous mixing 
or shaking, enable coupling antibodies, and facilitate ease of use. Magnetic particles 
serve as both solid supports and a means of separation in the assay system. 
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(a) 0>) 

Fig. 1. Transmission electron micrographs of (a) Magnetospirtllum magneticum AMB-1 and 
(b) bacterial magnetic particle. 

2, Genetic Analyses of MagnetospiHllum magneticum AMB-1 

Isolation and characterization of the genes that mediate magnetite formation in 
bacteria are prerequisite for determining the mechanisms of magnetic particle 
biosynthesis. In order to identify specific genes involved in magnetite synthesis, 
transposon mutagenesis has been conducted with strain AMB-1.11 Numerous non
magnetic mutants have been successfully obtained and mag A gene was subsequently 
isolated from one of the numerous mutants (strain NM5) by analyzing the trans
poson disrupted gene. The magA gene has homology with the N a + / H + antiporterf 

nap A j from Enterococcus hirae.12 The iron uptake activity of MagA protein was 
determined using inverted vesicles prepared from fragmented membrane expressing 
MagA protein in Escherichia coll An addition of ATP-initiated accumulation of 
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Fig. 2. Iron uptake into inverted vesicles. Arrowhead indicated the point of addition of ATP or 
CCCP. Symbols: the vesicles expressed MagA (®) and control vesicles (o). 
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ferrous ion in vesicles and the ion was released by addition of carbonyl cyanide m-
chlorophenylhydrazone (CCCP) known as protonophore (Fig. 2).13 The activity was 
also observed under artificial proton gradient without ATP. These results suggest 
that MagA protein is a proton-driving H+/Fe(II) antiporter. Additionally, intracel
lular localization of the MagA protein was examined using a MagA-Luciferase fusion 
protein, indicating that MagA is localized on both the cytoplasmic and BMP mem
branes, where it appears to transport iron into BMP vesicles.14 Therefore, MagA is 
considered to play an essential role in the bacterial formation of magnetite crystals. 

Presupposing that proteins expressed on BMP membranes play a direct role 
in regulating magnetite crystallization, a number of distinct BMP-specific proteins 
have been identified. Protein fractions prepared from cellular and BMP membranes 
and cytoplasm were separated by SDS-polyacrylamide gel electrophoresis, revealing 
five specific proteins in BMP membrane fractions.15 Utilizing 2D-electrophoresis, 
four of these proteins were separated for amino acid sequencing. On the basis of 
the AT-terminal amino acid sequences determined, oligonucleotide primers were de
signed to perform polymerase chain reactions (PCR) to amplify DNA sequences 
of the target proteins. Subsequently, mpsA encoding a 36 kDa protein and mmsl6 
encoding a 16 kDa protein were isolated. DNA sequences of these two genes were 
analyzed and protein homology was examined. The amino acid sequence of MpsA 
was proven to be highly homologous with that of E.coli acetyl-CoA carboxylase.16 

Mmsl6 protein was found to be the most abundantly expressed one of the five 
BMP specific proteins and showed GTPase activity (Fig. 3).17 Mmsl6 is a GTPase 
with properties similar to eukaryotic small GTPases which control priming and 
budding of trafficking vesicle. Thus, inhibition experiments on GTPase were con
ducted by using aluminum fluoride. AlF^" prevents BMP synthesis, suggesting that 
GTPase activity is required for BMP synthesis.17 Thus, it has been shown that 
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Fig. 3. Timecourse of GTP hydrolysis by purified Mmsl6. 
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magnetosomes arise through invagination of the cytoplasmic membrane and pro
cesses similar to those of eukar yotic vesicle formation. 

3. Mechanism of B M P Format ion 

The BMP membrane is derived from the cytoplasmic membrane and formed 
through the invagination process. Transmission electron microscopy of M.magne-
totacticum MS-1 reveals that BMP envelopes appear prior to the crystallization of 
magnetite.18 The mechanism of envelope formation, however, still remains unclear. 
It is possible that magnetic bacteria have similar mechanisms of vesicle formation. 
Mmsl6 mediates the priming of invagination and MpsA mediates the acylation of 
Mmsl6 to anchor the BMP membrane. After formation of vesicle, moreover, MagA 
on BMP membrane transfers ferrous ions into intracellular vesicles (Fig. 4). Various 

Priming and invagination 

vesicle budding 

o 
Fig. 4. Postulated mechanism of bacterial magnetic particle formation. 
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proteins associated with the BMP membrane may play functional roles involved in 
magnetite generation inside BMP envelopes. These include (1) the accumulation 
of supersaturating iron concentrations and maintenance of reductive conditions; 
and (2) the oxidation of iron to induce mineralization, or the partial reduction and 
dehydration of ferrihydrite to magnetite. 

4. Molecular Archi tec ture on B M P 

MagA and Mmsl6 are all localized on the membranes of BMPs. These proteins 
could therefore be utilized as anchor proteins, allowing a variety of functional pro
teins to function on BMPs, i.e., enzymes or antibodies can be displayed on BMP 
membrane surfaces. For instance, employing the firefly luciferase luc gene, a magA-
luc fusion gene was cloned into plasmid pRK415 and introduced into M.magneticum 
AMB-1 (Fig. 5).14 Extracted BMPs from recombinant AMB-1 cells showed lu
ciferase activity. In such a way, MagA protein acts as a workable anchor for the 
site-specific display of functional foreign proteins. Similarly, immunoglobulin (IgG) 
binding cell wall protein and protein A, were introduced to BMP membranes, us
ing a proteinA-magA hybrid gene.19 Using antibody bound proteinA-BMP com
plexes together with a chemiluminescence enzyme immunoassay, we have developed 
a rapid and highly sensitive diagnostic method for detecting human immunoglobin 
G (IgG).20 Also, the feasibility of Mmsl6 as an anchor molecule was established 
by manifesting the estrogen receptor hormone binding domain (ERHBD) on BMP 
membranes. ERHBD-BMP complexes function as practical receptor binding as
says for estrogen-like compounds. Upscale production of functionally-active anti
bodies or enzymes expressed on BMP membranes is effectively accomplished by 
fed-batch culturing techniques.21 Furthermore, we constructed a high copy number 
plasmid pUMG in AMB-1 for a more efficient display of functional foreign proteins 
on BMP.22 

Magnetospihllum rmgneticum AMB-1 

bacterial magnetic particles 
(BMPs) 

Fig. 5. Display of protein A onto bacterial magnetic particle using mag A gene fusion. 
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5. Automization of Immunoassay Using B M P s 

Functional uses of BMPs in immunoassay systems have been examined to detect 
various biological markers. The main advantage of using BMPs, compared with 
other conventional immunoassay methods, is the easy separation of membrane-
bound and free fractions by applying a magnetic field. ProteinA-BMP complexes 
have viable applications in the detection of human IgG, insulin, HbAl and glycated 
albumin from serum.23 Antibodies conjugated with BMPs by chemical cross-linking 
methods are also valuable tools for detecting a wide variety of substances. 

We have investigated various environmental pollutants, including endocrine dis
rupters, alkylphenol ethoxylates (APE), bisphenol A (BPA), and linear alkylben-
zene sulfonates (LAS), using monoclonal antibodies immobilized on BMP and a 
fully-automated detection system. The automated sandwich immunoassay system 
developed comprises a reaction station, a tip rack, and an automated eight-channel 
pipet bearing a retractable magnet mounted close to the pipet tip and conterminous 
with a microtiter plate (96 wells). A single rack holds 8X3 tips for reaction. Our 
data show that this fully-automated system provides rapid detection (in 15 min), 
and efficiently determines concentrations of APE, BPA, and LAS with detection 
limits of 6.6 ppb, 0.023 ppt, and 35 ppt, respectively. The advantages afforded 
by this automated detection system should be practicable to other assay systems 
utilizing functional BMP. 

6. Conclusion 

In conclusion, BMP formation has been examined at the molecular level, although 
further studies are required to elucidate the whole mechanism of BMP formation 
and its highly-controlled biomineralization process. However, recent progress in 
molecular biology enables more highly-organized and systematic studies toward 
the elucidation of bacterial magnetite formation. In addition, improved analysis and 
identification of BMP specific factors will facilitate the use of biomineralization as 
a biomimetic technique for in vitro production of highly-controlled biocrystals. 
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Lipid-packaged platinum complexes of [Pt(en)2][PtX2(en)2] (X = CI, Br, I) are newly 
synthesized and their morphology and charge transfer (CT) absorption characteristics 
are compared in organic media. They show remarkably red-shifted CT absorption char
acteristics, which are ascribed to the significantly promoted exciton derealization along 
the chains. 

Keywords: Self-assembly; halogen-bridged mixed-valence complex; amphiphile. 

1. Introduction 

The synthesis of conjugated nanowires has been attracting much interests because 
of their potential applications in the future nanodevices. The next issues would 
involve control of their electronic states and fabrication of electrical nanocircuits by 
placing them at desired positions. The self-assembly approach may provide useful 
vehicles to manipulate such electronically-wired architectures. For this purpose, 
the design of conjugated nanowires that reversibly self-assemble from component 
molecules (or ions) in solution is of crucial importance. Inspired by the self-growth 
and self-restoration characteristics of biological neurons, we have developed a new 
family of self-assembling, soluble inorganic nanowires [Pt(en)2][PtCl2(en)2] (en; 1,2-
diaminoethane) which is packaged by anionic amphiphiles.1^8 We herein report 
the effect of lipid-packaging and bridging halogen atoms on their charge transfer 
absorption characteristics. 

2. Materials and Methods 

Amphiphile 1 was synthesized by BOP-C1 (N, 7V-Bis(2-oxo-3-oxazolidinyl)-phos-
phinic chloride)-catalyzed condensation of L-glutamate dialkyl ester and sulfoacetic 
acid. The structures of the intermediates and the final product were confirmed by 
thin layer chromatography, IR and NMR spectroscopies and elemental analysis. 
[Ptn(en)2]X2, trans-[PtIVX2(en)2]X2, and [Pt(en)2][PtX2(en)2](C104)4 (X = CI, 
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Br, I) were prepared according to the literature.9 Aqueous dispersion of an
ionic amphiphile 1 (Na+ salt, 10 mM, 20 mL) was prepared by ultrasonica-
tion (Branson Sonifier Model 185, sonic power 45 W, 5 min). It was added to 
equimolar solutions containing [Pt(en)2][PtJ5C2(en)2](C104)4 in deionized water 
([Pt]totai = 10 mM, 4 mL). When the bridged halogen ion is chloride, precipi
tate with deep purple color was immediately formed. On the other hand, indigo 
and dark blue precipitates were obtained for bromide and iodide complexes, re
spectively. These precipitates were collected by centrifugation, washed with pure 
water to remove sodium perchlorate, and were dried in vacuo. Elemental analy
sis, [Pt(en)2][PtCl2(en)2](l)4, calculated for C m H ^ N ^ C ^ C l a P t s : C, 50.80; H, 
8.53; N, 5.39%; found: C, 50.36; H, 8.60; N, 5.33%. [Pt(en)2][PtBr2(en)2](l)4, cal
culated for Ci32H264Ni2032S4Br2Pt2: C, 49.68; H, 8.40; N, 5.19%; found: C, 49.76; 
H, 8.51; N, 5.25%. [Pt(en)2][PtI2(en)2](l)4, calculated for Ci32H264Ni2032S4l2Pt2: 
C, 47.99; H, 8.05; N, 5.09%; found: C, 47.99; H, 8.05; N, 4.96%. These colored com
plexes were dissolved in dichloromethane (by hand-shaking) and in chlorocyclohex-
ane (by ultrasonication for 5 min) and gave homogeneous dispersions. Transmission 
electron microscopy (TEM) was conducted on a Hitachi H-600 instrument (75 kV) 
without staining, and the specimens were prepared by dropping the dispersions on 
carbon-coated TEM grids at room temperature. 

3. Results and Discussion 

Quasi-one-dimensional, halogen-bridged mixed-valence metal complexes [Pt(en)2] • 
[PtX2(en)2] (0104)4 display conjugated electronic states with strong intervalence 
charge transfer (CT, P t n / P t I V -> P t m / P t i n ) absorption.10 These halogen-bridged 
chains have been available only as structural motifs in the bulk crystals, and they 
are dissociated into the component monomeric complexes in water. On the other 
hand, by substituting the perchlorate anions with anionic amphiphiles, the linear 
complexes become soluble in organic media due to the lipophilic nature of associ
ating lipid molecules.1-8 

When [Pt2(en)2][Pt2Cl2(en)2](l)4 and [Pt2(en)2][Pt2Br2(en)2](l)4 are dissolved 
in dichloromethane and in chlorocyclohexane (concentration, 0.6 unit mM, 1 unit = 
[Pt2(en)2][Pt2X2(en)2]), they gave deep purple and indigo colors which are similar 
to those of the solid. These colors are ascribed to charge transfer (CT) absorption 
of the mixed valence complexes, and their maintenance in solution indicates that 
the halogen-bridged structures are preserved in these organic media. The iodine-
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bridged complex [Pt(en)2][Ptl2(en)2](l)4 also gave a pale-blue dispersion in chloro-
cyclohexane. On the other hand, when [Pt(en)2][Ptl2(en)2](l)4 was dissolved in 
dichloromethane at room temperature, the color of the solid was immediately dis
appeared and a pale yellow solution was left. This yellow color is characteristic to 
the monomeric Ptl2(en)2 complex, and it indicates that the complex is not main
tained in dichloromethane. Thus, the iodine-bridged complex is highly lipophilic. 

Figure 1 shows transmission electron microscopy of [Pt(en)2][Pt-X'2(en)2](l)4 
in chlorocyclohexane. As the samples are not stained, the dark portions in the 
pictures indicate the presence of [Pt(en)2][Pt-X"2(en)2](l)4. Chloro-bridged complex 
[Pt(en)2][PtCl2(en)2](l)4 and bromo-bridged [Pt(en)2][PtBr2(en)2](l)4 displayed 
rectangular nanocrystals with widths of 200-300 nm and lengths of 500-1500 nm 

Fig. 1. TEM images of [Pt(en)2j[Pi-Y2(011)2](l)i dropped from chlorocyclohexane dispersions 
(0.6 unit mM, 20°C). (A) X = CI, (B) X --• Br, and (C) X ••-••. L Scale liar, 1.5 jum. 
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Fig. 2. Charge transfer absorption of [Pt(en)2][PtX2(en)2](l)4 in chloro-cyclohexane. (a) X = CI, 
(b) X = Br, and (c) X = I. Temperature; 20°C, 0.6 unit mM, 1 mm cell. 

(Figs. 1(A) and 1(B)). On the other hand, iodo-bridged complex gave plate-like 
microcrystals (Fig. 1(C)), and thus the solubility and morphology of the assembly 
is affected by the kind of bridging halogen ions. 

Figure 2 shows UV-vis spectra of [Pt(en)2][PtX2(en)2](l)4 in chlorocyclohexane. 
[Pt(en)2][PtCl2(en)2](l)4 displays Amax at 578 nm ((a), 2.15 eV, e: 31050 unit 
M" 1 cm"1) and [Pt(en)2][PtBr2(en)2](l)4 showed Amax at 1426 nm ((b), 0.87 eV, 
e: 26 769 unit M _ 1 cm - 1 ) . The tendency that heavier halogen ions give red-shifted 
charge transfer absorption is also reported for the crystalline perchlorate complexes 
[Pt(en)2][PtX2(en)2](C104)4 (Table l ) . 1 1 

It is noteworthy that the CT absorption peaks observed for 
[Pt(en)2][PtX2(en)2](l)4 in chlorocyclohexane are significantly red-shifted com
pared to those observed for the crystalline [Pt(en)2][PtX2(en)2](C104)4 (X = CI; 
2.72 eV, X = Br; 1.95 eV, Table 1). In addition, to our surprise, a continuous ab
sorption which is extended from the ultraviolet to near infrared region is observed 
for [Pt(en)2][Ptl2(en)2](l)4 (Fig. 2(c), band gap < 0.56 eV). Such continuous ab
sorption indicates the presence of very small energy gap which is often observed 
for the doped, organic conductive polymers. Moreover, it is in remarkable contrast 
with the CT absorption of [Pt(en)2][PtI2(en)2](C104)4, which only displays a sharp 

Table 1. Comparison of charge transfer absorption maxima for 
platinum complexes. 

X 

CI 
Br 
I 

[Pt(en)2][PtX2(en)2](C104)t 

456 nm (2.72 eV) 

636 nm (1.95 eV) 

905 nm (1.37 eV) 

[Pt(en)2][PtX2(en)2](l)4 

578 nm (2.15 eV) 

1426 nm (0.87 eV) 

~ 2200 nm (< 0.56 eV) 

aReflection spectral data for crystalline samples (taken from 
Ref. 11). 
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peak with much larger band gap (1.37 eV).11 The CT excitation energy for the 
perchlorate complexes has been linearly correlated with the magnitude of off-center 
displacement of halogen ions between P t n and P t l v . n In the present lipid-packaged 
system, the densely-aligned sulfonate lipids would direct the electrostatically-bound 
Pt(en)2 and PtX2(en)2 complexes to co-polymerize in higher density. It contracts 
the interplatinum (Ptn--X-Pt IV) distance, i.e. enhances the overlap between dz2 
and p-orbitals. This should promote the excitation derealization along the chains, 
and the concomitant decrease in the LUMO-HOMO band gap may account for 
the observed red-shifted CT bands. The continuous CT absorption observed for 
the iodine-bridged complex is observed without doping and this unusual electronic 
property is not predictable from the conventional perchlorate complexes. 

In conclusion, the lipid-packaged linear mixed-valence platinum complexes dis
play significantly decreased LUMO-HOMO band gaps which are ascribable to the 
enhanced derealization of the excitons. The amphiphiles not only gives the solu
bility to the linear metal complexes but also modulates their electronic states. The 
present finding can be generalized as a concept "supramolecular band gap engi
neering" and it would play a key role in the design and development of conjugated, 
inorganic-organic nanomaterials. 
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Self-organization of metal nanoparticles, which is observed by mixing Ag nanoparticles 
and precious metal nanoparticles, is applied to the synthesis of P d / A g / R h trimetal-
lic nanoparticles having a Pd-core/Ag-interlayer/Rh-shell structure. These trimetallic 
nanoparticles work as a more active catalyst for hydrogenation of olefin than the corre
sponding monometallic and bimetallic nanoparticles. 

Keywords: Metal nanoparticle; self-organization; core-shell structure; trimetallic 
nanoparticle; catalyst. 

1. Introduction 

Metal nanoparticles are considered as a building block of nano-organized systems, 
which may play an important role in nanotechnology.l Characteristic properties of 
metal nanoparticles are potentially useful for many applications such as optical, 
optoelectronic, magnetic, catalytic, and biological ones. On the other hand, self-
organization of nanoparticles is one of the most interesting concepts, which can 
control the structure of nano-organized systems. The building and patterning of 
the nanoparticles into two- and three-dimensional organized structures by manip
ulation of individual units are often reported for an approach to realize nanode-
vices with unique optical or electro-optical properties. For these self-organization, 
the noncovalent interactions among the organic molecules surrounding the metal 
nanoparticles are important. Such interactions involve hydrogen bonding, TT-TT 

interaction, host-guest interactions, van der Waals forces, electrostatic forces, 

*Present address: Radioisotope Center, School of Medicine, Mie University, Tsu, Mie 514-8507, 
Japan. 
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antibody-antigen recognition and so on. However, few reports have been published 
on the interaction between different kinds of metal nanoparticles.2,3 

In general, bimetallic nanoparticles can be prepared by simultaneous reduc
tion of two kinds of metal ions by refluxing alcohol in the presence of protective 
reagents. The Pd /P t bimetallic nanoparticles having a Pt-eore/Pd-shell structure, 
synthesized by this method, is a typical example of core/shell-structured bimetallic 
nanoparticles.4 This method can be applied to the synthesis of precious bimetallic 
nanoparticles.5 In the simultaneous reduction method, the kinds of core and shell 
metals are decided by the nature of the metal and the reaction conditions. In the 
combination of Pd and Pt, for example, Pt atoms form the core and Pd atoms 
cover the core to form the shell. Thus, the bimetallic nanoparticles with a Pd-core/ 
Pt-shell structure can be synthesized by stepwise reduction using sacrificial 
hydrogen.6 By this method the bimetallic nanoparticles with any kind of core/shell 
structure can be prepared. Here we would like to report a new type of self-
organization of two different kinds of metal nanoparticles, and its application to 
synthesis of Pd/Ag/Rh trimetallic nanoparticle catalysts with a triple core/shell 
structure. 

2. Self-Organization of Me ta l Nanopar t ic les Forming Bimetall ic 
Nanopar t ic les 

Usually the mixtures of two kinds of dispersions of metal nanoparticles do not pro
vide bimetallic nanoparticles, each particle is composed of two kinds of metal ele
ments. However, the mixtures of colloidal dispersions of poly(i¥-vinyl-2»pyrrolidone) 
(PVP)-protected Ag nanoparticles and those of PVP-protected Rh nanoparticles 
can produce Ag/Rh bimetallic .nanoparticles, in which Ag forms a core and Rh 
surrounds the Ag core to form a shell (cf. Fig. I) .3 Formation of the Ag-core/ 
Rh-shell structure was confirmed by the disappearance of the plasmon band in 
UV-vis spectra of the colloidal dispersion of Ag nanoparticles and the TEM ob
servation including distribution analyses of elements with an EF-TEM appara
tus (by Dr. S. Horiuchi at AIST). This interesting self-organization of metal 
nanoparticles in solution can be affected by a pair of metal elements and the 
kind of protective reagents. Although the mechanism of self-organization of metal 

Fig. 1. Schematic illustration of self-organization of Ag and Rh nanoparticles to form Ag-core/ 
Rh-shell bimetallic nanoparticles. 
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nanoparticles is not clear yet, the driving force of the formation of Ag/Rh bimetal
lic nanoparticles may be the larger binding energy between Ag and Rh atoms than 
between Rh atoms. 

3. Design and Synthesis of P d / A g / R h Trimetallic Nanoparticles 
with a Triple Core/Shell Structure 

Bimetallic nanoparticles with a Pt-core/Pd-shell structure have much higher cat
alytic activity than Pt and Pd monometallic nanoparticles for partial hydrogena-
tion of cyclooctadiene to cyclooctene. This is due to the electronic effect of Pt-core 
upon the electronic density of Pd-shell. Thus, the trimetallic nanoparticles with a 
Pd-core/Ag-interlayer/Rh-shell structure are expected to have a higher catalytic 
activity than the corresponding monometallic and bimetallic nanoparticles. How
ever, the triple core/shell structure is not easily constructed. Simultaneous reduc
tion, for example, does not produce the designed structure. The newly-discovered 
self-organization between Rh and Ag nanoparticles was applied to the synthesis 
of Pd/Ag/Rh trimetallic nanoparticles with a triple core/shell structure. At first 
Ag/Pd bimetallic nanoparticles with a Pd-core/Ag-shell structure were prepared 
by a stepwise reduction method using sacrificial hydrogen. Then, the colloidal dis
persion of Pd-core/Ag-shell bimetallic nanoparticles were mixed with the colloidal 
dispersion of Rh nanoparticles. The time-dependant UV-vis spectra of the mix
ture of Pd/Ag bimetallic nanoparticles and Rh nanoparticles are shown in Fig. 2. 
Disappearance of the Ag plasmon absorption of Pd/Ag bimetallic nanoparticles 
suggests the covering of Pd/Ag bimetallic nanoparticles with Rh nanoparticles to 
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Fig. 2. UV-vis spectra of dispersions of Rh, Pd /Ag( l /2 ) , and P d / A g / R h trimetallic nanoparticles 
in 1, 5, 10, 15, and 20 min after mixing the dispersions of Rh and Pd /Ag( l /2 ) nanoparticles. 
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Fig. 3. (a) The size distribution histogram and (b) TEM photograph of Pd /Ag/Rh( 1/2/36 
mol/mol/mol) trimetallic nanoparticles. 

form a Pd-core/Ag-interlayer/Rh-shell structure. The TEM photograph (Fig. 3) 
of the trimetallic nanoparticles indicates the size of nanoparticles as an average 
diameter of 3.6 nm and a standard deviation of 1.6 nm. 

4* Cata lyt ic Activi ty of P d / A g / R h Trimetall ic Nanopar t ic les 

The resulting Pd/Ag/Rh (1/2/36/mol/mol/mol) trimetallic nanoparticles with a 
triple core/shell structure was preliminarily applied to a catalyst for hydrogena-
tion of methyl acrylate at 30°C under 1.01 x 105 Pa of hydrogen. The results are 

J-.10 
5 

.9 I 
Ag Rh Pd/Ag Ag/Rh Pd/Ag/Rh 

Fig. 4. Catalytic activity of Pd3 Ag and Rh monometallic, Pd /Ag( l / 2 mol/mol) and Ag/ 
Rh( l /4 mol/mol) bimetallic, and Pd /Ag /Rh( 1/2/36 mol/mol/mol) trimetallic nanoparticles. 
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Pd 

O Ag 

o Rh 

Fig. 5. Schematic illustration of enhancement of catalytic activity of surface Rh atoms in 
P d / A g / R h trimetallic nanoparticles by sequential electron transfer. 

summarized in Fig. 4. The P d / A g / R h trimetallic nanoparticles have much higher 

catalytic activity than the corresponding monometallic and bimetallic nanoparticles 

examined. This is probably a t t r ibuted to the sequential electronic effect of inner 

metals upon the surface Rh atoms, which is schematically shown in Fig. 5. 
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Monolayers of a lipophilic C60-derivative (FPTL) mixed in dipalmitoyl-phosphatidyl-
choline (DPPC) have been studied by the Langmuir film balance technique and 
Brewster angle microscopy. Previous X-ray scattering studies showed that the FPTL 
molecules intercalated into the DPPC monolayers and modified the bending and com
pression modulus of the host DPPC membranes. Combined study of surface pressure-
area isotherms and Brewster angle microscopy measurements clearly established that 
the liquid-condensed domain structures are strongly influenced by an addition of the 
fullerene bearing lipid molecules, where it caused smaller liquid-condensed domain 
structures. 

Keywords: Lipophilic fullerene; Langmuir layer; Brewster angle microscopy. 

1. Introduction 

Largely motivated by biological model interfaces exhibiting various interactions 
with basic cell components, such as proteins, cells, and DNA, the preparation 

'Corresponding author. 
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Fig. 1. Schematic molecular structure of (a) the lipophilic C6o, FPTL, and (b) d62-DPPC, FPTL. 

characterization of physical and chemical properties of phospholipid monolayers at 
the air/water interface have been attracting much interest.1 Recently, in order to 
produce functionalized membranes, there are large activities in studying the inter
actions of lipid membranes with many different membrane intruders, for instances, 
peptides,2 disacharides,3 or enzymes,4 etc. Although these intruders interact with 
lipid membranes for different purposes, such as attacking, protecting, or function at
taching, a common preceding action is the binding to the lipid membranes. For the 
cell protecting effect, Ceo has demonstrated an outstanding performance due to its 
capability of eliminating radicals in biosystems.5 We have synthesized a lipophilic 
Ceo derivative, FPTL, having three lipid-like tails chemically-bonded on one olefinic 
moiety of the Ceo cage. As shown in Fig. 1, with the three lipid-like tails largely sim
ulating the molecular structure of a phospholipid, dipalmitoylphosphatidylcholine 
(DPPC), the lipophilic-Ceo is ready to incorporate into phospholipid membranes. 
The present study addresses in detail the structural effects in the presence of the 
FPTL molecules via the direct comparison of the DPPC and DPPC/FPTL mix
ture at the air/water interface using surface pressure-area (ir-A) isotherms and the 
Brewster angle microscopy (BAM) techniques. 

2. Experimental 

Figure 1 shows the schematic view of the lipophilic Ceo, FPTL, of a molecular weight 
Mw of 2178 and deuterated DPPC (d62-DPPC, Mw = 796). The detailed synthesis 
route for FPTL will be reported elsewhere. The d62-DPPC and d6 2-DPPC/FPTL 
mixture (93.7:6.3 molar ratio) samples were spread on the water surface from 
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chloroform and 2:1 (v:v) benzene/chloroform mixture, respectively. For Langmuir 
experiments, a known volume (25-35 /xL) of the spreading solution was added to the 
surface of Milli-Q water (7 = 72.1 dyne/cm2) subphase using a Hamilton syringe. 
Surface pressure (7r)-area (A) isotherms were then recorded at a compression rate 
of 105 cm2/min using a Langmuir trough (KSV2000) with one moving barrier. The 
total compression area was 811.5 cm2. 

A commercial Brewster angle microscope (BAM2plus, NFT)7 was used. It was 
mounted above the Langmuir trough to image the in situ domain morphology of 
the Langmuir layers during compression. P-polarized light from a 50 mW laser with 
a wavelength of 532 nm was reflected off the air/water interface with an angle of 
incidence close to the Brewster angle (53.1°) of the subphase, which is given by 
the Snell's law of refraction, tan(#) = riwater/^ain where rii is the refractive index 
of a media i. A zooming microscope with a 10 x objective was used with a lateral 
resolution of 2 /zm. 

3. Results and Discussion 

The phase information of a Langmuir film is often determined by the anal
ysis of surface pressure-area (n-A) isotherms. Figure 2 summarizes the n-
A isotherms for compression-expansion cycles of the DPPC and DPPC/FPTL 
Langmuir films studied at 20.7°C. For the pure DPPC, the surface pressure first 
begins to rise moderately at the area (~90 A2/molecule), considered as the exis
tence of a liquid expended (LE) phase, beyond which a well-defined plateau exists 
(A ~ 65 A2/molecule). Plateaus in the TT-A isotherms are usually interpreted in 
terms of phase transitions in the film, and we can infer that liquid condensed (LC) 
domains are newly-formed and coexisted together with the LE phase as decreasing 
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Fig. 2. Compression (arrow up) and expansion (arrow down) isotherm measured at 20° C for the 
d-DPPC and d -DPPC/FPTL. 
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area. There is the "second steep rise" in TT at A ~ 45 A2/molecule, corresponding 
to the formation of a LC phase. On the other hand, when DPPC is mixed with 
6.3 mol% of the FPTL molecules, the rise in LE becomes less steep and the onset 
for the plateau is not observed. Interestingly, the condensed phase (LC) is occurred 
at A ~ 30 A2/molecule, which is much smaller than that of the pure DPPC, in
dicating that the mixture layer is more compressible. Helm et als pointed that 
the compressibility of a phospholipid phase is influenced by a defect annealing and 
the deformation of solid domains. They reported that the spatial correlation range-
would be smaller if a phase becomes more compressible. This can be confirmed 
by BAM measurements when the domain sizes between the pure DPPC and the 
DPPC/FPTL mixture are compared. 

The expanding curve for the DPPC/FPTL mixed layer shows a bigger hysteresis 
as compared to that for the pure DPPC case. The fact that the compressed films 
cannot return to the initial gas phase at large area, imply that the condensed 
DPPC/FPTL molecules are very cohesive and the molecule—molecule interaction is 
stronger than the molecule/water interaction. 

Figure 3 depicts the BAM images for pure DPPC at different stages of com
pression. As reported previously by McConlogue and Vanderlick9 and many others, 
the formation of multilobbed LC domains is clearly visualized. The LC domains 
having a characteristic chirality are covering the surface area upon compression 
(Figs. 3(b)-3(d)). In comparison, the domains of the DPPC/FTPL mixed layer 
shown in Fig. 4, are smaller (~ 15 pm in diameter) and have a widely dispersed 

& ;="::: »: p i t * 

« f \ * »•!» 
«£***<V $$#& 

Fig. 3. Morphology of pure DPPC monolayer at various surface pressures visualized by BAM 
(a) A - 72 A2/molecule, (b) A - 66 A2/molecule, (c) A - 50 A2/molecule, and (d) A - 42 A 2 / 
molecule. 

Fig. 4. Morphology of a mixed monolayer of D P P C / F T P L at various surface pressures visualized 
by BAM (a) A ~ 90 A2/molecule, (b) A ~ 75 A2/molecule, (c) A ~ 48 A2/molecule, and 
(d) A ~ 32 A2/molecule. 
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size distribution, which induced the dull isotherm without plateau. The smaller 
domain size indicates the reduced in-plane correlation of the domain molecules and 
may also be responsible for the higher compressibility. This is in agreement with 
our previous X-ray data.6 

At small area, the DPPC/FTPL mixture at the LC phase (Fig. 4(d)) forms a 
smooth layer, which is also in good agreement with our previous AFM observations, 
which has less voids (defects) for the DPPC/FPTL LB films prepared in the LC 
phase (TT = 30 mN/m) than that for pure DPPC LB films prepared under the 
same conditions. The presence of chirality for the DPPC/FTPL mixture is not 
clear due to the limited optical resolution. Nevertheless, BAM images evidently 
demonstrate that the LC domain structures are strongly influenced by the addition 
of the fullerene bearing lipid molecules. 

In summary, the monolayers of a lipophilic Ceo-derivative mixed in DPPC have 
been studied by the Langmuir film balance technique and BAM. The combined 
results confirmed that the liquid-condensed domain structures are strongly influ
enced by an addition of the fullerene bearing lipid molecules, where it caused smaller 
liquid-condensed domain structures. 
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Surface plasmon (SP) excitations have been investigated in the attenuated total reflec
tion (ATR) Kretschmann configuration of prism/metal/Langmuir-Blodgett (LB) films 
containing dyes. The emission light through the prism was observed using direct irra
diation of a laser beam from air to the LB films, i.e., reverse irradiation. The emission 
intensities depend on the emission angles through the prism, nanostructure of metal and 
LB films, dye molecules, separation between metal and dye molecules, interactions of 
dye molecules, etc. The spectra is strongly depended on the emission angles, and the 
emission light was caused by multiple SP excitations. Nanostructured devices of LB films 
using SP excitations are described. 

Keywords: Surface plasmon excitation; reverse irradiation; Langmuir-Blodgett (LB) 
film. 

». Introduction 

The attenuated total reflection (ATR) method using surface plasmon (SP) exci
tations, i.e., the surface plasmon resonance (SPR) method, is quite useful for the 
evaluation of ultrathin films and sensing.1'2 The ATR measurements have reported 
the evaluate structure and dielectric properties of organic ultrathin films on metal 
thin films2-4 and act as one of the sensing methods.2'4 The ATR methods have 
also been investigated for device applications of organic ultrathin films, as a result 
of strong optical absorption and strong electric fields due to SP excitations.6 

* Corresponding author. 
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Recently, emission light at a resonant angle region of SP excitations was observed 
through the prism in the ATR Kretschmann configuration, when metal ultrathin 
films on the prism or LB films on metal films were directly irradiated from air 
by a laser beam, i.e., by means of reverse irradiation.7,8 The emission properties 
correspond to the resonant conditions of SPs in the Kretschmann configuration,8"10 

and the emission light was due to multiple SPs induced by excitation of dyes in the 
reverse irradiation. 8~10 

In this study, emission light properties due to multiple SP excitations have been 
investigated for various nanostructured LB films using the ATR method and the 
reverse irradiation. 

2. Experimental 

Arachidic acid (C20) Langmuir-Blodgett (LB) films and merocyanine (MC) LB 
films were deposited on microscopic cover glasses with vacuum evaporated metal 
thin films. The details of LB films have been reported elsewhere.9 MC is one of the 
photosensitizing organic dyes that shows photoluminescence (PL). MC (NK2684) 
was purchased from Hayashibara biochemical Lab., Inc. C20 has no optical absorp
tion and the thickness of the C20 monolayer was 2.76 nm.3 The evaporated Ag and 
Al thin films with thickness of 50 nm and 15 nm, respectively, were used as the SP 
active layers. 

Figures 1(a) and 1(b) show an ATR measuring system and the reverse irradiation 
method in the Kretschmann configuration, respectively. A complete description has 
been reported elsewhere.9 In the ATR measurement, reflectance intensity to incident 

Chopperc 

Amp 

Half cylindrical prism 

Cover glass 
Ag/Organic thin film 

Ar+ Laser 
p-polarized 

(a) (b) 

Fig. 1. (a) An ATR measuring system and (b) the reverse irradiation method in the Kretschmann 
configuration. 
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one was measured as a function of the incident angle, 6i, of the laser beam. In this 
measurement, an Ar+ laser (A = 488.0 nm) was used. In the reverse irradiation 
method as shown in Fig. 1(b), samples were irradiated at the vertical incident 
angle by a p-polarized Ar+ laser beam at 488 nm. The emission light through the 
prism was observed as a function of emission angle, 8e.

8'9 Spectra of the emission 
light were measured with and without a sharp cut filter at about 520 nm at various 
emission angles. 

3. Results and Discussion 

Figures 2(a) and 2(b) show the ATR properties at 488 nm for Ag film: Ag/C20 (six 
layers)/MC (two layers) and Ag/C20 (six layers)/MC (eight layers) films; and for 
Al film: A1/C20 (five layers) /MC (two layers) and A1/C20 (five layers)/MC (eight 

A1/C20(5L)/MC(8L) 

,Ag/C20(6L)/MC(8L) 

AI/C20(5LVMC(8L) 

50 60 

Emission angle [deg.] 
50 60 

Emission angle [deg.] 

(c) (d) 

Fig. 2. (a) The ATR properties for Ag/C20/MC LB films and (b) for A1/C20/MC LB films, and 
the emission light through the prism in the reverse irradiation (c) for Ag/C20/MC LB films and 
(d) for A1/C20/MC LB films. 
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600 700 
Wavelength [nm] 

Fig. 3. The emission spectra at various emission angles in the reverse irradiation of a p-polarized 
laser beam at 488 nm for the Ag/C20 (two layers)/MC (16 layers) LB thin film. 

layers) films. The difference between ATR properties for the LB films on Ag and 
Al was due to the dielectric properties of the metal thin films. The minima due to 
resonant excitations of SP were observed in the ATR properties. Figures 2(c) and 
2(d) show emission light with a sharp cut filter at about 520 nm using the reverse 
irradiation at 488 nm. The emission peaks were observed at different angles from 
the resonant ones, and the emission spectra had the main peaks at about 600 nm 
that correspond to a photoluminescence (PL) peak of MC. The emission light from 
the LB films on Ag was larger than that on Al due to the roughness of the Ag thin 
films. The emission intensities increase with a larger quantity of MC dyes. 

The emission spectra were also measured at various emission angles and strongly 
depended upon the angles.8-10 Figure 3 shows an example of emission spectra at 
various emission angles in the reverse irradiation of a p-polarized laser beam at 
488 nm for the Ag/C20 (two layers)/MC (16 layers) LB thin film. The emission 
properties corresponded to the resonant conditions of SPs in the Kretschmann 
configuration and was due to multiple SPs induced by excitation of dyes in the 
reverse irradiation.8-10 

Figure 4 shows emission intensities for the Ag/C20/MC (four Layers)/C20 LB 
films when the separation between the Ag and the MC LB films was changed with 
C20 LB layers. The largest emission was observed with the separation of ten layers 
of the C20. It is tentatively estimated that small emissions are due to nonradiative 
energy transfer or charge transfer from the excited MC to the metal film in the 
small separations and due to smaller induced charges on the metal film in the large 
separations.10 

Figure 5 shows a schematic diagram of the emission phenomenon due to multi
ple SP excitations.10 It is evidenced that the SP emission phenomenon involves 
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Fig. 4. Emission with various separations between the Ag and the MC in Ag/C20/MC/C20 LB 
films. 
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Two dimensional 
optical waves 
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Fig. 5. A schematic diagram of the emission phenomenon due to multiple SP excitations. 

the following processes: (1) multiple SPs are induced by the polarizations of 
excited organic dye molecules on metal thin films and/or by the surface roughness, 
(2) propagation on the metal surface, and (3) the propagating multiple SPs are con
verted into light that is emitted at the resonant SP conditions in the Kretschmann 
configuration due to the film properties and/or the roughness of the films.8-10 This 
phenomenon will be used as a new sensing technique and may be used as devices 
for light emission of selectable colors as shown in Fig. 3, and for signal processing 
if some of the three processes can be controlled.8-10 
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4 . C o n c l u s i o n s 

The emission light through the prism due to multiple SP excitations has been 

investigated using the reverse irradiation. The emission light from the LB films 

on Ag was larger than tha t on Al. The emission also depended on the quanti ty 

of the M C dyes and the nanostructured separation between Ag and the dyes. It 

is evidenced tha t the phenomenon is useful for application to new nanostructured 

devices utilizing multiple SP excitations. 
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We report that tissue-like structure can be formed when cells are cultured on a mi-
croporous polymer film (honeycomb film). The honeycomb films were fabricated by 
applying a moist air to a spread polymer solution containing biodegradable polymers 
(poly(L-lactic acid) (PLLA) and poly(e-caprolactone) (PCL)) and an amphiphilic poly
mer. Hepatocytes were cultured on a self-supporting honeycomb film of PLLA. The 
hepatocytes formed a single layer of columnar shape cells with a thickness of 20 /im. 
The tissue formation of hepatocytes was specifically occurred on the honeycomb film of 
PLLA and not on a flat film of PLLA. Three-dimensional tissue structures were formed, 
when cells were cultured on both sides of the self-supporting honeycomb film. Double 
layers of hepatocytes were obtained by the method. Striated tissues such as heart and 
blood vessel could be reconstructed by utilizing a stretched honeycomb film of PCL. 

Keywords: Honeycomb film; biodegradable polymer; tissue engineering. 

1. Introduction 

The tissue engineering is a technology for reconstruction of living tissues. Various 
matrices such as gels and porous materials have been developed to realize ideal tis
sue formation.1 Matrix surface, called "biointerface", is an important place where 
cells are initially attached, as the cell-matrix interaction significantly influences 
the subsequent cell-cell interactions.2 In this sense, the biointerface should be de
signed to cause proper cell adhesion. It is well known that surface chemistry and 
surface morphology are two major points to note for the design of biointerface.3-5 

The biointerface in this paper is a microporous film of degradable polymers. Hon
eycomb films are microporous films of polymers, which are formed spontaneously 
by evaporating a polymer solution into a humid atmosphere.6 We report the hon
eycomb films of degradable polymers, the control of cell spreading and the cell 

*Nanotech Research Center, Research Institute for Electronic Science, Hokkaido University, 
N12W6, Sapporo, 060-0812 Japan. 

41 



416 T. Nishikawa et al. 

alignment on the honeycomb films, and the application of the honeycomb films to 
three-dimensional cell culture system. 

2. Self-Supporting Honeycomb Films for Cell Cu l tu re Subs t ra tes 

Honeycomb films were fabricated by applying moist air to a spread polymer so
lution on the water surface.7 Solutions containing 1 g/L of degradable polymers 
((poly(L-lactic acid) (PLLA: Fig. 1(a)) and poly(e-caprolactone) (PCL: Fig. 1(a)) 
and 0.1 g/L of an amphiphlic polymer (Fig. 1(a)) were prepared for the film fab
rication. Benzene was utilized as a solvent for the amphiphilic polymer and PCL. 
Chloroform was utilized as a solvent for PLLA. One hundred jtiL of the polymer 
solution was spread onto the water surface in a <̂ 9 cm petri-dish and evaporated by 
blowing the moist air at 1200 mL/min. The porous structure of the film results from 
a template, which consists of water microspheres and temporarily exists during the 
evaporation of polymer solution. Water microspheres are formed by the condensa
tion of gaseous water at the air-polymer solution interface. Polymer dissolved in 
the solution is adsorbed into the interface between water and polymer solution. 
Water microspheres are prevented from collapse and fusion by the protecting layer 
of the polymer. The water microspheres form hexagonal array on the surface of 
polymer solution in self-organization process induced by capillary flow in the evap
orating polymer solution. Honeycomb-like porous structure of polymer appears on 
a substrate after completing evaporation of water and organic solvent. 

Fi gure 1(b) shows a SEM image of a honeycomb film of poly(L-lactic acid). 
This film has some structural features: (1) micropores with diameter of several mi
crometer, (2) hexagonal arrays of the micropores, (3) single layer of the array with 
several micrometer thickness. Although the honeycomb film exhibits the isotropic 

Fig. 1. (a) Polymers for the fabrication of honeycomb films, (b) Scanning electron microscope 
images of self-supporting honeycomb film of PLLA and (c) self-supporting stretched honeycomb 
film of PCL. Scale: 10 pm. 
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hexagonal pattern, a honeycomb film of a viscoelastic polymer can be stretched and 
anisotropic arrays of micropores can be formed. For the preparation of a viscoelas
tic honeycomb film, poly(e-caprolactone), PCL was applied. The PCL exhibits vis
coelastic property at around 20°C.8 Therefore a self-supporting honeycomb film 
of PCL can be stretched at this temperature. After the uniaxial stretching, arrays 
of elongated micropores were observed in the stretched honeycomb film as shown 
in Fig. 1(c). The arrays of the stretched micropores are applicable to guiding cell 
alignment. 

3. Three-Dimenslonal Cu l tu re System for Tissue Format ion 

The self-supporting honeycomb film is a two-sided substrate. Based on the feature 
of the honeycomb film, we expect that cells can be cultured on both sides of the 
film and they can contact with each other, laterally and vertically, through the 
micropores. In order to prove this hypothesis, various types of cells were cultured 
on both sides of a honeycomb film. At first, the heart muscle cells (cardiac my
ocytes (CMYs)) were cultured on both sides of a honeycomb film of PLLA. For 
comparison, an as-cast film of PCL was utilized for culture substrate of CMYs. 
Cardiac contraction was observed on the 7th day of the cultures. On the as-cast 
film, the contraction rhythm of CMYs was random. This indicates that cell-cell 
contact is insulated by the polymer film. On a honeycomb film, CMYs contracted 
in a synchronized rhythm. This suggests that the vertical contacts of the CMYs are 
achieved through the micropores of a honeycomb film. 

The three-dimensional cell culture system can be applied to various cell types 
such as hepatocytes, endothelial cells, and smooth muscle cells. Figure 2(a) shows 

(a) (b) (c) 

Fig. 2. Three-dimensional culture of (a) HEPs, (b) CMYs, and (c) ECs (bright) and SMCs (dark) 
by utilizing both sides of the porous films for cell attachment. The images were taken by confo-
cal laser scanning microscopy. The cross-sectional images (bottom) were obtained along the line 
depicted on each X—Y plane image. Scale: 10 fim. 
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t ha t liver HEPs form layer s tructure with a thickness of 20 fim at each side of a 

honeycomb film. The cellular aggregates of HEPs resemble the tissue structure of 

the liver in vivo where H E P s are adhered to the adjacent cells via cell adhesion 

proteins. The tissue formation of hepatocytes specifically occurred on the honey

comb film of PLLA and not on an as-cast film of PLLA. In the case of a stretched 

honeycomb film, CMYs are at tached to bo th sides of the film and are aligned along 

the stretching direction of the honeycomb film (Fig. 2(b)). The co-culture system 

was also established by the culturing endothelial cells and the smooth muscle cells 

on a stretched honeycomb film. Figure 2(c) shows tha t each cell type was adhered 

separately onto each side of a stretched honeycomb film and are aligned along the 

arrays of micropores. Heterotypic cell-cell interaction are expected in the artificial 

multicellular tissue. 

4. C o n c l u s i o n s 

In the present study, we focused on the application of microporous films to the cell 

culture substrates for tissue engineering. The microporous films (honeycomb films) 

of degradable polymers were fabricated by evaporating a polymer solution into 

a humid atmosphere. Anisotropic arrays of micropores were formed by uniaxially 

stretching a honeycomb film of a viscoelastic polymer. The honeycomb films could 

be utilized for three-dimensional cell culture systems. The double-layered cellular 

aggregates were formed on the honeycomb films from the hepatocytes and car

diac myocytes respectively. The multicellular tissues like a blood vessel wall could 

also be reconstructed by co-culturing endothelial cells and smooth muscle cells on 

a stretched honeycomb film. The anisotropic arrays of the stretched micropores 

worked as a micropattern for guiding cell alignment. As a result, the cell culture 

on a self-supporting honeycomb film of a biodegradable polymer affects the basic 

cell behavior, such as cell adhesion, cell movement, and cell-cell interaction, and 

induces the self-organization of cells leading to tissue formation. 
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Multicomponent micropatterned organosilane monolayers were successfully fabricated 
on Si substrate by stepwise vacuum ultraviolet-ray (VUV) photodecomposition and 
chemisorption process. The area-specific introduction of different organosilane molecules 
was confirmed by X-ray photoelectron spectroscopy (XPS). Atomic force microscopic 
(AFM) observation and lateral force microscopic (LFM) measurement revealed that the 
line-widths of the micropatterned surface corresponded to those of photomask. Micropat-
terning of the functional groups influenced the magnitudes of the surface free energy. The 
patterned surface was also applied for the site-specific polymerization and site-specific 
adsorption of microparticles. 

Keywords: Organosilane; photodecomposition; surface nanostructure; surface properties. 

1. Introduction 

In order to fabricate micro- and nanodevices by the bottom-up approach, it requires 
building blocks with precisely controlled and tunable chemical composition, mor
phology and size virtually at will. Organosilane monolayers, which have surfaces 
terminated by various kinds of functional groups, are one of the candidates for 
the manipulation of physicochemical properties of solid surfaces.1'2 Since organosi
lane monolayer is transparent against UV light, micropatterning employing vac
uum ultraviolet (VUV)-ray photodecomposition process was proposed. By choosing 
172 nm VUV-ray as an illumination source, a local photodecomposition of irradi
ated monolayer can be accomplished. In this study, micropatterned organosilane 
monolayers were prepared by a stepwise local photochemical decomposition and 
chemical vapor adsorption (CVA) process.4~8 The multiphase surface obtained was 
thus characterized by various characterization techniques. 

* Corresponding author. 
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2. Exper imenta l 

Octadecyltriethoxysilane (OTES), i¥-(2-aminoethyl)-3--aminopropylmethyldimetli-
oxysilane (AEAPDMS) and (2-perfluorohexyl)etliyltriethoxysilane (FHETES) were 
employed as monolayer components. Si wafer substrates were photocfaemically 
cleaned by exposure for 3 min to vacuum ultraviolet-ray (VUV, A = 172 nm) 
under 15 mmHg. The cleaned Si wafer substrates were immediately used for the 
preparation of OTES monolayer by chemical vapor adsorption method. Figure 1 
outlines the steps for the fabrication of three-component micropatterned organosi-
lane monolayers. The first step was the preparation of OTES-grafted Si substrates 
by CVA method.5 Since VUV irradiation leads to excitation cleavage of C-C bonds, 
the irradiated parts becomes surface with Si-OH residues.5 The OTES grafted Si-
wafer was placed in an evacuated vacuum chamber. The sample was then covered 
with a photomask (20 mm x 20 mm square, 4 jum width Cr pattern, 2 juni slit with 
20 mm line length) for irradiation (Fig. 1(b)). The sample was irradiated for 15 
min with VUV light generated from an excimer lamp. In order to make sure the 
complete removal of the decomposed residue of organosilane monolayers, the pat
terned sample was sonicated for 10 min in ethanol and dried in vacuo. The second 
organosilane monolayer, FHETES, was then introduced into the first patterned sur
face by a similar method with alkylsilane (Fig. 1(d)).8 The OTES/FHETES sample 
was then irradiated for 20 min with VUV, resulting in crossline micropatterns on 
the substrate's surfaces (Fig. 1(e)). The third organosilane monolayer, AEAPDMS, 
was finally introduced into the second-patterned substrate surfaces, again by the 
CVA method (Fig. 1(g)).9 

Surface free energy of the monolayer was evaluated from the contact angles of 
the water and the methylene iodide droplets at 298 K based on Owens and Wendt's 

Si-wafer 

OTES 
Photomask (0 deg.) SiO? surface 

/ 
FHETES 

3 j*&^«m> 
(*) 

r m 
VUV-my 
irradiation 

VUV-ray 
irradiation 

(b) 

Photomask (90 deg.) 
/ 

(ftAftjy ri 3 

(c) 

Si02 surfece 

CVA 
method 

CVA 
method 

AEAPDMS 

(e) (f) 

(d) 

(g) 

Fig. 1. Schematic representation of fabrication of three-component micropatterned organosilane 
monolayer. 
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method.10 The stepwise fabrication of the three-component organosilane monolayer 
was confirmed by X-ray photoelectron spectroscopy (XPS). The emission angle of 
the photoelectrons was 45°. The surface nanostructure and frictional properties 
of the micropatterned monolayer were investigated by atomic force microscopic 
(AFM) observation and lateral force microscopic (LFM) measurement. AFM and 
LFM images were obtained under constant force mode in air at 300 K with 50-60% 
humidity, using a 100 jum x 100 fim scanner and SisN4 tip on a triangle cantilever 
with a spring constant of 0.032 Nm"1 . 

3. Results and Discussion 

Surface chemical compositions of the micropatterned organosilane monolayers were 
characterized by XPS measurements. The OTES monolayer showed Ci s , Ois, Si2S, 
and Si2p peaks at 285, 533, 151, and 100 eV, respectively. The OTES/FHETES 
patterned Si substrate clearly showed additional F i s peak at 690 eV, while the 
OTES/FHETES/AEAPDMS grafted Si substrates showed further N u peak at 
400 eV.9 These results indicated that the three kinds of organosilane molecules 
were grafted on the substrate surfaces. 

Changes of surface functional groups by micropatterning were also reflected 
in the magnitudes of surface free energy. The surface free energy of the 
OTES/FHETES micropatterned surface is smaller than that of the OTES mono
layer surface; the decrease can be attributed to the introduction of fluoroalkyl group 
of FHETES, which is known to decrease surface free energy. On the other hand, 
the surface free energy, especially the polar component, increased after the graft
ing of AEAPDMS; this increase is attributed to the relatively high polarity of 
amino groups in the grafted AEAPDMS monolayers. From this stepwise change 
of surface free energy, it can be confirmed that the three-component organosi
lane surface has been micropatterned with highly hydrophobic, hydrophobic and 
hydrophilic areas. 

Successful fabrication of a micropattern with three kinds of functional groups 
was confirmed by scanning force microscopic observation. Figures 2(a) and 2(b) 
show AFM and LFM images of a three-component micropatterned organosilane 
monolayer, respectively. These figures show lattice-like microstructures fabricated 
on the Si-wafer substrates. The widths of the fabricated FHETES and AEAPDMS 
lines were consistent with the widths of slits of the photomask. The height dif
ference between the OTES and FHETES surfaces was ca. 1.4 nm. The height 
difference corresponds to the difference in the molecular length (ca. 1.3 nm) be
tween OTES and FHETES. On the other hand, the height difference between the 
OTES and AEAPDMS surfaces was ca. 1.5 nm, corresponding to the difference in 
the molecular length (ca. 1.4 nm) between OTES and AEAPDMS. The origin of 
the contrast in the LFM image is explained by the difference in surface properties 
among three components, i.e., the chain rigidity, crystallinity, and the chemistry of 
terminal functional groups of the organosilane molecules.2 The FHETES-grafted 
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AEAPDMS AEAPDMS 

I2.O11A 
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Ofim FHETES 

(a) (b) 

Fig. 2. (a) AFM and (b) LFM images of (OTES/FHBTES/AEAPDMS) three-component mi-
cropatterned organosilane monolayer, 

areas showed a higher magnitude of lateral force than that of OTES, owing to the 
larger shear strength of the rigid fluoroalkyl chain.2,11 '12 AEAPDMS-grafted areas 
are the brightest among the three components, because the terminal amino groups 
gave high lateral force due to the strong interaction between hydrophilic amino 
group and the Si-OH group of the surface of cantilever tip. The area ratio of the 
micropatterned monolayer is in accordance with that of the target value5 i.e., the 
estimated area ratio of OTES/FHETES/AEAPDMS was 4/2/3. 

The patterned surface was also applied for the site-specific polymerization and 
site-specific adsorption of microparticles. The (AEAPDMS/FHETES) patterned 
surface was immersed in the dispersion of SOsH-modified polystyrene particle with 
200 nm diameter. The microparticles were selectively adsorbed on the AEAPDMS 
phase. 
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Carbon nanofibers (CNFs) were coated by surfactants of polyoxyetheylene alkyl ether 
(AEOg, AEO7) and polyvinyl alcohol (PVA 1799), respectively, after being mixed with 
surfactant aqueous solution and then treated with ultrasonication, high shear and mag
netic stirring. The CNF/epoxy composites were prepared by mixing the surfactant 
coated CNFs with epoxy. Tensile strength, elastic modulus and ultimate strain of the 
composites were studied. The tensile strength and the ultimate strain of the composites 
were increased by 20% and 70%, respectively, after the CNFs were coated by surfac
tants. However, the elastic modulus of the composite will be lowered when the CNFs 
were treated by too high a concentration of surfactant solution. 

Keywords: Carbon nanofibers; composites; surfactant; mechanical property. 

1. Introduction 

Due to their unique structure and extraordinary mechanical properties, car
bon nanofibers (CNFs) are considered as a promising composite fillers and 
reinforcements.1-4 CNF reinforced polymer composites have also attracted much 
research interest.5"11 However, CNFs tend to agglomerate together and it is diffi
cult to have them uniformly dispersed in the matrix, due to the strong interaction 
effect. Moreover, the interaction between the CNFs and the matrix is another im
portant problem that need to be solved. Only when CNFs have strong interaction 
with polymer matrix, they can act as an effective reinforcing agent, which assures 
an effective transfer of the load from the polymer matrix to the CNFs when the 
composite is load-bearing. Presently, there are two main kinds of methods of sur
face treatment for CNFs employed to improve their interaction with the polymer 
matrix. One is surface functionalization10: some functional groups, which can im
prove the interaction between the CNF and the polymer matrix, are introduced into 

* Corresponding author. 
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the surface of the CNFs; another method is to have the CNFs physically coated 
by some surfactants with interaction-improving groups. These two methods have 
achieved good results in the preparation of CNF/polymer composites. However, 
organic solvents are not suitable for mass application due to their high cost and 
harm. 

In this paper, we chose several water-solvable surface-active resins and surfac
tants as the coating agents to prepare surfactant-coating CNFs. The CNF/epoxy 
composites were prepared, and their tensile properties were studied. The influence 
of surfactant-coating on the mechanical properties of the composites was investi
gated and discussed. 

2. Experimental 

In our experiment, carbon nanofibers were prepared by a floating catalyst method.12 

An SEM observation revealed that the average diameter of the CNFs was about 
200 nm, and the purity was about 80%. 

2.1. Pre-treatment and surfactant coating of CNFs 

The CNFs were pulverized and annealed at 300 °C under inert atmosphere for 2 h 
in order to remove organic materials introduced during preparation. The CNFs 
were then put into the aqueous solution of surfactants (AEO7 and AEO9), water-
soluble resin (PVA 1799). A homogeneous suspension was obtained with magnetic 
stirring, ultrasonic and high shear stirring. Finally the coated CNFs were prepared 
by evaporating water in vacuum. 

2.2. Preparation of CNF/epoxy composites 

The surfactant-coating CNFs were mixed with epoxy resin (Bisphenol A-
epichlorhydrine, hydroxylated polyamide), and stirred at 300 rpm for 1 h. The 
composite fluid was poured into a mold and vacuum degassed. The CNF/epoxy 
composite was cured for 4 h at 100°C. 

2.3. Tensile test 

The as-prepared composite with mold was cut into dumbbell-shaped samples. After 
the samples were annealed at 110°C for 10 h, the tensile test was performed with 
an Instron 1211 Elongation Analyzer at 10 mm/min at room temperature. 

2.4. SEM observations 

Surfactant-coating CNFs were observed by SEM and were analyzed by X-ray energy 
depressive spectroscopy (EDS). The fractural surface of CNF/epoxy composites and 
the interface between CNFs and epoxy matrix were also investigated. 
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Fig. 1. SEM images of (a) CNFs and (b) surfactant AE07-coating CNFs. 

3. Resul t s and Discussion 

3.1 . Mechanical properties of surfactant-coating CNF/epoxy 
composite 

SEM images of AEOr-coating CNFs are shown in Fig. 1. We can see that the 
diameter of AEOr-coating CNFs is larger than that of as-prepared CNFs. The EDS 
spectrum showed that the oxygen content of the coated CNFs is higher than that 
of CNFs, which may have been introduced by AEO7. According to these results, 
we conclude that the CNFs have been effectively coated by AEO7. The results for 
AE0 9 and PVA 1799 are similar. 

Tensile properties of the surfactant-coating CNF/epoxy composite are shown in 
Fig. 2 and Table 1. Tensile strength of the composites can be improved up to about 
20% by using the surfactant-coating CNFs, and the ultimate strain can be improved 
by as much as 60%. The functional mechanism of the surfactants may be these sur
factants have hydrophilic segment as well as hydrophobic segment, the hydropho
bic segment would wind around the surface of CNFs, while the hydrophilic ones 
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Fig. 2. Stress-strain curves for different surfactant-coating CNF/epoxy composite. 
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Table 1. Tensile properties of different surfactant-coating CNF/epoxy composite. 

CNF content 
(Wt %) 

0 
2 
2 
2 
2 

Surfactant 

— 
,— 

PVA(1799) 
• A E O g 

AEO7 

Tensile strength 
(MPa) 

52 
46 
55 
62 
58 

Elastic modulus 
(MPa) 

1177 
1175 
1348 
1385 
1337 

Ultimate strain 

(%) 
5.90 
5.08 
5.78 
8.04 
7.73 

distribute outside of the CNFs and form hydrogen bonding with epoxy, which is in 
favor of the dispersion of CNFs among epoxy matrix and improve the interfacial be
havior. As a result, the load can be effectively transferred onto the CNFs when the 
composite is load-bearing. For AEO7 and AEO9, the hydrophobic segment is alkyl 
(mostly dodecyl), the hydrophilic segment is polyoxyethylene and hydroxy. The 
alkyl has strong interfacial bonding with CNFs, and the hydroxy and polyoxyethy
lene had strong interfacial bonding with epoxy. So AEO7 and AEO§ worked as 
reinforcement agent of the interfacial bonding of CNFs and epoxy. For PVA, the 
hydrophobic segment is polyethylene chain with hydroxy, and the hydrophilic is 
hydroxy. So PVA has an effect analogous to polyoxyethylene alkyl ether. However, 
there are many hydroxys on polyethylene chain, the hydrophobic properties of the 
polyethylene chain was weaker than that of the alkyl. So AEO7 (or AEO9) should 
have stronger interfacial bonding effect than for PVA 1799. Figure 3 shows the frac-
tural surfaces of CNF (with and without surfactant-coating)/epoxy composites. In 
the case of the CNFs are not coated by surfactant, many CNFs were pulled out 
from epoxy matrix and slick ducks were left; when the CNFs are coated, the broken 
CNFs can be observed. These results indicate that the interfacial bonding between 
the coated CNFs and the epoxy is strong, while that between the uncoated CNFs 
and the epoxy is weak. 

Fig. 3. SEM images of fracture surface of (a) CNF/epoxy composite and (b) surfactant-coating 
CNF/epoxy composite. 
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Table 2. Tensile properties for CNF/epoxy composites with different ratio 
of surfactant to CNFs. 

Weight ratio of 
surfactant: CNF 
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Fig. 4. Stress-strain curves of the composites with different surfactant contents. 

3.2. Effect of the surfactant concentration on the tensile 
properties of the CNF/epoxy composite 

Two AEO9 concentrations were employed to evaluate the surfactant concentration 
effect. The tensile results of the composites obtained are listed in Table 2 and 
Fig. 4. It is showed that with the increase in the AEO9 concentration, the tensile 
strength does not increase, apart from the increase in the elongation. There is a 
noticeable decrease in elastic modulus due to the surplus surfactant acted as the 
plasticizer of the epoxy matrix. The plasticizers will dilute polymer matrix and the 
weaker interaction between polymer chains, so the elastic modulus of polymer ma
trix was decreased. Therefore, a suitable concentration of surfactants is important to 
improve the overall mechanical properties of CNF/epoxy composites. 

4. Conclusion 

Three kinds of surfactants (PVA 1799, AEO7 and AEO9) were coated on the surface 
of CNFs, and then surfactant-coating CNF/epoxy composites were fabricated. The 
surfactants can be effectively coated on the CNFs thus enhance the interfacial 
bonding between the CNFs and the polymer matrix. The max increase of the tensile 
strength and the ultimate strain of the composites were increased by 20% and 70%, 
respectively, as compared with the composites reinforced by as-prepared CNFs. 
When the percentage of the added surfactants is too high, the surplus surfactant 
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acted as plasticizer and lowered the elastic modulus of the composites. Moreover, 
AEO9 seems to be the most effective surfactant to improve the tensile properties 
of CNF/epoxy composites. 
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Diamond whiskers were formed by etching diamond thin films using metal clusters as 
a shadow mask, which were deposited on the diamond film before or during etching. 
The whiskers were as thin as 100 nm and the density was as high as 10 1 0 /cm 2 . The 
secondary electron emission yield of the diamond whiskers was significantly reduced as 
compared to the initial diamond film. The decrease in the yield was more significant if 
the primary electrons were impinged in parallel direction with the whiskers. We suggest 
that absorption of the secondary electrons in the narrow gap between the whiskers was 
the reason for the decreased yield. 

Keywords: Diamond; whisker; field emission; secondary electron emission; etching. 

1. Introduction 

Secondary electrons are emitted when primary particles bombard a material. The 
secondary electron emission (SEE) yield depends on several factors. For example, 
if the electron-electron interaction is weak as in the wide band-gap materials, more 
secondary electrons can reach the surface to escape to vacuum. This is why diamond 
shows high SEE yield. The reported values of SEE yield of diamond show a large 
variance due to the different chemical status of carbon atoms on the diamond 
surface. The chemical states and the morphology of a material is an important 
parameter determining the SEE yield,1 which is actually the operational principle 
of a scanning electron microscope. We report here that the secondary electron 

* Corresponding author. 
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emission from diamond is significantly reduced by forming whiskers on the surface. 
We suggest that the decreased emission is due to the trap of the emitted electrons 
inside the narrow holes between the whiskers. 

2. Experimental 

Poly crystalline diamond films were prepared on a Si substrate using hot filament 
chemical-vapor-deposition method. 2% methane and 98% hydrogen gas were blown 
into the chamber to maintain 60 Torr pressure. The Si substrate was kept at 950°C 
using hot filaments positioned 2 cm above the substrate. The diamond films grown 
were 3 /xm thick. The average sheet resistance of the films was around 0.2 x 106 fi/D. 

The plasma etching forming whiskers was performed using radio frequency (RF) 
discharge of dry air. The RF power was 300 W and the airflow was controlled to 
keep the chamber pressure at 25 mTorr. The self-bias voltage to the substrate 
was typically —180 V. After the plasma etching, the samples were washed in acid 
solution to remove metal clusters adsorbed during the etching process. The acid 
treatment is also known to remove nondiamond substance and hydrogen from the 
surface.2 

The SEE was measured by bombarding the samples with primary electrons of 
varying energies at different incident angles. The primary electron beam diameter 
was 2 mm and the current was 0.3 /J,A. The sample current was measured and 
converted to the SEE yield using the relation, primary current + sample current = 
secondary current. 

3. Results and Discussions 

Figure 1(a) shows a scanning electron micrograph (SEM) of the initial diamond 
film grown on a Si wafer. Figure 1(b) shows the whiskers after plasma etching 
process, and Fig. 1(c) shows whiskers after washing in acid to remove metal clusters 
deposited on the diamond during etching. The diamond whiskers shown in Fig. 1(c) 
are as tall as the thickness of the initial diamond film. Photoemission measurement 
showed that the metal clusters on the whiskers were Mo, which we believe was 
originated from the sputtering of the Mo substrate holder during etching. The 
different etching rates between the diamond and Mo, the angle dependence of the 
etching rate, and the positive bias voltage applied to the substrate were the reasons 
for the formation of the high-density diamond whiskers.3'4 This process of whisker 
formation is illustrated in Fig. 2. 

The SEE yield depends on the degree of electron-electron interaction and the 
surface barrier height. The SEE also depends on the surface morphology because 
the escape probability of the secondary electrons depends on the distance to reach 
the surface. To study how whisker morphology affected the SEE yield, we prepared 
diamond whiskers of different heights by varying the etching time. Figure 3(a) shows 
the initial diamond film before etching, and the whiskers shown in Figs. 3(b)-3(d) 
are roughly 200 nm, 400 nm, and 600 nm long, respectively. 
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Fig. 1. The diamond whisker, were formed \>y air plasma eU.Iiiiip; of poly crystalline diamond thin 
film grown by chemical vapor deposition on a Si substrate. The SEM micrographs of (a) the initial 
diamond film, (b) whiskers before washing the metal clusters, and (c) whiskers after washing away 
the metal clusters were shown. 

Air plasma 

Mo Substrate 

Diamond Naiio-Whisker 

Fig. 2. Schematic process of the whisker formation. Metal clusters deposited onto-" the diamond 
during etching play a role of etch-resistant mask. 

Figures 4(a)-4(d) represent SEE yields obtained from the samples shown in 
Figs. 3(a)-3(d), respectively. The yield from the initial diamond film is larger when 
the primary electron impinging direction is vicinal to the substrate surface because 
in this case the distance for the secondary electrons to escape to vacuum is short.* 
The maximum yield for the normal primary electron impinging direction occurs 
when the energy of the primary electrons is around 500 eV. With 60° direction, 
it occurs when the energy is around 1000 eV. The yields for normal, 20°, and 40° 
directions are similar due to the bumpy surface of the granular diamond film. When 
the whiskers are about 200 nm long, the SEE yield has decreased significantly 
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Fig. 3. (a) SKM micrograph o\' the cross-section of the initial diamond iihii. (b) (d) Diamond 
whiskers of increasing lengths by air-plasma etching for increasing time. 
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Fig. 4. SEE yield from diamond and diamond whisker samples for different incident angles of the 
primary electrons. The yields (a)-(d) were obtained from the samples shown in Figs. 3(a)-3(d), 
respectively. 
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for all primary electron incident angles, as shown in Fig. 4(b). For normal and 
20° directions, the yields decrease after passing the maximum, for the increasing 
primary electron energy, but for 40° and 60°, the yields stay constant. When the 
whiskers are 400 nm long, the yields for normal and 20° decreased more as compared 
to 200 nm whiskers and stay constant for high primary electron energy [Fig. 4(c)]. 
The trend that SEE yield stay more or less constant at high primary electron energy 
for all primary electron impinging direction is repeated for 600 nm-long whiskers 
shown in Fig. 3(d). 

For the primary electrons impinging from the direction normal to the surface, 
small fraction of the primary electrons hit the tip of the whiskers. Majority of the 
primary electrons will hit the side of the whiskers or the bottom of the hollow holes, 
and thus the secondary electrons have to travel a long distance to escape out of the 
whiskers. Since many secondary electrons will be recaptured before they escape, 
because their energy is low, the SEE yield of the whiskers is smaller than that of 
the bulk. 

For bulk material, the SEE yield becomes maximum when the penetration depth 
of the primary electrons is approximately equal to the escape depth of the secondary 
electrons.5 This is because when the primary electron energy is low, secondary 
electrons are produced close to the surface but the quantity is small, and when the 
primary electron energy is high, larger number of electrons are scattered but the 
scattered electrons have to travel greater distance before escaping to vacuum. As 
the primary electron energy increases the latter effect becomes significant and the 
SEE yield start to decreases. For the case of whiskers, the situation is different. If 
the primary electron energy is high, they can pass more whiskers before they are 
stopped. Since the secondary electrons can escape through the sidewall of the thin 
whiskers, the distance to the surface is not a limiting factor. Once the secondary 
electrons escape, they still have to travel up the hollow holes between the whiskers 
before they escape from the whiskers. This limits the SEE yield for whiskers. The 
SEE yield data obtained from long whiskers, depicted in Fig. 4(d), show that, 
different from the case of bulk materials, the yield almost saturates at high primary 
electron energy. 

4. Summary 

We have studied the secondary electron emission from diamond whiskers. Whiskers 
on the diamond surface significantly suppressed the secondary yield due to the 
trap of the emitted electrons inside the hollow holes between the whiskers. For the 
primary electrons impinge at the glazing angle, the yield increased with the primary 
energy because the primary electrons could pass more whiskers. 
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Cube-shaped CdS nanoparticles have been successfully prepared by a sonochemical 
method in an oil-in-water microemulsion. The product was characterized by using tech
niques including X-ray powder diffraction, high-resolution transmission electron mi
croscopy, energy-dispersive X-ray analysis and UV-visible absorption spectroscopy. This 
microemulsion system in the presence of high-intensity ultrasound irradiation provides 
special conditions for the nucleation and growth of the CdS nanoparticles. 

Keywords: CdS; nanoparticles; sonochemistry; microemulsion; cube-shaped. 

There has been increasing interest in the preparation and characterization of chalco-
genides due to their important physical and chemical properties.1 Among the 
chalcogenides, CdS is one of the most attractive semiconducting materials owing to 
its special properties and wide application in various fields, especially in photocon
ducting cells. It is known that the chemical and physical properties of nanosized 
semiconductors depend on their size and morphology. Therefore, control over both 
size and morphology has become the focus of interest of many synthetic chemists 
and materials scientists. In the past few years, nanocrystalline CdS with various 
morphologies including spherical nanoballs,2 nanorods or nanowires,3 nanoribbons,4 

hollow spheres,5 and peanut-like particles6 have been successfully synthesized via 
several novel synthetic routes. However, up to now, designing new strategies for the 
fabrication of cube-shaped CdS nanoparticles still remains a great challenge. 

Currently, ultrasound irradiation offers a very attractive method for the prepa
ration of nanosized materials and has shown very rapid growth in its applica
tion to materials science due to its unique reaction effects and its ability to in
duce the formation of novel materials with unusual properties.7 It has been re
ported that exposing an aqueous solution containing cadmium salts and sodium 
thiosulfate will lead to the formation of spherical CdS nanoparticles.8 Sonochem
ical preparations of spherical assemblies composed of CdS spherical particles in 
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CS2-water-ethylenediamine (CWE) system9 have also been recently reported. 
Herein, we design a new strategy to prepare cube-shaped CdS nanoparticles sono-
chemically in a microemulsion. To the best of our knowledge, the preparation of 
cube-shaped CdS nanoparticles has never been reported before. 

In a typical procedure, 5 mL sulfur-toluene solution (STS) was mixed with 95 mL 
aqueous solution containing 0.005 mol cadmium chloride (CdCb), 0.4 g sodium do-
decyl sulfate (SDS) and 5 mL ethylenediamine. STS was prepared by stirring 1.0 g 
sulfur powder in 50 mL toluene at ca. 313 K till the sulfur powder was completely 
dissolved. Then the mixtures were exposed to ultrasound irradiation under ambi
ent air for 30 min. Ultrasound irradiation was accomplished with a high-intensity 
ultrasound probe (Xinzhi Co., China; JY92-2D; 0.6 cm-diameter; Ti-horn, 20 kHz, 
60 W/cm2) immersed directly in the reaction solution. The sonication was con
ducted without cooling so that a temperature of about 333 K was reached at the 
end of the reactions. When the reactions finished, a yellow precipitate occurred. 
The precipitate was separated by centrifugation, washed with distilled water, ab
solute ethanol and acetone in sequence, and dried in air at room temperature. 
The final products were characterized by using techniques including X-ray powder 
diffraction (XPRD), high-resolution transmission electron microscopy (HRTEM), 
energy-dispersive X-ray analysis (EDAX) and UV-visible absorption spectroscopy. 
The XPRD analysis was performed by Shimadzu XD-3A X-ray diffractometer with 
graphite monochromatized Cuxa radiation (A = 0.15418 nm). The HRTEM im
ages were obtained by employing a JEOL-2010 high-resolution transmission elec
tron microscope with a 200 kV accelerating voltage. EDAX measurements were 
performed by employing the PV9100 instrument. Ruili UV-2400 photospectro-
meter was used to record the UV-visible absorption spectrum of the as-prepared 
particles. 

The morphology and structure of the as-prepared CdS nanoparticles were char
acterized by HRTEM. The HRTEM images (Figs. 1(A)-1(C)) reveal that the prod
uct is composed of cube-shaped nanoparticles with 3-6 nm in size. Though they 
are agglomerated, cubic morphology and hexagonal lattice fringes can be clearly 
seen. Figure 1(D) provides further insight into the structure of an individual CdS 
nanoparticle. It is obvious that this particle crystallizes in a hexagonal structure 
with cell constant a = b = 0.41 nm, as measured directly in Fig. 1(D). The spaces 
of lattice planes are close to those obtained from the bulk CdS crystals. The XPRD 
pattern of the product (Fig. 2) provides further evidence to its crystalline structure. 
All the diffraction peaks can be indexed to be a pure hexagonal phase for CdS. The 
intensities and positions of the peaks are in good agreement with the literature 
values.10 The average size of the as-prepared CdS nanoparticles is estimated to be 
5 nm according to the Debye-Scherrer formula.11 The product is also character
ized by EDAX measurements for evaluation of their composition and purity. The 
EDAX results reveal that the as-prepared CdS has high purity and the Cd:S ratio 
is calculated to be approximately 1:1. 
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Fig. 1. HRTEM images of the as-prepared CdS nanoparticles. 
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Fig. 2. XPRD pattern of the as-prepared CdS nanoparticles. 

Figure 3 shows the UV-visible absorption spectrum of the as-prepared CdS 
nanoparticles dispersed homogeneously in ethanol solution (the concentration is 
0.10 mg/mL). The maximum at about 475 nm is assigned to the optical transition 
of the first excited state.3 The absorption edge of CdS is blue-shifted from the 
absorption edge of the bulk CdS (512 nm), indicating the presence of quantum size 
effects in this sample. The blue-shift of the absorption peak is attributed to the 
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Fig. 3. UV-vis absorption spectrum of the as-prepared CdS nanoparticles. 

increase of the band-gap of the nanoparticles, which indicates the size quantum 
effects. 

The present synthetic design was motivated by the known simple interaction 
between sulfur and ethylenediamine,12 but it provided special conditions for the 
formation and growth of the sulfide nanoparticles in such a microemulsion system in 
the presence of high-intensity ultrasound irradiation. Sulfur-toluene solution (STS) 
was chosen as the sulfur source. When STS was mixed with water, a liquid-liquid 
heterogeneous system was formed. Sulfur powder was dissolved in toluene, the oil 
phase, and [Cd(en)x]2+, and excessive ethylenediamine was in the water phase. The 
cavitation behavior of ultrasound irradiation can lead to extraction, mixed phase 
reactions and emulsification in such a liquid-liquid heterogeneous system. Thus, 
an o/w microemulsion of toluene-in-water formed under ultrasound irradiation. 
Toluene droplets became homogenized and sulfur began to react with ethylenedi
amine at the oil-water interface to give H2S. Then the released H2S combined with 
[Cd(en)x]2+ to form CdS nuclei in the water phase. SDS played a critical role in this 
process. It not only promoted the formation of the microemulsion as the oil droplet 
stabilizer, but also provided the sites for the reactions by bridging the oil-water 
interface. The details of the formation of cube-shaped CdS nanoparticles in such a 
microemulsion under ultrasound irradiation is still under study. 

In summary, a novel sonochemical method for the preparation of cube-shaped 
CdS nanoparticles in a microemulsion has been successfully established. It may be 
extended to the preparation of some other chalcogenide nanoparticles and provides 
a promising way to produce nanoparticles with cubic morphology. 
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The electrochemical insertion-deinsertion of lithium into CuO electrode was examined 
by Cu K-edge X-ray absorption near edge structure (XANES) during the first electro
chemical cycle. The XANES spectra in the Li^CuO (x: lithium content) system reveal 
that the initial insertion of lithium leads to the reduction of the C u 2 + in the pristine 
CuO to form the reduced nanosized Cu metal. In the successive deinsertion of lithium, 
the reduced Cu particles changed partially to the phase of CU2O. 

Keywords: XANES; nanoparticles; CuO. 

1. Introduction 

Recently the formation and characterization of metal nanoclusters, which are 
formed by the electrochemical reaction of lithium with the metal oxide, has been 
intensively studied in a lithium/metal oxide cell.1"3 However, the electrochemical 
behavior of the metal oxide is still not fully understood. The discharge (insertion) 
reaction can be described as a formal displacement reaction: 2Li + MO —> Li20 + M, 
where MO is the metal oxides such as CuO, CoO, and Mn02- Among them, 
CuO has drawn great attention due to the high theoretical capacity (0.67 Ah/g 
and 4.26 Ah/cm3). Its large capacity leads to Li/CuO primary cells were pro
duced on an industrial scale, and many discharge reaction mechanism have since 
been proposed.3"8 Based on these characterization results, Ikeda and Narukawa 
reported that discharge reaction proceeds according to the following reaction: 
CuO + 2Li —> Cu + Li20.5 In contrast, Matsuda et al. suggested CuO to be re
duced stepwise: CuO —> Cu 2 0 —> Cu.6 Bates and Jumel claimed that the discharge 
mechanism first involve the insertion of lithium into CuO lattice and then forms 
both Cu 2 0 and Li20.7 Novak suggested the electrochemical insertion of the lithium 
into the CuO according to the following reaction: CuO + xe~~ + a;Li+ —• LixCuO 
(0 < x < 2).8 

* Corresponding author. 
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It is expected that the insertion-deinsertion reaction of lithium into the CuO 
electrode induces local structural and electronic perturbations of the materials, 
which can affect the oxidation state of the copper ion. X-ray absorption near edge 
structure (XANES) is known to provide valuable information about the local struc
tural parameters such as the oxidation state of the chemical species, site symmetry, 
and covalent bond strength of X-ray absorbing atoms.9 For these reasons, X-ray 
absorption spectroscopy has recently begun to be used as an ideal tool in the in
vestigation of the electronic and structural properties of metal oxides in the ma
terials science. The objective of the present study is to elucidate the mechanism 
of the lithium reaction with CuO from the viewpoint of the local geometric and 
electronic structures of Cu atoms. To achieve this objective, systems of formula 
LixCuO, where x is the lithium content, were analyzed by means of XANES during 
the first cycle. We found that lithium insertion is accompanied by the formation 
of metallic Cu nanoclusters, which are partially oxidized to CU2O after the first 
cycle. 

2. Experimental 

2.1. Electrochemical experiments 

Electrochemical behavior of CuO was investigated in lithium cells. Slurries were 
prepared that consisted of 80 wt% CuO powder (Aldrich, 99%), 10 wt% acety
lene black, and 10 wt% polyvinylidene fluoride (PVdF) dissolved in l-methyl-2-
pyrrolidinone. Electrodes were made by coating the slurry onto an aluminum foil 
substrate. Test cells were fabricated with these electrodes, metallic Li anodes, and 
polypropylene separators (Celgard 2400) in a glove box filled with Ar gas. 1.0 M 
solution of LiPFe in ethylene carbonate-diethyl carbonate (1:1 by volume) was used 
as the electrolyte. Cell performance was evaluated by galvanostatically discharging 
and charging the cell at a constant current density of 0.5 mA/cm2 in the voltage 
range 0.1-3.2 V at room temperature with a WBCS 3000 battery tester system 
(Won A Tech Corp, Korea). The lithium content (x) is calculated from the amount 
of electricity that has passed through the electrode. 

2.2. XANES measurements 

The Cu K-edge X-ray absorption spectra were recorded using the BL3C1 beam 
line at the Pohang Light Source (PLS) with a ring current of 120 ~ 170 mA at 
2.5 GeV. A Si(l l l ) monochromator crystal was used with detuning to 85% in 
intensity to eliminate high-order harmonics. Data were collected in transmission 
mode using gas-filled ionization chambers (85% nitrogen, 15% argon) as detectors. 
Energy calibration was carried out for all measurements using Cu foil placed in 
front of the third ion chamber. The XANES data analysis was carried out using 
the standard procedure.9 
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3 . R e s u l t s a n d D i s c u s s i o n 

Normalized Cu K-edge XANES spectra of the L i x CuO system in the first cycle 

are shown in Fig. 1 with some reference materials. Because the XANES spectra 

are very sensitive to the electronic structure of the X-ray absorbing atom, XANES 

spectra can be used for identifying chemical species. The first absorption peak on 

the absorption edge of pristine CuO at ~ 8985 eV and pure Cu foil a t ~ 8980 eV is 

the l s -4p+ shakedown transit ion which arises from a strong ligand to metal charge 

transfer induced by core-hole creation.1 0 The absorption peak at ~ 8982 eV appear

ing in pristine CU2O, is regarded as characteristic of a two-fold linear coordination 

for the absorbing Cu a tom. 1 1 The main peak around the 8992 eV is due to the 

electric dipole-allowed transit ion of a Is core electron to an unoccupied 4p bound 

state tha t appears in all Cu compounds. In comparison to the pristine CuO, the 

XANES spectra for the electrochemical insertion of l i thium change significantly 

and the shift of Cu K-edge energy occurs with the increase of the x value. The 

main features observed at lithiated CuO electrodes show a greater resemblance to 

the feature of Cu foil t han tha t of pristine CU2O. This indicates tha t the electro

chemical insertion of lithium leads to the reduced Cu° state, and consequently the 

gradual formation of Cu clusters. However, even at the highest insertion of l i thium 

(x = 2.24) its spectral feature is not exactly tha t of the reference spectrum of Cu 

foil. This difference can be explained by previous reports . 1 ' 3 

1 
I 
1 
o 

Pristine Cu20 

x = 1.74 (deinsertion)_ 

x = 2.02 (deinsertion) 

x = 2.15 (deinsertion) 

Cu foil 

x = 2.24 (insertion) 

x = 1.74 (insertion) 

x = 0.78 (insertion) 

Pristine CuO 

8960 
— 1 — 
8970 8980 8990 

Photon energy (eV) 

9000 9010 

Fig. 1. Normalized Cu K-edge XANES spectra for the first cycle. The lithium content (x in 
Li^CuO) is indicated in the figure. 
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Recently, our group reported the comparison of the XANES spectra between 
bulk Co metal and nanosized Co powder (approximately 7 nm).1 The XANES 
spectrum of the bulk Co metal showed a more intense feature than that of the 
nanosized Co powder due to the size effect. As the particle size decreases, the 
surface-to-volume ratio increases with a consequent increase in the fraction of Co 
atoms in distorted environments at the surface. Grugeon et al. have suggested that 
the insertion of lithium into copper oxides (CU2O and CuO) leads the formation 
of Cu nanograins dispersed in the Li20 matrix by using transmission electron mi
croscopy (TEM) and X-ray diffraction (XRD) results.3 In the present study, there
fore, the difference between the spectra of the fully lithiated Li^CuO and the pure 
reference Cu foil can be attributed to the structural difference between the pure 
Cu in the reference foil and the Cu in the nanoscale clusters in the Li20 phase, the 
spectral feature of which is modified by the surface effect between the Cu cluster 
and Li20 phase. 

In the deinsertion process, the main spectral feature of lithiated electrodes at 
x = 2.15 and 2.02 show no noticeable variation compared with those of pure Cu foil. 
However, the Cu K-edge energy of LixCuO (x = 1.74) obtained during the 3.2 V 
charging step shifts to the vicinity of the pristine CU2O. This result indicates that 
the following charging process converts Cu nanograins into CU2O. The further study 
strengthens the following conclusion: the linear combination fitting was performed 
on the lithiated electrode (x = 1.74) using reference spectra of Cu foil and CU2O 
(figure is not shown). An excellent fit could be obtained for a lithiated electrode 
containing 43.5% Cu 2 0 and 56.5% Cu. The XANES results suggest that CuO is 
fully reduced to the Cu nanocluster and that the resulting metallic coppefxdoes 
partially reoxidized to CU2O and not to CuO during the first insertion-deinsertion 
process. 

4. Conclusion 

The reduction mechanism of the CuO/Li cell was investigated using Cu K-edge X-
ray absorption spectroscopy. The XANES spectra show marked variations over the 
first electrochemical cycle. The initial insertion of lithium leads to the reduction 
of the Cu2 + in the pristine CuO to form the reduced metallic Cu nanoclusters. 
The nanosized Cu evolves gradually with a well-separated distribution in the Li20 
matrix. In the successive deinsertions of lithium, the reduced Cu nanoparticles 
change partially to CU2O particles. The nature of the formation of CU2O will be the 
subject of further studies. The results suggest that X-ray absorption spectroscopy 
is a valuable tool in the study of nanoparticles in materials science. 
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The spreading behavior of a bolaamphiphilic diacid (1,18-octadecanedicarboxylic acid, 
ODA) on an aqueous subphase containing lanthanum chloride was investigated. ODA 
formed a multilayer film on the subphase, and flower- or ring-like nanoarchitectures 
were observed by an AFM measurement on the transferred one-layer film. It was found 
that while the above exotic nanostructures were formed in the spreading films at lower 
concentration of L a 3 + ion, only aggregated circular nanoparticles were observed for those 
on a higher concentration of La3-*" ion. 

Keywords: Nanoflower; bolaamphiphile; Langmuir film. 

1. Introduction 

Supramolecular nanoarchitectures have been attracting considerable interest in 
nanoscience and technology. Air/water interface can provide a good environment for 
the fabrication of two-dimensional nanostructures and many interesting nanostruc
tures are assembled on the water surface.1-3 For example, two-dimensional micelles 
have been fabricated at the air/water interface by using a partial fiuorinated fluo-
rocarbon compounds.4 Recently it was further shown that even without the polar 
group, semifluorinated alkane C8F17C16H33 can also form interfacial micelles.5 As 
compared with the large amount of work on the supramolecular assembly based 
on typical amphiphile in which one polar group and a long hydrophobic chain are 
contained, relatively less works have been reported on the bolaamphiphiles. Bo
laamphiphile describes a class of amphiphile in which two polar head groups are 
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linked by one or more hydrophobic chains.6 Bolaamphiphile may show different 
configurations at air-water interface.7 

Recent work of Weissbuch et al. have confirmed the multilayer formation of some 
dicarboxylic acids on the subphase containing divalent metal ions using an in situ 
grazing-incidence X-ray diffraction (GIXD) method.8,9 We have investigated the 
in situ coordination of a bolaamphiphilic 1,18-octadecanedicarboxylic acid (ODA) 
with mono- and trivalent metal ions. Fiber- and flower-like nanostructures were 
observed for the spread Langmuir films of ODA on the subphases containing Ag+ 

and Eu3 + , respectively.10 In this paper, we have extended our work to the effect 
of lanthanum ion on Langmuir film of ODA. The concentration of the metal ions 
in the subphase, which was neglected before, was also investigated. The nanoflower 
and nanoring architectures were observed for ODA Langmuir films spread on the 
subphase containing La3 + . The special role of the rare earth metal ions in forming 
the exotic nanostructure was discussed. 

2. Experimental 

1,18-Octadecanedicarboxylic acid (HOOC-(CH2)i8-COOH, ODA, purchased from 
Tokyo Kasei) and LaCl3.7H20 (Wako Pure Chemical Industries, Ltd.) were used 
without further purification. The subphase was prepared by dissolving the metal salt 
in a highly purified Millipore Q water (18 MO cm) at a concentration of 1 x 10~5-
1 x 1 0 - 3 M. The chloroform-formed solution (~ 10 - 4 M) was spread on the subphase 
containing different concentrations of LaCl3. After waited for 30 min, the n-A 
isotherm were recorded. One-layer of Langmuir film on aqueous LaCb solution was 
transferred onto a silicon wafer (pretreated with a RCA method) at 10 mN/m at 
20°C using a scooping-up method. The morphologies of the transferred Langmuir 
films were observed using a Seiko AFM equipment with a contact mode. 

3. Results and Discussion 

Figure 1 shows the TT-A isotherms of ODA spread on the subphase containing 
various concentrations of LaCl3. Different from the isotherm of ODA on pure water 
surface, a condensed type isotherm was obtained in each case. This indicates that 
only a small amount of La3 + can affect the spreading behavior of ODA. However, 
the molecular areas of the spreading film are too small to be regarded as monolayers. 
Weissbuch et al. have investigated the spreading films of an a, w-tetracosanedioic 
acid on the subphase containing metal ions and verified the multilayer formation. In 
addition, these isotherms are similar to those reported on the subphase of AgN03 
or EUCI3. On the other hand, with increasing concentration of the La3 + , there 
is a tendency that the molecular areas become larger. However, these isotherms 
cannot reflect any information on the molecular packing because it did not carry 
the monolayer. No further information could be obtained from the -n-A isotherms. 

Figure 2 shows the AFM images of one-layer scooped-up Langmuir film formed 
on the subphases containing different concentrations of LaCl3 on silicon wafers. In 
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Fig. 1. 7r-A isotherms of ODA films spread subphases containing various concentrations of LaCl3. 
(a) 1 x 10" 5 , (b) 1 x 10" 4 , and (c) 1 x 1CT3 M. 

the case of lower concentration of LaCl3 (Figs. 2(a) and 2(b), 1 x 10~5 M), many 
flower-like domains are observed. The sizes of the domains are about one micro
meter. It is further observed that the flowers are composed of many nanoparticles. 
These pictures are similar to the case of EUCI3, suggesting the similarity between 
the La3 + and Eu 3 + in interacting with the ODA. 

At a middle concentration of the subphase (1 x 10 - 4 M, Fig. 2(c)), it formed a 
nanoring, i.e., the circular edges are much higher than that in the case of a lower 
concentration. The height differences of the ring and the center is about 14 nm. The 
size of the ring is about 500 nm. At a higher concentration of the La3 + (1 x 10~3 M, 
Fig. 2(d)), no ring or flower could be seen. Many aggregated nanoparticles with a 
size of hundred nanometers are formed. These nanoparticles showed a very rough 
surface. These differences might be attributed to the reaction completeness between 
ODA and La3 + . At a lower concentration of La3 + , the reaction between the car-
boxylic groups of ODA and La3 + was incomplete and some of the ODA were mixed 
in the film. These mixed ODA molecules in the film may form hydrogen bond and 
joined nanoparticles to form the nanoflowers. At a higher concentration, the reac
tion between ODA and La3 + undergoes completely and the resultant molecules form 
the circular nanoparticles. The ring structure can be regarded as an intermediate 
structure from the flower to nanoparticles. 

On the other hand, when ODA was spread on the subphase containing divalent 
ions such as Cu(II) and Zn(II), only aggregated nanoparticles were found. In ad
dition, we have also tried trivalent ions such as AICI3 and FeCl3. Only irregularly 
aggregated nanoparticles were observed. These flower- or ring-like nanostructures 
are due to the higher coordination ability of the rare earth metal ions. Due to 
the unoccupied 4f orbital, these rare earth metal ions have higher coordination 
ability and can combine a large number of ligands. While a larger research inter
est has been devoted to the function of rare earth coordination compounds, our 
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results suggested that these rare earth metal ions may play some important roles 
in constructing nanostructures. 

In conclusion, we have found that a bolaamphiphlic diacid can form a multilayer 
Langmuir film with La3 + on water surface. Depending on the concentration of the 
La3 + , various nanostructures could be formed. At a lower concentration, nanoflow-
ers or nanorings were predominantly formed. While at higher concentration, the 
aggregated nanoparticles were formed. 
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New Mnl2 single-molecule nanomagnets [Mni20i2(02CCHCl2)(H20)4]-2CH2Cl2-H20 
and [Mni20i2(02CCHCl2)(H20)4]-2CH 3 C 6 H 5 -4H20 and novel Mnl8 complexes 
[Mi8Oi4(02CR)i8(hmp)4(hmpH)2(H20)2] (R = Me, Et) have been synthesized and 
characterized by single crystal X-ray crystallography and dc- and ac-magnetic suscep
tibility measurements. Mnl2 complexes show characteristic SMM properties, such as 
temperature-dependent out-of-phase ac-susceptibility. Mnl8 does not show relaxation 
behaviors down to 2.0 K, but reveals magnetic anisotropy in reduced magnetization 
experiment. 

Keywords: Single-molecule magnets; manganese; ac-susceptibility; magnetic hysteresis. 

The synthesis of a magnetic molecule having unusually large spin value and large 
negative anisotropy value is an area of intensive current research, because it is the 
prerequisite for developing the emerging class of single-molecule magnets (SMMs). 
SMMs, as a prototype of nanomagnets, display intramolecular magnetic hysteresis 
loop; each independent molecule in these materials possesses the ability to func
tion as a magnetizable magnet, owing to intrinsic intramolecular properties rather 
than intermolecular interactions and long-range ordering.1 Thus, SMMs are re
garded as the ultimate high-density memory devices in the future. Since the do-
decanulear manganese cluster with the composition [Mni20i2(02CMe)i6(H20)4] 
(Mnl2ac) had been discovered as a single-molecule magnet,2 - 4 many research ef
forts have focused on exploring new Mnl2 complexes having different alkyl or aryl 
substituents. It is especially important to control crystal symmetry of Mnl2 com
plexes for systematic investigation on the origin of magnetic quantum tunneling of 
these complexes. The scarcity5 of examples of Mnl2 complexes possessing higher 
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1 2 

Fig. 1. ORTEP diagrams of [Mni20i2(02CCHCl2)i6(H20)4] • 2CH2C12 • H 2 0 (1) and 
[Mni20i2(02CCHCl2) i6(H 2 0) 4 ] • toluene • 4 H 2 0 (2) at the 50% probability level. Chlorine atoms 
of dichloroacetate are omitted for clarity. 

symmetry than monoclinic system spurred us to find a new Mnl2 having higher 
crystal symmetry. On the other hand, in the course of our efforts to explore a 
new class of SMM, we discovered novel Mnl8 cluster complexes. Here, we briefly 
report on synthesis, structure and magnetic properties of new Mnl2 and Mnl8 
complexes. 

Mnl2ac was synthesized according to the reported method.2 An azeotropic 
distillation of mixture of Mnl2ac with dichloroacetic acid (32 equivalents) in 
toluene resulted in ligand substitution. Recrystallization of dark brown solids in 
dichloromethane-hexane gave us analytically pure [Mni20i2(C>2CCHCl2)i6(H20)4] • 
2CH2CI2H2O (1). However, recrystallization in toluene-hexane produced 
[Mn12Oi2(02CCHCl2)i6(H20)4]-2CH3C6H5 • 4H20 (2). ORTEP diagrams6 of 1 
and 2 are displayed in Fig. 1. The complex 1 crystallizes in a monoclinic P2\jn 
space group with four molecules in a unit cell. The z-axis of each molecule is almost 
orthogonal relative to each other. The complex 2 crystallizes in an orthorhombic 
Ccca space group with four molecules in a unit cell. The z-axes of molecules are al
most parallel to each other. The structure features of [Mni 2(/i3-0) 12] cores of 1 and 
2 are comparable to those of the other Mnl2 complexes: The inner core [Mn4V04]8+ 

cubane unit is held within a nonplanar ring of eight M n m atoms by eight /i3-02~ 
ions. The axial M n l n - 0 bonds are tetragonally elongated due to Jahn-Teller distor
tion, and approximately parallel to the molecular C% axis. The four water molecules 
are located on the two Mn atoms to complete octahedral coordination. 

The ac-susceptibility data were measured for both polycrystalline samples 
of 1 and 2 in zero dc field. As shown in Fig. 2, both complexes exhibited 
frequency-dependent out-of-phase susceptibility X'M Pe&ks in the range of 2-10 K, 
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Temperature (K) Temperature (K) 

(a) (b) 

Fig. 2. Temperature dependence of out-of-phase ac-susceptibility ( X M ) f° r (a) -*• a n ( i 03) 2-

demonstrating a characteristic feature of superparamagentic behaviors of single-
molecule magnets. A temperature of maximum in \'M decreases as the frequency 
is decreased. In the case of complex 2, the temperatures for a maximum in x'u 
are 4.7 K (20 Hz), 5.3 K (100 Hz), 5.9 K (499 Hz), 6.5 K (997 Hz) and 6.8 K 
(1488 Hz). It is not unusual to observe two peaks in XM f° r Mnl2 complexes in a 
temperature range of 2-7 K. Relative peak intensity of these two peaks depends 
on solvated molecules.7 Jahn-Teller isomerism is proposed to explain the origin of 
the different relaxation behaviors based on different arrangement of coordinated 
water molecules.8 However, complexes 1 and 2 have only a large single peak in this 
temperature range. 

Octadecanuclear manganese cluster complexes with the composition of 
[Mni8Oi4(02CR)i8(hmp)4(hmpH)2(H20)2] (hmpH = hydroxymethyl pyridine; 
R = Me; 3, Et; 4) have been obtained by treatment of a stirred slurry of 
Mn(acetate)2 • 4H20, hmpH and RCOOH in methylene chloride with strong oxi
dizing agent Bu^NMnO^ X-ray crystallographic studies show that these complexes 
consist of mixed valent [Mn4IMnI

1
I
4
I(yti3-0)1o(/X4-0)4] core with peripheral chelation 

provided by eighteen acetate ligands, four hmp~, two hmpH ligands, and two ter
minal water molecules.9 Magnetic susceptibility data were obtained with powder 
samples of 3 and 4 dried under air. The magnetic susceptibility data as a func
tion of temperature, measured with an applied field of 1 kG by using a SQUID 
magnetometer are displayed in Fig. 3. The manganese ions of complex 3 has Weiss 
constant 8 = - 7 5 K in high temperature region (above 150 K) and 8 = - 1 4 K in 
low temperature region (70 ~ 150 K), indicating strong intramolecular antiferro-
magnetic couplings between manganese ions. Below 50 K, XMT drops faster down 
to 2.0 K (7.6 cm3 K mol - 1) because of intermolecular antiferromagnetic interac
tions and zero-field splitting effects. Reduced magnetization data were collected in 
the ranges 40-50 kG and 2.0-10.0 K and the split of isofield lines shows that the 
zero-field splitting exists in the complex 3. 
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Fig. 3. Temperature dependence of (a) XMT (•) and 1 /XM (d) and (b) plot of M/NJUB versus 
H / T for 3. 

Alternating current susceptibility measurements, carried out for the powder 

sample 3 in the temperature range of 2.0-10 K, do not show out-of-phase (X'M) 

signals. However, Brechin et al. reported a new [Mnis ] 2 + single-molecule magnet 

which shows tempera ture dependency of ac-susceptibility in the 0.99-1.44 K region 

and magnetic hysteresis loop in the 0.04-1.0 K.1 0 Based on these recent results, 

we expect our Mnig cluster may exhibit single-molecule magnetic behavior below 

2.0 K. 
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The fluorescence behavior of 3, 3'diethyl-thiacarbocyanine iodide in micrometer-sized 
polystyrene droplets, or "domes" on glass substrates was investigated. The samples 
were prepared by casting dilute polymer/dye solutions onto the substrates. A dewetting 
process leads to the formation of small polymer domes with a diameter of 1-100 ^m 
and a height of 100 nm to several (jm. Fluorescence microscopy shows that the dye is 
incorporated into these polymer domes. It was found that the absorption and fluores
cence spectra depend on the size of the polymer domes. Larger domes show red-shifted 
fluorescence spectra. 

Keywords: Fluorescence micro-spectroscopy; size-control; dewetting. 

1. Introduction 

1.1. J-aggregates 

Organic dyes are one of the important materials in nanotechnology. For photonics 
and molecular electronics it is essential to control the orientation and aggregation 
of dyes on the nanometer-size level. Once the molecular orientation and thus the 
intermolecular interaction can be tailored, they can be useful materials for many 
applications, e.g., solar cells, LEDs, sensors, etc. Cyanine dyes, for example, are 
used as stains for DNA and as sensitizers in photographic films. Above certain con
centration cyanines may aggregate and form the so-called J-aggregates that show 
narrow absorption spectrum, which is red-shifted from the absorption spectrum of 
the isolated molecules.1'2 J-aggregates have a small Stokes shift and thus the maxi
mum emission in the fluorescence spectrum appears at nearly the same wavelength 
as the absorption. The narrow absorption spectrum of the J-aggregates makes these 
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compounds ideal as sensitizers in photographic films, since they absorb only photons 
with a narrow energy distribution. AFM and SNOM investigations have shown that 
J-aggregates consist of fiber-like ribbons with a diameter of several ten nanometers 
and a length of several ten micrometers. For most applications, the cyanine dye 
is mixed with a polymer solution and spin cast onto substrates, such as glass or 
polycarbonate, to form continuous films. The J-aggregates was formed either in 
solution or during the casting process. Thus it is difficult to control the size of the 
J-aggregates. 

1.2. Dewetting 

Here we propose a new way of controlling the size of J-aggregates by dewetting of the 
polymer matrix. Polystyrene, among many polymers, is known to form micrometer-
sized polymer droplets, or "domes" on a substrate when it is cast from dilute 
solution.3 The size of the polymer domes can be controlled by the concentration, 
evaporation speed, and other parameters, and is in the range of 0.2-100 /im in 
diameter and 5 nm-5 /ini in height. Thus the volume of a single dome is in the 
range of 1 attoliter to a few femtoliter. 

Here we describe the results of a cyanine dye, 3,3'diethyl-thiacarbocyanine io
dide, mixed with a dilute polystyrene solution in chloroform. When casting, dewet
ting takes place, and the dye is incorporated into the polymer domes. A microscope 
spectrometer is used to measure the absorption and fluorescence spectra of indi
vidual domes. It was found that the spectra depend on the dome size. Thus this 
dewetting method can be used to tailor the photonic properties of J-aggregates and 
it may offer a new way to produce novel photonic devices from known materials. 

2. Resul ts and Discussions 

Figure 1 shows an optical micrograph of a typical sample. The optical microscopy 
reveals the presence of polystyrene domes. As the dye is incorporated in the 

Fig. 1. Optical micrograph of a dewetted polystyrene sample with 10 wt% cyanine dye. The bar 
corresponds to 10 fun. 
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Fig. 2. (a) and (b) The absorption and fluorescence spectra of cyanine dye incorporated in 
polystyrene microdomes. (c) The close-up of the absorption peak of a blue dome ( ) and 
a green ( ). 

polymer matrix, the domes show a blue or green color. Figure 2 shows the absorp
tion and fluorescence spectra of two individual domes that show different colors, 
green and blue, by optical microscopy. The blue-colored dome shows a sharp ab
sorption peak at 608 nm. This absorption is very similar to the green dome, which 
absorbs also at 608 nm. Thus the difference in color is not due to a different absorp
tion maximum of the J-aggregate, but due to differences in the short wavelength 
absorption at 400 nm. The green dome shows a much stronger adsorption in that 
region. It is known that J-aggregates can have two absorption bands, which are due 
to the excitation of the long axis and short axis of the J-aggregate, respectively. 
Thus the difference in the ration of 608 nm and 450 nm absorption can be ex
plained by a linear dichroism, which depends on the orientation or on the size of the 
aggregate. 

The fluorescence behavior is also summarized in Fig. 2. Both domes show a 
sharp fluorescence peak close to the absorption, which is a proof for the presence 
of J-aggregates. The fluorescence maximum of the blue dome is at 616 nm, which 
results in a Stokes shift of 8 nm, which is in good agreement with well-ordered 
J-aggregates. The maximum fluorescence of the green dome is slightly red-shifted 
to 622 nm. Since both domes contain J-aggregates with a similar structure, this 
difference in Stokes shift is not expected. A careful observation of the absorption 
spectra shows that even though the maximum absorption is at the same wavelength, 
the green dome shows a long wavelength shoulder at 614 nm (see Fig. 2), which 
leads to a broadening of the absorption. It is known that J-aggregates have size-
dependent absorption spectra. The longer the J-aggregate, the more red-shifted is 
the absorption spectrum.4 Thus we may conclude that the J-aggregates in the green 
domes are larger than the J-aggregates in the blue dome. 

The red shift in emission from the green dome can then be explained by a relax
ation of the excitation energy into a lower energy level, which leads to a red shift in 
fluorescence. A detailed study of the fluorescence behavior of nearly 100 different 
domes show that there is a systematic dependence of fluorescence maximum on the 
dome size. It can be clearly seen that the fluorescence peak depends on the dome 
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Fig. 3. Dependence of the fluorescence maximum on the dome diameter. 

size in a nonlinear fashion. In larger domes, a red shift in the fluorescence peak was 
shown. 

The J-aggregates are formed in micrometer-sized polystyrene domes on solid 
substrates. Each dome contains J-aggregates. As J-aggregates cannot be larger 
than the dome, the size of the J-aggregate can be controlled by the dome size. 
Smaller domes contain smaller J-aggregates, which is also apparent from the ab
sorption spectra, where larger green domes show long wavelength shoulder in the 
absorption spectra. The fluorescence spectroscopy of many individual domes shows 
a dependence of the fluorescence maximum on the dome size. Larger domes have a 
red-shifted fluorescence. 

Thus the present way of preparing polymer microdomes is a promising way to 
control the size of the dye aggregates and thus their photophysics. 
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Self-assembling behavior of both a cardanol-appended glycolipid mixture and the frac
tionated four components has been examined in aqueous solutions. The cardanyl gluco-
side mixture differing in the degree of unsaturation in the hydrophobic chain was found 
to self-assemble in water to form open-ended nanotube structures with 10-15 nm in
ner diameters. The pure saturated homologue produced twisted helical ribbons through 
self-assembly, whereas the monoene derivative gave tubular structures. The rational con
trol of helical and tubular morphologies has been achieved by a combinatorial approach 
through the binary self-assembly of the saturated and monoene derivatives. The flexural 
rigidity of a single lipid nanotube was first evaluated using optical tweezers manipulation 
and then compared with that of natural microtubules. 

Keywords: Lipid nanotube; self-assembly; cardanyl glucoside; flexural rigidity; optical 
tweezers. 

1. Introduction 

Nanometer-sized hollow cylinder structures of graphene sheets, so-called carbon 
nanotubes, have recently been of great interest in terms of new intriguing nano-
structured materials, providing many electrical and photonic applications.1 Simi
lar morphologies in identical size dimensions can also be obtainable from synthetic 
amphiphiles through self-assembly. Yager and Schoen,2 and Nakashima et al.3 are 
the first to find out the self-assembly of lipid nanotubes based on bilayer mem
branes. Although nearly two decades have passed since these first reports on the 
lipid nanotubes, the number of known tube-forming amphiphiles is still relatively 
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small.4 The lipid nanotubes are generally produced by the transformation of vesicu
lar assemblies with fluid bilayer membrane into tubular structures with solid chiral 
bilayers via a helically-wound ribbon morphologies as the intermediate. Therefore, 
the lipid nanotubes can be considered as the final expression of molecular chirality 
at supramolecular level. Here we report the efficient and facile nanotube prepara
tion with 10-15 nm inner diameters from synthetic glycolipids 1, easily available 
from renewable plant crop-derived resources.5 Furthermore, we first describe the 
Young's moduli for the present single lipid nanotube in aqueous solutions.6 

2. Experimental 

The cardanol (a mixture of long chain phenol differing in the degree of unsaturation 
in the hydrophobic chain) was obtained by double vacuum distillation of cashew 
nut shell liquid (CNSL) and was coupled with penta-0-acetyl-/?-D-glucopyranose 
in anhydrous CH2CI2 by using BF3 OEt2- A mixture of four components was 
then obtained after deprotection of acetyl group; l-0-3'-n-(pentadecyl)phenyl-/3-D-
glucopyranoside 2 (5%), l-0-3'-n-(8'(Z)-pentadecenyl)phenyl-/3-D-glucopyranoside 
3 (50%), l-0-3'-n-(8'(Z),ll'(Z)-pentadecadienyl)phenyl-/?-D-glucopyranoside 4 
(29%) and l-0-3'-n-(8'(Z),ll/(Z)-14'-pentadecatrienyl)phenyl-/?-D-glucopyranoside 
5 (29%). Each pure component was obtained by the fractionation of the car-
danyl glucoside mixture 1 into its individual components by reverse-phase medium-
pressure column chromatography. The self-assembled fibrous and tubular structures 
were prepared by dispersing 1-5 mg of 1—5 in 50-100 ml boiling water. The obtained 
clear dispersions were gradually cooled to room temperature and were incubated 
under ambient conditions. For the manipulation of a single lipid nanotube, we used 
a commercially available optical tweezers (Sigma Koki LMS-46755). 

3. Results and Discussion 

The cardanyl glucoside mixture 1 self-assembled into characteristic helically-coiled 
ribbons after 12-24 h incubation (Fig. 1(b)), whereas the saturated homologue 2 
gave a helically-twisted morphology (Fig. 1(c)). Thus, we found that a different 
type of fibrous self-assembled morphologies were obtainable depending on the de
gree of unsaturation of hydrophobic long-chain phenol moieties. To the best our 
knowledge, the present findings can give the first example of morphological control 
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Fig. 1. (Left) TEM images of self-assembled high-axial-ratio nanostructures (HARNs) from syn
thetic glycoiipids 1 -5 ; (a) nanotube, (b) coiled-ribbons and (c) twisted-ribbon. (Right) Molecular 
packing within the lipid nanotube, 

of helical nanofibers by unsaturation of the hydrophobic chains.5'7 Interestingly, 
coiled ribbons formed from 1 were gradually converted into a tubular structure 
over a period of several days. High-resolution energy-filtering transmission electron 
microscopy (EF-TEM) revealed that the obtained lipid nanotubes have uniform 
inner diameters of 10-15 nm, outer diameters of 50-60 nm, and extended lengths 
of 10-1000 fjm (Fig. 1(a)). It should be noted here that the present lipid nanotubes 
can provide hollow nanocylinders of almost the same size dimensions as multiwail 
carbon nanotubes. The obtained lipid nanotubes proved to be stable only at temper
atures below the gel-to-liquid crystalline phase transition temperature (35-40°C) 
and transformed into spherical vesicles at temperatures above that. The twisted-
ribbon structures formed from 2 gave no morphological change even after several 
months of aging, resulting into no tubular structures. 

The d spacing of 3.9 nm obtained for the helically-coiled ribbons suggested 
the existence of interdigitated 3-4 bilayer sheets within the nanotubes (Fig. 1). In 
the present phenolic glycoside, TT-TT interaction between the aromatic rings plays a 
dominant role in stabilizing the nanofibers and the resulting nanotube structures. 
In contrast, octyl ^-D-glucopyranoside without aromatic rings does not produce 
any fiber structures. 

The differential scanning calorimetry of the fractionated diene 4 and triene 5 
derivatives in the fully hydrated state displayed a gel-to-liquid crystalline phase 
transition at 17.0°C and -25.0°C, respectively.8 This finding supports that the 
diene and triene components are in a fluid state at room temperature without 
participating the nanotube formation. We then employed saturated 2 and m o 
noene 3 derivatives as lead molecules for further mixing and binary self-assembly. 
On self-assembly in water, the pure monoene component self-assembled into nano
tube structures including tightly-coiled nanofibers. The two components were then 
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Fig. 2. Rational control of helical morphologies- through binary self-assembly. 

(a) (b) 

Fig. 3. (a) The evaluation of lexural rigidity of a single lipid nanotube and (b) confocal laser 
scanning microphotograph of bow-shaped lipid nanotube in water. 

mixed in many proportions ranging from 0 to 100%. On increasing the monoene 
content, the helical pitch decreases to give tubular morphologies. The obtained high-
axial-ratio nanostructures (HARN) with various kinds of helical morphologies are 
schematically illustrated in Fig. 2. We thus confirmed that the binary self-assembly 
can generate a diversity of self-assembled HARNs, ranging from twisted-ribbons 
and helical-ribbons to nanotubes. 

The mechanical properties of the synthetic lipid nanotubes have not been ex
amined so far, in contrast to the extensive studies on microtubules and carbon 
nanotubes. We have then measured, using optical tweezers, the Young's modulus 
of a single lipid nanotube. The fiexural rigidity K was able to be evaluated from 
the relaxation analysis giving the calculated relaxation time r . Consequently, we 
got the fiexural rigidity K « 2 . 2 x 10™22 [Nm2] and the Young's modulus E « 720 
[MPa] comparable to E w 1000 [MPa] for microtubules.6 
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One-dimensional nanochains consisting of Cu nanoparticles and PVA nanofiber were 
prepared in the presence of a deoxidant NaHSOs by electrospinning. Their morphologies 
and stability were characterized by TEM and UV-vis spectra. The results show that three 
kinds of nanochains were formed according to the ratio of diameters of the nanoparticles 
to the nanofiber, i.e., Cu/PVA is equal to, larger, and smaller than 1. The nanochains 
are stable in air. 

Keywords: Nanochain; nanofiber; nanoparticle. 

1. Introduction 

One-dimensional (ID) nanomaterials such as nanobelt, nanowire, nanotube, 
nanowhisker, nanofiber, and nanochain have attracted a great deal of attention. 
The fabrication of ID nanochains consisting of nanoparticles appears to be more 
important, since the ordering building blocks in ID configuration is necessary to 
realize the assembling of nanoelectronic devices. The success of the assembling 
makes it possible to use and to investigate single electron tunneling effect at room 
temperature. 

As is well known, electrospinning technology can be used to make nanofibers, 
whereas sol-gel process to make metal, oxide and semiconductor nanoparticles. If we 
can homogeneously disperse the nanoparticles into the polymeric spinning solutions 
and use the electrospinning technology to make the corresponding nanofibers, the 
nanochains can be obtained. However, incorporation of the nanoparticles into the 
nanofibers and the stability of the nanoparticles under a high electric field and in 
air, are the problems we are facing. At the 224th ACS meeting, we reported that 
silica and titania nanoparticles were very well embedded in the polyacrylonitrile 
(PAN) nanofiber.1 Recently, Ag nanoparticles were also successfully put in PAN 
nanofiber.2 
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In this paper, we present the assembling and stability of copper nanoparticles 
in polyvinylacohol (PVA) nanofiber. 

2. Experimental Method 

A 0.02 g of diotyl sulfosuccinate sodium salt (AOT), a certain amount of sodium 
bisulfite (NaHSOs) and copper chloride (CuC^) were added at the weight ratios 
of 1:0.5, 1:1, 1:1.5, 1:2, and 1:2.5 into a cone bottle containing 20 g of distilled 
water separately and stirred for 24 h at room temperature. Then, 2.4 g of PVA 
was added and heated to 90°C, and was kept for 2 h under a magnetic stirring. 
After cooling down to room temperature, the solution was continuously stirred for 
48 h. A 10 g of distilled water with 0.8 g of N2H5OH was added to the solution 
and rapidly stirred at room temperature for 12 h. The obtained solutions were held 
in a spinning nozzle with a tip diameter of 1 mm, which, as an anode, is 13.0 cm 
from an Al-foil cathode. A copper grid was used to collect Cu/PVA nanochains 
on the cathode under a voltage of 41.0 KV. The nanochains were characterized by 
Transmission Electron Microscope (TEM, a Hitachi S-570 T) and UV-vis absorption 
spectra (Cary 100, Varian Corp.). 

3. Results and Discussion 

Previous work has proved that the Cu particles with a size smaller than 500 nm 
are unstable and rapidly oxidized in air,3 and the oxidation of the particles en
capsulated in surfactants or polymers cannot be efficiently delayed.4 Therefore, a 
deoxidant NaHSC-3 was used here to prepare Cu/PVA nanochains. As the weight ra
tios of CuCl2:NaHS03 were changed from 1:0.5, 1:1, 1:1.5 to 1:2 (CuCl2:VA repeat 
unite = 1:30 wt.), a fuchsia copper sol was obtained all the time, whereas at the ra
tio of 1:2.5 a yellow solution was obtained. UV-vis spectra (Fig. 1) indicate that an 
absorption band occurs at 590 nm (1(a)) and shifts to 592 nm (1(b)), 600 nm (1(c)), 
and 602 nm (1(d)) with an increase in the corresponding ratios of CuCl2:NaHSC"3 
(1:0.5, 1:1, 1:1.5 to 1:2). The band disappeared at 1:2.5 of CuCl2:NaHS03. It il
lustrates that Cu nanoparticles have been formed in the range of 1:0.5 and 1:2.0 
of CuCl2:NaHS03. But, their sizes differ with the amount of NaHS03 , as shown 
in the red shift. Nevertheless, the use of excessive amount (1:2.5) of the deoxidant 
leads to no formation of Cu particles. The result could be attributed to the acidity 
of NaHS03. Namely, the pH values of the system are 10, 9, 8, 7.5 and 6 based on 
the weight ratios of CuCl2:NaHS03 mentioned above, respectively. Therefore, pH 7 
is a boundary of formation for the Cu particles, i.e., the Cu nanoparticles could 
be formed stably in the solution at pH > 7 and no Cu particles at pH < 7. The 
conclusion is consistent with the work by Gao et al.5 But, in the range of pH 6 and 
pH 8, Cu 2 0 might exist in the nanochains. Further work is in progress. 

The stability of Cu nanoparticles in the aqueous PVA solution exposed to air 
was measured, as shown in Fig. 2. The peaks at 584 nm (2(a)) and 592 nm (2(b)) 
are respectively for the sample standing for 0 d and 7 d, which prove that the Cu 
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Fig. 2. UV-vis spectra of the Cu/PVA solution after standing in air for (a) 0 d and (b) 7 d. 

particles were relatively stable in the solution. A red shift of the absorption band 
with time from 0 d to 7 d could be resulted from the agglomeration of the Cu 
nanoparticles. 

The Cu/PVA solution system was spun based on a formulation of 
CuCl2:NaHS03:VA:N2H5OH = 1:0.5:30:4 (wt.) under a high voltage of 41.0 KV. 
UV/vis spectra in Fig. 3 show that there is an absorption band of the Cu nanopar
ticles at 585 nm before and after electrospinning. It indicates that the property 
and structure of the Cu nanoparticles remain unchanged through the high electric 
field. The difference between the peak intensity should be caused by the different 
concentrations of the samples. 

The effect of the content of Cu nanoparticles on the diameter of PVA nanofiber 
was shown in TEM images (Fig. 4), in which the Cu/PVA nanochains were prepared 
in weight ratios of 1:10 (4(b)), 1:20 (4(c)), 1:30 (4(d)) of CuCl2:VA repeat unit, and 
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Fig. 3. UV~visIble spectra of Cu/PVA solutions. 

Fig. 4. TEM images of (a) pure PVA and Cu/PVA nanochains in CuCl2:VA (wt.) of (b) 1-10 
(c) 1:20, and (d) 1:30, 

pure PVA nanofiber (4(a)) is also shown as a reference. The average diameters of 
the Cu nanoparticles and PVA nanofibers are shown in Table 1. 

It can be seen that the average diameters of the Cu/PVA nanochains are larger 
than that of the pure PVA fiber. With the increasing concentration of CuCl23 

the average size of the Cu nanoparticles increases from 95 nm to 350 i m and to 
550 nm, and the ratio of the average diameters of the Cu particles to the PVA fiber 
increased from 0.3, 1 to 3.1. In addition, as the ratio of CuCl2:VA repeat unit is 
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Table 1. The relationship between the content of C11CI2 and the diameters of the 
PVA nanofiber and Cu nanoparticles. 

Sample 

0 

1 

2 

3 

CuCl2:VA 

Repeat unit 

8 wt.% 

1:10 

1:20 

1:30 

Diam. of PVA fiber 

Average 

150 

160 

350 

355 

Min. 

120 

70 

350 

280 

• (nm) 

Max. 

180 

250 

350 

430 

Diam. of Cu 

Average 

0 

550 

350 

95 

particles (nm) 

Min. Max. 

0 0 

300 800 

350 350 

40 150 

1:20, the diameters of the Cu particles and PVA fiber are well matched. However, it 
is interesting to find that the diameter of the fiber is disproportional with that of the 
particles. Namely, the bigger the particles in size, the thinner the fibers. This might 
be caused by the concentrations of the Cu ions in the free volume of PVA as well as 
the dispersity and electric charges intensity of the Cu particles. A low concentration 
of Cu2 + leads to the formation of the small Cu nanoparticles with a good dispersity 
and low charge intensity. The small particles as a physical crosslinking agent make 
the PVA fiber thicker. A high concentrate of Cu2 + ions leads to formation of the 
bigger Cu particles with low dispersity due to their agglomeration. The big particles 
possess a high charge intensity that results in strongly expulsing in the process of 
electrospinning under the high electric field. The expulsive force makes the fiber 
thinner. Consequently, three kinds of nanochains were obtained according to the 
ratios of diameters of the nanoparticles to the nanofibers: Cu/PVA > 1, = 1, and 
< 1. 

4. Conclusion 

The Cu/PVA nanochains, stable in air, have been prepared at pH > 7, in the pres
ence of sodium bisulfite deoxidant under a high voltage of 41.0 KV. The nanochains 
are bigger than the pure PVA nanofiber in diameter due to the existence of the Cu 
nanoparticles. They can be divided into three types according to the ratio of diam
eter of the nanoparticles and nanofibers: Cu/PVA < 1, = 1, and > 1. 
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Silver nanoclusters have been formed by thermal decomposition of Ag-oleate com
plex. Transmission electron microscopic (TEM) images of the particles showed two-
dimensional assembly of particles with diameter of 10.5 nm. Energy-dispersive X-ray 
(EDX) spectrum and X-ray diffraction (XRD) peaks of the nanoclusters showed the 
highly crystalline nature of the silver structures. The decomposition of silver-oleate 
complex was analyzed by Thermo Gravimetric Analyzer (TGA) and the crystalliza
tion process was observed by XRD. The removal of the surfactant surrounding silver 
nanoclusters was measured by FT-IR and SEM images. 

Keywords: Silver nanocluster; silver-oleate complex; nanocluster. 

1. Introduction 

The area of nanotechnology is witnessing an increased research activity due to its 
immense potential in various industrial applications such as optoelectronic devices,1 

nonlinear optics,2 light-emitting diodes,3 and quantum dot lasers.4 One of the goals 
in nanotechnology is the organization of nanoclusters in crystalline arrays with the 
ability to tailor the size and separation of the nanoclusters and thereby the opti
cal and electronic properties of the assembly.5 The synthesis of colloidal inorganic 
nanocrystals especially with respect to the control of their shape, is under developed 
and still complicated. A new direction for synthetic methods and an understand
ing of the mechanisms by which the size and shape of the nanocrystals can be 
easily varied are the key issues in nanochemistry. For the past few years, various 
methods have been developed for the synthesis of one-dimensional (ID) nanoma-
terials including template-assisted,6'7 vapor-liquid-solid (VLS)-assisted,8 colloidal 
micellar,9'10 and electrochemical processes.11 Here we report a very easy, econom
ical and nontoxic thermal decomposition method of fabricating highly crystalline 
and monodisperse silver nanoclusters. 

* Corresponding author. 
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2. Experiment 

AgNC>3 (99+%) and sodium oleate (98%) were obtained from Aldrich Chemical 
Co. and used without further purification. To prepare Ag-oleate complex, 1.7 g of 
AgNC*3 (10 mmol) was dissolved in deoxygenated water (300 mL, 18 Mil, nitrogen 
gas bubbling for 30 min) and a 3.05 g of sodium oleate (10 mmol) was added into 
the resulted solution under vigorous stirring for 2 h. The precipitate was separated 
by filtration and washed with doubly deionized water to remove sodium and nitrate 
ions. After drying the Ag-oleate complex was transferred into a pyrex tube. The 
complex was first flushed with nitrogen, and the tube was sealed at 0.3 Torr. The 
sample was slowly heated from room temperature to 290°C at 2°C/min. After 
reaching the desired temperature, it was held at 290°C for 1 h and cooled to room 
temperature. The complex color was changed to black, indicating that silver nano-
clusters were being formed. These silver nanoclusters can be easily redispersed in 
octane or toluene. In order to remove the surfactant surrounding silver nanoclusters, 
the black precipitate was added to 50 mL of isopropyl alcohol saturated by KOH. 
After standing for 2 h, the solution was filtered and washed with isopropyl alcohol 
saturated by KOH to be free of the surfactant. 

Transmission electron microscopy (TEM) examinations of the samples were 
carried out on a HITACHI H-7500 (low-resolution) and a JEOL JEM2010 (high-
resolution) transmission electron microscope. TEM samples were prepared on the 
400 mesh copper grid coated with carbon. The size distributions of the particles 
were measured from enlarged photographs of the TEM images. The structural prop
erties of synthetic nanoclusters were analyzed by XRD with a Philips X'Pert-MPD 
System with a Cu K a radiation source (A = 0.154056 nm). The decomposition of 
silver-oleate complex was analyzed by Thermo Gravimetric Analyzer (TGA) and 
the crystallization process was observed by XRD. Removal of the surfactant sur
rounding Ag nanoclusters was detected by FT-IR spectra and SEM. 

3. Result and Discussion 

The decomposition path of the silver-oleate complex was studied by TGA analysis. 
Figure 1 shows the weight loss for silver-oleate complex during heat treatment 
under air flow. A very strong endothermic peak was observed at 287°C. The peak 
is related to the evaporation of oleate molecules formed by the decomposition of 
silver-oleate complex. 

Figure 2 illustrates (A) the XRD pattern of silver-oleate complex, (B) 287°C 
aging of silver-oleate complex. No signature of silver in the pristine silver-oleate 
complex has been observed in the XRD analysis (Fig. 2(A)). This indicates that 
the complex is amorphous. However, the signature of silver has been observed in the 
287°C aged silver-oleate complex (Fig. 2(B)). The peaks are broadened due to the 
nanocrystalline nature of silver. The diffraction patterns of 287°C aged silver-oleate 
complex all match for pure silver structure (JCPDS card no. 04-0783). Figure 2(B) 
shows three peaks at 20 values of 38.2°, 44.5° and 64.5° corresponding to (111), 
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Fig. 1. The weight loss for Ag-oleate complex during heat treatment under air flow. 
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Fig. 2. (A) XRD pattern of Ag-oleate complex and (B) 300° C aging of silver-oleate complex. 

(200) and (220) planes of silver, respectively. No impurity peak is observed in the 
X-ray diffraction pattern. 

Figure 3 is the low-resolution TEM image of monodisperse nanocrystallite of sil
ver nanoclusters. Silver nanocluster monolayer was formed by self-assembly when 
a drop of the nanocluster isooctane solution was carefully placed on the grid and 
dried in air. Most of the silver particles are spherical. Insertion in Fig. 3(B) is a 
histogram of the size distribution of silver nanoclusters obtained from enlarged im
age of Fig. 3(B). The mean size of silver nanoclusters is 10.5 nm with a standard 
deviation 0.7 nm. This shows that the silver nanoclusters have very narrow size 
distribution. A monolayer of nanoclusters was observed from the image with al
most no multilayer on it. Figure 3(B) shows an example of an enlarged area where 
particles are packed in a highly-organized manner and monodisperse nanoclusters 
were arranged in a two-dimensional hexagonal closed packed way, demonstrating 
the uniformity of the particle size, especially when the interparticle spacing is very 
even. Here, as in most cases, the adjacent silver nanoclusters were separated by a 
region of approximately 2 nm, which did not exhibit any diffraction contrast. This 
distance is considerably less than twice the expected oleate length (1.75 nm); inter-
digitation of the alkyl chains from nearest-neighbor silver particles can be inferred. 
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Fig. 3. (A) Low-magnification and (B) high-magnification TEM images of Ag nanoclusters. The 
average particle size is 10.5 ±0.5 nm. 
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Fig. 4. (A) FT-IE spectra of Ag nanoparticles containing surfactants and (B) surfactant removed 
Ag nanoparticles. 

Figure 4 shows (A) the FT-IR spectrum of Ag nanoclusters containing surfac
tants and (B) surfactants removed that of Ag nanoparticles. Figure 4(A) has two 
large absorption bands under 2000 cm"1 . These two large bands are almost coin
cident with those observed typically for the acetate group complexed with a metal 
and correspond to C = 0 stretching (1560 cm""1) and C - 0 stretching (1395 cm™1) in 
oleate molecular, respectively. In general, three bonding structures are well-known 
for the acetate group complexed with a metal.12 The strong bands at 2850 cm""1 

and 2917 cm""1 belong to methylene and methyl symmetric stretching vibration, re
spectively. This indicates that silver nanoclusters were covered with the surfactant. 
Figure 4(B) almost does not have the absorption bands of methylene, methyl and 
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acetate group complexed with a metal. This shows tha t the surfactant surround

ing nanoclusters was successfully removed by using isopropyl alcohol sa turated by 

KOH. 
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In the aim to prepare thick porphyrin molecular wires, which is visible by atomic force mi
croscopy (AFM), even on the rough surfaces of nanogap electrodes fabricated by electron 
beam lithography, dendrimer protected porphyrins whose two meso-positions are substi
tuted with ethynyl groups. The porphyrin monomer was reacted with palladium catalyst 
to make oligomers. Analyses of them with time-of-flight mass spectroscopy (TOF-MS), 
gel-permeation-chromatography (GPC) revealed that the oligomers were distributed up 
to 16 mer, whose molecular weight was about 38000 Daltons. 

Keywords: Molecular wire; porphyrin wire; dendrimer; nanogap electrode. 

1. Introduction 

Direct measurements of electronic properties of individual molecules are still a 
challenging target of materials science. Several reports have already been published, 
however, no one has succeeded in the electronic measurement while observing the 
molecules between the electrodes. One reason is the roughness of the electrode 
surface, which was fabricated by usual electron beam lithographic methods. In order 
to observe individual molecules, the substrate surface should be atomically flat. 
However, as shown in Fig. 1 the surface of electrodes made by lithography usually 
has a roughness, which is not suitable for observation of individual molecules. Two 
approaches are possible to overcome the problem: one is making the surface of the 
electrodes atomically flat and another is the synthesis of thick molecular wires, 
which is visible even on the rough surface. This paper describes the synthesis of the 
dendrimer protected porphyrin molecular wires, which are possibly seen by AFM 
on the rough surfaces. 

§ Corresponding author. 
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Fig. 1. The APM image of a nanogap electrode fabricated by electron beam lithography and Ar 
ion beam etching. 

2. Resul ts and Discussions 

2 .1 . Synthesis of the dendrimer protected bis(ethynyl)porphyrin 
monomer 6 

We synthesized a porphyrin whose 5- and 10-position is substituted with 3,5-
bis(dendrimer)phenyl group and other two meso-positions are substituted' with 
ethynyl groups (6). In this paper, the second generation dendrimer was used and 
the exact structure is depicted in Scheme 1. The molecular mechanics estimation 
proved that the diameter of the molecule was about 3.8 nm. 

The merits of introducing the sterically-crowded dendrimer moieties into the 
molecule are as follows: (1) as described in the Introduction, the AFM observa
tion will become easier, (2) the solubility of the higher oligomers will improve 
because the intermolecular stacking of the w system is hindered, (3) the steric 
hindrance prevents the long molecules from bending, giving rigid and straight w~ 
conjugated molecular wires. The porphyrin 6 was prepared starting from 5, 10-
bis(3',5/™dimethoxyphenyl)porphyrin1 as shown in Scheme I.2 ,3 In the 13C NMR, 
the terminal ethynyl carbon appeared at 66.94 ppm, and in the 1H NMR termi
nal ethynyl proton exhibited at 2.62 ppm, the CH-COSY spectrum was consistent 
with the assignment. The time-of-flight mass spectrum (TOF-MS) showed 2327 as 
the highest molecular weight peak that is consistent with the calculated value for 
C i 3 6 H i 2 4 N 4 0 2 8 Z i i = 2327 . 

no 
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Scheme 1. Synthesis of dendrimer protected bis(ethynyl)porphyrin monomer 6; (i) BBr3, CH2CI2, 
- 7 8 ° C , (ii) G2 dendrimer bromide, K2CO3, 18-crown-6-ether, THF, reflux, (iii) Zn(OCOCH 3) 2 , 
CHCI3, reflux, (iv) TMS-acetylene, Cul, P d ( P P h 3 ) 4 , E t 3 N, THF, reflux, (v) n-Bu4NF, CHCI3. 

2.2. Oligomerization of the bis(ethynyI)porphyrin monomer 

At first, we tried a reported method to make the oligomers with using CuCl, tetra-
methylethylenediamine (TMEDA) and oxygen.4 No identifiable product was 
isolated. Then the monomer 6 was reacted with Pd(PPhs)4, Cul, EtsN in tetrahy-

Fig. 2. The UV-vis absorption spectrum of the monomer 6 (broken line) and the oligomer (solid 
line). 
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drofuran (THF), and the product was purified by gel-permeation-chromatography 
(GPC) to give a yellowish black solid. 

The UV-vis absorption spectrum was depicted in Fig. 2 as the solid line. The 
Soret peak was real-shifted about 30 nm longer as compared with the monomer 6 
(broken line), and a new band appeared at around 800 nm together with Q band 
whose position is comparable with the monomer. The 13C NMR exhibited acetylenic 
carbon at 67.67 and 87 ppm, which indicates that acetylenic part, was intact. 

As shown in Fig. 3, the MALDI TOF-MS spectrum indicated a periodic peaks 
with about 2330 Daltons spacing. These data support that the oligomers were 
produced by the reaction as depicted in Scheme 2. The heaviest molecular peak 

25000 30000 35000 

m o l e c u l a r w e i g h t 

40000 

Fig. 3. The MALDI TOF-MS spectrum of the oligomers. 
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Scheme 2. Oligomerization of the bis(ethynyl)porphyrin monomer by palladium catalyst: 

(i) P d ( P P h 3 ) 4 , Cul, Et 3 N, THF. 
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Fig. 4. The GPC analysis of the oligomers. 

in the MALDI TOF-MS spectrum is calculated to be that of the 16 mer, whose 
molecular weight should be 37217 Daltons. The higher homologues than 16 mer 
cannot be ionized in the present MALDI TOF-MS conditions although they may 
be produced. In order to check it, GPC analysis of the products were performed 
and the result is depicted in Fig. 4. The molecular weight was calibrated with 
standard polystyrenes. The highest peak of the product situated around 23 000-
25 000 Daltons, which agrees with the result of MALDI TOF-MS were shown. In 
the GPC analysis, higher homologues up to 50000 Daltons were observed. If this 
is the case, it corresponds to about 20 mer, i.e., about 20 nm length. 

We have found that the palladium-catalyzed coupling of the acetylenic units is 
a better method than the previously reported conditions as it could produce a thick 
porphyrin molecular wires. 
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Tetra-meso-substituted rhodium(III) porphyrins with axial ligand of molecular wire were 
synthesized for the first time to demonstrate the preparation of self-standing molecule for 
measuring a single electron conductivity using scanning tunneling microscope technique. 
The self-standing structure of molecular wire was confirmed by X-ray crystallographic 
analysis. Cyclic and pulse voltammograms of each compound were measured, and these 
results indicated that we can freely change the energy level of self-standing molecule and 
estimate it by using voltammetric measurement. 

Keywords: Single molecular conductivity; rhodium porphyrin; x-ray structure; cyclic 
voltammogram. 

1. Introduction 

The conductivity measurement of single organic molecule is not only a fascinating 
subject for basic research, but also the important field of molecular electronics.1 

Since Aviram and Ratner theoretically proposed the molecular rectification in 
1974,2 numerous experiments have been made with different approaches toward 
the characterization of the electronic transport property of organic molecule. Re
cently, one can contact an individual molecule between two electrodes and measure 
its conductivities,3 with a scanning tunneling microscope (STM). Using a STM 

'Permanent address: Ebara Research, Honfujisawa, Pujisawa, Kanagawa 251-8502, Japan. 
* Corresponding author. 
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method with self-assembled monolayers (SAMs), the observed data were claimed 
to contain the lateral conductance. 

In this regard, we need isolated molecules on the surface of a substrate to mea
sure the conductance of single molecules. In our previous work,4 we prepared Sn(IV) 
porphyrin with 3,5-bis(methilthio)phenyl at four meso-positions having axial lig-
ands, and investigated its properties on Cu( l l l ) surface using STM techniques. 
Comparing the experimental results with semi-empirical molecular orbital calcula
tions, the conductance via the molecular orbital energy level was confirmed. How
ever, the experimental data indicated also that synthesized porphyrin leaned to one 
side of Cu surface because Sn(IV) porphyrin could have two axial ligands, one of 
which may prevent self-standing vertically. 

In the present work, we report the synthesis, for the first time, of 5, 10, 15, 
20-tetrakis(3,5-bis(substituted)phenyl) rhodium(III) porphyrins with an axial lig-
and of molecular wire. The X-ray structural analysis and characterization of these 
compounds are studied. 

2. Results and Discussions 

2.1 . Synthesis of self-standing molecules with molecular wire 

Synthetic routes to self-standing molecules are shown in Scheme 1. Reaction of 3,5-
bis(substituted)benzaldehyde with pyrrole was carried out with a two-step one-pod 
reaction following a literature procedure.5 Metalation was performed similar to a 
procedure in Ref. 6, using [Rh(CO)2Cl]2- Formation of axial ligand was performed 
by general lithiation method, mixing a Rh(III) porphyrin iodide in dry-toluene 
with 10 equivalent of lithium phenyl acetylide in dry-tetrahydrofuran (THF) at 

Scheme 1. Synthesis of self-standing molecules, (i) Synthesis of porphyrin, (ii) metalation, and 
(iii) formation of axial ligand. 

CHO 

1:tBu 
2:OMe 
3:SPh 
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—78°C, then the mixture was stirred further for 8 h at room temperature. Lithium 
phenyl acetylide was prepared by adding an n-butyl lithium to phenyl acetylene in 
dry-THF at -78°C. 5, 10, 15, 20-Tetrakis(3,5-bis(phenylthio)phenyl) rhodium(III) 
porphyrin with axial rigand of 3', 4'-dibutyl-2, 2'; 5', 2"-terthiophene (13) was also 
synthesized. In Scheme 1, tBu, OMe and SPh mean t-butyl, OCH3 and phenylthio 
substituent, respectively. 

2.2. X-ray crystallographic structure 

Single-crystal X-ray analysis of 10 was measured by a Rigaku AFC5R diffractome-
ter at room temperature. From this result, direct evidence that these compounds 
are able to stand on metal surface by using four substituted groups as legs, was 
obtained (Fig. 1). It is also confirmed that the phenyl acetylene ligand is almost 
perpendicular to the porphyrin plane as we expected. This indicates that these 
compounds are good candidates for the single molecular conductance measurement 
using STM method. In Fig. 1, small molecule located at the opposite site of phenyl 
acetylene ligand would be a solvent molecule (CH3OH). 

Fig. 1. X-ray structure of 10. 
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2.3. Voltammetric measurements 

Cyclic and pulse voltammetric measurements were performed at room temperature 
on a BAS CV 50-W voltammetric analyzer using working electrode of Pt disk, 
counter electrode of Pt wire, reference electrode of Ag/AgNC-3 in CH3CN, and 
using a solution of 0.05 M tetrabutylammonium perchlorate (TBAP) in CH2CI2 
(freshly distilled). The cyclic voltammograms (CV) were measured with a scan 
rate of 100 mV/s, and the differential pulse voltammograms (DPV) were obtained 
with the following conditions: scan rate, 20 mV/s; pulse amplitude, 50 mV; sample 
width, 17 ms; pulse width, 50 mV; pulse period, 200 ms; quiet time, 2 s. 

2.3.1. 5,10,15, 20-tetrakis(3,5-di(t-butyl)phenyl) porphyrin 
derivatives (4, 7, 10) 

CV and DPV of 10 and the comparison of DPV of 4, 7, and 10, are shown in 
Fig. 2. It is obvious from Fig. 2(b) that oxidation potentials of rhodium porphyrin 
iodide 7 and rhodium porphyrin with an axial rigand 10 are almost the same as 
free-base porphyrin 4. In contrast, the reduction potential is quite different. Two 
reduction potentials (—1456 mV, —1868 mV) were observed on DPV of 4. While 
the reduction potential of 10 was shifted to more cathodic level (—1996 mV). This 
may be attributed to electron donation from the phenyl acetylene ligand. 

2.3.2. 5,10,15, 20-tetrakis(S,5-bis(substituted)phenyle) porphyrin 
derivatives (10, 11, 12) 

The DPV of 10, 11, 12 and 13 are depicted in Fig. 3. Comparing the DPV of 10 
and 11 with 12, both the first oxidation potential (.Eox) a n d the ^rs^ reduction 
potential (E*ed) are shifted to a positive direction in this sequence. The energy 

-1000 0 1000 
Voltage/mV 

-1000 0 1000 
Voltage/mV 

Fig. 2. (a) Voltammograms of compound 10. The solid and broken line show the cyclic voltam-
mogram and the differential pulse voltammogram, respectively, (b) The comparison of differential 
pulse voltammograms of 4, 7 and 10. The dotted line indicates a differential pulse voltammogram 
of 0.05 M TBAP in dry-CH2Cl2 as a background. E 1 / 2 (Fe /Fe+) = +344 mV. 
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Fig. 3. The comparison of the differential pulse voltammogram of 10, 11 , 12 and 13. The dotted 
line indicates a differential pulse voltammogram of 0.05 M TBAP in dry-CE^Cb measured as a 
background. £ 1 / 2 ( F e / F e + ) = +344 mV. 

gaps between E^x and E]eA (the band gap energy) were not changed depending on 

the substi tuents (in this case the band gaps were about 2600 mV). This result can 

be supported in terms of the electron donation property of the substi tuents. The 

detail mechanism is now under consideration. By comparison of the D P V of 12 
with 13 , it is clear tha t a molecular wire ligand was effective to arrange the band 

gap energy. The band gap energy of 13 was reduced to about 2300 mV. Considering 

tha t the axial rigand of 13 has terthiophene, which has more expanded n system 

than tha t of phenylacetylene of 12, this energy reduction arises from the expansion 

of the 7r system of porphyrin induced by an axial ligand due to lowering the lowest 

unoccupied molecular orbital (LUMO) energy level. 

These results suggest tha t we can tune the energy levels of self-standing molecule 

as our order, and they can be estimated by using voltammetric measurement. 
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The manganese-doped ZnS (ZnS:Mn2+) nanocrystals were prepared by addition of Na2S 
to an Zinc Oleate and Mn(N03)2 solution. It was done using auto-clave method. The 
aging in auto-clave resulted in Mn2+-doped ZnS particle. The emitting band ZnS:Mn2+ 
showed red-shift from that of ZnS and results in the emission band at 500 nm ~ 650 nm 
(Amax = 575 nm). ZnS:Mn2 + particles dispersed in polymer for production of the green 
house films. So this film will be used as light wavelength modification materials for 
the utilization of plant growth acceleration. Luminescence properties of the film were 
measured by luminescence spectrometer. 

Keywords: Luminescence; ZnS:Mn2 + ; film. 

1. Introduction 

Optical properties of semiconductor nanocrystallites have been investigated, since 
these materials have a potential application to nonlinear optical devices. The lu
minescence properties of nanosized luminescent semiconducting particles are sub
stantially different from those of bulk crystalline materials. The band gap energy 
increases as particles become smaller, such small particles emit visible luminescence 
intensity much stronger than bulk crystals. Bhagrava et al. have reported that the 
luminescence enhancement of manganese-doped ZnS results from an efficient energy 
transfer from the ZnS host to Mn2 + ions was facilitated by mixed electronic states.1 

The hybridization of atomic orbital of ZnS and d orbital of Mn2 + was also suggested 
to be responsible for the relaxation of selection rules for the spin-forbidden 4Ti-6Ai 
transition of Mn2"1".1 In this paper, we report the preparation and optical properties 
of Mn2+-doped ZnS semiconductor nanoparticles and the film blended low density 
polyethylene (LDPE) with ZnS:Mn2+ nanoparticles. The synthesis of ZnS:Mn2+ 

was done by thermal treatment oleate complexes using auto-clave. The aging of 
zinc oleate and manganese-doped zinc oleate in auto-clave resulted in ZnS:Mn2+ 

nanoparticles. 
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2. Experiment 

2.1. Material 

Manganese (II) nitrate hydrate (Mn(N03)2 , 98%) and sodium sulfide (Na2S, abso
lute) were obtained from Aldrich Chemical, Inc. Zinc chloride (ZnCl2, extra pure), 
sodium oleate (Ci7H33COONa, extra pure) and low density polyethylene (LDPE) 
were obtained from Junsei Chemical Co., Ltd. 

2.2. Synthesis of ZnS:Mn2+ nanoparticle 

ZnS:Mn2+ was prepared by thermal decomposition of zinc oleate and manganese-
doped zinc oleate complex by thermal treatment using auto-clave. A 3.783 g 
(12.48 mmol) of sodium oleate, 0.5 g (3.67 mmol) of zinc chloride and 0.46 g 
(2.57 mmol) of Mn(N03)2 were dissolved in 100 ml of water. After 10 min, 
0.487 g (6.24 mmol) of Na2S was added into the sodium oleate aqueous solution 
under the constant stirring for 2 h. The mixture was slowly heated from room 
temperature to 300°C at 60°C/30 min using auto-clave. After reaching the desired 
temperature, it was held at 300°C for 2.5 h and was cooled to room temperature. 
The reaction product was diluted with methanol and was filtered through mem
brane filter (0.45 fim). 

2.3. Preparation of LDPE (low density polyethylene) film 
containing ZnS:Mn2+ nanoparticle 

The various concentration of ZnS:Mn2+ nanoparticles was added into the 1 g of 
LDPE dissolved in boiled toluene. Then, the toluene in LDPE solution was evapo
rated slowly at 60°C to making of the LDPE film. The quantity of added ZnS:Mn2+ 

nanoparticle was 0.001 g, 0.003 g and 0.005 g. These films containing 0.1%, 0.3% 
and 0.5% of ZnS:Mn2+ nanoparticle against quantity of LDPE. 

2.4. Apparatus 

The structure of ZnS:Mn2+ nanoparticle was studied with X-ray diffraction (XRD) 
(Philips, X'Pert-MPD system) and the analysis of element was confirmed by TEM-
Energy dispersive X-ray (TEM-EDX). ZnS:Mn2+ nanoparticle was determined with 
Transmission Electron Microscope (TEM) (JEOL, JEM-2010). The emission spec
tra were recorded on a Luminescence Spectrometer (Perkin-Elmer, LS50B). 

3. Results and Discussion 

ZnS:Mn2+ were synthesized successfully by thermal decomposition of zinc oleate 
and manganese-doped zinc oleate complex with auto-clave and their crystal struc
tures are confirmed by XRD patterns as in Fig. 1. The discernible peak in Fig. 1 
can be indexed to (100), (002), (101), (102), (110), (103) and (112) planes, which 
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Fig. 1. X-ray diffraction patterns of ZnS:Mn2 + nanoparticles. 

corresponds to that of wurtzite structure of ZnS (JCPDS card no. 75-1534). The 
nanoparticles of ZnS:Mn2+ were deputed in the TEM image of Fig. 2. Since we 
synthesized violently ZnS:Mn2+ by auto-clave method, the particle size was not 
regular. The diameter was determined as 8 nm ~ 13 nm from the TEM image. 
The amount of Zn? S, Mn in the ZnS:Mn2+ was confirmed by TEM-EDX and the 
element and atomic percentages were shown in Table 1. The element and atomic 
percentages mean weight ratio and molar ratio, respectively. The emission spectra of 
ZnS:Mn2+ and LDPE film containing ZnS:Mn2+ nanoparticle are shown in Figs. 3 
and 4. ZnS:Mn2+ nanoparticle and the LDPE films showed an emission band at 
575 nm (Aexc = 312 nm). This wavelength belong to the wavelength range of plant's 
photosynthesis (400 nm ~ 700 nm). When the amount of ZnS:Mn2+ nonoparticle 
was 0.003 g, the emission intensity was the largest. 
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Table 1. Energy dispersive X-ray data of 
ZnS:Mn2+. 

Element 

S 
Mn 
Zn 

Total 

Element % 

29.60 
2.72 

67.69 

100.00 

Atomic % 

46.36 
1.63 

52.00 

100.00 

500 550 600 

wavelength (nm) 

Fig. 3. Photoluminescence emission spectra of ZnS:Mn2+ (Aex = 312). 

excitation wavelength = 312 n 

to 200 
LDPE - 0.3 % ZnS:Mn Film 
LDPE - 0.5 % ZnS:Mn: Film 
LDPE - 0.1 % ZnS:Mn2 Film 
LDPE - 0.0 % ZnS:Mn2 Film 

0 550 6 

wavelength (nm) 

—i 
700 

Fig. 4. Photoluminescence emission spectra of LDPE film containing various concentrations of 
ZnS:Mn2+. 

4. Conclusion 

ZnS:Mn2+ nanoparticles were prepared by thermal annealing using auto-clave. But 
the size and shape were irregular, since the particles were synthesized rapidly at 
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high temperature and pressure with auto-clave. ZnS:Mn 2 + results in the emission 

band at 500 nm ~ 650 nm. Also L D P E film was emitted at same wavelength range. 

Because of these luminescence properties, the film will be used as light wavelength 

modification materials for the utilization of plant growth acceleration. 
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Materials such as CdS and CdSe inorganic nanoparticles have photoluminescence. 
Sodium oleate has been used as effective stabilizers for the synthesis of CdS and CdSe 
nanoparticles in water by autoclave method. Photoluminescence of CdS and CdSe with 
particle size of 5-14 nm showed Amax at 520 nm and 600 nm, respectively, when 
were excited at 365 nm. These nanoparticles doped into the PVA resulted in the 
organic/inorganic films (PVA/CdS, CdSe). Photoluminescence, X-ray diffraction and 
transmission electron microscopy were employed for their characterization. 

Keywords: CdS; CdSe nanoparticle; PVA film; photoluminescence. 

1. Introduction 

The control of particle size and surface structure continue to be of interest in the in
vestigation of semiconductor nanoparticles due to the high surface-to-volume ratio 
of the nanoparticles, their peculiar structure and optical properties.1_4 Many syn
thetic methods, which include arrested precipitation in homogeneous solution and 
synthesis in confined reaction vessels such as reverse micelles5 and vesicles,6 have 
been developed for the chemical preparation of relatively monodisperse nanopar
ticles of various semiconductor materials. The synthesis of colloidal inorganic 
nanocrystals especially the control of their shape, however, is developing and still 
complicated. A new direction for the synthetic methods and the understanding of 
the mechanisms on how the size and shape of the nanocrystals are varied, are the 
key issues in nanochemistry. In this paper, we demonstrate a new method for CdS 
and CdSe nanoparticles using sodium oleate by thermal treatment using autoclave 
and the preparation of PVA (polyvinylacetate) films containing these nanoparti
cles. Sodium oleate has been used as specific stabilizers for the synthesis of CdS 
and CdSe nanoparticles. 
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2. Experiment 

2.1. Materials and analytical methods 

Cadmium chloride hemipentahydrate (CdCl2 • 5/2H2O, Aldrich), sodium oleate 
(Ci7H33COONa, Junsei), sodium sulfide nonahydrate (Na2S-9H20, 98+%, 
Aldrich) and PVA pellets were used in their commercial form. NaHSe powders 
were prepared from the reaction between selenium and sodium borohydride in wa
ter. Acetone and iso-octane were all of the highest quality commercially available. 
Distilled water was passed through a six-cartridge Barnstead Nanopure II purifi
cation train consisting of Macropure treatment. Photoluminescence spectra were 
recorded on a Perkin-Elmer, LS50B. Transmission electron microscopy (TEM) im
ages were obtained by using a Jeol, JEM-2010. X-ray powder diffraction (XRD) 
spectra were obtained with a Philps, X'Pert-MPD system. 

2.2. Synthesis of CdS and CdSe nanoparticle and PVA/CdS, 
CdSe composite films 

The synthesis of CdS and CdSe nanoparticles was achieved by reacting Na2S and 
NaHSe in an aqueous solution. All materials were of the highest quality commer
cially available. In a typical procedure, 80 mL of mixed solution containing 0.125 M 
sodium oleate and water was prepared and stirred for 20 min. Then, a 5.0 mL of 
6.25 x 10~2 M CdCl2 was added. The resulting solution was stirred for 30 min and 
6.25 x 10~2 M Na2S • H 2 0 was added and followed by stirring for 2 h to form yellow 
organic solution. This solution was put into a autoclave of 100 mL capacity and 
was maintained at 300°C for 2 h and air-cooled to room temperature. Precipita
tion occurs to form nanoparticles of CdS. Then, the precipitates were washed with 
acetone and were filtered to remove the residues of impurities. The bright yellow 
product was dried in room temperature. CdSe nanoparticles were synthesized with 
the same method. 

A 16 g of PVA pellet was dissolved in 50 ml of acetone to make PVA solution. 
As a same method, a 1 x 10~3 g of CdS nanoparticle was added to 1 ml of acetone. 
A 4.0 ml of PVA solution was mixed with 0.09 wt% of resulting CdS dissolved in 
acetone and loaded into a round container. In accordance with the concentration, 
a 0.87 and 2.62 wt% of CdS dissolved in acetone was added in PVA solution. The 
mixture was left for 24 h at room temperature. Finally, the transparent PVA film 
was obtained. 

3. Result and Discussions 

Figure 1 presents the absorption and photoluminescence (PL) spectra of CdS and 
CdSe nanoparticles prepared in aqueous solutions. Sodium oleate has been used as 
effective stabilizer for the synthesis of CdS and CdSe nanoparticles. The absorp
tion spectra in Fig. 1 display an absorption range from 300 to 520 nm for CdS 
nanoparticles. CdSe nanoparticles had no peculiar characteristics, but it showed 
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Fig. 1. (Left) Absorption and (right) photoluminescence spectra for the synthesized (a) CdS and 
(b) CdSe nanoparticles. 

Fig. 2. X-ray powder diffraction (XRD) patterns of (a) CdS and (b) CdSe nanoparticles. These 
nanoparticles were capped with sodium oleate. 

an absorption of general range. The photoluminescence spectrum (PL) was mea
sured at room temperature using a 365 nm excitation. The PL spectrum in Fig. 1 
shows a narrow emission band at 520 and 600 nm. The CdS nanoparticles stabilized 
with sodium oleate showed PL emission at shorter wavelengths corresponding to 
somewhat smaller size of particles. Thus, the use of sodium oleate as stabilizing 
agent allows the synthesis of highly crystalline CdS nanoparticles showing strong 
band-edge of PL. Figure 2 shows the X-ray powder diffraction (XRD) pattern of 
CdS and CdSe nanoparticles. All the peaks in Fig. 2 were indexed as the cubic 
structure of CdS, which are close to the reported data for CdS (JCPDS Card File 
No. 80-0019). The CdSe diffraction patterns exhibit peak positions correspond to 
their cubic structures (JCPDS Card File No. 19-0191). 

129 



504 J. Y. Lee, Y. S. Rang & Y. J. Kim 

(a) "v V Al#«§5»*8 

Fig, 3. Transmission electron microscopy (TEM) images of (a) CdS and (b) CdSe nanoparticles. 
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Fig. 4. PL spectra of PVA films containing (a) CdS and (b) CMSe nanoparticles. The inset shows 
the PL intensity according to the different concentration on the added nanoparticles. 
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TEM was employed to obtain direct information on the size and structure of 
the produced nanoparticles. The TEM images in Fig. 3 shows the CdS and CdSe 
nanoparticles with diameters of 5-12 nm and 7-14 nm, respectively. The particle 
shape is spherical and triangle. The triangle shape is made by synthetic conditions 
of high temperature and pressure. Figure 4 shows the PL spectra of PVA films 
containing CdS and CdSe nanoparticles according to different concentrations. The 
PL spectra are consistent with that of the synthesized CdS and CdSe nanoparticles. 
The PL intensity was increased with concentration on the added nanoparticles. This 
is shown in inset of Fig. 4. But the PL intensity was not proportional to the exact 
amount of added CdS and CdSe. This is due to the sintering effect of emitted 
light by the neighboring nanoparticles in the polymer matrices. This is also partly 
because the added CdS or CdSe nanoparticles were not evenly dispersed in PVA 
films. These PVA films absorb the ultraviolet region wavelength light (<400 nm) 
and emit the visible wavelength light. 
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In this work, we showed that metal salts were easily deposited as aggregates (e.g., ultra-
thin planar microcrystals) on the surface of Ti02-gel films in the absence of ion-exchange 
sites. In contrast, metal ions were efficiently incorporated into ultrathin Ti02-gel films, 
when ion-exchange sites were created using Mg(0-Et)2 as template. A variety of metal 
ions, including those of main group, transition, and lanthanide elements were success
fully doped into TiC>2 thin films by the current approach. Probable distribution of the 
ion-exchange site in the film interior was discussed. 

Keywords: Nanoparticles; ion-exchange; template synthesis; thin film; metal-ion doping. 

1. Introduction 

Preparation of thin films that contain nanoparticles of semiconductors and metals 
is currently attracting much attention due to their promises in photonic, electronic, 
magnetic and chemical applications.1_4 Recently we developed a new ion-exchange 
method for the incorporation of metal ions into metal oxide thin films.5 Such ion-
exchangeable ultrathin films can be fabricated on flat surfaces as well as on curved 
substrates. Their thicknesses can be easily controlled with the molecular preci
sion. By combining this technique with the physical and chemical reductions, we 
succeeded in the preparation of noble metal nanoparticles in Ti02 thin films.6 It 
was also found that metal oxide nanoparticles were formed in Ti02 thin films by 
oxygen plasma treatment of the corresponding metal nanoparticles. Repeated trans
formation in the nanospace of thin film by alternate H2 and O2 plasma treatments 
resulted in monodisperse metal and metal oxide nanoparticles.7 The ion-exchange 
site is indispensable for the introduction of metal ions. However, its nature is still 
not clear. In this paper, we discuss the role and nature of the ion-exchange site 
created in the thin film. 

* Corresponding author. 
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2. Results and Discussion 

2.1. Direct adsorption of metal salts on TiO^-gel films without 
ion-exchange sites 

Efficient incorporation of metal ions cannot be achieved without formation of the 
ion-exchange site upon removal of Mg ions. The ultrathin film of metal oxides is 
amorphous and may contain cavities that can incorporate metal ions. Thus, it is 
essential to confirm that metal ions are not introduced in the interior of the thin 
film without the ion-exchange site. 

Ultrathin Ti02-gel films without ion-exchange sites were fabricated by the sur
face sol-gel process. Quartz crystal microbalance (QCM, 9 MHz, USI System, 
Fukuoka, Japan) was used to monitor the film assembly. In a typical procedure, 
a gold coated QCM electrode modified with mercaptoethanol was immersed in a 
titanium tetra-n-butoxide (Ti(0-nBu)4) solution (100 mM) in toluene for 10 min. 
After rinsed in toluene, the film was dried by flushing with N2 gas. The electrode 
was then attached to a QCM frequency counter. The frequency was recorded when 
it reached a steady value. As shown in Fig. 1, a linear frequency shift was achieved 
for the fabrication of Ti02-gel film. The film thickness (d) adsorbed on one side of 
the electrode was estimated to be 8.5 nm. Such ultrathin films have smooth surfaces 
as confirmed by scanning electron microscope (SEM).8 

The as-assembled thin film was treated with aqueous HC1 (pH 4) and aqueous 
NaOH (pH 10). ATR IR results showed a very small, broad absorption around 
3400 cm - 1 , indicating that there were not many hydroxyl groups left in the as-
assembled Ti02 film. Significant changes were not recorded for the above absorption 
after acid (pH 4)/alkali (pH 10) treatments. In the same vein, these treatments did 
not result in significant QCM frequency changes (totally 14 Hz). These results 
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Fig. 1. Assembly of Ti02-gel film (Ti(O-nBu)4/100 mM, solvent/2-ethoxyethanol, r.t., rinsing 
solvent/toluene). 
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Fig. 2. (a) SEM and (b) AFM linages of L1NO3 deposited on Ti02 thin film without ion-exchange 
sites. LiNOa/10 mM, immersion t ime/4 h. SEM images were obtained on a Hitachi 8-900 scanning 
electron microscope after coating the sample with 2 nm Pt by a Hitachi E-1030 ion-coater. AFM 
was carried out by contact mode on Explorer (TopoMetrix Corporation, USA). 

suggest that the acid/alkali treatments did not significantly affect the structure of 
the thin film. 

We then conducted direct adsorption (i.e., impregnation) of metal salts in this 
Ti02 thin film. Immersion (20 min, room temperature) of this Ti02 film in aque
ous LiN03 , KNO3, Ca(N03)2 , Ba(N03)2 5 La(N03)3 and Gd(N0 3) 3 (10 rnM each) 
gave rise to QCM frequency decreases of 88, 187, 144, 389, 1452 and 1301 Hz, re
spectively, indicating that substantial amounts of metal salts were adsorbed onto 
the Ti02 film. In addition, deposition of metal salts was observed in these cases on 
the micrometer scale or even by naked eye, e.g., SEM observations (Fig. 2(a)) show 
in the case of LiN03 , planar hexagonal structures were formed on film surface. 
The size of these structures ranges from several hundred nanometers to several 
microns. Atomic force microscopy (AFM) further reveals that they are actually 
ultrathin planar hexagonal layers with thickness of less than 30 nm (Fig. 2(b)). 
Lithium nitrate is known to be colorless and have a hexagonal crystalline form.9 

The nature of smooth surface of the TiC^-gel film might allow for two-dimensional 
growth of LiN03 crystals on its surface, resulting in the observed ultrathin planar 
hexagonal crystalline layer. Similar surface crystallization is conceivable for other 
metal nitrates, since the observed frequency changes of individual salts are roughly 
proportional to their molecular weights. Apparently, the major portions of the ad
sorbed metal salts remain on the film surface without incorporation into the film 
interior. It is difficult to avoid aggregation of metal salts during the conventional 
impregnation.10 The same phenomenon was observed in our experiments. 

2.2. Incorporation of metal ions in TiO^-gel films with 
ion-exchange sites 

Ion-exchange sites are produced in Ti02-gel films by the template approach as 
shown in Scheme I.5 Magnesium diethoxide (Mg(0-Et)2) is used as the template. 
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Fig. 3. Assembly of Ti02-gel film with Mg(0-Et ) 2 as template, Ti(O-nBu)4 /100 mM, Mg(0-
Et)2/10 mM, solvent/2-ethoxyethanol, r.t., rinsing solvent/toluene. 

Thus, ion-exchangeable thin films were assembled on substrate (QCM electrode 
or quartz plate) by the surface sol-gel process by dipping in a precursor solution 
of Ti(0-nBu)4 (100 mM) and Mg(0-Et)2 (10 mM). Other conditions for the film 
assembly were identical to those used for the fabrication of Ti02-gel films without 
ion-exchange sites (Fig. 1). Figure 3 shows QCM frequency shifts during the film 
assembly. Similar to the results in Fig. 1, frequency shifts also increase linearly 
with adsorption cycles in the presence of Mg(0-Et)2- Each adsorption, however, is 
enhanced, as a result of the higher reactivity of Mg(0-Et)2, resulting in a larger 
film thickness (20 nm). 
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After this film was treated with aqueous HC1 (pH 4) and aqueous NaOH (pH 10), 
the template Mg2 + ions were replaced by Na+ ions (Scheme 1), as confirmed by 
QCM frequency shifts and X-ray photoelectron spectroscopy (XPS).5 The Na+ ion 
was readily replaced by other ions, indicating that ion-exchange sites were created in 
the TiCVgel film. The effectiveness of the ion-exchange site was supported by SEM 
observation, and ATRIR and XPS measurements. For example, doping of Ba 2 + for 
4, 10, 25 and 50 h did not result in any crystal growth of the metal salt on the film 
surface (SEM observation), unlike the bare TiC>2 film (without ion-exchange sites), 
where metal salts tended to crystallize on its smooth surface. After removing the 
template Mg2+ ions, nanopores (less than 2 nm, TEM observation) were formed in 
the film, where the deposition of metal salts by crystallization is not possible. IR 
peaks (1390 cm - 1 , 830 cm - 1 , 720 cm - 1 ) and XPS peak (407 eV) characteristic of 
NO^ were not found in the doped TiC>2 thin films, indicating that metal ions alone 
were incorporated into the interior of the thin film without adsorption of metal 
nitrates themselves. All these results support the existence of ion-exchange site in 
the interior of metal oxide films. 

A variety of metal ions were tested for ion exchange in TiC>2-gel film. The XPS 
results (on quartz substrate) were shown in Table 1. In the as-prepared film, the 
Mg/Ti ratio was estimated to be 1.2 from their XPS peak areas. All the tested 
metal ions that represented main group, transition, and lanthanide metal ions, 
were successfully incorporated homogeneously into the TiC>2 matrix. Amounts of 
metal ions introduced (M/Ti ratios) are varied under identical conditions. From 

Table 1. Atomic ratios of doped metal ions to Ti 
as determined by XPS peak intensities.a 'b , c 

M 

Gd 
Pd 
Cr 
Mn 
Cd 
Co 
Ba 
Fe 
Ag 

Binding 
energy 

(eV) 

143 
337 
578 
642 
406 
781 
781 
711 
369 

Assignment 

4d 
3d 5 / 2 
2P3/2 
2P3/2 
3d 5 / 2 

2P3/2 
3d 5 / 2 
2P3/2 
3d 5 / 2 

M/Ti 

0.3-0.7 
0.14 
0.20 
0.26 
0.33 
1.2 
1.4 
2.2 
3.6 

M/Mg 

0.3-0.7 
0.12 
0.17 
0.22 
0.28 
1.0 
1.2 
1.9 
3.1 

a T h e concentration of aqueous metal—ion nitrate 
was 10 mM and the immersion time was 4 h. 
b The Mg/Ti ratio in the as-prepared thin film was 
1.2. 
CXPS measurements were carried out on 
ESCALAB 250 (VG) using Al Ka (1486.6 eV) 
radiation. 
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the M/Ti and Mg/Ti values, the metal ion incorporated per ion-exchange site was 
estimated and expressed as M/Mg in Table 1. The Gd3 + peak overlaps partially 
with the Si peak, making it difficult to obtain accurate data. Its M/Ti and M/Mg 
ratios were estimated to be in the range of 0.3 ~ 0.7. Pd 2 + , Cr3 + , Mn2 + , and Cd2 + 

fall in the M/Ti ranges of 0.1 ~ 0.4 and M/Mg of 0.1 ~ 0.3, indicating that the 
ion-exchange sites are not fully occupied by these metal ions. Co2 + and Ba2 + have 
M/Ti values of 1-1.5 and M/Mg values of ca. 1, showing essentially stoichiometric 
ion-exchange. In the case of Fe3 + , the M/Ti and M/Mg ratios reach 2.2 and 1.9, 
respectively, three times as large as the charge-based exchange. It is known that 
Fe3 + can form ol-complexes in aqueous solutions. The high ratios might originate 
from the olation effect. Ag+ also gives a much larger doping efficiency (M/Ti = 3.6, 
M/Mg = 3.1) than other mono-valent metal ions (Li+, K + ) . This may be caused 
by the photoreduction of Ag+ ions. 

It was noted above that the amount of Mg ion is 1.2 times larger than the 
matrix Ti atom. If the Mg site is uniformly distributed in the matrix, Mg and 
Ti atoms virtually alternate in the metal oxide network. Removal of Mg ion from 
such network would destroy the matrix network completely by fragmentation. As 
the TiC>2 film retains its integrity during this process, Mg ion must not distribute 
evenly in the matrix. Instead, Mg sites would form clusters in the continuous matrix 
of titania, and create segregated ion-exchange sites. 

3. Concluding Remarks 

It is clear from the above discussion that the presence of ion-exchange site in the 
interior of the ultrathin film is essential for efficient incorporation of a number of 
metal ions. Without the ion-exchange site, metal salts readily crystallize on the 
smooth surface of TiC>2-gel films. Unfortunately, the nature of the ion-exchange 
site remains to be elucidated. The Mg/Ti atomic ratio in the precursor film sug
gests that the ion-exchange site cannot be distributed evenly in the matrix. We 
separately reported that the noble metal ions introduced were easily reduced to 
metallic nanoparticles under mild conditions by H2 plasma and chemical reducing 
agents.6 The metallic nanoparticle is formed by agglomeration of the reduced metal 
atom, and the agglomeration process should be strongly affected by the nature of 
the ion-exchange site. If the ion-exchange site is clustered, the nanoparticle core 
would be created efficiently to determine the size and its distribution of the result
ing metallic nanoparticle. Assuming that the metal atom travels in the metal oxide 
medium to form metal nanoparticles, we can estimate the traveling distance from 
the content of the ion-exchanged metal ion and the size of the nanoparticle formed. 
In the case of Ag/Ti = 0.45 and d = 4.5 nm (the mean diameter of silver particles 
obtained by H2 plasma reduction6), the largest traveling distance of silver atoms is 
estimated to be ca. 9 nm, without assuming extensive clustering of the ion-exchange 
site. Similarly, when Ag/Ti = 0.81 and d = 8.6 nm, this distance is ca. 13 nm. Natu
rally, the size of the nanoparticle depends on the density of the silver atoms formed, 
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i.e., on the density of ion-exchange sites in the thin film. This is consistent with our 

previous electron microscopic observation in the in-situ synthesis of nanoparticles 

in thin films.6 
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ZnO nanotetrapods were synthesized by microwave plasma. The nanotetrapod structures 
were imaged to be straight with diameters in the range of 10 to 25 nm and lengths up 
to 160 nm by transmission electron microscopes (TEM). The dark field images and 
lattice fringes of high resolution TEM show that the crystal orientation or structure 
of the core is different from that of the legs. The Auger electron peak of Zn shifts 
more distinctly to lower energy in the legs, which indicates the degree difference of 
bond ionicity between the core and leg. Cathodoluminescence spectrum of a single ZnO 
nanotetrapod is characterized by a stronger ultraviolet emission without broad emission 
bands in its lower energy side. This result further suggests that ZnO nanotetrapods are 
free from defects. 

Keywords: ZnO; property; nanotetrapods. 

1. Introduction 

Nanoscale science and technology have attracted great attention since the novel 
properties become dominant for well-known materials as their sizes reduced to 
some critical dimension. These properties frequently originate in lattice distortions, 
structure transformations, etc.1 The variations of size and structure of nanocrystals 
lead to the change in their electronic structures. Very recently, nanoscale materials 
with different electronic structures were utilized in fabricating nanoscale junctions.2 

* Corresponding author. 
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A large part of these works has been focused on one-dimensional nanoscale 
p-n junction and/or hetero junction for applications in nanoscale electronic and/or 
optoelectronic devices. ZnO is one of the potential materials for optoelectronic de
vices. The lazing action of ZnO has been demonstrated in disordered particles and 
thin films. The exciton binding energy of ZnO is about 60 meV, which is signifi
cantly larger than the thermal energy of 26 meV at room temperature.3 Although 
the crystal structure of ZnO is known to be the wurtzite type only, the smoky ZnO 
particles produced by heating of zinc in an oxygen atmosphere have a tetrapod 
shape with four legs. The orientation relationship of the legs touches off a debate 
whether the zinc-blende type structure exists in ZnO or not.4 

2. Exper imenta l Details 

ZnO nanotetrapods were synthesized by microwave plasma. Zinc powder in a quartz 
boat was set at the center of a horizontal quartz tube. Pure Ar and O2 gases flow 
into the tube and an 800 W 2.45 kMHz microwave source was coupled along square 
rectangle wave-conduct pipe to the tube center for generating stable plasma. A tube 
furnace was used to obtain necessary temperature zone. The as-prepared particles 
were collected on the inner-wall at the downstream end of the tube after 30 min 
reaction. The percentage of tetrapods depends on growth temperature and gas 
flows. High yields were obtained with a temperature of 450°C inside the quartz tube 
and Ar and O2 flows of 30 and 20 seem, respectively. The nanotetrapod structures 
were imaged by transmission electron microscopes (TEM, JEM-2G00EX and -2010F, 
JEOL). The structure information were also studied by analyzing Auger electron 
spectra (AES) of Zn in the nanotetrapods by a field emission AES (PHI 670). A 
thermal field emission scanning electron microscope (TFE-SEM, S4200? Hitachi) 
with low energy cathodoluminescence (CL) system was employed to detect the 
selective area luminescence spectrum.5 

3. Resul ts and Discussion 

The nanotetrapod structures were imaged by TEM5 as shown in Fig. 1. The as-
prepared nanotetrapods consist of four straight legs with nearly uniform diameters 

Fig. 1. Typical (a) bright and (b) dark field TEM images. 

142 



Properties of ZnO Nanotetrapods 517 

Fig. 2. Typical lattice fringes of (a) core, (b) legs and (c) coalescence between legs observed by 
HETEM and their lattice model of (d) between core and legs and (e) between legs. 

in range from 10 to 25 nm and lengths up to 160 nm. The dark field images show-
that both the legs and core were impossible to satisfy a same diffraction condition. 
This indicates the differences of the crystal structure or orientation between the 
core and legs. 

The lattice structures of the ZnO nanotetrapod were further investigated by the 
high-resolution TEM (HRTEM). Since the four legs are not in identical orientation, 
appropriate-orientations were selected to obtain better lattice fringes of the core, 
legs and their boundary in a image, as shown in Fig. 2. The lattice fringes of the 
core consist of a number of six-fold bright diffraction rings. The lattice fringes of 
the legs appear to be of parallel bright diffraction lines. The interval of the lines 
is measured to be 0.512 nm close to the lattice constant c of hexagonal ZnO. The 
lattice difference between the core and legs leads to the core region appearing as 
a small triangle at the joint center of three legs. These results also indicate that 
the crystalline of the core differs from that of the legs. The bright diffraction lines 
between different legs are mitered by shorter parallel rows of bright dots. The miter 
joints appear to be discontinuous at some regions. This suggests that the legs be 
first grow faster in certain crystal directions and then coalescent as laterally grow. 
On the basis of the above results, we believe that the ZnO nanotetrapod nucleates, 
grows faster in four crystal directions to form the legs under mentioned conditions 
and finally coalescent between the legs. 

Although the crystal structure of ZnO is wurtzite type, it is impossible to con
struct only ZnO tetrapod with wurtzite structure. However, the tetrapod is easy to 
be constructed with the zinc-blende type core connecting to wurtzite type legs, as 
shown in Fig. 2(d). Since the four wurtzite type legs have different orientations, the 
bonds for an atom between the legs are on a plane instead of tetrahedral bonds, as 
marked in Fig. 2(e). The information from primary structure also investigated by 
selective area AES. The mean kinetic energy of Zn LMM Auger peaks shift from 
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Pig. 3. CL spectra of a nanotetrapod (inset image). The several meV shift is visible in the inset 
spectra. 

997 eV to 994.2 and 992.8 eV in the cores and legs, respectively, which indicates 
that the many electrons of Zn are held by O due to formation of ionic bond in ZnO 
and the degree of ionicity in the core is smaller than that in the legs. Generally, the 
tetrahedral bonds are favorable to form zinc-blende and wurtzite structures with 
low and high degree of ionicity, respectively. In this point of view, the lattice struc
ture of the core is also believed to be zinc-blende type that enables the wurtzite 
type ZnO to grow in four equivalence directions. 

The selective area CL spectrum of a single ZnO nanotetrapod is characterized 
by a stronger ultraviolet (UV) emission without broad defect-related emission band 
in its lower energy side, as shown in Fig. 3. Detailed examination showed that the 
emission energy in the core is several meV lower than that in the legs. This result can 
be attributable to the larger exciton binding energy due to the stronger Coulomb 
interaction in the smaller size of the core. 

In conclusions, the ZnO nanotetrapod properties between the core and leg are 
different. This suggests that the nanotetrapod may be formed by the wurtzite struc
ture legs and zinc-blende type core. 
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Mesoporous silica composites filling densely peptide assemblies (Proteosilica) were newly 
synthesized as transparent films. Spiropyran guest was co-doped in the films and photo-
isomerization between spiropyran form and merocyanine form was repeated by alternate 
irradiation of visible and UV lights. Circular dichroism (CD) active spectra were observed 
only for the spiropyran form in the Proteosilica with hexagonal geometry. However, the 
CD active behavior was absent for the spiropyran in lamellar Proteosilica. Difference 
in peptide assembling structures would affect chiral sensitivity of the doped spiropyran 
guest. 

Keywords: Mesoporous silica; peptides; photoisomerization. 

1. Introduction 

Protein architecture can be regarded as the ultimate specimen of nanosized en
gineering and technology because highly sophisticated functions are performed in 
their precisely controlled structures. If protein mimics are confined in strong and 
well-defined nanospaces, both structural strength and functional ability are satis
fied. Mesoporous silica having regular pore arrays of molecule-comparable size1 - 4 

would be the most suitable medium for the protein-mimic immobilization. We have 
developed recently mesoporous silica filling densely peptide assemblies in its pores. 
This nanocomposite was named Proteosilica and provides chirally controlled envi
ronment like protein interior. In this paper, we describe preparation examples of 
the Proteosilica films and preliminary results on photoisomerization of spiropyran 
doped in the films. 

2. Exper imenta l 

FT-IR spectra, XRD patterns, electronic absorption spectra, and CD spectra 
were recorded on JASCO FT/IR-660 plus spectrophotometer, Rigaku model 
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RINT2500PC small and wide-angle X-ray diffractometer, JASCO model V-570 
spectrophotometer, and JASCO model J-820 spectrophotometer, respectively. 

3. Resul t s and Discussion 

3 .1 . Design and preparation of Proteosilica 

As shown in Fig. 1, we have developed two types of Proteosilica. Type I Proteosilica 
was obtained by conventional sol-gel process using peptide-carrying surfactants as 
templates. Structural limitations in nanosized pores forced the peptides to align in 
a parallel ./3-sheet type motif. Type II Proteosilica has pore structures with peptide 
segments. Sol-gel synthesis using surfactants carrying both alkoxysilane and pep
tide groups provided mesoporous silica with the covalently attached surfactants. 
Alkyl chains in the surfactants were removed selectively by acid catalyzed hydrol
ysis, resulting in porous mesostructured material. In this paper, we concentrate on 
Type I Proteosilica, and the chiral environment of the pore interior was evaluated 
by photoisomerization of spiropyran guest 1 (Fig. 2). 

Type I Type II 
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Fig. 1. Two types of Proteosilica. 
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Fig, 2. (A) Formulae of peptide surfactant (LL, DD) and spiropyran guest 1. (B) Electronic 
absorption spectra of hexagonal LL film containing 5 mol% of 1: (a) in spiropyran form and 
(b) merocyanine form. 
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Alanylalanine-type surfactants, named LL and DD referred to chirality of the 
peptide moiety, were used as the host peptides. A mixed solution containing 0.0053 g 
of conc-HCl, 0.204 g of H 2 0 , 1.684 g of MeOH, and 1.00 g of tetramethyl ortho-
silicate (TMOS) was stirred for 10 min at room temperature. To this sol-gel solution 
(0.434 g), 0.1 mmol of surfactant was added and the mixture was stirred for 20 min. 
The spin-coated films can be obtained from this solution (final mixing molar ratio: 
surfactant/H20/HCl/TMOS/MeOH = 0.1/1.7/0.0076/1/8). Guest 1 was co-doped 
with the surfactant at various mixing ratios. 

XRD evaluation of the prepared films revealed that the peptide-surfactants (LL 
and DD) provided hexagonal mesoporous structure even with 5 mol% content of 1, 
while a conventional cetyltrimethylammonium bromide (CTAB) template did not 
induce any regular structures under the same condition. The dioo peak of LL-silica 
shifted from 4.20 to 4.50 nm upon co-doping of 5 mol% 1 but the peak sharp
ness remained unchanged. The corresponding peak was observed even after calci
nation treatment at 450°C, implying mesoporous silica with hexagonal geometry 
was formed. 

The silica source was changed to tetraethyl orthosilicate (TEOS) and allowed us 
to prepare lamellar-structured composites with repeating distance of 4.55 nm (final 
mixing molar ratio: surfactant/H20/HCl/TEOS/EtOH = 0.2/4.1/0.04/1/34.8). 
XRD peaks corresponding to the regular structure disappeared after the calcination 
treatment. This fact confirms the formation of the lamellar phase. 

3.2. Photoisomerization of spiropyran in Proteosilica 

Next, photoisomerization behaviors of 1 doped in the transparent Proteosilica films 
were investigated spectroscopically. The acidic condition of sol-gel reaction induced 
isomerization of 1 into a merocyanine form just after the spin-coating process. 
Irradiation of a visible light (420 nm) closed the structure to result in a spiropyran 
form. Isomerization of 1 into the spiropyran form and the merocyanine form can 
be repeated upon alternate irradiation of the visible light and UV light (280 nm) 
to the films, respectively (Fig. 2(B)). 

Circular dichroism (CD) spectra of the hexagonal LL films containing 5 mol% 
of 1 were measured (Fig. 3(A)). Only negligible CD signals originated from guest 1 
were observed for the film containing the merocyanine form, implying that induced 
CD of the nonchiral merocyanine was not significant even in the chiral peptide en
vironment. In contrast, the film with 1 in spiropyran form showed clear CD activity 
in the region from 250 nm to 400 nm, where the host surfactant does not have any 
absorbance. Alternate irradiation with the UV light and the visible light induced 
repeated changes in the CD spectra with a small degradation in the intensity. In ad
dition, a complete mirror image of the CD spectra was obtained when the DD was 
used as the host surfactant. The latter fact confirmed that the CD signals from the 
guest were driven by the chiral environment of the surrounding host. The probable 
origins of the observed results would be from chiral-selective isomerization and/or 
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Fig. 3. CD spectra of Proteosilica film containing 5 mol% of 1. (A) Effect of film chirality: 
(a) merocyanine 1 in hexagonal LL-film; (b) spiropyran 1 in hexagonal LL-film; and (c) spiropy-
ran 1 in hexagonal DD-film. (B) Effect of film structure: (a) spiropyran 1 in lamellar LL-film and 
(b) spiropyran 1 in hexagonal LL-film. 

induced CD signal. The detailed analyses are now under investigation. Another 
important factor, peptide sequence effect, is also examined currently. 

Interestingly, the above-mentioned CD activity was completely absent when the 
film was in lamellar phase (Fig. 3(B)). This means that the chiral influence of the 
host on the guest depends significantly on the type of the mesostructure. The pep
tide assembling structures were investigated by FT-IR. Proteosilica with hexagonal 
structure (LL and 5 mol% of 1) showed broad peak of amide I band [z/(C=0)] at 
1667 c m - 1 with a tiny contribution of a peak at 1645 cm - 1 , indicating that most 
of the carbonyl groups are weakly bonded. The guest might be incorporated into 
the weak bonded peptide region and can sense chiral environment provided by the 
peptide-surfactant. In contrast, a quite strong peak at 1644 c m - 1 was observed 
for the lamellar silica composite for the corresponding composition. The latter fact 
suggests that the alanylalanine segments self-assembled through hydrogen bonding 
and the guest 1 might be excluded from the chiral peptide region. The lack of cur
vature of polar region in the lamellar phase would promote self-hydrogen bonding 
between the peptide molecules. 

4. Conclusion 

Proteosilica films have macroscopically transparent appearance and microscopically 
protein-like environment. As demonstrated above, the films work as a nice medium 
for controlled molecular conversion. Therefore, they would have high potentials for 
applications as photonic nanodevices. 
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We obtained thin films of the AlPdRe icosahedral quasicrystals by molecular beam 
epitaxy and post-annealing. The thickness of the films was estimated to be smaller than 
100 nm. Any preferred orientation in the X-ray diffraction peaks was not observed in 
the films. 

Keywords: Quasicrystal; thin film; molecular beam epitaxy. 

1. In t roduc t ion 

Icosahedral quasicrystal (IQC) has a unique atomic structure, which can be distin
guished from crystal or amorphous solid. The structure is characterized by the sharp 
diffraction peaks with an icosahedral rotational symmetry in reciprocal space, and 
the quasi-periodic packing of icosahedral atom clusters with a diameter of approxi
mately 1 nm in real space. Unlike conventional metallic alloys, many IQCs possess a 
semiconductor-like electron transport behavior and a glass-like low thermal conduc
tivity. These properties can be explained by the combination of a Hume-Rothery 
type pseudogap in the electron density of states at Fermi energy and a localization 
tendency of electrons and phonons. We reported that AlPdRe IQC possesses higher 
thermoelectric power and lower thermal conductivity than other IQCs and thus 
might be the candidate for a thermoelectric material.1 In addition, the thermoelec
tric power of AlPdRe IQC exhibits stronger dependence on the sample composition 
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and the amount of Ru doping than the electrical conductivity and the thermal 
conductivity.2 The slight change in the concentration of Pd, Re, and additional 
Ru should cause significant variation in the electronic structure and the bonding 
nature of the IQC. Hence, further precise tuning of the sample composition and 
flexible control of the fourth element doping are necessary for the improvement of 
the thermoelectric performance. However, the previous study based on bulk sam
ples showed some difficulties for the control of the sample composition and the 
porosity.1 The thin film preparation is less porosity and more reliable researches 
of the thermoelectric property in comparison with the bulk samples should be car
ried out. In addition, the thin IQC films may provide structural modifications of a 
quasi-lattice or icosahedral atom clusters. Thus new physical properties other than 
the thermoelectric properties will appear. Consequently, a new electric device in 
nanometer scale can be expected. In this paper, we report the results of thin film 
preparations of the single phase AlPdRe IQC for various processes. 

2. Experimental 

The thin films of AlPdRe IQC were prepared using a molecular beam epitaxy 
(MBE) apparatus. The evaporation sources were a Knudsen cell for Al and electron 
beam guns for Pd and Re. The pressure during deposition and in situ annealing 
was 10~6 ~ 10~5 Pa and 5 x 10~7 ~ 5 x 10~6 Pa, respectively. The deposition 
rates were 0.6 ~ 1.2 nm/min, 0.12 ~ 0.30 nm/min, and 0.06 ~ 0.18 nm/min for 
Al, Pd, and Re, respectively. These deposition rates are lower than those reported 
earlier.3,4 The desired composition was Al70Pd2oReio for all the films. Sapphire 
R-plane, quartz, and Si (100) plane were employed as substrates. In order to check 
the sample composition and the oxidation, we used in situ X-ray photoelectron 
spectroscopy (XPS). In situ annealing of the as-deposited film was performed at 
700°C up to 2 h. Ex situ annealing was also performed under Ar atmosphere (6N 
purity, flow rate of more than 500 cm3/min) at 700 ~ 750°C up to 2 h. The 
cap-layer of AI2O3 (100 ~ 150 nm) was deposited on some of the films before ex 
situ annealing. X-ray diffraction (XRD) patterns were measured to identify the 
alloy phase. A rotating anode type X-ray source was employed to generate Cu Ka 
radiation. Total thickness of the as-deposited films, which was measured by a stylus-
type thickness meter, was approximately 100 nm. The surface morphology of the 
films was examined by a scanning electron microscope (SEM). 

3. Result and Discussion 

We focus on the results of simultaneous deposition of the three elements on the 
sapphire R-plane substrate. The simultaneous depositions were performed at sub
strate temperature of 30 - 90°C (film A), 500°C (film B), and 700°C (film C). 
The XRD patterns of films A, B, and C are shown in Fig. 1. From amorphous 
state of the as-deposited film A (Fig. 1(a)), single phase of IQC was obtained by 
ex situ annealing (Fig. 1(b)). All of the sharp diffraction peaks can be indexed 
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Fig. 1. XRD patterns of films A, B, and C. (a) film A (as-dep, Ts = 30 ~ 90°C), (b) film A (after 
ex situ annealing), (c) film B (as-dep, Ts = 500°C), (d) film C (as-dep, Ts = 700°C), and Ts is 
substrate temperature. 

by six-dimensional indices. The XRD pat te rn of film A is similar to tha t of the 

powder sample (for instance, da t a from J C P D S No. 45-1317). Any preferred ori

entation in the X-ray diffraction peaks was not observed in the films. According 

to the SEM micrographs shown in Figs. 2(a) and 2(b), the smooth surface of the 

as-deposited film A has not been lost by ex situ annealing. The XPS spectrum of 

film A apparently indicated the oxidation at the surface. Considering the oxidized 

layer, the thickness of the IQC film is less than 100 nm. It should be noted tha t we 

have obtained thinner and flatter IQC film than the previous s t ud i e s . 3 - 5 After A r + 
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<gg—&> 5 um 

Fig. 2. SEM micrographs of films A, B, and C. (a) film A (as-deps Ts = 30 - 90°C), (b) film A 
(after ex situ annealing), (c) film B (as-dep, T8 = 500°C), (d) film C (as-dep, Ts = 700°C), and 
T s is substrate temperature. 

sputtering of the oxidized layer, the surface morphology itself was not significantly 
changed. The XPS spectrum of the sputtered film A revealed that the oxidized 
layer consists mainly of aluminum and oxygen. Therefore, the composition of film 
A shifts from that of the as-deposited film to some extent. The measurements of 
the thermoelectric power and the electrical conductivity for film A are in progress. 
On the other hand, the simultaneous deposition at high temperature (films B and 
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C) exhibited no sign of IQC phase (unknown phases, Figs. 1(c) and 1(d)). The 
SEM micrographs show island formation and relatively rough surface for films B 
(Fig. 2(c)) and C (Fig. 2(d)), respectively. However, we obtained a single phase IQC 
with sharp XRD peaks for films B and C after the cap-layer deposition of AI2O3 
and ex situ annealing. This means that the deviation of the sample composition at 
high temperature substrates is small and oxidation of the film during deposition 
is negligible. These results suggest that direct formation of IQC film needs higher 
substrate temperature than 700°C of instrumented limit. 

According to the XRD patterns, the films deposited on the quartz substrate 
exhibited the entirely similar chemical reaction to the case of the sapphire substrate. 
However, the IQC phase was not obtained for the films deposited on the Si (100) 
substrate. The in situ XPS spectrum indicated apparently the existence of Si 2s 
and 2p states on the film surface, which means the atomic diffusion of Si from the 
substrate. 

We have also performed the successive deposition with a layer sequence of 
Al/Pd/Re/Pd/Al at substrate temperature of 30 ~ 90°C. The annealing of the 
multilayer enabled us to prepare the IQC film on the sapphire substrate as re
ported by Grenet et al.3 The XRD pattern of the film by in situ annealing revealed 
relatively broad diffraction peaks and existence of a slight amount of secondary 
phase. In addition, large amount of porosity (diameter of 50 ~ 100 /xm) was dis
tributed in the film with a cap-layer of AI2O3 after ex situ annealing. In the case 
of multilayer, the surface becomes rough through the inter-layer atomic diffusion 
during annealing. 

4. Conclusions 

We obtained thin films of the AlPdRe icosahedral quasicrystals by molecular beam 
epitaxy and post-annealing. The smooth surface of the as-deposited film has been 
kept through annealing without cap-layer deposition of AI2O3. Simultaneous de
position of the three elements is necessary in order to obtain the smooth surface. 
The deposition rate (maximum of approximately 2.0 nm/min) was lower than the 
earlier studies. The thickness of the films was estimated to be less than 100 nm. 
Any preferred orientation in the X-ray diffraction peaks was not observed in the 
films. 
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Luminescent poly(ethylene glycol)-coated polystyrene (PSt) nanometer-sized parti
cles (nanoparticles) containing trivalent europium or terbium ion were prepared 
by free-radical dispersion copolymerization of styrene, poly(ethylene glycol) (PEG) 
macromonomer, and the lanthanide complex which was coordinated with 1,10-
phenanthroline possessing acryl group. Red and green luminescences with narrow band 
width were observed from each nanoparticle containing europium and terbium com
plexes, respectively. 

Keywords: Nanometer-sized particles; lanthanide complexes; free-radical dispersion 
polymerization. 

1. Introduction 

We have reported that thin films possessing a hexagonal array of micropores 
{"honeycomb films") are formed by casting solutions of various types of 
polymers.1"3 The film fabrication method is of "bottom-up" strategy and is based 
on self-organization process of soft materials. Using the patterned structure, com
posite thin films containing nanoparticles into the honeycomb micropores was 
fabricated.4 The composite films will be applicable for flat, thin, and flexible lu
minous panels and display devices such as " e-paper". For the construction of the 
light-emitting devices, it is necessary to prepare highly luminescent nanoparticles. 
Because of strong luminosity with narrow band-width, lanthanide (III) ions are 
chosen as lumophore of the nanoparticles. 
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Fig. 1. Chemical structures of lanthanide complexes 1-6, 1,10-phenanthroline derivatives 7-10, 
and initiator VA-061 and reaction scheme of preparation of PEG-coated PSt nanoparticles. 

Table 1. Comparison of properties of the lanthanide-containing PEG-coated PSt nanoparticles. 

3 
4 
5 
6 

Molar ratio to St , % 
(11, M L 3 , and 7 or 8) 

0.35, 1.4, 2.5 
0.50, 1.8, 1.6 
0.80, 1.8, 1.8 
0.50, 1.9, 1.6 

Dw 

nm 

241 
307 
265 
275 

D„ 
nm 

211 
287 
256 
256 

Monodispersity 
(Dw/Dn) 

1.14 
1.07 
1.04 
1.07 

-^max 
nm 

614 
612 
545 
546 

HMFW 
nm 

9 
5 

10 
11 

•Tem(Eu) 

1 
0.89 
— 
— 

/em(Tb) 

0.11 
1 

M L 3 : M = Eu or Tb and L = hfa or dpm; Dw and Dn: weight- and number-averaged diameter, 
respectively; Amax, HMFW and lem'- Peak-top wavelength, half maximum full-width value, and 
relative emission intensity of the most intense emission band, respectively, excited at 360 (Eu) or 
340 (Tb) nm. Molar ratios were estimated from elemental analyses.a Dw and Dn were estimated 
from the SEM images. 

2. Preparations and Characterizations of Luminescent 
PEG-Coated PSt Nanoparticles Containing Lanthanide (III) 
Ion Complexes 

Recently, useful preparation method of monodisperse polymeric nanoparticles via 
free-radical dispersion copolymerization of hydrophobic monomers (e.g., styrene) 
and hydrophilic macromonomers (e.g., 11) in polar solvent has been reported.5 In 
order to introduce illuminant lanthanide ions toward each particle core uniformly, 
hydrophobic lanthanide complexes were needed. But introduction of complex 1 and 
2 to the PSt nanoparticles has failed because of low solubility to the hydrophobic 

aFound in the particles containing 3: C 83.88, H 7.21, N 0.90%; Containing 4: C 86.53, H 7.76, 
N 0.52%; Containing 5: C 85.45, H 7.60, N 0.57%; Containing 6: C 86.23, H 7.68, N 0.50%. Calcd 
for St ioollo.35[Eu(hfa)3] i .57i .3: C 84.01, H 6.99, N 0.84%; St 1 0 ol lo .5o[Eu(dpm) 3 ] i .87i .6 : 
C 86.48, H 7.74, N 0.53%; S t ioo l lo .8o[Tb(dpm) 3 ] i .87 i . 8 : C 85.58, H 7.75, N 0.58%; 
St 1 0 ol lo .5o[Tb(dpm) 3 ] i .98 1 .6 : C 86.22, H 7.74, N 0.53%. 
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(a) (b) (c) (<l) 

Fig. 2. SEM images of PEG-coated PSt nanoparticles connecting (a) 3 , (b) 4, (c) 5, and (d) 6. 

Scale bar indicates 500 nm. 

particle core and to the polar polymerization media, respectively. An effective strat
egy of the introduction of the lanthanide complexes was the synthesis of complex 
monomers 3-6 and copolymerization of a mixture of the lanthanide complex 3-6, 
styrene (St), and 11 (Fig. 1) according to Ref. 5. As a key ligand of the lanthanide 
monomers, two kinds of 1,10-phenanthloline 76 and 8 were prepared by amidation 
of amino derivatives 9 and 107 and acryloyl chloride, respectively. Four lanthanide 
complex monomers were synthesized according to general method.8 

All nanoparticles were characterized by means of elemental analyses and SEM 
observations. Table 1 Indicates that 11 and the lanthanide monomers 3-6 were 
copolymerized with St. It was suggested that hydrophilic PEG moiety covered 
hydrophobic PSt core of the nanoparticles as well as the no-doping PSt core-PEG 
corona nanospheres.9 The nanoparticles with narrow size distribution were obtained 
in the case of the complex 4-6 (Fig. 2). From elemental analyses, dissociation of 
ligand 7 or 8 In some amount of complex 3-6, typically 3, was occurred in the 
copolymerization mixture. 

3 . Luminescence P rope r t i e s of t h e Lanthanide Complexes and t h e 
Nanopar t ic les Containing t h e Complexes 

When the nanoparticles containing lanthanide complex 3, 4, and 6 were excited 
by UV light, red (containing 3 or 4) or green (containing 6) luminescence from 
each nanopartlcle were observed (Figs. 3 and 4).b Luminescent properties of the 
nanoparticles are also summarized in Table 1. 

Difference of luminescence intensities between the nanoparticles was derived 
from that of complex monomers. Luminescence of 5 was strongly quenched than 
that of 6 (29% Intensity of 5, Fig. 4(a)). Excited coordinating 7 of 5 was emitted 
fluorescence (Amax = 410 nm). Excited at 360 nm, luminescence of 4 was reduced 
to 8.4% intensity of 3. 

bEmission from the nanoparticles containing 5 was too weak to detect by fluorescent microscopes. 

161 



536 K. Tamaki & M. Shimomura 

(a) (b) (c) 

Fig. 3. Fluorescent microscopic images of the nanoparticles containing (a) 3, (b) 4, and (c) 6, 
on glass substrate under irradiation of 330-385 nm UV light from mercury lamp (WU excitation 
method). Scale bar indicates 5.0 fim. 

(a) (b) 

Fig. 4. (a) Fluorescence spectra excited at 340 nm. (1) normalized spectrum of nanoparticles 
polymerizing 6 on glass substrate, (2) 2.0 x 10~5 M 6 in benzene, and (3) 2.0 x 10~5 M 5 in 
benzene, (b) Fluorescence spectra of the nanoparticles containing (1) 3 and (2) 4 on glass substrate 
excited at 360 nm. 

4. Conclusions 

Four kinds of PEG-coated PSt nanoparticles containing europium or terbium com
plex were prepared. These are typical nano- or submicron-scaled organic materials 
wrapping luminescent lanthanide trivalent ions. The nanoparticles connecting tert-
butylated complex (4-6) had narrow size distribution and monodispersity compared 
to connecting fluorinated one (8). Luminescence intensity of the nanoparticles con
taining higher-luminescent complex (3 and 6) was stronger than that of particles 
containing complex (4 and 5). In other words, these particle properties, sizes and 
luminosity, were influenced by properties of lanthanide complexes. 
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Nanosize Si02 particles with narrow size distribution were produced by modified Stober-
Fink-Bohn method. Average particle size was determined as 170 nm by SEM im
age. Organosilica mesoporous molecular sieve (MCM-48) was synthesized. The calcined 
MCM-48 has pore diameter of 26.8 A and a surface area of 1024 m 2 g - 1 by BET 
(Brunauer-Emmet-Teller) measurement. 

Keywords: Nanoparticle; mesoporous molecular sieve; Si02-

1. Introduction 

The discovery of the M41S family of mesoporous molecular sieves1'2 has expanded 
the range of uniform pore sizes from the microporous (<13 A, as found in zeo
lites) into the mesopore range (>20 A) and generated considerable interest in open 
structured inorganic materials. Three subgroups of the family have been reported: a 
hexagonal phase referred to as MCM(Mobile Company Material)-41, a cubic phase 
(space group Ia3d) known as MCM-48, and MCM-50, an unstable lamellar phase.3 

The procedures used for the preparation of mesoporous silica materials are similar 
to those in the synthesis of zeolites, except that a surfactant instead of an inorganic 
base or an amine is used as the template. Mesoporous silica is made under mild hy-
drothermal conditions (typically below 120°C) in the presence of anionic, cationic, 
or neutral surfactants, under either basic or acidic conditions.4'5 Since the atomic 
arrangement in these materials is not crystalline, we shall refer to "crystallinity" 
in the sense of the regular arrangement of uniform channels, the only element of 
order. All references to a unit cell, etc. should be interpreted accordingly. Surfactant 
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chemistry is the key to the formation of mesoporous silica. The silicate species in 
solution play an important role in the organization of the surfactant molecules, and 
the electrostatic interaction between the inorganic and surfactant ions determines 
the morphology of the mesophase. Interest in the mesoporous silica sieves has been 
concentrated almost exclusively on MCM-41 and very little information is available 
on MCM-48. 

2. Experiment 

2.1. Material 

All solvents and chemicals are of reagent quality and are used without further 
purification except tetraethylorthosilicate (TEOS, Aldrich 99.5%) which is freshly 
vacuum distilled before use. Ethanol and cetyltrimethylammonium bromide (CTBr, 
99%) are obtained from Aldrich Chemical Co. Ammonium hydroxide (29.6%) are 
obtained from Fisher Chemical Co. 

2.2. Synthesis of SiO? nanoparticle 

Spherical hydrous SiC>2 nanoparticles with narrow size distribution were produced 
by modified Stober-Fink-Bohn method.6 Under the conditions of constant stirring 
at room temperature, TEOS (0.5 mol) was added to a solution of 30 ml reagent-
grade ethanol and concentrated ammonium hydroxide (2.2 mol). TEOS underwent 
hydrolysis/condensation reaction, forming poly-silicylic acid. Within minutes, pre
cipitation of uniform spherical Si02 nanoparticles was occurred. By controlling the 
reactant concentrations, average diameter of particle in the range of 0.05 to 0.6 fj,m 
could be produced. 1.5 g Si02 nanoparticles are washed six times with 30 ml of 200 
proof ethanol by repeated centrifugation and ultrasonic dispersion cycle in order to 
remove impurities, such as ammonia, water, and unreacted tetraethylorthosilicate. 
Si02 nanoparticles were then dried at 100°C in an oven. 

2.3. Synthesis of organosilica mesoporous material 

Purely siliceous MCM-48 was synthesized following literature prodedure.7 The 
sodium silicate solution was prepared using colloidal silica (39.5 wt% Si02, 0.4 wt% 
Na20, and 60.1 wt% H 20) added to the heated 0.1 M NaOH solution, whose mo
lar composition is 0.25 Na20: 1.0 Si02: 12.5 H2O. This solution was placed into 
the autoclave containing the surfactant solution of a mixture of CTABr, ethanol, 
and H 2 0 . The molar composition of resultant gel mixture is 1.4 Si02: 1.0 CTABr: 
0.35 Na 20: 5.0 EtOH: 140 H 2 0 . The mixture was heated for 16 h at 140°C. The 
product was then slurried in an ethanol-HCl mixture (0.1 mol of HC1 per L of 
ethanol), filtered, washed with ethanol, dried in an oven, and calcined in air at 
550°C for 8 h. 
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2.4. Characterization of SiO^ nanoparticle and organosilica 
mesoporous material by XRD, SEM, BET 

The structure of SiC-2 nanoparticle and MCM-48 was studied with X-ray diffrac
tion (XRD) (Philips, X'Pert-MPD system). Before the experiments, MCM-48 was 
dehydrated at 350°C for 12 h. Scanning electron microscopy (SEM) examinations 
of the samples were carried out on a HITACHI S-2400. The samples were coated 
with gold using a prior to imaging. The cumulative surface area of mesopores was 
obtained from BET (Quntachrome Co.) measurement. 

3. Result and Discussion 

The X-ray diffraction patterns show that the precursor changed to the calcined SiC-2 
nanoparticle as increasing calcinations temperature. Figure 1 shows that diffraction 
patterns of SiC-2 nanoparticle corresoponding to cristobalite SiC-2 have been found 
for the samples calcined at 1200°C. No significant change in the structure has been 
found after heat-treatment temperature up to 1000°C. A small amount of SiC-2 has 
been detected after calcining below 1000°C, but most of them are assigned as an 
amorphous structure. The single-phase cristobalite Si02 has been observed in the 
sample calcined at 1200°C for 24 h. Figure 2 is the scanning electron microscopy 
(SEM) image of SiC-2 nanoparticles. All powders were dried under vacuum for 3 h at 
100°C before characterization. Most of the SiC-2 nanoparticles are spherical. Aver
age particle size was determined as 170 nm. The quality of MCM-48 was confirmed 
by XRD measurement. The powder X-ray diffraction patterns of the products of 
MCM-48 feature distinct Bragg peaks in the range 20 = 2 ~ 8°, which can be in
dexed to different hkl reflections in good agreement with the patterns from a purely 
siliceous MCM-48. The XRD pattern of MCM-48 (Fig. 3) shows typical peaks of 
the cubic crystallographic space group Ia3d, which indicates that the crystallites 
are particularly well developed. The (211) peak is sharp and intensive. The (220), 

(c) 

wni^****urituwtowaniilt ( b ) 

Fig. 1. X-ray diffractograms of the calcined powders of heat treated at (a) 800°C, (b) 1000°C, 
and (c) 1200° C. 
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Fig. 2. Scanning electron microscopic images of SiO-> nanoparticles. 

2 Theta 

Fig. 3. XRD patterns of calcined MCM-48. 

(420) and (332) peaks are well resolved. The calcined MCM-48 has pore diameter 
of 26.8 A and a surface area of 1024 m2g"~1 by BET. 
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Toward an understanding of intermolecular-interaction effects on the third-order non
linear optical properties of nanostructured molecular aggregates, we investigate the lon
gitudinal second hyperpolarizabilities (7) of model dimers composed of neutral (C5H7) 
and charged (C5H7) monomers using ab initio molecular orbital methods. It is found 
that 7r-7r orbital interaction in the stacking direction remarkably affects the 7 values of 
dimers, while the difference in spin configuration hardly causes significant changes in 7 
for the present models due to weak exchange interactions between monomers. 

Keywords: Nonlinear optics; second hyperpolarizability; IT-TT orbital interaction; spin 
configuration. 

1. Introduction 

A large number of 7r-conjugated organic and inorganic molecular systems have been 
investigated due to their large nonlinear optical (NLO) properties. Most of these 
systems are closed-shell neutral molecules, which are chemically stable. In previous 
studies,1-4 we have found that the molecules with symmetric resonance structure 
with invertible polarization (SRIP) tend to exhibit negative off-resonant second 
hyperpolarizabilities (7), which are the origin of the self-defocusing effects of the 
incident laser beam. It is also found that such systems exhibit a large enhancement 
of two-photon absorption (TPA) cross section. A simple method of obtaining a large 
contribution of SRIP was found to be an introduction of charged defects.4 

From the viewpoint of the molecular design of nanostructured NLO molecular 
aggregates, the elucidation of intermolecular-interaction effects on 7 is important.5 '6 

* Corresponding author. Present address: Division of Chemical Engineering, Department of Mate
rials Engineering Science, Graduate School of Engineering Science, Osaka University, Toyonaka, 
Osaka 560-8531, Japan. 
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In this study, therefore, we investigate the intermolecular-interaction effects on 7 
values for two types of model dimers composed of neutral (C5H7) and cationic 
(C5H7") monomers, respectively. The 7 values for monomers and dimers are calcu
lated using ab initio molecular orbital (MO) and density functional (DF) methods. 
Further, since open-shell molecules are expected to be novel candidates for NLO 
systems,2 the spin-configuration effect on the 7 is also examined using the neutral 
dimers with singlet and triplet states. On the basis of the present results, a novel 
structure-property relation in 7 of molecular aggregates is discussed in view of the 
intermolecular orbital-interaction effect. 

2. Calculated Systems and Calculation Methods 

Figure 1 shows the structures of monomers (cation C5H+ (M-c) and neutral doublet 
C5H7 (M-n)) and their dimers (dication (D-dc), neutral singlet (D-s) and neutral 
triplet (D-t)), in which the monomers lie on two z-x planes in a cofacial arrange
ment. These dimers have the same distance (van der Waals radius, 3.0 A) between 
cofacial monomer planes and have complete overlaps (in the stacking direction) 
between upper and lower molecules (1-1' , 2-2', 3-3' and 4-4'). The geometries of 
monomers are optimized under the C2V symmetry using a hybrid DF, i.e., B3LYP, 
method with a standard basis set (6-31G**). All calculations are performed by 
using GAUSSIAN 98 program package.7 

In general, electron-correlation effects on 7 for charged and/or open-shell 
molecules are known to be remarkable,9 so that we apply several ab initio MO meth
ods, i.e., the Hartree-Fock (HF), the M0ller-Plesset perturbation (MP2 and MP4) 
and the coupled-cluster (CCSD(T)) methods, as well as a hybrid DF (BHandHLYP) 
method to the calculation of longitudinal 7 (~fZzzz) for monomers. The 7 values are 
calculated by the finite-field (FF) approach using the fourth-order numerical differ
entiation of the total energy E with respect to the applied field. 

Monomer 

I RILR. 

Dimer 

(M-c) fl, = 1.413 A, R2 = 1.363 A, 8= 121.2' 

(M-n) R, = 1.413 A, R2 = 1.366 A, 0= 124.2' 

Fig. 1. Structures of cationic (M-c), neutral (M-n) monomers and three types of dimers: dication 
(D-dc), neutral singlet (D-s) and neutral triplet (D-t) states. 
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3. Results and Discussion 

Table 1 gives the electron-correlated ab initio MO and BHandHLYP calculation 
results for monomers. Similarly to the previous studies,1-4 cationic (M-c) and neu
tral (M-n) monomers are found to provide negative and positive 7 values, respec
tively. Judging from the fact that the CCSD(T) is the highest electron-correlation 
method in this study, the electron-correlation effect at the MP2 level is sufficient for 
cationic monomer (M-c), while the MP2 and MP4 methods, instead of improving, 
overshoot the 7 for neutral monomer (M-n) calculated by the CCSD(T) method, 
which gives a similar 7 value to that at the HF level. These results suggest that 
low-order electron-correlation effects fail in the sufficient (converged) description of 
7 for open-shell molecules. It is also shown that the BHandHLYP method cannot 
reproduce well the 7 value of cationic monomer (M-c) at the CCSD(T) level, while 
that can provide a similar 7 value to the CCSD(T) value for (M-n). As a result, we 
can use the MP2 and HF methods to obtain reliable 7 values for dicationic dimer 
(D-dc) and neutral (D-s and D-t) monomers, respectively. 

The longitudinal 7 values per monomer for these dimers and 7 for cationic 
(at the MP2 level) and neutral (at the HF level) monomers are given in Table 2. 
These results indicate that the intermolecular interactions between cationic (neu
tral) monomers significantly reduce the magnitude of 7 per monomer as compared 
with that for an isolated monomer (about 50% decrease). From the configurations of 
the present dimers, the 7r-7r orbital interactions between upper and lower monomers 
are predicted to significantly affect the longitudinal 7. The HOMOs of monomers 
are near-degenerate in dimers and one of their orbitals in dimer exhibits a bonding
like (in-phase) interaction between upper and lower monomers. We predict that this 

Table 1. Longitudinal f^zzzz) values 
[a.u.] of charged (M-c) and neutral 
(M-n) monomers, C5H7. 

Method 

HF 
MP2 
MP4 

CCSD(T) 
BhandHLYP 

(M-c) 

-2965 
-11270 
-12330 
-13300 

-3229 

(M-n) 

9493 
16810 
14480 
9653 

10340 

Table 2. Longitudinal fdzzzz) [a.u.] per monomer of dimers 
(D-dc), (D-s) and (D-t). 

7(dimer)/monomer 
7 of isolated monomer 

(D-dc)a 

-5362 
-11270 

(D-s)b 

5278 
9493 

(D-t)b 

5474 
9493 

Res t r ic ted MP2/6-31G** method is used. 
bUnrestricted HF/6-31G** method is used. 
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bonding interaction tend to prevent the 7r-electrons from virtually transferring in 

the longitudinal direction (z) in each monomer, which originate in the longitudinal 

7. It is also noted tha t the difference in the spin configuration hardly causes the 

difference between the 7 value of (D-s) and tha t of (D-t) , which are considerably 

smaller t h a n t ha t of an isolated monomer (M-n). 

4. S u m m a r y 

We investigated the longitudinal 7 values of monomer and dimer models of charged 

and neutral symmetric 7r-conjugated molecules. It was found tha t the 7 values 

are remarkably affected by the 7T-7T orbital interactions between upper and lower 

monomers: bonding-like interaction is predicted to significantly reduce the magni

tude of longitudinal 7. Since in general there exist positive and negative contribu

tions to 7 in different spatial regions,9 such orbital-interaction effects at relevant 

regions are expected to control the magnitudes and sign of total 7 for large-size 

molecules and molecular aggregates. In contrast, the difference in spin configuration 

does not cause a significant change in the longitudinal 7 of the present models due 

to weak exchange interactions between monomers. However, in the case of strong 

inter- and intra-molecular interactions, e.g., transit ion-metal clusters, such spin-

configuration effects will be important . In conclusion, the present s tudy suggests a 

novel s tructure-property relation of 7 based on intermolecular orbital interaction, 

which is utilized to construct a guideline of controlling NLO properties of nano-

structured molecular systems by chemical perturbat ion, i.e., orbital-orbital interac

tion. We are now in progress of further investigations on the hyperpolarizabilities of 

large-size molecular aggregates along this line using hyperpolarizability densi ty,8"1 1 

which can elucidate the spatial contribution of electrons to hyperpolarizabilities. 
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We fabricated periodic structures of CdS using honeycomb films consisting of an am-
phiphilic copolymer as a template. The honeycomb film using an amphiphilic copolymer 
was fabricated on the water surface under highly humid condition and was then trans
ferred onto a solid substrate. The pore size in the honeycomb film was ca. 5 /im. The CdS 
nanoparticles were synthesized using a gelatin as an inhibitor of rapid nuclear growth 
and then the gelatin was removed by decomposition using an enzyme. The CdS particles 
were introduced into pores of the honeycomb film by casting, dipping, and electrochem
ical deposition. Dipping the honeycomb film into CdS suspension under ultrasonication, 
periodic deposition of CdS particles in the honeycomb holes was achieved. The CdS-
honeycomb film composite was calcinated at 450° C for 30 min in order to remove or
ganic moiety. After calcination, periodic arrangement of porous CdS dots with diameter 
of 3-5 fim was partially formed. The CdS dots are applicable to photoelectrochemical 
and optical devices such as a photodiode. 

Keywords: CdS nanoparticles; honeycomb film; CdS dots. 

1. Introduction 

Recently self-organization and self-assembly of function materials have been widely 
focused with the view of bottom-up process for formation of functional interface. 
We have already reported an elegant fabrication process of a polymer thin film 
with a hexagonal array of micropores like a honeycomb.1'2 The honeycomb film 
was fabricated using amphiphilic copolymers on water surface or solid substrates 
under highly humid atmosphere. The porous structure bases on hexagonal packing 
of water microspheres formed by the condensation of gaseous water at the air-
polymer solution interface as evaporation of the solvent.3'4 On the other hand, 
the honeycomb film can be used as a template5 for the fabrication of periodic 

* Nanotechnology Research Center, Research Institute for Electronic Science, Hokkaido University, 
N12W6, Sapporo 060-0812, Japan. 
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metal and semiconductor dots, which are attractive materials as a photonic crystal 
and a microphotoelectric conversion interface. In this paper, we report the elegant 
fabrication process of CdS dots on an indium tin oxide (ITO) electrode using the 
polymer honeycomb film as a template. 

2. Fabrication of Polymer Honeycomb Films 

Poly[iV-dodecylacrylamide-co-Af-(w-carboxyhexylacrylamide)] (CAP) (Scheme 1) 
was synthesized as described previously.1'2 A Petri-dish was filled with Milli-Q 
grade water. A benzene solution of 1.0 g L _ 1 CAP was cast onto the water surface 
and then a droplet of the CAP solution was formed. Humid air was blown to the 
droplet from a glass tube until the solvent was completely evaporated. The resulting 
opaque film was transferred onto an ITO electrode by horizontal deposition from 
the atmosphere side or scooping from the water-subphase side (Scheme 2) and then 
annealed at 55°C for 5 min in a temperature-controlled box in order to immobilize 
the film onto the substrate. The honeycomb pattern was observed by a scanning 
electron microscope (SEM) (S-5200, HITACHI) and the diameter of the pores was 
estimated to be ca. 5 /xm (Fig. 1). 

CONHC 12H25 

CONHC5H10COOH 

m : n = 4 : 1 
Mw = 49,000 

Scheme 1. Chemical structure of CAP. 

ITO 

honeycomb film 

water 

(a) (b) 

Scheme 2. The transfer scheme of the honeycomb film from the water surface to an ITO substrate 
by (a) horizontal deposition from the atmosphere side and (b) scooping from the water-subphase 
side. 
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Fig. 1. The SEM image of the honeycomb film transferred by horizontal deposition from the 
atmosphere side onto an ITO substrate. 

3. In t roduc t ion of CdS Nanopar t lc les Into Polymer Honeycomb 

Films 

The CdS nanopartlcles were synthesized in a gelatin solution (pH = 8.5) and then 
the gelatin was removed by decomposition using an enzyme.6'7 The diameter of the 
CdS particles was estimated to be 2-3 nm by transmission electron microscopy. The 
CdS nanopartlcles were introduced by dipping of the polymer honeycomb film into 
the CdS suspension (pH = 2.0) for 30 min under ultrasonication. The honeycomb 
film was rinsed by distilled water and dried under vacuum at room temperature 
after withdrawing from the suspension. The introduction of CdS nanopartlcles into 
the pore depends on the rim width exposed to the CdS suspension. The rim width 
changes by the transfer process of the honeycomb film from the water surface onto 

(a) (b) 

Fig. 2. The SEM images of honeycomb films transferred from the water surface onto ITOs by 
(a) horizontal deposition from the atmosphere side and (b) scooping from the water-subphase side 
after dipping into CdS suspension under ultrasonication for 30 min. 
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(a) (I,) 

Fig. 3. (a) The optical micrograph and (b) the SEM image of CdS doty on an ITO. 

an ITO substrate. When the honeycomb film was transferred onto the ITO surface 
by horizontal deposition from the atmosphere side, aggregated OdS nanoparticles 
were filled in pores of the honeycomb film (Fig. 2(a)). While the honeycomb film 
was scooped from the water-subphase side onto the ITO substrate, however, the 
aggregated CdS particles were not embedded into the holes but adhered onto the 
honeycomb rim (Fig. 2(b)). 

4. Fabricat ion of CdS Dots 

The CdS-introduced honeycomb film was calcinated in an oven at 450 °0 for 30 
min and then rinsed by benzene to remove the organic part. The CdS dots with 
diameter of 3-5 /im were fixed on ITO substrate and some dots were partially 
arrayed periodically (Fig. 3). These CdS dots are porous so that each dot has large 
surface' area, that is useful for chemical and electrochemical reactions between the 
CdS surface and other molecules. Thus the CdS dots are applicable to a micro-
photoelectric conversion interface. In addition, we need to control the dot size and 
improve the regularity of the dot shape and the dot array, leading to a photonic 
band effect. 

5. Conclusion 

We fabricated CdS dots using a honeycomb film consisting of an amphiphilic copoly
mer as a template. The introduction of CdS nanoparticles into the micropores of 
the honeycomb film was carried out by dipping into the corresponding suspension 
under ultrasonication. When the side with the narrow rim of the honeycomb film 
was exposed to the CdS suspension, CdS nanoparticles were introduced into the 
micropores. The porous CdS dots with diameter of 3-5 /im were fabricated by cal
cination of the CdS-introduced honeycomb film. Currently we are improving the 
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regularity of the dot shape and the dot array to the application as a photoelectric 

conversion interface and a photonic crystal. 
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We have studied the construction and electronic characteristics of a series of devices 
made from gold microgap electrodes, gold nanoparticles and conjugated oligothiophene 
dithiols. The formations of gold nanoparticle/oligothiophene dithiol composites on gold 
surface were monitored by quartz crystal microbalance (QCM) using gold electrode 
coated crystal oscillator. The formation speed was the fastest for terthiophene dithiol 
followed by hexathiophene and nanothiophene dithiols, the latter two showed almost the 
same formation speed. The current—voltage (I/V) curves of these devices were measured 
at various temperatures to show that at high temperature (>200 K) they were almost 
straight line; at lower temperature they became parabolic, and at 4 K a completely 
blocked region appeared between —12 to +12 V. We attributed the parabolic I/V curve 
to a tunneling mechanism and the blocked region to the Coulomb blockade phenomena. 

Keywords: Microgap electrode; oligothiophene; gold nanoparticle; the Coulomb blockade. 

1. Introduction 

Self-assemblies of nanometer scale constitutes such as molecules or nanoparti
cles in micro- or nanoscale fabricated solid structures are essential for bottom-up 
nanoscience and nanotechnology. We are interested in using chemical adsorption of 
organic functionality to metal surface for such self-assembly, because the chemical 
bondings are the strongest between them, that can affect the electronic states of 
them to exhibit possibly new phenomena. 

It has been reported that the mixing of organic dithiols with protected gold 
nanoparticles in solution make a three-dimensional composite.1 In a previous paper 

' Corresponding author. 
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\ 

! t 
gold electrodes 

Q gold particles 

organic dithiol 

Fig. 1. Conceptual picture of our experiment. 

n-Bu n-Bu. 

n-Bu n-Bu 

1:3T 

î ii, 4p^irf-" 
2:6T 

. n-Bu n-Bu. 

3:9T 

. n-Bu n-Bu. n-Bu ,n-Bu 

X 'n =1,2,3 V 'n=l,2,3 
4:n=l:HS3TSH 
5: n=2: HS6TSH 
6: n=3: HS9TSH 

Reagents: (i) N-bromosuccinimide (NBS)/dimethylformamide 
(DMF); (ii) Zn, NiBr2, triphenylphosphine/DMF; (iii) NBS, 
Mg, NiCl2(diphenylphosphinopropane)/tetrahydrofuran (THF); 
(iv) KSCN, Br 2 /CH 3 OH, CHC13; and (v) LiAlH 4 /THF. 

Scheme 1. Synthetic scheme of the oligothiophene dithiol. 

we found that by mixing them in the presence of gold microgap electrodes, a thin 
film of the three-dimensional composites were formed on and between the electrodes 
(Fig. 1), and sigmoidal current/voltage (I/V) curves were obtained for the devices 
made from 1-3 nm diameter gold nanoparticles and 1,10-decanedithiol.2 This time, 
we have synthesized a series of oligothiophenes dithiols (Scheme 1, 1-3), fabricated 
the devices, and measured their electronic properties in temperature range of 4 -
200 K. 

2. Results and Discussion 

2.1. Synthesis of oligothiophene dithiols 

In order to see the structure-properties relationships, we synthesized terthiophene 
dithiol (4), hexathiophene dithiol (5) and nonathiophene dithiol (6) for the above-
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described devices, by the method shown in Scheme 1. The butyl groups were intro
duced at /3-position to improve the solubility of these oligomers. 

A 3',4'-Dibutyl-2,2';5',2"-terthiophene (1; 3T) was prepared by modulation of 
a reported method. The hexathiophene (2; 6T) and nonathiophene (3; 9T) were 
synthesized from the terthiophene 1 as the building unit. A 5-Bromo-terthiophene 
(3T-Br) was prepared by bromination of 1 with N-bromosuccinimide, which was 
homo-coupled by a nickel catalyst to form hexathiophene 2. A Nonathiophene 3 
was obtained by the nickel catalyzed coupling of 5,5"-dibromoterthiophene (Br-
3T-Br), which was prepared by a double bromination of 1, with the Grignard 
reagent prepared from 5-bromoterthiophen. The thiol groups at both ends of the 
oligothiphenes were introduced as a connecting functionality to the gold surface. 
The cyanothio groups were substituted at both ends of the oligothiophenes by 
using bromine and potassium thiocyanate, and the bis(cyanothio)oligothiophenes 
were reduced by UAIH4 to give the oligothiophene dithiols (4, 5 and 6).3 

2.2. Preparation of the gold nanoparticles 

The gold nanoparticles of 1-3 nm diameter were prepared by modulation of the 
reported method.1 In the report, 1-dodecanethiol was used as the surface coating 
reagent, however the thiol is so strongly bonded to the gold nanoparticles that no 
substitution was possible with other thiols afterward. We prepared gold nanopar
ticles protected by 2-methylundecan-2-thiol (teri-dodecanethiol). The latter gold 
nanoparticles were stable enough for column purification using silica-gel and toluene 
as the eluent, and enough reactive toward the oligothiophene dithiols to make the 
three-dimensional network as shown in Fig. 1. By the column purification, the am
monium salt which was used in the preparation procedure was completely removed 
as was checked by the 1H NMR spectral investigation. 

2.3. Thickness measurement of the three-dimensional composite 
films by quartz crystal microbalance (QCM) 

By mixing the gold nanoparticles protected by the tert-dodecanethiol with oligoth
iophene dithiols in toluene in the presence of microgapped gold electrodes tips, the 
three-dimensional composite was formed on the surface of the tips. In the discus
sions about the electronic conductivity of the devices, the thicknesses of the films are 
indispensable. We tried atomic force microscopy (AFM) to measure the thickness 
of them to find the difficulty of defining the common reference planes. The QCM 
measures the weight of the film deposited on the surface of the quartz crystals, 
thus if the density of the materials is known the thickness will be calculated. By 
simultaneously dipping the quartz crystal into the solution with the microgapped 
gold electrodes tips, a rough estimations of the film thickness made on the tips are 
possible. 

We prepared the following solutions: (A) 10 mmol/dm3 protected gold nanopar-
ticle solution in toluene; (B) 1 mmol/dm3 oligothiophene dithiol solutions in 
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Fig. 2. The weight change of the deposited film as measured by QCM. (a) 1 mmol /dm 3 hexathio-
phene dithiol 5 and 10 mmol/dm 3 protected gold nanoparticle in toluene, (b) 10 mmol /dm 3 

oligothiophene dithiols 4, 5, 6 and 10 mmol /dm 3 protected gold nanoparticle in toluene. 

toluene; (C) 10 mmol/dm3 oligothiophene dithiol solutions in toluene. In the first 
experiment, a quartz crystal was dipped into ca. 8 cm3 toluene to which 1 cm3 of 
solution B was added followed by the addition of 1 cm3 of solution A. The zero time 
was defined as the time when solution A was added, and the change of weight was 
plotted against time. Figure 2(a) shows a typical case for oligothiophene dithiol 5. 
As shown, a relatively long term oscillation was observed with ca. 200 s. This could 
be a spatiotemporal chaotic phenomena and detailed mechanism will be discussed 
in future reports. 

186 



Gold Nanoparticles/Oligothiophene Dithiols on Microgapped Gold Electrodes 561 

When more concentrated solution of oligothiophene dithiols were used (solution 
C) such chaotic phenomena was not observed and monotone increasing curve was 
exhibited as shown in Fig. 2(b). If we assume the average density of the composite to 
be 10 g/cm3, 10 x 10~6 g/cm2 corresponds to 10 nm. Consequently, for the dithiol 
4 ca. 1500 s after the addition of the gold nanoparticles, about 10 nm average 
thickness of the film was formed on the surface of gold. 

2.4. Measurements of the electronic properties of the devices 

We measured the electronic characteristics of these devices at various tempera
tures from 298 K to 4 K. The results of a device made from the gold nanoparti
cles and nonathiophene dithiol 6 measured at 200 K was shown in Fig. 3(a). The 
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Fig. 3. Current (—), differential conductance ( ), and conductance ( . . . ) of the device made 
from the Au nanoparticles and 6, measured at (a) 200 K and (b) 4 K. 
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current-voltage curve was sigmoidal and the conductance-voltage curve was almost 
straight line. Such / = kV2 relationship can be attributed to a tunneling mecha
nism. Figure 3(b) is a result of the same device measured at 4 K, showing a clear 
blockade region at around —12 to +12 V. 

This blockade can be the Coulomb blockade phenomena; when an electron 
charges a gold nanoparticle, the next coming electron needs to overcome the 
Coulomb repulsive potential to pass through it. If we assume that the size of one unit 
(gold nanoparticle and oligothiophene) is about 5 nm, about 200 units are present 
between 1000 nm gap. On this assumption, 12 V bias voltage affords 60 mV po
tential for each unit. The charging energy (Uc) is defined as Uc = e2/8irer, where r 
is the diameter of the charged metal. For r = 1-3 nm particles, Uc is calculated to 
be in the range of 100-200 mV, which is reasonably consistent with the estimated 
potential of 60 mV. 
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The ZnO nanoparticles were synthesized by using a combination of precipitation and 
mechanical milling. Basic zinc carbonate precursor was prepared by precipitation process 
using zinc sulfate as the starting material. Under the mechanochemical effect, parts of 
the basic zinc carbonate were transformed into ZnO. In the closed system of milling, 
in order to produce pure ZnO nanoparticle phase, further heat processing was needed. 
But the ultimate ZnO particles were more uniform and the particle size distribution 
was narrower. The effects of mechanical milling process on properties of ultimate ZnO 
particles were also investigated. 

Keywords: ZnO; nanoparticles; mechanochemical. 

1. Introduction 

The ZnO nanoparticles are important materials and have been widely used 
in pigments, rubber additives, gas sensors, varistors, transducers, transparent 
UV-protection films, UV light-emitting devices, chemical sensors, etc. In order 
to obtain high quality zinc oxide powders with fine particle size, narrow size 
distribution and special morphology, various preparation techniques have been 
used, including precipitation,1 sol-gel,2 microemulsion,3 hydrothermal method,4 

laser vaporization-condensation,5 etc. Some combination methods were still be
ing used, such as precipitation/microwave,6 precipitation/sonochemical,7 precipi
tation/mechanical milling,8 etc. Among them, the precipitation method has been 
used industrially. Commonly, the precipitation method needs heat processing of 
precipitation precursor, which consumes more energy. During the heat processing, 
the particles subject to agglomerate, which leads to broaden particle size distribu
tion. In this paper, we try to use the combination of precipitation and mechanical 
milling to decrease the energy consumption and get uniform ZnO nanoparticles. 

*P. O. Box 171, College of Chemistry and Molecular Engineering, Peking University, Beijing 
100871, P. R. China. 
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2. Experimental Section 

Part of the experimental procedure was similar to that of Deng et al.8 Zinc oxide 
powder was prepared through three steps: (1) precipitation process, (2) mechan
ical milling of the precipitation precursor, and (3) further heat processing. First, 
basic zinc carbonate precursor was precipitated from zinc sulfate. 50 mL 1 molL""1 

Na2CC>3 solution was added dropwise into 50 mL 1 molL - 1 ZnSC>4 solution under 
vigorous stirring. Subsequently, the precipitation was stirred for 2 h under certain 
temperature, washed with deionized water and ethanol, and then dried in an oven 
at 60°C. 

In the mechanical milling process, sodium chloride was added to avoid agglom
eration. The mixture of 10 g basic zinc carbonate and 40 g NaCl was milled at 
300 rpm in a Fritsch-5 Planetary Mill. The 10 mm diameter agate balls were used. 
In order to study the influence of milling time, samples were taken at 5 h, 10 h, 
15 h, 20 h, and 30 h. 

For the production of pure ZnO nanoparticles phase, further heat processing 
was needed. The as-milled powders were heated in air in ceramic crucibles for 2 h 
at 300°C. Furthermore, the products were washed with deionized water and dried 
in oven at 60°C. 

The structure and morphology of basic zinc carbonate, as-milled powders, 
and ultimate products were investigated using X-ray diffraction (Rigaku D/MAX-
RA diffractometer with CuKa radiation), transmission electron microscopy (JEM 
200CX TEM), and scanning electron microscopy (AMRAY-1910 FE SEM). A ther-
mogravimetric analysis (TGA) was carried out using Du Pont thermal analysis 
system (Dupont 1090B TGA 951 thermogravimetric Analyzer) with a heating 
rate 10°/min. The BET surface area was measured using a SA3100 surface area 
analyzer. 

3. Results and Discussions 

3.1. Mechanochemical decomposition of as-precipitated powders 

Figure 1 shows the X-ray diffraction patterns of as-precipitated and as-milled pow
ders. It can be found that all the peaks of as-precipitated powders can be identified 
as reflections of the Zn5(OH)6(COs)2 phase.9 

With traditional precipitation method, the ZnO was formed by decomposing 
carbonate or hydroxide of zinc under high temperature (over 300°C). To our knowl
edge, there are no reports about the preparation of ZnO by decomposing zinc com
pound with ball mill. Deng had reported the mechanical milling of zinc hydroxide, 
but had not got the ZnO phase in the as-milled power.8 From Fig. 1, it can be seen 
that the ZnO phase had already appeared after milling 5 h, and with the prolonging 
of the heat processing time, the amount of ZnO was increased. But the pure ZnO 
phase could not be achieved. The reason may be interpreted from the formation 
mechanism of ZnO. 
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Fig. 2. Thermogravimetric analysis of (a) as-precipitated powders and (b) as-milled powders (30 h). 

The decomposition reaction of basic zinc carbonate proceeds according to 
Eq. (1): 

Zn5(OH)6(C03)2 «-• 5ZnO + 2C0 2 + 3 H 2 0 . (1) 

For the mechanical milling proceeded in a closed system, with proceeding of 
the reaction, the partial pressure of C 0 2 was becoming bigger and restrained the 
reaction. If in an open system, the reaction proceeds thoroughly, the pure ZnO 
phase can be obtained. This perhaps is easier to realize for industrial equipment. 

Figure 2 shows the TGA measurements on the basic zinc carbonate and as-
milled powders. It can be seen that both of them lost their weight in two steps, 
the first step at around 100°C, and the second step at 246°C and 228°C, respec
tively. The first step of the thermal decomposition is the loss of water followed by 
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Fig. 3. Morphologies of (a) as-precipitated powder and as-milled powder with milling time (b) 5 h 
and (c) 15 h after heat processing. 

the decomposition of the Zn5(OH)6(C03)2 phase to ZnO, as seen from the weight 
loss. The as-milled powder is a mixture of ZnO and Zn5(OH)6(C03)2. Its residue 
of thermal decomposition is higher than that of as-precipitated powder. The de
composition temperature of Zn5(OH)6(C03)2 in as-milled state is lower than that 
of as-precipitated state. Maybe, there are some residual stresses in the as-milled 
powders, or the mechanical milling process lowers the activation energy of the de
composition of Zn5(OH)6(C03)2. 

From the TEM results, the as-precipitated powder was needle-like and agglom
erated to large particles. After being milled, the powder was more uniform and the 
agglomerated particles were smaller. 

3.2. Further heat processing 

Erom Fig. 2, a temperature as low as 300°C is sufficient for complete decomposition 
of the zinc compound. For the production of pure ZnO phase, the as-milled powder 
was annealed at 800°C. After heat processing, all the samples were transformed to 
ZnO phase. From the results of TEM (Fig. 3) and BET, with the prolonging of 
milling time, the particle sizes of ZnO from precursors being milled were decreased 
from ~3S nm to approximately 18 nm. This result could also be conformed by 
broaden of the peaks of XRD. From Fig. 3, it could also be shown that, after being 
milled, the particle size distribution was narrower and the particles were more 
uniform. 

4. Conclusions 

In this paper, we used Zn5(OH)6(C03)2 as the as-precipitation precursor, from 
which ZnO nanoparticles can easily obtain directly by mechanical milling. For the 
close system of milling, it was difficult to get pure ZnO nanoparticle phase, and 
further heat processing was needed. Mechanical milling can reduce the decompo
sition temperature of Zn5(OH)6(C03)2 about 20°C and it also can lead to the 
reduction of particles size, narrow particle size distribution, and uniform particles. 
With the prolonging of milling time, the particle size decreased from ~38 nm to 
approximately 18 nm in our experiments. 
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Recently a method that utilizes the condensation of micrometer-sized water droplets 
on evaporating solutions of polymers has been reported for the preparation of porous 
thin films with fine hexagonal periodicity, honeycomb films. Here we report a method 
for imprinting a honeycomb pattern on the PDMS (poly(dimethyl siloxane)) elastomer. 
For the preparation of the honeycomb film, a benzene solution of amphiphilic copolymer 
was cast at high atmospheric humidity. On the film the PDMS precursor was poured 
and cured. The cured PDMS with the honeycomb film was peeled from the slide glass. 
The PDMS was rinsed with the solvent to remove the honeycomb film. The exposed 
PDMS surface was observed using SEM and AFM. The pattern-imprinted PDMS sur
face can be used as a template for patterning of materials, which are difficult to produce 
a honeycomb pattern by the conventional method described above. Here, we show some 
examples of such honeycomb-originated structures composed of polymers or nanoparti-
cles, which were fabricated using the pattern-imprinted PDMS. The present study shows 
an example of the secondary uses of the self-organized structures for the cost-saving mi-
cro/nanofabrication of various materials. 

Keywords: Honeycomb pattern; soft lithography; pattern transfer. 

Photolithography and other lithography, which are recognized as top-down ap
proaches, have been the most successful techniques for the fabrication of fine mi-
cro/nanoscale textures. On the other hand nonlithographic approaches have also 
been extensively investigated to reduce or replace the complex process involved in 
those lithographic techniques. For example, it has been reported that microtex-
tures can be fabricated using the self-organization of polymers.1'2 Polymer films 
having a honeycomb structure have been produced by evaporating a solution of 
various materials.3-9 The spontaneous formation of the hierarchical structures that 
range from nanoscale to the mesoscopic alignment is an intriguing feature of the 

*Nanotechnology Research Center, Research Institute for Electronic Science, Hokkaido University, 
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lithography-free fabrication process using the self-organization of the system, be
cause the technique is more cost-saving and technologically simpler than the litho
graphic techniques. However, there are a lot of limitations for the materials to be 
fabricated only by the self-organization process, because the process is often sen
sitive to the materials included. Therefore, it is important to establish methods to 
transfer the useful self-organized structures or patterns to other various materials, 
which are difficult to be fabricated by the self-organized process. In other words, 
the secondary use of the self-organized structures or patterns is demanded for the 
wide variety of the nano/microfabrication of various materials. 

In the present study, we show some examples of the process, the transfer of 
the self-organized structures or patterns. We have chosen the honeycomb structure 
of a polymer film produced by evaporating a volatile solution of polymers as an 
example of the self-organized structure to be transferred. The soft lithographic 
method has been employed for the pattern transfer. The poly (dimethyl siloxane), 
PDMS, elastomer mold that has the negative pattern of the original honeycomb 
structure has been fabricated and used for the patterning of other materials, such as 
PDMS, nanoparticles, and polymers. It has been demonstrated that we are able to 
imprint the honeycomb pattern on the PDMS and generate honeycomb-structure-
originated patterns of those materials by simple procedures. 

For preparation of the honeycomb film twenty microliters of dilute benzene so
lution of amphiphilic copolymer 1 (0.9 g/L)10 were cast onto a cleaned glass slide 
and humidified air (20°C and 80% r.h.) was blown to the solution surface from a 

Fig. 1. (a) The chemical structure of the polymer 1. (b) An experimental setup for the honeycomb 
film formation, (c) An optical microscopic image of the film, (d) An SEM image and a schematic 
illustration for the cross section of the film used in this study. 
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glass pipe nozzle (0 = 5 mm) at the flow rate in the range from 100 to 300 mL/min 
(Fig. 1). The fabricated porous film was dried in the ambient atmosphere. The hon
eycomb structure was spontaneously formed through the self-assembling process. 

For preparation of the poly (dimethyl siloxane), PDMS, elastomer (Sylgardl84, 
Dow-corning) mold, the precursor was poured onto the honeycomb film on the glass 
slide. The PDMS was cured at 70°C for 2 h. The cured PDMS was peeled from 
the glass slide and was rinsed with benzene for removal of the polymer from the 
PDMS (Fig. 2(a)). Then, the PDMS mold was dried. The top surface profile of the 
mold showed the negative of the bottom-half part of the original honeycomb film 
(Fig. 2(b)) and the top-half part of the film was buried inside the mold (Fig. 2(c)). 
The microstructure of the film was successfully imprinted on the PDMS. 

Four examples of the material patterning using the prepared PDMS molds 
are briefly shown in Fig. 3. Although the details are not described here, the re
sults indicate that the bottom-half part of the original honeycomb structure could 
be transferred to various materials, such as PDMS, silica nanoparticles, and the 
poly(L4actic acid). Furthermore, the secondary imprint on the PDMS enables us 
to do third pattern transfer that is the case of example (HI). In other words, it has 
been demonstrated that both the negative and the positive pattern transfers of the 
honeycomb pattern are possible with the soft lithographic method. 

In summary, the structure of the bottom-half part of the honeycomb film was 
imprinted on the PDMS elastomer. The PDMS mold was used as a template for 
the patterning of other materials. The present study represents an example of the 

The bottom-half of the original 

Fig. 2. (a) Schematics of the pattern imprinting process, (b) An AFM image of the pattern-
imprinted PDMS mold, (c) An SEM image of a cross sectional part of the pattern-imprinted 
PDMS mold. The outline for a part of the profile is emphasized by the black line, 
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Fig. 3. (a) Schematics of each patterning process. (I) The PDMS was patterned using the PDMS 
mold to obtain another PDMS mold with a positive pattern of the honeycomb structure. The 
surface of the original PDMS mold was treated by the perfluoroalkylated silane coupling agent 
to form an thin anti-cohesion coating, which prevents direct contact between the original and the 
newly-prepared PDMS and promotes their exfoliation. The PDMS precursor was' cured on the 
original 'PDMS mold with the same condition described previously, and peeled. The anti-cohesion 
coating was also done for the PDMS mold when it is used for patterning on other below cases. 
(II) Silica beads (<f> = 1-00 nm, Nissan Chemical, Japan) was patterned on a cover glass using the 
PDMS mold. Ten microliters of the colloidal silica aqueous dispersion was placed on the cover 
glass and the PDMS mold was placed over the droplet. The solution was spread between the cover 
glass and the PDMS mold. At this time the excess solution oozed to the edge of the PDMS mold 
was removed with blotting paper. The cover glass with the mold was dried overnight (20° C and 
20%. r.h.), then, the PDMS mold was removed. (Ill) Silica beads (</> = 100 nm) was patterned 
using the PDMS mold with a positive pattern of the honeycomb structure, which was prepared 
at the example (I). The procedure was same as that for the example (II). (IV) The poly(L-lactic 
acid); PLLA, (Mw = 8.5 X 104 to 1.6 X 105) was patterned using the PDMS mold as an example 
of the patterning of polymers -from solution. Ten microliters of the chloroform solution was placed 
on the cover glass and the PDMS mold was quickly placed over the droplet of the solution. The 
solution was spread between the cover glass and the PDMS mold. The cover glass with the mold 
was dried overnight (20°C and 20% r.h.), then, the PDMS mold was removed. Prepared samples 
were observed using the atomic force microscope, AFM (Explorer SPM, ThermoMicroscopes) and 
scanning electron microscope, SEM (S-5200, Hitachi), (b) (I) An APM image and (II)-(IV) SEM 
images of each patterned material. 
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secondary use of the fine structure formed through the self-assembling process. The 
secondary use leads to a structure and a pattern of a complexity that would be 
difficult to fabricate by other methods. 
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The cutting and splitting of carbon nanotube bundles were realized with an atomic force 
microscopy (AFM) in contact mode. The results of manipulating were found depending 
on the tip-bundle interaction and bundle-substrate interaction. With an optimal force 
load of AFM tip, the lateral force applied on the nanotube bundle could overcome 
the adhesive interaction between nanotubes within the bundle, consequently separating 
individual nanotubes from the bundle. The threshold of the tip force load was found 
to be ~45 nN in our experiments. This technique provides new possibilities for the 
controllable manipulation of carbon nanotubes. 

Keywords: Carbon nanotube; atomic force microscopy; manipulation. 

1. Introduction 

Carbon nanotubes (CNTs) have unique structures and novel mechanical and elec
tronic properties. Single-walled carbon nanotubes (SWCNTs) are one-dimensional 
conductors or semiconductors depending on their radius and helicities. The trans
port properties of SWCNTs can be greatly modified by native defects or localized 
distortion of the lattice induced by artificially bending.1 These outstanding elec
tronic properties together with their nanometer scale size and high strength as 
well as flexibility, make nanotubes the ideal building block for nanotechnology and 
nanoelectronics. 

Atomic force microscopy (AFM) is a powerful tool and has been successfully 
applied in the research of mechanical properties of nanotubes. In this work, we 
report our approach to manipulating the SWCNT bundles with an AFM. Our 
results show that the manipulating results depend on the tip-bundle interaction as 

* Corresponding author. 
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well as the bundle-substrate interaction. Controllable cutting and splitting of CNT 
bundles were realized by carefully optimizing of the tip-bundle interaction. This 
technique will provide new chance for the nanotube application. 

2* Exper imen t s 

The SWNTs used in this work were produced by the arc discharge method us
ing Y-Ni catalyst. Previous study have shown that most of the produced SWNTs 
have a diameter of 1.3-1.4 nm and are dominated by armchair (n, n) type carbon 
nanotubes (n = 85 9, 10, l l ) . 2 The SWNTs were purified and ultrasonically dis
persed in isopropanol. A few drops of the solution were deposited on the surface of 
highly oriented pyrolytic graphite (HOPG) and dried in air at room temperature. A 
commercial AFM (Solver P47, NT-MDT) was used to image and manipulate CNT 
bundles. The AFM was operated in contact mode and an ultrasharp Si tip with a 
radius of curvature of about 10 nm was used. 

3. Resul ts and Discussions 

The adsorbed nanotubes on HOPG exhibited two types of morphologic character 
in AFM images. One type of bundles had rough surface and usually were curved 
or bended (Fig. 1(a)). These bundles consisted of nanotubes which had structural 
defects formed during the arc discharge process, so it was easy for them to bond 
with metal catalyst clusters, carbon onions or amorphous carbon. We found some 
of the bundles were difficult to image stably, due to their weak interaction with the 
substrate. But when the bundles attached with big particles, they could be stabilized 
by pinning on the substrate through the particles. In this case, the bundles could 
be bent or cut with AFM tip easily. Fig ures 1(a) and 1(b) show the AFM images 
of a bundle before and after a cutting manipulation. 

The manipulation procedure followed several steps. First, the surface was imaged 
in a standard way in contact mode; the bundle and the manipulating area were 
selected. Then the tip-bundle interaction was enhanced by gradually increasing 
the setpoint value of the tip. Afterward multiple successive lines were scanned over 
the selected area according to the predefined direction. In the scanning process, the 

J''IJV 1. Al'Ki topographic imager of o bundle (a; before and (b) aiVr a cutting manipuJittion. The 
white rectangle frame and arrow show the manipulating area and tip scanning direction. 
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Fig. 2. AFM topographic: image* of a bundle (a) before and (b) after a splitting manipulation. 
The white rectangle frame and arrow show the manipulating area and tip scanning direction. The 
insets show cross section analysis of the corresponding bundle along the black lines. 

feedback loop was cut off and the tip was scanned with a high speed (10 jum/s). 
As a result, a strong force would exert on the side of the bundle by the tip. It can 
be seen from Fig. 1(b) that the bundle was cut off under the force of the tip, but 
the position of the bundle was not changed, indicating the attached particles had 
strong interaction with the substrate, thus pinned the bundle on the HOPG surface 
and limited its moving under the force of the tip. This result also shows the bundle 
in Fig. 1(a) had high density of defects and could be deformed or broken easily 
under external forces. 

Figure 2(a) shows a typical AFM image of another type of bundles adsorbed on 
the HOPG surface. This bundle has a length of 1.3 /im and a height of ^2.0 nm. 
Its surface is quite smooth without any particles attached, indicating the perfect 
structures of the composed SWCNTs. By carefully optimizing the normal forces 
exerted on the bundles by the AFM tip, we realized the splitting of these bundles, 
and individual SWCNT were separated from bundles successfully. The manipulation 
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Fig. 3. Illustration of the interaction between the tip, the bundle and the surface as the t ip moved 
above the bundle surface during the manipulating cycles. 

procedure was like before, but the tip force load was increased for a small value 
(about 5 ~ 10 nN) by directly lowering the tip toward the surface in small steps in 
every manipulating cycles. In the process of manipulating, the tip force load was 
increased gradually and new manipulating cycle was repeated until the bundle was 
successfully split. During manipulating cycles, the feedback loop was on and we 
kept its value and the scanning speed of the tip the same as those in the normal 
imaging condition. As a result, the tip would move over the bundle rather than 
push it away from side (Fig. 3). We believe this is the key fact for us to successfully 
split the bundle. 

Figure 2(b) displays the topographic image of the bundle in Fig. 2(a) after 
manipulating with a tip force load of about 45 nN. It can be clearly seen from 
the image that the original bundle was split into two well-separated nanotubes 
under the force of the AFM tip. Although the topography of the original bundle 
in Fig. 2(a) is very uniform, the cross section analysis (inset to Fig. 2(a)) shows 
this bundle has a "raft" structure3 and consists of two SWCNTs packed in parallel. 
The separated nanotubes have diameters of ~1.5 nm and ~1.8 nm, respectively, 
measured from their heights (inset to Fig. 2(b))-. Since two nanotubes lay closely, 
we scanned the sample with different substrate orientations and verified that they 
were not artifacts caused by the "double tip" effect. 

The interaction energy between nanotube and graphite surface was found having 
sharp potential energy minima when the nanotube is in atomic scale registry with 
the surface,4 which would lead to orientational locking of nanotubes on the graphite 
surface. The total interaction energy scaled with the square root of the radius of 
nanotube. So the orientation and interaction energy of the bundle in Fig. 2(a) are 
dominated by the nanotube with a larger radius. When the AFM tip scanned over 
the bundle, a lateral force FL was applied on the nanotube by the tip (Fig. 3). This 
force scales with the force load of the tip and tends to move the bundle along the 
tip scanning direction. At the same time, there is a binding force FT between two 
SWCNTs, and normal forces Fsi and Fs2 exist between the bundle and the graphite 
surface. The binding force FT is weak compared with Fsi or Fs2 because both 
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the interacting partners of FT has curved surface. When we gradually increased 
the lateral force of the tip by increasing the tip force load, it is possible to sat
isfy the condition of FL > FT, consequently, the two nanotube will be separated 
by the lateral force of the tip. The separated nanotube would continue to move on 
the surface under the force of the tip, but whether it was sliding or rolling cannot be 
determined in our experiment. It would depend on the tip lateral force FL and the 
friction force between the separated SWCNT and the underlying graphite surface. 

4. Conclusion 

In summary, we demonstrated that SWCNT bundles could be cut or split with 
an AFM tip. The manipulating results depended on the tip-bundle interaction as 
well as the bundle-substrate interaction. Bundles with perfect structures could be 
split by optimally controlling the normal force of the tip. Individual nanotubes 
thus could be separated from bundles using this technique. This technique will be 
helpful for the research and applications of new quantum devices based on carbon 
nanotubes. 
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Semiconductor CdTe nanoparticles were synthesized by the 7-irradiation of Cd ion com
plex at room temperature. Cd-olate complex was reacted with aqueous NaHTe solution. 
The products were investigated by X-ray Powder Diffraction (XRD) and Transmission 
Electron Microscopy (TEM). The optical properties of CdTe were investigated with 
UV-vis and photoluminescence (PL) spectra. 

Keywords: Tellurium nanoparticles; 7-radiation. 

1. Introduction 

The synthesis with defined nanometer scale features is of great interest in material 
chemistry. Considerable progress has been made in group of II-VI semiconduc
tor crystallines and its nanocrystallines. In the past, the methods involved solid 
reactions, aqueous solutions, gas reactions and the precursor ones. But such I I -
VI materials have been prepared at high temperature (above 500°C) or toxic gas 
E^S. 4 - 8 It has been reported that the nanoscale products have different proper
ties from each method. The new nanoscale materials have potential applications 
in both mesoscopic research and the development of nanodevices. Little research 
has been done on the one-dimensional nanomaterials such as nanowires, nanorod or 
nanotube at ambient conditions.1 In the present study, radioactive radiation such 
as 7-ray was used to initiate the growth of cadmium sulfide particles by the reac
tion of solvated electron with the thiol (3-mercapto-l, 2-propandiol RSH) to release 
HS~ ions, and the resultant colloidal solutions including nanoparticle were studied. 
Recently 7-ray radiation has been used to produce nanocrystalline metals, alloys, 
metal oxide, and composites (ZnS, PbS and CuS, etc).1^3 '5 Yi Xie and co-workers 
reported a novel simultaneous in situ formation (SISF) technique for the synthesis 
ZnS nanowires via 7-irradiation.1 Due to the work at atmospheric pressure and in 
the room temperature, this method can be used as a new method for the synthesis 
of inorganic nanoparticles via more simple process than the one in the past. In this 
paper, we synthesized CdTe nanoparticle by 7-ray radiation. The produced CdTe 
nanoparticles were studied on the crystal structure and on the optical properties. 
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2. Experiment 

2.1. Material 

Cadmium nitrate tetrrahydrate (Cd(NC"3)2 • 4H20, 99%), sodium borohydride 
(NaBH4, 98%) and tellurium (Te, 99.8%) were obtained from Aldrich. Sodium 
oleate (Ci7H33COONa, 98%) was obtained from Junsei Chemical Co. Ltd. 

2.2. Synthesis of CdTe nanoparticle 

Sodium oleate (10.9 mmol) was dissolved in 80 ml of water to obtain aqueous 
solution. Cd(NOs)2 (5.5 mmol) was dissolved in 1 ml of water and mixed with the 
prepared sodium oleate solution. Tellurium (60.8 mmol) was dispersed in 25 mL 
of water to obtain aqueous solution. NaBH4 (60.8 mmol) was dissolved in 25 mL 
of water and mixed with the prepared solution of Te in darkness. NaHTe solution 
(5.5 mmol) powders were added into mixed solution of sodium oleate and Cd(NOa)2-
4H2O and then continuously stirred for 2 h. The reactants were irradiated with 7-
ray of a dose of 1.8 x 104 Gy in the field of a 60Co 7-ray source. The product was 
washed with acetone, filtered and then dried at room temperature. The color of 
both products is reddish powders. 

2.3. Apparatus 

The samples were characterized by X-ray powder diffraction (XRD) patterns to in
vestigate the crystal structure. XRD spectra were collected using a Philips, X'Pert-
MPD system. Transmission Electron Microscopy (TEM) was investigated to study 
the morphology and particle sizes. TEM images were obtained using a Jeol, JEM-
2010. The photoluminescence (PL) spectra were obtained to study the optical prop
erties of the synthesized CdTe nanoparticles. PL spectra were recorded on a Perkin-
Elmer (LS50B). 

3. Result and Discussion 

Figure 1 shows the XRD patterns of the CdTe nanoparticles synthesized by 7-ray 
radiation. The discernible peaks can be indexed to (111), (220), and (311) planes 
of the cubic structure of CdTe with cell constant a = 5.641 A as Fig. 1. These 
are corresponding to the structure of CdTe (JCPDS, card no. 75-2086). A drop 
of CdTe nanoparticle in iso-octane was placed on the grid and dried in air. TEM 
image in Fig. 2 shows that CdTe nanoparticle was synthesized with the irregular 
spherical shape and rod shape. The size of CdTe nanocrystallines has been deter
mined as 4 ~ 6 nm size from the TEM image as in Fig. 2. This result indicates 
that the synthesis of CdTe nanoparticle by 7-ray radiation should be carried out 
by more carefully controlling the condition such as molar ratio among reactants, 
dose of 7-ray and radiation time. Further control of such conditions will be reported 
on the following report. The optical properties of as-prepared products including 
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Fig. 1. XRD patterns of the synthesized CdTe nanoparticles by 7-ray radiation at room 
temperature. 
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Fig. 2. TEM images of the synthesized CdTe nanoparticles by 7-ray radiation at room 
temperature. 

the cadmium oleate and the synthesized CdTe powders were studied with photo-
luminescence spectra as in Fig. 3. Because the cadmium oleate was mixed with 
CdTe nanoparticles, the spectrum showed two major peaks at 420-500 nm and 
500-540 nm. So, to get the spectrum of only the synthesized CdTe nanoparticle, 
the photoluminescence wavelength was cut-off at 500 nm and the spectrum shows 
the band at wavelength of 480-560 nm after the removal of cadmium oleate band 
as shown in Fig. 4. The photoluminescence spectrum of CdTe nanoparticle synthe
sized by 7-ray radiation shows a band at 500-540 nm as in Fig. 4. The synthesized 
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Fig. 3. Photoluminescence spectra for the cadmium oleate and the synthesized CdTe nanoparticles 
dispersed in iso-octane, Aexc = 389 nm by 7-ray radiation at room temperature. 

— 1 — 
520 

— 1 — 
540 

Wavelength (nm) 

Fig. 4. Photoluminescence spectra for the synthesized CdTe nanoparticles dispersed in iso-octane 
after the removal of cadmium oleate, AeXc = 389 nm by 7-ray radiation at room temperature. 

nanoparticles were in the size quantization regime and showed a well-developed 
size-dependant maximum near the absorption onset, which was ascribed to the ex-
citonic transition. This maximum shifted to higher energies with decreasing particle 
size indicates the increase of the nanocrystal's bandgap. 

4. Conclusion 

CdTe nanoparticle was synthesized by 7-ray radiation. The CdTe nanoparticle 
showed the size distribution range of 4 ~ 6 nm and morphologies of the irregu-
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lar spherical shape and rod shape. Photoluminescence spectra also showed a wide 
band around 520 nm. This is the first reported new method and this method will 
be further modified by the different concentration and radiation dose. 
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The high-temperature and high-pressure liquid (HTPL) crystallization method was 
proved to be effective to fabricate nanocrystals of quinacridone and its dimethyl deriva
tive. The quinacridone nanocrystals were spherical shape and monodispersed with the 
average size of around 50 nm, respectively. It was found that quinacridone nanocrystal in 
different crystal form could be obtained by changing experimental conditions in HTPL 
method. 

Keywords: High-temperature and high-pressure liquid; supercritical fluid; nanocrystals; 
reprecipitation; quinacridone. 

1. Introduction 

Organic particles in nanoscale always possess interesting properties and promising 
applications. As a result, the preparation of organic nanocrystals attracts much 
interests. The reprecipitation method is one of the applicable techniques to prepare 
organic nanocrystals.1'2 In this process, it is indispensable to prepare the solu
tion of the target compound. So it is difficult to apply the simple reprecipitation 
method in preparing nanocrystals of some hardly-soluble compounds. Generally, the 
solubility of compounds increases in a high-temperature and high-pressure liquid 
(HTPL). Therefore, the reprecipitation of nanocrystals from HTPL including super
critical fluid (SCF) is a practicable technique. Actually, we have already succeeded 
in preparing nanocrystals of some organic compounds with low solubility, such as 
phthalocyanine and fullerene Ceo by the HTPL or SCF crystallization method.3 - 5 

The crystal size and forms of the resulting nanocrystals could be controlled by 
changing the experimental conditions. 

Quinacridone and its derivatives are well-known red pigments and electrolumi
nescent materials because of their outstanding properties.6'7 The crystal size and 
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its distribution are important factors to their real applications. However, it was 
so difficult to fabricate small-sized and monodispersed quinacridone nanocrystals 
using the conventional technique, such as milling and/or acid-pasting method. In 
addition, the acid-pasting method using concentrated sulfuric acid is a possibility 
of causing some problems. Thus, it is considered that HTPL crystallization method 
has obvious advantage and potential application in industry. 

In this paper, we report the preparation of monodispersed nanocrystals of 
quinacridone and its dimethyl derivative by HTPL crystallization method, and 
their properties are investigated. 

2. Experimental 

The quinacridone used in this study was purchased from Tokyo KASEI. The com
mercial Pigment Red 122 was selected as the derivative of quinacridone, as shown 
in Fig. 1. 

The apparatus and the process of HTPL method were referred to the previous 
reports.3 '4 At certain HTPL temperature and constant system pressure, the bulk 
crystals inserted in the sample tube were dissolved in HTPL and flew out. After 
mixing with cooling solvent, the nanocrystals could be obtained in the state of 
liquid dispersion. 

Water was used as HTPL solvent. Water, methanol, acetone or ethanol was 
selected as the cooling solvent. The pressure in the system was controlled to be 
24 MPa. The temperature of HTPL was set to be less than 370°C. The flow rate 
of HTPL and cooling solvent were both 5 ml/min. The obtained nanocrystals were 
characterized by UV-vis absorption spectra, powder X-ray diffraction (XRD) and 
scanning electron microscope (SEM). 

3. Result and Discussion 

3.1. Quinacridone nanocrystals 

When the temperature of water as HTPL reached 250°C, the color of the ob
tained liquid changed from colorless to red. It means that the quinacridone began to 

(a) (b) 

Fig. 1. (a) The quinacridone and (b) the quinacridone dimethyl derivative. 
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Fig. 2. The SEM images of quinacridone nanocrystals. HTPL temperature is (a) 260° C and 
(b) 340°C. 

dissolve and the nanocrystallization occurred. The red dispersion liquid is stably-
kept for a long time without aggregation and precipitation. 

Figure 2 shows the SEM images of quinacridone nanocrystals prepared by the 
reprecipitation process from HTPL water solution to water. The shape and average 
size were spherical and around 60 nm (Fig. 2(a)). When the temperature of HTPL 
increased, it is true that the concentration of the soluble compound also increased. 
The SEM images of nanocrystals prepared at high HTPL temperature were shown 

Fig. 3. The XRJD patterns of quinacridone nanocrystals prepared at different HTPL temperature. 
1: 260°C5 2: 290°C, and 3: 340°C. 
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in Fig. 2(b) indicated the appearance of large-sized particles. These large-sized 
particles may be formed due to the acceleration of nuclei growth in the solution of 
high concentration. 

Figure 3 shows XRD patterns of quinacridone nanocrystals prepared at dif
ferent HTPL temperature. The form of nanocrystals prepared at 260°C was pure 
7 form.8~10 With increasing the temperature of HTPL solvent, the characteristic 
diffraction peak was appeared at about 12° (20), and was ascribed to (3 form. As 
a whole, the form of nanocrystals prepared at 340°C was a mixture of f3 form and 
7 form. The optical absorption spectra of nanocrystals dispersion liquid prepared 
at different HTPL temperature were shown in Fig. 4. The line 1 was pure 7 form. 
It was considered that the shoulder band around 590 nm of lines 2 and 3 indicated 
the existence of (3 form. However, in the case of using water as cooling solvent, it 
was difficult to prepare the nanocrystals with pure (3 form. 

In the case of HTPL water system, besides water was used as cooling solvent, 
other solvent, such as methanol, acetone or ethanol was applicable to cool down 
the HTPL solution. When the cooling solvent was changed, the cool down efficiency 
and the crystallization speed were obviously different because the heat capacity of 
cooling solvent changed. The effect of cooling solvent was summarized as follows. 

The absorption spectra of quinacridone nanocrystals dispersion liquid prepared 
with different cooling solvent were shown in Fig. 5. The nanocrystals using methanol 
as cooling solvent was pure 7 form, while those using ethanol as cooling solvent was 
pure (3 form. This was also recognized by XRD data. In the case of using acetone as 

Wavelength/nm 

Fig. 4. The absorption spectra of quinacridone nanocrystals aqueous dispersion prepared at 
different HTPL temperature. 1: 260°C, 2: 290°C, and 3: 340°C. 
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Wavelength/nm 

Fig. 5. The absorption spectra of quinacridone nanocrystals dispersion liquid prepared with 
different cooling solvent, respectively. 1: methanol, 2: acetone, and 3: ethanol. 

cooling solvent, the crystal form was like a mixture of 7 type and /? type. The shape 
of nanocrystals using methanol as cooling solvent was spherical with the average 
size of 40 nm. The nanocrystals using acetone and ethanol as cooling solvent had 
spherical, flake and plate shape. In future, the size-control would be accomplished 
by using mixture cool solvent and changing ratio of the solvent. For example, the 
half-and-half of acetone and water in cooling solvent will be illustrated. Anyway, in 
HTPL water system, the form of quinacridone nanocrystals with about 50 nm in 
size could be controlled by changing the cooling solvent used. 

3.2. Nanocrystals of 2,9-dimethyl-quinacridone 

The 2,9-dimethyl-quinacridone is widely used as one of the red pigments. Therefore, 
fabrication of the nanocrystals was considered to be significant. When water was 
used as the cooling solvent, the nanocrystals obtained was spherical with average 
size of 30 nm by SEM observation. Figure 6 shows the absorption spectra of 2,9-
dimethyl-quinacridone nanocrystals aqueous dispersion. The crystal form seemed 
to be 7 form. The temperature of HTPL did not affect the size and shape of 
nanocrystals. In the next step, the form of 2,9-dimethyl-quinacridone nanocrystals 
would be attempted by changing the cooling solvent used. 

In conclusion, the nanocrystals of quinacridone and its derivative could be fab
ricated by the HTPL crystallization method. The average size was around 50 nm. 
The control of crystal form was accomplished by changing the cooling solvent used. 
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500 600 700 

Wavelength/nm 

Fig. 6. The absorption spectra of 2,9-dimethyl-quinacridone nanocrystals aqueous dispersion. The 
HTPL temperature is 1: 290°C and 2: 340°C. 

The H T P L recrystallization method is effective in preparing nanocrystals of hardly-

dissolved compound. 
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The electrochemical behavior of viologen self-assembled monolayer has been investigated 
with QCM, which has been known as ng order mass detector. The self-assembly process 
of viologen was monitored using resonant frequency (AF) and resonant resistance (R). 
The QCM measurements indicated a mass adsorption for viologen assembling on the 
gold surface with a frequency change of about 300, 135 Hz and its surface coverage ( r ) 
was calculated to be 5.02 x 1 0 - 9 and 1.64 x 1 0 - 9 mol/cm2 . A reversible redox process 
was also observed and analyzed with an ionic interaction at the viologen/solution inter
face using A F . 

Keywords: Viologen; self-assembly; quartz crystal microbalance (QCM); cyclic voltam-
mogram (CV). 

1. Introduction 

Particularly, viologens have been extensively investigated in the literature due to 
their well-behaved electrochemistry, and has led to their use in a variety of studies, 
including electron transfer mediation to various biological molecules, the surface-
enhanced Raman studies of the adsorption at electrode surfaces, the behavior of 
supramolecular assemblies at electrode surfaces and the applications for the elec-
trochromic display devices. 

The viologens exist in three main oxidation states, namely, V 2 + <-> V* <-> V°. 
These redox reactions, especially the first one (V2 + <-> V+), are highly reversible 

* Corresponding author. 
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and can be cycled many times without significant side reactions.1 In this study, 
the electrochemical behavior of the self-assembled viologen monolayer has been 
investigated with QCM, which has been known as a nanogram order mass detector. 
The self-assembly process of the viologen was monitored using a resonant frequency 
(AF) and a resonant resistance (R). 

2. Experimental Analysis 

Figure 1 shows the chemical structure of the viologens incorporated with a thiol 
group. The rest of the reagents used in this experiments were of analytical grade and 
were used without any purification. All solutions were prepared using Milli-Q water. 
The QCM measurements were carried out using AT-cut gold-coated quartz crystals 
with a resonant frequency of 9 MHz (5 mm diameter Seiko EG&G, Japan). The gold 
electrodes of the QCM was cleaned in a piranha solution (H2S04/H202;3:1), and 
was exposed to a solution of mixture of VgSH and SHgV8SH in ethanol-acetonitrile 
(1:1, v/v) purged with Ar gas. The concentration was 2 mmol/1. The resonant fre
quency (AF) and the resonant resistance (R) have been measured using QCA 922 
(Seiko EG&G, Japan) and the cyclic voltammetry (CV) was measured using poten-
tiostat 263A (Seiko EG&G Instrument, Japan). The QCM electrode modified with 
the self-assembled viologen and Pt plate were used as the working and counter elec
trode, respectively. A KCl-saturated Ag/AgCl was a reference electrode. 0.1 mol/1 
NaC104 was used as the electrolyte solution. An initial potential of —800 mV was 
applied for 5 s, and subsequent cyclic scans to a final potential of —800 mV were 
done for 10 cycles. An estimation of the peak currents and surface coverage was 
based on the curve of the 10th cycle: also the CV curve shown in the present work 
were 10th cycle. 

3. Results and Discussion 

Figure 2 shows the frequency shift (AF) as a function of time (t) for the QCM 
gold resonator in the 2 mmol/1 VsSH and SH8VsSH ethanol/acetonitrile solution. 
In both cases, the resonant frequency dramatically decreased and saturated. The 

1 B B232A 2R5662A 

(a) (b) 

Fig. 1. The chemical structure of viologen used in this study, (a) VsSH and (b) SHsVsSH. 
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Fig. 2. The time-dependent frequency shift during self-assembly process of viologen. (a) VsSH 
and (b) SH8V8SH. 
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Fig. 3. The cyclic voltammogram and resonant frequency shift of QCM modified with viologen 
SA monolayer (a) and (c) V 8SH and (b) and (d) SH8V8SH. 
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measured A F for VgSH and SHsVsSH was about 300 and 135 Hz, respectively. 
Prom these A F values, we calculated that the mass of the adsorbed VsSH and 
SHgVsSH was about 320 and 144 ng, according to Eq. (I).2 

- 2 F 2 A m 
AF ~ ~ 172 172" ' C1) 

A • pq' • fig' 
where, Fo is the fundamental resonant frequency of 9 MHz, Am{g) is the mass gain, 
A is the electrode area (0.196 cm2), pq is the density of the quartz (2.65 g/cm3), and 
Hq is the shear module (2.95 x 1011 dyn/cm2). By considering the mass gain and 
the molecular weight, we can calculate the surface coverage (r) to be 5.02 x 10~9 

and 1.64 x 10~9 mol/cm2. Figure 3 shows that the oxidative cyclic voltammetry of 
two self-assembled monolayers of viologen in 0.1 mol/1 NaC104 electrolyte solution 
with 100 mV/s of the scan rate. The cathodic and anodic potential peaks of VsSH 
are centered at -450 to -470 and -430 to -450 mV in Fig. 3(a) and SH8V8SH 
are centered at -430 to -450 and -350 to -370 mV in Fig. 3(b). In Figs. 3(c) 
and 3(d), the resonant frequency was dramatically changed at redox peaks, which 
can explain ionic behavior at a viologen/electrolyte interface. For both cases, the 
measured A F of ionic behavior was about 25 Hz. Therefore, if we consider the A F 
and redox process simultaneously, we can analyze more precisely the ionic behavior 
or any electrochemical phenomenon at interface. Moreover the quantitative analysis 
of A F and the oxidation peak is under consideration. 

4. Conclusion 

The self-assembly process of the viologen was monitored using resonant frequency 
(AF). The mass adsorption was calculated to be 320 and 144 ng. The surface 
coverage (r) was calculated to be 5.02 x 10~9 and 1.64 x 10 - 9 mol/cm2. In ad
dition to this, two pairs of reversible redox peaks were observed, and the electro
chemical properties were analyzed using the behavior of resonant frequency (AF) 
simultaneously. 
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Monolayers of thymine amphiphile containing azobenzene chromophore (Azo-Thy) were 
prepared on various aqueous oligonucleotide (dA3o, d(GA)is , d(GGA)io) subphases. 
Pressure-area isotherms and reflection absorption spectra of the monolayers on dA3o 
or d(GA)i5 solution showed that the H-aggregate of the azobenzene units was formed 
at higher surface pressure than 25 mN/m. In contrast, the monolayer on an aqueous 
d(GGA)io solution did not form any aggregates of the azobenzene units even at high 
surface pressure. Base-pair formation between Azo-Thy and template d(GGA)io could 
give free volume to the azobenzene units in the monolayer to prevent the aggregation of 
the azobenzene units at the air-water interface. 

Keywords: Monolayer; azobenzene; DNA; base pair; DNA-mimetics; molecular 
recognition. 

1. Introduction 

The organizing functional molecules, e.g., chromophore, with complete control is 
important for construction of molecular devices as well as biomimetics for the light 
harvesting system. The utilization of not only covalent bonds but also weak inter-
molecular interactions (e.g., hydrogen bonds, van der Waals forces, and hydrophobic 
interactions) enables us to assemble molecules into devices.1'2 DNA has a double 
helical supramolecular structure composed of complementary base pairs between 
adenine-thymine and guanine-cytosine. We have already reported that the nucle-
obase amphiphiles formed base pairs and base trimers at the air-water interface, 
which were similar to the natural DNA duplex and triplex.3-6 By utilizing the 
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Fig. 1. Schematic illustration of the molecular organization on oligonucleotide solutions. 

air-water interface as a field of molecular recognition, we attempt to organize func
tional molecular assemblies containing polymerizable group or chromophore along 
single-strand DNA as template by formation of base pairs and base trimers.7,8 It is 
possible to prepare nucleobase monolayers transcribed the information of the tem
plate DNA. In this report, we prepared azobenzene-containing nucleobase mono
layers at the air-water interface on aqueous oligonucleotide solutions. Azobenzene 
chromophore is known to form H- or J-aggregates in condensed states.9 Monolayers 
of thymine amphiphile containing azobenzene chromophore (Azo-Thy) were pre
pared on various aqueous oligonucleotide (dAso, d(GA)i5, d(GGA)io) subphases 
in order to control distance between Azo-Thy molecules by complimentary base-
pairing between Azo-Thy and adenine moieties of the oligonucleotides as templates 
(Fig. 1). 

2. Experiments 

Synthesis of thymine nucleobase amphiphile containing azobenzene chromophore in 
the hydrophobic carbon chain (Azo-Thy) was described elsewhere.8 Oligodeoxynu-
cleotides (ODNs), dA3o, d(GA)i5, and d(GGA)io, were purchased from Invitro-
gen and were used without further purification. Chloroform (Spectrosol, Dojin) 
and ethanol (Wako), which was used as a spreading solution, was of spectro
scopic grade. Buffer solution (pH 7.8), which consist of 10 mM Tris-HCl aque
ous solution and 1 mM EDTA, was used as subphase solution. Pressure-area 
(ff-A) isotherms were measured with a computer-controlled film balance system 
FSD-300 (USI System, Japan). Compression was started 15 min after spreading at 
the rate of 0.03 nm2-molecule_1-min_1. The subphase temperature was maintained 
at 20 ± 0.1°C. The surface pressure was measured by a Wilhelmy plate, which was 
calibrated with the transition pressure of a stearic acid monolayer. 

Chloroform/ethanol (9/1 v/v) solution of 1 mM Azo-Thy was spread on the 
buffer solution with and without 25 nM oligonucleotide. Reflection absorption spec
tra of the monolayers on a water subphase were measured in situ with a multispec-
trophotometer equipped an optical fiber (LB-100, Jasco). 
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3. Results and Discussion 

Figure 2 shows -K-A isotherms of Azo-Thy monolayers on the buffer solutions with 
or without various ODNs. On the buffer solution without ODNs, a phase transition 
of the monolayer was observed at the surface pressure of 10 mN/m. A solid-state 
monolayer was formed at higher surface pressure than that of the phase transition. 
When dAso was added to the subphase solution, the monolayer expanded and the 
surface pressure of the phase transition increased compared to that of the monolayer 
on the buffer solution without ODN. The Azo-Thy molecules and dA3o could be 
interacted by the adenine-thymine base-paring at the air-water interface. On the 
d(GA)i5 subphase, the monolayer expanded only below the surface pressure of the 
phase transition. By addition of d(GGA)i0 to the buffer solution, a phase transition 
was not observed and the expansion of the monolayer was maintained even at 
higher surface pressure than the phase transition. These indicate that d(GA)i5 and 
d(GGA)io were bound to the Azo-Thy monolayers and the molecular density of 
Azo-Thy in the monolayers could depend on the adenine sequences of the ODNs. 

In order to investigate the molecular packing of the Azo-Thy molecules in 
the monolayers on the ODNs subphase, in situ reflection absorption spectra of 
the Azo-Thy monolayers were observed. Absorption maxima of the monolayers 
on the dAso and d(GA)i5 subphases were 315 and 314 nm at 25 mN/m, respectively 
(Fig. 3). This indicates that H-aggregates of the azobenzene moieties were formed 
in the monolayers. On the other hand, the monolayer on the d(GGA)io subphase 
gave the absorption maximum of 358 nm at 25 mN/m. This absorption spectrum 
corresponded to that in a solution. Thus the azobenzene moiety in the monolayer on 
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Fig. 2. Pressure-area isotherms of Azo-Thy on the buffer solutions with and without oligonu
cleotides. 
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Fig. 3. Reflection absorption spectra of Azo-Thy monolayers on the oligonucleotide solutions. 

the d(GGA)io subphase was not aggregated even at high surface pressure. Thymine 

moiety of Azo-Thy can bind to adenine of ODN specifically. The TT-A isotherm of 

Azo-Thy was not changed on the polyG subphase (da ta not shown). Thus Azo-Thy 

cannot interact with guanine at the air-water interface. Only adenine of ODNs 

could bind to the Azo-Thy molecules a t the a i r -water interface. Guanine moieties 

could keep Azo-Thy molecules away and disturb the aggregation in the monolayer 

even a t high surface pressure. 

4 . C o n c l u s i o n 

Molecular arrangement of the thymine amphiphile containing azobenzene chro-

mophore can be achieved by thymine-adenine base-pairing between the amphiphile 

and oligonucleotide at the air-water interface. Aggregation of azobenzene in the 

monolayers can be controlled by the adenine sequences of the oligonucleotides 

dissolved in the subphases. 
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We employ the method of phase-modulated KrF excimer pulsed laser interference crys
tallization to fabricate nanometer-sized crystalline silicon with two-dimensional pat
terned distribution within the ultra-thin amouphous Si:H single-layer. The local phase 
transition occurs in ultra-thin a-Si:H film after laser interference crystallization un
der proper energy density. The results of atomic force microscopy, Raman scattering 
spectroscopy, cross-section transmission electron microscopy and scanning electron mi
croscopy demonstrate that Si nanocrystallites are formed within the initial a-Si:H single-
layer, selectively located in the discal regions with the diameter of 250 nm and patterned 
with the same 2D periodicity of 2.0 /xm as the phase-shifting grating. The results demon
strate that the present method can be used to fabricate patterned nc-Si films for device 
applications. 

Keywords: Nanocrystalline Si; laser interference crystallization; microstructures. 

1. Introduction 

Nanometer-sized crystalline silicon (nc-Si) has long been the subject of great interest 
due to its potential application in the future optoelectronics and nanoelectronics.1~7 

One important need for the commercial application of silicon-based device is to find 
a manufacturing technique that can control the sizes and the densities of nanocrys-
tals as well as their positions. Moreover, such technique must be compatible with 
standard Si microelectronics process. For the purpose of device application, in many 

* Corresponding author. 
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cases, patterned nc-Si structures are necessary.8 However, for the patterned gen
eration, the standard technique of optical lithography is limited by its resolution 
capability and its indirect technique process. Although the focused electron beam or 
ion beam technique overcomes the shortcomings of optical lithography, it requires 
expensive equipment and its yield is low for large-scale production due to its serial 
scanning process. Therefore, it is also limited for a wide use. 

In the last decade, the method of pulsed laser interference crystalliza
tion with two/multi-beam-interference system has been reported for preparing 
microcrystalline-silicon (fxc-Si) films. By this method, a one/two-dimensional in
terference pattern is achieved.9-11 In our previous work, by the method of phase-
modulated KrF excimer pulsed laser interference crystallization (LIC), we have 
successfully fabricated one-dimensional (ID) self-organized Si dots in amorphous 
Si:H (a-Si:H) films which is 50 nm thick.12 Further, by LIC we realized constrained 
crystallization of ultra-thin a-Si:H sublayers within a-Si:H/a-SiNj(:H multilayers 
and controlled the transverse and longitudinal positions of nc-Si dots to achieve 
three-dimensional ordered distribution of nc-Si.13'14 

In this paper, we attempt to realize two-dimensional (2D) ordered distribution 
of nc-Si in the plane of the ultra-thin a-Si:H single-layer. The LIC method is again 
employed to crystallize ultra-thin a-Si:H film with the thickness of only 10 nm. Sim
ply combining 2D phase-shifting grating with our pulsed laser irradiation system, 
periodic high intensity contrast patterned energy distribution of laser is achieved 
on the surface of a-Si:H film. Upon pulsed laser irradiation, a new kind of nc-Si ma
terial has been fabricated over large areas, where nc-Si dots were locally formed in 
ultra-thin a-Si films with the thickness of 10 nm in the form of regularly patterned 
2D arrays. Under optimized conditions, the patterned arrays are composed of nc-Si 
dots with uniform sizes. 

2. Experimental 

Ultra-thin a-Si:H single-layer (10 nm) films were prepared on SiC^/Si or SiN^/Si 
substrates in the plasma-enhanced chemical vapor deposition (PECVD) with the 
following typical parameters: RF power 30 W, substrate temperature 250°C, re
action pressure 16 Pa, pure silane (SitU) serving as reactive gas, deposition rate 
about 0.1 nm/s. Si02 (500 nm)/Si substrates were prepared by means of thermal 
oxidization of (100) Si wafer. The SiN^ (50 nm) were deposited on (100) Si wafer 
by PECVD method using mixing gases of SiEU and NH3 as reactive gas. 

The crystallization of a-Si:H thin films was performed by laser irradiation with 
a 30 ns pulsed KrF (A = 248 nm) excimer laser at room temperature. The laser 
beam is focused, by a fused quartz lens ( / = 24 cm), to increase its energy density. 
During the LIC treatment, a sample was placed with contact of the phase grating 
mask behind it. The surface-relief ID and 2D phase-shifting gratings, which were 
used in the laser patterned local crystallization experiment, are designed with 2 /um 
periodicity and 260 nm depth. Upon laser irradiation, a transient thermal ID grid 
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Fig. 1. The schematic experiment setup of laser interference crystallization. 

and 2D matrix are directly formed on the surface of sample, leading to the local 
crystallization of the a-Si:H films. Figure 1 shows the schematic of the experimental 
setup. The periodic patterned energy distribution of laser on the surface of the 
sample has published elsewhere.15 

The crystallinity, morphology and microstructures of crystallized sample are 
then characterized by atomic force microscopy (AFM), Raman scattering spec
troscopy, cross-section transmission electron microscopy (X-TEM) and scanning 
electron microscopy (SEM). The Raman measurements are done on a T64000 Ra
man system. The TEM measurements are performed with JEM200CX microscope 
working at 200 kV. The AFM equipment with a Nanoscope III system (Digital 
Instruments, USA) is employed in contact mode. The SEM analysis is carried out 
on a LEO-1550 SEM system. 

3. Results and Discussion 

Figure 2 shows the Raman scattering spectra of the sample after laser-induced 
crystallization (LC) without using the phase-shifting grating mask. The energy 
density of the laser is 162 mJ/cm2 with a single shot. The curve shows a sharp 
peak around 515.9 c m - 1 corresponding to TO mode of nc-Si with a weak shoulder 
corresponding to TO mode of a-Si, which demonstrates that nc-Si has formed in the 
sample. The average size of nc-Si is estimated to be 4.7 nm according to the phonon 
confinement model.16 Since there was some residue of a-Si species, we calculate the 
fractions of nc-Si in the sample, defining the crystallinity of fraction ratio [•fc]/([-̂ c] + 
[Ia]) where Ic and Ia are the integrated areas of the TO peaks of nc-Si and a-Si, 
respectively. The fraction of crystalline Si is about 85% which means that almost 
a-Si in as-deposited layer has been transformed to nanocrystallites after the LC 
under proper energy density. 

The AFM results of the sample shown in Fig. 2 are shown in Fig. 3(c). It is clear 
that the sample is densely composed of Si grains with lateral size of about 20 nm 
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Fig. 2. The Raman scattering spectra of the sample after laser crystallization without the phase-
shifting grating mask. 
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Fig. 3. The AFM photographs of the morphology of the sample after laser crystallization under 
different energy, (a) 125 mJ /cm 2 ; (b) 150 mJ /cm 2 ; (c) 162 mJ /cm 2 ; and (d) 190 m j / c m 2 . 
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and longitudinal size of about 10 nm. We calculate the density of nc»Si grains by 
counting the grains in the area of 5 /xm x 5 /xm. The result shows that the density 
is about 4 x 1010/cm2. Comparing with the results of Raman spectra, the size of 
nc-Si grains obtained from the AFM image is larger. We consider this is because 
every Si grain may be made up of several crystalloids with smaller sizes. 

We also studied the effect of laser energy density (from 125 mJ/cm2 to 
190 mJ/cm2) on the nc-Si formation by AFM analysis. From Fig. 3(d) we found 
that as-deposited a-Si layer on the Si02 /Si substrate has been damaged due to 
irradiation under laser energy density of 190 mJ/cm2 . With decreasing laser en
ergy densities (from Fig. 3(c) to Fig. 3(b)), we obtained higher quality nc-Si films. 
With laser energy density further decreased, no transition takes place in a-Si:H film 
(Fig. 3(a)). 

Based on the above results, we attempt to control the positions of nc-Si in the 
plane of films after laser interference crystallization (LIC) by employing 2D phase-
shifting grating as shown in Fig. 4, which is the photograph of SEM of the surface-
relief structure of 2D phase-shifting grating mask. We can see that its periodicity 
is 2 /mi as designed. 

Figure 5 is the SEM image of the sample after LIC with 2D grating mask, whose 
energy density is 30 mJ/cm2 in front of 2D grating. A 2D submicrometer pattern 
(formed by crystallized zones in a-Si:H films) is clearly revealed. The white disks 
(crystallized zones) with a diameter of 250 nm and a period of 2 /mi are composed of 
several Si crystallites. The gray regions around the white disks correspond to remain 
amorphous Si because only in the white disks can a solid-phase crystallization take 
place where the energy density exceeds the crystallization threshold.17 Moreover, 
morphology of every disk is nearly the same, which demonstrates LIC method 
is effective for fabricating nc-Si patterns. In addition, the crystallized zones on 
the surface gradually disappeared with the decrease of the laser energy density. 

«*•&$** .EL 

Fig. 4. The SEM photograph of the surface-relief structure of 2D phase-shifting grating. 
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Fig. 5. The SEM photograph (top-view) of a similar-structured sample after LIC with energy 
density of 30 mJ / cm 2 in front of 2D grating. 

CT^stalBzecl Area a-Si Crystallized Area 

Fig. G. The cross-section I 'EM photographs of two adjacent crystallization regions in uitra-tliin 
a-Si single layer after LIC with energy density of 39 m J / c m 2 in front of 2D grating. The substrate 
is S i N x / S i 

The surface of the sample irradiated with the energy density of 25 mJ/cm2 is 
almost smooth and no periodic disks on the surface of this sample were observed 
in the AFM analysis. By cross-section TEM technique, we successfully observed 
the microstructure of two adjacent crystallization regions shown in Fig. 6, which 
confirms the formation of Si crystallites in as-deposited ultra-thin a-Si layer (10 nm) 
after LIC. It clearly shows that the Si crystallites are closely arranged one by one 
in the crystallized area. The size of crystallites in the middle of the regions is larger 
than that on the border because of the rearrangement of laser energy after laser 
beams interfere with each other. The interface between the crystallized and the 
amorphous zones is also abrupt after laser irradiation. 

4* Conclusion 

In summary, we utilized AFM, Raman, TEM, and SEM techniques to investigate 
the surface morphology and the structure properties of ultra-thin a»Si:H single layer 
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deposited on SiC^/Si or S iN x /S i substrate, which is fabricated by P E C V D and then 

crystallized by laser irradiation. The experimental results show tha t nc-Si is formed 

in certain regions with the same periodicity of 2.0 /*m as tha t of phase-shifting grat

ing mask. Particularly the pat terned distribution of nc-Si can be varied by changing 

the geometry of the phase grating mask, using the I D grating for getting ID ordered 

distribution of nc-Si and 2D grating for gett ing 2D distribution. Changing laser en

ergy density can control the surface morphology of the samples. So the method of 

pulsed laser interference crystallization (LIC) is one of the most promising methods 

to fabricate pa t te rned nc-Si with low-temperature and compatible with a s tandard 

microelectronic processing. 
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The photopatterning process of self-assembled monolayer has been used as template for 
fabricating biomolecular microstructures. Alkanethiolates formed by the adsorption of 
1-octanethiol molecules on a gold substrate were oxidized by the irradiation of deep 
UV light and then developed with deionized water. The resulting positive patterned 
substrate was immersed into a dilute ethanolic solution of 11-mercaptoundecanoic acid 
(11-MUDA). Cytochrome c monolayers were immobilized onto the patterned gold sub
strate by self-assembly technique and their electrochemical properties were investigated 
through the measurements of cyclic voltammetry. Also, I-V characteristics of biomolec
ular multilayers consisting of cytochrome c and green fluorescent protein (GFP) were 
studied with a scanning tunneling microscope (STM). 

Keywords: Photopatterning; self-assembled monolayer; cytochrome c; GFP; electrochem
ical property; I-V characteristics. 

1. In t roduc t ion 

Self-assembled monolayers (SAMs) can potentially give a robust method for fab
ricating protein multilayers. Moreover, the affinity of thiol moiety for gold surface 
makes alkanethiol suitable for the preparation of modified electrode.1 The micro 
array pattern formation of self-assembled protein is an important factor in the fab
rication of molecular device composed of biomolecules. Thus, the ability to generate 
fine pattern of protein on a solid surface has attracted considerable interest in bio-
electronic technology and fundamental study of biophysics, especially, the studies 
on the characteristics for patterning and modification of solid surface at molecular 
level, and the use of these patterns to control the immobilization of protein have 
been widely progressed. In this study, we have fabricated the submicro array of 
biophotodiode consisting of alkanethiolate/cytochrome c/GFP/gold by using alka-
nethiolate SAMs as a very simple photoresist utilizing photochemical conversion of 
alkanethiolates to alkanesulfonates.2 The physical and electrochemical properties of 
self-assembled protein multilayers were studied through the measurements of cyclic 
voltammetry (CV), photoluminescence (PL) and atomic force microscopy (AFM). 
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The photodiode property using a scanning tunneling microscope (STM) was also 
investigated. 

2. Materials and Experiment 

2.1. Materials 

Ethyl alcohol anhydrous (99.99%), 11-mercaptoundecanoic acid (11-MUDA) and 
decanethiol were purchased from Aldrich Chemical Co. (Milwaukee, USA). 1-
Octanethiol was purchased from TCI Co. (Japan). Cytochrome c (extracted from 
horse heart muscle) and GFP (rEGFP protein) were purchased from Sigma Chem
ical Co. (St. Louis, USA) and Clontech Co. (Palo Alto, USA), respectively. Au 
(111) substrate was purchased from INOSTEK Inc. (Korea). Other reagents were 
purchased from Aldrich Chemical Co. and used without further purification. 

2.2. Fabrication of SAMs and protein multilayers 

Gold substrate was pretreated by a piranha solution for 5 min, rinsed with deionized 
water. The gold substrate was immersed into 1 mM octanethiol ethanolic solution 
for 18 h. Following the removal from the thiol solution, the substrate was washed 
with degassed ethanol, and then dried in a stream of nitrogen. The photopattering 
of alkanethiol monolayer was carried out with an exposure system of Spectral En
ergy Co. equipped with a 500 W high-pressure mercury lamp in conjunction with a 
narrow band pass filter for 254 nm.3 The self-assembled octanethiol monolayer on a 
gold substrate was oxidized by deep UV irradiation, and then developed with deion
ized water. The resulting positive patterned substrate was immersed into ethanolic 
solution of 1 mM 11-MUDA. Cytochrome c was sequentially immobilized onto the 
modified substrate.4 The carboxylic group of 11-MUDA allowed the cytochrome 
c to form SAM. Finally, GFP molecules were adsorbed onto the self-assembled 
cytochrome c monolayer. 

2.3. Characterizations 

Static secondary ion mass spectrometer (SSIMS) was investigated with a PHI 7200 
TOF-SIMS/SALi. The topographies of self-assembled cytochrome c on the pho-
topatterned monolayer were observed by AFM (AutoProbe CP, Park Scientific 
Instruments, USA). Cyclic voltammetry measurements were carried out with a 
potentiostat measurement analyzer (IM6 system, Zahner Elektrik Co., Germany). 
The Ag/AgCl (3.0 M KC1) reference electrode, a gold substrate working electrode, 
and a 1-cm2 Pt-gauze counter electrode were used for all experiments. The I-V 
characteristics of the protein multilayers were studied by a STM (AutoProbe CP, 
Park Scientific Instruments, USA) technique. The set point for Au tip approaching 
was 0.5 nA and the scan range for conductivity measurement was —0.5 ~ 0.5 V. 
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3. Resul ts and Discussion 

Figure 1 shows SSIMS spectra of SAM of 1-octanethiol on a gold substrate before 
and after exposure to deep UV light for 60 min. The spectrum of SAM exhibited a 
peak corresponding to 1-octanethiol at m/z 145. After the irradiation of deep UV 
light, a peak corresponding to the sulfonate species, RSO^" was observed at m/z 193. 

SEP2?1D1SUS 

(a) 

S£P2T2015U§ 

(b) 

Pig. 1. SSIMS spectra of 1-octanethiol SAM (a) before and (b) after exposure to deep UV light. 

Fig, 2. SSIMS image of photopatterned SAM formed by mapping O intensity. 
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The ratios of these peak areas were used to calculate the extent of oxidation.5 It can 
be found that 99% conversion of octanethiolates to octanesulfonates occurred by the 
irradiation of deep UV light. Figure 2 shows a SSIMS mapping of 1-octanethiol SAM 
and SAM of 11-MUDA adsorbed onto the patterned gold substrate. The carboxylic 
acid terminated regions exhibited bright contrast by mapping the oxygen intensity^ 
while methyl terminated regions exhibited dark contrast. 

Figure 3 shows AFM images of bare gold and self-assembled cytochrome c mono
layer immobilized onto the 11-MUDA molecules. It is indicated that the head moiety 

0>) 

Fig. 3. AFM images of (a) bare gold and (h) f^.odirome c monolayer. 

240 



Deep UV Photopatterning of Self-Assembled Monolayer and Its Application 615 

Voltage (V) 

Fig. 4. Cyclic voltammogram of cytochrome c monolayer before ( ) and after (—) immobilization 
of cytochrome c. 

of cytochrome c molecule and methyl-terminated alkanethiolates exhibited bright 
and dark spots, respectively. The size and height of bright spot domain were 600 A 
and 50 A. The redox current of the cytochrome c monolayer was observed from the 
measurement of cyclic voltammetry as shown in Fig. 4. It has been noted that 
uniform cytochrome c molecules were well immobilized onto the patterned 
11-MUDA molecules. To explore the rectifying property of hetero self-assembled 
multilayers of cytochrome c and GFP, the current-voltage characteristics were 
measured by a STM technique. 

4. Conclusions 

The submicro pattern of self-assembled 1-octanethiol monolayer on a gold substrate 
was fabricated by photochemical oxidation using a 700 ~ 800 nm mask. 11-MUDA 
molecules were well self-assembled onto the positive patterned gold substrate. It has 
been found that the patterned biomolecular photodiode consisting of cytochrome 
c-GFP multilayers was successfully obtained by using the simple photopatterning 
of SAM. 

Acknowledgment 

This work was supported by Korea Research Foundation Grant (KRF-2002-005-
D0000 2). 

References 

1. L. Jiang, A. Glidle, A. Griffith, C. J. McNeil, and J. M. Cooper, Bioelectrochem. 42, 
15 (1997). 

2. M. J. Tarlov, D. R. F. Burgess, and G. Gillen, J. Am. Chem. Soc. 115, 5305 (1993). 

241 



616 S. Y. Oh et al. 

3. S. Y. Oh, J. K. Park, J. W. Choi, and C. M. Chung, Mol. Cryst. Liq. Cryst. 370, 169 
(2001). 

4. S. Y. Oh, J. K. Park, J. W. Choi, and C. M. Chung, Mol. Cryst. Liq. Cryst. 377, 241 
(2002). 

5. M. J. Tarlov and J. G. Newman, Langmuir 8, 1398 (1992). 

242 



International Journal of Nanoscience, Vol. 1, Nos. 5 & 6 (2002) 617-620 
© World Scientific Publishing Company 

PREPARATION OF HOLLOW STRUCTURES COMPOSED OF 
TITANIA NANOCRYSTAL ASSEMBLY 

SHIGENOPJ FUJIKAWA and TOYOKI KUNITAKE 

Topochemical Design Laboratory, Frontier Research System, RIKEN 
2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan 

Received 9 January 2003 
Revised 11 January 2003 

A novel procedure to fabricate nanoarchitectures of crystalline titania hollow shells was 
developed by using assembled latex particles as templates. Latex particles were assem
bled on the surface of solid substrates and covered with ultrathin t i tania films by the 
surface sol—gel process. When the titania-covered latex particle was subjected to oxygen 
plasma treatment, hollow titania spheres were formed at the original site of particle 
deposition. Following calcination of the amorphous, titania hollow shells induced their 
crystallization to titania nanocrystals (anatase). 

Keywords: Nanocrystal; titania; 3D structure; ultrathin film. 

1. Introduction 

Surface fabrication for the construction of 3D nanoarchitectures is a key feature 
of nanotechnology. The design and preparation of dispersed hollow structures is 
considered as one of the most interesting topics, because of its many potential ap
plications such as drug delivery. The template approach has been widely utilized 
to prepare hollow structures in most of the previous studies. Unfortunately, the 
shape of the hollow structure is rather restricted in this approach, because it is still 
difficult to freely design 3D nanosized templates which can be dispersed in solu
tion. In contrast, the shape of nanometer-sized objects, if they are placed on solid 
surface, can be designed by the conventional fabrication technique, such as photo-
and electron-lithographies, micro contact printing and nanoparticle arrangement. 
The morphology of the hollow structure, however, would be limited by such ap
proaches. Thus, we proposed the use of nano-objects as template for preparation of 
surface-bound hollow structures, and successfully obtained interconnected titania 
hollow structures from the 2D-assembled latex particles.1 In this case, the shell 
component of the hollow structure is composed of ultrathin layers of amorphous 
titania. It is known that titania assumes two crystalline types, anatase and rutile, 
and the particular crystalline state is responsible for unique functions such as a 
photo-catalytic activity.2 The well-designed shape of titania crystal would offer a 
great potential as functional material. For example, a hollow structure composed of 
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titania crystal may be expected as effective photo-catalyst because of its large sur
face area. In this report, we examined conversion of amorphous titania hollow shells 
to the corresponding crystalline state without changing the unique morphological 
characteristics. 

2. Experimental Procedure 

The latex particle we employed (Polyscience: Polybeads carboxylate) has carboxyl 
groups on its surface. The diameter is 500 nm, and it is supplied as 2.61 wt% 
aqueous dispersion. It was used after dilution to 1/10 by ion-exchanged water. 
Silicon wafer (Tokyo Ohka Kogyo) and silicon oxide-coated TEM gold grid (Ted 
Pella: Silicon Monoxide Type-A) were used as solid substrates. In order to pre
pare a positively-charged surface, these solid substrates were immersed in an aque
ous solution of poly(diallyldimethylammonium chloride) (PDDA, Polymer Source: 
MW = 240 000, 1 mg/ml) and in ion-exchanged water for 1 min each. It was then 
immersed in an aqueous solution of poly (sodium styrene-4-sulfonate) (PSS, Poly
mer Source: MW = 127600, 1 mg/ml) and in ion-exchanged water for 1 min each. 
These successive operations were repeated three times, and the modified substrate 
was further immersed in aqueous PDDA. Latex particles were adsorbed by dip
ping the substrate for 10 min in their aqueous dispersions. It was then soaked in 
ion-exchanged water for 1 min, and the substrate was dried by flushing nitrogen 
gas. The surface sol-gel process was conducted by dipping the substrate in 100 mM 
of titanium (IV) iso-propoxide (Azmax) in ethanol for 1 min, rinsing by ethanol 
and ion-exchanged water for 1 min each, and drying by flushing nitrogen gas. This 
process was repeated five times. Oxygen plasma treatment (South Bay Technology: 
PE-2000 Plasma Etcher) was carried out by placing the sample directly on the RF 
electrode. The applied radio frequency (RF) was 13.56 MHz and the base pressure 
in the reactor was 75 mTorr. The oxygen (industrial grade) pressure during plasma 
treatment was about 180 mTorr and the RF power dissipated to the sample was 
20 W for 1 h at room temperature. Subsequently, the substrate was placed on a 
bench inside a muffle furnace (Denken, KDF S-70) for calcination and the temper
ature was raised from room temperature to 600°C in 5 h, kept at 600°C for 4 h, 
and finally allowed to cool to room temperature. 

SEM images were obtained by using a Hitachi S-5200 scanning electron mi
croscope, operated at an acceleration voltage of 1.0 kV, without sample coating. 
TEM observation was conducted on a JEOL JEM-2000EX instrument. The sample 
prepared on silicon oxide grid was subjected without staining to TEM observation 
with an acceleration voltage of 100 kV and an original magnification of 10 000. In 
the measurement of electron diffraction, the camera length was 80 cm at the same 
acceleration voltage. 

3. Results and Discussion 

The latex samples on which the surface sol-gel process was repeated for five cycles 
(Fig. 1(b)) were exposed to oxygen plasma for 1 h (Fig. 1(c)), and subjected to 
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Fig. 1. Preparation of the hollow structure composed of assembled titania nanocrystals by oxygen 
plasma treatment and calcination from latex-titania core/shell structure. 

Before Calcination 

(a) 

After Calcination 

(b) (c) 

Fig. 2. SEM and TEM images of the titania hollow structures before and after calcination. 
(a) Before calcination, (b) and (c) after calcination, and (d) diffraction pattern of the micro 
crystal in (c). Scale bar corresponds to 200 nm. 

TEM observation. Figure 2(a) shows a TEM image of the plasma-treated sample, 
in which spherical structures are clearly observed. The diameter of the sphere is 
about 500 nm and the thickness of the shell is estimated to be about 10 nm. There 
is no material left inside the sphere, showing that the original latex particle was 
completely removed by oxygen plasma treatment. This situation was also confirmed 
in our previous report.1 

Titania can be converted from amorphous state to crystalline anatase by cal
cination. Thus, the oxygen plasma treated hollow structure of ultrathin titania 
shell was subjected to calcination. The oven temperature was raised to 600'°C from 
room temperature at a rate of 2°C/mIn? and was held at this temperature for 4 h 
(Fig. 1(d)). SEM observation of the calcined sample proved that the spherical shell 
was totally preserved even after calcination (Fig. 2(b)). Direct calcination of titania 
film-coated latex particle without pre-treatment of oxygen plasma underwent col
lapse of the hollow structures and only flattened titania disk was formed (data not 
shown). In short, once a hollow structure is formed by oxygen plasma treatment, 
it is not destroyed by calcination. Oxygen plasma treatment is indispensable for 
maintaining the hollow structure of ultrathin titania shell. 

245 



620 S. Fujikawa & T. Kunitake 

In the surface sol-gel reaction alone, the condensation reaction does not proceed 
to completion and unreacted alkoxide moieties still remain in the oxide layer.3 The 
mechanical strength of the as-prepared ultrathin titania shell appears not strong 
enough to preserve the spherical structure during calcination. Oxygen plasma pro
motes decomposition of the organic moiety and further condensation of titanium 
oxide, surface morphology of the spheres after calcination is not smooth nor contin
uous, in contrast to the smooth surface before calcination (Figs. 2(a) and 2(c)). It 
has a skeleton-like structure, which is composed of small blocks of titania with sizes 
of 10 to several tens nm (Fig. 2(b): indicated by arrows). The TEM observation 
clearly shows that the skeleton-like structure is composed of micro blocks of tita
nium oxide (Fig. 2(c): indicated by arrows). The electron diffraction of the blocks 
shows a distinct pattern (Fig. 2(d)) of the anatase crystal.4"6 Since the crystal 
phase has a higher density than the amorphous phase,7 the titania layer upon cal
cinations should shrink due to crystallization and the original titania shell becomes 
less continuous, creating defects. The nanocrystals of anatase are tightly connected 
to each other, maintaining the three-dimensional structure (Figs. 2(b) and 2(c)). 
The shape of the titania nanocrystal assembly is readily designed on the basis of 
the structure of the original template. In the current study, we used rather simple 
templates in order to test the feasibility of our approach. More complex patterns 
and the corresponding functions would be derived from more complex templates. 
We should emphasize the role of the oxygen plasma treatment for maintaining 
three-dimensional structures which have not been put to proper use in the past. In 
conclusion, it is clear that the current approach offers a great potential for surface 
fabrication of hollow structures composed of nanosized metal oxide crystals. 
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Correlation between molar fraction and area fraction in micro-phase separated struc
tures formed in binary mixed Langmuir monolayers of arachidic acid (C20) and a per-
fluoropolyether amphiphile (PFPE) has been examined. On the water surface, C20 and 
P F P E separate into fully condensed micro-domains and a largely expanded phase, re
spectively. The area fraction of the condensed phase domains is estimated by two dif
ferent ways: one is by analyzing atomic force microscope (AFM) images and the other 
is calculated from n-A isotherm data assuming complete immiscibility of the film com
ponents in the monolayers. Two area fractions are in agreement with each other, and 
increase exponentially with increase in molar fraction. Our results ensure the complete 
phase separation of the two film components on the water surface, the monolayer trans
fer without any structural changes, and the fruitfulness of digital image analysis for the 
evaluation of two-dimensional organized structures. 

Keywords: Mixed Langmuir monolayer; two-dimensional phase separation; ir—A 
isotherm; atomic force microscope (AFM); area fraction. 

1. Introduction 

Two-dimensional phase separation in binary mixed Langmuir monolayers are of 
great interest in surface engineering. In particular, phase-separated monolayers of 
long-chain silanes are advantageous as a versatile system because of their chemisorp-
tion to give robust films on hydroxylic solid surfaces.1-3 However, the formation 
mechanism of the phase-separated morphology has not been well understood. Ap
parently, this is not only the case of silane compounds but also of usual amphiphiles, 
although such knowledge is of significant important for controlled construction of 
patterned functional surfaces. 

In previous work, we have shown the systematic variation of phase-separated 
structures in binary mixed Langmuir monolayers of n-alkyl fatty acid (Cn) and 
PFPE.4 The final goal of our work is to find out the fundamental principles, which 
control the phase-separated morphologies formed in mixed monolayers of a variety 
of amphiphiles. Cn is the most suitable film material for this investigation because of 
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its unique characteristics and widespread usage, even though it has less monolayer 
stability on solid substrates than chlorosilane. 

In this paper, we report correlation between the area fraction and the molar 
fraction in mixed monolayers of arachidic acid (C20) and PFPE. AFM images 
revealed that C20 forms circular domains at 20°C irrespective of the mixing ratio, 
however, the number of the domains increased with increasing mixing ratio. Area 
fraction of C20 domains (0AFM)> estimated from AFM images, was correlated with 
molar fraction of C20 (<̂>) in mixtures and was compared with the area fraction 
(<^TT-A) calculated from ir-A isotherm data. 

2. Experimental 

Highly purified arachidic acid (C20) and perfluoro-2,5,8-tirimethyl-3,6,9-
trioxadodecanoic acid (PFPE) were used as film materials without further purifi
cation. Chloroform was employed as the spreading solvent. C20 and PFPE were 
mixed in the spreading solution under defined molar ratios to give a total con
centration of 2.5 mM. The subphase was a 0.5 mM aqueous solution of cadmium 
acetate dehydrate adjusted to pH 7.0 with potassium hydrogen carbonate. Monolay
ers were compressed after 30 min of spreading at a constant strain rate of 10%/min. 
The monolayers were transferred onto silicon wafer substrates at 20 m N m - 1 pres
sure by the horizontal scooping-up method. AFM observation was performed using 
Nanoscope III (Digital Instruments Inc.) with tapping mode. The images were ob
tained with a spatial resolution of 512 x 512 pixels and binarized to estimate area 
fraction of C20 phase using a digital image analysis software, Win ROOF (MITANI 
Corp.). 

3. Results and Discussion 

Figure 1 shows (a) ir-A isotherms and (b) AFM images of C20/PFPE mixed mono
layers at 20°C. The isotherm shifts regularly with the change in the mixing ratio, 
giving a linear relation between the molar fractions of C20 and the average molecu
lar areas at 10, 20, and 30 m N m - 1 (the plots are not shown). It is well known that 
the average molecular area becomes a linear function of composition when two com
ponents are ideally miscible or completely immiscible in their mixed monolayers. 
Considering the fact that the phase separation occurred in the mixed monolayers 
as seen in the AFM images in Fig. 1(b), it is clear that the two components are 
completely immiscible in the present system. Independent contribution of the film 
components to the monolayer behavior was observed in the isotherm of C20/PFPE 
(8/2) monolayer, in which two collapses appear at about 40 mNm - 1 and above 
60 mNm - 1 corresponding to collapses of PFPE and C20 phase, respectively. This 
observation indicates that a higher molecular area region in the isotherm is gov
erned by PFPE component, and after the collapse of PFPE component, the feature 
of C20 component emerges at a lower molecular area. The AFM images in Fig. 1(b) 
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(a) TV-A isotherms (b) AFM images (30 x 20 jtim2) 

Fig. 1. Mixing ratio dependency of (a) w-A isotherm and (b) AFM image of C20 /PFPE mixed 
monolayers at 20°C. In AFM images, the mixing ratios of C20 /PFPE are (A) 2/8, (B) 4/6, 
(C) 6/4, and (D) 8/2. Deposition pressure was 20 m N m " 1 for all monolayers. 

imply that C20 and PFPE form island-like condensed phase domains and a sur
rounding sea-like region in the mixed monolayers, respectively. The number of C20 
domains increase with the increase in the molar fraction of C20, while the domain 
shape remained circular regardless of the mixing ratio. 

Area fraction of C205 <̂ r--yb was calculated by the following equation when two 
film components are mutually immiscible in their mixed monolayer, 

<Pw-A = ,A ,(Z ~~rTJ " , l-U 
*P-AC2G + (1 - ^ j A p F P E 

where dj> is the molar fraction of C20 in the mixtures, and Ac20 and -APFPE are 
the molecular area of C20 and PFPE, respectively. Prom n-A isotherms of single 
component monolayers, one obtains Ac20 = 0.199 nm2molec.~"1 and .APFPE = 
0.749 nm2molec.""1 at 20 mNm™1, and hence can calculate the values of $W-~A for 
different mixing ratios. On the other hand, we can also estimate the area fraction 
of C20 by analyzing AFM images of the phase-separated monolayers. In this case, 
the area fraction, ^AFM3 was calculated by dividing the area of C20 domains in the 
image by the total image area. Data of <^AFM shown hereafter is the average of the 
values obtained from at least ten macroscopically separate areas on at least two 
samples. 

Values of 0, $w-Ai and ^AFM were summarized in Table 1. It should be noted 
here that the molar fraction is not consistent with the area fractions since C20 and 
PFPE occupy largely different molecular areas on the water surface. The relation 
between the area fractions and molar fraction was shown in Fig. 2. It becomes clear 
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Table 1. Molar fraction {<j>) and area fractions (0AFM> 4>TT~A) °f C20 in mixed monolayers at 
20CC. 

Molar fraction of C20, 4> 
Area fraction of C20 calculated 

by Eq. (1), <j>^-A 

Area fraction of C20 determined 
from AFM images, </>AFM 

0 
0.2 
0.4 
0.6 
0.8 
1 

0 
0.062 
0.151 
0.285 
0.516 

1 

0.080 ±0.010 
0.121 ±0.021 
0.246 ± 0.026 
0.409 ± 0.024 

o 
\a 

< 

Molar Fraction, § 
Fig. 2. A plot of area fraction of C20 at 20 m N m - 1 versus molar fraction of C20 (cp) in the 
mixtures: </>AFM determined from AFM images (•), 4>-n-A calculated by Eq. (1) (—). 

that 4>K-A and ^AFM almost coincide with each other, and exponentially increase 
with the increase of (p. The good agreement between two area fractions indicates 
that two film components are completely phase-separated, and the monolayers are 
transferred on the solid supports without any structural changes from the water 
surface. Moreover, the results suggest the fruitfulness of the digital image analysis 
for the evaluation of monolayer structures. 
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The resistance of the Langmuir-Blodgett films of ditetradecyldimethylammonium-
Au(dmit)2 (2Ci4-Au(dmit)2) salt has been measured under hydrostatic pressure up 
to 0.7 GPa. The room-temperature resistance decreases with increasing pressure, reach
ing a 0.6-times smaller value compared to that at ambient pressure. The film under 
the pressure shows a clear resistance decrease below 1.4 K on cooling, while that under 
ambient pressure shows a blunt decrease below 0.85 K and it turns to increase below 
0.65 K. These results suggest the existence of the pressure-induced superconducting 
phase together with the earlier results of the ac magnetic susceptibility measurement. 

Keywords: Langmuir-Blodgett techniques; superconductivity; electrochemical doping. 

1. Introduction 

The fabrication of a superconducting Langmuir-Blodgett (LB) film is one of the 
long-standing goals among various trials for fabricating LB films with electronic and 
opto-electronic functions. Since the LB technique allows us to assemble organic 
molecules, amphiphilic ones typically, into organized two-dimensional molecular 
sheets, the realization of superconductivity will open up the possibility for a variety 
of applications in the field of nanomolecular electronics.1 

We have been interested in the metal(dmit)2 systems as the film-forming 
materials for the LB films and have reported that the LB film of ditetra-
decyldimethylammonium-Au(dmit)2 (2Ci4-Au(dmit)2, Fig. 1) shows an in-plane 
conductivity of 40-50 S/cm at room temperature with a metallic temperature de
pendence in the range 230-300 K.2 Recently, we have also reported that the ac 

* Corresponding author. 

253 

http://ac.jp


628 Y. F. Miura et al. 

-COCQ-J 
Fig. 1. Chemical structure of 2Ci4-Au(dmit)2 salt. 

magnetic susceptibility suggests the existence of superconducting phase below 4 K.3 

While the diamagnetic shift of the ac magnetic susceptibility can be reproducibly 
seen, the resistance decrease upon cooling cannot be seen for the majority of the 
sample batches in the measurement down to 1.2 K.4 

It is well-known that the parameter, "pressure", often induces superconductivity 
in a variety of materials that includes molecular conductors. In particular, super
conducting states in the bulk metal(dmit)2 (metal = Ni, Pd) systems are mostly 
induced by hydrostatic pressure.5 We postulate that the pressure is also an impor
tant parameter for the LB systems based on charge-transferred salts and we report 
here the effect of hydrostatic pressure upon the resistance of the 2Ci4-Au(dmit)2 
LB films. 

2. Exper imenta l 

The 2Ci4-Au(dmit)2 salt was synthesized following the procedure of Steimecke 
et al.6 and spread at the air /water interface using a 1:1 mixture of acetonitrile 
and benzene. The horizontal lifting method was utilized and the 2Ci4-Au(dmit)2 
film at the air/water interface was transferred onto a 0.1-mm- thick poly (ethylene 
terephthalate) (PET) sheet. Prior to the LB film deposition, the substrate was 
precoated with five layers of cadmium arachidate and four gold electrode strips 
with a gap of 0.5 mm were vacuum-deposited on it. The as-deposited LB film was 
rendered to be conductive by electrochemical doping in an aqueous solution of 
LiC104. The details of the sample preparation are in our previous papers.2 - 4 

The resistance was measured along the film plane by the four electrode strips 
deposited underneath the LB layers. A dc four-probe method and an ac four-probe 
method were used for measuring the room-temperature resistance and the tem
perature dependence of the resistance, respectively. The resistance was measured 
for the 20-layered 2Ci4-Au(dmit)2 LB films unless otherwise stated. As the hydro
static pressure medium, a hydrocarbon oil (Daphne Oil 7373, Idemitsu, Co. Ltd.) 
was used. The details of the high pressure apparatus will be described elsewhere.7 

3. Results and Discussion 

The resistance of the 2Ci4-Au(dmit)2 LB film decreases with increasing pressure, 
reaching a 0.6-times smaller value at 0.7 GPa. Then the pressure cell was clamped 
at 0.7 GPa and cooled down to 0.5 K. A different sample strip cut from the same 
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Fig. 2. The resistance of the 20-layered 2Ci4-Au(dmit)2 LB film at (a) ambient and at (b) 0.7 GPa. 

sample batch was also set outside the pressure cell and the ambient resistance was 
measured as the reference. 

We have already reported that some sample batches of the 2Ci4-Au(dmit)2 
LB system show resistance decrease on cooling below 3.9 K, however, this sample 
batch did not show any resistance decrease in the measurement down to 1.5 K. The 
temperature dependence of the resistance at 1 bar and at 0.7 GPa are shown in 
Figs. 2(a) and 2(b), respectively. As shown in Figs. 2(a), a blunt decrease is seen 
below 0.85 K, but it turns to increase below 0.65 K on cooling, which is possibly 
interpreted as a re-entrant state. On the other hand, as shown in Fig. 2(b), a distinct 
resistance decrease is seen below 1.4 K. The vast difference in the magnitude of the 
resistance between the sample at 1 bar (Fig. 2(a)) and that at 0.7 GPa (Fig. 2(b)) 
is mostly due to the sample size. Since the thickness of the 20-layered LB films is 
ca. 102 nm, resistivities at 1 bar and at 0.7 GPa at around 1.4 K are both as low 
as 101 Q cm. 

We have already reported that the ac magnetic susceptibility suggests the exis
tence of the Meissner state below 4 K.3 The pressure-induced decrease of the resis
tance on cooling is possibly caused by the emergence of superconducting phase. The 
measurements at higher pressure and under dc magnetic fields are now underway. 
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With the aim of studying single charging phenomena of individual molecules that have 
clear redox states, a series of ruthenium complexes surrounded by dendrimers were pre
pared. The structure and electronic characteristics of them were studied by XH NMR, 
MALDI TOF-MS, UV-vis absorption spectra and electrochemical methods. The elec
trochemical results revealed that the clear redox states were retained even with the 
surrounding dendrimers, and the molecules can be good candidates for nanometer size 
charging pools. 

Keywords: Ruthenium complex; single electron transistors; Coulomb blockade 
phenomena. 

1. Introduction 

The Coulomb blockade is an essential phenomena in nanoscale electronics, and 
is utilized for single electron transistors using silicon particles as the charging 
islands.1'2 The charging energies (Uc) of metal particles are definitely determined 
by the size of the particles (r) as follows; Uc = e2/8irer. The size should not be 
more than 1 nm in order to observe the Coulomb blockade at room temperature. It 
is not easy to make this size of metal or semiconductor particles with little size dis
tributions. In contrast, most organic molecules have the size of this region and there 
are essentially no distributions. In addition, their electronic states are determined 
not only by their sizes but also by the constituting elements and molecular struc
tures. Thus, the studies of the Coulomb blockade with using organic molecules are 
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(a) (b) 

Fig. 1. (a) Molecular modeling structure of the ruthenium complex protected by dendrimer moi
eties (4). The size of the molecule was calculated to be ca. 3.6-3.8 nm. (b) Scanning electron 
microscopic image of the nanogap electrode. The gap sizes were about 50-80 nm. 

promising because of the low size distributions and the high designability. However, 
when charges are injected into usual organic molecules they become ion radicals or 
multi ions, which are usually very unstable in arbitrary conditions. However, metal 
complexes are usually stable even in the charged states, because the metal atom 
can serve as a good electron pool. Thus, we designed and synthesized ruthenium 
complexes, as stable and low size distributed nanoparticles. In Fig. 1, the molecu
lar modeling structure of the target molecule and the SEM image of the nanogap 
electrode were exhibited. Since the size of the molecule was calculated to be ca. 3.6-
3.8 nm, the electrode gap will be filled up with about 10-20 molecules. With this 
number of particles, quantized electronic phenomena could be measurable. 

Here we described the synthetic procedure, strucuture identification and the 
electrochemical behavior of the molecules. Electrochemical reversibility is a good 
index for the stability of the charged species and the molecules with high electro
chemical reversibilities can be free from the instability in the charged states, being 
adequate as nanosize charge pools. 

2, Resul ts and Discussion 

2 .1 . Synthesis of the ruthenium complexes 

We have synthesized a series of ruthenium complexes surrounded by the first, the 
second, and the third generation dendrimers as shown in Scheme 1 and Table I.3 '4 

The ruthenium complex PF 6 salt protected by dendrimers of the first genera
tion (4a (PFe)2) did not dissolved in chloroform indicating the relatively strong 
ionic character of the complex. The ruthenium complexes protected by dendrimers 
of the second (4b (PF6)2) or the third generation (4c (PF6)2) were soluble in 
chloroform, which suggests that the ionic ruthenium atoms were surrounded by the 
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Scheme 1. A typical synthetic scheme of the ruthenium complexes bearing dendrimers. In the 
scheme, the third generation dendrimer was depicted as an example. Reagents: (i) K2CO3, 18-
Crown-6-ether/dry-DMSO and (ii) Ru(bpy) 2Cl 2 /dry-DMF. 

Table 1. Yields of the compounds 1, 

1st Generation 

2nd Generation 
3rd Generation 

Entry 

a 

b 
c 

3 and 4. 

Yields/% 

1 

not 
determined 

97 
quant. 

3 4 

54 76 

46 54 
31 44 

dendrimers to exhibit hydrophobic nature. The relatively low yield of the third gen
eration ruthenium complex 4c may be attributed to the steric hindrance between 
the dendrimer part and the ruthenium bipyridyl moiety. 

2*2* Spectroscopic analyses of the ruthenium complexes 

The newly-prepared ruthenium complexes 4a? 4b and 4c were identified by 1H 
NMR? MALDI-TOF-MS, and UV-vis absorption spectra. In the ^ NMR, the two 
major peaks at 8.02 and 7.46 ppm were those of the aryl part of the dendrimers. 
Phenanthroline protons exhibited at 9.29 ppm (2H, d), 8.19 ppm (2H, d) and 7.69 
(2H5 s). A singlet peak at 9.29 ppm shown in the starting ligands 3c and 3b dis
appeared in those of the corresponding ruthenium complexes 4c and 4b, probably 
because of the electronic effect of the ruthenium metal. The MALDS TOF-MS 
data were consistent with the structures 4a, 4b and 4c. As shown in Table 25 in all 
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Table 2. UV-vis data of the 
ruthenium complexes. 

Compounds 

5 
4 a 
4 b 
4c 

A m a x / n m 

449 
452, 364 
454, 370 
450, 370 

the UV-vis absorption of the ruthenium complexes, the MLCT transitions and the 
dix* transitions were observed at almost identical wavelength, revealing that the 
electronic states of the molecules were not affected by the surrounding dendrimers. 

2.3. Electrochemical analyses of the ruthenium complexes 

In Fig. 2, the cyclic voltammographs of the ruthenium complexes 4c and 5 were de
picted, and the electrochemical data of 5, 4a, 4b and 4c were tabulated in Table 3. 
The first generation dendrimer protected ruthenium complex 4a showed similar 

-2000 -1000 0 1000 2000 

Potential/V 

Fig. 2. Cyclic voltammograph of the ruthenium complexes 4c (—) and 5 ( ). The solvent for 5 
was CH3CN and for 4c is CH2CI2. Working electrode, glassy carbon; counter electrode, platinum; 
supporting electrolyte, tetrabutylammonium perchlorate. 

Table 3. Redox potentials determined by cyclic 
voltammogram. 

Ruthenium 
complex 

5 
4a 
4 b 
4c 

Redox potentials/mV a 

Anodic 
peak 

1068 
1074 
1277 
1240 

Cathodic 
peak 

1008 
1012 
1111 
1038 

Difference 

60 
62 
166 
202 

aRedox potentials were those of Ag/AgNC>3 in 
CH3CN. 
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values with those of 5 that bear no dendrimers. However, the higher generation den-
drimer protected ruthenium complexes 4b and 4c showed different electrochemical 
behaviors. The peak around 1000 mV shifted about 200 mV to the positive potential 
for these compounds when compared with that of 5, and the differences between 
anodic and cathodic peaks were enlarged. These behavior could be attributed to the 
hindrance of the electron transfer from the electrode to the ruthenium complex by 
the dendrimer protecting groups. In spite of it, the reversible redoxes were retained 
in these dendrimer protected ruthenium complexes. 

3. Conclusion 

With the aim to prepare nanoparticles which have clear redox states, a series of 
ruthenium complexes surrounded by dendrimers have been synthesized, identified, 
and measured the electrochemical properties in solution. Although the electrochem
ical behaviors of these ruthenium complexes were affected by the dendrimer, they 
still exhibited reversible redoxes around 1000 mV versus Ag/AgN03. These results 
revealed that the molecules are good candidates for the nanoparticles bearing clear 
redox states which can be defined by the molecular structure. We are now making 
the nanodevices with the molecule and studying the solid-state electronic properties 
of them. 
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We describe a simple and effective approach to the introduction of a functional group 
into polymer nanofilms on the solid surface using reactive Langmuir—Blodgett films. N-
Dodecylacrylamide copolymers containing a terminal amino group in the side chains as 
a reactive moiety form a stable monolayer on a water surface, and the monolayer was 
transferred onto a solid support with a transfer ratio of unity. The LB films were char
acterized by various spectroscopic methods. The reactivity of the terminal amino group 
incorporated in the LB films was investigated in detail using fluorescein isothiocyanate 
(FITC) as a fluorescent probe. The chemical reaction between the amino group in the 
LB films and FITC in the bulk solution was completed within approximately 30 min 
and the chemical bond formation was confirmed by FT-IR spectroscopy. Furthermore, 
the ability as a pH sensor was observed with fluorescent microscopy. 

Keywords: Surface modification; reactive LB film; pH sensor. 

1. Introduction 

Recently, various techniques for the preparation of organic ultrathin films have been 
studied. Organic thin films are attractive materials for their processability, ease of 
functionalization, their light weight, flexibility, and so on. Various organic films, 
for example, a spin-coating film,1 self-assembled monolayers (SAM),2 and layer-by-
layer,3 have been investigated. Most applications of these films have been extended 
to optics, microelectronics devices,3 sensors,1 optical memory devices,4 and so on. 
The Langmuir-Blodgett (LB) technique is an excellent one providing organized 
molecular assemblies with controlled molecular orientation and well-defined molec
ular arrangement.5 The method can prepare a flat surface in molecular scale and 
the resulting assemblies are applied for micro- and nanodevices with a bottom-up 
method. A high performance sensor can be constructed because dense packing of 
molecules achieves a high intensity of the signal. If a sensor is constructed by LB 
films and homogeneously introduced various functional groups in a sensor, it is 
possible to obtain two-dimensional (2D) information and use for 2D mapping. 
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In this paper, we report a simple and effective approach to introduce a func
tional group into polymer film on a solid surface using reactive polymer LB films. 
Furthermore5 the ability of the thin film as a pH sensor was observed. 

2. Exper imenta l 

2,2/-(Ethylenedioxy)bis(ethylamine) (DADOO) and fluorescein isothiocyanate 
(FITC) isomer I were purchased from Aldrich. Octadecyltrichlorosilane was pur
chased from ShinEtsu Chemical Co. Ltd. Na 2 C0 3 and NaHC03 were purchased 
from Nacalai Tesque. iV-Dodecylacrylamide (DDA) and the copolymers (pDDA-
DADOO; Fig. 1) were prepared as described in previous papers.6 '7 FITC solution 
was dissolved in an aqueous buffer solution of 0.1 M Na2C03--NaHC()3 (pH 9.6). 

Measurement of surface pressure (Tr)-area (A) isotherms and the deposition of 
monolayers was carried out with a computer-controlled Langmuir trough system 
(FSD-50, 51 USI). The copolymers were dissolved in chloroform at a concentration 
of about 1 mM (monomer unit) and spread onto a pure water (Milli-Q grade water; 
resistivity > 17 MO • cm). The compression speed was 1400 mm2/min. The polymer 
monolayers were transferred onto solid substrates by the vertical dipping method 
at a dipping speed of 10 mm/min under surface pressure of 35 mN/m at 20°C. 
Glass substrates were cleaned using an O3 cleaner, and were treated with octade
cyltrichlorosilane to make the surface hydrophobic. PDDA LB films with 10 layers 
were precoated on substrates and then pDDA-DADOO LB films were deposited 
on them. 

Fluorescence spectra were measured with Hitachi U-4000 spectrometer. The 
reactive LB films on the substrates were immersed in an FITC solution, and rinsed 
with the buffer and water to remove unreacted species from the LB film surface. 
Finally, they were dried with pure N2 gas. The fluorescent images of the LB films 
reacted with FITC were observed with a fluorescence microscope (Olympus Vanox). 
Fluorescence images were taken through a 380-490 nm excitation filter with a 200 W 
high pressure mercury lamp. 
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Fig. 1. (a) The chemical structure of pDDA-DADOO copolymer and (b) the scheme of the reaction 
between the amino group in the pDDA-DADOO and FITC. 
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3. Resul ts and Discussion 

pDDA-DADOO LB films containing terminal amino group in the side chains 
as a reactive moiety (Fig. 1(a)) were prepared and characterized with some 
spectroscopies.6 The reactivity of the LB films was investigated in detail using 
FITC as a fluorescent probe. The amino group of the LB film is allowed to react 
with FITC as shown in Fig. 1(b). The time profile of the reaction in the LB films was 
measured by monitoring the fluorescent intensity as a function of immersing time. 
The intensity increased rapidly in the initial 10 min, and became saturated after 
30 min, indicating the completion of the reaction of amino groups with FITC. In 
addition, the chemical attachment of amino groups with FITC was confirmed with 
FT-IR spectra. Furthermore, we tried to introduce FITC into the LB films with 
more than two layers. A two-layer LB film was deposited onto a glass surface and 
then contacted with FITC solution. The fluorescence spectra were measured and 
the intensities at 530 nm were plotted as a function of the number of depositions of 
the two layers. As the result, the fluorescent intensity increased with the number of 
layers and FITC was homogeneously introduced into the LB film. Therefore, this 
coating method is effective for tailoring functional organic ultrathin films on solid 
substrates. 

It is known that FITC changes its chemical structure, solubility and optical 
properties with pH.8 We tried to investigate the ability of pH sensor using the 
pDDA-DADOO LB film treated with FITC. The pDDA-DADOO (12%) LB films 
with two layers were deposited on the substrate (precoated with pDDA LB film) 
and FITC was introduced into the LB film. Then the resulting substrates were 
immersed in pure water within 10 min and their fluorescent spectra were measured. 
These fluorescent intensities at 530 nm were defined as IQ. Next, the samples were 
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Fig. 2. Fluorescent microscopic images at pH 5 and 9, and the change of AI as a function of pH. 
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immersed in buffer solutions at pH 4-9 and their fluorescent spectra were measured. 
These fluorescent intensities at 530 nm were defined as I. Therefore, the change of 
fluorescent intensity, A/ , was defined as following: 

A / = ^ . (1) 

The AIs were plotted as a function of pH (Fig. 2). Between pH 5 and 9, they 
changed drastically. This performance agrees with the literature.8 The value of pKa 
of free fluorescein has also been reported around 6.8. Furthermore, it was observed 
that the fluorescent images of the film at pH 5 and 9 had a fine contrast (inset 
in Fig. 2). Conclusively, the pDDA-DADOO LB film treated with FITC has an 
excellent ability as a pH sensor between pH 5 and 9, and it is useful for 2D sensors. 
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The change in the photoluminescence intensity of CdSe nanocrystal/polymer thin films 
with duration of illumination is investigated. The choice of polymer has an influence on 
photobrightening and photodarkening. In particular, photodarkening in CdSe nanocrys-
tal/poly(vinyl carbazole) thin film occurs immediately upon illumination, in contrast 
to the slow changes observed with polystyrene and poly(2-vinylpridine). We discuss the 
mechanisms of this phenomenon in comparison with interaction between surface of CdSe 
nanocrystals and polymer side chain. 

Keywords: CdSe nanocrystals; nanocrystal/polymer thin film; photobrightening; photo
darkening. 

1. Introduction 

Chemically synthesized semiconductor nanocrystals (NCs) are small molecular clus
ters whose size is ca. 1 to 10 nm in diameter and exhibit unique optical properties 
arising from three-dimensional quantum confinement of carriers, which are different 
from the bulk crystals.1 Quantum confinement leads to formation of discrete and 
blue-shifted absorption emission bands, whose wavelengths can be changed by sim
ply controlling the nanocrystal size. The optical properties of CdSe NCs are being 
extensively investigated.2'3 It has been reported that a single CdSe NC shows in
termittent emission or blinking, which is not observed in ensembles of CdSe NCs.4 

In the ensembles of CdSe NCs, several groups recently reported that CdSe NC thin 
films show photobrightening,5-7 where photoluminescence (PL) intensity of CdSe 
thin films increases with duration of illumination with UV excitation light, followed 
by photodarkening, where PL intensity gradually decreases. It is considered that 
photobrightening and photodarkening observed in the ensemble of CdSe NCs de
pend on the structure of the ensembles and the interaction between the surface of 
NCs and local environment. In this report, we investigate the PL intensity change 
in CdSe NC/polymer thin films as a function of duration of excitation with blue 
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light. To clarify the influence of the local environment in which the CdSe NCs is 
embedded on the PL intensity change, we varied the choice of the polymer matrix. 

2. Experimental Procedures 

Tri-n-octylphosphine oxide (TOPO) capped CdSe nanocrystals used in the present 
study were prepared by injecting organometallic precursors that nucleated and grew 
in TOPO, which was heated up to 300-350°C.8 Absorption and PL peaks are 
observed at 535 nm and 555 nm, respectively. The diameter of CdSe NCs used in this 
study is about 3.5 nm. As polymer matrices, polystyrene (PS), poly(vinyl carbazole) 
(PVK) and poly(2-vinylpyridine) (P2VP) were used. The CdSe nanocrystals were 
dispersed in CHC13 along with either PS, PVK or P2VP, with a NC to polymer 
ratio of 0.02:1 in weight. The NC and NC/polymer solutions were cast onto a 
glass substrate. A fluorescence microscope equipped with an optical multichannel 
analyzer was used to measure the PL intensity change of CdSe NC/polymer thin 
films with 470-490 nm continuous-waves excitation, whose power density was about 
4 W/cm2 . All measurements were perfomed at room temperature in air. 

3. Results 

Figures 1(a) and 1(b) show PL spectra and their transients of CdSe NC thin film 
without a polymer matrix as a function of duration of illumination in air, respec
tively. Figure 1(a) shows the PL spectra after various illumination time: (1) 0 s, 
(2) 360 s and (3) 1785 s. In Fig. 1(b), squares show the PL intensity change and 
triangles show the peak wavelength change. The PL intensity increased during the 
first 360 s and then gradually decreased, which indicates that photobrightening and 
photodarkening occurred with this excitation intensity. The peak position shifted to 
shorter wavelength by 9 nm during the illumination. A gradual blue shift of CdSe 
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Fig. 1. (a) PL spectra of CdSe NC thin film after different illumination time: (1) 0 s, (2) 360 s, 
and (3) 1785 s. The sample was excited at 470-490 nm at an intensity of about 4 W / c m 2 . 
(b) PL intensity ( • ) and peak wavelength change (A) plotted as a function of illumination time. 
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Fig. 2. PL intensity change ( • ) and peak position shift (A) in CdSe NC/polymer thin films as a 
function of illumination time. As a polymer matrix, PS, PVK and P2VP were used. 

NCs illuminated in air has been previously observed at room temperature lumi
nescence from ensemble of NCs and single NCs, which no blue shift was observed 
in a nitrogen atmosphere, which is attributed to a shrinkage of the CdSe core by 
photo-oxidation.4'6 

The three panels in Fig. 2 show PL intensity change and peak position shift in 
CdSe NC/polymer thin films when the polymer matrix was varied between PS, PVK 
and P2VP, respectively. The PL intensity in CdSe/PS thin film increased during 
the first 600 s and then gradually decreased, whose behavior is almost identical to 
the CdSe NC thin film. PL intensity in CdSe NC/PVK thin film increased during 
the first 130 s and then decreased at a decay constant of about —1000 s, while that 
in CdSe NC/P2VP thin film increased monotonically and with no photodarkening 
observed up to 2000 s although further illumination of more than 3600 s did induce 
photodarkening. Peak positions in all cases shifted to blue during the illumination, 
which again is attributed to photo-oxidation. However, we observed that the peak 
position before illumination depends strongly on the choice of polymer matrix, even 
when the same lot of NCs was used. The initial peak positions of the NC thin film 
and the NC/PS thin film were almost the same. For PVK and P2VP, the peak 
positions are shorter than for NC and NC/PS thin films. These results indicate 
that dispersity in polymers or local surrounding environment may has an influence 
on photophysical properties of the NCs. 

4. Discussions 

We have shown that the choice of polymer has a strong influence on photobright
ening and photodarkening in CdSe NC/polymer thin films during illumination. 
Although the mechanisms of photobrightening observed in CdSe NCs are not yet 
clear, Cordero et al. suggested that light-induced passivation of the surface trap 
states following adsorption of water resulted in increased luminescence.6 Light-
induced surface state modification such as photo-oxidation, surface passivation by 
water molecule, and/or adsorption states of ligands might be deeply correlated with 
photobrightening and photodarkening. From the results obtained, the behavior of 
photobrightening and photodarkening observed in NC/polymer thin films can be 
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classified into two types: the first is represented by the case of NC, N C / P S and 

N C / P 2 V P and the second N C / P V K depending on the degree of photodarkening. 

For photodarkening, the following two factors should be considered. One is disper-

sity of NCs in polymer and the other is interaction between surface of NCs and 

polymer side chain. 

To eliminate the effect of the dispersity of NCs in polymer, thin films where 

individual NCs are sufficiently separated from each other in the polymer matr ix (PS, 

P V K or P2VP) were fabricated. Intermit tent emission or blinking of luminescence of 

NCs upon Ar laser excitation (continuous wave) was observed, which indicates tha t 

each NCs are sufficiently separated. Photodarkening of NCs in PVK also occurred 

more significantly compared to PS and P2VP, which means tha t the dispersity of 

NCs in polymer has little influence on luminescence transient as mentioned above. 

Another explanation for the difference in luminescence change is the interaction 

between surface of NCs and polymer side chain. It is reported tha t there is an 

interaction between the pyridine group of polymer and surface Cd atoms of NCs. 9 , 1 0 

One possible explanation is tha t charge transfer between P V K and NC occurs when 

NC is excited by light. Ionization potential (IP) and electron affinity (EA) of PVK 

are about 5.3 eV and 2.2 eV, respectively. IP and EA of CdSe NC are 6.5 eV and 

4.4 eV, respectively. One possibility for photodarkening is tha t exciton is formed 

upon excitation by light, which is followed by hole transfer from NC to PVK. For 

the benzene and pyridine group of large IP, no hole transfer occurs. This subject is 

currently under investigation. 
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We report precise analysis of particle position while optically manipulating a particle 
in solution. Three-dimensional position sensing system, which we developed for measur
ing femto-Newton force upon a single particle, was used to detect particle position in 
nanometer resolution. A laser trapping system and a total internal reflection microscope 
are combined. During manipulation of a microparticle in the vicinity of an interface, 
the position of the particle behaves as stepwise transition. The spacing of the stable 
position is coincident with the half wavelength of the trapping laser beam, so that we 
conclude the surface reflection from the interface causes the stepwise transition. The 
force measurement is based on a thermodynamic analysis of Brownian motion, and this 
system can be applied to measure the force onto a single nanoparticle. 

Keywords: Laser trapping; radiation force; nanometer position sensing. 

1. Introduction 

Laser trapping technique based on radiation pressure of a single focused laser beam 
is developed by Ashkin et al. in 1986,1 and applied to laser-manipulation of poly
mer latex, liquid droplets, and biological cells, and so forth.2-6 Optical control of 
molecular associations was also achieved by use of this technique.7"10 Nanometer-
sized repulsive unimolecular micelles in aqueous solution were gathered by radiation 
pressure, and a single particle was formed.10 Recently, laser-manipulated parti
cles are used as probes of the surface physical properties.11 In order to use the 
trapped particle as a probe, precise analyses of the trapped particle position in 
nanometer-resolution and forces upon the probe particle in femto-Newton resolu
tion are indispensable. We developed the three-dimensional potential measurement 
for a trapped particle in the vicinity of an interface, which enables the nanometer-
resolution position detection and the femto-Newton-resolution force measurement 
of a single particle.12'13 By using this position analysis system, the radiation force 
acting on a particle and the surface charge density of a single microparticle, were 
measured. 12~14 Furthermore, Matsuo et al. analyzed the absorption of a single 
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microparticles using this optical force measurement system.15 In this paper, we 
report our recent results using this position detection system. 

2. Exper iment 

The schematic diagram of the experimental setup is shown in Fig. 1. The sec
ond harmonic pulses of a LD-pumped Q-switched Nd3 + : YAG laser (A = 532 nm, 
300 kHz , 70 ns), which is used as a trapping beam5 is focused onto the sample by an 
objective (xlOO, NA = 1.35). A power-stabilized He-Ne laser (Neoarc NBO-5M8S, 
A = 633 nm, 3.0 mW) is used as an illumination laser. The He-Ne laser beam is 
introduced to a prism that is optically coupled to the glass plate, and is incidence 
to the interface of glass and water under the total-internal-reflection condition (in
cident angle = 61.8°), and the evanescent field irradiates the particle in solution. 
A sample particle (poly(metylmetacrylate) (PMMA), diameter = 20 /mi), which is 
trapped by the focused laser beam, is manipulated into the evanescent field. The 
scattered He-Ne light by the particle is imaged onto a quadrant photodiode or 
photomultiplier tube. The output signals from the quadrant photodiode are input 
to differential amplifier and converted to three-dimensional position data. The in
tensity of the scattered evanescent field is given as an exponential function of the 
distance r between the surfaces of the particle and the glass plate. The penetration 
depth of the evanescent field is ~ 700 nm. By use of the thermodynamic analysis 
of Brownian motion, the position data is converted to the potential curves of the 
forces. In the vicinity of an interface, the electric field is complicated. The scanning 
piezo-eiectric translation stage was scanned at constant velocity (= 20 nm/s). The 
focal point in sample solution moves at constant velocity, therefore the distance 
between the particle and surface changes continuously. 
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Fig. 1. A schematic diagram of the experimental setup. Mirror 1 is attached to the microscope. 
Mirror 2 is attached to the piezoelectric translation stage (PZT). 
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3. Results and Discussions 

The distance between the surface of the glass and the focal point of trapping laser 
is increased continuously. Since the focal point of the trapping laser beam was 
moved continuously, we expected the position of the particle to change similarly. 
The distance between the surfaces of the particle and the glass plate is shown in 
Fig. 2. 

It is clear that the particle is not smoothly manipulated. The particle has a 
tendency to fluctuate around a stable point and jumped to another stable point 
and fluctuates. The histogram, which was calculated from the time series data of 
the particle position, is shown in Fig. 3. There are four peaks in the histogram 
and the peaks are separated ~ 200 nm, which is same as the half wavelength of 
the trapping laser in water (refractive index = 1.33). It clearly indicates that this 
phenomenon is caused by interference of the second harmonics of the YAG laser. 

An example of the optical force analysis achieved by the same optical set
up of Ref. 14 is shown in Fig. 4. A rhodamine B (RhB)-doped PMMA particle 

0 0.4 0.8 1.2 1.6 
Time / min 

Fig. 2. The distance between the surfaces of the particle and glass plate. The power of the trapping 
laser beam is 180 mW. 

Distance / nm 

Fig. 3. The histogram of the distance. 
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Displacement / nm 

Fig. 4. (a) A potential exerted on a RhB-doped PMMA latex particle as a function of the separation 
distance, (b) A potential curve for the same particle but under irradiation of 532-nm laser beam. 

(diameter = 5.0 //m, 10 _ 2 mol / l ) was used as a sample. The particle was t rapped 

with 1064-nm laser beam, and (a) with and (b) without irradiation of 532-nm beam 

with the power of 2.0 M W / m 2 . A potential profile of absorption-induced radiation 

pressure is given by subtract ing Fig. 4(a) from Fig. 4(b). The potential profile can 

be fitted to linear function and gradient (absorption-induced radiation pressure) is 

60 fN. 

4. C o n c l u s i o n 

Optically t rapped particle motion in the vicinity of an interface was precisely an

alyzed by the nanometer resolution position detection system. The focal point of 

the t rapping laser beam was continuously scanned, and the Brownian motion of the 

particle was confined by radiation force. However, interference effect of the t rap

ping laser beam was also observed as stepwise motion of the t rapped particle. This 

phenomenon obstructs the smooth manipulation, but it might be good for tracking 

at a certain distance. 
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Static second hyperpolarizability (7) of 1,4-phenylendiamine and 4,4'-diaminodiphenyl-
amine in neutral and dicationic states are investigated as model systems of dendritic 
structure. Expansion of 7r-conjugation is found to significantly enhance the 7 value of the 
neutral model system. Charged defect in the present system is found to have a remarkable 
influence on the magnitude and sign of static 7 in the direction of 7r-conjugation. 

Keywords: Nonlinear optical property; dendrimer; charged 7r conjugated system. 

1. Introduction 

The nonlinear optical (NLO) properties for organic compounds have been actively 
studied because of their large nonlinearity and fast responses, which originate in 
Tr-electron.1^3 One of the topics in this field is NLO property of dendrimers. Den
drimer is a new class of polymeric systems having high light-harvesting property.4'5 

Dendrimers are characterized by a large number of terminal groups originating in 
a focal point with at least one branch at each repeat unit. Such unique features of 
7r-conjugation in fractal structures are also expected to provide a remarkable influ
ence on the NLO properties since the 7r-conjugation is known to sensitively affect 
the NLO properties for such systems. Some dendrimer systems have charged defects. 
We have pointed out that a system having charge defects shows strong structure-
correlations on NLO property and importance for electron-correlation effect, based 
on detailed ab initio molecular orbital (MO) calculations for second hyperpolar
izability (7), which is the origin of the macroscopic third-order nonlinear optical 
response.6 

In this study, third-order NLO properties and effects of existence of charged 
defect are investigated for several 7r-conjugated systems including nitrogen atoms 
by using ab initio MO calculation. Figures 1(a) and 1(b) show the molecules inves
tigated in this study. The model system shown in Fig. 1(b) has a form in which two 
anilines are connected with a nitrogen atom. Since a fractal structure is constructed 
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xc J/ XH 

H2N 

H 4—* 
(a) (b) 

Fig. 1. Examined 7r-conjugated systems and coordinate systems: (a) 1,4-phenylendiamine (model-
A) and (b) 4,4'-diaminodiphenylamine (model-B). These geometry are optimized using MP2 
method with 6-31G** basis set. 

by recursive substitution of hydrogen atoms connected with nitrogen in the model 
system by model-A, the model-B system can be considered as one of the smallest 
models of a dendrimer. 

2. Calculation 

The 7 value is calculated by the fourth-order numerical differentiation of the total 
energy E(F) with respect to the applied field F. This numerical differential method 
is called finite-field method.7 In order to avoid numerical errors, we try several 
field strengths from 0.001 to 0.003 a.u. (1 a.u. = 3.50950 x 1010 MW/cm2) as the 
minimum finite field and adopt a numerically stable 7. 

The effects of electron-correlation on 7 values are examined by the second-
order M0ller-Plesset perturbation (MP2) method. In order to examine the basis 
set dependence of 7 values for the systems, we use 6-31G, 6-31G*, 6-31 + G and 
6-31G + d basis sets for the present ab initio calculations. The "*" and "+" mean 
augmentation of polarization and diffuse function, respectively, for C and N atoms.8 

Orbital exponents for d-function in 6-31G + d (£c = 0.0523, £N = 0.0582) are 
chosen by the even-temper method. All the ab initio MO calculations are performed 
using Gaussian 98 program package.8 

3. Results and Discussion 

3.1. 7 values of 1,4-phenylendiamine (model-A) 

Table 1 shows the calculated values of 7XXXX, "fyyyy and j z z z z components for model-
A. As shown in Table 1, 'jyyyy and j z z z z components calculated with 6-31 + G or 
6-31G + d basis set, which includes diffuse function, are much larger than those 
with 6-31G or 6-31G* basis set in every system. The improvement on 7 corrected 
by using the basis set including diffuse function is not considered to be negligible 
for the systems studied here. Although electron-correlation effects give positive 
contribution to 7 values, the order of 7 values at the MP2 level are the same as 
those at the HF level. We predict that the electron-correlation effect at the MP2 
level on the 7 values is sufficient to provide qualitatively reliable 7 values of model-
A in neutral (model-A) and dicationic (model-A') states. As shown in Table 1, 7 
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Table 1. Comparison of calculated 7 components of model-A in neutral and 
dicationic states (unit: a.u.). 

Basis set 

6-31G 

6-31G* 

6-31 + G 

6-31G + d 

Method 

HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 

1 a.u. = 5.03670 x 10" 

'yxxxx 

2074 
3129 
1994 
2419 
3251 
4275 
4965 
6441 

"40 esu. 

Neutral 

7yyyy 

10 
9 
7 
6 

2227 
2508 
1683 
2018 

*(zzzz 

188 
203 
185 
210 

1662 
2039 
1325 
1549 

7 « * « 

-2981 
-1575 
-2190 
-1901 
-2829 
-2051 
-2207 
-1440 

Dication 

lyyyy 

10 
8 
7 
7 

754 
798 
489 
532 

'Yzzzz 

427 
579 
395 
463 
619 
750 
621 
744 

values of model-A' are much differ from those of neutral system. The reduction 
in magnitude jyyyy and 7ZZZZ of model-A' are considered to be reasonable, since 
reduction in 7 values of several positive charged systems are reported.9,10 Charged 
defects in molecules are usually known to decrease the positive contribution to 
7 in the off resonant region. However, the change in sign of 7XXXX component of 
model-A' seems to be caused by the increase in negative contribution to 7. In our 
previous paper, we proposed a structure-property correlation rule based on the time-
dependent perturbation theory.11 In this rule, the symmetric resonance structure 
with invertible polarization (SRIP) plays an important role on 7. A system whose 
ground state has a large contribution of SRIP tends to exhibit negative 7. We infer 
that the ground state of model-A in dicationic state has some SRIP contributions 
originating in charged defects. 

3.2. 7 values of A,A'-diaminodiphenylamine (model-B) 

Table 2 shows calculated 7 values for neutral and dicationic states of model-B. The 
basis set and electron-correlation dependencies on 7 values of neutral state is shown 
to similar to those of model-A. Therefore, the calculated 7 values with 6-31 + G or 
6-31G + d basis set at the MP2 level is predicted to be qualitatively reliable. The 
magnitudes of j y y y y and 7ZZZZ of model-B are about two to three times as large as 
those of model-A. The enhancement in 7 value is considered to be reasonable since 
the model-B structure contain two model-A systems (see Fig. 1). On the other 
hand, the magnitude of 7XXXX for model-B in neutral state is remarkably larger 
than that of model-A. As shown in Fig. 1, model-B has a structure, in which two 
7r-conjugation system (model-A) is connected with a nitrogen atom in x direction. 
Therefore, enhancement in 7XXXX value of model-B in neutral state is predicted to 
be caused by an expansion of 7r-conjugation. 

As shown in Table 2, basis set and electron-correlation dependencies of 7yyyy 

and ^zzzz values for model-B in dicationic state (model-B') are similar to the neutral 
state of model-B and the neutral and dicationic state of model-A. The reduction in 
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Table 2. Comparison of calculated 7 components of model-B in neutral and di-
cationic states (unit: a.u.). 

Basis set 

6-31G 

6-31G* 

6-31 + G 

6-31G + d 

Method 

HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 

^ixxxx 

23096 
42402 
23742 
44124 
29483 
56911 
30359 
57449 

Neutral 

lyyyy 

18 
16 
12 
10 

4057 
5127 
2836 
3921 

^ZZZZ 

433 
470 
425 
495 
2845 
4172 
3146 
4568 

] 

^fxxxx 

-864520 
1367448 
-875290 
1813105 
-956165 
1511834 
-953611 
1558819 

Dication 

lyyyy 

18 
15 
12 
11 

1978 
2293 
1389 
1721 

Izzzz 

1380 
1314 
1271 
1205 
2151 
2528 
2250 
2645 

xxxx value of model-B' is 

xxxx value of model-B' 

lyyyy a n d Izzzz values of model-B' is also similar to model-A. On the other hand 

the effect of electron-correlation and charged defect on 7 : 

very different from those on "fyyyy and "fzzzz- Although the 7 

at the H F level is negative in sign and its magnitude is more enhanced than those 

of model-A', the "ixxxx value at the MP2 level become extremely large positive. The 

electron-correlation effect at the MP2 level on the Jxxxx value seems to be somewhat 

overestimated and higher electron-correlation method, e.g., coupled-cluster method, 

should be necessary to obtain converged 7XXXX value of model-B in dicationic state. 

4. Con c lu s ion 

It was found tha t extreme enhancement of 7 values caused by the expansion of 

^-conjugation for the system in which two small 7r-conjugation systems are con

nected by nitrogen atom. Since this connected molecule can be considered to be 

the smallest model system of dendrimer, a large enhancement of NLO property is 

expected for large dendrimer systems with extended 7r-conjugation. 
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Light transmission through an opaque nanoscale metallic photonic crystal slabs (MPCS) 
are investigated. The experimental results show that it is possible to get the extraordi
nary transmission in visible region even without the presence of holes, which is different 
from the perforated nanoholes or nanoslits in metallic system. The observed phenomenon 
can be understood in terms of surface plasmon-enhanced resonant emission of light 
through a metal structure with a nanoscale corrugation rather than light penetration 
through tiny holes. It is the periodicity of the interface corrugation that is important 
for the plasmon as a radiative channel rather than loss. The study suggests that a wide 
range of photonic applications is possible for such system. 

Keywords: Nanometal structure; transmission; plasmon. 

1. Introduction 

By virtue of recent development of nanofabrication and nanocharacterization tech
niques, we are now able to produce nanoholes or nanoslits. Generally speaking, the 
transmission efficiency of light through subwavelength holes or slits is exceedingly 
low.1 So the application of nanoscale holes or slits was limited in the past years. 
However, extraordinary optical transmissions through subwavelength hole or slits 
arrays have been reported in recent experimental and theoretical reports, which 
have re-promoted discussions on the properties of metal fine structure.2 It has been 
proposed that the effect is due to the resonant excitation of surface plasmon (SP) 
modes or guided modes in the channels (holes or slits) engraved through the metal.3 

Here we explore the experimental study of resonant transmission of light through 
a periodically corrugated nanometal structure on a glass substrate. There is a major 
difference between a nanostructure with unperforated periodic modulation in our 
study and a structure with an array of subwavelength size holes or subwavelength 
width slits of others: propagating channel modes or evanescent waves along the 

* Corresponding author. 
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direction perpendicular to the structure plane cannot exist in the opaque imperfo
rated metallic structure while they survive in a nanostracture with subwavelength 
width slits or holes.4 Absorption in the metal indicates that energy coupled to 
SP is usually lost in the form of heat, thus quenching optical emission, so SP are 
often regarded as a problem owing to their nonradiative nature. Here we ascribe 
the enhanced light in the transmission direction to plasmon resonance between the 
opposite surfaces. There are three parts in the following of this paper. In the second 
part, we describe our experimental study. In the third part, we discuss the physical 
process of optical response in unperforated metallic MPCS. Finally, we give out 
some conclusion. 

2. Exper imenta l S tudy 

The MPCS are prepared by evaporating a layer of Ag on glass grating substrates 
patterned by e-beam lithography. Then a layer of polystyrene is spincoated on the 
metal surface in order to protect Ag from oxygenized. Thus the metal structure 
is unperforated, which differentiate our system from others (with holes or slits). 

Fig. 1. SEM image of the MPCS. 

Fig. 2. Experimental scheme. 
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Figure 1 shows our sample structure. The periodicity of the ID structure are 700 nm. 
The thickness of the Ag structure on the glass substrate is 40 nm. 

In our experiments the coupling of light with SP is observed both in transmis
sion and reflection (Fig. 2), in contrast with previous work on SP in reflection5 or 
transmission2^4 only. The control variables of the SP resonance are the period and 
thickness of Ag structure. With TM-polarized incident light, transmission spectra 
are shown in Fig. 3(a). Surprisingly, resonance transmission enhancement was ob
served just as that in perforated holes or slits metallic system.2 A flat 40-nm-thick 
Ag film has a small transmission around 0.001 in visible range. However, with the 
corrugation, prominent transmission enhancement is seen at particular wavelength 
(in Fig. 3(a)). Figures 3(a) and 3(b) show the measured transmission and reflection 

500 600 700 800 

wavelength (nm) 

(a) 

-0.0 

^ - t n w w n * " * * * - * * " 9 ' 
•3Jirfw*»»^»«'**> 8' 
rgw ,»>l,»»'' i»»iiWL 7" 
r^i^Mi**"*****.. y 6° 
\4***m>—*K \ * > 5° 

i f*\ \&r\i 1° 

500 600 700 800 

wavelength (nm) 

(b) 

Fig. 3. (a) Transmission spectra and (b) reflection spectra for different angles. 
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spectra with different angles for incident p-polarized radiation (H field parallel to 
the grooves) on the top side of the metallic photonic crystals slabs. The absolute 
value is shown only for 0 = 0°. Other curves are shifted for clarity. As expected 
Fig. 3 shows that a peak in transmission curve always corresponds to a minimum 
in the reflection curve at the same frequency. The dispersion curves of resonant 
transmission are shown in Fig. 4. 

Figure 5 shows the p-polarized reflectivity and transmission spectra for a fixed 
azimuthal angle $ = 0° at 6 ~ 7°. The reflectivity drops to a minimum at 650 nm, 
where the in-plane wave vector of the incident beam and the SP mode are equal, 
which enables the incident beam to excite the SP mode. The peak of the transmis
sion spectra at 650 nm is due to the radiation from SP mode via Gx scattering. 
The intensity coupled out in this way is negligible unless the incident beam is at an 

kncfycni1) 

Fig. 4. The dispersion of transmission light. 
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Fig. 5. Reflection and transmission spectra for 6 = 7°. 
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angle appropriate for SP mode excitation. The intensity coupled from the incident 
beam to the SP mode was evaluated from reflection data shown in Fig. 5. The cou
pling efficiency 70% is estimated as the ratio of the height of the transmission to 
the depth of the reflection at 650 nm, for this azimuthal angle. We anticipate this 
may be improved by optimizing the surface profile of the metallic MPCS. We have 
thus demonstrated that SP mode can be considered as a radiative channel rather 
than a loss. This opens up many interesting possibilities, notably the extraction of 
light from structured optical sources containing corrugated metallic layers. 

3. Discussion 

The penetration depth of light into silver in visible range is approximately 10 nm, 
that means only a fraction of the structure with a thickness below 10 nm can be 
considered as a transparent region or holes. The separation between the grooves on 
the opposite surfaces in our case is much larger than this value. Therefore there 
should be no propagating electromagnetic modes between the top and the bottom 
surfaces, that is a situation much different from the previous experiment by Ebbesen 
et al. In our case, there are SP modes strongly localized in the grooves on both 
sides of the unperforated nanostructure, which contribute to the enhancement of 
transmission. The channel mode in the holes or slits cannot be supported in the 
structure of this work, but SP resonant modes in our structure have the similar 
properties as the channel mode in their structures: both are highly localized in the 
holes, slits or the grooves and both have broad spectra peaks in the transmission 
direction. 

4. Conclusion 

In conclusion, we have demonstrated a different mechanism for strong optical trans
mission through metallic structures. We have shown an example which can be un
derstood in terms of surface plasmon-enhanced resonant emission of light through a 
metal structure with a corrugation rather than light penetration through tiny holes. 
The physical emission process can be used to explain the extraordinary transmis
sion through holes or slits system. Our results not only bring insight on an alterna
tive physical mechanism of the unexpected strong light transmission through metal 
structures with subwavelength hole arrays or groove arrays, but they may also 
lead to micro- and nanophotonics applications such as polarizers, filters, plasmon 
radiative channel devices, etc. 
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In this research, we report the characterization of the probe and target oligonucleotide 
hybridization reaction using the evanescent field microscopy. For detection of DNA hy
bridization assay, a high-density array of sensor probes were prepared by randomly 
distributing a mixture of particles immobilized with oligonucleotides for DNA chip ap
plications. With the evanescent field excitation and real-time detection method, we sug
gest that a very sharp discrimination of bulk fluorescence against surface excitation in 
combination with high excitation intensities can be achieved. 

Keywords: Evanescent field system; DNA hybridization; DNA chip microarray. 

1. Introduction 

The purpose of our research is the development of the high function, sensitivity 
system that can analyze various biomaterials in real-time.1 In this research, 5'-
biotinylated probes oligonucleotides were immobilized on the surface of patterned 
particles as template for DNA chip microarray via biotin-avidin bridge. Hybridiza
tion reactions with fluorescence conjugated target sequences (be involved mismatch
ing sequences) were studied in vitro by evanescent field microscopy excited fluores
cence generated on the surface of patterned particles. This result can identify a 
single base mismatch in the hybridized duplex under the experimental conditions. 
Hybridization of surface immobilized oligonucleotides at various concentrations of 
target oligonucleotides in solution performance was studied. 

'Corresponding author. 
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2. Experimental 

2.1. Materials 

All oligonucleotide sequences of the verotoxin II subunit A gene in E.coli 0157:H7 
strain used in this study were synthesized and HPLC purified by Nisshinbo Co. in 
Japan. Biotin phosphoramidite and fluorescent phosphoramidite (Rhodamine) were 
used in the synthesis of 5'-biotinylated oligonucleotides and 5'fluorescein conjugated 
oligonucleotides, respectively. The sequences of these oligonucleotides were given in 
Table 1. The probe and target oligonucleotides were supplied as a dry powder and 
were reconstituted to 100 fM with TE buffer solution (10 mM Tris, 1 mM EDTA, 
pH 7.4) and stored at —20°C. The concentration of oligonucleotides was adjusted 
from 1 /xM to 1 pM by dilution in the aqueous buffer solution (10 mM Tris-HCl, 
0.2 M MaCl, pH 7.9). 

2.2. Hybridization assay measurement 

The DNA chip microarray with immobilized probe oligonucleotides was fixed on a 
trapezoid glass prism of the evanescent field microscopy after dropping of immer
sion oil (nd = 1.516, 23°C). For the measurement of hybridization reaction, small 
volumes (400 ^tl) of fluorescent conjugated target oligonucleotides were prepared in 
an aqueous buffer solution at various concentrations and mismatching conditions, 
they were spread onto the surface of the DNA chip microarray, and signals were 
recorded in real-time every 1 min for up to 60 min. The hybridization assay tem
perature was set at room temperature (23°C). For all the hybridization assays, a 
new DNA chip microarray prepared from the same batch was used for each mea
surement. It should be noted that the optimal hybridization condition are different 
for different assay methods.2 

3. Results and Discussions 

Figure 1(a) shows the comparison of hybridization reaction to concentration of com
plementary oligonucleotides (CR-1). Here, AFI indicates the shift of fluorescence 
intensity. AFI was given by subtracting the measured fluorescence intensity after 
spreading with the measured fluorescence intensity before spreading. The concen
tration of probe oligonucleotides was 1 /JM.. AS shown in this figure, the fluorescence 

Table 1. Sequences of probe and target oligonucleotides. 

Oligonucleotide Base sequence Description 

Probe (PB-1) 5' Bio-TGCAGAGTGGTATAACTG 3' 5'-biotinylated 
Complementary (CR-1) 5' CAGTTATACCACTCTGCA 3' 5'-Rhodamine conjugated 
Mismatching 1 (MR-1) 5' GGTTTCCATGACAACGGA 3' 5'-Rhodamine conjugated 
Mismatching 2 (MR-2) 5' CAGTTATGCCACTCTGCA 3' 5'-Rhodamine conjugated 
Mismatching 2 (MR-3) 5' CAGTTATACCACTCTGCG 3 ' 5'-Rhodamine conjugated 
Mismatching 2 (MR-22) 5' CAGTTATAGGACTCTGCA 3 ' 5'-Rhodamine conjugated 
Mismatching 3 (MR-33) 5' CAGTTATACCACTCTGGG 3' 5'-Rhodamine conjugated 
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Time [min] Concentration [molar] 

(a) (b) 

Fig. 1. Comparison of hybridization reaction as to concentration of complementary oligonucleotide 
(CR-1). (a) AFI as a function of time for various concentrations of target oligonucleotides, 
(b) Fluorescence response versus concentration of target oligonucleotide. 

response that was measured by evanescent field microscopy was not detected grad
ually with decreasing of a concentration. It is considered that when the probe 
oligonucleotides are hybridized with target oligonucleotides until a concentration of 
1 nM, it can detect the fluorescence intensity by evanescent field microscopy. How
ever, the concentration of target oligonucleotides were essentially changed more 
than 0.1 nM throughout the experiment. 

Figure 1(b) shows evolution of the fluorescence intensity as a function of the 
concentration of target oligonucleotides. The fluorescence response increased with 
the concentration of oligonucleotides in solution from 1 nM. 
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Fig. 2. Comparison of hybridization reaction as to each mismatching condition. AFI as a function 
of time for various mismatching conditions of target oligonucleotides. 
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The differences in the fluorescence intensity between complementary oligonu
cleotides and mismatching oligonucleotides as to each mismatching condition are 
given in Fig. 2. As a result, the complementary oligonucleotides (CR-1) shown most 
stable state to the fluorescence intensity, which were respectively measured by the 
DNA sensors by using the evanescent field microscopy showed to be similar to 1-
mer terminal mismatching oligonucleotides (MR-3). The MR-2, MR-3, MR-22 and 
MR-33 have each mismatching sequence on central and terminal. With this set the 
role of point mutations was investigated. Terminal mismatching oligonucleotides 
(MR-3, 33) is shown more stable state than central mismatching oligonucleotides 
(MR-2, 22), and 1-mer mismatching oligonucleotides (MR-2 or 3) is shown more 
stable state than 2-mer mismatching oligonucleotides (MR-22 or 33). 

4. Conclusion 

We order to investigate the possible development of a high sensitivity sys
tem that can analyze various biomaterials in real-time, we have proceeded as 
follows: first, DNA chip microarray were fabricated. Then, the particles on 
which probe oligonucleotides were immobilized were arranged by random flu-
idic self-assembly on the pattern chips, through hydrophobic interaction. Finally, 
detection of DNA hybridization was carried out under various conditions using 
evanescent field microscopy. In the results, the image detection technique of evanes
cent field microscopy was shown to be able to distinguish between probe and target 
oligonucleotides regions on the surface at various concentration and mismatching 
condition. 
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In order to develop a new DNA sequencing method by using chemical force microscopy 
(CFM), we have investigated the interaction of the hydrogen bonding between surfaces 
of nucleobase self-assembled monolayers (SAMs) and AFM-tips modified with the nucle-
obases. The two different adhesion forces, the jump-in force and pull-off force, between 
the AFM-tip modified with cytosine-SAM and the surfaces of four kinds of nucleobase 
SAMs were measured in water (20°C) by CFM. The adsorption of poly (C) onto a 
nucleobase-SAM on a gold electrode of quartz crystal microbalance (QCM) was mea
sured as resonance frequency changes. The relative relation among four bases showed 
similar tendency in the adhesion force measured by the cytosine AFM-tip and in the 
adsorption amount of poly (C) on the QCM electrode as well as in the theoretically 
calculated interaction energies between two nucleobases. 

Keywords: AFM; CFM; SAM; DNA; adhesion force; hydrogen bonding; molecular 
recognition. 

1. Introduction 

Maxam-Gilbert method and Sanger method are mainly used for the DNA sequence 
determination. However, certain amount of the DNA sample and complicated pro
cedures are required for those methods. If scanning probe microscopy can be used to 
detect the complimentary base-pairing, the base-sequence of a single DNA molecule 
can be achieved by scanning the probe tip along the DNA molecule like the recording 
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NH2 9 P I " 2 ] 

JLI Adenine 2 : Thymine 3 : Guanine 4 : Cytosine J 

Scheme 1. Chemical formulae of nueleobase disulfide derivatives. 

tape. For this purpose, we have developed a chemical force microscope (CFM) which 
can measure a force mapping with a nucleobase-immobilized AFM-tip. We reported 
that the disulfide derivatives of nucleobases 1,-4 (Scheme 1) formed self-assembly 
monolayers (SAMs) on the gold surface. When the pull-off force mapping of nuele
obase SAMs on the gold substrates were measured with an AFM gold-tip covered 
with thymine disulfide (2), the pull-off force on the adenine SAM (1) was stronger 
than that on the thymine SAM. It was expected that nueleobase of the SAMs on 
the AFM-tip could form a specific base-pair with those on the substrates.1,2 

In this report, in order to investigate the molecule recognition between 
nucleobase-SAMs on the AFM-tip and the substrates in detail, the following two 
approaches were performed. First, the jump-in and pull-off forces mapping on four 
kinds of SAMs (1-4) were carried out by AFM-tips modified with cytosine disul
fide (4) in water (Fig. 1(a)). Second, the adsorption of poly (C) onto four kinds 

I | QCM 

(a) (b) 

Fig. 1. (a) Schematic illustration of the jump-in and pull-off force measurements between cytosine 
SAM on the AFM tip and adenine SAM on the Au substrate, (b) Schematic illustration of the 
measurements of adsorption of poly (C) on the nueleobase SAM on Au electrode of QCM. 

Bas< ̂  

Base = 
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of nucleobase SAMs on gold electrodes of the quartz crystal microbalance (QCM) 
was measured as resonance frequency change (Fig. 1(b)). The results were com
pared with those obtained by CFM and theoretical values of interaction energy, 
respectively. 

2. Experimental Section 

Nucleobase disulfides 1-4 were synthesized. The QCM experiments revealed that 
the nucleobases (1-4) formed densely-packed monolayers on the gold substrates 
from those ethanol solutions. Gold-coated AFM tips (spring constant: 0.18 N/m) 
and Au substrates were modified with cytosine-SAM (1). Tips and substrates were 
soaked in 100 JJM ethanol solutions of nucleobase disulfides for 12 h at room temper
ature, and rinsed with ethanol at 60° C to remove the excess adsorption. Adhesion 
force curves were measured in pure water at 20 °C by using OLYMPUS-NV2500 
AFM (Olympus. Co., Tokyo, Japan). The adhesion forces, both in jump-in and 
pull-off, were mapped as 32 x 32 dots images. 

AT-cut quartz crystals (9 MHz, diameter: 4.5 mm, thickness: 300 nm) were pur
chased from USI systems (Fukuoka, Japan). Gold electrodes of QCM were cleaned 
with piranha solution (7:3 mixture of cone. E^SO^EbC^) for 3 min and soaked in 
100 ^M ethanol solutions for 12 h at room temperature. The adsorption processes 
of poly (C) on the nucleobase SAMs were traced in stirred 0.16 mg/L Milli-Q water 
at 20°C as frequency changes of the QCM (Q-200, USI systems, Japan). 

3. Results and Discussion 

The average jump-in and pull-off forces at 256 points on nucleobase SAMs were 
shown in Fig. 2. Optimized interaction energies between two nucleobases calculated 
with an atomic dipole approximation using CNDO-C1 by Kudritskaya and Danilov3 

were shown in Fig. 2(c). Although the interaction energy and adhesion force can
not be directly compared, the interaction energies can be used as references for the 
discussion about the molecular recognition of the CFM. The jump-in forces varied 
depending on the nucleobase (guanine-SAM > cytosine-SAM > adenine-SAM > 
thymine-SAM) (Fig. 2(a)). The pull-off force measurements showed the similar pat
tern (guanine-SAM > cytosine-SAM > adenine-SAM > thymine-SAM) (Fig. 2(b)). 
There is no difference between jump-in and pull-off forces. It was suggested that 
the molecular recognition of the tip was identified for jump-in and pull-off motions 
by using cytosine modified AFM-tip. These adhesion forces (Figs. 2(a) and 2(b)) 
were compared with the theoretically calculated interaction energies contributed 
by hydrogen bonding (Fig. 2(c)). The relative relations among four bases in adhe
sion force histograms (Figs. 2(a) and 2(b)) were similar to that of the theoretically 
calculated interaction energies (Fig. 2(c)). 

Adsorption amounts of poly (C) on nucleobase SAM prepared on Au-coated 
quartz tips were calculated from the frequency changes of QCM by Sauerbrey's 
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Fig. 2. (a) and (b) Adhesion forces between the cytosine-modified AFM-tip and four nucleo-
base SAMs on Gold substrates in pure water. These forces were measured at load = 0.1 nN, 
release-rate = adhesion-rate = 200 nm/s . (c) Optimized interaction energies of some selected 
base-pairs calculated by quantum chemical methods.3 

equation.4 The adsorption amount (unit nmol) of poly (C) decreases as fol
lows: on guanine-SAM > cytosine-SAM > adenine-SAM > thymine-SAM (Fig. 3). 
Adhesion forces (jump-in) between nucleobase-SAMs and cytosine-modified AFM-
tip (Figs. 2(a) and 2(b)), and the interaction energies contributed by hydrogen 
bonding (Fig. 2(c)) and adsorption amounts of poly (C) on the nucleobase-SAMs 
(Fig. 3) show a similar tendency. 

Since the tendency of adhesion forces (jump-in) and adsorption amounts are 
similar to the interaction energies, it is considered that the specific hydrogen bond
ing is dominant in the adhesion force between the nucleobase-SAMs in water. The 
adhesion forces (pull-off) were not only attributed to hydrogen bonding, because 
many interactions should exist between the nucleobase-SAMs of the AFM-tips and 
the substrates in water. The molecular numbers of nucleobases, which form hydro
gen bonds between the AFM tip and the sample, cannot be estimated accurately, 
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Poly (C) [unit nmol] 

C-SAM | 

G-SAM '///////////A 

T-SAM I 

0 0.1 0.2.0.3 0.4 0.5 

Adsorption amount [nmol] 
Fig. 3. Adsorption amounts of poly (C) on the nucleobase-SAM in water. 

because the contact area between the SAMs is unknown. It is important that strong 
adhesion force was detected for the complementary combination, although the den
sities of the nucleobase on SAM are almost identical. 

4. Summary 

These results lead us to the conclusion that the mapping of base pair formation 
between nucleobases is possible by using CFM, even if the oligo- and polynucleic 
acid are not used. It was elucidated that nucleobase-SAMs can recognize not only 
nucleobase-SAM, but also polynucleic acid in water. 
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The honeycomb patterned titania films with submicron pores were prepared by a sol-gel 
reaction. Self-organized 2D arrays of water droplets were formed on surfaces of reaction 
solution as a template. Polystyrene particles were embedded into the micropores of the 
honeycomb films by casting dispersion of the particles. The arrangement of aggregated 
particles was controlled by changing pore sizes. 

Keywords: Titania; honeycomb patterned films; polystyrene particles; organic/inorganic 
hybrid. 

1. Introduction 

Titanium oxide (Titania) has high refractive index and photo-catalytic properties. 
It was reported that nano- or microporous honeycomb films were prepared from 
titania by sol-gel reaction of titan alkoxide sol with amphiplile.1 To combine the 
microporous titania film and colloidal particles, it was expected that a novel type 
of organic/inorganic hybrid materials with photo-catalysts and photonic band gap 
(PBG) properties was prepared. We showed the preparation of highly-ordered tita
nia porous membranes. Furthermore, the composite formation of the titania films 
and polystyrene microparticles by self-organization was reported. The arrangements 
of embedded particles were discussed. 

2. Experimental 

Honeycomb patterned films were prepared according to the literature.x By the anal
ogy of honeycomb films from polymer materials,2-5 chloroform solution of 3.51 M of 

'Frontier Research System, Institute of Physical and Chemical Research (RIKEN Institute), 
t Corresponding author. 
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H 3 C—(CH 2 ) 1 3 x ^O 

H3C—(CH2)13 OH 

1 2 

Fig. 1. Chemical formulae of used compounds. 1 and 2 were purchased from TCI, Japan and Sogo 
Pharmaceuticals, Japan, respectively. 

titanium isopropoxide 1 and 0.246 M of ditetradecyl-phosphate 2 (Fig. 1) was pre
pared. After casting of 20 /zl ~ 500 fil of the solution on horizontal glass substrate, 
solvent chloroform was evaporated by applying humid air. The relative humidity 
of applied air was controlled c.a. 60%. Evaporation heat allowed condensing water 
droplets on the reaction solution. The condensed water droplets were stabilized by 
amphiphile 2 and then regular arrays of water droplets were formed. After evapo
ration of solvent and water, the polymer film with hexagonal-arranged pores was 
remained on the substrate. 

Pyrolysis was performed under N2 atmosphere by hot-stage at 400° C 
(RINKAM-600, Japan-hitech, Japan). Polystyrene particles, diameter of 1.5 zzm 
and 3.2 fim were obtained from Scientific Polymer Products Inc., USA. After py
rolysis, 20 ^1 of 1.0 g/1 particle dispersions were cast on prepared honeycomb films 
and dried at room temperature. The prepared patterns were imaged by optical 
microscopy (Olympus BH-2), equipped with a CCD camera and a video recording 
system and by scanning electron microscopy (S-3500, Hitachi). 

3. Results and Discussion 

3.1. Titania honeycomb films 

Metal alkoxides are known to form metal oxides in a sol-gel process when it contacts 
water. After completely solvent evaporation, titanium oxide films with hexagonally-
arranged pores were prepared. The pore size from 800 nm to 5.0 /zm, was controlled 
by changing the casting volume.5 Scanning electron micrograph of typical honey
comb structure was shown in Fig. 2(a). The concentration of solution changed the 
thickness of the films. After pyrolysis at 400°C for 3 h, the film shrank and the aver
age pore size changed from 800 nm to 500 nm. The white gel films turned to black 
because of thermal decomposition of amphiphile and other organic compounds. 
These grimes were washed away by chloroform and ethanol. The honeycomb struc
ture was kept even after pyrolysis (Fig. 2(b)). The cross-section of honeycomb 
structures showed that the pores kept original shape of template water droplets 
(inset of Fig. 2(b)). 

3.2. Combination of honeycomb films and polystyrene particles 

There are some approaches to combine micropatterns and colloidal clusters. It 
was reported that the colloidal clusters usually fixed by electrostatic interactions 

4K 
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Fig. 2. Scanning electron micrograph of tiiania honeycomb films, (a) Honeycomb Mm of titania 
before pyrolysis. (b) Honeycomb film of titania after pyrolysis. Inset micrograph shows cross-
section of the film. Each white bar indicates 1.0 ^tm. 

Fig. 3. Scanning electron micrographs of the combination of PS particles and titania honeycomb 
films, (a) 1.5 jL*m PS particles in a 3.3 pm honeycomb pore, (b) A single 1.5 ^m PS particle in a 
2.7 /im honeycomb pore, (c) A 3.2 fjun PS particles capped over a 2.7 /mi honeycomb pore. Each 
black bar indicates 1.0 /mi. 

between self-assembled monolayers (SAMs) and the surface charges on the colloids.6 

But here we show the procedure to form organic/inorganic hybrid materials without 
surface modification. An aqueous dispersion of polystyrene (PS) particles (1.0 g/1, 
average diameter was c.a. 1.5 microns) was cast on the honeycomb films and water 
was evaporated under ambient condition. After complete evaporation of water, the 
films were observed by SEM. When the dispersion was cast on the honeycomb film 
having pores of 3.3 jum diameter, three PS microparticles were trapped in the hon
eycomb pores by the advection and capillary force (Fig. 3(a)). PS particles were 
arranged in a triangle in the pores. When the particles aggregate in a small di
mension, lateral capillary force allowed PS particles to close-packed arrangements. 
In case of the smaller pore honeycomb film (2.7 /im diameter), only one particle 
was kept in each pores (Fig. 3(b)). Moreover, when larger PS particles (3.2 fjaai) 
were cast on the same honeycomb film, particles were not trapped in the pores but 
some of them capped over the pores (Fig. 3(c)). These results show that the size of 
honeycomb pores and particles dominate the number of particles embedded in the 
pores. 
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4. Conclusion 

We showed the preparation of composite of titania honeycomb films and PS particles 
by self-organization. The pore sizes of titania honeycomb film were controlled from 
500 nm to 5 /im. PS particles were embedded in the pores. Number and aggregation 
arrangements of particles were controlled by changing of the pore and particle size. 
The organic/inorganic hybrid meso-structures can be utilized for novel type of 
photonic band gap materials and photo-catalysts. 
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In order to construct chromophores arrays that precisely controlled their arrange
ment, monolayers of an azobenzene bearing nucleoamphiphile were prepared on vari
ous oligoDNA solutions. Monolayers of the amphiphilic adenine derivative bearing an 
azobenezene moiety (Cj^AzoCsAde) were prepared on thymidylic acid tetramer (dT4) 
and octamer (dT8) solutions, and UV-vis reflection absorption spectra of the monolayers 
were measured to investigate aggregation structures of the azobenzene. The absorption 
maximum of the monolayer was blue-shifted on the dT4 solution and red-shifted on the 
dT8 solution. It shows that azobenzene groups in the monolayer have parallel orienta
tion (H aggregate) on the dT4 solution. Though, azobenzene groups have head-to-tail 
orientation (J aggregates) on the dT8 solution. When monolayers of C^AzoCsAde were 
prepared on the synthesized cyclic oligonucleotides, the absorption spectra were totally 
different from those of the corresponding linear oligonucleotides. 

Keywords: Cyclic DNA; azobenzene; monolayer; nucleoamphiphile; base pair. 

1. Introduction 

Natural biological systems such as proteins express high functions, due to precise 
arrangement of functional groups. In the case of light-harvesting complex (LH2) 
composed in photosynthesis system, cyclic arrangement of chromophores with 
nanometer scale has been revealed by X-ray crystallographic analysis.1 This specific 
structure of the chromophores may be important for efficient and fast energy trans
fer. Therefore various attempts have been carried out to construct chromophore 
arrays prepared by covalent2 and coordinate3 bond. 

We have attempted to use DNA as scaffold for arranging chromophores. DNA 
stores and replicates genetic informations, and plays the critical role in the life 
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Schematic illustration of the C^AzoCsAde monolayer on the aqueous solution of CycT8. 

system. DNA is an anionic polymer composed of two pairs of nucleobases, which 
complementarity recognize each other. According to this feature, DNA is attrac
tive for using as scaffold to construct nanoscale structures.4 We already reported 
that amphiphilic nucleobase derivatives formed complementary base pairs and base 
trimers with nucleic acid dissolving in the subphases at the air-water interface.5 

Controlled polymerization of diacetylene groups in a nucleoamphiphile monolayer 
have been achieved by formation of complementary base pair and base trimer with 
oligonucleotides at the air-water interface.6 

In this paper, we described attempts to control azobenzene aggregates in mono
layers by complementary base-pairing between nucleoamphiphiles having azoben
zene and oligonucleotides dissolved in subphase. 

2. Experimental 

Oligonucleotides, dT4 and dT8 were purchased from Takara Bio Inc. Cyclic thy-
midylic acid tetramer (CycT4) and cyclic thymidylic acid octamer were synthesized 
followed by H. C.-Y. Jenny et al.7 and E. de Vroom et al.7 CiaAzoCsAde8 was 
spread from the chloroform/ethanol (9:1, v/v) solution on the surface of 10 mM 
Tris-HCl buffer solution (pH = 7.8) containing 750 nM (monomer unit) of the 
nucleotides. Water was purified to 18 Mil • cm by a Milli-Q SP reagent system 
(Millipore Co.). Surface monolayer experiments were carried out by a computer 
controlled Langmuir film balance (FSD-300, USI System) with a Wilhelmy pressure 
sensor at 20°C. The absorption spectra of the monolayers were measured by a fiber-
optics reflection UV-vis absorption spectroscopy (LB-100, JASCO). 

3. Results and Discussion 

Effect of chain length of linear oligonucleotides on aggregate structures of azoben
zene in monolayer of C^AzoCsAde was investigated. C^AzoCsAde monolayers 
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Fig. 1. (a) Surface pressure-area isotherms of the Ci^AzoCsAde monolayers on dT4 and dT8 
solutions at 20°C. (b) Reflection UV-vis absorption spectra of Ci^AzoCsAde monolayers on dT4 
and dT8 solutions at 20 mN/m. 

were prepared on aqueous dT4 and dT8 solutions respectively, and surface pressure-
area isotherms and reflection UV-vis absorption spectra at 20 mN/m were mea
sured. The results of surface pressure-area isotherms showed that the monolayer 
on dT8 solution was expanded more than that on the dT4 solution (Fig. 1(a)). It 
is known that the absorption maximum of isolated azobenzene is 355 nm. The ab
sorption spectrum of the monolayer on dT4 showed that absorption maximum was 
shifted to 325 nm. On the other hand, the absorption maximum of the monolayer 
on dT8 was shifted to 366 nm (Fig. 1(b)). 

According to Kasha's molecular exiton theory,9 systematic X-ray crystallo-
graphic studies10 and absorption spectra of two-dimensional molecular assemblies 
of single-chain ammonium amphiphiles containing an azobenzene chromophore,11 

chromophore orientation in the assemblies can be estimated by the spectral shift of 
azobenzene. 

Therefore the blue shift of the absorption maximum on dT4 shows that the 
parallel azobenzene orientation (so-called H aggregate) was formed. The red shift 
of the absorption maximum on dT8 shows the head-to-tail azobenzene orientation 
(so-called J aggregate) was formed. 

Then, cyclic oligonucleotides were adopted to interact with the nucleobase 
amphiphile for the cyclic arrangement of azobenzene. The surface pressure-area 
isotherms of C12 AzoCs Ade monolayers on CycT4 and CycT8 solutions showed that 
monolayer was expanded on octamer solution more than on tetramer (Fig. 2(a)). 
Both absorption spectra of monolayers on CycT4 and CycT8 were completely differ
ent from those on corresponding linear oligonucleotide subphases. Spectral splitting 
observed in the cyclic oligomer cases indicated that coexistence of two aggregation 
structures (H and J aggregates) or another specific aggregate structure was formed 
on the cyclic oligomer subphases. 

The reason why H and J aggregates of azobenzene were formed on dT4 and dT8 
solutions has been unsolved until now. Oligonucleotide is expected to be flexible in 
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Fig. 2. (a) Surface pressure-area isotherms of the Ci^AzoCsAde monolayers on CycT4 and CycT8 
solutions at 20°C. (b) Reflection UV-vis absorption spectra of C^AzoCsAde monolayers on CycT4 
and CycT8 solutions at 20 mN/m. 

water. Intra- and inter-molecular electrostatic repulsion of oligonucleotides bound 

to the monolayers might influence the aggregate s tructure. Splitting of the absorp

tion spectra of the monolayers on the cyclic oligonucleotide solutions is interesting. 

Now futher s t ructural analysis of the azobenzene aggregates in the monolayer is in 

progress. 

4 . C o n c l u s i o n 

The monolayers of C ^ A z o C s A d e were prepared on various oligonucleotides solu

tions. Aggregate structures of azobenzene in the monolayer depend on the kinds 

of complimentary oligonucleotides. H or J aggregates of azobenzene were formed 

on dT4 or dT8 solutions, respectively. On cyclic oligonucleotides solutions, split 

absorption spectra of azobenzene were obtained. 

R e f e r e n c e s 

1. G. McDermott, S. M. Prince, A. A. Freer, A. M. Hawthornthwalte-Lawless, M. Z. 
Papiz, R. J. Cogdell, and N. W. Isaacs, Nature 374, 517 (1995). 

2. A. Nakano, A. Osuka, I. Yamazaki, T. Yamazaki, and Y. Nishimura, Angew. Chew,. 
Int. Ed. 37, 3023 (1998); J. Li, A. Ambroise, S. I. Yang, J. R. Diers, J. Seth, 
C. R. Wack, D. F. Bocian, D. Holten, and J. S. Jindsey, J. Am. Chem. Soc. 121, 
8927 (1999); O. Mongin, A. Schuwey, M.-A. Vallot, and A. Gossauer, Tetrahedron 
Lett. 40, 8347 (1999); M.-S. Choi, T. Aida, T. Yamazaki, and I. Yamazaki, Angew. 
Chem. Int. Ed. 40, 3194 (2001). 

3. J. Fan, J. A. Whiteford, B. Olenyuk, M. D. Levin, P. J. Stang, and E. B. Fleischer, 
J. Am. Chem. Soc. 121, 2741 (1999); R. A. Haycock, A. Yartsev, U. Michelsen, 
V. Sundstrom, and C. A. Hunter, Angew. Chem. Int. Ed. 39, 3616 (2000); K. Chichak 
and N. R. Branda, Chem. Commun. 1211 (2000). 

4. J. J. Storhoff and C. A. Mirkin, Chem. Rev. 99, 1849 (1999). 
5. M. Shimomura, F. Nakamura, K. Ijiro, H. Taketsuna, M. Tanaka, H. Nakamura, 

and K. Hasebe, J. Am. Chem. Soc. 119, 2341 (1997); F. Nakamura, K. Ijiro, and 

306 



Circular Arrangement of Azobenzene by Using Cyclic DNA 681 

M. Shimomura, Thin Solid Films 327-329, 603 (1998); M. Morisue, K. Ijiro, and 
M. Shimomura, Stud. Surf. Sci. Catal. 132, 549 (2001). 

6. J. Matsumoto, K. Ijiro, and M. Shimomura, Chem. Lett, 1280 (2000); J. Mat-
sumoto, K. Ijiro, and M. Shimomura, Mol. Cryst. Liq. Cryst. 371, 33 (2001); K. Ijiro, 
J. Matsumoto, and M. Shimomura, Stud. Surf. Sci. Catal. 132, 481 (2001). 

7. C.-Y. J. Hsu, D. Dennis, and R. A. Jones, Nucleosides Nucleotides 4, 377 (1985); 
E. de Vroom, H. J. G. Broxterman, L. A. J. M. Sliedregt, G. A. der Marel, and J. H. 
van Boom, Nucleic Acids Res. 16, 4607 (1988). 

8. M. Morisue, Ph.D. Thesis, Hokkaido University, Sapporo, 2001. 
9. M. Kasha, Spectroscopy of the Excited State, ed. B. D. Bartolo (Plenum Press, 1976), 

p. 337. 
10. K. Okuyama, H. Watanabe, M. Shimomura, K. Hirabayashi, T. Kunitake, 

T. Kajiyama, and N. Yasuoka, Bull. Chem. Soc. Jpn. 59, 3351 (1986). 
11. M. Shimomura, R. Ando, and T. Kunitake, Ber. Bunsenges. Phys. Chem. 87, 1134 

(1983). 

307 



This page is intentionally left blank



International Journal of Nanoscience, Vol. 1, Nos. 5 & 6 (2002) 683-688 
© World Scientific Publishing Company 

DISEASED RED BLOOD CELLS STUDIED B Y 
ATOMIC FORCE MICROSCOPY 

YONG CHEN* and JIYE CAI 

Department of Chemistry, Jinan University, Guangzhou 510632 
Guangdong, P. R. China 

*Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences 
Hefei 230031, Anhui, P. R. China 

JINGXIAN ZHAO 

Laboratory for Tissue Transplantation and Immunology 
Jinan University, Guangzhou 510632, Guangdong P. R. China 

Received 3 December 2002 
Revised 30 December 2002 

In recent years, many mammalian cells, especially erythrocytes because of simpleness 
of their membrane surfaces, were widely studied by atomic force microscopy. In our 
study, diseased erythrocytes were taken from patients of lung cancer, myelodisplastic 
syndrome (MDS), and so on. We obtained many clear topographical images of numer
ous erythrocytes, single erythrocyte, and ultramicrostructure of erythrocyte membrane 
surfaces from normal persons and patients. By studying the red cells of lung cancer 
patients, we found that many erythrocytes of lung cancer patient have changed into 
echinocytes. One erythrocyte has 10-20 short projections, most of which, with a mean 
width of 589.0 nm and a length of 646.7 nm, are on the edge of cell. The projections 
in the center of echinocytes are lodged and embedded, but in conventional model of 
echinocytes, the projections in the center stretch outside cell membrane, so a novel 
model of erythrocytes was designed in our paper. After observation of microstructure of 
MDS patient's erythrocyte membrane surface, we found that many apertures with differ
ent diameters of tens to hundreds nanometers appeared on the surface of cell membrane. 
It can be concluded that AFM may be widely applied in clinic pathological inspection. 

Keywords: Diseased red blood cells; atomic force microscopy; lung cancer; myelodisplas
tic syndrome; echinocytes; projections. 

1. Introduction 

Normal mature red blood cells are biconcave disks that lack internal organelles 
and transcellular filament systems. Therefore, no new proteins will add to 
membrane in erythrocytes' lifetime. On the membrane surface of erythrocytes, 
only several membrane proteins, mainly including band 3 proteins and gly-
cophorins, can be found. Therefore, in past decades, many researches on red 
blood cells by atomic force microscopy (AFM) have been conducted, including 
normal erythrocytes,1-5 hypotonic hemolysis erythrocytes,6 Gadolinium-induced 
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erythrocytes,7 mechanically-traumatized erythrocytes,8'9 Babesia bovis-infected 
erythrocytes,10 malaria-infected erythrocytes,11 and so on. In those papers, most 
abnormal erythrocytes were artificially induced. In our study, diseased human ery
throcytes were taken from patients of lung cancer, myelodisplastic syndrome, and 
so on. By studying these diseased erythrocytes, we try to apply AFM in clinic 
pathological inspection. 

2. Materials and Methods 

In this paper, erythrocyte samples from normal, lung cancer patients and myelodis
plastic syndrome patients were investigated. Fresh human blood samples were taken 
and mixed with an anticoagulant (EDTA). The freshly-extracted human bloods 
were diluted (80 times) in phosphate-buffered saline (PBS). 5 /xl aliquot of these 
solutions were introduced respectively to the freshly-clear cover slip surfaces and 
were then air-fixed rapidly by vigorously waving the slide. The film was examined 
under the optical microscope, and then was performed in air on the blood film 
using a commercial AFM (AutoProbe CP Research, Thermomicroscopes, USA) in 
tapping mode. Microfabricated silicon cantilevers (Park Scientific Instruments) of 
sharp tips with a tip radius of curvature 10 nm and a force constant of approxi
mately 2.8 N/m were used. The scan speed of the tip was 1 Hz. The AFM images 
were planar-leveled using the software (Thermomicroscopes Proscan Image Pro
cessing Software Version 2.1) provided with the instrument. Using the line analysis 
function of the software, the average width and the average height of the regions of 
interest were determined. 

3. Results 

3.1. Observation of many red blood cells 

Figure 1 is the relatively low-resolution images of tens of diseased red blood cells. In 
Fig. 1(a) (90 cells) and 1(b) (20 cells), many erythrocytes of lung cancer patient have 
changed into echinocytes with a diameter of around 8 /xm, a thickness of around 
1 /xm, an average volume of 72.19 /J,m3, a surface area of 155.33 /xm2, and a surface 
area/volume ratio of about 2.223 /xm2//xm3. The erythrocytes of MDS patient are 
still biconcave in shape (Fig. 1(c)), with a diameter of around 8.697 /xm, a thickness 
of around 777.5 nm, an average volume of 69.67 /xm3, a surface area of 185.6 /xm2, 
and a surface area/volume ratio of about 2.409 /xm2//xm3. 

3.2. Observation of single echinocyte 

Imaging several ehinocytes and parts of them (Figs. 2(a)-2(d)), we found that 
one echinocyte has 10-20 short projections, most of which, with a mean width of 
589.0 nm and a length of 646.7 nm, are on the edge of cell. The projections in 
the center of echinocytes are lodged and embedded (just as Fig. 2(f)), but in con
ventional model of echinocytes, the projections in the center stretch outside cell 
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(b) (c) 

Fig. 1. AFM topographic images of erythrocytes at large range, (a) Echinocytes of lung cancer 
(90 fim), (b) enlarged image of the black box in (a) (50 nm), and (c) erythrocytes of MDS patient 
(40 urn). 

(a) (b) (c) 

(d) (e) (0 
Fig. 2. AFM topographic images of the whole and parts of single echinocyte. Scanning size: 10 /«n 
(a), (c); 11 jEiin (b); 2 ^m (d). (d) is the enlarged image of (c) (showed by Hack box), (e) and (f) 
are the schematic representation of echinocyte shape, (e) Traditional model and (f) our model. 

membrane (Fig. 2(e)).12 In general, echinocytes are speculated red cells with reg
ular, short and uniform projections on their surfaces. In our study, we found that 
the projections in the center were longer in length but less in width than those 
on the edge. Different projection has different length and width. Various disorders 
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may cause eehinocytic transformation of red cells, including abnormal plasma lipid 
metabolism, low red cell ATP, increased concentration of intracellular Ca++, pyru
vate kinase deficiency, heparinization, extensive burns, uraemia, liver disorders, and 
so on.13 But in our paper, the reason causing echinocytes in lung cancer patients 
is unknown, and more researches will be done to deal with the problem. We think 
that various disorders will induce different type of echinocytes, the conventional 
model or the model we constructed. All these results will be important in the clinic 
pathological inspection. 

3.3. High-resolution imaging comparisons of membrane surface 
ultrastructures of erythrocytes of MDS patients with normal 
mature erythrocytes 

After the observation of microstructure of MDS patient's erythrocyte membrane 
surface, we found that many apertures with different diameters of tens to hundreds 
nanometers appeared on the surface of the cell membrane (Figs. 3(b) and 3(c)). On 

I *\ * J* 

t 
(a) (b) (c) 

(d) 

I 
(e) 

[ 

(o 
Fig. 3. Comparison of AFM topographic images of membrane surface microstructures between 
normal and MDS patient's erythrocytes, (a) A single MDS erythrocyte (10 /im), (b) the enlarged 
image of the black box in (a) (2 fim), (c) the enlarged image of the white box in (a) (1 /xm), (d) 
a single natural biconcave erythrocyte (10 /un), (e) the enlarged image of the black box in (d) 
(3 /im), and (f) the enlarged image of the black box in (e) (1 /mi). 
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the membrane surface of the normal mature erythrocyte, no aperture was found 
(Figs. 3(e) and 3(f)). The high-resolution imaging comparisons of membrane surface 
ultrastructures maybe used to diagnose the MDS. 

4. Discussion 

In recent years, AFM has been widely applied in biology, mainly because of its 
advantages, such as convenient preparation of sample, various (air, liquid or phys
iological) work environments, resolution of around 1 nm, and so on. It will become 
a routine method in the research of life science and clinic pathological inspection. 
This paper preliminarily described the application of AFM in clinic pathological 
inspection by AFM observation of red blood cells, which is an important parameter 
in clinic inspection. One of the elementary functions of AFM applied in clinic patho
logical inspection is to scan interested regions at a large range. In present, xy-v&nge 
of commercial AFM is around 100 [im, and z-range is about 10 ^m. Those ranges 
are enough for observation of tens of cells and statistical analysis. In general, the 
thickness of cells is 0.1-50 ^m. In order to investigate most kinds of cells, AFM with 
a z-range of larger than 100 jum has been developed.14 Comparing with traditional 
clinic inspection of blood, using AFM can get the data of numbers and volumes 
of blood cells, as well as the topographical images, diameter, thickness, surface, 
surface area/volume ratio, and so on. What's more, more analysis of those data can 
be made. Take the average of heights and surface area/volume ratio among the 20 
cells in Fig. 1(b) for example, results can be shown in Table 1, which will be useful 
in the diagnosis of disease in different phase. 

Investigation of projections or particles on membrane surface of single cell is an
other function of AFM, which make AFM beauty compare with electron microscopy 
(EM). For EM, samples must be dried or treated with chemicals; low-temperature 
and ultrahigh vacuum techniques are important for high-resolution EM to ensure 
stability and minimal beam damage. For AFM, those disadvantages disappeared. 
What's more, AFM observation can be finished in a short time (generally in one 
hour). All these advantages make AFM become a useful technique in the clinic 
pathological diagnosis. 

Most importantly, resolution to around 1 nm made AFM be widely ap
plied to study ultrastructures of membrane surface of cells. As we all know, the 

Table 1. Statistic analysis of average heights and surface area/volume ration among 
the 20 cells in Fig. 1(b). 

Average height Quantity of cells Surface area/volume ratio Quantity of cells 

< 0.8 fim 3 1.7-2 fim2 / / im3 7 
0.8-1 yum 2 2-2.5 /j.m2/tim3 10 
1-1.2 /im 11 > 3 (im2 /fim3 3 
> 1.2 ;xm 4 
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ultrastructures of membrane surface among cells of various kinds or between nor
mal and diseased cells are different (just as shown in Fig. 3). Furthermore, many 
cells have their special cell surface markers, by which we can identify some cells. 
So, it is possible for clinic diagnosis to reach molecular level by AFM technique. 

AFM can be used to study blood, stem cells and tumor cells. Besides topographi
cal images, the physical properties, including charge density, adhesion, stiffness, and 
the force required to break specific ligand-receptor bond, can be examined.15_18 

Besides the static cell structures, dynamic structures of cells with time lapse can 
be investigated. In other word, the development of AFM technique will drive the 
application of AFM in clinic pathological inspection. 

5. Conclusions 

AFM can be widely applied in clinic pathological inspection, including quantifica
tion of cells, obtainment and comparison of many parameters, such as diameter, 
thickness, volume, surface, surface area/volume ratio, and so on, observation of 
topograph of single cell, and observation and comparison of membrane surface mi-
crostructure of cells, and so on. 
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Fabrication and surface modification of a cell scaffold are very important in tissue en
gineering. In this study, the effects of pore size and surface wettability on hepatocyte 
adhesion and morphology was studied, using the porous poly-e-caprolactone (PCL) film 
prepared by a simple casting technique. The degree of spreading of hepatocyte was en
hanced with the decrease of the pore size (~10 jum). Hepatocyte motility and spreading 
were restricted on the patterned film having cellular-sized pores (ca. 20 /^m). Partial 
hydrolysis of the film surface enhanced the migration and spheroid formation of the 
cultured hepatocyte. 

Keywords: Tissue engineering scaffolds; biodegradable polymer; hepatocyte. 

1. Introduction 

In the field of Tissue Engineering,1 scaffolds are used to direct the growth of cells 
migrating form surrounding tissue or the growth of cells seeded within the porous 
structure formed in the scaffold. It is recognized that the behavior of the adhe
sion and proliferation of different types of cells on polymeric materials depend 
on the surface characteristics such as wettability, chemistry, charge, rigidity, and 
topography. The scaffold must provide a suitable substrate for cell attachment, 
proliferation, and differentiated function. Biodegradable polymers have been one 
of the candidate materials of scaffolds. The present study describes the fabrication 
of highly-regular-patterned poly-£-caprolactone (PCL) (Fig. 1(a)) films by simple 
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(a) (b) 

Fig. 1. Chemical structures of (a) poly-e-caprolactone (PCL) and (b) an amphophilic polymer 
Cap (m:n = 4 : 1 ) . 

casting technique,2'3 and pore size and surface wettability effects on hepatocyte 
adhesion and morphology. 

2. Materials and Methods 

Honeycomb-patterned PCL (MW = 100 000) films were prepared by casting poly
mer solution in a petri dish with 10 cm diameter under moist air flow. Evaporative 
cooling leads to the formation of hexagonally-packed water droplets on the surface 
of polymer solution. The pore size of the PCL-patterned films can be controlled from 
1 /xm to 50 fim by changing the evaporation time of the polymer solution. A chlo
roform solution of PCL and copolymer of dodecylacrylamide and co-carboxyhexyl 
acrylamide (Cap) (10:1 w%) (Fig. 1(b)) was used. The PCL-patterned films were 
partially hydrolyzed by soaking in aqueous NaOH solution ( I N ) . The hydrolyzed 
films (pore size ca. 5 zrni, thickness ca. 8 /zm) were characterized by the measure
ment of water contact angle and scanning electron microscopy (SEM). 

Hepatocytes were isolated from 6-7-week-old male Wistar rats weighing 200-
300 g by a modified two-step in situ collagenase perfusion technique.4 The obtained 
cells were washed by four times centrifugation at 50 x g for 1 min. The hepato
cyte viability were determined by trypan blue exclusion. Hepatocyte were culti
vated in serum-free Williams' E medium supplemented with 0.1 /xM CuS04 • 5H2O 
(Wako Pure Chemical Industries Ltd., Osaka, Japan), 25 nM Na2Se03 (Wako), 
1.0 fiM ZnSO-4 • 7H20 (Wako), 0.1 /xM insulin (Sigma Chemical Co., St. Louis, 
MO), 1.0 fiM dexamethasone (Sigma), 20 ng/mL epidermal growth factor (Sigma), 
100 zig/mL ascorbic acid di-phosphate (Sigma), 5 KIE/mL aprotinin (Bayer, 
Germany), 48 ixg/mL gentamicin (Schering-Plough, USA), and 100 ng/mL 
Chloramphenicol (Sankyo, Japan). Cell suspension of Hepatocytes were adjusted 
to the cell density of 2.0 x 10s cells/well (24 well plate) in Williams' E medium. 
Hepatocytes were seeded onto polymer substrates that immersed with the medium 
over 6 h. Hepatocytes were incubated at 37°C in 95% air containing 5% CO2. The 
culture medium exchange was carried out every 24 h. Hepatocyte morphology on 
each polymer substrate was observed by SEM 72 h after seeding. 
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3. Resul t s and Discussion 

The hepatocyte cultured on the l a t film can spread well (Fig. 2(a)). On the other 
hand, cells cultured on the patterned-PCL film with subcellular size pores (~10 /xm) 
formed aggregates whose size increased with increasing pore size (Figs. 2(b) and 
2(c)). The patterned films with cellular size pores (ca. 20 fjm) gave restricted 
hepatocyte motility and spreading (Figs. 3(a) and 3(b)). On the other hand, the 

Fig. 2. SEM images of hepatocyte on PCL films, (a) Flat film, (b) patterned film of ca 5 /Ltm and 
(c) ca. 10 fjtm pore size. Bar: 500 fna. 
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hepatocyte can spread on the film when cells contact with each other (Fig. 3(c)). 
These results indicate that both the surface topography and the pore size strongly 
affect the cell adhesion and spreading. 

The surfaces of PCL are hydrophobic to reduce cell compatibility in the initial 
stage of contact. So, it is desirable to change its surface character or property of 
scaffold from hydrophobic to hydrophilic.5 The changes of water contact angle of 

Fig. 3. SEM images of hepatocyte on PCL-patterned films. Pore size: ca. 20 /mi. Bar: 50 fj.m. 

Fig. 4. SEM images of hepatocyte on POL-patterned films. Pore size: ca. 5 (im. Hydrolysis time: 
(contact angle), (a) 0 min (ca. 115°), (b) 1 min (ca. 92°), (c) 5 min (ca. 75°), and (d) 12 h 
(ca. 20°). Bar: 100 fim. 
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polymer surface gradually declined with increasing hydrolyzed time, owing to the 

oxygen-based functional groups generated on the surface by hydrolysis.6 '7 

Short hydrolysis t ime (~5 min) enhanced the cell migration and spheroid for

mation of the cultured hepatocyte (Figs. 4(a)-4(c)) . Wi th further hydrolysis (12 h) , 

however, the hepatocytes spread well (Fig. 4(d)). In this study, cell-surface inter

actions have dominated on hydrophilicity of the PCL films. We assume tha t the 

proper wettability and surface topography might reflect increased preference for 

cell-cell interactions. To further characterize cell-surface and cell-cell interactions, 

it is required to investigate the expression of focal adhesion contacts and tight 

junctions, respectively. 

In conclusion, the PCL-pat terned films with controlled pore size and surface 

wettability have a strong influence on the hepatocyte a t tachment and morphology. 

These results indicate tha t the pat terned films are powerful candidate of the scaffold 

with functional regulation of cultured cells for tissue engineering. 
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We propose a new method that double-stranded DNA molecules can be stretched and 
immobilized on the clean glass substrate by using a lipid monolayer at the air—water in
terface. This method is based on the substrate lifting of Langmuir-Blodgett method. We 
observed fluorescence images of polyion complex films with a scanning near-field optical 
microscope (SNOM). As a result, straight fluorescent lines aligned parallel to the lifting 
direction were observed and it was considered that isolated single DNA molecules were 
extended to align on the substrate. This method is applied to various DNA molecules. 

Keywords: DNA; Langmuir-Blodgett films; polyion complex; scanning near-field optical 
microscope. 

1. Introduction 

DNA molecules have received considerable attention due to the genetic information 
in modern biology. Double-stranded DNA (dsDNA) has a double helical struc
ture composed of complementary base-pairs between adenine-thymine or cytosine-
guanine. In recent years DNA has been focused as a high functional polymer. In 
particular, the applications of molecular recognition devices using complementary 
nucleic acid base pairing, based on hydrogen bonding and nanometer-scale molecu
lar electronic devices utilizing the electrical transport through stacking 7r-electrons 
of base pairs, are expected.1-4 

As DNA molecules are flexible polymer in an aqueous solution and have high-
order structures (random coil, supercoil and globule), it is difficult to fabricate one-
dimensionally straightening molecular wire of dsDNA. Therefore it is necessary to 
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develop the technique to stretch and immobilize isolated single DNA molecules on 
a solid substrate. 

Some methods of stretching DNA were reported. Schwartz et al. have al
ready found alignment of DNA molecules in gel by electrophoresis.5 However DNA 
molecules cannot be immobilized on a solid substrate by electrophoresis. Bensimon 
et al. have discovered a new method, called "molecular combing", that DNA were 
stretched and immobilized on solid substrates by an action of receding meniscus.6 

In order to efficiently immobilize DNA the "molecular combing" method requires 
chemically-treated glass substrates. 

In this paper, we propose a new method for stretching and immobilization of 
single dsDNA molecules on substrates. This method is based on Langmuir-Blodgett 
(LB) method. We have reported that a monomolecular film of DNA can be prepared 
by using a polyion complex technique.7 When a chloroform solution of a cationic 
amphiphile was spread on an aqueous dsDNA subphase, a polyion complex film 
of the cationic amphiphile and dsDNA was formed by electrostatic interaction at 
the air-water interface. This film was transferred on a clean glass substrate by a 
vertical lifting method. We investigated stretched and immobilized DNA molecules 
on the substrate by SNOM. 

2. Experimental 

Dioctadecyldimethylammonium bromide (2CigN+2Ci) was purchased from Sogo 
Pharmaceutical Co. Ltd. DNA (A-phage, Nippon Gene Co.) was used without fur
ther purification. Chloroform (spectrophotometric grade, Wako pure chemical in
dustries) was used as a spreading solvent. A dilute solution of DNA was prepared at 
a concentration of 10 nM in base pair (bp) with TE buffer (pH 7.8). DNA molecules 
were labeled with the intercalating fluorescent dye YOYO-1 (molecular probes) at 
a dye/bp ratio 1/10. 

Cationic amphiphile 2Ci8N+2Ci was spread on the DNA subphase. DNA 
molecules were expected to adsorb to the cationic monolayer by electrostatic inter
action and form a polyion complex film at the air-water interface. After 5 min, the 
formed monolayer was compressed at the rate of 0.02 nm2/molecule/min by a film 
balance system FSD-50 (USI System, Japan). The surface pressure was measured 
by a Wilhelmy plate. The subphase temperature was maintained at 20 ± 0.2°C. 
When the surface pressure reached 5 mN/m, the glass substrate immersed under 
the subphase before monolayer spreading was lifted up at a speed of 2 mm/min to 
transfer the polyion complex film on the glass substrate. (Fig. 1) 

Fluorescence images of the polyion complex film on glass substrates were mea
sured by dynamic force mode commercial SNOM (SPA300, Seiko Instruments). An 
Ar ion laser (488 nm, Stabilite2017, Spectra-Physic) was coupled to optical fiber to 
illuminate samples. The emission from the sample was collected by objective lens 
(lOOx oil immersion type, N.A. 1.4, Olympus) and was detected by an avalanche 
photodiode (APD, SPCM-ARQ-14, EG&G) for observation of the fluorescence 
images. 
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Lifting up a glass substrate 

CH3(CH2)17X / C H 3 

N+ Bf 

CHsCCHa)!/ X C H 3 

Fig. 1. Schematic illustration of deposition of a DNA-amphiphile polyion complex monolayer < 
a solid substrate. 

3. Resul t s a n d Discussion 

Figure 2 shows fluorescence images of the polyion complex film transferred on the 
glass substrate. Fluorescent lines aligned parallel to the lifting direction were ob
served. The average length of fluorescent lines was about 16 pm. A calculated length 
of B-formed A-phage DNA is 16.5 jum, therefore good agreement between average 
length of fluorescent lines and calculated length (16.5 paax) of A-phage DNA in
dicates that the fluorescence image could be attributed to stretched single DNA 
molecules. We could not measure the corresponding topographic images of fluores
cent lines. On the glass substrates DNA molecules are covered with the amphiphile 
monolayer. At the surface pressure of 5 mN/m the monolayer Is in the fluid state at 
the air-water interface.8 It is considered that the topographic imaging of the DNA 
in the monolayers was not easy due to the soft surface. 

The maximum length of fluorescent lines reached about 21.5 /mi and was approx
imately 1.25 times longer than calculated one as B-formed DNA. DNA molecules 
bound to the amphiphile monolayer were in random coil state at air-water inter
face before the transfer on the substrate. Thus DNA molecules were stretched by 
the lifting process. It turns out that the force exerted on dsDNA molecules was 
strong enough to elongate them but too weak to break the molecules during lifting 
process. Uniform fluorescent profile of DNA molecule suggests that the single DNA 
molecule was uniformly stained by YOYO-1 (Fig. 2(a)). 

As shown in Fig. 2(b), high fluorescence intensities were observed at the both 
ends of the DNA molecule. This line is shorter than 21.5 / M and fluorescence 
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Fig. 2. Fluorescence images of A-phase DNA stained with YOYO-1. Scan area is 20 jum X 20 /im. 

intensity in the middle part is uniform. Some single DNA molecules were not fully 
stretched and that ends were aggregated. The "molecular combing" method requires 
a specific binding of DNA via its ends on an appropriately treated substrate.6 It is 
not necessary to anchor DNA molecules by binding of the end on the substrate in 
our method, thus the LB method can be applied to circular DNA molecules such 
as a plasmid. 

4. Conclusion 

We have shown that isolating single dsDNA molecules can be stretched and im
mobilized on the glass substrate by the LB method. This method can be applied 
to various dsDNA molecules, a wide range of length and different types (linear or 
circular). This method is expected to lead to new development of DNA devices. 
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A template polymerization approach is reported to prepare uniform functional sand
wiched magnetic composite nanomicrospheres with polymer core, magnetic Fe3C-4 mez
zanine and multicomponent polymer shell. The fine superparamagnetic properties, ther
mostability and stability in a wide pH range of aqueous solution made the composite 
mirospheres had the potential applications in biology and medicine. 

Keywords: Template polymer process, sandwiched structure, superparamagnetism. 

1. Introduction 

Even though magnetic composites have long been under study, interest in 
nanometer-scale magnetic composites has recently increased owing to the devel
opment of nanotechnology. Nowadays these materials have been widely used as 
immunoassay,1 drug delivery,2 magnetic resonance contrast agent,3 separation of 
the biological reagent,4 etc. 

Extensive efforts to synthesize efficient microspheres with fine magnetic prop
erties have been carried out. Two major ways have been described. One is 
that the magnetic solid cores are coated with inorganic materials,5 polymers6 or 
biomacromolecules.7 The other is that magnetic particles are adsorbed or precip
itated onto surface of matrix.8 However, the above magnetic particles still suffer 
from a few major disadvantages: (a) Most of the particles synthesized using these 
methods are of micron- or submicron-sized, which might limit their applications.6 

(b) Most of the available particles are somewhat polydispersed. (c) The available 
magnetic microspheres usually can only be used in a neutral aqueous media. Appli
cation of acidic, alkaline solutions, or many organic solvents, often leads to agglom
eration process, (d) Some systems limited the choice of functional groups as well 
as the range of reactions that carried out efficiently on the surface of the magnetic 
particles. 
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In the present paper, we addressed a novel "template polymerization method" 
to synthesize a kind of sandwiched magnetic multicomponent polymer nanomicro-
spheres containing polymer core, Fe3C>4 mezzanine and polymer shell. This multi-
component polymer shell was easier to introduce functional groups by the particles 
surface modification than polysaccharide or silica shell. In addition, we employed 
a technique of high gradient magnetic fields (HGMF) to quantitatively separate 
magnetic products from the nonmagnetic impurities. 

2. Experimental Section 

Copolymer latex was prepared by batch emulsion copolymerization according to 
the literature.9 Monomers (styrene:butyl acrylate:acrylic acid = 6:5:1, wt. %), 
sodium dodecyl sulfate (0.8 g), triton-100 (1.33 g), potassium persulfate (0.37 g) 
and Na2CC>3 (0.3 g) were dissolved in 140 ml of deionized water and reacted for 
4.5 h at 78°C, 370 rpm. 

Magnetite nanoparticles were prepared by Massart's method.10 In a typical 
experiment, a mixed aqueous solution of ferric chloride (50 ml, 1 M) and ferrous 
chloride (10 ml, 2 M, in 2 M HC1) was slowly added into ammonia solution (500 ml, 
0.7 M) with vigorous stirring for 30 min at room temperature. The resulting black 
precipitate was collected by magnet. An aqueous solution of 2 M perchloric acid was 
added to the precipitate, and was then isolated by centrifugation. The precipitate 
was dispersed in water. A brown suspension of 0.01 M was finally obtained. 

The sandwiched functional magnetic nanocomposites were prepared by the seed 
polymerization method. The copolymer emulsion was diluted to one hundred times 
and adjusted to pH 2.5 with hydrochloric acid. Fe3C"4 hydrosols (2 ml) were added 
into the above solution and the pH value was adjusted to 4.2 with sodium acrylate. 
Then, monomers (2 g), emulsifiers (53 mg) and initiator (9 mg) were added with 
stirring at 370 rpm. The reaction lasted for 1.5 h at 78°C. Unbound copolymer was 
removed by washing in a HGMF, which is performed in steelwool columns (1 x 
10 cm) and placed in a magnetic field of 4210 gauss. The magnetic composites were 
stained in the column. After the column was removed from the external magnetic 
field, the composites were eluted with distillated water. 

The particle size and shape of the dispersions were measured by transmission 
electron microscope (TEM) operating at 200 kV. X-ray diffraction patterns were 
recorded with a Rigaku D/Max model with Cu Ka radiation. Thermogravimetric 
analysis (TGA) was carried out using a Perkin-Elmer TGA/DTA. Magnetic prop
erty of the composites was measured by Quantum Design SQUID magnetometer. 

3. Results and Discussion 

There are many reports on preparing magnetite (Fe304) nanoparticles by the copre-
cipitation of ferrous and ferric salts. As described by Massart,10 magnetite nanopar
ticles prepared were easily peptized when ferric salt was excess. In our work, we 

328 



Sandwiched Polymer/Magnetic Particles/Polymer Magnetic Nanomicrospheres 703 

2 theta 

Fig. 1. XRD spectra of (a) magnetite nanoparticles and (b) sandwiched magnetic composite. 

selected a Fe II/Fe III ratio of 0.4. Figure 1 showed the XRD patterns of the mag
netic nanoparticles and composites prepared. The peaks in Fig. 1(a) agreed well 
with the ICDD data card of magnetite, which exhibited the inverse spinel struc
ture. No other crystalline phase coexisted with the spinel in a detectable amount. 
In Fig. 1(b), almost all of the same peaks appeared in the same position and the 
similar relative intensity, except that the whole intensity was much weaker than 
that in Fig. 1(a) due to the- small quantity of Fe3(>4 in the composites. The peaks 
were all broaden due to the small particle size. By the Deby-Scherrer formula,11 

the size of the magnetic particles was calculated from the (311) peak as 8.5 nm. 
The sandwiched core—shell structure could be directly visualized by TEM. 

Figure 2(a) was the TEM image of the polymer core. They were spherical shape 
and exhibited a smooth surface with diameter of 45 nm. The image in Fig. 2(b) 
indicated that magnetic particles were adhering to the polymer cores. The black 

P 

Mlftiti 

(a) (b) 

Fig. 2. TEM images of magnetic nanocomposite: (a) polymer and (b) magnetic composite. 
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dots were magnetic particles and their sizes were about 9 nm, which was consistent 
with the XRD results. The whole composite microspheres were about 65 nm. 

The isoelectric point of Fe304 is around pH 4.9.12 However, the isoelectric point 
of the sandwiched composite microsphere was shifted to pH 2.5. This indicated 
that the composite magnetic microspheres had high-dispersed stability in aque
ous medium of a wide range of pH value due to the electrostatic repulsion. In 
fact, our composites were stable when pH value was between 3.0 and 12.0. TGA 
was carried out to obtain information on the thermostability of the polymer and 
the magnetic composites. The pure polymer disintegrates from 300°C to 510°C, 
while the magnetic composite material was stable only up to 230 °C. A possible 
reason might be that magnetite particles weaken the van der Waals interaction 
between the polymer chains, which affects the three-dimensional structure of the 
polymer. We also calculated the composition of the micropheres approximately by 
the TGA results. The amount was to be 91% latex and 9% magnetic particles 
by wt. %. 

A magnetization curve as a function of field at room temperature was studied. 
The initial susceptibility showed no hysteresis at room temperature, that is, both 
the retentivity and coercivity were zero, consistent with superparamagnetic behav
ior and the nanoscale dimensions of the particles. At 10 kOe, the composite had a 
magnetic saturation moment of 69.69 emu/g. In fact, when employed to facilitate 
biochemical separations and immunoassay, these magnetic particles must have the 
property of being superparamagnetic, meaning that they are only magnetic when 
placed in a very strong magnetic field. If the individual particles possessed a rem
nant magnetic field, each particle would act as a small dipole magnet, resulting in 
aggregates, destabilization and precipitation of the composites. So superparamag-
netism is critical to success. 

4. Conclusion 

We used a template polymerization approach to prepare sandwiched magnetic mul-
ticomponent nanomicrospheres. This approach resulted in the formation of parti
cles of very narrow size distribution and adsorbed fine abundant magnetic particles. 
TEM images showed that the composite microspheres were about 65 nm in diameter 
with 45 nm core and 10 nm mezzanine. The surface of these microspheres yielded an 
abundant of functional groups, i.e., carboxyl, which could be further coupled with 
biomolecular by carbodi-imide method.13 Also, the good dispersed stability ob
tained in aqueous medium and superparamagnetic properties made the sandwiched 
micropheres a promising candidate in biological separation and detection. 
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We investigated electric conductivities of poly nucleic acid-amphiphile polyion complex 
monolayers. The polyion complex monolayers were prepared by spreading of dialkylam-
monium salt on aqueous solutions of various poly nucleic acids. The complex monolayers 
were compressed at the air-water interface and transferred on comb-shaped Au-electrode 
substrates by vertical lifting method. I—T plots of the complex monolayers, which were 
measured under applying direct voltage, suggested that the complex monolayers were 
dielectric substances. The I-V plots indicated that the conductivity of the monolayer de
pended on the species of poly nucleic acids. Based on the ac impedance analysis of those 
monolayers, the bulk resistance of those monolayers was estimated from the complex 
impedance plane plots. 

Keywords: Poly nucleic acid; polyion complex monolayer; conductivity. 

1. Introduction 

It is suggested that DNA can act as a 7r-electron medium for the electron transfer 
because of its close stacking of base pairs. An electronic application of DNA has 
attracted attentions of many researchers. Many studies have been reported on the 

'Corresponding author. 
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conductivity of DNA. However, the electric character of DNA has not yet been 
concluded.1,2 

DNA is an anionic polyelectrolyte having phosphate residues. When DNA is 
mixed with a cationic amphiphile, polyion complex can be formed through the 
electrostatic interaction between DNA and the amphiphile. Okahata et al. reported 
that a stretched cast film of the DNA-amphiphile polyion complex showed an 
anisotropic electric conductivity. However, DNA molecules in the polyion complex 
were covered with insulating amphiphiles and could not directly contact with the 
electrode.3 

In order to make direct contact of DNA to the electrode, we report here the con
ductivity experiments of the DNA monolayer. We have already prepared Langmuir-
Blodgett (LB) films of the DNA-amphiphile polyion complex monolayers.4'5 When 
cationic amphiphiles were spread on the aqueous DNA solution, the polyion complex 
was formed at the air-water interface. When octadecylacridine orange (CisAO), as 
a photosensitizer, was mixed with the cationic amphiphile, the acridine moiety of 
CisAO was intercalated in DNA complexed with the amphiphile.5 Then photo
conductivity of DNA-amphiphile polyion complex monolayer containing CisAO is 
expected. 

Prior to the photoconductivity measurement, we investigated the dark-
conductivities of the polyion complex monolayers transferred on the comb-shaped 
electrodes. DNA is expected to directly attach onto the electrode surface in the first 
up-stroke of the vertical dipping process. 

2. Experiment 

Double-stranded DNA (sodium salts from salmon testes, Wako chemicals, Japan), 
double-stranded poly(G) • poly(C) sodium salts, poly(A) • poly(U) sodium salts 
(Sigma, USA), and carboxymethylcellulose (CMC, sodium salts, Daicel chemicals, 
Japan) for a control experiment were used without further purification. Chloroform 
for a spreading solvent was of spectroscopic grade (Dojindo chemicals, Japan). 
Dihexadecyl-dimethylammonium bromide, 2Ci6N+2Ci, was purchased from Sogo 
Pharmaceutical Company, Japan. 10-Octadecyl acridine orange iodide (CigAO) 
was prepared.5 

A comb-shaped Au electrode (the distance between electrodes was 5 /an, the 
width of the electrode was 10 fim and the number of the electrode pairs was 65 
on a quartz substrate, BAS, Japan) was used. DC conductivity was measured by 
an ampere meter (R8349A, Advantest, Japan) applying certain dc voltage. An ac 
impedance analyzer (1296/1260, Solartron, United Kingdom) was used to measure 
impedance of the monolayer. 

A mixture of two cationic amphiphiles (2Ci6N2Ci and CisAO, the molar ratio 
was 10:1) was spread on various aqueous solutions of nucleic acid polymers. The 
nucleic acid polymer can be electrostatically bound to the cationic amphiphile at 
the air-water interface to form the polyion complex (Fig. 1). The formed monolayer 
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Fig, 1. A schematic illustration of poly nucleic acid-amphiphile polyion complex monolayer. 

was compressed to surface pressure of 5 mN/m and deposited on the comb-shaped 
Au electrode by vertical lifting method with lifting speed of 2 mm/min. 

3. Resul t and Discussion 

For dark-current measurement, direct voltage was applied. The inset of Fig. 2 
shows the plot of current versus time (I-T plot) of the poly(G) • poly(C)-amphiphile 
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Fig. 2, I~V plots of polyion complex monolayers. DNA (Q), poly(G) • poly(C) (A), 
poly (A) • poly(U) ( • ) , and CMC (O). Inset shows the I-T plot of poly(G) • poly(C)-amphiphile 
complex -at 1.4 V. 
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complex monolayer at dc voltage of 1.4 V at room temperature and under 30% rel
ative humidity. By applying voltage, a current peak and a steady-state current 
were observed. This indicates the poly nucleic acid-amphiphile polyion complex 
monolayers are conductive and capacitive materials. All of four complex monolay
ers carried out in this experiment show the similar I—T profile. Plots of steady-state 
currents versus applied voltage in dark (I-V plots) were shown in Fig. 2. Slopes of 
I—V plots depended on the species of polymers. Poly(G) • poly(C) gave the lowest 
resistance in this experiment. 

However CMC is the anionic polymer without nucleobases, the CMC-
amphiphile polyion complex monolayer showed certain resistance. This indicates 
that the conduction of the monolayers is related to an ionic conduction. 

In order to elucidate the conduction mechanism of the monolayers, impedance 
measurements were carried out by applying ac voltage in the frequency range of 
10 MHz to 0.1 Hz for poly(G) • poly(C) and poly(A) • poly(U) monolayers. The 
complex impedance plane plots of complex monolayers consisted of two different 
semicircle parts (Fig. 3). Small (left part) and large (right part) semicircles was 
corresponded to the bulk and the monolayer/electrode interface resistances, re
spectively. An equivalent circuit supposed from the plots is shown in Fig. 3. 

The conductivities of various complex monolayers calculated from Figs. 2 and 
3 are summarized in Table 1. The dc conductivity of poly(G) -poly(C) monolayer 
was 67 times higher than that of the poly(A) • poly(U) monolayer. On the other 
hand, the ac conductivities of the bulk parts of both monolayers were almost 
identical. This indicates that a difference in the ac conductivities of the mono
layer/electrode interface may be responsible for the difference in the dc conductiv
ities of the poly(G) • poly(C) and poly(A) • poly(U) monolayers. Unfortunately, the 
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N 
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bulk monolayer/electrode y 

interface 

4 6 
Z rea i /108O 

10 

Fig. 3. Complex impedance plane plots of complex monolayers. Poly(G) • poly(C) (O) a n d 
poly(A) • poly(U) ( • ) . The inset illustration shows equivalent circuits of poly nucleic acid 
polymers. 

336 



Electric Conductivity of Nucleic Acid Polymer Monolayer 711 

Table 1. The conductivities of monolayers (S/cm). 

DNA from salmon testes 
poly(G)-poly(C) 
poly(A)-poly(U) 
CMC 

Dc 
measurement 

8 x 1CT7 

20 x 1 0 " 7 

0.3 x 1 0 - 7 

8 x 10~7 

Ac measurement 
(bulk parts) 

— 
6 x 1 0 " 7 

5 x l O " 7 

— 

ac conductivities of the monolayer/electrode interfaces could not be estimated from 

Fig. 3 due to the insufficient da ta at the lower frequency range. 

It is supposed tha t the ac conductivities of the monolayer/electrode interface 

part were contributed by redox chemical reactions of the monolayers at the surfaces 

of the electrodes. The difference of both monolayers is the species of nucleic acids. 

Ionization potential of guanine (7.75 eV) is the smallest, next to adenine (8.24 eV), 

in other nucleic acids.6 The redox reaction of guanine of the poly(G) • poly(C) mono

layer is expected to occur more easily than the poly(A) • poly(U) monolayer at the 

electrodes. The difference of the dc conductivities can be assumed to reflect the 

difference of ionization potentials of nucleobases. 

In conclusion, the dc conductivities of the polyion complex monolayers mea

sured in this experiments might be derived from both the ionic conduction and 

the electron transfer by chemical reaction of nucleobase. The dc conductivity was 

influenced on the species of nucleic acids contacted with the monolayer/electrode 

interface. Thus electron transfer between the electrode and the complex monolayer 

would be important for the whole conductivity of the monolayer. 
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Two-exciton migration dynamics of a molecular aggregate is performed using the density 
matrix approach. Exciton-exciton correlation is shown to cause an oscillatory behavior 
in the one-exciton population dynamics. Such a feature is found to be well explained by 
the bypass transition from the ground to a one-exciton forbidden state via a two-exciton 
state. 

Keywords: Exciton dynamics; molecular aggregate; exciton-exciton correlation. 

1. Introduction 

Excitation energy transfer has attracted much attention from the scientific and 
technological points of view.1 For example, phenylacetylene dendrimers have been 
investigated theoretically and experimentally on the light-harvesting properties.2"4 

In our theoretical study, the overlaps of exciton distributions between exciton states 
are found to be important for realizing the unique migration.4,5 However, exciton-
exciton correlation effects on exciton migrations have not been investigated. This 
study aims to clarify the exciton-exciton correlation effects on the migrations in 
a molecular aggregate. In the one-exciton model, only a excitation is assumed to 
exist on any monomer unit, while in the two-exciton model, we consider two excita
tions on different monomer units. We perform the two-exciton migration dynamics 
of a dendritic molecular aggregate D4, which is modeled after the smallest pheny
lacetylene dendrimer, using the quantum Liouville equation with phenomenological 
relaxation parameters. 

2. Calculation Method 

We consider a molecular aggregate composed of two-state monomers (dipoles) with 
an excitation energy (38000 cm - 1 ) and a transition moment (5 D) (see Fig. 1). The 
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38000 c m ' 

Fig. 1. Structure of a molecular aggregate. 

Excitation 
energy cnr1] 

76000 f 5 6 

38000-- A 

two-exciton states 

one-exciton states 

Ground state 

Fig. 2. Schematic energy states with the transition among exciton states. 

monomers are assumed to be coupled by the dipole-dipole interaction. The Hamil-
tonian (Hs) for the molecular aggregate is diagonalized using molecular-aggregate 
bases which satisfy the completeness relation: 

N N 

l = |0><0|+£|t}<i| + £k?><u|, (1) 
i i,3 

where, |0), \i) and \ij) represent the ground-state, one-exciton and two-exciton 
bases, respectively. N indicates the number of monomers. Exciton states (IV'm)}, 
which are numbered from 1 to 7 (see Fig. 2), with energies {Em} satisfy the fol
lowing eigenvalue equation: 

Hs\ipm) = Em\%l>m). (2) 

The time evolution of exciton population (p(t)) is described by the quantum 
Liouville equation: 

d 
ih-p=\H{t),p{t)}-iTp{t), (3) 

where the second term on the right-hand side of Eq. (3) represents a relaxation 
term in the Markov approximation.3 The total Hamiltonian (H(t)) is expressed by 

340 



Exciton-Exciton Correlation Effect on Exciton Migration 715 

the sum of the Hamiltonian (Hs) for the molecular aggregate and the interaction 

(V(t)) between aggregate system and an external field: 

M M 

H(t) =HS + V(t) = ^Ern\ll)m){ll>rn\ + Y,Vrnn{FcOSUJexttMm){lpn\ , (4) 
m m,n 

where u>ext and F are an external-field frequency (37992 c m - 1 ) and an amplitude 

(corresponding to 100 M W / c m 2 ) in the direction of x axis (see Fig. 1). fimn is the 

magnitude of the transit ion moment from the s tate m to n. The number of states, 

M , is equal to 1 + N + N(N - l ) / 2 for the two-exciton model. 

The relaxation te rm in Eq. (3) can be considered as two types of mechanism: 

M 

(*) (5) 
m^=n 

and 

( - r p ( t ) ) m n = -Tmnpmnit) . (6) 

The relations among damping ( r m n ) and feeding parameters ( 7 m n ) are represented 

in details in Ref. 3. The feeding parameters are assumed to satisfy the following 

condition: 

7 m n = C(Em - En), {m>n) (7) 

where C is fixed to be 0.01 when bo th of exciton states m and n are one-exciton 

states or two-exciton states, while C is fixed to be 0.0 for otherwise. 

3 . R e s u l t s a n d D i s c u s s i o n 

Figure 2 shows the schematic energy states with the transit ion among exciton 

states. Two pairs of exciton states ((2, 3) and (5, 6)) are degenerate to each other, 

respectively. The energy difference between states 3 and 4 is 254 c m - 1 , and tha t 

between 6 and 7 is 255 c m - 1 . Exciton states 2 and 3 are allowed to excite to all 

two-exciton states (states 5, 6 and 7). On the other hand, the ground state is for

bidden to excite to exciton s tate 4, while s tate 4 is allowed to excite only to s tate 

6 (as shown by a thick line in Fig. 2). I t is noted tha t the ground s ta te is allowed 

to excite to one-exciton s tate 4 via two-exciton s tate 6. 

Figure 3 shows the change of exciton population ((I), (II) and (III)) at each 

monomer (a, b and c) using two-exciton model as well as tha t (IV) using one-

exciton model. Figures 3(1) and 3(11) show the contributions of one- and two-exciton 

populations at each monomer, respectively. Figure 3(111) shows the sum of one- and 

two-exciton contributions at each monomer. At t = 0, the ground-state population 

is assumed to be 1. After 10 optical cycles, the external field is cut off. As seen from 

Fig. 3(1), one-exciton population is found to spatially oscillate between monomers 

((a <-> b) and (a <-> c)) . In the case of one-exciton model, however, such an oscil

lation is not observed (see Fig. 3(IV)). In general, exciton population is known to 
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(I) Contributions of one-exciton 

population. 
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Time [a.u.] 

(II) Contributions of two-exciton 
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(III) Sum of one- and two-exciton 

contributions. 
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(IV) Exciton dynamics in one-

exciton model. 

TOO 

Fig. 3. Change of exciton population ((I), (II) and (III)) at each monomer (a, b and c shown in 
Fig. 1) using two-exciton model, and that (IV) using one-exciton model, a.u. is an abbreviation 
for the atomic unit. 

oscillate between monomers only when exciton population is induced in the exci
ton states with different energies from each other. In this study, exciton oscillation 
does not occur in one-exciton model since only two degenerate one-exciton states 
2 and 3 are populated. In contrast, in the case of two-exciton model, exciton state 
4 is populated by the transition via a two-exciton state 6. This feature leads to a 
spatially oscillation behavior of one-exciton population shown in Fig. 3(1). 

As seen from Fig. 3(11), two-exciton population is found to oscillate between 
monomers. This is caused by the fact that low-lying degenerate two-exciton states 
(5 and 6) and a high-lying two-exciton state (7) are all populated due to the 
existence of transitions from one-exciton states. 

4. Concluding Remarks 

We investigated the exciton dynamics in a dendritic molecular aggregate D4 us
ing two-exciton model as well as that using one-exciton model. It was found that 
exciton-exciton correlation causes an oscillatory behavior in the spatial one-exciton 
distributions. This unique behavior originates in the bypass transition (via a two-
exciton state) from the ground state to a one-exciton forbidden state. 
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Such exciton correlation effects obtained by including two-exciton configurations 
are expected to provide significant changes in the one-exciton migration pathway, 
the feature of which will be useful for the control of exciton dynamics in the nano-
structured dendritic systems. 
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Single-walled carbon nanotubes (SWNTs), multiwalled carbon nanotubes (MWNTs) 
and vapor-grown carbon nanofibers (VGCNFs)/epoxy matrix nanocomposites were pre
pared, respectively. The microstructure of the nanocomposites was observed by SEM and 
the resistivities of the nanocomposites with different concentration of CNTs/VGCNFs 
were measured. Based on the experimental results, the dispersion of SWNTs and 
MWNTs were relatively poor but that of VGCNFs is uniform within the matrix. The 
resistivitiy of pure epoxy is about 101 0 , 5 fi • cm and several orders of magnitude higher 
than those of SWNT, MWNT and VGCNF/epoxy nanocomposites. The resistivities of 
the nanocomposites drop with the increase of the CNTs/VGCNFs content in the ma
trix and the resistivity of VGCNFs/epoxy nanocomposites was much lower than that of 
CNT/epoxy nanocomposites. 

Keywords: Carbon nanocomposite; resistivity. 

1. Introduction 

Much interest has been paid to producing polymer composites using carbon nano
tubes and nanofibers as fillers. Such nanocomposites would presumably exhibit 
superior performance owing to the high strength, high aspect ratio, high flexibility, 
high electrical conductivity, and other special functional properties of nanotubes 
and nanofibers. In particular, the high electric conductivity of carbon nanotube 
and nanofiber, combined with their low density, will enlarge their application in 
industrial and commercial fields. For example, they can be used as electronics, elec
tromagnetic interface (EMI) shielding and microwave absorption, and electrostatic 
discharge materials. However, the key problem, dispersion of carbon nanotubes and 
nanofibers in polymer matrix and its influence on the resistivity, must be studied 
and solved before they can be practically used. 

* Corresponding author. 
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In this study, we prepared the nanocomposites by embedding single-walled 
carbon nanotubes (SWNTs), multiwalled carbon nanotubes (MWNTs) and vapor-
grown carbon nanofibers (VGCNFs) in an epoxy matrix, respectively. The disper
sion of CNTs and VGCNFs in the epoxy matrix and its effect on the resistivity of 
the nanocomposites were studied. 

2. Exper imenta l 

In the experiments, the SWNTs were synthesized by the hydrogen arc discharge 
method.1 The MWNTs with a diameter of about 50 nm and VGCNFs with a 
diameter of about 100 nm were obtained at 1423-1473 K in the presence of sulfur 
by the floating catalyst method using benzene as the carbon source.2,3 The as-
prepared CNTs and VGCNFs are film-like and foam-like black block, respectively, 
in which the CNTs and VGCNFs are tangled with one another. Therefore, the 
as-prepared products must be broken up firstly so that they can be easily and 
uniformly embedded in the matrix. Secondly the products were mixed with epoxy 
(WSE618) and polyamide, which was used as curing agent, and then the mixture 
was continuously agitated for 30 min for the good distribution of CNTs/VGCNFs 
in the matrix. Lastly, the mixture was molded in a mold and then hardened in a 
vacuum oven at 80°C for 6 h to obtain a composite specimen. The fracture surface 
morphologies of the SWNT, MWNT, and VGCNF/epoxy composites were observed 
by scanning electron microscopy (SEM) and their resistivities were measured by 
the four-point method. The size of the specimens is 40 mm x 5 mm x 1 mm for 
measurements of their resistivity. 

3. Resul ts and Discussion 

FYom Fig. 1(a), it can be seen that the SWNT product is composed of many SWNTs 
bundles, and the bundles are interlaced with each other to form a web. Figures 1(b) 
and 1(c) show that the as-prepared MWNTs and VGCNFs are relatively straight 
and they simply overlapped with each other. The diameter distribution of the nano
tubes and nanofibers is in a small range but their purity is very high. 

Fig. 1. TEM images of (a) SWNTs, (b) MWNTs with an average diameter of about 50 nm and 
(c) VGCNFs with an average diameter of about 100 nm. 
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Figure 2 shows the fracture surface of the SWNT/epoxy nanocomposites. It 
can be seen that the SWNTs are not well distributed in the matrix, There are few 
SWNTs in some regions, while large amounts of SWNTs aggregate in some other 
region within the matrix. Figure 3 shows that the dispersion of MWNTs in the 
matrix is better than that of SWNTs, but some MWNTs also aggregate in some 
region and become web»like. On the other hand, VGCNFs can be separated from 
each other and well distributed within the epoxy matrix (Fig. 4). These results indi
cate that it is much more difficult for CNTs with smaller diameter to be separated 
and dispersed uniformly in the matrix than for the VGCNFs with larger diameter. 

In general, in the preparation of the CNT and VGCNF/epoxy nanocomposites, 
respectively, several factors that will influence the dispersion of the CNTs/VGCNFs 
in the epoxy matrix have to be considered.4,5 The CNTs/VGCNFs tangled with one 
another during space growth process, and the attraction between CNTs/VGCNFs 
by van der Waals force also tends to make them aggregate. These factors pre
vent the CNTs/VGCNFs dispersed well in the epoxy. On the other hand, the 
mechanical stirring will force the dispersion of the CNTs and VGCNFs in the 
epoxy through the adhesive action between the CNTs/VGCNFs and epoxy, and 

Fig. 2. Fracture surface SEM images of SWNT/epoxy nanocomposites: (a) low resolution and 
(b) high resolution. 

Fig. 3. Fracture surface SEM images of MWNT/epoxy nanocomposites: (a) low resolution and 
(b) high resolution. 
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Fig. 4. Fracture surface SEM images of VGCNF/epoxy nanocomposites: (a) low resolution and 
(b) high resolution. 

the adhesive force will keep the CNTs/VGCNFs from aggregating with one an
other again during the curing of the nanocomposite. According to the observation 
results of TEM and the theoretical estimate, we can find that the smaller the di
ameter of the CNTs and VGCNFs, the stronger the attractive force between the 
CNTs/VGCNFs.4,5 Moreover, the surface area and microstructure defects on the 
surface of a single CNT or VGCNF will increase with the increasing in the diameter 
of CNTs/VGCNFs, which will make the adhesive force between CNT/VGCNF and 
matrix increase. Therefore, separation of VGCNFs from each other by the same 
external force through mechanical stirring is easier and have less chance to aggre
gate again during the curing of their composite than that of SWNTs and MWNTs, 
so that VGCNF/epoxy nanocomposite can be relatively more uniformly dispersed 
than CNT/epoxy nanocomposites. 

The logarithmic electric resistivity of SWNT, MWNT and VGCNF/epoxy 
nanocomposites with different CNTs/VGCNFs concentrations is shown in Fig. 5. 
It shows that the resistivitiy of pure epoxy is quite high at about 1010,5 O • cm 
and is several orders of magnitude higher in comparison with those of CNT 
and VGCNF/epoxy nanocomposites. The resistivities of nanocomposites sharply 
drop with the increase of the CNTs/VGCNFs concentration in the matrix. This 
is because a conductive path throughout the epoxy matrix can be provided by 
CNTs/VGCNFs, which can form a three-dimensional conducting network due 
to their high electric conductivity and aspect ratio.6 Moreover, the increase of 
CNTs/VGCNFs concentration can enhance the connection among CNTs/VGCNFs 
so that the resistivity will decrease with the increase of CNTs/VGCNFs concen
tration in the matrix. However, it can be found that SWNT/epoxy nanocomposite 
has the highest resistivity and VGCNF/epoxy nanocomposite has the lowest resis
tivity in three kinds of nanocomposites with the same concentration, even though 
SWNTs have the highest theoretical conductivity and aspect'ratio. The resistiv
ity of VGCNF/epoxy nanocomposite can drop to about 200 O • cm at 2.8 wt%, 
whereas that of SWNT/epoxy nanocomposite to 7000 O • cm at 10.3 wt%. It is 
possibly due to the uniform dispersion of VGCNFs and well-distributed conducting 
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—•— SWNT/epoxy composite 
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carbon nanomaterials, wt% 
Fig. 5. Logarithmic resistivity of SWNT, MWNT and VGCNF/epoxy nanocomposites at different 
CNTs/VGCNFs concentrations. 

electric web formed in the matrix comparing with the SWNTs and MWNTs. The 
results indicate that the dispersion of CNTs and VGCNFs in the matrix is one of 
the most important factors influencing the resistivity of CNT and VGCNF/epoxy 
nanocomposite. 

4. Conclusion 

The dispersion of VGCNFs in the epoxy matrix is relatively uniform while it is rela
tively poor in the SWNTs and MWNTs. The resistivities of CNT and CNF/epoxy 
nanocomposites decrease with the increase of the CNTs/VGCNFs concentration 
in the matrix and the resistivity of VGCNF/epoxy nanocomposites is much lower 
than that of the SWNT/epoxy nanocomposites. The experimental results indicate 
that the dispersion of the CNTs and VGCNFs in the epoxy matrix is one of the 
most important factors influencing the resistivity of nanocomposites. 

Acknowledgments 

This work was supported by the National Natural Science Foundation of China 
(Nos. 50025204 and 50102007) and by Chinese Academy of Sciences. 

References 

1. C. Liu et al, Carbon 37, 1865 (1999). 
2. Y. Y. Fan et al., Carbon 38, 789 (2000). 
3. Y. Y. Fan et al., J. Mater. Res. 13, 2342 (1998). 
4. V. Lordo and N. Yao, J. Mater. Res. 15, 2770 (2000). 
5. R. Schueler et al, J. Appl. Polymer Sci. 63, 1741 (1997). 
6. J. Sandler et al, Polymer 40, 5967 (1999). 

349 



This page is intentionally left blank



International Journal of Nanoscience, Vol. 1, Nos. 5 & 6 (2002) 725-730 
© World Scientific Publishing Company 

REAL-TIME VISUALIZATION OF MORPHOLOGICAL 
EVOLUTION OF N, iV'-di(naphthalene-l-yl)-JV, 

iV'-diphthalbenzidine THIN FILMS: VARIABLE TEMPERATURE 
ATOMIC FORCE MICROSCOPY STUDY 

M. S. XU*, J. B. XUt, and J. AN 

Department of Electronic Engineering 
The Chinese University of Hong Kong, Shatin, NT, Hong Kong 

*msxu@ee. cuhk. edu. hk 
ybxu@ee. cuhk. edu. hk 

Received 27 November 2002 
Revised 26 December 2002 

Variable temperature tapping mode atomic force microscopy is exploited to in 
situ visualize the morphological evolution of N, iV'-di(naphthalene-l-yl)-JV, N'-
diphthalbenzidine (NPB) thin film. The apparent glass transition of the NPB thin film 
initially occurred at 60°C, proceeded until 95°C, and crystallization from the glassy state 
quickly appeared at 135°C. The NPB thin film gradually melted and disappeared when 
the temperature was above 175°C, revealing the underlying layer. These observations 
are technically helpful and significant to gauge the temperature dependent lifetime and 
luminance of organic light-emitting diodes. 

Keywords: Variable temperature atomic force microscopy; morphological change; NPB. 

1. Introduction 

Organic light-emitting diodes (OLEDs) have great potential applications to hand
held electronics and large-area flat panel display.1-3 Thermal stability of OLEDs 
has been improved by adopting high glass transition temperature (Tg) hole trans
port materials,4-6 and a few investigations of the temperature-dependent luminance 
were carried out . 5 - 9 However, the relationship between luminance and tempera
ture or the Joule heating remains unclear. 2'6~~13 Furthermore, there is no detailed 
investigation of the morphological change or phase transition due to the Joule 
heating and there is no report on the thermally-activated degradation pathways 
of OLEDs though Han et al. observed crystallization of N, N"-diphenyl-N ,N"-
bis(3-methylphenyl)-l,l'-biphenyl-4,4'-diamine (TPD) stored in air at room tem
perature or elevated temperature by using atomic force microscopy (AFM).14 '15 It 
is known, by the replacement of TPD with Tg of 60°C,5 N, N'-di(naphthalene-1-
yl)-7V, iV'-diphthalbenzidine (NPB) with Tg of around 95°C,6'16 as a hole transport 

t Corresponding author. 
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material in OLEDs, shows better device performance. Therefore, in situ study on 
the temperature-induced phase transition or morphological evolution of the thin 
films is of technological significance in understanding the Joule heating effect on 
the operation of OLEDs. The development of variable temperature tapping mode 
atomic force microscopy (VT-AFM) makes it possible to visualize the thermally-
activated morphological change in nanoscale level.17 To use this technique, the tip 
temperature can be extremely important in the organic phase transition because 
the organic film at elevated temperature can act as a contamination source of the 
tip and would cause significant variation of the phase transition conditions and 
formation of artificial morphological features if there is no tip temperature control 
during imaging. 

In this article, the phase transition or morphological evolution of NPB (from 
Kodak) thin films will be sifted by exploiting VT-AFM (Digital Instruments). The 
initial morphological alteration of NPB thin films occurred at ~60°C, proceeded 
until 95°C, and crystallization suddenly took place at 135°C. 

2. Experiments 

The intended NPB thin films were placed on the indium tin oxide (ITO)/copper 
phthalocyanine (CuPc) (Aldrich) underlying layer, which is commonly used as an
ode/hole injection layer/hole transport layer configuration in OLEDs. The ITO sub
strate was cleaned according to an appropriated procedure involving ultrasonication 
in acetone, ethanol and deionized water, and then treated by using UV-ozone. The 
organic thin films purified by gradient sublimation were deposited on the substrate 
remained at room temperature, under a base pressure of 1 x 1 0 - 6 Torr. During the 
deposition of the different organic layers, the underlying layers were shortly exposed 
to ambient less than 2 min in order to change the source materials. The thicknesses 
of the CuPc and NPB layers were about 11 and 40 nm with the growth rates of 
around 0.2 and 1.0 A/s, respectively. During the VT-AFM experiments, the tem
perature variation would cause a shift of the AFM tip position with respect to the 
surface region of interest because of thermal expansion and/or contraction. Also, 
temperature changes lead to a shift of the resonant frequency of the Si cantilever, 
making it necessary to retune the driving frequency. 

3. Results and Discussion 

Typical VT-AFM images in Fig. 1 demonstrate the morphological evolution of 
the NPB thin film on the ITO/CuPc underlying layer from 25 to 125°C. These 
images were acquired in the same area if the thermal drift were neglected. At room 
temperature, the fresh film exhibits ripple-like morphological feature (see Fig. 1(a)). 
Morphological change can be more closely examined when the temperature was up 
to 60°C (see Fig. 1(b)), and obviously, the evolution was almost completed at 95°C 
(see Fig. 1(d)), and such scenario remained stagnant as the temperature was up to 
125°C as shown in Fig. 1(e). The morphology is very smooth and flat. Note that 
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Fig. 1. VT-AFM linages of the NPB thin film on the ITO/CuPc underlying layer to exhibit the 
apparent glass transition acquired at (a) 25°C? (b) 60°C, (c) 90°C? (d) 95°C, and (e) 125°C. 

the present morphological evolution is very similar to the characteristics of glass 
transition that is typically a second-order transition, and generally occurs over a 
sizable temperature range rather than in an abrupt alteration. 

To the best of our knowledge, this is the first real-time observation of the mor
phological variation of the NPB film at elevated temperatures. Since the dependence 
of the morphological variation on temperature shows the similar behavior in the 
glass transition of NPB, we believe that the morphological change is associated with 
the glass transition. It is generally reported that the Tg of NPB is around 95°C.6'16 

The observed morphological change, however, initially occurred at 60°C and pro
gressed until 95°C. This observation is in reasonable agreement with the fact that 
a glass transition is a relaxation of certain physical parameters. The reported glass 
transition temperature of the organic materials in OLEDs is generally measured by 
differential scanning calorimetry (DSC).12,18 The use of this technique to determine 
a reasonable Tg is not trivial. But usually the middle of the incline of the DSC sig
nal versus temperature is assumed to be Tg.

m In the present study, the middle of 
the morphological evolution versus temperature (60-125°C) is ~95°0, very iden
tical to the reported Tg of NPB.6 Other related techniques are also employed to 
ascertain Tg of polymer materials.19,20 However, the acquired results are relatively 
controversial.19'20 Also, it is found, by comparing to the bulk phase, that the poly
mer thin films exhibit a much lower Tg and are more dependent on thickness.20 

Therefore, it is sensible to define ^60°C as the apparent glass transition tempera
ture (Tg). In contrast to the other techniques, the present VT-AFM technique can 
easily illustrate how and at which temperature the apparent glass transition occurs 
on a submicron scale. 

353 



728 M. S. Xu, J. B. Xu & J. An 

As demonstrated in Fig. 2(a), a sudden change of the NPB morphology took 
place as the temperature had been raised for only 13 min at 135°C, whereas the 
glassy state on the whole remains more than 150 min from. 95 to 125°C. As the 
temperature further increased, the crystalline NPB structures became melting and 
liquate (Fig. 2(b)), and the underlying surface is gradually discerned. This appeared 
surface is the top surface of ITO/CuPc underlying layer, because the features of 
the surface is exactly the same as that observed on the temperature-induced mor
phological change of the CuPc thin film on ITO substrate (not shown here). Above 
185°C, the NPB structures gradually became gas species to evaporate or decompose 
and eventually disappeared (Fig. 3(a)). The ITO/CuPc underlying layer is almost 
completely seen, as shown in a zoom-in image (Fig. 3(b)). The cross-section profiles 
along line " 1 " in Fig. 2(a) and line "2" in Fig. 3(a) are depicted in Figs. 4(a) and 
4(b), respectively. The height of the. crystalline NPB structures with respect to the 
appeared surface is almost 100 nm. This uneven surface would cause the OLEDs 
failure due to the local electrical inhomogeneity in OLEDs.2 

Fig. 2. Morphological evolution of the NPB thin film on ITO/CuPc underlying layer, (a) 135°C 
(10 x 10 (im2) and (b) 175°C ( 5 x 5 jum2). 

Fig. 3. (a) VT-AFM image of the top surface of ITO/CuPc /NPB structure acquired at 185°C 
( 5 x 5 /zm2) along with (b) a zoom-in image of the appeared surface ( 2 x 2 / im 2) . 
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"0 5000 10000 nm"10(>0 2500 5000 nm 

Fig. 4. AFM cross-section profiles along with (a) line "1" in Fig. 2(a) and (b) line "2" in Fig. 3(a). 

4. C o n c l u s i o n s 

In summary, the temperature-induced apparent phase transit ion of the N P B thin 

films on the I T O / C u P c underlying layer has been studied by using VT-AFM in de

tail. The apparent glass transit ion of the N P B thin films initially occurred at 60°C 

and finished a t about 95°C, and crystallization from the glassy s ta te quickly ap

peared at 135°C. The N P B thin films gradually melted at 175°C, and disappeared 

when the tempera ture was above 185°C, completely revealing the I T O / C u P c un

derlying layer. These findings are technically helpful and significant to gauge the 

temperature-dependent lifetime and luminance reduction of OLEDs. Furthermore, 

variable-temperature tapping mode atomic force microscopy has proved to be a 

powerful technique to s tudy the temperature-induced phase transit ion or morpho

logical evolution of organic/polymer films. 
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Nanoscale friction and related tribological phenomena are studied by a numerical simula
tion. It is found that the kinetic friction is caused by some resonating phonon excitations. 
The contribution from the surfaces and lubricant to the kinetic friction is clarified. 

Keywords: Friction; tribology; solid interfaces. 

1. Introduction and Model of Friction 

Nanoscale tribological phenomena at solid interfaces have been attracting much 
attention in several fields concerning nanotechnology.* In nanoscale tribology, in-
terfacial friction at nanoscale plays essentially important roles. In this study, to 
understand the nanoscale tribology, we investigate nanoscale friction and related 
phenomena using a numerical simulation based on an atomic lattice model, which 
is an extended one of previous studies.2-7 We discuss some peculiar features of the 
model at solid interfaces on the nanoscale. 

We consider here a simple one-dimensional model that describes a nanoscale 
interface. It consists of two solids and lubricant. As shown in Fig. 1, for each solid, 
the bulk and surface parts are expressed by a rigid plate and an elastic atomic layer, 
respectively. 

We explain in brief parameters used in the present model. The layers A, B 
and C have Na, JV& and Nc atoms, respectively. The neighbor atoms in layers A, 
B and C are interacting via a harmonic spring with the elastic strengths Ka, Kb 
and Kc, respectively. The top (bottom) plate and the atoms in layer A (C) are 
interacting via a harmonic spring with the elastic strength Ksa (Ksb). The mean 
atomic spacing in layers A, B and C are denoted by cOJ Cb and cc, respectively. The 
atoms between layers A and B (B and C) are interacting with an interlayer atomic 
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Top plate 

LayerA 

Layer C - ^ M ^ W r A ^ w v f r w v O -

Bottom plate ^ • • • • • • • M 

Fig. 1. Schematic illustration of solid interface with a lubricant layer. 

force Fiab (Fibc)- The top plate is driven by an external force Fex, and the bottom 
one is fixed. 

The equations of motion of the model are expressed as follows: for the top plate 

MU = Fex-KsaJ2(U + ica-ui), (1) 

for the layer A 

maua + 7 a 6 « - («j><) = Ka(ua
+1 + r C 1 - 2 < ) - Ksa{v?a - ica - U) 

Nb 

+ J2FIab(ua-ul), (2) 
jeb 

for the layer B 

mbul + iab{u{ ~ (<)i) + lbc{u\ ~ <«c)*) 

Na Nc 

= Kb(ui+1+ui-1-24) + J2Fiab(4-<) + 1EFibc(ui-4), (3) 

and for the layer C 

mcu\ + lbc{v}c - (4)i) - Kc(ui+1 + v}-1 - 2«*) - Ksc(ui - icc) 

+ Y,Fi»M-ui), (4) 
j€b 

where M is the mass, U the position of the top plate, ul
abc the position of the ith 

atom, maibtC the atomic mass in the corresponding layer, and jab,bc the damping 
parameter due to energy dissipation between neighboring two layers. We adopt here 
a Gaussian interlayer potential: Ui = (Ki/2)exp(—4x2), where Ki is the potential 
strength. Then, the interlayer force is given by Fiab — Fibc — —dUi/dx. The 
factional force per atom of layer A, F, is given by F = Fex/Na - 7ab((u^)j - (u£)»), 
where a viscous term is subtracted. 

In this study we consider an incommensurate system because most sets of two 
solid surfaces become incommensurate. In numerical simulations, under periodic 
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boundary conditions, we set the values of model parameters as follows: Nb = 55, 
Na = Nc = 89, ca = cc = 1, cb = 89/55 = 1.618..., M = 89, ma = mb = m c = 1, 
lab = Ibc = 0.7, and Ka = Kb = Kc = Ksa = Ksc = 1. Only KT is varied. 
Numerical simulations based on Eqs. (l)-(4) are performed using a fourth-order 
Runge-Kutta formula. 

2. Kinetic Frictional Forces and Phonon Excitations 

First, we consider the kinetic frictional force working on the top plate and calculate 
its dependence on the sliding velocity. In Fig. 2, the kinetic frictional forces for 
Kj = 0.2 and 0.5 are plotted against the velocity difference between layers A and 
B, where the time-averaged velocities of layers A and B are denoted by Va and Vb, 
respectively. 

The kinetic frictional force curve shows a smooth peak structure for Kj = 0.2. 
For Kj = 0.5, however, the largest peak becomes discontinuous and has a large 
gap and noisy peaks appear in a high velocity regime. The gap structure means the 
occurrence of dynamical instability in the lubrication at the corresponding velocity 
regimes because the velocity-kinetic frictional force characteristic has a negative 
slope in the gap regime. Using a perturbation theory of kinetic frictional force,5'8 

the appearance of the peak structure is understood as a phonon excitation effect 
due to superharmonic resonance. The condition on the resonance peaks in Fig. 2 is 
given by 

2 7 r u n—Vdif 
Cb " " * ! ) • (5) 

where n is an integer (>1), Vdif the velocity difference between layers A and B 
(or between layers B and C), and £l(q) the phonon frequency of layer A (or C). 
The velocity at which the largest peak appears in Fig. 2 corresponds to Vdif with 
n = l. Another phonon process is parametric resonance, which corresponds to 
multi-phonon processes. For two-phonon processes, the resonance condition is given 

0.035 
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Pig. 2. Kinetic frictional force versus velocity difference Va — Vj,. (a) Kj = 0.2 and (b) K j = 0.5. 
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Fig. 3. Velocity fluctuations in layers A, B and C. (a) Kj = 0.2 and (b) Kj = 0.5. 

by 

2TT 
fi I n k 

Cb 
(6) 

The noisy peaks in Fig. 2(b) are caused by this parametric resonance with n = 1. 
Note here that, in the present system, the dominant contributions to the kinetic 
friction come from the phonons in layers A and C. The contribution from layer B 
is rather weak. 

To clarify this point further and see the role of each layer in the resonances, we 
calculate the velocity fluctuations which are given by 

Sua,b,c = y((KAc)
2)i - («i,6,c>? (7) 

The velocity fluctuations reflect the strengths of energy dissipations, i.e., contribu
tions to kinetic friction. In Fig. 3, Siia, 8in, and 8uc are plotted against the velocity 
difference Va — VJ, for K\ = 0.2 and 0.5. For Ki = 0.2, both the fluctuations in 
layers A and C are equivalent in strength, and the fluctuations in layer B make 
only small contribution in the whole velocity regime. For Ki = 0.5, in the paramet
ric resonance regime, the fluctuation in layer C is significantly strengthened. This 
means that the parametric resonance occurs dominantly in layer C. 

3. Conclusions 

Using a three-layer model which describes surfaces of two solids and lubricants at 
the nanoscale, we have found that the kinetic frictional forces show both superhar-
monic and parametric resonance behaviors in the sliding velocity dependence under 
certain conditions on the interlayer interaction. 

In previous studies,6'7 it was found that, when the surfaces of solids are rigid 
and therefore do not excite phonons, lubricants have dominant contribution to 
kinetic friction. When surfaces are also elastic, as shown in the present study, it 
is possible that phonons excited in surfaces make dominant contributions to the 
kinetic friction. 
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Monodispersed DAST nanocrystals have almost been successfully fabricated by means 
of the inverse reprecipitation method. By employing AC electric field, high electric field 
of above ca. 1.0 k V c m - 1 could be applied to polar DAST nanocrystals dispersed in 
decahydronaphthalene, so as to avoid electrophoresis of nanocrystals under DC elec
tric field. The response of DAST nanocrystal dispersion to applied AC electric field 
was analyzed phenomenologically by fitting Langevin function, which provided a large 
permanent dipole moment of DAST nanocrystal. In addition, we have succeeded in in 
situ observation of AC electric-field-induced orientational motion of DAST crystals by 
using an optical microscope. The present DAST nanocrystal dispersion system will be 
expected as an optical device like display monitor. 

Keywords: DAST; nanocrystal; inverse reprecipitation method; electric-field-induced 
orientation; dipole moment. 

1. Introduction 

An alignment of nanoparticles induced by external fields such as electric, mag
netic and flow field is a key technology in novel optical and electronic devices. 
If nanocrystals dispersed in liquid could respond sensitively to applied external 
fields, the dispersion system would be easily converted from a random phase to 
an anisotropic phase, which might lead to the changes of optical properties such 
as transmittance and refractive index. We have already established the reprecip
itation method for fabrication of organic nanocrystals.1 The most striking char
acteristic of this method is that organic nanocrystals are obtained as a dispersed 
state. In fact, we have successfully prepared nanocrystals of 4'-dimethylamino-./V-
methylstiibazolium p-toluenesulfonate (DAST) in disperse state, and observed the 
reversible absorbance changes based upon the orientation of DAST nanocrystals 

* Corresponding author. 
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induced by applying DC electric field under 300 Vcm""1.2 In the present study, AC 
electric-field-induced orientation of DAST nanocrystals dispersed in liquid will be 
discussed to overcome electrophoresis problem in the case of DC electric field. 

2. Exper iment 

DAST used in the present research was synthesized as described in the literature.3 

By the inverse reprecipitation method,2 DAST nanocrystals were fabricated as 
follows: 100 fjl of DAST-ethanol solution (5 mM) was injected into 10 ml of vig
orously stirred decahydronaphthalene, and then retained for 1 h at room temper
ature, iV~dodecyltrimethylammonium chloride (DTMAC) was previously added as 
a disperse stabilizer into DAST-ethanol solution. All procedures were performed in 
dry air. 

Scanning electron microscopy (SEM; JEOL, JSM-6700F) and dynamic light 
scattering (DLS; Ootsuka Electronic Co., DLS-7000) measurements have been car
ried out to determine the crystal size and shape. Before SEM observation, gold was 
sputtered onto filtrated DAST nanocrystals. In addition, the absorbance at the ab
sorption maximum wavelength (Amax = 555 nm) in DAST nanocrystal dispersion 
has been monitored by using UV-vis spectrometer (JASCO, V-550DS). The paired 
ITO electrodes were equipped with quartz cell (cell length = 1 0 mm), and were 
connected with variable high-voltaged power supply (Towa Instrumentation Co., 
AKT-015KP). 

3. Results and Discussions 

3.1. SHG-active DAST nanocrystals 

DAST nanocrystal was a rectangular plate as shown in Fig. 1. The average crystal 
size was about 500 nm, was almost equal to that evaluated by DLS measurement. In 
addition, the resulting DAST nanocrystals were confirmed to be SHG-active both 
by the powder test and powder X-ray diffraction perttern,4 which implied that 

Fig. 1. SEM image of DAST nanocrystals. 
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DAST nanocrystal took noncentrosymmeric crystal structure having permanent 
dipole moment. 

3.2. AC electric-field-induced orientation of DAST nanocrystals 
in dispersion 

When the absorbance changes induced by applying electric field to DAST nanocrys
tals in dispersion were monitored, the two kinds of configurations were employed as 
described elsewhere.2'4 One is the perpendicular configuration between directions 
of applied electric field and prove light to measure the absorbance (E _1_ hv), and 
the other is the parallel one (E || hv). 

The reversible absorbance changes were observed with applying DC 300 V c m - 1 

or below.2 However, the electrophoresis of nanocrystals may happen to some ex
tent at more than DC 300 Vcm - 1 , and then the response has become irreversible. 
So, AC electric field was employed instead of DC electric field, so that the re
versible absorbance changes were successfully achieved by higher electric field of 
above ca. 1.0 kVcm - 1 . Figure 2 shows the dependence of absorbance change ratios 
on applied DC and AC (50 Hz) electric fields. As discussed previously,2'4 the ab
sorbance change ratio (R = (A — AQ)/AQ) takes the plus sign at E _L hv while the 
minus sign at E || hv. The permanent dipole moment of seven of order of 106 D per 
one DAST nanocrystal evaluated by fitting Langevin function5 was smaller than 
theoretically predicted value (7.1 x 108 D; supposing 500 nm x 500 nm x 50 nm in 

0.0 0.5 1.0 1.5 
Electric field / kVcm 

Fig. 2. Dependence of absorbance change ratios R on applied DC (triangular symbols) and AC 
(50 Hz, circular symbols) electric fields. Open symbols indicate the data in the perpendicular 
configuration (E ± hv), and the closed symbols show the data in the parallel one (E \\ hv). R is 
defined as (A — Ao)/Ao, in which A and Ao are the absorbance with or without applied electric 
field. The solid curves were the calculated one by fitting Langevin function: R/R(x —> oo) = L(x), 
x = pE/k^T, where \i, E, fee and T are dipole moment, an applied electric field, Boltzmann 
constant and temperature, respectively. 
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Fig. 3. Relationship between absorbance change ratio and frequency of AC electric field at 
0.9 k V c m - 1 in the perpendicular configuration (E ± hv). 

size and dipole moment per one DAST molecule of fj, = 30 D). This discrepancy 
seems to be due to ignorance of local field, theoretically overestimated dipole mo
ment of DAST nanocrystal, and so on. Anyway, the electric-field-induced orienta
tion of DAST nanocrystals was realized at the much lower electric field, compared 
with ordinary liquid crystal molecules. 

3.3. Effect of AC frequency 

Figure 3 indicates the plots of the absorbance change ratio versus frequency of AC 
electric field. The ratio slightly increased up to ca. 10 Hz, almost constant over 
the range of about three orders of magnitude, and drastically decreased at more 
than 103 Hz. Although the degree of orientation of DAST nanocrystals seems to be 
determined by both the strength of applied electric field and thermal fluctuation, 
presumably the thermal fluctuation of nanocrystals is influenced and coupled with 
the frequency of AC. At high frequency, the dipole moment of DAST nanocrys
tals could not respond to the rapid inversion of AC electric field, mainly due to 
hydrodynamic factor. With decreasing the frequency, the orientational motion of 
DAST nanocrystals may follow the modulation of AC electric field. At extremely 
low frequency below 10 Hz, the thermal fluctuation becomes gradually dominant, 
and then the absorbance change ratio decreased to some extent. 

3.4. In situ observation of electric-field-induced orientation of 
DAST crystal 

Electric-field-induced orientation of DAST crystal dispersed in decahydronaphtha-
lene was in situ observed under optical microscope as shown in Fig. 4. The crystal 
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0 s 0.1s 0.2s 

Fig. 4. In situ obsermtion of orientation of DAST crystal. The response time was of sub-second 
order at AC 0.9 kVcrar1, 1 Hz. 

size was about 3 |xm in the present case. The response time for orientation was of 
order of sub-second, which was roughly similar to that evaluated from absorbance 
changes after applying AC electric field. 

4. Conclusions 

AC electric field was much available to control the "Liquid and Crystal system" 2*4 

of polar DAST nanocrystals dispersion system, which is expected as a large surface 
display monitor and so on. 
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Colloidal ZnO nanocrystals with strong green luminescence were prepared. When ZnO 
nanocrystals were modified with different organic ligands, the emission quenching was 
measured and used to study the interaction between ZnO nanocrystal and organic lig
ands. Efficiency of emission quenching relates to the chemical structures of the ligands, 
and metal-thiolate bond was formed between nanocrystals and thiol ligands. The rela
tive strength of the binding and the surface concentration of the adsorbed species could 
be determined using this method. 

Keywords: ZnO nanocrystals; green luminescence; emission quenching; interaction. 

1. Introduction 

Colloidal semiconductor nanocrystals have been of great interest for fundamental 
research and industrial development in recent years due to their flexible proces-
sibility and unique properties.1-3 Many of organic ligands, especially the thiols, 
have been utilized for both stabilizing semiconductor nanocrystals and fine-tuning 
their desired surface properties.4-6 Colloidal nanocrystals are metastable species 
in comparison to the corresponding bulk crystals/solids and have to be kinetically-
stabilized. The stability of nanocrystals is essential to their various applications. 
At the same time, the ligands provide nanocrystals with the water solubility, sur
face charge desired and useful function group for conjugation. In addition, the use 
of organic ligands as chemical treatments holds great promise for controlling the 
surface electronic properties of semiconductor. But not much is known regarding 
the nature and chemical properties of the binding between nanocrystals and their 
ligands. 

ZnO was chosen because it is an important large band gap semiconductor that 
has wide applications in electronic, display and catalytic devices,7,8 and because it 
can serve as a representative example of the important class of oxidic nanoparticles. 
This semiconductor has an added advantage that it emits quite strongly in the 
visible region.9 

369 

mailto:Yubai@mail.jlu


744 J. Li et al. 

In this work, the ZnO nanocrystals were modified with three different organic 
ligands. The emission quenching was measured and used to study the interaction 
between nanocrystals and organic ligands. The apparent equilibrium constants of 
the reactions were calculated. Our results further supported the choice of ZnO 
nanocrystals as a smart nanomaterial for sensing organic molecules in solutions. 

2. Experimental Section 

The preparation of colloidal ZnO nanocrystals was similar to those previously re
ported by Meulenkamp.10 Some modifications were made in our experiments. 

The colloidal ZnO nanocrystals was modified with three kinds of organic 
molecules, including 4-mercaptobenzoic acid (MBA), 4-mercaptophenylamine 
(MPA) and benzoic acid (BA), respectively. The concentration of ZnO nanocrystals 
was 2 x 10~3 M in all systems (according to Zn2 +) . Each organic molecule with 
different concentrations was added to the colloidal ZnO nanocrystals. 

3. Results and Discussion 

The colloidal ZnO has been proved to be pure nanocrystalline materials with 
wurtzite structure by XRD (Fig. 1). The TEM image (Fig. 2) shows that the ZnO 
nanocrystals are nearly monodisperse and the average size is about 3 nm. 

The excitation spectrum recorded by monitoring the visible emission (520 nm) 
shows an onset at 342 nm. A well-resolved absorption maximum of the first elec
tronic transition indicates a sufficiently narrow size distribution. The emission spec
trum shows that the green emission is very strong, while the excitonic emission 
band cannot be observed in our steady-state emission measurements. As has been 
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Fig. 1. Powder X-ray diffraction (XRD) patterns of precipitates obtained by addition of hexane 
to ZnO sols. 
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*JV* 

4 " \ i0 jDnra 

Fig. 2. TEM image oi" ZnO nanocrystals. 

characterized in earlier studies with ZnO colloids and nanostracture films, the vis
ible emission in ZnO arises from the oxygen vacancies.11,12 Because of the high 
surface-to-volume rates of colloidal nanocrystals, the oxygen vacancies are abound
ing on the ZnO surface. As a result, the excitonic emission band is too weak to be 
observed. On the other hand, the surface of ZnO nanocrystals provides chemically 
binding platforms for organic ligands. 

When MBA molecule was added into colloidal ZnO nanocrystals, the strong 
green emission was quenched. Moreover the emission yield decreased with increasing 
concentration of the MBA. Figure 3 shows that the emission spectra of ZnO-MBA 
systems at different MBA concentrations. However, when BA molecule was added 
into colloidal ZnO nanocrystals solution, as above conditions, the emission yield 
did not changed within the experimental error. It was obvious that the -SH group 
played a crucial role in the emission quenching. 
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Fig. 3. Emission spectra of ZnO nanocrystals at different MBA concentrations, (a) No MBA, 
(b) 1 x 10-"2, (c) 2 x 1CT2, (d) 4 x l O " 2 , (e) 8 x 10~2 , and (f) 1 x M r 1 mM. 
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In the ZnO-MBA systems, the -SH of MBA can react with the surface of ZnO 
nanocrystals to form a metal-thiolate bond. The S-H vibrations (ca. 2556 cm - 1 ) 
in MBA were not detectable after the MBA was added into the systems, which was 
a proof of covalent binding of MBA to the nanocrystals surface. Oxygen vacancies, 
the centers responsible for green luminescence, were occupied by MBA molecules 
when the MBA molecule was chemically-adsorbed efficiently onto ZnO surface. The 
surface concentration of the adsorbed species and the energetics determine the rate 
and efficiency of hole-electron transfer and recombination at the semiconductor 
interface, in other words, determine the efficiency of the emission quenching. 

Then we have done another experiment in the same conditions, with MPA in
stead of MBA. The change of emission quenching in MPA systems was similar to 
that in MBA systems, but decreased more efficiently. 

We further analyzed the emission quenching data by considering adsorption 
equilibrium between ZnO and thiols illustrated as Eq. (1): 

ZnO + MSH ^± [ZnO—SM] (1) 

The observed emission yield ($/(0bs)) can then be related to the emission yields 
of ZnO nanocrystals that are unassociated ($?) and associated ($*) with thiols 
(MSH), by Eq. (2),11 

*o 

*? - */(obs) 

d>° *°, 
*? •*', Ka($° - ^ [ M S H ] (2) 

The results (Fig. 4) fit the linear relationship between $^ / ($^ - <5/(0bs)) and 
1/[MSH]. From the intercept and slope of the straight-line plot we can obtain 
reaction equilibrium constants (Ka). The value of Ka in MBA self-assembly system 
was 3.26 x 104, while that in MPA self-assembly system was 6.78 x 104. 

1/[MSH] (10 !M"') 

Fig. 4. Plot of * J / ( * J - */(obs)) versus 1/[MSHJ. (a) [MSH] = [MBA] and (b) [MSH] = [MPA]. 
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Prom the structures of two thiols, the amino group of MPA is an electron 
pushing substituent, while the carboxyl group of MBA is an electron withdraw
ing substituent. The S atom of MPA is more negative than that of MBA, and more 
favorable to forming metal-thiolate bond. As a result, the value of Ka in MPA 
self-assembly system is larger, and the MPA molecules are chemically-adsorbed 
more efficiently onto the surface of ZnO nanocrystals. 

4. Conclusions 

Colloidal ZnO nanocrystals with strong green luminescence were prepared. The 
ZnO nanocrystals have been modified with three kinds of organic ligands: MBA, 
MPA and BA. Both MBA and MPA made the emission of ZnO quenched, while the 
BA did not affect the emission. The emission quenching was closely related to their 
chemical structure. Metal-thiolate bond was formed between the ZnO nanocrystals 
and thiols. The relative strength of the binding between the ZnO nanocrystals and 
organic ligands could be compared using emission quenching. The relative strength 
decreased in the following order: MPA > MBA > BA. 

The linear relationship between $* / ($* — $/(0bs)) a n d 1/[MSH] can be used to 
determine the surface concentration of the adsorbed species. Quite high values of 
Ka (> 104) in two thiols self-assembly system indicated that ZnO nanocrystals are 
potentially useful in sensing some low concentrations of organic or bio-molecules in 
solutions. 
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