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Foreword 
The ACS Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel
oped from ACS sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is of keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table of con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts of 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

ACS Books Department 



Preface 
This book is a result of the symposium Nanoparticles: Synthesis, 

Stabilization, Passivation, and Functionalization held at the 233 r d 

American Chemical Society (ACS) National Meeting in Chicago, Ill i
nois on March 25-29, 2007. The symposium was sponsored by the 
ACS Division of Colloid and Surface Chemistry as part of its continuing 
series of symposia focusing on various aspects of nanoscience and 
nanotechnology. Approximately 100 papers were presented at this 
symposium and the papers included in this book contain a sampling of 
various problems addressed in this symposium. 

Every chapter in this book emphasizes one or more of the themes— 
synthesis, stabilization, passivation, and functionalization of nano
particles. The shapes of nanoparticles considered are diverse and include 
spheres, cubes, nanorods, nanowires, nanopyramids, and so on. Equally 
diverse are the methods to synthesize, stabilize, passivate, and 
functionalize the nanomaterials described in these chapters. Most of the 
chapters also provide discussion of many nanoparticle characterization 
methods, identify novel properties displayed by the functionalized 
nanoparticles, and provide the scientific basis for potential applications 
of these nanoparticles. The book is divided into sections that are based 
on the chemical feature of the nanoparticles emphasized; for example, 
antibody conjugated gold nanorods are included under bionanoparticles 
rather than under metal nanoparticles. Clearly, the chapters can be 
moved from one grouping to another and the classification is not rigid. 

Chapter 1 presents a general introduction to nanoparticles as buil
ding blocks for nanotechnology, emphasizing the diversity of nano
particles and drawing attention to the growing activity in scientific 
studies as well as providing practical applications. 

The first section describes metal nanoparticles, with gold nano
particles being predominant. Chapter 2 describes the colloidal approach 
to synthesize gold nanoparticles and the performance of various 
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stabilizing agents as they impact on the near infrared surface-enhanced 
Raman scattering activity of the nanoparticles. Chapter 3 shows how a 
controlled number of functional groups can be attached to gold nano
particles by the solid phase place exchange reaction. Methods to 
synthesize thiol surfactants of various lengths are outlined in Chapter 4. 
These thiols can spontaneously assemble as monolayers on gold nano
particles and can act as stabilizers of gold nanoparticle dispersions in 
organic solvents. In Chapter 5, the use of a mixture of thiols and 
charged thiols that self-assemble on gold nanoparticles is shown to lead 
to phase separation of the thiols on the particle surface and to provide 
water dispersibility of the nanoparticles essential for many biological 
and medical applications. Chapter 6 demonstrates ways to tune plasmon 
resonance of metal nanoparticles by changes in the shape of gold 
nanoparticles with gold nanorods and bipyramids and by the synthesis of 
gold/silver or gold/silver sulfide core/shell particles. The formation of 
nanotubes and nanocapsules from silver using wet chemical methods are 
described in Chapter 7. Chapter 8 describes the synthesis of tannic acid-
functionalized, iron tannate magnetic nanoparticles, their surface charac
terization, and their ability to complex with other metal atoms. In Chap
ter 9 time-dependent density functional theory is used to evaluate the 
adsorption properties of passivating ligands on a 20-atom gold nano
particle. 

The second section focuses on metal oxide nanoparticles. The for
mation of iron oxide nanoparticles and their size are shown to be 
affected by a surfactant added as the stabilizing agent, in Chapter 10. 
The synthesis of titania nanotubes and growth of anatase thin films are 
described in Chapter 11. It is shown that the amorphous and poly-
crystalline surfaces lead to marked differences in the thermal desorption 
of various molecules, indicating a structure-binding activity relationship 
relevant for catalytic applications. Chapter 12 describes a hydrothermal 
condensation method to prepare nanowires of vanadium pentoxide. 

The third section of the book (Chapters 13 to 19) deals with semi
conductor and other inorganic nanoparticles. The preparation of quan
tum dot surfactants and their properties as Langmuir-Blodgett films with 
controlled nanoparticle separations are described in Chapter 13. The 
synthesis of composite nanoparticles with fluoroalkyl end-capped acrylic 
acid oligomers grafted on silica nanoparticles is described in Chapter 14, 
which also shows that antimicrobial agents can be encapsulated in this 
composite particle to provide efficient antibacterial activity. Chapter 15 
presents a kinetic study of silver sulfide nanoparticle formation using 
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stopped flow technique. The preparation of ultrabright silica nano
particles, which have potential applications in tagging, tracing, and 
labeling by physical entrapment of a fluorescent dye, is described in 
Chapter 16. Chapter 17 presents a comprehensive view of the microwave 
irradiation method to produce passivated and stabilized nanoparticles, 
nanowires, and nanorods from metals, metal oxides, and various 
semiconductors and rare earth oxides. The creation of nanoporous mem
branes using silica nanoparticle crystalline films and their permeability 
properties to ions are discussed in Chapter 18. In Chapter 19, the 
convectional, sedimentation and drying patterns of nanoparticle 
dispersions showing the nanoparticle assemblies that can be generated 
by different means are described. 

The fourth section of the book concentrates on polymeric and 
polymer-stabilized nanoparticles. A general strategy to synthesize 
ferromagnetic nanoparticles coated with end-functionalized polystyrene 
surfactants is described in Chapter 20. Using ligand exchange, a 
versatile approach to the functionalization of the ferromagnetic nano
particles is achieved. Chapter 21 describes the synthesis of amphiphilic 
polymer conetworks and the characterization and swelling properties of 
the resulting nanodomains. Ring-opening metathesis polymerization 
methods to produce polymer overlayers on solid nanoparticles are 
discussed in Chapter 22. Four different methods of preparing 
polysaccharide-covered polymer nanoparticles using amphiphilic poly
saccharides and the properties of the synthesized nanoparticles are 
correlated to the methods of their preparation are covered in Chapter 23. 
Chapter 24 describes ways to produce stable polymer nanoparticles of 
controlled size from amphiphilic block copolymers, using a binary sol
vent mixture of a good solvent and a selective solvent. 

The last section focuses on organic, carbon, and biofunctionalized 
nanoparticles. A novel method to crystallize organic nanorods of 
arachidic acid as branches on cadmium selenide nanoparticles is 
described in Chapter 25. In Chapter 26, the use of a biological 
nanoparticle, tobacco mosaic virus, as a template to prepare composite 
nanofibers as well as to carryout polymerization of aniline are de
scribed. The potential to surface modify the tobacco mosaic virus in 
order to manipulate the assembly and structural patterns of the com
posite material are explored. The synthesis of gold nanorods of various 
aspect ratios and their functionalization with antibodies are discussed in 
Chapter 27. Biosensing based on surface plasmon resonance with these 
biofunctionalized nanoparticles is modeled. Chapter 28 presents an 
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experimental and simulation study of stabilization of aqueous dis
persions of single wall carbon nanotubes using gamma cyclodextrins. 
The stabilizing interaction forces are estimated using A F M and com
pared to the simulations. 

The reviewers of individual chapters contributed prompt critical 
reviews that have helped improve the quality of the manuscripts. The 
Editors acknowledge the support from their institutions, Natick Soldier 
Research, Development, and Engineering Center and Massachusetts 
Institute of Technology, that allowed them to organize the symposium 
and develop this book based on selected contributions. 

R. Nagarajan 
Molecular Sciences and Engineering Team 
Natick Soldier Research, Development, and Engineering Center 
Natick, MA 01760 
ramanthan.nagarajan@us.army.mil 

T. Alan Hatton 
Department of Chemical Engineering 
Massachusetts Institute of Technology 
Cambridge, MA 02139 
tahatton@mit.edu 

xiv 

mailto:tahatton@mit.edu


Chapter 1 

Nanoparticles: Building Blocks for Nanotechnology 

R. Nagarajan 

Molecular Sciences and Engineering Team, Natick Soldier Research, 
Development and Engineering Center, Kansas Street, Natick, MA 01760 

Nanoparticles are defined as particles with size in the range of 
1 to 100 nm at least in one of the three dimensions. Because 
of this very small size scale, they possess an immense surface 
area per unit volume, a high proportion of atoms in the surface 
and near surface layers, and the ability to exhibit quantum 
effects. The resulting unique properties of nanoparticles 
cannot be anticipated from a simple extrapolation of the 
properties of bulk materials. Nanoparticles exist with great 
chemical diversity in the form of metals, metal oxides, 
semiconductors, polymers, carbon materials, organics or 
biological. They also exhibit great morphological diversity 
with shapes such as spheres, cylinders, disks, platelets, hollow 
spheres and tubes, etc. Nanoparticles can be generated via a 
number of synthetic routes based on gas, liquid or solid phase 
approaches. The synthesized nanoparticles have to be surface 
modified in most cases, in order to passivate and stabilize them 
since their nanoscale renders them chemically very reactive 
and/or physically aggregative. The nanoparticles are also 
surface functionalized in order to meet the needs of specific 
applications. Nanoparticles serve as the fundamental building 
blocks for various nanotechnology applications. 

2 U.S. government work. Published 2008 American Chemical Society. 
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Introduction 

The term 'nanoparticle' is used to describe a particle with size in the range 
of 1 to 100 nm, at least in one of the three possible dimensions. In this size 
range, the physical, chemical and biological properties of the nanoparticle 
change in fundamental ways from the properties of both individual 
atoms/molecules and of the corresponding bulk material. Nanoparticles can be 
made of materials of diverse chemical nature, the most common being metals, 
metal oxides, silicates, non-oxide ceramics, polymers, organics, carbon and 
biomolecules. Nanoparticles exist in several different morphologies such as 
spheres, cylinders, platelets, tubes, etc. Generally, they are designed with surface 
modifications tailored to meet the needs of specific applications they are going 
to be used for. The enormous diversity of the nanoparticles (Figure 1) arising 
from their wide chemical nature, shapes and morphologies, the medium in which 
the particles are present, the state of dispersion of the particles and most 
importantly, the numerous possible surface modifications the nanoparticles can 
be subjected to make this an important active field of science. 

Figure 1. Various features contributing to the diversity of engineered 
nanoparticles. The same chemical can generate a wide variety of nanoparticles. 
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Nanoscale Properties and Relevance 

The most significant consequences of the nanoscale are the presence of a 
high fraction of atoms/molecules constituting the nanoparticle on the particle 
surface rather than in the particle interior (Figure 2) and the immense surface 
area available per unit volume of the material (Figure 3). Both of these 
properties increase in magnitude with a decreasing particle size. The unique 
physical, chemical and biological properties of nanomaterials originate from 
these two features. In some nanoscale materials quantum effects are exhibited 
allowing for a number of interesting applications. Further, unusual 
morphologies such as carbon nanotubes (CNT) and dendrimers contribute to 
morphology dependent novel applications. 

Figure 2. Calculatedfraction of molecules at the surface as a function of 
nanoparticle size for particles of various shapes. The assumed atomic/molecular 

size is 0.5 nm. The size of nanoparticle refers to the diameter in the case of a 
sphere and a cylinder, the side for a cube and the thickness for a plate and a 

disk. The sphere and cube have all three dimensions in the nanoscale, the 
cylinder has two dimensions in the nanoscale and the plate and disk have one 

dimension in the nanoscale. 

The small particle size leads to many unique properties of nanoparticles. 
Nanoparticles display interesting optical properties since the absorption and/or 
emission wavelengths can be controlled by particle size and surface 
functionalization. If the nanoparticle size is below the critical wavelength of 
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light, then transparency can be attained. The chemical nature and the size of the 
nanoparticle control the ionic potential or the electron affinity and thereby the 
electron transport properties. For metals, with decreasing size of nanoparticles, 
the sintering and melting temperatures decrease. Nanoparticles may be 
incorporated into a solid matrix to provide better thermal conduction. For some 
metals and metal oxides, the decrease of the particle size results in improved 
magnetic behavior. Individual metallic magnetic nanoparticles can exhibit super
paramagnetic behavior. 

Figure 3. Calculated surface area per unit volume as a function of nanoparticle 
size for particles of various shapes. The assumed atomic/molecular size is 0.5 

nm and the particle density is 1 g/cm3. 

The large specific surface area of nanoparticles is the origin of a number of 
their unique applications. Catalysis is enhanced by high surface area per unit 
volume and the homogenous distribution of nanoparticles. High surface areas 
give strong interactions between the nanoparticles and the solid matrix in which 
they may be incorporated. In composites, depending on the chemistry of the 
nanoparticle, its aspect ratio, extent of dispersion and interfacial interactions 
with the polymer matrix (which can be modified by surface functionalization), it 
is possible to obtain different levels of mechanical properties for the final 
composites. In particular, a high elastic modulus can be achieved without a 
proportional loss in impact strength that is commonly observed when larger 
particles are used. The platelet morphology and large specific surface areas of 
silicate particles enhance the barrier properties of polymer membranes by vastly 
increasing the pathway for molecular transport of permeating substances. 
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Nanoparticles can also influence the flammability of polymers by increasing the 
glass transition temperature and the heat deflection temperature. 

Nanoparticle Synthesis Methods 

Nanoparticles can be synthesized by a variety of methods using gas, liquid 
or solid phase processes. These include gas phase processes of flame pyrolysis, 
high temperature evaporation, and plasma synthesis; microwave irradiation; 
physical and chemical vapor deposition synthesis; colloidal or liquid phase 
methods in which chemical reactions in solvents lead to the formation of 
colloids; molecular self-assembly; and, mechanical processes of size reduction 
including grinding, milling and alloying. 

Gas phase synthesis approaches are based on homogeneous nucleation of a 
supersaturated vapor and subsequent particle growth by condensation, 
coagulation and capture (Figure 4). 

Figure 4. Mechanism of nanoparticle production using vapor phase or liquid 
phase/ colloidal methods. The methods differ in the way the starting molecules 
are generated by vaporization or by chemical reaction/precipitation. The nuclei 

may be amorphous or crystalline and lead to amorphous or crystalline nano
particles. Because of their intrinsic instability, the nanoparticles may form 

agglomerates that can be easily redispersed or form non-dispersible 
aggregate clusters. 

The supersaturated vapor can be generated in many ways depending on the 
chemical nature of the material, but typically by heating a solid and evaporating 
it into a carrier gas phase. The supersaturation is achieved by cooling or by 
chemical reaction or by some combination of these. The supersaturated vapor 
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can nucleate homogeneously in the gas phase and also heterogeneously by 
contact with surfaces. The nuclei grow by collision and condensation to give 
rise to a distribution of particle sizes and morphologies. Depending on the 
heating and cooling processes used, a wide range of gas phase methods such as 
flame pyrolysis (fumed silica, Ti0 2), furnace flow reactors (Ag, Ga, Al , PbS, Pb, 
Si, Ge), laser induced vaporization and pyrolysis (silica and iron), thermal and 
microwave plasmas (metals and metal oxides), sputtering (metals), and laser 
ablation have been employed. 

Vapor deposition methods are based on forming a vapor by pyrolysis, 
followed by reduction, oxidation and allowing the deposition of the vapor on a 
surface. Starting from initial nuclei existing as islands on a surface, the growth is 
controlled by various ways to produce nanoparticles (Ti0 2, ZnO, SiC). An 
important example of this approach is the production of carbon nanotubes. 

Colloidal methods are based on precipitation processes in solutions. For 
example, solutions of different ions can be mixed under controlled conditions of 
temperature and pressure to form insoluble precipitates. By controlling the 
nucleation and growth kinetics, particles of various sizes and morphologies can 
be produced. The method has been implemented in bulk solutions and also in 
confined systems such as reverse micelles. To control the process of nucleation, 
ultrasonic or sonochemical effects have also been employed. A wide range of 
metal, metal oxide and organic nanoparticles have been produced by colloidal 
wet chemical approach. 

The molecular self assembly method is a spontaneous process by which 
nanoparticles are created starting from molecules. This is a particularly effective 
method for the production of polymeric nanoparticles starting from amphiphilic 
block copolymer molecules. An added advantage of this approach is the ability 
to produce thermodynamically stable nanoparticles whose size and shape can be 
controlled by the choice of the block copolymer (type, block composition and 
molecular weight) and the choice of the solvent and self-assembly conditions. 

In addition to the nanoparticle synthesis approaches in gas or liquid phases, 
it is also possible to use solid substrates as heterogeneous nucleating sites to 
build up nanoparticles at solid-liquid interfaces. Indeed, by using patterned 
surfaces, one may be able to control the nucleation and growth processes thereby 
affecting the nature of nanoparticles produced. 

All of the above synthesis approaches start at the molecular level to build up 
or create the nanoparticles. In the opposite direction, mechanical size reduction 
methods such as grinding and milling have also been employed to generate 
nanoparticles. These methods are the traditional approaches to produce fine 
particles and they have been able to generate nanoparticles from minerals such as 
clay, coal and metals. To avoid particle aggregation in the course of the size 
reduction process, the grinding and milling operations are often carried out with 
colloidal stabilizers. 
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Surface Modification of Nanoparticles 

Once the nanoparticles are produced and purified to a satisfactory level it is 
often necessary to introduce surface modifications. The surface modifications 
can be for the purposes of (a) passivating a very reactive nanoparticle, (b) 
stabilizing a very aggregative nanoparticle in a medium (which may be a solvent 
or a polymer melt) where the nanoparticles are to be dispersed, (c) 
fiinctionalizing the nanoparticle for applications such as molecular recognition, 
or (d) promoting the assembly of nanoparticles (Figure 5). Most commonly used 
surface modification methods include grafting thiolated surfactants or polymers, 
adsorption of charged surfactants, charged ligands or polymer brushes, 
attachment of biological molecules such as DNA, peptides, proteins, antigens, 
streptavidin or coating a continuous polymer film on nanoparticles. 

Figure 5. Different approaches to surface modifications, (a) Surface treatment 
to make the interfacial tension at the nanoparticle-medium interface close to 
zero allowing for thermodynamic stability of the nanoparticle dispersion. 

The treatment could be the charging of the surface or coating with ligands. 
(b) Surface adsorption of a surfactant or a block copolymer to provide inter-

particle electrostatic and/or steric repulsions that would provide kinetic 
stability of the nanoparticle dispersion, (c) Surface modification to make 

the nanoparticle functional in one of many ways including hydrophobic or 
hydrophilic, the ability to bind to specific molecular recognition elements, 
DNA, enzymes, bridge to other nanoparticles, etc. The surface modification 

may involve a linker molecule. 

Much of this book is devoted to a description of various types of surface 
modifications performed on metal, metal oxide, semiconductor, polymer, 
carbon, organic and biological nanoparticles and specific examples can be found 
in the different book chapters. 
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Assembling Nanoparticles 

For most practical applications, the nanoparticles have to be assembled in 
one, two or three dimensions, similar to how atoms and molecules are 
assembled into matter. For example, a sensing device may require that 
nanoparticles be arranged with specified inter-particle separation. An 
optoelectronic device may require the nanoparticles to be assembled to create a 
patterned surface. In general, it will be necessary to place the nanoparticles in 
specified locations on a substrate so that addressing and connecting them to the 
macroscopic outside world will be possible. 

a b c 

Figure 6. Assembling nanoparticles for applications, (a) Nanoparticles with 
stabilizing polymer molecules around them in a random three dimensional 

arrangement to create a porous nanoparticle system for catalytic or adsorption 
applications, (b) Nanoparticles assembled on a polyelectrolyte or a DNA 

molecule to serve as a nanoelectrical wire, (c) Nanoparticles assembled on a 
block copolymer patterned surface with nanoparticles located at the domain 

boundaries for a sensor application. (Adapted from reference 1.) 

A number of approaches have been developed to accomplish this objective. 
For example, surface patterning has been used to direct polymer and silica 
nanoparticles to specific surface locations. Self-assembled surfactant and block 
copolymer nanostructures have been used as templates to direct the nanoparticle 
assembly of metal oxide particles to generate mesoporous materials. Cationic (or 
anionic) polyelectrolytes have been used to direct the assembly of oppositely 
charged nanoparticles such as negatively charged gold particles or silica 
particles. Nanoparticles can also self-assemble into nano-crystalline materials. A 
variety of molecular recognition methods such as antigen-antibody interactions 
have been used to direct the assembly of nanoparticles that have the recognition 
molecules bound to their surfaces. The binding of DNA to the nanoparticle 
surface has been used to create particle assemblies dictated by nucleic acid 
interactions. Nanoparticles have also been self-assembled at air-liquid and 
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liquid-liquid interfaces taking advantage of surface tension effects. Also the 
dewetting of a solid surface by a polymer solution has been exploited to attain 
nanoparticle self-assembly. Biological nanoparticles such as viruses can self-
assemble to yield ordered nanoparticle assemblies in one, two or three 
dimensions. 

Nanoparticle Commercial Applications 

Existing and potential applications involving nanoparticles are almost 
endless. The following list from Ref.(2), with additions, provides examples in 
various fields of technology. The amount of nanoparticles usage in different 
applications may vary significantly. 

The Project on Emerging Nanotechnologies (5) lists more than 470 products 
in May 2007, that are verified to include some form of nanotechnology, the 
number being double that was reported the same time in 2006. Many of the 
products address consumer needs in health care and fitness, home and garden, 
electronics and computers, food and beverage, automotive, appliances and 
products for children. The positive view with which the nanoproducts are being 
greeted is reflected in the explicit choice of the term 'nano' in the names of many 
commercial products, for example, Nano & UV Artificial Teeth Cleaner, Nano 
Air Filter, Nano Anti Aging Cream, Nano B-12 Vitamin Spray, Nano Bag, Nano 
Breast Cream, Nano Cold Catalyst Air Purifier, Nano Pacifier, Nano Trousers, 
Nanoceuticals Artichoke Nanoclusters, Nanodesu X Bowling Ball. The 
preponderant nanomaterials in these 470 commercial products are shown on 
Figure 7. 

In 2005, over US $32 billion of products sold claimed to have incorporated 
some nanotechnology (3). The global investment in nanotechnology research and 
development is approximately US $9 billion. There are more than 4,000 US 
Patents filed to-date. The growing interest in nanoparticles and their importance 
can also be measured by the increase in the number of scientific publications 
(Figure 8). 

Conclusions 

Nanoparticles constitute the building blocks for nanotechnology and thus for 
numerous potential applications in energy and power, health and biomedicine, 
electronics and computers, environmental applications, new engineering 
materials, consumer goods, personal care products, food and transportation. To 
perform these functions nanoparticles have to be synthesized, passivated to 
control their chemical reactivity, stabilized against particle aggregation, and 
functionalized to achieve specific performance goals. The individual nano-
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Table 1. Examples of Present and Potential Applications of Nanoparticles 

Biomedicine • Antibacterial creams and powders (Ag) 
• Biocompatible coatings for implants 
• Biolabeling and detection (Au, Ag, Quantum dots) 
• Biosensors (metal oxide, polymer nanoparticles, CNT) 
• Bone growth promoters (hypoxyapatite ceramics) 
• Cancer diagnostics and targeted drug delivery (magnetic 

nanoparticles) 
• Cell, receptor, antigen, enzyme imaging (Quantum dots) 
• Fungicides (ZnO, Cu20) 
• Gene delivery (CNT) 
• MRI contrast agents (Fe203, Fe 30 4) 
• Dental composites 

Consumer 
Goods and 
Personal Care 
Products 

• Anti-bleaching, scratch resistance additives in paints 
• Anti-scratch coated tiles (alumina) 
• Barrier packaging (silicates) 
• Glass coatings for anti-glare, anti-misting mirrors (Ti0 2) 
• Skin creams with antioxidant vitamins (nanocapsules) 
• Sunscreens (ZnO and Ti0 2) 
• Tennis balls, rackets (nanoclays, carbon nanotubes)) 
• Water- and stain-repellent textiles 

Electronics and 
Computers 

• Chemical mechanical planarization (alumina, silica, ceria) 
• Coatings and joining materials for optical fibers (Si) 
• Conductive coatings/fabrics (rare-earth-doped ceramics) 
• Display technologies (conducting oxides) 
• Electronic circuits (Cu, Al) 
• EMI shielding using conducting and magnetic materials 
• Ferro-fluids (Fe, FeCo, Fe 30 4) 
• Magnetic particles for high-density data storage (Fe) 
• Optoelectronics devices (Gd 20 3, Y 2 0 3 doped with rare-

earth metals) 
Engineering 
Materials 

• Anti-scattering layers in photographic film 
• Chemical sensors 
• Conducting/magnetic inks (metal powders) 
• Cutting tool bits (A1203, Zr0 2,WC, TaC) 
• Thermal spray coating techniques (Ti0 2, TiC-Co) 
• Flame retardant polymer formulations (nanoclay) 
• Lubricants and sealants/hydraulic additives (Cu MoS2) 
• Molecular sieves 
• Pigments (metals and metal oxides) 
• Polymer composites (nanoclays, Ti0 2 , Si0 2) 
• Spark plugs (metal and ceramic powders) 
• Wear/abrasion-resistant coatings (alumina, Y-Zr 20 3) 

Continued on next page. 
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Table 1. Continued. 

Environmental • Controlled delivery of herbicides and pesticides 
• Self-cleaning glass (Ti0 2 based coatings) 
• Soil remediation (Fe) 
• Water treatment (photo-catalyst treatments, Ti0 2) 

Food • Flavors and colors in food and beverages (nanocapsules) 
• Frying oil refining catalysis (ceramics) 
• Food packaging materials (nanoclays, Si02, Ti02, Ag) 
• Neutraceutical delivery (liposomes, block copolymer 

micelles) 
• Food pathogen sensing 

Power and 
Energy 

• Anode and cathode materials for solid oxide fuel cells 
(nanoclays, CNT) 

• Catalysts for various fuel technologies (metals and metal 
oxides) 

• Conducting polymers for bipolar plates in fuel cells 
• Dye-sensitized solar cells (Ti0 2, ZnO, Au) 
• Environmental catalysts (Ti0 2, Ce0 2 as diesel additive) 
• Fuel cell catalysts (Pt in PEM cells) 
• Hydrogen storage (metal hydrides) 
• Improved electrodes in batteries and supercapacitors 
• Thermal control fluids (Cu) 

Transportation • Automated highways 
• Battery technology 
• High strength, light weight composites for increasing fuel 

efficiency 
• High temperature sensors 
• Improved displays 
• Thermal barrier and wear resistant coatings 
• Wear-resistant tires 
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Figure 7. The use of nanoparticles of the specified kind in commercial products. 
C refers to fullerenes and carbon nanotubes (2). 

Figure 8. Number ofpublication entries in the Web of Science for the keyword 
'nanoparticles'. The number for 2007 covers only eleven months. 
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particles then have to be assembled into devices or integrated into other solid 
matrices to create the final nanoproducts. The tremendous diversity of 
nanoparticles possible because of their wide chemical nature, shape and 
morphology, medium in which they are present, their state of dispersion and the 
nature of surface modifications make this a rich field for scientific investigations. 
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Chapter 2 

Synthesis and Stabilization of Colloidal Gold 
Nanoparticle Suspensions for SERS 

Paul H. Davis1, Cody P. Morrisey1, Sean M . V. Tuley1,2,*,
and Chris I. Bingham1 

1Department of Chemistry, Pacific Lutheran University, 
Tacoma, WA 98447 

2Current address: School of Veterinary Medicine, St. George’s University, 
Grenada, West Indies 

Colloidal gold nanoparticles were synthesized by thiosulfate 
reduction of aqueous HAuCl4. Nanoparticle flocculation was 
controlled by addition of a stabilizing agent (e.g., Na2SO4 or 
NaCl) 5 minutes into the reaction. Synthesis kinetics were 
followed by monitoring the growth in intensity of the surface 
plasmon resonance (SPR) at ~535 nm using visible-NIR 
absorption spectroscopy. In addition to the SPR, the time
-dependent spectra also exhibited an extended plasmon band 
(EPB) in the NIR that initially increased in intensity and red
-shifted with time before blue-shifting and eventually 
disappearing due to changes in nanoparticle flocculation. 
TEM and x-ray diffraction measurements showed that the 
resultant nanoparticles were predominantly spherical in shape 
and ~20-30 nm in diameter. Surface chemistry was confirmed 
using XPS. The stabilizing agent was found to play a key role 
in the subsequent SERS activity of the nanoparticles by 
adsorbing to their surface, preventing premature nano
particle aggregation and mediating the analyte-nanoparticle 
interaction. 

16 © 2008 American Chemical Society 
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Gold nanoparticles have a long and storied history dating back for millennia. 
In the Middle Ages, colloidal gold was used for a diverse assortment of purposes 
including as a colorant in stained glass windows and as a purported curative for a 
wide variety of diseases (7). Probably the earliest scientific investigation into 
the synthesis of colloidal gold was carried out by Michael Faraday, who in 1857 
reported a method for preparing colloidal gold by electrochemical reduction of 
aqueous tetrachloroaurate ions, AuCLf (2). Almost a century later, in 1951, 
Turkevich et al. developed a method for producing spherical gold nanoparticles 
via citrate reduction of tetrachloroauric acid, HAuCl 4 (5). The beauty of the 
citrate reduction method was that it was simple and resulted in a relatively 
monodisperse distribution of particle sizes. Further work by Frens in 1973 
afforded control over average particle size by varying the ratio of gold salt to 
citrate reducing agent (3,4). Since then, numerous other methods of producing 
gold nanoparticles have been developed as interest has grown due to the myriad 
applications of gold nanoparticles, including cell labeling (5). SPR (surface 
plasmon resonance) spectroscopy (6-8), and SERS (surface enhanced Raman 
scattering) (9,10). In general, however, most synthesis methods have relied on in 
situ reduction of a gold (III) salt such as HAuCl 4 or HAuBr4 via chemical means 
(1,11,12). 

The use of gold nanoparticles as substrates for plasmonic spectroscopy and 
SERS has stimulated interest in tuning the location of the SPR by controlling the 
size, shape, morphology, and local environment of nanoparticles. Several 
groups have developed methods for synthesizing nanorods, nanocubes, and 
nanoprisms, to name a few shapes (11-13). Others have created hollow gold 
nanospheres (14,15) or core/shell type structures consisting of, for example, a 
silica core with a gold shell (16,17). For spherical nanoparticles, flocculation of 
the nanoparticles greatly increase the SERS effect due to a resultant 
enhancement of the local electric field at the interparticle junction (18,19). In 
addition, because of the relative inertness of gold, it has been necessary to find 
ways to make gold nanoparticles more attractive to analytes. Because of this, 
researchers have investigated ways to stabilize nanoparticle suspensions while 
creating favorable electrostatic or hydrophilic/hydrophobic interactions to induce 
adsorption of analytes onto gold nanoparticles. 

Much of the interest in gold nanoparticles as SERS substrates centers on the 
fact that the SPR of gold nanoparticles is significantly red-shifted relative to that 
of silver nanoparticles. This makes gold nanoparticles ideal candidates for NIR-
SERS, a promising technique for biomedical diagnostic and monitoring 
applications due to the ability of near-IR radiation to penetrate the skin (9,20). 
In 1994, Zhou et al. reported a new method of synthesizing spherical 
nanoparticles based on sulfide reduction of tetrachloroauric acid (21). Based in 
large part on the absorption spectra obtained (which exhibited two peaks, one in 
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the visible and another in the NIR) they postulated that Au2S/Au core/shell 
nanoparticles were being formed. Subsequently, Zhang et al. showed that 
Zhou's results could be explained instead by flocculation of spherical 
nanoparticles resulting in the appearance of a transverse SPR in the visible and 
an extended plasmon band (EPB) in the NIR (22-24). In their attempts to 
reproduce the work of Zhou et al., however, Zhang and coworkers found that 
freshly prepared solutions of sodium sulfide did not work. Instead, they found it 
necessary to first allow the sulfide solution to "age" by leaving it open to the air 
for several weeks, suggesting that in fact it was not sulfide ions per se that were 
acting as the reducing agent (23,25). 

In this paper, we describe a new method of synthesizing and stabilizing 
SERS-active gold nanoparticles by thiosulfate reduction of HAuCl 4. This 
method grew out of attempts to discern the identity of the actual reducing agent 
present in the "aged" sulfide solutions employed by Zhang's group in their 
investigations of Zhou's method. Throughout this article, the term "flocculation" 
will be used to refer to both reversible and irreversible processes resulting in the 
close association of nanoparticles (26). However, a distinction will be made 
between agglomerates and aggregates. Agglomerates will be used to refer 
specifically to loose, reversible associations of nanoparticles, as occurs during 
the course of synthesizing the nanoparticles. Agglomerates tend to remain in 
suspension, and can typically be resuspended by sonication should they fall out 
of suspension. The term "aggregates" will be reserved for irreversible 
associations of nanoparticles, as per the definitions of Ross and Morrison (27). 
Aggregates are found to form upon addition of an analyte to our SERS-active 
gold nanoparticles. Formation of aggregates leads to the nanoparticles falling out 
of suspension, usually within 1-2 hours. 

Experimental Section 

Chemicals 

Hydrogen tetrachloroaurate trihydrate (HAuCl4-3H20) was purchased from 
either Aldrich (99.9+%) or GFS Chemicals (ACS reagent grade). Anhydrous 
ACS reagent grade sodium acetate (NaC 2H 30 2, >99.0%), sodium chloride 
(NaCl, >99.0%), sodium sulfate (Na2S04, >99.0%), sodium sulfite (Na2S03, 
>99.0%), and sodium thiosulfate (Na 2S 20 3, >98.0%) were all purchased from J. 
T. Baker, along with rhodamine 6G (R6G) and biochemical research grade DL-
alanine and L-methionine. Sodium dodecylsulfate (SDS, 98%), 11-
mercaptoundecanoic acid (11-MUA, 95%), and L-lysine monohydrochloride 
(99+%) were purchased from Aldrich. All reagents were used as received, and 
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all solutions were prepared using 18.2 M£2 water purified by a Millipore 
Synergy 185 UV ultrapure water system. 

Synthesis of Gold Nanoparticles 

Aqueous suspensions of gold nanoparticles were prepared in a manner 
similar to the method of Norman et al. (22) with the exception that sodium 
thiosulfate was used as the reducing agent, and a variety of stabilizing agents 
were employed to control nanoparticle flocculation. Prior to use, glassware was 
filled with freshly prepared aqua regia (3:1 concentrated HC1:HN03) to dissolve 
any gold or other contaminants present from prior syntheses. The glassware was 
then thoroughly rinsed at least twice with Milli-Q water to remove any traces of 
aqua regia. During the cleaning process particular care was taken to ensure 
complete removal of any soap or salt residues to prevent premature nanoparticle 
aggregation during synthesis. The basic synthesis procedure was as follows: 1.0 
mL of 0.02 M HAuCl 4 was added to 40 mL of gently stirred Milli-Q water, 
resulting in a gold concentration of ~5 x 10"4 M . Immediately following 
addition of the gold solution, a variable amount (typically 60 ^L) of 0.10 M 
Na 2 S 2 0 3 solution was injected into the stirred reaction mixture. Addition of the 
thiosulfate caused the solution to immediately turn from a pale golden yellow to 
a light yellow-brown. As the reaction progressed, the solution rapidly darkened 
to a deep golden brown color. Five minutes after addition of the thiosulfate, an 
aliquot (typically 20 |xL) of a 0.10 M solution of stabilizing agent (e.g., Na 2S0 4, 
NaCl, SDS, or an amino acid) was injected. Successful syntheses were 
characterized by a continued darkening of the solution, which over time changed 
in color from deep golden brown to dark purple to a milky rusty red. 
Nanoparticle suspensions that remained purple and did not turn rusty red in color 
were found to have formed aggregates that rapidly fell out of suspension and 
exhibited no SERS activity. 

Characterization of Gold Nanoparticles 

Time-dependent UV-Visible-NIR absorption spectra of the nanoparticle 
suspensions were taken over a period of 48 hours during the course of the 
synthesis reaction using a Cary 5000 UV-Vis-NIR dual beam scanning 
spectrophotometer. Transmission electron microscopy images of selected 
nanoparticles were obtained using a JEOL 2010 high-resolution TEM after the 
synthesis was completed. Samples were prepared by placing a single drop of 
nanoparticle solution on a standard TEM grid and allowing the water to 
evaporate. Size and shape distributions determined from TEM images were 
confirmed in solution via dynamic light scattering (DLS) using a Brookhaven 
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Instruments BI-200SM Research Goniometer and Laser Light Scattering System. 
The excitation source for the DLS system was a 40 mW, 632.8 nm He:Ne laser 
whose output was filtered to prevent detector saturation. Detection of scattered 
light was carried out at 90° relative to the incident beam. Asymmetric grazing-
incidence x-ray diffraction (GI-XRD) data to characterize sample structure and 
crystalline domain size were collected on a Philips X'Pert PRO MPD system 
with co = 5.00° and 29 = 30.00°-100.00°. XPS data for surface chemistry studies 
were obtained using a Physical Electronics Instruments (PHI) Quantum 2000 X-
Ray Photoelectron Spectrometer. Both XRD and XPS samples were prepared 
by placing several drops of nanoparticle solution on a silicon wafer and allowing 
the solvent to evaporate. SERS activity of the nanoparticles was tested using 
either a Delta Nu Advantage NIR Raman spectrometer or a refurbished 
Renishaw Research Raman microscope (80 mW, 785 nm diode laser excitation) 
and rhodamine 6G as the analyte. 

Results and Discussion 

Nanoparticle Synthesis and Stabilization 

The oxidation reduction reaction believed responsible for the formation of 
the nanoparticles is 

8 Au 3 + + 3 S203

2~ + 15 H 2 0 -> 8 Au + 6 S04

2~ + 30 H + . 

The reaction equation above dictates a gold to thiosulfate molar ratio of 8:3. 
However, after varying the amount of reducing agent solution used (40-100 j i L ) , 
it was found empirically that a slightly sub-stoichiometric amount of thiosulfate 
(60 |xL aliquot of 0.1 M Na 2S 20 3 added to 40 mL of 5 x 10"4 M HAuCl4) was the 
optimal amount for nanoparticle formation. Thus the actual molar ratio of gold 
to thiosulfate under the reaction conditions employed was 10:3. Despite the 
slight excess of gold, XPS studies showed no evidence of residual A u 3 + (see 
Figure 4a). It is therefore thought that the actual Au 3 + concentration in solution 
is slightly less than the nominal HAuCL* concentration. The most likely reason 
for this is that HAuCl 4 is extremely hygroscopic, and it is therefore highly likely 
that the solid absorbed moisture from the atmosphere during the weighing 
process, leading to an overestimation of the amount of gold in solution. Further 
possible contributing factors will be described in detail below in the context of 
discussing the long-term stability of the tetrachloroaurate solution. Returning to 
the chemical reaction equation above, an examination of the right hand side of 
the equation shows that as the reaction progresses, the solution should become 
more acidic. This is in fact the case, as the pH drops from approximately 3.1 to 
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2.8 during the course of the reaction, as would be predicted. Although it is 
possible for thiosulfate, S 20 3

2", to be partially oxidized to tetrathionate, S406

2~, 
via the following reaction, 

2 A u 3 + + 6 S203

2~ -» 2 Au + 3 S 40 6

2", 

this would not lead to the experimentally observed decrease in pH. In addition, 
the experimental stoichiometry more closely agrees with full oxidation of the 
thiosulfate to sulfate, and the XPS spectrum of the nanoparticles provides 
confirmation of the production of sulfate during the course of the reaction, with 
no evidence of other sulfur species (see Figure 4b). 

Numerous variations on the basic synthesis method described above were 
tried and evaluated. Purging of the water and/or gold solution with argon prior 
to synthesis did not appear to have a discernable effect, in agreement with the 
observations of Norman et al (22). In addition, neither carrying out the synthesis 
under a constant flow of argon nor saturation of the water with oxygen appeared 
to affect the reaction. However, the reaction was found to be extremely sensitive 
to the presence of contaminants on the glassware, leading to the precautions 
detailed above in the Experimental Section. Freshly prepared concentrated gold 
solution (0.02 M HAuCl4) was found to be good for approximately 2-3 weeks, 
but upon dilution of the gold solution to -0.5 mM it was necessary to start the 
reaction immediately. The precise reason(s) for this behavior are unknown. One 
possible contributing factor to the short lifetime of the gold solutions 
(particularly the dilute solution) is adsorption of a portion of the gold ions onto 
the glassware. In addition, it is surmised based on the Pourbaix diagram for 
aqueous gold chloride solutions that the increase in pH upon dilution may 
decrease the amount of tetrachloroaurate ion, AuCLf, in solution as the ion is 
only stable in an acidic, oxidative environment.(2<S) This would also serve to 
explain the relatively short useful lifetime of the concentrated gold solution, as 
the concentration of AuCLf in solution would be expected to decrease with time 
due to reduction of A u 3 + to Au. 

In contrast to the gold solution, the thiosulfate solution was found to be 
stable for months. Because all of the solutions were prepared using ultrapure 
UV-sterilized water, it was not necessary to employ a bactericidal agent such as 
sodium carbonate to stabilize the thiosulfate solution (29). In addition, use of 
stabilized thiosulfate solution was avoided because it could potentially affect the 
nanoparticle synthesis by introducing unwanted ions into the solution. However, 
care was taken to minimize exposure of the thiosulfate solution to light when not 
in use, due to the known photodecomposition of thiosulfate, particularly in acidic 
solutions (29). Air oxidation of thiosulfate is known to be a relatively slow 
process, even under conditions of oxygen saturation, with the predominant 
decomposition products being sulfate, sulfite, and possibly tetrathionate (S406

2~ 
a polythionate species) (29-31). As sulfate contains sulfiir in its fully oxidized 
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(+6) state, the presence of a small number of sulfate ions in the thiosulfate 
solution should not significantly affect the gold reduction process. Polythionates 
such as tetrathionate are expected to compose only a minor fraction of any 
decomposition products. Although sulfite (S03

2~) can act as a reducing agent, 
particularly in basic solution, control experiments carried out using a 60 \iL 
aliquot of 0.1 M sodium sulfite solution as the reducing agent showed no 
evidence of nanoparticle growth. This was not surprising, given that the pH of 
the 0.5 mM gold (tetracholorauric acid) solution was quite acidic (pH -3.1), and 
sulfite was therefore not expected to be a particularly strong reducing agent 
under the conditions. As a result, air oxidation of thiosulfate in solution was not 
found to be a major concern, although it is surmised to be the major contributor 
to the eventual (>6 months) decomposition of the thiosulfate solutions used. 

To prevent premature aggregation of the nanoparticles, a stabilizing agent 
was added to the reaction mixture 5 minutes into the reaction. A variety of 
stabilizing agents were employed and evaluated. Initially, sodium sulfate was 
used as the stabilizing agent to supplement the sulfate produced by the 
electrochemical reaction. Subsequently, several halides (in particular CP) were 
evaluated because of their ready availability and known ability to stabilize metal 
nanoparticles, and were found to work equally well. Due to our interest in 
employing these nanoparticles as SERS substrates, several other species 
representing various chemical functionalities were also evaluated as possible 
stabilizing agents for the purpose of potentially rendering the nanoparticles 
attractive to different classes of analytes. The species evaluated as possible 
stabilizing agents included a carboxylate (acetate), a thiol/mercapto compound 
(11-mercaptoundecanoic acid), a surfactant (SDS, sodium dodecylsulfate), and 
several amino acids (DL-alanine, L-lysine, and L-methionine). Of these, all but 
lysine and methionine served to stabilize the nanoparticle suspensions. 

In contrast with the other species investigated as possible stabilizing agents, 
addition of lysine and methionine caused the nanoparticles to immediately 
aggregate and fall out of suspension. Further investigations are currently 
underway with these and other amino acids in an attempt to determine why 
lysine and methionine behaved as they did. In the case of lysine, the 
monohydrochloride was used, so it is possible that the further acidification of the 
reaction mixture upon addition of the amino acid solution led to the observed 
loss of stability of the nanoparticle suspension. We are therefore investigating 
both the stability of the nanoparticle suspensions as a function of pH as well as 
the use of a less acidic preparation of lysine. Another possible explanation of 
lysine's behavior is that it contains a terminal amine group in its side chain that 
will be protonated at the pH of the nanoparticle solution. If adsorption of amino 
acids occurs via the amine group, the presence of this second amine group would 
allow lysine to serve as a chemical "linker" between two adjacent nanoparticles. 
Experiments involving arginine, which also contains a terminal amine group, 
will help to test this hypothesis. In the case of methionine, its side chain contains 
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a sulfur atom. Because sulfur has a high affinity for gold, it is possible that 
aggregation of the nanoparticles upon addition of methionine was due to the 
presence of an additional (sulfur) adsorption site in the amino acid that would 
allow it to serve as a "linker" molecule between nanoparticles, in analogy to the 
lysine behavior postulated above. If this is in fact the case, then cysteine should 
exhibit similar behavior. 

Nanoparticle Formation and Flocculation Kinetics 

Nanoparticle growth was followed by monitoring the change in intensity of 
the surface plasmon resonance (SPR) at -535 nm using visible absorption 
spectroscopy. As expected, the SPR increased in intensity with time, indicating 
an increase in the number of nanoparticles (see Figure 1). The SPR reached its 
maximum intensity approximately 50 minutes after the start of the reaction, at 
which point it is presumed that all of the gold had been consumed to form 
nanoparticles and the synthesis reaction had reached completion. The location 
of the peak absorbance of the SPR changed slightly with time, red-shifting by 
approximately 4 nm over the course of the reaction (see Figure 1). As the SPR 
peak absorption wavelength is proportional to the size of the nanoparticles, this 
red shift was most likely due to a gradual increase in the average size of the 
nanoparticles, although it is also possible that it was instead due to a change in 
the local dielectric environment of the nanoparticles caused by buildup of 
surface charge. The fact that the SPR exhibited a single peak suggested that the 
nanoparticles were spherical in nature, which was subsequently confirmed via 
TEM. 

In addition to the SPR, the time-dependent spectra also exhibited an 
extended plasmon band (EPB) in the NIR (see Figure 2) due to temporary 
flocculation (i.e., agglomeration) of the nanoparticles during synthesis. For the 
first -15 minutes of the reaction, the EPB increased in intensity and red-shifted 
with time, then abruptly began to blue-shift while still increasing in intensity for 
the next -15 minutes (see Figure 2). By -30 minutes into the reaction, the EPB 
reached its maximum intensity, and remained approximately constant in intensity 
for the next -15 minutes while continuing to blue-shift. At this point, -45 
minutes into the reaction, the SPR was nearing its peak intensity, and the EPB 
began a long gradual decline in intensity (while continuing to blue-shift), as 
shown in Figure 2. By 3 hours into the reaction, the EPB had virtually 
disappeared, and 24 hours later it was completely gone due to redispersal of the 
nanoparticles. Visually, the flocculated nanoparticles present between -15 
minutes and -1 hour into the reaction corresponded to the deep purple 
suspension described above in the Experimental Section. Redispersal of the 
nanoparticles led to the final milky rusty red color. Evidence that this visually 
apparent color change was related to nanoparticle flocculation was provided by 
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Figure 1. Time-dependent visible absorption spectra (450-625 nm) of an 
aqueous nanoparticle suspension taken during the course of the synthesis 

reaction. Note how the surface plasmon resonance (SPR) peak at -535 nm 
increases in intensity and red-shifts slightly (-4 nm) with time. 

Figure 2. Time-dependent visible-NIR absorption spectra (400-1300 nm) of 
aqueous nanoparticle suspensions taken at ~5 minute intervals for the first 2 
hours of the synthesis reaction. Note the arrows highlighting the changes in 

intensity and location of the near infrared (NIR) extended plasmon band (EPB) 
at -850 nm with time. These changes are indicative of transient nanoparticle 

flocculation (i.e., agglomeration), followed by redispersal. 
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the fact that upon addition of a SERS-active analyte (which induces nanoparticle 
aggregation), the suspensions turned deep purple again and exhibited an EPB. 
In addition, TEM images of nanoparticles taken both during the synthesis at 
times when an EPB was present and after 48 hours (when the EPB had 
disappeared) showed the same distribution of nanoparticle sizes and shapes: 
predominantly spherical nanoparticles, with only occasional ( « 1 % ) rod-shaped 
or triangular nanoparticles. However, TEM images of nanoparticle from 
suspensions exhibiting an EPB displayed large numbers of extensive aggregates, 
whereas images from suspensions lacking an EPB showed predominantly 
individual nanoparticles. 

Nanoparticle Characterization 

To date, only nanoparticles produced by the above method and stabilized 
with either sulfate or chloride have been fully characterized. TEM images of 
these nanoparticles show that the nanoparticles are predominantly spherical in 
shape and -20-30 nm in diameter (see Figure 3), irrespective of whether they 
were stabilized with sulfate or chloride. Preliminary dynamic light scattering 
measurements have confirmed the TEM results, although a detailed statistical 

Figure 3. TEM images taken 48 hours into the reaction (no EPB). (a) 
Individual spherical gold nanoparticle. (b) Image showing several 

representative nanoparticles. Although mainly individual, non-aggregated 
nanoparticles were observedfollowing loss of the EPB, a small number of 

aggregates such as this were also seen. These were most likely an artifact due 
to convective concentration of the nanoparticles as the solvent evaporated 

during TEM sample preparation. 
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analysis of the TEM images is necessary to carry out a more rigorous 
comparison of the results from the two methods. Asymmetric GI-XRD showed 
that the gold nanoparticles exhibited a diffraction pattern typical of bulk gold, 
suggesting that the nanoparticles are crystalline in nature. Analysis of the (111) 
peak provided further confirmation of nanoparticles size, indicating crystalline 
domain sizes on the order of 10-25 nm, depending upon the sample. 

The surface chemistry of the nanoparticles and the nature of the oxidation-
reduction reaction that formed them were confirmed using XPS (see Figure 4). 
Analysis of the Au 4/region showed a doublet at energies corresponding to Au° 
(see Figure 4a), indicating complete reduction of Au 3 + to Au°. Analysis of the S 
2s region for nanoparticles stabilized with chloride (see Figure 4b) showed a 
single peak at 233.5 eV, corresponding to S 6 + (i.e., sulfate), while analysis of a 
sample of sodium thiosulfate in the same region yielded two peaks, one at 226.6 
eV (corresponding to S2_) and the other at 232.5 eV (corresponding to S6 +). 
Since no sulfate was added to the chloride-stabilized nanoparticles, this indicates 
that the thiosulfate reducing agent is fully oxidized to sulfate, as postulated in the 
proposed electrochemical oxidation-reduction reaction. The slight offset 
between the S 6 + peaks in the nanoparticle and thiosulfate spectra is thought to be 
due to charging of the sample substrate with the nanoparticles. 
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Figure 4. (a) High resolution XPS spectrum of the gold 4f region. The peaks at 
87.6 eV and 84.1 eV are due to the f5/2 andf7/2 spin states ofAu0, respectively. 
The corresponding peaks for Au3+ would be -3 eV higher in energy, (b) High 

resolution XPS spectrum of the sulfur 2s region. The doublet (solid line) is from 
a sample of sodium thiosulfate, demonstrating the two different sulfur oxidation 

states (6+ and 2-) present in thiosulfate. The overlaid singlet at 233.5 eV 
(dotted line) is from sulfate (tf+) adsorbed on the surface of chloride 

stabilized nanoparticles. 
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SERS Activity 

Nanoparticles were tested for SERS activity using 200 nM rhodamine 6G 
(R6G) as the analyte (see Figure 5), as R6G has typically been difficult to detect 
using gold nanoparticles (25). Although results with the SDS-stabilized 
nanoparticles were inconclusive (there appeared to be some contamination in the 
samples), all of the other nanoparticle preparations proved to be SERS active. 
Further SERS studies with other analytes are currently underway, and 
preliminary results suggest that all of the anionic stabilizing agents employed 
thus far permit detection of a wide range of cationic analytes. Consequently, the 
stabilizing agent is thought to play a key role in the SERS activity of the 
nanoparticles by adsorbing to their surface, preventing premature nanoparticle 
aggregation and mediating the analyte-nanoparticle interaction. 

50000 - i 

500 1000 1500 
Raman shift (cm") 

Figure 5. Representative SERS spectrum of200 nM rhodamine 6G obtained 
using gold nanoparticles synthesized via the procedure described in this paper. 

Conclusions 

Highly stable aqueous suspensions of SERS-active spherical gold 
nanoparticles (15-20 nm diameter) have been prepared by thiosulfate reduction 
of tetrachloroauric acid (HAuCl4). The reaction proceeds via reduction of Au 
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(III) to Au (0) with concurrent oxidation of thiosulfate to sulfate. Time-
dependent absorption spectra of the nanoparticle suspensions exhibit both the 
expected visible SPR as well as an EPB in the NIR that initially increases in 
intensity and red-shifts with time, then blue-shifts and decreases in intensity, 
before eventually disappearing. The behavior of the EPB is thought to be due to 
changes in nanoparticle flocculation because of competition between 
agglomeration of nanoparticles (which minimizes their surface energy) and 
electrostatic repulsion due to charge buildup on the surface of the nanoparticles. 
The sulfate produced in the course of the reaction appears to adhere to the 
surface of the nanoparticle, but is insufficient to prevent nanoparticle 
aggregation, necessitating the addition of a stabilizing agent. A wide variety of 
stabilizing agents were found to work, including sulfate, several halides, a 
carboxylate anion (acetate), a surfactant (SDS), and an amino acid (alanine). 
The stabilizing agent appears to play a key role in the subsequent SERS activity 
of the nanoparticles by adsorbing to their surface and mediating the analyte-
nanoparticle interaction. 
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Controlled chemical functionalization of gold nanoparticles 
through solid-phase place exchange reactions was demon
strated as an efficient approach toward particles with a single 
chemical group attached on the nanoparticle surface. The as-
synthesized monofunctional gold nanoparticles were used as a 
versatile building blocks in bottom-up approach to prepare 
various particle assemblies through coupling reaction with 
other chemicals, molecules, and nanoparticles. Unique optical 
properties such as enhanced nonlinear optical property and 
electromagnetic coupling interactions between nanoparticles 
were observed from a nanoparticle necklace structure prepared 
by this approach. 

Introduction 

Gold nanoparticle (AuNP) is among one of the most interesting 
nanomaterials with a broad application potential (7-5). Most AuNPs are covered 
with a monolayer of ligands to ensure their stability and solubility. To date, most 
synthetic methods (6, 7) or place exchange reaction (5-77) without any control 
can only lead to nanoparticles with either no functional groups or unknown 
numbers of functional groups which distribute uniformly on the particle. AuNPs 
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with accurately controlled functionality (i.e. number and distribution of 
functional groups) are highly demanded for two reasons: first, with a known 
number of functional groups, AuNPs can be treated as molecules to react with 
other chemicals, molecules, or nanoparticles to form well defined complex 
nanodevice in bottom-up approach; second, new properties and applications will 
derive from the asymmetric distribution of functional groups around AuNPs (72-
75). So far only a few approaches have been demonstrated for controlled 
functionalization of AuNPs including separation of AuNPs with discrete 
numbers of DNA molecules by electrophoresis (16, 17) and confined interfacial 
place exchange reaction by Langmuir film technique (18). Recently, a solid 
phase place exchange reaction was reported for the controlled chemical 
functionalization of AuNPs (19-21) and has been further developed since then. 
Solid phase synthesis is a synthetic strategy in which chemical reactions are 
conducted on a solid support such as a polymer resin. This technique has been 
used extensively in peptide and combinatorial library synthesis (22, 23). When 
applied in controlled chemical functionalization of AuNPs, place exchange 
reaction (8-77) was conducted between AuNPs and ligands supported on 
polymer beads. By modulating the density of ligands on polymer beads, 
functional groups can be attached to AuNPs with controlled amount and 
distribution. 

Controlled Chemical Functionalization of AuNPs by Solid-
Phase Place Exchange Reaction 

A representative procedure of solid-phase place exchange reaction towards 
controlled functionalization of AuNPs is outlined in Figure 1 (19-21). 
Bifonctional thiol ligands with a carboxyl end group were first immobilized on a 
solid support such as a polymer resin with a controlled density. The density was 
tuned according to quantity of functional groups on the final AuNP. If AuNPs 
with one functional group is expected, the density is controlled low enough that 
neighboring thiol ligands were far apart from each other. When the modified 
polymer support was incubated in an alkanethiolate-protected AuNP solution, a 
one-to-one place exchange reaction took place between the polymer-bound thiol 
ligands and nanoparticles as depicted in Figure 1. After cleaving off from the 
solid support, nanoparticles with a single carboxyl group were obtained as the 
major product. Comparison study on the solution phase versus solid phase place 
exchange reaction showed that in solution phase reaction, even after strict 
stoichiometric control of incoming ligand ratio versus the nanoparticle-bound 
ligands, AuNPs with even distribution of one, two, three, and other discrete 
numbers of functional groups were obtained (19). 

A further investigation on controlled chemical functionalization of AuNPs 
by solid phase modification was carried out to simplify the procedure and 



33 

Figure 1. A representative synthetic procedure for monofunctional AuNPs 
through a solid phase place exchange reaction. (Reprinted with permission 

from reference 21. Copyright 2004 American Chemical Society.) 

improve the yield of monofunctional nanoparticle product. Initially the 
bifimctional thiol ligands were loaded to polymer support by covalent bond. 
Multiple reaction steps including protection and deprotection of chemical 
groups were required to complete the synthesis, which is rather time consuming 
and costly. An improved procedure of using noncovalent bond to "catch and 
release" AuNPs was investigated (24, 25). Amino-functionalized silica gel, Rink 
resin, and anionic resin were used as solid support to conduct the solid phase 
modification of AuNPs. As depicted in Figure 2, thiol ligands with carboxyl 
groups were loaded onto amine-functionalized polymer beads directly as a result 
of electrostatic interactions. Then the surface bound thiol groups underwent a 
one-to-one place-exchange reaction with AuNPs. Finally, AuNPs with a single 
carboxyl group attached to the surface were cleaved from polymer beads with a 
5% acetic acid solution in a few minutes. 

Compared to covalent bond-based solid phase controlled functionalization, 
the noncovalent bond approach shows advantages including fewer reaction steps 
and reduced cost. It can be seen that in noncovalent approach, very few 
chemicals are needed compared to covalent approach. Although with several 
advantages, special attention needs to be paid to the noncovalent approach 



34 

Figure 2. Noncovalent bond-based solid phase synthesis of monofunctional 
AuNPs. (Reprinted with permission from ref 24. Copyright 2006 John Wiley 

& Sons, Inc.) 

because the electrostatic interaction is a rather weak interaction. Reaction 
conditions such as polarity of solvents used in each step, thiol ligands loading 
concentration, and solid phase place exchange reaction time have to be carefully 
controlled to avoid reversible thiol ligands release from polymer beads back into 
solution, leading to uncontrolled functionalization product. 

Monofunctional AuNPs as Building Blocks to Synthesize 
AuNPs Assemblies 

The first example of a bottom up approach using monofunctional AuNPs 
was demonstrated on the synthesis of AuNP dimers by coupling two particles 
with diamine molecules. Shown in Figure 3 is a TEM image of the nanoparticle 
product after diamine coupling. AuNP dimers were indicated by circles and 
AuNP trimers or tetramers as indicated by arrows were also observed because of 
the presence of a small percentage of multifunctional AuNPs. The distance 
between two particles in dimer can be tuned by the length of diamine. This 
dimer structure may find potential use in the study of surface enhanced Raman 
scattering (SERS) effect, as it has been reported that the site sandwiched 
between two metal nanoparticles is the hot spot for SERS effect (26). 
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Figure 3. AuNP dimers by coupling single functional AuNPs with diamine. 
(Reprinted with permission from ref 20. Copyright 2004 The Royal Society 

of Chemistry.) 

Another more complicated example was demonstrated through the 
synthesis of a AuNP nanonecklace assembly using polylysine as a templating 
skeleton (27). Polylysine is a linear polypeptide with side amino groups from 
lysine residues available for coupling with the monocarboxylic AuNPs. The 
nanonecklace structures were formed by first covalent attachment of AuNPs to 
the polylysine backbone followed by ring closure of the polylysine chain as 
shown in Figure 4. Because each polylysine chain has a carboxylic acid end 
group, with the presence of amide coupling agent, DIPCDI, the carboxylic end 
group could have reacted with the end or one of the side amino groups from the 
same polylysine to form a cyclic polypeptide. The average length of the 
nanonecklaces correlates to the molecular weight of polylysine. Higher 
molecular weight of polylysine leads to necklace with longer average length. 

Interparticle interactions play a critical role in the optical and electrical 
properties of nanoparticle material (28). Recently, the electromagnetic coupling 
interaction in gold nanonecklace has been investigated (29) using a time-
resolved spectroscopy (30,31). Figure 5 shows the kinetic traces of surface 
plasmon bleach for individual AuNPs and gold nanonecklace. The kinetics 
shown in Figure 5A revealed a considerably slower electron-electron scattering 
from gold nanonecklace versus individual nanoparticles. In addition, the 
recovery of bleach (Figure 5B) was also found to be substantially slower for the 
gold nanonecklace over AuNPs. These observations indicated an efficient 
dipolar coupling between the plasmons of two neighboring particles. This 
interparticle electromagnetic coupling can have vital implications in linear, 
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Figure 4. Schematic outline showing the nanonecklace formation by coupling 
monofunctional AuNPs with polylysine. (Reprinted with permission from 

reference 27. Copyright 2005 American Chemical Society.) 
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Figure 5. Kinetics decay profiles for Au-Np and at the peak of their bleach 
wavelengths (A) in short time window and (B) long time window after intraband 
excitation at 390 nm (Reprinted with permission from reference 29. Copyright 

2007 American Chemical Society.) 

nonlinear optics, and surface enhanced Raman scattering effect of nanoparticles. 
One of the interesting properties already observed from the gold nanonecklace 
is the enhanced optical limiting effect (52). AuNPs are known to exhibit 
nonlinear optical properties for both nanosecond and picosecond laser pulses 
(33-35). Compared to individual AuNPs, gold nanonecklace demonstrates an 
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enhanced optical limiting effect as shown in Figure 6. The limiting threshold, 
defined as the incident fluence at which the transmittance drops to 90% of the 
linear transmission, is as low as -0.08 J/cm2 for nanonecklace compared to 0.63 
J/cm2 for individual AuNPs. The transmission drops to 25% when the incident 
fluence increased to -1.7 J/cm2 for gold nanonecklace, while the transmission 
only drops to 50% for uncoupled AuNPs. The enhanced optical limiting of gold 
nanonecklace is attributed to the electromagnetic interaction between 
nanoparticles in close proximity. 
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Figure 6. Optical limiting curves for monofunctional AuNPs (Au-COOH) and 
the gold nanonecklace (AuNP-PLL). (Reprinted with permission from reference 

32. Copyright 2005 American Chemical Society.) 

The approach to prepare AuNPs assemblies from single functional AuNPs 
was further demonstrated by the synthesis of a AuNP-dendrimer conjugate 
cluster (33). AuNPs with a single carboxyl group on the surface were coupled to 
a generation 5 P A M A M dendrimer through amide coupling. After coupling 
reaction, AuNP clusters ranging in size from 4-10 particles per cluster and with a 
diameter of 10-13 nm were formed (Figure 7). Interestingly, the AuNP cluster 
shows no apparent change in the wavelength of the SPR band when compared to 
the uncoupled monofunctional AuNPs. This may be because the distance 
between adjacent particles in clusters is not short enough in solution to induce 
strong interparticle interactions. It is known that the size of a P A M A M dendrimer 
increases with decreasing pH value (34-36), and the polarity of solvents and ionic 
concentration also have a strong effect on the size of P A M A M dendrimer. 
Therefore it may be possible to tune the interparticle interaction between AuNPs 
attached to the dendrimer by adjusting the pH, ionic strength or solvent polarity 
of the solution. This study is currently under investigation. 
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Figure 7. TEM image of AuNP-dendrimer conjugate clusters, and histogram 
showing the number ofparticles per cluster. (Reprinted with permission from 

reference 33. Copyright 2006 The Royal Society of Chemistry.) 

Controlled chemical functionalization of AuNPs is a very important area of 
nanoparticle research. As demonstrated in our and other groups study (37-41), 
monofunctional AuNPs can be successfully synthesized through a solid phase 
reaction approach. AuNPs with bifunctional or multifunctional groups 
asymmetrically distributed on the particle surface may also be synthesized either 
through multicycle of solid phase synthesis or through other controlled synthesis 
(42). AuNPs with controlled chemical functionality may be used as versatile 
building blocks to synthesize particle assemblies through simple chemical 
reactions. Further development of assembles using more structurally 
complicated polymers (e.g. star shape, comb shape polymers and block 
copolymers) and functional polymer (e.g. thermosensitive (43, 44), light 
sensitive (45, 46), and pH sensitive) may lead to new materials with interesting 
optical and electrical properties. 

Conclusions and Perspectives 
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The discovery of spontaneous assemblies of thiols on the 
surface of gold nanoparticles has proven to be a major advance 
for chemists, physicists and materials scientists in the 
disciplines ranging from electronics to biomedicine. However, 
the lack of availability of new thiols with diverse structure has 
been a barrier to wide investigation on monolayer-protected 
gold nanoparticles. This chapter describes our recent progress 
on synthesizing the new thiol surfactants as a stabilizer of gold 
nanoparticles in organic solvents. Two efficient and mild 
methods were established for synthesizing the tunable length 
thiols by reacting alkyl bromide with hexamethyldisilathiane, 
and by the deprotection of thioacetate into thiol in the presence 
of tetrabutylammonium cyanide. The approaches are very 
versatile and effective, and provide an easy access for the 
direct synthesis of various different length thiols with aliphatic 
or aromatic structural moieties, which play a crucial role in 
stabilizing gold nanoparticles and tuning their properties for 
various technological applications. Gold nanoparticles 
encapsulated with our synthetic thiols, i.e. thiol monolayer
-protected gold nanoparticles, were prepared and well 
characterized by 1H NMR, UV-vis, FT-IR and TEM. The 
hybrid nanoparticles are stable in both organic solvents and 
solid media without irreversible aggregation or decom
position. 

© 2008 American Chemical Society 41 



42 

Introduction 

Gold particles in the nanometer size regime have attracted tremendous 
attention due to their unusual behaviors compared with corresponding bulk 
materials (/), and hold a great promise in the area of ferrofluids (2), catalysis (3), 
electronics (4), and biomedical applications (5). One of the major challenges is 
to prevent the aggregation propensity of nanoparticles and control their size, and 
to organize them into nanostructured devices and composite materials. 
Dispersing gold particles in organic solvents is appealing since the low 
interfacial energies should allow for a high degree of control during solution and 
surface processing. The recent progress on thiol monolayer-protected gold 
nanoparticles as a result of the strong Au-thiol interaction, i.e. very small clusters 
of gold atoms coated with thiol monolayers, provides an intriguing pathway to 
address the challenge (6a-f), since the gold nanoparticles prepared by other non-
thiol methods such as the citrate method for gold colloids and the reverse micelle 
method are prone to aggregation to revert back to the bulk gold and do not have 
good solubility in organic solvents. 

Thiol monolayer-protected gold nanoparticles can be prepared following a 
straightforward procedure that normally involves the wet-chemical reduction of a 
gold salt in the presence of a stabilizing thiol surfactant usually in a two phase 
system (6a). The resulting gold nanoparticles are different from the conventional 
colloids and the nanoparticles prepared by micelle, polymer stabilization and 
stabilization with other small organic ligands in that they are stable and isolable 
without irreversible aggregation or decomposition in organic solvents (7). The 
thiol surfactants binding to the gold surface by Au-S linkage can not only impart 
the stability of gold nanoparticles but also tune the properties of the resulting 
hybrid nanoparticles. To date, thiols have widely been used to stabilize 
dispersions of gold nanoparticles in organic solvents, however studies on the 
spontaneous assemblies of organic thiols to form a monolayer on the surface of 
gold nanoparticle have mainly relied on the availability of a relatively few 
commercially available unbranched alkanethiols. Recently Zhong et al. (8) 
demonstrated that the size of gold nanoparticles can be tuned molecularly by 
manipulating different length alkanethiols. By using the commercially available 
alkanethiols CNH 2 N+iSH from N=5 to N=17, gold nanoparticle sizes ranging 
from 5 to 8 nm with good monodispersity were obtained. Interestingly, an 
increase in the alkanethiol chain length leads to a gain in stabilization energy due 
to additional interchain cohesive interactions. Furthermore, it is well known that 
gold nanoparticles possess size-dependent optical, electrical and magnetic 
properties with the most significant size effects occurring for nanoparticles 1-10 
nm in diameter (9). The nanoparticles below 5 nm are thought to be of great 
practical value for numerous applications (70). In order to obtain stable and 
monodispersed gold nanoparticles with a desired particle size, it is important to 
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synthesize thiol surfactants with tunable length. A logical way is to connect two 
length-controllable linear chains via ester group as a linker (Figure 1). The 
length of the resultant surfactant will be controlled by the combination of 
different length aliphatic alcohols and aliphatic acids. 

In the synthesis of thiols, a protecting group is often employed since 
organic thiol has the propensity to be oxidized into corresponding disulfide. The 
most common protecting group is acetyl which can be deprotected by using 
harsh reaction conditions such as strong acids or bases (e.g. sulfuric acid, 
hydrochloride, potassium hydroxide, potassium carbonate and lithium aluminum 
hydride) (77). However, the strong acidic or basic condition results in the 
formation of by-products or the decomposition of the target thiols containing the 
group (e.g. ester and amide) sensitive to acid or base. An ideal synthetic 
procedure to prepare thiol surfactant should involve an efficient transformation 
to form a protected but conveniently activated thiol precursor under a mild 
reaction condition. 

Here we describe our recent progress on synthesizing the new thiol 
surfactants as a stabilizer of gold nanoparticles in organic solvents (72). Two 
efficient and mild methods have been established for the synthesis of the tunable 
length thiols. These approaches provide an easy access for the direct synthesis 
of various different length thiols which play a crucial role in stabilizing gold 
nanoparticles and tuning their properties. The easily synthesized thiols can be 
spontaneously assembled on the surface of gold nanoparticles. Gold 
nanoparticles encapsulated with our synthetic thiols, i.e. thiol monolayer-
protected gold nanoparticles, were prepared and well characterized by H NMR, 
UV-vis, FT-IR and TEM. The hybrid nanoparticles are stable in both organic 
solvents and solid media without irreversible aggregation or decomposition. 

Figure 7. Schematic diagram of thiol monolayer protected gold nanoparticles. 
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Experimental 

All chemicals and solvents were purchased from commercial suppliers and 
used without further purification. Deionized water was used in the preparation of 
the gold nanoparticles. HAuCl 4 is a 30 wt % in diluted HC1 solution. *H and 1 3 C 
NMR spectra were recorded in CDC13. Chemical shifts are in 8 units (ppm) with 
the residual solvent peak as the internal standard. The coupling constant (J) is 
reported in hertz (Hz). NMR splitting patterns are designated as follows: s, 
singlet; d, doublet; t, triplet; and m, multiplet. Analytical thin layer 
chromatography (TLC) was performed on commercially coated 60 mesh F 2 5 4 

glass plates. Spots were rendered visible by exposing the plate to UV light or 
colour agent. Column chromatography was carried out on silica gel (60-200 
mesh). Infrared FT-IR spectra were recorded with a KBr pellet. UV-vis spectra 
were measured in CH2C12. TEM images were taken on a Hitachi H-7600 
transmission electron microscope. 

Method 1: synthesis of thiols. The thiol was introduced by a convenient 
(trimethylsilyl)thioxy-dehalogention reaction (72). The target thiols 4a-d were 
synthesized starting from aliphatic acid 1 which was reacted with aliphatic 
alcohol 2 under N, N'-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyrindine (DMAP) at room temperature to get aliphatic bromide 
3. The intermediate 3 was reacted with hexamethyldisilathiane in the presence of 
tetrabutyl ammonium fluoride (Bu4NF) to get thiol 4 (Scheme 1). The structures 
of thiols 4a-d were well identified by lH NMR, l 3 C NMR, FT-IR, MS and 
elemental analysis. 

Dodecanoic acid 11-bromo-undecyl ester ( 3a, m = 1, n = 1 ): The 
mixture of 11-bromo-undecan-l-ol (1 g, 3.98 mmol), lauric acid (0.88 g, 4.38 
mmol), DCC (0.90 g, 4.38 mmol), and DMAP (0.097 g 0.796 mmol) in CH 2C1 2 

was stirred at room temperature for 12 h. The resulting reaction mixture was 
extracted with CH2C12. The organic layer was washed three times with brine, 
dried over anhydrous magnesium sulfate and evaporated. The residue was 
purified by flash silicon chromatography using 3% ethyl acetate in hexane as 
eluent to afford the product. Clear liquid, yield: 72%; ! H NMR: 0.88 (t, 3H) 1.26 
(m, 30H) 1.61 (m, 4H) 1.82 (m, 2H) 2.29 (t, 2H, J= 7.6 Hz) 3.41 (t, 2H, J= 6.8 
Hz) 4.05 (t, 2H, J=6.8Hz). 

Tetradecanoic acid 11-bromo-undecyl ester ( 3b, m = 1, n = 3 ): White 
solid, yield: 84%; ! H NMR: 8 0.88 (t, 3H) 1.25 (m, 32H) 1.42 (m, 2H) 1.61 (m, 
4H) 1.85 (m, 2H) 2.29 (t, 2H, J = 7.6 Hz) 3.41 (t, 2H, J= 6.8 Hz) 4.05 (t, 2H, J 
= 6.6 Hz). 

Octadecanoic acid 11-bromo-undecyl ester ( 3d, m = 1, n = 7 ): White 
solid, yield: 85%; l H NMR: 8 0.88 (t, 3H), 1.25 (m, 40H), 1.42 (m, 2H), 1.61 
(m, 4H), 1.85 (m, 2H), 2.28 (t, 2H, J= 7.5 Hz), 3.40 (t, 2H, J= 6.8 Hz), 4.05 (t, 
2H, J= 6.6 Hz); 1 3 C NMR: 8 14.10, 28.18, 28.76, 29.18, 29.24, 29.29, 29.38, 
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29.41, 29.45, 29.48, 29.62, 29.67, 29.71, 31.94, 32.84, 34.01, 34.43, 64.38, 
174.04. 

Dodecanoic acid 11-mercapto-undecyl ester ( 4a, m = 1, n = 1): White 
solid; IR (KBr) v m a x (cm-1): 2920, 2851, 1736, 1177; 'H NMR: 8 0.88 (t, 3H), 
1.33 (m, 30H), 1.63 (m, 6H), 2.28 (t, 2H, J= 7.6 Hz), 2.52 (q, 2H), 4.04 (t, 2H, 
J= 6.6 Hz); 1 3 C NMR: 8 14.07, 22.66, 24.60, 25.03, 25.92, 28.35, 28.67, 29.04, 
29.16, 29.21, 29.26, 29.31, 29.46, 29.59, 31.90, 34.03, 34.41, 64.32, 173.87; 
MALDI-TOF MS calcd for C 23H 4 60 2SNa (M+Na): 409.3116, found: 409.3108; 
Anal, calcd for C 2 3 H 4 6 0 2 S: C, 71.44; H, 11.99; S, 8.29. Found: C, 71.19; H, 
12.01; S, 8.08. 

Tetradecanoic acid 11-mercapto-undecyl ester (4b, m = 1, n = 3): White 
solid; IR (KBr) v m a x (cm-1): 2918, 2850, 1736, 1182; *H NMR: 5 0.88 (t, 3H), 
1.31 (m, 34H), 1.60 (m, 6H), 2.27 (t, 2H, J= 7.6 Hz), 2.51 (q, 2H), 4.04 (t, 2H, 
J= 6.8 Hz); 1 3 C NMR: 8 14.05, 22.65, 24.58, 25.02, 25.92, 28.35, 28.66, 29.04, 
29.15, 29.21, 29.24, 29.32, 29.45, 29.62, 31.90, 34.01, 34.39, 64.30, 173.84; 
MALDI-TOF MS calcd for C 2 5 H 5 0 O 2 SNa (M+Na): 437.3429, found: 437.3426; 
Anal, calcd for C 2 5 H 5 0 O 2 S: C, 72.40; H, 12.15; S, 7.73. Found: C, 72.68; H, 
12.48; S, 7.27. 

Hexadecanoic acid 11-mercapto-undecyl ester ( 4c, m = 1, n = 5): White 
solid; IR (KBr) v m a x (cm'1): 2917, 2849, 1735, 1472, 1463, 1179; 'H NMR: 8 
0.88 (t, 3H), 1.31 (m, 38H), 1.61 (m, 6H), 2.29 (t, 2H, J= 7.3 Hz), 2.52 (q, 2H), 
4.05 (t, 2H, J= 6.7 Hz); 1 3 C NMR: 8 14.10, 22.69, 24.63, 25.05, 25.94, 28.38, 
28.68, 29.06, 29.17, 29.24, 29.27, 29.36, 29.48, 29.61, 29.66, 29.69, 31.93, 
34.04, 34.43,64.30, 173.90. 
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Octadecanoic acid 11-mercapto-undecyl ester ( 4d, m = 1, n = 7): White 
solid; IR (KBr) v m a x (cm'1) : 2918, 2850, 1737, 1464, 1175, 1193; ! H NMR: 8 
0.87 (t, 3H), 1.31 (m, 42H), 1.60 (m, 6H), 2.28 (t, 2H, J= 7.6 Hz), 2.52 (q, 2H), 
4.04 (t, 2H, J= 6.8 Hz); l 3 C NMR: 8 14.05, 22.70, 24.64, 25.04, 25.93, 28.38, 
28.66, 28.89, 29.07, 29.17, 29.24, 29.28, 29.38, 29.49, 29.62, 29.67, 29.71, 
31.94, 34.06, 34.41, 64.36, 173.98; MALDI-TOF MS calcd for C29H5802SNa 
(M+Na): 493.4055, found: 493.4048; Anal, calcd for C 2 9 H 5 8 0 2 S: C, 73.98; H, 
12.42; S, 6.81. Found: C, 74.03; H, 12.55; S, 6.91. 

Method 2: the synthesis of thiols. The thiol was conveniently activated by 
deprotection of thioacetate in the presence of tetrabutylammonium cyanide [73]. 
The target thiols 4a-d were synthesized starting from bromoalkanol 2 which was 
treated with thiolacetic acid in the presence of triethylamine to get 5. The 
intermediate 5 was reacted with aliphatic acid 1 under DCC and DMAP at room 
temperature to get thioacetate 6 followed by the deprotection in the presence of 
tetrabutyl ammonium cyanide (Bu4NCN) to get thiol 4 (Scheme 2) (72). 

/ 3% HCl in CH3OH 

o 

B114NCN in C H 3 O H , CHCI3, r.t. 

Scheme 2. Synthesis of the tunable length thiols (Method 2) 
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Thioacetic acid S-(ll-hydroxy-undecyl) ester (5, m = 1): A solution of 
triethylamine( 7.96 mmol ,0.81 g) and 20 mL methanol was cooled to 0 °C using 
ice bath. Then a solution of thiolacetic acid (9.55 mmol, 0.73 g) diluted in 1.5 
mL of methanol was added dropwise. The resulting solution was stirred at 0 °C 
for 10 min, and then added to a room temperature solution of 11-bromo-
undecan-l-ol (7.96 mmol, 2 g) in 30 ml of methanol dropwise. The resulting 
solution was refluxed for 3 h. The reaction mixture was extracted with CH 2C1 2. 
The organic layer was washed three times with brine, dried over anhydrous 
magnesium sulfate and evaporated. The residue was purified by flash silicon 
chromatography using 10% ethyl acetate in hexane as eluent to afford the 
product. White solid, yield: 76%; 'H NMR: 5 1.27 (m, 14H), 1.56 (m, 4H), 2.32 
(s, 3H), 2.86 (t, 2H, J= 7.2 Hz), 3.63 (t, 2H, J= 6.6 Hz); 1 3 C NMR: 6 29.16, 
29.39, 29.42, 29.46, 29.47, 29.52, 29.54, 29.55, 29.57, 30.63, 32.77, 62.98, 
196.20. 

Dodecanoic acid ll-acetylsulfanyl-undecyl ester ( 6a, m = 1, n = 1): The 
mixture of thioacetic acid S-(10-hydroxy-decyl)ester (1 g, 4.3 mmol), Laurie 
acid (0.86 g, 4.3 mmol), DCC (0.98 g, 4.73 mmol), and DMAP (0.11 g, 
0.86mmol) in CH2C12 was stirred at room temperature for 12 h. After the 
reaction complete, the mixture was extracted with CH2C12 The organic layer was 
washed three times with brine, dried over anhydrous magnesium sulfate and 
evaporated. The residue was purified by flash silicon chromatography using 5% 
ethyl acetate in hexane as eluent to afford the product as white solid, Yield: 91%; 
IR (KBr) v m a x (cm-1): 2914, 2849, 1725, 1691, 1653; *H NMR: 8 0.88 (t, 3H), 
1.29 (m, 30H), 1.58 (m, 6H), 2.28 (t, 2H), 2.32 (s, 3H), 2.86 (t, 2H, J= 7.2 Hz), 
4.05 (t, 2H, y= 6.6 Hz); 1 3 C NMR: 8 14.09, 22.66, 25.01, 25.91, 28.64, 28.78, 
29.08, 29.10, 29.14, 29.21, 29.26, 29.32, 29.41, 29.45, 29.49, 29.59, 30.57, 
31.89, 34.37, 64.32, 173.90, 195.86; MALDI-TOF MS calcd for C 2 5 H 4 8 0 3 SNa 
(M+Na): 451.3222, found: 451.3222. 

Tetradecanoic acid ll-acetylsulfanyl-undecyl ester ( 6b, m = 1, n = 3): 
White solid, yield: 84%; IR (KBr) v m a ] t (cm'1): 2917, 2849, 1736, 1725, 1694, 
1202, 1183; 'H NMR: 8 0.87 (t, 3H), 1.25 (m, 34H), 1.59 (m, 6H), 2.28 (t, 2H), 
2.31 (s, 3H), 2.85 (t, 2H, J = 7.4 Hz), 4.05 (t, 2H, J = 6.8 Hz); 1 3 C NMR: 8 
14.10, 22.70, 25.04, 25.94, 28.66, 28.82, 29.11, 29.16, 29.24, 29.28, 29.36, 
29.44, 29.48, 29.61, 29.66, 29.68, 30.64, 31.93, 34.43, 64.39, 174.04, 196.07; 
MALDI-TOF MS calcd for C 2 7 H 5 2 0 3 SNa (M+Na): 479.3535, found: 479.3537. 

Hexadecanoic acid ll-acetylsulfanyl-undecyl ester ( 6c, m = 1, n = 5): 
White solid, yield: 88%; IR (KBr) v m a x (cm'1): 2918.02, 2849.84, 1721.47, 
1679.05, 1470.86, 1179.02; lH NMR: 8 0.86 (t, 3H), 1.24 (m, 38H), 1.59 (m, 
6H), 2.27 (t, 2H), 2.30 (s, 3H), 2.84 (t, 2H, J= 7.4 Hz), 4.03 (t, 2H, J = 6.8 Hz); 
1 3 C NMR: 8 14.10, 22.70, 25.03, 25.93, 28.65, 28.81, 29.10, 29.13, 29.16, 
29.23, 29.28, 29.36, 29.43, 29.47, 29.61, 29.66, 29.69, 30.60, 31.93, 34.40, 
64.36, 173.97, 195.97. MALDI-TOF MS (M+Na) calcd for C 2 9 H 5 6 0 3 SNa: 
507.3848, found: 507.3847. 
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Octadecanoic acid ll-acetylsulfanyl-undecyl ester ( 6d, m = 1, n = 7): 
White solid; Yield: 90%; IR (KBr) vm a x(cm _ 1): 2918, 2850, 1721, 1697, 1471, 
1179; l H NMR: 5 0.87 (t, 3H), 1.24 (m, 42H), 1.60 (m, 6H), 2.28 (t, 2H), 2.31 
(s, 3H), 2.85 (t, 2H, J = 7.4 Hz), 4.04 (t, 2H, J = 6.8 Hz); 1 3 C NMR: 8 14.10, 
22.70, 25.03, 25.93, 28.66, 28.82, 29.10, 29.14, 29.17, 29.24, 29.29, 29.37, 
29.44, 29.48, 29.62, 29.67, 29.70, 30.63, 31.93, 34.41, 64.37, 174.00, 196.00; 
MALDI-TOF MS calcd for C 3iH 6o0 3SNa (M+Na): 535.4161, found: 535.4160. 
Anal, calcd for C 3 iH 6 0 O 3 S: C, 72.60; H, 11.79; S, 6.25. Found: C, 72.50; H, 
11.94; S, 6.14. 

Thiols 4a-d: The mixture of thioacetate 6 (1.60 mmol) and 
tetrabutylammonium cyanide (0.16 mmol) in CHC13 (16 mL) and CH 3OH (16 
mL) was stirred at room temperature under the protection of nitrogen. The 
resulting reaction mixture was extracted, washed with water and ammonium 
chloride, dried over anhydrous sodium sulphate. The organic solvent was 
removed under reduced pressure to get a pure thiol in a high yield without 
further purification. Their structures are consistent with those in method 1. 

Synthesis of the gold nanoparticles encapsulated with the thiol 4. Gold 
nanoparticle solutions were prepared following the procedure described by 
Brust, et al. (7a) with slight modification. The thiol 4 was used as a stabilizer to 
synthesize the gold nanoparticles in a ratio of 2:1 for Au:S. In a typical 
procedure, 15 mL of 0.015 M aqueous solution of HAuCl 4 was mixed with 10 
mL of 0.05 M solution of tetraoctylammonium bromide (TOAB) in toluene. The 
mixture was vigorously stirred for 0.5 h until the gold solution was extracted into 
the organic layer completely. The top orange red toluene layer was separated 
from the aqueous layer, and washed twice with water. The solution of thiol 4 
(0.09 mmol) in toluene was quickly added to the above mixture with stirring. 
Freshly prepared aqueous NaBH 4 solution (12 mL, 0.2 M) was added slowly. 
The resulting mixture was continued to stir for 3 h at room temperature. The 
toluene layer was separated and concentrated with a rotary evaporator under 
reduced pressure. The gold colloids were precipitated in ethanol and kept 
overnight in the refrigerator, then filtered with Millipore filter paper (0.5 jim 
pore size) and washed with ethanol. The precipitation procedure was done twice 
in order to get rid of free thiol and TOAB impurities. The black precipitate was 
collected for IR, UV-vis, ] H NMR and TEM studies. 

Results and Discussion 

We have established two efficient and mild methods for synthesizing the 
tunable length thiols. In method 1, the thiols were synthesized by reacting alkyl 
bromide with hexamethyldisilathiane (Scheme 1). In method 2, the thiols were 
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synthesized by the deprotection of thioacetate into thiol in the presence of 
tetrabutylammonium cyanide (Scheme 2). The common characteristics of the 
two methods are 1) very mild reaction condition in which some groups (e.g. ester 
and amide) sensitive to acid or base are still stable, and 2) their precursors 
(bromide and thioacetate) are stable to air, moisture and light. However, the 
advantage of method 1 is that thiol synthesis can be done within a relatively very 
short time compared with that in method 2. In method 2, we tried to convert the 
thioacetate 6 into free thiol using 3% HCl/CH 3OH (14). Unfortunately, it was not 
successful. Meanwhile, its hydrolyzed products were obtained. This is not 
surprising since the ester group as the linker might be easily hydrolyzed under 
the acidic reaction condition. 

Although we synthesized four thiols, the general principle of the two 
methods is applicable to other thiols with aliphatic or aromatic structural 
moieties. We can use the two approaches to synthesize different length thiols or 
functional thiols by introducing some functional group into the molecular 
structure. Interestingly, our synthetic thiols are not easily oxidized into 
disulfides, as evidenced by the proton-proton coupling between -CH 2 - and -SH 
in the NMR spectra recorded from samples even after having been kept for a 
long time under ambient condition. So the thiols can be purified by flash 
chromatography on silica gel with 1% ethyl acetate in hexane as the eluent. 

Using the thiol 4b and 4d respectively as the stabilizer, gold nanoparticles 
were prepared by reducing HAuCl 4 in the presence of TOAB in an 
organic/aqueous two phase solution (6a, 15). As expected, the two resulting 
hybrid gold nanoparticles encapsulated with the thiol 4b and 4d were stable in 
both organic solvent such as CH2C12, THF, toluene or ether and the solid state. 
These nanoparticles did not show any sign of aggregation or precipitation with 
time, and they could be re-dispersed in organic solvent after complete removal of 
solvent (16). Size distribution and particle size can be obtained from the TEM 
which shows almost uniform size and shape of the nanoparticles which is 
consistent with the literature. Their sizes were 2-4 nm, and TEM images in 
Figures 2 and 3 also clearly show isolated nanoparticles without aggregation. It 
is interesting that the length of thiol 4b and 4d is approximately 3.4 nm and 3.9 
nm, respectively (Figure 4). Since the distance of the hybrid gold nanoparticles 
in Figure 2 and Figure 3 is less than 6.8 (2x3.4) nm and 7.8 (2x3.9) nm, we can 
deduce that the intercalation of the surfactant chain might exist (A in Figure 5). 
It seems that the longer surfactant 4d in hybrid nanoparticle has a more 
intercalation than the shorter 4b. 

It is worthy noting here that a unique property of the gold nanoparticles 
encapsulated with thiol surfactants is that they can be handled and characterized 
as a simple chemical compound. Therefore, NMR, UV-vis and FT-IR are useful 
tools to characterize them. The ! H NMR spectra of the gold nanoparticle 
samples in CDC13 were similar to the free thiols spectra, but with broadened 
peaks and the disappearance of the ct-methylene quartet at 2.55 ppm close to the 
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Figure 2. TEM images (left, middle and right) of gold nanoparticles 
encapsulated with the thiol 4b under different magnification. 

Figure 3. TEM images (left, middle and right) of gold nanoparticles 
encapsulated with the thiol 4d under different magnification. 

Figure 4. Space filling model of the thiols 4b and 4d by 3D-ChemDraw. 
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Figure 5. Schematic diagram of the intercalation of thiol surfactants in 
monolayer protected gold nanoparticles (A: with intercalation; B: without 

intercalation). 

thiol group (Figure 6) (77). Also the *H NMR spectra showed the disappearance 
of any TOAB residual after the precipitation and washing with ethanol for two 
times. The FT-IR spectra of the free thiol ligands and of the Au-thiol 
nanoparticles are similar which indicates that the thiol is part of the composite 
and the gold nanoparticles are effectively stabilized with these ligands. The ester 
peak at 1736 cm'1 indicates that there is no reduction of the ester group in the 
thiols ligands during the preparation of the gold nanoparticles. The UV-vis 
spectra of the gold nanoparticles encapsulated with thiols 4b and 4d in CH 2C1 2 

(Figure 7) are similar and show a broad plasmon band around 510 nm which 
originates from the formation of the gold colloids (6d,18). 

Figure 6. ]HNMR spectra of the hybrid gold nanoparticles encapsulated with 
thiol 4b (above) and the free thiol 4b (bottom). 
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Figure 7. UV-vis spectra of the gold nanoparticles encapsulated with 
thiol 4b (left) and 4d (right) 

Two efficient and mild methods for the synthesis of the tunable length 
thiols were established. The ester group as a linker in the thiol-functionalized 
aliphatic esters is stable under the mild reaction condition. The two synthetic 
methods are very versatile and effective for constructing many other different 
length thiol surfactants with aliphatic or aromatic structural moieties, which play 
a crucial role in stabilizing gold nanoparticles and tuning their properties for 
various technological applications. Gold nanoparticles encapsulated with some 
of our synthetic thiols are stable in both organic solvent and the solid state. The 
hybrid gold nanoparticles did not show any sign of aggregation or precipitation 
with time, and they could be re-dispersed in organic solvent after complete 
removal of solvent. 
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Chapter 5 

“Rippled” Mixed Monolayer Protected Nanoparticles 
with Charged Ligands 
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Department of Materials Science and Engineering, Massachusetts Institute 
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We present here the first molecular-level resolution STM 
images of water-soluble nanoparticles with a sulfonate group. 
We show that when mixed self-assembled monolayers (SAMs) 
of mercaptoundecasulfonic acid (MUS) and octanethiol (OT) 
in a 1:1 ratio are assembled on gold nanoparticles, they 
spontaneously phase-separate into highly ordered ribbon-like 
phases (“ripples”). These MUS:OT 1:1 nanoparticles have 
unprecedented solubility in aqueous environments and are thus 
ideal for use in biological applications. Their water solubility 
and net negative charge prevented traditional sample 
preparation methods from being viable and we present new 
methods for characterization. This new family of water
-soluble nano-structured nano-materials may demonstrate new 
properties due to this novel and unique morphology in their 
ligand shell. 

© 2008 American Chemical Society 55 
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Introduction 

Monolayer protected metal nanoparticles (MPMNs) are composed of a 
metallic nanocrystal coated by a 'three dimensional' self-assembled monolayer 
(SAM) of thiolated molecules (7,2) This ligand shell determines a large fraction 
of the particles' properties, ranging from their electro-optical behavior (3) to 
biological catalysis (4,5). Due to the easy synthetic approaches used to form 
these particles (7) and to the dynamic equilibrium of the molecules on the 
nanoparticle core (6), a large variety of thiolated ligands have been used to coat 
these particles (2). In some cases nanoparticles are directly synthesized with 
these ligand shell molecules; in other cases these molecules are placed in the 
ligand shell via place-exchange reactions. Increasingly, mixtures of molecules 
are used in the ligand shell where each molecule imparts a different property to 
the particle. Recently we addressed the problem of ligand shell morphology in 
mixed ligand coated metal nanoparticles (7,8). It has been known that in some, 
if not most, cases mixed SAMs phase separate into domains on flat gold surfaces 
(9). We used Scanning Tunneling Microscopy (STM) to show that when these 
same mixed SAMs are assembled onto gold nanoparticles, they spontaneously 
phase separate into highly ordered ribbon-like domains (7,8). The size of these 
domains is small enough (-0.5 nm) to be comparable to the size of a small 
molecule. This unique nanostructure confers unexpected properties to the 
nanoparticles such as non-monotonic dependence of solubility on ligand shell 
composition as well as some demonstrated resistance to non-specific adsorption 
of proteins (8). 

It has been shown that metal nanoparticles display various useful properties 
when interacting with biological materials, including bio-catalytic activity (4,10), 
excellent light-scattering properties (77), and penetration into brain tissues (72). 
These biological applications can only be probed with water soluble 
nanoparticles. At present the strategies to produce these particles include the use 
of charged ligands (4), ligands terminated with ethylene glycol moieties (75), or 
the use of both biological and non-biological macromolecules (14). The latter 
two strategies employ ligands whose conformational freedom prevents them 
from forming ordered SAMs on flat surfaces (75), let alone on nanocrystals. In 
such cases there is a negligible enthalpic contribution to mixing, and we thus 
expect perfect mixing behavior when the ligand shell has two components or 
more. On the other hand, charged thiolated molecules can indeed form ordered 
SAMs on flat gold (75), and thus it is possible that they can phase separate into 
ordered domains on gold nanoparticles. Our previous studies dealt exclusively 
with water insoluble particles and did not address this question (7,8). 

Here we show the first study that proves that ribbon-like domains are 
present in the ligand shell of gold nanoparticles coated with a mixture of 
mercaptoundecasulfonic acid and octanethiol. These particles are extremely 
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water soluble—up to 33 wt% for several weeks in solution—even when there is 
a relatively low fraction of mercaptoundecasulfonic acid. While water solubility 
and a negative net charge were the targeted properties, they also presented 
significant challenges towards the characterization of these particles. First, our 
sample preparation procedure (based on organic solvents) had to be changed; 
second, the net charge of the particles prevented the formation of dense particle 
layers; third, residual water molecules on the particles made imaging difficult. 
We will present a path to overcome all of these problems. 

Experimental 

Sample Preparation 

All materials were purchased from Sigma Aldrich and used as received. 
Mercaptoundecasulfonic acid was synthesized using a procedure that will be 
published elsewhere. 

200 mL abs. ethanol (EtOH) was stirred in a 500 mL round bottom flask on 
an ice bath for 10 min. 0.9 mM HAuCl 4-H O (355 mg) was dissolved in EtOH, 
and after 10 min 0.9 mM of thiol was added to the reaction mixture. After 
stirring the reaction mixture for another 10 min, 200 ml of a supersaturated 
solution of NaBH 4 in ethanol was added all at once, causing the solution to turn 
black. The solution was then stirred for another 3 h and refrigerated overnight to 
precipitate. The supernatant solution was removed, and the remaining solution 
containing the nanoparticles (~5 ml) was filtered through quantitative filter 
paper. After filtration, the nanoparticles were rinsed with 200 mL ethanol 
followed by 200 mL methanol, and then dried thoroughly under air. 

Throughout this paper we assume that the stoichiometric ratio used in the 
reaction is also the ratio found on the particles' ligand shell. Further study to 
confirm this assumption in this particular system is underway. 

The synthesis resulted in nanoparticles polydisperse in size, with core 
diameters ranging from ~2 to 10 nm, as determined by TEM and confirmed with 
STM. 

Bare Au (111) thermally evaporated on freshly cleaved mica substrates 
(Molecular Imaging) were used for imaging of the particles. Approximately 1 
mg of nanoparticles was dissolved in 1 ml of DI water. ~3 1̂ of this solution 
was cast onto the substrate that had been previously (~5 min) placed onto a 
hotplate kept at ~120°C. The heat causes the water to evaporate quickly (-2-3 
s), effectively 'freezing' the solution distribution of nanoparticles onto the 
substrate. 
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Imaging 

STM images were obtained using a Digital Instruments Multimode 
Nanoscope Ilia equipped with an E scanner. Pt/Ir tips were purchased from 
Veeco and mechanically cut. Typically a bias voltage of -1.2 to -1.4 V, a set 
current value of -600 pA, and a tip speed of 0.3-1.3 [im/s were used. Integral 
gains and proportional gains had typical values of -0.6 and -0.8, respectively. 

Results and Discussion 

Our standard sample preparation techniques were developed for 
nanoparticles dissolved in organic solvents (7). The basic procedure is to expose 
a gold substrate coated with an alkanedithiol monolayer to a solution of 
nanoparticles. We used this technique as a starting point for the preparation of 
samples of these water soluble particles, but found that few particles, if any, 
were transferred to the substrate. Additionally, because the nanoparticles were 
not directly attached to or interdigitated into the dithiol monolayer (due to the 
hydrophobic nature of the SAM and the hydrophilic nature of the nanoparticles), 
the particles were not stabilized on the surface. Thus the effective tunneling 
barrier from the particle core to the gold substrate was extremely large, requiring 
high voltages that could drive particles away from the tip and make imaging 
nearly impossible. Another difficulty was that we were not able to solubilize 
dithiol molecules in the aqueous solution of nanoparticles to crosslink them 
together, which is a strategy that we commonly use to obtain stable nanoparticle 
networks that are easier to image (7). We also tried electrostatically attracting 
the particles to the surface by forming a cysteamine hydrochloride 
(HSCH 2CH 2NH 2 • HCl) SAM on the gold on mica. These SAMs were formed 
from solutions of either water or ethanol, at concentrations of I O O J I M , ImM and 
10 mM. Unfortunately, STM images showed the tendency of this molecule to 
form three dimensional aggregates on these surfaces. We thus settled on casting 
the nanoparticles on bare Au (111). 

Our sample preparation procedure consisted of placing a drop of 
nanoparticle solution on the substrate and allowing the solvent to evaporate 
under ambient conditions. However, we found that the relatively slow 
evaporation of water at room temperature caused large aggregates of 
nanoparticles to form that made the samples difficult to image. This led us to 
cast the nanoparticles onto a heated substrate to accelerate the evaporation of the 
water, allowing for the formation of sparse sub-monolayers of these particles on 
the gold surface. This enabled the achievement of the first STM images of these 
nanoparticles. 

STM images, in agreement with the TEM images, showed a nanoparticle 
population polydisperse in diameter, ranging from about 2 nm to about 10 nm. 
Since ripple spacing has been found to vary with nanoparticle diameter (7), we 
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tried to limit our ripple analyses to nanoparticles with diameters in the range of 
3-5 nm for this study. 

Figure la shows an STM height image that has two nanoparticles with 
defined ribbon-like domains (or ripples) of about 0.59 nm in spacing. The 
nanoparticle on the left has ripples that are roughly vertical, while the one on the 
right has ripples that are roughly horizontal. For comparison, homoligand 
nanoparticles coated only with mercaptoundecasulfonic acid ligands are shown 
in Figure lb. Some streaks are visible due to nanoparticle movement caused by 
the STM during imaging. Indeed, the nanoparticles are not covalently attached 
to the substrate and have only weak interactions with the surface; nor are they 
packed tightly enough to have stabilizing interactions with each other. When 
examining these rippled nanoparticles, we preliminarily assign the higher, 
lighter domains to the mercaptoundecasulfonic acid and the darker domains to 
the octanethiol molecules. The observed striations (ripples) are similar in 
appearance to our previous images of octanethiohmercaptopropionic acid 
(OT:MPA)(7,S). 

Figure 1. STM height images, (a) Gold nanoparticles coated with a 1:1 molar 
ratio of mercaptoundecasulfonic acid and octanethiol (MUS.OT 1:1), cast on 

bare Au on mica, showing nanostructuring in their ligand shell due to the phase 
separation of the two ligands. These "ripples " are evident in the nanoparticles 
outlined with dashed circles, (b) Homoligand gold nanoparticles coated with 

mercaptoundecasulfonic acid only (all-MUS), cast on bare Au on mica. 
Nanoparticles are outlined with dashed circles. No ripples are visible. 

However, as shown in Figure 2, their average spacing is smaller than that 
measured in OT:MPA and is close to the spacing of headgroups in homoligand 
nanoparticles. We attribute this phenomenon to the formation of fine 
monomolecular domains, an effect that we have observed in 1:1 mixtures.7 

Charge and dipole balances in this system may be the driving force for a further 
narrowing of the domain sizes. As usual, attention was paid to distinguish noise 
from true domains in our images. Figure 3 displays measurements of ripple 
spacing with respect to tip velocity. The linear fit clearly does not go through 
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the origin, and is only weakly dependent on tip speed; we are thus confident that 
the ripples in the image are real and not imaging artifacts. 
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Figure 3. STM ripple spacing data of MUS.OT 1:1 nanoparticles with diameters 
between -3-5 nm, imaged at tip velocities between 0.55-1.14 jum/s. The line is 
a linear fit to the data and has an equation ofy = 0.406 + 0.228x. The spread 
is likely due to measurement error, the polydispersity of the nanoparticles, as 

well as convolution with noise. 

Conclusions 

In conclusion, we have presented here high resolution STM images of 
'rippled' nanoparticles with charged ligands. Their unique nanostructure will 
determine how they interact with their environment, which we will further 
investigate. The hydrophilicity of these nanoparticles makes them ideal for use 
in biological applications. 
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Chapter 6 

Synthesis and Optical Properties of 1D Metal 
and Core/Shell Colloidal Nanostructures 

Mingzhao Liu and Philippe Guyot-Sionnest 

James Franck Institute, The University of Chicago, Chicago, IL 60637 

The plasmon resonance of noble metal nanoparticles provides 
interesting optical properties in the visible and near-infrared 
region, and is highly tunable by varying the shape and the 
composition of the nanoparticles. This chapter describes the 
synthesis of gold nanorods and monodisperse gold bipyramids, 
as well as their growth mechanism. These rod-like 
nanostructures have pronounced plasmon resonance varying in 
the 1~2 eV range. These nanostructures also have 
extraordinary near-field behavior. It is shown by FDTD (finite
-difference time-domain) simulation that there is significant 
field enhancement (> 100 fold) in the vicinity of the 
nanoparticle at its plasmon resonance. This chapter also covers 
the synthesis and optical properties of core/shell 
nanostructures, such as metal/metal or metal/semiconductor 
nanorods. These composite material gives more tunability to 
the plasmon and may present interesting nonlinear optical 
properties. 

© 2008 American Chemical Society 63 



64 

Noble metal nanocrystals have interesting optical properties which come 
from the excitation of free electron surface plasmon by the electromagnetic field 
(7,2). The surface plasmon drastically disturbs the near-field at its resonance and 
gives strong light scattering and absorption, in addition of large local field 
enhancement. The plasmon modes of a metal particle are determined by its 
shape, composition, size and surrounding media (2). Although spherical 
nanoparticles can be synthesized easily, the tunability of the plasmon is small, 
since its frequency is independent of the size as long as R « A. However, the 
resonance frequency is very sensitive to the shape of the nanoparticles. In recent 
years, metal nanoparticles with different shapes and compositions have been 
synthesized, with their spectra covering the whole visible and near-infrared 
range (Figure 1). The shapes explored include prisms (5), spherical shells (4), 
cubes (5), rods (6-9\ bipyramids (9), and wires (70). 

Figure 1.Colloid solutions of Gold and Silver nanoparticles of different sizes, 
composition and with sphere or rod-like shape. (Reproduced from reference 11. 

Copyright 2004 American Chemical Society) 

As a noble metal nanosphere is distorted into prolate spheroid (or rod), its 
single plasmon resonance mode splits into two modes with one blue-shifted 
(transverse) and another red-shifted (longitudinal). The rod-like nanoparticles 
are therefore promising systems for optical studies as the spectrum is easily 
tunable by varying the aspect ratio. For example, we reported on gold nanorods, 
where the longitudinal plasmon resonance is tunable from 2.4 eV to 0.6 eV by 
increasing the aspect ratio from 1 (sphere) to 13 (77). Compared to spheres, the 
quasi-one-dimensional structure gives a larger curvature at the tips for the same 
volume. Since the local field enhancement is proportional to the curvature of the 
surface (72), significant field enhancement is expected for the nanorods. 

The enhancement of near-field at the plasmon resonance allows the 
electromagnetic energy to be localized more tightly than the diffraction limit, 
i.e., half of the optical wavelength, which restricts the miniaturization of 
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conventional photonic devices. Preliminary steps have been made, for example, 
towards using surface plasmons in nanoparticles to construct subwavelength 
waveguides (75). The active control of the light propagation in such structures 
requires the presence of units with optical nonlinearities, acting as switches and 
logic gates. Significant optical nonlinearity has been observed from single gold 
nanorod when its longitudinal plasmon mode was excited, although it is mainly 
due to the thermalization of the conduction electrons and phonons (14). 

Another way of introducing enhanced nonlinearities is to immerse the metal 
nanoparticles into a nonlinear medium. As the dielectric constant of the medium 
changes, the plasmon resonance shifts, as seen in Mie's solution (15). This 
nonlinearities may lead to optical bistability under certain conditions. Practically, 
core/shell structures are developed for such purpose, where the shell can be 
considered as an effective medium of the core. Different types of materials, 
either metal or semiconductor, can be coated over the gold nanorods in a 
homogenous way, and tune the plasmon resonance to different directions. In the 
case of metal coating, the free electrons can travel between two metals, leading 
to extra damping associated with the electron scattering at the interface, which is 
another interesting aspect of the plasmon dynamics (77). 

Synthesis of Gold Nanorods by Seed-Mediated Method 

During the past decade, several methods have been developed to synthesize 
gold nanorods. Gold nanorods were synthesized by Van der Zande et al., using 
porous alumina as a hard template (16). However, this method only yields very 
small amount of nanorods for each synthesis. The electrochemical reduction 
method developed by Y u et al provided higher yield of gold nanorods with 
aspect ratio 2 - 7 (6). This method consists in electrochemically reducing 
H A u C l 4 in an aqueous solution of cetyltrimethylammonium bromide (CTAB), a 
cationic surfactant. The seed-mediated method was developed by Murphy and 
coworkers, inspired by the idea that C T A B may act as a "soft template". 

General Approach of the Seed-Mediated Method 

In Murphy's method, nanorods are produced in reasonable yield by 
chemically reducing H A u C l 4 with L-ascorbic acid in a C T A B solution, where 
small "seed" gold nanoparticles were added as nucleation centers (Figure 2) (7). 
Using selective area electron diffraction (SAED) and high resolution 
transmission electron microscopy (HRTEM), Johnson et al showed that the 
nanorods are isometric penta-fold twinned around their growth axis, which is 
along the [Oil] direction (77). Each section is separated by (111) planes. In an 
idealized model, each nanorod has five {100} side faces and ten {111} end 
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faces. The elongation along the twinning axis was naturally explained by the 
different growth rates of the {100} facets and {111} facets. Therefore, a 
previous assumption that CTAB acts as a "soft template" by forming cylindrical 
micelles, is not needed. By varying the experimental conditions, including seeds 
concentration and pH of the growth solution, gold nanorods with aspect ratio 
2-20 have been reported (7). However, the method also produces significant 
amount of spherical gold nanoparticles as by-products, leaving certain 
difficulties for the separation. 

Later, El-Sayed and coworkers developed an alternative procedure to 
produce gold nanorods in nearly quantitative yield, by adding silver nitrate into 
the growth solution (8). The aspect ratio of the nanorods is well controlled by the 
concentration of silver. In one of our reports, we found that by increasing the 
Ag/Au ratio from 0.04 to 0.2, the longitudinal plasmon resonance red-shifts from 
2 eV to 1.4 eV (Figure 3 a), corresponding to an increase of the aspect ratio from 
2 to 5, as confirmed by the TEM (9). The spectra can be nearly quantitatively 
explained by treating the rod as a prolate spheroid in the quasi-static 
approximation (Gans' solution). We note that the gold nanorods grown to such 
different aspect ratios nevertheless preserve approximately similar volume, 
which is consistent with the gold seeds nucleating the growth. It was observed by 
us and others that the freshly prepared nanorods can further grow into a 
dumbbell shape, causing the longitudinal plasmon resonance to blue-shift by up 
to 100 nm over the first few hours (18,19). We found that reducing the pH to 
about 3 allowed to significantly improve the method and product stability 
(Figure 3b). 

Followed by HRTEM studies, we found that the gold nanorods prepared 
with the assistance of silver are single crystals with no observable stacking faults 
or twins. The axis of growth is along the [100] direction. For a fresh sample, the 
ends of the nanocrystals are nearly flat, which must be the {100} facets. The 
aged samples generally develop more truncated ends. For a fully grown nanorods 
sample, both {011} and {001} were found as the side facets. The structure is 
totally different from the seed-mediated grown gold nanorods in the absence of 
Ag(I) (17), suggesting a different growth mechanism. The growth reaction can 
be terminated at anytime, by adding w-dodecanethiol to the solution, leaving the 
smaller, "unfinished" nanorods capped by thiol. Most of these nanorods have 
their side facets as {011}, indicating its dominance during the growth process. 
Therefore, the {100} facets observed for the fully grown nanorods are more 
likely to have appeared during the aging. 

Growth Mechanism: Role of the Seeds and Silver(I) 

The gold seeds used for the growth are very small in size, with average 
diameter 2-3 nm. However, it does not mean that they have a simple structure, 
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instead, their structure can be complex and not necessarily single crystalline. We 
revealed that there are at least two basic types of seeds obtained in different 
preparations, namely seeds / and seeds / / (P). Both seeds are prepared by 
reducing HAuCl 4 with NaBH 4, the difference is that the first one is performed in 
CTAB solution and the second one in sodium citrate solution. Seeds / are very 
tiny in size, with an average diameter of 1.5 nm, and appear to be single 
crystalline in majority (Figure 4a). Seeds / / are larger, with the diameter 2-3 nm, 
and quite monodisperse. However, seeds II are mostly twinned, in contrast to 
seeds /. The twinned crystals, if oriented properly, can be seen to have 
pentagonal symmetry (Figure 4b). Seeds / / were used for the original procedure 
developed by Murphy et al (7) and seed / were used for the silver-assisted 
method developed by El-Sayed et al (5). It should be noticed that the twinned 
gold nanorods can actually be grown from both seed II and single crystalline 
seeds /, when no silver(I) presents in the growth solution. Single crystalline gold 
nanorods can be made only when using seeds I together with silver(I) in the 
growth solution, suggesting a non-trivial role of silver in the growth. 

Gold Bipyramids, a Novel Product from Silver-Assisted Growth 

However, when seeds II are used for the silver-assisted growth, a novel gold 
nanostructure with bipyramid-shape emerged with well-defined facets, as shown 
in Figure 5(a) (P). The yield of the bipyramids is estimated to be about 30%, 
with the rest part being spherical-like particles. The bipyramids have a strikingly 
pronounced near-IR absorption peak around 1.5 eV (Figure 5(b)), which 
corresponds to the longitudinal surface plasmon mode. The linewidth is as 
narrow as 0.12 eV, which is unheard of in metal colloid solution and it deserves 
further discussion. For comparison, the inhomogeneous linewidth of a gold 
nanorods solution with a similar plasmon resonance is at least 0.3 eV as shown 
in Figure 3(a). The white light scattering spectra from single bipyramids 
were studied by dark-field microscopy, finding the homogeneous linewidth of 
the longitudinal plasmon resonance to be -94 meV. Therefore the 
inhomogeneous broadening is as little as 30 meV, suggesting that the bipyramids 
have a very small variance on their shape. 

Indeed the TEM images show that the variance of the tip angles is as small 
as ±1° within each sample. For different samples, the average tip angle varies 
only from 26° to 30°. It is confirmed by HRTEM and its Fourier transform, i.e. 
the power spectrum, that the bipyramid is penta-fold twinned around its growth 
axis. The growth axis is [011] and the twinning planes are (111), as shown in the 
inset of Figure 5(a). The bipyramids actually have exactly the same twinning 
structure as the gold nanorods synthesized by Murphy's method (77). This 
similarity gives them similar surfaces, which are {100} facets. For the nanorods, 
each {100} facet is flat along the growth direction. For the bipyramids, the 
{100} facet has to be stepped periodically along the growth direction to fit the 
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Figure 4. (a) High-Resolution TEM image of gold seeds I. (b) High-Resolution 
TEM image of gold seeds II. In the histograms, S, T, and U stand for single 

crystalline, twinned, and unidentified nanoparticles, respectively. 
(Reproduced from reference 9. Copyright 2005 American Chemical Society) 

Figure 5. (a) TEM image of gold bipyramids. Inset: The idealized model 
showing the twinning structure. (Reproduced from reference 9. Copyright 2005 

American Chemical Society.) (b) UV-Vis spectra of different gold 
nanobipyramids solutions. The broad peak around 2.3 eVis mostly 

due to the spherical-like particles. 
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geometry, and is indexed as ~{117}. The monodispersity and therefore the 
narrow ensemble spectrum may increase the sensitivity for sensing the 
modification of the near-field environment, i.e., adsorption of biomolecules, 
without having to resort to single particle measurements. 

The gold bipyramids are larger than the nanorods, with the length about 90 
nm and the equator diameter about 30 nm. However, they have a much sharper 
apex where the curvature radius is smaller than 4 nm. The sharp apex provides 
larger near-field enhancement at the plasmon resonance. As shown by the finite-
difference time-domain (FDTD) simulation, the enhancement on the electric 
field amplitude \E/E0\ of up to 200 times can be achieved at the vicinity of the 
tips, much larger than that of the nanorods which is about 60 times (Figure 6(a), 
(b)). Local field enhancement as large as that would display strong SERS 
activity and provide strong coupling to other electronic transitions such as 
fluorescence spectroscopy by the antenna effect. Further studies on this aspect is 
in progress. 

Figure 6. Electric field enhancement \E/E0\ distributions simulated by three-
dimensional-FDTD at the longitudinal plasmon resonance of a gold bipyramid 
(a) and a gold nanorod (b). The light propagation is along the x-axis and the 

polarization is along the z-axis. 

Shaping Nanoparticles by Underpotential Deposition 

It is found that the silver-assisted growth creates no more stacking fault 
from the seeds. For example, the single crystalline seeds / grow into single 
crystalline nanorods, while in the same growth solution, the multiply twinned 
gold seeds / / grow into multiply twinned structures, and in particular into the 
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penta-twinned bipyramids. From the high resolution TEM studies, it is also 
concluded that the growth assisted by silver(I) leads to a priori energy 
unfavorable surface structures (P). Indeed, the single crystalline nanorod has its 
four side surfaces as {110} facets, which rarely appear in gold nanocrystals. The 
{110} facet is not a densely packed surface, and it has higher energy than the 
{100} and {111} facets (19). For the bipyramids, the stepped {lln} side facets 
must be of higher energy as well, because the atoms on the edge of the step are 
very open. No other noble metal nanostructures have been reported to exhibit 
such highly stepped dominant facets. 

To explain the nontrivial role of silver in the growth, it was proposed by us 
that a monolayer of silver (0) can be selectively deposited onto the high-energy 
sites of gold nanocrystals by an electrochemical process called underpotential 
deposition (UPD). It is known that silver (I) cannot be reduced by ascorbic acid 
at the experimental condition (pH = 3). However, a metal submonolayer or 
monolayer can be deposited onto a different metal substrate with higher work 
function at a potential significantly less negative than for bulk deposition. This is 
called underpotential deposition (UPD) (20,21). The work function of silver is 
lower than that of gold by more than 0.5 eV, therefore the UPD of silver over 
gold is expected. It is also known that the UPD shift depends on the surface of 
the metal substrate. Usually, larger UPD shift is seen at more open surface, since 
the adatom on a more open surface has more neighbors, and therefore 
experiences stronger attractive potential. 

From the analysis above, we found that the UPD process allows a compact 
silver monolayer to be formed preferably on the {110} facets of the gold 
nanocrystals, but not the other facets. The growth rate of gold on {110} facets 
will be significantly slowed down. The top of the nanorods, i.e., Au{100} facets, 
are only partially covered by silver, and therefore grow faster, which leads to the 
one-dimensional growth along the [100] direction. The ratio of growth rates 
between Au{100} and Au{110} is adjustable by varying the Ag(I) 
concentration, which naturally explains the fact that the aspect ratio is controlled 
by the Ag(I) concentration. Recently, it has been confirmed by Murphy et al that 
silver is found on the surface of the nanorods (22). The formation of gold 
bipyramids can be explained in a similar way. For the growth from seed //, 
penta-fold twinned gold nanorods with {100} side facets are expected, when 
silver(I) is not involved. However, as silver(I) is added into the growth solution, 
the steps formed during the growth will be stabilized by the UPD of silver, since 
the steps are also open surface structures. 

Core/shell Structures: More Tunability for the Plasmon 

It is well known that the plasmon resonance of a metal nanoparticle can be 
easily tuned by the medium surrounding it. Although most solvents have 
refractive indexes between 1.3 and 1.5, other materials can be coated onto the 
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surface of metal nanocrystals to provide more spectral tunability. We have been 
able to coat different types of materials, including silver arid silver 
chalcogenides, over the gold nanorods (11,23). 

Gold/silver core/shell nanorods can be made by reducing silver nitrate with 
ascorbic acid at pH > 8. Usually, the initial solution is slightly acidic therefore 
the reaction does not happen. Sodium hydroxide solution is then titrated into the 
nanorods solution to slowly increase the pH. By doing that, silver ions can be 
slowly reduced and deposited over the gold nanorods surfaces in a very 
homogeneous way (Figure 7(a)). As the silver layer gets thicker, the 
longitudinal plasmon band of gold nanorods gradually shifts toward blue 
(Figure 8(a)), making the color of the solution vary from green, bluish green, to 
purplish red. Since silver and gold have little lattice mismatch (< 0.5%), the 
silver layer can be more than 5 nm thick (77). 

Figure 7. TEM image ofAu/Ag core/shell nanorods (a), Au/Ag2S core/shell 
nanorodsfb) and Au/Ag2Se core/shell nanorods (c). Scale bars = 50 nm. 

(Reproduced from reference 21. Copyright 2006 Royal Society of Chemistry) 

The silver layer can be further converted into semiconductor materials 
such as silver sulfide or silver selenide, by a simple chemical method. In the 
method, Au/Ag core/shell nanorods is mixed with an excess of a freshly 
prepared sodium sulfide aqueous solution. By exposing the mixture to air, 
the reaction was completed within a few hours, with the solution turned from 
greenish to brownish. It is important for the solution to be in contact with 
air, as seen in the balanced reaction: 

4 Ag + 2 S 2 + 0 2 + 2 H 2 0 -> 2 Ag 2S + 4 O H \ 

To make the silver selenide layer instead, the sodium sulfide solution was 
replaced by selenourea ((NH2)2CSe). Selenourea is quickly hydrolyzed and 
releases free Se2' in situ. A similar reaction as above then leads to the formation 
of silver selenide. The solution of the silver selenide coated gold nanorods is 
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dark brown. As the silver layer is converted into silver sulfide or selenide, the 
layer is still homogeneous but significantly thicker (Figure 8), due to the 
insertion of S2" or Se2" anions. The formation of the silver chalcogenides layers 
was confirmed by studying the selective area electron diffraction (SAED) of the 
samples. Silver sulfide was found as monoclinic Acanthite and silver selenide as 
orthorhombic Naumannite, both in their low-temperature phases. The chemical 
procedures described here is not only restricted to gold nanorods but also 
applicable to other gold nanostructures. 

Both silver compounds are narrow band gap semiconductors (-1 eV for 
silver sulfide (24) and -0.15 eV for silver selenide (25)) with large refractive 
indexes at optical frequencies. Therefore, the longitudinal plasmon resonance 
significantly red-shifts once the silver chalcogenides layer is coated over the 
gold nanorods, as seen in Figure 8(a). The longitudinal plasmon resonance is 
also attenuated as the silver layer is converted to silver sulfide or silver selenide, 
due to the screening by the silver chalcogenide layer which have high refractive 
indexes. The optical nonlinearity of silver chalcogenides is expected to be 
enhanced due the local field enhancement by the plasmon resonance. 

The spectrum of the core/shell nanorods can be nearly quantitatively 
explained by a simple electrodynamics model, without the reference to any 
"averaged" optical constant. The model is to treat the core/shell nanorods as a 
ellipsoid (core) confocally coated by another ellipsoid (shell). In the quasi-static 
approximation, the polarizability tensor of the composite ellipsoidal particle can 

Figure 8. (a) UV-Vis-NIR spectra of Au nanorods (dotted black), Au/Ag 
nanorods (gray), Au/Ag2S nanorods (black), and Au/Ag2Se nanorods (dotted 
gray), (b) Simulated extinction spectra of Au nanorods (dotted black), Au/Ag 

nanorods (gray), and Au/Ag2S nanorods (black) immersed a medium with 
sm = 1.77 (water). (Reproducedfrom reference 21. Copyright 2006 Royal 

Society of Chemistry) 
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be expressed analytically, in a similar form as Gans' solution. The optical cross-
sections of the particle are then calculated using the optical theorem. The details 
of the solution can be found elsewhere and are not discussed here (2,23). In 
Figure 8(b), the spectra of the core/shell nanorods are calculated using optical 
constants from other experiments. A rather good agreement with the 
experimental result is seen. 

Conclusion 

In summary, quasi-one-dimensional metal nanostructures have highly 
interesting and tunable plasmonic properties. The novel gold bipyramids have a 
sharp structural feature, which is responsible for its huge local field enhancement. 
The chemistry in the silver-assisted growth was discussed, revealing that the 
UPD process led to a selective Ag(0) deposition over high energy surface sites, 
which assisted the gold nanocrystals growth into specific shapes. The 
underpotential deposition of impurity metals may provide a general mechanism 
to control shape evolution in other metallic nanostructures. In addition, thin 
layers of different type of materials can be coated homogeneously to the surface 
of the gold nanorods, which tunes the plasmonic properties further. The metal/ 
semiconductor composite also provides an interesting avenue to enhanced 
nonlinear optical properties of nanomaterials. 
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Chapter 7 

Functional Nanostructures by Wet Chemistry: A Tool 
to Ordered 1D and 3D Nanostructures 
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Hollow nanostructures are functional structures suitable for 
high energy material storage, controlled drug release, light 
weight structural materials, catalysts and filters. We present 
evidence, based on scanning and transmission electron 
microscopy measurements, for the formation of one and three 
dimensional hollow nanostructures from chemically modified 
silver particles. One dimensional structures form in acid 
media while an increase in the solution ionic strength result in 
the formation of hollow nanostructures that exhibit three 
dimensional order. Such structures can find applications in 
high energy material storage, catalysis, electrochemistry and 
biomedicine. 

© 2008 American Chemical Society 77 
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Introduction 

There is a tremendous interest in the synthesis of nanostructures suitable for 
the storage of high energy materials. This interest drives from the need to 
replace our dependence on fossil fuels with environmentally friendly alternatives 
(1,2). Hydrogen is the most abundant element in the universe and does not create 
environmental pollution when used as a fuel. Overcoming hydrogen storage is 
among the important steps toward widespread commercialization and 
implementation of fuel cells in vehicles. Organic and inorganic molecules with 
high hydrogen content and which can release the hydrogen in their 
decomposition reactions are as important as hydrogen itself. Depending of the 
application, storage of hydrogen and hydrogen containing molecules in adequate 
structures is central to find green solutions to our energy needs. The use of 
nanotechnology for this task promises to result in a reduction of space required 
for high energy materials storage and transport, which can trickle down to the 
miniaturization of fuel cells. The broader impact of cost effective and efficient 
functional nanostructures for hydrogen and hydrogen materials storage resides in 
(i) facilitation of fuel transportation and (ii) the miniaturization of fuel cells and 
the (iii) acceleration in the implementation of environmentally friendly energy 
alternatives in vehicles. 

Nanotubes and hollow nanospheres are excellent candidates for hydrogen 
storage. Short diffusion distances and surface sites to dissociate hydrogen are 
among the characteristics of ideal nanostructures for hydrogen storage materials. 
The low density and high strength of nanotubes has made them ideal for their 
exploration as hydrogen storage material. Research in this area has been very 
active since the end of the last decade and the beginning of the new millennium. 
The availability of new methods for the synthesis of carbon nanotubes (3-6), as 
well as our energy needs, accelerated work in the area. Recent work suggests 
that titanium decorated SWCN may be able to store about 8 % H 2 per weight, 
slightly higher than the 6 % per weigh minimum required by the Freedom Car 
Research Partnership Act set forth by the Department of Energy and major 
American car manufacturers (7). 

The synthesis of hollow nanostructures has received considerable less 
attention than pure metal or semiconductor counterparts (8-12). Ideal hollow 
nanostructure synthesis platforms should take advantage of methods to 
functionalize nanoparticles into structures suitable for high energy storage. As 
illustrated in Figure 1 below, such structures may include nanotubes and 
nanospheres. In the case of nanotubes with a very thin diameter and decorated 
with metal nanoparticles, new effects may be brought about such as electron 
conduction across their wall, resulting in nanoscaled electrochemical cells 
suitable for hydrogen generation from electrolysis of water or other chemicals. 

In the last few years, we have worked in the ensemble of silver into hollow 
nanostructures like those displayed in Figures la, b and lc. From the perspective 
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of a starting material that consists of silver nanoparticles, we can think about the 
hollow nanostructures in la and lb as one and three dimensional constructions 
from nanoparticle building blocks. These are already functional nanostructures, 
suitable for high energy material storage. The nanostructure displayed on Figure 
lc, on the other hand, is clearly a step ahead in complexity and is suitable for 
energy conversion chemistry thru electrochemical processes. 

Figure 1. The scheme shows possible hollow nanostructure suitable for 
hydrogen storage in (a) and (b). A more specialized hollow nanostructure is 

displayed in (c), where metal nanoparticles added to the outside wall of a 
hollow nanotube can be used as electrodes for the electrochemistry offluids 

moving inside the tube. The inset at the right illustrates the electron flow from 
the - to a + charged nanoparticle. 

Results 

The approach to the synthesis of one dimensional nanostructures, like the 
one displayed on Figure lb, is based on wet chemistry. Wet chemical 
approaches methods are a promising tool to the mass production of functional 
nanostructures. The thiol itself must have several structural restrictions, besides 
just simply a sulfur atom to bond to the silver surface. 
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The terminal group is also important. Carboxylic acids are ideal for this 
purpose: hydrogen bonding interactions can be used for inter-particle links while 
pH control may be used to turn such links "on" and "off. We have demonstrated 
that mercapto acetic acid (HOOCCH2SH) capped silver nanoparticles is capable 
of driving such order. As displayed on Figure 3, hydrogen bonding interactions 
among the carboxylic acid terminal group in HOOCCH2S- Ag can be used as a 
linker. 

Figure 3. Cartoon illustrating the concept of hydrogen bonding interactions 
among carboxylic acid end of alkyl thiols bonded to silver surfaces. 

The synthesis of the precursors is made by adding HSCH2COOH to silver nitrate 
in water. Scanning electron microscopy (SEM) measurements of the wet 
solution are summarized in Figure 4. Large micelles, like the one displayed on 
Figure 4a, are the dominant structure observed. Once in a while we will observe 

Bifunctional thiol + Ag + 

Assembly wet chemical 
approach 

Linear arrangement 
of particles 



82 

some of these micelles broken and some one dimensional structure inside the 
area as displayed on Figures 4b to 4f. In favorable cases, we can observe the 
formation of tubes in some of the micelles, as displayed in the inset of Figure 4f. 
The large amount of water present solvates the carboxylic acid ends of the thiol 
molecules and prevents the formation of links and one dimensional structures, 
although there are enough fluctuations to allow their occasional detection. 

Typical scanning and transmission electron microscopy images of dry 
deposits of a mixture of AgN0 3 and thiol diluted with 10.0 mL of water are 
displayed on Figures 5 and 6, respectively. A bundle of nanofibers is identified 
in SEM. These one dimensional structures are readily identified in the TEM 
image. The primary beam energy of the TEM employed for the measurements 
reported here allowed us to obtain clear images of the edge of the deposits. The 
TEM does allow imaging these nanostructures in greater detail than in SEM 
measurements. The nanostructures are between 15 and 30 nm in diameter while 
their length varied from about 230 nm up to several micrometers. 

It is interesting that, not a single "free" particle is observed in TEM images 
of dry deposits of aqueous dispersions of thiol-silver mixtures, despite the fact 
that their existence is suggested in independent UV-visible absorption 
measurements (X m a x 3240-380 nm). The particles, if present, must be inside the 
nanofibers. Inspection of the regions indicated by the arrows at higher 
magnifications confirms the presence of small particles inside the fibers. We 
were able to observe these formations in all the nanofibers examined in the 
TEM. The size of the particles is very difficult to determine from the images. 
We estimate an upper limit of 1 nm for the diameter of the particles that can be 
distinguished in the image. This particle size is considerable smaller than those 
reported in the literature for silver nanoparticle synthesis in basic media. 
Smaller structures are observed on the edges of the walls of the nanofibers, but 
the images are not resolved well enough to interpret them in terms of the silver 
dimer, Ag 2 . 

In passing, we note that the pH of the solution is below 3.0 . The density of 
one dimensional nanostructures decreases with solution pH and disappear when 
a pH>7 is attained, indicating that hydrogen bonding interactions are responsible 
for the formations displayed in Figures 5 and 6. 

If particles are inside the one dimensional structures, we hypothesized that 
the one dimensional structures must be hollow and a strong binding molecule 
should be able to remove the particles from the inner volume of the formation. 
Figure 7 shows SEM images of dry deposits of the thiol-silver mixture treated 
with a cysteine solution. The nanoparticles are displaced to the outside walls of 
the one dimensional formation, a result that confirms the hollow nature of the 
formation, consistent with the images displayed in Figure 4f, which shows the 
formation of a hollow nanotube. These particles have probably undergone 
several chemical processes and their sizes are likely to be different from those of 
the particles contained in the original nanostructure. 
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Figure 5. Scanning electron microscopy image of a dry deposits of a 
silver-thiol mixture diluted with 10.0 mL of water. 

Figure 6. Transmission electron microscopy images of dry deposits of a 
silver-thiol mixture diluted with 10.0 mL of water. The insets corresponds to 
the regions indicated by the arrows magnified by a factor of 500 to indicate 
the formation of the particles. The region of a wall magnified 1000 times is 

also displayed in the inset. 
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Figure 7. SEM image of a dry deposit of a thiol-silver material treated with 
cysteine. The particles are observed on the walls of the tube and the inner 

volume of the tube is now empty. 

There are several approaches to bring three dimensional order to colloidal 
solutions. For instance, electrostatic or magnetic interactions among particles 
may result in specific long range order among particles in solution. 

To test this possibility, a few micro liters of an aqueous sodium nitrate 
(NaN03) solution were added to the colloidal solution of the thiol and silver. 
Wet SEM measurements performed on the colloid are summarized in Figure 9. 
The first thing to note is the order that is exhibited by the micelles. Nearly linear 
formations are clearly distinguished in the image. When the electron beam is 

oo£ oooo 
oorV—-oooo oQg oooo 

disordered ordered 

Figure 8. Bringing order to a disordered array in solution. 
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focused on one of the micelles it is easy to see that they are hollow spheres. The 
size of each sphere is comparable to the size of the dominant nanostructures 
found in solution (see Figure 4), which are several micrometers in diameter. 
The formation of spheres is a surprising result, since we expect the electrostatic 
interactions to affect only the long range order and have little or no effect on 
internal structure of the micelle Vibrational spectroscopy work is needed to fully 
characterize the chemical composition of these micelles and learn on the tools 
that can be used to bring one and two dimensional order at the nanoscale. 

Figure 9. Three dimensional ordered silver-thiol colloids. The SEM image at 
the right hand side shows the electron beam burned hole in one of the hollow 

nanospheres. 

Conclusions 

Hydrogen bonding interactions among the carboxylic acid end of the thiol 
on Ag drive 1 dimensional order of nanoparticles while longer range 
electrostatic interactions may be effective in driving the 3D order of suspension. 
The hollow nanostructures presented here may be useful for applications in 
materials storage, for fuel cell applications, dug delivery and nanostructured 
batteries. 
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Chapter 8 

Synthesis and Characterization of Tannic Acid 
Functionalized Magnetic Nanoparticles 

Anselm Omoike 

Department of Chemistry and Biochemistry, University of Michigan 
at Flint, 303 East Kearsley Street, Flint, MI 48502-1950 

Magnetic nanoparticles containing tannic acid have been 
synthesized using coprecipitation and post-precipitation 
methods. The synthesized products were characterized using 
transmission electron microscopy (TEM), diffused reflectance 
Fourier transform infrared spectroscopy (DRIFTS) and X-ray 
photoelectron spectroscopy (XPS). FTIR and XPS results 
reveal the presence of metal complexing groups in the solid
-phases. The application of the novel nanoparticles was 
demonstrated in the separation of Cu2+ ions from a synthetic 
mixture of Cu2+-Zn2+ solution (pH 4.5 and ionic strength of 
10 mM). Nanoparticles synthesized by post-precipitation 
method demonstrate higher binding capacity for Cu2+ ions in 
the presence of Zn2+ ions relative to nanoparticles synthesized 
by coprecipitation method. The novel nanoadsorbents have 
potential applications for the removal and recovery of toxic 
metal ions from aqueous systems. 

90 © 2008 American Chemical Society 
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Introduction 

Metals are natural constituents of the environment. However, their inputs 
into the environment through human use of metal-enriched chemicals and 
discharge of industrial effluents pose a major problem for the environment as 
well as treatment processes. Most existing methods for treating metal ions are 
either economically unfavorable, or too technically complicated or ineffective at 
low metal ion concentration (7 - 3). 

Adsorption is the most favored method of metal ion removal at low 
concentration. The choice of adsorbents depends on adsorption capacity, cost 
and availability. Among the different promising adsorbents for adsorption or 
recovery of contaminants from aqueous systems, nanoparticles of iron oxide 
ferrites such as magnetite (Fe304) or its oxidized form maghemite (y- Fe 20 3) 
continues to arouse great interest because they possesses unique sizes and are 
magnetic, which means they can be easily manipulated using an external 
magnetic field gradient. Fe 30 4 and y- Fe 20 3 are easy to synthesize, exist in the 
environment as crystalline minerals and their reported point of zero charge (pzc) 
usually range from 6.4-7.1 (4). It is often necessary to fiinctionalize 
nanoparticles in order to ensure effective control of the dispersion and /or 
increase the affinity of the nanoparticles for some specific substances. Surface 
functionalized magnetic nanoparticles using ligand-bearing inorganic silica and 
ligand-bearing synthetic / natural polymeric organic materials have been utilized 
to tether different functional groups on magnetite for use in immobilization of 
biomaterials and contaminants, bioseparation, drug delivery, and magnetic 
resonance contrasting reagent (5-5). 

In industrial effluents and natural aqueous systems, complex multi-
component metal systems are commonly encountered, and studies evaluating the 
effect of binary metal mixtures in various combinations are more representative 
of the actual field environmental problems. Therefore, there is need to develop 
cost effective treatment methods capable of removing low concentration of toxic 
metal ions particularly from multi-component environmental samples. Several 
studies have demonstrated the excellent metal binding capacity of tannic acid, a 
hydrolysable tannin (9-11). It is composed of naturally occurring esters of gallic 
acid with glucose and belongs to a group of complex plant polyphenolic 
compounds known as gallotannins. Recently, the adsorption behavior of several 
metal ions on tannic acid coated activated carbon was reported and the authors 
remarked that the immobilization procedure optimized metal removal capacity of 
activated carbon (77). Unlike activated carbon, nanomagnetic particles with 
tailored surface properties can be separated, recovered, and recycled from water 
and wastewater after the adsorption process utilizing high gradient magnetic 
force field. In order to develop magnetic nanomaterials with reactive 
functionalities for metal ion removal in multi-metal aqueous systems, we 
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synthesized magnetic nanoparticles in the presence of tannic acid using 
coprecipitation and post-precipitation methods. The nanoparticles were 
characterized using a suite of analytical methods and the potential application of 
these particles as sorbents in metal ion removal from aqueous solutions was 
evaluated. 

Experimental 

Materials and Reagents 

Ferric (III) chloride (FeCl3), ferrous (II) chloride (FeCl2), ammonia (NH3), 
nitric acid (HN03), sodium hydroxide (NaOH), copper (II) nitrate [Cu (N0 3) 2], 
zinc (II) nitrate [Zn (N03)2], and tannic acid (C76H52046) were of analytical 
grade, and used without further purification. All aqueous solutions and 
suspensions were made using nanopure water (18 Mfi cm resistance). Al l 
glassware and polypropylene tubes used for metal uptake studies were soaked in 
10 % nitric acid for 24 h and then thoroughly rinsed with metal free water. 

Synthesis of Magnetic Nanoparticles 

Magnetic nanoparticles were synthesized in the presence and absence of 
tannic acid using coprecipitation and post-precipitation methods. 

In a typical coprecipitation method (Scheme 1), FeCl3 (2.0 g) and FeCl 2 (1.3 
g) were dissolved in nitrogen gas (N2) purged 2.0 M hydrochloric acid solution 
and magnetically stirred under a continuous flow of N 2 . The mixture was heated 
at 70 °C for 30 min. Tannic acid was added and the mixture was heated for 
another 5 min under a blanket of N 2 . Ammonia was added to precipitate the 
magnetic nanoparticles and the black product formed was treated hydrothermally 
at 70°C for 30 min. The final product, magnetic-iron tannate nanoparticles 
(noted as MTAC) was thus obtained. 

FeCl2 + FeCl3 + C 7 6 H 5 2 0 4 6 

(a) pH 2.0 using HCl 
(b) N 2 purged; 70° C 
(c) Ammonia 

• 
Magnetic—iron tannate nanoparticles (MTAC) 

Scheme 1. Synthesis of magnetic nanoparticles coprecipitated with tannic acid 
(MTAC). 
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Similarly, in a typical post-precipitation method (Scheme 2), FeCl 3 (2.0 g) 
and FeCl 2 (1.3 g) were dissolved in N 2 purged 2.0 M hydrochloric acid solution 
and magnetically stirred under a continuous flow of N 2 . The mixture was heated 
to 70 °C for 30 min before addition of ammonia. The black product obtained 
was heated for another 5 min under a blanket of N 2 . Tannic acid was added 
followed by hydrothermal treatment of the black product at 70°C for 30 min. 
The final product, magnetic-iron tannate nanoparticles (noted as MTAP) was 
thus obtained. 

FeCl2 + FeCl3 

(a) pH 2.0 using HCl 
(b) N 2 purged; 70° C 
(c) Ammonia 

v (d) Tannic acid (C 7 6H 5 204 6) 

Magnetic—iron tannate nanoparticles (MTAP) 

Scheme 2. Synthesis of magnetic nanoparticles post-precipitated with tannic 
acid (MTAP). 

Magnetic nanoparticles were synthesized using the same conditions as 
above in the absence of tannic acid (Scheme 3). The final product, magnetic 
nanoparticles (noted as M) was thus obtained. 

FeCl2 + FeCl3 

(a) pH 2.0 using HCl 
(b) N 2 purged; 70° C 
(c) Ammonia 

• 

Magnetic nanoparticles (M) 

Scheme 3. Synthesis of magnetic nanoparticles in the absence of tannic acid (M) 

The resulting nanoparticles from each synthetic method were subsequently 
separated from the reaction media under magnetic field, and washed three times 
with nanopure water before freeze drying. 
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Characterization of Magnetic Nanoparticles 

The XPS analysis was carried out using a Kratos Axis Ultra 165 X-ray 
photoelectron spectrometer fitted with a 300W monochromatized A l Ka 
radiation (1486.6 eV). All spectra were recorded at a base pressure of - 5 x 10"9 

Torr and normal (90°) take-off angle. Samples were prepared by immobilizing 
a thin layer of the nanoparticles onto an indium foil. Survey scan spectra (1.0 eV 
step and 160 eV pass energy) and select high-resolution spectra (0.1 eV step and 
20 eV pass energy) were recorded. Surface charging effects were corrected with 
Cls peak at 284.6 eV as a reference. The diffused reflectance spectra in the 
region 4000-400 cm"1 of the nanoparticles were recorded at room temperature on 
a Perkin Elmer GX spectrometer fitted with DRIFTS accessories. Two-
milligram of the nanoparticles was mixed with KBr to a total weight per sample 
of 400 mg, and then lightly mixed in an agate mortar using a pestle. The milled 
sample was immediately transferred into a DRIFTS sample cell and its surface 
was smoothed with a microscope slide. To obtain the DRIFTS data 150 scans at 
1 cm'1 resolution were collected relative to a KBr background. A transmission 
electron microscope (TEM, JOEL 201 OF) was used to acquire images of the 
nanoparticles at an accelerated voltage of 200 kV. 

Metal Uptake Experiment 

Cu 2 + and Zn 2 + solutions were prepared from Cu(N0 3) 2 and Zn(N0 3) 2 

respectively and the pH was adjusted to 4.5. Known masses (50 mg or 150 mg) 
of pre-equilibrated nanoparticles (24 h; pH 4.5) were added to the Cu 2 + + Zn 2 + 

mixed system (pH 4.5) containing 10 mg/L each in 50 mL tubes. The ionic 
strength of all solutions and suspensions were kept at 10 mM (using KN0 3 ) and 
the pH adjustments was carried out using 0.1 M NaOH and 0.1 M HN0 3 . The 
reaction tubes were allowed to equilibrate for 24 h on an end-over-end shaker at 
20 ± 2° C and the solid phases separated from the suspensions using magnetic 
field. Blank tests without magnetic nanoparticles were performed to ensure that 
precipitation did not occur during the metal uptake experiments. The pH 
measurements of the solutions and suspensions were made with a Denver 
instrument pH/ion/ conductivity meter (Model 250). A Varian SpectrAA-20 
atomic absorption spectrophotometer, equipped with hallow cathode lamps and 
an air-acetylene flame was used for the determination of zinc and copper, before 
and after contact with the nanoparticles. 

Results and Discussion 

In this work two novel magnetic nanoparticles functionalized with tannic 
acid were synthesized, freeze-dried and characterized using a suite of analytical 
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methods. The chemical functionalization of the nanoparticles synthesized in the 
presence of tannic acid was confirmed by XPS and DRIFT spectroscopy. 

XPS survey scans revealed Fe, O, and C species on the surface of the 
nanoparticles and in addition, traces of impurities of nitrogen probably from 
ammonia in MTAC and MTAP nanoparticles (Figure 1). The small CIs peak 
detected on the surface of M nanoparticles (Figure 1) is attributed to adventitious 
carbon contaminant arising from exposure to air during sample preparation for 
XPS analysis. Compared with the spectrum of M , the spectra of MTAC and 
MTAP, were qualitatively the same, although differences in the relative 
intensities of the C Is and O Is peaks were observed (Figure 1). The surface 
atomic concentration results from the XPS survey scan are presented in Table 1. 

Table 1. Elemental Composition of Magnetic Nanoparticles 
from XPS Survey Spectra. 

Sample Surface elemental Ratio 
composition 
(Atomic %) 

C Fe 0 C/O C/Fe O/Fe 

TA (tannic acid) 68.48 31.50 2.17 
M (no TA) 8.87 40.64 50.48 0.18 0.22 1.25 
MTAC (coprecipitation) 42.56 15.23 42.21 1.01 2.78 2.77 
MTAP (post-precipitation) 25.22 25.76 46.16 0.55 0.98 1.79 

Evidences for the successful incorporation of tannic acid into MTAC and 
MTAP (Table 1) are (i) the attenuation of the CIs signals, (ii) the decrease in 
surface % atomic oxygen atoms due to the lower oxygen content of incorporated 
tannic acid relative to magnetic nanoparticles with TA, and (iii) the decrease in 
the % surface Fe atoms due to screening of the nanoparticles surface by 
incorporated tannic acid. The band appearing at 711 eV assigned to Fe2p3 
(Figure 1), is consistent with the binding energy of magnetic iron nanoparticles 
(12). It is worth noting that both C/Fe and O/Fe ratios for MTAC are higher 
than those for MTAP. In addition, MTAC has the highest % surface atomic 
carbon and the lowest % surface Fe atoms, which probably suggest that the 
mechanism of interaction is different. 

The data obtained from curve fitting and deconvolution of the CIs and Ols 
regions of the XPS spectra are shown in Tables 2 and 3 respectively. It is 
evident from Table 2 that there are new surface functional groups (C-OH, O-C-
O- and C=0,/ -COOH) in the core CIs spectra of MTAC and MTAP due to 
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incorporated tannic acid; which are absent in the core CIs spectra of M . The 
C 3 / C 4 ratio (Table 2) is higher in MTAC relative to MTAP, indicating more C -
OH or O-C-0 functionality in the former. The data presented in Figure 2 show 
that all the nanoparticles contain a high binding energy signal at 290 eV that is 
undoubtedly a carbonate adventitious carbon from sample handling. The Ols 
fitted data (Table 3) reveal that oxygen-containing functionalities such as C=0, -
COOH and C-O-C bridging sites characteristic of tannic acid are incorporated 
in MTAC and MTAP nanoparticles. The OH 7 O2" ratios for M , MTAC and 
MTAP are 0.30, 1.04, and 0.44 respectively, which imply that in MTAC 
hydroxyl (OH") species are the dominant surface oxygen species. 

Table 2. Contribution of Different Types of Carbon in the XPS CIs 
Core Spectra of Magnetic Nanoparticles. 

Sample Ci(C-C) C 2(C-H) C 3(C-0) C 4 (C = 0) c 5 (co 3

2 - ) C6(7I-7t*) 
(C-H) (C-H) (C-O-C) (COOH) 

(Aromatic) (Aliphatic) 

eV (%) eV (%) eV (%) eV (%) eV (%) eV (%) 

TA 284.6 286.3 288.7 291.5 
(45.9) (36.3) (11.2) (6.6) 

M 285.1 289 
(68.2) (31.8) 

MTAC 284.6 285.7 286.8 288.2 289.3 290.9 
(29.7) (28.0) (15.9) (11.0) (10.3) (5.3) 

MTAP 284.6 285.7 286.8 288.6 289.6 291.7 
(24.9) (24.4) (21.7) (16.5) (8.9) (3.6) 

DRIFTS spectra of the magnetic nanoparticles before and after contact with 
tannic acid are shown in Figures 2 and 3. Al l the spectra (Figure 2) in the region 
400—850 cm"1 exhibit bands due to Fe-0 stretching modes ( Vj and v 2 ) of 
magnetite nanoparticles (11). Depending on the Fe(II) content the broad band 
located 526-840 cm'1 and 520— 610 cm"1 are assigned to magnetite and 
maghemite respectively (12, 13). The DRIFT data also provided results that 
complement XPS data. MTAC and MTAP exhibit significant spectral changes 
upon incorporation of tannic acid (Figures 2 and 3). Most of the tannic acid peaks 
such as hydrogen bonded OH stretching, C=0 stretching, and C-0 stretching 
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Table 3. Contribution of Different Types of Carbon in the XPS Ols 
Core Spectra of Magnetic Nanoparticles. 

Sample 0,(Q2-) 02(QH-) O3 (C-O; C-O-C) OH7 0 2- ratio Sample 

eV (%) eV (%) eV (%) 
TA 531.3 532.9 

(86.2) (13.8) 
MG 529.7 531.1 0.30 

(77.1) (22.9) 
MGTAC 530.1 531.4 532.9 1.04 

(36.9) (38.5) (24.6) 
MGTAP 530.2 531.4 532.8 0.44 

(59.1) (26.2) (14.7) 

vibrations appeared at frequencies shifted in the spectra of MTAC and MTAP 
(Table 4; Figures 2 and 3). 

In MTAC and MTAP, the stretching band of C=0 shifted from 1709 cm*1 in 
tannic acid by 6 and 24 cm"1 to a lower wavenumber in MTAC and MTAP 
respectively, indicating that some of the carboxylic groups were involved in the 
formation of magnetic-iron tannate complexes. Additional confirmation of the 
involvement of carboxyl functional groups in the magnetic-iron tannate complex 
formation is the appearance of two new bands at 1399 ± 1 cm"1 and 1572 ± 2 
cm"1 attributed to asymmetrical and symmetric stretching vibrations of carboxyl 
group complexed with iron oxide (13). We also observed frequency shifts from 
3347 cm"1 to 3134/3128 cm"1 and from ~ 1086 cm'1 to 1071± 9 cm'1. Similar 
shifts were attributed to the interaction of CO stretching vibration of -COH or 
CH 2OH groups with iron oxide (15, 16). Interestingly, the band located at 1206 
cm"1 was also observed in studies of tannic acid with various iron oxides and 
assigned as ferric tannate peak (17). Thus, the nanoparticles synthesized in the 
presence of tannic acid can be considered magnetic-iron tannate nanoparticles. 

The TEM images of M and MTAP nanoparticles are shown in Figure 4. 
The interaction of preformed magnetic nanoparticles in alkaline media with 
tannic acid for 30 min did not significantly alter the morphology of the particles. 
The morphology of both types of nanoparticles are fairly spherical with 
diameters between 10 nm and 15 nm. 

The uptake of Cu and Zn from solutions containing 10 mg/L of each metal 
ion was determined using the nanoparticles synthesized as adsorbents at pH 4.5 
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Wavenumber, cm*1 

Figure 2. DRIFT spectra in the region 1800-450 cm'1 of magnetite 
nanoparticles (M), magnetic nanoparticles produced by coprecipitation, 
(MTAC), magnetic nanoparticles produced by post-precipitation (MTAP), 

and tannic acid (TA). 

m , 

4000 3500 3000 2500 2000 

Wavenumber, cm"1 

Figure 3. DRIFT spectra in the region 4000-1800 cm'1 of magnetite 
nanoparticles (M), magnetic nanoparticles produced by coprecipitation, 
(MTAC), magnetic nanoparticles produced by post-precipitation (MTAP), 

and tannic acid (TA). 
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Table 4. DRIFTS Spectra for Tannic Acid and Magnetic Nanoparticles. 

IR band position (cm'1) Peak assignments {14-18) 

TA M MTAC MTAP 

3347 
1712 

3124 

1702 

3124 

1685 

OH stretching vibrations 
C=0 stretching vibrations 
Weakened C=0 stretching 
vibrations 

1613 
1534 

1572 1574 C-C ring stretching, COO" 
asymmetric stretching vibrations 

1447 
1351 

C-C ring stretching, C-H bending 
vibrations 

1318 
1400 
1208 

1399 
1209 

COO" symmetric stretching vibrations 
Phenolic C-O(H) stretching and 
bending vibrations 

1083 
1027 

1071 1079 C-0 (H) stretching vibrations of 
sugar moiety; CC bending vibrations 

599 
441 

597 
431 

598 
440 

Fe-0 stretching vibrations 
Fe-0 stretching vibrations 

and ionic strength of 10 mM. All the nanoparticles showed no significant 
adsorption for zinc in the binary mixture. The % uptake of Cu 2 + ions using 50 
and 150 mg of magnetic adsorbents are shown in Figure 5. It evident that Cu 2 + 

ions uptake increases in the order M < MTAC < MTAP at the two adsorbent 
doses investigated. The C u 2 + ions removal capacity at pH 4.5 and ionic strength 
of 10 mM using M , MTAC and MTAP nanoparticles was 1.8, 3.90, and 6.21 mg 
per gram of nanoparticles, respectively. It is interesting to note that MTAC 
containing more carbon than MTAC based on XPS analysis showed lower metal 
uptake compare with MTAP. The higher metal uptake observed with MTAP 
relative to MTAC could be due to differences in the nature of functionalities at 
the adsorbent surface (Table 2 and 3). The C 3 /C 4 ratios (Table 2) for MTAC and 
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Figure 4. TEM images of magnetic nanoparticles produced in the presence and 
absence of tannic acid, (a) magnetic nanoparticles ( no tannic acid), and (b) 
magnetic nanoparticles produced by post-precipitation ( MTAP) method. 

MTAP are 1.45 and 1.31 respectively, indicating more surface COOH 
functionality in the latter. Unlike in the formation of MTAP nanoparticles, 
where the tannic acid was adsorbed onto pre-formed magnetic nanoparticles; in 
MTAC, tannic acid was incorporated into the magnetic nanoparticles. The 
novel nanoparticles affinity follows the order Cu > Zn consistent with affinity 
order reported for more complex systems (19). We are currently examining the 
effects of variation of solution pH, ionic strength, and concentration of the 
constituents in the mixture on uptake capacity of the novel functionalized 
magnetic nanoparticles. 

Conclusions 

The following conclusions may be drawn from the characterization and 
preliminary metal uptake results of the tannic acid functionalized magnetic 
nanoparticles. 

1. Two different novel magnetic-iron tannate nanoparticles can be 
synthesized by changing the sequence of tannic acid addition during 
magnetic nanoparticles synthesis. 

2. DRIFTS results demonstrate that the formation of the magnetic-iron 
tannate complexes involve carboxylate and hydroxyl functionalities. 

3. The functionalized nanoparticles have high sorption capacity for Cu 2 + 

relative to Zn 2 + in a binary Cu2 +—Zn2 + system. 
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Figure 5. The % uptake of Cu2+ ions from aqueous binary solutions of Cu2+ 

ions and Zn2+ ions at different nanoparticles concentration. Initial metal ion 
concentration =10 mg/L each, pH= 4.5, total volume = 200 mL, temperature = 

22 ±° C, and ionic strength = 10 mMKN03) 

4. Magnetic-iron tannate complexes synthesized using post-precipitation 
method display higher copper ion sorption capacity than magnetic-iron 
tannate complexes synthesized using coprecipitation method. 
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Time-Dependent Density Functional Theory 
Examination of the Effects of Ligand Adsorption 

on Metal Nanoparticles 
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Evanston, IL 60208 

Metal nanoparticles have attracted intense interest due to their 
remarkable optical, catalytic, and electronic properties. The 
passivating ligands have a significant impact on the physical 
properties of the particle in addition to stabilizing the metal 
core. In this work, the binding energies, structures, and 
changes in electron density are assessed for the adsorption of 
ligands such as PH 3 and NH 3 to a representative Au20 cluster. 
Time-dependent density functional theory is employed to 
examine the effects of passivating ligands on the optical 
absorption of the metal particle. 

Introduction 

Bare metal clusters can be isolated in the gas-phase. However in solution 
phase, these clusters tend to aggregate unless ligands are used to passivate the 
nanoparticles. Typical passivating ligands include thiol(ate)s and phosphines. 
Primary amine ligands have also been used in exchange reactions, and the use of 
these ligands has been shown to lead to expanded metal cores (7). The addition 
of passivating ligands to bare metal clusters involves potential structural changes 
induced by the ligands as well as changes in the physical properties such as the 
optical absorption. For example, the HOMO-LUMO gap of Aun clusters 
increases from 1.4 eV to 1.8 eV when the surface-protecting ligands are varied 
from triphenylphosphines to alkanethiolates (2). 

108 © 2008 American Chemical Society 
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One system of interest contains an Au2o core. In the gas phase, this cluster 
is predicted to be tetrahedral based on the agreement between experimental and 
theoretical photoelectron spectra (3). The structure of this cluster looks like a 
fragment of bulk gold with (111) surfaces on all sides of the tetrahedron. As a 
consequence, Au2o has been used as a model of the Au(l 11) surface for surface-
enhanced Raman scattering calculations (4). 

As mentioned above, passivating ligands are needed so that the gold 
nanoparticles do not aggregate in solution. The triphenylphosphine (PPh3) 
ligand has recently been shown to coordinate with the Au2o particle to yield a 
Au2 0(PPh3)8 complex (5). High-resolution mass spectrometry data confirms the 
existence of Au 2 0(PPh 3) 8

2 + dications, and collision-induced dissociation 
experiments show that four PPh3 ligands can be readily dissociated (5). 
Numerous triangular particles with edges less than 1 nm can be seen in high-
resolution transmission electron microscopy images, which suggest that the 
tetrahedral Au 2 0 core remains essentially tetrahedral upon addition of 
triphenylphosphine ligands (5). 

In this work, the differences between the binding of phosphine and amine 
ligands and the consequent effects on the optical absorption spectra are 
investigated. 

Computational Details 

All calculations discussed in this work were performed with the Amsterdam 
Density Functional (ADF) 2006.01 program (6). The structures of the species 
studied were determined at the density functional (DFT) level of theory using the 
gradient-corrected Becke-Perdew (BP86) exchange-correlation functional (7,8). 
A triple-zeta with polarization functions (TZP) Slater type basis set was 
employed with a [ls2-4f14] frozen core for Au and a [Is2] frozen core for the first 
row elements. Scalar relativistic effects were included by utilizing the zeroth-
order regular approximation (ZORA) (9). The highest molecular symmetry 
possible for each structure was considered (Td for Au 2 0 , Au2 0(PH3)M, and 
Au20(NH3)„ with n = 4 and 8, C3v for Au20(PH3)„ and Au20(NH3)„ with n = 5 and 
7, and C2v for Au20(PH3)„ and Au20(NH3)„ with n = 6). The numbering for the 
molecular orbitals starts from one for each symmetry representation, and include 
orbitals formed from the 5s25p65d106s1 electrons on gold and the valence 
electrons on phosphorus, nitrogen, and hydrogen that are treated explicitly. The 
SCF convergence was tightened to 10"8. A gradient convergence criterion of 
10"4 and an energy convergence criterion of 10"5 were used in order to obtain 
well-converged geometries. 

Time-dependent DFT (TDDFT) was used to determine energetics and 
composition of the excited states. The tolerance was set to 10"8 and the 
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orthonormality was set to 10" . (Information about these technical parameters is 
available in the online ADF manual (10).) Excitations to the lowest 1800 states 
of all symmetries were evaluated for the optical absorption spectra. The 
absorption spectra were fit with a Lorentzian function with a width at half-
maximum of 0.2 eV. 

Results 

Binding Energies 

The tetrahedral Au2o cluster has three sites available for binding: vertex, 
edge, and surface atoms (Figure 1). The vertex atoms have the lowest 
coordination number and may be expected to be the most reactive. At the 
BP86/TZP level of theory, the first PH 3 ligand is predicted to have a binding 
energy of 0.82 eV to a vertex site. Previous theoretical results for Au2o(PH3)4 

using the PW91 functional and a TZ2P basis set for Au and P and a DZP basis 
set for H predicted Au-PH 3 bond energies of ~1 eV (5). In the present 
calculations, the average binding energy for the first four PH 3 ligands to vertex 
sites is predicted to be 0.81 eV. In contrast, a single PH 3 ligand is predicted to 
bind to a surface site on the bare Au 2 0 cluster with a binding energy of 0.47 eV, 
and the average binding energy to the surface sites is predicted to be 0.43 eV. In 
general, the binding energies of NH 3 ligands are lower. The first binding energy 
and the average binding energy to the vertex sites are predicted to be 0.69 and 

Figure 1. Tertrahedral Au2o structure illustrating locations of vertex, 
edge and surface sites. 
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0.61 eV, respectively, while the first binding energy and average binding energy 
to the surface sites are predicted to be 0.24 and 0.19 eV, respectively. These 
binding energies support the idea that the first four ligands are bound to vertex 
sites. Once four ligands are bound to vertex sites, the binding energy of 
additional PH 3 ligands to the surface sites ranges from 0.27-0.30 eV. However, 
the binding energy of additional N H 3 ligands ranges from 0.00-0.05 eV. At 
typical reaction temperatures, these N H 3 ligands are essentially unbound. The 
labile nature of the amine ligands may explain why ligand exchange reactions 
involving these ligands resulted in the growth of the cluster cores as seen in Ref. 
(7). With fewer passivating ligands attached to the cluster, more metal atoms 
would be accessible, which could lead to cluster-cluster aggregation. 

Binding energies predicted by density functional theory may not be 
quantitatively accurate. In general, DFT tends to overbind. Since dispersion 
effects are not incorporated in DFT, which would lead to an underestimation of 
the binding energy, this may offset the error to some extent. Thus, it is 
instructive to compare density functional results with other levels of theory. The 
binding energy of N H 3 with a single gold atom is predicted to be 0.516 eV at the 
CCSD/BS10 level of theory (77). The binding energy for N H 3 with a single gold 
atom at the BP86/TZP level of theory is predicted to be 0.490 eV (72). 

Bond Lengths 

The trends in the bond lengths echo the trends observed for the binding 
energies. The distance between the gold atom and the phosphorus atom is longer 
at the vertex sites than at the surface sites (Table 1), which agrees with the 
weaker binding energies predicted at the surface sites. The distance between 
nitrogen and gold at the vertex sites is slightly (0.022 A) shorter than the 
distance between phosphorus and gold at the vertex sites, but this decrease is less 
than expected due to the relative sizes of N and P. The distance between 
nitrogen and gold at the surface sites is predicted to be 2.550 A, which is 0.154 
A longer than the analogous distance between phosphorus and gold. These 
amine groups are very weakly bound. 

Optical Absorption Spectra 

In Au2o, intraband transitions from occupied sp conduction orbitals to 
unoccupied sp orbitals occur at low energies (Figure 2). Interband transitions 
between the d band and the sp conduction band contribute a broad background 
to the spectrum. The addition of PH 3 ligands to the Au2o core causes the 
appearance of a large peak at 3.27 eV and the disappearance of the A u 2 0 
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Table 1. Distance from Ligand to Gold in Au 2 0L 8 (L = PH3, NH3) Clusters 

Gold-ligand distance A 

Au-P distance (surface) 2.396 
Au-P distance (vertex) 2.371 
Au-N distance (surface) 2.550 
Au-N distance (vertex) 2.349 

intraband peak at 2.89 eV in the absorption spectrum (Figure 2). Potential 
causes for these changes include geometrical distortions in the metal core 
induced by the ligands, ground state charge transfer from the ligands to the metal 
cluster, and changes in the orbital energies due to the metal-ligand interaction. 

Geometrical Distortion 

When the ligands adsorb on the cluster, they induce dramatic changes to the 
geometrical structure of the metal core. When the PH 3 ligands adsorb, the 
surface atoms expand by 0.935 A relative to the center of mass (COM) (Table 
2). The vertex atoms expand slightly (0.058 A) relative to the center of mass, 
while the edge atoms contract somewhat (0.153 A). As a result, nearest neighbor 
(edge to surface/vertex atom) Au-Au distances increase by approximately 0.07-
0.13 A. When NH 3 ligands adsorb to the cluster, the same trends are followed; 
however, the magnitude of each change is reduced. The surface atoms expand 
by 0.706 A relative to the COM, while the vertex atoms expand by 0.030 A and 
the edge atoms contract by 0.122 A. The nearest neighbor Au-Au distances 
increase by 0.04-0.06 A. 

Figure 2c shows an optical absorption spectrum of an Au 2 0 cluster whose 
geometry has been distorted as though eight PH 3 ligands have been adsorbed. 
Of note, the intraband peak at 2.89 eV with relatively high oscillator strength in 
the Au2o spectrum is not apparent in the distorted Au 2 0 spectrum. In addition, the 
peak at 3.27 eV in the Au 2 0(PH 3) 8 spectrum is also not apparent in the distorted 
Au 2 0 spectrum. The geometrical distortion induces changes in the absorption 
spectrum, but is not sufficient to explain the ligand effects on the absorption 
spectrum. Thus, even the addition of PH 3 ligands changes the absorption 
spectrum relative to that of a bare metal cluster. 

An analysis of the excitations in the distorted Au 2 0 cluster shows that 
intraband transitions occur in the 1.54 - 3.15 eV range. The interband 
transitions become important after 1.87 eV. Even so, the six strongest transitions 
below 3.0 eV that are evident in Figure 2c have primarily intraband character. In 
contrast, both the intraband and interband transitions occur at slightly higher 
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Table 2. Distance Between Gold Atom and Center of Mass (COM) 
or Other Gold Atoms 

Au20 Au20(PH3)s Au20(NH3)8 

Distance (A) from COM to: 
edge atoms 3.337 3.184 3.215 
vertex atoms 4.993 5.051 5.023 
surface atoms 1.944 2.879 2.650 

Distance (A) between: 
edge and surface atoms 2.839 2.965 2.897 
edge and vertex atoms 2.735 2.808 2.777 
surface and vertex atoms 4.716 4.910 4.835 

energies in the bare Au2o cluster. The excitations are also more mixed than the 
excitations for the distorted cluster; the peak at 2.89 eV in Figure 2a has both 
significant intraband and interband character. For the distorted complex, the 
interband transitions are required to describe the absorption spectrum above 3.1 
eV, while the intraband transitions are responsible for the broad featureless 
region below 3.0 eV. 

Ground State Charge Transfer 

When ligands such as PH 3 and N H 3 adsorb to a gold nanoparticle, they 
donate electron density to the metal core. Soft acids such as PH 3 would be 
expected to have a low electronegativity, whereas harder acids such as N H 3 

would be expected to have a higher electronegativity. Voronoi deformation 
density (VDD) and Hirschfeld charges predict that NH 3 transfers more electron 
density to the gold cluster than PH 3 , while a Mulliken charge analysis shows the 
opposite trend (Table 3). 

Each charge analysis method predicts that approximately one electron total 
is transferred from the eight ligands to the metal core. Although charge analysis 
based on VDD or Hirschfeld charges would be preferred (75), subsequent 
analysis in this paper focuses on Mulliken charges because the atomic electron 
density per angular momentum number is available within ADF. One difference 
between the PH 3 and NH 3 ligands is that the each phosphorus atom is predicted 
to have approximately 0.18 electrons in d orbitals, whereas each nitrogen atom is 
predicted to have only 0.03 electrons in d orbitals based on the Mulliken charge 
analysis (Table 4). 
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Table 3. Charge Transferred (Electrons) from Ligands to Gold Cluster 

Charge Method Au20(PH3)s Au20(NH3)8 

Voronoi Deformation Density 1.18 1.28 
Hirschfeld 1.05 1.14 
Mulliken 1.14 0.70 

Table 4. Mulliken Atomic Electron Density in d Orbitals (Electrons) 

Au20(PH3)8 Au20(NH3h 

Vertex atoms 

Surface atoms 

0.1853 

0.1853 

0.0331 

0.0318 

The Mulliken charge analysis can be used to analyze the amount of s, p, and 
d character on the gold atoms at various locations and to analyze how this 
changes upon adsorption of ligands (Table 5). Relative to occupations of 
5s25p65dl06sl for an isolated gold atom, the edge atoms in the tetrahedral A u 2 0 

cluster have gained 0.38 electrons in p orbitals and have lost 0.35 electrons from 
the d orbitals. This may be expected as a consequence of the interaction of the 
partially occupied sp orbitals with the occupied d orbitals, which is pronounced 
in gold because of close 6sp and 5d orbital energies due to relativistic effects. 
The vertex atoms in the tetrahedral Au2o cluster gain 0.17 and 0.19 electrons in s 
and p orbitals, respectively, while losing 0.27 electrons from the d orbitals. 
These atoms are predicted to be slightly negatively charged. The surface atoms 
lose about 0.18 electrons from the s orbitals, gain about 0.36 electrons from the 
p orbitals, and lose about 0.34 electrons from the d orbitals. As a result, these 
atoms are predicted to be slightly positively charged. 

Orbital Energies 

The HOMO-LUMO gap for Au 2 0 at the BP86/TZP level of theory is 1.787 
eV. When eight PH 3 ligands bind to the cluster, the HOMO-LUMO gap is 
predicted to decrease to 1.597 eV (in reasonable agreement with a HOMO-
LUMO gap of 1.55 eV predicted by Ref. (5)). However, when eight N H 3 

ligands bind to the metal core, the HOMO-LUMO gap is predicted to increase to 
1.828 eV. If four ligands bind to the vertex sites of the cluster, the HOMO-
LUMO gaps are predicted to increase from 1.787 eV for the bare cluster to 
1.827 eV for Au 2 0(PH 3) 4 (in good agreement with the 1.82 eV gap predicted in 
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Ref. (5)) or 1.963 eV for Au2o(NH3)4. However, the binding of four ligands to 
surface sites is predicted to decrease the HOMO-LUMO gap to 1.587 eV for 
Au2o(PH3)4 or 1.418 for Au 2 0(NH 3) 4. So, the binding of phosphine or amine 
ligands to vertex sites increases the HOMO-LUMO gap, while the binding of 
these ligands to surface sites decreases the HOMO-LUMO gap. For the 
phosphine ligands, the effects of the binding to the surface sites dominate the 
total change in the HOMO-LUMO gap. For the amine ligands, the change to the 
HOMO-LUMO gap is dominated by the effects of the ligands at the vertex sites, 
as may be expected due to the weak binding of the surface ligands. 

In general, the mixing of the PH 3 orbitals with the Au 2 0 orbitals increases the 
energies of both the occupied and unoccupied metal orbitals. The phosphine 
ligands are electron donors, and the increase in the energy of the highest 
occupied orbitals suggests that the ionization energy of the complex is lowered 
relative to the bare cluster (5). Upon inspection of the molecular orbitals of the 
complex, ten occupied orbitals (two A b two E, two T b and four T2) containing 
48 electrons clearly arise from PH 3 orbitals. The remaining 16 electrons 
originally associated with the PH 3 ligands are now located in mixed orbitals 
comprised of phosphorus p character and gold sp and d character. The 
unoccupied orbitals have a significant amount of PH 3 character, whereas 
unoccupied orbitals in the Au 2 0(NH 3) 8 system have negligible N H 3 character. 

The strong excitation at 3.27 eV in the optical absorption spectrum for 
Au 2 0(PH 3) 8 is primarily interband (sp - d), with approximately 15% metal-to-
ligand charge-transfer behavior (PH3 - sp) (Table 6). Since density functional 
theory fails for long-range charge-transfer states (14% the accuracy of these 
transitions in the theoretical calculations must be considered. The proximity of 
the ligands to the metal core and the minor degree of charge-transfer in the 
transition at 3.27 eV may mean that this issue does not greatly affect this peak in 
the TDDFT spectrum of Au 2 0(PH 3) 8. Other metal-to-ligand charge transfer 
states appear in the 3.7-4.1 eV range in the calculated TDDFT absorption 
spectrum; it is possible that these transitions actually occur at higher energies. 

For Au 2 0(NH 3) 8, the strongest peak below 3.5 eV occurs at 3.17 eV. The 
composition of this transition is presented in Table 7. Interband transitions are 
responsible for most of the composition of this excitation, although 
approximately 20% of the character of the excitation arises from excitations out 
of the conduction band into the H s orbitals on the ligands. 

The occupied orbitals in the d band for Au 2 0(NH 3) 8 differ from those for 
Au 2 0(PH 3) 8. 

Summary 

The binding of phosphine and amine groups to the tetrahedral A u 2 0 cluster 
has been examined, and the effects of the ligands on the geometrical structure 
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Table 5. Mulliken Atomic Electron Density (Electrons) and Total 
Charge on Gold Atoms 

Atoms S P D Overall 

T d A u 2 0 

Edge 

Vertex 

Surface 

2.9799 

3.1659 

2.8227 

6.3804 

6.1853 

6.3987 

9.6513 

9.7307 

9.6618 

-0.0115 

-0.0819 

0.1165 

Au 2 0(PH 3)4 

(vertex) 

Edge 

Vertex 

Surface 

2.9804 

3.1088 

2.9273 

6.4287 

6.3260 

6.3196 

9.6454 

9.6513 

9.6923 

-0.0545 

-0.0861 

0.0607 

Au2o(PH3)4 

(surface) 

Edge 

Vertex 

Surface 

3.0295 

3.1964 

2.6801 

6.3919 

6.1457 

6.5398 

9.6613 

9.7368 

9.6320 

-0.0828 

-0.0789 

0.1481 

Au 2 0(PH 3) 8 

Edge 

Vertex 

Surface 

3.0522 

3.1459 

2.7129 

6.4092 

6.3084 

6.5133 

9.6416 

9.6481 

9.6470 

-0.1030 

-0.1025 

0.1268 

Au 2 0(NH 3) 8 

Edge 

Vertex 

Surface 

3.0466 

3.0684 

2.6740 

6.4212 

6.2544 

6.3997 

9.6532 

9.6892 

9.7257 

-0.1210 

-0.0120 

0.2007 

and absorption spectrum of the complex have been considered. PH 3 ligands bind 
more strongly than NH 3 ligands. The first four ligands bind preferentially to the 
vertex sites of the tetrahedral cluster. For the first four ligands, the average 
binding energy of PH 3 is 0.81 eV, and the average binding energy of N H 3 is 0.61 
eV. After four ligands bind to the vertex sites, additional PH 3 ligands have a 
binding energy of approximately 0.3 eV, while additional N H 3 ligands are 
essentially unbound. 

The absorption spectra of Au2o, Au2o(PH3)8, and Au 2 0(NH 3) 8 vary 
dramatically. The binding of phosphine or amine ligands to vertex sites increases 
the HOMO-LUMO gap, while the binding of these ligands to surface sites 
decreases the HOMO-LUMO gap. Mixing of the ligand orbitals with the metal 
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Table 6. Composition of the Au2o(PH3)8 Transition at 3.27 eV 

occupied orbital 
(assignment) 

unoccupied orbital 
(assignment) 

weight 

m(d) -> 36t2 (sp) 0.3989 

lie {d) -> 21t, (sp) 0.0832 

2a2(d) -> 2 It, (sp) 0.0562 

35t2(sp) -> 20a, (PH3) 0.0523 

20t, (d) -> 37t2 (sp) 0.0768 

17a, (d) -> 36t2 (sp) 0.0370 

18a, (sp) -> 38t2(PH3) 0.0363 

35t2(sp) -> 19a, (PH3) 0.0131 

35t2 (sp) -> 22t, (PH3) 0.0244 

32t2 (d) -> 21t, (sp) 0.0191 

33t2 (d) -> 2It, (sp) 0.0188 

18t, (d) -> 36t2 (sp) 0.0187 

17t, (d) -> 36t2 (sp) 0.0077 
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Table 7. Composition of the Au2o(NH3)8 Transition at 3.17 eV 

occupied orbital 
(assignment) 

unoccupied orbital 
(assignment) 

weight 

19t, (d) -> 37t2 (sp) 0.1567 

35t2 (sp,d) -> 38t 2(Hj) 0.1489 

33t2 (d) -> 31t2(sp) 0.1390 

16e (d) -> 36t2 (sp) 0.0905 

18a, (sp) -> 3'8t2(Hf) 0.0586 

18t, (d) -> 37t2 (sp) 0.0400 

18e(sp,c0 -> 37t2 (sp) 0.0188 

34t2 (d) -> 37t2 (sp) 0.0376 

3a2(d) -> 21t,(jp) 0.0175 

33t2(d) -> 19a, (sp) 0.0150 

17ai (d) -> 37t2 (jp) 0.0146 

34t2 tf) -> 2It, (sp) 0.0244 

17t, W ) -> 36t2 0.0116 

core orbitals changes the orbital energies. A number of the low energy 
unoccupied orbitals for the passivated Au2o(PH3)8 complex have significant PH 3 

character, whereas the low energy orbitals for Au2o(NH3)8 do not have significant 
N H 3 character. Note that the present results show no connection with what would 
be expected from electromagnetic modeling, in which one would expect a simple 
red-shift in the spectral features due to the presence of a nonabsorbing dielectric 
layer of adsorbed molecules. This shows the complexity that can arise as a result 
of chemical interactions between the adsorbed molecules and the gold particle, 
and it points to the importance of electronic structure calculations in properly 
modeling adsorbate effects on nanoparticle spectra. 
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Chapter 10 

Surfactant Effects on the Particle Size and Formation 
of Iron Oxides via a Sol-Gel Process 

Erin Camponeschi1, Jeremy Walker1, Hamid Garmestani1, 
and Rina Tannenbaum1,2 

1School of Materials Science and Engineering, Georgia Institute 
of Technology, Atlanta, GA 30332 

2Department of Chemical Engineering, Technion, Haifa 32000, Israel 

This work illustrates the effects of adding a common 
surfactant, sodium dodecylbenzene sulfonate (NaDDBS), to 
the reaction mixture used in the formation of iron (III) oxide 
nanoparticles via a modified sol-gel process. In order to 
elucidate the role of the surfactant on the control of the 
resulting iron oxide particle size, experiments were conducted 
with two different metal salt precursors: Fe(NO3)3 · 9H2O and 
FeCl3 · 6H2O. The average particle size of the dried iron oxide 
gels, in the absence of the surfactant, was 4.5 nm and 3.6 nm 
for Fe(NO3)3 · 9H2O and FeCl3 · 6H2O as precursors, 
respectively. The addition of a surfactant inhibited gel 
formation in the Fe(NO3)3 · 9H2O system, while in the FeCl3 · 
6H2O system the gelation process was delayed. The resultant 
particle sizes were 3.2 nm and 4.9 nm, respectively. It appears 
that even though the Fe(NO3)3 · 9H2O system was unable to 
gel the surfactant was able to stabilize the nanoparticles to 
form even smaller particles than the gel counterpart. 

124 © 2008 American Chemical Society 
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The study of nanomaterials is a very active research area that is constantly 
being fuelled by new ideas, new strategies, new insight and new methods for 
their design and applications (7-77). Nanomaterials represent a novel class of 
materials that possess distinctive physical and chemical properties that are very 
different than their bulk counterparts (2,4-8,10-17). For example, nanometer 
sized iron oxide exhibits exceptionally strong magnetic properties and as such, 
may have a wide number of applications in pigments, magnetic materials, 
catalysts, sensors, data storage, and medical devices. This is one of many 
systems that have recently become highly attractive and extensively explored (2, 
5-8,10-13,15-17). 

The facile and reproducible creation of nanoparticles is the ultimate goal for 
their incorporation and utilization in specific devices, thus promoting the 
development of new technologies (15,17-19). There are several avenues for the 
formation metal oxide nanoparticles, including iron oxide nanoparticles, which, 
as stated before, present a particular interest: sol gel processing, synthesis in 
microemulsions, hydrothermal synthesis, and high temperature solution 
processing (2,5,8,10-13,15,17). Al l these methods generate iron oxide 
nanoparticles, but require well-controlled environments that may prohibit the 
scale-up efforts of these processes from the lab bench to bulk production 
(2,17,20,21), with the exception of the sol gel processing method. Sol-gel 
synthesis provides an extremely easy method of creating a large variety of metal 
oxides from their metal salts at ambient conditions and at low temperatures. 
However, the drawback of the method is that it generates 3D oxide networks , 
and hence, it is limited in its efficiency regarding the formation of independent, 
disconnected nanosized particles. Therefore, the advantages of a relatively 
simple synthesis method for the creation of nanosized particles, in which the 
probability for the formation of a 3D network would be diminished, might prove 
useful for the functionalization of iron oxide particles designated to be 
incorporated in magnetic nanostructures and in drug targeting and delivery 
nanoplatforms (20-24). 

In this work we describe the development of a modified sol gel processing 
method that was used to create iron (III) oxide nanoparticles. We was found 
that with the addition of a common surfactant, e.g. sodium dodecyl benzene 
sulfonate (NaDDBS), iron oxide nanoparticles can easily be synthesized at room 
temperature in just a few minutes without the formation of 3D iron oxide 
network. Moreover, in order to comply with aqueous compatibility requirements 
imposed by the potential use of these materials in conjunction with medical 
application, the sol gel method was also performed in a water-based 
environment. 
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Experimental Procedure 

Ferric nitrate nonahydrate, Fe(N03)3 • 9H 20, ferric chlorate hexahydrate, 
FeCl 3 • 6H 20, propylene oxide, C 3 H 6 0, and stock absolute ethanol, were 
purchased from Fisher Scientific and used as received. Sodium dodecyl 
benzene sulfonate (NaDDBS, molecular weight of 348.48 g/mol, purchased from 
TCI) was used in the same concentrations and methods as described in 
Matarredona et al. (19). The syntheses were performed at room temperature in 
glass scintillation vials. Six separate solutions were made in order to test the 
effects of the surfactant on the final iron oxide particle size. 

Solution 6 was formed by completely dissolving 0.65 g Fe(N03)3 • 9H 20 in 
3.5 mL of ethanol. Then, 1.2 mL of propylene oxide was added as the gelation 
agent. Solutions 2 and 4 followed the same procedures as solution 6, but 3.5 mL 
of a 1.2 mM solution of NaDDBS was added before the addition of the 
propylene oxide. Solution 5 was formed by completely dissolving 0.42 g FeCl 3 • 
6H 20 in 3.5 mL of ethanol. Then, 1.2 mL of propylene oxide was added. 
Solutions 1 and 3 followed the same procedures as solution 5, but 3.5 mL of a 
1.2 mM solution of NaDDBS was added before the addition of the propylene 
oxide. Upon gelation, an additional amount of 1.2 mM NaDDBS was added to 
solutions 1 and 2. All solutions were then placed in a Fisher Scientific isotemp 
oven to dry for several days at 100°C. After this time, water was added to 
solutions 3, 4, 5, and 6 (see Table 1). 

All the solutions were placed in a dismembrator (Fisher Scientific, 20 kHz) 
at 35 % amplification for 30 minutes, followed by the removal of small samples 
for transmission electron microscopy (TEM) imaging and analysis in order to 
determine particle size. A droplet from each solution was placed on a grid (Ted 
Pella, Inc. carbon coated copper, PELCO® Center-Marked Grids, 400 mesh, 3.0 
mm O.D.) and dried in air. These samples were then analyzed using a Hitachi 
HF2000, 200kV transmission electron microscope. 

X-ray diffraction (XRD) was performed on the samples in order to 
determine composition. The samples were prepared and tested in the same 
manner as previously reported (20). The dried samples were then placed on a 
zero background holder and analyzed using a Philips PW 1800 X-ray 
diffractometer. Patterns from 20° to 90° were examined with a step size of 
0.02° using monochromatic Cu Ka X-rays with a wavelength of 1.54056 A. 

Results and Discussion 

The main insight gained from this work showed that the surfactant used, 
NaDDBS, has the potential of altering the particle size of the resulting iron oxide 
nanoparticles formed via the modified sol gel processing method. Propylene 
oxide was used as a gelation agent because it is known to promote the formation 
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Table 1. Solution Parameters 

Solution 
# Metal Salt Gelation 

Agent 
NaDDBS 
Addition 

Water 
Addition 

1 FeCl3 6H 20 C 3 H 6 0 Before gelation 
& before drying None 

2 Fe(N03)3 9H 20 C 3 H 6 0 Before gelation 
& before drying none 

3 FeCl3 6H 20 C 3 H 6 0 Before gelation After drying 

4 Fe(N03)3 9H 20 C 3 H 6 0 Before gelation After drying 

5 FeCl 3 6H 20 C 3 H 6 0 None After drying 

6 Fe(N03)3 9H 20 C 3 H 6 0 None After drying 

of a monolithic wet gel in a very short amount of time (a few minutes) (5,77). 
Moreover, the presence of water, which was also introduced in the modified sol-
gel process, is known to change gelation time in some metal salt systems (5). 
The experiments conducted in this study involved two metal salts: Ferric nitrate 
nonahydrate, Fe(N03)3 • 9H 20 and ferric chlorate hexahydrate, FeCl3 • 6H 20. 
These were chosen based on their previous use as precursors in classical sol-gel 
processes (2,5,17). 

The presence of NaDDBS increased the gel time for the FeCl3 • 6H 20 
system from minutes to hours, and prevented Fe(N03)3 • 9H 20 from forming a 
gel altogether. There may be several reasons for this behavior: (a) The relative 
concentrations of the propylene oxide, iron salt and coordinated water may play 
a pivotal role in determining the gelation time. Gash et al. (5) showed that there 
was a 2 minute gelation time for the FeCl3 • 6H 20 precursor in water, while the 
precursor with a higher water content required several hours to gel; (b) The 
presence of NaDDBS molecules in the solution has the additional effect of 
delaying the onset of gelation in the FeCl3 • 6H 20 system, and preventing it 
altogether in the Fe(N03)3 • 9H 20 system. These surfactant molecules tend to 
organize themselves in the vicinity of the water molecules, preferentially through 
their ionic groups, as shown in Figure 1, thus creating a stabilization layer that 
would either delay or completely inhibit the accessibility of the coordinated 
water molecules to the propylene oxide and hence, prevent the gelation process. 

Solutions that gelled follow the same general procedure of hydrolysis, 
condensation, and heating. This process allows for the formation of iron (III) 
oxide particles through a series of reactions where A is an intermediate reaction 
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Figure 1. A schematic representation of the dipole-dipole attractions between 
the metal cations (Fe3+) and the oxygen (O3') in the surrounding water 
molecules, and the subsequent attraction with the hydrophilic group in 

the surfactant NaDDBS. 

Table 2. Particle Size Results 

Solution 
# Metal Salt Gel 

Formation 

Average 
Particle Size 

(nm) 

Sample 
Color 

1 FeCl 3 • 6H 2 0 Yes 4.9 Brown 

2 Fe(N0 3) 3 • 9H 20 No 3.2 Light 
brown 

3 FeCl 3 • 6H 2 0 Yes 84.6 Orange 

4 Fe(N0 3) 3 • 9H 2 0 No 5.1 Light 
brown 

5 FeCl 3 • 6H 20 Yes 3.6 Brown 

6 Fe(N0 3) 3 • 9H 2 0 Yes 4.5 Light 
Brown 
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product with a metal hydroxide reactive group. In the presence of polypropylene 
oxide the reaction is as follows: 

C3H60 + Fe(H20)3

6

+ -> C3H70+ + Fe(OH)(H2of5

+ -^Fe203 

In the presence of water the reaction is as follows: 

Fe(H20)3

6

+ +H20<=±Fe(OH)(H20)2+ + H30+ 

Fe(OH) (# 2 0) f + H2° ->'' A -> Fe2°3 

It is expected that the presence of NaDDBS was essential in the early stages 
of the process, impeding the reaction with the epoxide and hydroxo ligand, thus 
preventing the gelation process. In the last step of this process, the material is 
heated to 100°C in order to remove all excess water and drive the formation of 
the iron (III) oxide. 

The change in particle size and color of the solutions is illustrated in Table 2 
and Figure 2. It appears that the color of the solution is directly related to the 
size of the particles formed in solution. To determine the average particle size, 
high-resolution TEM imaging was used. The TEM images and histograms are 
shown in Figures 3 - 8 . Due to the low molecular weight of the iron oxide 
particles, the surfactant and the epoxide molecules, which can cloud transmission 
electron images, obtaining clear TEM images was difficult. 

The NaDDBS addition prior to gelation to the FeCl3 • 6H 20 system did not 
appear to have a large effect on the particle sizes compared to the same system in 
the absence of NaDDBS. However, upon drying, the system having NaDDBS 
that was added in the final stages of the synthesis (solution 1) appears to generate 
significantly smaller particle size than that of the system without NaDDBS added 
at this stage (solution 3). This leads to the conclusion that the NaDDBS 
molecules inhibit the growth of the particle by replacing water molecules in the 
coordination sphere of the growing oxide particles, thus preventing their 
aggregation. 

As for the Fe(N03)3 • 9H 20 systems, the changes in particle size is 
negligible in most samples, however, the smallest particle sizes were obtained in 
the solutions containing NaDDBS. This supports the realization that the addition 
of NaDDBS inhibits the growth of the iron oxide nanoparticles, even though 
these system do not form gels. The coupling of a high number of coordinated 
water molecules with the presence of a surfactant, inhibits gel formation on one 
hand, and stabilizes small nanoparticles on the other hand. Hence, a distribution 
of particle sizes in the 3-5 nm range that is characteristic to the primary particles 
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Figure 2. Color variations in solutions 
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Figure 3. (a) High resolution TEM image of solution 1 (b) Particle size 
distribution for solution 1 

Figure 4. (a) High resolution TEM image of solution 2 (b) Particle size 
distribution for solution 2 
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Figure 5. (a) High resolution TEM image of solution 3 (b) Particle size 
distribution for solution 3 

Figure 6. (a) High resolution TEM image of solution 4 (b) Particle size 
distribution for solution 4 
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Figure 7. (a) High resolution TEM image of solution 5 (b) Particle size 
distribution for solution 5 

Figure 8. (a) High resolution TEM image of solution 6 (b) Particle size 
distribution for solution 6 
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formed by the sol-gel process, may be achieved also in a system in which 
surfactants are present but the gelation is inhibited. 

X-ray diffractions of the iron oxide nanoparticles are shown in Figure 9 a-f 
for the as-synthesized samples. The diffraction patterns for samples 1, 2, 4, 5 
and 6 are largely amorphous in character, having large diffraction peaks resulting 
from the nanoscale features of the material. Figure 9 g-1 illustrates possible 
alternative phases that may have formed; iron (III) oxide, hydroxide and 
oxyhydroxide phases: a-Fe203 (hematite), Fe(OH)3, a-FeO(OH) (ferrihydrite), 
y-Fe203, y -FeO(OH); and <5-FeO(OH). Since the samples are largely amorphous, 
the analysis is mainly qualitative. The broad peaks that can be seen in the 
diffraction patterns largely overlap with all of the main peaks in most of the 
spectra shown in Figure 9 g-1. In samples 5 and 6 it appears that there is an 
additional peak at low angles, but this could be due to beam noise while the 
samples were analyzed. In contrast, the XRD analysis of sample 3, shown in 
Figure 9c, exhibited a diffraction pattern that is characteristic of a crystalline 
material. The crystalline character of this spectrum is commensurate with the 
average particles size of 80 nm calculated from TEM images. This sample, like 
the others tested, exhibits peaks that correspond to a variety of iron oxide 
compounds, as mentioned above. Based on this analysis, we cannot ascertain that 
the particles formed consist of Fe 20 3 exclusively. The XRD data confirms that 
the particles are mostly nanocrystalline (except sample 3) iron oxide particles, 
similar to the results obtained from TEM imaging. In related previous studies, it 
was determined that the material could be assigned an empirical formula of 
Fe ( I I I )

xO yH z , but nevertheless, throughout this paper, it will be referred to as "iron 
oxide" (25). This leads to the conclusion that iron oxide particles may be present 
along with other oxyhyrdoxide phases. 

Despite the fact that a mixture of iron oxide compounds is formed by this 
method, it still provides an easy and economical method for the formation of 
nanoscale iron (III) oxide particles with the addition of NaDDBS as a surfactant. 

Conclusions 

This work has illustrated that adding a common surfactant to the iron oxide 
sol gel processing method resulted in the decrease of the free energy of the 
system and allowed the creation of stable nanosized iron oxide particles without 
generating a 3D gel network. The Fe(N03)3 • 9H 20 and FeCl3 • 6H 20 precursors 
gave rise to a gel with nanosized primary particles, according to the classic sol-
gel process. However, the addition of NaDDBS prior to gelation, affected the 
particle size of the resulting iron oxide particles. The Fe(N03)3 • 9H 20 system 
did not form a gel in the presences of the NaDDBS, but was still able to support 
the formation of nanosized particles, similar to the nanoscale particles formed in 
the gel counterpart. 
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Figure 9(ii). X-ray diffraction patterns for various iron oxide/oxyhydr oxide 
phases: (g) a-Fe203, (h) Fe(OH)3, (i) a-FeO(OH) i.e. ferrihydrite, (j) y-Fe2Oh 

(k) y-FeO(OH), and (I) d-FeO(OH). 
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Reactivity Screening of Anatase TiO 2 Nanotubes 
Array and Anatase Thin Films: A Surface Chemistry 

Point of View 
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As a reactivity screening we collected thermal desorption 
spectroscopy (TDS) data of iso-butane, O2, CO 2, and CO 
adsorbed on an ordered TiO 2 nanotubes (TiNTs) array. As a 
reference system iso-butane adsorption on an anatase TiO 2 thin 
film has been considered as well. The as-grown TiNTs are 
vertically aligned and amorphous. Polycrystalline (poly.) 
anatase or poly. anatase/rutile mixed nanotubes are formed by 
annealing confirmed by x-ray diffraction (XRD) and scanning 
electron microscopy (SEM). The anatase thin film was grown 
on SrTiO3(001) and characterized by XRD and atomic force 
microscopy (AFM). Surprisingly, oxygen distinctly interacts 
with the TiNTs whereas this process is not observed on fully 
oxidized single crystal rutile TiO2(110). Desorption 
temperatures of 110-150 K and 100-120 K were observed for 
CO 2 and CO, respectively, on the TiNTs. Variations in the 
binding energies of the alkanes on TiNTs and anatase thin 
films also were present, i.e., a kinetic structure-activity 
relationship (SAR) is evident. 

© 2008 American Chemical Society 139 
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Introduction 

Motivation for this Study on Anatase Ti0 2 Samples 

Titanium dioxide has a wide range of applications that are as diverse as 
photo catalysis and cosmetics. T i0 2 is used for the design of gas sensors (/), for 
solar cells (2), batteries (5), water decomposition (4), as a pigment in paints and 
cosmetics, as a protective coating (5), and as a catalyst for a number of surface 
reactions including CO oxidation (6) and the selective catalytic reduction (7) of 
NO x . T i0 2 exists in three different crystallographic phases. Due to technical 
difficulties to obtain anatase samples, most surface science studies have focused 
on rutile TiO2(110) although technical titania powder catalysts consist of rutile 
and anatase crystallites. Furthermore, it has been proposed that the catalytically 
more active component for a number of reactions in these powders is the anatase 
polymorph (8). In addition, the surface energy of anatase crystallites is smaller 
than for rutile (9) consistent with the fact that most Ti0 2 nanostructures are of 
the anatase polymorph (10-12). Therefore, anatase thin films also can be 
considered as the planar counterpart of TiNTs and nanoparticles which has 
motivated our study to directly compare anatase thin films and TiNTs. 

Information about what particular crystallographic orientation dominates 
industrial T i0 2 power catalysts is quite diverse. According to a transmission 
electron microscopy study (75), Ti0 2 P25 and Ti0 2 Merck powder catalysts are 
dominated by (001) and (010) anatase surface planes. Furthermore, it has been 
proposed that anatase (001) is the active phase for photocatalytic water 
decomposition (14). Thus, anatase thin films with a (001) surface orientation, as 
studied here, are relevant for technical applications. 

Ti0 2 Nanotubes for Catalysis Applications 

Most projects on TiNTs focus on characterizing their morphology as well as 
materials science applications such as sensor design and photovoltaics (11,15-
18). To the best of our knowledge no ultra-high vacuum (UHV) surface 
chemistry studies have been published. However, the great potential of planar 
T i0 2 for surface science and catalysis applications promises fascinating potential 
of TiNTs in heterogeneous catalysis. Depending on the preparation procedures, a 
large variety of TiNT morphologies can be obtained making them a perfect 
model system. Data have been collected for amorphous, poly, anatase, and poly, 
mixed 80%-anatase/20%-rutile TiNTs. 

Nanotubes generally have the following advantages as compared with 
powder or planar model catalysts: 

• Large surface-to-volume ratio. 
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• The micro-porous structure of powder catalysts can lead to transport 
limitations for surface reactions. Nanotubes minimize this limitation (19). 

• Deactivation of catalysts is caused by sintering of the active metal 
nanoclusters. Trapping metal clusters on/inside the tubes can prevent 
sintering (20-22). 

• Large diffusion coefficients for gas/liquid transport through nanotubes can 
prevent catalyst poisoning (19). 

• High purity avoids self-poisoning and leads to consistent and easily 
reproducible properties. 

• High mechanical and thermal stability. 
• Functionalization allows for catalyst tailoring. 

Importance of Oxygen Adsorption 

The adsorption of oxygen is an important elementary reaction step for a 
large number of catalytic processes as well as for materials science applications. 

• The gas-surface interaction of 0 2 with nanotubes has been studied as a 
potential technique for 02-doping of electronic devices (23). 

• Improvements to catalytic processes for the decomposition of chemical 
warfare agents and pesticides are urgently needed (24). One promising 
strategy is catalytic oxidation. Efficient catalysts useful in remote locations 
would need to operate at ambient conditions, to require only oxygen (air), to 
be a non-toxic catalyst (Ti02), and would eventually need a light source 
(sunlight). TiNTs are a promising candidate. 

• One of the most prominent application for Ti0 2 is the Au-Ti0 2, low 
temperature CO oxidation catalyst that can be used, for example, for exhaust 
emission reduction (6,25-27). An important reaction step is the adsorption 
of oxygen. 

• T i0 2 is important for PROX catalysts (preferential oxidation of CO in the 
presence of excess hydrogen) with the adsorption of oxygen as the primary 
reaction step (28). PROX is important for lean-burn gasoline engines (29). 

• The removal of CO from syngas is required for fuel cell applications since 
trace amounts of CO can poison the surface of fuel cell electrodes (30). 
More efficient CO oxidation catalysts are required; for all of them, oxygen 
adsorption is one of the first reaction steps in the oxidation mechanism. 

• A number of more exotic but important applications exist, such as closed-
cycle C 0 2 lasers (57). 
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Why Studying Alkane Adsorption? 

The physicochemical properties of hydrocarbons have been studied 
extensively in surface science due to their importance for the petroleum industry 
as building blocks to convert raw materials into chemicals of greater value. 
Therefore, TDS studies characterizing the adsorption kinetics of alkanes have 
been conducted for a large variety of single crystal surfaces including graphite 
(52), sapphire (55), ZnO (34), Pt (35), Ru (36), Cu (37,38), and carbon 
nanotubes (12). Typically molecular and non-activated adsorption is obeyed. 
Analyzing TDS data reveals kinetics parameters such as coverage dependent 
binding energies and pre-exponential factors required for microkinetics 
modeling supporting catalyst development. At low adsorption temperatures, 
condensation in bi- and multilayers leads to additional TDS features following 
0 t h order kinetics. 

Experimental Procedures 

Synthesis of the T i 0 2 Nanotubes Array (TiNTs) 

At the laboratory at Erlangen-Nuernberg University TiNT layers were 
produced by anodization of titanium foils. The foils were sonicated in acetone, 
isopropanol, and methanol, followed by rinsing with deionized water (DI) and 
drying in a N 2 stream. A three-electrode cell with a Haber-Luggin capillary, an 
Ag/AgCl (1M KC1) reference electrode, and platinum gauze as a counter 
electrode was used for the anodization. The electrolyte was 1M (NaH2P04) + 
0.5%w.t. HF (pH 4.5) and anodization was carried out at 300 K by ramping the 
potential from open circuit potential to 20 V (500 mV/s) and holding the 
potential at 20 V for 2 h. Afterwards, the samples were rinsed with DI and dried 
in a N 2 stream. Thermal treatments (temperature ramping from RT to 750 K at a 
heating/cooling rate of 30 K/min) of the initially amorphous TiNTs layers were 
carried out. After the ramp-up, the temperature of 750 K was held for 1 h. This 
procedure converts the initially amorphous nanotubes into polycrystalline 
anatase TiNTs on an oxidized Ti foil. Further annealing treatments result in 
mixed anatase/rutile TiNTs. XRD, SEM, and x-ray photoelectron spectroscopy 
(XPS) have been used to characterize the sample morphology and chemical 
cleanliness. 

Growth of Anatase Thin Films 

The film was grown in a custom-designed ultrahigh vacuum (UHV) chamber 
at PNNL as described in detail in ref.(5P). Reflection high energy electron 
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diffraction (RHEED) was used to monitor the growth process. Single-crystal 
STO(OOl) substrates were ultrasonically cleaned in acetone and methanol prior 
to insertion into the UHV system through a load lock. In the UHV chamber, the 
substrates were cleaned using oxygen plasma (l.OxlO - 5 torr oxygen partial 
pressure, 200 W power) with a sample temperature of 900 K. During the 
growth, Ti was evaporated from an effusion cell in the presence of the oxygen 
plasma, with the substrate kept at a temperature at 900 K. The growth rate of the 
film was 0.01 nm/min and it was monitored by a quartz-crystal oscillator 
(Inficon). X-ray diffraction (XRD) and x-ray reflectivity (XRR) measurements 
were carried out using Philips X'pert 0-20 diffractometer at 40 kV and 50 mA 
followed by data analysis using JADE 6.0 program. 

Kinetics Experiments 

The kinetics experiments have been conducted at North Dakota State 
University (NDSU) in two different UHV systems; in a TDS chamber (34) (for 
the TiNTs project) and in a molecular beam scattering system (for the thin film 
project) (40). 

For TDS a number of precautions have been taken to assure that the results 
are not obscured by artifacts. (1) The mass spectrometer is equipped with an 
aperture and the sample to detector distance amounts to one mm. (2) The TiNTs 
samples were either mounted on a tantalum plate or directly spot welded on Ta 
wires. No significant differences in TDS curves have been observed for the two 
different setups. (3) No bulky parts have been used in designing the sample 
holder resulting in good cooling performance and negligible background 
contributions. 

The reading of the thermocouple has been calibrated in situ by TDS using 
the known heat of condensation of the alkanes. The uncertainty in the 
temperature reading amounts to ±5 K. The TiNTs have been cleaned by 
outgassing in UHV; the anatase thin films by mild sputter-anneal cycles. 

The anatase thin film sample has been further characterized by Auger 
electron spectroscopy (AES) and low energy electron diffraction (LEED). 
Molecular beam scattering data have also been collected for the anatase film but 
will be presented elsewhere (12,41). 

Sample Characterization 

XRD. All samples have been characterized by XRD as summarized in 
Figure 1. For the amorphous TiNTs only the Ti substrate peaks are present 
whereas the polycrystalline TiNTs show the characteristic anatase XRD lines. 
Similarly, XRD of the anatase thin film sample consists of a superposition of 
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TiSrO3(001) subtrate and anatase(OOl) structures. The XRD results clearly 
demonstrate that a high quality well oriented anatase Ti0 2 film has been grown. 
The thickness of the film was determined to be 123 nm using XRR. 

TiNTs. Additionally, the TiNT samples have been characterized by SEM 
and XPS. Figure 2 shows a SEM top view of a typical TiNT sample. Studied 
here have been TiNTs with a diameter of 0.1 fim and a length of 1 |um. The as-
grown TiNTs show fluorine impurities (Figure 3) in XPS which can, however, 
be removed by annealing the samples. No desorption of fluorine has been 
detected in TDS after degassing the samples in UHV. 

Thin film. AFM results for the anatase thin film are shown in Figure 4. On a 
lateral resolution scale of 200 nm, the films appear rather defect free. However, 
AES data indicate a nonstoichiometic sample (Ti-to-O-AES ratio of one); no 
LEED pattern could be observed. Some anatase particles were observed with 
AFM on the surface. Since the RHEED results during growth clearly showed 
streaks throughout the film growth, we believe the particles are well isolated. In 
addition, since we did not observe any other peaks except the TiO2(001) peak in 
the XRD spectrum from the film, the particles appear to be oriented along the 
same direction as the film. 

Kinetics of Oxygen Adsorption on T\Oi Nanotubes 

A detailed outline of oxygen adsorption experiments on TiNTs will be 
presented elsewhere (72). Briefly, the following data have been gathered. 
Oxygen distinctly interacts with the TiNTs whereas this process is not observed 
on fully oxidized rutile Ti0 2 single crystals (42). Thus, TiNTs show intrinsically 
a fundamentally different catalytic behavior than Ti0 2 single crystal model 
systems. Both molecularly and atomically bonded oxygen have been observed. 

In the case of the mixed polycrystalline anatase/rutile TiNTs, TDS peak 
shifts to lower temperatures with increasing exposure (at 90 K) indicate a 
deviation from lst-order kinetics. Additionally, a competing dissociative 
adsorption pathway for oxygen was evident at low adsorption temperatures. 

For the amorphous TiNTs at low adsorption temperatures, molecular 
adsorption/desorption kinetics was present with a binding energy of 30.5 kJ/mol 
(pre-exponential lxl013/sec). Dissociative adsorption was observed above 
adsorption temperatures of -150 K with a TDS peak just below 300 K. 

For applications in heterogeneous catalysis the amorphous system may be 
better suited since oxygen adsorbs close to room temperature which will be 
important for oxidations of toxic compounds. For low-temperature reactions, the 
larger adsorption probability of 0 2 observed on the polycrystalline TiNTs will be 
advantageous. 
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Figure 1. XRD scans of the samples studied. 

Figure 2. SEM of TiNTs. 
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Figure 3. XPS of TiNTs (as prepared). 

Figure 4. AFM of an anatase thin film grown on SrTiO2(001). 
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Adsorption of Iso-butane on TiNTs and Anatase Thin Films 

The adsorption of alkanes has been studied on amorphous, poly, anatase, 
and poly, mixed anatase/rutile TiNTs as well as on an anatase(OOl) thin film 
sample. Comprehensive data sets and a more detailed modeling will be presented 
elsewhere (10, 41). The most interesting result obtained is a clear kinetic 
structure activity relationship (SAR), i.e., the binding energy of iso-butane 
depends on the polymorph of Ti0 2 . Typical examples of TDS curves are shown 
in Figure 5. Data for small (0.1 L) and large (1 L) exposures of iso-butane are 
depicted. (1 L = 1 sec gas exposure at lxl0" 6 torr.) The arrows in Figure 5 
highlight the TDS peak position for small exposures which clearly depends on 
the particular sample studied. The reactivity decreases as anatase thin film > 
amorphous TiNTs > poly, anatase TiNTs > poly, mixed anatase/rutile TiNTs 
with zero coverage binding energies of E d = 52, 40, 39, and 34 kJ/mol (v = 
lxl0 1 3/s), respectively. 

Fitting (43, 44) the TDS data (10, 41) revealed the coverage dependence of 
the binding energy which follows the same trend. It appears that the anatase 
system is indeed the most reactive towards adsorption of iso-butane since in this 
case the largest binding energies are obtained. Although, we cannot provide an 
atomistic explanation, this result is intriguing concerning technical applications. 
The differences in the thin film data and the TiNTs may be strongly related with 
the density of surface defects which appears to be largest for the anatase thin 
film sample studied here. 

The TDS peaks shift to lower desorption temperatures with increasing 
coverage (consistent with repulsive lateral interactions and molecular adsorption 
kinetics) for all samples studied. Interestingly, also for the mixed TiNTs only 
one TDS feature is present in the monolayer coverage range suggesting a 
random mixture of anatase and rutile crystallites. At large exposures (not 
shown), common condensation peaks have been observed allowing for a precise 
calibration of the temperature reading. 

C O and C 0 2 Adsorption on TiNTs 

TDS data of C 0 2 have been collected for the amorphous and poly, mixed 
TiNTs (Figure 6). The binding energies are systematically larger for the mixed 
TiNTs with E d =35 kJ/mol. However, the deviations are smaller than 3 kJ/mol. 
The width of the TDS peaks is large indicating a number of kinetically distinct 
adsorption sites, for example, along the grain boundaries of the crystallites. 
Therefore it appears plausible that no pronounced defect TDS features are 
present as observed for rutile single crystals (45-47). CO binding energies of E d 

= 30 and 38 kJ/mol were measured for amorphous and poly, anatase TiNTs, 
respectively. 
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Chapter 12 

The Facile Preparation of Partially Reduced V 2 O 5 

Nanowire Sheets 
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at Dallas, Richardson, TX 75083 

Hydrated and partially reduced V2O5 nanowires with high 
aspect ratios have been synthesized by the hydrothermal 
condensation of ammonium metavanadate. The V2O5 

nanowires can be fabricated into free standing and flexible 
sheets. The V4+/V5+ ratio in the nanowires can be increased 
with the hydrothermal synthesis temperature. The extremely 
low heat capacitance of thin V2O5-x sheets and the high 
temperature gradient of resistance make them attractive 
materials for bolometric (IR) sensing. The current responsivity 
of a 30μm sheet is S = d V / d Q =178 V/W. 

Introduction 

V 2 0 5 exhibits a layered structure, which allows the intercalation of a variety 
of ions (1-8), organic compounds (9), and polymeric species (10-11) to form 
functional materials that are promising for lithium batteries (3-8), catalysis (72-
19), electrochromic devices (20-24), and supercapacitors (25-27). Additionally, 
fibrous V 2 0 5 has shown some electrical properties as nanolithography templates 
(28-29), sensors for ethanol and amine (30-33), electric field-effect transistors 
(34-36), crossed junctions and rotational actuators (37). Several methods have 
been developed to prepare vanadium oxide 1-D nanostructures. Nesper and co
workers (38-40) synthesized vanadium oxide nanotubes (VO x -NTs) by a sol-gel 
reaction of vanadium alkoxides with a primary amine, followed by hydrothermal 
treatment. Stucky and co-workers (41) synthesized mixed-valence vanadium 
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oxide nanorods via a nonaqueous low-temperature procedure. V 2 0 5 nanorods 
and nanowires have been synthesized in reverse micelles (42-43). Cao et al. (44) 
have also developed a polyol process to self-assemble V 2 0 5 • x H 2 0 nanorods 
into hollow microspheres. Takahashi et al (22) reported the growth of V 2 0 5 

nanorod arrays using electrophoretic deposition combined with templating. For 
these syntheses, the length of the nanowires was usually less than 10 jim. Long 
nanowires are expected to facilitate formation of free standing sheets. V 2 0 5 

sheets comprising entangled nanowires have been used as actuators (45), which 
were demonstrated to provide a high Young's modulus, high actuator-generated 
stress, and high actuator stroke at low applied voltage. In this case, the hydrated 
V 2 0 5 nanowires were 10 \im long and synthesized by the polycondensation of 
vanadic acid in water at room temperature (45,46). This process requires several 
weeks due to the slow ion exchange between Na + and H + ions in a resin from 
sodium metavanadate solutions at room temperature. In this paper, we introduce 
a facile method to make high aspect ratio V 2 0 5 nanowires within one day, and 
these nanowires were partially reduced. Presence of V + 4 in nanowires may 
increase electrical conductivity. Furthermore, V 0 2 undergoes an abrupt 
semiconductor-metal transition near 68°C, accompanied by dramatic changes in 
electrical and optical properties. These dramatic changes and the near room 
temperature phase transition make V 0 2 an attractive material for a wide variety 
of applications such as optical switching and detection (47,48), optical storage 
(49), laser protection (50), smart window coatings (57) and bolometers (52). 

Experimental 

V 2 0 5 nanowires were prepared by the hydrothermal polycondensation of 
ammonium metavanadate (Aldrich) in autoclave. In a typical synthesis, 0.3 g 
ammonium metavanadate and 0.20 g P123 (E02oP07 0E02o) were dissolved in 30 
ml water containing 1.5 ml 2M HC1. This mixture was stirred at room 
temperature for 7 hours, and then transferred to 50 ml Teflon lined autoclave and 
heated to 130 °C and kept at this temperature for 24 hours. The resulting 
precipitate was dispersed in 50 ml deionized water under vigorous stirring. 
Subsequently, the product was suction filtered, rinsed with deionized water, and 
acetone. Nanowires were dried at 80 °C for 12 hours. The V 2 0 5 can be peeled 
off the filter paper as a sheet. To increase The V 4 + / V 5 + ratio of V 2 0 5 nanowires, 
the hydrothermal polycondensation of ammonium metavanadate was conducted 
at 160 °C and 190°C. X ray diffraction (XRD), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM) and X ray photoelectron 
spectroscopy (XPS) were used to characterize the materials. 
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Results and Discussion 

1. Preparation and Characterization of Nanowires 

Figure la displays a digital image of a free standing V 2 0 5 nanowire sheet. 
As can be seen in the image, the sheet can be flexed multiple times without 
breaking. The paper can also be cut with scissors. The resulting sheet comprises 
entangled nanowires as shown in the Figure lb. The as made nanowires have 
high aspect ratios (> 4000). The nanowires are over 120 \im long and 29 nm 
wide as seen in the Figure lb and lc respectively. The HRTEM images in the 
Figure Id shows the crystalline layered structure with a lattice spacing of 9.7 A. 
The nanowires grow along the [010] direction. The green-brown color of the 
nanowires suggests partial reduction of the V + 5 ions. PI23 behaved as reducing 
agent. Without PI23, the as-made wires were pure V 2 0 5 wires, but with -20 nm 
long and ~ 130 nm wide. 

The X-ray diffraction pattern of the as-synthesized nanowires shows a 
characteristic peak at 20 = 8.8° as seen in Figure 2, consistent with hydrated 
V 2 0 5 (7,11,26). The 00/ reflections are consistent with the layered structure of 
hydrated V 2 0 5 . The interlayer spacing of the V 2 0 5 x H 2 0 nanowires was 10.1 A, 
which is larger than that of V 2 0 5 - 0.3 H 2 0 (8.9 A) and smaller than that of V 2 0 5 -
1.7 H 2 0 (11.5 A) (53,54). Therefore, the value of x could be between 0.3 
and 1.7. 

To determine the content of water in the hydrated V 2 0 5 layers, 
thermogravimetric analysis (TGA) was carried out on the nanowires. The 
derivative thermogravimetric curve shown in Figure 3 a reveals three peaks due 
to removal of adsorbed and chemically coordinated water molecules, as 
previously reported (26). The low-temperature weight loss peak at 130 °C may 
be attributed to the loss of free water. The second weight loss located at ~ 270 
°C is due to the loss of physically adsorbed water. For these two low temperature 
peaks, the weight loss percent were 2.0 % and 4.5 % respectively as seen in 
Figure 3b. The maximum peak temperature for weight loss was centered at 420 
°C, and the weight loss was 12.3 %, which was ascribed to the loss of 
coordinated water. Thus, the molar ratio of the coordinated water to V 2 0 5 in the 
hydrated V 2 0 5 nanowires may be - 1.25. This is also consistent with the d-
spacing of 10.1 A. 

The XPS spectrum of the as-made nanowires is shown in Figure 5a. The 
main peak (2p3/2) located at 517.2 eV, suggests a +5 oxidation state for most of 
the vanadium ions. In addition, a small peak at 515.85 eV indicates that partial 
reduction of the V 5 + ions to V 4 + occurred during the hydrothermal condensation. 
The molar ratio of V 4 + to V 5 + was 0.17. The green-brown color of the nanofibers 
before heating is consistent with partial reduction of the V 5 + . 

If the hydrothermal condensation temperature was increased to 160 °C, the 
nanowires displayed an XPS spectrum with peaks at 515.85 eV and 517.2 eV as 
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shown in the Figure 5b, indicating that more V + ions were reduced compared to 
the 130 °C synthesis. The molar ratio of V 4 + to V 5 + was 0.38 for the 160 °C 
synthesis. The ratio of V 4 + to V 5 + was further increased to 0.49 as the 
hydrothermal condensation temperature was increased to 190 °C. For these two 
deeply reduced V 2 0 5 samples, they can also be made into flexible sheets. 
However, when the hydrothermal condensation temperature was 160 °C, the 
sheet was green as seen in figure 6a, and cyan for 190 °C as seen in figure 6c. 
The SEM images of the deeply reduced V 2 0 5 nanowires exhibited shorter length 
(10 -20 nm) and bigger diameter (~ 100 nm) as shown in figure 6b, 6d. 

2. Application of the Partially Reduced V 2 0 5 Nanowires in a Bolometer 

The high temperature gradient of resistivity of V 0 2 at dielectric-metal phase 
transition (TC=67°C) appear to be very attractive for thermal sensing 
applications. However, the high heat capacity of bulk material or thin films 
deposited on substrates represents the main obstacle for the thermal sensitivity 
response time of these type devices. Free standing V 0 5 . x nanowire paper can 
create new opportunities for the application of V 0 5 . x nanowires in metric 
sensing. The V 0 5 . x nanowire paper as a bolometric material has many 
advantages including extremely low heat capacity (low inertia), high absorbance 
coefficient in wide wave range from 0.2 to 20 îm, emissivity coefficient of paper 
reduced in vacuum is close to unity (black as graphite), flexibility, resistance to 
hard radiation damage, high resistance gradient and absorption of radiation, all 
of these make nanowires very attractive for bolometric materials. While we have 
not made pure V 0 2 , the reduced V 2 0 5 may still provide interesting properties. 

The bolometric heat balance equation in constant current mode (CCM) can 
be written as 

where P is the incident radiation power, r| is the absorbance of the bolometer, I is 
the constant bias current, X is the thermal conductivity to the heat sink, C is the 
heat capacity of the sensitive element, T h is the heat sink temperature and R(T) is 
the temperature dependent sensor resistance. 

The output voltage of the bolometer operated in CCM is determined by the 
responsivity which is defined as the change of output voltage for a change in 
incident power. Neglecting electrothermal effects the responsivity can be written 
as, 

TiP + I 2 R ( T ) - ^ ( T - T h ) 0) 

35 V/W (2) 
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Figure 5. XPS spectra of the as made V205 nanowires, (a) hydrothermal 
condensation at 130 °C, (b) hydrothermal condensation at 160 °C, and (c) 

hydrothermal condensation at 190 °C. 
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where, dV = 0.37 V is the potential change on the sample measured in chrono-
potentiometry mode with constant applied current of 8 mA, R^l.03 kOhm is 
the initial resistance of the sample and P=9.8 mW is the incident light power 
(halogen-tungsten lamp, 15 W). 

The obtained value of the responsivity for the nanowire paper prepared at 
190°C is relatively low due to the low R(T) dependence at room temperature. 
This value can be significantly enhanced for V 0 2 with pronounced metal-
dielectric phase transition. This type transition at 67°C is well known for bulk 
and thin film V 0 2 . The as-made nanowire sheet has negative temperature 
gradient over the entire temperature range. However, if the nanowires are further 
reduced at 600°C in 5% hydrogen environment (or in argon atmosphere) for 4 
hours, the negative slope at 240 K changed to positive. The absolute value of 
resistance at room temperature decreases more than one order of magnitude (see 
Figure 7). 

The appearance of samples also changes after each thermal treatment. The 
pristine sample had dark cyan color. Sintering at 500°C for 4 hours in air 
(oxidation) turns the sample color to light yellow. Sintering in hydrogen or argon 
atmosphere at the same conditions (reduction) turn the sample color to black. 
The elemental analysis by electron microscope (LEO 1530 VP equipped with 
Energy Dispersive Spectrometer (EDS) for X-ray microanalysis) shows 
significant reduction of V0 5 . x . It is obvious that the reflectance and transmittance 
spectra should also change. The oxidation substantially increases the 
transmittance and reflectance of the sample. At the same time the resistance of 
sample increased to two orders and reached of several MQ at room temperature. 
The temperature dependence of resistivity resembles the behavior of wide band-
gap semiconductors. The reduction decreases the transmittance and reflectance 
of the sample (see curve 3 in Figure 8a, 8b) and brings it to metallic behavior of 
resistivity at room temperature. 

The obtained response time measured by electronically modulated laser 
beam is also relatively high (see Figure 9.). The sample thickness fabricated so 
far (d=15 nm) creates long thermal response and prevent the penetration of heat 
radiation into the sample (Eq.l). The further development of thinner free
standing V 0 5 . x film is in progress. 

In summary, high aspect ratio hydrated V 2 0 5 nanowires have been 
synthesized, which can be entangled into a flexible sheet. Hydrated and partially 
reduced V 2 0 5 nanowires exhibit a layered structure with -1 nm layer spacing. 
Upon loss of coordinated water by annealing, fibrous morphology is maintained 
although contraction of the lattice occurred due to dehydration, the orthorhombic 
V 2 0 5 phase formed. V 2 0 5 nanowires with a higher degree of reduction were 
produced by increasing the hydrothermal condensation temperature or by past 
synthesis of heating under H 2 or Ar. The hydrothermal polycondensation 
procedure is very simple and highly reproducible, and it is readily applicable to 
large scale synthesis for potential industrial applications. 



164 



Fi
gu

re
 6

. 
(a

) 
a 

ph
ot

o 
an

d 
(b

) 
SE

M
 i

m
ag

es
 o

fp
ar

tia
lly

 r
ed

uc
ed

 V
2O

sx
 H

20
 s

he
et

 p
re

pa
re

d 
at

 1
60

 °
C

, 
(c

) 
a 

ph
ot

o 
an

d 
(d

) 
SE

M
 i

m
ag

es
 o

fp
ar

tia
lly

 r
ed

uc
ed

 V
20

5x
 H

20
 s

he
et

 p
re

pa
re

d 
at

 1
90

 °
C

. 



4
a 

5 i
 

• 
1 

• 
1 

• 
" 

—
—

' 
• 

" 
• 

>—
 

5
0 

10
0 

1
5

0 
2

0
0 

2
5

0 
3

0
0 

3
5

0 

T
em

pe
ra

tu
re

, K
 

Fi
gu

re
 7

. T
em

pe
ra

tu
re

 d
ep

en
de

nc
e 

of
 r

es
is

tiv
ity

 o
f (

a)
 p

ri
st

in
e f

re
e-

st
an

di
ng

 pa
pe

r 
of

 V
0 5

. x n
an

ow
ir

es
, 

th
e 

in
se

t s
ho

w
s 

th
e 

4-
pr

ob
e 

re
si

st
an

ce
 m

ea
su

re
m

en
t d

es
ig

n 
an

d 
(b

) a
nn

ea
le

d 
at

 4
00

°C
 in

 a
ir 

an
d 

th
en

 
si

nt
er

ed
 a

t 6
00

° C
 in

 5
%

 h
yd

ro
ge

n 
en

vi
ro

nm
en

t. 



Fi
gu

re
 8

. (
a)

 tr
an

sm
itt

an
ce

 a
nd

 (
b)

 r
ef

le
ct

an
ce

 s
pe

ct
ra

 o
f c

ur
ve

 1
 fo

r 
pr

is
tin

e 
na

no
w

ir
e 

sh
ee

t, 
cu

rv
e 

2 
fo

r 
th

e 
ox

id
iz

ed
 n

an
ow

ir
e 

sh
ee

t i
n 

ai
r 

at
m

os
ph

er
e 

at
 5

00
°C

 fo
r 

4 
ho

ur
s,

 c
ur

ve
 3

 fo
r 

th
e 

re
du

ce
d 

na
no

w
ir

e 
sh

ee
t 

in
 a

rg
on

 a
tm

os
ph

er
e 

at
 5

00
°C

 fo
r 

4 
ho

ur
s,

 V
20

5.
x n

an
ow

ir
e p

ap
er

 (d
=

15
 ju

m
).

 



168 

Figure 9. Potential modulation by tungsten-halogen lamp (10mW/cm2) for 
fixed applied current, 8 mA. 
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Chapter 13 

Langmuir and Langmuir-Blodgett Films 
of Quantum Dots 

Jhony Orbulescu and Roger M . Leblanc* 

Department of Chemistry, University of Miami, 1301 Memorial Drive, 
Cox Science Center, Coral Gables, FL 33146 

Langmuir monolayers are formed by spreading an amphiphilic 
molecule at the air-water interface and its interface properties 
are studied upon compression of the monolayer. The main 
requirement of the molecule is that the solvent in which is 
dissolved in should be immiscible with water and fairly 
volatile. This requirement must be fulfilled such that the 
solvent could evaporate within 10-15 min and the monolayer 
would be formed only by the amphiphilic molecules. 
Compression can be applied to the monolayer and a change in 
the surface pressure as function of the molecular area can be 
followed. Compression is a very convenient method to control 
the packing of a monolayer or in other words the 
intermolecular distance. This aspect is important because 
arrays of quantum dots (QDs) can be formed by various 
techniques, e.g. lithographic methods and upon deposition on 
metallic substrates new electronic properties given by the array 
could arise. 
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In recent years, there have been great progress in synthetic methods of 
quantum dot preparation, which made large scale synthesis of QDs with high 
quality and narrow size distribution possible. Luminescent QDs have been 
successfully attached to dendrimer, protein, sugar, and other biologically active 
agents (1-4). Among the various types of modifications, CdSe QDs have been 
studied most thoroughly due to their possible applications in biological 
disciplines. However, consideration of QD behavior at biological interfaces, e.g., 
cell membranes, is one of the most important issues requiring further study prior 
to implementation in real applications. Currently, few studies have been 
conducted regarding surface chemistry properties of quantum dots at biological 
interfaces. 

Quantum dots of II-VI semiconductors (CdS, CdSe, and CdTe) in the 1-12 
nm size range have attracted a great deal of research interest in the past few 
years in the field of physics, chemistry, biology, and engineering (5-75). 
Dramatically different from the bulk state, properties of QDs are dependent upon 
quantum confinement effects in all three spatial dimensions. These QDs 
demonstrate great potential in applications for optical devices, optical switches, 
and fluorescence labeling (14). 

The first article focusing on the Langmuir monolayer of QDs was published 
by Dabbousi et al. (75) with the focus of controlling the QDs array deposited as 
a Langmuir-Blodgett film. The synthesis of QDs was based on the routine of 
Murray et al. (16). Following synthesis, the QDs were transferred into methanol 
to wash the excess (tri-octylphosphine oxide) TOPO capping than dried and 
transferred to HPLC grade chloroform that was spread on the water surface. 

Following this study there was not much research published on a few years. 
Leblanc and co-workers (77) focused on the influence of ligand length on the 
packing of the QDs monolayer. In this case the synthetic routine was carried out 
using the method reported by Peng and co-workers (18,19). By controlling the 
temperature and reaction time, these experiments were reproducible, and the 
QDs have the same size distribution. 

CdSe Quantum Dots 

Modification of CdSe QDs with Alkane Thiols (QD-Cx) 

Alkane thiols were directly added into pure CdSe QDs solution (molar ratio, 
QDs:thiol=l:300). After agitation of solution for 24 h, copper powder was added 
to solution in order to remove excess thiol (concentrations of QDs and modified 
QDs were calculated from the solution UV-vis absorption). 

QDs (CdSe) have been modified with surfactants of varying chain lengths 
(C6SH to C I 8SH). These QD-surfactants can form a stable Langmuir monolayer 
at air-water interface (77). 
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Langmuir Monolayer 

These modified quantum dots can form a stable monolayer (Langmuir 
monolayer) at the air-water interface. The surface pressure-area isotherm gives 
the most important indicator of the monolayer properties. A standard surface 
pressure- area isotherm includes three parts, the gaseous phase at large area per 
nanoparticle, the liquid expanded and liquid condensed phases during which 
surface pressure increases with compression, and the solid phase. By 
extrapolating the solid or liquid condensed phase part of the isotherm at zero 
surface pressure, a limiting nanoparticle area is measured, which is an important 
parameter for the Langmuir monolayer studies. The limiting nanoparticle area 
corresponds to the smallest area per nanoparticle at air-water interface in a 2-D 
arrangement. Collapse surface pressures of the modified QDs Langmuir 
monolayers were all higher than 25 mN/m. There are two different behaviors of 
modified QDs Langmuir monolayers that could be identified from these 
isotherms. QD-C6 (QDs modified with hexane thiol), QD-C8, QD-C10 and QD-
C12 showed similar limiting nanoparticle area, when compared with pure QDs at 
approximately 500 A2/nanoparticle. From QD-C14 to QD-C18, the limiting 
nanoparticle area grew larger with increasing alkane thiol chain length. QD-C14 
showed a limiting molecular area of 1200 A2/nanoparticle, whereas the limiting 
nanoparticle area of QD-C16 was observed to be approximately 9300 
A2/nanoparticle. A limiting nanoparticle area around 9600 A2/nanoparticle was 
obtained from the surface pressure-area isotherm of QD-C18. 

A possible explanation for the different behaviors of modified QDs may be 
found in the roles of TOPO on the QDs surface. The TOPO molecule contains 
three hydrocarbon chains that produce its hydrophobic property, and it also has a 
large dipole moment derived from the phosphorus-oxygen bond (16,20,21). 
TOPO acts as both the solvent and the capping molecules in the preparation of 
the CdSe QDs. After preparation, most of the TOPO molecules were removed by 
methanol because of its good solubility in this solvent. Hydrophobic TOPO is 
the capping agent responsible for CdSe's solubility in non-polar organic 
solvents. Therefore, TOPO molecules could not be completely washed away. In 
fact, the capping layer of modified QDs still contains a small amount of TOPO 
mixed among the alkane thiols. The limiting nanoparticle area, obtained from 
these isotherms, is determined by the diameter of modified QDs. Its diameter 
includes the diameter of the CdSe core and the length of the longest chains. 
Since the length of TOPO is close to C12 and greater than C6 and C8 [from the 
CPK model], the modified QDs (QD-C6 to QD-C10) showed limiting 
nanoparticle areas similar to that of pure QDs that was also covered with some 
TOPO molecules. From C12 to CI8, the length of the alkane thiols are longer 
than TOPO, the modified QDs showed increased area with the increasing thiol 
molecule chain lengths. 
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In situ UV-vis Spectroscopy 

The UV-vis absorption spectra of modified CdSe QDs at the air-water 
interface were also measured. Increasing the surface pressure revealed a linear 
increase of the UV-vis absorption intensity at peak maximum. Al l of the 
modified QDs from QD-C6 to QD-C18 demonstrated the same linear 
relationship. Therefore, there appears to be a strong linear relationship between 
visible absorbance (503 nm) and surface pressure. 

A different approach was to use QDs Langmuir monolayers and the 
influence of the nature of the surfactant, particle size, surface pressure and 
monolayer mixing could have on the QDs engineered at the air-water interface. 

Modification of CdSe QDs: TOPO/ODT Surface Cap Exchange 

To replace the TOPO surface cap on the CdSe QDs by an octadecyl thiol 
(ODT) cap, 1 mL of the TOPO-capped QDs in chloroform was reacted with 
0.287 g (1 M) of ODT for about 19 h. The reaction mixture was kept under 
gentle agitation, in the dark, and at room temperature. Purification of the 
resulting ODT-capped CdSe QDs was achieved by first evaporating all of the 
chloroform present in the mixture utilizing argon flow. The QDs were then 
washed three times with 10 mL of the anhydrous methanol/chloroform (8:2, v/v) 
mixture. Finally, the QDs were dispersed in 1 mL of chloroform and filtered as 
described above. 

Molar Absorptivity of TOPO-capped QDs 

The molar absorptivity (e) of CdSe QDs at has been found to be 
dependent on nanoparticle size (Figure 1A) (22-25). Linear (24), cubic (22,23) 
and intermediate between quadratic and cubic (25,26) functions are implied or 
reported in the literature as shown in Figure IB. Molar absorptivity of QDs has 
been calculated from data collected by atomic absorption spectroscopy 
(22,25,26), osmotic methods (23), absorption cross section (24) and/or 
controlled etching (25,26). These literature 8 values are included in the 
calculations to determine the concentration of QD samples prepared for this 
study. The absorbance (A) values used are [1] 0.2355, [2] 0.2085, [3] 0.2701, 
and [4] 0.2900. To plot them within the same graph without overlapping the 
lines as shown in the figure, all the actual values were muliplied by 1, 2, 3, or 4, 
respectively. 
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Figure 1. (A) Absorbance (solid lines) and PL (dashed lines, Xex = 400 nm) 
spectra ofTOPO-capped CdSe QDs with average diameters of [1] 23 A, [2] 41 

A, [3] 75 A, and [4] 103 A. (B) Molar absorptivity values ofTOPO-capped 
CdSe QDs as a function ofparticle size (I). The error bars consist of the 
standard deviations for the respective axes. The lines (I, Hand III) in (B) 

indicate the corresponding literature values (22, 24-26). (Reproducedfrom 
reference 27. Copyright 2005 American Chemical Society.) 

In addition, it was found that UV-vis spectroscopy, surface pressure-area 
(n-A) isotherms, Langmuir monolayer properties, QD size, and Langmuir-
Blodgett (LB) films could be used collectively to determine the molar 
absorptivity of QDs in 2D. Proposed calculations and procedures are indicated 
elsewhere (27). Based on these combined results, the molar absorptivity values 
for the 23, 41, 75, and 103 A CdSe QDs used in this study were 6.6 x 104, 2.0 x 
105, 6.3 x 105, and 1.2 x 106 M^-crn"1, respectively. 

Although in close agreement with previously published calibration data, the 
derived 8 values tend to follow a quadratic dependence (Figure IB). This 
suggests that molar absorptivity is particle size-dependent and proportional to 
the QD surface area (Figure 1 A). 

TOPO-capped and ODT-capped CdSe QDs 

The replacement of TOPO by ODT molecules on the surface of the QDs had 
a minimal effect (± 1-3 nm) in of the nanocrystals' absorption and emission 
spectra. However, this surface cap exchange resulted in 86% quenching of PL 
intensity from the QDs. Introduction of S-Cd bonds on the surface of the CdSe 
QDs has been correlated to changes in PL properties arising from modifications 
of electronic states (28-31). PL intensity was 98% quenched when an equimolar 
mixture of N,N-diisopropylethylamine (DIEA) and ODT was utilized to 
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exchange the surface TOPO cap on the QDs. The non-nucleophilic base is 
utilized to facilitate binding of ODT to the QDs. However, utilization of DIEA 
during modification of the 103 A QDs could result in a smaller average particle 
size, 79 A, as imaged by TEM. This suggests that chemical "etching" of the 
nanoparticles could take place with prolonged reaction time. 

It has been proposed that every Cd atom on the surface of the CdSe QDs 
may be coordinated to a TOPO molecule (32). Therefore, the degree of 
quenching of PL intensity could be correlated to the extent of surface ligand 
exchange. These changes in the QD's optical properties provide evidence of an 
efficient surface cap exchange. To confirm these results, energy-dispersive X-ray 
analysis was performed on purified dried films of QDs. Appearance of a peak at 
2.3 keV revealed the presence of sulfur atoms in the purified ODT-capped 
nanocrystals. The phosphorus peak at 2.0 keV decreased to the noise level of the 
spectrum. This indicates that ODT replaced most of the TOPO molecules on the 
surface of the QDs. The results compare to reports in the literature in which 
thiol-containing organic molecules could replace 85-90% of surface 
TOPO/TOPSe molecules on CdSe QDs (31). 

Langmuir Monolayer 

The limiting nanoparticle or limiting molecular area is defined as the 
smallest area occupied by the nanoparticle or molecule, respectively, in 2D. It is 
obtained by the extrapolation of the linear portion of the 7C-A isotherm to zero 
surface pressure. First, the 7t-A isotherms for the pure TOPO and ODT 
molecules were obtained. TOPO and ODT have limiting molecular areas of 
135.0 and 22.5 A2/molecule, respectively (Figure 2A). ODT and stearic acid are 
very similar in structure, both having a C18 hydrocarbon chain but a different 
polar group. Both compounds have comparable limiting molecular areas of 22.5 
and 21.8 A2/molecule, respectively. No signs of ODT's thiol group oxidation 
were detected at the air-water interface. The ODT rc-A isotherm has an additional 
feature. After the collapse of the monolayer film at about 15 mN/m, ODT 
presents a plateau region with almost constant surface pressure followed by 
another rapid increase in surface pressure (Figure 2A). The limiting molecular 
area extrapolated from this second lifting point is 7.7 A2/molecule. This indicates 
the capacity of ODT to form a stable "multilayer" film at about 1/3 of its limiting 
molecular area (Figure 2C). Self-assembly of ODT into a trilayer film has been 
reported on liquid mercury (33). 

Langmuir Monolayer ofTOPO-capped QDs 

The 7t-A isotherms of QDs were recorded utilizing only fresh and purified 
QDs samples. This practice was utilized to minimize the presence of 3D QDs 
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AVmolecule AVmolecule 

Figure 2. Characteristic it-A isotherms for (A) ODT, (B) TOPO, and (C) stearic 
acid molecules. (Reproducedfrom reference 27. Copyright 2005 American 

Chemical Society.) 

aggregates at the air-water interface. Considering a spherical nanocrystal, the 
area of a single TOPO-capped CdSe QDs in 2D at the air-water interface could 
be predicted theoretically. Based on simple molecular modeling calculations, it 
has been reported that TOPO can form a monolayer on the surface of the 
nanocrystals (32). Also, TOPO Langmuir monolayer on metal surfaces has been 
measured at about 7 A thick (20). The area per QD in 2D then should be as 
follows: 7c(r + 7)2, where r is the QD radius in A. The QDs used in this study had 
average r values of 11.5, 20.5, 37.5, and 51.5 A. The respective theoretical 
area/QD values in 2D are 1075, 2376, 6221, and 10751 A 2/QD. The 
corresponding experimental values of the limiting nanoparticle areas 
extrapolated from the rc-A isotherms (Figure 3) of the QDs are 1086,2375, 6370, 
and 10757 A 2/QD, respectively. The predicted and experimentally derived 
limiting nanoparticle areas match very closely, with an error <3%. These results 
indicate minimum interdigitation of TOPO surface molecules, confirming that 
TOPO forms close-packed Langmuir monolayers on the surface of the QDs. 
These results also prove the accuracy of the molar absorptivity values that were 
derived previously for the respective TOPO-capped CdSe QDs. 

Langmuir Monolayer of ODT-capped QDs 

The limiting nanoparticle area was lower for the ODT-capped QDs than for 
the corresponding TOPO-capped nanoparticles. For example, the 23 A QDs had 
a value of 505 or 1086 A 2/QD for ODT- or TOPO-capped, respectively. This 
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A B C D 

0 3 6 9 12 15 

A7QD,xlO* 

Figure 3. n-A isotherms of (A) 23 A, (B) 41 i , (C) 75 A} and (D) 103 A TOPO-
capped CdSe QDs. (Reproducedfrom reference 27. Copyright 2005 American 

Chemical Society.) 

suggests that replacement of the more bulky TOPO surface ligands with ODT 
molecules increases the packing density of the QDs through interdigitation of 
the longer ODT alkyl chains. However, this capacity for interdigitation 
facilitated 3D aggregate formation at the interface, which contributed to a 
smaller area/QD. 

Besides surface alkyl chain interdigitation and the closest possible packing 
arrangement of QDs, the degree of organization at the air-water interface may 
also be influenced by other factors. For example, surfactants such as TOPO and 
the crystalline structure of the CdSe nanoparticles could bring about intrinsic 
dipole moments (33-35). Changes in surface cap and nanocrystal size may alter 
the direction and intensity of these polarities, which may be factors influencing 
the degree of nanoparticles organization at the interface. 

To study the organization of the QDs at the air-water interface, TEM 
micrographs of LB films were taken at a surface pressure of 20 mN/m. The QDs 
self-assembled into domains of variable architecture as shown in Figure 4A,B. The 
nanoparticle organization within the 2D domains was influenced by the nature of 
the surface stabilizing molecule. TOPO-capped QDs had hexagonal like close-
packing arrangements as shown in Figure 4C. Deviations from the hexagonal 
packing of QDs could be attributed in part to the large particle size distribution of 
the samples. The ODT-capped nanocrystals were found to have areas in which the 
QDs were farther apart from each other (Figure 4D). A longer interparticle 
distance confirmed the presence of the longer ODT on the surface of the 
nanoparticles. Interdigitation was then more restricted at this large particle size. 
Some 3D domains within the LB films were detected as darker or indistinct areas. 
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Figure 4. TEM micrographs of CdSe QD LB films deposited on carbon-coated 
copper grids at 20 mN/m. (A) 75 A TOPO-capped. (B) 103 A TOPO-capped. 

(C) 103 A TOPO-capped. (D) 103 A ODT-capped. (Reproducedfrom 
reference 27. Copyright 2005 American Chemical Society.) 

Langmuir-Blodgett (LB) Film of QDs 

QDs Langmuir monolayers were transferred onto hydrophilic or 
hydrophobic quartz slides utilizing the LB film deposition technique at different 
surface pressures. Deposition ratios higher than 0.8 were obtained for both 
substrates indicating an effective film transfer. The ratio between the area 
decrease at the air-water interface, that is the area of the monolayer transferred 
onto solid substrate, and the area of the solid substrate available for deposition is 
defined as "deposition ratio". A good deposition ratio has values between 0.7 
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and 1, which is the ideal deposition case when all the solid substrate is covered 
with a monolayer. Emission from a single TOPO-capped QDs LB monolayer 
film was detected. When deposited at higher surface pressures, the LB 
monolayer increased PL intensity (Figure 5). This results show the formation of 
more closely packed QDs domains as shown in Figure 5. When imaged with the 
epifluorescence microscope, the topography of the QDs LB films deposited at 
different surface pressures on the slides resembled that taken directly at the 
interface. Thus, the films were transferred nearly intact as assembled at the air-
water interface. 

Figure 5. PL spectra and epifluorescence images (Xex = UV) of a 41 A 
TOPO-capped CdSe QDs LB monolayer film at different surface pressures. 

(Reproducedfrom reference 27. Copyright 2005 American Chemical Society.) 

Nature of the Substrate 

Photoluminescence intensity from the LB films on the hydrophilic quartz 
slide increased linearly (R2 = 0.91) with the number of QD monolayers. This 
suggested that equal amounts of QDs were transferred after each deposition 
cycle, which resulted in a buildup of a homogeneous film. TOPO-capped QD 
deposited on the hydrophobic quartz substrate had a lower correlation 
coefficient for linearity (R2 = 0.77). 
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One interesting phenomena is that using these QDs no emission can be 
detected at the air-water interface. This is explained by the study of Cordero et 
al. (2). The authors were using hexadecylamine stabilized CdSe particles of 4.1 
nm spread on the water surface. They have found that the water molecules are 
oxidizing the CdSe QDs from the interface thus affecting the luminescence 
properties. Further it was investigated the Langmuir film of QDs having ZnS 
capping. 

(CdSe)ZnS Quantum Dots 

The (CdSe)ZnS core-shell QDs capped with TOPO ligand were prepared 
through a stepwise procedure as described elsewhere [36]. The average size of 
the CdSe/TOPO QDs was determined by UV-vis absorption spectroscopy of its 
chloroform solution (25, 37). By knowing the mass of CdSe/TOPO QDs used 
when preparing the solution and the total volume of the stock solution, the 
"molecular" weight of CdSe/TOPO quantum dots could be estimated. 

The common coating procedure was carried out by adding a ZnEt2 and 
(TMS)2S mixture solution dropwise into a coordination solution (TOPO/TOP as 
solvent) of CdSe QDs at high temperature under argon atmosphere (36). 

Photophysical Properties 

UV-vis spectroscopy of QDs solutions indicated an average CdSe core size 
or diameter of 2.9 nm (25). The amounts of Zn(Et)2 and (TMS)2S were then 
calculated for deposition of a 0.5 nm thick ZnS shell on the QDs. The calculated 
average size of (CdSe)ZnS/TOPO QDs was 3.7 nm. The QD size and the 
thickness of the TOPO surface cap helped to explain the limiting nanoparticle 
area of the QDs as derived from the surface pressure-area isotherm. 

The first electronic transition peak revealed a core size of 2.9 nm according 
to the literature (25). The PL emission peak was found to be at 571 nm with a 
full width at half-maximum (fwhm) of 35 nm, which indicated a very small size 
distribution. 

Langmuir Monolayer of TOPO-capped QDs 

The surface pressure- and surface potential-area isotherms give the most 
important characteristics of the monolayer properties. The surface pressure-area 
isotherm of (CdSe)ZnS/TOPO QDs is shown in Figure 6 and three distinct 
phases are well displayed. The film collapsed at a surface pressure of 45 mN-m"1, 
indicating that the (CdSe)ZnS/TOPO QDs can form a stable Langmuir 
monolayer at the air-water interface. 
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This is similar to other amphiphilic molecules such as stearic acid, whose 
Langmuir monolayer usually collapses at a surface pressure between 40 and 45 
mN-m'1. The limiting nanoparticle area of the QDs was obtained by extrapolating 
the linear part of the isotherm to zero surface pressure, i.e. 1500 A 2 . 

As discussed before, the average particle diameter obtained from TEM 
measurement was 3.7 nm. The TOPO cap forms a monolayer at the surface of 
nanocrystals (32). The thickness of a TOPO monolayer was reported to be 0.7 
nm as measured on metal surfaces (20). 

Then, the diameter of the TOPO-capped CdSe(ZnS) QDs should be (2 x 
0.7) + 3.7 or 5.1 nm. If assuming spherical QDs, an average diameter of 4.4 nm 
for a single QD was calculated from the limiting nanoparticle area of the QDs 
Langmuir monolayer. Obviously, at the air-water interface, the TOPO moieties 
were compressed and resulted in a smaller observed particle size due to 
interdigitation of the TOPO tails (Scheme 1). 

In Situ UV-vis and Photoluminescence Spectroscopies 

The in situ UV-vis absorption spectrum of the (CdSe)ZnS QDs Langmuir 
monolayer was measured at the air-water interface. The first electronic transition 
band was clearly observed. Although the absorbance at 533 nm showed an 
increasing trend with increasing surface pressure of the Langmuir monolayer, the 
linear fit of the absorption peak as a function of surface pressure gave poor 
linearity, which implied that the QDs were not uniformly distributed at the air-
water interface. 

The same phenomenon can be found in the in situ photoluminescence 
spectra of the QDs Langmuir monolayer. In addition, the photoluminescence 
intensity of the QDs Langmuir monolayer showed only a slight increase with 
increasing surface pressure therefore in the LB film preparation, a surface 
pressure greater than 15 mN-m"1 was used for the deposition of the Langmuir 
monolayer to ensure the homogeneity of the QDs in 2D. 

Photoluminescence of Langmuir-Blodgett (LB) Films of TOPO-capped QDs 

LB films were prepared at three surface pressures, namely, 15, 25, and 35 
mN-m"1. This choice was based on the epifluorescence measurements, which 
showed homogeneity in the topography of Langmuir monolayer for surface 
pressures higher than 15 mN-m'1. The (CdSe)ZnS QD Langmuir monolayer was 
deposited onto a chemically treated hydrophobic quartz substrate. The calculated 
transfer ratio (barrier area swept/deposited area on the slide) was close to 1.0, 
indicating that the slide was completely coated by the QD monolayer. In this 
study, five layers were deposited at three different surface pressures. Figure 7 
shows the photoluminescence spectra of LB films of (CdSe)ZnS QDs deposited 
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Figure 6. Surface pressure- and surface potential-area isotherms of 
(CdSe)ZnS/TOPO QDs. 

Scheme 1. Size of QDs Obtained from TEM Micrographs and Surface Pressure-
Area Isotherm: (a) Reported thickness of TOPO monolayer (0.7 nm) at metal 

surface; (b) Model of TOPO capped QDs. The TEM measure gave a diameter of 
bare QD of3.7nm because the TOPO is nonconductive; the diameter of TOPO-

capped QDs was (2*0.7) + 3.7 nm = 5.1 nm. At the air-water interface, the 
TOPO moieties were compressed and resulted in a smaller diameter (4.4 nm) 

due to the interdigitation of the TOPO tails. 
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at three different surface pressures. The photoluminescent emission maximum of 
the QDs at 573 nm for the LB film was identical within experimental error to the 
value of QDs in chloroform solution (Xmax = 571 nm). In all three cases, the PL 
intensity at 573 nm increased linearly with increasing number of layers, which 
indicated that homogeneous Langmuir monolayers were deposited. 

Recent Work 

Lately, Pradhan et al. (38) investigated the electronic conductivity in 
Langmuir monolayers (39-42) using TOPO-protected CdSe QDs. Their 
experimental setup is based on the use of interdigitated arrays (IDAs) electrode 
that is aligned vertically at the air-water interface for in situ voltammetric 
measurements at varied interparticle distances or different surface pressures. The 
authors found that upon photoirradiation with photon energies higher than that of 
the absorption threshold, the voltammetric currents increased substantially with 
two of voltammetric peaks at positive potentials. Under photoirradiation, 
adsorption of ambient oxygen onto the particle surface leads to the efficient 
trapping of photogenerated electrons and hence an excess of holes in the 
particles (34,43-45) giving to the conductivity a dynamic profile. The authors 
showed that the chemical stability of the CdSe QDs and the associated 
photogated charge transfer mechanism were manipulated by the trapping of 
photogenerated electrons by adsorbed oxygen and the process is reversible just 
like the case of photoetching. They were able to show that the voltammetric 
currents can be gated by photoirradiation. The difference between the Langmuir 
monolayer behavior compared to the dropcast film was assigned to the presence 
of defects within the Langmuir monolayer and thus leading to the effects 
mentioned above. 

Conclusions 

It is clear that the use of Langmuir monolayers in controlling the 
interparticle distances and their application are getting more attention every day. 
The research on the surface engineering of quantum dots covers areas not 
studied in the past whether the assembly, synthetic routine, presence or absence 
of ZnS capping. Properties like chemical and photophysical properties are 
studied with various methods, e.g. UV-vis and fluorescence spectroscopies. 
Assemblies of QDs are studied mainly as Langmuir-Blodgett films since this 
technique retains most of the Langmuir monolayer properties thus giving the 
opportunity to investigate the films by AFM, but mainly HR-TEM. It was shown 
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briefly that a wide range of properties can be investigated and photophysical 
properties depend on factors like capping, ligand, and irradiation. Without any 
doubt the Langmuir and Langmuir-Blodgett film techniques are suitable tools to 
allow in situ investigation of QDs monolayers and their assembly. 
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Chapter 14 

Synthesis and Application of Fluoroalkyl 
End-Capped Oligomers/Silica 

Hiroshi Kakehi1 ,2, Masashi Muira 2, Norifumi Isu2, 
and Hideo Sawada1 

1Department of Materials Science and Technology, Hirosaki University, 
Hirosaki, Japan 
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Fluoroalkyl end-capped oligomers, which were prepared by 
the oligomerization of fluoroalkanoyl peroxides with a variety 
of monomers, reacted with silica nanoparticles to afford 
fluoroalkyl end-capped oligomer/silica nanocomposites under 
mild conditions. These fluoroalkyl end-capped oligomer/silica 
nanocomposites thus obtained have unique properties based on 
fluoroalkyl end-capped oligomers, such as hydrophilic
-oleophobic surface characteristic and interactive activity with a 
variety of guest molecules. In this report, we describe two-type 
applications of fluorinated oligomer/silica nanocomposites. 
The one is the surface modification with hydrophilic
-oleophobic characteristic, and the other is the encapsulation of 
hinokitiol possessing an antibacterial activity. 

190 © 2008 American Chemical Society 
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Introduction 

In our research group, we have already succeeded in preparing fluoroalkyl 
end-capped oligomers by the oligomerization of fluoroalkanoyl peroxides with a 
variety of radical polymerizable monomers (7). These fluorinated oligomers 
were found to exhibit a unique surface active characteristic which can not be 
achieved by the corresponding traditional polysoaps. For instance, as shown in 
Figure 1, fluorinated oligomers were able to form the nanometer size-controlled 
self-assembled molecular aggregates in aqueous and organic media. These 
fluorinated oligomeric aggregates could interact with a variety of guest 
molecules such as magnetite, Au, Ag, Cu nanoparticles to afford the colloidal 
stable fluorinated oligomers/guest molecules nanocomposites (2). 

Self-Assemble 

R 
in solvent 

Rf= -CF(CF3)0[CF2CF(CF3)0]mC3F7] ; m=0,1 

guest molecules 
magnetite, Au, Ag, Cu 

nanoparticles 
Fluorinated oligomer/guest 
molecules nanocomposites 

aggregation by terminal 
fluoroalkyl segments 

Figure 1. Formation of self-assembled molecular aggregates (2) 

Additionally, as shown in Figure 2, these fluorinated oligomers were applied to 
the preparation of fluorinated oligomers/silica nanocomposites (3) and cross-
linked fluorinated oligomeric nanoparticles. 

R 
+ SI0 2 + Si(OEt)4

 a c l - N H * 
nanoparticle tetraethoxysilane 

Rf=-CF(CF3)0[CF2CF(CF3)01mC3F7] ; m=0,1 Fluorinated oligomer/ 
silica nanocomposites 

Figure 2. Synthetic approach to fluorinated oligomer/silica nanocomposites (3) 
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In this report, we tried to apply fluorinated oligomer/silica nanocomposites 
to two objectives for life space. The one is the surface modification with 
hydrophilic-oleophobic characteristic for anti-fouling material, and the other is 
the encapsulation of hinokitiol with antibacterial activity. 

Application I: Surface Modification by the Use of 
Fluorinated Oligomer/Silica Nanocomposites 

Figure 3 shows the hydrophilicity, hydrophobicity, oleophilicity and oleo-
phobicity, respectively, for the surface wettability against water and oil. 
Traditional materials can be classified into three types of surface characters. The 
first is hydrophilic-oleophobic materials such as ceramics, glass and pure metal 
surface (4-5), the second is hydrophobic-oleophilic materials such as poly
ethylene, polystyrene and traditional organic polymers (4-5), and the third is 
hydrophobic-oleophobic materials such as fluorinated polymers (5-6). However, 
as shown in Figure 3, we can not develop the hydrophilic-oleophobic materials 
so far, from the surface free energytical point of view. 

Figure 4a shows that relationship between surface free energy and surface 
wettability against water and oil. Materials possessing over around 50 mJ/m2 

surface free energy can exhibit a hydrophilic characteristic, and in contrast, 
materials possessing below 20 mJ/m2 surface free energy can exhibit an oleo-
phobic characteristic. Thus, ceramics possessing 60 mJ/m2 surface free energy 
can exhibit a hydrophilic-oleophobic characteristic. On the other hand, 
fluorinated materials possessing 18 mJ/m2 surface free energy can exhibit a 
hydrophobic-oleophobic characteristic. However, we can not develop new 
materials possessing hydrophilic-oleophobic characteristic on their surface due 
to the different surface free energy that is 50 mJ/m2 and 20 mJ/m2 (Figure 4b)). 

But, fluoroalkyl end-capped oligomers have excellent surface active 
properties. Especially, fluoroalkyl end-capped acrylic acid oligomer (F-ACA-
oligomer; Figure 5) possesses not only hydrophilic carboxyl group, but also 
oleophilic fluoroalkyl group. So, we tried to apply F-ACA-oligomer to the 
surface modification with a hydrophilic-oleophobic characteristic based on 
environmental responsive flip-flop mechanism (7-11). 

Preparation and Characterization of Fluorinated Oligomer/Silica 
Nanocomposites Slurries 

F-ACA-oligomer was added into aqueous alkaline silicate in the presence of 
silica nanoparticle as shown in Figure5. This slurry thus obtained was applied to 
the surface modification agent with a hydrophilic-oleophobic characteristic. 
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(a) 

higher 

O 
3 

C/3 

against water against oil 

lower,, 

hydrophilic 

50mJ/m2 -

hydrophobic 

water 72mJ/m2 

oleophilic 

• 20mJ/m2 -

oleophobic 

ceramics with 60mJ/m2 

= hydrophilic-oleophilic 

organic polymer with 40mJ/m2 

= hydrophobic-oleophilic 

fluorinated material with 18mJ/m2 

= hydrophobic-oleophobic 

air OmJ/m2 

(b) 

higher 

c 

lower, 

against water against oil 

hydrophilic j 

50mJ/m2 

hydrophilic-oleophobic surface has 
over 50 mJ/m2 and under 20mJ/m2 

can not be compatible 

20mJ/m2 

oleophobic 

Figure 4. Relationship between water or oil wettability 
and surface free energy 
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These F-ACA-oligomer/silica nanocomposites slurries (0 to 1.0 wt% F-ACA-
oligomer) were evaluated by Dynamic Light Scattering (DLS) and Field 
Emission-Scanning Electron Microscopy (FE-SEM). 

DLS results for these slurries (Figure 6) show that the size of these slurries 
nanocomposites thus obtained were found to decrease from 197 nm to 48-67 nm 
levels compared to the original slurry particle. Thus, it is suggested that our 
presented fluorinated oligomeric aggregates should strongly interact with 
alkaline silicate to afford a good dispersibility. 

FE-SEM images show original slurry particles and fluorinated 
oligomer/silica nanocomposites (Figure 7). Particle size of the original slurry 

F-ACA-oligomer 

0 otf 
Rf= -CF(CF 3 )OCF 2 CF(CF 3 )OC 3 F 7 

oleophobic group 
C.. .5 hydrophilic group 

+ SiO, 
in aqueous 

K 2 O C 3 i 0 2 

nanoparticle (liquid glass) 

f SiO, 

surface 
modification 

Fluorinated 
oligomer/silica 
nanocomposites 

water 

oleophobic surface 

Figure 5. Application of fluorinated acrylic acid oligomer/silica 
nanocomposites for surface modification 

was 200 nm levels due to the coagulation of silica nanoparticles, in contrast, the 
size of primary fluorinated oligomer/silica nanocomposites were smaller than the 
original slurry particles. Because these fluorinated oligomer/silica nano
composites should prevent the agglomeration of the parent slurry particle due to 
the presence of longer fluoroalkyl groups. In addition, it was demonstrated that 
these fluorinated oligomer/silica nanocomposites have a good dispersibility and 
stability in water. 
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1000 

diameter (nm) 

Figure 6. Particle size of fluorinated oligomer/silica 
nanocomposites in slurries by DLS 

Figure 7. SEM images of fluorinated oligomer/silica nanocomposites 
a) Original slurry particles without fluorinated oligomer 

b) Fluorinated oligomer/silica nanocomposite possessing 1.0 wt% oligomer 
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Procedure 

Fluorinated oligomer/silica nanocomposite slurries thus obtained were 
coated on the aluminum substrate surface. Firstly, slurry including silica 
microparticle, alkaline silicate and colorant was stirred well, and the obtained 
mixture was sprayed on the aluminum substrates as an undercoat. Next, 
fluorinated oligomer/silica nanocomposites slurries possessing 0.2, 0.5 and 1.0 
wt% oligomer were sprayed on the undercoat. Similarly, we have prepared the 
coated aluminum substrate without fluorinated oligomer under similar 
conditions as the control. In addition, some of controls were modified with three 
type of alkoxylsilane (trimethylmethoxysilane, methyltrimethoxysilane, 
perfluoroalkyl-silane) as comparisons. 

Measurement of Water and Oil Contact Angle 

Contact angles of water and oil such oleic triglyceride were measured on 
these modified surfaces treated with fluorinated oligomer to evaluate surface 
properties (Figure 8). 

Figure 8. Contact angles of surfaces treated with fluorinated oligomer 

For coated aluminum substrate with no fluorinated oligomer, the contact angle 
of water was 18degrees, and the contact angle of oleic triglyceride was 33.0 
degree, so this surface exhibits a hydrophilic-oleo-philic characteristic. On the 
other hands, in the case of possessing fluorinated oligomer, contact angles of 
water were from 11.7 to 19.0 degrees. These values were almost same as the 
value of control. But, contact angles of oleic triglyceride were from 62.0 to 63.3 
degrees, these values became higher than the value of the control (33.1 degrees). 
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This result shows that the surface treated with fluorinated oligomer/silica 
nanocomposites should exhibit a hydrophilic and oleophobic characteristic. 

On the other hand, we have measured the contact angles of water and oleic 
tri-glyceride on the modified surfaces treated with traditional alkoxylsilane 
(Figure 9). In this case, we can not have a hydrophilic-oleophobic characteristic 
on these surfaces. For the modified surface treated with perfluoroalkylsilane, 
contact angle of oleic triglyceride was 73.0 degrees and this value was almost 
the same as that of the surface treated with fluorinated oligomer, but contact 
angle of water was 108.5 degrees on this surface. This value was quite 
difference from the surface treated with fluorinated oligomer. Thus, such 
modification system should change from a hydrophilic-oleophilic to a 
hydrophobic-oleophobic characteristic. This result shows that fluorinated 
oligomer has high potential for a unique surface modification agent with a 
hydrophilic-oleophobic characteristic. 

Figure 9. Contact angles of surfaces treated with alkoxylsilane 

To confirm the actual effect, colored oils were dropped on surfaces treated 
with fluorinated oligomer, with perfluoroalkylsilane. In the case of at atmosphere, 
these surfaces exhibited an oil repellant characteristic against oils. Water was 
showered on these surfaces; the surface treated with fluorinated oligomer 
exhibited an extremely higher oil repellant characteristic in the presence of water. 
In contrast, the surface treated with perfluoroalkylsilane exhibited an oleophilic 
characteristic in the presence of water. This result showed that the surface treated 
with fluorinated oligomer has an oilrepellant property not only against air 
atmosphere conditions, but also in the presence of water. Therefore, the modified 
surface has high potential for useful anti fouling materials. 

This hydrophilic-oleophobic characteristic would be due to the Flip-Flop 
mechanism based on hydrophilic carboxyl group and oleophobic fluoroalkyl 
group in fluorinated oligomer. 
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Application II; Preparation of Antibacterial Fluorinated 
Oligomer/Silica Nanocomposites Encapsulated Hinokitiol 

Preparation and Characterization of Fluorinated Oligomer/Silica 
Nanocomposites Encapsulated Hinokitiol 

Fluoroalkyl end-capped oligomers are able to form the nanometer size-
controlled self-assembled molecular aggregates in aqueous and organic media 
(Figure 1). These fluorinated oligomeric aggregates could interact with a variety 
of guest molecules (2). These fluorinated oligomer/silica nanocomposites should 
achieve the effect on the surface. So we tried to apply the fluorinated oligomer to 
fluorinated oligomer/silica nanocomposites encapsulated an antibacterial activity. 
In fact, we have succeeded in preparing fluorinated oligomer/silica 
nanocomposites encapsulated hinokitiol (72). This reaction model is illustrated 
in Figure 10. 

The preparative conditions are shown in Table I. The size of these 
fluorinated silica particles are nanometer size-controlled. 

DOBAA-F-oligomer + S i 0 2 + Si(OEt)4 + hinokitiol 
nanoparticle (TEOS) 0 

R=NHC(Me)2CH2COMe 

R£= -CF(CF 3)OCF 2CF(CF 3)OC 3F 7 

In Me(OH) 

F-oligomer/silica nanocomposites 
encapsulated hinokitiol 

Figure 10. Formation of fluorinated oligomer/silica 
nanocomposites encapsulated hinokitiol 
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Thermal stability of these fluorinated oligomer/silica nanocomposites en
capsulated hinokitiol were measured by TGA (Figure 11). The weight loss of the 
nanocomposites encapsulated hinokitiol was increased compared to that of the 
original nanocomposites. This suggests that hinokitiol should be strongly 
encapsulated into fluorinated oligomer/silica nanocomposites. 

100 

95 

90 

85 

80 

75 

70 

65 

60 

F-oligomer silica nanocomposites 
encapsulated hinokitiol 

F-oligomer silica nanocomposites 
(not encapsulated) 

200 400 600 

Temperature (°C) 

800 1000 

Figure 11. Thermogravimetric Analyses of fluorinated oligomer/silica 
nanocomposites encapsulated hinokitiol 

Fluorinated oligomer/silica nanocomposites encapsulated hinokitiol were 
evaluated by Antibacterial examination against Staphylococcus aureus. Results 
were shown in Table II. For the fluorinated nanocomposites possessing 11.0 % 
hinokitiol, numbers of colonies were 1/10,000 compared with the control system, 
and for the nanocomposites possessing over 13.6 % hinokitiol, the bacteria 
completely died out. This result shows that fluorinated oligomer/silica 
nanocomposites encapsulated hinokitiol exhibit a good antibacterial activity. 

Conclusions 

Surface modification with a hydrophilic-oleophobic characteristic was 
achieved by using fluorinated oligomer/silica nanocomposites slurries. This 
modified surface exhibited a hydrophilic-oleophobic characteristic based on the 
environmental changes from hydrophilic to oleophobic conditions against oil on 
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Table II. Antibacterial Activity of Fluorinated Oligomer/Silica 
Nanocomposites Encapsulated Hinokitiol against Staphylococcus aureus 

Run Contents of Hinokitiol 
in Nanocomposites" S. aureus (CFU)" 

Control 4.8 x 106 

a-1 11.0% 1.0 x 102 

a-4 13.6% <10 
a-6 22.0% <10 
a-2 25.2% <10 
a-7 28.8% <10 

a Contents of Hinokitiol based on the obtained nanocomposite (wt%) 
* Concentration of nanocomposites : 500mg/mlb 

their surface. Therefore, this surface has high potential for useful anti-fouling 
materials. 

Fluorinated oligomer/silica nanocomposites encapsulated hinokitiol have 
been prepared and these nanocomposites were demonstrated to exhibit a good 
antibacterial activity. 
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Chapter 15 

Conduction in Colloidal Systems: A Kinetic Study 
of Ag2S Semiconductor Nanoparticle Formation 

Madeline S. León-Velázquez1, Marissa Morales1, Roberto Irizarry2, 
and Miguel E. Castro1 

1Chemical Imaging Center, University of Puerto Rico at Mayaguez, 
Mayaguez, Puerto Rico 00680 

2DuPont Electronic Technologies, 14 T. W. Alexander Drive, 
Research Triangle Park, NC 27709 

The synthesis of metal and semiconductor nanoparticles has 
received widespread attention by the scientific community due 
to the large number of technological applications they find in 
nanoscaled systems. The mechanism of nanoparticle growth 
is, in general, still an open question. The general picture that 
emerges from previous works is that nanostructures form from 
the self assembly of atoms and nuclei in solution. The driving 
forces involved in this self assembly are not well known. 
There is little doubt that electrostatic and magnetic interactions 
among atoms and small nuclei play an important role in the 
synthesis and growth of nanostructures. We have employed 
real time-conductivity measurements to measure the kinetics of 
Ag2S nanoparticle growth. Conductivity measurements reflect 
the electrical stability and order of the colloid, which are well 
known to result from a delicate balance of electrostatic and 
magnetic forces. Ag2S semiconductor nanoparticles absorb 
light deep in the UV (about 230-240 nm). Conductivity 
measurements on this synthesis are an attractive approach to 
study the mechanism of nucleation. In this work a stopped 
flow system is used to study reaction growth kinetics of the 
formation of Ag2S nanoparticles. The kinetic data obtained 
indicates that the reaction mechanism involves multiple steps. 

© 2008 American Chemical Society 203 
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Conductivity and optical absorption measurements indicate 
that the semiconductor, nucleation and coalescence of particles 
occur in a time scale shorter than 5 seconds after the flow of 
Ag + and S-2 is brought to a stop. 

Introduction 

The synthesis of metal and semiconductor nanoparticles has received 
widespread attention by the scientific community due to the large number of 
technological applications they find in nanoscaled systems (1-3). The 
mechanism of nanoparticle growth is, in general, still an open question. Studies 
based on light absorption associated to silver and gold particle growth have been 
published (4-5). A few studies have relied on the fluorescence of semiconductor 
nanoparticles to monitor particle growth. These previous works have contributed 
significantly to the current body of knowledge related to the mechanism of 
nanoparticle growth. 

The purpose of this work is to explore on the use real time-conductivity 
measurements as an alternative tool to measure the kinetics of nanoparticle 
growth. If successful, such studies may be extended to systems that do not have 
suitable optical absorption bands or do not exhibit fluorescence. For this 
purpose, we have focused in the synthesis of Ag2S from the reaction of silver 
cations, Ag + , with sulfide anions, S"2. Ag2S semiconductor nanoparticles absorb 
light deep in the UV (about 230-240 nm) and exhibit a strong fluorescence in the 
visible at low temperatures (6). Conductivity measurements on this synthesis are 
an attractive approach to study the mechanism of nucleation for the overall 
reaction: 

2Ag + + S- 2-»Ag 2S (1) 

results in the formation of an insoluble solid with a K S p of the order of 10"50. 
Thus a decrease in conductivity is expected to be observed in reaction mixtures 
of Ag + and S"2 as they form Ag2S. 

Experimental 

Silver solutions were prepared by dissolving silver nitrite (ACS grade 
Fisher) in deionized water, obtained from a Culligam system. Sulfide solutions 
were prepared using ammonium sulfide solutions (Alfa Aesar) in deionized 
water. The concentration ranges of both solutions were from 8.0 x 10"2M to 1.0 x 
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10"3M Reaction mixtures were studied in a Biologic Stop flow reactor model 
SFM 400. The reactor is equipped with cell suitable for UV-Visible light 
absorption measurements and two electrodes for conductivity measurements. 
UV-visible absorption measurements were performed with an Ocean Optic 
spectrometer coupled to the stop flow reactor with two UV grade fiber optics. 
The STM experiments where performed in a nanosurf easyscan. 

Results and discussion 

The dependence of molar conductivity, A, on the square root of AgN0 3 and 
(NH4)2S concentration, are displayed in Figure 1. At solutions of low 
concentrations the molar conductivity of the electrolytes is proportional to the 
square root of the concentration as per the Kohlraush's law (7,8). The equation 
is as follows: 

A = A 0 - o c C 1 / 2 (2) 

where A is the molar conductivity, C is the ion concentration, a is a scaling 
factor, and A 0 represents the limiting molar conductivity (6,7). The linear 
dependence of the silver nitrate and ammonium sulfide solutions molar 
conductivity on the square root of the corresponding solution concentration was 
verified experimentally in this work. Limiting molar conductivities of about 
0.0157 and 0.0207 mSm2/mol are found for the silver nitrate and ammomium 
sulfide solutions, respectively. 

The dependence of conductivity on time for a stoichiometric mixture of Ag + 

and S'2 is displayed on Figure 2. A flow mixture is prepared in the reactor and at 
time t = 0 seconds the flow is brought to a stop. The optical absorption spectra 
the reaction mixture is also displayed on Figure 2. The optical absorption 
spectra were measured at the times indicated by the arrows. There is no 
significant absorption of light at times t < 0 seconds. Independent experiments 
on Ag + and S"2 ions exhibit absorption bands at 228 and 237 nm, respectively. 
The 240 nm band dominates the optical absorption spectrum about 5 seconds 
after the flow is stopped. This is the only band observed for reaction times as 
long as 135 seconds, indicating that it represents the final product of the reaction 
between Ag + and S"2. We attribute this band to the formation of Ag2S, which is 
the thermodynamically stable form of silver sulfide. In bulk Ag2S, this band 
appears around 230 nm (6). In the reaction mixture prepared under the 
experimental conditions described previously, Ag2S formed is likely to be 
present in colloidal form and therefore to exhibit a shift in absorption 
wavelength as compared to solid Ag2S. 
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Figure 1. Dependence of molar conductivity, A, on (a) AgN03 and 
(b) (NH4)2S concentration. 
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The conductivity of the equimolar reaction mixture displayed on Figure 2 
exhibits an interesting dependence on time. There is a sharp decrease in the 
conductivity with time after the flow is brought to a stop at time t = 0 seconds 
and extends to about 4 seconds. There is a slow decrease in the conductivity 
with time after t = 4 seconds. The dependence of the conductivity on time is 
consistent with the observations discussed on the previous paragraphs regarding 
the optical absorption spectra of the reaction mixture. Accordingly, the sharp 
decrease in the conductivity results from the reduction in the number of Ag + and 
S"2 ions which forms neutral Ag2S. 

Under the conditions of our experiment, the Ag2S is in colloidal form, i.e., it 
does not precipitate as a solid in the reaction cell. The absence of a solid 
precipitate in the cell was verified by visual observation in the optical 
microscope with a magnification factor of 50 X, consistent with the formation of 
colloidal Ag2S. We however note that despite the fact that the Ag2S is formed in 
colloidal form, the conductivity of the solution remained relatively high. This 
could be because (1) the Ag2S nanoparticles are conductive instead of the 
semiconductor that is presumed, (2) the spectator ions are making a significant 
contribution to the conductivity or (3) there is an un expected conduction 
mechanism involved in the process. To rule out the first alternative, we 
performed STM and dl/dV measurements on solid deposits of the Ag2S prepared 
under the experimental conditions discussed earlier. 

Figure 3 shows results of STM measurements performed on dry deposits of 
the Ag2S colloid. The particles are smaller than 8 nm, although agglomeration 
results in islands larger than 20 nm. 

Measurements of the tunneling current as a function of bias voltage were 
performed to decide if the Ag2S nanoparticles are conductive or a 
semiconductor. The dl/dV versus bias voltage is displayed on Figure 4. The 
inset in figure 4 shows the original I-V curves of the Ag2S particles. The dl/dV 
- V curve is typical of semiconductors. We estimate a band gap of about 0.90 
eV 9 across the board: detailed examination of the figure and based on the onsets 
reveal a band gap close to 0.70 eV. Since the data displayed on Figures 3 and 4 
are consistent with the formation of a semiconductor, measurements were 
performed to establish if the spectator ions contribute significantly to the 
solution conductivity. For this purpose, reaction mixtures of Ag + and S"2 as a 
function of time were studied and the solution molar conductivity was 
determined in the limit of time going to infinity. 

The results are summarized on Figure 5. The molar conductivities of these 
solutions (circles) are compared with that of a saturated Ag2S solution (squares), 
measured under identical experimental conditions. The molar conductivity of 
this solution is smaller than the one observed for the colloidal Ag2S prepared 
here. Also displayed on Figure 5 is the calculated molar conductivity obtained 
by adding the molar conductivity of all the ions in solution (triangles). In this 
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Figure 3. STM image of dry Ag2S deposit. 

cfl/dV 

0 10 2 0 3 0 4 0 5 0 6 0 70 8 0 9 0 

Gkp Voltage (V) 

Figure 4. Plot of dl/dVvs. gap voltage for Ag2S nanoparticles. 
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case, the molar conductivity measured experimentally is significantly higher than 
the calculated for the spectator ions in solution, indicating that they can not 
account for the unusually high conductivity of Ag2S colloid. 
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Figure 5. Molar conductivity of Ag2S as a function of colloidal Ag2S 
concentration (circles). The triangles and squares represent the ionic 

conductivity calculated for the spectator ions in solution and for a 
saturated solution of Ag2S(s). 

If the conductivity of the reaction mixture cannot be accounted by the 
metallic nature or the independent conductivities of the spectator ions in 
solution, why then does the Ag2S colloid exhibit such a high conductivity? One 
possibility is that the ions are transported by the colloidal nanoparticles. Indeed, 
this is plausible since Ag2S is a well known Ag + ion conductor. More recently, 
the contribution of free Ag2S transport, either electronic or ionic, in thin Ag 2S 
films has been reported. It is possible that a similar effect takes place here, but 
further experiments are necessary to establish the conduction mechanism in Ag2S 
colloids. Indeed, measurements of the physical properties of Ag2S reveals that it 
behaves like a silver ion transport fluid. STM measurements to be published 
elsewhere reveal detailed ordering of Ag2S, probably reflecting a similar 
ordering in solution. Further speculation is unwarranted until conductivity 
measurements are performed as a function of voltage to determine if there is a 
semiconductor to conductor transition in the material. 
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Since the solubility product or Ag2S is of the order of 10" , the formation of 
silver sulfide may be regarded as irreversible. Thus the increase in concentration 
with time is proportional to the rate of formation of Ag2S: 

r a dc/dt (3) 

where r is the reaction rate. To establish the reaction rate, we performed 
measurements of solution conductivity as a function of initial Ag + and S"2 

concentration. Assuming that the reaction is quantitative, the concentration can 
be related to the reaction conductivity according to (7,8): 

c = [(A 0-A)/cc] 2 (4) 

from which the reaction rate can be obtained The dependence of the reaction 
rate, as determined from conductivity measurements like the one displayed on 
Figure 2, on initial Ag + and S"2 concentration were further studied in this work 
with the purpose of establishing the form of the rate law or the reaction 
described by equation 1. Graphs of the ln( r 0 ) as a function of In (Ag +) and In 
(S"2) are displayed in figure 6. From the slope of the plots displayed on Figure 6, 
we estimate that the reaction has a - 1.1 order on Ag + and a + 1.0 order in S"2. 
The fact that these reaction orders are markedly different from the stoichiometric 
numbers described in equation 1 indicates that the reaction mechanism involves 
multiple steps. 

Summary 

In summary, we have employed optical absorption and conductivity 
measurements to study the formation of Ag2S semiconductor nanoparticles. The 
kinetic data is consistent with a reaction mechanism involves multiple steps. 
Conductivity and optical absorption measurements indicate that the 
semiconductor, nucleation and coalescence of particles occur in a time scale 
shorter than 5 seconds after the flow is brought to a stop. 
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Chapter 16 

Ultrabright Fluorescent Silica Particles: Physical 
Entrapment of Fluorescent Dye Rhodamine 640 

in Nanochannels 

Sajo Naik1 and Igor Sokolov1,2,* 

Departments of 1Physics and 2Chemistry, Clarkson University, 
Potsdam, NY 13699 

We have studied templated sol gel synthesis of fluorescent 
silica particles. Organic fluorescent dye Rhodamine640 
(R640) was physically (non-covalently) entrapped inside 
closed type nanochannels. The assembly at different 
temperatures and concentrations of silica precursor were 
investigated. We also studied a possible leakage of R640 dye 
from the nanochannels and suggested a way to arrest the 
leakage by secondary vapor phase silica coating on the 
particles. This method will ultimately lead to the synthesis of 
ultra bright silica nanoparticles. 

Introduction 

Fluorescent particles have a broad application in tagging, tracing, and 
labeling (1-5). Fluorescence is typically made through incorporating either 
inorganic or organic fluorescent dyes into the particle's material. Inorganic dyes, 
being typically more stable, are rather restricted in choice and usually toxic. A 
large variety of commercial organic dyes makes them attractive for using in 
fluorescent particles. The problems are in the dye stability and typically its 
toxicity as well. Incorporation of dyes into silica matrix seems to be one of most 
promising approaches because of excellent sealing ability of silica and wide 
compatibility of with other, included bio-, materials. Numerous attempts to 
embed organic dyes into silica xerogels and zeolites have been known for long 
time (6-15). To prevent leakage of the dyes out of the porous matrix, dyes were 
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chemically bound to the silica matrix (9,11,16-18). While photostability of such 
materials was higher than stability of pure dyes, it did not prevent bleaching 
substances, including oxygen, from penetration inside such a composite material. 
In the case of xerogel, it is rather hard to use it for labeling because it doesn't 
produce well formed particles. 

Uniform and well-ordered silica structure nano(meso) porous silica 
particles are gaining importance as micro-containers for storing dyes and other 
fluorescent molecules. Ozin and co-workers (19-23) have described synthesizing 
a zoo of well-formed mesoporous silica particles in the shape of discoids, 
spheres or fibers, collectively called as origami particles. These particles were 
synthesized at room temperature from TEOS/CTACI/HCI/H2O/HCONH2 sol and 
their formation mechanism involves polymerization-induced differential 
contraction of a patch of hexagonal silicate liquid-crystal film formed at the air-
water interface, which can fold into particles by somewhat mimicking "origami" 
folding. Due to this unique formation mechanism, the particles have a closed 
type structure endowing it to be much suitable for storage of dye, fluorescent 
molecule or other molecules species of interest. 

Recently it has been shown (24) that encapsulation of rhodamine 6G dye 
inside the channels of micron-size nanoporous particle makes those particles 
fluorescently ultra-bright. The particles have fluorescence about 170 times 
brighter than the similar size assembles of quantum dots. The synthesized 
particles are complex nanostructured objects that can be described as tightly 
packed arrays/bundles of silica nanochannels/nanotubes. The increase in 
fluorescence comes from two reasons: 1. Attaining higher concentrations of the 
organic fluorescent dye molecules inside the tubes without the dye dimerization 
(which would quench fluorescence); 2. Physical entrapment of the dye inside the 
silica nanotubes (which doesn't decrease quantum yield of each molecule). 

Maintaining high concentration of the dye without dimerization can be 
explained by one-dimensional confinement of the molecules inside the tubes (the 
silica walls between the tubes/channels naturally do not let the dye molecules 
dimerize in perpendicular to the channels directions) and the presence of 
surfactant molecules inside the tubes, which can act as dispersants. 

In this work we show that the above synthesis can be extended to rhodamine 
640 fluorescent dye. The synthesis preserves high concentration of the dye inside 
the particles retaining high fluorescent activity of the dye. This means that we 
can report assembly of another sort of ultrabright fluorescent particles. 
Moreover, the effect of temperature on the synthesis of well-formed and ultra-
bright fluorescent mesoporous silica particles will be investigated. The problem 
of slow dye leakage will be discussed. We will show that by providing 
secondary vapor phase silica coating the leakage of dye from the mesostructure 
could be arrested. 
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Experimental 

A mixture of closed type mesoporous silica particles, mostly comprising 
discoids, together with fibers, spheres, etc. and collectively called as origami was 
synthesized using, tetraethyl orthosilicate, TEOS (98%, Aldrich) as the silica 
source, cetyltrimethylammonium chloride, CTAC (25 % aqueous, Aldrich) as 
the SDA in presence of hydrochloric acid (36% aqueous, J T Baker) and 
Formamide, HCONH 2 (98%, Aldrich). Rhodamine 640, R640 (Exciton Inc.) was 
added to the sol to be incorporated in the resulting particles. 

The investigated molar sol composition range and temperature for the 
synthesis are shown in Table 1. Concentrated HC1 was added to CTAC/H 2 0 
(resistance 18 M Q cm, MilliQ ultra pure)/HCONH2 solution taken in a high 
density polypropylene (HD-PP) bottle, and the mixture was magnetically stirred 
at 500 rpm for 10 min, and aged at room temperature for 2 h. TEOS was then 
added to the above sol under stirring, and the resulting sol was stirred for 1 
minute at ambient conditions. The sol was then allowed to react at a fixed 
temperature under quiescent condition for 3-5 days. The sol is clear for a few 
minutes after mixing of the reactants, and then turbidity sets in after a few hours. 
The product was recovered by filtration using a Buckner funnel under vacuum, 
washed several times with distilled water and subsequently dried at 70 °C for 2 h. 

To estimate the amount of dye from the discoids, a calculated amount of the 
particles were dispersed in 0.2 M ethanolic KOH solution under vigorous stirring 
for 24 h to disintegrate the particles and liberate dye in ethanol. After filtering 
out the remnant solid, the dye concentration in the clear solution was estimated 
by using a UV-VIS spectrophotometer (Ocean Optics, USB2000). A standard 
calibrations curve was prepared by dissolving known amounts of dye in 0.2 M 
ethanolic KOH to estimate accurately the dye trapped in the discoids. To 
measure fluorescence of the particles, a fluorescent spectrophotometer (Varian, 
Cary Eclipse) was used. To prevent the change of fluorescence because of 
particles' sedimentation, a magnetic stirring was used. 

The powder x-ray diffraction (XRD) patterns on the particles were collected 
on an M03X-HF, Bruker AXS, instrument using CuKa radiation (40 kV, 40 mA) 
and in the range of 1.5— 8, 2 theta. The confocal laser microscopy (CLM) 
images of the fluorescent particles were taken on a Nikon, D-Eclipse C l -
Microscope. The N 2 adsorption/desorption isotherms of the calcined mesoporous 
silica samples were measured at 77 K on NOVA 1200e, Quantachrome Co. 
instrument. Before the measurement, calcined samples were degassed at 350 °C 
and 10 Pa for at least 12 h. The Barett, Joyner and Halenda (BJH) method (25) 
considered the desorbed amount in two parts. First there is evaporation of pore 
cores corresponding to the Kelvin equation, which produced open pores with 
some remained adsorbed film. In addition, there is Nitrogen desorbed from the 
previously opened pores, which will correspond to a decrease of the adsorbed 
film thickness. 
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Results and Discussion 

As was shown previously (20,24,26), the closed type mesoporous silica 
particles in the shape of discoids, spheres or fibers, origami particles are formed 
by a process involving folding of the mesoporous silica film formed at the liquid-
air interface. Due to coiling of the film domains, ribbons (26) the resulting 
particles have close type structure facilitating retention of dye molecules. The 
zoo of shapes includes mostly discoids and fibers. Here we show that the 
synthesis is quite robust against the change over several parameters. The changes 
in molar sol compositions together with the synthesis temperature are 
summarized in Table 1. The synthesis sols show pH of 1.5-2. Formamide 
functions as a pH stabilizer preventing the pH variation during long synthesis 
hours. 

Table 1. Molar Composition for the Synthesis of the Particles 

Molar sol composition 
Sample T °C Morphology 

TEOS HC1 CTAC H 2 0 HCONH 2 R640 
0-1 0.13 7.8 0.11 100 9.8 0.005 25 Origami 
0-2 0.13 7.8 0.11 100 9.8 0.005 4 Origami 
0-3 0.13 7.8 0.11 100 9.8 0.005 -17 No Shapes 
0-4 0.13 7.8 0.11 100 9.8 0.005 65 Origami 
0-5 0.05 7.8 0.11 100 9.8 0.005 25 Origami 
0-6 0.3 7.8 0.11 100 9.8 0.005 25 Origami 
0-7 0.8 7.8 0.11 100 9.8 0.005 25 Origami 
0-8 1.2 7.8 0.11 100 9.8 0.005 25 No Shapes 

From Table 1, it is clear that origami particles could be formed from the sol 
of molar composition TEOS 0.13: 7.8HC1: 0.11CTAC: 100H2O: 9.8 HCONH 2 , 
between the studied temperature range 0-65 °C. Origami particles were however 
not obtained at very low temperature (-17 °C). The CLM images of some of the 
particles, 0-1 to 0-4, are shown in Figure 1 (A) - (D), respectively. 

Well-formed particles, mostly discoids and fibers, are seen for samples 0-1, 
0-2 and 0-4, synthesized at 25, 0 and 65°C, respectively. The sample 0-3, 
synthesized at -17 °C did not show any special morphology. The lack of 
formation of origami particles at that low temperature could presumably be 
explained on the basis energy consideration for bending and folding of 
mesoporous silica film at very low temperatures. 

To form a compact particle from a film mesoporous ribbon, some minimum 
of Brownian motion might be needed. This motion might not be enough for 



218 

Figure 1. CLM images of ultra-bright fluorescent origami samples indicating 
the effect of temperature on their formation; images (A), (B), (C) and (D), 
correspond to samples 0-3, 0-2, O-l and 0-4, respectively, synthesized 

at temperatures, -17°C, 4°C, 25°Cand 65°C, respectively. The samples were 
prepared from sol of molar composition 0.13 TEOS: 7.8HCI: 0.11CTAC: 

100H2O: 9.8HCONH2: 0.005R640. 
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those low temperatures. At the low temperature is it ribbon bending and folding 
must have been considerably slower or could have been prevented altogether. 

We found that all the samples showed mesoporous p6mm structure from 
XRD. A representative XRD image of 0-1 is shown in Figure 2. The 
mesoporosity in the sample 0-1 was confirmed from N 2 adsorption desorption 
isotherms riieasured for the calcined sample at -77 K and shown in Figure 3. 
This is a type IV isotherm with a step rise at ~ 0.2 P/P0 and hysteresis that is 
typical of high quality mesoporous materials. The mesopore diameter of 2.4 nm 
was estimated from the adsorption branch of the isotherm according to the 
correlation obtained from BJH theory. The total pore volume was 0.85 cm3/g 
and the BET surface area was 1200 m2/g. 

We also varied the TEOS concentration in the sol from 0.05 to 1.2 in the sol 
TEOS: 7.8HC1: 0.11CTAC: 100H2O: 9.8 HCONH 2 , forming samples 0-5 to O-
8, to study the formation of ultra-bright fluorescent origami particles. Well-
formed particle could be obtained up to TEOS molar concentration of 0.8 in the 
sol, samples 0-5 to 0-7. Further increase in the concentration of TEOS did not 
yield origami particles as confirmed from C L M, highlighting the effective 
optimum TEOS/CTAC ratio for the obtainment of the particles. 
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Figure 2. XRD patter of origami sample O-l, prepared from sol of molar 
composition 0.13TEOS: 7.8HCI: 0.11CTAC: 100H2O: 9.8HCONH2at 25°C. 
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Figure 3. N2 adsorption/desorption plot (A) measured at -77 Kfor calcined 
sample 0-1. Insert (B) is the pore size distribution calculated using BJH 

correlation. 

The ultra-bright fluorescent nature of these particles with rhodamine R6g 
dye molecules inside nanochannels has been recently reported (24). Similarly, 
we study the spectral behavior of the dye R640 after encapsulation in the 
channels. Figure4 shows the fluorescence emission for different excitation 
wavelengths for both free dye in water and the dye encapsulated in the particles. 
While the maxima of the fluorescence of the dye after encapsulation are slightly 
shifted, there is more explicit difference, the encapsulated dye can be excited 
more effectively for smaller wavelengths than the dye in water. Presumably it is 
related to partial dimerization of the dye. It will be investigated in future works. 
As was discussed in (24\ the additional factor in the uncertainty of the 
experiment is related to the extinction of light by scattering by silica matrix. 
However even with all the uncertainty, we can conclude that our particles have 
ultra bright fluorescence, see below. 

To find now how the particles are really bright, we need to find the amount 
of the dye retention in the origami particles. Sample O-l was used as a 
representative for this study. The total amount of dye trapped inside the 
mesoporous structure was estimated to be 0.01070 g/g of dry silica, after 
thorough washing of the sample with deionized water to remove the loosely held 
dye on the exterior of the particle surface. This is similar to what was reported 
in ref.(24). Comparing these to the brightest so far 1.2-|im beads that contains 
50,000 quantum dots (27), one can conclude that synthesized here particles 
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Figure 4. Fluorescence of R640 dye in water and encapsulated 
in the nanochannels of the particles 

scaled to the same size can be ~ 120 times brighter. To find it, we used the ratio 
brightness between quantum dots and rhodamine 6G molecules 20:1 as found in 
ref.(25).The exact proportion depends on some other parameters, for example, 
on the refractive index of the particle itself (this determines how much light 
penetrates inside the particles). Placing known amount of particles in a cuvette, 
and measuring its fluorescence, we can compare to it to the fluorescence from 
water solution of the dye of known concentration. Thus, we can compare the 
amount of fluorescence per each molecule of the dye in water vs each molecule 
of the encapsulated dye. This was done for the maximum of the dye absorbance 
(575nm). We found that the dye in water produces about 3.7 times more 
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fluorescence than the dye inside the particles. Which portion of it is due to the 
scattering will be studied in the future works. 

It is important to address the issue of a possible leakage of the dye 
molecules out of the synthesized particles. After initial washing the particles 
with the DI water by centrifugation (stopped after we observed no dye in the 
supernatant), we did not observe leakage of the dye when the particles are 
suspended in water. However, switching to an organic media, we did observe the 
leakage. For example, we found that -75% of the dye was leaked out from the 
particles after dispersing in ethanol. Presumably, ethanol reacts with silica 
surface partially breaking open the coiled mesopores releasing the dye in the 
solvent. To circumvent this serious problem of dye leakage, we provided a 
secondary coating of silica onto the particle surface by vapor phase silica coating 
technique using the modification of the process developed by Nishiyama and co
workers (29). 

The ultra-bright fluorescent origami particles were coated with CTAC sol, 
dried, and treated at 50 °C with TEOS vapor, in presence of HC1, in a closed 
vessel resulting in a thin secondary coating of silica on origami particles. The 
morphology, structure of the ultra-bright fluorescent origami particles did not 
change upon this treatment. The modified particles showed dye leakage of less 
than 10% markedly improving its capacity to retain dye in alcoholic solvents. 
Figure 5 shows visualization of the leakage of the dye out of the particles in a 
water solution of glycerol. A droplet of glycerol was placed on one side of a 
coverslip sitting on a microscope slide. Aqueous dispersion of the particles was 
between the slide and coverslip. This creates a gradient of the glycerol flow in 
the direction shown in the figure by an arrow. One can clearly see leakage of the 
dye out of the particles before coating and no leakage after the coating. As to the 
noted that the amount of leakage is really small, and can be clearly seen only in 
switching to "colorized grayscale" mode of the confocal microscope. We believe 
that this simple technique of providing secondary silica coating onto the particles 
is a very attractive approach for preventing the dye leakage from the nano
structures. 

In conclusion, we will like to say that despite the definite interest in having 
micron size fluorescent silica particles; there is a strong interest in ultra bright 
fluorescent silica nanoparticles. We hope that the described synthesis will be 
extended to the synthesis of nanoparticles. This is possible simply because of 
the fact that the synthesis of large particles inevitably passes through the stage of 
nanosize. This idea has been used by us (29) to demonstrate feasibility of such 
synthesis. 
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Figure 5. A collage of two confocal images of the particles in a gradient of 
glycerol flow. The arrow shows the direction of the flow. One can clearly see 

leakage of the dye from uncoated particles (left) and no leakage after the 
coating (right image). The scalebar is 100 microns. 
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In this chapter, we present several examples of the synthesis of 
high quality, nearly monodisperse passivated nano-structures 
of controlled size and shape. Specifically, we focus on the 
synthesis of II-VI semiconductors, TiO2, rare earth oxides, 
CeO2, metal and metal oxide nanostructures. 

The synthesis and characterization of nanocrystals with controlled size and 
shape have attracted rapidly growing interest both for fundamental scientific 
interest and many practical and technological applications (7-5). The shape 
control and assembly of nanostructures into organized patterns provide valuable 
routes to the design of functional materials and to a variety of applications (7-5). 
Several methods based on physical and chemical approaches have been 
developed for the synthesis of controlled size and shape of nanostructures. 
Examples of these approaches include solvothermal methods, template-assisted, 
kinetic growth control, sonochemical reactions, and thermolysis of single-source 
precursor in ligating solvents (7-7). 

Microwave Irradiation (MWI) methods provide simple and fast routes to the 
synthesis of nanomaterials since no high temperature or high pressure is needed. 
Furthermore, MWI is particularly useful for a controlled large-scale synthesis 
that minimizes the thermal gradient effects (8-17). Due to the difference in the 
solvent and reactant dielectric constants, selective dielectric heating can provide 
significant enhancement in reaction rates. The rapid transfer of energy directly to 
the reactants (faster than they are able to relax), causes an instantaneous internal 
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temperature rise. By using metal precursors that have large microwave 
absorption cross-sections relative to the solvent, very high effective reaction 
temperatures can be achieved. This allows the rapid decomposition of the 
precursors thus creating highly supersaturated solutions where nucleation and 
growth can take place to produce the desired nanocrystalline products. These 
conditions lead to the formation of very small nanocrystals since the higher the 
supersaturation the smaller the critical size required for nucleation. The growth 
of the newly formed nanocrystals can be effectively inhibited by the adsorption 
of ligating organic surfactants that bind strongly to the nanocrystals, thus 
stabilizing and passivating the surface. Furthermore, selective adsorption of the 
ligating organics can significantly slow down the growth of the nanocrystal in all 
but the favorable crystallographic plane thus resulting in a one dimensional 
(ID) structure. Since in MWI it is possible to quench the reaction very early on 
(-10 s), this provides the opportunity of controlling the nanostructures from 
small spherical nuclei to short rods to extended assemblies of nanowires by 
varying the MWI reaction time and the relative concentrations of different 
organic surfactants with variable binding strengths to the initial precursors and to 
the nanocrystals. 

MWI methods have been demonstrated for the synthesis of a variety of high 
quality, nearly monodisperse semiconductor nanoparticles as well as one-
dimensional nanostructures (8-17). In this chapter, we describe several examples 
of the application of MWI for the synthesis of a variety of passivated 
nanostructures of controlled size and shape. 

Experimental 

For the synthesis of sulfides, a single precursor, metal ethyl xanthate was 
used and for selenides, a mixture of metal acetate and selenourea precursors was 
used (16). Another method for the synthesis of CdSe and PbSe involved the use 
of a selenium solution prepared by dissolving Se powder in a mixture of 
trioctylphosphine (TOP) / trioctylphosphine oxide (TOPO) with octadecene as a 
solvent (18). In all cases, a solution of the metal precursor and the appropriate 
ligands [hexadecylamine (HDA), octadecylamine (ODA), oleic acid (OAc), 
oleylamine (OAm)] was placed in a conventional microwave oven (2.45 GHZ) 
with the power set to 60% of 650 W and operated in 30-s cycles (on for 10 s, off 
and stirring for 20 s) for reaction times that varied from 10 seconds to several 
minutes. In some cases, N,N-dimethylformamide (DMF) was added to ensure the 
solubility of all reagents and to avoid the formation of inhomogeneous solutions 
as, for example, a result of the poor solubility of selenourea in alkylamines. 

For the synthesis of colloidal Ti0 2 , titanium butoxide + titanium 
tetrachloride were used as precursors and a mixture of OAc/OAm as ligating 
solvents (19). For the synthesis of rare earth oxides, metal acetate or metal 
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acetylacetonate was used as a precursor and a mixture of OAc/OAm as ligating 
solvents (77). For the synthesis of Au, Ag, Pt, Ni, and Co, the precursors used 
were HAuCl 4, silver acetate, platinum acetylacetonate, nickel acetylacetonate, 
and Co2(CO)8, respectively. After microwaving for the desired time, the 
synthesized nanocrystals were washed with ethanol, centrifiiged, and re-
dispersed in hydrophobic solvents such as toluene or dichloromethane. 

The size of the nanocrystals is tuned by varying the concentration of the 
precursors and the MWI times, while the shape is controlled by varying the 
concentration and composition of the ligating solvents which stabilize the 
nanocrystals by passivating the surfaces. Table I summarizes the experimental 
parameters used for the synthesis of nanocrystals of controlled size and shape. 

Results and Discussion 

A. Semiconductor Sulfide and Selenide Nanostructures 

TEM micrographs of the as-prepared spherical CdS, ZnS and PbS 
nanoparticles are displayed in Figures 1-a, 1-c and 1-e, respectively. These 
particles are prepared in a mixture of oleic acid and olylamine using short MW 
reaction times (1-3 min, Table I). However, after 3-4 min of MW irradiation 
using only olylamine; a mixture of rods, dipods, and tripods is obtained for CdS 
(Fig. 1-b). For ZnS and PbS short rods (Fig. 1-d) and cube-like or square plates 
(Fig. 1-f), respectively are obtained at longer reaction times. 

Figure 2 displays TEM images of fully developed ZnS rods (Fig. 2-a), with 
an average diameter of 1 nm and an average length of 5±0.05 nm synthesized in 
ODA with a microwave reaction time of 2 min. The nanorods self-assemble into 
large arrays of highly ordered 2-D supercrystals. At longer reaction times (3-5 
min), wires spontaneously form (Fig. 2-b) with the same narrow widths as the 
rods, and lengths of more than 350 nm (an aspect ratio of -300). The growth 
mechanism of the rods involves the adsorption of the amines on both of the long 
side walls of the rods and only on one end of the head-to-tail spacing between 
the nanorod tips (20,21). 

The XRD patterns of the spherical sulfide nanoparticles are shown in Figure 
3. All the XRD patterns of the nanoparticles match well to the standard patterns 
of the corresponding bulk materials. The broadening of the XRD peaks is due to 
the small particle size consistent with the TEM images. In most cases, the 
particle size increases by increasing the MW reaction times. 

The CdS nanoparticles exhibit the hexagonal (wurtzite) structure while the 
ZnS and PbS exhibit the cubic (zinc blende) and rock salt structures, 
respectively. For bulk ZnS, the cubic phase is more stable at room temperature 
while the hexagonal phase is more stable only at higher temperatures nearly 
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Table I. Experimental Parameters for the MW Synthesis of Nanocrystals 

Nano 
crystals 

Precursors / Ligating Solvents / Mole Ratio / 
MW Time Shape 

CdS CdXn / OAm-OAc / (1:16:16) /1-3 min Spherical CdS 
CdXn / OAm / (1:30) / 4-10 min Tripods 

CdS 

CdXn / ODA-DMF / (1:1) /1-2 min Tripods 
ZnS ZnXn / OAm-OAc / (1:16:16) /1-4 min Spherical ZnS 

ZnXn / OAm / (1:30) / 5-10 min Rods 
ZnS 

ZnXn / ODA-DMF / (1:1) /1-3 min Rods 

ZnS 

ZnXn / ODA-DMF / (1:1) / 4-10 min Wires 
PbS PbXn / OAm-OAc / (1:16:16) /10-60 sec Spherical PbS 

PbXn / OAm-OAc / (1:16:16) / 2-10 min Plates or 
Cubes 

CdSe Cd(ac)2- Se / TOP-TOPO / (1:5:29:55) / 1-2 min Spheres + 
Short Rods 

CdSe 

Cd(ac)2 - SeC(NH2)2 / ODA / (1:1:9) / 3-10 min Rods + 
Tripods 

ZnSe Zn(ac)2 / SeC(NH2)2 / ODA (1:1:9) /1-2 min Rods ZnSe 
Zn(ac)2 / SeC(NH2)2 / ODA (1:1:9) / 3-10 min Wires 

PbSe Pb(ac)2 / Se / TOP-TOPO / (1:8:41:78) /1-2 min Star-like + 
Belts 

PbSe 

Pb(ac)2 / Se / TOP-TOPO / (1:8:41:78) / 3-5 min Cubes + Belts 
T i0 2 TBO + TiCl 4 / OAm-OAc / (4:15:9) / 5-10 min Spherical T i0 2 

TBO + TiCl 4 / OAm / (1:6) /15-20 min Rods 
T i0 2 

TBO + TiCl 4 / OAm-OAc / (1:6:18) /10-15 min Cube-like + 
Plates 

T i0 2 

TBO + TiCl 4 / OAm-OAc / (1:6:9) /10-15 min Star-like 
aggregates 

Rare 
Earth 
Oxides 

Acetate or Acetylacetonate / OAm-OAc / 
(l:17:17)/3-10min 
(1:22:14)/3-10 min 
(1:27:9)/3-10 min 

Spherical 
Rods 
Cube-like + 
Plates 

Ce0 2 Ce(ac)2 / OAm-OAc / (1:14:9) /1-4 min Spherical Ce0 2 

Ce(ac)2 / OAm-OAc / (1:14:9) / 5-10 min Rods 
Ce0 2 

Ce(ac)2 / OAm-OAc / (1:14:9) /15-20 min Wires 

Ce0 2 

Ce(ac)2 / OAm-OAc / (1:6:1) /15-20 min Cube-like + 
Plates 

Au HAuCl 4 / OAm-DMF/ (1:15) /1-2 min Spherical 
Ag Ag(ac) / OAm-DMF/ (1:15) /1-3 min Spherical 
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Table I. Continued. 

Nano 
crystals 

Precursors / Ligating Solvents / Mole Ratio / 
M W Time 

Shape 

Pt Pt Acetylacetonate / OAm-DMF/ (1:15) /1-2 min Spherical 
Ni Ni Acetylacetonate / OAm-DMF/ (1:15) /1-2 

min 
Facetted 
Particles 

Co Co2(CO)8 / OAm-DMF/ (1:15) /1-2 min Spherical + 
Plates 

Metal 
Oxides 

Metal Acetylacetonate / OAm-DMF/ (1:15) /10-
15 min 

Spherical, 
Prisms (ZnO), 
Plates (ln 30 4) 

NOTE : Xn = Xanthate, OAm = Oleylamine, OAc = Oleic acid, DMF = N , N -
dimethylformaide, TOP = Trioctylphosphine, TOPO = Trioctylphosphine oxide, 
TBO = Titanium butoxide, ODA = octadecylamine. 

above 1000 °C. However, for nanocrystals both the hexagonal and cubic phases 
may coexist at low temperatures depending on the experimental conditions that 
influence the degree of supersaturation, the nucleation rate and the growth 
kinetics of the two nanocrystal phases. These conditions include the 
decomposition rate of the initial precursors, the effective reaction temperature 
during the MW process, the reaction time, and the rates of adsorption of the 
organic ligands onto the nanocrystal surfaces. The relative binding energies of 
the organic ligands to the precursor molecules and to the newly formed 
nanocrystals also affect the nucleation rate (22). In general, ligands which bind 
weakly to the precursors increase the nucleation rate while ligands which bind 
weakly to the newly formed nanocrystals enhance the growth rate. If the ligands 
adsorb faster or preferentially on one site of the nanocrystal than the other sites, 
the growth in ID could be enhanced thus leading to the formation of rods and 
wires. 

Figure 4 displays TEM images of CdSe spherical (a) and tripods (b), and 
assemblies of ZnSe rods (c) and wires (d) prepared using different ligating 
solvents. For CdSe, the spherical nanoparticles are obtained using the ligating 
mixed solvents TOP-TOPO. The CdSe tripods and the ZnSe rods and wires are 
prepared using the ODA ligating solvent. The assembly of the ZnSe rods and 
wires into large arrays of organized structures clearly demonstrates that the rods 
are identical in length and width, and that the nanowires with similar width as the 
rods (Fig. 4-d) grow by the attachment of the individual rods. 

Figure 5 displays TEM images of the PbSe nanostructures prepared using 
the TOP-TOPO system with different MWI times. At shorter times (1-2 min), 
star-like structures and long belts are observed as shown in Figures 5-a and 5-b. 
However, at longer MWI times (4-6 min) large cubes along with the long belts 
are observed. It appears that the star-like structures of PbSe are composed of 
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Figure 2. TEM images of: (a) ZnS rods and (b) ZnS wires prepared 
in ODA with MWI times of 2 and 6 min, respectively. 

PbS 

20 30 40 50 60 70 80 

20 

Figure 3. XRD patterns of PbS cubes, CdS spheres and ZnS spheres. 



232 

assemblies of aggregated rods, and these structures are transformed into large 
cubes at longer reaction times. 

It is interesting to note that the long chain alkylamine (ODA) results in the 
formation of the hexagonal crystal phase of the CdSe tripods as evident from the 
XRD pattern shown in Figure 6. Similarly, the ZnSe rods prepared in 
alkylamines exhibit the wurtzite structure (the XRD pattern is shown in Fig. 6). 
The alkylamines are weak ligands to the initial precursors and therefore, the 
nucleation process can be very fast. This leads to the formation of many small 
nuclei which can combine in a secondary nucleation process to form the 
kinetically stable wurtzite phase in the form of rod shapes. Since the amines are 
likely to bind preferentially on the terminal metal end and on the mixed metal-
Se sides of the nanocrystals, the ID growth can be initiated through the Se end. 
On the other hand, the TOP-TOPO ligating solvents bind strongly to the initial 
precursors thus resulting in a slow nucleation process which favors the formation 

Figure 4. TEM images of: (a) CdSe spheres, (b) CdSe rods and tripods, 
(c) ZnSe rods and (d) ZnSe wires. 
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Figure 5. TEM images of PbSe nanocrystals with different shapes: 
(a) star-like, (b) belt, (c) cubes and (d) cubes and belts. 

of the cubic phase of the spherical CdSe nanoparticles as shown from the XRD 
pattern in Figure 6. 

Figure 7 illustrates the evolution of the UV-Vis absorption and the 
photoluminescence (PL) spectra of the spherical ZnS nanocrystals at different 
MWI times. The initially formed nuclei after 30 sec reaction time exhibit an 
absorption peak at 288 nm significantly blue-shifted from the bulk band gap of 
3.6 eV (344 nm), thus confirming a high degree of quantum confinement in the 
synthesized nanocrystals (76). Similarly, the room temperature PL spectrum 
after 30 sec reaction time shows a band-gap emission at 315 nm, which again 
confirms the high degree of quantum confinement. Both the UV absorption and 
the PL spectra shift to longer wavelengths as the MWI reaction times increase as 
a result of increasing the size of the nanocrystals. These results demonstrate the 
ability of the MWI method to control the size of the nanocrystals by simply 
varying the reaction times. 
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Figure 6. XRD patterns of PbSe cubes, ZnSe rods, CdSe tripods, 
and CdSe spheres. 

Figure 8 displays the UV-Vis ^nd the PL spectra of the synthesized ZnS, 
ZnSe, CdS and CdSe nanorods and nanowires dispersed in dichloromethane. The 
observed distinct absorption peaks at 285 nm, 301 nm, 465 nm and 551 nm for 
ZnS, ZnSe, CdS and CdSe, respectively are significantly sharper and blue-shifted 
relative to the corresponding bulk material (16). The room temperature PL 
spectra of the nanowires show narrow band-gap emission bands at 300 nm, 424 
nm, 487 nm and 580 nm for ZnS, ZnSe, CdS and CdSe, respectively (16). The 
low energy emission bands, at 428 nm for ZnS; 486 nm, 505 nm, and 528 nm for 
ZnSe; and 586 nm for CdS are attributed to surface emissions, and possible 
metal vacancies in the nanorods and nanowires. The narrow spectral features are 
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Z n S Spheres 

Wavelength (nm) Wavelength (nm) 

Figure 7. UV-Vis absorption (solid lines) and PL (dotted lines) spectra 
of ZnS spherical particles prepared at different MWI times. 

attributed to high uniformity and ultra narrow width of the rods and wires and 
confirm the high degrees of quantum confinement in these nanostructures. 

B. T i 0 2 Colloidal Nanostructures 

Ti0 2 nanocrystals have attracted much interest due to their unique 
electronic, optical, catalytic, chemical, and photochemical properties which 
contribute to a wide variety of applications in solar cells, pigments, gas sensors, 
and photocatalysis (23-28). The synthesis of colloidal T i0 2 with controlled size, 
shape and crystal structure is essential for many of theses applications. Bulk 
T i0 2 has three crystalline phases, rutile is the high temperature phase, and both 
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Figure 8. UV-Vis absorption (solid lines) and PL (dotted lines) spectra of 
(a) ZnS rods, (b) ZnSe wires, (c) CdS rods and CdSe rods. (Reproduced 

from reference 16. Copyright 2006 American Chemical Society.) 

anatase and brookite are metastable phases and transform to rutile at high 
temperatures, around 700-1000 °C (23-28). 

The Ti0 2 nanocrystals are prepared using titanium butoxide + TiCl 4 as 
precursors and OAc-OAm as ligating solvents (19). Figure 9 displays TEM 
images of the Ti0 2 nanocrystals prepared under different reaction conditions. 
When the mole ratio of the precursors to the OAm to the OAc is approximately 
1:4:2 under short MWI times (5-10 min), small spherical or little elongated 
particles are formed (Fig. 9-a). Rods are obtained by using only OAm with a 
higher concentration relative to the precursor (6:1), as shown in Figure 9-b. 
Prolonging the MWI reaction time results in growth of the nanoparticles to form 
cube-like (Fig. 9-c) and star-like aggregated rods (Fig. 9-d). For example, using 
relative concentrations of the precursor to the OAm to the OAc of approximately 
1:6:9 under long MWI times (10-15 min) results in orientationally aggregated 
rods around a central particle producing a star-like shape (Fig. 9-d). However, if 
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the concentration of the OAc is increased (precursor: OAm: OAc = 1:6:18, 
Table I), most of the nanocrystals display cube-like and bipyramid shapes (Fig. 
9-c). The selective crystal growth with different shapes is due to the strong 
ligand binding and passivation of the oleic acid - oleylamine to the T i0 2 

nanocrystal surfaces. The growth of cube-like and bipyramid shapes under high 
concentrations of oleic acid is consistent with its strong binding to certain 
surfaces of the anatase crystals (26, 27). 

Figure 9. TEM images ofTi02 nanocrystals with different shapes: 
(a) spherical, (b) rods, (c) cubes and (d) star-like shape. 

The XRD pattern of the prepared Ti0 2 nanocrystals, displayed in Figure 10-
a, is consistent with the standard pattern of anatase (JCPDS 21-1272). No peaks 
are found at 27° or 31°, indicating the absence of rutile and brookite phases. 
However, the results indicate that depending on the precursor used, different 
phases of Ti0 2 are obtained. For example, when titanium tetrachloride was 
used, a mixture of anatase and rutile was obtained. 

The UV-Vis absorption and PL spectra are shown in Figure 10-b. The UV 
spectrum is typical for anatase (29, 30). The PL spectrum exhibits two peaks 
due to band-to-band transitions centered around 384 nm, and surface trap states at 
425 nm. No peaks are observed between 600 and 800 nm, which are associated 
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with transitions from conduction band edge to holes trapped at the interstitial 
T i 3 + site (28). 

C. Rare Earth Oxide Nanostructures 

Rare earth oxides with one dimensional structures represent a particularly 
interesting class of materials due to their unique electronic, optical, magnetic and 
catalytic properties arising from the confinement of the 4f electrons (17, 31-34). 
These properties are critical for many interesting applications involving, for 
example, optical displays, optical communication, UV shielding, medical 
diagnostics, and efficient catalysis for the oxidation of heavy oils, jet fuels and 
coal gasification (17, 31, 34). 

Recently, we developed a rapid, simple and versatile MWI methodology for 
the synthesis of organically passivated uniform, single crystalline rare earth 
oxide (M 2 0 3 , M= Pr, Nd, Sm, Eu, Gd, Tb, Dy) nanorods (-1.2x4-5 nm), and 
cube-like or square nanoplates (6x6 nm) (17). Figure 11 displays representative 
examples of the TEM images of the as-synthesized Eu 20 3, (spherical, rods and 
cube-like), Gd 2 0 3 (wires), and Pr 2 0 3 (wires). 

The relative amount of rods and cube-like nanocrystals can be controlled by 
the MWI time, and the relative concentrations of the metal precursor, the oleic 
acid and the oleylamine. The competitive adsorption of oleic acid and 
oleylamine can effectively inhibit the growth of the nanocrystal in all but the 
favorable crystallographic plane where the growth is significantly enhanced thus 
resulting in a ID structure (16,17). The crystal plane with a higher surface 
energy is expected to have a faster growth rate. By varying the relative 
concentrations of oleic acid and oleylamine in the MWI syntheses, the shape of 
the resulting nancrystals can be controlled. When the mole ratio of the metal 
precursor: OAc: OAm is 1: 17: 17, spherical particles are formed as shown in 
Figure 11-a for the Eu 2 0 3 nanocrystals. This is consistent with the stronger 
binding capability of oleic acid relative to oleylamine, and therefore it binds 
strongly with the atoms of all the planes and the thermodynamic limit (3D) is 
approached in the presence of excess oleic acid. The nanorods are formed when 
the mole ratio of OAm: OAc is about 3:2. However, when oleylamine is present 
in excess, cube-like or square nanoplates are formed as shown for Eu 2 0 3 in 
Figure 11-a. Repeated sets of experiments under the same MWI times, show that 
the nanorods and the cube-like (or square nanoplates) are predominantly formed 
when the mole ratios of the metal acetate: OAm: OAc are 1: 22: 14 and 1: 27: 9, 
respectively. These results demonstrate that by controlling the composition of 
the capping ligands good control over the shape of the resulting nanocrystals can 
be achieved during the growth process. 

The XRD patterns of the rare earth nanorods are consistent with the cubic 
Ia3 space group and exhibit intensity enhancement of the (400) diffraction 



240 

Figure 11. TEM images of: (a) Eu203 (spheres, rods and plates), 
(b) Gd203 rods and (c) Pr203 wires. 

compared to the standard patterns for the bulk rare earth oxides (77). This 
enhancement of the diffraction intensity from the (400) plane is unique to the 
nanorods since it is not observed in spherical or plate-like nanocrystals (34). 

The high-resolution TEM images of the individual rods and wires show 
well-resolved lattice planes perpendicular to the long axis with an interplanar 
distance corresponding to the d spacing of the (400) plane of the cubic Ia3 space 
group (77). The assembly of the rods into ordered 2D supercrystals (Fig. 11-a, 
middle image) has been confirmed by the small angle XRD analysis (77). 

The PL properties of the rare earth nanorods synthesized by MWI have 
been investigated (77). For example, the PL spectrum of the Eu 2 0 3 nanorods 
shows strong split peaks at 612 and 620 nm which can be assigned to the 5 D 0 —> 
7Fi,2,3,4 transitions of the Eu 3 + ions (17,35). For spherical Eu 2 0 3 nanoparticles, 
these peaks appear as a single broad band centered around 615 nm (35). The 
difference is probably due to different surface sites occupied by the Eu 3 + ions in 
the nanorods. 
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D. C e 0 2 Nanostructures 

Ce0 2 nanostructures have wide applications in many fields such as catalysis, 
fuel cells, surface modifications, lubrications, gas sensors, radiation protectors, 
and anode materials for lithium ion battery systems (36-38). The properties of 
Ce0 2 nanocrystals are significantly different, and in most cases, superior to the 
properties of bulk ceria composed of micron-sized particles. For example, 
significant enhancement is found in the rate of CO oxidation on gold 
nanocatalysts supported on Ce0 2 nanocrystals as compared to the same catalyst 
supported on micron-sized Ce0 2 particles (15). Also, the electronic conductivity 
of Ce0 2 nanocrystals is much higher than in large particles (38). It is expected 
that Ce0 2 nanocrystals with different shapes would exhibit different quantum 
confinement effects, and therefore display different optical and PL properties. 

For the MWI synthesis of Ce0 2 nanocrystals, cerium acetate in a mixture of 
oleic acid and oleylamine is first heated to about 110 °C in order to remove the 
hydrated water and obtain a clear solution. The mixture is then transferred 
quickly to a conventional microwave for the desired amount of time. Different 
shapes of the Ce0 2 nanocrystals can be obtained at different MWI times by 
using the mole ratio of 1: 14: 9 corresponding to Ce(ac)2 : OAm: OAc, 
respectively. For example, at MWI times of (1-4 min), (5-10 min) and (15-20 
min), spherical particles, short rods and wires, respectively are formed as shown 
from the TEM images of Figures 12-a, 12-b, and 12-c, respectively. The ID 
orientational growth leading to the formation of rods and wires is induced by the 
presence of oleic acid which exhibits strong binding and selective adsorption to 
the surface atoms of the Ce0 2 nanocrystals. Increasing the concentration of the 
precursor and decreasing the concentration of OAc produces cube-like 
nanocrystals as shown in Figure 12-d. This is consistent with the nonselective 
adsorption of oleylamine on the Ce0 2 nanocrystals, and thus the growth occurs 
in 3D to produce the cube-like nanocrystals. 

The evolution of the XRD patterns of the Ce0 2 nanoparticles prepared after 
10 min, 20 min and 30 min MWI times, respectively is shown in Figure 13-a. 
The patterns could be readily indexed to the face-centered cubic phase (space 
group: Fm3m, JCPDS #34-0394). There is considerable broadening in the XRD 
peaks since the Ce0 2 nanoparticles are very small in dimension as shown from 
the TEM image in Figure 12-a. As the MWI times increase, the diffraction peaks 
become sharper consistent with the shape transformation from very small 
spherical particles to short rods and long wires or to cube-like nanocrystals. 

Figure 13-b displays the UV-Vis and PL spectra of the Ce0 2 cube-like 
nanocrystals. The UV-absorption shows a peak around 300 nm corresponding to 
a charge transfer transition from O to Ce in the Ce0 2 nanocrystals. Extrapolation 
of the absorption edge of this band (335 nm) indicates a band gap of 3.7 eV, 
which confirms the strong quantum confinement in the prepared Ce0 2 cube-like 
nanocrystals. This value is consistent with the reported band gap energies of 
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Figure 12. TEM images of Ce02 nanocrystals with different shapes: 
(a) spheres, (b) rods, (c) wires and (d) cubes. 

ceria nanoparticles (3.03 to 3.68 eV) prepared using sonochemical synthesis and 
larger than the values (3.38 to 3.44 eV) reported for the particles prepared using 
reverse micelles (39, 40). The PL spectrum shows a major band around 430 nm, 
and two low energy bands which could be attributed to surface trap states. These 
bands could be related to surface modifications of the nanocrystals by the 
oleylamine passivation. 

E. Metal and Metal Oxide Nanostructures 

In this section, we demonstrate the application of the MWI method for the 
synthesis of nearly monodisperse metal and metal oxide nanocrystals. These 
syntheses are carried out by the MW decomposition of the metal precursors 
within the reducing environment of the oleylamine ligand. Figure 14 displays 
TEM images of Au, Ag, Co and Ni nanocrystals prepared with metal precursor 
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to oleylamine ratio of 1: 15 within 1-3 min MWI times. Both Au and Ag 
produce uniform spherical nanocrystals while Co and Ni result in facetted 
particles. The size of the particles can be controlled by varying the MWI times, 
the metal precursor to ligand ratio, and the OAm to OAc ratio. The addition of a 
small amount of OAc results in smaller nanocrystals due to its strong binding to 
the nanocrystals which inhibits further particle growth. However, if higher 
concentrations of OAc are used, the reducing environment provided by the 
OAm decreases and metal ions may not be efficiently reduced. The XRD 
patterns (not shown) of the synthesized metal nanocrystals exactly match the 
patterns of the corresponding bulk metal powders thus confirming the purity of 
the nanocrystals and the absence of oxides. 

Figure 14. TEM images of Au, Ag, Co and Ni nanocrystals. 

Figure 15 displays representative TEM images of the synthesized ZnO, 
Ga 30 4 , Mn 3 0 4 and ln 3 0 4 nanocrystals. The compositions of the oxide 
nanocrystals have been confirmed by the XRD data. These nanocrystals are 
produced by the MW decomposition of the corresponding metal acetylyace-
tonate in oleylamine -DMF solutions (mole ratio of acetylacetonate: OAm is 
1:15). Under these conditions, Ga 3 0 4 and Mn 3 0 4 nanocrystals form spherical 
particles while ZnO and ln 3 0 4 produce nanoprisms and nanoplates, respectively. 
We are currently exploring the use of mixed ligand systems such as OAm -
OAc and ODA as well as different metal precursors in order to control 
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the composition of the oxide nanocrystals. For example, in addition to Mn304, 
MnO nanocrystals can be synthesized by adding a few drops of formic acid to 
the oleylamine liganding solvent which tends to increase the reducing 
environment necessary for the synthesis of MnO. 

Figure 15. TEM images of ZnO prisms, Ga304 spheres, Mn303 spheres 
and ln304 cubes. 

It is clear from the above examples that by manipulating the nucleation and 
growth kinetics of the nanocrystals through the choice of the appropriate 
precursors, ligand systems, solvents and the MWI times, one can control the 
size, shape and composition of the resulting nanocrystals. 

Conclusion and Outlook 

In conclusion, the microwave irradiation method is simple, versatile and 
rapid. It allows the synthesis of a wide variety of semiconductor, metal, metal 
oxide and doped metal oxides with controlled size and shape. The important 
advantage of microwave dielectric heating over convective heating is that the 
reactants can be added at room temperature (or slightly higher temperatures) 
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without the need for high-temperature injection. The method allows the 
passivation of the nanostructures by ligating organic solvents of variable 
structures and surface properties. Passivated nanorods and nanowires can be 
synthesized by appropriate choice of the organic ligands and the experimental 
parameters. 
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Chapter 18 

Ion Transport in Sulfonated Nanoporous Opal Films 

Joanna J. Smith and Ilya Zharov 

Department of Chemistry, University of Utah, Salt Lake City, UT 84112 

Nanoporous silica colloidal crystalline films (opals) containing 
ca. 35 layers of self-assembled 170-nm-diameter silica spheres 
have been surface-sulfonated by treatment with 1,3-
propanesultone. The transport of ions through these films as a 
function of ion charge, pH and solution ionic strength has been 
studied using cyclic voltammetry in water. At neutral pH and 
low supporting electrolyte concentration the flux of anions 
through the opal film is blocked, while the flux of cations is 
increased, compared to the unmodified silica opal films. The 
permselectivity is pH dependent and is due to electrostatic 
repulsion/attraction that can be modulated by changing the 
ionic strength of the contacting solution. 

248 © 2008 American Chemical Society 
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There is a growing interest in functional nanoporous membranes with 
applications in separations, drug release and fuel cells. Silica colloidal crystals 
(opals) are promising candidates for such materials. Indeed, synthetic opals 
form via self-assembly (7), contain ordered arrays of three-dimensional 
interconnected nanopores, they are characterized by a diffusive flux that is only 
ca. 10 times smaller relative to the free solution value, independent of the size of 
the nanopores (2), and the chemical modification of the opal surface is facile 
(14). 

Recently, we described amine-modified thin nanoporous opal films 
functioning as cation-selective pH-responsive membranes (5,6), modification of 
opal film surfaces with chiral selector moieties (7) and polymers brushes (8), as 
well as the preparation of suspended defect-free opal membranes (9). The 
potential of colloidal crystals as separation media has been also recently 
recognized by Ozin et ah (10) and Wirth et al. (11,12). 

In the present report we describe the preparation and transport studies of 
surface-sulfonated opal films. We demonstrate the transport selectivity for both 
cations and anions based on electrostatic attraction/repulsion. 

Experimental Section 

Materials. Hexaamineruthenium (III) chloride, Ru(NH 3) 6Cl 3 (99%, Strem 
Chemicals), potassium chloride (99%, Mallinckrodt), potassium hexachloro-
iridate (III), K 3 IrCl 6 (98%, Aldrich), l,l'-ferrocenedimethanol (98%, Aldrich), 
and 1,3-sultone (98%, Aldrich) were used as received. 

Silica spheres were synthesized (13-16) by adding 0.2 M tetraethyl 
orthosilicate (TEOS) in absolute ethanol to a solution of 1.1 M ammonia and 17 
M water in absolute ethanol. The mixture was stirred for 24 hours at room 
temperature. Silica spheres were collected and purified by repeated 
centrifugation in absolute ethanol. The diameter of the spheres was determined 
to be 440±11 nm using SEM. 

Pt Microdisk Electrodes. Pt microdisk electrodes (25 |im in diameter) 
shrouded in glass were prepared by first attaching a 1.0 mm diameter Cu wire 
(Alfa Aesar) to a 25 um diameter Pt wire using Ag paint (DuPont). The Pt wire 
was then flame-sealed in a glass capillary; the capillary was bent to a U-shape 
and the end cut orthogonal to the length of the capillary with a diamond saw to 
expose the Pt disk. The resulting electrodes were then polished with microcut 
paper discs (Buehler), from 240 to 1200 grit in succession, until the surface was 
free from visible defects. 

Sulfonated Opal Films. Opal films were assembled on the electrode 
surfaces by placing the electrodes vertically (17) in a 1.5 wt% colloidal solution 
of the silica spheres in ethanol and letting the solvent evaporate for 2-3 days in a 
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Figure 1. Zeta-potential of the unmodified (diamonds) and sulfonated (squares) 
170-nm-diameter silica spheres in water at different pH. 

vibration free environment. The 1.5 wt% silica spheres solution produced 35-
layer films as was shown by SEM (5). 

The surface of the spheres, after assembly into opal films on the Pt 
electrode, was modified with sulfonic acid groups by immersing the electrode 
under nitrogen in dry toluene containing 0.05 M of 1,3-propanesultone for 2 
days at 80 °C (Scheme 1). After the modification, the electrodes were soaked 
and rinsed in dry acetonitrile. 

Voltammetric Measurements. The flux of permeants across the opal film 
was measured voltammetrically using a 2-electrode cell and an Ag/AgCl 
reference/counter electrode. A Par Model 175 Universal Programmer and 
Dagan Cornerstone Chem-Clamp potentiostat were used to conduct the 
measurements. Data were recorded with a PC using programs written in 
Lab View. Aqueous solutions were prepared using 18 MQ-cm water obtained 
from a Barnstead "E-pure" water purification system. Al l solutions were purged 
with N 2 to remove dissolved 0 2 . pH was adjusted by the addition of acetic acid 
and sodium hydroxide. 

Surface Charge and Composition Measurements. Dynamic light scatter
ing (Brookhaven ZetaPALS) was employed to determine the Zeta-potential of 
the sulfonated silica spheres (Figure 1). X-ray photoelectron spectroscopy 
(Kratos AxisUltra DLD) was used to determine the degree of surface 
sulfonation. 
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Results and Discussion 

Sulfonation of Opal Surfaces 

The sulfonation of the silica spheres was conducted both in toluene 
colloidal solution (for surface charge and composition characterization) and in 
opal films using the reaction shown in Scheme 1. The presence of the sulfonic 
groups has been confirmed by XPS that showed a peak corresponding to sulfur 
atoms. In addition, the modified silica spheres possessed a much lower zeta-
potential than unmodified silica spheres at low pH (Figure 1). Based on zeta-
potential measurements we estimate that at least half of the silanol groups have 
been replaced by the sulfonic groups. 

Effect of Opal Film Sulfonation on the Molecular Flux. 

Figure 2 shows the voltammetric responses of 25 |im-diameter Pt microdisk 
electrodes carrying an opal film of ca. 35 layers 170 nm silica spheres in 
aqueous solutions containing three redox couples: a multiply charged anion, a 
multiply charged cation and a neutral molecule. The voltammetric responses for 
each redox couple display a sigmoidal shape characteristic of near steady-state 
radial diffusion of the redox species to a microelectrode (18). 

E,Vvs.Ag/AgCI 

Figure 2. Representative voltammetric responses of an opal film electrode 
before (top curve) and after (bottom curve) surface sulfonation of the opal for 

(A) IrCl6

3~, (B) Ru(NH3)6

3+, and (C) Fc(CH2OH)2 at neutral pH. 

Permselective behavior is readily apparent in the voltammetric response of 
the electrode after covalent attachment of sulfonic acid groups to the silica 
spheres. At pH -7 and 0.1 M KC1, the voltammetric limiting current, i^ 
corresponding to the one-electron oxidation of IrCl 6

3 ' is diminished (Figure 2A), 
iiim, corresponding to the one-electron reduction of Ru(NH 3) 6

3 + is increased 
(Figure 2B), while i^ for the one-electron oxidations of Fc(CH2OH)2 remains 
approximately the same as before surface modification (Figure 2C). This result 
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is consistent with electrostatic attraction of the cationic species, Ru(NH 3) 6

3 +, and 
electrostatic repulsion of the anionic species, IrCl6

3", by negatively charged 
surface sulfonic groups. These results have been reproduced on ten sulfonated 
opal electrodes, with the limiting current drop observed for IrCl 6

3 ' was 28±6 % 
and the limiting current increase for Ru(NH 3) 6

3 + was 36±8 %. 
To verify that the permselectivity results from the surface modification of 

the opal and not of the Pt electrode surface, we treated the bare Pt electrodes 
with 1,3-sultone in dry toluene at 80 °C. The treated electrodes did not show 
any permselective behavior. 

pH Effect on Diffusion through Sulfonated Opal Films 

The limiting current, / l i m, was used as a measure of the molecular flux 
through the opal films. Figure 3 shows the voltammetric responses of 
sulfonated opal electrodes in water to changes in pH. 

As clearly seen in Figure 3, the diffusion of the positively charged species 
across the sulfonated opal film is further accelerated by increasing the pH of the 

Figure 3. Voltammetric responses of the sulfonated opal electrode as a function 
ofpHfor Ru(NH3)6

3+ (A) with the corresponding limiting current dependence 
on pH (B), and for IrCl6

3' (C) with the corresponding limiting current 
dependence on pH (D). 
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contacting solution, which is likely the result of the further deprotonation of the 
surface sulfonic groups. In contrast, the flux of IrCl6

3" is further reduced as the 
pH of the contacting solution is increased. 

Ionic Strength Effect on Diffusion through Sulfonated Opal Films 

In order to demonstrate that the permselectivity in sulfonated opal films is 
electrostatic in nature, we studied the diffusion of Ru(NH 3) 6

3 + and IrC^ 3 ' through 
the films as a function of solution ionic strength, using KC1 as the electrolyte at 
pH ~7 in water. Increasing the solution ionic strength reduces the diffusion rates 
for the positive species, Ru(NH 3) 6

3 + (Figure 4A-B), while the transport rate of 
negatively charged species, IrCl6

3", increases with the increasing ionic strength. 

Figure 4. Voltammetric responses of the sulfonated opal electrode as a function 
ofKCl concentration for Ru(NH3)6

3+ (A) with the corresponding limiting current 
dependence on [KCl] (B), andfor IrCl6

3' (C) with the corresponding limiting 
current dependence on [KCl] (D). 

These observations clearly demonstrate the electrostatic nature of the 
permselectivity. Indeed, as electrolyte is added to the solution, it screens the 
charge of the surface ammonium groups allowing diffusion of the positively 
charged species through the opal film. 
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Conclusions 

We demonstrated that the surface of opals can be modified with sulfonic 
groups using 1,3-propanesultone. This leads to opal films with nigh negative 
surface charge in the wide pH range and results in accelerated transport of 
positively charges species and blocking of the negatively charged species. We 
showed that this permselectivity is pH and ionic strength dependent. Thus, it is 
based on electrostatic attraction/repulsion between the negatively charged opal 
surface and diffusing ions. The permselectivity is modulated by the Debye 
screening length of the electric field within the pores of the opal film. 
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Chapter 19 

Convectional, Sedimentation, and Drying Dissipative 
Patterns of Colloidal Dispersions and Solutions 

Tsuneo Okubo1,2 

1Cooperative Research Center, Yamagata University, Johnan 4-3-16 
Yonezawa 992-8510, Japan 

2Current address: Institute for Colloidal Organization, Hatoyama 3-1-112 
Uji 611-0012, Japan 

Convectional, sedimentation and drying dissipative structural 
patterns on a cover glass, a watch glass and others in the 
course of drying colloidal dispersions and solutions of simple 
electrolytes, polyelectrolytes, neutral polymers, bio-polymers, 
detergents and others, have been reviewed. Cell convections 
and convectional flow of solvent and solutes from central area 
toward outside edges along the bottom substrates are observed. 
Primarily sedimentation patterns are broad ring but vague 
microscopically. Sedimentary solutes moved in the balance 
between convectional flow and the sedimentation. Principal 
macroscopic drying patterns are broad rings and spoke-like 
ones. The microscopic patterns such as star-like, needle-like, 
street road-like, blanch-like, string-like, cross-like are formed. 
The stratified structures form from macro to micro scales. 
Importance of the shape and size of solutes on the dissipative 
patterns is clarified. 

256 © 2008 American Chemical Society 
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Generally speaking, most structural patterns in nature form via self-
organization accompanied with the dissipation of free energy and in the non-
equilibrium state. In this aspect, three dimensional colloidal crystals, which have 
been studied by the author, for example, is one of the self-organization but close 
to the energy conservative and the equilibrium state (1-7). Among several factors 
in the free energy dissipation of aqueous colloidal suspensions, evaporation of 
solvent molecules at the air-solvent interface and the gravitational convection are 
very important. In order to understand the mechanisms of the dissipative self-
organization of the simple model systems instead of much complex nature itself, 
the authors have studied the convectional, sedimentation and drying dissipative 
patterns of suspensions and solutions as systematically as possible. 

Several papers on the pattern formation in the course of drying the colloidal 
suspensions have been reported so far (8-23). Most of the papers, however, 
studied the liquid-like suspensions in the particle distribution. Electrostatic inter-
particle interactions have been pointed out as one of the important factors for the 
dissipative structures. Hydrophobic and hydrophilic interactions are also 
demonstrated to be important in the drying processes (21-23). Gelbart et al. 
(11,12,14) examined the mechanism of solvent dewetting in broad rings formed 
by drying metal colloids on a substrate. Haw (24), Narita et al. (25) and Mahesh 
et al. (26) have studied the dynamic and phase transitional processes in dryness. 
Shimomura et al. and other researchers have studied intensively the dissipative 
patterns in drying polymer solutions (27). 

In the author's laboratory drying dissipative patterns have been studied for 
suspensions and solutions of many kinds of colloidal particles (28-40), linear-
type polyelectrolytes (41), water-soluble non-ionic polymers (42), biopolymers 
(43), gels (44) and detergents (45-47) on a cover glass. Recently the 
sedimentation dissipative patterns have been studied in the course of drying 
suspensions of colloidal silica spheres and green tea in a glass dish, a watch glass 
and others (34-36). Furthermore, convectional patterns were studied for Chinese 
black ink and the 100 % ethyl alcohol suspensions of colloidal silica spheres 
(30,33). The existence of the small circle-like cell convections, proposed by 
Terada et al., for the first time were supported (48-50). 

Drying Patterns of Suspensions 

Drying Patterns of Spherical Colloidal Suspensions Including Colloidal 
Crystals 

Figure 1 shows the typical patterns formed in the drying a series of 
suspensions of colloidal silica spheres, their diameters ranging from 29 nm to 
1.09 jLim and at the concentrations of 0.0333 in volume fraction (37). The broad 
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rings and the spoke-like cracks were observed. There were quite few spheres in 
the central region, whereas broad ring-like region was occupied with many 
spheres. Clearly, the cracks were formed in the process of shrinking of the 
wetted films (39). Interestingly, the cracks were introduced in the final stage of 
drying the colloidal suspensions along the outer edges first, where the dryness 
proceeds in advance. The cracks curved and then developed straight toward the 
center of the film. It is impressive that the new cracks developed successively 
keeping the same angle with the adjacent elder cracks (39). Clearly, film is 
transparent and so many cracks are observed for small spheres. When sphere 
size increases, film becomes white and the number of the cracks decreases 
sharply. Increase in size will result in increase in the elastic modulus of the film 
and then in decrease in the crack number. It should be noted here that so many 
potential cracks are formed already in the suspension state by the cell 
convections and the convectional flow of spheres and solvents. The spoke-like 
cracks and the broad ring patterns were observed for almost all the suspensions 
and solutions examined so far. 

A main cause for the broad ring is due to the convection flow of solvent and 
colloidal spheres. Especially, the flow of the colloidal spheres from the central 
area toward outside edges in the lower layer of the liquid drop is important, 
which was observed directly from the movement of the very rare aggregates of 

Figure 1. Drying patterns of colloidal silica spheres on a cover glass at 25 °C. 
a CS22p (29 nm in diameter), b CS45 (56.3 nm), c CS82 (103 nm), d CS161 

(183 nm), e CS301 (311 nm),fCS1001 (1090 nm), in water, 0 = 0.0333, 
0.1 ml, length of the bar is 5 mm. 
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the particles (30). The flow is enhanced by the evaporation of water at the liquid 
surface, resulting in lowering of the suspension temperature in the upper region 
of the liquid. When the spheres reach the edges of the drying frontier at the 
outside region, a part of the spheres will turn upwards and go back to the center 
region. However, the movement of most spheres may stop at the frontier region 
because of the disappearance of water. These processes must be followed by the 
broad ring-like accumulation of the spheres near the round edges. It should be 
noted here that the importance of the convectional flow of colloidal spheres in 
the ring formation has been often reported in the process of film formation (16). 

Figure 2. Drying patterns of polystyrene spheres (Dl W52, 88 nm in diameter) on 
a cover glass at 25 °C. In water, a</> = 0.011, 0.2 ml, length of the bar is 1.0 mm, b 

0.011, 0.2 ml, 0.2 mm, c 0.001, 0.1 ml, d(a) D1W52, 0.0000885, 0.1 ml, 10 jum, 
(b) CS82 (colloidal silica spheres, 103 nm in diameter), 0.00133, 0.1 ml, 10 jjm. 

Figure 2 shows the drying patterns from macro- to micro-scale. Most 
extended micro-scale patterns of colloidal crystals of polystyrene and silica 
spheres are shown in Figures 2(d), left- and right-hand side, respectively. Clearly, 
the stratified structures form from macro to micro scales. These microscopic 
patterns must be made by the movement of spheres to associate with each other, 
especially in the final stage of drying processes. Branch-like fractal patterns were 
observed for a series of colloidal silica spheres ranging from 29 nm to 311 nm 
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and in the only limited conditions of sphere concentrations. The fractal 
dimensions of drying patterns of polystyrene and silica spheres were 1.45 (29) 
and between 1.3 and 1.9 (25), respectively. 

Interestingly, the single crystals were observed during the dryness. The size 
of single crystals increased in the course of dryness, which clearly shows that the 
contamination of the suspensions with air, especially with carbon dioxide, 
progresses with time. It is well known that the crystal size becomes largest at the 
salt concentration of crystal melting (1,5). The crystal size began to decrease 
after passing the maximum as time proceeded. The single crystals were not 
recognized in the wet drying state. However, the peak appeared even for the wet 
film and for the completely dried film in the reflection spectroscopy. The peak 
wavelength at the beginning stage of drying shifted to the longer wavelengths, 
and then decreased with time, especially drastically in the final stage of drying 
(28). 

Drying patterns of colloidal crystals of silica spheres in water, methyl 
alcohol, ethyl alcohol, 1-propyl alcohol, diethyl ether and in the mixtures of 
ethyl alcohol with other solvents have been studied on a cover glass (39). The 
broad rings were observed. Much distinct broad rings appeared in the inner area 
when solvents were ethyl alcohol, methyl alcohol and their mixtures. Profiles of 
the thickness of the dried films were sensitive to kind of the organic solvents, 
and explained well with changes in the surface tensions, boiling points and 
viscosities of the solvents. Drying patterns of the binary mixtures of colloidal 
silica spheres in a watch glass were composed of the outer broad ring of small 
spheres and the inner ring of large spheres, and the width ratio of the rings 
changed in proportion to the mixing ratio in volume fraction (51). On a cover 
glass the width of the broad rings of small spheres at the outside edges increased 
as the mixing ratio of small spheres increased. Clearly, observation of the 
sedimentation and drying patterns is one of the novel quantitative analysis 
techniques. Recently, the sedimentation and drying patterns of the ternary 
mixtures of spheres have been studied (52). 

Drying Patterns of Non-spherical Colloidal Suspensions 

Drying patterns of fractionated bentonite suspensions were studied (32). The 
broad rings were observed and their widths increased sharply as particle 
concentration increased. There appeared a hill in the center region in addition to 
the broad ring. These hills in the central area have not been observed for the 
suspensions of any kind of spherical particles. The rotational movement must be 
highly restricted for the anisotropic-shaped particles (plate-like ones here), and 
the sliding movement will be in major especially in the area close to the substrate. 
This restricted Brownian movement must be correlated deeply with the 
appearance of the hill in the center. 
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Figure 3 shows the pattern formation processes of the bentonite suspension. 
The drying frontier moves from right to left with time in the pictures. The 
border between the liquid and solid regions is the frontier zone of drying. Soon 
after setting the suspensions, vague wrinkle patterns appeared. As time elapsed, 
the drying frontier moved to the left side, and the vague patterns formed in the 
liquid phase became clearer and finer in the course of solidification. These 
observations suggest strongly that the patterns grow and are already fixed in the 
suspension phase. Broad ring patterns in the deionized suspensions shifted 
toward the single round hill pattern by the addition of sodium chloride. 
Association of the plate-like particles is highly plausible. Substantial decrease in 
the translational movement of the associated particles is one of the main reasons 
for the very interesting change in the patterns. 

Figure 3. Drying patterns of bentonite particles on a cover glass at 25 °C. In 
water, w = 4.6 mg/ml, 0.05 ml, a 46 min 30 s after dropping the suspension, 

b 48 min, c 48 min 45 s, d 49 min 50 s, length of the bar is 10 jam. 

Drying patterns of Chinese black ink on an unrinsed cover glass have been 
studied. The broad rings are observed at the outer edges irrespective of 
concentration. The width (W) of the broad ring regions increased when the 
concentration increased. The spoke-like hills appeared but cracks were not 
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observed. Chinese ink contains the glue component and the film must be strong 
enough to make cracks. 

Drying Patterns of Solutions 

Drying Patterns of Polymers Including Gels 

Drying patterns of poly (allylamine hydrochloride), one of the cationic 
polyelectrolytes, were studied on a cover glass (41). Figure 4 shows the typical 
examples of the patterns. Fractal dimension increased from 1.2 to 1.6, as 
polymer concentration increased from lxl0" 6 monoM to 0.01 monoM. Drying 
patterns of a series of poly (4-N-alkylpyridinium halide) were studied (53). The 
patterns were influenced significantly with the hydrophobicities of the 
polyelectrolytes. Drying patterns of aqueous solutions of biological 
polyelectrolytes, sodium poly (a, L-glutamate) and poly (Z-lysine hydrobromide) 
were studied on a cover glass (43). Below the critical polymer concentration, m* 
the dried patterns shrank only around the center area. Above m*, on the other 
hand, drying area extended throughout the initial solution area. The macroscopic 
broad rings and the spoke-like crack patterns were observed. Microscopic 
patterns such as cross-like, rod-like, block-like and further city-road-like patterns 
appeared. 

Drying dissipative patterns of thermo-sensitive gels of poly (7V-isopropyl 
acrylamide) were studied on a cover glass (44). As the suspension temperature 
rose, the small size of drying area extended transitionally at the critical 
temperature ca. 35 °C. The principal patterns at 25 °C were the single or multiple 
broad rings of the hill accumulated with the gels. At 50 °C, on the other hand, the 
beautiful flickering spoke-like patterns were observed at the inner area of the 
broad ring (see Figure 5). These observations support that the extended gel 
spheres at low temperatures apt to associate weakly to each other, whereas the 
gels at high temperatures shrink and move rather freely with the convectional 
flow of water, though the very weak inter-gel attractions still remain. It should be 
mentioned that the flickering spoke-like patterns show the traces of the cell 
convection of water and gels. 

Drying Patterns of Ionic and Non-ionic Detergents 

Cationic surfactant of H-dodecyltrimethylammonium chloride (DTAC) was 
studied (45). At low concentrations the pattern area shrank in the center and the 
broad ring regions distributed roundly in the outer edges. At the highest 
concentration of 0.01 M a broad ring was observed. Clearly, the microscopic 
patterns of DTAC are cross-like irrespective of the location. The microscopic 
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patterns of DTAC coexisting KCl , CaCl 2 and LaCl 3 were also studied. When the 
concentrations of detergent and salt are comparable to each other, tree branch
like and arc-like patterns were observed, which are entirely different from those 
of the purely detergent or salt solutions. The patterns are also similar to the 
microscopic structures of poly (allylamine hydrochloride) (41). These results 
suggest that the micelle structure of DTAC is in the form of a long rod in the 
solution just before the solidification. The drying patterns of a series of anionic 
ones of sodium w-alkyl sulfates were studies on a cover glass (46). The broad 
ring patterns are formed. The microscopic patterns of the small blocks, star-like 
and branched strings are formed. 

Figure 4. Drying patterns of Poly (allylamine hydrochloride) on a cover glass at 
25 °C. In water, 0.1 ml, length of the bar is 0.2 mm, a lxlff7monoM, b lxlO6 

monoM, c lxlOf5 monoM, dlxl0'4 monoM, e lxl0s monoM. 

The drying patterns of aqueous solutions of polyoxyethylene alkyl ethers 
have been observed (47). The shift from the single round hill to the broad ring 
patterns occurs as the HLB (hydrophile-lipophile balance) of the surfactant 



264 

molecules increases. Microscopic patterns of small blocks, star-like patterns and 
branched strings are formed. Size and shape of the surfactant molecules and 
their micelles themselves influence the drying patterns. The pattern area and the 
time to dryness have been discussed as a function of surfactant concentration 
and HLB of the surfactants. 

Figure 5. Drying patterns of thermo-sensitive gels. In water, 0.05 ml, w = 0.01 
g/ml, a 25 °C, length of the bar is 2.0 mm, b 25 °C, 0.5 mm, c 45 °C, 2.0 mm, 

d45 °C, 0.5 mm. 

Drying Patterns of Dyes and Simple Electrolytes 

Drying dissipative structural patterns formed in the course of drying ethyl 
alcohol solutions of rhodamine 6G, uranine, 7-hydroxy coumarin and 7-amino-4-
(trifluoro methyl) coumarin were studied on a cover glass (54). The macroscopic 
broad ring patterns formed for all the solutions examined, which supported 
importance of the convectional flow of ethyl alcohol and dye solutes. Dried area 
increased as dye concentration increased above the critical dye concentration. 
Microscopic fine patterns including street-like, needle-like and flower-like 
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crystal structures were formed in the solidification processes. Change in the 
functional side group moieties of the dye gave the strong effect on the 
microscopic drying patterns even the main chemical structures are same. Kinetic 
aspect of the drying patterns was also studied. Drying patterns of KCl, NaCl, 
CaCl 2 and LaCl 3 and the binary mixtures among them were studied on a cover 
glass (55). Patterns were determined greatly in the process of the solidification, 
i.e., crystallization. 

Sedimentation and Convectional Patterns of Suspensions 

Sedimentation Patterns of Colloidal Dispersions 

The author observed the sedimentation dissipative structures, which must 
play an important role for the drying patterns, for several kinds of colloidal 
suspensions. Frankly speaking, the author became aware of the importance of the 
convectional flow for the broad ring formation of Ocha (plate-like and colloidal 
size of Japanese green tea particles, ca. 7 ^m in the largest axis) accumulating on 
the slope of the inner surface of an Ochawan (tea bowl) (34). The sedimentation 
patterns of broad rings have been always observed when Ocha was prepared by 
swing a tea bag in an Ochawan containing hot water. Formation of the broad-ring 
patterns were retarded when a tea cup is covered with a cap, which demonstrates 
the important role of convectional flow of water and tea particles. The 
sedimentary particles were suspended above the substrate of the cell and always 
moved by the convectional flow of water. The broad ring patterns became sharp 
just before the solidification occurs. Interestingly, the broad rings were formed 
even in an inclined glass dish, though the rings were transformed slightly, which 
demonstrates the strong convectional flow of tea particles. The drying broad 
rings and the microscopic fine structures were formed in the solidification 
processes on the basis of the convectional and sedimentation patterns in 
suspension state. 

Systematic studies on the sedimentation patterns have been made for 
colloidal silica spheres of 1.2 ^m and 305 nm in diameter on a glass dish, a 
watch glass and a cover glass (35,36,40). The macroscopic broad ring patterns 
were formed on the inner inclined watch glass in suspension state within a short 
time after suspension was set (35). It was clarified that the sedimentary spheres 
move toward upper and outer edges along the inclined cell wall by the cell 
convection and hence the patterns are formed by the balancing between the 
outside movement and the downward sedimentation of the spheres. Beautiful 
microscopic drying patterns were observed from the optical microscopy. It 
should be mentioned here that the drying patterns of the colloidal silica spheres 
containing NaCl were star-like ones, which strongly supports the synchronous 
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cooperative interactions between the salt and colloidal spheres in the suspension 
state. Figure 6 shows the typical examples of the dendritic drying patterns of 
silica spheres with coexistence of small amount of NaCl and the star-like 
patterns of NaCl surrounded by the dendrite patterns of silica spheres at high 
salt concentrations on a glass dish. 

Figure 6. Microscopic drying patterns of silica spheres (1.205 fjm in diameter) 
in a glass dish at 24 °C (j> = 0.00129, 10 ml, a [NaCl] = 0.0003 M, b 0.0006 M, 

c 0.001 M, d0.003 M. 

Convectional Patterns of Colloidal Dispersions 

At the special experimental conditions on the convectional patterns of 
Chinese black ink, 0.001 g/ml at 25 °C, the convectional flow of the particles 
was visible with the naked eye (30). At 1 min after setting, the particles met 
together and the associated particles distributed at random. However, after 36 
min, the particles started to orient themselves as a result of the convectional 
flow. Surprisingly, after 136 min, the spoke-like lines both in the liquid and in 
the solid phases just coincided with each other. This observation supports that 
the spoke lines were already formed in the suspension phase by the convectional 
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flow. The drying frontier at the border between gray (center part) and black 
regions (edges) moved inside with time. The clear-cut spoke lines appeared 
especially around the outside region of the liquid area. 

A further study on the convectional flow in the course of drying was made 
using a large amount of the ink suspension in a glass dish on a hot plate keeping 
the suspension temperatures between 25 and 80 °C (30). (a) Cyclic cell 
convections around the outside edges of the suspension, (b) grain-like 
convection patterns and (c) smoke-like convection patterns were observed. The 
patterns of the dried films were spoke-like lines, fine circles and the surface 
patterns of the Japanese earthenware called "Shigaraki Yaki", respectively. 

Figure 7. Convectional, sedimentation and drying patterns of 100% ethanol 
suspensions of colloidal silica spheres (110 nm in diameter) in a watch glass at 
25 °C. 0 = 0.00427, 4 ml, a after 7 min, b 25 min, c 40 min, d 50 min, e 60 min, 
f62 min, g 65 min, h 70 min, i 75 rninj 90 min, k 122min, and 1125 min, dry. 

Dissipative structural patterns formed in the course of drying ethyl alcohol 
suspensions of colloidal silica spheres (110 nm in diameter) were studied in a 
glass dish and a watch glass (33). Figure 7 is the typical examples showing the 
dynamic change of the patterns. Vigorous cell convectional flow was observed 
with the naked eyes, and the patterns changed dynamically with time. Within 50 
min after suspension was set, the spoke-like patterns formed outside of the 
mother suspension in the central area. The suspension drops in the outer region 
were bridged sometimes with the mother suspension in the central area, 
disappeared when most of the suspension drops flow down to the mother 
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suspension, and then the suspension flow takes place from the mother suspension 
pool toward outside edges resulting in the appearance of the spoke-like 
suspension drops again. Between 60 min and 75 min, the mother suspension area 
decreased with time and the initial patterns changed drastically to the different 
kind of patterns like the section of lotus-root. After 90 min the suspension 
remained in the central area only, and the broad rings were formed in the final 
course of dryness. Broad-ring like sedimentation patterns were observed in the 
suspension state just before the suspension was dried up, and the principal 
macroscopic drying pattern was also broad-ring, though the colorful and fine 
microscopic structures were also observed from the microscopy. 
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Chapter 20 

Synthesis, Assembly, and Functionalization 
of Polymer-Coated Ferromagnetic Nanoparticles 

Bryan D. Korth1, Pei Yuin Keng1, Inbo Shim2, Chuanbing Tang3, 
Tomasz Kowalewski3, and Jeffrey Pyun1,* 

1Department of Chemistry, University of Arizona, 
1306 East University Boulevard, Tucson, AZ 85752 
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A novel, robust synthetic methodology has been developed to 
prepare and functionalize well-defined ferromagnetic cobalt 
nanoparticles. Polystyrene (PS) surfactants of precise molar 
mass were prepared using controlled radical polymerization 
and used in the synthesis of metallic cobalt nanoparticles by 
the thermolysis of dicobaltoctacarbonyl (Co2(CO)8). 
Transmission electron microscopy (TEM), scanning probe 
microscopy (AFM, MFM), x-ray diffraction (XRD) and 
vibrating sample magnometry (VSM) confirmed that uniform 
(D = 15 nm ± 1.5 nm, PS shell = 2 nm), face centered cubic 
(fcc) cobalt nanocrystals that were prepared and ferromagnetic 
at room temperature (M s = 38 emu/g, Hc = 100 Oe). A ligand 
exchange strategy to functionalize ferromagnetic nanoparticles 
was developed with functional polymeric surfactants. 

272 © 2008 American Chemical Society 
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The preparation of organic/inorganic hybrid materials integrating inorganic 
magnetic colloids and organic macromolecules has been pursued for potential 
applications in biotechnology and microelectronics (7-4). Advances in polymer 
science have enabled synthetic routes to new materials possessing controllable 
mechanical, thermal and electroactive properties (5). However, the preparation 
of wholly organic polymers possessing inherently high magnetic moments and 
coercivity comparable to magnetic metals remains a challenge. A widely 
pursued approach to this problem has been the synthesis of nanocomposite 
hybrid materials with tunable organic and inorganic composition and 
functionality. The hybridization of inorganic and organic materials on the 
nanoscale is often the smallest domain size possible to retain useful properties 
similar to the bulk state (6S). 

Magnetic assembly of particles has been the subject of significant interest 
due to the directionality that is arises via dipolar attractions. This selective 
association has been utilized to organize iron oxide-loaded latex colloids and 
emulsion droplets (100 nm to 30 \xm) into one-dimensional (1-D) ordered 
composite materials (9-77). Despite seminal work with larger dipolar colloids, 
the use of nanoparticles (1 nm to 100 nm) for hierarchical assembly remains 
largely unexplored. Magnetic assembly can be achieved by self-assembly, or 
field induced processes of ferromagnetic nanoparticles into two-dimensional 
arrays using a "bottom up" methodology (18,19). The use of magnetic 
nanoparticles is particularly intriguing, as organic polymers can be hybridized 
with inorganic colloids to form novel nanocomposite materials with synergistic 
properties (1,20,21). However significant challenges in the synthesis and 
functionalization of ferromagnetic nanoparticles has stifled further progress in 
this area. 

Both small molecule and macromolecular organic compounds have been 
used as surfactants, or stabilizers to prepare magnetic nanoparticles. Polymeric 
surfactants offer distinct advantages as nanoparticle functionality can be 
modified by tuning the composition of polymers bound to colloidal surfaces via 
copolymerization, or post-functionalization strategies. The nanoscale 
dimensions of these surface bound polymers are well-suited to sterically stabilize 
magnetic colloidal dispersions that are strongly associative and readily 
agglomerate with small molecule surfactants. 

The synthesis of well-defined ferromagnetic nanoparticles is intriguing, as 
the inherent dipolar associations between certain metallic colloids enables 
selective 1-D assembly. A number of methods have been reported for the 
synthesis of uniform magnetic nanoparticles that are superparamagnetic via 
thermolysis of metal carbonyl precursors, reduction of metal salts (e.g., "polyol 
methods", sodium borohydride), or oxidation of preformed metallic colloids 
(22,25). The preparation of ferromagnetic nanoparticles of iron (Fe) and cobalt 
(Co) have been reported using both polymeric and small molecule surfactant 
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systems (24-35). However, methods to synthesize ferromagnetic nanoparticles 
in a highly reproducible fashion that afford materials that can be easily processed 
(i.e., isolated as powders, redispersed in organic solvents) still remains an 
important challenge. 

Herein, we will discuss our recent efforts to prepare well-defined polymer 
coated ferromagnetic colloids and functionalize via a ligand exchange 
methodology. Numerous techniques will also be described in the imaging and 
characterization of these hybrid nanoparticles. 

Synthesis of Polystyrene Coated Cobalt Nanoparticles (36) 

Synthesis of end-functional polystyrene surfactants. Low molecular weight 
polymers (M n < 5,000 g/mol) with a single ligating end-group were synthesized 
using nitroxide mediated polymerization (NMP) (37-40) with functional 
alkoxyamines. The preparation of end-functional polymers bearing primary 
amines, carboxylic acids, or phosphine oxides was targeted to synthesize 
macromolecular surfactants that mimicked the functional of small molecule 
surfactants, such as, oleyl amine, oleic acid and trioctylphosphine oxide (TOPO). 

Figure 1. Synthesis offunctional alkoxyamine initiators for the preparation 
of well-defined polystyrene end-functional surfactants. 

In the initial steps of the synthesis, the well-established benzyl chloride 
functional alkoxyamine of Hawker (1) (37,39,41,42) was prepared and modified 
in a single step with either potassium phthalimide, or dioctylphosphine oxide 
(DOPO) affording alkoxyamines 2 & 3, respectively (Figure 1). Protection of 
the amine functionality in 2 was required to suppress undesirable chain transfer 
reactions in the free radical polymerization step. The use of DOPO based 
ligands was inspired by the work of Emrick et al, which was successfully 
applied to the functionalization of quantum dots with organic polymers (43-46). 
The synthesis of amine functional PS was achieved by the NMP of styrene (Sty) 
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using 2 as the initiator. Deprotection of the phthalimide group using hydrazine 
afforded a well-defined amine end-functional polystyrene (PS-NH2, M n S E C = 
4,900; M w / M n = 1.09). Phosphine oxide terminal polystyrene (PS-DOPO, M n 

SEC = 5,100; M w / M n = 1.10) was synthesized by the direct controlled 
polymerization of styrene (Figure 2). 

Figure 2. General synthetic scheme for the synthesis of amine, or phosphine 
oxide functional PS surfactants (Mn = 5,000 g/mol; MJMn = 1.10) and 

thermolysis of Co2(CO)s to form ferromagnetic PS-CoNPs. (Reprinted with 
permission from reference 29. Copyright 1999 American Chemical Society. 

Polystyrene coated cobalt nanoparticles (PS-CoNPs) were then prepared 
using a 4:1 wt% mixture of PS-NH 2 and PS-DOPO end-functional polystrenes 
(Figure 2). In this system, the thermolysis of Co 2 C0 8 was carried out at 185 °C 
yielding ferromagnetic nanoparticles, similar to a previously reported system by 
Alivisatos et al., using aliphatic amines and TOPO (30,31). As observed for 
cobalt colloids prepared using small molecule surfactants, nanoparticle surfaces 
were ligated with amine and phosphine oxide end-groups, while the polymer 
chain formed a hairy corona that stabilized the nanoparticle with a sterically 
shielding shell while dispersed in organic media. The solid state particle size 
and morphology of PS-CoNPs were characterized using transmission electron 
microscopy (TEM). Samples for TEM were prepared by drop casting a colloidal 
dispersion onto a carbon coated copper grid both in zero-field and magnetic 
field-induced conditions. Low magnification TEM images reveal the formation 
of extended fiber-like assembling spanning several microns in length (Figure 3a). 
TEM images of these assemblies at higher magnification clearly demonstrate the 
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presence of individual cobalt nanoparticles (particle size ~ 15nm, Fig. 3b) 
organized into 1-D chains. The formation of chaining in these systems is a 
well-known signature of ferromagnetism arising from the magnetic dipolar 
associations of individual colloids. These chains are easily aligned into rigid 
rod-like structures using weak magnetic fields (100 mT) from standard 
horseshoe magnets. High resolution TEM clearly image the PS shell as a light 
corona around dark Co colloidal cores which was two nanometers in thickness. 
The retention of the polymer coating on the cobalt colloid was confirmed using 
x-ray photoelectron spectroscopy, as evidenced by the characteristic signature of 
pS with peaks at 284 and 288 ev. 

Figure 3. TEM images offerromagnetic PS-CoNPs (a) self assembled by 
deposition from toluene dispersions onto carbon coated copper grids, (b) cast 
from toluene dispersion and aligned under a magnetic field (100 mT), (c) self-
assembled single nanoparticle chains, (d) high magnification image visualizing 

cobalt colloidal core (dark center) and pS surfactant shell (light halo). 
(Reprinted with permission from reference 29. Copyright 1999 American 

Chemical Society.) 

Aligned chains of nanoparticles were also clearly evident in topographical 
tapping-mode A F M (Figure 4) images. PS-CoNP chains were imaged as thin-
fiber like features composed of individual nanoparticle repeating units spanning 
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microns in length. These micron-sized chains were referred to as mesoscopic 
polymer chains, or simply "meso-polymers", drawing analogies to organic 
macromolecules on the nanoscale. PS-CoNP meso-polymers cast onto mica 
subtstrates were found to remain as 1-D assemblies under both "light" and 
"hard" tapping conditions in A F M imaging experiments, which was attributed to 
both dipolar associations and interdigitation of PS hairs between nanoparticles. 

Figure 4. AFM topography (a) and amplitude (b) images (size 10 * lOjum2) of 
PS-CoNP meso-polymer chains cast onto carbon-coated mica from toluene 

dispersion in the presence of external magnetic field (100 mT). (Reprinted with 
permission from reference 29. Copyright 1999 American Chemical Society.) 

Due to the ferromagnetic nature of PS-CoNPs, magnetic force microscopy 
(MFM) in pure non-contact mode was conducted to interrogate the morphology 
of ultrathin films from aligned meso-polymer chains (Figure 5). Al l particles in 
MFM images appeared brighter than the nearby substrate surface, and the 
observed contrast did not depend on the direction of tip magnetization. Such 
behavior can be viewed as an indication that nanoparticle dipole moments were 
practically parallel to the surface. M F M images depict either the phase or 
frequency shift induced by the tip-sample force in the oscillating cantilever 
scanned at constant height above the previously recorded tapping mode-AFM 
topographic profile. For tip-sample forces perpendicular to the surface, the 
phase or frequency shift of the cantilever is a function of the gradient of tip-
sample force and the brighter regions correspond to weaker attraction (or 
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stronger repulsion). Reversal of tip magnetization resulted in contrast reversal in 
M F M images. The absence of reversal indicates that the net tip sample force 
was dominated by the component which was neither repulsive nor attractive. 
Such a situation would correspond to the sample magnetization dominated by 
the component parallel to the surface. 

Figure 5. AFM Topography and MFM images (size 10 * 10 jum2) ofPS-CoNPs 
cast onto carbon-coated mica in the presence of 100 mT magnetic field. Left: 

AFM, height; middle: MFM, frequency; right: MFM, phase. Indentical 
features imaged in all three modes of imaging provide compelling confirmation 
of 1-D morphology of assembled ferromagnetic nanoparticles. (Reprinted with 
permission from reference 29. Copyright 1999 American Chemical Society.) 

The presence of end-ligating PS surfactants on CoNPs enabled isolation of 
hybrid nanoparticles as powders via precipitation and facile redispersion in a 
variety of non-polar organic solvents (e.g., toluene, THF, dichloromethane). 
PS-CoNPs possessing polymer hairs of sufficient molar mass (M n > 5000 g/mol) 
were found to afford colloidal stable dispersion that remained dispersed under 
dilute concentrations (c < 1 mg/mL) over a period of several months. 
Conversely, ferromagnetic CoNPs of similar size passivated with small 
molecular surfactants of oleic acid and TOPO flocculated out of solution in less 
than 24 hr. due to dipolar associations that could not be sufficiently screened 
with a short steric barrier around nanoparticles. 

The solid state structure of inorganic cores of PS-CoNPs was determined 
using x-ray diffraction (XRD). The formation of the face centered cubic (fee) 
phase of cobalt was confirmed, in addition to the presence of a thin cobalt oxide 
(CoO) passivating layer around the metal core. Observation of fee, epsilon (e), 
or hexagonally closed packed (hep) has been reported for the preparation of 
magnetic cobalt nanoparticles under a variety of different conditions. Vibrating 
sample magnetometry (VSM) confirmed that these hybrid materials were weakly 
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ferromagnetic at room temperature ( M s = 38 emu/g, H c = 100 Oe) and strongly 
ferromagnetic at 40 Κ ( M s = 38 emu/g; H c = 2000 Oe). Significant enhancement 
of the magnetic coercivity (H c = 340 Oe) was observed by aligning nanoparticle 
chains under a weak magnetic field at 300 Κ due to the coupling of magnetic 
dipole moments along the 1-D assembly (Figure 6). 

-15000 -10000 -5000 0 5000 10000 15000 

Applied Magnetic Field [Oe] 

Figure 6. VSM spectra of polystyrene coated cobalt nanoparticle powder. 
• - 40 Kt Ο - 300 Κ. (Reprinted with permission from reference 29. 

Copyright 1999 American Chemical Society.) 

The ability to decorate ferromagnetic CoNPs with polymers enables 
enhanced dispersion when blended with free linear polymers, in comparison to 
magnetic nanoparticles coated with aliphatic groups from oleic acid, TOPO, or 
other small molecular surfactant shells. The dispersion of ferromagnetic PS-
CoNPs (PS shell, Mn = 5,000 g/mol) in blends with excess free linear PS (M„ = 
15,000 g/mol) was conducted and evaluated using T E M (Figure 7). These 
experiments confirmed that nanoparticle chains assemble and remain dispersed 
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in the free PS matrix. This result indicates that while the polymer coating on 
nanoparticles enables dispersion in a free polymer matrix, depletion forces from 
the higher molecular weight polymer matrix, in combination with magnetic 
associations, force nanoparticles into 1-D assemblies. 

Figure 7. TEM of PS-coatedferromagnetic cobalt nanoparticle cast onto 
carbon coated copper grid, b) TEM of same PS-coated cobalt nanoparticle 

blended with 10-fold weight excess of free linear PS (Mn = 15,000 g/mol) cast 
onto carbon coated copper grid. PS coated nanoparticles capable of assembly 

when cast both neat (a) and into thin films (b). Scale bar = 100 nm. 

Functionalization of Ferromagnetic Cobalt Nanoparticles 

The versatile functionalization of ferromagnetic colloids has also been 
achieved using a ligand exchange process. While extensive work has been 
dedicated to the functionalization of gold (Au) (38,47-51) and cadmium 
selenide (CdSe) (43,52,53) quantum dots via ligand exchange reactions, 
synthetic methods to functionalize magnetic nanoparticles are lacking. Recent 
examples have demonstrated that superparamagnetic colloids can be 
functionalized using this approach, however, the preparation of functional 
ferromagnetic colloids from ligand exchange has not been reported (35,54-57). 
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This is presumably a major issue accounting for the limited use of magnetic 
colloids for hierarchical assembly and as 1-D templates in thin films. In the 
ligand exchange process, polystyrenic surfactants bearing amine and phosphine 
oxide end-groups are first used to prepare ferromagnetic nanoparticles and are 
then replaced with other functional polymers with end-functional ligands (i.e., -
COOH) that possess a higher affinity for the colloidal surface (Figure 8). The 
major advantage of the ligand exchange process is the mild reaction conditions 
employed in the reaction (T = 25-50 °C) enabling a much wider range of 
functionality that can be introduced to the ferromagnetic colloid periphery, in 
comparison to conditions used to synthesize nanoparticles (T = 185 °C). This 
general methodology can be applied to prepare a tremendous range of 
functional magnetic colloids by simple end-ftmctionalization of polymers, 
which can be extended to electronically active materials (i.e., conjugated 
polymers). 

In our initial efforts with ligand exchange, carboxylic acid end-functional 
polymers were synthesized using atom transfer radical polymerization (ATRP) 

P S - N H 2 , mn« 8,100 P S « € 0 t o a t t Colloids 

Figure 8. General synthetic scheme for the functionalization offerromagnetic 
CoNPs using ligand exchange. Carboxylic acid (COOH) end-functional 

polymers of polystyrene, poly(methyl methacrylate), or poly(n-butyl) acrylate) 
were prepared using atom transfer radical polymerization (ATRP) with a 

COOH functional alkyl halide initiator. Ligand exchange of COOH terminated 
polymers with preformed PS-CoNPs is then conducted to displace existing PS 

surfactants. 
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(6,58-61) to prepare PS, poly(methyl methacrylate) (PMMA) and poly(w-butyl 
acrylate) (PBA) surfactants and functional ferromagnetic cobalt colloids. The 
key advantage of ATRP, NMP and other controlled radical polymerizations is 
the ability to control the molecule weight of macromolecules and dictate the 
placement/connectivity of functional groups along the polymer chain. Using 
copolymerization of comonomers, or modification of protected side chain 
groups on copolymers, a wide range of functionality will be introduced onto 
polymeric surfactants and ferromagnetic nanoparticles. 

We have developed a straightforward analytical method to characterize the 
efficiency of ligand exchange by acidic degradation of metallic colloidal cores 
with mineral acids (e.g., HC1) and recovery of cleaved polymers. A critical 
development in this approach is the ability to cleanly isolate ligand-exchanged 
nanoparticles from free surfactants using centrifugation (e.g., 5,000 rpm, 20 
min.) from good solvents (Figure 9). 

6 
0 
c 
* 5 a> 
01 

m »10,000 gfani 

fWA-COOHait i r 
Igtitd msMmm unci HC! 
M ® 1©?§§§ gltft®§ 

P S Swfectmt Praeamor 

1)PMMA-COOH 
Totem. S0 ®C 

5 10 1i 20 25 
Elytloii Volume (ml) 

HCI 

Figure 9. General scheme for ligand exchange (right) SEC characterization of 
ligand exchange processes (left). Beginning with a PS-CoNP, (PS surfactant, 

Mn = 5,000 g/mol; MJMn = 1.10) ligand exchange with a PMMA-COOH 
surfactant (Mn = 10,000 g/mol; MJMn = 1.18) yielded a PMMA-CoNP. HCI 

degradation of the metallic colloid and recovery of cleaved PMMA chains 
enables confirmation of ligand exchange via SEC. 

Polymer coated cobalt colloids are difficult to characterize directly using 
traditional NMR spectroscopy, or laser light scattering due to both the ferro-
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magnetic properties and the strongly absorbing nature of these materials. Thus, 
by cleavage and recovery of ligand exchanged polymeric surfactants, traditional 
techniques, such as, size exclusion chromatography (SEC) and NMR, can be 
utilized to characterize the structure/composition of organic nanoparticle shells 
(Figure 9). 

Conclusions 

A general and versatile methodology to synthesize and functionalize 
ferromagnetic cobalt nanoparticles with well-defined (co)polymers was 
achieved. The use of NMP and ATRP enabled the preparation of a wide range 
of polymeric surfactants of controllable molar mass, composition and 
functionality which were then used to decorate the surfaces of magnetic cobalt 
nanoparticles. 
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Structural Characterization of Glassy and Rubbery 
Model Anionic Amphiphilic Polymer Conetworks 
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The structure of two series of model amphiphilic polymer 
conetworks based on the hydrophilic anionic methacrylic acid 
was characterized by atomic force microscopy (AFM) and 
small-angle neutron scattering (SANS). In the first series, the 
hydrophobic component was the glassy poly(methyl meth
acrylate), while the rubbery poly(2-butyl-1-octyl methacrylate) 
constituted the hydrophobic segments in the second series. 
Each series comprised conetworks in which the hydrophile / 
hydrophobe ratio was systematically varied as well as 
conetworks with different architecture of the linear chain: 
ABA and BAB triblock and statistical. The AFM and SANS 
measurements indicated nanophase separation in the triblock 
copolymer-based conetworks and provided the spacing, size 
and shape of the formed nanodomains. 
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Amphiphilic polymer conetworks (APCNs) possess unique properties that 
are useful for different and important applications (1,2). These properties 
include the ability to interact and swell in polar and nonpolar solvents, good 
mechanical strength (compared to hydrogels), and the ability for nanophase 
separation (1-15). Several characterization methods have been used to 
investigate the nanophase separation in these materials: small-angle x-ray 
scattering (SAXS) (5-8), small-angle neutron scattering (SANS) (9,10), 
transmission electron microscopy (TEM) (77), solid state NMR (8,12), and 
atomic force microscopy (AFM) (5-7,11,13,14). However, there are not many 
literature reports where more than one of these methods were used to investigate 
nanophase separation and to give combined structural information. 

In this report, we study two series of model anionic APCNs and we 
extensively investigate their swelling and structural properties. Methacrylic acid 
(MAA), a hydrophilic, negatively ionizable monomer, was the common 
component in the two series. In the first series, the simple, commercially 
available and inexpensive methyl methacrylate (MMA) constituted the 
hydrophobic component. However, PMMA is glassy (tough), and likely to result 
in fragile materials with non-equilibrium frozen structures. In contrast, the 
hydrophobic component in the second series was the non-commercially available 
2-butyl-l-octyl methacrylate (BOMA), whose polymers are rubbery (soft) and 
likely to lead to APCNs that are mechanically more robust and present easily 
accessible equilibrium morphologies. 

Experimental 

Copolymer Synthesis 

All the conetworks in this study were synthesized by group transfer 
polymerization (GTP) (16). The hydrophilic monomer MAA was introduced via 
the polymerization of tetrahydropyranyl methacrylate (THPMA, in-house 
synthesized from dihydropyran and MAA), followed by the removal of the 
protecting tetrahydropyranyl group by acidic hydrolysis after conetwork 
formation. From the two hydrophobic monomers used in this study, M M A was 
commercially available, while BOMA was in-house synthesized from the 
corresponding alcohol and methacryloyl chloride. l,4-Bis(methoxytrimethyl-
siloxymethylene)cyclohexane (MTSMC, in-house synthesized) and ethylene 
glycol dimethacrylate (EGDMA) were used as the initiator and the cross-linker 
for the conetwork formation, respectively. Figure 1 shows the chemical 
structures and names of the repeating units of all monomers and the EGDMA 
cross-linker. 
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The conetworks were synthesized by sequential monomer / cross-linker 
additions (17-20). APCNs of different compositions were obtained by varying 
the comonomer feed ratio, while APCNs of different architectures were obtained 
by varying the order of reagents addition (monomers, cross-linker or initiator 
(10)). Before cross-linking, the linear copolymer precursors were sampled and 
were characterized in terms of their molecular weight (MW) and composition 
using gel permeation chromatography (GPC) and *H NMR spectroscopy, 
respectively. Figure 2 represents a typical structure of a model APCN. 

Figure 2. A probable structure of a typical model conetwork. The grey and 
black colors represent hydrophilic and hydrophobic chains, while the EGDMA 
cross-linkers are shown as black circles. The number of arms at the cross-links 

is around 30. 

Dynamic Mechanical Analysis (DMA) 

Investigations on the mechanical properties of hydrolyzed and uncharged 
conetworks were carried out using a Tritec2000 Triton Technologies dynamic 
mechanical analyzer. The measurements were performed in the compression 
mode at a single frequency of 1 Hz. The experiments were carried out at 25 °C 
and, during the measurements, the samples were immersed in water (pH ~ 8). 

Measurements of the Degree of Swelling (DS) 

The hydrolyzed conetworks were cut into small pieces and dried under 
vacuum for three days at room temperature. The dry conetwork mass was 
determined gravimetrically, followed by the transfer of the conetworks in water. 
Twelve samples were allowed to equilibrate for three weeks in milli-Q 
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(deionized) water, covering a pH range between 2 and 13 and the whole range of 
the degree of ionization (DI) of the MAA units. The DSs were calculated as the 
ratio of the swollen conetwork mass divided by the dry conetwork mass. After 
the measurements of the DSs in water as a function.of pH, the water-swollen 
samples were dried in vacuum at room temperature for three days. A volume of 
5 mL THF was transferred into the glass vials containing the dried conetwork 
samples, which were allowed to equilibrate again for three weeks. The THF-
swollen mass of each conetwork was determined gravimetrically, from which the 
DS in THF was calculated. 

Small-Angle Neutron Scattering (SANS) 

All the (hydrolyzed) conetworks of this study were characterized using 
SANS in D 2 0. The samples were in the uncharged state (pH ~ 8). SANS 
measurements were performed on the 30 m NG7 instrument at the Center for 
Neutron Research of the National Institute of Standards and Technology (NIST). 
The incident wavelength was X = 6 A. Three sample-to-detector distances, 1.00, 
4.00 and 15.30 m, were employed, covering a grange [q is the scattering vector, 
with q = AnIX sin(0/2), 6 is the scattering angle] from 0.003 A" 1 to 0.60 A" 1 . The 
samples were loaded in 1 mm gap thickness quartz cells. The scattering patterns 
were isotropic, and, therefore, the measured counts were circularly averaged. 
The averaged data were corrected for empty cell and background. The distance 
between the scattering centers was estimated from the position of the intensity 
maximum, <?max, as 2n I qmax. 

Atomic Force Microscopy (AFM) 

The surfaces of the dried samples (hydrolyzed and uncharged) were 
microtomed at room temperature with a diamond knife from Diatome and a 
Microtom ULTRACUT UCT from Leica, removing about 100 nm of the surface. 
A F M images of the microtomed samples were recorded with a Nanoscope III 
scanning probe microscope from Digital Instruments using Si cantilevers (tip 
radius about 5 nm) with a fundamental resonance frequency of approximately 
200 kHz. 

Results and Discussion 

The sequential GTP of the monomers and the cross-linker resulted in model 
APCNs with linear copolymer chains between the cross-links (elastic chains) of 
well-defined MW and composition as it was confirmed by GPC and *H NMR 
measurements, respectively. The number-average MWs, M ns, the polydispersity 
indices (M w /M n) and the compositions of all conetwork precursors for the two 
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series of conetworks are shown in Tables I and II. Copolymers of different 
compositions and architectures were prepared. For the model APCNs, ABA and 
BAB triblock as well as statistical copolymer chain architectures were 
synthesized. Schematic representations of these architectures as well as of that 
of the randomly cross-linked APCN are illustrated in Figure 3. 

Mechanical Properties of the Conetworks 

The elastic modulus in compression of the hydrolyzed conetworks in water 
at pH - 8 was determined using DMA. The elastic moduli of the model 
conetworks based on MAA 1 0 - i -BOMA m -fe-MAAi 0 triblock copolymers ranged 
between 2.5 and 110 MPa, and increased with the MAA content because of the 
concomitant decrease in the BOMA soft component. The modulus of the 
randomly cross-linked conetwork was higher than that of its ABA triblock 
copolymer isomer due to the greater density of elastic chains in the former 
conetwork, resulting from the random distribution of the cross-linker in the 
conetwork. In contrast, in the triblock copolymer based conetworks, the cross-
linkers were concentrated at the chain ends (4 cross-linker residues per chain 
end), leading to fewer elastic chains of higher MW. In the case of the M M A 
series, DMA characterization was more difficult because most of the conetworks 
broke during the measurements. These results support the initial hypothesis that 
the BOMA-based conetworks would exhibit improved mechanical properties 
compared to the MMA-based ones. 

Effect of Degree of Ionization on Swelling 

The experimentally measured DSs in water and in THF along with the DIs 
of two selected conetworks are plotted against pH in Figure 4. The DSs of the 
conetworks in the two solvents followed opposite pH dependencies. In water, 
the conetworks started to swell above pH 7 and the DSs increased with 
increasing pH, due to the ionization of the weakly acidic MAA units. The DI vs. 
pH curves followed the respective aqueous DS vs. pH curves, confirming the 
importance of electrostatics in swelling. 

In THF, the conetworks showed the opposite behavior. In particular, the 
DSs in THF decreased as the DI of the MAA units in the conetworks increased. 
This was due to the incompatibility of THF with the ionized MAA units. 

Effect of Conetwork Composition on Swelling 

Figure 5 shows the dependence of the DSs on the composition of ABA 
(MAA end-blocks) triblock copolymer-based conetworks in the fully charged 
state and the uncharged state, both in H 2 0 and THF. 
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Table I. Molecular Characteristics of the Linear Copolymer Precursors to 
the MMA-THPMA Conetworks 

Net. Theoretical Theoretical GPC results % mol THPMA 
No. chemical structure " MW M„ MJM„ Theor. 'HNMR 

1 Ti 25-6-M32-6-T1.25 3825 5870 1.22 7 -
2 T2.5-6-M32-6-T2.5 4250 5130 1.22 14 -
3 T5-6-M32-6-T5 5100 5820 1.25 24 16 
4 Tio-6-M32-6-T10 

6800 8700 1.31 39 26 
5 Ti5-ft-M32-fc-T15 8500 9870 1.32 48 31 
6 Mi6-ft-T2o-6-Mi6 6800 9820 1.34 39 24 
7 T20-CO-M32 6800 9130 1.27 39 31 
8 Random- random — N/A* N/A* 39 N / A 6 

9 Ti0-6-M2o-6-T10 5599 5660 1.28 50 43 
10 T10-fe-M10-i-Tio 4598 5720 1.24 67 -

a T, M and b are (further) abbreviations for THPMA (MAA), MMA and block, 
respectively. 
* N/A: Not applicable as it could not be determined due to the simultaneous 
copolymerizations of monomers and cross-linker. 

Table II. Molecular Characteristics of the Linear Copolymer Precursors to 
the BOMA-THPMA Conetworks 

Net. Theoretical chemical Theoretical GPC results % mol THPMA 
No. structure" MW Mn MJMH Theor. 'HNMR 

1 Ti0-b-Bi2s-b-TiQ 3740 6190 1.13 94 95 
2 Tio-6-B2.5-6-T10 4080 7180 1.14 89 83 
3 Tio-&-B5-fc-Tio 4750 10030 1.18 80 81 
4 B5-&-T20 -6-B5 6100 6680 1.23 67 67 
5 Tio-6-Bio-6-T10 

6100 15330 1.25 67 74 
6 T20-CO-B10 6100 16520 1.15 67 83 
7 Random- random — N/A* N/A* 67 N/A* 

a T, B and b are (further) abbreviations for THPMA (MAA), BOMA and block, 
respectively. 
b N/A: Not applicable as it could not be determined due to the simultaneous 
copolymerizations of monomers and cross-linker. 
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Figure 3. Architectures of the precursor chains between the cross-links of the 
conetworks. The white and black colors represent hydrophilic and hydrophobic 

chains, while the EGDMA cross-linkers are shown as grey circles. 

Uncharged MAA. In this case, all the monomers, uncharged MAA, MMA, 
and BOMA, are compatible with THF. Thus, the DSs in THF for both 
conetwork series were high and depended only on the average MW between the 
cross-links, and not on the composition. In contrast, all the segments are only 
slightly compatible (uncharged MAA) or not compatible at all (MMA and 
BOMA) with water. Thus, the conetworks were collapsed, exhibiting very low 
DSs, and presenting no composition effect on swelling. 

Fully Charged MAA. The DSs in water increased by increasing the M A A 
content, because of the full compatibility of the charged M A A segments with 
water. The DSs in THF remained low, because of the incompatibility of the 
charged M A A units with THF. 

Effect of Conetwork Architecture on Swelling 

Figure 6 illustrates the effect of conetwork architecture on the DS. Al l the 
conetworks whose DSs are presented in this figure are isomers, having the same 
composition, 39 mol % M A A in Figure 6(a) (see Table I) and 67 mol % M A A 
in Figure 6(b) (see Table II). 

Uncharged MAA. No conetwork architecture dependence on swelling in 
THF or in water was observed when the M A A units were uncharged, because, 
as already stated, all monomer units were compatible with THF and 
incompatible with water. 
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Figure 4. Degrees of swelling and degrees of ionization of selected (a) MMA-
and (b) BOMA-containing conetworks as a function ofpH. 

Fully Charged MAA. In water, the conetwork architecture had a significant 
influence on the DSs. In particular, in each series, the statistical copolymer 
model APCNs swelled more than the other three types of conetworks. This was 
attributed to the inability of these conetworks to microphase separate due to the 
random distribution of the hydrophobic monomer repeat units along the elastic 
chains. This is to be contrasted to the block copolymer APCNs where 
microphase separation occurs because of the collapse of the solvent incompatible 
blocks (hydrophobic PMMA and PBOMA in water, and charged PMAA in 
THF). The APCNs based on the triblock copolymers with a hydrophilic (PMAA) 
inner (middle) block (BAB structure) presented lower aqueous DSs than the 
APCNs with the reverse architecture (ABA structure), probably due to the 
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Figure 5. Effect of conetwork composition on the degrees of swelling of the 
conetworks in water and in THF at their uncharged and fully charged states. 

(Figure 5a is reproduced from reference 10. Copyright 2007 American 
Chemical Society.) 

synergistic effect on microphase separation arising from the proximity of the 
hydrophobic units (MMA or BOMA) to the also hydrophobic EGDMA cores in 
the former type of APCNs. The randomly cross-linked statistical APCNs 
presented lower DSs than the statistical copolymer-based model APCNs due to 
the presence of shorter copolymer chains in the former type of APCNs arising 
from the random distribution of the cross-links. 

Nanophase Behavior 

In the following paragraphs, the nanophase behavior of the APCNs, as 
investigated using SANS and AFM, is discussed. 
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Figure 6. Effect of conetwork architecture on the degrees of swelling of the 
conetworks in water and in THF at their uncharged and fully charged states. 

(Figure 6a is reproduced from reference 10. Copyright 2007 American 
Chemical Society.) 
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SANS. Figure 7 shows the SANS profiles of all the APCNs in the uncharged 
state in D 2 0. In particular, Figures 7(a) and (c) show the results for the MMA-
MAA conetworks, whereas Figures 7(b) and (d) show those for the BOMA-
MAA conetworks. The effect of conetwork composition is illustrated in Figures 
7(a) and (b), while Figures 7(b) and (d) illustrate the effect of conetwork 
architecture. Most SANS profiles exhibited single peaks, consistent with 
conetwork nanophase separation. The absence of higher harmonics could be 
attributed to the polydispersity of the scattering centers or / and to their short-
range liquid-like order. Below, the four graphs in Figure 7 are discussed 
separately: 

In Figure 7(a), as the MMA content decreased (or, equivalently, as the 
MAA content and the elastic chain length increased), the intensity of the peaks 
increased. Samples with very low MAA content did not present a peak, not 
necessarily due to lack of nanophase separation, but most likely due to the lack 
of sufficient contrast: the high conetwork hydrophobicity did not allow enough 
D 2 0 to swell the conetworks, resulting in a weak signal. The spacings between 
the scattering centers (calculated as 2n/qm&x) were quite similar (9-10 nm). 

In Figure 7(b), as the BOMA content in the APCNs increased, the position 
of the peaks was shifted to lower </-values and their scattering intensity 
increased. The latter was in agreement with a more complete nanophase 
separation in the more hydrophobic conetworks (larger scattering centers), while 
the former indicated the greater separation between the scattering centers as the 
size of the conetwork elastic chains increased. In particular, the spacing between 
the scattering centers varied from 7.7 nm, to 7.6 nm, to 9.3 nm and to 12.8 nm as 
the M n of the linear copolymer precursors to the conetworks increased from 
6190 to 15330 g mol - 1 (see Table II). 

In Figure 7(c), from the four isomeric APCNs, the triblock copolymer-based 
ones presented clear correlation peaks, consistent with nanophase separation, 
whereas the weak correlation peak in the SANS profile of the statistical 
copolymer APCN was probably due to the EGDMA hydrophobic cores. The 
complete absence of a peak in the randomly cross-linked APCN was due to lack 
of nanophase separation and to the random distribution of the cross-linker units 
over the conetwork structure. 

In contrast to the curves in Figure 7(c) (MMA-MAA series), all SANS 
profiles in Figure 7(d) (BOMA-MAA APCNs) presented a peak. For the 
triblock copolymer-based APCNs, the peaks were pronounced due to nanophase 
separation. The weaker peaks observed in the scattering curves of the statistical 
copolymer APCN and in the randomly cross-linked APCN were probably due to 
correlations between BOMA unimolecular micelles. The peaks of all four 
curves were located approximately at the same ^-values, suggesting similar 
distances between the scattering centers. 

AFM. Figures 8 and 9 display phase mode AFM images for isomeric model 
APCNs based on ABA triblock and statistical copolymers for the MMA-MAA 
and the BOMA-MAA conetwork series, respectively. 
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Figure 8. AFM phase mode images for (a) the ABA triblock copolymer-based 
and (b) the statistical copolymer-based MMA-MAA model conetworks. 

Each image has dimensions of500 nm * 500 nm. (Reproduced from 
reference 10. Copyright 2007 American Chemical Society.) 

Figure 9. AFM phase mode images for (a) the ABA triblock copolymer-based 
and (b) the statistical copolymer-based BOMA-MAA model conetworks. 

Each image has dimensions of500 nm x 500 nm. 

The MAA 1 0-^-MMA 32-Z?-MAAio triblock copolymer-based model APCN 
(Figure 8(a)) presented large spherical domains of a size of 40 nm, while its 
isomeric, statistical copolymer-based model APCN (Figure 8(b)) showed 
smaller and elongated domains of a broadly distributed size in a range of 4-20 
nm (average 10 nm). The domain size of 40 nm in the triblock copolymer-based 
APCN was larger than the characteristic size of 9 nm determined by SANS. 
This might indicate that the contrast difference between the phases in A F M was 
not high enough to see distinguishable morphologies in the higher resolution. 
The average domain size of 10 nm in the statistical copolymer-based model 
APCN might correspond to the EGDMA cores, and this is in perfect agreement 
with the SANS measurements. 
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Figure 9(a) presents the phase mode AFM image for the model APCN based 
on the MAAi 0-fe-BOMA 1 0-fe-MAA 1 0 triblock copolymer. Similar to the 
corresponding MMA-based model APCN (Figure 8(a)), large spherical domains 
were established in the range of 28 to 55 nm (average 40 nm). The model 
APCN based on the statistical copolymer (Figure 9(b)) exhibited smaller and 
elongated domains (average 10 nm). The average domain size of the triblock 
copolymer model APCN (40 nm) was again greater than the characteristic size 
(13 nm) determined by SANS. The average domain size for the statistical 
copolymer-based model APCN was close to 10 nm, corresponding again to the 
size of the EGDMA cores in the conetwork structure. 

Conclusion 

Two series of model anionic APCNs with glassy and rubbery hydrophobic 
components were characterized in terms of their swelling and structural 
properties. The swelling depended on conetwork composition, degree of 
ionization, MW and architecture, and on the swelling solvent. Despite their 
different mechanical properties, the nanoscale structure of the two conetwork 
series was similar: the triblock copolymer-based model APCNs self-assembled 
into spherical domains with a size of 40 nm and subdomains with a size of 10 
nm, while the statistical copolymer-based model APCNs exhibited elongated 
domains with a size of 10 nm. 
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Chapter 22 

Polymer-Inorganic Nanocomposites from Si-Based 
Substrates: Applications of Ring-Opening Metathesis 

Polymerization 

Jun-Hyun Kim1, Joshua A. Kellar2, Mark C. Hersam2, 
and SonBinh T. Nguyen1,* 

Departments of 1Chemistry and 2Materials Science and Engineering, 
Northwestern University, 2145 Sheridan Road, Evanston IL 60208 

This contribution outlines four different ROMP-based (ROMP 
= ring-opening metathesis polymerization) approaches to 
prepare polymer overlayers possessing either hydroxyl or 
carboxylic acid functionalities on oxidized silicon surface or 
silica (SiO2) nanoparticles. The morphology, elemental 
composition, and properties of these polymer overlayers can 
be characterized by X-ray photoelectron spectroscopy (XPS), 
scanning electron microscopy (SEM), atomic force micro
scopy (AFM), transmission electron microscopy (TEM), 
ellipsometry, and Fourier-transform infrared spectroscopy 
(FTIR). 
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Introduction 

The controlled fabrication of well-defined organic overlayers on solid 
substrate has long been a key research focus in many technological areas 
including adhesion, lubrication, coatings, information storage, biomimetic 
materials, and electronics (l^f). Organic overlayers can endow the underlying 
substrates with additional mechanical, thermal, optical, and electrical properties 
that can subsequently be utilized in a synergistic fashion in microelectronics, 
microelectromechanical systems (MEMS) devices, and biological sensors (5-7) 
In particular, covalently attached polymer layers (e.g., brushes, films) on 
surfaces can facilitate the fabrication of complex architecture possessing 
multiple organic, biomolecular, and inorganic components, allowing for novel 
combination of properties and functions (8). In theory, such polymer overlayers 
can readily be prepared in a controlled manner from a wide range of 
fimctionalized monomers to yield multifunctional films that have tunable density 
and thickness (9,10). However, to construct these films, reliable synthetic 
methods that allow for uniform polymer growth as well as being tolerant to a 
variety of functional groups must be developed. 

Typically, polymer overlayers can be fabricated by two different 
approaches: physisorption on solid substrates or covalent attachment to the 
substrate surface (77). The first strategy is widely practiced in industry and 
includes methods such as spin-coating, ink-jet printing, screen printing, and 
selective physisorption of block copolymers (12,13). Covalent attachment of 
polymers to surfaces is a newer methodology that can, in theory, offer films that 
are thinner but also thermally and solvolytically more stable (14). As such, it has 
received considerable attention, especially in the context of surface-initiated (SI) 
living polymerization where the molecular weight of individual polymer chains 
can be precisely controlled to give polymers with narrow polydispersity (15,16). 
Not only should this approach afford polymer films with tunable thickness, the 
directional growth of the polymer chain may allow for a reliable, controlled 
placement of many functional groups within the polymer overlayer and with 
respect to the surface (8,17,18). Thus, many researchers have attempted to 
develop SI living polymerization strategies, based on well-known solution 
techniques such as nitroxide-mediated controlled radical polymerization 
(19-22), atom-transfer radical polymerization (75), anionic (22), cationic (23), 
and ring-opening metathesis polymerization (ROMP) (10,24,25), to fabricate 
polymer overlayers (brushes) on solid substrates. 

Among the aforementioned strategies, SI-ROMP stood out for its low 
activation energy (i.e. reactions can be carried out under ambient conditions) and 
ease of application, especially given the recent development of highly active, 
single-component olefin metathesis catalysts (26). Since 1999, SI-ROMP 
catalyzed by well-defined metal-alkylidene has been employed by several groups 
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(10,27,28) to prepare polymer films and nanopatterns on gold or oxidized 
silicon. In addition, as ruthenium catalysts for ROMP are known to be 
functional-group-tolerant and living in diverse solvents (from benzene to water), 
monomers containing a wide range of functionalities have also been 
incorporated into a number of surface polymer films (10,22,26,27). 
Unfortunately, back-biting or chain-transfer between neighboring ROMP 
polymer chains (Figure 1) still made it difficult to produce polymer overlayers 
with a wide rage of tunable thicknesses unless surface density of the initiating 
groups is carefully controlled. (29). 

Figure 1. Schematic illustration of possible side reactions from surface initiated 
ring-opening metathesis polymerization (SI-ROMP) on an oxide substrate. 

Our groups have had long-standing interests in integrating functional 
organic materials with silicon-based substrates for material and biological 
applications. To this end, we have explored four different ROMP-based 
approaches to prepare functionalized polymer films on oxidized Si(l 11) surface. 
We aimed to compare polymer overlayers obtained from two different SI-
ROMP-based methods to those derived via in-situ polymerization and grafting 
processes. Through evaluating the different film morphologies, we have 
extended the two best strategies to the synthesis of discrete polymer-coated 
silica nanoparticles. These results are described herein. 

Experimental Section 

General Materials and Methods 

Grubbs catalyst (PCy3)2Cl2Ru=CHPh, 5-(bicyclo[2.2. l]hept-2-enyl) 
trichloro silane (NBE-SiCl3), 5-norbornene-2-carboxylic acid (NBE-COOH), 
and bicyclo[2.2.1]hept-2-ene (NBE) were purchased from Aldrich and used as 
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received. 5-(Bicyclo[2.2. l]hept-2-enyl)triethoxysilane (NBE-Si(OEt)3) was 
purchased from Gelest and used as received. 5-£jco-norbornene-2-ol (NBE-OH) 
was prepared according to literature procedure (28). Al l solvents were dried 
over neutral alumina via the Dow-Grubbs solvent system (29). Al l 
polymerizations were carried out at room temperature either in a N2-filled 
glovebox or using standard Schlenk techniques, unless otherwise noted. Si(l 11) 
substrates (~ 1.5 cm2 in area, Virginia Semiconductor) were oxidized with 
piranha solution (3:1 cone. H2SO4:30%H2O2) following reported procedures (30) 
prior to the attachment of norbornenyl moieties (NBE-SiCl 3, NBE-Si(OEt)3) 
(31). Figure 2 illustrates how we construct polymer brushes on oxidized Si(l 11) 
wafers utilizing ROMP methods. 

Method 1 - Conventional SI-ROMP 

A solution of NBE-SiCl 3 or NBE-Si(OEt)3 in toluene (1% v/v) was prepared 
in a N2-filled glovebox immediately before use. Oxidized Si(l 11) wafers were 
immersed in this monomer solution (0.1 mL in 10 mL of toluene) for 1 h (for 
NBE-SiCl 3 (or overnight for NBE-Si(OEt)3)) to form norbornenyl moieties at the 
interface. The oxidized Si ( l l l ) wafers were then washed with toluene ( 2 x 4 
mL) and methylene chloride (CH2C12, 2 x 4 mL) followed by submersion in a 
solution of Grubbs catalyst (17 mM in CH2C12) for 30 min to induce ring-
opening of the surface-attached norbornenyl groups. Next, the oxidized Si(l 11) 
wafers were thoroughly rinsed with CH2C12 (3x4 mL) to remove any unbound 
and/or physisorbed catalysts. Surface growth of polymer brushes were then 
commenced by immersing the initiated wafers in a solution containing 
norbornene-based monomer (100 mM of NBE-COOH or NBE-OH in CH2C12) at 
room temperature for 30 minutes. (The polymerization reaction was believed to 
have started from the surface of S i ( l l l ) wafer where Grubbs catalysts were 
initially confined (32).) The samples were then removed from the glovebox and 
the polymerization was quenched with a few drops of ethyl vinyl ether. The 
wafers were then rinsed with CH2C12 ( 2 x 4 mL), sonicated (Fisher FS6 
ultrasonic cleaner) in CH2C12 (4 mL) for 10 min, rinsed with CH2C12 (10 x 2 
mL), and dried in a stream of nitrogen to remove any residual and physisorbed 
species prior to analyses. 

Method 2 - Solventless SI-ROMP 

In a N2-filled glovebox, oxidized Si ( l l l ) wafers were functionalized with 
either NBE-SiCl 3 or NBE-Si(OEt)3 monomer and then treated with Grubbs 
catalysts in the same manner as described in method 1. The wafers were then 
cleaned with CH2C12 ( 3 x 4 mL), dried in a stream of N 2 gas, and placed 
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separately in individual round-bottom flasks. In a separate Schlenk flask was 
placed a quantity of volatile NBE monomer (-0.032 g) and this flask was 
connected to the wafer-containing flask using a vacuum transfer manifold. The 
assembly was removed from the glovebox and connected to a Schlenk line. 
After three cycles of free-pump-thaw, the NBE monomer was vacuum-
transferred over to the round-bottom flask containing the catalyst-immobilized 
Si(l 11) wafer to form polymer brushes on its surface. The round-bottom flask 
was kept at -78°C in an acetone-dry ice bath during the transfer, which took 
about 15 minutes. After the NBE monomer solid has all been transferred, the 
transfer valve was shut off, the cooling bath was removed, and the assembly was 
allowed to warm up to room temperature over the next hour. The wafer was then 
removed from the flask and cleaned using the same purification steps as 
described for method 1. 

Method 3 - In-situ Copolymerization 

In a N2-filled glovebox, oxidized Si ( l l l ) wafer was treated with either 
NBE-SiCl 3 or NBE-Si(OEt)3 monomer and rinsed twice each with toluene and 
CH2C12, as described in method 1. In a separate flask, a CH2C12 solution (1 mL) 
of Grubbs catalyst (0.0034 mmol) was injected into a CH2C12 solution (2 mL) of 
the desired norbornene monomer (0.34 mmol) to initiate polymerization. The 
NBE-fiinctionalized S i ( l l l ) wafer was then quickly immersed in this 
polymerizing solution. After 30 min, a few drops of ethyl vinyl ether were then 
added to terminate the polymerization. Before analyses, the wafer was cleaned 
using the same purification steps as described for method 1. 

Method 4 - Post-polymerization Attachment 

In a N2-filled glovebox, a CH2C12 solution (1 mL) of Grubbs catalyst 
(0.0034 mmol) was injected into a 1:1 mixture of NBE-OH and NBE-Si(OEt)3 

(0.34 mmol total) in CH2C12 (2 mL) to prepare random copolymers. After 30 
min, a few drops of ethyl vinyl ether were added to the reaction to terminate the 
polymerization. An oxidized S i ( l l l ) wafer was then placed in this polymer 
solution overnight. Before analyses, the wafer was cleaned using the same 
purification steps as described for method 1. 

ROMP on Silica Nanoparticles 

Silica (Si02) nanoparticles of -110 nm in diameter were prepared by the 
conventional Stobber method (33), and functionalized with NBE-Si(OEt)3 

overnight using a modified literature procedure (34,35). In essence, freshly 
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prepared Si0 2 nanoparticles in ethanol solution (100 mL, -7 x 1014 

particles/mL) is treated with NBE-Si(OEt)3 (-50 |iL, 0.28 mmol) overnight (with 
vigorous stirring) and then purified by centrifugation (Eppendorf centrifuge 
5804R, 15 amp version, 5000 rpm for 30 minutes) to remove unreacted 
monomers, small Si0 2 nanoparticles, and any impurities. The resulting solution 
of NBE-Si(OEt)3-fimctionalized Si0 2 nanoparticles were then treated with 
sodium sulfate for 15 minutes and then with activated 3A molecular sieves 
overnight to remove any excess water before diluting in dry CH2C12 (1:40 v/v). 

Subsequent polymerization of norbornene-type monomers (NBE-COOH or 
NBE-OH) on Si0 2 nanoparticles was carried out following the same procedures 
described above for methods 1 and 3. The diluted solution of the nanoparticles 
was mixed with NBE-COOH (or NBE-OH) monomer (0.34 mmol) and exposed 
to Grubbs catalyst (3.4 |umol) to initiate polymerization. The final solution was 
quenched with excess ethyl vinyl ether (-0.5 mL) after 1 h, concentrated to -5 
mL on a rotary evaporator, and combined with enough ethanol to make a 40-mL 
solution. The resulting colloidal solution was subjected to centrifugation (5000 
rpm for 30 minutes) and the mother liquor was then decanted. To the settled 
nanoparticles were added ethanol (- 40 mL) and the resulting mixture was 
sonicated for 2 minutes in a laboratory sonicator before being centrifiigated one 
final time. After this final step, the particles were redispersed in ethanol (-10 
mL) using sonication (-2 minutes). 

Results and Discussions 

Polymer Brushes on Oxidized Si(lll) Wafers 

We began by examining a variety of ROMP-based approaches for growing 
polymers of norbornene-derivatives from oxidized Si(l 11) surfaces. We aimed 
to find the best ROMP-based method(s) that would allow us to prepare 
functional polymer-inorganic composites of Si0 2 nanoparticles. Figures 3 and 4 
show representative SEM (scanning electron microscopy, Hitachi S-4500) and 
A F M (atomic force microscopy, Autoprobe CP Research) images for ROMP-
based polymer films grown on oxidized Si ( l l l ) surfaces using four different 
methods: conventional SI-ROMP, solventless SI-ROMP, in-situ copolymer-
ization, and post-polymerization attachment. 

In solutions of NBE-OH monomer with similar concentrations (-100 mM), 
all four of the aforementioned methods lead to polymer films on the surface of 
the oxidized S i ( l l l ) wafers; however these films have very different 
roughnesses. While methods 1 and 2 lead to the formation of smooth, thin 
polymer overlayers, methods 3 and 4 generated thick polymer films with rough 
surfaces (Table I, cf root-mean-square (rms) roughness). SEM images of the 
wafers prepared by methods 1 and 2 (Figures 3a-b, both side and top views) 
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show thin, relatively flat polymer films covering the entire S i ( l l l ) substrate. 
This is consistent with the corresponding AFM images (Figures 4a-b) where the 
top-down view shows surfaces that are uniformly covered with short brushes 
except for a few sporadic long spikes "sticking up" over the landscape. 
Presumably, this morphology is a consequence of the inherent high strain in our 
initiating moieties (NBE-SiCl 3 or NBE-Si(OEt)3), which made these cyclic 
olefins more susceptible to crosslinking side reactions comparing to terminal-
olefin initiating groups (Figure 1) (36). In addition, the height of the observed 
short polymer brushes is inversely affected by the surface concentration of the 
initiating moieties: the higher this density, the more likely polymer growth will 
be terminated via crosslinking/back-biting reactions (Figure 1). This latter 
characteristic is one of the main drawbacks in conventional SI-ROMP 
procedures when the catalyst is reactive enough to metathesize both strained and 
non-strained C=C bonds: the growth of ROMP-based polymer brushes on 
surfaces is usually self-limiting (36). 

Previous studies from several research groups have suggested that the 
thickness of the polymer films in SI-ROMP can be controlled by adjusting the 
surface density and distribution of the initiating olefin moieties and by increasing 
the concentrations of monomer in solution (32,36,37). However, polymer 
growth often stops within 1 h due to either catalyst deactivation or backbiting 
reaction (Figure 1) (32,36,38). Consistent with these limitations, in our hands, 
methods 1 and 2 were less likely to produce long polymer brushes, presumably 
due to crosslinking between adjacent polymer chains within a polymer brush. 
Our attempts to evaluate the likelihood of these crosslinking events through 
measuring the surface density of the Ru-initiated monomers were unsuccessful 
due to overlaps of the Ru3d peaks with the CI s signals in the XPS spectra. 

As a strategy, method 2 is rather limited: it requires a volatile monomer that 
can be vacuum-transferred onto a surface that has been modified with Grubbs 
catalyst. Presumably, the polymerization occurs as the monomer is deposited on 
the surface of the wafer. This method consistently give very thin polymer film 
(< 10 nm) on the substrate, regardless of the amount of deposited monomers 
(from 30 mg to 500 mg of NBE for an oxidized Si(l 11) wafer that is - 1.5 cm2 

in area). This data again supports a self-limiting polymer growth mechanism. 
Methods 3 and 4 generated rough and thick polymer films as expected of a 

predominantly solution polymerization process where the catalyst is not bound to 
the surface and can access more monomer molecules in solution. In method 3, 
the catalyst in solution can incorporate surface-bound monomers into a growing 
polymer chain, giving polymer films that are thicker than those prepared by 
methods 1 and 2 but whose thicknesses vary significantly over the coverage area 
(Figures 3c and 4c). This variation is a consequence of the great discrepancy 
between solution polymer growth (fast) and surface incorporation (much slower) 
kinetics: as time progresses, the lengths of the most recently bound polymer 
chains will be much longer than those that become surface-bound at earlier 
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Figure 3. SEM images ofpolymer films on oxidized Si(lll) wafers, 
(a-c) Side (left) and top (right) views of wafers that were subjected to methods 

1-3, respectively, (d) Side view of a wafer that was subjected to method 4. 
(e) Side view of a bare oxidized Si(lll) wafer. 
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Figure 3. Continued. 

Table I. Thicknesses and RMS Roughness of Polymer Brushes on Si-
Wafers, Measured by Ellipsometry and AFM 

Type 
offilm Cone. 

Thickness in nm, from ellipsometry measurements 
(rms, from AFM measurements) Type 

offilm Cone. 
Method 1 Method 2 Method 3 Method 4 

Monomer 1 vol% 1.4±0.2(NBE-Si(OEt)3) 
or2.1±0.3(NBE-SiCl 3) 

N/A N/A 

Catalyst + 
monomer N/A 2.5 ± 0.3 (NBE-Si(OEt)3) 

or 3.0 ± 0.3 (NBE-SiCl3) 
N/A N/A 

Poly(NBE) 
100 mM N/A 5.8 ± 0.6 

(0.55) N/A N/A 
Poly(NBE) 

300 mM N/A 8.2 ± 0.8 N/A N/A 

Poly(NBE-
OH) 

100 mM 8.2 ±2.7 
(1.1) N/A 21.5 ±6.7 

(9.2) 
48.8 

(25.5) Poly(NBE-
OH) 

300 mM 20.3 ± 6.9 N/A 52.1 N/A 

Poly(NBE-
COOH) 

100 mM 9.9 ± 2.5 N/A 25.5 N/A Poly(NBE-
COOH) 300 mM 20.9 ± 14.7 N/A N/A N/A 

rms = root-mean-square roughness, values are indicated in parentheses. 
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times. The result is a rougher (Table I) but thicker polymer film comparing to 
those obtained with methods 1 and 2. 

As a post-polymerization attachment strategy, method 4 requires ROMP-
based polymers containing functional groups that can form covalent bonds with 
the surface of oxidized Si(l 11) wafers. Overnight treatment of such a wafer with 
a solution of a random copolymer of NBE-OH and NBE-Si(OEt)3 (1:1 molar 
ratio) results in a very rough polymer film (Table I) as observed by AFM (Figure 
4d) and SEM (Figure 3d). Presumably, the polymer attachment took place 
between the surface hydroxyl groups of the oxidized S i ( l l l ) wafer and the 
triethoxysilyl groups of the polymer. As this "exchange" reaction is fairly 
slow,34 crosslinking of the free (i.e., not surface-bound) Si(OEt)3 groups between 
adjacent side chains or neighboring polymer chains can also occur at the same 
time. Both of these processes can result in irregular and thick films possessing 
clumpy and rough morphologies. 

The thickness of each organic/polymer overlayer and its uniformity, as 
measured by root-mean-square (rms) roughness, was determined using 
ellipsometry and AFM line profiling (Table I). All fiinctionalized wafers were 
found to have increased thickness compared to a bare wafer (0.6 ±0 .6 nm), 
signifying the presence of an overlayer film. For wafers that were fiinctionalized 
with NBE-Si(OEt)3 and NBE-SiCl 3 monolayers, as well as those that were 
coated with thin polymer overlayers (methods 1 and 2), their film-coated 
surfaces are smooth and flat with low rms values that were consistent with SEM 
images. In contrast, wafers that were treated with methods 3 and 4 have thicker 
and rougher overlayers as indicated by their higher rms values. (To confirm the 
covalent growth of polymer overlayers in methods 1-3, oxidized but 
unfonctionalized S i ( l l l ) substrates (i.e., not treated with the initiating NBE-
Si(OEt)3 and (NBE-SiCl3) monomers) were treated with solutions containing 
free monomers and Grubbs catalyst under the experimental conditions described 
for each method. Negligible thickness gains were observed after extensive 
cleaning to remove physisorbed materials.) 

Figure 5 displays the attenuated total reflection (ATR) IR spectra (Thermo 
Nicolet, Nexus 870) of the poly(NBE-OH) films on oxidized S i ( l l l ) wafers 
prepared by methods 1-4. Both thin (<10 nm in thickness, prepared by methods 
1 and 2) and thick (>20 nm in thickness, methods 3 and 4) polymer films show 
very strong v a s and v s C-H stretches at 2927 and 2858 cm"1 from the norbornene 
polymer backbones, while the unfunctionalized oxidized Si(l 11) wafer does not 
exhibit any distinctive peaks in the aliphatic C-H region after the background 
correction.14'32 Al l spectra of poly(NBE-OH)-coated Si(l 11) wafers are similar, 
suggesting formation of chemically analogous polymer overlayers. 

The representative X-ray photoelectron spectroscopy (XPS, Omicron, 
ESCA Probe) survey scans of the poly(NBE-OH)-coated wafers are shown in 
Figure 6. The spectrum of oxidized Si ( l l l ) wafer exhibits core-level peaks 
characteristic of Si/Si0 2: Si2s at 151 eV, Si2p at 99 eV, and Ols at 532 eV, as 
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well as the CIs adventitious peak at 285 eV. ' As polymer overlayers were 
grown on the surface using methods 1 and 2, the CIs peak intensity increased 
relative to those for the Si2s and Si2p peaks, consistent with the presence of 
carbon-rich films on the Si(l 11) substrate. The core-level peaks in the Si2p and 
Si2s regions almost completely disappeared for samples prepared by methods 3 
and 4 where the polymer films are over 20-nm thick, as would be expected for 
substrates being covered with a thick insulating organic overlayer. Thus, surface 
growth of poly(NBE-OH) on oxidized S i ( l l l ) surface was evidenced by the 
attenuation of the underlying Si signals and the increase in intensity for the Cls 
signal in the XPS survey scans. 

Polymer Overlayers on S i0 2 Nanoparticles 

As methods 1 and 3 allow us to grow polymer overlayers with controlled 
thickness and relative uniformity on oxidized silicon substrates, we extend them 
to the construction of discrete polymer-coated Si0 2 nanoparticles having low 
polydispersity and good stability. The major advantages of using Si0 2 

nanoparticles as core materials are: their ready availability, low polydispersities 
(e.g., less than 5%), tunable sizes, and easy surface modification chemistry with 
a variety of organic molecules.33,34 We employed NBE-COOH and NBE-OH as 
monomers to demonstrate the preparation of polymer overlayers having chemical 
functionalities that can be easily manipulated. 

Figure 7 shows the SEM images of [NBE-Si(OEt)3]-fimctionalized Si0 2 

nanoparticles as well as Si0 2 nanoparticles possessing poly(NBE-OH) and 
poly(NBE-COOH) overlayers prepared from methods 1 and 3. While method 1 
yielded aggregations of particles (Figure 7b), method 3 produced discrete 
polymer-coated Si0 2 nanoparticles (Figures 7c and 7d), surprisingly. We 
suspect that the aggregated particles prepared by method 1 arise from the inter-
and intraparticle cross-linking process during the centrifugation step used after 
catalyst treatment to separate the free catalyst molecules away form surface-
captured catalysts.40 Such centrifugation can decrease the average particle-
particle distance and cause interparticle crosslinking via reactions between the 
surface-capture catalyst groups on one particle and unreacted norbornene groups 
on the neighboring particles. Interestingly, the particle diameters obtained from 
transmission electron microcopy (TEM) analysis were -30% smaller than those 
obtained by SEM, possibly due to the desolvation of nanoparticles under the 
high vacuum and intense electron beam in TEM. 

Conclusion 

While norbornene-based ROMP polymers can be covalently attached to 
oxidized Si ( l l l ) surfaces using the four methods described in this manuscript, 
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Figure 7. SEM images of polymer-coated Si02 nanoparticles. 
(a) NBE-Si(OEt)3-functionalized. (b) Poly(NBE-COOH)-coated using method 
I. (c) poly(NBE-OH)-coated using method 3. (d) Poly(NBE-COOH)-coated 

using method 3. 

the resulting polymer films possessing very different thickness and morphology. 
If thin polymer films between 5-20 nm are desirable, SI-ROMP techniques are 
the most appropriate. However, in-situ polymerization seems to be the best 
strategy for achieving thicker, but still relatively uniform, polymer films on 
oxidized Si(l 11) surfaces as well as discrete polymer-coated Si0 2 nanoparticles. 
Post-polymerization surface attachment through alkoxysilane sidechains is 
perhaps the least controlled method in our hands, giving thick and highly 
irregular coatings. Detail studies of polymer films with tunable thicknesses on 
oxidized S i ( l l l ) surfaces and Si0 2 nanoparticles using method 3 are currently 
underway. 
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Preparation of Polysaccharide-Covered Polymeric 
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Polysaccharide-covered polymeric nanoparticles have 
potential applications in controlled drug delivery. Their 
properties can be adjusted by their surface coverage as well as 
by the chemical structure of the polymeric core. Engineering 
such nanoparticles with controlled properties can be achieved 
by designing the elaboration process. Several processes of 
nanoparticle preparation will be depicted, involving 
amphiphilic polysaccharides. In each case, the characteristics 
of the obtained nanoparticles will be correlated to their 
conditions of elaboration. 
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Introduction 

Submicron nanoparticles find a wide number of applications in domains like 
medicine (drug delivery, diagnostic ...), cosmetics, food, etc. (7-5). Their 
properties are largely controlled by their surface characteristics and by the 
chemical nature of their core. We will limit to polymeric nanoparticles 
combining a hydrophobic core and a hydrophilic polymeric surface coverage. 
The important surface characteristics are the chemical nature of the covering 
material, the macromolecular architecture of this material (loops, brush, 
dendrimers...), the density of surface coverage and the thickness of the surface 
layer. The main characteristics of the polymeric core are its chemical nature, the 
average length of the chains and its size (9). 

Polymeric surfactants are a very attractive class of compounds for 
nanoparticle surface coverage. The presence of macromolecular chains at the 
surface of colloidal particles offers significant advantages (10). First, they 
provide colloidal stability because of steric and eventually electrostatic 
repulsions (in the case of polyelectrolytes). Secondly, multi anchored polymers 
exhibit quasi-irreversible adsorption at interfaces (11). Finally, macromolecular 
chemistry allows preparing polymeric surfactants which combine other 
properties to their amphiphilic character: biocompatibility, biodegradability, 
specific interactions with some organs... convenient for specific applications. 

Since the pioneering work of Landoll (12), hydrophobically modified 
polysaccharides have been largely studied as rheology modifiers in aqueous 
formulations (13). Their surface active properties and emulsifying ability have 
been also considered (1-4). For about 15 years, we have been using 
hydrophobically modified polysaccharides in the elaboration of polymeric 
nanoparticles with well-controlled surface characteristics (5-9). 

Apart from the superficial layer, the chemical nature of the core of the 
nanoparticles is important for their suitability for drug delivery applications. 
Indeed, for drug encapsulation, compatibility should exist between the core 
material and the molecule to encapsulate. Moreover, the physical properties of 
the core can influence the kinetics of drug release through its rate of degradation 
in the release conditions or by changing the rate of drug diffusion. The chemical 
characteristics of the core of nanoparticles can be controlled by the use of well-
designed processes of elaboration. 

We will focus on four elaboration processes: two in which the polymeric 
core is obtained from previously synthesized macromolecules (emulsion/solvent 
evaporation and nanoprecipitation) and two others in which the polymeric core is 
synthesized from the monomer (emulsion and miniemulsion polymerization). All 
four processes have been well-studied in the literature but generally not with 
polymeric surfactants or rather recently. 

In all processes, the surface properties of the nanoparticles are brought by 
the adsorption of polysaccharide surfactants. The density of surface coverage, 
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the thickness of the polymeric layer and the chemical nature of the superficial 
loops are closely related to the structure of the polymeric surfactants, the 
adsorption phenomena (fast or slow diffusion, macromolecular rearrange
ments. ..) and the process employed. 

During miniemulsion polymerization (MP) and emulsion/solvent 
evaporation (ESE), an oil-in-water submicron emulsion, stabilized by 
polysaccharide surfactants, is first prepared. In MP the oil is essentially a 
monomer whose polymerization is initiated immediately after emulsification. 
The initiator can be dissolved either in the droplet or in the continuous aqueous 
phase. Because of the submicron size of the droplets and provided that the 
continuous phase contains no surfactant micelles, the nucleation occurs entirely 
in the droplets (strong difference with emulsion polymerization, see below) (10, 
11). The oil droplets are then polymerized and lead to polymeric nanoparticles 
with a covering layer of polysaccharide surfactant. Varying the monomer 
structure allows obtaining a wide range of polymeric cores provided that their 
water solubility is not too high and the polymerization mechanism is compatible 
with emulsion conditions. In the case of ESE, the oil consists in a highly volatile 
solvent containing a dissolved polymer. After emulsification, solvent 
evaporation is performed under vacuum. Oil droplets are then converted into 
solid particles. The polymeric surfactants stabilizing the initial emulsion are 
supposed to remain at the surface of the final particles. The solvent must be easy 
to evaporate and compatible with the targeted application (ethyl acetate and 
dichloromethane are common examples). For MP and ESE, the average droplet 
size and stability of the initial oil-in-water emulsion is a fundamental aspect of 
the process for the resulting nanoparticles. This point can be optimized by 
studying separately the emulsifying properties of polysaccharide surfactants. 

In the nanoprecipitation process (NP), the core material is first dissolved in 
a water-miscible solvent. Then the solution is dropped into a large excess of 
aqueous solution containing the polymeric surfactant. Due to exchange between 
the organic solvent and water, the polymer precipitates under the form of 
nanoparticles on which the polymeric surfactants progressively adsorb. The 
(rather low) amount of organic solvent present in the final suspension can be 
eliminated by a simple evaporation under vacuum. Generally, NP leads to very 
dilute suspensions of nanoparticles. No high energy input step is involved like 
emulsification in MP and ESE. 

In emulsion polymerization (EP), nanoparticles are prepared by 
polymerizing a water-insoluble monomer following a free radical chain 
mechanism. Radicals are generated in the aqueous phase and nucleate aggregates 
formed by the amphiphilic macromolecules. The monomer in the droplets (with 
diameters generally of several microns) diffuses into the aggregates where 
polymerization takes place. Since the monomer droplets have sizes much higher 
than polymer aggregates, nucleation takes place only in the latter. This is the 
main mechanism difference between EP and MP but it has a lot of consequences 
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on the control of nanoparticles characteristics. Chain transfer reactions may 
occur between growing radicals and polymeric surfactants near the surface of the 
forming particle, leading to covalent anchoring at the surface. The consequence 
of such irreversible anchoring will be detailed below. Like in the NP process, the 
EP process does not need a high energy input step like ultrasound emulsification. 
This may be a real advantage when biological macromolecules are involved. 

In what follows, the four previously cited processes will be applied to the 
elaboration of polysaccharide-covered nanoparticles. We will insist on the 
control of nanoparticle characteristics (size, composition and colloidal 
properties) through process conditions and try to compare the four processes. 

Amphiphilic Polysaccharides for Nanoparticle Surface Coverage 

Chemical Structure and Method of Synthesis 

Dextran is an almost linear polysaccharide containing neutral repeat units 
(scheme 1). It is highly water-soluble and dissolves in some polar organic 
solvents: dimethylsulfoxide, ethylene glycol and formamide. The solution 
properties of dextran have been studied in water by viscometry and laser light 
scattering, leading to relations between the intrinsic viscosity (or the 
hydrodynamic radius) and the molar mass (Table I). 

Scheme 1. Chemical structure of repeat units of dextran derivatives 

Amphiphilic dextran derivatives were_prepared from one commercial 
dextran sample T40®(M n = 26,000g/mol, M w =40,000g/mol as determined 
by size exclusion chromatography). For T40® we can calculate: 16.5 < [r\] < 

Results and Discussion 

C H 2 - C H - R 

AH 
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Table I. Hydrodynamic Characteristics of Dextran in Water at 25°C 

Experimental relation" Reference 
h] = 7.337xlO _ 5M„ 0- 5 3 3 (13) 

[n] = 5.628xl0" 4Mw 0- 3 4 7 (14) 

R h =4 .471xl0 - 2 Mw 0 4 6 4 (14) 

R h =4 .328x l0 _ 2 Mw 0 4 4 3 (IS) 
a_[r|] is thejntrinsic viscosity (L/g), Rh is the hydrodynamic radius (nm), 
M n and M w are the number-average and weight-average molar mass 
(g/mol) respectively. 

22.2 mL/g and 4.7 < R h < 6.1 nm. Experimentally, we obtained [r|] = 20.0 mL/g 
and R h = 4.9 nm for that dextran sample (12). 

Various amounts of hydrocarbon groups were attached onto the glucose 
units of dextran (scheme 1) using different epoxides: phenylglycidylether, 
epoxyoctane and epoxydodecane. Three families of amphiphilic dextrans were 
thus obtained, varying by the nature and the number of hydrophobes. The 
percentage of glucose units modified with one hydrocarbon group is called the 
degree of hydrophobic modification: T = 100xy/(x+y) (see scheme 1). Since 
there are three hydroxyl groups in each repeat unit, T could theoretically reach 
300% (even higher values if the hydroxyl carried by the hydrocarbon tails reacts 
further as in the case of cellulose derivatives). Nevertheless, for amphiphilic 
dextrans used as polymeric surfactants, we will limit x to 30% so as to keep a 
sufficient solubility in water. 

The polymers will be named DexPx, DexC6x and DexC10x according to the 
nature of hydrocarbon groups: phenoxy (P, with phenylglycidylether), n -C 6 Hi 3 -
(C6, with epoxyoctane) or n-Ci 0 H 2 i - (C10, with epoxydodecane). For all 
dextran derivatives, the degree of hydrophobic modification was calculated on 
the basis of *H NMR spectra in deuterated DMSO. The integrations 
corresponding to the hydrogen atoms of the hydrocarbon groups and that 
corresponding to the anomeric proton of the sugar rings were used. The 
chemical modification is detailed in previous papers (12,16). 

Solution and Surface Active Properties 

A detailed study of solution and interfacial properties of dextran derivatives 
is far above the scope of that paper. Only the essential aspects will be mentioned 
here. The interested reader is referred to more specialized papers (12,17). 
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Hydrophobically modified dextrans keep a significant water-solubility for 
degrees of substitution lower than 30%. When the ionic strength is increased, the 
solubility of dextran derivatives is strongly reduced, especially for DexCnx series 
(77). 

In aqueous solutions, amphiphilic dextrans exhibit lower intrinsic viscosities 
than native dextran. On the contrary, Huggins coefficient increases with the 
degree of hydrophobic substitution (Table II). Both tendencies are related to the 
decrease of polymer-solvent affinity by the introduction of hydrocarbon groups 
along the polysaccharide chain. Similar trends have been evidenced for bile acid 
grafted dextrans (18). Light scattering experiments showed that these polymers 
are under the form of polymeric aggregates even in dilute solution. The number 
of macromolecules involved in the aggregates depends on the degree of 
hydrophobic substitution (72, 19). 

Table II. Viscometric Parameters for Dextran Derivatives in Water 
and DMSO at 25°C. 

Polymer Solvent M(cm3/g) k„ 
Dextran T40® Water 20.0 0.6 

DMSO 28.5 0.6 
DexC6,2 Water 16.8 1.1 

DMSO 27.4 0.7 
DexC63 8 Water 8.0 3.7 

DMSO 25.9 0.6 

In DMSO, DexC6x have intrinsic viscosities similar to that of native dextran. 
DMSO appears to be a good solvent for amphiphilic dextrans. Within that range 
of degree of substitution, the dilute domain extends up to approximately 35g/L in 
pure water. This range of concentrations is convenient for preparing submicron 
emulsions with oil volume fractions lower than 20% (see below). For higher 
polymer concentrations, a physical network is built through the formation of 
intermolecular interactions. This gives rise to an important viscosity increase. 
Similar effect has been reported for dextran esters prepared with valeric or 
benzoic acid. 

At oil/water interfaces, hydrophobically modified dextrans lead to a 
significant decrease of interfacial tension. The kinetics of polymer adsorption at 
oil/water interfaces was examined (8,17). For polymer concentrations lower than 
O.Olg/L, the kinetics of decrease of interfacial tension appears to be controlled 
by macromolecule diffusion in the bulk solution. For higher concentrations, 
interfacial phenomena become limiting (conformational rearrangements, 
diffusion in the polymer layer close to the interface ...). Theoretical equations 
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were applied to experimental data obtained with amphiphilic dextrans in both 
concentration domains. Nevertheless, the values of physical parameters deduced 
from curve fitting should be considered with caution since theoretical equations 
were generally derived for molecular surfactants and not for polymeric ones. 

Essential Aspects of Emulsification with Amphiphilic Polysaccharides 

Amphiphilic dextrans can stabilize submicron oil-in-water emulsions (called 
miniemulsions) provided that the available amount of polymer in the aqueous 
phase and the energy input are high enough. Ultrasounds are used for 
miniemulsion preparation in what follows. Only the initial amount of surfactant 
will be considered as a process variable. A study of other operating parameters 
on emulsion characteristics is reported elsewhere (77). The relevant parameter 
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Figure 1. Variation of droplet size as a function ofpolymer-to-oil weight ratio 
for dodecane-in-water emulsions prepared in the presence of DexC638 at 
various concentrations in the aqueous phase (between 1 and 15g/L). Oil 

volume fraction: O 5%, • 10% and'• 20%. 
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for the initial average droplet size is the weight ratio of amphiphilic dextran to 
oil. Using this ratio allows obtaining a unique curve combining experiments 
carried-out at various polymer concentrations and various oil volume fractions 
(Figure 1). For low values of that ratio (typically below 0.05), droplet diameter is 
a decreasing function of the initial amount of polymer. For higher values, the 
droplet diameter levels down, indicating that process conditions are limiting. 

The surface coverage of oil droplets is also related to the weight ratio of 
polymeric surfactant to oil. For a given oil volume fraction, plotting the droplet 
surface coverage versus the excess polymer concentration in the aqueous phase 
leads to curves having the shape of usual adsorption isotherms. These curves are 
conveniently depicted using the Scatchard equation (8,20). As far as neutral 
dextran derivatives are considered, the range of droplet surface coverage 
obtained remains approximately unchanged whatever the number and nature of 
attached hydrocarbon groups. The minimum value obtained is generally around 
1 mg/m2. For high polymer concentrations, a maximum droplet surface coverage 
is reached which is around 4-5 mg/m2. The exact analysis of these curves is 
complex since emulsification may occur under nonequilibrium conditions (2). 

For miniemulsions stabilized by amphiphilic dextrans, it has been 
demonstrated that aging process follows Ostwald ripening mechanism (9). A 
spontaneous diffusion of oil from small droplets into the biggest ones takes 
place, giving rise to an overall displacement of the droplet size distribution 
towards higher dimensions. The dominant parameter for the rate of Ostwald 
ripening is the solubility of oil in water (21). A limited amount of hydrophobe 
(hexadecane) added to a more water-soluble oil (like toluene or styrene) is 
enough to strongly reduce the rate of Ostwald ripening (22). The use of rather 
water-soluble oils (dichloromethane...) gives rise to a very fast emulsion aging. 

Materials for the Core of Nanoparticles 

For ESE and NP processes, two polymers were used: poly(lactic acid) 
(PLA) and hydrophobically modified dextrans. PLA is a biocompatible polyester 
widely used for biomedical devices (23). A commercial atactic sample was used 
( M w = 100,000g/mol). The nanoparticles core is an amorphous material with a 
glass transition temperature around 43°C. 

Hydrophobically modified dextrans were prepared by a similar method as 
that depicted for water-soluble amphiphilic dextrans. Nevertheless, the synthesis 
procedure was modified so as to limit the amount of water present in the reaction 
medium (16). Much higher degrees of hydrophobic modification were obtained. 
DexPx samples with T above 80% exhibit a significant solubility in polar organic 
solvents like dichloromethane or ethyl acetate, provided that these solvents are 
saturated with water. Moreover, these polymers are readily soluble in 
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tetrahydrofuran (16). Varying the number and nature of hydrocarbon groups 
within dextran chains allows obtaining nanoparticles differing by the physical 
properties of their core (polarity, glass transition temperature ...). 

For EP and MP processes, two monomers were employed: styrene and 
butylcyanoacrylate. Both monomers can be polymerized by a free-radical 
mechanism. Polymerization conditions should be optimized so as to ensure 
emulsion stability during the reaction. Butylcyanoacrylate undergoes rapid 
anionic polymerization in the presence of water (a strong enough base for that 
monomer). The pH of the aqueous phase should be adjusted so that the rate of 
spontaneous anionic polymerization remains low enough (24). 

Emulsion-Solvent Evaporation Process 

The applicability of different dextran derivatives containing various grafted 
hydrophobic groups (phenoxy, P; hexyl, C 6 or decyl, C 1 0) as emulsion stabilizers 
in the preparation of poly(lactic acid) (PLA) by an o/w emulsion/evaporation 
technique was extensively investigated (6,7). The feasibility of nanoparticles, 
with a hydrophobically modified dextran core instead of PLA, was examined. 
Dextran derivatives with high enough degrees of substitution were dissolved in 
the organic solvents. The stabilisation of droplets was achieved using low 
substituted dextran derivatives (see above). 

The size and surface properties of PLA or dextran nanoparticles were 
significantly influenced by processing conditions. PLA nanospheres and DexP 1 3 0 

nanospheres in the size range 150-300 nm were prepared by ESE using DexP1 5 

as stabilizer (Figure 2). In the case of PLA, the smallest particles were obtained 
with DexP15 with concentrations of 1-1.5 g/L while the smaller DexPi 3 0 particles 
with the smallest polydispersity index (0.2 ±0.1) were obtained with DexP1 5 for 
concentrations higher than 2.5g/L. 

Interestingly DexP 1 3 0 particles can also be obtained without DexP15 in the 
water phase, contrary to PLA (Table III). This result could be attributed to the 
solubility in water of a small DexPi 3 0 fraction, providing surface active species 
in the aqueous phase at a concentration sufficient to stabilize the droplets. 

The stability of colloidal suspensions with ionic strength was investigated. 
For biological use, particles should be stable at ionic strengths around 0.15M. 
The evolution of the zeta potential (Q of DexP 1 3 0 and of PLA particles versus 
the NaCl concentration is shown in Figure 3. 

In all curves, C, decreases with increasing NaCl concentration. Compared to 
uncoated PLA particles, it is clear that the DexP J 5 layer at the PLA surface 
masks the COO end groups of PLA chains, decreasing the zeta potential of 
particle surface. Unexpectedly, the surface of DexPi 3 0 particles is also negatively 
charged, in spite of the fact that charged groups are not present on dextran. This 
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Table III. Size of Nanoparticles Prepared by Emulsion/Solvent Evaporation 
Process using Various Hydrophobically Modified Dextrans with or without 

DexP15 in Water. 

Particle size (nm) 
Nanoparticle core DexPls 5g/L in water No DexPls in water 

DexP65 200 370 
DexP130 160 420 
DexP2io 180 850 

400 -

4 6 8 

DexP15 concentration (g/L) 

10 12 

Figure 2. Particle size as a function of DexP15 concentration following the 
emulsion/solvent evaporation process, for two different core materials. 

DDexP]30andmPLA 
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result can be explained by the adsorption of ions on the particle surface. In both 
curves (corresponding to DexP 1 3 0 and DexP15-coated DexP 1 3 0 particles), it can 
be observed that <̂  decreases with increasing NaCl concentrations. Compared to 
DexPi 3 0 particles obtained without DexPi5, it is clear that the effect of DexPj5 is 
also to reduce the zeta potential of particles. In addition, DexP 1 3 0 and PLA 
particles proved to be stable up to 1M NaCl when obtained in the presence of 
DexP15 in the water phase (5g/l) while bare DexPi 3 0 and PLA particles are 
destabilized in NaCl solution above 0.01 M . From these results, it can be 
accepted that the stabilization of particles obtained in the presence of DexP1 5 is 
mainly due to steric repulsion of the DexP15 polymer layer formed at the particle 
surface. 

Both DexPi5 coated nanoparticles (PLA and DexPi30) proved to be stable in 
solution after a 7-day incubation period and most of them could also be easily 
resuspended in water after freeze-drying without cryoprotectant. These results 
clearly confirm the presence of a DexP15 layer at the surface of nanospheres, 
providing a decrease of the extent of particle aggregation after freeze drying. 

Nanoprecipitation 

With the NP process, dextran nanoparticles of similar size were obtained 
with or without using DexP15 as stabilizer. Contrary to the ESE process, particle 
sizes are quite independent of the surface active polymer added to the aqueous 
phase but are strongly related to the dextran concentration in the THF phase 
(Figure 4). 

For colloidal stability, the results are similar to ESE; above 0.01 M NaCl, 
suspensions of particles with no DexP i 5 shell are unstable and flocculate. 

Miniemulsion Polymerization 

Styrene-in-water miniemulsions were prepared in the presence of different 
dextran derivatives: DexP5, DexP13, DexPi 6, DexP23, and DexP2s. The relevant 
parameter is the initial weight ratio a = [polymer]/[oil]. The influence of the 
copolymer structure was far less pronounced. The droplet size was around 150 
nm at maximal surface coverage for all the copolymers (Figure 5). 

However drastic differences were observed during the polymerization step. 
The best results were obtained for x higher than 10%. In these cases, the particle 
size was close to the initial droplet size and the coagulated amount was below 5 
wt%. The particle size and amount coagulated strongly increased by decreasing x 
below 10%. In the case of DexP5, no latex was obtained. 
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Figure 3. Zeta potential of polymeric nanoparticles at various ionic strengths. 
• bare PLA particles, • PLA particles coated with DexP]5, O bare DexPJ30 

particles, • DexP130 particles coated with DexP15. 

Electrokinetic layer thickness was evaluated via Zeta potential 
measurements (25). It regularly increased with dextran concentration in the 
aqueous phase, to reach a maximum value of about 6 nm for all polymers. 

The amount of non-adsorbed polymer remaining in the aqueous phase after 
polymerization was determined using the anthrone method {26,27). The 
maximum surface coverage was found to slightly increase with the modification 
degree of the polysaccharide starting from 3 mg/m2 for DexP13 and reaching 4 
mg/m2 for DexP28. 

The electrokinetic layer thickness linearly increased with the surface 
coverage of the particle (Figure 6). The slope of this variation decreased with the 
modification degree of the amphiphilic polysaccharide, suggesting the formation 
of a more compact layer. Indeed, the number of anchoring points increases with 
T , thereby decreasing the polysaccharide layer thickness. 
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Figure 4. Size of DexP2w nanoparticles prepared by nanoprecipitation as a 
function of DexP2}0 concentration in THF, using DexPjs as surface active 
polymer in the aqueous phase at 2.5g/L (•) or without any surface active 

polymer in water (•). 

Polystyrene nanoparticles were washed in SDS solutions with increasing 
surfactant concentrations in order to desorb the not tightly bound dextran 
derivatives. About 30% of the adsorbed polysaccharide could be easily washed 
from the nanoparticles. The other 70% remained linked to the surface of the 
nanoparticles even in the more concentrated SDS solutions (2 wt%). The 
polysaccharide layer is thus very stable. 

In order to get biocompatible and biodegradable nanoparticles suitable for 
biomedical applications, styrene was replaced by butylcyanoacrylate. Very low 
pH values are required to avoid butylcyanoacrylate anionic polymerization 
during the emulsification step as water initiates the polymerization. Therefore, 
potential degradation of the amphiphilic derivatives was investigated. The 
degree of substitution remained unchanged in the polymerization conditions and 
dextran chain scission only occurred at high temperature and pH 1. 

Emulsification conditions (sonication time and temperature) were optimized 
so as to minimize particle size and anionic polymerization of monomer at the 
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Figure 5. Variation ofpolystyrene particle size as a function of 
[dextran]/[styrene] mass ratio for miniemulsion polymerization 

stabilized by DexP73 DexP]6 A andDexP2s • 

same time. Both radical and anionic polymerizations were studied. These results 
will be presented in details in a forthcoming paper. Briefly, the particles size was 
found to be in the same order of magnitude as in the case of styrene. Surface 
coverage was much higher. Indeed, alkylcyanoacrylate polymerization can be 
initiated by the hydroxyl groups of the polysaccharide backbone, thereby 
increasing the number of anchoring points. The polysaccharide layer was more 
compact as compared to polystyrene nanoparticles because of the increased 
number of anchoring points. 

Miniemulsion polymerization stabilized by dextran derivatives thus allows 
the synthesis of polysaccharide-coated nanoparticles with a wide variety of 
chemical nature of the core. 
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Figure 6. Electrokinetic layer thickness as a function of surface coverage 
for nanoparticles obtained by emulsion polymerization O or miniemulsion 

polymerization stabilized by DexPJ3 DexP23 • 
and DexP28 •• 

Emulsion Polymerization 

Dextran-coated nanoparticles could be obtained by direct emulsion 
polymerization of styrene in the presence of native dextran. Although dextran is 
not a surfactant, stable particles with a permanently grafted dextran layer at their 
surface were obtained in a one-step procedure. 

Chemical modification of the polysaccharide probably occurred in the early 
stage of the emulsion polymerization. Indeed, though conversion only reached a 
few percents, the reaction medium turned opaque after about one hour while the 
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organic layer totally disappeared. This speaks for the formation of a styrene in 
water emulsion, which is only possible in the presence of amphiphilic species. 
Furthermore, particle size was directly connected to the dextran concentration. 
As native dextran do not adsorb on polystyrene nanoparticles, this further 
suggest that the polysaccharide was modified. 

The nature of the in-situ formed stabilizer was studied by NMR and 
MALDI-TOF. Graft copolymers are supposed to be formed, which are able to 
stabilize the emulsion polymerization of styrene (28). 

Once more, it appeared that for a given dextran sample, the key parameter to 
control the final particle size was the initial weight ratio a = [dextran]/[styrene] 
(Figure 7). The molar mass of the dextran also had a great influence on final 
polystyrene particle size. Smaller particles were obtained for the dextran T500®, 
especially at low concentration. Particle sizes were only slightly higher than for 
miniemulsion polymerization of styrene. 

However, the amount of dextran needed to stabilize the emulsion 
polymerization of styrene was relatively high. In the case of dextran T40®, the 
plateau value of particle diameter was obtained for a [polysaccharide]/[styrene] 
ratio of about 40%. By comparison, in the case of miniemulsion polymerization 
stabilized by amphiphilic derivatives of dextran, a [polysaccharide]/[styrene] 
ratio of only 5% is required. 

Electrokinetic layer thickness regularly increased with dextran concentration 
in the aqueous phase, to reach a maximum of about 7 nm. This value is in 
agreement with the only one reported in the literature (29). 

After washing the particles via centrifugation and redispersion in distilled 
water in order to eliminate the non adsorbed polysaccharide, the amount of 
remaining dextran at the surface of the particles was determined by direct 
titration of the particles and we get a maximum surface coverage equal to 2.5 
mg/m2 which is consistent with the literature (29). 

The slope of the variation of the electrokinetic layer thickness as a function 
of the surface coverage was found to be much higher than for MP process. The 
formed polysaccharide layer is also far less compact. Indeed, the number of 
anchoring points is probably much lower. 

Emulsion polymerization allows the chemical modification of native dextran 
and the synthesis of dextran-coated nanoparticles in a one-step procedure. 
Nevertheless, the hydrophobically modified dextrans cannot be isolated from the 
reaction mixture and characterized independently. 

Conclusion 

Polysaccharide-covered nanoparticles were produced by several methods 
involving amphiphilic polysaccharides. Using various processes, it is possible to 
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Figure 7. Particle size as a function of [dextran]/[styrene] mass ratio for 
emulsion polymerization of styrene with three dextran samples 7tfB A, T40® # 

and T50(f (average molar masses 6,430, 40,000 and480,000 gmot1) 

control the nature of the core material as well as the characteristics of the 
superficial polymeric layer. Even if only dextran is used here for surface 
coverage, it is possible to design other amphiphilic polymers based on different 
polysaccharides thereby leading to nanoparticles with specific surface 
interactions. Furthermore, using the wide variety of acrylic monomers, 
nanoparticles with polymeric cores having very different characteristics 
(polarity, glass transition temperature ...) can be prepared. Nevertheless, it is 
necessary to adapt miniemulsion conditions to polymerization requirements. 
Another way to vary the chemical nature of nanoparticle core is to prepare 
water-insoluble polymers that could be used in processes like nanoprecipitation 
or emulsion/solvent evaporation. Such topics are currently investigated in our 
laboratory. 
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Chapter 24 

“Frozen” Micelles: Polymer Nanoparticles 
of Controlled Size by Self-Assembly 

R. Nagarajan 

Molecular Sciences and Engineering Team, Natick Soldier Research, 
Development and Engineering Center, Kansas Street, Natick MA 01760 

Block copolymer micelles generated by spontaneous molecular 
self-assembly can serve as nanoparticles that are intrinsically 
passivated as well as stable, and with a controlled dispersion 
of size. But micelles are not “permanent” nanoparticles, 
because the equilibrium self-assembly process involves free 
exchange of block copolymer between the micelle and the 
surrounding solvent medium. However, micelles that are 
“frozen” in the kinetic sense can be prepared if one block of 

the copolymer has a high enough glass transition temperature 
or large enough hydrophobicity, so as to cause a large 
activation energy barrier for molecular exchange. In such 
systems, the nanoparticle preparation method involves the 
molecular dissolution of the block copolymer in a solvent 
common to both blocks, followed by the replacement of the 
common solvent by a selective solvent to cause the freezing of 
the micelle. In this work, we present a theory for predicting the 
size and shape of such “frozen” micelles in selective solvents, 
prepared using mixed solvents. We show that the resulting 
micellar properties are significantly different compared to 
those predicted based on the nature of the selective solvent 
alone, without considering the micelle preparation procedure. 

U.S. government work. Published 2008 American Chemical Society. 341 
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Introduction 

The preparation of passivated and stable nanoparticles of controlled size and 
shape is a problem of general interest to nanotechnology. A convenient way to 
achieve this goal for polymer nanoparticles is by self-assembly of amphiphilic 
polymers, possessing a block representing the nanomaterial of interest, to form 
micelles. This block forms the core of the micelle, serving as the desired 
nanoparticle and its passivation and stabilization are guaranteed by the presence 
of the other block forming the corona of the micelle. 

The micelles formed by self-assembly are not permanent nanoparticles in 
the sense that free exchange of block copolymer molecules occurs between the 
micelles and the surrounding solvent medium. However, one can use the self-
assembly process and create permanent nanoparticles if the core forming 
polymer block has a high glass transition temperature or is highly solvophobic 
with respect to the solvent medium in which the particle is to be dispersed. 
Consider, for example, the synthesis of polystyrene nanoparticles to be dispersed 
in aqueous medium. We can start with diblock copolymers of polystyrene-
polyethyleneoxide (PS-PEO). Three key stages in the self-assembly process are 
schematically shown in Figure 1. 

Figure 1. Process of forming block copolymer micelles. Thick and thin lines 
represent hydrophobic (PS) and hydrophilic (PEO) blocks. Open circles denote 
common solvent (THF) andfilled circles denote solvent (water) selective to the 

hydrophilic block and non-selective to the hydrophobic block. 

The block copolymer is first dissolved at the molecular scale in 
tetrahydrofiiran (THF) which is a common good solvent for both PS and PEO 
blocks and no self-assembly takes place (Figure 1—left). Then water, which is a 
good solvent for PEO block and a very poor solvent for PS block, is added to the 
system, progressively replacing THF. The changing solvent composition induces 
the formation of block copolymer micelles in the solvent medium with a PS core 



343 

and a PEO corona (Figure 1-middle). The micelle core consists of PS and the 
common solvent THF since it is a good solvent for PS; but the selective solvent 
water is excluded from the core. The corona region consists of PEO blocks and 
the solvent mixture of THF and water, the same as the surrounding bulk solvent. 
The self-assembly process involves free molecular exchange, typical of an 
equilibrium process, since the PS blocks are in a liquid state under these 
conditions and pose no kinetic barriers to exchange. 

As THF is progressively removed from the system by solvent substitution, 
the volume fraction of THF in the micelle core continues to decrease and reaches 
a critical volume fraction at which the PS block becomes glass. This critical 
volume fraction of diluent (THF, in this case) is a function of the temperature, 
molecular weight of the PS block and the molecular volume of the diluent. When 
the PS blocks become glassy, the micelle is considered frozen. The free 
exchange of block copolymer molecule is now forbidden. As THF continues to 
be removed from the system, the number of block copolymer molecules in the 
micelle (the aggregation number) will remain unaltered, since the block 
copolymer molecules are forbidden to enter or leave the micelle. The volume 
fraction of THF in the core continues to decrease and the conformation of the 
corona block PEO continues to change with changing solvent composition. 
Finally, when all THF is removed, the micelle is in pure water (Figure 1-right). 

Indeed, we have great control over such a nanoparticle formation process by 
our ability to change the solvent composition gradually or abruptly. At any stage 
in the process, well before the volume fraction of THF in the core reaches the 
critical value, we can abruptly change the solvent composition by adding a large 
volume of water to the system causing the micelle to freeze at any bulk solvent 
volume fraction. Therefore, depending on the volume fraction of THF in the 
core (or in the bulk solvent) at which the abrupt change in solvent composition is 
caused, one can obtain a nanoparticle of different size. 

A theoretical method to predict the size and shape of such frozen micelles 
currently does not exist in the literature. We develop such a predictive model 
here by implementing the following steps: 
• First formulate a theory of micelle formation and solubilization in binary 

solvent mixtures (THF + water), allowing the common solvent (THF) to be 
also solubilized in the micelle core. 

• Second, use the above theory to determine the volume fraction of THF in 
the core and the aggregation number of the micelle as a function of the 
volume fraction of THF in the bulk solvent medium. 

• Third, freeze the micelle at a specific volume fraction of THF in the micelle 
core, thus freezing the aggregation number of the micelle. For this frozen 
aggregation number, determine the micelle core radius and the corona 
thickness when all THF is removed and only water remains as the solvent. 

The theory developed here follows our previous treatments of micelle formation 
(/) and solubilization (2) in selective solvents and therefore the construction of 
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various free energy expressions are only briefly described here. We refer the 
reader to the earlier papers (7-5) for more descriptive information. The model 
developed here is applicable to all aggregate shapes and indeed calculations have 
been performed for both spherical and cylindrical micelles. However, only the 
results for spherical micelles are discussed here because of space limitations and 
the results for cylindrical micelles will be presented in a different publication. 

Self-assembly in Binary Solvent Mixture 

The size distribution of block copolymer micelles in a binary solvent 
mixture, with the common solvent solubilized in the micelle core, is given by 

X g

= = X f aJ exp-
kT 

0) 
AHg = — - n f — Hi ' L N A T

 = X T e x P 0 c T w x w ) 
g 

Here, X g is the mole fraction of the micelle with an aggregation number g and 
containing j molecules of the common solvent (solubilizate) in the micelle core, 
X i is the mole fraction of the non-aggregated block copolymer molecule 
(unimer), aT is the activity of the common solvent (THF) that is also solubilized, 
H° is the standard chemical potential of the micelle defined as that of an 
isolated micelle in the solvent mixture, |x° is the standard chemical potential of 
the unimer, also defined as that of an isolated unimer in the solvent mixture, and 
\iT is the standard chemical potential of the common solvent THF defined as 
that of a pure solvent. The variables X T and X w denote the mole fractions of 
THF and water in the bulk solvent medium and X T W is the interaction parameter 
between THF and water. To calculate the size distribution of micelles, one 
requires an expression for the standard free energy change on aggregation, Au°. 
Since this depends on the shape and size of aggregates, the geometrical variables 
describing the aggregates have to be defined as well. 

Geometrical Relations for Aggregates 

The symbols A and B represent the core and corona blocks. We use the 
variable R to denote the hydrophobic core dimension (radius for sphere or 
cylinder), D for the corona thickness, and a for the surface area of the aggregate 
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core per constituent block copolymer molecule. The numbers of molecules g 
and j , the micelle core volume V c , and the corona volume V s all refer to the total 
quantities in the case of spherical aggregates and quantities per unit length in the 
case of cylindrical aggregates. The volume fraction of the solubilizate molecules 
in the core is denoted by r|. The concentrations of segments are assumed to be 
uniform in the core as well as in the corona, with (pA standing for the volume 
fraction of the A segments in the core (cpA = 1 - r|), and (pB for the volume 
fraction of the B segments in the corona. The geometrical relations describing 
spherical and cylindrical block copolymer aggregates are summarized in Table 1. 
If any three structural variables are specified all the remaining geometrical 
variables can be calculated through the relations given in Table 1. For 
convenience, R, D and r| (or cpA) are chosen as the independent variables. 

Table 1. Geometrical Relations for Aggregates 

Property Sphere Cylinder 

V c

 = g N A v A +j v T 4TCR3/3 TCR 2 

V s 
Vc[(l+D/R)3-1] V c [(1+D/R)2-1] 

g V c (cpA/vA) V c (<PA/VA) 

a 3 vA/(RcpA) 2vA/(R(pA) 

( V B / V a ) 9 A ( V C / V S ) (vB/vA) q>A(Vc/Vs) 

n = j v T / (g N A v A +j v T ) 1-<PA 1-<PA 

In Table l , vA, vB, v T and v w , refer to the molecular volumes of A and B 
segments, the common solvent (which is also the solubilizate) and the selective 
solvent. The effective molar volume of the mixed solvent v s is calculated by 
composition (mole fraction) averaging the molar volumes of THF and water. The 
characteristic lengths of K (= A, B) are defined as L K = v*K

/3. N A and N B are the 
number of segments of blocks A and B for both AB diblock and for the 
symmetric BAB triblock copolymers. 

Standard Free Energy Change on Aggregation 

The expression for the standard free energy change on aggregation is 
formulated by identifying all physicochemical changes accompanying micelle 
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formation. First, the transfer of the solubilizate and the singly dispersed 
copolymer to the micellar core is associated with changes in the state of dilution 
and the state of deformation of A block, including the swelling of A blocks in the 
core by solubilizate T. The corresponding free energy change is calculated using 
Flory theory for polymer solutions (6), Semenov theory for elastic deformations 
in constrained systems (7) and de Gennes theory for conformation of a collapsed 
polymer (8). Second, the formation of micelle is associated with the generation 
of an interface between the micelle core made up of A blocks and solubilizate T 
and the micelle corona consisting of B blocks and the mixed solvent S (mixture 
of T and W). The characteristic interfacial tension a a g g between the core and 
corona regions is calculated based on the Prigogine theory for interfacial tension 
between solutions (9,10). Third, the B block of the singly dispersed copolymer is 
transferred to the corona region of the micelle and this transfer process also 
involves changes in the states of dilution and deformation of the B block. This is 
calculated using Flory theory for polymer solutions (6), Semenov theory for 
elastic deformations in constrained systems (7) and the Flory theory for swollen 
isolated polymer (6) with modification suggested by Stockmayer (11). Fourth, 
the formation of the micelle localizes the copolymer such that the A block is 
confined to the core while the B block is confined to the corona. This is 
calculated using a configurational volume restriction model. Fifth, in the case of 
a BAB triblock copolymer, there is a free energy contribution due to the folding 
or loop formation of the A block (which occurs to ensure that the B blocks at the 
two ends are in the corona while the folded A block is within the micelle core). 
This is calculated using the Jacobsen-Stockmayer model (12). Thus, 

*K = ( ^ ) A , d i l + ( ^ ° ) A , d e f +(An°) i n t
 + ( A ^ ) B , d i . +(AHgW 

+ ( A u ° ) l o c + ( A u ° ) l o o p 

(2) 

Expressions for each of these contributions are briefly presented below. 

Change in state of dilution of block A 

(Au°) g 'A .d i l 

kT 
v. l-q> A l n ( 1 _ , p A ) + l A 0 _ f A ) X A T 

- N , 
1-cp 

Al 
l n ( 1 -<P A i ) + - r L 0 - 9 A I ) X A S 

g A S L A 

kT 

CA1 

6N 1/2 

(3) 
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The chain expansion parameter otA and for the segment volume fraction cpAi 
within the unimer in its standard state are calculated using the de Gennes theory 
for collapsed polymers (8) from the expressions: 

ln(l-cp A 1 ) + (pA1 + X A W <PA1 =0, a A =(6/jt) 1 / 3 N A

l / 6 (p A

1 , / 3 (4) 

The interfacial tension a A S between block A and the binary solvent mixture is 
calculated using the Prigogine theory (9,10). The polymer-mixed solvent 
interaction parameter X A S depends on the composition of the bulk solvent. It is 
calculated from eq.(5), with the volume fractions cpT and cpw chosen as 
composition variables. 

X A S = < P T * A T + < P W X A W - < P T < P W X T W 

Change in state of deformation of block A 

(5) 

(Au°) A g'A,def 

kT 

( i\ 

P 71 

~80~ ( N A / q ) L 2 . 
(6) 

Here, q = 1 for AB diblock and 2 for symmetric BAB triblock copolymers and p 
= 3 for spheres and 5 for cylinders. 

Formation of core-solvent interface 

( A U g ) i n t °agg 

kT kT 
a > a a g g = a A s ( 1 - ( P B ) ( P A + a A B ( P B ( P B ^ A AB ^ A 

(7) 

Here, aagg is calculated recognizing that A interacts with the mixed solvent S 
(mixture of T and W) and the B block at the interface. a A B is estimated from the 
interaction parameter x^. 

Change in state of dilution of block B 
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The chain expansion parameter a B and the segment volume fraction ipBi within 
the unimer in its standard state are calculated using the Flory theory for swollen 
isolated polymers (<5) with the modification suggested by Stockmayer (77) 

a ^ - a 3

B = 0 . 8 8 ( l / 2 - x B S ) ( N B / q ) , / 2 

( p B 1 = ( 6 / 7 i ) ( N B / q ) - I / 2 a ' 3 

(9) 

The polymer-mixed solvent interaction parameter X B S is calculated using the 
relation: 

X B S = < P T X B T + ( P W X B W - V T ' P W X T W 

Change in state of deformation of block B 

(10) 

g-'B.def 

kT 
3 L B R 

2 (a/q)q>( 
| ( a B - l ) - l n a (11) 

Localization of block copolymer 

kT 
= - q In 

d L r 

R ( l + D / R ) d 
(12) 

(13) 

Here, d = 3 for spheres and 2 for cylinders. 

Backfolding for a BAB block copolymer 

Here, the excluded volume parameter p is taken to be unity (12). 

Molecular constants appearing in the free energy expressions 

The molecular volumes of the repeating units are estimated to be v A

 = : 0.1683 
nm3 for PS and vB = 0.0646 nm3 for PEO while the molecular volume of 
tetrahydrofuran is v T = 0.1362 nm3and that of water is v w = 0.030 nm3. The 
various Flory interaction parameters have been taken to be X A T = 0.25, X A W = 6.0, 
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X B T = 0.25, X B W = 0.2, X T W = 0.1, X A B = 0.1, based on available molecular 
information such as the solubility parameter data or UNIFAC group contribution 
data (13-15). 

Results and Discussion 

Illustrative calculations have been carried out for three polystyrene-
polyethylene oxide diblock copolymers, PS(38)-PEO(90), PS(152)-PEO(557), 
and PS(301)-PEO(1164). The predicted volume fraction of THF in the micelle 
core as a function of the bulk solvent composition is shown in Figure 2 (left). 
The results for all three block copolymers practically collapse into a single 
curve. Based on Chow's thermodynamic model of glass transition in polymer-
diluent systems (75), we have estimated the critical volume fraction of THF at 
which the liquid to glass transition occurs for the three block copolymers to be 
ricrit = 0.088, 0.143 and 0.152, respectively. When the THF volume fraction in 
the core reaches the critical value, the kinetic freezing of micelles occurs. Based 
on Figure 2, the volume fraction of THF in the bulk solvent at which the micelle 
freezing occurs is 0.58, 0.73 and 0.75, respectively. Obviously, the larger the 
molecular weight of the PS block more diluent (THF) is required to maintain the 
polymer in the liquid state. 

The presence of the common solvent THF, both in the micelle core and the 
bulk solvent medium, influences two dominant free energy contributions, leading 
to two competing effects. First, THF present in the bulk solvent lowers the 
interfacial tension between the PS block and the bulk solvent (Figure 2 - right). 
This causes a decrease in the interfacial tension a a g g between the micelle core 
and the corona and thus reduces the magnitude of the free energy of formation of 
the core-corona interface (Surface energy curve on Figure 3 - left). Such a free 
energy change favors an increase in the equilibrium area per molecule and a 
corresponding decrease in the micelle aggregation number. Second, THF 
present in the core provides a negative contribution to the free energy of 
aggregation (A block dilution curve on Figure 3 - left). This dominates the 
overall free energy change on aggregation (Au° /kT-( j /g ) In a T curve on 
Figure 3-left) although the presence of THF in the core also causes an increase in 
the positive free energies associated with A block deformation, B block dilution, 
and B block deformation. It has been shown (2) that any solubilization in the 
micelle core will favor the micelle aggregation number to increase and the larger 
the amount solubilized, the larger will be the increase in the aggregation number. 
The net result of these competing effects on the predicted equilibrium area per 
molecule shows an increase in the area (Figure 3—right) and a corresponding 
decrease in the micelle aggregation number. This demonstrates that the decrease 
in core-corona interfacial tension caused by THF in the bulk solvent dominates 
the overall behavior of equilibrium aggregates formed. 
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In Figure 4, the predicted core radius and corona thickness of micelles are 
plotted against the volume fraction of THF in the core. These results correspond 
to micelles that would exist in water when all of the THF is removed from the 
system. The result plotted in Figure 2 allows the translation of the volume 
fraction of THF in the core at freezing to the volume fraction of THF in the bulk 
solvent. 

Note that the region of volume fraction from r\ = 0 to r\ = r| c r i t will not be 
attainable in this system since the PS block will be in glassy state over this 
domain. The scaled core radius and corona thickness nearly collapse together 
for all three block copolymers. There is a significant increase in both R and D as 
the amount of THF in the core decreases (this is the direction in which the 
micelle preparation occurs as THF is progressively being removed). The 
predicted aggregation number of the micelles is plotted in Figure 5. Again, the 
scaled aggregation numbers for all three block copolymer practically coincide. 
One can observe the significant growth in micelles as the micelle preparation 
method is pursued starting from pure THF. 

In this work, we have considered THF as the common solvent. The choice 
of the common solvent affects the nature of nanoparticles produced in two 
important ways. One is the dependence of the critical volume fraction r| c r i t 

necessary to maintain the PS block in the liquid state. By selecting a different 
common solvent we can decrease r| c r i t and expand the binary solvent composition 
domain over which we can form nanoparticles using this approach. The second 
feature is the dependence of the PS block mixed solvent interfacial tension on 
the nature of the common solvent. Since this interfacial tension significantly 
influences the aggregation number and hence the size of the nanoparticle, we can 
obtain different patterns of aggregation number vs volume fraction of common 
solvent in core by different choices of the common solvent. 

Conclusions 

The micelle preparation approach using mixed solvents (of which one is a 
common solvent for both blocks of the copolymer) results in the formation of 
micelles smaller than what equilibrium calculations based on water as the solvent 
would predict. The size of the frozen micelle depends on the common solvent 
used and the solvent composition at which the 'freezing' takes place. Stable, 
passivated micellar nanoparticles in the size range from 2 nm to 100 nm are 
easily produced by this approach. The calculated results are shown here only for 
spherical particles but the same approach predicts cylinders for block copolymer 
compositions with larger PS to PEO ratios. Indeed both growth and shrinkage of 
cylindrical micelles is found to occur as the THF content in the micelle core 
changes, demonstrating the competing influence of THF as a solubilizate 
promoting growth and a solvent disfavoring the growth. 
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Chapter 25 

Nanoparticles as Seeds for Organic Crystallization 
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This paper describes a seed-mediated nucleation strategy to 
create a branched nano-hybrid by spin coating a mixed 
solution of inorganic nanoparticles (thiol-capped CdSe) and 
organic crystalline compound (arachidic acid) on graphite. 
Both crystallization conditions and nanoparticle structure were 
varied in order to understand the seed-mediated mechanism for 
the control of molecular self-assembly and crystallization. 
AFM, TEM, and in situ EDS were used for nanomaterial 
characterization. Both the nanoparticles and the graphite 
substrate affect arachidic acid crystallization competitively. 
Nanoparticles were found to be effective nucleation agents for 
fatty acids of different chain length. 

Introduction 

Nanomaterials are promising components for molecular electronics, sensors, 
and thin film photovoltaic devices. In order to utilize and build on progress in 
synthesis of monodisperse nanocrystals with well-defined morphologies such as 
nanodots, nanorods, nano-plates, and nano-cubes (7), we investigate the 
possibility of further functionalization of nanoparticles by forming 
nanostructures directly on the nanoparticles, i.e. nucleation and crystal growth on 
nanoparticle seeds. Nanocrystals that possess branched or other secondary 
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structures (2) add more complexity to structure, properties, and device design. 
For example, in the branched tetrapod CdTe nanocrystals, two crystal structures 
coexist in different domains of the same crystal (3). 

In addition to geometric variation, hybrid nanomaterials, where different 
chemical functional units are integrated into one stand-alone structure, are 
attractive materials because they combine or even enhance the performance of 
individual units. For example, a multi-component nano-hybrid was synthesized 
by growing metal tips on semiconductor nanocrystals (4)\ Banni et al. reported 
the synthesis of asymmetric gold-tipped semiconductor nanoparticles and 
nanorods (5); Inorganic nanoparticles have been incorporated into polymeric 
materials by layer-by-layer deposition or by simply embedding the nanoparticles 
in a polymer matrix (6). Furthermore, hybrid photovoltaic devices have been 
constructed by combining ZnO nanowires with organic dye sensitizers (7) and by 
integrating semiconductor nanocrystals of Ti02, an organic dye, and a hole 
transport material (8); Integration of inorganic semiconductor nanoparticles into 
organic thin film light-emitting devices was shown to enhance the performance 
of the device (9); A new polymer and inorganic nanoparticle hybrid design 
promises efficient laser emission and amplification in the eye-safe 
telecommunication window (70). As a final example, bioinorganic conjugates 
have been used as tracking tools in the tagging of biological entities (77). 

This paper describes the formation of fatty acid nanorod crystals on CdSe 
nanoparticles during spin coating of the binary solution on highly oriented 
pyrolytic graphite (HOPG). We hypothesize a seed-mediated nucleation and 
crystal growth confinement mechanism for the formation of the nano-hybrid. The 
nano-hybrid was characterized by Transmission Electron Microscopy (TEM), in 
situ Energy Dispersive Spectroscopy (EDS), and Atomic Force Microscopy 
(AFM). The solution-based, room temperature crystallization process is 
attractive because it potentially allows the nanoparticle core and the nanorod 
branches to be tuned separately. 

Experimental Section 

Materials 

All chemicals, including stearic acid (SA, Fluka, >99.5%), arachidic acid 
(AA, Sigma, >99%), behenic acid (BA, Aldrich, 99%), tetracosanoic acid (TA, 
Fluka, >99.0%), and hexacosanoic acid (HA, Sigma, >95%), methanol 
(Mallinckrodt Chemicals, 100%), ethanol (Pharmco, 100%), and 2-propanol 
(Mallinckrodt Chemicals, 100%), were used as received without any further 
purification. HOPG (ZYB grade, Mikromasch) was hand-cleaved with an 
adhesive tape just before film preparation until a smooth surface was obtained. 
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Film Fabrication via Spin coating 

Binary solutions of AA and 11-mercaptoundecanoic acid capped CdSe 
(MUA-CdSe) nanoparticles were prepared in various short-chained alcohol 
solvents at room temperature. The synthesis and capping procedure of MUA-
CdSe nanoparticles were adapted from literature (12,13) and have been 
described previously (14). The concentration of MUA-CdSe solutions was kept 
identical at 10"4 M unless specified. The concentration of AA was varied 
according to its solubility in the different solvents. 10'4 L of the binary solution 
was spin coated on HOPG. The spin rate and time were kept identical for all film 
preparation procedures at 3,000 rpm and 1 min, respectively. 

Characterization 

AFM (Dimension 3100, VEECO), high-resolution TEM (JEOL FastTEM 
201 OF), and in situ EDS (EDAX) attached to a Hitachi S-2400 Scanning 
Electron Microscope were used to characterize the nanoparticles and 
nanoparticle-containing films. TEM, operated in the bright field mode with an 
accelerating voltage of 200 keV, was used to determine the size of the inorganic 
nanoparticles. The average size was calculated based on manual measurements 
on 80 to 100 individual nanoparticles from different images. In situ EDS study 
provided elemental analysis of thiol-capped nanoparticles. Nanoparticles were 
sprinkled on carbon adhesive tabs placed on an aluminum stub, and EDS data 
were acquired at 25 keV in secondary electron mode. AFM was used to 
characterize the spin-coated films. AFM images of height, amplitude, and phase 
were obtained in tapping mode in ambient air using silicon probes (BS-Tap300, 
Nanoscience Instruments). Height images have been plane-fit in the fast scan 
direction with no additional altering operation. Sectional analysis and 2D fast 
Fourier Transform (2D FFT) data analysis were performed using Nanoscope 
software version 5.12 (VEECO). 

Results 

Nanoparticle Structure 

MUA-CdSe nanoparticle size and elemental composition were characterized 
by TEM and in situ EDS. The average size of nanoparticles was determined to 
be 3.0 ± 0.5 nm. In situ EDS revealed a correlation between the elemental sulfur 
and cadmium ratio in the capped nanoparticles and the molar ratio of MUA to 
cadmium used in the synthesis (14). An increasing MUA:Cd synthesis ratio 
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results in a higher S:Cd ratio for the nanoparticle, which means that a higher 
number of capping agent molecules are attached to the nanoparticles. For 
example, the S:Cd ratio was determined to be 0.38:1 when MUA:Cd = 3:1 was 
used in the capping procedure. The S:Cd ratio was increased to 0.5:1 when 
MUA:Cd = 5:1 was used during synthesis. The MUA capping agent coverage on 
CdSe nanoparticles was found to influence the average number of branches 
grown on the nanoparticle. 

Nano-Hybrid Thin Film Structure 

This part summarizes our previous results on the structure of spin-coated 
films containing both MUA-CdSe nanoparticles and the fatty acid AA on HOPG 
and our hypothesis on its formation mechanism (14). AA itself forms a highly 
ordered stripe-like nanopattern on HOPG (Figure 1A), while MUA-CdSe does 
not deposit under identical film-forming conditions. The AA stripe phase is 
induced by the epitaxial match between the all-trans carbon chain of AA and the 
crystalline lattice structure of the HOPG basal plane (75). The periodicity 
obtained from 2D FFT analysis is 5.6 nm, exactly twice the AA molecular chain 
length. Therefore, one stripe is made of a row of parallel AA pairs. In each AA 
pair, the two AA molecules are arranged in the tail-to-tail configuration. When 
the binary solution of AA and MUA-CdSe was deposited on HOPG, the nano-
hybrid structure was observed as exemplified by Figure IB. The size of 
nanoparticles measured by AFM, 6.0 ± 2.2 nm in height and 18.5 ± 7.2 nm in 
width, is much larger than the TEM-measured values, possibly due to the 
photooxidation of MUA, which causes particle aggregation. Moreover, the size 
of nanoparticles is convoluted with the AFM tip and appears to be larger than its 
actual size. However, the AA nanorod branches exhibit remarkably uniform 
cross-sectional dimensions with height = 1.0 ± 0.1 nm (Figure 1C) and width = 
5.4 ± 0.1 nm. The length has a wide distribution, as expected from the stochastic 
crystal growth process during spin coating. The cross-sectional dimensions of 
the nanorod match exactly the single unit cell dimensions of the (010) face of the 
C-form AA crystal. The C-form fatty acid crystal is monoclinic P2)/a with the 
following lattice parameters: a = 0.9360 nm, b = 0.4950 nm, c = 5.0700 nm, and 
P = 128.250°. Therefore, the rod axis should be along the <010> direction, 
which is perpendicular to the hydrocarbon chain of AA. 

Based on AFM analysis and comparison to the AA crystal structure, the 
following kinetic events may have occurred during spin coating. Firstly, AA 
precipitates out to form a monolayer of the epitaxially oriented stripe phase on 
HOPG due to its low solubility. A closer scan of the flat area surrounding the 
nanoparticles shows the same stripe phase structure as Figure 1A. Secondly, the 
precipitation of the stripe phase facilitates the immobilization and uniform 
deposition of individual MUA-CdSe nanoparticles or their aggregates. Thirdly, 
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Figure 1. A) AFM height image of AA monolayer on HOPG; B) AFM height 
image of nano-hybrid structure formed on HOPG by spin coating MUA-CdSe 

andAA mixture in 2-propanol on HOPG MUA-CdSe was made with a synthesis 
ratio MUA/Cd=3:l; C) Nanorods grow around nanoparticles, which are 
immobilized on top of AA monolayer. AFM height image, z range = 2 nm; 

and D) the height profile along the dotted line in B. 
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heterogeneous nucleation occurs preferentially at the nanoparticle surface, i.e. 
seed-mediated nucleation, due to the more favorable nucleation conditions 
provided by the nanoparticle. Finally, the crystallization conditions promote radial 
growth but inhibit tangential growth, i.e. confined crystal growth occurs, giving 
rise to radially oriented nanorods with single unit cell dimensions. Scheme 1 (14) 
illustrates the geometric relationship between the A A nanorod and the nanoparticle 
seed as well as the HOPG substrate based on the A F M images. 

Scheme 1. AA crystallization on the MUA-CdSe nanoparticle. (Reproduced 
from Ref. (14) Copyright 2004 American Chemical Society.) 

Effect of Crystallization Conditions 

Supersaturation is a key parameter in crystallization. Here the standing time 
of the binary solution droplet on HOPG prior to spinning was varied to vary the 
degree of supersaturation. Instant spin coating with no standing time corresponds 
to the highest solvent removal rate and highest undercooling. Longer standing 
time allows partial solvent removal at a slow rate before the final freezing step. 
MUA-CdSe nanoparticles synthesized with MUA:Cd = 5:1 were dispersed in 2-
propanol together with AA. The concentrations of MUA-CdSe and A A were 
kept at 0.1 mM. Only the standing time was varied while other spin coating 
conditions were the same as before. Figure 2 illustrates the progression in film 
structure from zero standing time, i.e. droplet was spun instantaneously, to 
standing time = 1 min. With longer standing time, more A A crystalline rods can 
be produced (Figure 2B). However, the influence of nanoparticles diminished 
with standing time as well. With no standing time, A A nanorods were induced 
predominantly by the nanoparticles seeds. This can be concluded both from the 
attachment of the nanorods on nanoparticles and the non-epitaxial orientation of 
the nanorods. On the other hand, there is a three-fold symmetry in the nanorod 
orientation in Figure 2B indicating the dominant influence of the HOPG 
substrate. No nanorods were observed when the standing time reached 1 min and 



364 

an irregular particulate structure, possibly due to nanoparticle aggregation, was 
observed. Due to the low solubility of A A in alcohols, it is believed that the 
nucleation of A A nanorods occurs during fast solvent removal, which is a 
crystallization condition far away from equilibrium. Spin coating removes 
solvent instantaneously and generates a steep temperature gradient or 
undercooling. It is hypothesized that far-from-equilibrium conditions, which can 
be achieved by high degree of supersaturation, favor the nanoparticle-templated 
crystallization over the HOPG-templated crystallization. 

The effective supersaturation can also be varied by varying the relative 
crystallizing compound (AA) to seed molar ratio. The comparison between 
Figure 2B and Figure 3 shows this effect clearly. The film in Figure 3 was made 
with MUA-CdSe nanoparticles of MUA:Cd = 3:1 synthesis ratio in 2-propanol. 

Figure 2. Effect of standing time. AFM height images of spin coatedfilms from 
MUA-CdSe and AA in 2-propanol. A) Standing time = 0s, z range = 8 nm; B) 

standing time = 15 s,z range =12 nm; C) standing time = 60s,z range = 12 nm. 
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The A A concentration was maintained at 0.1 mM while the nanoparticle 
concentration was increased to 0.2 mM. The average number of rods per 
nanoparticle was determined to be 0.82, which is lower than the 1.9 
rods/nanoparticle obtained when the CdSe concentration is 0.1 mM (14). 
Moreover, the length of the induced nanorods was in the range 20-180 nm 
when MUA-CdSe = 0.2 mM as opposed to 50-250 nm when MUA-CdSe = 0.1 
mM. More and longer nanorods can be produced by increasing the A A to MUA 
- CdSe seed ratio. Therefore, nanoparticle concentration provides a means to 
vary the nano-hybrid structure. 

Figure 3. AFM height images of nano-hybrid formed from a mixture of 0.2 mM 
MUA-CdSe and 0.1 mM arachidic acid, z range = 5 nm. 

Effect of Nanoparticle Seed Structure 

When MUA-CdS nanoparticles were used instead of MUA-CdSe 
nanoparticles, we found the same nano-hybrid structure. This shows that the 
inner core of the nanoparticle is immaterial to the nano-hybrid formation. 

To test the contribution of the surface capping group chain length on 
nucleation, films were prepared using CdSe nanoparticles capped by mercapto 
acids of different chain lengths. When 3-mercaptopropionic acid was used as the 
capping agent, the resultant MPA-CdSe nanoparticles did not distribute 
uniformly on the substrate. In addition, MPA-CdSe is ineffective in inducing A A 
nucleation. The relatively short hydrocarbon chain length of MPA reduces the 
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nanoparticle interaction with the substrate as well as the solvent, which prevents 
nanoparticle immobilization on the substrate and complete wetting by the 
solvent. It is expected that complete wetting of the nanoparticle surface by the 
crystallizing fluid is a pre-requisite for the templating effect. When 16-
mercaptohexadecanoic acid capped CdSe (MHA-CdSe) nanoparticles were used, 
nano-hybrids were observed with identical AA nanorod dimensions. But the 
yield of AA nanorods per nanoparticle was lower for MHA-CdSe than for MUA-
CdSe. The solvent and nanoparticle interfacial tension may be altered somewhat 
by the more hydrophobic MHA. The results show that the capping agents or the 
surface structure of the nanoparticle are important in the nanoparticle-templated 
crystallization process. It is conceivable that complete wetting of the 
nanoparticle surface by the crystallizing fluid is a prerequisite for nucleation on 
nanoparticles in order to overcome the high curvature of extremely small 
particles. 

Effect of Fatty Acid Chain Length 

We also tested the seed-mediated nucleation and confinement scheme 
against other fatty acids with different chain lengths, including SA, BA, TA, and 
HA. Spin coated films were prepared using both pure fatty acid solutions and 
their binary solutions with MUA-CdSe nanoparticles, similar to the AA film 
preparation procedures. AFM was used to characterize the film structures. The 
results are summarized in Table 1. 

Table 1. Nanoparticle Effect on the Nucleation of Fatty Acids 

Fatty aid Carbon 
number 

Periodicity 
(nm) Nucleation on nanoparticles 

SA 18 5.0 Yes 
AA 20 5.6 Yes 
BA 22 6.1 Yes 
TA 24 6.6 No 
HA 26 7.0 No 

All the fatty acids studied self-assembled into the stripelike pattern on 
HOPG with the same 3-fold symmetric orientation. The stripe phase shows a 
linear increase in periodicity with increasing fatty acid chain length. Their 
periodicity is very close to the expected bilayer thickness. When these fatty acids 
were deposited in the presence of MUA-CdSe nanoparticles, the nanoparticles 
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again show a profound influence on their self-assembled structure. Nanorods 
with single unit cell cross-sectional dimensions were found to form directly from 
the nanoparticles for SA and BA only. In the case of TA, only the HOPG-
induced stripe phase was detected. In the case of HA, we detected a tendency 
towards nanoparticle alignment along the stripe direction of the underlying HA 
stripe phase. In this case, the role of the fatty acid and nanoparticle is switched. 
The self-assembled fatty acid structure seems to influence the distribution of the 
nanoparticles. It is clear that nanoparticles and graphite could influence the 
crystallization of long-chained fatty acids in a competitive fashion. The larger 
bilayerlike pattern formed by the longer fatty acid may accommodate 
nanoparticles more easily, and the amphiphilic nature of the pattern may cause 
the partition of nanoparticles. 

Conclusions 

A novel method was used to crystallize organic nanorods as branches on 
inorganic nanoparticles. The nanorods were made of arachidic acid, a common 
fatty acid and the nanoparticles were made of cadmium selenide capped by 
mercaptoundecanoic acid. The nano-hybrids were made by spin coating of the 
binary solution on HOPG using various short-chained alcohol solvents. We 
hypothesize that a seed-mediated nucleation and crystal growth confinement 
mechanism is responsible for the nano-hybrid formation. AFM analysis 
concludes that the arachidic acid nanorods are only one unit cell in size in the 
cross-sectional area and the fastest growth direction is the <010> direction of the 
C-form crystal. Instantaneous solvent evaporation facilitates the seed-mediated 
crystallization process, while longer standing times cause nanoparticle 
aggregation. The average rod length can be increased by decreasing the relative 
amount of nanoparticles in solution. The nanoparticle surface structure and its 
interaction with solvent and substrate are important for the nano-hybrid 
formation, whereas the internal chemical composition of the nanoparticle plays 
no apparent role. We anticipate that this novel crystallization method will enable 
the incorporation of a variety of organic functional units onto pre-existing 
nanoparticles enabling a wide range of physical properties to be accessed. 
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Chapter 26 

Synthesis and Characterization of Tobacco Mosaic 
Virus Templated Polymeric Nanomaterials 
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One-dimensional composite nanofibers were generated via the 
head-to-tail assembly of tobacco mosaic virus (TMV) as well 
as in-situ polymerization of polyaniline (PANI) on the surface 
of TMV. These composite nanofibers have very high aspect 
ratio and good processibility. In addition, the morphology of 
the final composite materials can be modulated by the surface 
modification of TMV. The products were characterized with 
transmission electron microscopy, atomic force microscopy, 
and x-ray scattering techniques. This novel strategy of 1D 
nanomaterial synthesis could be utilized in the fabrication of 
advanced materials for potential applications including 
electronics, optics, sensing and biomedical engineering. 

© 2008 American Chemical Society 369 
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Developing one-dimensional (ID) functional structures on nanometer 
scales defines a new paradigm in the fabrication of novel biomedical, optical, 
acoustic, electronic, and magnetic materials and devices (1-6). In particular, 
using biological building blocks as templates in ID materials synthesis is an 
exciting and emerging area of research at the interface of biology, chemistry and 
nanoscience (7-12). Among all biological scaffolds, viruses and viral like 
particles have attracted great attentions in the development of novel materials 
due to their well-defined structures and possibilities to be modified genetically 
and chemically without interfering the integrity and morphology (8, 13-16) 

Figure 1. a) TEM image of wt-TMV. b) (left) Helical organization of TMV coat 
proteins, (right-top) A single subunit structure of coat protein is presented as 
ribbon diagram with the reactive tyrosines being highlighted, among which 

Tyr-139 (in red) can be accessedfrom the side, but Tyr-70 (in blue) and Tyr-72 
(in green) can only be accessedfrom the top face of the TMV particle, 
(right-bottom) The surface charge distribution of the TMV coat protein 

dimers is also shown (blue: positive; red: negative) 
(See page 1 of color inserts.) 

Tobacco mosaic virus (TMV) is a classic example of rod-like plant viruses 
consisting of 2130 identical protein subunits arranged helically around genomic 
single RNA strand (17-20). As shown in Figure la, the diameter of native TMV 
is around 18 nm. After negative staining with 2% uranium acetate, the 4 nm 
inner channel can be clearly visualized (Figure la, inset). The length of native 
TMV, i.e. 300 nm, is defined by the encapsulated genomic RNA that stabilized 
the coat protein assembly. It has been shown that the surface properties of TMV 
can be manipulated chemically or genetically without disrupting the integrity and 
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morphology of TMV capsids (21-23). The polar outer and inner surfaces of 
TMV have been exploited as templates to grow metal or metal oxide 
nanoparticles such as iron oxyhydroxides, CdS, PbS, gold, nickel, cobalt, silver, 
copper and iron oxides, and silica in many studies (73, 24-30). For example, by 
varying the conditions of the deposition, it has been shown that one can either 
specifically decorate the external surface with metallic nanoparticles via the 
chemical reduction of [PtCl6]"2 or [AuCLJ"1, or achieved controlled growth of 
Ag nanoparticles within the 4 nm internal channel present in the virus via the 
photochemical reduction of Ag salts (31, 32). Such kind of ID structures have 
already shown great potential with applications in nanoelectronics (33, 34). 

The aim of this chapter is to provide an overview of our current research in 
using TMV as template to synthesize ID polymeric nanoassemblies. The 
morphology and the properties of final products are based on the controllable 
assembly as well as the surface modification of TMV. Three distinct assembly 

Scheme 1. Schematic illustration of the formation ofTMV-templated 
nanoassemblies modulated by TMV surface modification and in situ surface 

polymerization. Path A: Linear TMV head-to-tail assembly assisted by aniline 
in situ polymerization and sequential side-by-side assembly; Path B: Branched 

TMV end-to-end assembly assisted by TMV surface sulfonation; Path C: 
Assembly was blocked by TMV surface modification with neutral groups. 
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pathways are depicted in Scheme 1, at near neutral pH, long ID PANI coated 
composite nanofibers formed upon treating TMV with a dilute solution of aniline 
and ammonium persulfate (APS) (Path A). Polymerization of aniline on TMV 
surface was the key for stabilizing the ID head-to-tail assembly of TMV 
nanofibers. The formation of highly-branched PANI at neutral reaction pH 
prevents lateral association of single PANI/TMV nanofibers due to the increase 
of steric repulsion. With extended incubation at low pH, these fibrous structures 
can further assemble in a side-by-side manner to generate long bundled 
structures (Scheme 1, Path A). When sulfonic acids or other acidic groups were 
covalently attached to the exterior surface of TMV, polymerization of aniline 
can induce TMV to form branched assembled structures with knot-like 
connections (Scheme 1, Path B). However, modification of TMV with 
uncharged groups can block the ID assembly completely (Scheme 1, Path C). 

Synthesis of ID Nanofibers 

A head-to-tail ordered assembly of wild type TMV has often been observed 
as very likely a product of complementary hydrophobic interactions between the 
dipolar ends of the helical structure (77). In particular, the ID assembly is 
dramatically favored in an acidic environment due to the minimization of the 
repulsion between the carboxylic residues at the assembly interface (35). We 
hypothesize that monomeric molecules with amino group(s) or positive charged 
groups, such as aniline, can accumulate on the surface of TMV due to the 
electrostatic attraction or hydrogen bonding to the negatively charged surface 
residues of TMV. Therefore, the in situ polymerization should be able to 
produce a homogenous layer of polymers on the surface of TMV, and probably 
fix the head-to-tail assembled tube-like structure. Additionally, aniline is an ideal 
monomer to test this hypothesis because of the facile polymerization protocol 
(36) and the intrinsic anisotropic morphology that polyaniline (PANI) possesses 
(37-41). 

In a typical experiment, distilled aniline (10 fiL) was introduced into a 1 
mg/mL pH 6.5 solution of TMV (5 mL), followed by addition of 10 mg APS 
(36). The reaction mixture was incubated at room temperature for 24 hours to 
form a yellow suspension. After centrifugation at 8000 g for 3 min, the pellet 
was removed and quickly rinsed three times with pure water, and resuspended in 
deionized water to afford the pure PANI/TMV composite. As shown by 
transmission electron microscopy (TEM) and atomic force microscopy (AFM), 
the length of the fiber can reach several micrometers (Figure 2). Upon PANI 
coating on its surface, the diameter of TMV increased to 20 nm which was 
measured with TEM (Figure 2b). The inner channel could not be detected even 
after negative staining and no visible gap can be detected from a long composite 
fiber (Figure 2d). This indicates that the head-to-tail protein-protein interaction 
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leads to the formation of fiber-like structures. Such interaction, in principle, is 
identical to the subunit interactions at any cross-section of the native TMV (77, 
42). In addition, there is no solution PANI formed in the reaction. It is possible 
that the local concentration of aniline on the TMV surface is much higher than 
in solution; therefore, in situ polymerization should be able to produce a thin 
layer of polymers exclusively on the surface of TMV, and fix the head-to-tail 
assembled tube-like structure. The intrinsic anisotropic morphology of PANI at 
dilute polymerization conditions further assisted the ID nanofibers formation. 
Therefore, there are two crucial factors that facilitate the formation of long ID 
TMV-composite fibers: (1) accumulation and polymerization of monomers on 
the surface of TMV; and (2) prolongation and stabilization of TMV helices. 

Figure 2. TEM images (a, b) and AFM images (c, d) of PANI/TMV nanofibers. 

By combining electron microscopy (EM) and AFM, the length and surface 
morphology of TMV and composite fibers can be readily investigated. However, 
samples prepared on substrates for EM and A F M characterization upon drying 
can potentially alter both the diameter and surface morphology due to the 
interaction between the surface proteins and substrate (43). To complement the 
TEM data, small angle x-ray scattering (SAXS) and in situ time resolved SAXS 
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(TRSAXS) on solution samples were performed to understand the kinetics of 
PANI/TMV composite nanofiber formation(^). To illustrate the ability of 
SAXS to measure the growth of PANI on the TMV surface, we measured the 
SAXS of wild-type TMV and PANI/TMV after completion of the reaction. The 
difference in cross-sectional structure between wild-type TMV and PANI/TMV 
is revealed by fitting of the SAXS data using GNOM software as shown in Fig. 
3 (45, 46). The largest dimension along the cross-section (D) obtained for TMV 
is -18 nm which is consistent with the TMV crystal structure. For the 
PANI/TMV the maximum cross-sectional dimension is 30 nm and this increase 
in length scale can be attributed to the PANI coating of TMV. 

Figure 3. Fitted pair distance distribution function (PDDF) as a function of 
radial distance from center of the wild-type TMV and PANI/TMVobtained by 

fitting the SAXS data using GNOM (44). 

Macroscopic Bundled Arrays 

It is known that the pH of the polymerization reaction has great influence 
on the structure and conductivity of PANI. At near neutral reaction pH, long ID 
PANI coated TMV single nanofibers formed upon treating TMV with a dilute 
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solution of aniline and APS. However, the nanofibers produced at near neutral 
reaction pH were not conductive likely resulted from the branched structures of 
PANI. In order to form conductive PANIs, polymerization reactions were 
performed under acidic conditions. As shown in Figure 4, at low reaction pH of 
2.5 and 3.9, green PANI/TMV composites were observed after a 24 h reaction at 
room temperature indicating the formation of the emeraldine form of PANI. The 
color of the reaction mixture changed from dark yellow at reaction pH = 5.0 to 
bright yellow at reaction pH = 7.0. We attribute the color change to the 
formation of branched PANI or oligomers near neutral reaction pH. 

Figure 4. Color variation of the dispersions of PANI/TMV composite nanofibers 
in water as a function of reaction pH. (See page I of color inserts.) 

TEM images of PANI/TMV composite nanofibers shown in Fig. 5 At a 
reaction pH of 5.0, bundled structures of nanofibers with lengths of several 
microns and widths of 1-2 microns were observed (Fig. 5a). Fig. 5b, an enlarged 
image of Fig. 5a, shows that the bundle consists of parallel arrays of nanofibers. 
Similar structures were observed for samples synthesized at reaction pH 4.0 and 
5.5. There are two possible pathways that could lead to the formation of bundled 
arrays at low reaction pH: (1) TMV organizes laterally prior to the initiation of 
the aniline polymerization resulting in bundles; and (2) TMV assembles into long 
fibers through head-to-tail association followed by the aniline polymerization on 
the surface. Then the hydrophobic interaction mediated by the PANI on the 
surface of TMV nanofibers causes them to coalesce into bundles. In our view, 
the latter pathway (as shown in Scheme 1, Path A) is more plausible because 
the reactions were performed at low virus concentrations where TMVs 
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remain as individual particles. A series of time-dependent studies were 
performed at a reaction pH 5.0 to confirm the plausible mechanism. After a 
reaction time of 30 min (Fig. 5c), only short single nanofibers were observed. 
After 2 h (Figure 5d), higher population of long single nanofibers and a hint of 
long bundled nanofibers could be detected. However, after 4 hrs and beyond, 
only bundled structures were observed. The progress from single short 
nanofibers to long nanofibers is attributed to the head-to-tail assembly of TMV 
subunits. Time resolved SAXS study also confirmed our hypothesis (44). 

Figure 5. TEM images of PANI/TMV composites synthesized at pH 5.0: 
after 24 hrs (a & b), 30 min (c), and 2 hrs (d). 

Standard four-probe method was employed to measure the conductivity of 
polyaniline/TMV composite nanofibers. At room temperature, the bulk DC 
conductivities measured were in the range of 0.01-0.1 S.cm'1 for composite 
nanofibers synthesized at low reaction pH (2.5 and 4.0). This is comparable to 
the polyaniline nanofibers synthesized by other methods (47). No conductivity 
was observed for the composite nanofibers formed at a higher reaction pH. 
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Modulating the Assembly of PANI/TMV via Surface Modification of TMV 

Due to the helical organization of TMV coat proteins, the head-to-tail 
protein-protein interaction led to the formation of the fiber-like structures (17, 
42). If the cross-section of TMV (the face normal to the helical axis) is modified, 
such type of head-to-tail assembly should be twisted or blocked. To test this 
hypothesis, we further pursued the covalent surface modification of TMV. It has 
been shown that the phenol ring of Tyr-139 can be readily accessed with an 
electrophilic substitution reactions at the ortho-position of the phenol group in 
the presence of a diazonium salt (22). This reaction can be efficiently used to 
insert different functional groups using corresponding anilines in order to change 
viral properties such as solubility, surface charge or surface functionality. In 
addition, modification of Tyr-139 does not influence the in vitro assembly of the 
coat protein of TMV(22). On the other hand, although Tyr-70 and Tyr-72 cannot 
be accessed from the side surface of TMV, they are exposed on the top face 
(Figure 1). Therefore, for any rod-like particle, there could be about 33-34 
phenol groups belonging to Tyr-70 and Tyr-72 can be modified from the top 
face. However, the proximity of Tyr-70 and Tyr-72 will lead to incomplete 
reactions. Still, such type of top face modification could modulate the assembly 
pattern according to the properties of attached groups. 

1 2 3 4 

Scheme 2. Structures of starting materials 

Using a modified protocol from literature (22), 1 and 2 were attached to the 
tyrosines of TMV through a diazo linkage (Figure 6a) (48). The reactions were 
monitored using UV-Vis spectroscopy. To force the modification of Tyr-70 and 
Tyr-72, large excess of diazonium reagents and extended reaction time were 
used. As shown in Figure 6a, weta-aminobenzosulfonic acid (msa) 1 was 
converted into a diazonium salt using sodium nitrite in acidic solution, which 
reacted with TMV after incubation in a pH = 9.0 buffer solution for 3 hr. The 
formation of the diazo bond was monitored by the appearance of a broad 
absorption peak at about 324 nm (Figure 6b). 
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Introducing sulfonic acid groups to TMV should have two effects on the 
final assembly: (1) negative charges on the surface of TMV increase leading to 
stronger binding of aniline to TMV and stronger nanofibers (49, 50); and (2) the 
modification of the tyrosine residues on the end-face of TMV will block the 
head-to-tail self-assembly since the newly attached groups will hinder the 
interaction between the subunits (35, 51, 52). As shown by TEM, the surface 
modification did not affect the integrity of the TMV particles (Figure 7a). 
However, treating with aniline and APS, no fiber-like structures were formed 
with msa-TMV as the starting material. The use of a negatively charged group 
did promote conglomeration at the ends of the particles. Branched structures 
with end-to-end knot-like connections were formed as the major morphology 
(Figure 7b). Although long ID fibers could also be observed occasionally, they 
always appeared as bent structures with a gap between two TMV rods (Figure 
7c). Clearly, the end-face modification of TMV prohibited the perfect match of 
the helical propagation as shown in Scheme 1 (Path A). Instead, the assembly of 
TMV/PANI adopted the Path B (Scheme 1). In addition, the additional acid 
groups on the end-face of TMV resulted in more PANI deposition, which served 
as the "glue" to connect TMV/PANI rods together. 

When alkyne 2 was used to modify TMV particles, similar complete 
modifications have also been observed (data not shown). The uncharged alkyne 
group could not attract aniline or PANI as sulfonic acid groups did; therefore, it 
was difficult to have any PANI formed on the surface of alkyne tailored TMV 
particles. As shown in Figure 7d, the alkyne modified TMV, after treatment with 
aniline and APS, showed no difference from the initial condition. Obviously, the 
assembly was completely blocked by the surface modification (48). 

TMV Templated Other Polymeric Assemblies 

As shown in Figure 1, the exterior surface of TMV is highly charged and 
hydrophilic. In particular, the particles carry negative charges at neutral pH since 
the pi of TMV is around 3.5 (53). The formation of TMV/PANI composite 
fibers is facilitated by the attraction of aniline (and also PANI) to the surface of 
TMV at neutral pH. Therefore, the interaction between monomers and TMV is 
essential for the long fiber formation. For example, when thiophene was 
employed as the monomer under a similar polymerization condition, there was 
no formation of any fiber-like structures (Figure 8a), likely due to the much 
weaker interaction between thiophene and the surface of TMV. To further 
confirm it, an amino-functionalized thiophene salt, 3, was synthesized (48). We 
hypothesized that the positively charged amino group will enhance the 
interaction of 3 with the negatively charged TMV surface. As shown in Figure 
8b, ID long fibers were readily formed when a mixture of TMV and 3 was 
treated with APS. Similarly, no visible gap can be detected in such poly(3-
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Figure 7. TEM images of (a) original msa-TMV, (b and c) TEM image of 
msa-TMV treated with aniline and APS, and (d) alkyne 2 modified TMV 

treated with aniline and APS. 

aminothiophene)/TMV composite fibers (Figure 8c). In addition to electrostatic 
interaction, hydrogen bonding can also increase the surface adsorption of 
monomers to TMV. For instance, when the polyethylene glycol methacrylate 
(PEG-MA, 4) was used as the monomer and APS as the initiator, similar fiber
like structures could also be obtained (Figure 8d). 

Polypyrrole (PPy), a well known conductive polymer, has also attracted a 
lot of interest in developing functional materials due to facile polymerization 
conditions and the availability of the starting materials. Different templates, such 
as structurally well-defined "hard" templates and lyotropic liquid crystalline 
"soft" templates have been applied to synthesize nanostructured PPys (54-56). 
Similar to aniline, pyrole should also have strong interaction with the surface 
groups of TMV. Surprisingly, when using pyrole as starting material and APS 
as oxidant, the resulted composite PPy/TMV have a completely different 
morphology. As shown in Figure 9, both scanning electron microscopy (SEM) 
and TEM images show that the uniform spherical nanoparticles can be obtained. 
The average diameter of the particles is about 250 nm. The reaction pH value 
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Figure 8. TEM images of (a) TMV treated with thiophene and APS, no long 
fiber can be observed; (b) long fibers formed by mixing TMV with amino 
modified thiophene 3 and APS; (c) an enlarged image of Figure 8b; and 
(d) poly(PEGMA)/TMV composite fibers using 4 as starting monomer. 

and the concentration of starting materials have strong impact on the surface 
morphology of the PPy/TMV particles. The reason for the formation of 
spherical particles instead of fiber-like structures is still not clear, but more 
likely resulted from the faster polymerization process of pyrrole. For the same 
reason, fibrous structures are hardly seen when pyrrole is polymerized without 
ID templates or using seedling method (47, 57). The bulk DC conductivities of 
PPy/TMV nanoparticles obtained by our method is comparable to PPy 
synthesized by conventional methods (56). 

Conclusion 

The well-understood structural information and the availability make TMV 
an attractive starting scaffold for novel materials development. We herein show 
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Figure 9. (a) SEM and (b) TEM images of PPy/TMV composites particles 
synthesized by a general protocol: To a solution of 50 juL distilled pyrrole in 3 

mL nanopure H20 at pH 2.5, 0.2 mg TMV in 0.1 mL H20 and 50.2 mg APS in 1 
mL H20 were added at room temperature. After the mixture was stirred for half 
an hour, a black precipitant was collected by centrifugation at 14,000 rpm for 
5 min. The pellet was resuspended in nanopure water and subjected to another 

run of centrifugation at 14,000 rpm for 5 min. The process was repeated 5 times 
and the final black pellet offine powder was easily dispersed in 1 mL nanopure 

water, which was analyzed by SEM and TEM (58). 

that ID polymeric composite fibers could be formed by the polymerization of a 
variety of monomers on the surface of TMV at neutral pH. The ability of TMV 
coat proteins to form a regular helical array is the key that leads to the ID head-
to-tail assembly as demonstrated by our results. Two factors particularly 
contribute to the formation of long ID TMV-composite fibers: (1) the ability of 
augmentation and polymerization of monomers on the surface of TMV; and (2) 
the possibility of propagation and stabilization of TMV helices. Such composite 
nanofibers have very narrow polydispersity in diameter, high aspect ratio and 
excellent processibility. In addition, we demonstrate that the surface 
modification of TMV as well as the structure of starting materials will modulate 
the assembly pattern and dictate the structures of the final composites. This 
strategy highlights the merit of developing novel nanomaterials using biological 
building blocks as templates and will promote many potential applications in 
optics, electronics, and biomedical engineering. 
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Chapter 27 

Sensitivity and Selectivity Limits of Multiplex 
NanoSPR Biosensor Assays 

Chenxu Yu and Joseph Irudayaraj 

Department of Agricultural and Biological Engineering and Bindley 
Biosciences Center, Purdue University, West Lafayette, IN 47907 

Gold nanorods (GNRs) of different aspect ratios were 
fabricated through seed mediated growth; partial and full 
functionalization procedures were developed to attach 
antibodies to the GNRs and yield Gold Nanorods Molecular 
Probes (GNrMPs). Multiplex sensing was achieved by the 
distinct response of the plasmon spectra of GNrMPs to binding 
events of up to three targets. A mathematical model formulated 
adequately described the ligand binding response of GNrMPs 
and concentrations of multiple targets were determined from 
experimental data. The GNrMP sensors were found to be 
highly specific and sensitive and the dynamic response was 
found to be in the range between 10-9 M and 10-6 M . 
Comparison of the experimental data with the theoretical 
model yielded an affinity constant Ka=1.32x107 M-1 which was 
in agreement with the IgG-antiIgG binding affinity reported in 
the literature. The limit of detection (LOD) of GNrMPs was 
found to be in the low nano-molar range, and is a function of 
the binding affinity: for a higher probe-target affinity pair the 
LOD can be expected to reach femto molar levels. This 
technique can play a key role in developing tunable sensors for 
sensitive and precise monitoring of biological interactions. 

386 © 2 0 0 8 American Chemical Society 



387 

Introduction 

Gold nanoparticles possess optical properties that make them uniquely 
suitable for biosensing applications. Their optical properties strongly depend on 
both the particle size and shape and are related to the interaction between the 
metal conduction electrons and the electric field component of the incident 
electromagnetic radiation, which leads to strong, characteristic absorption bands 
in the visible to infrared part of the spectrum (7). 

Fundamentally, a biosensor is constructed by coupling a ligand to its 
receptor complement via an appropriate signal transduction element (2). Various 
signal transduction mechanisms have been explored as biosensing schemes, 
including optical (3,4), radioactive (5,6), electrochemical (7,8), piezoelectric 
(9,10), magnetic (11,12), micromechanical (13,14), IR and Raman spectroscopic 
(15,16), and mass spectrometry (17,18). Although each of these methods has its 
individual strengths and weakness, optical sensors that utilize the surface 
plasmon resonance (SPR) phenomenon of planar gold surfaces have shown 
potential to become methods of choice in many biosensing applications (4,19). 

Other than macro-scaled SPR sensors using planar gold surface, several 
research groups have begun to develop micro/nano scaled optical biosensors that 
utilize the unique optical properties of gold nanostructures (20-29). The optical 
properties of gold nano structures strongly depend on both the particle size and 
shape and are related to the interaction between the surface electrons and the 
incidental electromagnetic radiation, which leads to strong, characteristic 
absorption in the visible to infrared region of the spectrum (1). For gold 
nanorods in aqueous solution, two distinct plasmon bands, one associated with 
the transverse (-520 nm) mode and the other with the longitudinal mode (usually 
> 600 nm) of the surface electron oscillation could be observed (1). Biosensor 
applications (20-30) have been designed based on the fact that the wavelengths 
of these bands are affected by changes in the dielectric properties in the close 
vicinity of these structures (known as nanoSPR (20), or Localized Surface 
Plasmon Resonance (LSPR)) (27). These changes are induced by the binding of 
ligands to the receptor molecules (i.e. antibodies) immobilized onto the 
nanostructures through chemi- or physisorption. 

The wavelength shift of the plasmon bands is solely determined by changes 
in the dielectric properties (i.e., refractive indexes) in the immediate vicinity of 
the nano structures. In the case of spherical particles, target-binding induced 
wavelength shift to single particles is small (2-3 nm), a sensor has to be 
designed based on the controlled aggregation concept (28,31-34). However, 
aggregation results in significant widening of the plasmon peak, and the resulting 
spectral resolution is too poor to distinguish multiple targets. 

When anisotropic particles such as nanorods are used to fabricate Gold 
Nano-rod Molecular Probes (GNrMPs), single particle sensor could be devised. 
Recently we have demonstrated that GNrMPs made with gold nanorods of 
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different aspect ratios could be implemented in a multiplex mode to detect 
presence/absence of multiple targets simultaneously (29). However, in the earlier 
work the GNrMPs were only partially-functionalized and was prone to non
specific binding, and the detection of targets was not quantitatively interpreted. 

In this research, we studied both partial and full functionalization strategies 
for making GNrMPs, and developed a scheme to implement the GNrMPs for 
specific detection of multiple targets. A systematic study of the response of 
GNrMPs to changes in dielectric properties (refractive indexes) in the vicinity is 
presented and quantitative analysis of binding events is provided. It is shown that 
these GNrMPs operate in a manner similar to macro SPR sensors and it is 
possible to transduce very small changes in refractive index near the surface of 
the GNrMPs into a measurable wavelength shift. The GNrMPs were found to be 
extremely sensitive and could measure the targets at low nano-molar level. 

Experimental section 

Materials 

Hexadecyltrimethylammoniumbromide (CTAB, 99%) and benzyl dimethyl 
ammoniumchloride hydrate (BDAC, 99%), Sodium borohydride (99%), L-
ascorbic acid, Gold (III) chloride hydrate (>99%) and Silver nitrate (>99%), 
gold atomic absorption standard solution, 11-mercaptoundecanoic acid 
(MUDA), were all purchased from Sigma-Aldrich (St. Louis, MO) and used 
without further purification. 1-ethyl, 3-(3-dimethylaminopropyl) carbodiimide 
(EDAC) and 4-(4-Maleimidophenyl) butyric acid JV-succinimidyl ester (NHS), 
goat anti-human IgG, goat anti-mouse IgG, goat anti-rabbit IgG Fabs and human 
IgG, mouse IgG, rabbit IgG were all purchased from Pierce Biotechnology 
(Rockford, IL). Nanopure deionized and distilled water (18.2 MQ) was used for 
all experiments. 

Fabrication and Characterization of Gold Nanorods 

A seed-mediated growth procedure modified from that suggested by 
Nikoobakht and El-Sayed (35) was used to fabricate gold nanorods with aspect 
ratio between 2.5 and 7. The details of the procedure were reported elsewhere 
(29). 

The concentration of atomic gold in the solution of gold nanorods was 
determined by inductively coupled plasmon atomic emission spectroscopy (ICP-
AES). The gold nanorods were then concentrated to 100 nM by centrifugation. 
All subsequent characterization, activation, and functionalization were 
conducted using these nanorods samples. 
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The yield and aspect ratios of gold nanorods was determined using 
Transmission Electron Microscopy (TEM), acquired with a Philips CM-100 
TEM (Philips, Eindhoven, Netherlands). TEM grids were prepared by placing 1 
ul of the nanorods solution in a 400-mesh formvar coated copper grid and 
evaporating the solution at room temperature. Images were then captured using a 
Tietz F415 slow scan digital camera at 4K resolution. At least 150-200 nanorods 
could be counted and measured per grid to provide an estimate of the mean 
aspect ratio of these nanorods after the synthesis step. 

Absorption spectra of GNrMP samples through each stage of experiments 
were measured using a Jasco V570 UV-Vis-NIR spectrophotometer (Jasco, Inc., 
Easton, MD), in the wavelength range between 400 and 1500 nm. The measured 
spectra were normalized by rescaling the maximum absorbance of the 
longitudinal plasmon peak to 1. 

Functionalization of Gold Nanorods to Synthesize GNrMPs 

Once synthesized, the nanostructures were fiinctionalized by biologically 
active agents and deployed as sensors. Biofunctionalization constitutes a two 
step process: in step 1, termed as the activation step, a chemical anchor layer was 
formed on the nanorods surface to provide active functional groups to which 
biological molecules (i.e., antibodies) can be covalently attached; and in step 2, 
the functionalization step, biomolecules were covalently linked to the anchor 
layer to produce GNrMPs for target specific sensing. 

Partial activation of freshly-made gold nanorods was accomplished partially 
replacement of the CTAB capping, the CTAB capping at the {l,l,0}/{ 1,0,0} 
side faces of the nanorods is retained and the CTAB capping at the {1,1,1} side 
faces is replaced with an alkanethiol SAM, to which antibodies can be tethered 
through NH-CO bonds. 

Partial activation of gold nanorods was achieved as follows: 0.5 ml of 
20mM ethanol solution of MUDA was added to 5 ml of gold nanorods solution 
and stirred mildly for 24 hours under room temperature. Nanorods were then 
collected by centrifugation at 5000 rpm for 15 minutes and resuspended in a 
0.005 M CTAB solution to yield a final concentration of-100 nM. 

Full activation of gold nanorods was achieved by the replacement of CTAB 
capping as in (37). The resulting solution was subjected to two rounds of 
chloroform extraction to remove the CTAB released from the nanorods. Nanorods 
were then collected by centrifugation at 5000 rpm for 15 minutes and resuspended 
in nano pure water (18.2 mQ) to yield a final concentration of-100 nM. 

Once the MUDA SAM was formed, antibodies (goat anti-human, goat anti-
mouse, goat anti-rabbit IgG Fabs) were then attached to the activated nanorods 
as follows: to a 5 ml of the activated nanorods (-100 nM), 1 ml of freshly 
prepared 0.4M EDAC and 0.1M NHS solution was added and sonicated for 25 
minutes at 4°C. The resulting structures were then collected by centrifugation at 
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5000 rpm for 5 minutes and resuspended in 5 ml PBS buffer (pH=7.4). 
Antibodies suspended in PBS was then added to the resulting nanorods 
suspension (the concentration of antibodies was varied between 200-1000 nM) 
and then incubated for 1 h under constant sonication at room temperature. The 
fiinctionalized nanorods were subsequently collected by centrifugation at 5000 
rpm for 5 minutes and three rounds of vigorous washing and sonication in PBS 
solution for 10 mins. The supernatant was collected after each washing step and 
the cumulative protein content was measured using a Biorad Protein Assay 
(Biorad Laboratories, Hercules, CA) with bovine serum albumin (BSA) as a 
protein standard. The amount of antibodies bound to the nanorods was 
determined by subtracting the antibodies left in the supernatant from the original 
amount. 

Implementation of the Gold Nanorods Molecular Probes 

5 ml of the GNrMPs (20 nM) was mixed with 5 ml of targets (respective 
IgGs) with concentrations spanning from 10"6 M to 10"9 M for 30 mins under 
mild stirring to allow the probe-target binding to reach equilibrium and the 
sensor response to the probe-target binding depicted by a pronounced shift of 
longitudinal plasmon peaks, were measured using UV-Vis-NIR spectroscopy. 
For multiplex analysis, 3 GNrMPs with different aspect ratios were mixed at 
equal concentrations, and the target solution containing the respective 
complement (IgGs) at varying concentrations was prepared. Equal amount of 
GNrMP and target solutions were mixed and kept under mild stirring for 30 mins 
and the plasmon spectra of the mixture were then measured. The response of 
GNrMPs to target binding events was then quantitatively evaluated. 

Results and Discussion 

Nanorods Fabrication and Characterization 

Gold nanorods of aspect ratios in the range between 2.8 and 7 were made 
following the single and double surfactant protocols discussed earlier. Figure 1 
shows the absorption spectra of nanorods with aspect ratio of 2.8, 3, 4.5, 5.5, and 
7, respectively. It can be clearly seen that small changes in aspect ratio introduce 
a significant red-shift in the longitudinal plasmon band of the GNR colloids, 
implying a significant potential for multiplexing. Within the range of this study, 
a linear correlation could be established between the aspect ratio of gold 
nanorods and the absorbance wavelength of the longitudinal plasmon bands; 
hence the aspect ratio of gold nanorods could be easily deduced from their 
plasmon spectra. 
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Figure L Absorption spectra of gold nanorods with different aspect ratios 

Transmission Electron Microscope (TEM) imaging of nanorods of various 
aspect ratios confirmed yields of 93.5 to 98.5%. Typical TEM images of the 
Gold nanorods are shown in Figure 2. Another observation is that the width of 
nanorods (7-10 nm) remained approximately the same hence an increase in 
aspect ratio was predominately determined by elongation of nanorods. 

It should be noted that as the ratio reaches 7, the longitudinal peak red-shifts 
to -1011 nm, well beyond the visible and into the NIR region of the spectrum 
where biological samples such as cells have weak absorption and their 
interference with the plasmon signal is negligible. Hence these gold nanorods 
have a major advantage compared to the existing fluorescence and illumination 
labels where interferences due to sample autofluorescence could pose a 
significant problem in target detection. 

The sensitivity factor, S, of the wavelength of the plasmon bands of gold 
nanorods to the refractive index of their surroundings, is proportional to the 
aspect ratio AR of the GNrMPs (38): 

S = ̂ ocl^YocAAR (l) 
dns 

where \ is the plasmon wavelength of bulk metal. Therefore, as the aspect ratio 
increases, the sensitivity of the GNrMPs will increase. Once aspect ratio is 
known, S can be readily determined. 
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Figure 2. TEM micrographs of gold nanorods with mean aspect ratio 2.8 and 4.5 

Functionalization of Gold Nanorods to Make GNrMPs 

Functionalization of gold nanorods takes advantage of the well-known 
affinity between gold and thiol compounds. However, because the 
{l,l,0}/{ 1,0,0} side faces of the rods are densely covered by CTAB, only the 
{1,1,1} side faces are easily utilized by alkanethiols to form self-assembled 
monolayers (SAM) under ambient temperature, for the attachment of 
recognition agents (antibodies in this work). It should however be noted that the 
formation of alkanethiol SAM on the formerly more exposed {1,1,1} side faces 
introduces a red-shift in the plasmon peaks due to changes in the refractive 
index at the surface of gold nanorods. 

When full activation is achieved, the CTAB layers on the side face of 
nanorods needs to be removed completely. It is known that the refractive index 
(RI) of the CTAB layer (RI=1.435 (39)) is smaller than the RI of MUDA 
(RI=1.463 (21)). However the CTAB layer is a bi-layer with a thickness of 4-5 
nm (37), which is larger than the thickness of MUDA SAM (1.69 nm) (21). The 
effective local RI is then decreased due to the combined effect of the refractive 
index and thickness of the layers in the vicinity of each gold nanorods. Since the 
effective RI is higher before activation (1.414) a blue-shift of the plasmon bands 
is expected. 

Once the MUDA SAM is formed, biomolecules can be covalently attached 
via the -NH 2 bond of the antibodies to the -COOH terminus of the MUDA 
SAM. A further red-shift of the plasmon peak can be observed due to antibody 
functionalization. After the attachment of antibodies these rods showed a 
significant shift (of up to 20 nm) compared to the unmodified rods. The 
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sensitivity of plasmon spectra to the attachment of molecular layers form the 
basis of molecular nanoSPR biosensors. 

Although antibodies can only covalently attach to the MUDA activated 
sites, physisorption of antibodies to CTAB capped side faces is also possible for 
the partially activated rods. The isoelectric point for antibodies are ~6 (40\ 
under the reaction pH (-7.4), the antibodies are negatively charged, and thus will 
bind to the positively charged CTAB cap due to electrostatic interaction. 

Table 1 provides the binding ratio of antibodies to four different gold 
nanorods determined by measuring the concentration of antibody in the 
supernatant after the fiinctionalized GNrMPs were collected by centrifugation. 
The binding ratio in this context is defined as the average number of antibody 
molecules attached to each individual gold nanorods. It was calculated as: 

Binding ratio = (number of antibody bound to GNRs)/(number of GNRs) (2) 

At lower ratios (IgG:gold nanorods = 2:1), if the coupling efficiency is 
100%, this binding ratio should be close to 2. For fully activated GNRs, the 
binding ratio was determined to be close to 2 (>1.89); for partially-activated 
gold nanorods, it is only 1.18 (from equation 4). The binding ratio is rather 
independent of the aspect ratio of gold nanorods at low IgG: gold nanorods 
ratios, under these conditions the gold nanorods are not saturated with respect to 
antibody binding, and the binding ratio is not restricted by the size of GNRs. 
However, when the antibody: gold nanorods ratio is high, larger gold nanorods 
allow more antibodies to bind and saturate at a higher binding ratio. 

Table 1. Binding Ratio of IgGs to Partially and Fully Activated GNRs 
IgG/GNR Ratio = 2(n=3) 

GNrMP 
(aspect ratio 

2.3) 

GNrMP 
(aspect ratio 

3.5) 

GNrMP 
(aspect ratio 

4.5) 

GNrMP 
(aspect ratio 

6.5) 
Binding 
ratio 
(partial) 

1.18 ±0.08 1.1 ±0.07 1.13 ±0.08 1.15± 0.08 

Binding 
ratio 
(complete) 

1.89 ±0.04 1.93 ±0.07 1.95 ±0.05 1.92 ±0.08 

A separate series of experiment was conducted to investigate the effect of 
increasing antibody concentrations and its attachment to activated nanorods 
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(aspect ratio 5.1, 20 nM), the antibody:nanorods ratio was increased from 2:1 to 
20:1. For fully-activated GNRs, antibodies bind to the whole surface of the 
GNRs covalently through EDC-NHS mediated coupling; antibody-binding to 
partially activated nanorods are through two routes: EDC-NHS mediated 
covalent-coupling to the MUDA sites, and physisorption to the CTAB sites on 
the side faces; antibodies only bind to the in-activated gold nanorods through 
physisorption to the CTAB sites; if EDC-NHS mediated coupling was not used, 
antibodies do not bind to the MUDA SAM of the fully-activated GNRs due to 
the repulsion between MUDA" and antibody". Figure 3 shows the binding ratio 
for the GNRs, binding to fully-activated nanorods (-13.5) is consistently higher 
than to partially activated (-5.5) and non-activated rods (3.4); especially at high 
antibodymanorods ratio. However, the number of antibodies bound to each 
nanorods, even for the fully activated gold nanorods, is still only about half of 
the number calculated based on a tightly-packed estimation, indicating the 
coupling efficiency of antibodies to the active carboxylic sites is only -50%. 

-e— MUDA+antibodies 
MUDA+CTAB+antibodies 
MUDA+CTAB 

H*— MUDA 

- ® — f > 

0 

^ T 

$—Y 

f—|—w—* 

# — — $ — § — 

- i — ! — i 

10 15 
IgG: nanorod ratio 

20 25 

Figure 3. Target binding study on fully-functionalized and partially-
fiinctionalized GNrMPs 
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Responses o ^ M r M ^ s t o T a r g e t R i n J i n e - » « » F u n c t i o n o f T a r g e l 

Uinii ICVI) konstntraiisn 

Exposure of the CNrMPs of three different aspect ratios (1.5, 2.8 and 4.6) 
(20 nM) to targets (anti-IgGs) with different concentrations was conducted, the 
GNrMP responses were normalized against the maximum responses (ARm a x) at 
saturation concentrations. AR/AR m a x are plotted against the concentrations of the 
targets and shown in figure 4 for the three GNrMPs. The concentration range 
was from 10'9 M to 10"5 M . This AR/AR m a x vs. concentration curve could be 
quantitatively interpreted using the steady-state binding kinetics model with the 
following assumptions: (i) Binding between solution-phased targets (IgGs) and 
particle-bound capturing agents (anti-IgG fabs) occurs by 1:1, with invariant 
affinities that were not affected by the antibody immobilization; (ii) The only 
operative GNrMP sensing mechanism is the change in the local refractive index 
caused by binding events; and (iii) The measured nanoSPR response, AR, is 
determined by the thickness, d a ^ e , of the absorbed analyte layer, and its 
refractive index, n a n a i ^ . 

1.2-

o GNrMP with AFM.5 
• GNrMP withAR=2.8 
0 GNrMP with AR=4.6 

Target concentration, [7], M 

Figure 4. Normalized GNrMP response, AR/ARmax< versus target 
concentration [TJ. 
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Treating each GNrMP as a single sensing platform, the equilibrium surface 
excess, T^ets in molecules cm"2, for 1:1 binding of IgG to particle-bound anti-
IgG Fabs, is given by the Langmuir isotherm (41): 

where T^et is the saturation value of T^ets (i.e., when every capturing agent 

(anti-IgGs) is saturated by the target (IgGs)), [T] is concentration of targets, and 
K a is the apparent affinity constant for 1:1 binding of IgG to anti-IgG. 

The nanoSPR response of GNrMPs, R, is given by 

where S is the sensitivity factor of GNrMPs, defined as the relative change in 
resonance wavelength with respect to change in refractive index (equation 1), 
next is the bulk refractive index of the external medium ( 1 ^ = nw a ter = 1.33), and 
neff is the effective refractive index of the quadralayer structure surrounding 
each GNrMP, as illustrated in figure 5. 

Figure 5. Micro-environment surrounding a GNrMP at target-binding mode 

(3) 

R = S(neff-nexl) (4) 
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5 is determined experimentally for each GNrMP. The effective refractive index 
of the quadralayer structure is determined by integrating the distance-dependent 
local refractive index, n(z), weighted by the square of the local electromagnetic 
field, E(z), from zero to infinity (41). E(z) is assumed to be only dependent on 
the local surface normal z E(z) = exp(-z/ld) (21) , with l d - 5 to 6 nm which was 
consistent with a saturation distance of - 3 0 nm. Hence, before and after target 
binding we have: 

AR = S(nIgG-nwater)e ) (5) 

where d t a rget (danti-igo) is given by 

dT r, [T] 
-1— = Ka — — — (6) 

\ + Ka[T] 

The thickness of the SAM layer, d S A M , is approximated by (21) 

dsAM =a* + b (7) 

where x, the number of CH 2 units in MUDA = 10, a = 0 .13 nm and b = 0 .66 nm. 
AR/ARmax ratio depicts the predicted normalized GNrMP response vs. dT, which 
is directly related to target concentration, [T], through equation 6. K a in equation 
6 is the parameter to be optimized to best fit the experimental data. 

In order to determine the best fit experimental data, the following 
experimentally determined values for the GNrMP-IgG system were used: S = 
152.4*AR+19.17 nm/RIU, AR is the aspect ratio of the GNrMPs; n S A M = 1 . 4 6 3 

(27) , n w a t e r =1.33 , n I g G =1.41 (44), ld=6.0 nm, and dsAM^l.96 nm, from saturation 
binding data of IgG to GNRs the parameter T^et was found to be 2 . 1 3 x 1 0 " 2 

molecules/nm2, which yield a dT=dIgG=r,^,, * V I g G , V I g G is approximated as 5.2 
nm*5.2 nm*5.2 nm (45), so d T = 2 .98 nm. Using these parameters, for IgG-anti 
IgG binding, The AR/ARm ax vs. [T] data in figure 4 could be best fitted with a K a 

= 1 . 3 2 x l 0 7 M" 1 . This K a is consistent with the binding affinity reported in the 
literature for IgG-anti-IgG binding (45-47), suggesting that the immobilization of 
antibodies to gold nanorodss did not significantly reduce their binding affinity. 

The LOD (limit of detection) for the IgG-anti-IgG complex can be estimated 
for GNrMPs with different aspect ratios; if AR=10, the LOD could reach - 1 . 8 

nM. For a certain type of ligand-receptor pair, the LOD is determined by the size 
of molecules (thickness of the absorbed layers on the GNrMPs), the binding 
affinity, and the AR of GNrMPs. 
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It should also be noticed that the dynamic range of the GNrMP system for 
detecting IgG-anti-IgG interaction is 10"9 M to 10"7 M , within this range the 
response of the nanoscale probes increases exponentially with respect to target 
concentration. Therefore, the GNrMP scheme is an excellent system for 
detecting targets in the nano molar range and is comparable in sensitivity to 
fluorescence correlation spectroscopy (FCS) (48). 

Quantitative Analysis of Multiple Targets Using GNrMPs in a Multiplex 
Fashion 

A major advantage of the GNrMP scheme is its multiplexing capability. By 
using GNrMPs with different aspect ratios, multiple targets can be probed 
simultaneously. In this study, GNrMPs with aspect ratio of 1.5, 2.8, and 4.6 were 
used to measure a sample that containing three targets (50 nM human IgG, 20 
nM rabbit IgG, and 20 nM mouse IgG), the measured results are shown in Table 
2, a reasonable agreement with actual concentrations was reached, demonstrating 
that quantitative analysis of multiple targets could be achieved. 

Table 2. Comparison of Measured Target Concentration to Real Values 

Target 1 Target 2 Target 3 

Real value 50 nM 20 nM 20 nM 

Measured 
value 51.23 nM 18.79 nM 17.86 nM 

Conclusion 

In this study we demonstrate a multiplex biosensor scheme for quantitative 
measurement of biological interactions. The limit of detection (LOD) for IgG-
anti IgG interaction could reach nano molar range. The LOD of the GNrMP 
scheme is determined by four factors: the aspect ratio of GNrMP, the binding 
affinity of GNrMPs to its target, the molecular size of the ligand-receptors, and 
the dielectric properties of the ligand-receptor complex. It was found that the 
GNrMP based binding affinity calculations were close to the GNR-IgG-anti-IgG 
complex which is close to the binding of free IgG-anti IgG. This is a major 
improvement over the solid-substrate SPR sensor, where the motion of surface-
immobilized capturing molecules is restricted and the binding affinity is reduced 
by 2-3 orders in magnitude. It has been demonstrated that the selectivity of 
the GNrMP scheme can be improved significantly by a full functionalization 
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protocol to minimize non-specific binding. The concept and methodology 
developed in this study can serve as the basis for developing multiplex assays 
with appropriate quantification models. 
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Dispersal agents can increase the surface interaction between 
SWCNTs and water via coating themselves on the surfaces of 
SWCNTs, thus to solubilize and disperse SWCNTs in water. 
In this study, we have used γ-cyclodextrins (γ-CDs) to 
solubilize SWCNTs in water. A dark SWCNT-water colloidal 
suspension has been formed, while the system of SWCNTs 
alone in water looks like clear water with black precipitates. 
AFM images of SWCNTs prepared from the colloidal solution 
with γ-CDs clearly showed that γ-CD molecules decorated the 
surface of each SWCNT with a height around 4 nm. The 
images (in the same scanning range) also contain more 
SWCNTs than the ones of the SWCNTs alone (~ 18 nm in 
height, as a bundle structure). Force-distance curves (FDCs) 
have been measured to further probe the interaction between 
SWCNTs and γ-CDs. Molecular dynamics (MD) simulation 
has also been performed for understanding such interaction. 

402 © 2008 American Chemical Society 
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Introduction 

Since the discovery of carbon nanotubes (CNTs) in 1991 by Sumio Iijima 
(7), a great deal of research has been performed on the properties of these 
special nanomaterials (2,3). Amazingly they are the strongest ever known 
material but with relatively low density. The main advantage of CNTs is that 
they have extraordinary physical properties based on their atomic structure (4,5) 
Among CNTs, single walled carbon nanotubes (SWCNTs) have the smallest 
cylindrical graphite structures with the diameter about 1 nm and the length 
ranging from nanometers to several millimeters (6,7). Each carbon atom in the 
SWCNT structure is covalently bonded to three nearest carbon atoms forming 
three a-bonds using three of the four valence electrons; the fourth electron forms 
the delocalization of the rc-bonds with neighboring carbon atoms. A planar 
configuration was expected for the trigonal sp2 hybridized carbon atom. Based 
on the direction of rolling the graphite sheet into a tube, SWCNTs can be 
divided into three types namely 'armchair', 'zigzag', and 'chiraP, characterized 
by two integers (n,m) that can be readily related to the diameter and chirality of 
each structure (8). Each SWCNT with a distinct (n,m) has a special electronic 
configuration. When n-m is divisible by three, that kind of SWCNT is metallic, 
while the rest are semiconducting (9,10). The strong structural dependence of 
SWCNT electronic properties drives potential applications of these nanoscopic 
materials for nanoscale electronics and optical sensors (11,12). Because of the 
structural sensitivity of their electrical characteristics, spectroscopic techniques 
such as Raman, UV/vis and NIR have been used to determine the structural 
properties of SWCNTs (7). 

For most applications, CNTs need to be in solution form, especially for the 
biomedical applications, they have to be dispersible in water. It is well known 
that the dissolution of carbon nanotubes in water is rather difficult (73). 
Versatile functionalization strategies have further expanded the applications of 
carbon nanotubes to be used as vehicles for drug and gene delivery, in vivo 
imaging probes, biosensors, and tissue engineering (14,15). So far both 
physically mixing CNTs with dispersal agents (non-covalent functionalization) 
and chemical modification (covalent functionalization) of CNTs have been used 
to make them soluble or suspended in water (16). Non-covalent protocols (77) 
keep the structures of SWCNTs as they are, while covalent approach (18) makes 
structural changes to the nanotubes. There are many dispersal agents such as 
surfactants (19-23), polymers such as starch (24,25), polyethylene oxide) (26) 
and polypeptides (27), lipids (28,29), RNA (30), DNA (37-33) and proteins (34-
35) used for the non-covalent functionalization. But there are only two ways of 
covalent functionalization, which are end and defect modification, and sidewall 
modification. 
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Distinct advantages of using cyclodextrins lie in that they are seminatural, 
produced from starch by an environmentally friendly technology; and they are 
very water soluble with a hydrophilic surface and a hydrophobic inner cavity or 
pocket. This leads to applications of CD as one of the active ingredients in 
drugs, foods, or cosmetics (38). A recent research report described the 
utilization of r|-cyclodextrin (n-CD, with an inner diameter > 1 nm) to debundle 
and solubilize SWCNTs in water (39). By taking advantage of the larger 
hydrophobic inner pocket of the r|-CDs, a long skinny SWCNT can penetrate 
through several CDs' center cavities like chaining the "rings" (T]-CDS) through a 
"thread" (SWCNT). This strategy is just a physical inclusion, therefore 
belonging to the non-covalent functionalization. 

In this presented research, y-cyclodextrin (y-CD, with an inner diameter 
about 0.95 nm) as a dispersal agent has been utilized to debundle and solubilize 
SWCNTs in water in a physical mixing manner. By means of this procedure, a 
dark SWCNT colloidal suspension can be clearly formed in water (Figure la), 
while SWCNT-alone system looks like clear water containing black precipitates 
(Figure lc). In comparison, this method seems dispersing SWCNTs as 
equivalently as or even more efficiently than the one using the surfactant (i.e. 
SDS, sodium dodecyl sulfate, Figure lb). 

Figure 1. Different systems of SWCNTs in water: (a) SWCNTs mixed with 
y-CDs; (b) SWCNTs mixed with SDS; and (c) SWCNTs alone 

This aqueous colloidal system of y-CDs and SWCNTs may expand the 
applications of SWCNTs in biomedical fields. Recently the characterization of 
the interaction of SWCNT and y-CD was studied by using DSC thermal 
analysis, absorption and Raman spectroscopy (40). This study confirmed there 
is an interaction between y-CD and SWCNT. However, it did not show how 
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they interact. The work in this paper aims at probing how y-CDs interact with 
SWCNTs using AFM (atomic force microscopy). In order to further understand 
the interaction in theory, molecular dynamics (MD) simulation has also been 
used to characterize the molecular interactions in the water system of y-CD and 
SWCNT. 

A F M has been a powerful tool for probing the structural and physical 
properties of materials at a nanoscopic level, as well as providing information on 
the adhesive forces of the material surface with an AFM tip. Using topographic 
imaging, the surface nanostructures of materials can be directly visualized, 
including changes of surface morphology with the changes in environment. 
Force-distance curves measured by AFM can supply complementary information 
on surface properties of the materials including viscoelasticity and localized 
surface charge density and hydrophobicity. In this study, through AFM imaging 
and force-distance curve measurements, the interaction between SWCNT and y-
CD were investigated in order to understand how y-CDs disperse and debundle 
SWCNTs in the aqueous solution to form the relative stable colloidal 
suspension, which may lead to some potential biomedical applications of 
SWCNTs. 

Experimental 

Materials and Sample Preparation 

Single-walled carbon nanotubes were bought from Carbon Nanotech-
nologies Incorporated. These HiPco® SWCNTs, contain less than 35% of ash 
content. Recently it has been demonstrated that HiPco SWCNTs can be cut with 
the help of grinding in the presence of organic materials like y-cyclodextrin. The 
y-CD with an inner cavity diameter of 0.95 nm was used in this study, which was 
obtained from Wacker-Chemie. The sample was made by the grinding of y-CD 
and SWCNT in the ratio of 30:1 in an agate mortar and pestle for approximately 
2 hours with the addition of 1 ml of ethanol dropwise of the first 10 minutes. 
This results in the fine homogeneous mixture for the preparation of A F M 
samples. Deionized water (100 ml) was added to about 2 mg of the mixture in a 
plastic container and then the system was sonicated at 25°C for 30 mins to 
produce a quite stable suspension (~ 0.2 mg SWCNTs-y-CD/ml water) (40,41). 
The suspension was further diluted (100 times) for AFM studies. The diluted 
sample (-0.002 mg SWCNTs-y-CD/ml water) was put on a freshly-cleaved mica 
surface and was naturally dried at ambient temperature in clean chamber for half 
an hour. Then further drying (about 5 mins) was applied using a gentle N 2 flow 
from a compressed nitrogen gas tank to ensure there was no moisture on the 
surface of the sample. 
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AFM Imaging and Force-Distance Curve Measurements 

All images were acquired in air with tapping mode on a PicoPlus SPM 
instrument from Agilent Technologies (formerly Molecular Imaging Co.) using 
5.3.3.USB Picoscan software, a multi-purpose small scanner and silicon tips 
(Model PPP-NCHR, Al coated on detector side, thickness: 3.9 urn, length: 143 
um, width: 29 um, resonance frequency: ca. 295 KHz, force constant: ca. 32 
N/m and tip height 10-15 um (Nanosensor, Neuchatel, Switzerland)). Typically, 
a 2 lines/s speed was used for scanning on 2000 nm x 2000 nm areas, with a 
setpoint of 0.85 of the cantilever oscillation amplitude in free status. To avoid 
the hydrodynamic effect of thin air gaps, the resonance was carefully measured 
at a small tip - sample distance. All images were processed using SPIP (Scanning 
Probe Image Processor) software from the Image Metrology. 

Force-distance curve measurements were obtained using unfunctionalized 
silicon probes (type PPP-CONTR, A l coated on detector side, thickness: 2 um, 
length: 450 urn, width: 50 um, force constant: ca. 0.1 N/m and tip height of 10-
15 um (Nanosensors, Neuchatel, Switzerland)) on mica prior and after the 
deposition of either SWCNTs, y-CD or SWCNTS/y-CD complex in deionized 
water. All measurements were performed using a Z-closed loop scanner with the 
Picoplus AFM instrument. Nearly lOOul of each sample was deposited on mica 
and then kept aside till air-dry. Then the mica with the sample was kept under 
the nitrogen gas until it became completely dry. Before measurement, the Z-
closed loop scanner was calibrated for the standard proportional and integral 
gain on a mica surface using the protocols from the manufacturer. The slope of 
the force-distance curve measured on the mica was used to convert the measured 
cantilever deflection from relative units (V) to absolute units (nm). The Z-closed 
loop scanner can correct the hystereses typically existing between the 
approaching and retracting curves in calibration (42). Using the cantilever spring 
constant (Kc) in (N/m), the cantilever deflection (Dc) in (nm) was converted to 
force (F) in (nN) using Hooke's law (43). We used the company-provided values 
for the cantilever spring constants. The AFM force measurement plots were 
corrected for cantilever bending in order to quantify probe-sample separation. It 
should also be noted that, in these experiments, the radius of curvature of the 
probe was not able to be determined, and thus the probe-sample contact areas 
were estimated. Therefore, using SPIP software to process these measured force-
distance curves, direct comparisons of forces were only made between those 
recorded with the same probe and those in which the probe-sample contact force 
was maintained at a constant value. To study probe-sample interaction by means 
of force-distance curves (43), the experiment was ramped along the vertical axis 
for 350 nm at a sweep duration of 1.0 second, and the cantilever deflection Dc 
was acquired. 

An AFM force-distance curve is the result of two contributions: the tip-
sample interaction F(D) and the elastic force of the cantilever. The tip sample 
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force is given by Hooke's law, F = - K c D c , where F is the Force in nano-Newton 
(nN), D c is the cantilever deflection in nanometers (nm), and Kc is the cantilever 
spring constant in nN/nm. The distance controlled during the measurement is not 
the actual tip-sample separation distance (D) but rather the distance (Z) moved 
by the z-piezoelectric scanner. These two distances differ because of cantilever 
deflection D c and sample deformation D s . These four quantities are related as 
follows: D = Z - ( D c - D s ) . 

Molecular Dynamics Simulation 

MD simulations were carried out using a Forcite and Discover dynamic 
engine in MS modeling [Universal and Compass MS Modeling, 3.2 Materials 
Studio, Accelrys Inc., 2005], a second generation force field. The MD 
simulations are based on universal /compass force field for intermolecular 
interactions of small diameter (lA) SWCNTs (10,10) with y-CD molecules 
examined as a method of dispersion. The system of SWCNTs and y-CDs in a 
ratio of 1:20 in the presence of water as the solvent was used for the simulation. 
The interaction was calculated via solving the Newtonian equations of motions 
using a predictor corrector method with a time step of one femtosecond. The 
calculation was carried out in canonical NVT ensemble using the Berendsen 
algorithm at 298K in all simulations. MD simulations ran for the system 
consisted of 5 x 106 time steps, that is, the simulation length was lOOOps. The 
trajectory images of the positions were recorded every 5000 time steps. 

Initially the system containing one SWCNT with 20 y-CDs and 50 water 
molecules was used for the simulation, Then the simulation was continued by 
adding 2, 3, 4 SWCNTs with 40, 60 and 80 y-CDs in 100, 150 and 200 water 
molecules, respectively, to understand the complexation process of SWCNTs 
with y-CDs in the aqueous solution. 

Results and Discussion 

Figure 2 shows two AFM images taken by the AC mode dry-scanning from 
different areas of the sample prepared from the colloidal suspension of SWCNTs 
and y-CDs. From these images, it can be clearly see that each SWCNT like 
"chain" is coated with many y-CDs "beads". 

Because the SWCNT sample was grounded to improve miscibility and 
solubility in the sample preparation, the length of the nanotubes was measured in 
the range of 1 urn to 4.5 um, with the width around 100 nm and the height below 
10 nm on mica, (see Figure 3). 
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Figure 2. AFM images of SWCNTs mixed with y-CDs in water obtained at 
different sample areas and shown at different scales. 

Width: ~100 nm 
Height: ~ 4.2 nm 
Length: ~ 2.5 um 

0 . 2 0 . 4 0 . 6 0 . 8 

P o s i t i o n [ p m ] 

Scale bar =100 nm Z scale =1.5 nm 

Figure 3. AFM Image of colloidal suspension of SWCNTs mixed with y-CDs in 
water shown at ljum * 1/um scale along with the size measurements 
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Figure 4 is the A F M image of the sample prepared from the SWCNT alone 
in water, taken by the AC mode dry-scanning. In comparison, the length of the 
SWCNTs alone was about 3.5 um, similar to the one of the SWCNTs in 
the colloidal suspension system with y-CDs. The width of the SWCNTs alone 
was nearly the same as the one of the y-CD decorated SWCNTs, which may be 
due to the similar interaction with the mica surface for both types of 
SWCNTs. 

Figures 4. AFM image of the SWCNT alone in water shown at 2jum x 2/urn 
scale along with the size measurements 

However, in AFM topography, the height measurement often provides more 
accurate information on the size of the sample than the width measurement. 
Therefore, the height measurements were performed for both types of SWCNT 
systems. Interestingly the height of the SWCNT alone (~ 18 nm) was much greater 
than that of the y-CD decorated SWCNTs (~ 4 nm). This indicates that the 
SWCNTs alone in water aggregate together forming "thick bundles", while the y-
CD decorated SWCNTs in water are more isolated individual SWCNTs in size 
plus the coating layer of y-CDs. In addition, the A F M images also shows that the 
shape of the SWCNTs alone in water is more "rigid" and straight with a smooth 
edge, while the y-CD decorated SWCNTs are more "flexible" and curved with a 
rough edge. These can be vividly shown in the 3D displays of the AFM images 
(see Figure 5). The rough edge of the y-CD decorated SWCNTs in this A F M study 
is a direct experimental observation of the interaction of SWCNTs with y-CDs in 
the colloidal suspension system, which is more visually advantageous than the 
previous Raman and thermal characterization of the interaction of SWCNTs with 
y-CDs (41). Up to now, most of the reports on the imaging of SWCNTs have been 



410 

done by TEM (tunneling electron microscopy) and few A F M images have been 
reported (based on a search using SciFinder Scholar). The reported A F M images 
of the oxidized SWCNTs by Kovtyukhova et. al (44) show a very similar feature 
as the ones of SWCNTs alone in this study. 

Figure 5. 3D Displays of tapping-mode AFM images for: (a) SWCNTs with 
y-CDs, and (b) SWCNTs alone, both dried from water suspensions. 

Force-distance curves reveal the forces of the A F M tip interacting with the 
sample surface on mica. So one can extrapolate information of the morphology 
of a material surface from a FDC. In this study, all the samples were dried on 
mica and FDCs were measured using the SiN tip. Figure 6a shown above is the 
FDC of the SWCNT alone, from the SPIP processing, the adhesion force was 
about 4.87 nN. This is because there was not much interaction between the 
"rigid" surface of the SWCNT bundle and the A F M tip. Figure 6b shows the 
FDC of the y-CD alone. The adhesion force between the y-CD surface and the 
tip was 5.27 nN. In comparison, the y-CD alone surface is softer than that of the 
SWCNT alone, since y-cyclodextrin has a strong attraction force with the tip. 
Figure 6c is the FDC of the mixture (or complex) of SWCNT and y-CD. Its 
surface has an adhesion force of 4.99 nN with the A F M tip, which is right in-
between the attraction forces of the SWCNT and y-CD alone cases. This further 
demonstrates that the surface of the SWCNT and y-CD complex system is 
decorated but not completely covered with y-CD molecules, as shown in the 
A F M AC mode images. Such interaction between SWCNT and y-CD molecules 
holds several y-CDs close to the surface of each SWCNTs, at the mean time to 
debundle the aggregates of SWCNTs. Therefore in water, because of the high 
solubility of y-CD, water molecules will easily solubilize the y-CD coated 
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SWCNTs and further segregate SWCNT bundles into individuals. Thus the y-
CD molecules can interact with SWCNTs in water as an efficient dispersal 
agent to form a relatively stable colloidal suspension. 

Figure 7 shows the energy minimized structure of the system containing 4 
SWCNTs, 80 y-CDs and 200 water molecules from MD simulation with 1500 
ps simulation length per run. This structure clearly displays that the four 
SWCNTs are separated well by the y-CD molecules in water, which is in 
consistence with the experimental observations in the A F M study. In addition, 
the initial distance between SWCNTs in the presence of y-CDs prior to 
simulation was approximately 4.01 A and after 1500 ps dynamics simulation, 
the distance between SWCNTs changed to approximately 6.00 A. This 
quantitatively indicates that y-CDs surround each of the SWCNTs and make 
them further apart. 

In MD simulation, a radial distribution function (RDF), g(r), describes how 
the density of finding a particle changes as a function of the distance from a 
distinguished point. The radial distribution from the MD simulation (Figure 8) 
shows that the probability of finding y-CD near (within 4 A) SWCNT after 1500 
ps is much greater than that after 500 ps. 

Figure 7. Energy minimized structure of the system containing 4 SWCNTs, 
80 y-CDs and 200 water molecules via MD simulation with 1500 ps simulation 

length per run (water molecules were deleted in the display for clarity). 
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Figure 8. Radial distribution function [RDF, g(r)] plots of the system 
containing 4 SWCNTs, 80 y-CDs and 200 water molecules via MD simulation: 

(a) with 500 ps simulation length and (b) with 1500 ps 

Conclusion 

This research demonstrates that AFM is a very powerful tool for studying 
nanostructures. AFM vividly show "pearl necklace" images for the SWCNT and 
y-CD complex system, indicating that y-CDs can decorate SWCNTs to segregate 
them from bundles to form a more homogeneous colloidal suspension in water. 
A F M force distance curve (FDC) measurements also show that the y-CD 
decorated SWCNTs have more attraction force with the AFM tips in comparison 
with SWCNTs alone. The AFM results confirm that there is noncovalent 
interaction between y-CD and SWCNT molecules. Such interaction permits 
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y-CD to function as an efficient dispersal agent for debundling SWCNTs in 
aqueous solution, which may lead to more biological applications of these 
nanomaterials. The results from MD simulations for the SWCNT and y-CD 
complex system are consistent with the ones from the AFM experiments. 
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(ATRP), carboxylic acid-end 
functional polymers, 281-282 

B 

Bentonite particles, drying patterns, 
260-261 

Binding energies 
tetrahedral Au2o cluster, 110-

111 
See also Gold nanoparticles and 

ligand adsorption 
Biomedical applications, carbon 

nanotubes, 403 
Biomedicine, nanoparticle 

applications, 11/ 
Biosensors. See Gold nanorod 

molecular probes (GNrMPs) 
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Bipyramids 
electric field enhancement 

distributions at longitudinal 
plasmon resonance, 71/ 

gold, from silver-assisted growth, 
69,71 

transmission electron microscopy 
(TEM) of gold bipyramids, 
70/ 

UV-vis spectra of gold 
nanobipyramids, 70/ 

See also Gold nanorods 
Block copolymer micelles. See Frozen 

micelles 
Bolometer 

heat balance equation, 155 
partially reduced V 2 0 5 nanowires 

in, 155, 163 
responsivity, 155, 163 

Bond lengths. See Gold nanoparticles 
and ligand adsorption 

Building blocks, monofunctional gold 
nanoparticles as, 34-37 

Bundled arrays, polyaniline/tobacco 
mosaic virus (PANI/TMV), 374-
376 

2-Butyl-l-octyl methacrylate (BOMA) 
chemical structure, 288/ 
degrees of swelling and ionization 

in BOMA-containing 
conetworks, 291, 294/ 

See also Amphiphilic polymer 
conetworks (APCNs) 

Cadmium selenide nanostructures 
TEM images of spheres, rods and 

tripods, 229, 232/ 
UV-vis absorption and 

photoluminescence spectra of 
rods, 234, 236/ 

X-ray diffraction pattern of tripods 
and spheres, 232, 234/ 

See also Hybrid nanomaterials; 
Semiconductor nanostructures 

Cadmium sulfide nanostructures 
microwave irradiation method, 227, 

230/ 
UV-vis absorption and 

photoluminescence spectra of 
rods, 234, 236/ 

X-ray diffraction pattern, 227, 231/ 
See also Semiconductor 

nanostructures 
Carbon dioxide, adsorption on 

titanium dioxide nanotubes, 147, 
149/ 

Carbon monoxide, adsorption on 
titanium dioxide nanotubes, 147 

Carbon nanotubes (CNT) 
applications in solution form, 403 
discovery, 403 
dispersal agents, 403 
morphology, 4 
See also Single walled carbon 

nanotubes (SWCNTs) 
Carboxylic acid, atom transfer radical 

polymerization for, end-functional 
polymer, 281-282 

Catalysis, titanium dioxide nanotubes 
(TiNTs), 140-141 

(CdSe)ZnS core-shell quantum dots. 
See Quantum dots (QDs) 

CdSe quantum dots. See Quantum 
dots (QDs) 

Ce0 2 nanostructures 
applications, 241 
microwave irradiation synthesis, 

228/, 241 
TEM images of Ce0 2 nanocrystals 

with different shapes, 242/ 
UV-vis absorption and 

photoluminescence spectra, 
241-242, 243/ 

X-ray diffraction patterns, 241, 
243/ 

See also Nanocrystals by 
microwave irradiation 



Chemical nature, engineered 
nanoparticles, 3f 

Chinese black ink, drying patterns, 
261-262 

Citrate reduction method, gold 
nanoparticles, 17 

Clusters, gold nanoparticle-dendrimer, 
37, 38/ 

Cobalt nanocrystals, microwave 
irradiation synthesis, 242, 244 

Cobalt nanoparticles 
characterization of polystyrene 

coated, (PS-CoNPs), 275-279 
dispersion of PS-CoNPs, 279-280 
preparation of PS-CoNPs, 275 
synthesis of polystyrene coated, 

274-280 
See also Ferromagnetic 

nanoparticles 
Colloidal crystals, drying patterns, 260 
Colloidal dispersions 

convectional patterns, 266-268 
sedimentation patterns, 265-266 

Colloidal gold nanoparticles 
activity by surface enhanced 

Raman scattering (SERS), 27 
aggregates, 18 
aggregation by addition of lysine 

and methionine, 22-23 
air oxidation of thiosulfate, 21 
characterization, 19-20, 25-26 
experimental, 18-20 
extended plasmon band in near 

infrared (NIR) spectrometry, 23, 
25 

formation and flocculation kinetics, 
23,25 

high resolution X-ray photoelectron 
spectroscopy (XPS) of gold 4f 
and sulfur 2s regions, 26/ 

method of synthesizing and 
stabilizing SERS-active, by 
thiosulfate reduction of HAuCl 4, 
18 

nanoparticle synthesis and 
stabilization, 20-23 

oxidation reduction reaction, 20-21 
premature aggregation, 22 
stability of thiosulfate solution, 21-

22 
surface chemistry, 26 
synthesis, 19 
time-dependent visible absorption 

spectra of aqueous suspension 
during synthesis reaction, 24/ 

time-dependent visible-NIR 
absorption spectra of aqueous 
suspensions during synthesis, 
24/ 

transmission electron microscopy 
(TEM) images 48 hours into 
reaction, 25/ 

variations of basic synthesis 
method, 21 

Colloidal methods, nanoparticles, 6/ 7 
Colloidal nanostructures. See T i0 2 

colloidal nanostructures 
Colloidal suspensions 

drying patterns, 257, 257-260 
See also Drying patterns; Single 

walled carbon nanotubes 
(SWCNTs) 

Colloid solutions 
Ag2S in colloidal form, 208 
conductivity of Ag2S colloid, 210 
various gold and silver 

nanoparticles, 64/ 
See also Ag2S semiconductor 

nanoparticles; Drying patterns 
Color variations 

dispersions of polyaniline/tobacco 
mosaic virus composite 
nanofibers by pH, 375/ 

iron oxide nanoparticle solutions, 
129, 130/ 

Composite fibers, polyaniline/tobacco 
mosaic virus (PANI/TMV), 373-
374 
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Computers, nanoparticle applications, 
11/ 

Conductivity 
Ag2S colloid, 210 
dependence of molar, on AgN0 3 

and (NH4)2S concentration, 205, 
206/ 

dependence on time for reaction 
mixture of Ag + and S"2, 205, 
207/ 

Kohlraush's law for molar, of 
electrolytes, 205 

See also Ag2S semiconductor 
nanoparticles 

Conetworks 
measuring degree of swelling, 289-

290 
mechanical properties, 291 
See also Amphiphilic polymer 

conetworks (APCNs) 
Configurational volume restriction 

model, micelle formation, 346 
Conjugate clusters, gold nanoparticle-

dendrimer, 37, 38/ 
Consumer goods, nanoparticle 

applications, 11/ 
Controlled chemical functionalization 

gold nanoparticles by solid-phase 
place exchange reaction, 32-34 

research area, 32, 38 
See also Gold nanoparticles 

(AuNP) 
Convectional patterns 

colloidal dispersions, 266-268 
suspension of colloidal silica 

spheres, 267/ 
Copolymerization. See Polymer-

inorganic nanocomposites 
Copolymer synthesis, group transfer 

polymerization (GTP), 287, 288/ 
289 

Copper ions 
magnetic nanoparticles and uptake, 

101, 103-104 
uptake from binary solution, 105/ 

See also Magnetic nanoparticles 
Core/shell nanorods 

attenuating longitudinal plasmon 
resonance by converting silver 
to silver sulfide or silver 
selenide, 74 

optical properties, 74-75 
silver selenide layer preparation, 

73-74 
simulated extinction spectra of Au, 

Au/Ag, and Au/Ag2S nanorods, 
74/ 

synthesis of gold/silver nanorods, 
73 

transmission electron microscopy 
(TEM) of Au/Ag, 73/ 

tunability for plasmon, 72-75 
UV-vis-near infrared spectra of Au, 

Au/Ag, Au/Ag2S and Au/Ag2Se 
nanorods, 74/ 

See also Gold nanorods 
Core-shell quantum dots. See 

Quantum dots (QDs) 
Crystallization. See Hybrid 

nanomaterials 
Cyclodextrins (CDs) 

dispersing single walled carbon 
nanotubes (SWCNTs) in water, 
404 

interaction with SWCNTs, 404-
405 

See also Single walled carbon 
nanotubes (SWCNTs) 

D 

de Gennes theory, conformation of 
collapsed polymer, 346 

Dendrimers, morphology, 4 
Density functional theory 

computational details, 109— 
110 

See also Gold nanoparticles and 
ligand adsorption 
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Dextran derivatives 
core of nanoparticles, 329-330 
emulsification with amphiphilic 

polysaccharides, 328-329 
hydrodynamic characteristics, 326/ 
solution and surface active 

properties, 326-328 
structure and method of synthesis, 

325-326 
viscometric parameters, 327/ 
See also Polysaccharide-covered 

polymeric nanoparticles 
Diamine, dimers by coupling 

monofunctional gold nanoparticles, 
34,35/ 

Dispersal agents 
carbon nanotubes, 403 
cyclodextrins (CDs), 404 
surfactants, 403 
See also Single walled carbon 

nanotubes (SWCNTs) 
Dispersion medium, engineered 

nanoparticles, 3/ 
Dispersion state, engineered 

nanoparticles, 3/ 
Diversity, engineered nanoparticles, 3/ 
Drying patterns 

broad rings, 258 
Chinese black ink, 261-262 
colloidal crystals, 260 
colloidal silica spheres, 257-258 
colloidal suspensions, 257 
convection flow of solvent and 

colloidal spheres, 258 
dyes and simple electrolytes, 264-

265 
ionic and non-ionic detergents, 

262-264 
macro- to micro-scale, 259-260 
non-spherical colloidal 

suspensions, 260-262 
poly(allylamine hydrochloride), 

264/ 
polymers including gels, 262 
polystyrene spheres, 259/ 

solutions, 262-265 
spoke-like cracks, 258 
suspension of colloidal silica 

spheres, 267/ 
suspensions, 257-262 
thermo-sensitive gels, 264/ 

Dye entrapment. See Fluorescent silica 
particles 

Dyes, drying patterns, 264-265 

Electrolytes 
drying patterns, 264-265 
Kohlraush's law for molar 

conductivity of, 205 
Electronics, nanoparticle applications, 

11/ 
Emulsion polymerization (EP) 

description, 324-325 
dextran-coated nanoparticles, 336-

337 
electrokinetic layer thickness vs. 

surface coverage by, 336/ 
particle size vs. [dextran]/[styrene] 

mass ratio, 338/ 
See also Polysaccharide-covered 

polymeric nanoparticles 
Emulsion/solvent evaporation (ESE) 

description, 324 
particle size vs. dextran derivative 

concentration in, 331/ 
process, 330, 332 
size of nanoparticles by, 331/ 
stability of colloidal suspensions 

with ionic strength, 330, 332, 
333/ 

See also Polysaccharide-covered 
polymeric nanoparticles 

Encapsulation 
rhodamine dyes into fluorescent 

silica particles, 215, 216 
synthesis of, of gold nanoparticles 

with thiol, 48 
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See also Fluorescent silica 
particles; Thiol monolayer-
protected gold nanoparticles 

Energy, nanoparticles, 12/ 
Engineered nanoparticles, features 

contributing to diversity, 3f 
Engineering materials, nanoparticles, 

11/, 12/ 
Environmental applications, 

nanoparticles, 12/ 
Environmental pollution 

hydrogen storage, 78 
metal ions, 91 

Extended plasmon band (EPB) 
nanoparticle formation and 

flocculation, 23, 24/ 25 
near-infrared (NIR) spectroscopy, 

18 
time-dependent visible absorption 

spectra of aqueous nanoparticle 
suspension during synthesis, 
24/ 

See also Colloidal gold 
nanoparticles 

Fatty acid 
effect of chain length on seed-

mediated nucleation, 366-367 
nanoparticle effect on nucleation, 

366/ 
See also Hybrid nanomaterials 

Ferromagnetic nanoparticles 
aligned chains of nanoparticles by 

tapping-mode atomic force 
microscopy (AFM), 276-277 

atom transfer radical 
polymerization (ATRP) for 
carboxylic acid-end functional 
polymers, 281-282 

characterization of polymer coated 
Co colloids, 282-283 

dispersion of ferromagnetic 
polystyrene coated nanoparticles 
(PS-CoNPs), 279-280 

functional alkoxyamine initiators 
for well-defined PS end-
functional surfactants, 274/ 

functionalization by ligand 
exchange process, 280-281 

ligand exchange scheme for 
functionalization, 281/ 

magnetic assembly, 273 
magnetic force microscopy (MFM) 

for morphology, 277-278 
organic/inorganic hybrid materials, 

273 
preparation of PS-CoNPs, 275 
PS-CoNPs, 274-280 
scheme for ligand exchange, 282/ 
scheme for synthesis of amine, or 

phosphine oxide functional PS 
surfactants, 275/ 

solid state structure by X-ray 
diffraction (XRD), 278 

synthesis of end-functional PS 
surfactants, 274-275 

synthesis of well-defined, 273-274 
transmission electron microscopy 

(TEM) of ferromagnetic PS-
CoNPs, 275-276 

vibrating sample magnetometry 
(VSM), 278, 279/ 

Films. See Nanoporous opal films 
Flammability of polymers, 

nanoparticles, 6 
Flocculation, nanoparticle formation 

and, 23, 25 
Flory theory, polymer solutions, 346 
Fluorescent silica particles 

applications, 214 
challenges, 214-215 
confocal images of particles in 

gradient of glycerol flow, 222/ 
confocal laser microscopy (CLM) 

images of origami samples, 218/ 
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discoids and fibers, 217 
dye encapsulation-rhodamine 6G 

(R6g) and rhodamine 640 
(R640),215 

dye leakage before and after 
coating particles, 221-222 

dye retention in origami particles, 
220-221 

effect of temperature on origami 
sample formation, 217, 218/ 

experimental, 216 
fluorescence of R640 in water and 

encapsulated in nanochannels of 
particles, 220, 221/ 

mesoporous p6mm structure by X-
ray diffraction (XRD), 219 

molar composition for synthesis of 
particles, 217/ 

N 2 adsorption/desorption plot for 
calcined sample 0-1,219, 220/ 

origami particles, 217, 218/ 
possible dye leakage from 

synthesized particles, 221 
structure and uniformity, 215 
ultra-bright fluorescent nature of 

particles with R6g, 220 
XRD pattern of origami sample O-

1,219/ 
Fluorinated oligomer/silica 

nanocomposites 
antibacterial, encapsulated 

hinokitiol, 199-201 
antibacterial activity of, 

encapsulated hinokitiol against 
Staphylococcus aureus, 202/ 

application of, for surface 
modification, 195/ 

contact angles of surfaces treated 
with alkoxysilane, 198/ 

contact angles of surfaces treated 
with fluorinated oligomer, 197/ 

formation by self-assembled 
molecular aggregates, 191/ 

formation of, encapsulated 
hinokitiol, 199/ 

measurement of water and oil 
contact angle, 197-198 

particle size of, in slurries, 196/ 
preparation and characterization of, 

encapsulated hinokitiol, 199— 
201 

preparation and characterization of, 
slurries, 192, 195 

preparation of F-oligomer/silica 
possessing hinokitiol, 200/ 

procedure for surface modification, 
197 

relationship between surface free 
energy and water or oil 
wettability, 192, 194/ 

scanning electron microscopy 
(SEM) images, 196/ 

surface active properties, 192, 
195/ 

surface modification by use of, 
192-198 

surface wettability of materials, 
192,193/ 

synthetic approach, 191 
thermogravimetric analyses of, 

encapsulated hinokitiol, 201/ 
Food, nanoparticles, 12/ 
Free energy change 

standard, on aggregation, 345-349 
See also Frozen micelles 

Frozen micelles 
backfolding of BAB block 

copolymer, 348 
binary solvent mixtures of THF and 

water, 343 
block dilution curve, 349, 351/ 
change in state of deformation of 

block A, 347 
change in state of deformation of 

block B, 348 
change in state of dilution of block 

A, 346-347 
change in state of dilution of block 

B, 347-348 
controlling size and shape, 342 
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diblock copolymers of 
polystyrene-polyethyleneoxide 
(PS-PEO), 342-343 

equation for size distribution of 
block copolymer, in binary 
solvent, 344 

formation by self-assembly, 342 
formation of core-solvent interface, 

347 
geometrical relations for 

aggregates, 344-345 
localization of block copolymer, 

348 
molecular constants appearing in 

free energy expressions, 348-
349 

overall free energy change on 
aggregation, 349, 351/ 

predicted aggregation number of 
micelles, 354, 355/ 

predicted core radius and corona 
thickness of micelles, 352/ 353/ 
354 

predicted volume fraction of THF 
solubilized in micelle core vs. 
bulk solvent composition, 349, 
350/ 

process of forming block 
copolymer micelles, 342/ 

self-assembly in binary solvent 
mixture, 344-349 

standard free energy change on 
aggregation, 345-349 

surface energy curve, 349, 351/ 
theoretical method predicting size 

and shape, 343-344 
Functionalization 

atom transfer radical 
polymerization (ATRP), 281-
282 

ligand exchange process, 280-281 
polymer coated cobalt colloids, 

282-283 
See also Ferromagnetic 

nanoparticles 

G 

Gas phase synthesis, nanoparticles, 6-
7 

Gels, drying patterns, 262 
Geometrical distortion 

ligands adsorbing to metal clusters, 
114-115 

See also Gold nanoparticles and 
ligand adsorption 

Gold nanocrystals, microwave 
irradiation synthesis, 242, 244 

Gold nanoparticles (AuNP) 
AuNP dimers by coupling single 

functional, with diamine, 34, 35/ 
challenges, 42 
citrate reduction method, 17 
colloid solutions, 64 / 
conjugate clusters, 37, 38/ 
controlled chemical 

functionalization by solid-phase 
place exchange reaction, 32-34 

controlled chemical 
functionalization research, 32, 
38 

early scientific investigation, 17 
interest as surface enhanced Raman 

scattering (SERS) substrates, 
17-18 

kinetic traces of surface plasmon 
bleach for individual, and gold 
nanonecklace, 35, 36/ 

ligands ensuring stability and 
solubility, 31-32 

monofunctional, as building blocks 
to AuNPs assemblies, 34-37 

monofunctional AuNPs through 
solid-phase place exchange 
reaction, 33/ 

nanonecklace assembly using 
polylysine, 35, 36/ 

noncovalent bond-based solid 
phase synthesis of 
monofunctional, 34/ 

optical limiting effect, 36-37 
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transmission electron microscopy 
(TEM) image of AuNP-
dendrimer conjugate clusters, 
38/ 

See also Colloidal gold 
nanoparticles; Thiol monolayer-
protected gold nanoparticles 

Gold nanoparticles and ligand 
adsorption 
Au2o particle with 

triphenylphosphine (PPh3) 
ligand, 109 

binding energies, 110-111 
bond lengths, 111, 112/ 
charge transferred from ligands to 

gold cluster, 116/ 
composition of Au2o(NH3)8 

transition at 3.17 eV, 120/ 
composition of Au 2 0(PH 3) 8 

transition at 3.27 eV, 119/ 
computational details, 109-110 
distance between Au atom and 

center of mass (COM), 115/ 
geometrical distortion, 114-115 
ground state charge transfer, 115-

116 
Mulliken atomic electron density 

and total charge on Au atoms, 
118/ 

Mulliken atomic electron density in 
dorbitals, 116/ 

optical absorption spectra, 111, 
112/113/114 

optical spectra for Au 2 0 , 
Au 2 0(PH 3) 8, distorted Au 2 0 , and 
Au 2 0(NH 3) 8, 112/113/ 

orbital energies, 116-117 
tetrahedral Au 2 0 structure, 110/ 

Gold nanorod molecular probes 
(GNrMPs) 
absorption spectra of gold 

nanorods (GNRs) by aspect 
ratio, 391/ 

binding ratio, 393 

comparing measured target 
concentration to real values, 
398/ 

experimental, 388-390 
fabrication and characterization of 

gold nanorods, 388-389 
fabrication using gold nanorods of 

different aspect ratios, 387-388 
full activation of GNRs, 389, 394 
functionalization of GNRs to 

synthesize, 389-390, 392-394 
implementation of, 390 
limit of detection for IgG-anti-IgG 

complex, 397-398 
materials, 388 
11-mercaptoundecanoic acid 

(MUDA) self-assembled 
monolayers, 392-393 

micro-environment surrounding, at 
target-binding mode, 396/ 

nanorods fabrication and 
characterization, 390-391 

normalized, response vs. target 
concentration, 395/ 

partial activation of GNRs, 389, 
393 

quantitative analysis of multiple 
targets using, in multiplex, 398 

responses of, to target binding, 
395-398 

sensitivity factor (S), 391, 396-397 
target binding study on fully and 

partially fiinctionalized 
GNrMPs, 394/ 

thickness of SAM layer, 397 
transmission electron microscopy 

(TEM) imaging of nanorods of 
various aspect ratios, 391, 392/ 

Gold nanorods 
absorption spectra with various 

aspect ratios, 391/ 
approach to seed-mediated method, 

65-66 
biosensor, 387 
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electric field enhancement 
distributions at longitudinal 
plasmon resonance of gold 
bipyramid and, 71/ 

fabrication and characterization, 
388-389,390-391 

functionalization to make 
molecular probes, 389-390, 
392-394 

gold bipyramids from silver-
assisted growth, 69, 71 

growth mechanism, 66, 69 
high-resolution transmission 

electron microscopy (HRTEM) 
image of gold seeds, 70/ 

macro-scaled surface plasmon 
resonance (SPR) sensors, 387 

optical properties, 387 
role of seeds and silver(I), 66, 69 
shaping nanoparticles by 

underpotential deposition, 71-
72 

sketch of seed-mediated synthesis, 
67/ 

TEM (transmission electron 
microscopy) of, 68/ 

TEM of gold bipyramids, 70/ 
UV-vis spectra of, 68/ 
UV-vis spectra of different gold 

nanobipyramids, 70/ 
See also Core/shell nanorods; Gold 

nanorods molecular probes 
(GNrMPs) 

Ground state charge transfer, ligands 
adsorbing to gold nanoparticle, 
115-116 

Group transfer polymerization (GTP) 
copolymer synthesis, 287, 288/ 

289 
See also Amphiphilic polymer 

conetworks (APCNs) 
Growth mechanism, gold nanorods 

by seed-mediated method, 66, 
69 

H 

Helical organization, tobacco mosaic 
virus (TMV) coat proteins, 370/ 

Highly oriented pyrolytic graphite 
(HOPG) 
arachidic acid (AA) and 11-

mercaptoundecanoic acid 
capped CdSe (MUA-CdSe) on, 
361,362/ 

spin coating of binary solution on, 
359 

See also Hybrid nanomaterials 
Hinokitiol 

antibacterial activity of 
encapsulated, 202/ 

encapsulation in fluorinated 
oligomer/silica nanocomposite, 
199,200/, 201 

Hollow nanospheres, candidate for 
hydrogen storage, 78 

Hollow nanostructures 
ensemble of silver into, 78-79 
scheme of, for hydrogen storage, 

79/ 
synthesis, 78 
See also Nanostructures 

Hybrid nanomaterials 
AA (arachidic acid) forming strip

like pattern on highly oriented 
pyrolytic graphite (HOPG), 361, 
362/ 

AA and 11-mercaptoundecanoic 
acid capped CdSe (MUA-CdSe) 
mixture in 2-propanol on 
HOPG, 361, 362/ 

A F M (atomic force microscopy) 
images of nano-hybrid from 
MUA-CdSe and AA with 
supersaturation, 365/ 

AFM images of nano-hybrid from 
MUA-CdSe and AA on HOPG, 
362/ 

attraction of, 359 



432 

characterization methods, 360 
crystallization of AA on MUA-

CdSe, 363 
effective supersaturation, 364-365 
effect of crystallization conditions, 

363-365 
effect of fatty acid chain length, 

366-367 
effect of nanoparticle seed 

structure, 365-366 
experimental, 359-360 
fatty acid nanorod crystals on CdSe 

nanoparticles, 359 
film fabrication via spin coating, 

360 
nano-hybrid thin film structure, 

361,363 
nanoparticle effect on nucleation of 

fatty acids, 366/ 
nanorods growing around 

nanoparticles, 361, 362/ 
standing time and AFM images of 

spin coated films from MUA-
CdSe and AA, 364/ 

structure of MUA-CdSe 
nanoparticle, 360-361 

supersaturation, 363-364 
Hydrogen storage 

nanotubes and hollow nanospheres 
as candidates, 78 

overcoming issues, 78 
scheme of hollow nanostructure 

suitable for, 79/ 
See also Nanostructures 

Hydrothermal treatment 
vanadium oxide (V 20 5) nanowires, 

153,154-155 
See also Vanadium oxide (V 20 5) 

nanowires 

Ion transport. See Nanoporous opal 
films 

Iron oxide ferrites 
nanoparticles of, for metal ion 

adsorption, 91 
See also Magnetic nanoparticles 

Iron oxide nanoparticles 
color variations of solutions, 129, 

130/ 
development of modified sol gel 

process, 125 
dipole-dipole attractions between 

metal cations and oxygen, 
128/ 

experimental, 126 
Fe(N03)3-9H20 system and particle 

sizes, 129, 136 
FeCl3-6H20 system and particle 

sizes, 129 
high-resolution transmission 

electron microscopy images of 
solutions, 131/ 132/ 133/ 

NaDDBS (sodium dodecylbenzene 
sulfonate) altering particle size, 
126-127 

particle size distribution of 
solutions, 131/ 132/ 133/ 

particle size results, 128/, 129 
presence of NaDDBS and gel time, 

127 
series of reactions for formation, 

127,129 
solution parameters, 126, 

127/ 
X-ray diffraction (XRD) patterns 

for, 134/ 135/ 136 
XRD patterns for various iron 

oxide/oxyhydroxide phases, 
136, 137/ 

Ionic detergents, drying patterns, Jacobsen-Stockmayer model, BAB 
262-264 triblock copolymer, 346 
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K 

Kinetics 
oxygen adsorption on titanium 

nanotubes, 144 
surface plasmon bleach for gold 

nanoparticles and gold 
nanonecklace, 35, 36/ 

Kohlraush's law, molar conductivity of 
electrolytes, 205 

Langmuir-Blodgett (LB) films 
nature of substrate, 181-182 
photoluminescence of, of tri

octylphosphine oxide (TOPO)-
capped quantum dots, 183, 185/ 
186 

quantum dots, 180-182 
See also Quantum dots (QDs) 

Langmuir monolayers 
modified quantum dots (QDs), 

174-175 
octadecyl thiol (ODT)-capped QDs, 

178-179 
7T-A isotherms of ODT, tri

octylphosphine oxide (TOPO), 
and stearic acid, 177, 178/ 

TOPO-capped QDs, 177-178, 182-
183 

See also Quantum dots (QDs) 
Layered structures 

functional materials, 152 
See also Vanadium oxide (V 20 5) 

nanowires 
Lead selenide nanostructures 

TEM images of varying shapes, 
229, 232, 233/ 

X-ray diffraction pattern of cubes, 
232, 234/ 

See also Semiconductor 
nanostructures 

Lead sulfide nanostructures 
microwave irradiation method, 227, 

230/ 
X-ray diffraction pattern, 227, 231/ 
See also Semiconductor 

nanostructures 
Ligand exchange, functionalization of 

cobalt nanoparticles, 280-281 
Ligands 

passivating, to bare metal clusters, 
108 

See also Gold nanoparticles and 
ligand adsorption 

Lysine, aggregation of nanoparticles, 
22-23 

M 

Macroscopic bundled arrays, 
polyaniline/tobacco mosaic virus 
(PANI/TMV), 374-376 

Magnetic assembly, ferromagnetic 
nanoparticles, 273 

Magnetic nanoparticles 
absence of tannic acid (TA) for 

magnetic nanoparticles (M), 93 
assembly, 273 
carbon contributions in Cls core 

spectra of, 100/ 
carbon contributions in Ols core 

spectra of, 101/ 
characterization, 94 
coprecipitation method for 

magnetic-iron tannate 
nanoparticles (MTAC), 92 

diffuse reflectance Fourier 
transform infrared spectroscopy 
(DRIFTS) spectra, 100-101, 
102/ 

DRIFTS spectra for TA and, 103/ 
elemental composition from X-ray 

photoelectron spectroscopy 
(XPS) survey spectra, 95/ 
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evidence for incorporation of TA in 
MTAC and MTAP (by post-
precipitation method), 95 

experimental, 92-94 
functionalities for metal ion 

removal, 91-92 
metal uptake experiment, 94 
method by post-precipitation for 

magnetic-iron tannate 
nanoparticles (MTAP), 93 

synthesis of, 92-93 
transmission electron microscopy 

(TEM) images of M and MTAP, 
101, 104/ 

uptake of Cu and Zn from 
solutions, 101, 103-104 

uptake of Cu ions from binary 
solutions of Cu and Zn ions, 
105/ 

XPS spectra of TA, M, MTAC, and 
MTAP, 96/97/98/99/ 

See also Ferromagnetic 
nanoparticles 

Mechanism 
growth of gold nanorods by seed-

mediated method, 66, 69 
silver sulfide nanoparticle 

formation, 212 
synthesis of silver sulfide, 204 

11-Mercaptoundecanoic acid 
(MUDA). See Gold nanorod 
molecular probes (GNrMPs) 

11-Mercaptoundecanoic acid capped 
CdSe (MUS-CdSe) nanoparticle 
arachidic acid crystallization on, 

363 
effect of nanoparticle seed 

structure, 365-366 
nano-hybrid thin film structure, 

361-363 
structure, 360-361 
See also Hybrid nanomaterials 

Mercaptoundecasulfonic acid (MUS) 
and octanethiol (OT) 

mixed self-assembled monolayer 
(SAM), 55, 56 

See also Monolayer protected metal 
nanoparticles (MPMNs) 

Metal and metal oxide nanostructures 
experimental parameters for 

microwave irradiation synthesis, 
228/, 229/ 

microwave irradiation synthesis, 
242, 244 

TEM images of Au, Ag, Co and Ni 
nanocrystals, 244/ 

TEM images of ZnO, Ga 30 4, 
Mn 3 0 4 , and ln 3 0 4 nanocrystals, 
244, 245/ 

See also Nanocrystals by 
microwave irradiation 

Metal clusters, passivating ligands on 
bare, 108 

Metal nanoparticles 
scientific interest, 204 
See also Ag2S semiconductor 

nanoparticles 
Metals 

environmental issues, 91 
See also Magnetic nanoparticles 

Methacrylic acid (MAA) 
chemical structure, 288/ 
conetwork architecture dependence 

on swelling in fully charged 
MAA, 294-295, 296/ 

conetwork architecture dependence 
on swelling in uncharged MAA, 
293, 296/ 

conetwork composition on swelling 
for uncharged and fully charged 
MAA, 291,293,295/ 

degree of swelling (DS) 
measurements, 289-290 

degrees of swelling and ionization 
for networks containing, 291, 
294/ 

See also Amphiphilic polymer 
conetworks (APCNs) 
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Methionine, aggregation of 
nanoparticles, 22-23 

Methyl methacrylate (MMA) 
characteristics of linear copolymer 

precursor to M M A -
tetrahydropyranyl methacrylate 
(MMA-THPMA) conetworks, 
292/ 

degrees of swelling and ionization 
in MMA-containing conetworks, 
291,294/ 

See also Amphiphilic polymer 
conetworks (APCNs) 

Micelles. See Frozen micelles 
Microwave irradiation (MWI) 

synthesis of nanomaterials, 225-
226 

See also Nanocrystals by 
microwave irradiation 

Miniemulsion polymerization (MP) 
description, 324 
electrokinetic layer thickness vs. 

surface coverage by, 336/ 
styrene-in-water, 332-335 
variation of polystyrene particle 

size vs. [dextran]/[styrene] mass 
ratio, 335/ 

See also Polysaccharide-covered 
polymeric nanoparticles 

Models 
configurational volume restriction, 

346 
Jacobsen-Stockmayer, 346 
probable structure of conetwork, 

289/ 
See also Amphiphilic polymer 

conetworks (APCNs) 
Molecular dynamics (MD) simulation 

energy minimized structure, 412/ 
procedure, 407 
radial distribution function, 413/ 
system of SWCNTs, cyclodextrins, 

and water, 412-413 
See also Single walled carbon 

nanotubes (SWCNTs) 

Molecular probes. See Gold nanorod 
molecular probes (GNrMPs) 

Molecular self-assembly, 
nanoparticles, 7 

Monolayer protected metal 
nanoparticles (MPMNs) 
average spacing, 59, 60/ 
basic procedure for preparation, 58 
biological applications, 56 
composition, 56 
experimental, 57-58 
formation of monomolecular 

domains, 59, 61 
imaging by scanning tunneling 

microscopy (STM), 56, 58 
interactions with biological 

materials, 56 
line scan through one rippled 

nanoparticle, 60/ 
ribbon-like domains in ligand shell, 

56-57, 59 
sample preparation, 57 
self-assembled monolayer (SAM) 

of thiolated molecules, 56 
STM height images, 59/ 
STM ripple spacing data at tip 

velocities, 61/ 
Morphologies 

nanoparticles, 3, 4, 5 
polyaniline/tobacco mosaic virus 

(PANI/TMV), 373-374 
polystyrene coated cobalt 

nanoparticles, 277-278 

N 

Nanocomposites. See Fluorinated 
oligomer/silica nanocomposites; 
Polymer-inorganic nanocomposites 

Nanocrystals by microwave irradiation 
Ce0 2 nanostructures, 241-242, 

243/ 
experimental for microwave 

synthesis, 226-227, 228/, 229/ 



436 

interest in controlling size and 
shape, 225 

metal and metal oxide 
nanostructures, 242, 244-245 

outlook, 245-246 
rare earth oxide nanostructures, 

239-240 
semiconductor sulfide and selenide 

nanostructures, 227, 229, 232-
235 

Ti0 2 colloidal nanostructures, 235— 
239 

See also Semiconductor 
nanostructures; Ti0 2 colloidal 
nanostructures 

Nanofibers, polyaniline/tobacco 
mosaic virus (PANI/TMV), 372-
374 

Nanomaterials 
iron oxide nanoparticles, 125 
synthesis by microwave irradiation 

(MWI), 225-226 
See also Tobacco mosaic virus 

(TMV) 
Nanomaterial types, use of 

nanoparticles for specified, 13/ 
Nanonecklace assembly, gold 

nanoparticles using poly lysine, 35, 
36/ 

Nanoparticles 
assembling, 9-10 
calculated surface area per unit 

volume vs., size for particles of 
various shapes, 5/ 

catalysis and high surface area per 
unit volume, 5 

colloidal methods, 7 
commercial applications, 10, 11/, 

12/ 
definition, 2 
features contributing to diversity of 

engineered, 3/ 
fraction of molecules at surface vs., 

size for particles of various 
shapes, 4/ 

gas phase synthesis, 6-7 
molecular self-assembly method, 7 
morphologies, 3, 4, 5 
nanoscale properties and relevance, 

4-6 
optical properties, 4 
present and potential applications, 

11/, 12/ 
production mechanism for vapor 

phase or liquid phase/colloidal 
methods, 6/ 

publications in Web of Science for 
keyword, 10, 13/ 

shaping, by underpotential 
deposition, 71-72 

solid substrates as heterogeneous 
nucleating sites, 7 

surface modification of, 8 
synthesis methods, 6-7 
term, 3 
thermal conduction, 5 
use in specified commercial 

products, 13/ 
vapor deposition methods, 7 
See also Ag2S semiconductor 

nanoparticles; Hybrid 
nanomaterials; Iron oxide 
nanoparticles; Magnetic 
nanoparticles; Nanocrystals by 
microwave irradiation; 
Polysaccharide-covered 
polymeric nanoparticles 

Nanophase behavior 
amphiphilic polymer conetworks 

(APCNs), 295, 297, 300 
atomic force microscopy (AFM) 

phase mode images, 297, 300-
301 

small-angle neutron scattering 
(SANS) profiles of APCNs, 
298/ 299/ 

Nanoporous opal films 
applications, 249 
effect of sulfonation on molecular 

flux, 251-252 
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experimental, 249-250 
ionic strength effect on diffusion 

through sulfonated, 253 
pH effect on diffusion through 

sulfonated, 252-253 
Pt microdisk electrodes, 249 
sulfonation of opal surfaces, 251 
sulfonation procedure, 249-250 
surface charge and composition 

measurements, 250 
voltammetric measurement, 250 
voltammetric responses of, before 

and after surface sulfonation, 
251/ 

voltammetric responses of 
sulfonated, vs. KCl 
concentration, 253/ 

voltammetric responses of 
sulfonated vs. pH, 252/ 

zeta-potential of unmodified and 
sulfonated silica spheres by pH, 
250/ 

Nanoprecipitation process (NP) 
dextran nanoparticles, 332, 334/ 
nanoparticle preparation, 324 
See also Polysaccharide-covered 

polymeric nanoparticles 
Nanorods. See Gold nanorod 

molecular probes (GNrMPs); Gold 
nanorods; Nanocrystals by 
microwave irradiation 

Nanostructures 
approaches to bringing three 

dimensional order, 87-88 
carboxylic acid terminal end 

groups, 80/81 
concept of hydrogen bonding of 

carboxylic acid end of alkyl 
thiols, 81/ 

hydrogen bonding interactions, 80/ 
81 

particles inside fibers, 82, 86/ 
scanning electron microscopy 

(SEM) of dry deposits of silver-
thiol mixture, 82, 86/ 

SEM of dry deposits of cysteine-
treated thiol-silver mixture, 82, 
87/ 

SEM of wet solutions of mercapto 
acetic acid and silver, 81-82, 
83/ 84/ 85/ 

storing high energy materials, 78 
three dimensional ordered silver-

thiol colloids, 88/ 
transmission electron microscopy 

(TEM) of dry deposits of silver-
thiol mixture, 82, 86/ 

wet chemistry for synthesis of one-
dimensional, 79, 80/ 

See also Ce0 2 nanostructures; 
Nanocrystals by microwave 
irradiation; Rare earth oxide 
nanostructures; Semiconductor 
nanostructures; Ti0 2 colloidal 
nanostructures 

Nanotubes 
advantages in catalysis, 140-141 
candidate for hydrogen storage, 78 
See also Titanium dioxide (Ti0 2) 

Nanowires. See Nanocrystals by 
microwave irradiation; Vanadium 
oxide (V 20 5) nanowires 

Networks. See Amphiphilic polymer 
conetworks (APCNs) 

Nickel nanocrystals, microwave 
irradiation synthesis, 242, 244 

Noble metal nanocrystals 
optical properties, 64 
single plasmon resonance, 64 
See also Gold nanorods 

Non-ionic detergents, drying patterns, 
262-264 

Non-spherical colloidal suspensions, 
drying patterns, 260-262 

Norbornene-based polymers. See 
Polymer-inorganic nanocomposites 

Nucleation 
crystal growth on nanoparticle 

seeds, 358-359 
See also Hybrid nanomaterials 
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O 

Octadecyl thiol (ODT) 
Langmuir monolayer of ODT-

capped quantum dots (QDs), 
178-179 

surface capped CdSe quantum dots 
(QDs), 175, 176-177 

Oligomer/silica nanocomposites. See 
Fluorinated oligomer/silica 
nanocomposites 

One-dimensional nanofibers, 
polyaniline/tobacco mosaic virus 
(PANI/TMV), 372-374 

One dimensional structures. See 
Nanostructures 

Opal films. See Nanoporous opal films 
Optical absorption. See Gold 

nanoparticles and ligand adsorption 
Optical limiting effect, gold 

nanoparticles and gold 
nanonecklace, 36-37 

Optical properties 
nanoparticles, 4 
noble metal nanocrystals, 64 

Orbital energies 
ligands adsorbing to gold 

nanoparticle, 116-117 
See also Gold nanoparticles and 

ligand adsorption 
Organic crystallization. See Hybrid 

nanomaterials 
Origami particles 

confocal laser microscopy (CLM) 
images, 218/ 

dye retention in, 220-221 
effect of temperature on formation, 

217,218/ 
molar composition for synthesis of, 

217/ 
X-ray diffraction (XRD), 219/ 
See also Fluorescent silica particles 

Oxygen adsorption 
importance of, 141 
kinetics of, on Ti0 2 nanotubes, 144 

kinetics of, on titanium dioxide 
nanotubes, 144 

Particle size 
distributions^ iron oxide 

nanoparticles, 131/ 132/ 133/ 
fluorinated oligomer/silica 

nanocomposites in slurries, 195, 
196/ 

iron oxide nanoparticles, 128/, 129 
thiol-encapsulated gold 

nanoparticles, 49, 50/ 
See also Frozen micelles; Iron 

oxide nanoparticles 
Patterns of drying. See Drying patterns 
Personal care products, nanoparticle 

applications, 11/ 
Plasmon resonance 

core/shell structures for tunability, 
72-75 

enhancement of near-field at, 64-
65 

sensitivity of wavelength of 
plasmon bands of gold 
nanorods, 391 

wavelength shift of plasmon bands, 
387 

Pollution, hydrogen storage, 78 
Poly(allylamine hydrochloride), 

drying patterns, 263/ 
Polyaniline (PANI). See Tobacco 

mosaic virus (TMV) 
Polyethylene glycol methacrylate 

(PEG-MA), composite fibers of 
PEG-MA/tobacco mosaic virus, 
380,381/ 

Polyethyleneoxide (PEO) 
corona block PEO in micelle, 

343 
See also Frozen micelles 

Poly(lactic acid) (PLA) 
core of nanoparticles, 329-330 
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See also Polysaccharide-covered 
polymeric nanoparticles 

Polylysine, gold nanoparticle 
nanonecklace assembly, 35, 36/ 

Polymer conetworks. See Amphiphilic 
polymer conetworks (APCNs) 

Polymeric nanomaterials. See Tobacco 
mosaic virus (TMV) 

Polymeric nanoparticles. See 
Polysaccharide-covered polymeric 
nanoparticles 

Polymer-inorganic nanocomposites 
atomic force microscopy (AFM) 

images of polymer films on 
oxidized Si(l 11) wafers, 314/ 
315/ 

attenuated total reflection (ATR) 
infrared spectra, 316, 318/ 

controlling fabrication, 304 
conventional surface initiated ring-

opening metathesis 
polymerization (SI-ROMP), 
306/ 308 

experimental, 305-310 
fabricating polymer overlayers, 

304 
illustration of SI-ROMP, 304, 305/ 
illustrations of polymer film growth 

on oxidized Si(l 11) wafers, 
306/ 307/ 

in-situ copolymerization, 307/ 309 
living polymerization strategies 

using surface-initiation (SI), 
304-305 

norbornene-based monomers for 
ROMPs, 305, 308 

polymer brushes on oxidized 
Si(l 11) wafers, 310-311, 316-
317 

polymer overlayers on Si0 2 

nanoparticles, 317, 319/ 
post-polymerization attachment, 

307/ 309 
ROMP on silica nanoparticles, 

309-310 

scanning electron microscopy 
(SEM) images of polymer films 
on oxidized Si(l 11) wafers, 
312/313/ 

solventless SI-ROMP, 306/ 308-
309 

thickness and root-mean-square 
(RMS) roughness of polymer 
brushes on Si-wafers, 313/, 316 

X-ray photoelectron spectroscopy 
(XPS) survey scans, 316-317, 
318/ 

Polymer nanoparticles. See Frozen 
micelles 

Polymers, drying patterns, 262 
Polypyrrole (PPy), composite particles 

of PPy/tobacco mosaic virus, 380-
381,382/ 

Polysaccharide-covered polymeric 
nanoparticles 
amphiphilic polysaccharides for 

surface coverage, 325-329 
applications, 323 
chemical structure and synthesis of 

dextran derivatives, 325-326 
electrokinetic layer thickness vs. 

surface coverage for, by 
emulsion polymerization (EP) 
and miniemulsion 
polymerization (MP), 336/ 

emulsification with amphiphilic 
polysaccharides, 328-329 

emulsion polymerization (EP), 
324-325 

emulsion/solvent evaporation 
(ESE), 324 

EP process, 336-337 
ESE process, 330, 332 
hydrodynamic characteristics of 

dextran in water, 326/ 
materials for core of nanoparticles, 

329-330 
MP process, 324, 332-335 
nanoprecipitation (NP), 324 
NP process, 332, 334/ 
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oil-in-water submicron emulsion, 
324 

particle size vs. [dextran]/[styrene] 
mass ratio for EP, 338/ 

particle size vs. dextran derivative 
concentration, 331/ 

polymeric surfactants covering 
surface, 323 

polystyrene particle size vs. 
[dextran]/[styrene] mass ratio 
for MP, 335/ 

size of dextran nanoparticles by NP 
vs. dextran concentration, 334/ 

size of nanoparticles by ESE 
process, 331/ 

solution and surface active 
properties, 326-328 

stability of colloidal suspensions 
with ionic strength, 330, 332 

surface properties, 323-324 
variation of droplet size vs. 

polymer-to-oil weight ratio, 328/ 
viscometric parameters for dextran 

derivatives in water and DMSO, 
327/ 

zeta potential at various ionic 
strengths, 333/ 

Polystyrene (PS) 
characterization of PS coated cobalt 

nanoparticles (PS-CoNPs), 275-
279 

dispersion of PS-CoNPs, 279-280 
drying patterns of PS spheres, 259-

260 
preparation of PS coated cobalt 

nanoparticles, 275 
synthesis of end-functional PS 

surfactants, 274-275 
See also Ferromagnetic 

nanoparticles 
Polystyrene-polyethyleneoxide (PS-

PEO) 
block dilution curve, 349, 351/ 
overall free energy change on 

aggregation, 349, 351/ 

predicted aggregation number of 
micelles, 354, 355/ 

predicted core radius and corona 
thickness of micelles, 352/ 353/ 
354 

predicted volume fraction of THF 
solubilized in micelle core vs. 
bulk solvent composition, 349, 
350/ 

PS and PEO blocks in micelle, 
343 

surface energy curve, 349, 351/ 
See also Frozen micelles 

Post-polymerization 
attachment method, 309 
See also Polymer-inorganic 

nanocomposites 
Power, nanoparticles, 12/ 
Project on Emerging 

Nanotechnologies, products, 10, 
13/ 

Publications, nanoparticles, 10, 
13/ 

Q 

Quantum dots (QDs) 
CdS, CdSe, and CdTe 

semiconductors, 173 
core-shell (CdSe)ZnS QDs, 182-

186 
in situ UV-vis and 

photoluminescence (PL) 
spectroscopies, 183 

in situ UV-vis spectroscopy of 
CdSe QDs, 175 

Langmuir-Blodgett (LB) film of 
QDs, 180-182 

Langmuir monolayer, 177, 178/ 
Langmuir monolayer of CdSe QDs, 

174-175 
Langmuir monolayer of octadecyl 

thiol (ODT)-capped QDs, 178-
179 
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Langmuir monolayer of TOPO (tri
octylphosphine oxide)-capped 
(CdSe)ZnS QDs, 182-183 

Langmuir monolayer of TOPO-
capped QDs, 177-178 

modification of CdSe QDs with 
alkane thiols, 173-175 

molar absorptivity of TOPO-
capped QDs, 175-176 

ODT replacing TOPO surface cap 
on CdSe QDs, 175-179 

PL and epifluorescence images of 
TOPO-capped CdSe QD LB 
monolayer film, 181/ 

photophysical properties of 
(CdSe)ZnS/TOPO QDs, 182 

PL of LB films of TOPO-capped 
core-shell QDs, 183, 186 

PL spectra of LB films at varying 
surface pressures, 185/ 

progress in synthesis, 173 
recent work, 186 
size from transmission electron 

microscopy (TEM) and surface 
pressure-area isotherm, 184/ 

surface pressure- and surface 
potential-area isotherms of 
(CdSe)ZnS/TOPO QDs, 184/ 

TOPO-capped and ODT-capped 
CdSe QDs, 176-177 

transmission electron microscopy 
(TEM) of CdSe QD LB films on 
carbon-coated copper grids, 180/ 

Rare earth oxide nanostructures 
experimental parameters for 

microwave synthesis, 228/, 239 
photoluminescence properties, 240 
TEM images of Eu 2 0 3 (spheres, 

rods and plates), Gd 2 0 3 rods and 
Pr 2 0 3 wires, 240/ 

X-ray diffraction patterns, 239-240 
See also Nanocrystals by 

microwave irradiation 
Rhodamine 640 dye. See Fluorescent 

silica particles 
Rhodamine 6G dye. See Fluorescent 

silica particles 
Ribbon-like phases. See Monolayer 

protected metal nanoparticles 
(MPMNs) 

Ring-opening metathesis 
polymerization (ROMP) 
on silica nanoparticles, 309-310 
See also Polymer-inorganic 

nanocomposites 
"Ripples". See Monolayer protected 

metal nanoparticles (MPMNs) 

S 

Scanning tunneling microscopy 
(STM) 
dry deposits of Ag2S colloid, 208, 

209/ 
imaging self-assembled monolayers 

(SAMs), 56, 58, 59/ 
ripple spacing data at tip velocities, 

61/ 
Scientific publications, nanoparticles, 

10, 13/ 
Sedimentation patterns 

colloidal dispersions, 265-266 
suspension of colloidal silica 

spheres, 267/ 
Seed-mediated methods 

effect of fatty acid chain length, 
366-367 

synthesis of gold nanorods, 65-66, 
67/ 

See also Gold nanorods; Hybrid 
nanomaterials 

Selenides. See Semiconductor 
nanostructures 
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Self-assembled molecular aggregates, 
fluorinated oligomer/silica 
nanocomposites, 191 

Self-assembled monolayers (SAMs). 
See Monolayer protected metal 
nanoparticles (MPMNs) 

Self-assembly 
ferromagnetic nanoparticles, 

273 
micelles in binary solvent mixture, 

344-349 
See also Frozen micelles 

Semenov theory, elastic deformations 
in constrained systems, 346 

Semiconductor nanoparticles 
scientific interest, 204 
See also Ag2S semiconductor 

nanoparticles 
Semiconductor nanostructures 

experimental for CdS, ZnS, PbS, 
CdSe, ZnSe, and PbSe, 226, 
228/ 

hexagonal, cubic and rock salt 
structures, 227, 229 

TEM images of CdSe spheres, 
rods, and tripods and ZnSe rods 
and wires, 229, 232/ 

TEM images of CdS spheres, CdS 
tripods, ZnS spheres, ZnS rods, 
PbS spheres and PbS cubes, 227, 
230/ 

TEM images of PbSe nanocrystals, 
229, 233/ 

TEM images of ZnS rods and ZnS 
wires, 227, 231/ 

UV-vis absorption and 
photoluminescence spectra of 
ZnS spheres, 233, 235/ 

UV-vis and PL spectra of 
synthesized ZnS, ZnSe, CdS and 
CdSe nanorods and nanowires, 
234-235, 236/ 

X-ray diffraction (XRD) patterns of 
spherical sulfide nanoparticles, 
227, 231/ 

XRD patterns of PbSe cubes, ZnSe 
rods, CdSe tripods, and CdSe 
spheres, 232, 234/ 

See also Nanocrystals by 
microwave irradiation 

Semiconductors. See Quantum dots 
(QDs) 

Sensitivity 
equation, 391 
gold nanorod molecular probes, 

396-397 
See also Gold nanorod molecular 

probes (GNrMPs) 
Sensors, macro-scaled surface 

plasmon resonance (SPR), 387 
Shape, engineered nanoparticles, 3/ 
Silica. See Fluorescent silica particles; 

Fluorinated oligomer/silica 
nanocomposites; Polymer-
inorganic nanocomposites 

Silica colloidal crystals (opals). See 
Nanoporous opal films 

Silver nanocrystals, microwave 
irradiation synthesis, 242, 244 

Silver nanoparticles 
colloid solutions, 64/ 
converting Ag to Ag2S or Ag2Se in 

core/shell nanorods, 74 
gold bipyramids from silver-

assisted growth, 69, 71 
hollow nanostructures, 78-79 
silver-assisted growth in core/shell 

nanorods, 71-72 
See also Ag2S semiconductor 

nanoparticles; Core/shell 
nanorods 

Silver-thiol colloids 
hydrogen bonding, 81 
scanning electron microscopy 

(SEM) of solution, 81-82, 83/ 
84/ 85/ 

SEM of dry deposits, 82, 86/ 
three dimensional order, 87-88 
transmission electron microscopy 

(TEM) of dry deposits, 82, 86/ 
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wet chemistry, 79, 80/ 
See also Nanostructures 

Single walled carbon nanotubes 
(SWCNTs) 
advantages of using cyclodextrins 

(CDs), 404 
A F M (atomic force microscopy) 

for structure and physical 
properties, 405 

A F M images in AC mode dry-
scanning, 407, 408/ 409 

A F M images of, alone in water, 
309/ 

A F M images of, mixed with y-CDs 
in water, 408/ 

A F M images of colloidal 
suspension of, mixed with y-
CDs in water, 408/ 

A F M imaging and force-distance 
curve (FDC) measurements, 
406^*07 

aqueous colloidal systems of y-CDs 
and, 404-405 

cylindrical graphite structures, 
403 

3D displays of tapping-mode AFM 
images for, with y-CDs and 
alone, 410/ 

dispersal agents, 403 
energy minimized structure of 

system with, y-CDs and water 
by molecular dynamics (MD) 
simulation, 412/ 

experimental, 405-407 
y-CDs "beads" coating, "chain", 

407 
height measurement, 409 
length of nanotubes, 407, 408/ 

409/ 
materials and sample preparation, 

405 
MD simulation, 407 
morphology from FDC for various, 

410,411/ 

radial distribution function (RDF) 
plots of, with y-CDs and water 
via MD simulation, 412, 413/ 

Size control 
challenge for nanoparticles, 42 
distribution and particle size of 

thiol-encapsulated gold 
nanoparticles, 49, 50/ 

Sodium dodecylbenzene sulfonate 
(NaDDBS) 
gel time for FeCl3-6H20 system, 

127 
potential of altering particle size of 

iron oxide nanoparticles, 126— 
127 

surfactant in sol gel processing 
method, 125 

See also Iron oxide nanoparticles 
Sol-gel processing 

creating iron(III) oxide 
nanoparticles, 125 

vanadium oxide nanostructure, 
152-153 

See also Iron oxide nanoparticles 
Solid-phase place exchange reaction 

controlled chemical 
functionalization of gold 
nanoparticles, 32-34 

monofunctional gold nanoparticles 
by, 33/ 

Solid substrates, nanoparticles, 7 
Solubility, ligands on gold 

nanoparticles, 31-32 
Solution applications, carbon 

nanotubes, 403 
Space filling model, thiols by 3D-

ChemDraw, 50/ 
Spin coating 

binary solution on highly oriented 
pyrolytic graphite (HOPG), 359 

film fabrication via, 360 
See also Hybrid nanomaterials 

Stability 
ligands on gold nanoparticles, 31-

32 
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thiols stabilizing gold nanoparticles 
in organic solvents, 42, 49 

thiosulfate solution, 21-22 
See also Thiol monolayer-protected 

gold nanoparticles 
Storage, hydrogen issues, 78 
Structures. See Semiconductor 

nanostructures 
Styrene. See Miniemulsion 

polymerization (MP) 
Sulfides. See Semiconductor 

nanostructures 
Sulfonation 

effect of opal film, on molecular 
flux, 251-252 

ionic strength effect on diffusion 
through sulfonated opal films, 
253 

pH effect on diffusion through 
sulfonated opal films, 252-253 

silica spheres, 249-250,251 
See also Nanoporous opal films 

Sulfonic acid groups, introduction into 
tobacco mosaic virus, 379 

Supersaturation 
crystallization and effects of, 363-

365 
effect of standing time on spin 

coated films, 364/ 
varying effective, 364-365 
See also Hybrid nanomaterials 

Surface area per unit volume, 
nanoparticles in catalysis, 5 

Surface chemistry, gold nanoparticles, 
26 

Surface enhanced Raman scattering 
(SERS) 
activity of gold nanoparticles, 27 
interest in gold nanoparticles as 

substrates, 17-18 
Surface-initiated ring-opening 

metathesis polymerization (SI-
ROMP) 
conventional, 306/ 308 
solventless, 306/ 308-309 

See also Polymer-inorganic 
nanocomposites 

Surface modification 
engineered nanoparticles, 3/ 
fluorinated oligomer/silica 

nanocomposites for, 192, 
195/ 

modulating assembly of 
polyaniline/tobacco mosaic 
virus (PANI/TMV), 377, 379 

nanoparticles, 8 
TMV, 371-372 
TMV and integrity, 379, 380/ 
See also Fluorinated 

oligomer/silica nanocomposites 
Surface plasmon resonance (SPR) 

macro-scaled SPR sensors, 387 
nanoparticle formation and 

flocculation, 23, 25 
time-dependent visible absorption 

spectra of aqueous nanoparticle 
suspension during course of 
synthesis, 24/ 

Surface plasmons in nanoparticles 
core/shell structures for tunability, 

72-75 
subwavelength waveguides, 65 

Surface wettability 
materials, 192, 193/ 
measurement of water and oil 

contact angle, 197-198 
relationship between water or oil 

wettability and surface free 
energy, 192, 194/ 

See also Fluorinated 
oligomer/silica nanocomposites 

Surfactants 
scheme for synthesis of amine or 

phosphine oxide functional PS, 
275/ 

synthesis of end-functional 
polystyrene, 274-275 

See also Iron oxide nanoparticles; 
Polysaccharide-covered 
polymeric nanoparticles; Thiol 
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monolayer-protected gold 
nanoparticles 

Swelling 
degree of swelling (DS) 

measurements, 289-290 
effect of conetwork architecture on, 

293-295, 296/ 
effect of conetwork composition 

on, 291,293,295/ 
effect of degree of ionization on, 

291,294/ 
See also Amphiphilic polymer 

conetworks (APCNs) 

Tannic acid (TA) 
diffuse reflectance Fourier 

transform infrared spectroscopy 
(DRIFTS) spectra of magnetic 
nanoparticles before and after 
TA, 100-101, 102/ 

DRIFTS spectra for, and magnetic 
nanoparticles, 103/ 

elemental composition, 95/ 
evidence for incorporation into 

magnetic nanoparticles, 95 
metal ion adsorption on TA-coated 

activated carbon, 91 
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Color inserts -1 

Figure 26.1. a) TEM image of wt-TMV. b) (left) Helical organization of TMV 
coat proteins, (right-top) A single subunit structure of coat protein is presented 
as ribbon diagram with the reactive tyrosines being highlighted, among which 
Tyr-139 (in red) can be accessedfrom the side, but Tyr-70 (in blue) and Tyr-72 
(in green) can only be accessedfrom the top face of the TMV particle, (right-
bottom) The surface charge distribution of the TMV coat protein dimers is 

also shown (blue: positive; red: negative) 

Figure 26.4. Color variation of the dispersions ofPANI/TMV composite 
nanofibers in water as a function of reaction pH. 
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