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Nanoparticles and Their Organization
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1.1 Introduction

Metal nanoparticles have various unusual chemical and physical properties
compared with those of metal atoms or bulk metal due to the quantum
size effect and their large superficial area, which make them attractive for
applications such as optics, electronics, catalysis, and biology [1,2]. The cat-
alytic properties of metal nanoparticles have generated great interest over
the past decade. Among various metal nanoparticles, gold nanoparticles have
tremendously high molar absorptivity in the visible region. Particle aggrega-
tion results in further color changes of gold nanoparticles solutions due to
mutually induced dipoles that depend on interparticle distance and aggregate
size. This phenomenon can be applied to various sensing systems [3-7]. The
assembly of gold, silver, or copper nanoparticle monolayers is one of the ideal
substrate for surfaced-enhanced Raman scattering (SERS) [8,9].

Bare metal nanoparticles are prepared by employing physical methods
such as mechanic subdivision of metallic aggregates and evaporation of a
metal in a vacuum by resistive heating or laser ablation. Chemical meth-
ods such as the reduction of metal salts in solution are the most convenient
ways to control the size of the particles and modified the surface chemical
composition. To exploit nanoparticle properties for future device fabrica-
tion, self-organization of nanoparticles in a controlled manner is required.
To construct such devices, new fabrication techniques must be developed
with suitable metal nanoparticle-based building blocks. Several patterns for
self-assemblies of the metal nanoparticles are schematically illustrated in
Fig.1.1.

A number of outstanding reviews on the synthesis and assembly of metal
nanoparticle-based building blocks have appeared [2,10]. This chapter high-
lights recent fabrication techniques of hybrid metal nanoparticles by controlled
self-organization of the metal nanoparticle-based building blocks. Design of
nanoparticle hybrids will be first focused on using building blocks for further
assemblies. Several recent efforts have been concentrated on a system that
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Fig. 1.1. Preparation of metal nanoparticle-based building blocks and their utili-
zation for bottom-up nanofabrication

involves metal nanoparticles and dendritic molecules such as dendrimers and
cubic silsesquioxanes. The organization of metal nanoparticles in superstruc-
tures of desired shape and morphology by using the dendritic molecules will
be the main topic of this chapter. Several examples will also be described
for the metal nanoparticles with various kinds of stimuli-responsive property,
which involves aggregation or flocculation of metal nanoparticles in solution.

1.2 Design of Nanoparticle-Based Building Blocks

To exploit nanoparticle properties for future device fabrication by a “bottom-
up method,” fundamental and key challenge is the design of the nanoparticle-
based building blocks. From a synthetic chemical viewpoint, these metal
nanoparticles required to be functionalized with a wide variety of organic
moieties using simple chemical process. The most important requirement for
this purpose is that repeatedly isolated and redissolved in common solvents,
and handle and characterize as usual molecules. The metal nanoparticles
can be stabilized by solvents or ions (Fig.1.2). Although they are eventu-
ally useful for catalysis, they tend to irreversibly aggregate over time or when
removed from the solvent. To prevent the agglomeration, metal nanoparti-
cles are protected by polymers which have coordination properties for the
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Fig. 1.2. Preparation of metal nanoparticles by chemical reduction in the presence
of cationic surfactants (a) and polymers (b)

metal surfaces that are usually prepared as colloidal forms by reduction
of metal ions in the presence of polymeric stabilizers such as poly(vinyl
alcohol), poly(vinylpyrrolidone), and poly(vinyl ether) (Fig.1.2) [11, 12].
Although these polymer-stabilized metal nanoparticles are stable in solution
and easily prepared, requirement of large amount of polymers to stabilized
metal nanoparticles inhibits close-packed assembly of the metal cores. Close-
packed assembly of the metal nanoparticles is expected to produce complex
electronic and functions based on quantum mechanical coupling of conduc-
tion electrons localized in each nanoparticle [13, 14]. Stabilization of metal
nanoparticles by ligands as capping agents can enable further manipulation,
control solubility characterization, and facilitate their analysis. Examples of
ligand-stabilized metal nanoparticles are overviewed in the following sections.

1.2.1 Stabilized by Thiol Ligand

Mercapto groups (RSH) have been used as stabilizers of metal nanopar-
ticles, especially for gold, in recent years, since Brust and coworkers [15]
reported the preparation of ligand-stabilized gold nanoparticles by protect-
ing the nanoparticles with a self-assembled monolayer of dodecanethiolate
(Fig.1.3). In this method (the Brust—Schiffrin method), AuCl; is trans-
ferred from aqueous phase to toluene using tetraoctylammonium bromide
as a phase-transfer reagent and then reduced by NaBH; with alkanethi-
ols, yielding nanoparticles having average core diameters in the range of
2-8nm. The size of the resulting gold nanoparticles decreases with increasing
thiol/HAuCly reaction molar ratio. The crude product is modestly polydis-
perse, but can be separated into rather monodisperse samples by fractional
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Fig. 1.3. Preparation of gold nanoparticles protected with monolayer of alkanethiols
by two-phase method (the Brust—Schiffrin method)

precipitation. These monolayer-protected gold nanoparticles are repeatedly
isolated and redissolved in common organic solvents such as toluene, hexane,
and dichloromethane without irreversible aggregation or fusion. They are easy
to handle and characterize just as stable organic compounds do. Monolayer-
protected silver and palladium nanoparticles can also be prepared by the same
protocol [14,16].

Based on this system, efficient strategies to functionalize the metal
nanoparticles have been developed. Murray et al. [17,18] reported that surface
functionalization can be achieved by simple place-exchange reactions of the
alkanethiol monolayer-protected metal nanoparticles with w-functionalized
alkanethiolates (Fig.1.4). The rate and equilibrium stoichiometry are con-
trolled by factors that include the reaction feed mole ratio as the equation
shown in Fig. 1.4. Alternatively, w-functionalized alkanethiolates and dialkyl
disulfides can be directly employed instead of alkanethiols as the same protocol
in a single phase system [1].

The alkanethiolate monolayer-protected nanoparticles are insoluble in
water, and while the place-exchanged nanoparticles bearing polar w-
functionalities dissolve in several polar solvents, none has proven to be water
soluble. Murray et al. [19] prepared water-soluble gold nanoparticles stabilized
by a water-soluble tiopronine which can be repeatedly isolated and redis-
solved. Sodium (3-mercaptopropionate) (MPA)-stabilized gold nanoparticles
were successfully prepared by citrate reduction of HAuCl, in the presence of
MPA. Simultaneous addition of citrate and MPA is essential to obtain their
stable dispersions. The size of the particles can be controlled by the ratio of
MPA /gold [20].
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Fig. 1.4. General scheme for the place-exchange reaction between alkanethiol
monolayer-protected gold nanoparticles and various functional thiols. In the bottom
scheme, x and m are the number of new and original ligands, respectively

1.2.2 Stabilized by Amine Ligands

The Brust method of nanoparticle synthesis can be applied to generate amine-
stabilized nanoparticles by simply substituting an amine for the thiol ligands
(Fig.1.5). Leff et al. [21] demonstrated that 2.5-7.0nm average diameter
gold nanoparticles can be stabilized by n-alkylamines. Jana and Peng [22]
reported the synthesis of monodispersed gold, silver, copper, and platinum
nanoparticles in a single organic phase. Although amines form only weakly
bound and chemically unstable monolayers on bulk gold surfaces, the amine-
capped nanoparticles are nearly as stable as their thiol-capped counterparts.
Hiramatsu and Osterloh [23] reported a method for a large-scale synthesis of
organoamine-protected gold and silver nanoparticles in 6-21 nm for Au and
8-32nm for Ag size ranges and with polydispersities as low as 6.9%. The
organoamine-protected gold nanoparticles of variable sizes formed by reflux-
ing a solution of tetrachloroauric acid and oleylamine in toluene over the
course of 120 min. The reducing equivalents in the reaction are provided by
the amine, which can undergo metal ion-induced oxidation to nitriles. The
weakly absorbed oleylamine on the nanoparticles can be readily displaced with
aliphatic thiols by adding a solution of the oleylamine-ligated gold nanopar-
ticles in toluene to a boiling solution of 5-10 equivalents (based on gold) of
the thiol in the same solvent. Thiol-capped silver nanoparticles are obtained
analogously at room temperature in chloroform. Aslam et al. [24] reported the
synthesis of water-soluble gold nanoparticles with core diameters of 9.5-75nm
via reducing tetrachloroauric acid by oleylamine in water.
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Fig. 1.5. Examples for ligand-stabilized metal nanoparticles prepared by reduction
of metal ions in the presence of amine, phosphine, and bipyridyl ligands

1.2.3 Stabilized by Bipyridyl Ligands

Ligand-stabilized metal nanoparticles with bipyridyl derivatives were reported
as a simple method to protect colloidal particles with skin of ligand molecules
which are not removed by isolation and are completely dry (Fig.1.5) [25-29].
Palladium(II) acetate can be reduced in acetic acid solution by 1 atom hydro-
gen at room temperature with 2,2’-bipyridine or 1,10-phenanthroline, followed
by O treatment [26]. Water-soluble, air-stable platinum nanoparticles were
synthesized by stirring an acetic acid solution of platinum(II) acetate with
1,10-phenanthroline-4,7-bis(benzene-4-sulfonate) disodium salt (phen*) [28].

1.2.4 Stabilized by Phosphine Ligands

Phosphine-stabilized gold nanoparticles, originally formulated as Auss
(PPhs)12Clg by Schmid et al. [30] have been widely studied as models for
metallic catalysts and precursors to other functionalized nanoparticle building
blocks possessing well-defined metallic cores. Stable gold colloids stabilized by
phosphines became available if HAuCl,; was reduced by trisodium citrate and
treated with an excess of PPhy(CgHySO3Na—m) or better P(CgH4SO3Na—
m)s, which can be isolated by concentration of dilute solutions and addition
of ethanol [25]. Since the phosphine is easily oxidized in air, the synthesis has
to be carried out in an inert atmosphere. Palladium and platinum colloids
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can be prepared by analogous procedures. Hutchison et al. [31] reported a
convenient synthesis of 1.5 nm average diameter triphenylphosphine-stabilized
gold nanoparticles. The phosphine-stabilized gold nanoparticles undergo rapid
exchange of capping ligand phosphine with dissociated and added phosphine in
dichloromethane solvent at room temperature [32]. Ligand exchange reactions
of triphenylphosphine-stabilized nanoparticles with w-functionalized thiols
provides a versatile approach to functionalized, 1.5 nm gold nanoparticles from
a single precursor [33-35].

1.2.5 Controlling Numbers of Functional Group on Nanoparticle
Building Blocks

To fabricate more complex assemblies comprising nanoparticle building blocks,
controlling the number of functional groups on a metal nanoparticle surface is
required. Two groups reported synthesis of monofunctionalized gold nanopar-
ticles by using peptide synthesis protocols (solid-phase reaction) [36,37]. The
key point of this method is the low-density packing of functional groups
present in many solid-phase supports. Each functional group on a common
polystyrene Wang resin bead possesses a rough volume of at least ca. 9 nm?
when suspended in DMF, and thus a nanoparticle with a diameter smaller or
around 2 nm can be loaded on the solid phase through a single bond per parti-
cle. Direct evidence of monofunctionalization is revealed by dimerization of the
isolated gold nanoparticles, which were treated by a slow addition of ethylene-
diamine as a bridging linker in the presence of a condensation reagent. TEM
images demonstrated that the dimer species are dominant and that 55-66%
of particles on the TEM grid are found to undergo dimerization.

Dimers are of special interest because of their application as substrates in
surface-enhanced Raman spectroscopy (SERS). Although the above approach
is limited to very small particles, Shumaker-Parry et al. [38] synthesized gold
nanoparticle dimers by a solid-phase approach using a simple coupling reaction
of asymmetrically functionalized particles. Although a single functional group
was not formed on a metal nanoparticle surface here, this method can be used
to generate dimers with a wide size range and containing two nanoparticles
with different sizes.

With a single functional group attached to the surface, such nanoparticles
can be treated and used as molecular nanobuilding blocks to react with other
chemicals to form nanomaterials with all the nanoparticle building blocks
linked together by covalent bonding. Huo et al. [39] reported synthesis of a
“nanonecklace” from monofunctionalized gold nanoparticles and polylysine
by using an activated reagent in a solution. Goodson IIT et al. examined
the nature of the electromagnetic coupling and its influence on nonlinear
properties of Au-necklace particles with the aid of time-resolved spectroscopy
and they found the presence of strong electromagnetic coupling between the
neighboring particles [40].

Stellacci et al. [41,42] showed that mixtures of thiolated molecules formed
ordered alternating phase when assembled on surfaces of nanoparticles. These
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types of domains will profoundly demarcate the two diametrically opposed
singularities at the particle poles. In the case of a self-assembled ligand
shell, the polar singularities manifest themselves as defect points, i.e., sites
at which the ligands must assume a nonequilibrium tilt angle. Ligands at
the poles should be the first molecules to be replaced in the place-exchange
reactions. Gold nanoparticles coated with a binary mixture of 1-nonanethiol
and 4-methylbenzenethiol were prepared. To place-exchange at the polar
defects, the gold nanoparticles were dissolved in a solution containing 40
molar equivalent of 11-mercaptoundecanoic acid (MUA) activated by N-
hydroxysuccinimide [43]. A two-phase polymerization reaction was performed
by combining a toluene solution containing the MUA-functionalized nanopar-
ticles with a water phase containing divalent 1,6-diaminohexane. A TEM
image of a precipitate formed at the water-toluene interface showed a large
population of linear chains of nanoparticles. The chains were soluble in
dichloromethane and showed a film-forming property.

1.3 Well-Defined Nanoparticle Hybrids with Linear
Polymers

1.3.1 Polymer-Grafted Metal Nanoparticles

Construction of well-defined polymers containing metal nanoparticles is one of
the attractive targets for polymer and material chemistry and would become
nanoparticle-based building blocks for further fabrication toward nanodevices.
To connect a polymer end with a surface of metal nanoparticle, covalent and
coordination bonds are considered to be the most suitable links as a similar
concept as the numerous reports on the metal nanoparticles functionalized
with the low molecular weight ligands. Attachment of metal nanoparticles
to synthetic polymers adds film-forming properties to the metal nanoparti-
cles and also provides the opportunity for microphase separation between the
metal nanoparticles and the polymer matrix. The pioneer work in this field
has been explored by Mirkin et al., who introduced a strategy for covalent
attachment of DNA strands to gold nanoparticles [6].

A polymer-grafted metal nanoparticle was produced by reduction of metal
ion with a bipyridyl-terminated polymer (Fig.1.6) [44]. As described in
Sect. 1.2.3, the bipyridyl ligands stabilized palladium and platinum nanopar-
ticles were simply prepared and the ligand molecules were not removed even
after isolation and drying. The palladium nanoparticles were synthesized
by stirring an acetic acid solution of palladium(II) acetate and bipyridyl-
terminated poly(oxyethylene) (bpy-POE) (MW =2,000) (molar ratio 8:1)
under 1atm hydrogen at room temperature. After isolation, the polymer-
grafted metal nanoparticles became soluble in various solvents such as CHCl,
CHCls, MeOH, acetone, and water. The solubility of the resulting nanopar-
ticles was the same as that of poly(oxyethylene). These solutions were stable
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Fig. 1.6. Polymer-grafted palladium nanoparticles prepared by reduction of metal
ions with Hz in the presence of a bipyridyl-terminated poly(oxyethylene)

for more than half a year at room temperature under air. Although the forma-
tion of palladium nanoparticles was reported when an acetic acid solution of
palladium(II) acetate was stirred with a large excess amount of poly(ethylene
oxide) (MW =900,000) under 1 atm hydrogen at room temperature, extremely
larger amounts of the polymer (molar ratio 1:10) were required and the
precipitation of the metal occurs after a comparably short time (1-2 days) [45].

Murray and coworkers [46] reported that a thiolated polymer, o-methoxy-
w-mercapto-poly(ethylene glycol) (PEG-SH, MW =5,000), was used to pro-
duce polymeric monolayer-protected gold nanoparticles. The PEG-SH ligand
was also selected because of the dissolution of LiClOy4 electrolyte. Thus, the
resulting nanoparticles can be applied for new polymer electrolyte media, a
semisolid having an ionically conductive nanophase around a metallic core.
Thiol-functionalized poly(acrylamides) were also attached on the surfaces of
metal nanoparticles [47,48].

Gold nanoparticles grafted with hydrophobic homopolymer chains such as
thiol-capped polystyrenes were prepared [49]. Kramer and Pine [50] reported
about gold nanoparticles coated with a mixture of two different polymeric
thiols, which created an amphiphilic shell as suggested by the observed accu-
mulation of particles at the interface separating the domains of polystyrene
and poly(2-vinylpyridine). Zubarev et al. [51] reported an efficient method to
produce amphiphilic gold nanoparticles with an equal number of hydropho-
bic and hydrophilic arms. They used a V-shaped polybutadiene—poly(ethylene
glycol) amphiphile containing a functional group at its junction point.

A more promising approach for the preparation of covalently attached
polymer is given by the use of immobilized initiators for the in situ generation
of the grafted polymer, which is the so-called a “grafting-to” method. This
method can be applied for a variety of monomers utilizing radical, cationic,
and anionic polymerization. To obtain a homogeneous grafted polymer, first
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the surface grafting density has to be uniform, second the polydispersity index
should be near 1, and finally all chains should be linear. These requirements are
achieved by living polymerization. Fukuda and coworkers [52] reported syn-
thesis of gold nanoparticles coated with well-defined, high-density polymer
brushes by surface-initiated living radical polymerization. The “grafting-
to” method applied for poly(methyl methacrylate) shells by surface-confined
living radical polymerization [53], a thermoresponsive polymer by surface-
induced reversible-addition-fragmentation chain-transfer polymerization [54],
and ring-opening polymerization of lactones [55]. Palladium nanoparticles
with surface initiators for ring-opening polymerization of 2-methyl-2-oxazoline
were prepared by alcohol reduction method of palladium(II) acetate in the
presence of a bipyridyl ligand [56].

1.3.2 n-Conjugated Polymer Metal Nanoparticle Hybrids

Composites of metal nanoparticles and m-conjugated polymers are useful for
several applications [57]. Incorporation of metal nanoparticles enhances con-
ductivity of the polymers [58]. The electronic structure of the polymer chain
strongly influences the characteristic of embedded metal nanoparticles [59,60].
These composites have potential as catalysts since the m-conjugated polymer
might provide a potentially efficient route for shuttling of electronic charge to
the catalytic centers [61,62]. If m-conjugated polymers have strong electron-
donating properties, reduction of metal ions occurs via the electron transfer
from the m-conjugated polymers to the metal ions, leading to the formation of
metal nanoparticles. Polymers having reducing as well as stabilizing abilities
would provide “clean” materials because the additional reducing agent would
not be necessary. Huang and coworkers have reported about the simultaneous
in situ reduction of metal ions, palladium(IT) and gold(III), to their elemental
forms, which, however, were not dispersed in most common solvents [63-65].

n-Conjugated polymer-protected gold, palladium, and platinum nanopar-
ticles of narrow size distribution in stable colloidal form were prepared via
reduction of each metal salt by a m-conjugated poly(dithiafulvene) (PDF)
having electron donating properties (Fig. 1.7) [66,67] A series of m-conjugated
PDF's have been prepared by cycloaddition polymerization of aldothioketenes
and their alkanethiol tautomers, which were derived from aromatic diynes [68].
Reduction of metal ions by the m-conjugated polymer forms metal nanopar-
ticles and the resulting oxidized polymer protected the metal nanoparticles.
The resulting DMSO solution of the polymer-protected gold nanoparticles
was stable without precipitation for more than a month at room tempera-
ture under air. Due to the effective expansion of m-conjugation of PDF by
charge transfer, the absorption spectrum of the oxidized PDF showed a red-
shift compared with that of the neutral PDF. The palladium nanoparticle
dispersed m-conjugated PDF exhibited an anodic shift of oxidation poten-
tial for the dithiafulvene (DF) unit compared with that in the neutral PDF.
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The oxidized polymer with delocalized positive charges provided both steric
and electrostatic stabilization, protecting the metals as stable colloidal forms.

Polymers having pendant reducing groups were used to prepare metal
nanoparticles, in which the additional step of introducing a reducing agent
would not be necessary. Henpenius et al. [69] prepared gold nanoparticles
inside polystyrene—oligothiophene—polystyrene triblock micelles in toluene
without additional reducing agents. Gold nanoparticles were produced in
aqueous solutions by a polyelectrolyte that possesses pendant terthiophene
derivatives as the reducing group for HAuCly [70]. Polysilane shell-crosslinked
micelles, where the polysilane core is surrounded by a partially crosslinked
shell of poly(methacrylic acid), can be used as the template for the synthesis
of metal nanoparticles [71].

1.4 Organization of Metal Nanoparticles

1.4.1 Overview of Metal Nanoparticle Organizations

The realization of technologically useful nanoparticle-based materials depends
not only on the quality of the nanoparticles (e.g., size and shape) but also on
their spatial orientation and arrangement. The building and patterning of the
metal nanoparticles into organized structures is a potential route to chemical,
optical, magnetic, and electronic devices with useful properties [72-74]. Fab-
rication of nanoparticles into one-, two-, and three-dimensional structures is
an attractive, challenging target for developing bottom-up nanofabricate tech-
niques, since the collective properties of the resulting structures are expected
to be different from those of the corresponding isolated nanoparticles [75,76].
The development of practical strategies for the assembly of metal nanoparti-
cles into order structure is thus an area of considerable current interest. The
organization of metal nanoparticles in superstructures of desired shape and
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morphology is a challenging research area. Various strategies such as solvent
evaporation [77,78], electrostatic attraction [79], hydrogen bonding [80-82],
DNA-driven assembly [5], and crosslinking induced by organic molecules [83]
have been developed to form nanoparticle assemblies. Rotello et al. [84] have
shown many excellent fabrication techniques to utilize polymers for controlled
assemblies of metal nanoparticles.

Especially, the assembly of metal nanoparticles on solid supports has
attracted substantial research efforts as a consequence of their unique elec-
tronic and optical properties [85-88]. For example, colloidal gold and sil-
ver nanoparticles are excellent building blocks for surface-enhanced Raman
scattering-active substrates [89,90]. Different techniques, including Langmuir—
Blodgett technique and electrophoretic deposition technique [91-94] have been
used to obtain two-dimensional assembling of metal nanoparticles. One of the
efficient methodologies for the organization involves the utilization of elec-
trostatic interaction between a substrate and metal nanoparticles [95-98].
Schmitt et al. reported layered nanocomposite films prepared from colloidal
metal nanoparticles through electrostatic interaction. Most successful routes
required the surface modification of a solid substrate by positively charged
polyelectrolytes because of the negatively charged metal nanoparticles.

The organization of metal nanoparticles in 1D assembly has met with
limited success compared with 2D and 3D assemblies. Most of the success-
ful methods required appropriate templates. Schmid and coworkers [99, 100]
used ordered channels of porous alumina as a template to obtain linear
arrangements of gold nanoparticles. The utilization of structured carbon and
alumina substrate as a template also has been reported [101-103]. Teranishi
and coworkers [101] reported the fabrication of one-dimensional arrangement
of size-controlled gold nanoparticles in combination with a nanoscale ridge-
and-valley structured substrate. Biological macromolecules have been used to
build defined inorganic nanostructures. Among the biological macromolecules,
DNA is one of the most interesting templates because of its diameter of only
2nm and the micrometer-long distribution of well-defined sequence of DNA
bases. Several papers reported the fabrication of one-dimensional arrange-
ment templated by DNA [104-111]. Other biological materials such as peptide,
virus, lipid, and biopolymers were also used [112-115]. The most important
advantage of using biological materials is their single molecular weights, which
provide controlled length of one-dimensional arrays. Nonbiological templates
such as carbon nanotubes and polycation molecules templated self-assembly
of gold nanoparticles also have been reported [116-118].

A scanning probe lithography technique, “dip-pen” nanolithography, has
demonstrated the ability to pattern the metal nanoparticles with sub-100 nm
resolution on substrates [119-121]. To draw a familiar analogy, the AFM tip
acts as a “pen,” the organic or inorganic molecules act as “ink,” and the

surface acts as a “paper” for nanostructures to be “drawn” on.
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1.4.2 Organization of Metal Nanoparticles by Dendritic Molecules

This section will highlight the organization of metal nanoparticles by using
dendritic molecules with 3D, 2D, and 1D arrangements. Dendrimers are
monodisperse macromolecules with a regular and highly branched 3D archi-
tecture. The starburst structures are disk-like shapes in the early generations,
whereas the surface branch cell becomes substantially more rigid and the
structures are spheres [122]. Dendrimers have been attracting much atten-
tion as useful stabilizers of metal nanoparticles in solution, since the first
successful report by Crooks and his coworkers in 1998 [123]. Most of these
studies deal with the reduction in a solution where dendrimers are molecu-
larly dissolved, essentially isolated from one another in solution, and metal
ions are encapsulated in the interior space of the single dendrimer. The ions
are reduced to metal atoms which self-assemble into a metal nanoparticle
within the single dendrimer. Colloidal forms of gold nanoparticles in the 2—
3 nm size regime were prepared by in situ reduction of HAuCly in the presence
of amine-terminated poly(amidoamine) (PAMAM) dendrimers [124-127]. The
dendrimers operate as a very effective protective colloid for the preparation
of gold particles since only a very small amount of the dendrimers is required
to obtain nanometer size of gold particles compared to other linear polymers.
Transmission electron microscopy (TEM) and dynamic light scattering (DLS)
data suggested that the dendrimers adsorbed on the gold nanoparticles as a
monolayer [127] The driving force for the interaction of the metal nanoparticles
with the dendrimers is an association of gold with the primary amine terminal
groups and the interior secondary and tertiary amines (especially for early gen-
erations). The resulting dendrimer/gold nanocomposites can be isolated from
alcohol/water solutions by precipitation with tetrahydrofuran (THF) [126].
The required concentration is large in the case of weak interaction between
platinum nanoparticles and dendrimers with amino groups [125].

Cubic silsesquioxanes are also regarded as the dendritic molecules for self-
organization of metal nanoparticles. Octa(3-aminopropyl)octasilsesquioxane
octahydrochloride (OAPOSS) is regarded as a structure equivalent of the G1.0
PAMAM dendrimer. In contrast to the PAMAM dendrimer, OAPOSS has an
inner cubic rigid inorganic core with the size of 0.5 nm containing silicon and
oxygen, which offers uniform interparticle spacing, good thermal and mechan-
ical properties, and solvent resistance. Since the cubic silica core is rigid, the
eight organic functional groups of OAPOSS are appended to the vertexes
of the cube via spacer linkage [128,129]. Although the structure of the G1.0
PAMAM dendrimer is a disk-like flexible random shape, the functional groups
of OAPOSS should become more rigid and the structure is spherical [130].
In contrast to the synthesis of the dendrimers, OAPOSS is simply prepared
and isolated as precipitates by hydrolysis of aminopropyltriethoxysilane in an
aqueous acidic methanol [131,132].

The OAPOSS-protected gold nanoparticles were prepared through reduc-
tion of HAuCly in the presence of OAPOSS by NaBH, [133]. The size of
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the resulting gold nanoparticles increased with the increase in the HAuCly/
OAPOSS molar ratio. The OAPOSS-protected gold nanoparticles with a
diameter of 80nm can be prepared at the HAuCl,/OAPOSS molar ratio
of 20. The OAPOSS-protected gold nanoparticles were assembled effectively
on a slide glass [132]. The glass was immersed in the aqueous solution of
the OAPOSS-protected gold nanoparticles. After the immersion, the glass
was washed with HoO several times to remove extra gold nanoparticles. An
absorbance feature of the glass at 537nm indicated the adsorption of the
OAPOSS-protected gold nanoparticles. The absorbance continually increased
with increasing the immersion time. The surface plasmon band was gradually
redshifted from 525 to 566 nm. This is a consequence of overlap of the dipole
resonances between neighboring gold nanoparticles on the glass substrate.
That is, as the particle coverage increases, interparticle spacing becomes small
compared to the incident wavelength. These results indicate that the gold
nanoparticles have a positive charge and were immobilized densely on the
glass substrate.

One of the efficient methodologies for the organization of 3D arrangement
involves the utilization of chemical crosslinking by organic ligands. How-
ever, the combination of the metal nanoparticles with bifunctional linking
molecules having rigid or flexible structures usually results in the formation
of insoluble and uncontrollable aggregates in solutions. Unlike a bifunctional
linker, stronger bonding of the dendritic molecules to the inorganic surfaces
is expected due to a chelate or cluster effect. Rotello and coworkers [134]
employed PAMAM dendrimers of different generations to both assemble gold
nanoparticles and control the separation distance between them. In this sys-
tem, the gold nanoparticles were functionalized with carboxylic acid terminal
groups. Salt-bridge formation between the dendrimer surface-amine groups
and the nanoparticle peripheral carboxylic acid groups led to electrostatic
self-assembly between the dendrimer and nanoparticle component.

Chujo and Naka [135] reported an assembling of metal nanoparticles into
spherical aggregates as colloidal forms in solution via self-organized spherical
templates in a solution by using dendritic molecules such as OAPOSS- or
amine-terminated PAMAM dendrimers (Fig. 1.8). When a methanol solution
of OAPOSS and palladium(II) acetate was stirred at room temperature, the
solution immediately became turbid, which suggested aggregate formation.
The turbid solution gradually turned from yellow to black with an increase
in the reaction time, indicating the reduction of the palladium ions. One
drop of the turbid solution containing the obtained product was placed on a
copper grid and allowed to evaporate the solvent under atmospheric pressure
at room temperature. TEM showed that the spherical aggregates with a mean
diameter of 70nm were obtained (Fig.1.8). These spherical aggregates were
clearly composed of dark spots. These dark spots were individual palladium
nanoparticles. Every nanoparticles, with a size of 4.0 & 0.8 nm, appeared as a
discrete entity in the nanosphere. Scanning electron microscopy (SEM) data
also indicated the formation of spherical aggregates in size of 80 + 20 nm.
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Fig. 1.8. Formation of spherical aggregates composed of palladium nanoparticles
and the dendritic molecules (G1.0 PAMAM dendrimers or POSS-NHZ) in methanol

The resulting black colloidal solution was stable and neither precipitated nor
flocculated over a period of several months.

The highly ordered spherical aggregates were composed of palladium
nanoparticles, in which the dendritic molecules acted as crosslinkers and
stabilizers for palladium nanoparticles. Palladium nanoparticles are attrac-
tive materials for catalysis [136, 137] and hydrogen storage [137]. Building
the nanoparticles into hierarchical structures with stable manner should be
required for these applications. TEM observations suggested that the density
of palladium nanoparticles in the aggregates using OAPOSS as a template is
higher than those using the amine-terminated G1 PAMAM dendrimer. From a
TM-AFM image, the shapes of the aggregates using OAPOSS and the amine-
terminated G1 PAMAM dendrimer were an oval and a spherical form on the
plate, respectively. Increasing rigidity of the core of the dendritic molecules
increased stability of the spherical form in the dry state.

The reaction and reaction-induced self-assembling process were explored
in situ by means of a combined time-resolved method of small angle neutron
scattering and small-angle X-ray scattering [138]. The dendrimer molecules
and palladium(II) acetate first self-assemble themselves rapidly into spher-
ical aggregates and thereafter their size was kept almost constant. Inside
the aggregates, which serve as a template for the reaction, the reduction of
palladium(II) acetate to palladium(0) and their self-assembly into palladium
nanoparticles proceeds gradually with time over 12h. The formation of the
spherical aggregates was also supported by TEM.
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Effect of different generation of the PAMAM dendrimers for the structure
of the aggregates was observed. Using the GO PAMAM dendrimer instead of
the G1.0 PAMAM dendrimer under the same condition resulted in the forma-
tion of uniform, spherical aggregates with a diameter of 50 nm composed of
palladium nanoparticles. On the other hand, the G2.0 PAMAM dendrimer
decreased the size of the spherical aggregates. Although the exact reason
for these phenomena is not entirely clear, we speculate that these results
would be due to the difference of the functionality of the PAMAM dendrimers
structure. That is, in the case of higher the PAMAM dendrimers generation,
stronger interaction between colloids would be expected due to increase of the
functional groups.

Wire-like aggregates of palladium nanoparticles were self-organized in an
acidic methanol solution by using the G1.0 PAMAM dendrimer (Fig. 1.9) [139].
The combination of the G1.0 PAMAM dendrimer and metal ions in solution
formed wire-like colloids, which would act as spatially constrained template
for controlled synthesis of the metal nanoparticles. It is worth pointing out
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Fig. 1.9. TEM image (a) and magnified TEM image (b) of the wire-like aggregates
of palladium nanoparticle with the G1 PAMAM dendrimers prepared in the acidic
methanol solution. Scale bars of (a) and (b) are 500 and 100 nm, respectively
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that the wire-like aggregates are formed spontaneously without any external
force and templates. When the acidic methanol solution of the G1.0 PAMAM
dendrimer and palladium(II) acetate was stirred at room temperature, the
solution immediately became turbid. This suggests microscopic aggregate for-
mation. The solutions gradually turned from yellow to black with increasing
reaction time, indicating the reduction of palladium ions and the formation
of palladium nanoparticles. One drop of the solution containing the obtained
product was placed on a copper grid and allowed to evaporate the solvent
under atmospheric pressure at room temperature. The TEM investigation
showed the wire-like aggregates (Fig. 1.9). The length of most of the wire-like
aggregates was more than 0.5 um. These wire-like aggregates were clearly com-
posed of dark spots. These dark spots were individual palladium nanoparticles.
Every nanoparticles with a size of 4.0+0.8 nm, appeared as a discrete entity in
the aggregates. A SEM investigation also indicated that the obtained products
were wire-like structure. DLS showed that the average hydrodynamic radius
was around 300 nm indicating the presence of the aggregates in the solution.

1.4.3 Self-Organized Nanocomposites

A major challenge for nanoparticle-based nanocomposites is the preparation of
thermally and mechanically stable nanocomposites with high content of metal
nanoparticles and preventing both phase separation and aggregation of the
metal nanoparticles in the host matrices. Several studies have been done on the
self-organization of metal nanoparticles with monofunctionalized silsesquiox-
anes at a molecular level [100,140]. Polyhedral octasilsesquioxane derivatives
have strong tendency to crystallize. Rotello et al. [140] reported the formation
of spherical aggregates with uniform internal spacing using diaminopyridine-
functionalized polyhedral octasilsesquioxane and thymine-functionalized gold
nanoparticles. Initially, there was the three points hydrogen bonding of
the diaminopyridine unit with complementary thymine unit followed by
subsequent aggregation and crystallization of the silsesquioxane moieties. Mul-
tifunctionalized cubic silsesquioxanes such as octa(3-aminopropyl)octasilses-
quioxane (OAPOSS) were recently used to synthesize nanocomposites of
metal nanoparticles. These types of cubic silsesquioxane provide alternative
assemblies of functionalized metal nanoparticles. Rotello and coworkers [141]
reported that electrostatic interaction between the carboxylic acid groups
coated on gold nanoparticles and the ammonium groups on OAPOSS resulted
into well-ordered nanocomposites featuring uniform interparticle spacings.
Samples of electrostatically coupled nanoparticles were prepared by dropping
solutions of carboxylic acid-functionalized gold nanoparticles in THF /MeOH
into a solution of OAPOSS in MeOH/H>O.

The use of OAPOSS has additional important advantages. First, amide
bonds were formed between the reaction ion couples well defined in nanocom-
posites during subsequent chemical reaction to generate nanocomposites with
improved chemical properties. Second, calcination of the nanocomposites of
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Fig. 1.10. Self-organized nanocomposites of functionalized gold nanoparticles with
OAPOSS

the gold nanoparticles with OAPOSS would form silica—gold nanoparticle
nanocomposites without the fuse of the gold nanoparticles, since the inor-
ganic core of OAPOSS should be maintained by calcination on the contrast
of organic linkers. Naka and Chujo [142] recently reported a self-organized
nanocomposites of functionalized gold nanoparticles with OAPOSS via elec-
trostatic interaction between the carboxylate anions and ammonium cations
(Fig. 1.10). Subsequent chemical reaction between the reactive ion couples
well defined in the nanocomposites generated amide bonds between the two
components.

When a DMSO solution of OAPOSS and the carboxylic acid-functionalized
gold nanoparticles (Au—COOH) was neutralized by an aqueous NaOH solu-
tion, the dark red solution faded completely and the gold nanoparticles
precipitated out from the solution to form nanocomposite I (Fig. 1.10), which
consisted of 11.0wt% OAPOSS and 89.0 wt% Au-COO™, estimated by ther-
mogravimetric analysis (TGA) and elemental analysis of N. Even a half
amount of OAPOSS against Au—~COOH was added into a DMSO solution of
Au-COOH, the TGA results indicated that the resulting nanocomposite con-
sisted of 11.3 wt% OAPOSS and 88.7 wt% Au—-COO~, which was of the same
composition as that of nanocomposite I. These results made it clear that the
formed nanocomposites were not random aggregation between OAPOSS and
Au-COO™. The TEM image of nanocomposite I showed the existence of gold
nanoparticles with a size of 6.0 + 2.4nm, which means no fuse of the gold
nanoparticles occurred during the precipitation.

More stable nanocomposite II was produced after the nanocompos-
ites I underwent a subsequent chemical reaction by heating at 150°C for
24h (Fig.1.10). An absorption peak corresponding to ~—CONH- bonds at
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1,650 cm ™! appeared, indicating that amide bonds were formed between the
well-defined reactive ion couples after the reaction. The average size of the
gold nanoparticles in nanocomposite II was 6.4 + 2.2nm. Further heating of
nanocomposite II at 500°C for 24 h resulted nanocomposite III in which the
organic moiety of OAPOSS totally decomposed, and the inorganic cores of
OAPOSS were maintained (Fig.1.10) [143]. Generally, such a high heating
temperature results in partial melting and interconnection between the gold
nanoparticles [144]. The TEM image of nanocomposite III showed the exis-
tence of the gold nanoparticles with a size of 7.0 & 2.5 nm. This suggests that
no significant increase in particle size of the gold nanoparticles occurred even
after the calcination at 500°C due to the rigid inorganic cores of OAPOSS.
The controlled organization of metal nanoparticles into multilayer films
and porous nanocomposites has received intense attention in recent years
for their uses in analytical and material chemistries, mainly because of their
unique chemical and physical properties, which are different from those of
bulk metals [2,8,9]. Self-assembled multilayer films of the metal nanoparticles
have become a popular target in nanoscale material synthesis in the last few
years [145] because they are complementary alternative to traditional prepa-
ration methods of metal films such as evaporation and plating. Self-assembled
ultrathin multilayer films have been intensively investigated in recent years,
since Decher et al. [146,147] introduced the method for preparing multilayer
ultrathin films by the consecutive deposition of oppositely charged polyelec-
trolytes from dilute aqueous solution onto charged substrates. It was reported
that a self-assembled multilayer poly(octadecylsiloxane) provided a nanos-
tructured matrix for metal nanoparticle formation [148]. Silver nanoparticles
stabilized by negatively charged polystyrene microspheres were transported
into layer-by-layer (LBL) film structures via self-assembly between the micro-
spheres and poly(ethyleneimine) [149] The work of Natan and coworkers [150]
is representative of a bifunctional crosslinker-directed stepwise construction
of conductive gold and silver colloidal multilayers. Controllable and reversible
self-assembled multilayer films of gold nanoparticles were also efficient based
on ligand/metal ion/ligand linkers [151]. Vapor-sensitive multilayer films were
obtained via a LBL self-assembly of gold nanoparticles and dendrimers [152].
Naka and Chujo [153] reported that the LBL self-assembled multilayer
films were successfully prepared via the adsorption of a facile approach of
immersing the negatively charged glass substrates into OAPOSS and Au-
COO™ solutions alternatively. Electrostatic interaction between the -COO™
on Au-COO~ and the -NH; of OAPOSS was the driving force of the LBL
self-assembly in a manner similar to the one reported by Caruso and cowork-
ers, in which they created nanocomposite siliceous thin films by the LBL
self-assembly in alternation with octa(3-aminopropyl)octasilsesquioxane and
poly(styrene-4-sulfonate) to form thin films on planar and spherical sup-
ports [21]. A linear increase of the surface plasmon resonance of Au-COO~
with the deposited bilayers indicates that each deposition cycle adds a vir-
tually constant amount of Au—COO~ on the film in each dipping cycle.
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A high content and dense coverage of the gold nanoparticles provide the LBL
multilayer films with bulk gold appearance and relatively high conductivity.

Films’ colors shifted from dark red to yellow. The surface plasmon reso-
nance band responsible for the dark red color exhibited by the gold nanopar-
ticles arises from interband transition between the highly polarizable Au 5d
band and the unoccupied states of the conduction band [13]. The intensity of
the plasmon band is related to the quantity of Au—COO™ deposited on the
substrate. The darkening of the dark red color reveals increasing content of
the gold nanoparticles from 1-, 3-; 5-, to 10-bilayer films. After 15 exposures
to the 1/Au—COO~ dipping cycle, the 15-bilayer film had a final appearance
similar to bulk gold in color and reflectivity, suggestive of bulk gold behavior.
The same phenomena were observed by Natan and coworkers [150].

Recent years have focused much attention on self-assembly of the metal
nanoparticles to generate porous nanostructures. The porous metal nanostruc-
tures have potential application in the areas of advanced catalysis, electronics,
optics, separations, and sensors [154]. A facile method was proposed to
incorporate preformed gold nanoparticles within ordered macroporous mate-
rials [155]. Porous structures with metal nanoparticles were also produced
by cyclodextrin-assisted incorporation of metal nanoparticles into porous sil-
ica [156]. Silica and gold nanoparticles were cooperatively assembled with
lysine—cysteine diblock copolypeptides into hollow spheres [157], as the
copolypeptide provided preferential attachment sites for silica and the gold
nanoparticles.

Porous nanocomposites were prepared by precipitation of OAPOSS mod-
ified polystyrene (PS), latex particles, and Au—~COO~ followed by removal
of the PS particles via solvent extraction (Fig.1.11). The OAPOSS-modified
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Fig. 1.11. Experimental procedures for preparation of porous nanocomposites by
precipitation
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PS latex particles precipitated out from the Au—COO™ solution after being
crosslinked by Au—COO~. The size of the gold nanoparticles was 3.0nm
estimated from the XRD pattern of the porous nanocomposites. After the
porous nanocomposites underwent a subsequent chemical reaction by heat-
ing at 150°C for 24 h, an absorption peak corresponding to ~-CONH- bonds
at 1,650cm~! appeared in FT-IR spectra, indicating that amide bonds were
formed between the well-defined reactive ion couples after the reaction, simi-
lar to the formation of nanocomposite II as shown in Fig. 1.10. The estimated
size of the gold nanoparticles in the porous nanocomposites was also ~3.0 nm,
calculated from the XRD pattern of the porous nanocomposites after the reac-
tion. It was concluded that no size growth of the gold nanoparticles occurred
during the chemical reaction. This strategy associated with the LBL self-
assembly technique was applied here to prepare porous nanocomposites from
the two components. Nanocomposite films with exactly spherical pores were
produced by the LBL self-assembly of the OAPOSS-coated PS latex particles
and Au—COO™ on the glass substrate. Figure 1.12 shows SEM images of the
films after four dipping cycles before and after removal of the PS latex par-
ticles by solvent extraction or calcination at 500°C. The pore size and shape
were intact after removal of the templates.

Physical and chemical crosslinking is an effective method of building and
patterning nanostructures consisting of two or more types of nanoparticles
with at least one type of metal nanoparticle. Incorporation of more than a

Fig. 1.12. SEM images for the nanocomposites by precipitation (a) before (bar:
5um) and (b) after the removal of PS templates by heating (bar: 10 um) and solvent
extraction by THF (bar: 1 um)
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single type of nanoparticle into self-assembled nanostructures can provide an
opportunity to utilize unique properties of the different types of the nanoparti-
cles. The range of properties can be greatly enhanced by organizing two kinds
of metal nanoparticles to generate intermetallic nanocomposites due to syner-
gistic effects [158]. Even a physical mixture of two types of metal nanoparticles
shows higher catalytic activity than the corresponding monometallic nanopar-
ticles [124,159-161]. This also proved that combing nanoparticles of different
materials allows the manufacture of novel nanocomposite materials. Stable
nanostructures, originating from spontaneous self-organization of two kinds
of nanoparticles to form nanocomposites, have recently attracted some inter-
est [162-166]. By combining gold nanoparticles stabilized by a carboxylic
acid and silica nanoparticles functionalized by a primary amine, acid—base
chemistry followed by immediate charge pairing generates electrostatically
bound mixed-colloid constructs [162]. Directed self-assembly of two kinds of
nanoparticles was performed on a block copolymer micellar template by first
introducing Au nanoparticles physically around hexagonally ordered micelles,
and then synthesizing chemically FeoOs nanoparticles in the core area of
the ordered micelles, resulting in FeoO3 nanoparticles surrounded by the Au
nanoparticles [163]. Self-organization of Au and CdS nanoparticles by electro-
static interaction led to complex-like structures [164]. Few investigations on
self-assembly of two types of metal nanoparticles have been reported except
that indirect self-assembly of Au and Ag nanoparticles into bimetallic 3D net-
works using recognition properties of surface-attached antibodies with bivalent
antigens of appropriate double-headed functionalities [165], and evaporation
of a mixed colloidal solution of thiol-functionalized Au and Ag nanoparticles
on a flat substrate led to self-organization into ordered colloidal superlat-
tices [166]. However, both of them were manipulated on rather limited spatial
scales.

When the spherical aggregates of Pd nanoparticles with a mean diameter
of 80nm (Pd-NHJ ), which were produced by stirring palladium(II) acetate
with OAPOSS in methanol at room temperature via self-organized spherical
templates of palladium ions and OAPOSS that are involved in electrostatic
interaction with Au—COQ™ as a counterpart building block when spontaneous
formation of microporous nanostructures may occur (Fig.1.13). Microporous
nanocomposites of palladium and gold nanoparticles were generated by uti-
lizing electrostatic interaction between oppositely charged gold nanoparticles
coated with carboxylate groups (Au—COQO™) and spherical aggregates of palla-
dium nanoparticles(Pd-NHZ) with a mean diameter of 80 - 20s nm stabilized
and crosslinked by OAPOSS. Amide bonds were formed between the reac-
tive ion couples well defined in the Pd—Au colloidal nanocomposites during
a subsequent chemical reaction to generate more stable nanocomposites with
improved chemical and physical properties. Such nanostructures are expected
to exhibit excellent catalytic properties for their great surface and synergistic
effects of the palladium and gold nanoparticles. Furthermore, amide bonds
were formed between the reactive ion couples well defined in the Pd-Au
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Pd-AU nanocomposite |

Fig. 1.13. Microporous nanocomposite of Pd and Au nanoparticles via electrostatic
interaction between Pd-NHI and Au-COO~. TEM image of Pd-NHJ (scale bar:
100 nm) and electron micrographs of Pd-Au nanocomposite I by SEM (bar: 0.5 m)

colloidal nanocomposites during a subsequent chemical reaction to generate
more stable nanocomposites with improved chemical and physical properties
as similar as Fig. 1.10. In this system, OAPOSS acts as a primary crosslinker
for the palladium nanoparticles to construct PdiH;', and Au—-COO~ was
used as a secondary crosslinker for PdiHg'.

1.5 Organic—Metal 1D Nanostructures

One-dimensional (1D) nanostructures have attracted much attention due to
their optical and electronic properties for potential uses as interconnects or
active components in fabricating nanodevices [167]. Various chemical meth-
ods have been established to accomplish 1D growth of nanostructures [168],
among which template-directed synthesis is the most widely used method for
generating metallic or metal oxide nanowires [169]. Organic conducting 1D
nanostructures have been studied with the expectation for potential applica-
tion owing to their low density and flexibility for molecular design compared
with the inorganic nanostructures [170-173]. Despite a variety of synthetic
methods to the organic 1D nanostructures, creation of template-free and facile
approaches are still required for future practical application [174,175].
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Fig. 1.14. Synthesis of organic-metal hybrid nanowires via electron-transfer reac-
tion between TTF and a gold ion and a SEM image of the hybrid nanowires isolated
as precipitates from the acetonitrile solution of TTF and HAuCly after 24 h

Naka and Chujo [176] introduced the synthesis of organic—metal hybrid
nanowires via electron-transfer reaction between tetrathiafulvalene (TTF) and
a gold ion. The reduction of gold ions by TTF as a reducing reagent is a key
process for the formation of the hybrid nanowires as illustrated in Fig. 1.14. An
electron-transfer reaction from TTF to gold ions led to the formation of TTF
radical cation and zero valent gold (Au®) [177,178]. Since no gold precipitates
were observed, TTF might stabilize gold clusters consisting of Au® at its S sites
in the solution. This might act as seeds for the subsequent crystallization of
TTF [179]. The 1D crystallization of the intermediate would proceed through
the interaction between the neutral and oxidized TTF along the stacking axis
of the crystals with chloride anions to form nanocrystallites of TTF chlo-
ride. Adsorption and subsequent self-assembly of the resulting gold clusters
on lateral dimension of the TTF nanocrystals kinetically controlled 1D crys-
tal growth of TTF, during which the gold clusters acted as a capping agent
to inhibit the lateral growth of the TTF nanocrystals by bonding gold sur-
faces at its S sites (Au—S bonds). The hybrid nanowires as shown in Fig. 1.14
were constructed by cooperative self-organization of the metal and TTF. To
our knowledge, this is the first example for creating metal-containing TTF-
based hybrid nanowires. The hybrid nanowires are expected to have unique
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chemical and physical properties, due to hybridization of metals and organic
n-conjugated molecules.

1.6 Flocculation of Metal Nanoparticles by Stimuli

Of particular interest is the possibility of tailoring the metal nanoparticles
surface with a molecular arrangement consisting of organic molecules that
possess responsive properties to certain stimulation. Attempts at controlling
the aggregation process have centered on carboxylate-functionalized colloids,
which display flocculation behavior as a function of pH [180-182] or cationic
species such as metal ions [4,183]. The ability to functionalize gold nanoparti-
cles with stimuli-responsive property has opened new avenues to utilize these
nanomaterials in optical and electronic applications.

Efficient methodologies for responsive self-organization of the metal
nanoparticles involve selective control of noncovalent interactions. Several
approaches such as hydrogen bonding [180-182], n—r interaction [184], host—
guest interaction [7,185], van der Waals forces [186], electrostatic forces [187],
antibody—antigen recognition [188], and charge-transfer interaction [189,190]
have been described for the flocculation of the metal nanoparticles (Fig. 1.15).
In the following section, several new concepts for the responsive flocculation
of metal nanoparticles are described.

1.6.1 Photoresponsive Aggregation

Photoactive metal nanoparticles are important for designing light-energy-
harvesting devices of nanometric dimension and photocatalysts [191-195].
For examples, Fox and coworkers [193] have demonstrated the ability of
gold nanoparticles to preserve the photoreactivity of the trans-stilbene and
o-nitrobenzyl ether moieties similar to the one observed in solution phase.
Apart from these studies of discrete nanoparticles, it is also very important to
design the photoresponsive aggregation system of metal nanoparticles. Irradi-
ation of UV light to a solution of the gold nanoparticles modified with thymine
units resulted in the formation of aggregates comprising chemical crosslink-
ing gold nanoparticles through the photodimerization of the thymine units
(Fig.1.15) [196]. It is well known that thymine bases photodimerize upon
the irradiation above 270 nm and revert back to be thymine again upon the
irradiation below 270 nm [197-200].

The gold nanoparticles modified with the thymine units were prepared by
the same protocol of Brust’s method. A water—chloroform two-phase system
was used instead of the water—toluene system. The mixture of w-functionalized
alkanethiol with the thymine unit and dodecanethiol was added to the
chloroform phase to suppress intramolecular photoreaction of the thymine
units on the nanoparticle surface. Photoirradiation on the solution of the



28 K. Naka and Y. Chujo

973,
)

2 ON NO,
GSWVW QB ase ®

(0]
cH CHS\KKEH
SCH11” 2 r\‘J o ° 0CH, io
Ha
§-CH,{CH,)~CH,~G~0~CH,~CH, \fkﬂ” - HNJMKNH
L 0o ,T o Photodimerization O)\N N~ "0
4 i | |
9}770& thymine
3

Fig. 1.15. Flocculation of metal nanoparticles by stimuli and examples. Thermally
reversible self-assembly of metal nanoparticles modified with pyrenyl units or car-
bazolyl units with the bivalent m-dinitrophenyl linker by charge-transfer interaction
(middle), and photochemical assembly of gold nanoparticles by photodimerization
of the thymine units (lower)

thymine-functionalized gold nanoparticles was carried out to induce the pho-
todimerization of the thymine. The solution color gradually changed from red
to purple with an increase in the reaction time. The surface plasmon band
changed from 496 nm to 525, 538, and 544nm after the photoirradiation for
22,32, and 46 h, respectively. The precipitation of black powders was observed
after 72 h, indicating that the nanoparticle aggregates eventually became too
large to remain in the solution. TEM images after the photoirradiation to
the solution containing the gold nanoparticles showed the formation of aggre-
gates. The formation of the aggregates with an average diameter of 0.15, 0.25,
and 1um was observed after 6, 22, and 72 h, respectively. Thus, the degree of
colloidal association would be controlled by adjusting photoirradiation time.
Aggregation rate was also controlled by turning the thymine unit density on
the nanoparticle surface.

1.6.2 Metal Nanoparticles Modified with an Ionic Liquid Moiety

The aggregation-induced color changes of the gold nanoparticles in aqueous
solutions were demonstrated by using gold nanoparticles modified with an
ionic liquid moiety based on imidazolium cation (Fig.1.16) [201]. The key
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Fig. 1.16. Preparation of gold nanoparticle modified with ionic liquid based on the
imidazolium cation and their anion exchange

concept of this system is an anion exchange of the imidazolium moiety to
control the solubility in solutions. Hydrophilic and hydrophobic properties are
tuned by anion exchange of the ionic liquid moiety. Use of the aggregation-
induced color changes of the gold nanoparticles in aqueous solutions provides
an optical sensor for anions via anion exchange of the ionic liquid moiety. It is
well known that the addition of HX (X=BF, , PF;, and so on) to ionic lig-
uids based on methylimidazolium chloride results in the anion exchange from
Cl~ to BF; or PFg, respectively [202,203]. The reaction of the imidazolium
cation-modified gold nanoparticles with various anions was followed as a func-
tion of time through optical changes in the surface plasmon resonance in an
UV-vis absorption spectrum. In the case of HI and HPFg, the solution color
changed dramatically from red to purple and blue, respectively. A TEM image
of the obtained solution after addition of HI and HPFg clearly indicated par-
ticles aggregates. Elemental analysis of the modified gold nanoparticles after
the addition of HPFg showed that 30% of the imidazolium cation immobi-
lized on the nanoparticle surface changed from Cl~ to PFg by the anion
exchange. That is, the surface property of the gold nanoparticles changed
from hydrophilic to hydrophobic by the anion exchange of the ionic liquid,
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which lead to the nanoparticle aggregation in water. In fact, the imidazolium
cation containing Cl~ is soluble in water. On the other hand, the imidazolium
cation containing PFy is immiscible with water. The strength of hydrogen
bonding between water molecules and anions in ionic liquids increases in the
order of PFy <I~ < Cl™ [204,205]. Based on the TEM and elemental analysis
results, the spectral changes were dominantly induced by the anion exchange
under the present conditions, demonstrating that this system can be applied
for optical anion sensing.

A new type of gold nanoparticle with a zwitterionic liquid function
was prepared using an imidazolium sulfonate-terminated thiol as a capping
agent [206]. The zwitterionic liquid is composed of covalently tethered cations
and anions, in which the ions do not migrate along a potential gradient.
Contrary to the anion-responsive behavior of the gold nanoparticle with the
imidazolium cation described above [201], the gold nanoparticle with the
zwitterionic liquid were remarkably stable in high concentration of aqueous
electrolyte. Lee and coworkers [207] reported that thiol-functionalized imida-
zolium ionic liquids acted as a highly effective medium for the preparation and
stabilization of gold and platinum nanoparticles under a water-phase synthe-
sis. The particle size and uniformity depended on the number of thiol groups
and their positions in the thiol-functionalized imidazolium ionic liquids.

Room-temperature ionic liquids are attracting much interest in many fields
of chemistry and industry, due to their potential as a “green” recyclable
alternative to the traditional organic solvents [208,209]. They are nonvolatile
and provide an ultimate polar environment for chemical synthesis. Among
various known ionic liquids, ionic liquids containing imidazolium cation and
PFy has a particularly useful set of properties, being virtually insoluble in
water [204,205]. Such biphasic ionic liquid systems have been used to enable
simple extraction of products. The modified gold nanoparticles with the imi-
dazolium cations in aqueous phase were transferred across a phase boundary
(water to ionic liquid) via the anion exchange of the ionic liquid moiety by
addition of HPF¢ [201]. When HPFg was added to the aqueous solution con-
taining the modified gold nanoparticles with stirring, the ionic liquid phase
(1-methyl-3-hexylimidazolium hexafluorophosphate) quickly became colored,
drawing from the original deep red color of the aqueous nanoparticles solution.
The complete phase transfer of the gold nanoparticles was achieved.

Phase transfer of metal nanoparticles from an aqueous phase to an ionic
liquid phase was also reported by Wei and coworkers [210], which does not
require the use of a thiol, for the phase transfer of the gold nanoparticles
from an aqueous medium to an ionic liquid. An aqueous solution of the gold
nanoparticles formed upon the reduction of a solution of HAuCl, with citrate
was added to the organic phase. The water-immiscible ionic liquid, 1-butyl-
3-methylimidazolium hexafluorophosphate is a solvent medium that allows
complete transfer of the gold nanoparticles from an aqueous phase into an
organic phase. Water-soluble cationic CdTe nanocrystals, which were prepared
by an aqueous synthetic approach, were efficiently extracted from an aqueous
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phase into a water-immiscible ionic liquid [211]. The ionic liquid containing
the transferred metal nanoparticles has potential for the recyclable biphasic
catalysis process.

pH-Responsive system in aqueous solution has extremely promising pros-
pect. Many biological phenomena, e.g., cellular recognition and transportation
in tissues and organs, are largely concerned to pH at which they occur. There
have been several reports for pH-responsive metal nanoparticles [182,212-215].
Toshima and coworkers synthesized 3-mercaptopropionic acid-modified gold
nanoparticles and reversibly controlled the colloidal dispersions by using inter-
particle hydrogen bonds or electrostatic repulsion depending on pH. Lee and
coworkers [214] synthesized gold nanoparticles coated by a hydrogel consisting
of poly(acrylic acid-co- N-isopropylacrylamide) and acted as an interrupter of
surface plasmon absorbance depending on pH and temperature.

Naka and Chujo [216] reported pH-responsive control of the colloidal
dispersions of the imidazolium cation-modified gold nanoparticles using a
combination of poly(acrylic acid) (PAA) in aqueous solution. The strategy
is based on the electrostatic interaction between the imidazolium cations on
the surface of the gold nanoparticles and the carboxylate anions of PAA. The
resulting precipitate after the imidazolium cation-modified gold nanoparticles
was mixed with PAA (MW = 25,000) in aqueous solution, as described above,
was dissolved into a clear red colored solution when the pH dropped below
1.9 by the addition of 1.0 M HCI. Addition of 1.0 M NaOH to the acidified
solution caused a precipitate again at the pH of 2.2, and the precipitate was
redissolved when the pH rose above 5.5 (Fig.1.17). Addition of 1.0M HCI to
the final solution reproduced the precipitation—redispersion process until the
pH dropped below 1.9. The absorption maximum of the solution at pH 6.0
was redshifted compared with that in the case of the solution at pH 1.7 and
the pristine solution of the imidazolium cation-modified gold nanoparticles
without PAA (Ayax = 514 nm). The redshift can be attributed to the coupled
plasmon absorbance of the gold nanoparticles in closer contact, which indi-
cates a formation of particle aggregates in the aqueous solution at pH 6.0.
The TEM image of the sample at pH 6.0 shows the aggregates of the gold
nanoparticles and the size of the aggregates was ranging from 40 to 150 nm.
A DLS measurement suggested the formation of the aggregates in aqueous
solution with a diameter of 115 4+ 21 nm.

There are several reports about the phenomena of nanoparticles-based
flocculation by charged polymers [217-223]. Although extensive experimental
and theoretical works are reported for understanding the flocculation pro-
cesses and construct nanoparticles-based flocculated materials with controlled
structures, studies for pH-responsive phenomena of nanoparticles-based floc-
culated materials were limited. Sehgal et al. [223] reported a precipitation—
redispersion mechanism for complexation of short chain PAA with cerium
oxide nanoparticles. They showed that addition of PAA to a cerium oxide
solutions leads to macroscopic precipitation and the solution redispersed into
a clear sols of single particles with an anionic PAA corona as the pH increased.
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Fig. 1.17. Photograph of various pH solutions of the imidazolium cation-modified
gold nanoparticles with PAA (MW =25,000) and proposed mechanism of the floc-
culation and the pH-responsive aggregation of the imidazolium cation-modified gold
nanoparticles with PAA

We found a different precipitation—redispersion behavior for the complexes of
the imidazolium cations-modified gold nanoparticles with PAA [216].

1.7 Conclusion and Outlook

Metal nanoparticles can be functionalized with a wide variety of structural
units using simple chemical process under moderate condition. Stabilization
of metal nanoparticles by ligand units such as thiols or amines enable fur-
ther manipulation of usual compounds. Since close-packed assembly of metal
nanoparticles is expected to produce different electronic, magnetic, and opti-
cal functions based on quantum mechanical coupling of conduction electron
localized in each metal nanoparticles, development of simple and easy methods
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for the organization of metal nanoparticles is indispensable for preparing new
nanodevices.

To exploit metal nanoparticle properties for future device fabrication,
self-organization of nanoparticles in controlled manner is required from the
standpoint of the “bottom-up” approach. Dendritic molecules mediate assem-
bly of the metal nanoparticles shows potential for controlling into one-,
two-, and three-dimensional structures. It is well established that dendrimers
have acted as excellent hosts for the formation and stabilization of metal
nanoparticles. However, research direction of using dendrimers as linkers for
metal nanoparticles is limited. Since dendrimers are monodisperse macro-
molecules prepared by completely designed chemical synthesis, combination
of the metal nanoparticle-based building blocks and the dendrimers would
provide a variety of nanocomposites in controlled self-organization. Only one
disadvantage of using dendrimers is their multistep chemical synthesis. Poly-
hedral oligosilsesquioxanes, however, should be excellent candidates for this
purpose due to their easy preparation.

Particular interest is focused on the functionalized metal nanoparticles
that possess responsive properties to certain stimulation such as pH, anion,
cation, temperature, light, small molecules, and biological molecules. Method-
ologies for responsive self-organization usually involve using noncovalent inter-
action, such as electrostatic interaction, hydrogen bonding, m—m interaction,
charge-transfer interaction, and host—guest interaction. Using reversible chem-
ical bond formation is also available. Changing solubility, such as hydrophobic
and hydrophilic properties, of metal nanoparticles is an alternative way to self-
assemble especially in aqueous solution. Use of the aggregation-induced color
changes of gold nanoparticles provides these responsive colloidal solutions as
an optical sensor for guest ions and molecules.

Key and basic requirements for future development in this field include
further seeking and optimization of controlled synthesis of the nanoparticle-
based building blocks. Although lowering size distribution of the nanoparticles
with controlled diameter should be a central target, design and synthesis of
functional materials with simple coating needs contribution of organic and
polymer synthetic chemists. We expect that the continuous cooperation of
organic and polymer chemists with inorganic and physical chemists, which
is desirable to fabricate the metal nanoparticles-based hybrid materials, will
lead to the next industrial revolution.
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