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Preface

Metal nanoparticles are certain to be the building blocks of the next generation of
electronic, optoelectronic and chemical sensing devices. The physical limits im-
posed by top-down methods such as photo- and electron- beam lithography dic-
tate that the synthesis and assembly of functional nanoscale materials will be-
come the province of chemists. In the current literature, there are three emerging
themes in nanoparticle research: (1) synthesis and assembly of metal particles of
well-defined size and geometry, (2) structural and surface chemistry effects on
single electron charging, and (3) size, shape, and surface chemistry effects on par-
ticle optical properties.

This book was written in order to identify and elaborate upon the unifying
themes in metal nanoparticle research vis-a-vis their synthesis, characterization
and applications. Specifically we have sought to: (1) compile the most up-to-date
work in synthesis and characterization of nanoparticle optical and electronic
properties and (2) present these topics in such a way that the volume will serve as
a leading text for established researchers in the field and as a comprehensive
primer for nonspecialists.

This volume is a particularly timely compilation of nanoparticle research
because it is only within the last few years that a fundamental understanding of
nanoparticle structural, optical, and electronic properties has been established.
Despite these recent advances, no comprehensive treatise currently exists to tie
together these three historically disparate, yet intimately related, areas of
nanoparticle research.

Daniel L. Feldheim
Colby A. Foss, Jr.
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Overview

Daniel L. Feldheim
North Carolina State University, Raleigh, North Carolina

Colby A. Foss, Jr.
Georgetown University, Washington, D.C.

. INTRODUCTION

Over the last decade there has been increased interest in “nanochemistry.” A vari-
ety of supermolecular ensembles (1), multifunctional supermolecules (2), carbon
nanotubes (3), and metal and semiconductor nanoparticles (4) have been synthe-
sized and proposed as potential building blocks of optical and electronic devices
(5). This has arisen for a variety of reasons, not the least of which is technological
advance, and the promise of control over material and device structure at length
scales far below conventional lithographic patterning technology.

Metal particles are particularly interesting nanoscale systems because of
the ease with which they can be synthesized and modified chemically. From the
standpoint of understanding their optical and electronic effects, metal nanoparti-
cles also offer an advantage over other systems because their optical (or dielec-
tric) constants resemble those of the bulk metal to exceedingly small dimensions
(i.e., < 5nm).

Perhaps the most intriguing observation is that metal particles often exhibit
strong plasmon resonance extinction bands in the visible spectrum, and therefore
deep colors reminiscent of molecular dyes. Yet, while the spectra of molecules
(and semiconductor particles) can be understood only in terms of quantum me-
chanics, the plasmon resonance bands of nanoscopic metal particles can often be
rationalized in terms of classical free-electron theory and simple electrostatic
limit models for particle polarizability (6). Furthermore, while the composition of
a metal particle may be held constant, its plasmon resonance extinction maximum

1
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2 Feldheim and Foss

can be shifted hundreds of nanometers by changing its shape and/or orientation in
the incident field (7), or the number density of particles in a composite material
(8). Thus, in contrast to molecular systems, the linear optical properties of
nanoscopic metal particle composites can be changed significantly without a
change in essential chemical composition.

The electrical properties of metal particles are also similar in form to
those of their corresponding bulk metals. Surface charging and electron trans-
port processes in individual nanoscopic metal particles and two-dimensional
particle arrays may often be understood with relatively simple classical charging
expressions and RC equivalent circuit diagrams (9). Again, in contrast to mole-
cules and semiconductor nanoparticles whose electron transport properties re-
quire a quantum mechanical description, charging in metal nanoparticles only
requires a knowledge of their size and the dielectric properties of the surround-
ing medium (9).

Recent experimental studies of metal particle optical properties and single-
electron-device applications have demonstrated yet another aspect of versatility:
since the surface chemistry of nanoscopic metal particles is similar to that of con-
tinuous metal surfaces, chemical surface modification (e.g., self-assembled
monolayers) is straightforward and allows for particles that are soluble in a vari-
ety of media (10) or possess specific affinities for certain analyte species in solu-
tion (11).

The foregoing discussion was not meant to imply that the optical and elec-
tronic properties of metal nanoparticle systems are completely understood or that
we have achieved arbitrary control over their geometry and assembly. On the con-
trary, relationships between particle geometry and their linear optical properties
have not been established fully, except perhaps for perfect spheres. Consider, for
example, that despite over 20 years of theoretical and experimental research, the
optimum size and shape of a collection of metal particles for surface-enhanced
Raman spectroscopy is still uncertain. Moreover, the interplay between nanopar-
ticle surface chemistry and optical and electronic behaviors has not been ad-
dressed in detail. Finally, methods for linking particles deliberately and rationally
in a manner analogous to molecular synthesis have not been developed. These is-
sues are critically important to future device technologies such as integrated opti-
cal and electronic devices and chemical sensors.

This book reviews recent advances in nanoscopic metal particle synthesis,
theory of optical properties, and applications in optical composite materials and
electronic devices. Its major emphasis is on particles which are large enough to
possess a well-defined conduction band and, therefore, able to manifest plas-
mon resonance and classical electron charging behaviors. However, we also in-
vited contributions on the topic of smaller metal clusters because the emerging
science of their synthesis and structure will almost certainly impact “nanode-
vice” technology. We should also note that the book does not emphasize the ap-
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Overview 3

plication of nanoscopic metal particles in catalysis, a topic extensively re-
viewed elsewhere (12). In the next sections, we review briefly the history of
nanoscopic metal particles, including their synthesis and application until the
early 1990s. We also review the very basic theories necessary for understanding
plasmon resonance spectra and Coulomb blockade effects in single-electron
devices.

Il. HISTORICAL BACKGROUND

The first nanometal containing human artifacts predates modern science by many
centuries. Perhaps the oldest object is the Lycurgus chalice from fifth-century
Rome, which contains gold nanoparticles (13). The Maya Blue pigment found in
the eleventh-century Chichen Itza ruins owes its color in part to nanoscopic iron
and chromium particles (14). Many sources credit Johann Kunckel (1638-7) with
developing the first systematic procedures for incorporating gold into molten sil-
ica, thus producing the well-known “ruby glass” (15).

As early as the sixteenth century, the darkening of silver compounds by
light was known (16). The successful application of silver halide photochemistry
to photography did not occur until the mid-nineteenth century, with the work of
Fox-Talbot and Daguerre (16). In the early glass pigmentation and photographic
plate applications, the physical basis of color in these materials was not known.

From correspondence between Michael Faraday and George Gabriel
Stokes, it is clear that, by 1856, Faraday had postulated that the color of ruby
glass, as well as his aqueous solutions of gold (mixed with either SOz or phos-
phorus), is due to finely divided gold particles (17). Stokes’ disagreement and ar-
gument for the existence of a purple gold oxide apparently prompted Faraday’s
famous electrical discharge method for preparing aqueous gold colloids (18). It is
noteworthy that Faraday did not have a quantitative theoretical framework, but
seems to have based his postulate on an intuitive understanding of highly reflec-
tive metals and scattering processes.

The first attempt at a quantitative theoretical description of the colors of
nanoscopic metal particles occurs in 1904 with the work of J. C. Maxwell-Garnett
(19), who used expressions for spherical particle polarizability derived by
Rayleigh and Lorenz to define effective composite optical constants. Maxwell-
Garnett’s theory applied only to particles whose dimensions were negligible in
comparison to the wavelength of the incident light. Thus, while particle size could
not be addressed in the theory, Maxwell-Garnett could attribute the different col-
ors seen in particle systems derived from the same metal element to differences in
interparticle spacing (19).

Gustav Mie’s 1908 paper represents the first rigorous theoretical treatment
of the optical properties of spherical metal particles (8a,20). Mie’s theory yielded
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4 Feldheim and Foss

extinction coefficients for nanoscopic gold particles which compared well with
the experimental spectra of gold sols and, unlike Maxwell-Garnett theory, was ap-
plicable to spheres of any size. Mie scattering theory is applied today to a variety
of systems, including nonmetal particles. His basic approach has also been
adapted to other shapes, such as cylinders (21) and ellipsoids (22).

In the first half of the twentieth century, scientific interest in metal
nanoparticles was not limited to their optical properties. For example, aqueous
gold particles were model systems for the study of colloidal stability and nucle-
ation (23). The application of colloidal silver particles was also the subject
of serious discussion before the advent of sulfa drugs in the 1930s (24). The
use of colloidal metals as histological staining agents began in 1960 and ex-
panded rapidly as the use of the electron microscope in cell biology became rou-
tine (25,26).

The so-called integral coloring of aluminum surfaces via anodization was
first patented in the late 1950s (27). However, it was not until the late 1970s that
Goad and Moskovits demonstrated that the observed colors arise from plasmon
resonance extinction of metal particles embedded in the pores of the anodic alu-
minum oxide layer (28). In 1980, Andersson, Hunderi, and Granqvist discussed
the application of anodic alumina-metal nanoparticle composite films as selective
solar absorbers, outlining a generalized Maxwell-Garnett-theory-based approach
to predicting spectral absorption and emissivity (29). Applications of others metal
nanoparticle systems as selective solar materials were discussed in the early
1980s (30).

It was the discovery of the surface-enhanced Raman scattering effect
(SERS) (31) that sparked a renewed interest in metal nanoparticle optics and
physics. The discovery of the connection between electromagnetic enhancements
and plasmon resonance processes (32) provided the impetus for serious experi-
mental and theoretical investigations of particle shapes other than spheres (33).
Although many workers during the mid-1970s to mid-1980s were interested pri-
marily in the SERS effect, their work provided important insights into the funda-
mental linear optical properties of metal nanoparticles (34).

Largely independent of the discussions surrounding SERS phenomena, a
number of groups since the late 1970s and early 1980s became interested in what
Arnim Henglein has termed “the neglected dimension between atoms or mole-
cules and bulk materials” (35). Some of the new synthetic and theoretical ad-
vances in metal nanoparticles were inspired by size quantization phenomena in
semiconductor particle systems (36-39). The potential for applications in photo-
catalysis and electronic devices was also a driving force even a decade ago
(35-38). However, it is also likely that inorganic chemists were simply interested
in the challenge of preparing and crystallographically characterizing successively
larger metal cluster compounds (40). In any case, in much of this work, the ques-
tions are quite fundamental: How many atoms must a metal cluster possess before
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Overview 5

it achieves metallic properties? What are the rules governing the geometry of
small metal clusters?

In the 1990s, a certain confluence of perspectives seems to have com-
menced. For some, metal nanoparticles are interesting because of their surface
properties. For others, they are simply very large molecules. The synthesis and
stabilization of large structurally-well-defined metal clusters requires the pres-
ence of surface-bound moieties that are now referred to as “ligands” as opposed
to “adsorbates” (38). At the same time, clusters large enough to achieve metallic
properties exhibit surface-charging behavior in solution that is similar to that of
bulk electrodes (41,42). Mulvaney has studied the voltammetric behavior of silver
colloids in aqueous solution, demonstrating that the nanoparticles behave as
redox centers in a manner analogous to molecular systems (43).

The conception of metal nanoparticles as large molecules is obviously ap-
pealing to the chemistry oriented. But the next logical step in this context, namely
the use of nanoparticles as building blocks of larger structures, is still in its in-
fancy. For example, Pileni has demonstrated the ability of metal nanoparticles to
form ordered lattices (44). Schiffrin and co-workers have prepared intriguing
highly ordered two-dimensional lattices composed of particles of two different
diameters (45). The self-assembly of nanoparticles will undoubtedly be a key ele-
ment in the maturation of the once “neglected dimension.”

lll. OPTICAL PROPERTIES OF METAL PARTICLES

Throughout this volume reference will be given to the so-called plasmon reso-
nance bands of nanoscopic metal particles. We thus devote a section of this intro-
duction to a basic discussion of this optical process, whose outward manifestation
resembles the absorption of molecular systems, but is nonetheless very different
in physical origin.

The polarizability of a spherical object in vacuum in either a static electric
field or a time-dependent field whose wavelength is much larger than the dimen-
sions of the sphere is given by Lorentz’s well-known expression (21)

a=4m3{8” 1} (1)
g, +2
where a and g, are the radius and complex dielectric function of the sphere, re-
spectively.

The optical extinction cross section C., for particles which are much
smaller than the incident wavelength can be related to their polarizability via (21)

4

K 2
Coxi = kIm{a} + — |af 2)
6
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6 Feldheim and Foss

where k is the wavevector (= 2m/\), Im denotes the imaginary part of «, and
la|* denotes the square modulus of . The first term on the r.h.s. of Eq. (2) is
associated with absorption losses. The second term describes losses due to
scattering. The complex dielectric function of a material capable of undergoing
photon-induced electronic transitions can be described by the general Lorentz
dispersion equation (46)

NeeZ n fj‘
e=1+ 3
m,e° jE wéyj -0 - idw ©

where N, and m, are the number density and mass of an electron, e and &° are the
electronic charge and permittivity of vacuum, respectively, and f; is the oscillator
strength of a given electronic transition. The spectral frequency and bandwidth
(FWHM) of the jth electronic transition are given by w, and §;. The frequency of
the incident light is given by .

In the classical mechanical interpretation of Eq. (3), the resonance fre-
quency wy; is equal to the square root of K/m,, where K is the oscillator restoring
force constant. For materials that contain free electrons (i.e., for which K = 0),
one of the n resonance frequencies wg is equal to zero. Thus Eq. (3) can be
recast as

N 2 n—1 : N 2/ o
e = <1 + eeo E fj‘ . ) _ ( € M€ )fF (4)
m,e idw

7 m%,j — w0 - w(w + idp)

Equation (4) describes well the frequency dependence of the complex di-
electric function of metals. The first two terms on the r.h.s. describe the contribu-
tion of bound electrons to the dielectric function. The third term is identical to the
frequency-dependent term in Drude’s free-electron model (47) if we equate the
numerator term (Neez/meso)fF with the square of the plasma frequency wﬁ, and the
damping factor 8, with the reciprocal of the electron mean-free lifetime 7.

For the present discussion, the key result of Eq. (4) is that the real dielec-
tric function of metals takes on negative values above a certain wavelength. Fig-
ure 1, from Johnson and Christy (48), shows plots of the real and imaginary
parts of the dielectric function of gold. In the case of gold and many other met-
als, the real component (&) is negative, and the imaginary component (") is
small in the visible region of the spectrum. Considering now the polarizability
function (Eq. 1), it is clear that a can become very large when the denominator
is close to zero (i.e., when g, = g,, = —2). The minimization of the denomina-
tor is often referred to as the plasmon resonance condition. The first curve in
Fig. 2 shows the extinction cross section for a gold particle (radius = 5 nm) in
vacuum.
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Fig. 1. Complex dielectric function of gold as a function of wavelength (based on
Ref. 48).
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Fig. 2. Extinction spectra for gold particles calculated using Eqgs. (1) and (2) and exper-
imental optical constants (from Johnson and Christy). Curves 1-3: 5-nm radius Au sphere
in vacuum (1), host dielectric = 1.8 (2), and host dielectric = 2.8 (3). Curve 4: oblate Au
spheroid, rotational axis = 2 nm, radius = 8 nm, in host dielectric = 1.8. Electric field per-

pendicular to rotational axis.
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8 Feldheim and Foss

While Eq. (1) pertains to the specific case of a sphere in vacuum, it can be
generalized to particles of other shapes embedded in other host media (21,46):

Amab? En — &)
"= 5)
3q g, T Kg,

In Eq. (5), a and b are the semiaxes of an ellipsoid of revolution, g and k are shape
factors, and €, is the dielectric function of the host medium.

Curves 2 and 3 in Fig. 2 are the extinction spectra calculated for a 5-nm Au
sphere embedded in hosts with dielectric functions 1.8 and 2.8, respectively. As
the host dielectric function is increased, the plasmon resonance condition is
shifted to longer wavelengths. Curve 4 is a spectrum calculated for a nonspherical
particle (in this case a squat disk with its rotational axis parallel to the propaga-
tion vector of the incident light). The plasmon resonance maximum can shift with
changes in particle shape.

The spectra calculated in Fig. 2 represent the simplest case of isolated par-
ticles whose dimensions are very small relative to the incident wavelength. The
polarizability expression (Eq. 5) used in these calculations is also the foundation
for many theoretical treatments, such as Maxwell-Garnett theory, that attempt to
model interacting ensembles of metal nanoparticles (49).

Note that Eq. (5) describes only electric dipole induction, not higher-order
electric and magnetic induction modes, which become important as the particle
dimensions increase relative to the incident wavelength (21,46). Nearly a century
ago, Mie developed a theory to address higher multipoles in isolated spheres.
However, particles of other shapes are more difficult to treat within the rigorous
Mie context, and interparticle interactions for systems that involve anything be-
yond an electric dipole require very sophisticated treatments. Needless to say, the
relevance of such theoretical treatments increases as more complex structures are
achieved in experiment.

IV. ELECTRON TRANSPORT IN METAL NANOPARTICLES

More recently, the electronic properties of metal particles have been investigated
within the context of decreasing electronic device size features to the nanoscopic
level (5). Applications of individual particles as computer transistors, electrome-
ters, chemical sensors, and in wireless electronic logic and memory schemes have
been described and in some cases demonstrated (50), albeit somewhat crudely at
this point.

Many of these studies have revealed that electronic devices based on
nanoscopic objects (e.g., metal and semiconductor nanoparticles, molecules, car-
bon nanotubes, etc.) will not function analogously to their macroscopic counter-
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Overview 9

parts. Thus, a conventional MOSFET (metal oxide semiconductor field effect
transistor) will no longer be able to control the flow of electrons as its size reaches
the sub-50-nm regime. At these dimensions, electron transport in n- and p-doped
contacts is affected by the quantum mechanical probability that electrons simply
tunnel through the interface. These tunneling processes will begin to dominate in
the nanometer size regime, causing errors in electronic data storage and manipu-
lation.

A second problem inherent in any nanoscale device is that chemical hetero-
geneities will influence device properties such as turn-on voltage. Defects, size
dispersity, and variable dopant densities, normally of little concern in macroscale
devices, can cause fluctuations in electronic function and make device repro-
ducibility unlikely on the nanoscale. In fact, even a single pentagon-heptagon de-
fect in a single-walled carbon tube can change -V response (51). These seem-
ingly insurmountable obstacles to fabricating nanoscale electrical devices in
many ways form the genesis of research into new methods for synthesizing size
monodisperse and chemically tailorable metal nanoparticles. Establishing basic
nanoparticle size and surface chemistry-electronic function relationships in these
materials is at the forefront of current nanoscale electronics research. The identi-
fication of novel electronic behaviors and device applications which capitalize on
quantum effects is expected to follow from fundamental structure-function deter-
minations. These are discussed in more detail below.

One electronic behavior observed in nanoscale objects is single-electron
tunneling—the correlated transfer of electrons one-by-one through the object.
Single-electron tunneling was first hypothesized in the early 1950s (52), a time
when many physicists pondered how the electronic properties of a material (e.g.,
a metal wire) would change as material dimensions were reduced to the micron or
nanometer scale. Gorter and others argued that, provided the energy to charge a
metal with a single electron, ¢/2C (e is electron charge, C is metal capacitance),
was larger than k7, electrons would be forced to flow through the metal in discrete
integer amounts rather than in fluid-like quantities normally associated with
transport in macroscopic materials. Further reasoning led to the prediction that
current-voltage (I-V) curves of a nanoscopic metal should be distinctly
nonohmic; that is, current steps should appear corresponding to the transport of
le ,2e ,3e , etc., currents through the metal (Fig. 3A).

In fact, these predictions turned out to be true, although it was not until the
late 1980s that well-defined single-electron tunneling steps were observed exper-
imentally. Even then, enthusiasm for single-electron devices was tempered by the
fact that these initial experiments were performed on relatively large metal is-
lands (micron sized) prepared with photolithography or metal evaporation (Fig.
3B) (53). Thus, in order to satisfy the requirement ¢/2C>kT, it was necessary to
cool the microstructures to below 1 K. Herein lies perhaps the greatest obstacle to
implementing single-electron devices: to avoid thermally induced tunneling
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Fig. 3. [Idealized single-electron tunneling -V curve (A); sandwich metal/insulator/
nanoscopic metal (particle)/insulator/metal (substrate) double-tunnel junction configura-
tion (B); single-metal-particle configuration (C); typical I-V curve for configuration shown
in C (D); and solution-phase configuration (E).

processes at room temperature, the metal island of any single-electron device
must be less than 10 nm in diameter. This dimension is difficult to reach with
electron beam lithography or scanning probe microscopies, but is now easily at-
tained by chemists using solution-phase nanoparticle synthesis methods.

The realization that chemical synthesis is an ideal way to obtain large num-
bers of potential nanoscale device components prompted chemists and physicists
to initiate research programs aimed at elucidating the electronic properties of
metal particles. Much of this work has focused on gold and silver particles be-
cause synthetic methods for producing these particles of virtually any size are
well developed. In addition, gold and silver surfaces (even surface areas afforded
by a particle as small as 1.4 nm) can be modified with polymers (54), ceramics
(55), alkythiols (56), enzymes (57), proteins (58), etc., to tune particle solubility,
reactivity, optical extinctions, refractive index, and electron-hopping barriers.
Electrical behaviors have been measured for individual gold particles (5) and in
two-dimensional nanoparticle arrays (57).
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One concern in characterizing electron transport in individual nanoparti-
cles is particle size dispersity. Since electrical charging behaviors of metal
particles depend on size, any size dispersity will tend to “smear” out individual
particle properties. Monodisperse collections of gold particles have been isolated
and addressed electronically primarily via (i) an STM tip to contact a single par-
ticle, or (ii) fractional crystallization to isolate highly pure samples of size
monodisperse particles, followed by an ensemble average electronic measure-
ment (e.g., electrochemistry, solid-state current-voltage measurements). In STM
experiments, ligand-capped nanoparticles are cast onto metallic substrates and
the tip is positioned directly over a single particle to form a metal (tip)/insulator
(ligand)/nanoscopic metal (particle)/insulator (ligand)/metal (substrate) double-
tunnel junction (Fig. 3C). Because gold particles with diameters as small as
ca. 2 nm behave as free-electron metals (e.g., contain a continuum of electronic
states), this system can be treated as a simple series RC circuit. Staircase-shaped
I-V curves are then expected with voltage plateau widths of

—1/2
_ (Qo )e 6)
C2 + Voffsel
and current steps of
e
1= 7
2R,Cr M

where Q, is the charge on the particle, C, and R, are the capacitance and resis-
tance, respectively, of the most resistive junction (typically the particle-substrate
junction), Cr is the total particle capacitance, and Vg, accounts for any initial
misalignment in tip-particle or particle-substrate Fermi levels and any charged
impurities residing near the particle. Sample data of the I-V behavior of the sys-
tem are shown in Fig. 3D. Similar data have been reported by other groups.
Single-electron tunneling may also be observed in parallel circuits of gold
nanoparticles, provided particle size dispersity is small. This has been demon-
strated in the solid state by Murray’s group, Heath’s group, and others. In parallel
particle systems, Egs. (6) and (7) hold, except that the current scales by the num-
ber of particles in the array. Murray’s group has observed Coulomb staircase be-
havior in parallel arrays, using solution-phase electrochemical experiments (Fig.
3E). Using differential pulse voltammetry, ca. 10 electron charging waves were
detected for 1.64-nm-diameter clusters over a 1-V window in 2:1 toluene:ace-
tonitrile. In solution, charging waves appear at formal potentials given by

(Q = 12)e
Eo1 = Boge + ®)
T
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12 Feldheim and Foss

where E %,Q_l is the formal potential of the Q/(Q = 1) charge state, Epy is the po-
tential of zero charge of the cluster, and Q and C; were described earlier. [Note
Egs. (6) and (8) are essentially identical, with Ep;c being the electrochemical
equivalent of Ve

Equations (6)—(8) have been used to determine particle capacitance and
junction resistance experimentally as a function of ligand shell, solvent, and pH.
These studies are better defining the sensitivity of electron transport in metal par-
ticles to a variety of environmental factors; an important consideration given the
fact that wiring up and integrating particles together to form more complex archi-
tectures will likely involve chemical assembly. In one recent STM experiment,
the Coulomb staircase was used to calculate the resistance of only a few p-xylene-
aa'-dithiol molecules bound between the particle and substrate (5). A similar
STM experiment on single particles was also recently performed in solution,
where reagents were used to manipulate the charge state of pH-responsive ligands
bound to the particle surface (58). Neutral to anionic conversion of the ligands
was found to shift the Coulomb staircase and change particle capacitance pre-
dictably through the Vg, term in Eq. (6).

Solvent effects on single-electron charging have been explored by using
differential pulse voltammetry. Murray found that formal potentials for succes-
sive single-electron charging events are solvent independent when the ligand shell
on gold nanoclusters was a tightly packed monolayer of hexanethiolate. However,
Feldheim and co-workers have found a strong solvent dependence when the cap-
ping ligand is a less densely packed layer of triphenylphosphine (see Chapter 13).
These results suggest that particle capacitance (charging energies) is influenced
strongly by the ability of surrounding molecules (solvent) to penetrate the ligand
shell.

V. OVERVIEW OF THE FOLLOWING CHAPTERS

We attempted to assemble a broad sampling of research in metal nanoparticles
which would cover synthesis, physical properties, and applications. We begin
with two contributions that come from the metal nanoparticle as atomic cluster
context. In Chapter 2, Richard Finke discusses the bulk solution phase synthesis
of metal clusters and the influence of anionic ligands on their size and properties.
In Chapter 3, Boon Teo and Hong Zhang introduce the concept of magic num-
bers, which pertains to the number of atoms in a cluster that nature often seems to
prefer. In Chapter 4, George Schatz and colleagues review the theory of the opti-
cal properties of metal nanoparticles and present spectral simulations of complex
systems not amenable to the simple theory introduced in this chapter. In Chapter
5, Colby Foss describes the electrochemical template synthesis method for metal
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nanoparticles, including noncentrosymmetric nanoparticle pairs that show second
harmonic generation (SHG) activity. In Chapter 6, Robert Johnson and Joseph
Hupp review their recent work on hyper-Rayleigh scattering, which is another
second-order nonlinear optical technique that provides insight into the symmetry
of nanoparticle assemblies in solution. Chris Wang, in Chapter 7, discusses the
electrochemical synthesis of rodlike gold nanoparticles in surfactant solutions
and rationalizes the optical spectra of these rods at the level of theory described in
Sec. III. In Chapter 8, Andrew Lyon and Michael Natan describe applications of
self-assembled colloidal gold films and surface plasmon effects to bioanalytical
chemistry. Marie Pileni then provides a very detailed look at nanocrystal synthe-
sis and assembly on a variety of length scales from isolated crystals to 2D and 3D
nanocrystal superlattices (Chapter 9). These extended nanocrystal solids are im-
portant in establishing collective electrical and optical phenomena on the
nanoscale. In Chapter 10, Reg Penner and colleagues take a quantitative look into
the electrodeposition of metal nanostructures on graphite and silicon surfaces.
Penner’s group has shown very elegantly how important are proximity effects in
determining the growth of nanostructures by electrodeposition. Richard Crooks
and his group describe the synthesis of metal nanoparticles in dendrimer hosts in
Chapter 11. This new class of encapsulated nanoscale materials has potential ap-
plications in various fields, including nanoelectronics to heterogeneous catalysis.
Finally, Chapters 12 and 13 pertain to the electronic properties of ligand-capped
gold nanoclusters. Royce Murray and co-workers provide a detailed analysis of
electron charging of gold nanoclusters by solution-phase electrochemical tech-
niques in Chapter 12. In Chapter 13, Dan Feldheim and colleagues review how
the capping ligand can affect particle charging energies in experiments performed
on individual clusters.
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Transition-Metal Nanoclusters

Solution-Phase Synthesis,

Then Characterization and Mechanism

of Formation, of Polyoxoanion- and
Tetrabutylammonium-Stabilized Nanoclusters

Richard G. Finke
Colorado State University, Fort Collins, Colorado

. INTRODUCTION
A. General Introduction and Key Definitions

Nanoclusters (1) are those “strange morsels of matter” (2) about 1-10 nm (10-100
A) in size. They are of considerable current interest, both fundamentally and for
their possible applications in catalysis, in nanobased chemical sensors, as light-
emitting diodes, in “quantum computers,” or other molecular electronic devices.
Additional possible applications of nanoclusters are in ferrofluids for cell sepa-
rations or in optical, electronic, or magnetic devices constructed via a building-
block, “bottoms-up” approach [for lead references to these topics see Weller’s
recent review (1n), Refs. 1-13 elsewhere (3), as well as Chapter 1 and the other
chapters in this volume). Our own main interest has been in transition-metal
nanoclusters and their applications in catalysis (3,4).

It is important to distinguish modern nanoclusters from at least traditional
colloids, and this is done in Figs. 1 and 2. As these figures summarize, it is the
control over the composition, size, surface-ligating anions and other ligands, and,
therefore, control over the desired properties that distinguish modern nanoclusters
from their older, colloidal congeners.

17
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Nanoclusters:
By definition should be or have:

® 1-10 nm (10-100 A)

®  Well defined composition (best examples)

® < 15% size dispersion (“near-monodisperse”)

® Reproducible syntheses (control over size, shape and composition)

® Reproducible (< £15-20%) catalytic activity or other physical properties
® [solable, redissolvable (“bottleable™)

® Organic solvent soluble (or other control over solubility)

® (Clean surfaces (no X, 0%, OH, H,0, or polymers)

Examples [4]:

Moiseev’s [Pd_go(phen)_g(OAc)_ 601"
Finke’s Ir(0)_3,(P,WsNb,O¢,)_os(Bu,N)_300Na_,35
Reetz’s [Pd, Br,]"[N(octyl),],*

Fig. 1. Definition of nanoclusters plus three prototype examples.

Some additional, important definitions for what follows are near-monodis-
perse nanoclusters (4) [those with ==+ 15% size distributions, typically determined
by transmission electron microscopy (TEM)] and magic number nanoclusters (i.e.,
full-shell, and thus extra-stability, nanoclusters), M3, Mss, M 47, M309, Ms61, Mgo3
as discussed in Teo’s work on this topic (see the references in Refs. 3 and 4).

B. Key Research Goals in Modern Nanocluster Science

Some of the initial, key research goals in modern nanocluster science are sum-
marized in Fig. 3, with some bias toward our own interests in nanocluster-based
catalysts. However, general to all of nanocluster science are the key goals of ra-
tional, reproducible nanocluster syntheses with control over their size, shape,
size and shape dispersity, surface and overall composition, and, therefore, con-
trol over their resultant optical, electronic, magnetic, catalytic, and other physi-
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Traditional Colloids
® Are typically larger, > 100 A
® Broader, >> 15% size dispersion

® Poorly defined molecular composition, €.g.,
[Ir, H,O.(OR),Cl (poly(vinyl alcohol));} (R=R, H)

® Are not isolable, redissolvable
® Not reproducibly prepared
® Irreproducible catalytic activity, often = 500% [a]

® Contain surface-bound, catalysis-rate-inhibiting
X, 0%, OH, H,0, etc.

® Historically are H,0, but not organic solvent, soluble

(a) For a 500% rate variation for the photoreduction of CO, by
10 different batches of Pd, colloids, see:
1 Wilner, D Mendler. J. Am. Chem. Soc. 111: 1330, 1989.

Fig.2. Definition of traditional (nano and other) colloids, as opposed to nanoclusters.

cal properties. Another main goal, with profound implications for the ease of
use and reproducible physical properties of nanoclusters, is that of obtaining
“bottleable” nanoclusters. That is, one needs to be able to isolate, then redis-
solve and otherwise use at will, identical samples of the resultant nanoclusters,
all with the convenience and reproducibility that any bottleable chemical species
offers. (Imagine, for a moment, the added time and complexity chemistry would
engender if one had to freshly synthesize and purify each and every solvent and
other reagent used in each and every synthesis rather than simply “cracking
open,” when needed, a bottle of fresh, certified reagent.) Having the nanoclus-
ters available on a reasonably large, convenient scale—the current ‘““scale-up
issue”’—is another important, general goal in nanocluster and other materials
science.
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Key Research Goals in Modern Nanocluster
Science Include:

¢ Rational, reproducible syntheses

¢ Syntheses yielding near monodisperse, bottleable
nanoclusters (+ <15% size range)

¢ Compositionally well-defined nanoclusters

¢ Nanoclusters with well-defined surface composition

» Shape as well as size controlled nanoclusters

e Isolable, redissolvable, well-characterized nanoclusters
¢ Scaled-up syntheses of nanoclusters (= 1 gram scales)

e Reproducible (+ <15%) catalytic activity or other
physical properties

e High catalytic activity in solution, with long lifetimes
(or long device lifetime with reproducible performance)

* High—“single-site”—catalytic selectivity

e Mechanistic information (e.g., mechanisms of nanocluster
formation, catalytic reactions, or device operation)

¢ Understanding of why “magic number” (= full shell)
nanoclusters form (M, ,, Mg, M, . My, My, Mg,5..0)

e Hetero bi-, tri- and higher-metallic nanoclusters of known
composition and structure

¢ 1-D (wires), 2-D and 3-D assemblies, superstructures
and devices based on nanocluster building blocks

Fig. 3. A list of some key research goals in modern nanocluster science.
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C. Nanocluster Electrostatic (charge, or “inorganic”) and
Steric (“organic”) Stabilization Analogous to That Well
Known for Colloids

The classical literature of colloid stabilization teaches that colloids are stabilized
against agglomeration by the adsorption of anions (e.g., Cl~, citrate®", others)
and polymers [e.g., polyvinylpyrrolidone (PVP), polyvinylalcohol (PVA), others]
onto their surfaces resulting in electrostatic (Coulombic repulsion) or steric (poly-
meric, or other organic ‘“overcoat”) stabilization effects (5), as illustrated
schematically in Fig. 4.

A feature of the above literature and Fig. 4a that causes confusion is the
+++ surface charge shown on the metal particle. At least in the case of M(0),
nanoclusters with an uncharged central core, it is not a full positive charge but
rather a 87878 partial charge from an electrostatic charge mirror produced
by the adsorption of X anions (6) to the coordinatively unsaturated, electron-
deficient metal surface. The resulting particles are rendered anionic, M(0), -
X,,"". Hence, similarly charged colloidal particles electrostatically repel each
other via an anionic, charge-based kinetic stabilization toward aggregation. The
countercations necessary for charge balance, plus more anions, are also present in
what is closely analogous to the electrical “double layer” (actually a multilayer)
at an electrode surface (6).

Also worth noting at this point is that such stabilization of at least transition-
metal colloids and nanoclusters is a totally kinetic phenomenon. That this is true can
be seen by realizing that the conversion of, for example, Ir(0),, to n Ir(0) atoms re-
quires a heat of vaporization of 159 kcal/mol. Hence (see Fig. 5), the most stable
form of the metal is as bulk metal with its lowest possible surface area.

(A) (B)

Fig. 4. Schematic for (A) an electrostatically stabilized metal (M) particle (i.e., one sta-
bilized by the adsorption of ions and the resultant electrical double layer) and (B) a steri-
cally stabilized metal particle (i.e., one stabilized by the adsorption of polymer chains).
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n=2355

n= 147
Energy

n =309

e

Bulk metal

Nanocluster Size

Fig. 5. Schematic of the expected continuous decrease in energy as a function of nano-
cluster size out to the limit of bulk metal. Local minima are shown at each closed shell,
magic-number size, and thus extra-stability nanocluster.

Figure 5 also illustrates that one expects local minima at full-shell, “magic
number” structures where each metal atom is maximally coordinated to other
metals via its maximum number of metal-metal bonds, each Ir-Ir bond being
worth ca. 159/(12/2) or 28 kcal/mol [see footnote 10 elsewhere for further discus-
sion and derivation of this approximate Ir-Ir bond dissociation energy (4)].

The preceding discussion also makes apparent the importance of other
nanocluster stabilization schemes, for example capping nanoclusters with groups
such as RS~ or completely covering and thereby encapsulating them with SiO,.
Although these are not suitable strategies for nanocluster stabilization in cases
where the surface needs to be accessible or readily modifiable (e.g., as in our own
case of using nanoclusters in catalysis), they are very important strategies for
other applications of nanoclusters.

D. Introduction to Polyoxoanions and the Prototype
Nanocluster-Stabilizing Polyoxoanion, P,W,5Nb;0¢,° "

Of central importance to the reproducibly prepared, compositionallywell-
defined, isolable, yet redissolvable, and high stability—plus record solution cat-
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alytic lifetime (7)—nanoclusters in this chapter is the custom-made (8,9) poly-
oxoanion (10,11), P,W;sNb;Og,” . Polyoxoanions can be defined as those species
of compositions M,0,"” or X,M,0.”~ where, for example, X = PV, Si'"; M =
WYL MoV, NbY, VY, and so on (from among many other possible elements and
combinations of higher-valent metals and bridging plus terminal O~ ligands)
(10). While polyoxoanions perhaps appear esoteric to the reader not aware of
them, polyoxoanions are actually a broad subclass of inorganic oxides that are
discrete, readily made, readily modifiable, thermally robust, and oxidation resis-
tant. Moreover, polyoxoanions (or, equivalently, polyoxometalates) have a broad
generality: they are Nature’s products from placing high-valent metals in Nature’s
solvent, H,O, changing the pH, and then observing the myriad of possible poly-
oxoanion products that result. Polyoxoanions also have a broad a range of appli-
cations, Miiller and Pope having noted that “polyoxometalates form a class of in-
organic compounds that is unmatched in terms of molecular and electronic
structural versatility, reactivity, and relevance to analytical chemistry, catalysis,
biology, medicine, geochemistry, materials science, and topology” (11).

The polyoxoanion of significance to this chapter is the novel, custom-made
P,W,sNb;Oy,” ™ polyoxoanion. It is available in ca. 116 g quantities from a cou-
ple of weeks of work and following an experimentally checked, Inorganic
Syntheses procedure (9). Key to the synthesis is the preparation of the underlying,
metastable synthon, P,W, sOs6!%7, into which 3 Nb°* are inserted in the presence
of H" and H,0,; we have made recent improvements in the synthesis of the
P,W 505" which need to be followed in order to reproducibly obtain the purest
P,W 505>~ (9¢). The resultant (Bu,N)o[PsW,sNb;Og,] then is readily converted
in a single step involving the addition of (1,5-COD)Ir+ to the desired, discrete,
fully characterized, “polyoxoanion-supported organometallic” nanocluster pre-
cursor, (1,5-COD)Ir - P,W,sNb;Og,> ™ (9,12) (Fig. 6) (oxide-*“supported” by anal-
ogy to solid-oxide-supported transition-metal catalysts). Of central importance
for what follows is that the [BuyN]sNas[(1,5-COD)Ir - P,W5NbsOg,] is a compo-
sitionally well-defined, pure, reproducibly prepared, structurally characterized,
and thus atomically reproducible precursor for the (reproducible) preparation of
polyoxoanion stabilized Ir(0) 399 nanoclusters. Hence, much of the success of
the story which follows can be traced back to our adherence, insofar as possible,
to the rigorous standards and principles of smaller-molecule chemistry. For this
reason, those standards and principles will be a dominant theme in this account of
our work in making, characterizing, and studying the mechanism of formation of
polyoxoanion-stabilized transition-metal nanoclusters.

The reader may be wondering at this point: “OK, but why polyoxoanions?
Why the P,W,sNb;Oy,” ™ polyoxoanion?” These questions are answered in addi-
tional detail elsewhere (3,4,13), but briefly: (a) P,WsM’304,°~ (M’ = Nb", V")
is an uncommon type of polyoxoanion with basic surface oxygens (i.e., with an-
ionic surface charge density), one deliberately designed and then custom-made to
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Polyoxoanion-Supported Nanocluster Precursor,
[(1,5-COD)M+P,W Nb,O.,*] (M = Ir', Rh’)

Synthesis: 9 Steps [9a]

Improved Synthesis [9b.c]
[2 Steps, 4 days (30%) shorter, 59% higher yield (116g vs. previous 73g)].

Characterization [12a-d]

Analysis (all elements: 100.18% total); *'P, 'O, '®W, °C, 'H NMR; MW
(FAB-MS; solution MW); X-ray diffraction (P,W sNb,O¢,”).

Fig. 6. The polyoxoanion-supported nanocluster precursor, [(1,5-COD)M - P,W;
Nb;Oe,* "1 (M = Ir', RhY), and its synthesis and full, atomic-level characterization.

be a good ligand for coordinating to, and thereby stabilizing, the (1,5-COD)Ir"
cation in the nanocluster precursor (and then, as it turns out, also the coordina-
tively unsaturated surface of clean transition-metal nanoclusters); and (b) the
selection and use of P,W;sNb;O4,’~ was the result of up-front catalysis survey
experiments plus five years of painstaking mechanistic studies solving the classic
problem “is it homogeneous or heterogeneous catalysis?” (13), studies which led
to the discovery of the true polyoxoanion- (and tetrabutylammonium-) stabilized
nanocluster catalyst when beginning from supported organometallic precursors
such as (1,5-COD)Ir - P,WsNb;Og," ™ (13).

An important point for what follows is that P,W,sNb;Og,”  is really a 12 X
15 A size, surface 3— charge containing, six surface oxygen and thus chelating
type of ligand. Hence, this polyoxoanion can be seen to be something like a “giant
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citrate® trianion equivalent” with respect to its more basic Nb;Oo® ~-containing
end and from the perspective of how nanoclusters are stabilized (vide supra). That
there is formally only a 3— surface charge on the P,W, sNb;O,”~ polyoxoanion
can be recognized by rewriting this polyoxoanion as it structurally exists (Fig. 6)
with its two central, templating phosphate trianion tetrahedra (in the leftmost poly-
hedral representation in Fig. 6), {((PO,),® [W, 5Nb3054]3_}9_, a representation
which allows one to see this polyoxoanion’s trianionic, “[W, sNb;05,]° " oxide
surface. The “[W15Nb3054]3_” fragment can be further deconvoluted conceptually
into a formally trianionic “[Nb309]3_” minisurface onto which (1,5-COD)M* (Ir,
Rh) (12), Ru(benzene)*" (14a), Rh(CsMes)" (14a), Re(CO);" (14b), and other
organometallic cations bind. The structures of these complexes have these bound
organometallic cations centered about the threefold axis of P,W, sNb;O,” ", struc-
tures proven by X-ray crystallography [in the case of Rh(CsMes), " (14a)] or by a
combination of 'O NMR, 183y NMR, and IR for the other polyoxoanion-
supported organometallic cations [e.g., see the M = Ir and Rh (1,5-COD)M*
complexes in Ref. 12]. Note that the polyoxoanion is, nevertheless, a very large
9- anion, so two nanoclusters with multiple P,W ,sNb;Og,” polyoxoanions af-
fixed to their surfaces should experience a sizable electrostatic (Coulombic) repul-
sion and thus stabilization toward agglomeration; the significant steric repulsion of
the associated bulky Bu,N" (plus Na™) countercations associated with the poly-
oxoanion are undoubtedly another reason for the relatively high stability toward
agglomeration in solution of the resultant nanoclusters (vide infra, Fig. 9).

Note that, while also important for the nanocluster stabilization, the R4NJr
countercations are not novel, having been introduced to the nanocluster area by
Gritzel in a classic paper in 1979 (15a) and then expanded significantly subse-
quently by several workers, for example through Reetz’s or Bonnemann’s impor-
tant efforts [see the references summarized elsewhere (3)]. Furthermore, there is
no compelling evidence for a chemically implausible' direct adsorption of the

! The source of this apparent myth appears to be primarily threefold (and is discussed here since a referee
raised this issue). First, there appears to be misunderstanding and miscitation of a 1988 paper studying
SERS on very poorly compositionally characterized “[(Ag(0)).(Ag (surface) (X )(EDTA) 1>
[MesNR ], (X~ = an ill-defined, apparent mixture of Br~ and NO;~ or ClO,~ or deprotonated
EDTA) (15b). This paper implies that the long-chain Me;NR ¥ (R = cetyl) is adsorbed directly to the Ag
surface (see the misleading Fig. 3 in Ref. 15b). However, these authors actually say that the binding of a
cationic (i.e., MesNR ™) surfactant to a cationic (Ag *) surface “must imply the intermediacy of . . . the
Br— counteranion’; that is, they do not believe the implausible direct coordination of a cationic
Me;NR ™ to the cationic Ag ™ surface as, however, their Fig. 3 shows. The authors do provide zeta poten-
tial data showing that before MesNR " Br™ addition the nanocluster is anionic ({ = —94 mV), but is
cationic after the addition of MesNR "Br™ (£ = =+100 mV). However, this evidence does nor demand
direct coordination of Me;NR * to the metal’s surface (something that is Coulombically uphill in any
event); instead, it only requires that the sum of Ag(surface)  and Me;NR * exceed the amount of surface-
bound, anion present, X, in the species being detected by the zeta potential measurements.
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RN countercations to the electrophilic metal surfaces as others have written, at
least for nonanionic, neutral-core, M(0),, transition-metal nanoclusters (see the
discussion and references on this important point on pp. 21, 26, 36, and 37 of
Ref. 4.) Hence, propagation of this apparent myth should be stopped until, and
unless, direct, compelling evidence for a non-anion-mediated, direct R4NJr nan-
ocluster interaction is forthcoming.

Returning to the P,WsNb;Og,”~ polyoxoanion, the important points, then,
for the present chapter are that (a) the nanoclusters are synthesized from a care-
fully prepared, atomically very precise precursor; and (b) the polyoxoanion can
be viewed as a “giant citrate” type of nanocluster-stabilizing ligand on its
Nb;Oy*~ end, an unusual ligand that binds to transition-metal nanocluster sur-
faces via its up to six total, basic, chelating three Nb—O—Nb bridging, and three
Nb—O terminal, oxygen atoms. In a moment we will see that another valuable
feature of the nanocluster precursor (1,5-COD)Ir - P,W,sNb;Og," " is (c) that this
precursor plus H, produces the desired nanoclusters, plus their stabilizing poly-
oxoanion and associated Bu,N* and Na™ countercations only (save the relatively
inert by-products cyclooctane and cyclohexane; see Sec. II, vide infra).

Il. THE FIRST STEP IN NANOPARTICLE RESEARCH. THE
SYNTHESIS OF COMPOSITIONALLY-WELL-DEFINED,
SIZE- AND SHAPE-SELECTED, NEAR-MONODISPERSE,
AND “BOTTLEABLE” NANOCLUSTERS

Nanochemistry [one subdivision of “supramolecular chemistry” in the organic
genre (16)] presents one sizeable, up-front, and ultimately all-important challenge

Second, few authors measure the overall charge on their nanocluster cores as we have (13,27)
(and which include the coordinated anions, for example), so they are guessing about the true overall
charge on their nanoclusters. Moreover, even if they had that overall charge, they would not be able
to interpret it correctly since the complete anion (and cation) composition of their nanoclusters is
typically unknown as well. Third, and ultimately, many authors continue to work with composition-
ally poorly characterized nanoclusters made by unbalanced reactions leading to nanoclusters of
unknown compositions. This is a poor, dangerous practice, one which should be avoided in the
future—a main message of the present chapter.

% One, of course, does not expect a RyN™ to coordinate to a coordinatively unsaturated, electrophilic
metal in solution where anionic ligands and coordinating solvent are present as competing ligands.
This follows since the most coordinating component of RyN™ (i.e., with its absence of any Lewis non-
bonding pairs) is the poorly donating C—C and C—H o bonds with their M <~ RH BDEs (bond disso-
ciation energies) of = ca. 8—10 kcal/mol (32). On the other hand, solvent or anionic ligand BDEs are
generally =15 to 30—40 kcal/mol or more, respectively (32). The solvent is also generally at a much
higher concentration than the R4N+ as well. In short, it is hard to understand why some authors have
implied that R,;N" are directly coordinated to electrophilic metal surfaces since this defies chemical
logic (see the discussion and references provided on pp. 21, 26, 36, and 37 of Ref. 4).
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to chemists and other materials scientists: the synthesis of the requisite nanoclus-
ters or other materials that are as pure, as controlled compositionally and struc-
turally, and as otherwise well defined as possible. Ideally, and insofar as possible,
one would like to adhere to the rigorous standards of purity, composition, and
structure held by small-molecule inorganic, organic, and organometallic chemists.
This not easily achieved—and in some cases impossible—goal is, nevertheless,
key: only with compositionally and otherwise well-defined nanoclusters or other
materials can one avoid the insidious “garbage in, garbage out” syndrome; only
with well-defined materials can one avoid composite results or misinterpretations
of composite (and possibly artifactual) data. Moreover, any material that will
eventually have commercial applications will very likely need to rise to the high-
est standards of purity, performance, and easy inexpensive synthesis (and in the
highest yield in an environmentally “green” fashion). This leaves little room for
inexact science along the way.’

Of course, as one’s molecules or materials become of higher and higher mo-
lecular weight or exist in extended, noncrystalline structures, one must accept that
some standards of small-molecule chemistry must be abandoned.* An illustrative
example here is polyoxoanion fast-atom-bombardment mass spectra (FAB-MS).
The FAB-MS of (BuyN)oP,W,sNbsOg, with its MW of 6272 has an envelope
width of ca. 40 m/z (see Fig. 3 in Ref. 17a) due primarily to the presence of 15 W
atoms along with the 5 naturally occurring isotopes of W (17). [The case is only
slightly improved with a ~15 m/z inherent envelope width in the mass spectrum
of 10,000 MW polystyrene, In-(CgHg) - 9o-H (In-H initiator), with its ca. 800 car-
bons magnifying the effect of the relatively low, 1.1% natural abundance of
BC17e).] Clearly in these nano- or larger molecules (recall the P,W,sNb;Oy,”
polyoxoanion itselfis 1.2 X 1.5 nm), a mass spectrum of even quite low, =1.0 m/z
resolution by small-molecule standards is physically impossible. Nevertheless

3 Interestingly, Weller makes essentially the same point in his recent minireview (In) covering
nanosemiconductor materials (CdS, CdSe, InAs, InP, GaAs, or the CdS/HgS/CdS ‘“‘nano-onions”),
nanoclusters under intensive investigation, via an exploding literature, as building blocks for use
in, eventually, molecular electronics. See especially the references cited therein to atomically
precisely defined nanoclusters such as [Cd,;S,SPhyg]>” or [Cds,S,4SPh;sDME,] (e.g., Refs.
10-14); to the use of micellar or reversed micellar block copolymers as molecular reactors to
obtain some of the best, near-monodisperse nanoclusters known (ca. =3-5% size dispersity); to the
synthesis of gram quantities of good materials in the best cases; and to, for example, Whetten’s
impressive crystalline 2-D array of Ag or Au nanoclusters [Ref. 33 in Weller’s review (1n)]. Of
special interest is Weller’s comment that the synthesis of large amounts of high-quality nanoclusters
with a narrow size range “. . . is basically the prerequisite for large scale applications in modern
materials science” (1n, p. 198).

4 Another obvious but illustrative example is a comparison of the state-of-the-art standards in small-
molecule versus protein crystallography: the R factors of ca. 0.02—0.08 in the former in comparison
to the inherently larger, ca. 0.15-0.25, R factors in the case of the larger, more complex proteins.
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FAB-MS of =6,000 MW polyoxoanions in comparison to calculated envelopes
are quite valuable (17). In the case of mass spectrometry as applied to nanoclus-
ters, the literature data presented elsewhere “demonstrate the power of mass spec-
trometry in nanocluster science and argues for its use in every applicable case”
(3, p. 13). Hence, one still can, and must, strive toward rigorous standards in nan-
ocluster science, standards that include adherence to the principles of complete
stoichiometry (i.e., full mass and charge balance) in nanocluster syntheses and
complete compositional characterization of the resultant materials.

A case in point here illustrates the difference between nanoclusters and the
historically better known (nano)colloids. In careful work, Bradley has shown that
attempts to make multiple batches of PVP-protected Pd, nanocolloids from the
following, typical (nano)colloid-synthesis reaction yielded compositionally-ill-
defined Pd,, - C1~, - H;0 ™ - PVP, - H,O4(- MeOH, - HCHOy) in which the initial
rates of catalytic hydrogenation varied by up to ca. 670% (18):

n H,Pt"VClg + 2n CH;0H + excess PVP
—1/nPt, - PVP. + 2n “HCHO” (not identified /quantitated) @))
+ 6nH' + 6nC1~

Bradley notes that the formation of each ca. 35 A, Pt_;500 particle is accompanied
by the production of a large excess of ~9000 equiv. of Cl * (i.e., in addition to that
required to stabilize the nanocluster) as well as a large excess of ~9000 equiv. of
H". These workers further showed that dialysis yielded a set of (nano)colloids
that now gave indistinguishable rates of hydrogenation catalysis (with, by impli-
cation, very similar amounts of surface-modifying Cl  or other ligands) (18); in a
sense, via their careful efforts these workers have converted their nanocolloids
into nanoclusters. The case cited back in Fig. 2, in which 10 batches of Pd,
nanocolloids made in other work showed rates of photoreduction of CO, that var-
ied by 500%, and the data in Lewis’s review on colloidal catalysis (19), all show
that the example in Eq. (1) is not the exception but is the more general rule: one
needs to carefully control the synthesis and resultant composition of one’s nano-
clusters in order to obtain reproducible physical properties. Bradley’s to-the-point
remark in his scholarly review that “perhaps the most important irritant in colloid
synthesis is irreproducibility” (20) further underscores the need for reproducible
syntheses of compositionally-well-defined nanoclusters if one is to avoid irrepro-
ducibility problems of the type noted above for nanocolloids.

To summarize, the important conceptual points of this section are fourfold
(and apply more generally in the writer’s opinion to other areas of materials chem-
istry): (a) only with carefully controlled syntheses of compositionally and struc-
turally-well-defined nanoclusters can one avoid the insidious “garbage in, garbage
out” syndrome and its associated problems; (b) the use in one’s syntheses of the
very simple, yet fundamentally powerful, concept of full stoichiometry with com-
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plete mass and charge balance is one of the main weapons toward avoiding subse-
quent problems; and (c) as the compositional complexity and difficulty in charac-
terizing the resultant material increases, it becomes increasingly important 7o use
synthesis as the foremost tool to (pre)determine the composition and structure of the
(synthesized) material. This last point is, on one hand, profound, yet, on the other
hand, is just a restatement of an old lesson of organic chemistry (i.e., organic chem-
istry before modern NMR and before the other methods for the rapid determination
of purity and structure): in the old days, synthesis was among the main composi-
tion- and structure-determining tools (plus of course degradative chemistry). In ad-
dition, (d) mechanistic chemists know that a balanced reaction is the first require-
ment for reliable kinetic and mechanistic studies, a point that follows unequivocally
since the underlying elementary steps must add up to the observed, net reaction.
Hence, the absence of a balanced nanocluster formation reaction automatically pre-
cludes any type of reliable kinetic and mechanistic work. It is nanomolecular chem-
istry that is the main goal (as opposed to nanocolloidal or nanomaterials chemistry)!

lll. AN ILLUSTRATIVE CASE HISTORY: THE SYNTHESIS
AND CHARACTERIZATION, THEN KINETICS AND
MECHANISM OF FORMATION OF POLYOXOANION-
AND TETRABUTYLAMMONIUM-STABILIZED Ir(0)-300
NANOCLUSTERS

A. The Synthesis and Full Characterization
of the Nanocluster Precursor,
(BusN)sNas[(1,5-COD)Ir - P,W,5Nb;04,].

As introduced in Sec. 1.D, the precursor for polyoxoanion-stablized Ir(0),
nanoclusters is the organometallic-polyoxoanion complex, (BuyN)sNas[(1,5-
COD)Ir - P,W,5sNbsOg,]. It is reliably obtained on 4—12 g scales (9,10) [and poten-
tially up to the 116 g scale of the underlying P,WsNbsO4,”~ (9) if desired], so long
as recent improvements in the synthesis of the underlying P,W,s0s¢'>~ (9¢) and
other details of the synthesis (9) are closely followed. The use of *'P NMR handles
deliberately built into this precursor proved absolutely essential to the success of
the work, allowing, for example, the purity of the organometallic-polyoxoanion
complex to be rapidly and directly determined each time it is prepared (9).

Note that this precursor is fully characterized at the atomic level by an all-
elements elemental analysis, 31P, 183W, 17O, 'H and *C NMR, and IR, as well as
FAB-MS and X-ray structural analysis for the underlying P,W, sNb3;Og,” . Our
work synthesizing and fully characterizing this precursor complex goes back
more than 15 years now (21), the original synthesis of P,W,sNb;Og,” appearing
in 1988 (8). Those interested in inorganic synthesis might wish to read about the
“six-month problem areas” that had to be overcome along the way (see footnote
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15 in Ref. 21a)—that is, challenges in the synthesis and characterization of poly-
oxoanions of MWs = 6000, and, as we did our best to adhere to the rigorous
standards of smaller-molecule chemistry, challenges overcome only after the
commitment of =six months of a postodoctoral fellow’s research effort. To put
these challenges into a different perspective, they are perhaps of a similar magni-
tude to the challenges involved in the full characterization of a small protein of
similar, ~6000 molecular weight.

B. The Evolution under H, of the (BuyN)sNas[(1,5-COD)Ir -
P,W,5Nb;0¢,] Precursor to Yield Ir(0) _3oo Nanoclusters:
An Example of a Well-Defined Nanocluster Synthesis
Stoichiometry

Under 3.5 atm of H,, in acetone solvent and in the presence of cyclohexene cohy-
drogenation to cyclohexane [not shown in Eq. (2) below], near monodisperse, 20
+ 3 A Ir(0)_ 00 450 (hereafter Ir(0)_30)° nanoclusters are reproducibly formed
according to the stoichiometry in Eq. (2) (13). Note that this synthesis and its bal-
anced reaction produce only hydrocarbon by-products (cyclooctane plus cyclo-
hexane) and avoid the possibility of C1 , polymer, and (since the reaction is done
under dry N,) O, or O ligands which could otherwise poison the catalytic surface
of the nanocluster. A small amount of H,O is produced by anhydride formation of
the polyoxoanion, 2Nb—O " (i.e., 2P,W,sNb;Og° ) + 2H" — Nb—=O-Nb (i.e.,
P,W3,NbsO,,;'®") + H,0, a reaction which serves the useful purpose of scav-
enging the H side product. The presence of H,O does not inhibit the catalytic ac-
tivity; in fact, small amounts of water have a favorable, accelerating effect on
catalysis as demonstrated elsewhere (13,22). The resulting nanoclusters can be
isolated and then bottled for future use and in ca. 60% yield, although the synthe-
sis of these particular Ir(0)3, nanoclusters has not been scaled up and, hence, re-

> Note we have labeled our nanoclusters here and previously (3,4,13) with the indicated short-hand la-
bels Ir(0) 309 [and Ir(0)—o9g (27)] for convenience only; elsewhere the interested reader will find a
discussion of the problems in the literature when others labeled, as atomically precise, what prove
not to be exactly or only Auss or Pdsg; nanoclusters (3,4). Hence, the presence of only the atomically
precise Ir(0)3g or Ir(0)ggg is not what we mean with the use of the convenient labels Ir(0)—30o and
Ir(0)—gg0. This point is perhaps obvious when one considers more closely the details of the produc-
tion of even these near-monodisperse particles, a reaction that must have a mechanism with many
more than 300 discrete steps, vide infra; that is, there is no precedent for a >300-step nanocluster-
producing reaction yielding anything even close to an exactly monodisperse Ir(0)zo.
Moreover, as nanoclusters become larger, one expects less of a distinction in the thermody-
namic stability of nanoclusters differing by even hundreds of atoms (see Refs. 20 and 21 in Ref. 28
for more on this point); hence, in the case of the 40 = 6 A Rh(0) 500 to Rh(0) 3700 nanoclusters, we
prefer not to use the above short-hand nomenclature [i.e., to not call these Rh(0)_,500], and have not
used such a short-hand nomenclature in our publication describing polyoxoanion-stabilized Rh(0)
nanoclusters (28).
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mains relatively small scale (13). We have, however, scaled up to 1 g the prepara-
tion of 38 = 6 A Ir(0)_,00 nanoclusters in propylene carbonate in some of our
most recent work (23), a synthesis which also is performed without the need for
co-hydrogenated cyclohexene.

300 (1,5-COD)Ir - PyW,sNb;0,° ™ + 750 H, —300 ()
+ Ir(0) _ 300 + 300 [P,W,sNbsOe,° ] + 300 H* @)

150{H,0 + [(P,W,5Nb;04,),-01"°"}

The Ir(0) 309 nanoclusters are among the best compositionally character-
ized nanoclusters in the literature, having been characterized by elemental analy-
sis as well as TEM (Fig. 7), HRTEM, STM, electron diffraction, ultracentrifuga-
tion solution molecular-weight measurements (which also show the presence of
the otherwise very difficult to detect Nb~O—-Nb anhydride form of the polyoxo-
anion, P,W3oNbsO,,3'%7), electrophoresis, ion-exchange chromatography, IR
spectroscopy, FAB-MS, and by H, uptake stoichiometry studies. Elemental analy-
sis and solution molecular-weight measurements yield an average molecular for-
mula of [Ir(0)—300(PsW3oNbO23'¢ ) —331(BuyN) _300Na_»s. FAB-MS and IR
spectroscopy confirm that the polyoxoanion stabilizing agent is intact in the nano-
cluster product. The larger Ir(0)_goy nanoclusters formed in the absence of
cyclohexene (but still in acetone and under H,) have been similarly well charac-
terized (27).

The most important aspect of the complete mass balance is the H, uptake
stoichiometry; it proves that the Ir(0) 3 core is uncharged (13,27), a point rarely
examined, much less unequivocally demonstrated, in the nanocluster literature.
Electron diffraction confirms that the metal core of the nanoclusters is composed
of ccp Ir(0) metal. Significantly, electrophoresis and ion-exchange chromatogra-
phy show that, in solution, the clusters contain an overall negative charge, despite
the overall neutral Ir(0) core. This observation, when coupled with the evidence
for the neutral Ir(0) core, demands that the negatively charged stabilizing poly-
oxoanion—the only anion present—rnust be binding to, and thus is crucial in sta-
bilizing, the Ir(0) nanoclusters in solution. This result alone made the effort to
establish the complete stoichiometry in Eq. (2) worthwhile.

A schematic view of an idealized, ccp Ir(0)—39y nanocluster and a portion
of its stabilizing polyoxoanions is shown in Fig. 8a in which the polyoxoanion
is represented in its monomeric, P,W,sNb;Oy,”~ form, that is, the expected
form when 1.0 equiv. of BuyN"OH™ is added to scavenge the H" produced
[Eq. (2)] and to cleave any P,W3,NbsO;,3'®" formed, cleavage which occurs via
the known reaction (8) %[Nb—O—Nb + 20H ] —>%[2Nb—0_ + H,O] thereby
reverting any P,W3,NbsO,,3'® to its monomeric, P,W,;sNb;Og,”~ form. A por-
tion of the diffuse layer of polyoxoanions that must be present is shown sche-
matically in Fig. 8b. This diffuse layer of polyoxoanions and their associated
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Fig. 7. TEM image (100K magnification) of near-monodisperse Ir(0)-3, nanoclusters
grown by the reduction of 1.2 mM 1 in acetone, 3.5 atm H,, room temperature, and our
other, “standard conditions” detailed elsewhere (13) (reproduced from Ref. 27). Statistics
on the nanoclusters in this image reveal 20 = 3 A (i.e., £15%) diameter, and hence
Ir(0)—300, nanoclusters. Although not visible in this image, the polyoxoanion component is
clearly clustered around the Ir(0) nanoclusters as seen in Fig. 8 in Ref. 27.

countercations must exist since ca. 66 P,W;sNb;Og,” " polyoxoanions are pres-
ent in the isolated nanoclusters, yet only ca. 17 polyoxoanions maximum can
fit about the surface of the 20 A Ir(0)_s, nanocluster; see the calculations in
footnote 43 in Ref. 27. This is yet another illustration of the value of knowing
even the average molecular formula of the nanoclusters and their associated,
stabilizing polyoxoanions, in this case from elemental analysis plus ultracen-
trifugation MW measurements.

The finding that the catalytic activity of the nanoclusters is inhibited by
additional P,W,sNb;Oy,”~ (13,22) confirms (a) that the polyoxoanion binds to
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(a) Ir(0) Metal
Core

® W=0 0.
O W-O-W P, W15Nb30¢2

@ Nb=0O Stabilizing Matrix
@ Nb-O-Nb

Fig.8a. P,W,sNb;O4,°~ polyoxoanion inner and outer (Ir Coordination) sphere. (a) An
idealized, roughly-to-scale representation of a P,W,sNb;Og,’~ polyoxoanion and Bu,N*
stabilized 20 *+ 3 A Ir(0)_s nanocluster, [Ir(0)_300 (PsW3oNbgO125'¢ ) —331(BusN)_300
Na_j,5. For the sake of clarity, only 17 of the polyoxoanions are shown, and the poly-
oxoanion is shown in its monomeric, P2W15Nb306297 form (and not as its Nb-O-Nb
bridged, anhydride, P;W3,NbsO;,;'®" form). The ~330 Bu,N™ and ~228 Na™ cations
have also been omitted, again for the sake of clarity.

the surface of the nanocluster (i.e., where the catalysis, and thus the inhibition,
takes place), and (b) that the surface of the isolated nanoclusters is not com-
pletely packed with polyoxoanions. This latter finding is further fortified by (c) our
demonstration that the Ir(0)-;o, nanoclusters are as active per exposed Ir(0)
as even the most highly (80%) dispersed Ir(0)/Al,O; heterogeneous catalyst
known (13), an interesting finding given the belief that the surface metal in such
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(b)

P,W \Nb,O,,” Polyoxoanion Inner and
Outer (Ir Coordination) Sphere

Diffuse Layer

Fig.8b. continued (b) A more expanded, schematic view of a Ir(0)_3y, nanocluster sur-
rounded by a significant portion of the additional, ~66 polyoxoanions known to be present
and showing both the polyoxoanions coordinated inner sphere to Ir(0) and the outersphere
polyoxoanions in the diffuse or multilayer. The colloidal literature teaches that as the thick-
ness of the diffuse layer goes up (i.e., with bulky polyoxoanions, R, ,NMe," cations, or
higher-dielectric solvents such as propylene carbonate) the nanocluster thermal stability to-
ward agglomeration is expected to increase concomitantly (5,6), and this has been verified
at least in part (23). Again, the BuyN™ and Na™ cations have been omitted from this simpli-
fied representation for the sake of clarity of the remaining components shown.

heterogeneous catalysts is largely “naked.” Hence, a very important aspect of the
polyoxoanion’s stabilization is that it occurs while still allowing sufficient room
at the nanocluster surface for facile catalysis to proceed, catalysis that is as fast
as even that of “naked surface” Ir(0) heterogeneous catalysts examined under
otherwise identical conditions.
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C. Source of the Record Stability and Solution Catalytic
Lifetime for the Ir(0) and Rh(0) Nanoclusters

An important finding resulting from the demonstration that the polyoxoanions are
coordinated to the neutral Ir(0)_5,, core is that it confirms the nanocluster stabi-
lization is of the colloidal inorganic (polyoxoanion; charge or electrostatic) and
organic (BuyN™; steric) types shown in Fig. 4. A pictorial view of this high charge
and high steric bulk stabilization due to the P,W;sNb;Og,” and its associated,
multiple Bu,N" is provided in Fig. 9. As we first remarked elsewhere (27), it is the
“combined high charge plus significant steric bulk present intrinsically within the
polyanion and poly-Bu,N™ cation components of (BuyN)o(P,WsNb3Og,” )
that appears to be special in providing the high stabilization. Worth noting here is
that the use of polyoxoanions as a nanoparticle stabilizing agent was unprece-
dented prior to the work described in this chapter.

Coulombic Barrier

N
3

N\
¢/

Fig. 9. Rationalization of the high stability of polyoxoanion-stabilized nanoclusters in
terms of well-established colloidal electrostatic and steric stabilization theory. Unusual,
however, is the combined, intrinsic high polyoxoanion charge and associated high tetra-
butylammonium and polyoxoanion steric stabilization components.
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Recently we have shown that in situ generated, polyoxoanion-stabilized
Rh(0) nanoclusters exhibit record catalytic lifetime compared to any other mod-
ern transition-metal nanocluster undergoing sustained catalysis in solution, exhi-
biting 190,000 total turnovers (TTOs) of olefin hydrogenation before they become
deactivated. This TTO lifetime in solution is better than all other Rh catalysts
examined under identical conditions [e.g., Wilkinson’s catalyst Rh(PPh;);Cl
deactivated after only 19,000 TTOs], save the single case of a 5% Rh/Al,O4
heterogeneous catalyst which underwent 350,000 TTOs before it, too, deactiva-
ted (7). The low concentration of in situ generated nanoclusters was chosen delib-
erately (see footnote 19 in Ref. 7) to help stabilize the nanoclusters kinetically
against precedented bimolecular agglomeration (28). TEM of the Rh(0) nanoclus-
ter catalyst after 140,000 TTOs reveals that the nanoclusters are ca. 26 = 6 A ),
smaller, as expected, than the normally ca. 40 A Rh(0) nanoclusters we prepare
under the “standard conditions” detailed elsewhere (28).

So far the P,W,sNb;Og,” ™ polyoxoanion is the best we have found at pro-
viding both high stabilization and high catalytic activity versus other X or
polyanions (X~ = halides, P;0,° ", SiWoNb;O,4 ) (13,24), although additional
comparisons are in progress of even higher charge polyoxoanions, other polyan-
ions, plus different, longer-chain R,_ ,NMe, " cations (24). One of our goals here
is to beat our own record of stability and record lifetime nanocluster catalysis (7).

‘We have also followed a lead from Reetz’s lab (25) and found, as the theo-
ries of colloidal stabilization predict (5,6), that our nanoclusters are considerably
more stable in higher—dielectric solvents, such as propylene carbonate, which ex-
pand the thickness of the diffusion- or multilayer shown in Fig. 8b (agglomera-
tion is not seen in propylene carbonate even at ca. 150°C, whereas agglomeration
begins at 50-60°C in the less polar acetone). In fact, propylene carbonate has
been used to scale up our nanocluster syntheses to 1 g of the precursor,
(BuyN)sNas[(1,5-COD)Ir - P,W 5sNb3Og,] (23). A catalysis-inhibiting, surface-
deactivating phenomenon does appear to occur at these higher temperatures and
in propylene carbonate, however (i.e., the catalytic activity is lost, yet TEM shows
the nanoclusters to be unaggregated). The needed additional studies of the deacti-
vation process and of other, high-dielectric-constant solvents as potential nano-
cluster-stabililizing media (24) are also in progress.

D. Reproducibility of the Nanocluster Size Distributions
and Catalytic Activities

An important point is that, as first noted in our original paper (13, p. 4906), the
small-scale syntheses of the Ir(0)3y, nanoclusters had been repeated more than
100 times by two different researchers as of 1994 (13), and have now been repeated
more than 200 times by at least six different researchers over an eight-year period
and with >30 batches of the precursor, all with a reproducibility of better than
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==*15% in size distribution and catalytic activity. This level of reproducibility does
require that the purities of the P,W,sNb;Og,’ and (1,5-COD)Ir - P,WsNb;O4," ™
be carefully controlled; see also the effects due to water and to old, less pure acetone
presented elsewhere (13,22), variables which must also be controlled to yield such
high levels of reproducibility in the syntheses. So far, the catalytic rate appears to be
a sensitive measure of the surface and its composition; the == 15% reproducibility
of the catalytic activity is another pleasing result from all the effort that went into
(a) the synthesis and characterization of the well-defined precursor (BuyN)s
Na;[(1,5-COD)Ir - P,W;5Nb;304,] (8,9), (b) the effort to carefully control all the
variables in the nanocluster synthesis and its stoichiometry (13,22), and (c) the ef-
fort to follow the nanocluster formation reaction in real time (22,26).°

In fact, another bonus came from the ==*15% reproducibility which re-
sulted: this high level of “small-molecule-like” catalytic reproducibility dis-
proved the widely held belief that only “homogeneous” (single metal or other,
small organometallic), but not nanocluster or other “heterogeneous,” catalysts
could exhibit such reproducibility (13)! Nanoclusters can have small-
molecule-like reproducibility in their physical properties, at least if one invests
sufficient care in controlling all the variables involved in their synthesis and
composition.”

The presence of cyclohexene has a significant effect on the resultant size of
the nanoclusters (13,27) [as do H,O or H" (13,22), impurities in old or improperly
purified acetone (13), and as does changing the solvent to propylene carbonate
(23)]—indeed, each and every variable seems to matter, a not unexpected finding
given the mechanism of nanocluster growth that we will consider in a moment
must consist of =300 steps. In the absence of cyclohexene and in acetone alone

© Another important point here, one which helped to yield the reproducible nanoclusters described in
this chapter, is that we followed another rule well known to synthetic chemists: follow all your re-
actions directly if at all possible. While this is much easier using, for example, 'H NMR in small-
molecule organic chemistry than with many other methods in nanocluster and other materials
chemistries, we commonly use the hydrogenation activity of the nanoclusters to follow their nucle-
ation and growth in real time, albeit indirectly. We also followed the nanocluster evolution reaction
a bit more directly, monitoring the cyclooctane evolution by GLC. Following the growing nanoclus-
ters these two ways has proved invaluable, allowing kinetic and mechanistic studies, vide infra, and
allowing us to know immediately whether a given nanocluster synthesis reaction produced the same
nanoclusters as expected and as seen before [i.e., from the k; and k, rate constants one gets out of
the kinetic fits and which characterize, respectively, the induction period (and its associated nucle-
ation phase, k;) and the autocatalytic growth phase (k,), vide infra]; the ratio of k,/k is of further use
as a good predictor for the size of the resultant nanoclusters (26).

The implication here is that the best, carefully controlled nanocluster syntheses for other physical
properties (i.e., electronic, optical, or magnetic properties) should also be able to exhibit high repro-
ducibility in those properties as well, although it is not clear how rigorously this implication has been
tested to date.

|
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under Hy, 30 + 4 A, near-monodisperse Ir(0)—qoq nanoclusters result (27). This
significant effect of cyclohexene, while not yet studied in detail, can be nicely ra-
tionalized in terms of the mechanistic insights we now have (22): it is almost
surely due to the coordination of cyclohexene to the Ir(0) surface of the nanoclus-
ter and, hence, its effects on either enhancing nucleation or retarding growth (or
both), thereby leading to smaller—but more numerous—Ir(0) 3o [as opposed to
Ir(0) _gpo] nanoclusters.

In the case of the less-well-investigated near-monodisperse, 40 + 6 A
Rh(0)- 500 to Rh(0)—3700 nanoclusters (28), we have been able to control the syn-
theses and resultant catalytic activity to *=15-20% for intrabatch kinetic runs
using the analogous rhodium, (BuyN)sNas[(1,5-COD)Rh - P,W,sNb3;Og¢,] nano-
cluster precursor. However, the inferbatch variability of the catalytic activity was
this good (*15-20%) in only five of seven batches of precursor; in two of the
seven batches the rate varied by a (colloidal-like) 500-600%. In one of those
batches we now know that a new postdoc inadvisedly changed the synthesis® of
the underlying P,W,sNbsOy,” and obtained impure P,W, sNb3Og,” " ; hence, the
results with that batch of precursor can be discarded. We also did controls ruling
out five other conceivable explanations for the rate variations seen in the remain-
ing one of six samples (28), and now have evidence that the previous failure to
control a couple of now-understood, important variables in the synthesis of the
P,W,s0s6'%~ precursor (9c¢) is the source of the occasional variability in the cat-
alytic activity of the Rh(0) nanoclusters. The important point for our purpose
here, however, is that one can achieve a *15%, “small-molecule” level of repro-
ducibility in the catalytic, and thus presumably in other, desired physical proper-
ties of nanoclusters, but only after exquisite care to control all the variables of
these complex, multistep, nanoscale syntheses.9

8 If the author could offer one piece of advice to young students doing a given synthesis for the first
time, a piece of advice garnered from his experience of working in the synthetically demanding area
of polyoxoanion synthesis and its often difficult, associated characterization issues, it would be this:
do not change anything in the synthesis until, and unless, you have repeated the synthesis at least
twice; then, and only after you have some idea of the amount of effort and insight that went into the
original synthesis, should you try to “improve” it. In the PI’s experience, most inexperienced syn-
thetic chemists seem to underestimate badly the complexity of, or work and insight behind, a given
synthesis, naively viewing themselves as “great chefs in the kitchen of chemistry” only, in the end, to
find themselves—and their poor advisor!—*“eating” their fallen, sometimes burnt to a crisp, “chem-
ical souffle.”

% See for example our precautions, from “day one” (13,27), using a new glass reaction vessel (a
borosilicate test tube plus a new stir bar) in our nanocluster syntheses, precautions designed to guard
against inhomogeneous, as opposed to the desired homogeneous, nucleation of the nanocluster for-
mation reaction.
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E. Nanocluster Formation Kinetic and Mechanistic Studies:
Elucidation of a Novel Mechanism Consisting of Slow,
Continuous Nucleation Followed by Fast, Autocatalytic
Surface Growth

1. Literature Background

A look in the literature at what is known about the mechanism of nanoparticle for-
mation reveals that the available information was rather primitive when we began
our kinetic and mechanistic studies. This of course makes sense: one needs to first
have samples of modern, stable, bottleable, and reproducibly prepared and com-
positionally-well-characterized nanoclusters—as well as a complete stoichiome-
try for their formation reaction—before one can do meaningful kinetic and mech-
anistic studies. Such samples simply did not exist until recently. A comprehensive
summary of the 19 papers which constituted the nanoparticle formation mechanis-
tic literature we located prior to our 1997 paper are summarized in Ref. 22. Four
relevant Ag, nanoparticle formation mechanistic papers we subsequently found,
and which are listed as Refs. 180-183 in footnote 10 in Ref. 3, plus the above-
mentioned 19 papers constitute the 23 main references which are available on the
mechanism(s) of particle formation, even when considering particles as diverse as
sulfur sols, S,,, to Ag,, nanoparticles related to the silver photographic process.

A study of that literature reveals two key points: first, (i) LaMer’s mecha-
nism of S, sol formation done in the 1950-1952 period, and consisting of (a)
rapid, burst nucleation from supersaturated solution followed by (b) diffusive, ag-
glomerative growth [Egs. (3a), (3b)], has dominated mechanistic thinking about
particle growth for the intervening nearly 50 years; second, (ii) there has been lit-
tle new in terms of kinetic and mechanistic studies of nanoparticle formation
since LaMer’s original and influential work. Further discussion of these points,
plus additional references and comments on important work by Turkevitch and
others, is available in our initial kinetic and mechanistic paper (22, pp. 10382—
10384, references, footnotes 1-19). Some recent work by Alivisatos’s group on
the kinetics and diffusional focusing and defocusing of CdSe and InAs semicon-
ductor nanocrystals is also available (29). The important point for the present
summary is the one we first noted elsewhere (22): “if one adds that any postulated
mechanism needs to be clearly expressed in terms of the usual elementary (or
pseudoelementary, vide infra) chemical equations and not just words and phe-
nomenology, so that others can test, use and adapt the otherwise only “implied”
mechanisms, then there has been no truly new mechanistic paradigm governing
nanocluster formation reactions since the 1950s.”

LaMer’s Sulfur Sol Particle Formation Mechanism from the 1950s
(a) Nucleation from supersaturated solution nS =—3§, (3a)
(b) Diffusion-controlled growth S, +S=—=38§,, (3b)
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A list of the questions that we identified and hoped to answer about how
modern transition-metal nanoparticles are formed is summarized in Fig. 10.

2. Kinetic and Mechanistic Studies of 1r(0) 300
Nanocluster Formation

The mechanistic studies were conducted along the same standards and “rules” for
optimally proceeding that the author has constructed during his now 22 years of ki-
netic and mechanistic studies leading to, among our other publications, 48 kinetic

(1) The lack of any demonstrated kinetic and mechanistic scheme for
transition-metal nanocluster formation (e.g., does LaMer's 1951 Sp
sol-formation mechanism apply?).

(2) How to follow nanocluster formation? (TEM? Light scattering?
Catalytic activity? Other methods?)

(3) How does a Ir(O) "self assemble" from 300
(1,5- COD)Ir-P W NbO_ precursors?

(4) How to control nanocluster size distributions (and why is a near-
monodisperse, <  15%, size distribution seen for Ir(O)~3 00‘?).

(5) More generally, how can one control size, size-distribution, shape
(and bi-, tri- or higher multi-metallic composition and structure)?

(6) Why have Ir(0)_ 200 A0 Ir(O)~9 o Magic number" nanoclusters

formed in our initial syntheses and without any effort on our part to
achieve magic number nanoclusters?

(7) Why do added P2W Nb,O polyoxoanion, HZO and H* have

. . 3762 .
their observed dramatic effccts on nanocluster formation?

(8) Does a more general, "universal" mechanism for transition metal
nanocluster formation (e.g., under HZ) exist, or will each new

nanocluster synthesis proceed by a different mechanism?

Fig. 10. A list of some nanocluster formation mechanistic issues that were unsolved
when we began our kinetic and mechanistic studies.
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and mechanistic papers at present.'® Specifically, first we ensured that a complete
stoichiometry was available, recall Eq. (2).

Next we devised a method to follow the nanocluster growth in real time,
one of the most challenging problems for most nanoclusters (i.e., those other
than some cases, such as Cu, Ag, and Au, which have a very convenient, size-
and surface-composition-sensitive plasmon band in their visible spectrum). We
managed to follow the nanocluster evolution reaction by two methods and to
“document” the methods by showing that each kinetic method yielded equiva-
lent kinetics and rate constants within experimental error. Figure 11 shows the
first, and primary, kinetic method that we use, namely following the H, uptake
using a computer-interfaced pressure transducer (which, from the reaction stoi-
chiometry, can be equivalently expressed as the olefin loss as is done Fig. 11).
The sigmoidal shape of the curves with their induction period, then fast, near-
linear rate after the induction period, are characteristic of autocatalysis (by defi-
nition the elementary step A + B — 2B, where the product, B, is also a reac-
tant; hence, the reaction goes faster and faster past the induction period and as
more and more B is produced in the reaction). A in this case is just the nano-
cluster precursor, (BuyN)sNas[(1,5-COD)Ir - P,W5sNbs;Og,], while B is just the
resultant Ir(0) which does the hydrogenation catalysis, first the Ir(0) on the sur-
face of the critical-sized nucleus, and then the Ir(0) on the surface of the grow-
ing nanocluster.

The most novel aspect of the treatment of the kinetics is probably our use
(Fig. 12) of Noyes’s little known pseudoelementary step concept (33) to allow us to

10 A couple of interesting statistics, and a resultant insight, arise here: first, and despite the fact that the
PI considers himself primarily a mechanistic chemist, but probably because we have worked with
larger, custom-made molecules (e.g., nanosized polyoxoanions, and now nanoclusters), only ca.
38% of our publications are in kinetics and mechanistic studies; the other 62% are dominated by
synthesis and characterization work. Second, some time ago we noted that even for the nanosized
molecules polyoxoanions, and even though our primary interests in polyoxoanions is their applica-
tions in catalysis, our polyoxoanion publications up to 1988 (as well as the talks at a 1988 Toronto
Symposium ostensibly on “Heteropolyoxoanions and Their Catalytic Properties”) were ca. 75%
(and 70%), respectively, on synthesis and characterization, not catalysis (21b). The perhaps obvi-
ous insight, which may, however, be of use to younger researchers (which is why it is included
here), is that one should expect to wind up spending 60-75% of one’s research time in synthesis and
characterization in nanocluster and other materials science areas, at least if one is making truly new
materials and in the earlier, “pioneering days” of the work. This fact of scientific life is true even if
one’s “scientific heart” is ostensibly in other areas such as mechanism, the applications, or the phys-
ical property measurements of the new materials. This of course makes sense given the complexity
of “nanomaterials.” However, the failure to recognize the amount of synthesis and characterization
work required up front means that one may fall into the trap of making sophisticated, time- and
resource-consuming measurements on ill-defined or impure materials—the “garbage in, gargbage
out” syndrome.
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Fig. 11. A typical curve fit, taken from Ref. 22, of the loss of cyclohexene [determined
by following the loss of hydrogen pressure vs. time, in acetone, at 22 °C and starting
with 40 psig H, and 1.2 mM (1,5-COD)Ir - P,W, sNb;Og* 7] demonstrating the excellent
curve fit to the nucleation plus autocatalysis, then fast hydrogenation, three-step kinetic
scheme. The resultant rate constant k, has been corrected by the mathematically required
“scaling” and “stoichiometric” factors (22), correction factors required to take into ac-
count, respectively, the changing size of the nanocluster’s surface and the use of the
hydrogenation of 1400 equivalents of cyclohexene to monitor the nanocluster formation
reaction. [The deviations between the observed and calculated curves late in the reaction
are expected and in fact help confirm the correctness of the kinetic treatment, as ex-
plained elsewhere (22).] (Reproduced with permission from L. AM. Chem. Soc., 1997,
119, 10832. Copyright 1997, AM. Chem. Soc.)
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Fig. 12. Pseudoelementary step treatment of the kinetic data.

43

use the (fast) rate of ca. 1400 equivalents of olefin hydrogenation by the nanoclus-
ters to follow their A — B, A + B — 2B kinetics and mechanism of formation.
Note that at first glance it seems remarkable that a two-step kinetic scheme can fit
essentially exactly the data (Fig. 11) corresponding to a mechanism that must have
=300 steps {recall the stoichiometry back in Eq. (2) involving 300 equivalents of
the precursor (BuyN)sNas[(1,5-COD)Ir - P,W,5NbsOg,] being converted into 300
Ir(0) atoms }. However, the simple key here is that the A + B — 2B step is repeated
ca. 300 times, a point made clearer in a pictorial view of the (minimal) mechanism

necessary to account for the observed kinetic and other data (Fig. 13).
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A) Nucleation (slow, continuous, homogeneous)

k
<15 e T‘> Ir(0<15 = @)
2

(Critical Nucleus)
B) Autocatalytic Surface Growth
k; (obsd) (This is the step repeated 2 300 times
A+B T, 2B to yield Ir(0)_300.)
r(0), + Ir ——ﬁz———> Ir(Opy; =
1+ Xgrowth
Where kz (obsd) = ky —

C) Diffusive Agglomerative Growth

Ir(0),, + Ir(0),, ﬁ-) Ir(0)

Fig. 13. Pictorial view of the proposed, minimum mechanisms of formation of the Ir(0)
and other transition-metal nanoclusters prepared under H,.
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We have also verified the H,-uptake kinetic method by showing that the
evolution of cyclooctane (see the stoichiometry in Fig. 2) can also be followed by
GLC (22). Significantly, the GLC data give the same autocatalytic-shaped kinetic
curves, are quantitatively fit by the same A — B, A + B — 2B analytic kinetic ex-
pressions, and, quite pleasingly, yield the same k; and k, values within experi-
mental error (22). Based on the resultant, reliable kinetic data available in our
original mechanistic paper [and, for example, the effects of added H", H,O, or
P,W,sNbsO4,”~ and temperature changes therein (22)], a more intimate, but still
Occam’s razor (i.e., minimalistic), mechanism can be written with some confi-
dence (Fig. 14).

3. Some Key Points from the Mechanism

e The nucleation is slow, continuous (i.e., not at all like LaMer’s burst nu-
cleation from supersaturated solution), and homogeneous (recall foot-
note 9).

e The growth is accomplished by fast, autocatalytic surface growth; that
is, the metal nanocluster is effectively a “living metal polymer.”

e The formation of near-monodisperse nanoclusters is due to the fact that
the fast autocatalysis separates nucleation and growth in time, a require-
ment to achieve size-dispersity control in nanocluster syntheses.

» Diffusive agglomeration normally does not compete with autocatalytic
surface growth (and at sufficiently high H, concentrations), another im-
portant reason that near-monodisperse nanoclusters are obtained.

e The occurrence of magic-number-sized nanoclusters is explained mech-
anistically for the first time: they are the natural consequence of kineti-
cally controlled surface (autocatalytic) growth. Once a full-shell, magic
number is formed, it is more stable and thus less reactive; the magic-
number nanocluster then naturally “sits” in its local minimum for some
time (recall Fig. 5) and, therefore, grows more slowly than non-full-
shell, non-magic-number nanoclusters.

e The pseudoelementary step method promises to become an important
tool in the study of complex reactions.

* Opverall, it is possible to understand the mechanism of a =300-step reac-
tion in near-molecular detail. The mechanism of formation of our poly-
oxoanion-stabilized Ir(0) nanoclusters is, to our knowledge, one of the
highest multistep, nonorganic-polymer-forming reactions whose mech-
anism is understood in considerable detail.

4. Predictions of the Mechanism

The mechanism in Fig. 13 and 14 also contains other predictions, most of which
have already been verified.
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A. Nucleation (slow, continuous and homogeneous)
ky
A > B

Keq<<1

-COD)IrsPaW & —
(1,5-COD)Ir*P2W15Nb30s2" + x acetone M

Ir(1,5-COD)(acetone)x’ + PoW 1 sNb3062”

Ir(1,5-COD)(acetone)«t + 2.5 Hy 9

O +1Ir(0) + H*
Homogeneous

n In(0) —ucleation o 31, am

(1D

B. Autocatalytic Surface Growth (fast)

ky
A+B - 2B

(1,5-COD)Ir-Py W1sNb3Os2* + 2.5 Ha + [1x(0)],

Autocatalysis (1v)

If{(0)],,, + H" + PaWisNb3Og2>
O
C. Diffusive, Agglomerative Growth

O], + (r(0)],, —2UYe o 1)), (V)

Agglomeration

Fig. 14. More detailed version of the proposed, still minimalistic (i.e., Occam’s razor),
mechanism of formation of the Ir(0) and other transition-metal nanoclusters prepared
under H,.
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1. Atlow [H,], that is, at H, mass-transfer-limited conditions, such as in
poorly stirred solutions, at too low H, pressure or at too high reactant or olefin
concentration (so that the available H, is consumed faster than it can diffuse into
solution), one should see dramatic effects where amorphous metal, produced by
diffusive agglomeration replaces the normal formation of near-monodispersed
size distributions (i.e., step V in Fig. 14 becomes faster than step IV). This pre-
diction, summarized in Fig. 15, has been experimentally verified (28). It teaches
that avoiding H, (or other reactant gas) mass-transfer-limiting conditions is cru-
cial to obtaining near-monodisperse nanoclusters.

2. The k,[B]/k, ratio should correlate with nanocluster size; that is, a large
k>[B] (faster growth) or smaller k, (slower nucleation) leading to a larger k,[B]/k,
ratio predicts larger nanoclusters. This prediction has been verified (26).

3. The living-metal polymer analogy means that size control to larger
nanoclusters is now easily obtained: for example, just take Ir(0) -5, nanoclusters

H; +
(1,5-COD)M*P,W;5Nb3Og*
; > M(O)n+1
Autocatalytic Pathway
k Near-
autocat. .
monodisperse
nanoclusters
M(0), M =Rh, Ir
M(0)n
. — M(0)2,
Diffusive Agglomeration
Pathway Polydisperse
kaggl. nanoclusters

Fig. 15. Two, now well-precedented, parallel nanocluster growth pathways: autocataly-
sis (top pathway) leading to near-monodisperse nanoclusters, and diffusive agglomerative
growth (bottom pathway) leading to polydisperse nanoclusters. Note that sufficient H, is
required to yield near-monodisperse nanoclusters (i.e., so that the autocatalytic growth
pathway will kinetically dominate over the diffusive agglomeration pathway), a point
experimentally verified elsewhere (28).
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and add ~150, ~410, and ~750 equivalents of Ir {i.e., the indicated equivalents
of the nanocluster precursor (BuyN)sNas[(1,5-COD)Ir - P,W,sNbsOg,]} to ob-
tain the first sequential series of nanoclusters centering about the four magic
numbers 147, 309, 561, and 923, namely Ir(0)- 59, Ir(0)~—309, Ir(0)—s69, and
Ir(0) 900 nanoclusters. This prediction, too, has been verified elsewhere (26); as
discussed therein, it is just the “seed” or “germ” growth method that has been
practice since 1906 but for which little mechanistic understanding was available
until now.

4. The surface-autocatalytic growth predicts that ligands that will bind to
a certain face of a growing nanocluster can lead to nanocluster shape control. El-
egant studies from El-Sayed’s laboratories confirm this prediction: capping
agents, which bind differently to the {111} or {100} faces of growing Pt nano-
clusters, yield some shape control (30). Note also that El-Sayed and co-worker’s
studies provided independent confirmation of the surface-growth mechanism de-
tailed in Figs. 13 and 14. The design and use of highly-face-selective capping
agents to yield better shape-controlled nanocluster syntheses is an important, but
unexplored, area for future research.

5. The surface-growth mechanism and its living-metal polymer nature
predict how to make, for the first time and in a rational, designed, and understood
way, all possible geometric isomers of bi-, tri-, and higher multimetallic nano-
clusters (metallo “block co-polymers”) (Fig. 16), and if good lattice matching and
other constraints can be met (see Refs. 35 and 36a in Ref. 26 for cases where these
constraints are not met). A search of the syntheses of bimetallic nanoclusters to
date (see the summary of available references provided in Ref. 26) reveals that
most bimetallic nanocluster syntheses to date are largely hit or miss, generally
being performed without insight as to why one metal should be added first, fol-
lowed by the second metal after the desired nanocluster core of the first metal is
fully formed. The available heterobimetallic nanocluster literature suggests that
the application of the insights in Fig. 16 to the designed synthesis of bi-, tri-, and
higher multimetallic, “onion-skinned” nanoclusters (“nano-onions”) of the type
in Fig. 16 should prove rewarding. This remains to be experimentally verified or
refuted, however.

6. Another prediction of our kinetic and mechanistic work is that the
method used to follow the nanocluster growth (i.e., via the nanoclusters’ catalytic
activity and the pseudoelementary step method) should be more generally appli-
cable to other metals and systems. This, too, has been verified in our study, show-
ing that what was thought to be a “(C,sH;,);NMe " [RhCl,]”” benzene hydro-
genation catalyst is, in fact, a CI~ and (C,;sH;;)sNMe™ stabilized Rh(0),
nanocluster benzene hydrogenation catalyst (31).

7. And finally, a search of the literature [including many observations in
older literature that we can now explain (22, p. 10398)] strongly suggests that the
mechanism in Fig. 13 and 14—the first, new mechanism for transition-metal parti-
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A (core) B (core)

A/B/IC A/C/B B/A/IC B/C/A C/A/B C/B/A

Fig. 16. Tllustration of the living-metal polymer approach to the synthesis of multi-
metallic nanoclusters (‘“nano-onions”) of, at least in principle, well-defined initial structure
and layer thickness. The specific example shown is adapted from our earlier paper (26) and
illustrates the synthesis of all possible geometric isomers of a trimetallic nano-onion. It
needs to be emphasized that this scheme is idealized and intended only to illustrate the
concept involved. It is already known, for example, that some bimetallic nanoclusters do
not show such idealized second layers as illustrated (see Refs. 35 and 36a in Ref. 26). In
addition, if a lattice or symmetry mismatch exists between the layers, thereby creating a
high interfacial energy, it is more likely that imperfect (e.g., mound or island) growth will
occur [e.g., as seen in molecular-beam epitaxial growth (26, Ref. 35¢)]. Layer (atomic) mi-
grations can also occur (26, Ref. 36a]. However, it is also likely that closer to idealized bi-
and higher multimetallic nanoclusters can be obtained by application of the autocatalytic
surface-growth mechanism and the other principles illustrated in the figure and provided
first in Refs. 22 and 26.

cle formation in more than 45 years''—is almost surely much more general,
probably extending to most other systems using H, [and where cis-oxidative addi-
tion or other mechanisms of H, activation (32) are possiblelz], to particle formation
under H, in certain heterogeneous catalyst syntheses, and to other nanocluster

""'Note that the general mechanism of nucleation and growth steps for nanoparticle growth are, of
course, well established; indeed these steps are common for first-order phase transitions. However,
it is important to realize that even though LaMer’s and our mechanism both contain nucleation and
growth phases of the reaction, the underlying mechanistic steps are completely different: LaMer’s
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syntheses employing “H, equivalents” such as CO/H,O, H,CO, BH;, N,H,, basic
MeOH, or citrate, for example. More evidence on, and discussion of, this point is
available in our original paper (22).

IV. SUMMARY AND FUTURE DIRECTIONS

This account has chronicled our efforts over the last decade to synthesize, charac-
terize, and study the kinetics and mechanism of formation of polyoxoanion- and
tetrabutylammonium-stabilized Ir(0), nanoclusters. A number of novel findings
resulted: the formation of near-monodisperse nanoclusters of well-defined sizes
and with very-well-defined compositions; the finding that certain polyoxoanions
can provide sizable, if not record, stabilization of transition-metal nanoclusters;
the demonstration that the resultant nanoclusters have record catalytic lifetime in
solution; the demonstration that the catalytic activity (and by implication the
nanocluster’s surface) is reproducible to ==*15%, a result which disproved a pre-
vious myth claiming that this was not possible; the demonstration of a new way to
monitor nanocluster growth using the pseudoelementary step concept and the cat-
alytic activity of the nanoclusters or the GLC evolution of cyclooctane from the
nanocluster precursor; and the finding of a likely universal (22) mechanism of
slow, continuous nucleation followed by fast autocatalytic surface growth for
transition-metal nanocluster formation under H, or related reductants. The mech-
anistic insights also demonstrate that it is possible to understand in detail the
mechanism of a self-assembly reaction that has =300 steps, allow the first mech-
anism-based explanation for the formation of magic-number nanoclusters under

mechanism consists of burst nucleation from supersaturated solution followed by diffusional-based
growth; our mechanism consists of slow, continuous nucleation and then autocatalytic, surface
growth (which is not diffusion controlled). Restated, the terms “nucleation and growth” are really
classes of reaction types, not underlying, elementary mechanistic steps (i.e., just as ligand substitu-
tion, oxidative addition, migratory insertion, and reductive elimination of organometallic chemistry
are also classes of reactions). Consider, for example, the organic reaction subclasses of “S” (substi-
tution) or “E” (elimination”); they do not imply a specific mechanism, which is why the terms Sy1,
Sn2, Su2', Sg2, Sg2’, Si2, Sni, Sni’s Skrals Ei, Eo, Ei'scas Ef,cp (and so on) were developed by In-
gold and co-workers (but are now replaced by IUPAC reaction mechanisms descriptors).

This comment is not trivial; rather, it was prompted by a question received after a lecture on
our work (by a solid-state materials scientist with a nonmolecular background) wondering, essen-
tially, if all nucleation and growth mechanisms were alike. The answer is “no.” This example further
illustrates a main point of this chapter: the need to emphasize both the molecular and the more ex-
tended, materials, aspects in nanocluster and other areas of materials science.

2 One would expect the two other known mechanisms of H, activation (heterolytic and metalloradical
(32)) to be able to substitute for cis-oxidative addition in the A — B initiation and nucleation steps
in Fig. 14. We have evidence that this is the case for at least heterolytic H, activation, and have re-
ported those findings elsewhere (34).
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kinetic controlled synthesis conditions, and provide seven other predictions from
the mechanism, most of which have been tested and found to be correct.

Perhaps most important, however, is the demonstration that many of the key
findings and insights are the result of as rigorous an adherence as the science would
allow to the standards, principles, and other “rules” of smaller-molecule chemistry.
Those standards, principles, and rules included using atomically-well-defined pre-
cursors for the nanocluster syntheses; obtaining full stoichiometry with complete
mass and charge balances for the nanocluster evolution reaction; achieving full
characterization of the nanoclusters and their average composition and associated
stabilizing ligands in so far as the system would allow; and then performing de-
tailed kinetic and mechanistic studies where warranted. While slow and frustrat-
ing at times, we can now say with confidence that the results and their often quan-
titative nature have been more than worth the extra effort required.

There remains much to do; in progress are additional mechanistic studies;
the preparation of a variety of different nanoclusters of different metals for cat-
alytic, magnetic, and other applications; scaling up all the nanocluster syntheses
to multigram scales (23); fundamental studies of the stabilization provided by
polyoxoanions in comparison to other polyanions, including even higher-charge
polyoxoanions (24); attempts to better our own record of nanocluster catalytic
lifetime in solution and to extend this record to high-temperature stability too, if
possible, as such stability issues promise to be key hurdles to developing nano-
clusters as novel “soluble heterogeneous catalysts” (4); and studies of interesting
nanocluster catalytic reactions, plus the kinetics and mechanisms of the most im-
portant reactions uncovered.

It seems clear that nanoclusters will continue to provide a wealth of oppor-
tunities for fundamental and practical contributions for years to come!
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Nucleation and Growth Sequences, Bonding
Principles, and Packing Patterns
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Wright-Patterson AFB, Ohio

. INTRODUCTION

In clusters, atoms are often packed into polygonal (2-D) or polyhedral (in 3-D)
shapes of high symmetry and high packing efficiency with characteristic numbers
(1-17). For example, three, four, six, and eight atoms are often packed into triangu-
lar, tetrahedral, octahedral, and cubic arrays, respectively. We shall refer to these
special characteristic numbers as magic numbers (18-20). The progression of these
magic numbers, as aresult of packing of atoms according to certain prescribed rules
governed by electronic and/or steric principles, may be termed magic sequences
(18-20). These magic numbers and magic sequences are also widely observed
and/or utilized in other branches of science, technology, and engineering (21-29).

Magic numbers and sequences in cluster formation are intimately related to
the nucleation and growth processes, which are governed by the often competing
bonding and packing factors (30—34). While these processes may be kinetically or
thermodynamically controlled, and hence sensitive to experimental conditions,
the fact that bonding effects are electronic in origin and packing factors are steric
in nature implies that magic sequences result from successive fillings of electronic
or atomic shells, respectively.
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This chapter reviews magic numbers and magic sequences in clusters as
they relate to their structures dictated by bonding and packing principles. We shall
give the generating functions and the first 10 magic numbers of a few representa-
tive magic sequences frequently observed, along with the underlying electronic or
steric rules. More extensive listings can be found in the literature (18-20,34).

However, gas-phase clusters (35-38), as frequently detected by mass spec-
trometry, may or may not have well-defined structures. With increasing tem-
perature of the nozzle, the shells of atoms tend to disappear, presumably due to
the “melting” of the surface of the cluster. The “melting” temperature increases
with the size of the cluster. The “melting” behavior can be analyzed by, among
other techniques, laser photoabsorption. For instance, the photoabsorption spectra
of sodium clusters show dramatically different spectra at different temperatures.
Below 100 K, the spectrum exhibits many sharp peaks, typical of molecules
with structures. However, for temperatures above 380 K, there are just two
broad peaks, consistent with the jellium model for clusters lacking internal
structures.

Clusters with magic numbers of atoms are more abundant and presumably
more stable than others. Unstable clusters tend to shed extra atoms or acquire ad-
ditional atoms and develop into more stable ones. As the cluster size increases,
the force governing their formation may switch from bonding (electronic) to
packing (steric) in nature. Still, it is often unclear how many atoms are required
for the transition from molecular to bulk properties. Structurally, while large
sodium clusters show evidence of icosahedral structure, the bulk sodium has the
body-centered-cubic (bcc) structure. Similarly, while many high-nuclearity gold
or gold-silver clusters adopt partial-icosahedral, icosahedral, or polyicosahedral
structures (32), both metals have the face-centered-cubic (fcc) structure in the
bulk. It is not unreasonable to assume that, like the melting behavior, the critical
size and shape of such transition may vary from system to system and from prop-
erty to property. It may also depend on the experimental probe used. These latter
phenomena, however, are beyond the scope of this chapter.

Il. FREQUENCY, TRUNCATION, AND CONJUGATION:
FROM PLATONIC SOLIDS TO ARCHIMEDEAN
POLYHEDRA

The majority of clusters adopt highly symmetrical polygonal or polyhedral struc-
tures. In three dimensions, a convex, regular polyhedron is a polyhedron with
regular polygonal faces. Platonic polyhedra are convex, regular polyhedra with
the same number of regular polygonal faces meet at each vertex. There are only
five Platonic polyhedra: tetrahedron, octahedron, cube (hexahedron), icosahe-
dron, and dodecahedron, as portrayed in Chart 1 (top row). If different kinds of
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Platonic Polyhedra «—> ? 1
A B ‘ 63—

tetrahedron octahedmn cube 1cosahedron dodecahedron
Archimedean Polyhedra: ‘
truncated
vz polyhedra
cuboctahedron icosidodecahedron
truncated
v3 polyhedra O
truncated truncated truncated truncated truncated
tetrahedron  octahedron \ cube icosahedron dodecahedron
truncated
v; (truncated
v, polyhedra)
small thombicuboctahedron small rhombicosidodecabedron
truncated
" w3 (truncated
v, polyhedra)
great thombicuboctahedron great rhombicosidodecahedron
snub polyhedra @
snub cube snub dodecahedron

Chart 1. The 5 Platonic polyhedra and the 13 Archimedean polyhedra and their interre-
lations. The duality is indicated by double arrows.
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polygonal faces are allowed to meet at each of the vertices, semiregular polyhedra
are formed. In fact, there are 13 semiregular Archimedean polyhedra (also shown
in Chart 1) and an infinite number of semiregular prisms and antiprisms.

Euler’s theorem states that the number of edges, E, of any convex polyhe-
dron is given by

E=V+F-2 (1)

where V and F are the numbers of vertices and faces, respectively.

One important concept for understanding the properties of various poly-
hedra, and the interrelationships among them, is their duality or conjugation.
The dual of a polyhedron is defined as the polyhedron formed by interchanging
the vertices and the faces. This relationship of polyhedra is indicated by the
double arrows in Chart 1. For example, the dual of the octahedron is the cube,
and the dual of the icosahedron is the dodecahedron. A tetrahedron is self-dual.
According to Euler’s theorem [Eq. (1)], dual polyhedra have the same number
of edges.

Two types of polyhedral geometries, the deltahedra and the 3-connected
polyhedra, are particularly important in cluster chemistry. A deltahedron is a poly-
hedron with triangular faces only. A 3-connected polyhedron is a polyhedron in
which each vertex is connected to three other vertices. For example, as depicted in
Chart 2, the octahedron and icosahedron are deltahedra, whereas the cube and
pentagonal dodecahedron are 3-connected polyhedra. The tetrahedron, on the
other hand, is both a deltahedron and a 3-connected polyhedron. The conjugation
of deltahedra and the 3-connected polyhedra are indicated by double arrows in
Chart 2.

A high-frequency, v, polygonal or polyhedral cluster is defined as a cluster
with n + 1 atoms on each edge of the polygon or polyhedron, respectively. Charts
3 and 4 depict early members of the v, triangles and the v,, centered triangles, re-
spectively, in 2-D. Chart 5 shows early members of the v, tetrahedra in 3-D. The
nuclearities (numbers of atoms) are given in parentheses.

The truncation of polygonal or polyhedral figures results in “truncated
polygons” or “truncated polyhedra.” For example, truncation of the 5 Platonic
polyhedra gives rise to 13 Archimedean polyhedra, as illustrated in Chart 1.
Truncation of either a v, octahedron or a v, cube gives rise to a cuboctahedron.
Further truncation of a v, cuboctahedron yields the small rhombicuboctahedron,
and so on. The “family tree” of the 13 Archimedean polyhedra is portrayed in
Chart 1.

If dissimilar arrangements of faces about the vertices of a polyhedron are
allowed, a total of 92 polyhedra with regular faces can be produced. The obvious
examples of this type are the pyramids. The description of these polyhedra is be-
yond the scope of this chapter.
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&7
&0 Er-

6(8) 9 10(8,9) 21
A

& -0 8~ &
ANV4

7 12 11(9) 24

9(7,8) 18 13(9) 30
B= V+1 v/2 V+1i v/2
deltahedra 3 - connected deltahedra 3 - connected

Chart 2. Deltahedra (left) and 3-connected polyhedra (right) and their duality (indicated
by double arrows).
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O n®; G

uo(l ) v, (3) v, (6) v3(IO)

Chart 3. The v, triangular sequence (n = 0,1,2,3).

1/0(1) vy (4) Vz“O) V3(19)

Chart 4. The v, centered triangular sequence (n = 0,1,2,3).

i) v (4) v,(10)

Chart 5. The v, tetrahedral sequence (n = 0,1,2,3).
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lll. CLUSTER GROWTH: SELF-ORGANIZATION
AND SELF-SIMILARITY PRINCIPLES

A. Golden Section: “The Divine Proportion”
Generating function Magic numbers

G,=1" .. .7_2, T 1'0, T, Tz, T3, Lot =(0+ 5”2)/2}
.. .0.382,0.618,1,1.618,2.618, 4.236, 6.854, 11.090,
17.944, 29.034, 46.979, 76.013, . . .

‘We shall start with a magic sequence that is prevalent in nature. It is based on
the positive root of the equation C=x+1 [whichisT= (1 + 51/2) 2=1.618. .
.]. If x = b/a represents the ratio of two segments, a and b, of a straight line of total
length a + b, the equation can be rewritten as (b/a)* = b/a + 1. The ratio b/a = 7 =
1.618 . . .is known as the “Golden Proportion” or “Golden Section.” It has many
remarkable algebraic and geometric properties. For example, the ratio of two suc-
cessive terms in the above sequence of magic numbers is T (geometric proportion),
while the sum of two consecutive terms yields the next term (arithmetic propor-
tion). The latter can be represented by

Tn — Tn—l + Tn—2

It is this peculiar property of combining arithmetic and geometric propor-
tions in the same series, producing the recurrence of similar shapes, that explains
the important roles played by the Golden Section in the morphology of life and
growth. Luca Pacioli called it the “Divine Proportion” (39).

B. Fibonacci Series: Ghomonic Growth

Generating function Magic numbers

fo = ot Tl 1,1,2,3,5,8,13,21,34,55,. . .

The Fibonacci series refers to the progression in which each term is equal
to the sum of the two preceding terms. It is closely related to the Golden Sec-
tion series in that the ratio of two consecutive terms approaches asymptotically
the Golden Proportion of T = 1.618 very rapidly (e.g., 8/5 = 1.6, 13/8 = 1.625, .
. .). Like the Golden Section series, the Fibonacci series also has the property,
by simple accretion via additive steps, of producing a “gnomonic” homothetic
growth of similar shapes. It is this property of producing, by simple additions, a
succession of numbers in geometric progression, and of similar shapes, that ex-
plains the important roles played by these two series in the morphology of life
forms (39).
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C. Cluster Classification and Cluster Growth

Recently, we proposed a cluster classification scheme (34,40-43) categorizing
clusters into three broad classes according to their nucleation and growth path-
ways, as depicted in Chart 1 of Ref. 34. The primary clusters are the simplest poly-
hedral clusters, such as a tetrahedral or an icosahedral cluster. Two particular series
of primary clusters, the deltahedra and the 3-connected polyhedra, have been dis-
cussed earlier (cf. Chart 2). These clusters, generally of low nuclearity, are of
prime importance in that they may serve as “nucleation cores” or “building blocks”
for the next (intermediate) stage of growth which produces the so-called secondary
clusters. Two broad types of secondary clusters can be distinguished on the basis of
the mechanism of the cluster growth. The first (Type I) is the layer-by-layer (LBL)
or shell-by-shell (SBS) growth pathway (18) that involves the addition of succes-
sive layers of atoms onto a “nucleation core,” giving rise to the “v, polyhedral clus-
ters.” Chart 6 portrays the early members of the series v, icosahedral clusters. The
second (Type II) is the “cluster of clusters” (COC) growth pathway (42,43) that in-
volves condensation of smaller cluster units as basic building blocks, giving rise to
the “s, supraclusters.” A s, supracluster is defined as a cluster of n smaller cluster
units fused together via vertex, edge, or face sharing. Chart 7 depicts the early
members of the series of the vertex-sharing polyicosahedral clusters.

D. Cluster Growth Pathways

We shall use the above-mentioned cluster classification scheme in describing the
nucleation and growth of clusters, using the icosahedral structure as the basic
geometry. Fig. 1 (44,45) shows the early stages of cluster growth based on the pi-
oneering work of Hoare and Pal (46) and Briant and Burton (47). This particular

-
./ N
v1(13) v2(55) v3(147)

Chart 6. The first three members of the v, icosahedral (Mackay) sequence (n = 1,2,3).
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V
XX
RO

AN
KxeX]

503) 5(25) 53(36) 54(46)

Chart 7. The early members of the vertex-sharing polyicosahedral S, sequence (n =
1,2,3,4).

growth sequence (44) starts with one atom and adds one atom at a time. The clus-
ter c(n) grows via an atom-by-atom (ABA) mechanism, where n is the nuclearity.
According to our classification scheme, these clusters are primary clusters (34).
Examples of known structures can be found in the literature (44). While Briant
and Burton (47) considered further growth of the 13-atom cluster to form a
33-atom pentagonal dodecahedral cluster to a 45-atom cluster to a 55-atom v,
icosahedral cluster, we propose that the formation of the 13-atom icosahedral
cluster, c(13), may signify the “end” of the “early stages” of cluster growth (44).
(Note that capping the 20 triangular faces of a 13-atom icosahedral cluster pro-
duces a 33-atom pentagonal dodecahedral cluster. Further capping the 12 pentag-
onal faces of the 33-atom pentagonal dodecahedral cluster gives rise to a 45-atom
cluster.) Further growth can take on many different pathways, depending on the
kinetics and thermodynamics of the system and the environment.

As discussed earlier, two distinct pathways (among others) are commonly
observed. The first is the LBL or SBS growth mechanism, resulting in the clus-
ter growth sequence based on the v, icosahedral series of 13, 55, 147, . . . [the
Mackay sequence (48,49)] As the cluster “grows” by adding successive layers
or shells, it maintains the icosahedral geometry, as depicted in Chart 6. The sec-
ond is the COC growth mechanism (32-34,40-43) as exemplified by the vertex-
sharing polyicosahedral growth portrayed in Fig. 2. Here instead of adding one
atom at a time, the cluster “grows” by adding one icosahedron at a time, giving
rise to the growth sequence of 13, 25, 36, 46, . . . (50-53).

E. Self-Organization and Self-Similarity Principles

A comparison of the structures of secondary clusters, the v, icosahedral (Chart
6) and the s,, polyicosahedral (Fig. 2) clusters, with those of primary clusters
c(n) (Fig. 1) reveals numerous similarities (44). Indeed, these similarities are
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Fig. 1. Nucleation and growth of primary clusters c(n) via the atom-by-atom (ABA)
mechanism, where 7 is the nuclearity.
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Fig. 2. Growth of secondary clusters based on the cluster-of-clusters (COC) growth
mechanism as exemplified by the vertex-sharing polyicosahedral s, sequence. Here the
cluster “grows” by adding one icosahedron at a time, giving rise to the nuclearities 13, 25,
36,46,. . . ,127forn=1,2,34,. . ., 13.
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66 Teo and Zhang

manifestations of the spontaneous self-organization and self-similarity processes
in cluster growth. Self-organization means spontaneous assemblage of atoms to
form energetically stable clusters of relatively efficient packing and high symme-
try. Self-similarity implies that the resulting clusters look more or less alike when
examined at different levels of magnification. Such underlying geometric similar-
ity is, in fact, pattern within pattern, symmetry across scale. The resulting patterns
are often referred to as fractals (54,55)

We shall discuss the electronic (bonding) requirements and the packing
(stereochemical) patterns of various cluster geometries in Secs. IV and V, respec-
tively.

IV. ELECTRONIC CLOSED SHELLS:
BONDING PRINCIPLES

A. Topological Electron Counting (TEC) Rule:
Primary Clusters

While many elegant electron counting models have been proposed in the litera-
ture (56-69), we shall make use of the topological electron counting (TEC) model
developed by us (32-34,40-43). The TEC rule assumes that (a) each vertex atom
contributes three orbitals for cluster interaction of which only the bonding contri-
butions (B) are filled; and (b) the remaining valence orbitals (one for main-group
and six for transition-metal vertex atoms) are “filled” as a result of ligand bonding
or as lone pairs (cf. Chart 2 of Ref. 34). For a cluster with V,, main-group and V,,
transition-metal vertices, there will therefore be 3V orbitals for cluster interaction
(here V=V, + V,), forming B bonding and A antibonding molecular orbitals
(where A + B = 3V). These orbitals can be visualized as hybrid orbitals based on
the three valence p orbitals. The remaining valence orbitals (one s for main-group
elements; five d and one s for transition metals) are used for ligand bonding or for
lone pairs. (This is an oversimplification, of course; in reality, extensive mixing of
the cluster valence orbitals can occur.)

If the cluster bonding orbitals are filled with B electron pairs, the total num-
ber of cluster valence electron pairs (or topological electron pairs) is (70—73)

T=B+V,+6V, (2)

In fact, B is the number of electron pairs primarily responsible for “holding the
cluster together.” The B values for two important series of primary clusters—the
deltahedral and the 3-connected—are given in Chart 2.

1. Deltahedral Clusters: Electron Deficient Clusters

Generating function Magic numbers
G,=n 1,2,3,4,5,6,7,8,9,10, 11,12, 13, . . .
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A deltahedron is a polyhedron with triangular faces only. Important exam-
ples are also shown in Chart 2 (left side of the double arrows). These are com-
monly called closo clusters. Boron hydrides of general formula [B,H,]*” are
prime examples of this class of clusters. Other representative main-group and
transition-metal clusters can be found in Refs. 70-73.

Skeletal electron pair (SEP) theory (58) predicts that the number of skeletal
electron pairs for this class of clusters (except tetrahedron) is given by

B=V+1 for closo-deltahedral clusters 3)

where V is the number of vertices. The B values for the common deltahedra are
given in Chart 2. For example, an icosahedron has V = 12 vertices and a B value
of 13, thereby satisfying the SEP theory.

It turns out that the SEP theory applies not only to closo-deltahedral clus-
ters (excluding tetrahedron) but also to polyhedra, which can be visualized as de-
rivable from closo-deltahedra with one, two, or three missing vertices, commonly
called nido, arachno, or hypho clusters, respectively. Equation (3) is appropri-
ately modifiedto B =V + 2, V + 3, V + 4 for these latter polyhedra. For exam-
ple, a square pyramid (V = 5) can be considered as an octahedron (V = 6) with a
missing vertex (a nido cluster); hence B =V + 2 = 5 + 2 = 7. This may be
called the debor principle. Another way of stating the debor principle is that re-
moval of a few atoms from a closo-deltahedral cluster does not alter the number
of skeletal electron pairs (B).

The opposite of the debor principle is the capping principle (74,75), which
states that capping does not alter the number of skeletal electron pairs of the par-
ent polyhedron. For example, a tetracapped tetrahedron is a deltahedron with
eight vertices, yet there are only six skeletal electron pairs (B = 6) within the cen-
tral tetrahedron.

2. 3-Connected Clusters

Generating function Magic numbers

G,=2n 2,4,6,8,10,12, 14,16, 18, 20, . . .

3-Connected clusters are polyhedral clusters in which each vertex is con-
nected to three other vertices. Some examples of 3-connected polyhedra are
shown in Chart 2 (right side of the double arrows). Polyhedral C,H,, belongs to
this class of clusters. Other examples of main-group or metal clusters can be
found in Refs. 70-73. Since each vertex is connected to three other vertices via
three cluster orbitals, these clusters (with a total of V vertices) can be considered
as electron precise in that one-half of the 3V orbitals will be bonding:

B=% for 3-connected polyhedral clusters 4)
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The other half, of course, will be antibonding (A = 3V/2). According to Euler’s
theorem [Eq. (1)], for 3-connected polyhedra the number of edges, E, is also
given by 3V/2. Hence, the B value for a 3-connected polyhedral cluster is equal to
the number of edges (B = E). The B values for other important 3-connected poly-
hedral clusters are given in Chart 2.

B. Shell Model: Close-Packed v, Polytopal Metal Clusters
(Type | Secondary Clusters)

The TEC rule can be generalized to include closed-packed polyhedral transition-
metal clusters. According to the generalized TEC rule, a v, polytopal (polygonal
or polyhedral) metal cluster is required to have a total of 7, cluster valence (topo-
logical) electron pairs (34,70,71):

T,=6S, +B, ©)

where S, is the number of “surface” atoms and B,, is the number of shell electron
pairs, which is the number of the skeletal electron pairs of the v, polytopal metal
cluster. Here the interior atoms are considered merely as electron contributors.

For close-packed high-nuclearity metal clusters, we may invoke the Shell
model (18,34), which states that

T,=6G, + K (©6)

Here G, is the total number of metal atoms (nuclearity), and K is related to the
B value of the center of the cluster (which may be an atom, an edge, center of a
face, or a polyhedral hole). The K values of commonly observed polygonal or
polyhedral are tabulated in Table 2 of Ref. 34.

One can use Eq. (6) to predict the electron counts of v, polygonal or poly-
hedral close-packed metal clusters. We shall consider three examples here: (a) v,
triangular clusters (Chart 3), (b) v, tetrahedral clusters (Chart 5), and (c) v, ico-
sahedral clusters (Chart 6).

1. 2-D Metal Clusters

An examination of Chart 3 reveals that a v, triangle repeats itself in steps of 3. In
other words, removal of the peripheral atoms of a v, triangle produces a v,,_5 tri-

angle. Hence we have the following three situations: (1) for vy, v3, vg, . . ., V3
triangles centering at an atom, K = 7; (2) for vy, vy, v, . . ., V3, 4+ triangles
centering at a triangle, K = 6; and (3) for v,, vs, vg, . . ., V3, 1, triangles cen-

tering at a triangle, K = 6. Only the first two structures are known in metal
clusters.

For the v, triangular metal cluster (cf. Chart 3, and Table 2 of Ref. 18), K = 6,
T,=6G, + K=6 X3+ 6=24, N, = 2T, = 48, which agrees with N, = 3 X
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8 + 12 X 2 = 48 in 0s53(CO);, (76,77). For the v, triangular metal cluster cen-
tering at a triangle structure (cf. Chart 3 and Table 1), K = 6, T, = 6G, + K =
6 X3+ 6 =42, N, = 2T, = 84, which agrees with No,s =3 X 11 + 3 X 8 +
12 X 2 + 3 = 84 in [Cu3Fe5(CO),,]°>~ (78).

2. 3-D Metal Clusters

As portrayed in Chart 5, a v,, tetrahedron repeats itself in steps of 4. We have the
following four situations: (1) since vy, vs, v, . . . tetrahedra all center at a tetra-
hedral hole, K = 6; (2) since v,, Vg, vy, - . . tetrahedra all center at an octahedral
hole, K = 7; (3) since v, v7, vy, . . . tetrahedra all center at a tetrahedral hole,
K = 6; (4) since vy, vg, Vo, . . . tetrahedra all center at an atom, K = 7. For in-
stance, for the v, tetrahedral metal cluster (cf. Chart 5), K = 6, T, = 6G, + K =
6 X 4+ 6 =30,N, = 2T, = 60, which agrees with Njps = 4 X 9 + 12 X 2 =
60 in Co4(CO);, (79). For the v, tetrahedral metal cluster centered on an octahe-
dron hole (cf. Chart5), K =7, T, = 6G, + K=6 X 10 +7 = 67, N, = 2T, =
134, which agrees with Ny, = 10 X 8 + 4 + 24 X 2 + 2 = 134 in
[0810C(CO)4l*™ (80).

The electron counts of v, icosahedral clusters [Mackay sequence (48,49)]
can easily be calculated via the Shell model. Here, the number of cluster valence
electron pairs, 7, of a v, polyhedral cluster, is given by Eq. (6). The Mackay
sequence has nuclearities v{(13), v,5(55), v5(147), v4309), v5(561), . . . . The
early members are portrayed in Chart 6. As we shall see, for this growth se-
quence, the cluster grows by adding S, = 10n* + 2 atoms per shell and the clus-
ter maintains icosahedral symmetry. The nuclearities (in parentheses) are given
by G, = 32, + 1)(5,7 + 5, + 3). For example, v,(13), v»(55), and v3(147) de-
picted in Chart 6 are predicted by the Shell model [Eq. (6)] to have 85, 337, and
889 electron pairs. (Here, K = 7 since the clusters are centered at an atom.) Only
the v(13) icosahedron is known in metal cluster chemistry (although the Mackay
sequence has been observed in the adiabatic expansion of inert gases such as Xe,
to be discussed later).

C. C?Model: Cluster of Clusters (Type Il
Secondary Clusters)

In order to understand the electronic requirements of Type II secondary clusters,
we developed a simple “cluster of clusters” (C*) model. According to the C*
model (42,43), for a secondary cluster, which can be regarded as a cluster formed
by n polyhedral clusters fused together, the B value is given by the sum of the B;
values (j = 1 to n) of the n individual cluster units (building blocks) minus the
sum of the By values (k = 1 to s) of the s shared element(s) such as vertice(s),
edge(s), or face(s). The B values for the commonly observed cluster units and
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shared moieties can be found in Chart 5 of Ref. 34. Some interesting examples of
vertex-, edge-, and face-sharing supraclusters in 2-D, 3-D, or mixed 2-D and 3-D
cluster systems can be found in Refs. 42 and 43. The total number of electron
pairs (7T) can be calculated from Eq. (2), and the total electron count is given by N
= 2T. Two examples will be discussed.

1. Polyoctahedral Clusters

There are three ways of joining two octahedra: sharing a vertex, an edge, or a face
(see Chart 9 of Ref. 34). Since each octahedron) (O,,) contributes a B value of 7
(cf. Chart 2), two octahedra sharing a vertex, an edge, or a face will give rise to
the predicted B values of B =2 X 7(0,) — 3 (atom) = 11,2 X 7 (0,) — 5 (edge)
=9,and 2 X 7 (0,) — 6 (triangle) = &, respectively. The latter two structures are
exemplified by clusters [RulOCZ(CO)M]z* (81) and [Rhg(CO)19]37 (82) with N
=10X8+2X4+24X2+2=138,and9 X9 + 19 X 2 + 3 = 122, which
agree reasonably well with the predicted electron counts of N = 2T = 2(6V,, +
B)=2X(6X10+9)=2X69 =138,2 X (6 X9 + 8) = 124, respectively.

2. Vertex-Sharing Polyicosahedral Clusters

The electronic requirements of the vertex-sharing polyicosahedral clusters (Fig.
2), as exemplified by an interesting series of Au-Ag nanoclusters, have been theo-
retically defined by us on the basis of the C? model (34,42,43). In fact, the agree-
ment between the experimentally observed electron counts and those predicted by
the C* model provides strong electronic evidence for the cluster of clusters con-
cept for this series of supraclusters (42). As described in Ref. 42, the number of
skeletal electron pairs for an s,(N) supracluster with n vertex-sharing icosahedral
units is

B, =4n + 18 (7
and the total number of cluster valence electron pairs is

T, =58n + 54 ®)
In terms of the total number of cluster valence electrons,

N, = 116n + 108 )

[For n = 2, Egs. (7)—(9) become B, = 4n + 15, T, = 58n + 45, and N,, = 116n
+ 90.] Equations (7)—(9) have been successfully used to rationalize and/or predict
the electron counts of a wide variety of vertex-sharing polyicosahedral supraclus-
ters (42). It should also be pointed out that the 4n term in Eq. (7) may be inter-
preted as the “polyoctet rule” in that each icosahedron in polyicosahedral supra-
cluster contributes eight electrons (i.e., four electron pairs) to the B value (32,42):

B, = 4n (10)
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If we assume that each coinage metal atom contributes one s electron (as a
pseudoalkali metal) to, and that each halide ligand withdraws one electron from,
the cluster, then B, can be calculated by

_M-X-0

B
P 2 (11)

where M, X, and Q refer to the numbers of metal atoms, halide ligands, and the
overall charge, respectively.

The above equations are useful in the systematization and rationalization of
a series of Au-Ag clusters synthesized and structurally characterized by us. The
metal frameworks of these clusters are based on vertex-sharing polyicosahedra, as
portrayed in Fig. 2. For example, the 25-metal-atom cluster [(p — Tol;P),0Au;;
Ag,Brg] " (83) has B, = (25 — 8 — 1)/2 = 8 electron pairs as predicted for a bi-
icosahedral supracluster (4n = 4 X 2 = 8 electron pairs). Similarly, and the 25-
metal-atom dicationic cluster [(p — T013P)10Au13Ag12C17]2+ 84),B,=025—-7
— 2)/2 = 8 electron pairs, also as expected.

For the 38-metal-atom cluster [(p — TolsP);,Au;3Ag,0Cl4] (85,86) with
three icosahedra sharing three vertices, B, = (38 — 14)/2 = 12 electron pairs,
which agrees with the triicosahedral model (4n = 4 X 3 = 12 electron pairs).
Similarly, the 37-metal-atom cluster [(p — Tol_;P),zAu,gAglgBr,1]2+ (87) has
B, = (37 — 11 — 2)/2 = 12 pairs of electrons, once again, as expected.

For the 25-atom cluster formed by two icosahedra sharing one vertex, the
C? model predicts B = 2 X 13 (icosahedron) — 1 X 3 (sharing one vertex) = 23
skeletal electron pairs, T = 6V,, + B =6 X (25 — 2) + 23 = 161 total electron
pairs or a total valence electron count of N = 2 X 161 = 322. One example is the
[(p — TolsP);0Au;3Ag,Bry( — Br),(ps — Br),] ™" cluster (83) for which the Ny,
of (10X 2+25X 11 +2X1+2X3+4X5—1)= 322 valence electrons
is in accordance with the calculated value. More examples can be found in the lit-
erature (32-34).

D. Jellium Model: Jelliumic Clusters

Generating function Magic numbers
Is, 1p, 1d, 2s, 1f, 2p, 1g, 2d, 3s, 1h, . . . 2, 8, 18, 20, 34, 40, 58, 68, 70, 92

The jellium model (35,88) treats the cluster as a smooth jelly of positively
charged ions to which electrons are attracted. In terms of a free-electron picture,
the valence electrons interact with a smooth one-particle effective potential and an
electron-electron interaction potential. A spherically symmetric potential well is
employed, along with parameters derived from the bulk. Solving the Schroedinger
equation yielded discrete energy levels characterized by the angular momentum
quantum number L in the order 1s, 1p, 1d, 2s, 1f, 2p, 1g, 2d, 3s, 1h, . . ..
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For clusters dominated by the electronic effects, the magic numbers corre-
spond to the numbers of valence electrons that completely fill one of the elec-
tronic shells. Clusters with closed electronic shells are exceptionally stable and
more or less spherical. As shown in Fig. 1 of Ref. 35 the jellium model predicts
successive filling of the closed-shell electronic configurations 1s, 1p, 1d, 2s, 1f,
2p, 1g,(2d, 3s, 1h), . . ., giving rise to total numbers of electrons of 2, 8, 18, 20,
34, 40, 58, 68, 70,92, . . . . On the other hand, if they do not have enough elec-
trons, they attain the electronic subshells and adopt either a prolate (elongated) or
an oblate (compressed) structure, as illustrated in Fig. 1 of Ref. 88.

As an example, in the gas phase, the magic numbers for the cationic Cu,, ",
Ag,”, and Au,” bare clusters (89) occur at n = 3, 9, 21, 35, 41, 59, 93, . . .,
whereas that for anionic Cu,, ,Ag, ,and Au, bare clusters occuratn = 1,7, 19,
33,39,57,91,. . . . These observations are consistent with the jellium model if
the coinage metals are considered as pseudo alkali metals with only one electron
in the valence shell.

The jellium model is applicable only to clusters up to a few thousand atoms,
as we shall discuss next, using gas-phase sodium clusters as an example.

a. Small Sodium Clusters. Among the first experiments on sodium clus-
ters are the one performed by Knight and co-workers at the University of Cali-
fornia, Berkeley in 1984 (35). They obtained the mass spectra for a molecular
beam of sodium clusters embedded in argon gas after ionization by UV light.
Each peak represents the number of atoms detected in a fixed time window. The
observed peaks are followed by abrupt decrease for n = 2, 8, 20, 40, 58,92, . . .
since the latter sequence is associated with the electronic shell structures of Na,
clusters characterized by large energy gaps between energy levels (and hence
extra stabilities).

b. Large Sodium Clusters. In 1990 at the Max Planck Institute in Ger-
many, Martin et al. (37) measured abundance spectra for Na,, clusters from a few
atoms to about 22,000. They confirmed that the jellium model can predict magic
numbers for Na, (n = 2, 8, 20, 40, 58, 92, 138, 198, 263, 341, 443, 557,. . .)up
to about n = 1500. There, however, the sequence weakens and a new one appears
corresponding not to the filling of electronic shells but rather to the packing of
shells of atoms (as observed for Xe, or Ar, clusters to be discussed later).

The experimental procedure for the large sodium clusters involves adia-
batic expansion followed by photoionization and analysis by a time-of-flight
mass spectrometer. Increasing the wavelength of the ionizing light produces an
increase in the average cluster size produced and is performed in order to span
the range from about N = 300 to 22,000. An evident feature is that the period of
oscillation changes abruptly in the region 1400-2000. The peaks below 1400
correspond to the filling of electronic shells (jellium model), while the peaks
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above 2000 correspond to the addition of successive layers of atoms on icosahe-
dra or cuboctahedra (shell-by-shell growth). It is interesting to point out that the
transition from electronic (jellium model) to atomic packing occurs at, approxi-
mately, vg icosahedron or cuboctahedron, both of which have 2057 atoms.

It is not unreasonable to assume that, for small clusters, the atoms are very
mobile, and as each atom is added the shape changes to accommodate it into a
sphere-like configuration, as in liquid droplets. Hence, the electronic effect pre-
vails. As the size increases, changes in shape become increasingly more difficult,
and a new growth pattern emerges. Each new atom added condenses on the sur-
face and remains on the outer shell of the cluster;further growth takes place by the
accumulation of shells of atoms around a rigid core, giving rise to the LBL or
SBS growth discussed earlier. For large Na clusters, the magic numbers observed
indicate v, icosahedral or v, cuboctahedral structures consistent with sphere
packing. We discuss this layer-by-layer (or shell-by-shell) growth next.

V. ATOMIC CLOSED SHELLS: PACKING PATTERNS
A. Two Dimensional v, Polygonal Clusters

Two dimensional (2-D) polygonal clusters of frequency n (18) can be thought of
as made up of v, triangles. In fact, the triangle is the basic building block in 2-D.
Chart 3 shows early members of the v, triangle series. Note that each polygon
may be divided in two different ways. In the first the polygon is subdivided from
one corner, and the total number of triangles is ' = p — 2. In the second decom-
position, the polygon is subdivided from the center, and the total numbers of tri-
angles is F' = p. Thus, Chart 4 depicts the centered triangular numbers.

General Formulas

There are simple general formulas for the numbers of points (atoms) in these fig-
ures. Let G, denote the total number of points in a v, polygon, S, the number on the
boundary (or perimeter), and I, = G, — S, the number in the interior. The general
formulas for a p-sided polygon (which can be decomposed into F triangles) are

Gﬂ:iFnz +im+1 (12)
S, =pn (13)
L,=7 Fn® = 3pn+1 (14)

The two different decompositions of a polygon (decomposed either from a
corner or from the center) have F values differing by 2. It follows from Egs. (12)—
(14) that

G, (centered polygon) = G, (polygon) + n* (15)
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S, (centered polygon) = S, (polygon) (16)
1, (centered polygon) = I, (polygon) + n’ (17)

Listed below are a few examples.

1. Triangular Numbers (Chart 3)

Generating function Magic numbers
G,=in*+3n+1 G,=1,3,6,10, 15,21, 28, 36, 45, 55,66, . . .
S, =3n S, =1,3,6,9,12,15,18,21,. . .

The triangular numbers, ¢,, can be rewritten as
t, = %nz + %n + 1

whose coefficients can easily be determined via the general formulas (12)—(14).
Thus, for a triangle (Charts 3), of course, p = 3, F = 1, and Egs. (12)—(14)
become

G,=in+3n+1=1,
and S, = 3nand [, = % (n — 1)(n — 2). Note that Eq.(15) is satisfied.
2. Centered Triangle (Chart 4)

Generating function Magic numbers
G,=3n"+3n+1 G, =1,4,10,19, 31, 46, 64, 85, 109, 136, 166, . . .
S, =3n S, =1,3,6,9,12,15,18,21,. . .

B. Three-Dimensional v, Polyhedral Clusters

Three dimensional polyhedra of frequency n (18) can be thought of as made up of
v, tetrahedra (Chart 5). In fact, the v, tetrahedron is the basic building block of
any given v, polyhedron.

General Formulas

Let G, denote the total number of points in a v, polyhedron, S, the number of
points on the surface or outermost shell, and 7, the number of interior points. Then

G, =1,+S5, (18)

Formulas for 3-D polyhedra depend on three parameters: (a) C, the number of v,
tetrahedral cells into which the polyhedron is divided; (b) F,, the number of
triangular faces on the surface; and (c) V,, the number of vertices in the interior.
For example, an icosahedron may be decomposed into 20 tetrahedra by placing a

www.iran-mavad.com

Aga Cppwdie 5 Qbgemdils g ye



Magic Numbers in Clusters 75

vertex at the center and joining it to the 12 boundary vertices. Each of the 20 tetra-
hedra has one of the 20 triangular faces as its base and the central vertex as its
apex. Thus we have C = 20, F, = 20, and V; = 1.

The general formulas for 3-D polyhedra are:

G,=an® +iBn* +yn+1, n=0 (19)
where

a=¢< (20a)

B=3F, (20b)

y=2+Vi+1-% (20c)

S,=Pn*+2, n=1 (21)

I,=G,— S, =an’ —iBn* +yn—1, n=1 (22)

By definition, Sy = 1 and I, = 0. [These equations are unexpectedly simple. Spe-
cial cases of Eq. (21) for bodies that can be embedded in the fcc lattice were dis-
covered earlier by Buckminster Fuller (90) and proved by Coxeter (91).]

There is no direct analog of Egs. (15)—(17) in three dimensions, the follow-
ing formulas for centered polyhedra are nonetheless useful. Suppose a polyhe-
dron is divided into C tetrahedral cells from a central vertex, so that V; = 1 and F/,
= C. Then Egs. (19), (21), (22) become

G, = ﬁ (2n + 1)(Cn* + Cn + 12), n=0 (23)
S,1:%Cn2+2, n= 1 (24)
I,=5@n—1)Cn*—Cn+12), n=1 25)

In this case we also have the identity
1,=G,, (26)
We shall discuss a few examples of polyhedra of frequency n.

1. Tetrahedron (Chart 5)

Generating functions Magic numbers
Go=ir+n+%n+1, n=0 G, =1, 4, 10, 20, 35, 56, 84, 120, 165,
220, 286, . . .
S, = 2n% + 2, n=1 S, =1, 4, 10, 20, 34, 52, 74, 100, 130,
164,202, . . .
Chart 5 shows regular tetrahedra of frequency O, 1, 2, 3, . . . . In this

case we have C = 1, F, = 4, V; = 0, so from Egs. (19)—(22) we find that there
are a total of

G,=in+n*+%n+1, n=0
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There are
S, =2n*+2, n=1

atoms on the surface and

13 2 _ 1
I,=¢n +n —gn—1, n=1

interior atoms.
The numbers of atoms in a centered tetrahedron are given by .

G,=1Qn+ D> +n+3), n=0
S,,=2n2+2, n=1
IL,=12n— D> —n+3), n=1

2. Octahedron (see Chart XVI of Ref. 34)

Generating functions Magic numbers

G,=in+2n" +in+1, n=0 G, = 1,6, 19,44, 85, 146, 231, 344,
489, 670, 891, . . .

S, = 4n* + 2, n=1 S, = 1,6, 18, 38, 66, 102, 146, 198,
258,326,402, . . .

A v, octahedron may be decomposed into four tetrahedra (slicing it, for ex-
ample, along the equatorial plane and by a vertical plane through the north and
south poles). Thus C = 4, F, = 8, and V; = 0, and from Egs. (19)—-(22) we obtain
the formulas for G,, S,,, and I, shown above.

3. Icosahedron (Chart 6)
Generating functions Magic numbers

G, =%n+5+8n+1, n=0 G,=1,13,55, 147,309, 561, 923,
1415, 2057, 2869, 3871, . . .
S,=10n"+2, n=1 S, =1,12,42,92, 162, 252, 362, 492,
642,812,102, . . .

An icosahedron (18) may be decomposed into 20 tetrahedra. Thus, C = F =
20 and V; = 1, and we obtain the formulas shown above.

Listings of generating functions and magic numbers and sequences of a
wide variety of high-frequency polyhedral clusters, along with the way the poly-
hedra are decomposed into v, tetrahedra, can be found in the literature (18,34).
We shall discuss v,, icosahedra as an example. In 1981, Echt, Sattler, and Reck-
nagel (92), in West Germany, were among the first to demonstrate experimentally
that magic numbers exist in gas-phase clusters. The Xe atoms aggregate in clus-
ters when undergoing adiabatic expansion plus cooling. The clusters produced in
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this way are then ionized and analyzed by a time-of-flight mass spectrometer
(92-94). The magic numbers observed (Fig. 3) are n = 13, 19, (23), 25, 55, 71,
(81), 87, (101), 147. The numbers in parentheses are magic numbers observed ex-
perimentally but do not fit the v, icosahedral sequence. They relate to other
growth pathways or packing patterns (e.g., the peak at 19 can be explained by a
six-atom pentagonal cap of an icosahedron).

The majority of the peaks in Fig. 3 can be explained in terms of a high-fre-
quency icosahedral structure series (Mackay sequence). Here we have S, = 10n”
+2,1,=G,_,and G, =1, + S, =1, 13,55, 147,309, 561, . . .;in fact, all the
magic numbers predicted are experimentally observed. The icosahedral structure
was confirmed by electron diffraction experiments for a broad size range (95).

However, the behavior of Xe clusters does not extend to other noble-gas
clusters. In fact, studies on Ar revealed a different set of magic numbers (95,96).
It has been shown that the growth of Ar clusters adopts the form of polyicosa-
hedra (cluster-of-clusters growth by either joining together or interpenetrating

E 0~
E | Xe,

é : N p, = 300 mbar

; § - | ‘ To = 175K

n 25

€ (23]

s &l

s = | i

: | T -

= “ L fil ,LWAM,},"}__.-: x
z LUUUUY VU s s

z - ’ i 9 kL]

[ 4

10000

$000

Cluster size n

Fig. 3. Mass spectrum of Xe clusters. Observed magic numbers are consistent with the
v, icosahedral (Mackay) sequence. Peaks with numbers in parentheses indicate other less
pronounced growth pathways. (Reproduced with permission from O. Echt, K. Sattler, and
E. Recknagel, Phys. Rev. Lett., 1981, 47, 1121. Copyright 1981, American Physical Soci-
ety.) (From Ref. 92.)
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icosahedral units) instead of layer-by-layer growth (Mackay sequence) observed
for Xe. The reason for this difference in behavior is not fully understood.

It should be emphasized that hard spheres cannot really be packed into a v,
icosahedral structure such that neighboring spheres on successive shells are
touching. As a result, strains build up and at some stage it becomes more favor-
able for it to transform to a v, cuboctahedral structure in which all atoms are of
the same size, thereby relieving the strain energy. The cuboctahedron is, in fact,
the basic unit of the fcc structure of bulk Xe. Note that the cuboctahedral structure
has the same magic number sequence as the icosahedral structure (18,34).

C. Concepts of Peeling an Onion and Slicing Cheese
for Atom Counting

In order to understand the packing of spheres (or atoms) in a v, polyhedron, Teo
and Sloane (18) introduced the concepts of “peeling an onion” and “slicing a
cheese.” Peeling an onion refers to the removal of the S, surface atoms (the “skin”)
to reveal the I, interior atoms (the “core”) of a v, polyhedral cluster. There are, in
fact, three classes of v, polyhedral clusters. In the first class, exemplified by the
icosahedron (cf. Chart 6), cuboctahedron, and twinned cubotahedron, the removal
of the surface atoms produces a v,,_; polyhedron of the same shape. In this case the
whole onion can be built up from layers of the same shape. The second class is ex-
emplified by a v, octahedron which has the property that removal of the outer shell
produces a v,_,, not a v,_, octahedron. The onion is now composed of layers of
the same shape, but the size of the layers decreases by 2 each time, viz., step size of
s = 2. Similarly, for a v, tetrahedron the interior is a v, _, tetrahedron, in steps (s)
of 4 (cf. Chart 5). A third class comprises those in which the interior polyhedron
has a shape different from the original. For example, removing the outer shell from
a truncated v; octahedron does not produce a similar polyhedron of a smaller size.
The core of a truncated v; octahedron (cf. Chart 8a), in fact, is a v, octahedron.

The concept of slicing the cheese involves removing the atoms layer by
layer, i.e., in planar layers, each layer being parallel to the next, as illustrated in
Chart 8 for the truncated v; octahedron along the threefold (Chart 8b) and four-
fold (Chart 8c) symmetry axes. Here we assume close-packing arrangements be-
tween adjacent layers of atoms. The most common types of close packing are
icosahedral (icp), face-centered cubic (fcc), hexagonal close packing (hcp), cubic,
and body-centered cubic (bcc), as we discuss in Sec. VI.

D. Concept of Tiling: Atomic Subshells

Recent experimental evidence suggests that while closed atomic shells are ex-
traordinarily stable, there may exist, in some cases, subshells that lie between suc-
cessive closed shells (97-101). The number of subshells depends on the number
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: E E
@j ( ) )
(b)
Chart 8. The “peeling onion” concept: the removal of the surface atoms of a truncated
v; octahedral cluster gives rise to a simple octahedron.

of faces of a v, polyhedral cluster that need to be covered (or tiled) to produce a
v, + 1 polyhedron. We may refer to the stepwise formation of the atomic subshells
as a stepwise tiling process. For example, it is only necessary to cover four of the
eight triangular faces of a v, octahedron in order to produce a v, ;. | octahedron,
as illustrated in Fig. 4. Hence, it is expected to have three subshells, or four steps,
which correspond to the tiling of the four adjacent triangular faces, as indicated in
Fig. 4.

A A A A
‘/n Vn e VMZA Vn » Vn +1

Here, tiling four triangles of a v, octahedron produces a v, ;. | octahedron:
v,**=v,, . The tiling of the atomic subshells in the atomic packing of clusters
may be likened to the filling of electronic subshells in the electronic jellium
model, both via the Aufbau principle. As with the jellium model, the shape of the
cluster may change as the subshells are filled or, more appropriately, tiled, but for
distinctly different reasons.

Atomic subshell structures were first observed in aluminum clusters con-
taining 250 to 400 atoms in 1991. The structures were discussed in terms of the
jellium model with the assumption that each Al atom contributes three quasi-free
electrons (97). Later, the size range was extended to 1400 atoms (98,99), but the
periodicity observed indicated that the shells contained too few electrons expected
from the jellium model. Different explanations were suggested. The most con-
vincing one seems to be the one put forth by the Max Planck Institute researchers.
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Fig. 4. “Tiling” concept: the addition of atoms to four triangular faces of a v, octahe-
dral cluster produces a v,.; octahedral cluster. The coverage of one triangular face is
referred to as a subshell; hence, there are three subshells between successive full shells.
(From Ref. 101.) (Reproduced with permission from T. P. Martin, U. Zimmerman, N. Ma-
linowski, U. Naher, S. Frank, F. Tast and K. Wirth, Surf. Rev. Lett., 1996, 3, 281. Copy-
right 1996, World Scientific Publications.)
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They suggested that the Al atoms organize themselves in octahedral geometry
(100, 101). As mentioned earlier, for octahedral geometry one needs to cover only
four triangular faces to obtain the next (larger) octahedron, resulting in three sub-
shells between the consecutive full shells, as was indeed observed (Fig. 4).

VI. CLOSE-PACKED CIRCULAR AND SPHERICAL
CLUSTERS

Since the majority of the known high-nuclearity metal clusters are more or less
close-packed and either circular in two dimensions or spherical in three dimen-
sions in nature, Sloane and Teo (19,20) explored the size and shape of possible
circular and spherical clusters derivable from the common close-packed lattices:
in 2-D, the square and the hexagonal lattices and in 3-D, the simple cubic (sc),
fcc, bee, and hep lattices. For 2-D lattices, the choice of the origin may be a lattice
point, the midpoint of an edge, or the center of a square or triangle. Circles of in-
creasing radius are then drawn to pass through lattice points. For 3-D lattices, the
origin may, in addition, be at the center of a tetrahedral or an octahedral hole (a
hole is a point within the lattice most distant from the adjacent lattice points), and,
instead of drawing circles, we draw spheres passing through the lattice points. We
are interested in the number and arrangement of lattice points or atoms in each
shell. Given these information, the size and shape of the clusters can easily be
determined.

The atoms can be classified according to their distances from the origin. Let
S, denote the number of atoms at distance (n)"* from the ori gin. These §,, atoms
form a “shell” of radius (n)"*. Then the set of all atoms inside or on this shell
forms a close-packed circular (2-D) or spherical (3-D) cluster, centered at the
origin, containing a total of

G,= X8, 27)

n=1
atoms (the nuclearity of the cluster).

The numbers S, and G, may be found analytically from the theta series of
the packing. Extensive tables of the numbers S, and G, including the first 80 or so
layers of each type of cluster, can be found in the literature (Tables 1-27 in Ref.
19), along with the coordinates of the atoms.

For a particular close packing, the theta series (with respect to a particular
choice of origin) is

S¢"Y = 35,4" (28)

Equation (28) is a power series of the variable ¢, and N(x) = x - x is the norm of
the vector x, which is its squared length. The coefficient of each term ¢" gives the
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number of atoms, S,,, on the nth shell. The theta series can be expressed in terms
of the Jacobi series (102—-104). The theta series can be found in Refs. 19 and 20,
along with examples in cluster chemistry.

A. Two-Dimensional Circular Clusters

1. Square Lattice with Respect to Lattice Point (Chart 9)

Generating function Magic numbers
05(g)* =1+4q+4q* +4q* + - G,=1,5,9,13,21,25,29,37,45,49,57,. . .
S, =1,4,4,4,8,4,4,8,8,4,8,. ..

Note that S, is given by the coefficient of ¢” in the theta series.
2. Square Lattice with Respect to Center of Square (Chart 10)
Generating function Magic numbers

0x(q)° = 49" + 84”7 + 4q”* +-- G, = 4,12, 16,24, 32, 44, 52, 60, 68, . . .
S, =4,8,4,84,12,8,8,8,. . .

Note that G,, and S, of a square lattice with respect to a square hole (center of square)
are twice the corresponding values for a square lattice with respect to an edge.

Sn Tn
1 1
4 5
4 9
4 13
8 21

Chart 9. Square lattice centered at a lattice point (see text).
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16

24

32

Chart 10. Square lattice centered at a square hole (see text).

B. Three-Dimensional Spherical Clusters

1. Simple Cubic Lattice with Respect to Lattice Point (Chart 11)

Generating function Magic numbers
05 =1+6q+ 12> +8¢ +-+ G,=1,7,19,27,3,57,81,81,93,123, 147, . . .
S, =1,6,12,8,6,24,24,0,12,30,24, . . .

Rn Snp Th coordinates
I

| 000

®] | 6 7 100

ob.J2 12 19 110

s /3 8 et i

Chart 11. Simple cubic lattice centered at a lattice point (see text).
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Vil. CONCLUSION

It is known that clusters with magic numbers of atoms are more abundant than
others, presumably because they are particularly stable. In this chapter, we pre-
sented representative examples of sequences of magic numbers frequently ob-
served in clusters. It is believed that the formation of these magic sequences are
intimately related to the nucleation and growth processes that are dictated by the
often competing bonding and packing factors. While these processes may be ki-
netically or thermodynamically controlled, and hence sensitive to experimental
conditions, the facts that the bonding effects are electronic in origin and the pack-
ing factors are steric in nature often give rise to polyhedra clusters of high sym-
metry and packing efficiency. Shapes such as the 5 Platonic, the 13 Archimedean,
and other, related, more-or-less spherical, polyhedral are frequently found. The
progressions of these clusters, via either layer-by-layer or cluster-of-clusters
growth pathways, form sequences of magic numbers as a result of filling the elec-
tronic or atomic shells or both. In many cases, these progressions correspond to
the succession of high-frequency polyhedral clusters of increasing size while
maintaining overall shape and symmetry. Such a global symmetry is the result of
the self-organization and self-similarity principles that permeate all levels of dif-
ferent stages of the cluster growth processes. These magic numbers and se-
quences are also commonly observed and/or utilized in other branches of science
and technology as well as in many engineering research and applications.
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Modeling Metal Nanoparticle
Optical Properties

K. Lance Kelly, Traci R. Jensen, Anne A. Lazarides,
and George C. Schatz
Northwestern University, Evanston, Illinois

. INTRODUCTION

The interaction of light with noble-metal nanoparticles has been a significant
stimulus for scientific research (1). Colloidal nanoparticles are responsible for the
brilliant reds (gold particles) and yellows (silver particles) in stained glass win-
dows, and it was one of the great triumphs of classical physics when, in 1908, G.
Mie presented a complete solution to Maxwell’s equations for a sphere (2), which
provided an accurate description of the extinction spectra of spheres of arbitrary
size. Mie’s solution remains of great interest to this day, but the modern genera-
tion of metal nanoparticle experiments has provided new challenges to theory that
have spawned new directions for research. In this chapter we describe recent ad-
vances in theoretical research in this area, emphasizing especially the linear opti-
cal properties (extinction, absorption, scattering) of isolated noble-metal particles
of arbitrary shape and sizes in the 10—200 nm range.

One of the reasons why Mie’s theory has remained important for so long is
that the only routine method for preparing metal nanoparticles with somewhat
controllable properties has been colloid chemistry. Under the best of circum-
stances, such as for 10-15 nm Au particles, typical wet-chemistry methods for
colloid synthesis make unaggregated spherical particles with = 1-nm dispersion
(3). Obviously this is a good situation for applying Mie theory. However, most
colloids involve particles that have significant dispersion in particle size and
shape. In addition, some fraction of the particles is aggregated (4). These problems
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make it difficult to use Mie theory in a rigorous fashion, but it is still used for
qualitative information.

Recently there has been growing interest in characterizing the optical prop-
erties of metal nanoparticles that are made by lithographic methods, such as
nanosphere lithography (5), e-beam lithography (6), and by other methods (7,8)
that produce well-defined shapes and sizes without aggregation. This has stimu-
lated new interest in the electrodynamics of isolated nanoparticles (9-12), but
this time specific attention has been directed to nonspherical nanoparticles with
structures that are known from AFM or STM measurements. Other complicating
factors include the presence of a substrate that supports the particles, a solvent
layer on top of the particles, and particles that are sometimes close enough to-
gether that their electromagnetic coupling changes the spectra. Although extinc-
tion, absorption, and scattering are still the primary optical properties of interest,
other spectroscopic techniques are also being brought to bear on these particles,
including surface-enhanced Raman spectroscopy (SERS) (5,13—16) and a variety
of nonlinear scattering measurements [hyper-Rayleigh (17), hyper-Raman (18),
SHG (19), etc.]. These techniques are sensitive to the electromagnetic fields at or
near the particle surfaces (whereas extinction is more sensitive to fields in the in-
terior of the particle), thus providing new challenges to the development of accu-
rate methods.

In this chapter we give an overview of recent theoretical work that is aimed
at describing the optical properties of noble-metal nanoparticles. This includes a
fairly brief introduction to Mie theory, as well as theories that have been devel-
oped to treat particles other than spheres, particularly the Discrete Dipole Ap-
proximation. We then consider the application of these theories to a variety of
problems of recent interest for gold and/or silver particles. These include studies
of the particle size and shape dependence of extinction spectra, the treatment of
substrate and solvent effects for nonspherical particles, the treatment of particle
interactions in dimers, and the calculation of surface electromagnetic fields. We
will not consider particle interaction effects for aggregates larger than dimers, but
we should note several recent papers on this topic (20-22) that use methods re-
lated to those discussed here.

Il. MIE THEORY AND LONG-WAVELENGTH
APPROXIMATIONS

A. Mie Theory

In this section we want to solve Maxwell’s equations for light of frequency w,
represented as a plane wave, scattering from a spherical particle. Except at the
particle surface, this requires that we be able to describe light propagating through
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a linear, isotropic, homogeneous medium. In this case, Maxwell’s equations may
be reduced to solving the wave equations (2)

VE + KE =0

1
V’H+ KH =0 M

for the electric field E and the magnetic field H. Here the constant k is related to
o by (in SI units) k* = w’ep, where € is the permittivity and p is the permeabil-
ity. Often we will replace € by €ye, where € is a dimensionless quantity known as
the dielectric function, and € is the permittivity of free space. One can similarly
treat the permeability, but in this chapter we will always assume that . = .,
where [ is the permeability of free space.

Equation (1) must be solved subject to the divergence-free constraints
V- -E=0and V- H = 0. In addition, E and H are related to each other via

VXE =iopH

2
VX H=—inweE @

To solve the vector wave equations, we express E and H as linear combinations of
the vector functions M and N. These functions satisfy the wave equation and are
related to each other via N = k~' {V X M}. In addition, M may be expressed in
terms of the scalar function s by using M = V X ris, where r is the coordinate
vector.

The scalar function {s may be determined by solving the equation

V3 + Ky =0 3)

subject to the boundary condition at the sphere surface that the tangential compo-
nents of E and H derived from {s should be continuous. The general solution of
this equation may be written in terms of the two functions

Y = cOS moe Py (cos 0) z,,(kr) @
Yo = Sin me Py'(cos 0) z,,(kr)

where m =0, =1, =2, *3,. . ., *nandn =0, 1, 2,. . . The functions P}’ are
the associated Legendre polynomial, familiar from wavefunctions for the
hydrogen atom, and z, is a spherical Bessel function. The Bessel functions may
be chosen in four different ways; i.e., z, = j(kr), y,(kr), b, (kr), and h,, (kr), de-
pending on what boundary conditions are imposed. The asymptotic (r — %) lim-
its of these four functions are sin(kr — nw/2), cos(kr — nw/2), &~ "™ and
e ") respectively. Another important issue concerns the behavior of the
Bessel functions for » = 0. All the spherical Bessel functions diverge at » = 0
except j,(kr). This means that only j,(kr) may be used to represent a finite field at
the coordinate origin.
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The functions {,,,, and s, can be used to construct magnetic and electric
fields, using the definitions M,,,, = V X ri,,,, and N,,,, = kK Y{VXM,,,} and
similarly for the omn subscripts. We omit the details here. To use these fields to
define complete solutions to light scattering off a spherical particle, we need to
express the plane-wave field in terms of M,,,,,,, N,,..., and their omn counterparts.
If we consider polarized light, where k is along the z axis and the x axis defines
the polarization direction, then the resulting “partial wave” expansion is

) 2n + l
E. = E ezkrcose (1) _ l.N(l) 5
i 0 OnZ:l I’l(l’l + 1) oln eln) ( )
where e, is a unit vector along the polarization direction, and the sum expands the
plane wave into spherical-wave solutions. The superscript (1) in the vector spher-
ical harmonics stands for the j,(kr) solution. The scattered field Eg outside the
spherical surface is likewise written as

+

OMZI e NG, — MY (©)
where the superscript (3) stands for the outgoing wave spherical Bessel function
h,’. The complete solution is now written as the sum of the incident plus scattered
waves solution for geometries outside the sphere. A form similar to Eq. (6) ap-
plies inside the sphere, except that the superscript (1) is used so that the field will
be finite at the origin. By matching tangential components of the inside and out-
side fields at the sphere surface and applying similar boundary conditions to H,
one can express the unknown coefficients a,, and b,, in terms of known quantities.
The resulting expressions are

DG 0] = a0l (ma)]’
i’ (mx)[xh (0] = wihP oo [mag,(mx)]’

(N

'J“ljn(-x)[xjn(-x)]’ - p"jn(x)[mjn(mx)],
Ly (mx) XA ()] = whi(o)[mag,(mx)]’

where x = ka, m = k,/k is the ratio of indices of refraction (i.e., the ratio of the
square roots of the dielectric functions inside and out), and w and p; are the mag-
netic permeabilities (which in this chapter are assumed to be the same). The sub-
script 1, wherever it appears, always refers to properties inside the sphere.

With these coefficients determined, one can evaluate the complete electric
field E; + E, outside the sphere. If the magnetic field is similarly determined and
the resulting outgoing radiative flux is calculated in the » — o limit, then one can
determine the scattering and extinction cross sections. The scattering cross sec-
tion Cg, is the ratio of outgoing radial flux to the incoming flux associated with
the plane-wave solution, while the extinction cross section C,,, is proportional to

®)

n
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the ratio of the scattered flux in the forward direction to incoming flux. In Mie
theory, C,., and C,,, only depend on the coefficients a, and b,,:

_ 2w
Csca - ?

> @n+ D(la,l* + [b,]» ©)

n=1

2 o0
Copt = k—?z @n + DRe(a, + b,) (10)

n=1

These expressions for the cross sections are in a convenient form for numerical
computations, as methods for evaluating the Bessel functions needed to deter-
mine the coefficients a, and b,, are available for a wide range of orders and argu-
ments. Also, decomposition of the cross section into electric (a,) and magnetic
(b,) contributions from different partial waves is often useful for numerical sim-
plifications and physical insight. For small particles (small x) one finds that a,,
x@"Y and b,ox** ¥, so the dominant term is the dipole term involving a,, and
higher electrical terms contribute equally with magnetic terms of the previous
order. The leading order contribution to a; is

_ 2ire—1
@ 3 e+2

(11)

where we have used the conversion € = m” between dielectric function and index
of refraction (and for particles not in vacuum, € refers to the ratio of inside to
outside dielectric functions). This expression for a; connects us to the long-
wavelength approximation, which is considered in the next section; it also shows
us that the cross sections will have a peak whenever the real part of the denomi-
nator vanishes (Re {€ + 2} = 0). This corresponds to excitation of the electric di-
pole plasmon resonance. This only occurs in metals and similar materials that
have negative real dielectric functions that increase from —o° at zero frequency to
0 at the bulk plasmon frequency.

To complete this section we present some representative results of Mie the-
ory calculations. In an earlier paper (9) we did this for Ag spheres, so here we
consider another important metal, Au, using dielectric functions from Palik (23).
The results are presented in Fig. 1A and 1B. Figure 1a shows extinction spectra
for Au particles having radii from 10 to 200 nm. This shows the well-known di-
pole plasmon resonance maximum, which for small particles occurs at about 520
nm (corresponding to the wavelength where Re {€ + 2} = 0). As the particle gets
larger, the dipole resonance red-shifts and broadens for reasons that will be ex-
plained in the next section. In addition, for a radius of 200 nm we see the appear-
ance of three peaks in the extinction profile. For this size, the dipole plasmon res-
onance has shifted so far to the red (to beyond 1000 nm) that a quadrupole
plasmon resonance is now visible at 620 nm and an octopole resonance at 520 nm.
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(A)
6.0 . : :
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Fig. 1. (A) Mie theory results for the extinction spectra (extinction efficiency vs. wave-
length) of gold spheres having radii from 10 to 200 nm. The extinction efficiency is the
ratio of the extinction cross section to the area of the sphere. (B) Mie theory results for 30-
and 100-nm Au spheres, showing the decomposition of the extinction cross section into
contributions from scattering and absorption.

Figure 1B shows the decomposition of the extinction for 30- and 100-nm
radius particles into contributions from absorption and scattering. For the 30-nm
case, the scattering contribution is small, and all three curves have a similar
dependence on wavelength. This situation changes dramatically for the 100-nm
particle. Here we see that scattering is more important than absorption for wave-
lengths longer than 500 nm. The scattering contribution is also considerably more
red-shifted than absorption, so we see that most of the red-shifting and broaden-
ing of the extinction as particle size is increased is due to the growth of scattering.

B. Long-Wavelength Approximations

If the particles are very small compared to the wavelength of light (typically
<1%), then it is possible to replace the electrodynamics treatment just described
by electrostatics. By this we mean that one takes the limit of zero frequency in
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solving Maxwell’s equations [thereby allowing us to solve Laplace’s equation for
the electric potential instead of Eq. (1)], but the correct frequency-dependent di-
electric function is used (sometimes this is called the quasistatic limit). The virtue
of this approximation is that it is possible to solve Laplace’s equation analytically
for several important particle shapes, including spheres. The details of this ap-
proach are described by Zeman and Schatz (24,25). In its lowest-order treatment,
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one finds that the induced polarization P in a sphere resulting from the imposition
of a field E is

P =aE (12)
where the polarizability « is
;€ — 1
=a 13
“ e+2 (13)

where a is the sphere radius. This expression shows that « is proportional to the
long-wavelength expression for the Mie a; parameter [Eq. (11)]. As a result this
theory predicts that the plasmon resonance occurs when Re {& + 2} = 0,
independent of particle size.

The real power of the long-wavelength limit occurs when one includes per-
turbative corrections for electrodynamic effects through order 1/A°. This allows
us to extend the electrostatic treatment to particles that are up to 10% of the wave-
length of light in any dimension. We will call this corrected electrostatic treatment
the modified long-wavelength approximation (MLWA) (26).

The electrodynamic corrections can be thought of as including for the lead-
ing terms in Eq. (12) that arise when left- and right-hand sides are expanded in
powers of 1/\, and then the result is averaged over the particle volume. The lowest-
order term is, of course, the electrostatic solution. For spherical particles with
polarization P, the next higher-order corrections involve rewriting Eq. (12) as (27)

P = o[E + E, 4] (14)

where the radiative correction field E,,q is
2 . K
E. = —ik’P + —P (15)
3 a

The first term in this expression describes radiative damping. It arises from spon-
taneous emission of radiation by the induced dipole. This emission grows rapidly
with particle size, eventually reducing the size of the induced dipole and increas-
ing the plasmon linewidth. The second term comes from depolarization of the ra-
diation across the particle surface due to the finite ratio of particle size to wave-
length. This dynamic depolarization term causes red-shifting of the plasmon
resonance as the particle size is increased. An equivalent theory for other particle
shapes has been described by Zeman and Schatz (24,25).

The net effect of both of these terms is to produce a modified polarization in
which the polarization P of the particle is given by Eq. (12) multiplied by the fol-
lowing correction factor:

2

2
F:U—fﬁa—imﬂ (16)
3 a
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Note that the radiative damping contribution to the correction factor is propor-
tional to the product of the polarizability (proportional to particle volume) times
k* [= (2m/\)*]. The dynamic depolarization term is proportional to a/a (propor-
tional to particle area) times k*. Clearly both terms will be of order unity when the
particle radius becomes comparable to A/2, which for A = 600 nm implies a =
100 nm.

Figure 2a shows the MLWA predictions of extinction for Au spheres. This
figure is intended to be analogous to Fig. 1a, and indeed we see many similarities
for small particle sizes. However, the larger particle sizes show considerable vari-
ation, with the MLWA plasmon considerably more red-shifted than the exact re-
sult. Figure 2b shows MLWA results analogous to Fig. 1b. This treatment shows
that the smaller particle is again dominated by absorption, while the larger one is
mostly scattering. In fact a major difference between the exact and MLWA results
is the absence of significant absorption in the MLWA results for the larger size
sphere. This indicates that the large absorption seen in Fig. 1b for wavelengths
less than 500 nm is due to the contribution of higher multipoles.

(a)
8.0

o
o

Extinction Efficiency
&
[e]

o
o

200 400 600 800 1000
Wavelength (nm)

Fig. 2a. MLWA extinction spectra for gold spheres analogous to those in Fig. 1a.
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Fig-2b. MLWA results for 30- and 100-nm Au spheres analogous to Fig. 1b.

lll. TREATING NONSPHERICAL PARTICLES
A. General Discussion

As soon as one considers particles other than spheres, it is usually not possible to
obtain analytical solutions to Maxwell equations. Because of this, there has been
a great deal of effort put into developing numerical methods. In fact, since the
classical electrodynamics problem is also relevant to studying radar, the literature
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on numerical methods is enormous. However, there are some important chal-
lenges and simplifications associated with metal nanoparticles that limit the ap-
plicability of methods used to study problems with much longer wavelengths and
length scales. [Here we note that Maxwell’s equations are not invariant to scaling
both the wavelength and size by the same amount, as dielectric functions vary
with frequency but not size (except for very small particles).]

Among the numerically exact methods that have been used to describe non-
spherical metal nanoparticles are

1. Discrete dipole approximation (DDA) (9-12,26,28,29)
2. Multiple multipole methods (MMP) (30)

3. Finite-difference time-domain (FDTD) methods (31)
4. T-matrix methods (32)

DDA methods divide the particle into a large number of polarizable cubes. The
induced dipole polarizations in these cubes are determined self-consistently (see
Sec. II1.C), and then properties such as the extinction cross section are determined
in terms of the induced polarizations. The MMP method divides the particle into
domains with shapes that allow for series expansion solutions of Maxwell’s equa-
tions. The coefficients in these expansions are then determined by matching
boundary conditions at the domain interfaces. These boundary conditions are
matched by using least squares, so the resulting solution is exact within each do-
main but approximate at the boundaries. FDTD methods solve Maxwell’s equa-
tions as a function of time (rather than at fixed frequency as with the other meth-
ods) using a 3D spatial grid for expressing the spatial derivatives. There is also a
finite element version of the same theory. T-matrix methods express the fields in-
side and outside the object as expansions in vector spherical harmonics that are
similar to Eqgs. (5) and (6). The coefficients in this expansion are determined by
matching boundary conditions at the particle surfaces.

B. MLWA Treatment of Spheroids

In addition to the numerically exact methods for solving Maxwell’s equations, it
is possible to develop approximate electrodynamic methods that are useful for
gaining insight and for generating qualitative information about scattering and
absorption. One of the most useful methods in this regard is the long-wavelength
generalization of the MLWA theory that was described in Sec. II.B. Various ver-
sions of the theory for spheroids have been described by Adrian (33), Kerker (34),
Gersten and Nitzan (35), and Zeman and Schatz (25). The simplest version of the
theory involves solving the Laplace equation by using separation of variables in
spheroidal coordinates. A spheroid is a particle whose surface is governed by

x2+y2 2

=1 (17)
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where ¢ > a for a prolate spheroid and ¢ < a for an oblate spheroid. In the long-
wavelength limit, one finds that Eq. (12) still governs the induced polarization,
but the polarizability (along the z axis) is given by

X g -1e—1

ap =c (18)
| 3 &2) €+ X
Here & = (1 — a*/c*)" "%, and X is the shape-dependent parameter
1
xj=-—-1+——>— (19)
” Q\(EN(E — 1
where
& [Eo + 1}
=1 -1 20
0 ) n £ — 1 (20)

Equation (18) shows that the plasmon resonance condition is Re {€ + ¥} = 0, so
the value of x| determines the resonance wavelength. Simple substitution into Eq.
(19) reveals that for a prolate object x| is greater than 2, while for an oblate argu-
ment it is less than 2. Since € for a free-electron metal gets more negative as
wavelength is increased, if x; > 2, the plasmon resonance will be red-shifted
compared to the corresponding sphere resonance. Of course this same resonance
will be blue shifted for oblate spheroids that are excited along the symmetry axes.

If the initial field is perpendicular to the symmetry axis, then an expression
similar to Eq. (18) still applies, but xj is replaced by x, and the resonance condi-
tion is now Re {€¢ + x,} = 0. The expression for ¥, is

L+ 1 cos—! {&5 - 1D“
2 G+1

m=—1—4£— @1
where £, = (a’/c* — 1) ", Direct substitution shows that X1 is less than 2 for a
prolate spheroid and greater than 2 for an oblate spheroid. This means that for
perpendicular polarization, oblate spheroids have red-shifted plasmon resonances
relative to a sphere. For silver and gold, the resonances that are blue-shifted rela-
tive to that of a sphere are broadened by interband transitions, so it is the red-
shifted resonances that are more noticeable. Our emphasis in the next few sec-
tions will be on red-shifted reonances associated with oblate spheroids.

Zeman and Schatz (25) have developed electrodynamic expansions
(MLWA) that correct Eq. (18), and similar expressions for oblate spheroids,
through order \°. Figure 3 presents extinction spectra for 2:1 and 5:1 oblate gold
spheroids (with polarization perpendicular to the symmetry axis) based on
MLWA theory. In these figures the dimensions of the spheroids have been chosen
such that the volume is the same as a 30-nm-radius sphere. Comparisons with a
more accurate theory (DDA), described in the next section, are presented to
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Fig-3. MLWA (solid curves) and DDA (circles and diamonds) extinction spectra for 2:1
and 5:1 gold spheroids. These spheroids have a volume equivalent to that for a 30-nm-
radius sphere, and the semimajor/semiminor axes are 37.8 nm/18.9 nm for the 2:1 spheroid
and 51.3 nm/10.3 nm for the 5:1 spheroid. The extinction efficiency plotted is defined
as the cross section divided by the area of a sphere with the same volume as the spheroid.
The DDA calculations are based on grids of 19 X 38 X 38 for the 2:1 and 10 X 51 X 51
for the 5:1.

demonstrate that the MLWA result is accurate. Figure 3 shows the expected red
shift as the ratio a/c (and hence ) increases.

C. Discrete Dipole Approximation (DDA)

In the DDA approach, one represents the object of interest as a cubic lattice of N
polarizable points. There is no restriction as to which of the cubic lattice sites is
occupied, which means that DDA can represent an object or multiple objects of
arbitrary shape. We take the ith element to have a polarizability o; (and no higher
multipole polarizabilities) and with its center at a position denoted r;. The polar-
ization induced in each element as a result of interaction with a local electric field
E,.. is (omitting the frequency factors ™)

P, = q;  Ej (1) (22)
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E,.., for isolated particles, is the sum of an incident field and a contribution from
all other dipoles in the same particle:

Eloc(ri) = Eloc,i = Einc,i + Eself,i

23

=Ejexp(ik ‘1) — D A;- P @
VAl

E, and k are the amplitude and wave vector of the incident wave, respectively,

and the interaction matrix A has the form

exp(ikr;;)
A P, = SRRy

ij J 3
i
ij

{Kr; % (r; X P)

L —ikry @
+ riz/' X [riP; — 3ry(r; - P)l} (j#1)
where k = w/c. Note that the metal dielectric constant enters the calculation
through the polarizabilities o;. The explicit formula for o; was developed by
Draine and Goodman (29) such that the dipole lattice for an infinite solid exactly
reproduces the continuum dielectric response of that solid to electromagnetic
radiation.

Substituting Egs. (23) and (24) into Eq. (22) and rearranging terms in the

equation, we generate an equation of the form

A'-P=E (25)

where A’ is a matrix built out of the matrix A from Eq. (24). For a system with a
total of N elements, E and P in Eq. (25) are 3N-dimensional vectors and A’ is a
3N X 3N matrix. By solving these 3N complex linear equations, the polarization
vector P is obtained, and with this the extinction cross sections and other optical
properties may be calculated. In practice there are significant advantages associ-
ated with performing the sum over dipole fields in Eq. (23), using fast Fourier
transform methods, and solving Eq. (25) by complex conjugate gradient tech-
niques. This is the implementation developed in the work of Draine and Flatau
(29), and it is what we have used in the present studies. Further details of the
method are described in Ref. 26.

Tests of the DDA method are provided by Figs. 3 and 4. Figure 3, which
refers to 2:1 and 5:1 Au spheroids, shows results which match the MLWA calcu-
lations quite well. These results were based on grids of 19 X 38 X 38 for the 2:1
calculations, and 10 X 51 X 51 for 5:1. Calculations with larger grids give essen-
tially the same results, indicating that the results are converged. Figure 4 presents
analogous Ag results for particles whose sizes (see caption) were taken to match
recent measurements (11). These particles are generated by a technique known as
nanosphere lithography (5), which produces a periodic particle array (PPA) of
silver particles whose shapes are very close to uniform for all the particles being
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Fig. 4. DDA extinction spectra for silver PPA particles. (a) refers to PPA I of Jensen
et al. (11), while (b) refers to PPA 1V. Particle I is modeled as a truncated tetrahedron with
base dimension of the equilateral triangle equal to 93 nm and a height of 28 nm. Particle IV
refers to an annealed particle represented as an oblate spheroid having a major axis (diam-
eter) of 90 nm and a minor axis (height) of 42 nm. Insert shows the particle shapes for par-
ticles I and I'V. The results from experiment (11) are indicated in each figure. DDA results
are presented for an isolated particle (no substrate) and for a particle on a mica substrate.
The substrate is modeled as a cylinder of height 30 nm and diameter 153 nm for PPA I,
and of height 45 nm and diameter 120 nm for PPA IV. Total number of dipoles in these
calculations is 63,126 for PPA I and 18,855 for PPA IV.
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irradiated. In these measurements, several sizes and shapes were considered;
Figure 4 considers only two. They are denoted PPA I and PPA IV (following the
notation in Ref. 11), and we note that PPA T is modeled as a truncated tetrahe-
dron, while PPA TV has been annealed so that its shape is approximately spher-
oidal. Note that PPA T has a plasmon resonance that is far to the red of that for
PPA TV. This reflects the fact that PPA T is much flatter (heights of 28 nm vs.
42 nm, while the widths are approximately the same). The comparison with ex-
periment for the theoretical results labeled “no substrate” is quite good for PPA
IV, but is not good at all for PPA I. The difference between the two results has
been studied (11) and is primarily due to the much stronger interaction of particle
I with the mica substrate that is used to support the particles. This point is appar-
ent from the results labeled “with substrate” in Fig. 4, and it will be further con-
sidered in the next section.

IV. SUBSTRATE AND SOLVENT EFFECTS
A. Mie Theory for Core-Shell Particles

The theory developed for a single solid sphere in Egs. (1)—(10) can be modified to
treat a spherical core having one or more shells of arbitrary thickness. This is done
by applying electromagnetic boundary conditions at both the inner and outer shell
surfaces, and it leads to equations analogous to Egs. (9) and (10) for the extinction
spectrum, but with expressions for the coefficients a, and b, that are more com-
plex than in Egs. (7) and (8). The results have been described for the case of a sin-
gle shell by Bohren and Huffman (2). Here we present results from a program
which they provide wherein we have studied several model systems of relevance
to the PPA particles described in the previous section.

Figure 5 shows the results of calculations with this theory for the specific
case of a 30-nm-radius Ag sphere, with shells having dielectric functions of mica
(Fig. 5a), Au (Fig. 5b), and Pt (Fig. 5c). In the results for Au and Pt, we have
included for the influence of the finite thickness of the metal shell on the dielec-
tric functions using a surface scattering correction that has been discussed previ-
ously for Au (25,36). The Pt corrections involve estimates of the plasmon fre-
quency (2.22 X 10" sfl) and width (2.45 X 10 sfl) based on fitting the results
in Ref. 37 to a Drude expression.

In all cases the zero coverage result shows a plasmon resonance at 380 nm.
With a dielectric function corresponding to mica, the plasmon shifts to the red as
coverage increases, with even a 1-nm shell giving a detectable shift (few nm). Ul-
timately in the limit of an infinite shell, one expects the resonance to shift to what
would be obtained for a particle in a dielectric continuum. For small particles, this
would be determined by Re € + 2¢,,.4 = 0, where €,,.4 is the dielectric function of
the surrounding medium. In the present case this leads to a resonance at 490 nm.
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Fig. 5a. Mie core-shell results for the following systems: (a) Shell having the dielectric
function of mica and a thickness of 0, 4, 10, 30, and 60 nm surrounding a Ag core whose
radius is 30 nm. Also shown is the bulk mica (infinite thickness) result.

What we see from Fig. 5a is that this result is achieved for a shell of 60 nm; i.e.,
the shell thickness is equal to the particle diameter. This result is consistent with
rapid decay of the induced dipole field about the particle. Note that for the 60-nm
shell, there is substantial scattering near a wavelength of 200 nm that is not pres-
ent for the smaller figures. This is Rayleigh scattering associated with the entire
core-shell system, and it has a ()\)74 dependence on wavefunction \. This effect
makes a thick shell different from a dielectric continuum no matter how thick is
the shell, which means that the apparent convergence in Fig. 5a between the
60-nm spectrum and that for infinite thickness is an oversimplified conclusion.
However, the Rayleigh scattering contribution can be subtracted out, and what
remains in the thick shell result differs from the infinite shell limit by an inter-
ference term that oscillates about the infinite result.
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Fig. 5b. (b) Au shell having thickness of 0, 0.5, 1, 2, 5, and 10 nm surrounding a Ag core
having a radius of 30 nm. Also shown is the result for a pure Au core of radius 40 nm.

Figure 5b shows that a gold shell gives behavior quite different from a mica
shell. Here we see that, although the plasmon resonance is broadened for shells
up to 5 nm, the resonance is not red-shifted. Then for thicker shells, a gold plas-
mon resonance at 520 nm gradually builds in. Figure 5c¢ shows still different be-
havior for Pt shells. Here the Pt resonance frequency lies to the blue of that for
Ag, so thick films show blue- rather than red-shifting. However, there is essen-
tially no shift for thin films, similar to what we see for Au.

B. DDA Theory of Substrate and Solvent Effects

The application of DDA theory to a core-shell particle involves only one com-
plication in the theory presented previously, namely one needs to use different
finite element polarizabilities for the lattice dipoles associated with the shell and
the core. These are straightforwardly derived from the appropriate dielectric
functions. It is, in principle, possible to use different grid dimensions for the core
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Fig. 5¢c. (c) Pt shell having thickness of 0, 0.5, 1, 2, 5, and 10 nm surrounding a Ag core
whose radius is 30 nm. Also shown is the result for a pure Pt core of radius 40 nm.

and shell; however, doing this would make it impossible to use a Fourier repre-
sentation to evaluate dipole sums, so this is not recommended.

Figure 6 presents a test of the DDA method for a core-shell system that
matches the parameters considered in Fig. 5a. The figure shows good, though not
perfect, agreement, indicating that DDA is nearly correct. We have tested this re-
sult for convergence with respect to the grid size, and find that it is converged.
This means that the application of the bulk lattice dispersion relationships for the
various components becomes less accurate when the system is heterogeneous like
a core-shell particle.

One of the great virtues of the DDA is that it can treat complicated com-
posites with essentially the same effort as a homogeneous material having the
same dimensions. Figure 4 shows two examples of this for the particles labeled
PPA T and PPA TV in Sec. III. The experimental preparation using nanosphere li-
thography (5) typically deposits these particles on a substrate of mica. To describe
the effect of this substrate on the optical response, we have done DDA calculations
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Fig. 6. DDA core-shell results (circles and square) for silver core with radius 30 nm and
mica shell with thickness 4, 10, and 30 nm. The solid curves show corresponding results
from Mie theory.

for an assembly that consists of the PPA particle on a cylinder of mica whose
height equals the particle height and whose width is twice the particle width.
Based on the results in Fig. 5a, one would expect that this should give a result that
is close to being converged with respect to cylinder size, and indeed it does. What
Fig. 4 shows is that the plasmon resonance for the system of particle + substrate
is greatly red-shifted compared to that for the isolated particle, indicating that the
substrate effect is important. For PPA I, the DDA plasmon peak is in close match
with measurements once the substrate is included. The situation for PPA IV is not
quite so good, but here we note that the spheroid model of particle shape is not as
quantitative a representation of what is prepared by the experiment as it is for the
truncated tetrahedron (11).

Figure 7 shows another application of DDA theory, this time to the case
where the part of the PPA IV particle that is above the mica substrate is sur-
rounded by a solvent, whose index of refraction is denoted 7,4 (N2 ed = Emed)-
This plot of peak plasmon wavelength versus n,,.q includes recent experimental
results (11) that demonstrate an approximately linear dependence on n,,.q over the
range considered. To model these results, we show the results of three different
DDA calculations. The first (filled circles) considered the particle (no slab) to be
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Fig. 7. DDA calculations for PPA 1V, showing the wavelength of peak extinction as a
function of the index of refraction n,,.4 of the surrounding medium. Results from experi-
ment (11) are also included. The DDA calculations include (a) DDA calculations with no
slab, with the solvent treated as an infinite continuum (filled circles); (b) DDA with a mica
slab, with the solvent treated as a continuum (pluses); and (¢) DDA with a mica slab, with
the solvent treated as a small droplet that coats the surface (filled diamond).

embedded in a homogeneous dielectric material whose index of refraction is that
of the solvent. Here the DDA calculation is by applying the original DDA method
(i.e., DDA for a particle in vacuum) with two modifications. One is that the di-
electric function € is replaced by €/¢,,,.q. The second is that the wavevector k is re-
placed by n,,.¢k, where n,,.q is the index of refraction of the medium. The second
DDA result (pluses) is the same as the first except that a mica slab is explicitly in-
cluded in the calculation. The third DDA result (diamonds) includes the solvent
as explicit dipoles forming a nanodrop on top of the PPA particle. The substrate is
also included.

The DDA results in Fig. 7 show good qualitative agreement with experi-
ment, but the slope of the curves is always overestimated by theory. Note the con-
sistency between the various DDA results, with the explicit solvent (nanodrop)
result being very close to the continuum solvent result. Also, the PPA particle
with an explicit slab gives the same result for n,,.q = 1.6 (which is where the slab
and solvent dielectric functions are the same) as the continuum solvent result with
no substrate.
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V. NEAR-FIELD PROPERTIES

For many spectroscopic properties, one needs the electric fields that come from
solving Maxwell’s equations evaluated close to or at the particle surfaces. This
would be appropriate for applications to surface-enhanced Raman spectroscopy
(SERS) where molecules on the surface interact with the incident field at the par-
ticle surface. This field induces an oscillating dipole in the molecule, and the ra-
diation from this dipole, which also interacts with the surface, results in Raman
scattering. Surface fields are also important for second-harmonic generation
(SHG), as the gradient in the electron density near the particle surface is respon-
sible for the nonlinear polarization.

A. Mie Theory Results

Evaluation of fields near the particle surfaces in Mie theory requires evaluation of
E = E, + E, from Egs. (5) and (6). Figure 8a shows the results of this evaluation
for a 30-nm radius Ag sphere, where we have plotted contours of |E|2 versus the
coordinates x and z, where z is the propagation direction and x is the polarization
direction. In Fig. 8b we show the analogous results for a 60-nm sphere. The wave-
length in both figures is 366 nm.

To understand Fig. 8a, we note that close to the sphere (but still outside),
one expects that the field will look like a static dipole field. Such fields have a 1/
dependence on distance and a sin 0 cos ¢ dependence on angles for the present
choice of propagation and polarization directions. This means that in the x—z
plane, the contours should have the angular dependence of a p-orbital (peaking at
6 = 90° and ¢ = 0° or 180°), and they should drop off rapidly as one goes away
from the particle surface. This is exactly what Fig. 8a shows, for locations that are
out to about twice the radius from the particle center. Beyond that the field shows
oscillatory contours that reflect the plane-wave behavior of the incident field. Fig-
ure 8b shows a more complex situation that arises when the particle is large
enough to show significant quadrupolar excitation. In this case the field involves a
superposition of dipole and quadrupole behavior such that the peak surface field
now occurs at points where 6 = 135° and ¢ = 0° or 180°. This illustrates the
complexity that can arise in the evaluation of surface fields, and this complexity
gets worse for nonspherical particles.

Figure 9 shows several electrodynamic properties for the 30- (top) and 60-
(bottom) nm Ag spheres as a function of wavelength. Included for each size are ex-
tinction spectra, the surface average electric field <|E|2), and the peak field (|E|2)max.
This figure shows that the average and peak field strengths occur at wavelengths
that are red-shifted compared to where the peaks in the extinction spectrum occur.
This arises because extinction measures the volume polarization of the particle,
and thus is less sensitive to the electrodynamic (finite wavelength) corrections than
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Fig. 8a. Mie theory electric fields (plotted as contours of constant (|E|2) outside a silver
sphere with radius (a) 30 nm and (b) 60 nm. The wavelength in both figures is 366 nm.

is the surface field. The average field strength for the 30-nm sphere is enhanced by
a factor of over 30 at its peak value compared to what is the field in the absence of
the sphere, and the peak value is enhanced by a factor of nearly 100. For the 60-nm
sphere, there are both dipole and quadrupole maxima in all the curves, with the di-
pole maximum dominant in extinction and in the average field. For the peak field
the quadrupole resonance peak is almost as high as the dipole maximum.

The red shift in the peak field compared to the extinction maximum should
be observable by comparing SERS excitation spectra with extinction spectra.
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This is because SERS is sensitive to local fields at the incident and Stokes-
shifted wavelengths. However, quantitative confirmation of this result has not
been reported.

B. DDA Results

To determine surface fields near particle surfaces for particles other than spheres
requires a numerical method for solving Maxwell’s equations. One such method
is the DDA approach (9,26), discussed earlier. This approach is easy to apply, re-
quiring the evaluation of Eq. (20) at the surfaces of the particle, where the particle
surface may be approximated as the exposed surfaces of the cubical elements.
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Fig. 9. Extinction efficiency (thick curve, left axis) peak [(|E|2)max dashed curve, right
axis] and average ((|E|2> thin curve, right axis) electric field enhancement as a function of
wavelength for 30- (top panel) and 60- (bottom panel) nm silver spheres.

Reference 9 presented just such an application for several particle shapes. Where
the particles are spherical, these results are essentially the same as in Fig. 8 for
distances at least two or more grid points away from the surface. Closer than that,

the graininess of the DDA solution becomes evident, and the method becomes
inaccurate.
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VI. DIMERS AND AGGREGATES

To conclude this chapter, we mention the electrodynamics of interacting particles.
This is actually a rich topic in its own right, particularly when considering
nanoparticle aggregates, and we refer the reader to several papers which cover
this problem in detail (9,20-22). Here we consider just the case of two interacting
particles.

Aggregation leads to electrodynamic interactions between the particles due
to mutually induced dipoles, and typically this produces red shifts in plasmon fea-
tures. This result can be derived by representing each particle as a single induced
dipole, yielding a result that is even quantitatively correct provided that the parti-
cles are farther than one radius in separation. For closer separations it becomes
important to include higher multipoles in the interactions between particles, and
if enough multipoles are included, the result is, in principle, exact. For spherical
particles, a coupled multipole theory and computer code has been developed by
Mackowski (38). Figure 10 gives an example of an application of this code, show-
ing the wavelength of the plasmon maximum (only the dipole plasmon is signifi-
cant) associated with two 30-nm radius gold spheres aligned along the polariza-
tion direction of the incident light as a function of the interparticle separation
distance. Coupled dipole and DDA results for this system are also presented, as is
the result for a single sphere (same as two spheres with infinite separation). Note
that the dipole polarizabilities in the coupled dipole calculations are extracted
from Mie theory [i.e., not using the electrostatic limit in Eq. (11)]. The figure
shows the expected red shift relative to the 510-nm peak that occurs for infinite
separation (in vacuum), with a 2-nm separation giving a shift of about 60 nm. The
DDA and coupled multipole results match each other closely. The coupled dipole
curve matches the more exact results for larger separations (>>20 nm), but it un-
derestimates the shift for smaller separations.

In Ref. 9 we presented similar results for coupled silver particles, showing
the complete DDA extinction spectrum as a function of particle size. There it was
shown that when the particles touch there is a dramatic red shift in the plasmon
resonance, even relative to that for a 2-nm separation. Multiple resonances also
occur. If the dimer is further “squashed together” to produce a peanut-shaped ob-
ject, the resulting particle behaves as a prolate spheroid (9), with the plasmon res-
onance shifting blue relative to the zero separation limit as the ratio of length to
width of the spheroid decreases toward one.

As a final application, we consider a dimer composed of two silver PPA
particles. Figure 11 shows the results of DDA calculations for two particles that
lie on the same plane with their tips pointed together and the polarization direc-
tion along the symmetry axis on which the particles are aligned. Each particle has
a base dimension of 120 nm and a height of 46 nm, with a single-particle plasmon
resonance peak at 574 nm. The results are presented as wavelength shift versus
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Fig. 10. Wavelength of dipole plasmon maximum as a function of the distance between
the surfaces of two 30-nm-radius gold spheres, showing results of coupled multipole
(dash-dot), coupled dipole (solid), and DDA (circles) calculations. The single-particle Mie
theory maximum (same as two particles with infinite separation) at 510 nm is also shown
(dashed). The polarization vector in this calculation is taken along the axis that connects
the two particles.

the tip-to-tip distance. Note that the shift is small (<20 nm) until the tip separa-
tion drops below 50 nm. This means that for the separation distance that is appro-
priate for the PPA fabrication (114 nm), the shift is almost negligible. This result
is important because it indicates that PPA particles can be considered to be iso-
lated in their response to an applied field. For smaller separations, the shift be-
comes substantial.
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Fig. 11. Extinction spectra for two coupled PPA particles, each represented as a trun-
cated tetrahedron, as obtained from DDA calculations, showing the evolution of the spectra
as the interparticle separation is varied. Each particle has a base dimension of 120 nm and
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dipoles was used. No substrate or solvent effect was included in this calculation.
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Electrochemical Template Synthesis
of Nanoscopic Metal Particles

Colby A. Foss, Jr.
Georgetown University, Washington, D.C.

. INTRODUCTION

The very earliest studies of nanoscopic metal particles proceeded without the
benefit of technology (e.g., electron microscopes) that could ascertain the actual
geometry of the particles (1). The success of the Mie (2) and Maxwell-Garnett (3)
theories in explaining the optical spectra of metal nanoparticles in glass or liquid
matrices is due largely to the fact that the assumed geometry, namely spherical,
was essentially correct for the systems under examination at the time. Spherical
particles are indeed a ubiquitous outcome of many synthesis regimes, whether
they involve the gas, liquid, or solid phase. However, other geometries, such as
rods, platelets, or polyhedra, can occur, especially in solutions containing surfac-
tants or other species that adsorb on metal surfaces and influence the thermody-
namics or kinetics of particle growth (4). The mechanism for the formation of
nonspherical particles is not well understood and is certainly a rich topic for fun-
damental investigation.

If the chemistry of nonspherical metal nanoparticle formation is still in its
infancy, the demand for such species certainly is not. As mentioned in Chapter 4
the surface enhancement of Raman scattering and other optical processes depends
strongly on particle size and shape. Also, new theories of the optical properties of
nonspherical metal particles beg for experimental results from well-defined real
systems. The topic of this chapter is femplate synthesis, a brute-force method that
relies not on elegant chemical principles (which have yet to be uncovered), but on
the geometry and dimensions of the pores of a host material to direct the growth
of nanoparticles (Fig. 1).
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Fig. 1. General scheme for template synthesis: the porous structure of a host material
(a) directs the growth of nanoparticles prepared within it (b).
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The attractiveness of template synthesis lies in its conceptual simplicity and
typically low cost; the only instruments required are an electrochemical potentio-
stat and a metal-sputtering device. Depending on the template materials em-
ployed, the subsequent optical and microscopic characterization of the metal
nanoparticles can also be very straightforward. We will summarize not only the
synthetic strategies used in our laboratory and in other groups, but a few of the
linear and nonlinear optical studies done on such particles as well.

Il. SYNTHESIS METHODS
A. Porous Host Materials
1. Anodic Aluminum Oxide (AAO)

The origin of template-based synthesis of metal nanoparticles can be traced to
early studies on the colorization of anodized aluminum (5). Goad and Moskovits
appear to be the first workers to recognize that the optical spectra of certain col-
orized anodic alumina arise from the plasmon resonance of nanoscopic metal par-
ticles deposited within the pores of the oxide (6). Andersson et al. proposed the
application of such materials as selective as selective solar absorbers (7); they
also realized that the cylindrical geometry of the pores of the anodic alumina
likely was directing the growth of nonspherical metal particles (7). While the
electrochemistry and structure of anodic alumina have been reviewed exhaus-
tively by others (8), we will provide a brief overview here.

Fig. 2A shows a schematic of the aluminum oxide film that forms when alu-
minum metal is anodized in acidic media. In a simple two-electrode cell where
the cathode is lead or stainless steel and the anode is aluminum metal, the appli-
cation of a positive voltage (anode versus cathode) in the presence of cold acid
(for example, 6% w/v oxalic or sulfuric at 0°C) results in an oxide layer which
contains a parallel array of nominally cylindrical pores. The oxide formation half-
reaction is

2Al, + 3H,0q) = ALOs) + 6H "y + 66~ (1)

The growth of the oxide layer is such that it advances into the aluminum
phase, with simultaneous formation and dissolution of the oxide occurring at the
base of the pore. During pore formation, the aluminum anode material is never di-
rectly exposed to solution, but is always coated with the so-called barrier layer.

It is well known that the diameter of the pores increases with the anodiza-
tion voltage (9,10). This feature has been exploited in the application of porous
anodic films as size-selective microfiltration membranes (10) and, of course, in
the control of the diameter of particles deposited within the pores (vide infra). The
dependence of pore size on anodization voltage is also an incredibly fortuitous
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Fig. 2. (A) Schematic of porous anodic aluminum oxide (AAO) layer that forms on alu-
minum during certain conditions of anodization. (B) The voltage reduction/film separation
process. (Top) Larger primary pore growth stage. (Middle) Voltage reduction and infiltra-
tion of barrier layer by branched pore network. (Bottom) Dissolution of branched network
region of AAO film and separation from aluminum anode.

occurrence, since it allows for the ultimate separation of the porous films from the
aluminum substrate, the destruction of the barrier layer, and the open communi-
cation of the pores from one face of the film to the other.

Figure 2B shows a schematic of the film removal process. After the porous
oxide film has grown to the desired thickness (2B, top), the anodization voltage is
decreased in 5% increments. With each reduction increment, the current de-
creases to a low level and then begins to recover as new pores are formed, whose
smaller size corresponds to the lower voltage. After the voltage reduction/current
recovery process is repeated several times, what was once the barrier layer of the
high-voltage pore structure is now a rootlike network of smaller pores (2B, mid-
dle). The oxide-coated anode is removed from the cell and immersed in a higher-
concentration acid solution (e.g., 25% w/w sulfuric acid at room temperature).
Since the rootlike network has a higher exposed surface area than the primary
large pores, dissolution occurs there first; the destruction of the network then
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results in the separation of the porous oxide film from the aluminum substrate
(2B, bottom). Both faces of the porous film tend to be rough. The roughness of
the former barrier layer face is due to the remnants of the rootlike pore network.
The solution side can rough because of exposure to the anodizing solution, espe-
cially when long anodization times (and thick films) are desired. Nonetheless, the
voltage reduction procedure allows for film separation with open pores. Also, sur-
face roughness is not necessarily undesirable (vide infra).

2. Track-Etch Membranes

Another convenient template material is the track-etch membrane (11). Track-
etch membranes are prepared by exposing a thin polymer film such as polycar-
bonate or polyester to high-energy nuclear fission fragments (Fig. 3A), which cre-
ate tracks in the material. Subsequent exposure to base solution increases the
diameter of the tracks to the desired value (Fig. 3B). Track-etch membranes with
pore diameters as small as 10 nm are commercially available.

In the context of metal nanoparticle template synthesis, the advantages of
track-etch membranes over porous alumina films lie in their flexibility (alumina
films are brittle) and, in some applications, their smooth surfaces. One drawback is
their low pore density, typically 10° pores/cm?® (12), as opposed to 10'" pores/cm?
in the case of anodic aluminas (12). Thus, the yield of particles per unit area of ma-
terial is low in the case of track-etch membranes. Another potential problem lies in
the fact that the pores created by fission fragment tracks are not always parallel to

A B C
=
........ L»

Fig. 3. Track-etch process for nanoporous polymer film formation. (A) Polymer film ex-
posed to high-energy fission fragments. (B) Base solution increases diameter of damage
tracks. (C) Resulting random placement of pores.
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each other (or even perpendicular to the membrane surface), and the pore positions
are random (Fig. 3C). This property is not important if the template-synthesized
nanoparticles are removed from the membrane before their ultimate application.
However, orientational and positional disorder can complicate interpretation
of physical properties if study focuses on the metal nanoparticle/template host
composite.

B. Metal Deposition
1. Deposition in Anodic Aluminas with Intact Barrier Layers

The first studies of metal nanoparticles prepared in porous anodic alumina films
involved the deposition of metals within the pores while the barrier layer was
intact. For example, Goad and Moskovits prepared 12-pwm-thick alumina films
by anodizing pure aluminum in 15% (w/w) sulfuric acid at constant current
(14 mA/cmz) at 21°C (6). Various metals were then deposited into the 15-nm-
diameter pores by an AC deposition technique.

The primary advantage of this method is ease of material handling; since
the anodic alumina film remains on the aluminum metal substrate, very thin oxide
layers can be used without fear of their breaking. However, a drawback of elec-
trodeposition in anodic aluminas whose barrier layer is intact is that pore filling
can be uneven (13) and the resulting metal structures can be granular and disor-
dered (6,7,14). However, some groups have recently prepared continuous metal
nanowires with this technique (15), so it should be considered a viable option for
nanoparticle preparation.

2. Deposition in Open Pore Templates

Electrodeposition into template films whose pores are entirely open is somewhat
more involved, but allows for continuous, monolithic structures, and, in some
cases, good linear correlation between the nanoparticle length and the integrated
deposition current (16). The general scheme, which applies to either track-
etched polymer membranes or porous anodic alumina films which have been
detached from their aluminum substrate via the voltage reduction method, is
shown in Fig. 4.

The first step involves vacuum or plasma deposition of a metal (usually sil-
ver) onto one face of the template film to render it conductive (4A). The coated
film is then placed in an electrochemical deposition cell. The silver-coated alu-
mina is the working electrode, and a counter- and reference electrode are im-
mersed in a metal-plating solution. The first metal electrodeposited is usually sil-
ver, or some other metal that can be etched away easily. In other words, it merely
forms a foundation for the deposition of the metal of interest (4B). The first plat-
ing solution is removed, and the cell is rinsed and refilled with the plating solution
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Fig.4. General scheme for electrochemical template synthesis (open-pore host method).
(A) Silver sputtering provides conductive layer for subsequent electrodeposition. (B) Elec-
trodeposition of silver foundation. (C) Electrodeposition of metal nanoparticle phase.
(D) Composite structure after silver foundation is etched away with nitric acid. (D") Depo-
sition of second silver layer. (E) Second gold layer deposition. (F) Paired gold nanoparti-
cles after silver etched away. (E”) Conversion of silver to semiconducting silver iodide via
electrochemical oxidation in presence of potassium iodide solution. (F") Paired gold/silver
iodide nanoparticles after silver etch.

corresponding to the metal of interest. The second metal is deposited in the
desired amount (4C). The silver foundation is etched away with nitric acid, leav-
ing the nanoparticles composed of the second metal in the pores of the template
(4D). In our laboratories, the silver foundation is electrodeposited from a silver
thiocyanate/ferrocyanide solution, and the second metal (gold) is deposited from
a commercially available Au(I) cyanide solution (16—18).

The advantage of this method is the simplicity of the DC electrodeposition.
Furthermore, the amount of metal deposited can be controlled since it is easy to
monitor the total number of coulombs passed during the process. The principal
drawbacks are the requirement of a plasma or vacuum deposition device and free-
standing films which must be mechanically robust enough to tolerate manipulation
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(basically this means that the films must be thick, >10 wm for track-etch poly-
mers and >30 wm for anodic aluminas). Also, when anodic aluminas are used,
the foundation layer (4B) must be thick enough to position the final particles deep
in the film where the pore structure is more well defined; both the solution face
and former barrier layer face of detached anodic aluminas tend to be rough and
the pore structure less well defined. As it turns out, the rougher barrier side forms
a better anchor for the initial metal deposition (17).

If removing the template synthesized particles from their host is desired,
this is easily accomplished by dissolving the host film. Track-etched polycarbon-
ate films dissolved readily in methylene chloride, and anodic aluminas are de-
stroyed in base (e.g., 0.10 M NaOH). Gold nanoparticles prepared via this method
are reasonably uniform in diameter [less than 10% relative standard deviation
(18)], but can suffer from significant polydispersity in length [up to ca. 20% in
relative standard deviation (18)]. Figure 5 shows transmission electron micro-
scope (TEM) images of gold nanorods formed in porous alumina via the above
method.

Fig. 5. Transmission electron microscope (TEM) image of template synthesized Au
nanoparticles prepared according to scheme in Fig. 4. (A) Particles in AAO host. (B) Parti-
cles recovered after host dissolved in base. Scale bar corresponds to 50 nm.
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3. A Hybrid Conducting Substrate Method

When the alignment of metal nanoparticles within their free-standing template
host is not a primary objective, a method developed by van der Zande et al. seems
most promising for the fast preparation of uniform particles (19). Rather than
preparing free-standing porous aluminas via the time-consuming voltage reduc-
tion method, the van der Zande method begins with the vacuum deposition of a
thin layer (ca. 75 nm) of platinum on a titanium-coated silicon wafer (the titanium
is added to improve adhesion of Pt on Si). A layer of aluminum (ca. 1 pwm) is then
vacuum-deposited on the platinum layer (Fig. 6A). The Al layer is then anodized
in acid in a manner similar to that discussed in Sec. A.1 (6B). The key feature of
this method is that the anodization of Al on a Pt substrate leads to a porous alu-
mina layer whose pores are open all the way down to the Pt layer. During the an-
odization, the moment all of the Al is consumed and the conductive Pt layer is ex-
posed is easily detected via the sudden increase in the evolution of hydrogen at
the cathode.

A small layer of copper is then deposited as a foundation, not to avoid ill-
defined pore structure (which does not occur in this method) but to allow for
eventual release of the desired metal nanoparticles from the substrate (6C). The

B C

Al

PtonTi —p

Si

Fig.6. Schematic of hybrid conducting substrate method (adapted with permission from
van der Zande, B.M.I.; Gohmner, M.R.; Fokkink, L.G.J.; Schonenberger, C. Langmuir
2000, 16, 451-458. Copyright 2000 American Chemical Society). (A) Silicon wafer
coated with titanium and platinum (the Ti improves adhesion of Pt on Si) and aluminum
layers. (B) Al layer anodized to form porous AAO. (C) Cu foundation layer electrode-
posited on Pt at pore base. (D) Electrodeposition of Au to form nanoparticles. (E) AAO
etching in hydroxide/poly(vinylphyrrolidone) solution. (F) Acid peroxide etch of Cu base
to release Au nanoparticles into solution.
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copper plating solution is removed, excess copper ions reduced, and then gold
plating solution is added to the cell. Gold is deposited onto the copper foundation
in an amount corresponding to the desired particle length (6D). The alumina host is
then dissolved in hydroxide solution (6E), which also contains poly(vinylpyrroli-
done) (PVP), which adsorbs to gold surfaces and facilitates the eventual dispersion
of particles in aqueous solution when then system is exposed to an acidic peroxide
copper etching solution (6F).

Monodispersity of gold nanoparticles prepared with this method is about
the same as that of particles prepared in the thick free-standing voltage-reduced
aluminas (18,19). However, this method is experimentally much more conve-
nient, since all electrodeposition, etching, and particle release steps can be done
in the same cell.

lll. OPTICAL PROPERTIES

A. Linear Optical Properties of Metal Nanoparticle/
Template Host Composite Films

One attractive feature of template hosts such as porous anodic aluminas is the par-
allel alignment of their pores. This allows for the straightforward interpretation of
the plasmon resonance spectra of nonspherical metal particles, which are pre-
pared within such pores. Aluminum oxide is particularly convenient for visible
and near-infrared spectral analyses, since it is transparent for most of the 300-nm
to 2.0-pum range. Fig. 7A shows the plasmon resonance spectra of a series of gold
nanorod/porous alumina composite films measured with the light incident normal
to the film surface (20). Since the rods are also aligned perpendicular to the film
surfaces, the electric field of the light is incident only along the diameter, or short
axis, of the rods. Thus, only one plasmon resonance band appears in each spec-
trum (the transverse resonance).

As the aspect ratio (length/diameter) of the particles increase, there is a
slight blue shift in the plasmon resonance maximum. This effect can be explained
on the basis of Egs. (4) and (5) in Chapter 1, and the fact that the screening pa-
rameter k for the case of the electric field incident along the short axis of a rod or
ellipsoid of revolution decreases as the particle aspect ratio increases (20).

Fig. 7B shows a series of spectra at different incidence angles (0) of a sin-
gle composite film system containing aligned gold nanorods. The incident light is
p-polarized; that is, the electric field is aligned parallel to the plane of incidence.
At 8 = 0 the spectrum shows only a single plasmon band, as in the case of Fig.
7A. However, as 0 increases, a second spectral band grows in, corresponding to
the long-axis resonance. Converse to the transverse resonance case in Fig. 7A, the
wavelength maximum of the longitudinal resonance increases with increasing
particle aspect ratio (18,20).
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Fig. 7. UV/visible spectra of oriented Au nanoparticle composites. (A) Normal inci-
dence spectra of 60-nm-diameter Au rods in AAO (reprinted in part with permission from
Foss, C.A., Jr.; Hornyak, G.L.; Stockert, J.A.; Martin, C.R. The Journal of Physical Chem-
istry 1994, 98, 2963-2971. Copyright 1994 American Chemical Society). Particle aspect
ratios (length/diameter) shown next to curves. Numbers in parentheses are plasmon reso-
nance \,,, value in nanometers. Note blue shift with increasing aspect ratio. (B) Polariza-
tion spectra of Au nanorods (diameter = 30 * 4 nm, length = 54 = 7 nm) in host AAO at
different incident angles 6 measured relative to AAO surface normal (reprinted in part with
permission from Sandrock, M.L.; Pibel, C.D.; Geiger, FM.; Foss, C.A., Jr. The Journal
of Physical Chemistry B 1999, 103, 2668-2673. Copyright 1999 American Chemical
Society). Incident light is p-polarized (electric field parallel to plane of incidence; see
schematic above spectra).

B. Linear Optical Properties of Template Synthesized
Particles Liberated from Their Hosts

If the deposition of metal into the pores of the host template results in nanoparti-
cles which are continuous, these particles can be removed from the host with con-
servation of their geometry. For example, van der Zande et al. released rodlike
gold nanoparticles into solution by destroying the host oxide (21). The spectra of
the resulting aqueous dispersions are very similar to those obtained from solu-
tions of gold nanorods prepared via electrolysis in bulk solution (see Chapter 7).
Because the nanorods are randomly oriented in solution, two plasmon resonance
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bands are observed: a strong one at long wavelengths due to the long-axis reso-
nance, and a weaker one at shorter wavelengths that originates from the trans-
verse resonance.

It is also possible to orient metal nanoparticles in a new host medium after
they have been liberated from their template host. For example, we have impreg-
nated Au nanorod/porous alumina composites with polyethylene (PE), etched
away the alumina with hydroxide, and then friction-oriented the fibrous Au
nanoparticle/PE (18). Figure 8 shows the polarization spectra of two Au/PE com-
posite films: one with low-aspect-ratio nanorods (8A), and one containing higher-
aspect-ratio particles (8B). As one would expect, the degree of linear dichroism
increases with particle aspect ratio. Judging from the low intensity of the trans-
verse plasmon resonance band for the case of the electric field polarized in
the gross orientation direction (6 = 90° in Fig. 8), the extent of orientation is quite

. Ne
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Fig. 8. Polarization UV/visible spectra of Au nanorod/polyethylene (PE) composite
films (adapted from Ref. 18). Schematics above spectra show optical setup. Incidence vec-
tor is perpendicular to plane of the page, and the polarization ¢ is measured relative
to gross orientation axis of PE fibers. Numbers next to spectral curve indicate ¢ values.
(A) Low-aspect-ratio particles (diameter = 32 = 1 nm, length = 40 = 5 nm). (B) High-
aspect-ratio particles (diameter = 32 = 1 nm, length = 67 = 7 nm).
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high. Unfortunately, the physical properties of the PE matrix preclude reliable
TEM evaluation of the orientation.

Orientation of template synthesized metal nanoparticles is also possible via
(a) stretch orientation of a polymer host (22) and (b) application of an external
electric field (23). In the stretch orientation method, gold nanorods prepared in
porous alumina are freed from their host and stabilized in aqueous suspension
via surface derivatization with poly(vinylpyrrolidone). The aqueous mixture is
added to an ethylene glycol solution of poly(vinylalcohol) (PVA). A thin (40—
90 wm) PVA film is cast from the glycol solution and stretched under gentle
heating. Polarization spectral analyses indicate that the degree of alignment is
virtually complete when the PVA are stretched four to six times their original
length (23).

The external field method involves placing an aqueous suspension of liber-
ated nanoparticles between two PT-coated stainless steel electrode plates, ca. | mm
apart. The optical probe beam is directed between the plates and polarized either
parallel or perpendicular to their surfaces. Application of an AC electric field be-
tween the plates induces orientation of the gold nanorods, and the orientation is
evident in the polarization spectra. Significantly, the extent of the observed field-
induced orientation agrees well with theoretical treatments which take into ac-
count the disruptive effects of thermal motion in the solution (24).

While template host materials such as porous anodic alumina can provide
orientational order, the order is limited to the case of alignment perpendicular to
the film surfaces. Stretch and friction orientation allow for alignment in the plane
of the composite film. The electric-field-based method aligns particles perpendi-
cular to the electrode plates enclosing a thin layer of solution, thus essentially
recreating the geometry present in the original nanoparticle/host template system.
While future experiments may be expected to extend the method to thicker sam-
ples, a fundamental drawback of the electric-field-based orientation is that ther-
mal motion in the solution precludes complete alignment (23).

The friction and stretch orientation methods seem capable of yielding more
complete alignment. However, in the context of controlling nanoscale structure,
the electric-field method may have the added feature of inducing formation of
nanoparticle aggregates. These “strings” of metal nanoparticles are postulated to
arise from electrostatic interaction of electric-field-induced dipoles (25).

C. Complex Nanoparticle Structures

While the electrochemical template synthesis method is perhaps most noted for
its application to the production of nanorods or nanowire structures, it also offers
a means for preparing paired nanoparticles (26—28) and layered nanostructures
(29-31). The preparation of layered structures is straightforward and involves
the electrodeposition of different metals in a prescribed order. The thickness of
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each layer, and thus the overall final pattern of the nanoparticle structure, can be
controlled electrochemically. Examples of multilayered metal particles prepared
with the template synthesis include the Pt/Au structures synthesized by Mallouk
and co-workers (31).

We have recently shown that gold nanoparticle pair structure preparation is
only slightly more complicated. Beginning with the scheme in Fig. 4, instead of
etching the silver foundation away after step 4C, a second layer of silver is de-
posited onto the existing gold layer (4D’"). The silver plating solution is removed,
the cell is rinsed, and gold plating solution is reintroduced. A second gold layer is
then deposited onto the second silver layer (4E). Subsequent etching away of all
of the silver (the foundation plus the second silver layer) with nitric acid leaves
two gold nanoparticles in each pore (4F). Using this modified template synthesis
method, we have prepared gold sphere pairs, rod pairs, and sphere-rod pairs.
Paired particles such as these provide an added dimension to structural complex-
ity and open up new avenues for structure-optical property studies.

A key feature of this method is that the interparticle spacing can be varied
via the thickness of the second silver deposit. For the paired sphere structures, we
have observed a subtle dichroism in the plasmon resonance band when the
spheres are close together (i.e., the center-to-center distance corresponds to less
than about two particle diameters). When the spheres are farther apart, no dichro-
ism is observed, since the particles behave as independent spheres (27).

Perhaps more significant is the observation of second-harmonic generation
(SHG) from noncentrosymmetric Au rod pairs (26). It is well known that at least
for molecular systems, the lack of inversion symmetry is a requirement for second-
order nonlinear optical (NLO) behavior. Figure 9 shows the SHG counts as a
function of incidence angle (under p-polarization) for two aluminum oxide films,
each containing a comparable total amount of gold, but one containing noncen-
trosymmetric rod pairs and one containing centrosymmetric rods. The noncen-
trosymmetric pairs are composed of a smaller rod [diameter (d;) = 26 = 3 nm,
length (/;) = 27 = 3 nm] and a larger rod (d, = 26 = 3,1, = 37 = 6 nm). The
centrosymmetric rods have an average diameter equal to 30 = 4 nm and an aver-
age length of 54 = 7 nm (26). As the incidence angle increases, an increasing
component of the incident electric field is parallel to the pore axis (which is also
the asymmetry axis). Thus, the SHG counts increase with incidence angle for the
noncentrosymmetric pair structures. The SHG counts are low for the centrosym-
metric rod system and, within error, do not increase with 9.

Using template synthesized gold nanoparticles, we were able to demon-
strate conclusively that SHG activity in certain limits depends on nanoparticle
symmetry. Furthermore, because particle aspect ratio and size are easily con-
trolled, we are able to probe the effects of these parameters on SHG efficiency.
For example, a key finding is that symmetry (or lack thereof) is key to SHG
intensity in small metal nanoparticle structures, whose primary response to an
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Fig. 9. (A) Second-harmonic generation (SHG) of Au nanoparticles in AAO as a func-
tion of incidence angle under p-polarization (adapted from Ref. 32). Open circles: SHG
counts for noncentrosymmetric Au nanoparticle pairs. Large-pair member dimensions:
length = 37 = 6 nm, diameter = 26 * 3 nm. Small-pair member dimensions: length =
27 = 5 nm, diameter = 26 = 3 nm. Edge-edge separation = 22 = § nm. Open triangles:
SHG counts for centrosymmetric Au rods (length = 54 = 7 nm, diameter = 30 = 4 nm).
All SHG counts normalized to SHG output from a potassium dihydrogen phosphate slurry
in decahydronaphthalene (see Ref. 26). (B) TEM images of noncentrosymmetric Au
nanoparticle pair (top) and centrosymmetric rods (bottom) in AAO host oxide. Scale bar =
50 nm in both images.

external electromagnetic wave is electric dipole induction. As the particle dimen-
sions increase, contributions from magnetic dipole and electric quadrupole modes
become more pronounced (32). Since these modes can give rise to SHG even in
spherical or other centrosymmetric particles, it is not surprising that larger non-
centrosymmetric pairs (d; = d, = 33 = 4 nm, /[, = 100 = 10 nm, [, = 31 =
4 nm) show essentially the same SHG counts as centrosymmetric rods of similar
overall dimensions (d = 33 = 4 nm, [ = 133 £ 2 nm) (32).

We have also used electrochemical template synthesis to prepare gold-silver
iodide pair structures, with the metal and semiconductor layers either in contact
or at variable interparticle distances. The synthesis of these paired particles is
somewhat more complicated than that of the single Au nanorod or paired Au par-
ticle systems described above. Following step C of Fig. 4 again, a second silver
layer is deposited onto the gold layer (4D’). The silver plating solution is then
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replaced with an aqueous potassium iodide solution, and the silver layer deposited
above the gold layer is oxidized to form silver iodide (4E") via the reaction

Ag + 1 g > Agl) e (2)

If the entire silver layer is converted to Agl, the metal and semiconducting
layers are in electrical contact. However, if only part of the silver layer is con-
verted and the remainder is etched away with nitric acid, the result is two parti-
cles, one composed of Au and one of Agl, separated by a distance corresponding
to the thickness of the uncoverted silver layer (4F").

Figure 10 shows the UV/visible extinction spectra of three Au/Agl
nanoparticle pair systems in porous AAO. The numbers next to the curves are the
average spacing between the two particles, as estimated from TEM images. When
the Au and Agl phases are far apart (top curve), the plasmon resonance band of
the gold particles is relatively narrow, and the band edge of the Agl particles is
well defined and shows the expected exciton peak (28). As the average interparti-
cle spacing is decreased, the Au plasmon resonance band red-shifts and broadens,
and the exciton peak at the Agl band edge becomes less distinct (middle curve).
When the Au and Agl phases are in contact (bottom curve), the plasmon reso-
nance band is further red-shifted and the exciton peak is not observed.

Based on Rayleigh limit spectral simulations for Au and Agl nanoparticles
in contact or close proximity, the observed red shift of the Au plasmon reso-
nance band does not appear to arise from simple electric dipole interactions be-
tween the two particles. The diminishing of the Agl exciton peak with decreas-
ing distance was first thought to arise from an energy transfer between the two
particles that results in lifetime broadening or dielectric screening arising from
the nearby metal phase (30). However, we do not have direct evidence of these
mechanisms.

Perhaps a simpler explanation, and one which implies a key limitation of
the template synthesis method, is phase mixing or contamination. For example,
the red shift and broadening of the Au plasmon resonance band may be explained
by silver or iodide impurities which disrupt the Au lattice and decrease the elec-
tron mean-free lifetime (33,34). It is also known that exciton formation can be
hindered by the presence of ionizable impurities in the semiconductor phase (35).
The fact that we observe gradual trends in spectral features with changes in the
average interparticle spacing may arise because the interparticle spacing can only
be controlled in an average sense; when the average spacing is small, there may
be a significant population of Au/Agl particle pairs that are actually in physical
contact and thus prone to material contamination. As the average spacing in-
creases, the fraction of particles in physical contact decreases, as does the inci-
dence of contamination.
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Fig. 10. UV/visible spectra of Au/Agl nanoparticle pairs in AAO (reprinted in part with
permission from El-Kouedi, M.; Foss, C.A., Jr. The Journal of Physical Chemistry B 2000,
104, 4031-4037. Copyright 2000 American Chemical Society). (Top curve) Au and Agl
particles at average edge-edge separation ca. 60 nm. (Middle curve) Separation ca. 30 nm.
(Bottom curve) Au and Agl segments in contact. All spectra taken at normal incidence to
AAO film surface, with incident electric field thus normal to Au/AgI pair axis. (Inset) TEM
image of Au/Agl nanoparticle pair. Scale bar = 100 nm.

This interpretation seems consistent with preliminary studies in our labora-
tory that indicate that converting a small amount of the gold particle to Au,S (via
electrochemical oxidation of the Au phase in the presence of aqueous Na,S) prior
to Ag deposition provides a physical barrier to contamination. The inclusion of
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this layer partially restores the Agl exciton peak and prevents red-shifting of the
Au plasmon resonance band even when the Au and Agl particles are in close
proximity (36).

IV. CONCLUSIONS AND OUTLOOK

Electrochemical template synthesis provides a convenient, “low-tech” means for
controlling metal particle structure at the nanoscopic level. Optical anisotropy,
perhaps the most readily observed evidence for orientational ordering of non-
spherical nanoparticles, is easily achieved. Template synthesized metal particles
can also be sufficiently robust to endure removal from the template host and sub-
sequent mechanical or field-induced alignment in other media.

If this chapter has emphasized anodic alumina films as template hosts, it is
for good reason; porous AAO films are simple to prepare, their pores sizes are
easy to dictate, and they are transparent over wide segments of the UV-near-IR
range of the electromagnetic spectrum. Furthermore, because AAO films main-
tain their porous structure at elevated temperatures, annealing of the metal parti-
cles prepared within them is possible (27,37). High-temperature stability of AAO
has also allowed for the preparation of carbon (38) and boron nitride (39) nan-
otubes via pyrolysis reactions. Li et al. (38) were also able to deposit cobalt within
the carbon nanotubes, thus offering another level of metal nanoparticle complex-
ity. Indeed, there are numerous other nonelectrochemical application of porous
AAO films as template hosts, many involving extreme conditions that track-
etched polymer membranes would not survive (40,41).

The primary drawback of electrochemical template synthesis remains its
limited precision. While the typical distribution of rodlike particle radii in a given
sample is 10% or less, parameters related to the thickness of the metal deposit
(e.g., the rodlike particle length or interparticle spacing in paired structures)
engender larger dispersion factors. The source of this problem is not clear, but
for particles prepared in thick AAO films (Sec. II.B.2), roughness and irregular-
ities on the side of the film contacting the plating solution and the resulting varia-
tions in metal ion transport efficiency may result in uneven metal deposition. This
problem may be overcome with improvements in anodization techniques and a
more thorough understanding of the pore formation process (42).

A problem related to particle length dispersion (in the thick AAO film open-
pore method) is nonuniform particle placement within the film. Because the silver
foundation thickness is not uniform (again, perhaps due to factors discussed in the
previous paragraph), the gold particles deposited upon this foundation occur at
widely varying distances from the AAO film surface. This “positional dispersion”
is not reproducible from one sample to the next, and thus estimates of composite
layer thickness and metal volume fraction can only be made via TEM examina-
tion of every sample (20). The problem of particle distribution within the AAO is
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not an issue if the metal nanoparticles are destined to be extracted and incorpo-
rated into other media. However, if optical theory-experiment comparisons in
AAO/metal nanoparticle composites are the goal, uncertainties in composite nan-
ostructure represent a serious challenge.

Another limitation of the electrochemical template synthesis method is the
nature of the metals that can be incorporated into nanoparticle structures. First,
the metals must be such that they can be deposited from solutions that do not
damage the template host structure (this means, for example, avoiding pH ex-
tremes if the host is porous AAO or, for track-etched polycarbonate, organic sol-
vents that dissolve the polymer). Second, open-pore methods of deposition in-
volve an etching step that isolates or releases the final nanoparticle structures for
subsequent study. The etchant attacks metal components such as Ag or Cu that
provide an electrical contact and/or a spacing layer during electrodeposition. The
problem is that it is difficult to actually incorporate these metals, or indeed any
metal that is vulnerable to the etchant into the final nanoparticle structure. Thus, it
is no accident that many electrochemical template synthesis studies to date have
focused on nanoparticle structures of gold or platinum.

A challenge for future work is the development of new deposition/etching
procedures that extend the range of metal elements that can be used to prepare
nanoparticles. For example, one might envision a nonaqueous regime in which al-
kali metal or alkaline earth elements can form the electrodeposited foundations
for subsequent deposition of non-noble metals. The foundation may then be
etched by exposure to water, which would not damage nanoparticles composed of
metals such as Ag, Cu, and Ni.

In spite of its current limitations, electrochemical template synthesis is
likely to remain a viable approach to metal nanoparticle synthesis. Its low cost
and simplicity make it a feasible strategy even in modestly equipped laboratories.
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Nonlinear Optical Properties
of Metal Nanoparticles

Robert C. Johnson and Joseph T. Hupp
Northwestern University, Evanston, Illinois

. INTRODUCTION AND BACKGROUND

Nonlinear optics (NLO) is an interesting and active field of research and develop-
ment where activity is now largely driven by a desire to progress toward real-
world applications of novel technologies (1). A compelling emerging application
of nonlinear optics is photonics, the photon-based analog of electronics, which
utilizes nonlinear phenomena (e.g., sum- and difference-frequency generation
and frequency doubling) for predictable modification, translation, and switching
of optical signals. The fundamental physical principles of nonlinear photonics are
well established. The challenge comes in discovering and/or designing materials
that satisfy the technological requirements accompanying both proof-of-concept
device demonstrations and practical applications. From this perspective, nonlin-
ear photonics is an exceptionally multidisciplinary field, engendering the interest
and efforts of engineers, chemists, physicists, and materials scientists. Eventual
applications must successfully integrate fundamental (shedding light on the
mechanisms of NLO response and enhancement) and applications-based (device
design and materials synthesis) work. Accordingly, much of the chemical re-
search in nonlinear optics and photonics has centered on development of new
molecules, polymers, and other materials with favorable and programmable NLO
properties. Almost all commercially available NLO devices, however, are still
based on simple inorganic crystals such as potassium dihydrogen phosphate
(KTP); such crystals are widely used, for example, as frequency doublers in laser
applications. Nevertheless, organic molecules and polymers are potentially highly
attractive for NLO purposes, offering superior mechanical properties, structural
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and physical tailorability, and a potentially wider range of optical properties. As
the wealth of synthetic knowledge has grown, the search for novel, potent NLO
materials has become correspondingly sophisticated and exotic.

Despite their remarkable optical properties, and though their existence has
been known for nearly a century and a half, metal nanoparticles have not been in-
cluded in this search until recently. While the linear optical properties of metal
nanoparticles have been extensively investigated, the potential of these materials
for nonlinear optical applications has been largely untapped. Nevertheless, be-
cause superior NLO responsivity is largely a matter of attaining superior elec-
tronic polarizability and hyperpolarizability (see below), one might expect metal
nanoparticles, with their exceptionally high density of delocalized electrons, to be
good-candidate NLO materials. This chapter summarizes recent studies of the
nonlinear optical properties of metal nanoparticle solutions and suggests applica-
tions beyond the general goals of NLO research. While supported metal nanopar-
ticles or nanoparticle films have been by comparison well investigated in this
regard, these topics are not included here. Brief introductions to NLO and rele-
vant experimental techniques are provided; the interested reader may consult the
references for a more technical analysis.

Il. NLO: THEORETICAL BACKGROUND

The effectiveness of NLO chromophores can be quantified and compared by tab-
ulating NLO properties which describe the magnitude of the nonlinear response.
Briefly, an intense electromagnetic field interacting with matter induces within
the matter a dipole P;,4 that can be expressed as

Ping = 0LijE/' + Bzf/’kEfEk + 'Yzj/'klEjEkE] + .- (1)

The subscripts represent the molecular or particle coordinates x, y, z; repeated
subscripts indicate summation over the three components. E; is the electric field
component along the j axis. o, 8, and -y represent the polarizability, first hyper-
polarizability, and second hyperpolarizability tensors, respectively. o describes
the linear response to the field, while {3, vy, etc., describe the nonlinear response.
(3 is the quantity in which the second-order response is manifested; from a chem-
ical perspective, maximizing {3 is a primary objective. For dipolar molecules 3 is
generally dominated by the component 3,,,, where z is the axis aligned with the
molecular dipole. More detailed discussions about 3 are given elsewhere (2—4).
Perhaps the most common NLO phenomenon is second-harmonic genera-
tion (SHG), which is coherent light scattering at double the incident frequency.
As with all even-order nonlinear optical processes, SHG is to a first approxima-
tion absent for species featuring a center of symmetry (5). SHG is also absent for
collections of species when the species are configured such that signals (vector
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quantities) from individual moieties cancel each other. This includes, to a very
good approximation, isotropic solutions of chromophores which individually are
capable of SHG. [An important exception has been described by Eisenthal and
co-workers, who showed that residual coherent SHG can be obtained from solu-
tions which are macroscopically centrosymmetric but contain organized, ordered,
and locally noncentrosymmetric chromophoric domains having dimensions com-
parable to, or in some cases even as small as ca. 10%, of the wavelength of inci-
dent light (6).]

Solution SHG measurements can be made via the EFISHG (electric-field-
induced second-harmonic generation) technique, in which an external electric
field is applied to orient dipolar solute molecules. Briefly, the orientation breaks
the overall centrosymmetry of the solution, thereby permitting generation of a
second-order signal. From a slightly different perspective, the sensitivity of SHG
to symmetry reduction has been very effectively exploited by surface scientists,
who have recognized that interface formation necessarily causes a loss of cen-
trosymmetry. SHG can be used, therefore, as an interface-specific structural and
analytical tool (7). Although this interesting field is beyond the scope of this chap-
ter, a handful of studies of coherent SHG are described, including one involving a
nanoparticle film which bears relevance to this chapter.

While coherent SHG is the preferred method for NLO analysis of films and
interfaces, a more effective technique for solution species is hyper-Rayleigh scat-
tering (HRS), which is incoherently scattered second-harmonic light (essentially
“incoherent SHG””). While HRS was experimentally demonstrated in 1965 (8),
not until decades later did it become popular as a means for obtaining first hyper-
polarizabilities for solution species (9). At first glance, HRS would appear to be
impossible: nonlinear scattering, for example, from dipolar molecules comprising
a truly isotropic solution should lead to overall cancellation and no net signal. To
a large extent this is true: HRS signals are typically several orders of magnitude
less intense than coherent SHG signals from the same nonlinear chromophores
because the doubling signals from individual, randomly oriented chromophores
indeed do nearly completely cancel each other. Briefly, HRS works, despite the
orientational randomization, because signals scale as the variance of the orienta-
tion of the chromophoric species with respect to the electromagnetic field (10).
(Thus, although orientational randomization necessarily results in an average
electromagnetic polarization of zero, the variance of the orientation is nonzero.)
HRS also circumvents the need to orient the scattering entities within the sample
and can thus be used to analyze, for example, solutions of ionic and nondipolar
species, both of which are inaccessible to SHG experiments.

In general, the experimental hyper-Rayleigh scattered intensity (I,) is
given by

Ly = G X B> X (I,)° X exp(—N.0 ciz]) 2)
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where B is the (macroscopic) second-order susceptibility. For a two-component
(solute plus solvent) solution, B*is

B* = (N2 + NB) 3)

where the brackets indicate an average over all chromophore orientations. Sub-
scripts ¢ and s denote chromophore and solvent, respectively; G contains instru-
mental factors, collection efficiency, and local field factors; N represents concen-
tration; /,, is the intensity of the incident fundamental light; ¢, is the absorption
cross section at the second-harmonic wavelength; and [ is the effective scattering
pathlength. The exponential term accounts for self-absorption of the scattered
photons.

Details of HRS setups and experimental procedures are provided elsewhere
(10,11). The HRS signal is very weak, so a high-power laser source and appropri-
ately sensitive detection are necessary. Depending on the wavelength of interest,
typically the output of a nanosecond-pulsed Nd: YAG laser (1064 nm), a Nd: YAG-
pumped optical parametric oscillator (broadly tunable within the visible and near-
infrared spectral regions), or a femtosecond-pulsed titanium-sapphire laser (typi-
cally tunable from ca. 720-1100 nm) is used. If the solvent’s 3 is known at the
relevant wavelength, the HRS measurements can be internally referenced against
the solvent. Alternatively, a different chromophore with a known 3 at the wave-
length of interest can be used as an external reference. Since 3. usually exceeds
B, by a few to several orders of magnitude, the external reference method is typi-
cally less sensitive to small uncertainties in measurement and is thus inherently
more accurate.

Several components of the 3 tensor can be extracted by performing second-
order light-scattering experiments using incident fundamental frequencies w; and
®, (for HRS experiments, w; = w,) and intelligently choosing the polarizations
of the incident and scattered light (12). One simple yet informative experimental
variation of HRS is the measurement of D, the ratio of the intensities of vertically
polarized and horizontally polarized HRS signals obtained by using vertically po-
larized incident light. D, which is approximately equal to 3.../B,.., can provide
symmetry information when molecular scatterers are involved. For example, D =
5.0 for molecules with C,, symmetry and D = 1.5 for purely octupolar species
(13). Depolarization experiments on metal nanoparticles are described below.

lll. GOLD, SILVER, AND COPPER NANOPARTICLES

Although theories of nonlinear scattering from metal nanoparticles are discussed
later, a simplified treatment of the corresponding theory for molecular chro-
mophores is summarized in Eq. (4), which is applicable to a hypothetical system
characterized by a ground electronic state and a single charge-transfer excited
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state (denoted as 1 and 2, respectively), and an infinitely narrow charge transfer
absorption band (14):

_ 3M%2 A I‘LIZEgp
UEs — En)(EXy — (2E))

B “)

In the equation, v, is the transition dipole moment—a quantity closely related to
the absorption intensity or oscillator strength, A, is the change in dipole mo-
ment upon optical excitation (proportional to the degree and distance of internal
charge transfer accompanying excited-state formation), and E,, and E;,. are the
energies of the optical transition and the incident light, respectively. This model
predicts signal enhancements at wavelengths that are one- or two-photon resonant
with an optical transition. It also predicts large signals for strongly allowed elec-
tronic transitions.

We and others reasoned that gold nanoparticles, with their spectacularly in-
tense visible-region absorption bands (collective electron excitation or “plasmon”
bands), might prove particularly effective as nonlinear optical chromophores. In
HRS studies by Vance and co-workers with 13-nm, citrate-stabilized gold parti-
cles in aqueous solutions, an enormous hyperpolarizability—7 X 10~ esu—was
recorded with E;,. = 12,200 cm™' = 1/(820 nm) (15). Similarly large hyperpola-
rizabilities have recently been reported by Galletto and co-workers (17). For
comparison, 3 for the standard NLO benchmark compound, p-nitroaniline, is 34
X 107° esu at 1064 nm, while for water it is 0.56 X 10>° esu. The comparison,
of course, is somewhat misleading because a single gold nanoparticle contains
thousands of atoms, while most molecular chromophores contain less than a hun-
dred. Clearly, some sort of normalization is required in order to make meaningful
comparisons. For photonic applications, perhaps the best figure of merit is B per
unit volume. (Recall that NLO responses scale as B rather than B. If the candi-
date nonlinear chromophores are dipolar and are ultimately used in ways that re-
quire the application of an external field in order to attain alignment, and, there-
fore, net signal generation, then the most meaningful figures of merit could also
include the dipole moment.) A slightly more convenient figure of merit—one
which obviates the need to consider packing differences, bond-length differ-
ences, etc.—is B* per atom. As shown in Table 1, the normalized nonlinear scat-
tering efficiency of the gold nanoparticle sample (partially resonant) exceeds by
several orders of magnitude the off-resonance efficiencies of the best existing
molecular NLO chromophores. In the molecular NLO chromophore literature,
responses are typically reported in terms of B rather than B therefore, Table 1
also includes (B*/atom)"?. For either figure of merit, it remains to be seen how
great the nanoparticle/molecule disparity is under conditions where both sets of
measurements are made off resonance; almost certainly, however, the disparity
will be less.
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Table 1
pZ/atom (B*/atom)”
Scatterer (107 esu) (10 esu) (107 esu)
H,0 0.56 0.10 0.32

H2N—®‘NOZ 34° 72 8.5

et

el 5000 2.7 % 10° 520

7 % 10°%4 7% 10° 840

7% 10° % 8 x 10° 2800

820-nm incident radiation.
1064-nm incident radiation.
¢ From Ref. 16.

¢ From Ref. 20.

¢ From Ref. 15.

What about nanoparticle size effects? At some point, as the size of the
nanoparticle is increased, one would expect to see primarily residual coherent
SHG, rather than HRS, thereby complicating the extraction of B* from the ob-
served doubled-light intensities. Fortunately, there is a simple experimental diag-
nostic for distinguishing residual coherent SHG from HRS: signals for the former

www.iran-mavad.com

Age Gmwdige 5 Olgndil gy



Nonlinear Optical Properties 147

scale with the square of the chromophore concentration, while signals for the lat-
ter scale linearly. In any case, Galletto and co-workers have reported on size ef-
fects over the 5- to 22-nm-diameter particle range, using incident light at 1064 nm
(17). Using B/atom as a figure of merit, they reported striking decreases in HRS
response with increasing particle size. By using what we would argue is a more
meaningful figure of merit, B*/atom, the available data actually point to a signifi-
cant increase in normalized efficiency with increasing particle size (Fig. 1). No-
tably over the same size range (a) the linear absorptivity, and therefore ., [see
Eq. (4)], remain more or less constant on a per atom basis, and (b) the plasmon
absorption maximum moves from 508 to 520 nm when the particle diameter is
changed from 5 to 22 nm, perhaps slightly changing resonance effects.

What about wavelength effects? Qualitatively for 13-nm gold particles we
find that nonlinear scattering occurs more efficiently with excitation at 1064 nm
than at 820, 760, or 720 nm. This would be consistent with a two-photon en-
hancement effect due to resonance with a plasmon absorption band near 532 nm.
More compelling evidence for plasmon resonance enhancement comes from
closely related SHG measurements: excitation profiles for colloidal gold particles
at the air-toluene interface, using a range of second-harmonic wavelengths tuned
to include the plasmon absorption, show a narrow peak in the SHG profile centered
near the absorption peak (18). Nanoparticles embedded in alumina and deposited
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Fig. 1. Relative HRS response of gold nanoparticles of varying size; based on data from
Ref. 17.
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on silica behave similarly: the SHG excitation profile shows a peak centered near
the plasmon absorption maximum (19). The combined experiments additionally
show that nonlinear spectroscopic response also depends on the surrounding
medium, at least in an energetic sense: the position of the plasmon peak for the
supported particles is red-shifted compared to the solution particle (see Chapter I),
and the SHG excitation profile is similarly red-shifted.

Can the phenomenon be observed with metal nanoparticles other than gold?
The first reports of HRS from metal nanoparticles were for silver, not gold
(20,21). Triest and co-workers reported seemingly modest HRS signals from col-
loidal silver nanoparticle suspensions: B/atom = (0.7 to 1.0) X 10~* esu, where
the variability reflects differences in particle size. If the results are recast as
(B*/atom)"?, the responses are rather more impressive: ca. 800 X 10~ esu for
the smallest particles examined (cf. Table 1). Notably, the particles examined by
these investigators featured a narrow plasmon absorption centered at 400 nm
and, therefore, exhibited absorbance at neither the fundamental (1064 nm) nor the
second-harmonic (532 nm) wavelength of the experiment. Unpublished studies
at Northwestern, based on wavelength-tunable excitation, reveal a strong two-
photon enhancement effect due to plasmon resonance, with resonant (3%/atom) "
values as large as ~7000 X 107" esu (22).

Further studies using 820-nm incident light show that copper nanoparticles
also are capable of strong nonlinear responses, comparable to those of silver and
gold (22). Presumably the strong response is due to partial plasmon resonance in
both one- and two-photon senses. The copper particle spheres interrogated by
HRS spectroscopy featured a broad, but intense, plasmon absorption band cen-
tered at ~560 nm. In contrast, similarly sized tetrahedral platinum particles
yielded no detectable hyper-Rayleigh scattering. The key difference between plat-
inum and the coinage metals is presumably the absence of a visible-region plas-
mon band, needed for resonance enhancement.

IV. AGGREGATION EXPERIMENTS

The incoherent second-harmonic response from gold colloids is enhanced upon
coagulation of the nominally spherical particles into larger random (and presum-
ably nonspherical) aggregates. This has been shown by HRS experiments on gold
with aggregation induced by addition of salt (15) or pyridine (23). Aggregation
causes broadening of the plasmon peak and increases in extinction at longer
wavelengths (600-800 nm). Under conditions of extreme aggregation the original
plasmon absorption peak disappears essentially completely (Fig. 2). In view of
the prime role played by the plasmon absorption in enhancing the particles’ non-
linear optical response, it is tempting to conclude that the further enhancement ac-
companying aggregation is a consequence of plasmon band energy shifts and a
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Fig. 2. UV-vis extinction spectra recorded after successive additions of 6.0 M NaCl to a
solution of 13-nm gold nanoparticles (15). (Reproduced with permission from J. Phys.
Chem. B., 1998, 102, 10091-10093. Copyright 1998 Am. Chem. Soc.)

resulting improvement in optical resonance. A more careful evaluation shows,
however, that the large increase in HRS response occurs before the aggregation
process has progressed far enough to cause noticeable changes in the linear extinc-
tion spectrum (15). Instead, HRS signal enhancement appears to be associated
with small aggregate formation, with further aggregation having little additional
effect. This is shown in a striking way in Fig. 3, from Vance and co-workers, where
the linear scattering response (Rayleigh scattering, a rough measure of aggregate
size) is plotted together with the second-order scattering response (hyper-Rayleigh
response) as a function of the amount of aggregation agent added: HRS is clearly
more sensitive to the formation of small aggregates than is Rayleigh scattering.
Why does the otherwise inconsequential formation of very small aggregates
lead to such extensive enhancement of the metal nanoparticles’ nonlinear scatter-
ing capabilities? Recall that the available molecular theory precludes dipole-
based frequency doubling by centrosymmetric chromophores, such as spherical
nanoparticles. If a particle aggregate behaves electromagnetically as a single col-
lective chromophore rather than a collection of individual chromophores, then the
overall symmetry and not just the symmetry of the component particles comes
into play. Evidently, small aggregate formation causes a sufficient decrease in
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Fig. 3. Comparison of Rayleigh (open circles) and hyper-Rayleigh (filled circles) sig-
nals from 13-nm gold nanoparticles after aggregation induced by addition of 6.0 M NaCl
solution (15).

collective symmetry (centrosymmetry) to permit the observation of an additional
NLO response that would otherwise be cancelled. Furthermore, the reduction in
chromophoric centrosymmetry upon small aggregate formation is sufficiently
great that further aggregation, and further symmetry reduction, offer no additional
advantage.

Although shifts in plasmon band energy and intensity appear not to play a
dominant role in the studies of salt-induced aggregation summarized in Figs. 2
and 3, these effects might be important under other conditions (other excitation
wavelengths, other aggregation agents, etc.) The formation of ellipsoidal aggre-
gates rather than highly asymmetric aggregates has been observed for pyridine-
induced aggregation (24). Note that a perfect ellipsoid, like a perfect sphere, pos-
sesses an inversion center and therefore should offer no advantage in a nonlinear
scattering experiment. In any case, gold nanoparticle aggregates of approximately
spheroidal shape display a substantially enhanced HRS response (23). They also
display a broad extinction in the near IR not seen for the component spherical par-
ticles; this feature has been assigned as a longitudinal plasmon absorbance attrib-
utable to an electromagnetic response of each of the aggregates as a whole. (The
precise shape and location of the longitudinal band depend on aggregate size and
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aspect ratio.) In any case, as Galletto and co-workers have noted, the enhance-
ment in HRS upon formation of these aggregates might well be due to partial res-
onance of this new band with the 1064-nm incident radiation used in these exper-
iments (23). Excitation profiles could prove helpful in establishing the extent to
which longitudinal resonance effects are responsible for the HRS enhancement
phenomenon. When coupled with available theory for deconvolving the linear
extinction spectrum (25), the profiles should prove helpful in determining to what
extent scattering versus absorption can contribute to HRS resonance effects. As
one would expect, longitudinal plasmon resonance effects also are very much in
evidence in the linear extinction spectra of rod-shaped gold particles. Templated
synthesis of such particles with precise control over the particle dimensions has
been reported (26,27), but no nonlinear optical experiments of suspensions of
these interesting particles have yet been reported. Coherent SHG from aligned ar-
rays of rod-shaped gold particles, however, has recently been reported (28).

The possible existence of yet another set of HRS enhancement schemes has
been suggested by Triest and co-workers (20,21). They found, with silver nano-
particles, that adsorption of p-nitroaniline—itself a nonlinear chromophore—
greatly increases the NLO response. They suggested that this could be the result of
(a) a collective response from aligned dye molecules at the particle surface,
(b) electromagnetic enhancement by the nanoparticle of the molecular chromo-
phore’s HRS response, perhaps in a fashion reminiscent of known mechanisms for
surface-enhanced Raman scattering (29), or (c) fortuitous resonance with particle-
dye charge-transfer transitions. (The authors also discussed the possibility of
enhancement due simply to dye-adsorption-induced aggregation.) Mechanism
(c) has an interesting precedent in studies by Liu and co-workers of residual coher-
ent SHG from catechol-functionalized semiconductor particles (30). For mecha-
nism (b) a combination of polarization and excitation-profile studies might be suf-
ficient to establish the degree of applicability to the silver/p-nitroaniline system.

In the same study (20), these authors also reported that, in the absence of a
chromophoric adsorbate, the normalized nonlinear scattering efficiency, ex-
presses as [/atom, systematically increases with increasing particle diameter;
over the admittedly limited size range examined (26-34 nm), the normalized
HRS response appears to scale linearly with diameter. If the findings are recast in
terms of B*/atom (see above), the normalized dependence of the nonlinear scat-
tering efficiency upon particle size of course becomes stronger.

V. CORE-SHELL PARTICLES

Core-shell nanoparticles are becoming increasingly popular due to their interest-
ing electronic properties. The shell provides an extra size variable and allows for
tunability of the composite particle properties. The syntheses of such particles
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have recently received increasing attention, and their linear optical properties
have been addressed and correlated with theoretical prediction (25,31). However,
the NLO properties of core-shell particles have not, to our knowledge, been se-
riously investigated. Recall that the visible-region optical properties of small-
particle gold and silver colloids arise mainly from plasmon resonance effects,
which in turn depend on polarization resonance effects whose energies are deter-
mined by dielectric functions for both the particles and their surroundings. One
might expect the environmental dielectric modification associated with shell for-
mation to have some impact, therefore, on the NLO properties of the colloids.

Preliminary HRS experiments on solutions of 13-nm gold core particles en-
cased in a thin (4 nm) shell of silica show a collective signal roughly five times
smaller than that of the unencapsulated particles (32). It should be noted that col-
loidal silica also exhibits a sizable HRS signal [(3%/SiO, unit)"* = 60-250 X
103° esu for 10-nm colloidal particles (33)]; presumably the silica shell provides
some of the HRS signal from the core-shell particles as well. Preliminary HRS
depolarization ratio measurements (see NLO background section) yield a D value
of 3.7 £ 0.4 for the silica-coated gold particles. While this does not approach the
extremely large value reported for colloidal silica (Dgj;.a = 22 * 3) (33), it is
clearly larger than that of naked gold particles (Dgoq = 2.2 = 0.3; see Fig. 4) (15),
suggesting that the silica shell is indeed playing some role in the nonlinear scat-
tering response of the composite species. The D values should not be interpreted
as providing symmetry information about the particles; rather, they serve as a
qualitative indicator that both core and shell components may be contributing to
the observed HRS signal.

Why does shell formation have such a significant effect upon the nonlinear
scattering efficiency? Despite the initial suggestion regarding electrostatic me-
dium effects, the silica shells used in the preliminary HRS studies were too thin
and perhaps too porous to alter the linear extinction spectrum. (Thicker shells, on
the other hand, do induce the expected plasmon band red-shift and broadening.) A
more prosaic explanation is that, under the conditions of the experiment, the silica
shell prevents the gold particles from coalescing and hence eliminates intense
HRS from residual low-symmetry aggregates otherwise present in the nominally
nonaggregated sample. If the explanation is correct, then it indicates that the HRS
signal enhancement accompanying aggregation and overall symmetry reduction is
even greater than suggested above (i.e., ca. 40- to 50-fold rather than 8- to 10-fold).

While the silica shell provides protection against unintentional particle col-
lision and aggregation, the core-shell particles can also be intentionally aggregated
by addition of a difunctional linker ligand such as HBPA (hexane-1,6-
bisphosphoric acid) (32). Preliminary work shows that when the acid groups bind
the silica shells and cross-link the particles, they induce the familiar aggregation
and color change. Linking also induces a substantial enhancement in the HRS
response, showing that the aggregated nanoparticles can behave as collective low-
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Fig. 4. Representative HRS depolarization experiments for naked 13-nm gold nanopar-
ticles (filled circles, D = 2.2 * (.2) and silica-coated 13-nm gold nanoparticles (open cir-
cles, D = 3.7 = 0.4). The curves are least-squares best fits of the datatoy = a cos’(x — ¢) +

b; the depolarization ratio D is equal to (a + b) / b. Both plots are normalized to signal =
1 at 90°.

symmetry chromophores despite physical separation (ca. 9 nm in this instance)
due to the shell structures. The combined linear and nonlinear optical results also
underscore a well-established but important characteristic of metal nanoparticles
as chromophores. In comparison to molecular chromophores, metal particles dis-
play remarkably-long-range electromagnetic communication. Given the ready
synthetic accessibility of core and shell structures of a variety of dimensions, fur-
ther studies of the linear and nonlinear studies of these interesting composite parti-
cles and their aggregates could provide excellent tests of available theories regard-
ing the distance dependence of particle-particle electromagnetic communication.

Vl. DIMERS AND TRIMERS

While formation of random low-symmetry aggregates of colloidal metal parti-
cles clearly increases the incoherent second-harmonic response, a more detailed
understanding can, in principle, be obtained by studying smaller aggregates of
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particles with known symmetry. Brousseau and co-workers have shown that ap-
propriately designed, rigid organic linkers can be used as templates for assem-
bling nanoparticles into well-defined clusters (34). Prototypical examples of tem-
plated dimers and trimers of gold nanoparticles are shown in Fig. 5. From the
perspective of nonlinear optical behavior, the important differences between the
various trimers, dimers, and free monomers are symmetry and interparticle sepa-
ration. For assemblies of identically sized particles, trimers are the smallest ag-
gregates that lack a center of symmetry. Furthermore, for the trigonally arranged
trimers in Fig. 5, the component metal particles are characterized by a much
smaller average separation distance than in the corresponding dimer structures
(see figure caption). Among the questions addressable with these and related ag-
gregates are the following: (1) Can the NLO response of metal nanoparticles be
influenced by symmetry over dimensions approaching those of the particles
themselves? (2) Over what interparticle separation distances in solution can metal
nanoparticles communicate electromagnetically?

Available liner extinction spectra show only slight differences between
monomeric, dimeric, and trimeric species. Preliminary nonlinear experiments
(820- or 1064-nm excitation), on the other hand, show small HRS signal en-
hancements upon dimer formation and large enhancements upon trimer forma-
tion, with the largest enhancement accompanying the formation of the more com-
pact trimer (35). The preliminary experiments provide further evidence for the
roles of both symmetry reduction and chromophore proximity in magnifying non-
linear optical responses from metal nanoparticle aggregates. Polarized HRS exci-
tation/detection measurements point to a further behavioral difference between
trimers, on the one hand, and dimers and monomers, on the other. For both
trimers, the depolarization ratio is 1.5 = 0.1; for the dimers and monomers it is
ca. 2.2. The nominally trigonal planar geometry of the trimers* is reminiscent of
molecular NLO chromophores also possessing D5, symmetry (e.g., crystal vio-
let). The molecular species lack the ground-state dipole moment usually required
for second-order nonlinear behavior, but overcome this deficit by utilizing a mo-
lecular octupolar moment (36). A key experimental signature for molecular oc-
tupolar scatterers is a D value of 1.5. It is tempting to interpret the values for the
trimeric metal particles as also indicating a role for octupolar moments, although
appropriate theory to support or refute the interpretation has yet to be reported.
Clearly, however, the depolarization ratio is a diagnostic feature that merits fur-
ther consideration by theorists (43).

*Note that all assumptions about symmetry in dealing with metal nanoparticles are necessarily ap-
proximations. The particles are crystalline, and the faceted surface structure reduces the precise sym-
metry. Such effects are presumed to be negligible on the bulk scale.
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Fig. 5. (A) Schematic representation (drawn to scale) of organically linked dimer and
trimers of 8-nm gold nanoparticles. Average interparticle spacings (surface to surface) for
linked 8-nm-diameter spherical particles: (D1) 6.0 nm; (T1) 2.1 nm; (T2) 3.2 nm. (B)
Chemical structures of the dimer and trimer linkers (34).
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Vil. LANGMUIR FILMS

An important non-solution-phase (or partial solution-phase) result that is relevant
here has been reported by Collier et al. (37,38) The SHG response of Langmuir
monolayers of small (=4 nm) organic-ligand-capped silver nanoparticles to
1064-nm incident light was recorded continuously as the monolayers were com-
pressed. The authors found that the change in susceptibility Ax® upon film com-
pression displayed an exponential dependence upon average interparticle separa-
tion, indicative of distance modulation of particle-particle communication. The
SHG signal was observed to increase sharply upon film compression, but with
peaking followed by a dramatic falloff well before compression-induced collapse
of the monolayer. The sharp decrease, seen for monolayers of 2.7-nm as well as
4-nm particles, was attributed to an insulator-to-metal transition within the mono-
layer. This interpretation was supported by linear reflectance data. As the authors
note, these observations are an excellent example of the utility of SHG as a monitor
of interparticle coupling.

Vill. THEORY

Second-harmonic generation from small metal particles was first investigated the-
oretically nearly two decades ago by Agarwal and Jha (39), before most of the
experimental work on the subject had been performed. Enhancement of infrared
absorption and Raman scattering from molecules adsorbed at metal surfaces had
already been observed (40,41); the initial theoretical treatment
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)
sought to explain such enhancement. Using a previously derived expression for
the nonlinear polarization, and incorporating the familiar Mie solution for the
local field at a spherical surface, the authors derived Eq. (5) for the total second-
harmonic power, S, scattered by a small metal sphere (small compared with the
wavelength of incident light). In the equation, m and e are the electron mass and
charge, c is the speed of light, R is the sphere radius, E,, is the incident intensity,
and € represents the dielectric constant of the material. The terms in brackets rep-
resent volume and surface contributions, respectively, to the scattered power. The

authors further noted that (a) resonance enhancement is expected when Re(e(w))
+ 2 = 0 (as in standard Mie theory); (b) near resonance, the surface contribution
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([e(w) + 2]_4 dependence) is expected to dominate over the volume contribution
([e(w) + 2172 dependence); (c) a two-photon resonance effect should also exist;
and (d) all contributions should scale as the particle radius to the sixth power.
Point (d) could also be expressed as a scaling of intensity with the square of the
total number of atoms in the particle. For comparison, a log-log plot of the raw
data (total B? versus particle radius) comprising the admittedly small experimen-
tal sample in Fig. 1 yields a slope of ~4.4, corresponding to an apparent increase
in HRS signal intensity as total number of atoms per particle to the ca. 1.5 power,
or roughly the square of the number of surface atoms per particle. Clearly, addi-
tional experimental work would be valuable.

Recalling the linear scaling of plasmon absorption intensity with number of
atoms per particle (at least for smaller particles), the Agarwal-Jha theory also im-
plies that HRS signals will scale as the square of the plasmon absorption coeffi-
cient or oscillator strength. The raw data comprising Fig. 1 suggest a scaling of
HRS signal intensity as plasmon extinction coefficient to the power of ~1.5. (In-
terestingly, the corresponding theory for molecular chromophores predicts—
based of course on different physics—a scaling with oscillator strength to the
fourth power [see Eq. (4), where HRS signal intensity is proportional to 8%].)

Agarwal and Jha’s work was later refined and extended by Hua and Gersten
(42), who used a perturbation theory approach and a full Mie theory derivation to
arrive at an analytical expression for an effective cross section for second-
harmonic generation. Their results explicitly showed the importance of higher-
mode (i.e., quadrupolar) contributions to the nonlinear scattering. [Note, however,
that the second term in Eq. (5)—the “surface” term—is in fact a quadrupolar scat-
tering term.] Scheme 1 illustrates in a qualitative way the idea of quadrupolar
polarization of a small metallic sphere by incident electromagnetic radiation. No-
tably, quadrupolar second-harmonic generation is not subject to the noncentro-
symmetry constraint associated with most dipolar SHG mechanisms. For very
small particles, the Hua-Gersten theory—Tlike the Agarwal-Jha theory—predicts a

hv Sl A -

Scheme 1 Qualitative depiction of quadrupolar polarization of a metal sphere. Note the
loss of centrosymmetry upon quadrupolar polarization.
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radius-to-the-sixth-power (or number of atoms to the second power) dependence
for the per-particle nonlinear scattering intensity. As the particle size increases,
however, the sensitivity to size is predicted to weaken, ultimately dropping to a
radius (r)-to-the-fourth-power dependence. Additionally, the shift toward r* de-
pendence is predicted to occur more readily under near-resonance conditions. [In-
terestingly, the effect is paralleled by a shift from radius-cubed to radius-squared
for the particle-size dependence of the linear absorption component of the plas-
mon extinction coefficient (25,42).] Preliminary modeling studies by Hua and
Gersten for aluminum and silver nanoparticles (5-20 nm) showed multiple peaks
in the calculated SHG cross section excitation profile corresponding to dipolar
and quadrupolar plasmon resonance frequencies.

Recently, Dadap and co-workers treated the case of HRS from small spher-
ical particles (43). Their theory emphasizes the role of the particle surface in cre-
ating the nonlinear response; presumably the theory, if further developed, will
be useful in describing or predicting the nonlinear spectroscopic consequences
(beyond simple dielectric medium effects) of specific particle surface modifica-
tions. Like Agarwal and Jha and Gersten and Hua, these workers note the impor-
tance of higher-order multipole effects and cite contributions from nonlocal di-
pole moment excitation and from local quadrupole moment excitation as the main
contributors to the second-order signal. Interestingly, the Dadap treatment is not
limited to metals, although sample calculations for aluminum particles were
presented. From the sample calculations, they conclude that resonance enhance-
ment should occur at excitation energies equaling E(plasmon) - (3) "2, E(plas-
mon) - (10) "2, E(plasmon) - (12)~ "2, and E(plasmon) - (2/5)" "%, Like the earlier
theories, the treatment of Dadap and co-workers predicts a limiting radius-to-the-
sixth-power dependence for the per-particle HRS intensity. In addition, the theory
treats second-harmonic radiation patterns as well as polarization effects, where
the former apparently have yet to be explored experimentally. The authors state
that the latter can be used to distinguish nonlocal dipole scattering contributions
from quadrupolar contributions to the overall nonlinear response.

As new experimental findings emerge, corresponding needs and opportuni-
ties for further theory development will emerge. Some of the simpler existing ex-
perimental observations that a complete theory could help to explain are

1. The strong sensitivity of incoherent second-order nonlinear scattering
responses to small-aggregate formation

2. An apparent scaling of near-resonant single-particle NLO signal inten-
sity neither with particle area nor particle volume, but with a stronger
function of particle size

3. The sensitivity of particle-cluster-based HRS signals to precise cluster
symmetry and particle-particle separation distance

4. The existence of nonunit depolarization ratios
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We note that to some extent available theories already are capable of accounting
for observations 2 and 4.

IX. APPLICATIONS

The notably different NLO responses for isolated versus aggregated metal
nanoparticles, together with the comparative enormity of the responses, opens the
door to many potential applications. The well-known red-to-blue color change of
gold nanoparticles upon aggregation has been exploited in a sensitive colorimet-
ric DNA sensing method, which uses oligonucleotide-coated nanoparticles de-
signed to aggregate in the presence of a specific DNA base sequence (44). Accu-
rate sensing of specific DNA sequences has clear technological potential for rapid
disease screening. Vance and co-workers (45,46) have shown that similar sensing
can be achieved with HRS as the reporter. The difference is that formation of very
small aggregates (too small to induce a significant change in the linear extinction
spectrum) can be detected. Under identical experimental conditions, the switch
from linear to nonlinear solution-phase detection extends the DNA detection limit
by a little less than an order of magnitude.

An important characteristic of the gold particle-based DNA detection sys-
tem is the “melting” transition of the complementary DNA strands. In the pres-
ence of the correct complementary strand, the particles are linked. At sufficiently
high temperatures enough of the hydrogen bonds connecting the strands are bro-
ken to unzip the oligonucleotides, “melting” the DNA and releasing the particles
(44). Above the melting temperature, little HRS is observed. Below this tempera-
ture, substantial signals are seen. One application of the HRS detection scheme
has been to evaluate the DNA concentration dependence of the “melting” temper-
ature. Consistent with the underlying thermodynamic description, the “melting”
temperature decreases as the concentration is lowered. In principle, the tempera-
ture dependence should provide qualitative or semiquantitative information about
the corresponding enthalpy of complementary strand association/dissociation.

As noted earlier, modification of gold nanoparticles with alkanethiols and
other surface passivating groups is straightforward and well documented. This
allows for rational design of particles with specific surface properties. A potential
practical application of such design is a sensitive technique for detecting toxic
heavy metals in water. By decorating the surfaces of gold nanoparticles with
11-mercaptoundecanoic acid [HS-(CH,),,-CO,H; MUA], the particles become
efficient metal detectors in solution (32). The terminal acid functionality chelates
certain divalent metal ions, including Pb®>", Cd**, and Hg>"—thereby inducing
particle aggregation (shown schematically in Fig. 6.) Again, HRS is sensitive to
this aggregation, and substantial HRS signal enhancement from 13-nm gold par-
ticles coated with MUA is seen in the presence of very small amounts of lead or
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Fig. 6. Schematic representation (not drawn to scale) of metal-ion-induced aggregation
of gold nanoparticles. The MUA(—)-decorated gold particles shown on the left are aggre-
gated in the presence of Pb*" in solution; the nonlinear (HRS) response of the resulting ag-
gregates (shown on the right) is nearly an order of magnitude greater than that of the un-
linked particles. Note that in this case Hg>* and Cd*" will also induce the aggregation and
lead to signal enhancement.

cadmium. Addition of ethylenediaminetetraacetic acid—an extremely effective
metal ion extraction agent—largely reverses the response. No enhancement is
seen upon addition of zinc ions, consistent with the known poor affinity of Zn>*
for carboxylate ligands. Judicious tuning of the metal particle size and the recep-
tor ligand’s surface concentration could substantially increase analytical sensi-
tivity, while manipulation of the ligand’s chemical composition could enhance
selectivity.

Finally, the enormous nonlinear scattering coefficients for metal nanoparti-
cles featuring visible-region plasmon bands suggests that they could prove partic-
ularly useful in photonics applications. In contrast to metal macrostructures, the
particles are characterized by good red and near-IR transparency, an important
prerequisite in photonic devices because of the need to avoid absorption losses.
Nevertheless, there are some obvious technical challenges in meaningfully utiliz-
ing metal nanoparticles as nonlinear optical components in photonic devices. One
is to align or otherwise configure the particles so that efficient coherent SHG can
be accomplished. [Recall that with HRS (incoherent SHG) individual particle
responses largely cancel each other.] A related challenge will be to achieve the
needed configuration without compromising red and near-IR transparency; recall
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that placement of particles in close proximity to each other typically leads
to plasmon-enhanced red and near-IR region scattering and higher multipole
absorption.
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. INTRODUCTION

The growth of the scientific literature pertaining to nanostructured materials has
been remarkably fast in recent years. Nanotechnology as a fundamental science
and its promise for great impact in applied technology have resulted in extraordi-
nary interdisciplinary efforts. The unique properties of metal nanoparticle sys-
tems have attracted interest in a wide variety of fields, including but not limited
to, catalysis (1), surface-enhanced Raman spectroscopy (2—4), and biosensing
(5-6). In many of these applications, the observed electromagnetic effects depend
strongly on the size and shape of the metal nanoparticles. As such, a natural focus
of fundamental research and technological application is on synthetic methods
which allow for the control of metal nanoparticle size and shape.

In fact, there are two major challenges in metal nanoparticle preparation.
The first is indeed size and shape control; both the tuning of optical properties for
practical applications and the evaluation of theories of these optical properties re-
quire uniformity in particle size and shape. The second challenge is surface modi-
fication. Adding a foreign functionality onto each single particle can directly lead
to a multifunctioned nanoparticle and can offer the opportunity to study the mu-
tual interactions between the new functionality and the core materials. In addi-
tion, control of the interaction between individual nanoparticles and their ultimate
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integration into superlattice structures or other devices will almost certainly
require control over their surface chemistry.

Of all the synthetic approaches that have been developed to date for metal
nanostructures, only a few are available that allow for shape control. On the basis
of the means employed to achieve shape control, they can be divided roughly into
two categories: The first is template synthesis (7), which involves deposition of
metal nanostructure in a manner which prevents them from forming the thermo-
dynamically favored spherical geometry. Widely used and less expensive tem-
plate methods employ a porous host membrane such as anodic alumina (8—11) or
polycarbonate (12). Metals deposited into the pores of these materials assume the
pore geometry and orientation. More expensive and less widely available to most
laboratories are the lithographic mask-based methods, which allow for the prepa-
ration of 2D structures on surfaces (13). The second method does not employ a
preexisting template or mask but relies on the thermodynamically favored struc-
tures that result from the interaction of the metal particles’ surface and some sta-
bilizing reagent. For example, El-Sayed and co-workers have used polyacrylate
stabilizers to produce tetrahedral and cubic platinum nanoparticles (14,15).

A simple unique electrochemical method for preparing large quantities of
Au nanorods suspended in aqueous solution (16,17) has been recently developed.
This method utilizes mixed cationic surfactants and offers the advantage of con-
venient control over the particles’ dimensions. Several key ingredients and exper-
imental parameters used in this method are discussed. Perhaps the only drawback
at the present time is that the particle growth mechanism and its relation to the
dynamics of the surfactant micelle structures are not fully understood. Nonethe-
less, as we intend to demonstrate, this method works well from the standpoint of
synthesis.

The surface modification of Au nanorods to form silica coatings is attractive
from at least two perspectives. First, silica-coated Au nanorods represent a model
system for insulated nanowires. Second, coating the Au particle with silica opens
up a wide range of surface modification chemistries that were not available for
bare gold. In this chapter, we also discuss the experimental scheme for coating Au
nanorods with a silica layer of desired thickness. Henceforth, we shall refer to
silica-coated Au nanorods as Au nanorod @silica.

Before proceeding to the synthesis section, a word about the optical proper-
ties of metal nanorods is in order. For particles whose dimensions are small com-
pared to the incident wavelength, the classical electrostatic model has been shown
to be reasonably successful in predicting the absorption cross sections of metal
nanostructures, where the surface plasmon (SP) resonances are the main spectral
features (17). In the case of Au nanorods, the dominant SP band corresponds to
the long-axis, or longitudinal, component (henceforth referred to as SP;), while
the transverse, or short-axis resonance, SP,, is comparatively weak. We will out-
line electrostatic models suitable for the two experimental systems considered in
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this chapter: micelle-stabilized Au nanorods and the core-shell Au nanorod@
silica structures. A comparison of the calculated and experimental absorption
spectra will then be made. We also demonstrate that the value of the dielectric
constant of the silica shell can be extracted from the spectral measurements by
observing the spectral shift of the SP; band as a function of the shell thickness.

Il. SYNTHESIS OF AU NANORODS IN AQUEOUS
SOLUTION

A. Experimental Setup

We have described elsewhere a method for synthesizing suspensions of Au
nanorods in aqueous solutions (16,17), wherein a mixed surfactant system was
employed to define the size and shape of the nanorods. Since these first studies,
we have developed an improved method (in terms of yield and control over size
and shape). Briefly, the synthesis is performed within a simple two-electrode
electrochemical cell. A gold metal plate (3 X 1 X 0.05 cm) and platinum plate
(3 X 1 X 0.05 cm) serve as the anode and cathode, respectively. Both electrodes,
fixed face-to-face at distance of 0.25 cm (determined by a Teflon spacer), are im-
mersed into the electrolyte solution to a depth of ca. 1.5 cm. The electrolyte solu-
tion volume is typically 3 mL and contains 0.08 M of the cationic surfactant hexa-
decyltrimethylammonium bromide (C,¢TABr, 99%, Sigma), and 12.6 mg of the
more hydrophobic cosurfactant tetradodecylammonium bromide (TC,;,ABr,
>98%; Fluka). The CTABr-TC,ABr system serves as the supporting elec-
trolyte and as the stabilizer for the Au nanorods. The glass electrochemical cell
containing the electrodes and mixed surfactant solution is then placed into an
ultrasonic bath (Branson model 1210) whose water solution is held at 36°C. The
cell temperature is allowed to equilibrate with the bath for 5 min.

Immediately prior to the electrolysis, 65 L of acetone and 45 p.L of cyclo-
hexane are added to the electrolyte solution. Acetone is used to loosen the micelle
framework, and cyclohexane is necessary for enhancing the formation of rodlike
C6sTABr micelles (18). Meanwhile, one (or two) silver plate(s) of similar dimen-
sions to the anode and cathode is (are) placed above the solution near the cathode
and is (are) not connected to an electrode lead. The electrolysis is done under
constant-current mode, with the typical setting being 5 mA. The electrolysis time
is typically 20 min under constant sonication (again, the bath temperature is held
at 36°C). Gold metal is then oxidized to form a soluble complex, which then dif-
fuses to the Pt cathode where it is reduced. Also, the silver plates are gradually
immersed into the electrolytic solution during the electrolysis to constantly pro-
vide fresh Ag surface (vide infra). The gold nanorods form in the solution with
the aid of stabilizers directing their growth.
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Following electrolysis, the solution is centrifuged (20 min at 6500 rpm at
25°C in a Hettich model D-78532) to remove a large fraction of the spherical Au
particles that also form. The resulting supernate, which is rich in Au nanorods, is
transferred to another centrifuge tube. A second centrifugation (20 min at 12,000
rpm at 25°C) yields flocculent precipitates of Au nanorods. The precipitates can
be redispersed in deionized water to the desired concentration for further surface
modification or transmission electron microscope (TEM) analysis.

Figure 1 shows a typical TEM image of Au nanorods prepared by this
method and their corresponding absorption spectrum. The SP; resonance, corre-
sponding to the long-wavelength band in Fig. 1, is known to red-shift as the mean
aspect ratio (nanorod length/diameter) increases. The smaller peak centered at
520 nm is due primarily to the spherical particles in the sample. The transverse
plasmon resonance SP, occurs near this region of the spectrum, but its intensity
relative to the SP; band is very small. A summary plot of our data concerning the
measured SP; \,,,., values versus mean aspect ratio is shown in Fig. 2. A nearly
linear trend is observed, which agrees nicely with the predictions of the classical
electrostatic model (vide infra).

B. Temperature and Nanorod Yield

The yield of Au nanorods can be estimated by the relative heights of the two plas-
mon resonance bands, such as those seen in Fig. 1. The yield of nanorods relative
to nanospheres is high, while the peak absorbance ratio Abs(SP;)/Abs(520) is
large. This ratio is a good indicator of the success of the synthetic routine. Figure 3
shows a plot of A,,...(SP))/A(520) versus electrolyte solution temperature. The op-
timum temperature appears to be ca. 36°C for nanorod yield. Meanwhile, from
both SP; band position and TEM images, we find that, at least within the range
considered, the temperature has little effect on the mean aspect ratio of the
nanorods. We suspect that the optimum temperature for nanorod yield is related to
a balance between the kinetics of nanorod formation (favored by higher tempera-
ture) and the structural integrity of the cylindrical micelles (disfavored by higher
temperatures). At high temperature, the micelle structures simply collapse and
then drop their stabilizing capability. Therefore, the optimized temperature of
36°C is adopted in all of the Au nanorod synthesis.

C. Effect of Silver lon Release on Mean Aspect Ratio

We find that the mean aspect ratios of the Au nanorods can be influenced by the
appearance of silver ions during the electrolysis. As mentioned, we include one
or two silver plate(s) in the electrolytic solution near the cathode. The immersed
surface area of silver metal is gradually increased during the electrolysis.
A spontaneous redox reaction between Ag metal and Au ion complexes occurs
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Fig. 1. (A) TEM image of typical Au nanorods synthesized via the electrochemical
method. Scale bar represents 50 nm. (B) The absorption spectrum of the Au nanorod
sample shown in (a).
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Fig. 2. Summary plot showing the relationship between the \,,,’s for the SP; resonance
bands and the mean aspect ratios of the Au nanorods. (Solid diamonds) Experimental A .,
values. (Solid line). Prediction of electrostatic limit theory.

simultaneously parallel with the electrolysis and nanorod formation. It leads to the
Au deposition onto the Ag plate and, most importantly, the release of Ag ™ into the
solution. Figure 4 shows a plot of \,.(SP)) versus immersed Ag area. Recalling
that \,.x(SP)) is related nearly linearly to the mean aspect ratio (Fig. 2), Fig. 4
clearly demonstrates the effect of silver plate immersion. While the mechanism of
the Ag ion influence is not known at the present time, we suspect that the small
amount of Ag+ ions released consume Br of the micellar counterions, and then
the subsequent instability of the micelles causes preferential 1-D growth of Au
nanorods. It turns out that the total immersed surface area of Ag plate can effi-
ciently tune the mean aspect ratios of the Au nanorods. The relevant parameters
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Fig. 3. Plot of the nanorod yield versus synthesis temperature. The yield is based on the
spectral absorbance ratio A, (SP;))/A(N = 520 nm) (see text).

appear to be the amount of released Ag"* ions and their release rate. The latter
effect was evidenced by the result of directly placing the Ag metal with a certain
total surface area inside the electrolytic solution. It showed no sufficient controlla-
bility over the particle aspect ratios. An alternative way of having Ag ™" effect is to
directly inject Ag " into the solution. However, this did not result in easy control of
the particle aspect ratios.

lll. PREPARATION OF CORE-SHELL AU NANOROD@
SILICA PARTICLES

The core-shell Au nanorod @silica synthesis was first described elsewhere (19).
An analogous coating procedure (17) has also been employed for Au nanorod
embedded in a thin silica layer.
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Fig. 4. Effect of the area of silver plate immersion on the \,,,,(SP;) for Au nanorods.
Note that the nanorod aspect ratio is linearly related to the \,,,,(SP)) value (see Fig. 2).

A. Preparation Scheme

A gold nanorod solution (ca. 1 mL) is prepared by redispersing the centrifuged
product as described above. The concentration is adjusted to the desired level
by monitoring the absorbance at the SP; band maximum. For example, an ab-
sorbance of ca. 2 (using a 1-cm-path-length cuvette) at A = 900 nm was used for
a sample of nanorods whose mean aspect ratio was 5. This solution was trans-
ferred to a polytetrafluoroethylene (PTFE) bottle for the silica-coating step.

The silane reagent was prepared by mixing (3-mercaptopropyl)trimethoxy-
silane (MPTMS, 97%; Fluka) with ethanol in a 1:1000 volume ratio (Vyprums:
Veon)- Next, 40 L of this reagent is added to 1 mL of the Au nanorod solution,
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and the mixture is stirred for 20 min with a magnetic stirrer. The stirring step
ensures that the gold nanorods’ surfaces are completely covered with the thiolate
function of the MPTMS.

An aqueous silicate reagent solution was prepared by mixing 0.24 g of
sodium silicate solution [Na,O(Si0,)s_s; 27 wt%; Aldrich] with 50 mL of deion-
ized water. Then 40 wL of this silicate solution (pH = 9.5) is added to the
MPTMS-modified Au nanorod solution with vigorous stirring. The resulting
mixture (pH = 7.5) is stirred for a certain reaction time period, at the end of
which deionized water is added in a volume sufficient to dilute the original solu-
tion 2:1 and terminate the silica polymerization process. At this point the solution
contains both Au nanorod@silica particles and spherical silica nanoparticles.
Separation of these two particle types can be achieved by centrifugation. Cen-
trifugation also allows for the removal of unreacted silicate without the need for
dialysis (19).

Figure 5 shows a TEM image of Au nanorod@silica particles prepared as
described above with a 24-hr silica polymerization step. Energy dispersive X-ray
(EDS) analyses on individual particles confirm the presence of the elements Au,
S, and Si. The thickness of the silica shell for this particular sample is about 11.7
* 1.5 nm. As can be seen from the TEM image, the shell layer thickness is quite
uniform.

Fig. 5. TEM image of a typical purified sample of Au nanorod@silica particles. The
scale bar represents 50 nm.
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B. Control of Silica Layer Thickness

With the above preparation scheme, the thickness of the silica shell can be con-
trolled by varying the reaction time of the coating process, in a manner entirely
analogous to that used for spherical Au nanoparticles (19). Figure 6 (top) shows
TEM images of two Au nanorod @silica samples, the left image of particles re-
sulting from a 12-hr reaction time and the right image of particles which have
undergone a 24-hr coating process. Figure 6 (bottom) shows that the dependence
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Fig. 6. (Top) TEM images of Au nanorod@silica nanoparticles after 12 hr (left) and
24 hr (right) of silica-coating reaction. Scale bar represents 50 nm. (Bottom) Dependence
of mean shell thickness on silica-coating reaction time.
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of shell thickness on reaction time is nearly linear. We note that it is possible to
decrease the requisite reaction time for a given shell thickness by simply increas-
ing the silicate reagent concentration.

IV. ABSORPTION SPECTRA OF AU NANORODS
A. Model Predictions for Single Rodlike Nanoparticles

The absorption spectra of metal nanoparticles show characteristic features which
arise from SP resonances. The SP bands are known to be sensitive to particle
shape and size. However, when the dimensions of the particles are small relative to
the incident wavelength, the SP band position depends primarily on shape and
only insignificantly on size. In this section we discuss the simple electrostatic limit
of Mie scattering theory (20,21) and compare the predicted and experimental \ .,
(SP)) values. While somewhat more sophisticated (electrodynamic) scattering
models are available, which address particle dimensions which are not negligible
with respect to A (22), we will show that for our systems the simple model suffices.

The interaction between the incident electromagnetic wave and a nonspher-
ical metal nanoparticle can be described by a lossy induced dipole at the center of
the particle. Again, if the particle’s dimensions are small relative to the incident
wavelength, the primary interaction can be assumed to be absorption; scattering
terms can be assumed to be negligible. Furthermore, we can limit the discussion
to an electric dipole and ignore higher-order terms, such as the magnetic dipole
and electric quadrupole. The mean absorption cross section a(\) for a small pro-
late metal nanoparticle, averaged over all orientations, is given by (23)

172
m

o(\) = Im{o; + 20} (1)
where o; and «, are the polarizabilities of the particle along its longitudinal and
transverse axes, respectively. The dielectric function of the host medium is given
by ¢,,. The polarizabilities depend on the dielectric properties of the particle and
host medium via

Ve (o) = &,] @)

Q. =
Mg, (e (0) — &Py,

where V and g (w) are the volume and frequency-dependent dielectric function of
the particle, respectively. The parameter P, is the depolarization factor that de-
pends on particle shape. The subscripts on the depolarization factor and dielectric
function signify that they are formally dependent on the particle’s orientation in
the incident field. In these and all subsequent equations in this section, the comma
between the | and t is taken as “or.” The depolarization factors are given by (20)
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where ¢ is related to the semimajor axis («) and semiminor axis (b) via e=1-
b*la>.

While we do not consider electrodynamic size corrections, which are
needed when the particle dimensions become a significant fraction of A, we do
take into account mean-free path corrections, which are important when the parti-
cles are very small. When the particle dimensions approach the mean-free path of
the metal’s conduction electrons, the dielectric function diverges from the bulk
case. Furthermore, since we are dealing with rodlike particles, the extent of devi-
ation from bulk behavior depends on the direction of electron motion; electrons
traveling parallel to the particle’s transverse (semiminor) axis will experience a
higher degree of confinement than those traveling parallel to the long axis. Thus,
we have two sets of complex dielectric functions,

g (o) = & (W) + igy; (w) (5)

where the subscripts 1 and 2 denote the real and imaginary components, respec-
tively. The real and imaginary components are given by

g w) =€ — Tt + Bi(w) (6)
4Lt
w;wd,l,t
& (o) = { > > } + By(w) @)
o(w” + oy,

where €” is the bulk dielectric at infinite frequency (~1 for most metals), w, is the
plasma frequency [equal to 2.18 X 10" Hz for Au (24)], and B, ,(w) represents
the contribution of interband transitions arising from bound electrons. The inter-
band terms can be determined from the bulk optical properties of the metal (25)
and indeed are assumed to be unchanged from bulk values. The key term for the
present discussion is w,;,, which is the damping frequency, a term related to the
electron mean-free path /.

As mentioned above, as the dimensions of the particle decrease, the con-
finement of the conduction electrons implies an effective mean-free path I,
which in turn is related to the damping frequency via

V,
W = S —— (8)

leff,l,t
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where [, are the effective mean-free paths along the longitudinal and transverse
axes, vy is the velocity of the electrons at the Fermi energy [1.39 X 10° m/s for Au
(24)], and S is a slope parameter between zero and unity which is assumed to be
isotropic (26). The effective mean-free path can be related to the bulk mean-free
path . [equal to 31.0 nm for Au (24)] and the particle dimensions by the
expressions

1 o

Ligr  loux @

legte bk D

Using the formalism just described, we calculated the plasmon resonance
spectra for rodlike Au nanoparticles of various aspect ratios. The short-axis di-
mension was fixed at 10 nm, which is close to the experimental values. The cal-
culated dependence of the \,,,,(SP;) on particle aspect ratio is shown by the solid
line in Fig. 2. It is clear that there is excellent agreement between theory and
experiment.

While our experimental work herein focuses on Au nanorods, we have also
calculated the absorption spectra of other metals to illustrate the dependence of
the SP spectral features on the type of material. Figure 7 shows the spectra for
various rodlike particles composed of Au, Ag, Cu, and Na in a host medium
whose dielectric constant is that of water (g,, = 1.77). A key point is that the SP,
resonance band positions are strongly dependent on aspect ratio but only weakly
dependent on size (via electron damping effects). However, insignificant spectral
shifts were indicated for the SP, bands in four cases. For Au and Cu, the SP, band
intensity is negligible relative to the intensity of the SP; band. However, for Ag
and Na, the SP, and SP; bands are strong.

B. Experimental Spectra of Au Nanorod Suspensions

The success of the electrostatic model in predicting the shift in the SP; band as a
function of mean aspect ratio (Fig. 2) has implications for the interpretation of
experimental spectra of nanorod systems, such as that in Fig. 1. If the quantitative
validity of the \,,,,(SP;) dependence on aspect ratio holds in the case of the rela-
tive intensities of the SP, and SP, bands, then we can expect (Fig. 7) that the SP,
band in the case of Au nanorods should be negligibly small relative to the SP,
band. It indeed has been further verified in designed separation experiments (27),
in which pure Au nanorods and their absorption spectrum were obtained. We thus
interpret that the SP band centered near A = 520 nm in Fig. 1 is to arise from
spherical Au nanoparticles in the sample and not from the SP, band of the
nanorods.
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Fig. 7. Absorption spectra of prolate Au, Ag, Cu, and Na nanoparticles, electrostatic
theory simulations. Aspect ratios = 3 (dotted lines), 4 (solid lines), and 5 (dashed lines). In
all cases the host medium dielectric constant is assumed to be that of water (g,, = 1.77).

The parameter S is assumed to be unity in all cases (see text).
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C. Model Predictions for Au Nanorod@Silica Core-Shell
Particles

For silica-coated Au nanorods, we need to consider the perturbation introduced
by the thin surface layer. The equation for the absorption cross section of a
small coated prolate particle has the same form as for the uncoated particle
[Eq. (1)]. The particle polarizability expressions, however, reflect the increased
complexity:

V(e — e, e, + [(ec — &)PlL — PR)} + fefe. — &)
{le, + (e — e )Pl — £P2)ew + (5, — &,)PR]} + FP2e (2. — &)

(10)

Qe =

In Eq. (10), V is the total volume of the metal particle and its shell layer.
The volume fraction occupied by the core (metal) material is given by f. The
complex dielectric functions of the particle (core), shell, and host medium are
given by €., €, and g,,, respectively. For clarity, we have omitted the 1,t subscripts
for €. in Eq. (10); however, mean-free path effects are assumed to be operative as
in the case of uncoated particles [see Eqgs. (2), (5), and (6)]. The Pll’t and Pft terms
are the depolarization factors for the core and shell structures, respectively. The
core terms can be calculated from the metal particle’s dimensions using Egs. (3)
and (4). For the shell layer, Egs. (3) and (4) can still be used, but with the factor
¢” expressed as

2
c=1- (b+7t3)2 (11)
(a +ty)

where #; is the thickness of the shell layer.

A special case of Eq. (10) is the coated sphere, whose polarizability has
been given elsewhere (23) as

5 (& — &) + 28) + f(e, — &)(E, + 2¢,)
(& + 2¢,)(e. + 2¢y) + f(e. — €)(2¢g, — 2¢)

a=4m(r +ty) (12)

where r is the radius of the sphere. The corresponding absorption cross section for
a coated sphere is

172
m

o\) = N

Im{a} (13)

Using the same size corrections for € (w) as before, simulations of the ab-
sorption cross sections of Au nanorods @silica were done, using Eq. (10) for var-
ious silica shell thicknesses. Figure 8 summarizes the effect of shell thickness,
using two parameters we felt were meaningful indicators: A\, and (A,.y). The
band-shift parameter is defined as ANax = Amax(fs) — Amax(f; = 0). Assuming
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Fig. 8. Calculated dependence of the SP; and SP, spectral shift (top) and absorption cross
section (bottom) for an Au nanorod on silica shell layer thickness. The aspect ratio of Au
nanorod is set to 5.8, and the minor axis is 10 nm in calculations. The silica layer and host
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that the shell and host medium dielectric constants are 2.46 and 1.77, respec-
tively, Fig. 8 demonstrates that we should expect both the SP, and SP, bands to
red-shift with increasing silica shell layer thickness, with the effect on SP; being
much more pronounced.

The calculated effect of shell thickness on absorption cross section differs
for the SP; and SP, bands. While o(\,,,,) for the SP, bands rise with shell thick-
ness, the cross section for the SP; band initially rises with ¢, and then drops dra-
matically after a maximum near #, = 3 nm. The trends for the SP; band arise
from a trade-off between band oscillator strength and bandwidth, which both in-
crease with increasing 7. The initial rise of o(\,,,) With 7, occurs because the os-
cillator strength increases more rapidly than does the bandwidth when the shell
layer is thin.

D. Experimental Spectra of Au Nanorod@Silica Core
Shell Particles

Figure 9 shows three absorption spectra of Au nanorods at different stages of sil-
ica shell layer formation. After modifying the Au nanorod surfaces with MPTMS,
we observe a decrease in the o(\,,,) for the SP, band, but no significant shift in
band position. After the silica layer is developed, the SP; band shows a noticeable
red shift. The change in band position and peak intensity (bare Au rods versus
silica-coated rods) is in good agreement with the electrostatic limit prediction
discussed in the last section.

While we initially used a value for the dielectric constant of glass [, =
2.46, taken as the square of the refractive index (25)], we realized that this value
may not apply to the silica layer formed in our experimental process. By compar-
ing the A\, and ¢, quantities obtained from the experimental data with the quan-
tity calculated using Eq. (10), assuming different €, values, we are able to esti-
mate the true €, value for the experimental systems. Figure 10 shows plots of
AN for the SP; band versus ¢, for various calculated spectra (open circles),
where the only variation is the assumed g, value. The experimental A\, values,
shown as the dark diamonds, correspond very closely to the curve calculated, as-
suming an €, value of 2.06. We note that this value is in close agreement with the
value obtained for silica derived by the sol-gel process (28).

V. CONCLUSIONS

We have demonstrated that nonspherical metal nanoparticles can be prepared
electrochemically in aqueous solution by using cationic surfactants. One-dimen-
sional rodlike Au nanoparticles can be effectively synthesized with adjustable
mean aspect ratios from 1 to 7. The mechanism is not clearly verified at the current
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Fig. 9. Experimental absorption spectra of Au nanorods at different stages of silica coat-
ing. Micelle-stabilized Au nanorod (solid curve). Au nanorod coated with MPTMS (dotted
curve). Au nanorod@silica structures after 24-hr coating reaction (dashed curve). For
uncoated Au nanorods, \,,,(SP)) = 978 nm.

time, but is assumed to be related to the cylindrical geometry of the micelle super-
structures formed by these surfactants during the rod growth. The optical spectra
of Au nanorods are in very close agreement with theoretical predictions. Their ab-
sorption spectral features pertaining to the surface plasmon resonances contain an
intense SP; band. Its position is subjected to a sensitive red shift as the particle’s
mean aspect ratio increases. This spectral shift can also be well described by the
simple electrostatic model.

The coating of the Au nanorods with a silica shell, as an example of surface
modification, can be achieved by using the rod-MPTMS-silica preparation
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Fig. 10. A\, versus shell thickness for Au nanorods. Open circles depict curves calcu-
lated using electrostatic theory, assuming the shell dielectric constants shown at right.
Solid triangles are experimental values. The aspect ratio of Au nanorod is set to 5.8, and
the minor axis is 10 nm in calculations. The calculated spectrum for uncoated Au nanorod
reflects correctly to the experimental SP resonance in Fig. 9.

sequence. The thickness of these shells is also controllable. Both theory and ex-
periment show the SP resonance shifts to the red as the silica layer thickness
increases. Meanwhile, the spectral shift of SP; band for rodlike nanoparticles is
much more sensitive compared to that of the SP band for spherical ones. The opti-
cal properties of these Au nanorod @silica structures are also in close accord with
theory, with the agreement sufficiently precise as to allow for the back-calculation
of the dielectric constant of the silica layer.
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Surface Plasmon Resonance
Biosensing with Colloidal Au
Amplification
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SurroMed, Inc., Palo Alto, California

L. Andrew Lyon
Georgia Institute of Technology, Atlanta, Georgia

. INTRODUCTION

For more than a decade, biosensors based on surface plasmon resonance (SPR)
have been commercially available (1-4), making real-time, tagless biomolecular
interaction analysis accessible to those in biochemistry-related fields. In parallel
with (and largely driven by) these commercial successes, there have been large in-
creases in the number of academic pursuits involving biosensing and bioassays
with SPR (5-9). The motivations for these studies are quite diverse. Most attempts
have been aimed at lowering the accessible range of the sensor platform with re-
spect to both molecular weight and concentration. However, methods by which
SPR can be interfaced with other instruments to form hyphenated techniques have
been developed (10-13). Reports of multichannel and imaging sensors for high-
throughput applications are now available (5,14—17). Finally, despite the tradi-
tional tagless format practiced in SPR, a number of systems using particulate and
molecular tags for sensitivity enhancement have been reported (7,16,18-21).
This chapter will detail the fundamentals and early application of one of
these tag-amplified SPR methods: colloidal Au-enhanced biosensing (7,20,21).
We first describe the basics of SPR sensing as it is traditionally practiced. A gen-
eral discussion of how particulate materials modulate the SPR of smooth metal
surface follows. Experimental results from nonbiological SPR studies of colloidal
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Au-modified films are used to qualitatively illustrate the influence of colloidal Au
on SPR curves. Finally, examples involving direct binding and sandwich immuno-
assays demonstrate the utility of the method in bioassay development.

II. BACKGROUND
A. Surface Plasmon Resonance of Thin Metal Films

For a more mathematically rigorous discussion of surface plasmon resonance, the
reader is referred to work concerning the optical properties of thin metal films
(22). We will limit our discussion to the phenomena pertinent to biomolecular
interaction analysis.

Originally described by Ritchie in the 1950s (23) surface plasmons are
coherent fluctuations in electron density occurring at a “free-electron” metal/
dielectric interface. Examples of free-electron metals (those with a lone electron
in the valence shell) are Ag, Au, Al, and Cu, where Au is the most commonly used
in biosensing. As is typical for surface-confined modes, the transverse component
(perpendicular to the metal surface) of the electric field vector decays exponen-
tially into the dielectric medium from a maximum value at the metal surface. With
typical decay lengths being ~200 nm (at mid-visible excitation wavelengths),
surface plasmons are exquisitely sensitive to changes in the properties of the in-
terface. Specifically, changes in the thickness and/or refractive index of the
medium in contact with the metal film results in a change in the propagation of
the surface plasmon mode (9). This sensitivity can be described by the magnitude
of the electric field propagating in the plane of the metal film:

E.(x,z,t) = E%(x) exp(iot — ik, z) (D)
where w is the optical frequency, and the complex propagation constant along the
z-axis is given by

k.= K+ ik 2)
It is this value (often referred to as K, the wavevector of the surface plasmon)
that is dependent on the refractive index at the interface.

K, =2 [ =% 3
sp c 8m+83 ()

In Eq. (3), €,, and €, are the real parts of the metal and sample dielectric functions,
respectively, and c is the speed of light in vacuum. Given this, it is apparent that
radiation impinging upon the metal film with the same propagation wavevector
can be used to excite this mode. The wavevector for a photon in the sample is

®
Kiigne = ?\/gs “)
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However, a simple calculation shows that for a plasmon-supporting metal (large,
negative €,,), K, is always greater than K., Surface plasmons therefore cannot
be excited by photons propagating in free space.

To overcome this problem, one must use illumination conditions that allow
for modulation of the incident (momentum) wavevector magnitude. The most
common method for accomplishing this was proposed originally by Kretschmann
in 1971 (Scheme 1) (24). In this technique, the thin metal film is optically coupled
to a prism made of a high-refractive-index material (e.g., glass). [llumination of
the film through this prism under total internal reflection conditions allows for ex-
citation of the surface plasmon via an evanescent wave. Mathematically, the
wavevector of the evanescent field is

K., = %\/e: sin 0 (5)

where €, is the real part of the glass dielectric function and 0 is the incident angle
of excitation. From this we can see that light of a specific frequency can excite a
plasmon of that frequency when 0 satisfies the equality K.,=K,. Experimentally,
this is observed to result in a sharp minimum in a plot of reflectance versus inci-
dent angle. Because K, is dependent on the refractive index above the metal film,
0 is likewise sensitive to this value. Furthermore, since the resonance condition

Scheme l. The Kretschmann SPR illumination geometry.
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can now be experimentally observed, it can be correlated with the optical proper-
ties of the sample as indicated by Eq. (3); the position of the reflectance minimum
is used to quantitatively determine the sample refractive index. A convenient
method for the simulation and fitting of SPR curves based on Fresnel’s equations
was proposed by Hansen (25). Freeware based on that work has been developed
by the group of Robert Corn at the University of Wisconsin and can be down-
loaded from the World Wide Web (http://www.corninfo.chem.wisc.edu/).

A number of practical experimental conditions, such as metal film thickness
and incident wavelength, must be considered when designing an SPR experiment
for optimal sensitivity (9,22,26). Figure 1 shows simulated curves demonstrating
typical changes in the SPR resonance condition as a function of these variables.
Panel (a) illustrates the change in SPR curves for a series of Au films of different
thickness. Under illumination at 632.8 nm, the SPR curve progresses from a shal-
low, sharp minimum for an 80-nm-thick film, to a deep minimum at 47 nm, and fi-
nally to a shallow broad curve at 20 nm. Given these data, it is evident that the 47-
nm-thick film is the optimal one for sensing applications (largest signal
difference). These changes also give us physical insight into the mechanisms re-
sponsible for the SPR minimum. In the optimal (47 nm) film, a portion of the in-
cident radiation reflects from the glass/Au interface, while a portion propagates
through the film to the Au/sample interface and excites surface plasmons, which
in turn radiate back into the metal film. The back-scattered radiation is then out of
phase with the incident radiation, thereby resulting in a destructive interference
process and, hence, a decrease in reflectance. For the thicker Au film, much of the
wave propagating into the metal has decayed before reaching the Au/sample sur-
face, resulting in a decrease in the magnitude of the back-reflected plasmon radia-
tion. Conversely, the thin film displays a back-reflected field that is much greater
in magnitude and therefore increases the reflectance of the ATR device near the
plasmon angle.

Because the optical constants for thin metal films are varying functions of
the incident wavelength, the photon energy can be used to change the shape and
position of the SPR curve. Figure 1b illustrates this effect; curves for a 47-nm-
thick Au film are shown at four different excitation wavelengths. We can see from
these data that the SPR curve becomes sharper at longer wavelength, reflecting a
decrease in the amount of damping experienced by the surface mode. Quantita-
tively, this damping is related to the mean-free path of electrons at the incident
frequency and is therefore related to the decay length of plasmons at the Au/
sample interface:

I(x) = exp(—2k/x) (6)

in which the imaginary portion of the plasmon wavevector is

., o[ &,e ¥2oogn
ki=—\= 2 (N
c\g,t g 2(e,,)
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Fig. 1a. (a) Simulated SPR curves for 47-nm- (solid line), 20-nm- (dotted), and 80-nm-
(dashed) thick Au films illuminated at 633 nm. (b) Simulated curves for a 47-nm-thick Au
film at the indicated illumination wavelengths.

Equation (7) assumes that the real (") and imaginary (") portions of the metal di-
electric function are frequency dependent. From these equations, it follows that
decreases in the optical frequency will result in less plasmon damping and, hence,
longer-range propagation of the plasmon mode [i.e., Eq. (6) decays more slowly].
This effect recently has been exploited by Corn’s group, where IR-excited plas-
mons are used to obtain higher SPR sensitivity (15,27).

Taken alone, the above discussion of the surface plasmon effect suggests
the numerous advantages of the technique with respect to biomolecular interaction

www.iran-mavad.com

Age Gmwdige 5 Olgndil gy



188 Natan and Lyon

(b)

100

80

60

40

20

% Reflectance

850 750 700 633
| | | | |

42.0 42.5 43.0 43.5 44.0 445
Angle, degrees

analysis. The technique is tagless; no enzyme, fluorophore, or radioisotope label-
ing is required for detection or amplification of a binding event. SPR can also be
performed in real time, thereby allowing for kinetic as well as thermodynamic pa-
rameters to be determined. Finally, the technique is noninvasive since a “back-
side” illumination geometry is employed; the source beam does not have to travel
through the sample solution during operation. This decreases any interference
that could arise from turbid or strongly absorbing solutions. Despite these advan-
tages, it is still desirable in some applications to utilize “tagging” to either am-
plify or differentiate observables in the SPR experiment. In our case, we have
used metallic (Au) nanoparticles as protein tags in order to amplify the resultant
SPR signal (7,20,21). The next section briefly describes the physics behind SPR
perturbations via the introduction of nanoscale roughness.
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B. Surface Plasmon Resonance of Roughened and
Nanoparticle-Modified Metal Films

When a metallic roughness feature is introduced to the thin metal film, it presents
a site for conversion of the nonradiative surface plasmon into a radiative electro-
magnetic mode (22). For very small roughness factors (<1 nm rms), this is ob-
servable with a simple photodiode directed toward the metal/air interface in the
laser/prism/(reflectance) detector plane. However, under such conditions, the
roughness does not result in a large change in the reflectance curve. As the rough-
ness features become larger, they present large perturbations to the SPR dis-
persion relations and, hence, the shape of the reflectance curve. The main culprits
in the dramatic changes that are observed are multiple scattering phenomena.
Specifically, plasmon emission is not only observed to radiate from the roughness
sites into the dielectric medium, but can also couple back into the metal film,
where it is detected along with the specularly reflected light (7,20-22). Under
these conditions, the angles where the back-scattered radiation destructively in-
terferes with the incident radiation are very different than in the smooth thin-film
approximation. Indeed, at very high roughness factors, complete extinction of the
reflected beam is never observed due to the wider angular distribution of scattered
light emitted from the roughness site.

Roughness can be introduced via a number of methods. Optically transpar-
ent undercoatings have been used prior to metal film evaporation in order to cre-
ate well-defined roughness features (28). A simpler, but less easily controlled,
route involves the variation of the metal evaporation rate; slower rates result in
smoother films. In our research, we reasoned that monodisperse metallic nanopar-
ticles would enable the introduction of well-defined “roughness” sites to thin
metal films. Furthermore, the roughness is tunable in a manner unlike that ob-
tained by more traditional methods, as both the size and the spacing of the fea-
tures can be controlled (29-31). The following sections represent a review of our
early investigations into Au nanoparticle-modulated SPR of thin Au films and the
application of this method to immunoassay amplification.

lll. COLLOIDAL AU MODULATION OF SURFACE
PLASMON RESONANCE

A very simple architecture was employed to investigate the influence of particle
size and spacing on the resultant SPR signal. Scheme II illustrates this sample
arrangement. A 47-nm-thick Au film deposited via thermal evaporation onto BK7
glass coverslips serves as the SPR substrate. Monolayers of 2-mercaptoethyl-
amine (MEA) were then deposited onto the Au surface from ethanolic solutions
of the mercaptan. The amine-coated surfaces were exposed to Au hydrosols for a
fixed period of time, resulting in the formation of a colloidal Au submonolayer,
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Scheme ll. “Designed” roughness with colloidal Au.

the density of which was controlled by varying the immersion time and/or the hy-
drosol concentration. Tapping-mode AFM (TM-AFM) images of representative
colloid-modified surfaces are shown in Fig. 2. The random arrangement of parti-
cles on the surface is typical of particles adsorbed via a random process under
conditions where the particle-particle interaction potential is repulsive (29-31). A
loosely packed submonolayer of particles is thus obtained, with no observable

Fig. 2. Representative 1 pm X 1 pm (A) and 5 pm X 5 pm (B) TM-AFM images of
30-nm-diameter colloidal Au immobilized on evaporated Au. Colloid exposure time was
30 min. Z-dimension scale bars are as indicated.
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multilayer formation at these coverages. This provides for a consistent film mor-
phology between different particle sizes; multilayer formation would hopelessly
complicate the analysis of the SPR data. These films were interrogated using an
instrument arranged as in Scheme III. Excitation of the surface plasmon was per-
formed in the Kretschmann geometry (24) with a HeNe laser (632.8 nm, 5 mW
maximum power, Melles Griot). After being focused onto the prism/sample as-
sembly, the intensity of the reflected beam was measured with a silicon photo-
diode detector (Thor Labs). Rotation of the sample and detector with respect to
the incident laser was accomplished with a rotation stage assembly consisting of
two high-resolution (0.001°) servodrive stages (Newport) that are mounted to-
gether such that their axes of rotation are collinear. A more detailed discussion of
this instrumentation is given elsewhere (7).

Representative SPR curves of a 47-nm-thick, MEA-coated Au film are
shown in Fig. 3 prior to and following 60-sec and 60-min exposures to a ~17 nM
sol of 11-nm-diameter colloidal Au. The SPR curve of the bare Au film displays a
sharp reflectance minimum at an angle of 43.7°. However, the Au nanoparticle-
modified films have significantly shifted plasmon angles, broadened curves, and
an increased minimum reflectance. As described above, these changes reflect a
modulation of the surface plasmon dispersion relationship. In contrast to the
angle shifts induced by smooth dielectric (e.g., polymer) films (9), however, these
curves are due to a more complex mechanism of plasmon damping that involves
the multiple scattering effects described above. In this manner, the overall
changes in curve position and shape are enhanced by the presence of a discontin-
uous metal layer that mimics the effects of large-scale film roughness. As one
might expect, the magnitude of the SPR shifts are observed to increase with in-
creasing particle size. Figure 4 illustrates the particle size effect for submonolayer
coverages of particles ranging in diameter from 30 to 59 nm. Even at these low

Lock-In

Motion
Control

Scheme lll. Surface plasmon resonance apparatus. Reprinted with permission from
Anal. Chem. 1998, 70, 5177-5183. Copyright 1998 American Chemical Society.
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Fig. 3. SPR curves for a 2-mercaptoethylamine-coated 50-nm evaporated gold film
modified with 11-nm-diameter colloidal Au for varying exposure times: O sec (solid line),
60 sec (dotted), and 60 min (dashed).

coverages (1.2% to 4.5% of a monolayer), enormous SPR perturbations are
observed. Based on the results obtained with 11-nm-diameter particles, it was ex-
pected that similar coverage effects would be observed for larger particles. These
effects are illustrated in Fig. 5 for 35- and 45-nm-diameter particles; as the cover-
age (induced roughness) increases, the curve broadens, shifts, and becomes shal-
lower. Figure 6 shows the compiled plasmon angle data for all four particle sizes
over a range of coverages. It is interesting to note that these curves deviate from
linearity, suggesting that the traditional linear dependence of angle on the number
of immobilized species (e.g., proteins) does not necessarily hold for colloidal Au
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Fig. 4. SPR curves of a 47-nm-thick Au film coated with 2-mercaptoethylamine (solid
line) and a submonolayer of colloidal Au (1.3 = 0.15 X 10° particles/cmz). Particle diam-
eters are as indicated on the graph.

particles. Similarly, the maximum change in reflectance at any one angle is not a
purely linear function, but tends to reach a plateau at high coverage (Fig. 7).
Again, the nonlinearities of these curves are due to the change in plasmon damp-
ing mechanism. Linear behavior can be expected when the damping is due to
modulation of the plasmon velocity by a change in refractive index (as in protein
adsorption). In the case of nanoparticle adsorption, the plasmons are converted
from nonradiative to radiative modes by the sharp discontinuities in film mor-
phology that are produced by the nanoparticles, thereby producing a much larger
damping effect.
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Fig. 5. SPR curves of a 47-nm-thick Au film coated with 2-mercaptoethylamine (solid
line) and a layer of 35-nm-diameter colloidal Au (top) and 45-nm-diameter colloidal Au
(bottom). Surface concentrations (in particles/cmz) are as labeled.
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Fig. 6. Modulation of the plasmon resonance condition (plasmon angle) as a function of
particle number density at four different colloidal Au diameters (as indicated on the plot).

IV. AMPLIFIED IMMUNOSENSING WITH COLLOIDAL
AU TAGS

Because of the large changes in the plasmon curve that are brought about by
metal nanoparticle adsorption, it was reasoned that such particles may be useful
as amplification tags in a bioassay application. To evaluate the utility of such a
method, two colloidal Au:protein conjugate architectures were investigated
(Scheme IV). The first structure involves direct binding of an antigen:Au bio-
conjugate to an antibody-modified surface. The effect on the SPR curve due to Au
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Fig. 7. Maximum SPR reflectance change (determined from difference curves) plotted
as a function of surface coverage for colloidal Au diameters of 30, 35, 45, and 59 nm.

adsorption via an intervening protein layer (as opposed to a short-chain alka-
nethiol) can be evaluated with this architecture. A more bioanalytically relevant
structure is shown in the second example; an antibody-derivatized surface is ex-
posed to free antigen and then a secondary antibody:Au conjugate. This tradi-
tional sandwich immunoassay format allows for evaluation of colloidal Au tags in
a standard antigen detection mode.

Representative curves for SPR detection of antibody-antigen binding are
shown in Fig. 8. Exposure of an antibody-coated Au film [y-chain-specific mono-
clonal goat antthuman immunoglobulin G (a-h-IgG(y)] to the appropriate antigen
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A

( = Antibody

Scheme IV. Particle-enhanced immunosensing architectures. Reprinted with permis-
sion from Anal. Chem. 1998, 5177-5183. Copyright 1998 American Chemical Society.
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[human immunoglobulin G (h-IgG)] results in a small shift in plasmon angle.
However, a 1.5° shift and an observable increase in minimum reflectance and
curve broadening are observed upon exposure of an antibody-coated surface to a
10-nm-diameter colloidal Au:antigen conjugate (h-IgG:Au). This large enhance-
ment of the plasmon angle shift represents a >15-fold sensitivity increase over
the nonenhanced assay. Figure 9 illustrates a similarly enhanced signal for the
sandwich immunoassay format. Incubation of an antibody-modified film with a
solution of h-IgG yields a small (0.04°) but detectable shift in plasmon angle. Ex-
posure of the antibody:antigen coated film to a secondary antibody for the anti-
gen [F.-specific monoclonal goat antihuman immunoglobulin G (a-h-IgG(F,)]
results in a similarly small plasmon angle shift. Amplification of this signal is re-
alized through the replacement of the free antibody with a colloidal Au:a-h-
IgG(F,) conjugate [a-h-IgG(F.):Au]. Again, a large increase in plasmon angle,
minimum reflectance, and curve breadth are observed. In this case, a 28-fold in-
crease in plasmon angle is afforded through the use of protein:Au colloid conju-
gates in the sandwich immunoassay. Interrogation of colloidal Au-amplified pro-
tein binding can also be performed in a real-time monitoring mode. Figure 10
shows reflectance time courses for the immobilization of both the free and Au-
bound secondary antibodies to antibody:antigen coated Au surfaces. Again, the
magnitude of the signal is significantly greater in the case of Au enhancement.
Finally, ultrasensitive detection of protein binding has been realized by this
method. Under conditions where the antigen concentration is too low for unam-
plified detection of binding, the colloidal Au amplification step provides an easily
detectable signal (Fig. 11). Figure 12 illustrates the effect of decreasing the anti-
gen concentration further. As expected, the observed colloidal Au-induced shifts
decrease as the solution antigen concentration is decreased from 3.0 pM to
6.7 pM. The lowest concentration of h-IgG investigated, 6.7 pM, yields an eas-
ily detectable shift of 0.33°. Together, these results suggest that Au enhance-
ment may have utility in the detection of either low protein concentrations or
low-molecular-weight (<500 g/mol) species that are very difficult to detect by
traditional SPR methods.

In the case of direct (MEA-mediated) adsorption of Au particles, a nonlin-
ear dependence of plasmon shift on particle coverage was observed. In order to
evaluate whether this nonlinearity was present in the case of protein-mediated ad-
sorption, AFM was used to determine the particle coverage over a wide range of
antigen concentrations. The thus-obtained relationship between colloid coverage
and plasmon angle shift is shown in Fig 13. In this case, a quasi-linear relation-
ship is obtained, with smaller plasmon angle shifts accompanying lower colloid
coverages. While it is clear that the relationship is not well-behaved enough to
enable quantitative analysis at low antigen concentrations, the rough linearity
suggests that such quantitation may be possible with better control over the sur-
face attachment chemistries.
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Fig. 8. 1In situ SPR curves of (A) an evaporated Au film modified with anti-IgG (solid
line) and then exposed to a 1.0 mg/mL solution of antigen (human-IgG) (dashed line).
(B) A film modified with anti-IgG (solid line) and then exposed to a solution of an electro-
static conjugate between human-IgG and 10-nm-diameter colloidal Au.
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Fig. 9. In situ SPR curves of (A) an evaporated Au film modified with antibody (solid
line) followed by sequential exposure to a 0.045 mg/mL solution of antigen (dotted line)
and a 8.5 mg/mL solution of the secondary antibody, antihuman IgG (Fc-specific) (dashed
line). (B) A film modified with antibody (solid line) followed by sequential exposure to
a 0.045 mg/mL solution of antigen (dotted line) and a solution of secondary antibody:
10-nm-diameter Au conjugate (dashed line).
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Fig. 10. Reflectance timecourses obtained during exposure of an antibody:antigen
coated surface to a 17 nM solution of secondary antibody:colloidal Au conjugate (top
curve), and a 8.5 mg/mL solution of the unmodified secondary antibody (bottom curve).

V. SUMMARY

Despite the attractiveness of tagless SPR assays from the standpoint of ease and
speed of analysis, routine detection of low-molecular-weight components remains
a challenge in the field. We have presented one possible solution to this problem:
colloidal Au enhancement. This technique benefits from the long history of col-
loidal Au:protein bioconjugates and the more recent developments in oligonu-
cleotide conjugates. Nearly any type of biologically relevant macromolecule can
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Fig. 11. In situ SPR curves of (A) an evaporated Au film modified with antibody (solid
line) followed by sequential exposure to a 0.0045 mg/mL solution of antigen (dotted line)
and a solution of secondary antibody:colloidal Au conjugate (dashed line). (B) Inspection
of the plasmon minima for the antibody-modified Au surface before (circles) and after
(diamonds) exposure to the 0.0045 mg/mL solution of human IgG. Within experimental
error, there is no difference between the two curves.
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Fig. 12.

In situ SPR curves of evaporated Au films modified with antibody (solid line)
followed by sequential exposure to solutions of antigen (dashed lines) and secondary anti-
body:colloidal Au conjugate (dotted lines). The panels correspond to solution human IgG
concentrations of (A) 3.0 uM, (B) 0.3 uM, (C) 3.0 nM, and (D) 6.7 pM.

be immobilized to the nanoparticle surface in an active form. Furthermore, stan-

dard sandwich and displacement immunoassay formats can be used with this
method, thereby eliminating the need for new instrumentation or assay proce-

dures. Indeed, similar methods have since been applied to ultrasensitive detection
of DNA hybridization by both SPR and quartz crystal microgravimetry. The tech-

nique has also enhanced the contrast of SPR imaging of multianalyte arrays. Fur-

utility.

ther investigations of Au-amplified bioassays in terms of practical application and
fundamental phenomena will allow for continued expansion of the technique’s
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Fig. 13. Measured shift in plasmon angle due to the surface immobilization of second-
ary antibody:colloidal Au conjugate as a function of particle coverage (as determined by
TM-AFM).
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Self-Assemblies of Nanocrystals:
Fabrication and Collective
Properties

Marie-Paule Pileni
Université Paris et Marie Curie (Paris V), Paris, France

. INTRODUCTION

Self-assembled nanocrystals have attracted an increasing interest over the last five
years (1-36). The level of research activity is growing seemingly exponentially,
fueled in part by the observation of physical properties that are unique to the
nanoscale domain. The first two- and three-dimensional superlattices were ob-
served with Ag,S and CdSe nanocrystals (1-4). Since then, a large number of
groups have succeeded in preparing various self-organized lattices of silver
(5-16), gold (15-27), cobalt (28,29), and cobalt oxide (30,31). With the exception
of CdSe (2) and cobalt (28,29) nanocrystals, most superlattice structures have
been formed from nanocrystals whose surfaces are derivatized with alkanethiols.

By varying the experimental conditions of nanocrystal deposition, a variety
of organized structures have been achieved. For example, when silver (14,15), gold
(17), and CdS (32) nanoparticles are deposited from oil suspensions containing
low particle concentrations, circular domains of monolayer nanoparticle coverage
are observed, surrounded by regions of bare substrate. Under other deposition con-
ditions, large “wires” composed of silver nanoparticles have been observed (9), in
which the degree of self-organization varies with the length of the alkyl chains
coating the particles (33).

It has been demonstrated that three-dimensional (3D) superlattices of
nanoparticles are often organized in a face-centered-cubic (FCC) structure (1-6,
10). In other cases, the particles pack in a hexagonal lattice (8,34). Interestingly, it
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has been recently demonstrated that the physical properties of silver (6,35) and
cobalt (28,29) nanocrystals organized in 2D and 3D superlattices differ from
those of isolated nanoparticles. Indeed, certain collective properties are observed,
and in the case of silver nanoparticles these properties depend on whether the
superlattice is a square or hexagonal network (36).

In this Chapter we discuss recent work from our laboratory in which self-
organized 2D and 3D superlattices are formed from colloidal nanocrystals (which
we will also refer to as “nanoparticles,” or simply “particles”). In the case of 3D
structures, we will use the more general term “aggregate” synonymously. We also
discuss the optical and electrical properties of these self-organized systems.

IIl. SYNTHESIS OF NANOCRYSTALS

In recent years we have exploited the properties of micellar aggregates to synthe-
size nanoscopic metal and semiconducting particles. While a fundamental dis-
cussion of micelle formation and properties is beyond the scope of this chapter,
background in micelle theory as it applies to our work can be found elsewhere
(37-46). In our laboratories nanocrystals are synthesized using either reverse or
normal micelles (47,48). The reverse micelles are based on diethyl sulfosucci-
nate, which is usually referred to as Aerosol OT, or, in the case of the sodium salt,
Na(AOT). The solvent is either hexane or isooctane. The normal micelles we
have used are based on sodium dodecylsulfate, commonly referred to as NaDS
or SDS.

Key to our approach is the use of metal functionalized surfactants, M"*
(AOT), in the case of reverse micelles and M""(DS), in normal micelles, where
M is the metal ion precursor to the nanocrystal material. While the micelle aggre-
gate can influence the size and shape of the nanocrystal, addition of a surface
derivatizing agent such as citrate or trioctyl phosphine is often necessary for the
separation and purification of the particles. We have also made extensive use of
alkanethiols, which not only allow us to derivatize the surface of the nanocrystals,
but manipulate the interparticle interactions that are important factors in the 2D or
3D aggregate structure.

A. Synthesis of Silver Sulfide Nanocrystals (1-3)

Ag,S nanocrystallites are synthesized by mixing two 0.1 M Na(AOT) micellar so-
lutions (hexane solvent), each having the same water content, but with one con-
taining 8 X 10~* M sodium sulfide (Na,S) and the other 8 X 10~ * M Ag(AOT).
Brownian motion leads to collisions between the two types of micelles, and in
some events there is an efficient exchange of water pool contents. After a few
minutes, the reaction of Ag” and $?~ leads to nanosized Ag,S particles. Signifi-
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cantly, the average size of the particles increases linearly with water content. The
standard deviation in the distribution of particle sizes is about 30%, relative to the
average size.

Pure alkanethiols, C,H,,+;SH (where n is an even number varying from
6 to 18) are added (1 pL per mL of micelle solution) to the reverse micelle solu-
tions containing Ag,S nanocrystals. After evaporation of the solvents at 60°C, the
resulting solid is washed with ethanol and filtered. The silver sulfide nanocrystals
coated with the alkanethiols are then dispersed in heptane, forming an optically
clear solution. This procedure does not allow for the extraction of the largest par-
ticles (ca. 10 nm) from the reverse micelles. Thus, the extraction engenders a size
selection resulting in a smaller average diameter, as well as a decrease in the rela-
tive distribution of sizes from 30% to 14%.

B. Synthesis of Silver Nanocrystals (5,6)

As described above in the case of Ag,S nanocrystals, the synthesis of Ag
nanoparticles involves the mixing of two reverse micelle solutions, each with the
water content parameter w(=[H,O]/[AOT]) fixed at 40. The total AOT concentra-
tion in the first solution is distributed as 30% Ag(AOT) and 70% Na(AOT). The
second solution contains Na(AOT) and 0.07 M hydrazine (N,H,). After the solu-
tions are mixed and the Ag particles formed from the reduction of Ag"* by hy-
drazine, addition of dodecanethiol (1 L per mL of micelle solution) results in
the coating of the particles with a dodecanethiolate layer, and subsequent floccu-
lation. The solution is then filtered to isolate the particles, which can be easily re-
dispersed in hexane.

After the dodecanethiol extraction step, the size distribution is reduced from
*40% to £30%. Since the polydispersity is still large at this point, size-selective
precipitation (SSP) is employed to reduce the size distribution. SSP is a well-
known technique for separating mixtures of copolymers and homopolymers that
occur during the synthesis of sequenced copolymers, and has also been used for the
extraction of nanosized crystals (49). SSP utilizes a mixture of two miscible sol-
vents, each differing in their ability to dissolve the surfactant alkyl chains. For ex-
ample, alkanethiolate-coated silver particles are highly soluble in hexane but
poorly soluble in pyridine. Thus, pyridine is added in steps to a hexane solution
containing coated silver nanoparticles. When the hexane/pyridine volume ratio is
about 50%, the solution becomes cloudy, indicating agglomeration of the largest
silver particles. The larger particles agglomerate first because of their stronger van
der Waals interactions. This solution is centrifuged, and the fraction of solution
rich in agglomerate is separated. The resulting supernatant is small-particle rich.
The silver particles in the agglomerate-rich fraction can be redispersed via addition
of hexane to form clear solution. By repeating this procedure several times on the
supernatant, very small particles can be obtained, with low polydispersity (15%).
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C. Synthesis of Cobalt Nanocrystals (28,29)

A reverse micellar solution containing 0.25 M Na(AOT) and 0.02 M Co(AOT), is
mixed with a 0.25 M Na(AOT) micellar solution also containing 0.02 M sodium
borohydride (NaBH,). Both micellar solutions possess the same water content pa-
rameter (w = 10), which implies a water radius of R,, = 1.5 nm (42). The synthe-
sis is carried out in air. After mixing, the solution remains optically clear and its
color turns from pink to black, indicating the formation of colloidal particles.
Under anaerobic conditions, the cobalt particles are extracted from the reverse
micelles by covalent attachment of either trioctyl phosphine (29) or lauric acid
(50), and then redispersed in pyridine or hexane, respectively. The covalent-
attachment-based extraction step results in a size selection similar to that seen in
the Ag,S system discussed earlier. The surface modification of the cobalt particles
also significantly improves their stability when exposed to air. Cobalt nanoparti-
cles prepared in this manner can be stored without aggregation or apparent oxida-
tion for at least one week.

D. Synthesis of Cobalt Ferrite Nanocrystals

Normal micellar solutions containing 5.25 X 107*M Co(DS), and 7 X 10> M
Fe (DS), are mixed and then maintained at 28.5°C. Next, 0.44 M dimethylam-
monium hydroxide [(CH;),NH,OH] is added to the micellar solution while it
is vigorously stirred. After 2 hr, a magnetic precipitate is observed and subse-
quently separated from the solution by centrifugation. The precipitate is washed
with 0.01 M nitric acid and then redispered in hexane. A solution of 0.015 M
sodium citrate (Na;CqO,Hs) is added, and the solution is stirred at 90°C for
30 mins. Acetone is added to precipitate the particles again, and the solid is
washed with copious amounts of acetone. After air drying, the resulting powder
of citrate-coated cobalt ferrite nanocrystals can be redispersed in aqueous solu-
tion. The resulting solution is a neutral magnetic fluid.

The nanocrystals prepared according to the above procedure show the
X-ray diffraction lines of a spinel phase with lattice constant @ = 8.41 A. This
value of a is consistent with that of bulk cobalt ferrite (51). The diffraction peaks
themselves are too broad to allow for the distinction between inverted and normal
spinel phases. The elementary composition, as determined by energy dispersive
X-ray spectroscopy (EDS), is 95% iron and 5% cobalt in mass. No Fe*" is
detected by Mossbauer spectroscopy. From these data, the formula of the nano-
crystals is Cog 13 Fe, sg_02904, where_represents a cationic vacancy. The parti-
cles can be used in either powder form or, once dispersed in aqueous solution, at
the concentration desired by the user. A drop of such solutions can be deposited
on a carbon grid in the presence or absence of an external magnetic field. In our
studies, a field of 1.8 Tesla (T) is employed (vide infra).
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lll. FABRICATION OF 2D SUPERLATTICES
A. Monolayers of Silver Sulfide Nanocrystals (1,3,4,33,52)

1. Influence of the Substrate

In this section we discuss the self-assembly of Ag,S nanocrystals on three different
substrates, namely amorphous carbon, highly ordered pyrolytic graphite (HOPG),
and molybdenum sulfide (MoS,). As we will demonstrate, the substrate can have a
strong influence on the structure of the superlattice of nanocrystals (52).

By using a dilute solution of Ag,S nanocrystallites (particle volume fraction
¢ = 0.01%), monolayers of nanoparticles can be formed. Monolayer formation
on amorphous carbon-coated TEM sample grids involves adding low-volume-
fraction solutions drop by drop, allowing for solvent evaporation between drops.
Large ribbon-like formations of monolayers are observed (Fig. 1A), with the rest
of the grid covered with a lower density of nanocrystals. Within the ribbon do-
mains, the nanocrystals are arranged in a compact hexagonal network, with an
average (surface-surface) interparticle separation distance of 1.8 nm (1B). The
ribbon-like formations are obtained for various nanocrystal sizes (from 2 to
6 nm). The length and width of the ribbons depend on the nanocrystal size (4). In
most cases the length of the ribbons exceeds 100 mm.

Scanning electron microscope (SEM) images of 5.8-nm Ag,S nanocrystals
on HOPG are shown in Figs. 2A—C. The brightest regions correspond to 3D ag-
gregates. The 3D aggregates have a somewhat oblate shape, with widths from 4 to
8 wm and heights less than 1 pm. The gray regions in the SEM images corre-
spond to nanocrystal monolayers, while the darkest regions are holes in the
monolayer structure. The 3D aggregates are always surrounded by breaks in the
monolayer structure. Holes also occur within the large monolayer regions (2A).

Figure 3 shows atomic force microscope (AFM) images of the monolayer
regions. The inset in the low-resolution image shown in Fig. 3A depicts the ver-
tical profile of the line scan shown in the upper left of the image. The line scan was
deliberately taken over a path that contained a hole (black), a flat plain (gray), and
a small 3D aggregate (white). The peak in the line scan shown in the inset of
Fig. 3A indicates the formation of very small aggregates whose range from 100 to
200 nm and whose height is 10 to 15 nm (corresponding to bi- and trilayers of Ag,S
nanocrystals). Since the depths of the holes are about 6 nm, and since particles are
not observed within the holes when high-resolution scans are performed, the line
scan is highly suggestive of a dense monolayer of Ag,S nanoparticles on HOPG.

Figure 3B shows a high-resolution image of the flat plain region encircled
in Fig. 3A. The Ag,S nanocrystals are organized in local hexagonal network
domains. The average center-to-center distance of the particles is ca. 8 nm. Given
the diameter of the particles (determined from TEM images), the average surface-
to-surface separation is about 2 nm. The images shown in Fig. 3A and 3B could,
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100 mm

Fig. 1. TEM images of a monolayer of 5.8-nm-diameter silver sulfide nanocrystals de-

posited on amorphous carbon, observed at different magnifications.
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Fig.2. SEMimages (A, B, C) of 5.8-nm-diameter silver sulfide nanocrystals deposited on
HOPG (from a 10~® M hexane solution at T = 20°C). Schematics of mono- and multilayer
formation of nanocrystals as a result of solvent bubble growth and coalescence (D, E, F).

in principle, result from dense multilayer structures. However, taking into account
the overall similarity between the TEM and AFM images (52), as well as the flat
vertical trace observed over a large range of surface line scans, our tentative con-
clusion is that a dense monolayer of Ag,S nanocrystals is formed on HOPG.

The superlattice structures seen in the TEM, SEM, and AFM images
above can be rationalized on the basis of interparticle and particle-substrate in-
teractions and solvent-substrate interaction (wetting). Recent work in our labora-
tories has shown that the attractive force between two Ag,S nanocrystals is 1.8
X 10~° dynes (52). The force between a Ag,S nanocrystal and the HOPG sub-
strate is repulsive (—3.7 X 10~ dynes) (52). Significantly, the heptane solvent
on HOPG forms a nonzero contact angle (5—10°), which means that as evapora-
tion occurs the solvent film becomes unstable and droplets begin to form (52).
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Fig. 3. AFM images of 5.8-nm-diameter Ag,S nanocrystals deposited on HOPG sub-
strate (A) Low magnification showing flat plains with isolated holes (black) and 3D aggre-
gate (white). Line scan profile showing depth of holes and height of aggregates (inset in A).
(B) High magnification of plains region (encircled in 3A) showing close-packed structure.
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This process is an example of the well-known Marangoni effect (53). The dy-
namics of these droplets play a key role in the evolution of Ag,S nanocrystal as-
sembly on HOPG.

Consider the cartoon schematics in Fig. 2D-F accompanying the SEM im-
ages in Fig. 2A—C. Immediately after the solution containing the nanocrystals is
deposited on the substrate, the solvent begins to evaporate and droplets form. The
Ag,S nanocrystals themselves are fully solvated (or “dressed”) by the heptane,
which prevents their assembly into dense structures (Fig. 2D). As the droplets
grow and begin to merge, some of the Ag,S particles (which are still mobile be-
cause of the thin solvent layer present on the HOPG surface) are expelled away
from the merge center (see arrows in Fig. 2E). These dressed particles form com-
pact monolayer islands, whose density increases after all of the solvent evaporates
and interdigitation of the alkyl chains on the Ag,S particles occurs.

Other particles are caught in the center of the droplet merge point. The pres-
sure exerted on these particles by the droplet menisci is large, and, while a mono-
layer initially forms continued droplet coalescence engenders the formation of a
3D structure (Fig. 2F). This process may be viewed as analogous to the collapse
of Langmuir films when the lateral pressure on the monolayer is too high. The 3D
structure of dressed particles dries out as the solvent evaporates, and thus inter-
digitation of the particles’ alkyl chain coating occurs in three dimensions instead
of two. The sizes of the 3D aggregates of Ag,S are similar, which implies that the
merge regions between growing solvent droplets are also similar in size.

A key point implied by the scheme in Fig. 2D-F is that the formation of
monolayer and 3D aggregates occurs essentially simultaneously. It should also be
pointed out that very small 3D aggregates also form in the monolayer regions
(Fig. 3A), but via simple interparticle attraction rather than confinement and com-
pression due to droplet growth.

When the HOPG substrate is replaced with MoS,, the assembly of Ag,S
nanocrystals results in a very different pattern. Figure 4 shows SEM images of
5.8-nm Ag,S nanocrystals deposited on MoS, using a procedure similar to that
used in the case of HOPG. In contrast to what is seen on HOPG, the MoS, sub-
strate shows large interconnected domains of monolayers surrounding hole re-
gions (light and dark regions, respectively). Three-dimensional aggregates can be
seen on the surface of the monolayers. These aggregates are smaller than those on
HOPG, with widths in the 1.6- to 2.3-pm range. SEM analysis does not allow for
the determination of aggregate height. However, AFM studie indicates that the
average height is ca. 150 nm.

The contrasting Ag,S assembly structures on HOPG and MoS, can be at-
tributed to differences in particle-substrate and solvent-substrate interaction
(52). First, the contact angle formed by heptane on MoS, is too small to be
measured (in other words, heptane wets MoS, better than it wets HOPG). Thus,
droplets due to thin solvent layer instability are less likely to form. Second, and
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Fig. 4. SEM images of 5.8-nm Ag,S nanocrystals deposited on MoS, substrate from a
107® M hexane solution at T = 20°C), observed at normal incidence (A) and at 60° tilt
(B). Note the open web structure in 4A, compared to the closed monolayer structure in
Figs. 2A-C.
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perhaps most significant, is that the force between an Ag,S nanoparticle and the
MoS, substrate is, in contrast to HOPG, attractive (ca. 2.2 X 107° dynes). When
the heptane solution of Ag,S nanoparticles comes into contact with the MoS,
substrate, the particles collide with the surface and remain fixed. The placement
of these particles on the surface is random because of Brownian motion prior to
adhesion.

As the solvent evaporates, the movement of Ag,S particles in response to
droplet growth and coalescence does not occur to a great extent because of the at-
tractive particle-substrate interaction. Thus, the localized but very dense mono-
layers seen on HOPG are absent on MoS,. Nonetheless, the particles do diffuse in
two dimensions; attractive particle-particle interactions and capillary forces due
to the thin solvent layer combine to promote the formation of small monolayer is-
lands. The smaller size of the few 3D aggregates seen on MoS,, is also consistent
with attractive particle-substrate interactions.

2. Influence of the Alkanethiol Chain Length

In our laboratory most of the nanocrystals formed in micelles cannot be extracted
via surface derivatization with hexanethiol, octanethiol, hexadecanethiol, or oc-
tadecanethiol (henceforth abbreviated C¢, Cg, C, and C,g thiols, respectively).
Thus, they can only be removed from the oil environment along with the micelle-
forming surfactant.

The instability of the particles coated with shorter-chain thiols (Cg and Cg
thiols) may be attributed to the disordered nature of the alkyl chains; short-chain
thiols do not form a crystalline environment and possess a large number of
gauche defects. Thus, the surface layer on the nanoparticles may resemble more
closely free alkanes in a liquid state than it does a self-assembled monolayer.
Such behavior has been well documented for gold particles (54,55). While we
cannot assume that the behavior of short-chain thiols on gold is identical to that
on Ag,S particles, the similar behavior of self-assembled monolayers on Au(111)
and Ag(111), in spite of the large differences in chemisorption energy (56-58),
leads us to tentatively conclude that the source of particle instability in the Au and
Ag,S systems is the same.

Extraction of the particles from their micelle environment is also not suc-
cessful when very-long-chain alkanethiols (C,¢ and C,g thiols) are used. The hy-
drophobicity of these compounds is certainly high, and thus they tend to remain
solubilized in the nonpolar medium (59). This could, in principle, prevent the
long-chain thiols from reacting with the Ag,S surfaces. However, the dynamic
character of the reverse micelles is such that reactions can occur between hy-
drophobic and hydrophilic reactants (60). Apparently, the solvation energy of the
long-chain thiols in the nonpolar solvent is sufficient to overcome the energy of
the thiol-Ag,S surface reaction.
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The intermediate-chain-length thiols (Cg, C,(, and C, thiols) appear to be
the best suited for particle derivatization, extraction from the reverse micelles,
and redispersion into hexane. TEM images of Ag,S particles coated with these
different thiols show that self-organized hexagonal networks of the particles
form, whose interparticle spacings change systematically with alkanethiol chain
length (33). However, the edge-edge separation distances do not correspond
exactly to the distances one might expect from the alkyl chain lengths. For exam-
ple, Table 1 summarizes the interparticle spacings (edge-edge distances, hence-
forth referred to as d,,) measured from TEM images. For comparison, the dis-
tance (2L) calculated from the empirical equation of Bain et al. (61), which
assumes an all-trans zigzag conformation, is also shown. It is clear that the ex-
perimental d,, values are considerably shorter than twice the chain length of the
surface thioalkane groups.

In the case of Cg and C,, thiol surface groups, dy, is longer than L but
shorter than 2L. In the case of the C, thiol, dy, is about equal to L. For C4-thiol-
derivatized particles, d,,, is actually shorter than L. These trends can be explained
by the change in chain conformation and the various defects that depend on
chain length (54). For example, the number of gauche defects near the particle
surface decreases as the alkyl chain length increases. However, the incidence of
gauche defects near the terminal (methyl) end of the chain increases with chain
length. Hence, the shortest chains (Cg) behave almost as free alkanes (62) and are
thus not prone to 2D organization or interdigitation. As the chain length in-
creases, interdigitation between alkyl chains on adjacent particles occurs, leading
to a dp, value that approaches the length of a single chain, L (C,, and C,, thiol
systems). In the case of C,, thiol surface groups, the increase in gauche defects
near the chain terminal end allows pseudorotational motion of the chain about
the R-S bond axis. This explains why the d,,, value is smaller than L for the Cy4
thiol system.

There are two key observations in the study of alkanethiol chain length
effects. First, the interparticle spacing d,,, is dependent on chain length, but the

Table 1. Variation of the Average Distance (d,,,) between Alkanethiolate-Coated
Nanocrystals Organized in a Hexagonal Network

Alkanethiolate system

Cs Cio Ci, Cuy
Experimental d,,, (nm) 1.4 1.6 1.75 1.8
L., (nm) 1.27 1.52 1.77 2.03
2Lcalc® (nm) 2.54 3.04 3.54 4.06

“From L (nm) = 0.25 + 0.127n, where n is the number of CH, groups in the chain. See Ref. 61.
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dependence is not linear. Second, using very-short-chain alkanethiol groups (re-
gardless of the difficulties inherent in the extraction step) to reduce interparticle
spacing is not likely to yield successful results. Short-chain compounds simply
are not prone to 2D assembly and behave more as free alkanes.

B. Monolayers of Silver and Cobalt Nanocrystals
1. Silver Nanocrystals

The 2D network formed after a drop of a low-concentration solution of silver par-
ticles (2.5 X 1073 M) is placed on an HOPG substrate. Since the interparticle
spacing in the hexagonal network is ca. 1.8 nm, arguments similar to those used in
the interpretation of the Ag,S nanoparticle studies can be made that essentially
total interdigitation of alkyl chains on adjacent particles is occurring.

2. Self-Organization of Cobalt Nanocrystals

Cobalt nanocrystals coated with trioctylphosphine also form a hexagonal 2D
network on amorphous carbon. However, in contrast to results seen for Ag,S
particles on amorphous carbon, the hexagonal network contains many bare re-
gions. The size distribution in the cobalt nanocrystals is ca. = 14%, similar to
that in the Ag,S particle studies. Since size distribution is a major factor in con-
trolling the monolayer structure, one might expect that the cobalt nanoparticle
network should resemble the Ag,S networks in Fig. 1-4. The fact that the net-
work in the cobalt nanocrystal case is more open may be due to the magnetic
properties of the particles, or simply because the surface groups are different
(trioctylphosphine instead of dodecanethiolate). Studies on these systems are in
progress.

C. Organization of Nanocrystals in Rings and Hexagon

When nanocrystal-containing solutions are deposited on cleaved amorphous
graphite held fixed by anticapillary tweezers and the solvent is allowed to com-
pletely evaporate, interesting patterns of nanocrystals are observed. Figure 5
shows TEM images of the circle structures formed from a variety of dode-
canethiol-coated silver (5A), cobalt (5B), cobalt ferrite (5C), and cadmium sul-
fide (5D). Since only the cobalt and cobalt ferrite particles are magnetic, it can be
concluded that the circle patterns have nothing to do with magnetic properties.
Individual particle shape is apparently also not a critical factor, since the CdS
nanocrystals are triangle shaped. We observe similar structures on amorphous
carbon-coated TEM sample grids.
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Fig. 5. TEM images of various nanocrystals deposited on cleaved amorphous graphite
using an anticapillary tweezer. Silver (A), cobalt (B), cobalt ferrite (C), and triangular cad-
mium sulfide (D) nanocrystals.

IV. SUPRACRYSTALS: FCC LATTICES
OF NANOCRYSTALS

Unlike some of the 2D structures discussed above, whose form depends in part on
forces exerted by growing solvent droplets on flat substrate, the formation of a 3D
lattice does not require external forces. The 3D lattice structure is due to the inter-
play of van der Waals attraction forces and hard-sphere repulsive interactions.
Because these forces are isotropic, the best particle arrangement is achieved by
maximizing the density of what we shall term a “supracrystal.” The initial (2D)
monolayer thus is hexagonally close packed. Three-dimensional growth could, in
principle, result in a hexagonal (HCP) or face-centered-cubic (FCC) structure.
However, we observe FCC structures with fourfold symmetry. In this section, we
give an overview of the 3D supracrystal systems we have prepared in our labora-
tories. At the outset it is important to note that these supracrystal assemblies are
obtained only after the nanocrystal size distribution has been reduced signifi-
cantly via the methods discussed in Secs. II.A and II.B.
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A. Silver Sulfide Supracrystal Assemblies
1. Ag,S Nanocrystals Coated with Dodecanethiol

1. As discussed earlier, 3D structures of dodecanethiol-coated Ag,S
nanocrystals form during solvent evaporation on amorphous carbon and
HOPG (Fig. 2). Fourfold symmetry, which can be attributed to the [001]
plane of an FCC lattice, can easily be seen. The center-to-center dis-
tance between two nanocrystals along the [010] plane is ca. 11 nm. The
average particle diameter is 5.8 nm, and the shortest center-to-center
distance is 7.8 nm, leaving a 2-nm edge-to-edge separation that is con-
sistent with alkyl chain interdigitation (see Sec. IV.A.2). The supra-
crystal structure is stable under ambient conditions for two months.

2. It has already been demonstrated that it is possible to prepare and iso-
late particles of different sizes (47,48). Using the same deposition pro-
cedure as that used for the 5.8-nm-diameter particles, 3D supracrystals
of Ag,S nanocrystals whose average diameters are 3 nm and 4 nm
have been prepared. Upon increasing the nanocrystal concentration in
hexane to ca. 6 X 10'® particles per mL solution, larger polycrystalline
aggregates containing a large number of defects as dislocations are
formed.

2. Effect of Alkyl Chain Length on the Formation
of Supracrystals of Ag.S Nanoparticles

For Ag,S particles of virtually any size deposited with high concentration solu-
tions (ca. 6 X 10'® particles per ml solution) on amorphous carbon, large aggre-
gates will form. Nanocrystals coated with Cg and C thiols form well-faceted ag-
gregates with fourfold symmetry, as observed for the C,, thiol-coated particles
discussed in the last section. Conversely, C,4-thiol-coated Ag,S particles do not
form well-defined supracrystals. Nanocrystals coated with Cq thiol cannot be ex-
tracted from micelles.

The difference in self-assembly behavior when C,4 alkanethiols are used is
related to the d,,, edge-to-edge spacing parameter discussed earlier. For alkyl
chain lengths shorter than C,,4, the d,,, value is either similar (for example, n =
12) or slightly longer (8 = n = 12) than the calculated chain length, assuming
complete frans (zigzag) conformation. The interdigitation of alkyl chains in these
systems leads to a dense packing of the nanocrystals, which in turn results in
well-defined 3D lattices. In the case of the C,, alkyl chains, the small d,,, value
implies strong interparticle van der Waals attraction, in spite of the presence of a
large number of gauche defects and poor interdigitation. We therefore conclude
that well-defined 3D supracrystals require both strong interparticle interactions
and alkyl chain interdigitation.
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B. Supracrystals of Silver Nanoparticles (5,6)

Figure 6A shows a TEM image of aggregates formed from 5-nm silver particles
coated with dodecanethiol on an amorphous carbon substrate. High-resolution
TEM (Fig. 6B) shows that the silver nanoparticles appear to be arranged in either
cubic or hexagonal structures. The transition from one phase to the other is abrupt
and analogous to polycrystalline atomic lattices, wherein each nanocrystal do-
main has a different orientation. In a perfect hexagonal crystal, patterns of four-
fold symmetry should not be observed. However, if one considers an FCC lattice,
fourfold symmetry may be observed at certain tilt angles (we confirmed this by
actually changing the tilt angle in the TEM studies). Thus, the “pseudohexagonal”
structure seen in Fig. 12B can be attributed to the stacking of the {110} plane of
an FCC lattice, and the features with fourfold symmetry arise from stacking of the
{011} planes.

The cell parameter of the aggregate can be determined from either the four-
fold symmetry or pseudohexagonal patterns in the TEM. In the former case, the
cell parameter is 9 = 1 nm. From the pseudohexagonal pattern, we find that the
lattice constants (a,b,c) are not equivalent as they should be in a perfect hexago-
nal lattice. We find that @ = » = 9 nm and ¢ = 6.6 nm. This discrepancy may be
attributed to a tetragonal distortion of the FCC structure, which was recently pre-
dicted from molecular dynamics simulations of alkylthiolate-coated gold
nanoparticles (34).

STM images of 3D aggregates of silver nanoparticles on an Au(111) sub-
strate largely confirm the interpretation of the TEM images. For example, in Fig.
6C, the fourfold symmetry arising from the stacking of {011} planes is clearly
visible. The line trace (see inset) from the dark (low) to bright (high) regions of
the image indicates clearly the stacking of monolayers of silver nanocrytals. Sev-
eral such line scans were obtained, and the distance between two layers is consis-
tently found to be in the 2- to 2.8-nm range. This distance is smaller than the total
diameter of one coated nanocrystal (6.1 nm = 4.3 nm + 1.8 nm) and thus indi-
cates that the particles of one layer sit in the center of the triangle formed by par-
ticles in an adjacent layer. The change in height of the line scan as it crosses
nearly three layers of nanocrystals is consistent with interdigitation and zigzag
conformation of the alkyl chains. Employing a similar deposition procedure, but
with slower solvent evaporation, well-defined FCC supracrystals of silver nano-
particles can be obtained (64).

C. Supraaggregates of Ferrite Nanocrystals (65)

By depositing a 5-mL solution containing cobalt ferrite nanocrystals (0.0093
mass percent) on an amorphous carbon-coated TEM grid and allowing the solu-
tion to evaporate, an open mesh of randomly aggregated particles is obtained
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Fig. 6. Supracrystals of 5-nm silver nanocrystals. (A) Low-magnification TEM image.
(B) High-resolution TEM image showing both hexagonal and fourfold symmetry. (C)
AFM image of Ag supracrystal showing layered structure and source of fourfold patterns
in TEM image.
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(Fig. 7A). The cobalt ferrite sample used contained a narrow particle size distri-
bution, with the average diameter based on measurements of 500 particles, being
10.7 = —0.3 nm (66). Using solutions with a higher particle concentration of
0.17 mass percent, a higher particle density random aggregate structure results
(see SEM image in Fig. 7B). It should be noted that the individual particles do not
coalesce.

When the higher-concentration solution is deposited on amorphous carbon
in the presence of a 1.8-T magnetic field is applied parallel to the substrate, long
needle-like structures form (see SEM image in Fig. 7C). The higher magnifica-
tion inset of Fig. 14C shows that the structure is quite regular. By tilting the sam-
ple in the electron beam, it is observed that a large number of nanocrystal layers
are aligned with the magnetic field.

Other groups have observed self-organization of nanoparticles that is in-
fluenced by external magnetic fields. Depending on experimental conditions,
needle-like structures (67), thin films with ordered structure (68), or microdrops
(69) have been obtained.

V. COLLECTIVE PROPERTIES OF NANOCRYSTALS
ORGANIZED IN 2D AND 3D SUPERLATTICES

A. Optical Properties of Monolayers

The basic theory of the optical properties of metal nanoparticles is discussed in
Chapter 1 of this volume. In the UV-visible spectral range, the broad absorption
bands of metal nanocrystals are due to plasmon resonance excitations or inter-
band transitions. The spectra of dilute solutions of metal nanocrystals can be
modeled quite well with Mie theory (70-76). Both the experimental (6,77) and
simulated (75,78) absorption spectra show a decrease in the plasmon resonance
band intensity and increase in bandwidth with decreasing particle size. The ex-
perimental peaks shapes are nearly Lorentzian, and discrepancies at higher ener-
gies are due to interband transitions in the experimental system (4d—Ssp) (79).
When silver nanocrystals are organized into a 2D lattice, the plasmon resonance
peak is shifted to energies lower than what is obtained for dilute solutions of iso-
lated particles. The absorption spectrum of dodecanethiol-coated 5-nm-diameter
silver nanoparticles in the original hexane solution (before the particles are de-
posited on the surface) is similar to that of particles removed from the surface
and redispersed in hexane. When the same nanocrystals are deposited in 2D and
3D lattices, spectral shifts are observed. The shift is more pronounced in three
dimensions than in two. Since the original hexane solution spectrum and that of
the redispersed particles are virtually the same, the spectral shifts associated
with the 2D and 3D assemblies must come from interparticle electromagnetic
interactions and not from some physical or chemical transformation associated

www.iran-mavad.com

Aga Cppwdie 5 Qbgemdils g ye



Self-Assemblies of Nanocrystals 225

Fig. 7. Cobalt ferrite nanocrystals deposited on amorphous carbon. (A) TEM image of
particles deposited from low-concentration solution (0.0093 mass percent in water) in the
absence of an external magnetic field. (B) SEM image of random structure resulting from
deposition with higher-concentration solution (0.17 mass percent in water). (C) Cobalt fer-
rite nanocrystals deposited in the presence of a 1.8-T field applied parallel to the substrate.
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with their deposition. The bandwidth of the 2D plasmon resonance peak is ca.
1.3 eV, considerably larger than that of the particles in dilute solution (ca.
0.9 eV). Similar behavior is observed for silver nanocrystals of various sizes
(from 3 to 8 nm).

UV/vis polarization spectroscopy can reveal information about interparti-
cle electromagnetic interactions. In s-polarization, the electric field vector is ori-
ented parallel to the plane of the substrate at all incidence angles 6. Plasmon res-
onance modes with components polarized perpendicular to the plane of the
substrate are not seen when the incident light is s-polarized (80). On the other
hand, p-polarized light, whose electric field is parallel to the plane of incidence
can probe plasmon resonance excitations whose components are either parallel
or perpendicular to the substrate. For 2D assemblies of metal nanocrystals on
planar substrates, p-polarized light is thus ideal for probing interparticle inter-
actions (81).

Figure 8 shows the UV-vis polarization absorption spectra of a hexagonal
2D assembly of 5-nm silver nanocrystals on a HOPG substrate. In s-polarization,
the absorption spectra are virtually independent of incidence angle 6 (Fig. 8A)
and show a plasmon resonance band centered at 2.9 eV, which is similar to that
seen in isolated silver nanocrystals. The degree of band asymmetry is also similar
to that seen in isolated particles. However, in p-polarization a second band ap-
pears at higher energy as the incidence angle is increased (Fig. 8B). At 6 = 60°
the two peaks are well defined: the first is close in energy (2.8 eV) to the absorp-
tion maximum for isolated particles (2.9 eV), but the second is centered at ca.
3.8 eV. These data are reproducible and not sensitive to coverage effects.

To examine if polarization spectra such as those in Fig. 8B are due to a self-
organized lattice, similar spectral studies were done on 5-nm silver nanocrystals
randomly distributed on a HOPG substrate. In s-polarization at 6 = 60°, the UV/v
is spectrum shows a single plasmon resonance band centered at 2.7 eV. With
p-polarized light at the same incidence angle, the plasmon resonance band is split
into two peaks, one slightly higher and one slightly lower in energy than the peak
in the s-polarization spectrum.

The TEM image shows that while the silver nanoparticle sizes are quite uni-
form, a few particles are touching and perhaps even to the point of coalescence.
This interaction may account for the peak splitting. However, the energy differ-
ence between the two peaks is very small compared to the case of the p-polariza-
tion spectrum of a hexagonal 2D lattice (Fig. 8B).

It can be concluded that the high-energy band at 3.8 eV in Fig. 8B is due to
the self-organization of the silver nanocrystals into a hexagonal network. The po-
sition of the peak can be explained in terms of local field effects; each nanocrys-
tal experiences the electric field of the incident light plus the dipolar fields of the
particles in its vicinity. Calculated spectra (35) for finite-sized clusters under
s- and p-polarization are in qualitative accord with the results presented here.
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Fig. 8. UV/vis polarization absorption spectra of 2D hexagonal lattice of 5-nm-diameter
silver nanocrystals on HOPG substrate: (A) s-Polarization, (B) p-Polarization. Numbers
next to curve indicate incidence angle.
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B. Collective Optical Properties of Particles
Self-Assembled in Multilayers

The UV/vis spectrum of 3D aggregates shows a ca. 0.25 eV shift toward lower
energy relative to the peak associated with silver particles in dilute solution. The
bandwidth of the plasmon resonance peak in the 3D lattice spectrum is actually
smaller (0.8 eV) than that of the isolated particles. As in the case of the 2D lattice
systems, we also redispersed into hexane solution the particles composing the 3D
lattice and obtained spectra virtually identical to that of the original hexane solu-
tion used to deposit the particles. Thus, the spectral changes (the peak shift and
decrease in bandwith) must arise from the interaction of the silver nanoparticles
in the 3D lattice and not some physical or chemical transformation.

According to theory (35,70), an increase in the dielectric constant of the
medium surrounding a metal nanoparticle will cause the plasmon resonance max-
imum to shift to lower energies. For particles organized in multilayers, each silver
particle is surrounded by 12 other particles, whereas in a monolayer each particle
has only 6 near neighbors. Since the presence of other silver particles effectively
increases the dielectric constant of the medium surrounding the particle in ques-
tion, it is reasonable to expect that the plasmon resonance band for a 2D mono-
layer of silver nanoparticles should be red-shifted from that of an isolated silver
particle, and that of a 3D structure red-shifted further still. The experimental data
are entirely consistent with this model.

The fact that the plasmon resonance bandwidth for the 3D superlattice is
smaller than that of the 2D monolayer and even the isolated silver nanoparticles is
very interesting, and may be due to an increase in the electron mean-free path.
The increase in mean-free path may in turn result from tunneling of electrons be-
tween particles. If true, this result would be rather surprising, since the dode-
canethiol coatings result in a ca. 2-nm separation between the particles’ surfaces,
a distance that we would expect to preclude tunneling. In the next section we dis-
cuss the impact of electron tunneling on current-voltage [/(V)] curves for these
self-assembled systems.

C. Electron Transport Properties of Isolated Nanocrystals,
and Nanocrystals Organized in 2D and
3D Superlattices (82)

When a single silver nanoparticle is deposited on a gold 111 substrate, the scan-
ning tunneling spectroscopy measurement indicates a double-tunnel junction
(Fig. 9A). Upon increasing the applied bias voltage V, the capacitor elements (de-
fined by the tip-particle interface and particle-substrate interface) are charged up,
and the detected current / is inititally close to zero. Above a certain threshold volt-
age, electrons can tunnel through the interfaces and the current increases with the
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Fig. 9. Current-voltage curves for 5-nm-diameter silver nanoparticles on Au(111) sub-
strate obtained with STM method: (A) Isolated silver nanocrystal. (B) 2D lattice. (C) FCC
supracrystal. Insets in each case are corresponding derivative curves (dI/dV versus V).
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applied voltage. A plot of dI/dV versus V (see inset of Fig. 9A) clearly shows that
the derivative reaches zero at O V. The nonlinear profile of the I(V) curve and zero
dl/dV at zero bias voltage are characteristic of the well-known Coulomb blockade
effect discussed in the Chapter 1.

The voltage range over which there is zero current is ca. 2 V and indicates
that the dodecanthiolate ligands on the silver nanoparticles are sufficiently good
electrical insulators that they act as tunneling barriers between the particles and
the underlying substrate. It is also significant that no Coulomb staircase is
observed in Fig. 9A; the present STS experimental setup employed a constant-
current mode, which imposes a tip-particle distance to maintain a 1-nA current at
a bias voltage of —1 V. The tip-particle distance in this case does not correspond
to that needed for the observation of a Coulomb staircase. Since the particle-
substrate distance is fixed by the dodecanethiolate coating, both tunnel junctions
are characterized by fixed parameters. Similar Coulomb blockade behavior has
been observed elsewhere (83,84).

Figure 9B shows the I(V') curve for silver nanoparticles self-organized in a
2D superlattice on a Au(111) substrate. For large voltage bias, both positive and
negative, the current is an order of magnitude lower than that observed for iso-
lated particles. The Coulomb gap is small (ca. 0.45 V, compared to the 2 V seen in
the isolated particles), and the overall /(V) curve is more linear than that seen in
Fig. 9A. This indicates an increase in the ohmic contribution to the current. In
other words, the tunneling contribution to the total current decreases, and more
conductive pathways between particles are established. The derivative curve
shown in the inset of Fig. 9B indicates a metallic conduction behavior with dI/dV
# 0 at zero bias voltage. From the I(V) and dI/dV curves, it can be concluded that
when the particles are arranged in a 2D lattice, the tunneling current exhibits both
metallic and Coulomb contributions. This indicates that lateral tunneling between
adjacent particles is very important and contributes to the total electron transport
process.

The 2D lattice results presented here are in good agreement with data pub-
lished elsewhere. For example, Rimbert et al. (85) measured at low temperature
(40 mK) the I(V) curves for aluminum island structures on aluminum substrates
(linked by an Al,O5 spacer) when they were isolated and when they were organ-
ized in 2D lattices. The I(V) curves they obtained were different for isolated is-
lands and 2D lattices, with the latter system indicating interisland connections.
Ohgi et al. studied the electron transport properties of 5-nm gold nanocrystals
coated with dihexanethiolates (corresponding to a 1.4-nm ligand barrier) (86).
They also found that the Coulomb gap decreases with increasing coverage of the
particles on the substrate. Markovich et al. found similar effects in a Langmuir
trough experiment on propanethiolate-coated silver nanoparticles; as the mono-
layer compression reduced the interparticle spacing to ca. 6 A, the monolayer
showed a metallic response to an applied voltage (87). The difference between
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these previous works and the present data is that the average interparticle spacing
was either not controlled or rather small. In our studies the average distance be-
tween particles is large (1.8 to 2 nm) and the nanocrystals are self-organized in a
close-packed hexagonal network. With the ordered packing, lateral electron trans-
port takes place through insulating ligand shells even at these larger distances.

When silver nanocrystals are assembled in a 3D FCC structure, the I(V)
curve shows a linear ohmic behavior (Fig. 9C). The dI/dV curve is essentially flat,
indicating metallic behavior without Coulomb staircases (inset 9C). Note that the
voltage scale in Fig. 9C is smaller than that in Fig. 9A and B; the absolute current
in the 3D structure is much higher than in the isolated silver particle and 2D
monolayer structure. The ohmic behavior cannot be attributed to the coalescence
of the particles. We have shown through TEM studies that the silver particles
remain spherical (5,6,35). Furthermore, as discussed, the redispersal of the silver
particles in the FCC structure into hexane solution leads to absorption spectra that
are virtually the same as the original hexane solutions of silver nanocrystals used
to deposit the assemblies. Similar behavior has been observed when HOPG is
used as a substrate in place of gold (6,35).

Thus, we conclude that the FCC structure of the superlattice induces an in-
crease in the tunneling rate via a decrease in resistance between the particles. The
electron tunneling between adjacent particles becomes a major contribution to
conduction, and the Coulomb blockade effect in the (V) curves is inhibited. The
mechanism may involve an enhanced dipole-dipole interaction along the vertical
(z) axis. When subjected to a voltage bias, the Fermi level of the individual
nanocrystals is also perturbed. The details remain to be uncovered, but it is clear
that a supercrystal of coated metal nanoparticles can behave as a metal.

D. Collective Magnetic Properties of Cobalt Nanocrystals

A comparison of the magnetic properties of isolated magnetic nanocrystals and
2D hexagonal assemblies reveals cooperative effects in the latter system. Figure
10A shows the magnetization curves for a 0.01% volume fraction solution of
cobalt nanocrystals dispersed in hexane at a temperature of 3 K. While saturation
magnetization for bulk cobalt is 162 emu/g, the value for the dilute cobalt
nanoparticle solution is estimated to be ca. 120 emu/g (the estimation is based on
an extrapolation of curves of H/M versus H). Saturation occurs at applied fields
above 2 T. For the nanoparticle solution, the ratio of remanence to saturation mag-
netization (M,/M,) is equal to 0.45, and the hysteresis field is 0.11 T.

Figure 10B shows the magnetization curves for cobalt nanocrystals de-
posited on an HOPG substrate, for magnetic fields applied parallel (solid curve)
and perpendicular (dashed curve). In the case of the 2D assembly, saturation mag-
netization is equal to 120 emu/g and occurs at ca. 0.75 T. Compared to the dilute
solution, the coercive field decreases to 0.06 T. The observed changes cannot be
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Fig. 10. Hysteresis magnetization loops obtained at 3 K for cobalt nanocrystals. (A) Di-
Iute solution of particles in hexane (0.01% volume fraction in hexane). (B) Cobalt
nanocrystals deposited on HOPG and dried under argon to prevent oxidation. (Solid curve)
Magnetic field parallel to the substrate. (Dashed curve) Magnetic field perpendicular to
substrate.
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attributed to coalescence of the nanocrystals, since TEM images taken over large
areas of the sample show no evidence of this. Among the possible explanations
for the change in magnetic properties (isolated particles versus 2D assemblies) is
exchange coupling between adjacent particles. We exclude this mechanism be-
cause the edge-to-edge separation (2 nm) between cobalt particles is too large.
However, magnetic dipolar coupling between particles may occur and lead to en-
hanced magnetization. There are two scenarios for dipole coupling enhance-
ments. The first is an enhancement due to the long-range order of the 2D lattice
and collective “flips” of the magnetic dipoles. The second model assumes that the
distribution of cobalt particles on the substrate is random and that there exist local
regions of high cobalt particle volume fraction. The two sets of hysteresis loops
shown in Fig. 10B can help us distinguish between these two possibilities.

When the magnetic field is parallel to the substrate, the M,/M, ratio is 0.60
and the hysteresis loop is squarer than that obtained for particles in solution. When
the field is perpendicular to the substrate, the loop is less square, and the M, /M|
ratio decreases to 0.40. These results show that for a given saturation magnetiza-
tion, the remanence magnetization markedly varies with the orientation of the
magnetic field. We have recently calculated the dependence of the magnetization
curves on field orientation, the simulations assuming 2D lattices of spheroidal par-
ticles of uniaxial symmetry with their easy axes randomly oriented (50,88). The
easy axis is the direction favored by the magnetocrystalline anisotropy. The simu-
lated curves resemble the experimental curves in Fig. 10B, showing variations
when the magnetic field is applied parallel and perpendicular to the substrate.
From these theory-experiment comparisons, it seems reasonable to conclude that
the collective magnetic properties observed when the cobalt particles are arranged
in a 2D lattice are due to an increase in magnetic dipole-dipole interactions.

VI. CONCLUSIONS

We have shown that metal and metal oxide or sulfide nanocrystals can self-
assemble to form 2D and 3D superlattices, provided that care is taken to maxi-
mize monodispersity. In the case of 2D networks of nanocrystals, the final struc-
ture is determined by particle substrate interactions as well as interparticle
interactions. The latter factors are, in turn, determined largely by the structure of
the structure of the surface modifying group (e.g., alkanethiolate chain length and
dynamics). The optical absorption spectra of metal nanoparticle systems show
systematic changes as measurements are made on dilute solutions of particles, 2D
structures, and 3D structures. The electronic and magnetic properties are also
dependent on the degree of self-assembly; we have observed properties that ap-
pear to arise from the collective response from nanocrystals arranged in ordered
lattices, as opposed to random aggregates.
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Electrodeposition of Metal
Nanoparticles on Graphite
and Silicon

Sasha Gorer, Hongtao Liu, Rebecca M. Stiger, Michael P. Zach,
James V. Zoval, and Reginald M. Penner
University of California, Irvine, Irvine, California

. INTRODUCTION

Metal nano- and microparticles are technologically important electrocatalysts.
For example, nanoparticles having a composition of Pt,sRu, 5 are the most effi-
cient catalysts for the oxidation of methanol in the direct methanol fuel cell (1),
silver nanoparticles are excellent catalysts for the reduction of oxygen in basic
aqueous solutions, and nanoparticles of pure platinum are efficient catalysts for
oxidizing a variety of molecules, including oxygen (in acidic solutions) (2) and
many organic molecules [among these organic acids (3,4), and alkenes (5)]. On
semiconducting TiO, surfaces, platinum nanoparticles have also been employed
as photocatalysts to effect the light-driven splitting of water into H, and O, on
semiconducting TiO, surfaces.

Ironically, although metal nanoparticles are important electrocatalysts,
electrodeposition has rarely been employed by electrochemists to prepare metal
particles. Instead, nanometer-scale metal particles have usually been synthesized
by impregnation of a catalyst support (e.g., porous carbon) with an aqueous metal
salt solution followed by drying and gas-phase reduction of the dispersed salt at
high temperature in H,. A second route to metal nanoparticles involves the evap-
orative deposition of metal atoms onto a surface from a hot filament source in
vacuum [“physical vapor deposition (PVD)”]. Impregnation is popular because it
provides a straightforward method for producing catalytically active metal
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nanoparticles in high-surface-area support media. PVD, which is employed pri-
marily for fundamental investigations of catalysis, is capable of producing metal
particles of high purity that are also narrowly distributed in diameter. One reason
electrodeposition has been virtually excluded from consideration is because it has
been impossible to produce dispersions of metal particles exhibiting a reasonable
degree of size monodispersity.*

Why is it difficult to produce dimensionally uniform (6) structures electro-
chemically? There are two main reasons: First, the nucleation of metal particles is
often “progressive.” This means that new particles are formed continuously dur-
ing the application of a voltage pulse. If nucleation is progressive, the number
density of particles on the surface increases as a function of time, and late nucle-
ating particles are small compared with early nucleating particles and broad par-
ticle size distributions are obtained. In selected particle growth experiments,
nucleation can be temporally discretef or “instantaneous” instead of progressive.
In these experiments, more subtle mechanisms are responsible for the develop-
ment of particle size dispersion. The most important of these we have termed
(6) interparticle coupling. The growth of two particles located in close proximity
on the surface becomes coupled after sufficient growth time has elapsed. Once
coupled, these two particles share a flux of metal ions from solution, and for this
reason these two particles grow at a slower rate than metal particles located in iso-
lation on the same surface. In order for interparticle coupling to contribute to the
development of particle size dispersion, a distribution of nearest-neighbor dis-
tances must exist on a surface. This is usually the case: on most surfaces nucle-
ation is spatially random. We believe interparticle coupling is the most important
mechanism for the development of particle size dispersion in electrodeposition
experiments in which nucleation is instantaneous.

In this chapter we focus on the electrodeposition of mesoscalef metal par-
ticles that are uniform in size (RSDg;,§ < 15%). Since dimensional uniformity is
of central importance, we shall limit our attention to electrodeposition experi-
ments in which nucleation is instantaneous. We begin by describing the “zero-
order” experiment, which involves the electrodeposition of metal nanoparticles
on graphite surfaces using large overpotentials (y = —500 mV) and dilute metal
plating solutions ((M" ] = 1.0 mM). These experiments demonstrated that metal

* Throughout this chapter the terms “dimensional uniformity” and “size monodispersity” applied to
the particle diameter refer to the proximity of the relative standard deviation of the particle diameter
(RSDyg;,, the ratio of the mean diameter to the standard deviation of the diameter) to zero.

T “Temporally discrete” nucleation refers to a separation in time between the nucleation and growth
phases of particle formation.

1 “Mesoscale” will refer to a critical dimension from 10 A and 1.0 wm.

§ The relative standard deviation of the particle diameter. RSDy;, is calculated by dividing the mean
particle diameter by the standard deviation of the diameter.
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nanoparticles could be electrodeposited with some size selectivity. In addition,
they proved to us that size dispersion develops even when nucleation is instanta-
neous. A deeper understanding of the other mechanisms at work required the
analysis of computer simulations of particle growth using the Brownian dynam-
ics method. This exercise alerted us to the existence of interparticle coupling and
suggested electrodeposition strategies that might prevent interparticle coupling
from degrading particle uniformity. Finally, we describe three recently developed
strategies for electrodepositing metal nanoparticles that are narrowly dispersed
in diameter.

. VOLMER-WEBER METAL NANOPARTICLE DEPOSITION
USING LARGE OVERPOTENTIALS

Metal electrodeposition on gold, platinum, or silver electrodes typically proceeds
via a Stransky-Krastanov (SK) mechanism if the overpotential is —20 mV or
more (7). In SK growth processes, the initial deposition of metal occurs via an
atomic layer-by-layer process beginning with an underpotentially deposited
(UPD) monolayer. At some critical thickness of the electrodeposited layer,
islands that are more than one atomic layer in height begin to form atop this con-
tinuous metal multilayer.

A much different mechanism is seen if the electrode surface exhibits a low
surface free energy. Two such surfaces are graphite and hydrogen-terminated sili-
con. The wetting of these coordinatively saturated surfaces by electrodeposited
metal is energetically unfavorable, and the layer-by-layer deposition of metal nor-
mally seen on gold and platinum is never observed. Instead, multilayer metal
islands, or particles, are promptly formed. Although this Volmer-Weber (7) mech-
anism of deposition had been recognized by high-vacuum-surface scientists for
years (8), the first clear example of VW growth in an electrodeposition experi-
ment was reported by Zoval et al. (9) in 1995. In this paper, involving silver elec-
trodeposition on graphite, it was reported that three-dimensional metal particles
were observed using noncontact atomic force microscopy (NC-AFM) even when
the total quantity of electrodeposited metal amounted to 1/100 of a single atomic
layer.* This constituted clear evidence for Volmer-Weber growth. Qualitatively
similar observations were reported for the deposition of other metals, including
platinum (10), copper (11), cadmium (12,13), and zinc (14) on graphite. For all of
these metals, the electrodeposition of metal from a 1.0 mM solution of M"* (.e.,
Ag®, Cd*", etc.) using m = —400-500 mV for 10-100 ms produced metal

* The electrodeposition of submonolayer quantities of metal required the use of extremely short plat-
ing pulses having a duration of 10-100 ms and dilute metal plating solutions ([Mn "] = 1.0 mM).
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Fig. 1. Noncontact atomic force microscope (NC-AFM) images of graphite and silicon
surfaces following the electrodeposition of metal nanoparticles. (a) A 3 X 3 wm image of
platinum nanocrystals having a mean diameter of 52 A on graphite (From Ref. 10). (b) A
3 X 3 wm image of silver nanocrystals having a mean diameter of 75 A on Si(100) (From
Ref. 15). (Reproduced with permission from Langment, 1999, 15, 790. Copyright 1999,
Am. Chem. Soc.)

nanoparticles at a coverage of 5 X 10°~5 X 10° cm™ 2. NC-AFM images of these
surfaces revealed that metal nanoparticles nucleated in a pseudorandom fashion
on the graphite surface: as shown in Fig. la, step edges were densely nucleated
with metal nanoparticles whereas the nucleation density on atomically smooth
terraces was approximately 5 X 10® cm ™2 The nucleation density for platinum on
graphite is independent of the deposition time over the range of deposition times
from 10 — 100 ms. This observation suggests that nucleation on graphite is in-
stantaneous.* Corroborating this hypothesis are measurements of the mean parti-
cle diameter as a function of deposition charge which are consistent with the
growth of a fixed number of particles (10).

Similar behavior is seen for the electrodeposition of silver onto hydrogen-
terminated Si(100) [henceforth, H-Si(100)] from acetonitrile-based electrolytes
(15). An NC-AFM image of an H-Si(100) surface on which 0.037 monolayer of
silver has been electrodeposited is shown in Fig. 1b. In contrast to graphite, pref-
erential nucleation at step edges was not observed for silver deposition on
Si(100), and a buildup of the nucleation density—indicative of progressive nucle-
ation—was observed during the first 20 ms of growth (15).

* “Instantaneous” nucleation refers to a scenario in which the time interval during which nucleation
occurs is much shorter than the subsequent particle growth phase.

www.iran-mavad.com

Slge (pwdine g Olgrdils @250



Electrodeposition of Metal Nanoparticles 241

On graphite and silicon surfaces, the standard deviation of the particle di-
ameter, 0g;,, increases as a function of the deposition time. This trend is apparent
in the histograms in Fig. 2. For experiments conducted at silicon surfaces, there is
nothing surprising about this trend since nucleation is progressive. On graphite
surfaces, on the other hand, nucleation is instantaneous and a narrowing of the
particle size distribution as a function of time is expected. The origin of distri-
bution narrowing was explained by Reiss (16) and LaMer (17) in the late 1950s
and can be understood as follows: the growth law for an individual hemispherical
metal particle is » = k%, where r is the particle radius, k is a collection of con-
stants which depend on the identity of the deposited material, and ¢ is the growth

100 —m™—m—s——'+——-—"+-—"--—"+-r-—r—"-"—"—"rr-—rr—rT—r—r
Qag = 2.8 uC cm-=2
<h>=2.2 nm.
c=2.4nm.]|
1
Qag = 7.8 uC cmr2
<h>=7.5 nm.
a— c=4.3nm.’]
C
3
(@] I
&)
L) ———T— T
2 Qag = 17.6 uC cm-2
© <h>=13.5 nm.
Q c=5.3nm.|
Baw e ol ] o . 1
Qag = 38.1 uC cm-2
<h>=17.1 nm.
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Fig.2. Histograms of silver particle heights derived from NC-AFM images. These silver
nanoparticles were electrodeposited onto hydrogen-terminated Si(100) surfaces from an
acetonitrile-based plating solution (From Ref. 21). (Reproduced with permission from
R. Stiger, B. Craft, and R. M. Penner, Langmuir, 1999, 15, 790. Copyright 1999, Am.
Chem. Soc.)
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duration. The growth rate is therefore dr/dt = 0.5kt™ "%, a quantity which is larger
for small particles than for large ones. Thus, a distribution of particles becomes
narrower as a function of time because particles at the small end of this distribu-
tion “catch up to” the particles on the high end of the distribution as growth is
propagated in time. Colloid chemists have exploited this fact to prepare extremely
size monodisperse suspensions of particles (metal, semiconductor, polymer, etc.)
for the last 50 years (excellent reviews of colloid growth are provided in Refs. 18
and 19). Although this literature pertains to the growth of colloidal suspensions,
in principle these arguments are equally valid for particles which are confined
during growth to a flat surface (20). With regard to metal particle growth on
graphite surfaces, then, the obvious question is, “why do particle size distribu-
tions broaden as a function of time?”

lll. UNDERSTANDING PARTICLE SIZE DISPERSION
IN ELECTROCHEMICAL VOLMER-WEBER
PARTICLE GROWTH

The origin of distribution broadening for the electrodeposition of metal particles
on graphite could originate in the chemistry of these particles or in the physics of
the deposition experiment. If particle chemistry is the culprit, then one might not
expect to see distribution broadening for all metals; however, this is invariably the
case, and distribution broadening is seen for metals ranging from reactive (e.g.,
zinc) to unreactive (e.g., platinum).

Thus, closer scrutiny is brought to bare on the physics of particle growth.
The first question to ask in this regard is whether interparticle interactions are
likely to influence the growth rate of particles. Another way to pose this question
is to ask, “does the depletion layer for neighboring particles on the surface over
lap”? The answer to this question depends on the radius of the depletion layer as
a function of time, r,(¢), which can be calculated as follows. Under steady-state
conditions the concentration at the surface of a hemispherical electrode, C(r),
obeys the relationship (21)

Clr) = C’{l + VJ (1)

where C* is the bulk concentration of a species undergoing electrolysis at the
electrode surface, and ry is the electrode radius. Equation (1) assumes that this
electrolysis reaction is diffusion controlled [i.e., C(ry) = 0]. Under these condi-
tions the time dependence of the radius is given by (22)

(2DC* Mt)'"?
ro(t) = T (2)
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where D is the diffusion coefficient, M is the atomic weight of the metal, and p is
the density of the metal. Equation (2) also assumes that growth is diffusion con-
trolled. Combining Eq. (1) and Eq. (2) provides an expression for the radius of the
depletion layer at the surface of a growing metal particle, r;, as a function of
growth time. If r; is defined by C(r,;)/C* = 0.95, then r; = r,/0.05. The deposition
time at which depletion layers for neighboring metal particles can be expected to
overlap, f., can be calculated by equating the distance between nearest neighbors,
a, and the quantity 2r, + 2r,. For a hexagonal array of particles, for example,

1 1 p }
t, = =
\V/3(42r,)> \/3(42)2{DC *MN

_ p
2730 X 1074 ———
3.2730 > 10 {DC*MN}

3

where the particle areal density, N, is given by 2/ \ﬁaz. Domains of coupled and
uncoupled growth, delineated by 7., are shown graphically for silver as a function
of N in Fig. 3. The coordinates of growth time and N corresponding to the exper-
iments discussed earlier (indicated by a rectangle labeled 1) are located within the
region in which coupled growth is expected. It is therefore certain that interparti-
cle interactions are important in these experiments. What role do these interparti-
cle interactions play in the genesis of particle size dispersion?

Computer simulations can provide an answer to this question. We have em-
ployed Brownian dynamics simulations to simulate particle growth in the case
where particles nucleate instantaneously, grow at a diffusion-controlled rate, and
are confined during growth to a flat surface. We explicitly consider growth dura-
tions that are long compared with the interaction time, #;, between nearest neigh-
bors on the surface, and we have modeled a range of experimentally relevant
nucleation densities. In these simulations, ensembles of up to 200 hemispherical
metal particles were grown atop a 10~ °-cm ™2 planar surface. At the beginning of
the simulation, these particles are single atoms and the 0.5-ms duration of the
simulation permits growth to a mean diameter of 3 nm from a 10~ M “solution”
of metal ions. Since the number of nuclei in each simulation is fixed at the begin-
ning of the simulation, nucleation is rigorously instantaneous. Each metal particle
in these ensembles was explicitly modeled so that the development of size disper-
sion for the ensemble could be monitored as a function of the deposition time.

Typical plots of the deposition current and the standard deviation of the
particle diameter are shown for three different nucleation densities in Fig. 4.
Data for three particle densities, corresponding to 5, 20, and 100 nanoparticles
on a surface having a total area of 10~ -cm™ 2, are presented. Several features of
these simulated data are worth noting. The onset of interparticle coupling is sig-
naled by a peak in the current-versus-time transient. The location of this peak in
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Fig. 3. Plot of the critical time (corresponding to the onset of interparticle coupling) as
a function of nucleation density of particles and the deposition time. The critical time in-
dicated in this plot has been calculated for electrodeposition experiments involving the
diffusion-controlled growth of particles arranged in a hexagonal array. The rectangle la-
beled 1 indicates the region of parameter space relevant to the experiments described
in Sec. II. The rectangle labeled 2 indicates the parameters encountered in the slow growth
experiments discussed in Sec. IV.B. Shown at top is a schematic diagram depicting the
spatial relationship between the depletion layers developed at neighboring particles in
the array.
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Fig. 4. Current density (open circles) and the standard deviation of the particle radius,
o (solid circles) as a function of time for random ensembles at five nucleation densities.
These BD simulation results represent the mean of three simulations, each of which in-
volved a different silver plating solution and different positions for nuclei on the surface.
The standard deviation of the current and o are indicated by the error bars (*=10) which
are shown at five times. Data sets are labeled with the nucleation density in units of
10° cm ™2 (From Ref. 6). (Reproduced with permission from J. Phys. Chem. B, 1999, 103,

7643. Copyright 1999, Am. Chem. Soc.)
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time is in excellent agreement with the predictions of Eq. (3). At experiment
times, t < t., the excursion of the depletion layer is small compared with the
nearest-neighbor spacing and silver particles grow independently of one another.
The total current for the ensemble of silver particles is therefore equal to the cur-
rent for a single, isolated particle multiplied by the number of particles, N, grow-
ing on the surface (23):

_ TFNQ2D g+ Cag+ ) *(Mapeh) "
i(n) = iR )

pAg

Equation (4) predicts that the current in this time domain increases and is propor-
tional to 7'’%. At times 7 > 1., depletion layers at adjacent particles merge and an
approximately planar diffusion layer blankets the entire geometric surface area of
the electrode. The current in this “coupled” time regime is exactly the same as
that at a planar electrode having the same geometric area, A, and is given by the
familiar Cottrell equation (27):

NFADY; +Chy-

(ﬂTl) 172

i(t) = )

Equation (5) predicts that the current decays with time and is proportional to ¢~ /2.

The presence of a peak in the current-time plot is therefore required to connect
the increasing current at short times with the decaying current which is observed
at long times.

Also plotted in Fig. 4 is the standard deviation of the particle diameter, o;,,
as a function of deposition time. Three distinct domains can be distinguished in
the og;,-versus-time transients: Initially, o, rapidly increases and peaks at =100
ws; at intermediate times (100 ps < t < t,.), 04;, decreases nearly until 7.; finally
for t > 1., 04, increases approximately linearly (“‘divergent growth™). The origin
of this behavior for oy, has been discussed in detail (6). Briefly, the initial rapid
increase of o;, derives from the stochastic nature of deposition at short times; it
is unrelated to the arrangement of particles on the surface (6). In this time regime,
O 4ia 18 proportional to N ;fe/f (where N g, is the mean aggregation number for par-
ticles on the surface) (6). In the intermediate time domain, the distribution nar-
rowing that is observed mimics the behavior of colloidal particles growing in so-
lution. In other words, distribution narrowing in this time domain is a
consequence of the fact that 7(r) = k2 (16,17). Divergent growth at longer times
is caused by “interparticle coupling”: the flux experienced by a particular particle
is a function of its proximity to other particles on the surface. If a particle is lo-
cated in proximity to one or more neighboring particles, then its growth rate is re-
tarded relative to particles that are better isolated on the surface. This phenome-
non can be viewed from another perspective: Following ¢. and the transition to a
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planar depletion layer, the flux of metal ions per unit area on the surface is spa-
tially uniform. Nuclei are randomly located on the surface, however, and the nu-
cleation density is locally variable. Densely nucleated areas can therefore be ex-
pected to grow more slowly than regions of the same size (and sharing the same
planar flux) but encompassing a smaller number of nanoparticles. Interparticle
coupling should lead to a recognizable correlation between the mean radius of
nearest neighbors on the surface and the distance separating them, and a statisti-
cal analysis of the data confirms (6) that this correlation exists.

It is important to appreciate that the interparticle coupling seen in Brown-
ian dynamics simulations like those of Fig. 4 can account for all of the size dis-
persion observed in experiments involving the growth of silver or platinum
nanoparticles for relatively short time (e.g., 10 ms). For example, the slope of the
O gip-versus-time plot for N = 5 X 10° cm ™2 (Fig. 4, top) is approximately 1.0 A
ms ™', If this linear increase can be extrapolated to 10 ms, a o, of 10 Ais pre-
dicted. As shown in Fig. 2, the experimentally observed value (for platinum
particles at a nucleation density of 2 X 10° cm™ %) is 9 A.

Once the mechanism by which size dispersion develops in a growing ensem-
ble of particles is understood, the growth conditions for metal nanoparticles can be
engineered to yield improved size monodispersity. We address this issue next.

IV. THREE NEW ROUTES TO SIZE MONODISPERSE
METAL NANOPARTICLES

If interparticle coupling is the primary mechanism by which size dispersion de-
velops in metal nanoparticle ensembles, how might it be defeated in order to im-
prove the size monodispersity of our metal particles? A clear prediction of the BD
simulation results is that particle size monodispersity can be improved by locat-
ing nucleation sites in a two-dimensional geometric array. In such an array, the
number of nearest neighbors and the interparticle distances are the same for every
particle in the array. Thus, although interparticle coupling still occurs, it does not
introduce flux inhomogeneities from particle to particle in the array. BD simula-
tions (6) confirm that extremely narrow particle size distributions are attainable
for the electrochemical growth of particles in such arrays. Unfortunately, the cre-
ation of a regular array of nuclei requires the imposition of a periodic array of nu-
cleation sites on the surface, for example, using lithography. Can interparticle
coupling be eliminated without resorting to such an array?

In principle, the answer to this question is yes. Possible remedies include
the following: First, lower the nucleation density. Fig. 3 reveals that at sufficiently
small values of the nucleation density, no interparticle coupling will occur. Pro-
vided nucleation is temporally discrete, even randomly nucleated particles at such
nucleation densities are expected to exhibit convergent growth. Second, grow
slow. If the growth rate is decreased from diffusion control, the concentration at
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the surface of the metal particle will be nonzero, and the steady-state radius of the
diffusion layer will be reduced in size. In fact, the steady-state radius of the deple-
tion layer is inversely proportional to the quantity C* — C(ry,%):

C* — C(ry,°
Clroo) = C* — [ (ro )]”0 ©6)

r

where ry is the radius of the metal particle, C(r(,%) is the steady-state concentra-
tion of metal ion at the surface of the particle, and r is the distance measured from
the center of the metal particle. Finally, move the particles on the surface during
growth. If this can be accomplished, then the growth of particles on a surface can
be made to resemble the growth of colloidal particles in solution. Because parti-
cles in motion will not persist in proximity to another particle during growth, flux
inhomogeneities between particles are temporally averaged and the average
growth rate for particles becomes more similar.

A. Pulsed Electrodeposition

We have developed three experimental methods for preparing metal particle
dispersions exhibiting excellent size monodispersity. The first of these involves
the application of a train of negative-going voltage pulses approximately 10 ms
in duration separated by much longer (e.g., 1 s) rest periods at open circuit
(Scheme 1a). The objective of pulsed electrodeposition is to reduce the average
growth rate of particles which, as already indicated, is expected to reduce the
interactions between them.

To date, this pulsed electrodeposition strategy has been applied to the
growth of cadmium nanoparticles (25). The success of this approach has been as-
sessed by examining the optical properties of cadmium sulfide nanoparticles syn-
thesized from these cadmium precursor particles (12,13). Since the conversion of
cadmium nanoparticles to cadmium sulfide nanoparticles occurs on a particle-
by-particle basis, the optical properties of CdS particles prepared by this electro-
chemical/chemical route (26) provide an indirect indication of the size dispersion
of the parent cadmium nanoparticles. To be more specific, the photoluminescence
(PL) spectrum for ~100-A-diameter CdS “quantum dots” is inhomogeneously
broadened by the size dispersion of these particles: Particles at the small end of
the distribution emit light which is bluer than particles at the large end of the size
distribution. This size dependence of the emission energy is a characteristic of the
quantum confinement of excitons in these diminutive particles (see, for example,
Refs. 27-29). Consequently, improved size monodispersity for these CdS nano-
particles will translate into a reduced PL emission linewidth.

Typical PL spectra for CdS nanoparticles prepared using a single cadmium
plating pulse, and particles prepared using multiple plating pulses are compared
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Scheme 1. Three experimental methods for electrodepositing metal nano- and micro-
particle dispersions exhibiting excellent size monodispersity.

in Fig. 5 (25). The PL emission lines of the spectra shown are blue-shifted from
the CdS single crystal (spectrum “sc’) by =130 meV, indicating that the mean di-
ameters of the CdS cores are =42 A. However, the spectrum for CdS particle pre-
pared using a single cadmium plating pulse (labeled “sp”) is 125 meV in width,
whereas the spectrum for CdS particles prepared using a sequence of 10-ms volt-
age pulses (labeled “x”’) exhibits a linewidth of just 18 meV. The narrowing of the
PL emission line is directly attributable to the narrowing of the particle size dis-
tribution for the CdS particles. Even narrower PL emission lines—down to 15
meV—were obtained using this approach (25). Although we estimate that ap-
proximately 300,000 CdS particles are present within the detection volume of our
spectrometer in these experiments, the “multipulse” PL emission lines are nearly
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Fig. 5. Photoluminescence spectra of CdS/S NCs on the graphite (0001) surface at 20 K
using hv,, = 3.53 eV. The PL spectra for CdS/S NCs prepared from Cd® NCs deposited
using a single, 100-ms plating pulse (spectrum “s.p.”), multipulse CdS/S NCs deposited
using a sequence of 10 X 10 ms Cd° plating pulses (spectrum “x”), and a macroscopic
(0001) oriented CdS single crystal (spectrum “s.c.”) are compared (From Ref. 25). (Repro-
duced with permission from J. Phys. Chem. B, 1999, 103, 5750. Copyright 1999, Am.
Chem. Soc.)

as narrow as the PL emission spectrum of single CdS particles (30,31). Unfor-
tunately, a direct measurement of the particle size distribution for CdS nanoparti-
cles is not possible (using TEM, for example) because these particles are covered
with an amorphous sulfur shell (12). The fundamental validity of the pulsed elec-
trodeposition strategy has nevertheless been demonstrated.

B. Electrochemical Slow Growth

In principle, growing nanoparticles at a reduced deposition overpotential (Scheme
1b) has much the same effect as applying multiple plating pulses. In practice,
there are two beneficial effects of this strategy: A lower nucleation density is ob-
tained, and the diffusive coupling between particles is reduced. These two effects
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combine to produce metal nanoparticle dispersions exhibiting excellent particle
size monodispersity.

Typical scanning electron micrographs (SEMs) of silver nano- and micro-
crystals deposited from acetonitrile solutions on graphite are shown in Fig. 6 (32).
The particle areal density in these experiments varies from 5 X 10° cm ™ to 1.5 X
107 cm ™~ ?>—two orders of magnitude smaller than in experiments involving depo-
sition at large overpotentials as described in Sec. II. The SEM images of the silver
particles produced using this technique also reveal facets that are nearly as large
as the particles themselves. This observation suggests that these particles are sin-
gle crystals.

Particle size histograms (32) (Fig. 7) reveal that the absolute standard devi-
ation of the particle diameter, oy, , remains nearly constant at 100 nm as the
mean particle diameter, (dia.), increases from 240 nm to 2.0 wm. This behavior is
consistent with kinetic, not diffusional, control of the growth rate (18). At the
upper end of the size range explored in this work, the relative standard deviation
(RSDy;,. = (dia.)/o4,) is 6-12%, which is truly state-of-the-art.

Since by design the growth rate is dramatically reduced in these experi-
ments, the deposition durations required to obtain micron-scale silver crystals can
be 100 s, two to three orders of magnitude longer than the plating durations em-
ployed in the experiments described in Sec. II. However, the nucleation densities
of 10°-10” cm ™2 are reduced by approximately the same factor. Consequently, as
shown in Fig. 3, these parameters (corresponding to region 2) border on the un-
coupled growth regime. We therefore hypothesize that the growth of individual
silver particles at low growth rates is uncoupled.

There is compelling experimental support for this hypothesis (32): The nar-
row particle size distributions seen in Fig. 7 are only obtained for the growth of
particles at low overpotentials of —70 mV versus Ag/Ag’. At higher overpoten-
tials of —400 to —500 mV, much broader size distributions are reproducibly ob-
tained. As in the analysis of simulation data (6), we can ask whether a correlation
exists between the mean radius of two nearest neighbors on the surface, (r), and
the distance separating them, d. If the growth of neighboring particles on the sur-
face is coupled, then the plot of (r) versus d should have a positive slope. A statis-
tical analysis of SEM images data for “fast” and “slow” growth experiments
reveals that evidence of this positive correlation exists for fast growth experiments
only. The relevant data are summarized in Fig. 8. Here is plotted the slope obtained
for a plot of (r) versus d as a function of the linear regression coefficient, R, for this
correlation. Data for fast and slow growth experiments are compiled in this plot.

Fig. 8 shows that the slope for fast growth experiments (i.e., those con-
ducted using a plating potential of —500 mV versus Ag'/Ag") is reproducibly
positive where the slope in slow growth experiments is near zero, and sometimes
positive and sometimes negative. Moreover, the (r) versus d data are more
strongly correlated for fast growth experiments (i.e., R is reproducibly larger). In
fact, it is obvious from this plot that no overlap exists between fast growth and
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Fig. 6. Scanning electron micrographs of silver nano- and microcrystals electro-
deposited using the slow growth technique. For each sample shown silver particles were
deposited using a double-pulse experiment in which a 5.0-ms nucleation pulse was fol-
lowed by a longer growth pulse having an amplitude of —70 mV vs. Ecq. ag/age- The plat-
ing solution in each case was 1.0 mM AgClO, in 0.1 M LiClO, acetonitrile. The deposition
durations employed for the six samples shown were (from top to bottom) 1.0, 5.0, 0.64, 30,
30, 120 s (From Ref. 32). (Reproduced with permission from J. Phys. Chem. B, 2000, 104,
9131. Copyright 2000, Am. Chem. Soc.)

slow growth experiments with respect to the values of m and R that are measured
for the {r) versus d correlation. The interpretation of this statistical analysis of the
SEM data is clear: Interparticle diffusional coupling exists in the —500-mV ex-
periments, but not in the —70-mV experiments which were responsible for the
narrow size dispersions in Fig. 7.
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Fig.7. Particle size histograms for the same silver crystals shown in Fig. 6 (From Ref. 32).
(Reproduced with permission from J. Phys. Chem. B, 2000, 104, 9131. Copyright 2000,
Am. Chem. Soc.)
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Fig. 8. (Top) Plots of the mean diameter of two nearest neighbors as a function of the
distance between them for electrodeposition experiments conducted at —70 mV vs. (open
circles; top left) and —500 mV (solid circles; top right). (Bottom) Plot of the slopes for
these correlation as a function of the correlation coefficient, R, derived from a least-squares
analysis of the data. (From Ref. 32) (Reproduced with permission from J. Phys. Chem. B,
2000, 104, 9131. Copyright 2000, Am. Chem. Soc.)

C. H, Coevolution

A radically different approach involves the application of an extremely negative
voltage during metal plating (Scheme 1c). This voltage must be so negative that it
causes the decomposition of solvent to occur in parallel with the plating of metal
onto the substrate surface. In the case of aqueous solutions, an applied potential
of —1.5 to —2.0 V versus the normal hydrogen electrode is sufficient to cause
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the rapid reduction of protons to H, and the evolution of hydrogen gas bubbles at
the cathode. At these potentials virtually any transition metal can be electroplated
as well.

We have applied this strategy initially to the growth of nickel nano- and
microparticles on graphite surfaces (33). The beneficial effect of “H, coevolu-
tion” is demonstrated by the experiments in Fig. 9. Here are shown representative
SEM images of nickel particles obtained at three deposition potentials: —1.2 V
versus the saturated mercurous sulfate reference electrode (MSE), —1.6 V and
—2.0 V. At all three of these potentials, the electrodeposition of nickel is diffusion
controlled (Eeqni?*nie= —0.8 V versus MSE), but the onset for H, evolution
occurs at approximately —1.2 V versus MSE. Therefore, as the plating potential
is reduced from —1.2 to —2.0V, the rate of H, evolution dramatically increases.
The SEMs in Fig. 9 show that this increased H, coevolution rate is associated
with a pronounced narrowing of the particle size distribution for nickel nano-
particles. At —2.0V, values for RSDg;, of 10-15% are routinely obtainable for
nickel particles having a mean diameter between 50 and 600 nm (33). In contrast
to the silver particles in Fig. 6, the nickel particles prepared using H, coevolution
are nanocrystalline (33). Specifically, electron diffraction analysis and dark-field
TEM imaging data demonstrate that the mean size of nickel grains in these parti-
cles is approximately 2.0 nm.

Why does H, coevolution work? Although more experimental data is
needed, we believe two factors combine to enable the preparation of size
monodisperse nickel microparticles by this unusual method. First, the generation
of H, bubbles at the electrode surface stirs the plating solution in the immediate
vicinity of the growing nickel particles (these particles actually catalyze the pro-
ton reduction reaction). This stirring has the potential to directly “erase” the de-
pletion layer that develops at each growing nickel particle, thereby eliminating or
reducing deleterious interparticle coupling. Although statistical data analogous to
that of Fig. 9 has not yet been generated for nickel particles prepared using H, co-
evolution, it is absolutely clear form the available SEM data that no correlation of
the particle diameter with interparticle distance exists in these experiments. These
images show many instances of dimers and trimers of nickel particles in which
two or three particles are disposed in direct contact with one another. The mean
diameter of these particle aggregates is identical to that of other particles located
in relative isolation on the surface.

There is also evidence from the SEM data for the movement of nickel par-
ticles across the graphite surface during growth. This movement is apparently a
consequence of forces imparted to nickel particles by the formation and relttease
of hydrogen bubbles from their surfaces. If particle motion is actually occurring
(more experimental data is needed to confirm this fact), it is likely to have a ben-
eficial effect on the size dispersion of particles for the reasons already indicated at
the beginning of this section.
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Fig. 9. Scanning electron microscope (SEM) images of HOPG electrode surfaces fol-
lowing the electrodeposition of nickel at various potentials for various deposition times:
(a) —1.2V vs. MSE X 25 min; (b) —1.6V X 2.8 s; (c,d) —2.0 V X 1.5 s. The nickel plat-
ing solution in all three experiments was N, sparged aqueous 10 mM Ni(NO;),*6H,0,
1.0 M NH,CI, 1.0 M NaCl, pH of 8.3 (Reproduced with permission from Ref. 33).
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V. SUMMARY

The electrodeposition of metal nano- and microparticles on graphite electrode
surfaces has been discussed in this monograph. The main conclusions of the ex-
perimental work carried out are the following:

1. The electrodeposition of metals on the low-energy surfaces of graphite
or H-Si(100) occurs via a Volmer-Weber mechanism (immediate for-
mation of three-dimensional metal “islands” or particles). Thus, disper-
sions of nanoscopic metal particles are obtained upon the deposition of
submonolayer quantities of metals onto these surfaces.

2. The nucleation of metal on these surfaces is instantaneous, not prog-
ressive. Thus, an essential prerequisite for the growth of size mono-
disperse metal particles is satisfied.

3. For electrodeposition experiments conducted at large deposition over-
potentials (e.g., =—500 mV versus E.q o), the size dispersion of
metal particles increases as a function of the deposition time. This
“coarsening” of the particle distribution is opposite to what is nor-
mally seen in the growth of colloidal suspensions of metal particles.

4. The origins of size dispersion in the electrodeposition of metal parti-
cles can be elucidated using Brownian dynamics simulations of parti-
cle growth. The coarsening seen experimentally is reproduced in simu-
lations involving randomly nucleation particles; an analysis of the BD
simulation results reveals that interparticle diffusional coupling pro-
vides the most important mechanism by which particle dispersion de-
velops in these metal particle dispersions.

5. Three experimental methods have been described which are capable of
generating metal particles that are very narrowly dispersed in diameter:
pulsed electrodeposition (25), slow growth (32), and H, coevolution
(33). The success of all three methods can be traced to the elimination
of interparticle diffusional coupling.

With the development of these new experimental methods, the size-selective
electrodeposition of metal nanoparticle dispersions is, for all intents and purposes,
a solved problem. From our perspective the new frontier in nanometer-scale
electrodeposition is the imposition of short-range order on the electrodeposition
of two or more different materials on an electrode surface. Can “functional en-
sembles” of nanoparticles be assembled on an electrode surface? Suitably engi-
neered ensembles have the potential to function as transistors, light-emitting
diodes, optical switches, and amperometric electrochemical sensors. The devel-
opment of methods for assembling nanometer-scale particle ensembles repre-
sents a challenge that is likely to occupy electrochemists for some time to some.
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Synthesis, Characterization,
and Applications of Dendrimer-
Encapsulated Metal and
Semiconductor Nanoparticles

Richard M. Crooks, Victor Chechik*, Buford I. Lemon Illt, Li Sun,
Lee K.Yeung*, and Mingqi Zhao®
Texas A&M University, College Station, Texas

. OVERVIEW

In this chapter we discuss a novel template-based strategy for preparing metal
and semiconductor nanoparticles (Fig. 1). This approach is unique in that dis-
crete polymers, known as dendrimers (1-5), are used as the templates rather than
the more well-established approaches of using less-well-defined random poly-
mers (6—15) or monolithic metal, ceramic, or polymers as templates (16-20). As
we will show, dendrimers are particularly well suited for hosting metal particles
for the following reasons: (a) they can act as both template and stabilizer for the
nanoparticle; (b) they act as selective gates that control access of small mole-
cules to the encapsulated nanoparticle after it is synthesized; (c) the terminal
groups can be tailored to enhance solubility and as handles for facilitating surface
immobilization.

* Current Affiliation: University of York, Heslington, York, U.K.

¥ Current Affiliation: Dow Chemical Co., Midland, Michigan

* Current Affiliation: Dow Chemical Co., Freeport, Texas
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Product Reactant

Metal nanopatrticle

Fig. 1. Schematic of the synthesis of metal nanoparticles within dendrimer templates.
The composites are prepared by mixing of the dendrimer and metal ion, and subsequent
chemical reduction. These materials can be immobilized on electrode surfaces where they
serve as electrocatalysts or dissolved in essentially any solvent (after appropriate end-
group functionalization) as homogeneous catalysts for hydrogenation and other reactions.
Reprinted with permission of Springer—Verlag, (Ref. 47). Copyright 2000 Springer—Verlag.

. BACKGROUND

A. A Brief Retrospective on the Use of Polymers other than
Dendrimers as Templates for Nanoparticle Growth

Materials other than dendrimers have been used for nanoparticle templating in
the past. Polymers with metal-ion affinities can be used to sequester metal ions
into localized domains that are then reduced or reacted to form metallic (or semi-
conducting) nanostructures (6). Block copolymers often serve this purpose, form-
ing inverse micelle-like domains. A wide range of metal particles may be formed
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within such polymer templates, including Cu, Ag, Au, Pt, Pd, Rh, and others (7, 8)
The polymer template can serve to control particle size and to passivate the sur-
face of the nanoparticles (9,10). Semiconductor nanoparticles (e.g., CdS and
CdSe) have also been prepared within polymeric templates (11,12), and it has
been shown that the polymer can be used to tune the size, and therefore the opti-
cal and electronic properties, of the embedded semiconductors (13). When semi-
conductor nanoparticles are grown or embedded within a semiconducting poly-
mer matrix, electroluminescent films with desirable characteristics (low turn-on
voltages, high stabilities, and tunable emission) can be obtained (14,15).

B. A Brief Retrospective on the Use of Metal, Ceramic,
and Polymer Monoliths as Nanoparticle Templates

In addition to bulk-phase polymers of various sorts, nanoparticles have also been
prepared within nanoporous monolithic templates. For example, the well-defined
pores in alumina or polymeric filtration membranes can be used to define the
geometrical and chemical properties of metal, semiconductor, and polymeric
nanomaterials (16,20). In many cases the template can be removed chemically or
thermally, leaving behind the naked nanomaterial (17-20). The obvious advan-
tages to this technique are that highly monodisperse particles with a variety of
shapes and aspect ratios (from spherical particles to nanorods) can be prepared.
After release from the template, nanoparticles prepared in this way can be utilized
in other applications that do not necessarily involve the original polymer support
(19). A comprehensive review of nanoscopic materials synthesized by this ap-
proach is described in Chapter 7.

C. Dendrimers
1. Introduction to Dendrimers

Dendrimers are outstanding candidates for template synthesis of nanoparticles
because of their regular structure and chemical versatility. Dendrimers have three
basic anatomical features: a core, repetitive branch units, and terminal functional
groups (1-5). The physical and chemical properties of dendrimers depend
strongly on the chemical structure of all three components as well as on the over-
all size and dimensionality of the dendrimer. For example, larger dendrimers are
more-or-less spherical in shape and contain interior void spaces, whereas lower-
generation materials are flat and open. Also, terminal groups largely, but not
solely, determine the solubility and adsorption properties of dendrimers.

2. Synthesis of Dendrimers

The two families of dendrimers used in the studies reported here are commer-
cially available (21) and synthesized by a strategy known as the divergent method.
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An excellent introduction to the basic principles of dendrimer synthesis (both the
divergent and convergent approaches) is given in Ref. 3, and therefore only a brief
introduction to the more relevant divergent method is provided here. In the diver-
gent method, growth of the dendrimer is outward from the core to the dendrimer
surface. This method of synthesis generally involves serial repetition of two
chemical reactions and appropriate purification steps. For example, the generation
0 dendrimer (GO) is formed after the first cycle of reactions on the dendritic core.
The generation, and thus the diameter of a dendrimer, increases more-or-less lin-
early with the number of growth cycles. The number of surface functional groups
increases exponentially with each ensuing cycle, and, because two or three
monomers are usually added to each branch point in the reaction cycle, the maxi-
mum size or generation of a dendrimer is governed by steric crowding at the pe-
riphery. The structures of G1 PAMAM and PPI dendrimers are shown in Fig. 2.

3. Chemical and Physical Properties of Dendrimers

Table 1 provides some general information about the evolution of size and molec-
ular conformation as a function of generation for PAMAM and PPI dendrimers
(22). It is important to recognize that the data in this table are for ideal-structure
dendrimers, while in practice PAMAM and PPI dendrimers contain a statistical
distribution of defects (3,4). The diameter of PAMAM dendrimers increases by
roughly 1 nm per generation, while the molecular weight and number of func-
tional groups increase exponentially. The surface density of dendrimer terminal
groups, normalized to the expanding surface area, also increases nonlinearly.
Simulation results (23) show that up to G2, PAMAM dendrimers have an ex-
panded or “open” configuration, but as the dendrimer grows in size crowding of
the surface functional groups causes the dendrimer to adopt a spherical or globu-
lar structure. Perhaps it is helpful to think of the structure of G4 PAMAM as re-
sembling that of a wet sponge and of G8 as having a somewhat hard surface like
that of a beach ball. That is, the interior of high-generation dendrimers is rather
hollow, while their exteriors are far more crowded. Both of these factors figure
prominently in the work described in this chapter.

As a consequence of their three-dimensional structure and multiple internal
and external functional groups, higher-generation dendrimers are able to act as
hosts for a range of ions and molecules. Endoreception occurs when substrates
penetrate interstices present between densely packed surface groups and are incor-
porated into the interior cavities. Exoreception occurs when such species interact
strongly with functional groups on the dendrimer surface. To prepare dendrimer-
encapsulated metal and semiconductor nanoparticles, we rely on endoreception to
bind the metal ions of choice to the dendrimer interior prior to chemical reduction
(Fig. 1). The exoreceptors are useful for attaching dendrimers to surfaces, other
polymers, and a broad range of discrete molecular compounds or metal ions.
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Fig. 2. Chemical structures of generation 1 (G1) poly(amidoamine) (PAMAM) and
poly(propylene imine) (PPI) dendrimers.
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Table 1. Physical Characteristics of PAMAM and PPI Dendrimers

Molecular weight® Diameter’, nm
Surface Tertiary

Generation groups amines PAMAM PPI° PAMAM PPI¢
0 4 2 517 317 1.5 0.9
1 8 6 1,430 773 22 1.4
2 16 14 3,256 1,687 29 1.9
3 32 32 6,909 3,514 3.6 2.4
4 64 62 14,215 7,168 4.5 2.8
5 128 126 28,826 14,476 5.4 —
6 256 254 58,048 29,093 6.7 —
7 512 510 116,493 58,326 8.1 —
8 1024 1022 233.383 116,792 9.7 —
9 2048 2046 467,162 235,494 114 —

10 4096 4094 934,720 469,359 13.5 —

*Molecular weight is based on defect-free, ideal-structure dendrimers.

® For PAMAM dendrimers the molecular dimensions were determined by size-exclusion chromatog-
raphy, and the dimensions of PPI dendrimers were determined by SANSs; data for the high-generation
PPI dendrimers are not available.

“We have used the generational nomenclature typical for PAMAM dendrimers throughout this chap-
ter. In the scientific literature the PPI family of dendrimers is incremented by one. That is, what we
call a G4 PPI dendrimer (having 64 end groups) is often referred to as G5. Reprinted with permission
of Springer—Verlag, (Ref. 47). Copyright 2000 Springer—Verlag.

PAMAM dendrimers are large (G4 is 4.5 nm in diameter) and have a hydro-
philic interior and exterior; accordingly, they are soluble in many convenient sol-
vents (water, alcohols, and some polar organic solvents). Importantly, the interior
void spaces are large enough to accommodate nanoscopic guests, such as metal
clusters, and are sufficiently monodisperse in size so as to ensure fairly uniform
particle size and shape. As we will show, the space between the terminal groups can
act as size-dependent gates between the dendrimer exterior and interior. For exam-
ple, the exterior of G8 can distinguish linear and branched hydrocarbons (vide
infra), which is useful for size-selective catalysis at encapsulated metal particles.

As shown in Table 1, the diameter of the amine-terminated G4 PPI den-
drimers is 2.8 nm, so it is considerably smaller than the equivalent G4 PAMAM
(4.5 nm) (22). Like the PAMAM dendrimers, the PPI dendrimers have interior ter-
tiary amine groups that may interact with guest molecules and ions, but in contrast
they do not contain amide groups. As a consequence, PPI dendrimers are stable at
very high temperatures (the onset of weight loss for G4 PPI is 470°C) (24), which
is a critical factor for some applications, including catalysis. In contrast, PAMAM
dendrimers undergo retro-Michael addition at temperatures higher than about
100°C (25). This can be considered an advantage in some instances; for example,
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one could imagine templating a nanoparticle within a PAMAM dendrimer and then
releasing it cleanly by thermal decomposition of the host dendrimer. Commercially
available PPI dendrimers are terminated in primary amines, and they are soluble in
water, short-chain alcohols, DMF, and dichloromethane. Simple amidation chem-
istry can be used to functionalize the end groups of either dendrimer family and
thereby control solubility.

4. Dendrimers as Host Molecules

Dendrimer interior functional groups and cavities retain guest molecules selec-
tively, depending on the nature of the guest and the dendritic endoreceptors, the
cavity size, and the structure and chemical composition of the terminal groups.
The driving force for guest encapsulation within dendrimers can be based on elec-
trostatic interactions, complexation reactions, steric confinement, various types of
weaker forces (van der Waals, hydrogen bonding, the hydrophobic force, etc.),
and combinations thereof. Many examples of dendrimer-based host-guest chem-
istry have been reported (3-5). Meijer and co-workers were the first to demon-
strate physical encapsulation and release of guest molecules from a “dendritic
box” (26,27). As discussed in the next section, dendrimer endoreceptors can also
be used to sequester metal ions within dendrimers. It is this property that makes it
possible to prepare nanocomposite materials consisting of a dendritic shell (the
host) and a metal or semiconductor nanoparticle (the guest).

D. Metal and Semiconductor Nanoparticles

As discussed in other chapters in this volume, small clusters of metals (28) and
semiconductors (29) are interesting because of their unique mechanical, electro-
magnetic, and chemical properties. Of particular interest to us are transition-metal
nanoclusters, which are useful for applications in catalysis and electrocatalysis
(30-34). There are two main challenges in this area of catalysis. The first is the
development of methods for stabilizing the nanoclusters by eliminating aggrega-
tion without blocking most of the active sites on the cluster surfaces or otherwise
reducing catalytic efficiency. The second key challenge involves controlling clus-
ter size, size distribution, and perhaps even particle shape. Because dendrimers
can act as both “nanoreactors” for preparing nanoparticles and nanoporous stabi-
lizers for preventing aggregation, we reasoned that they would be useful for ad-
dressing these two issues.

E. Metals Contained within Dendrimers

There are two classes of metal-containing dendrimers: those that contain metal
ions and those that contain metal or semiconductor nanoparticles. The focus of
this chapter is on the former, but an understanding of these materials requires
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some discussion of the metal-ion-containing precursors from which they are pre-
pared (2-5,35-75).

There are three general categories of metal-ion-containing dendrimers. The
first is composed of dendrimers that use metal ions as an integral part of their
chemical structure. This includes, for example, dendrimers having an organo-
metallic core and dendrimers that use metal ligation to assemble branches into the
complete dendrimer. The second class consists of dendrimers that have peripheral
groups that are good ligands for metal ions. The third group contains internal lig-
ands that bind to nonstructural metal ions. Only dendrimers associated with non-
structural metal ions are relevant to this chapter.

Dendrimers complexed to exterior metal ions do not take full advantage of
the many unique structural features of dendrimers, such as the hollow interior, the
unique chemical properties of the interior microenvironment, the terminal-group-
tunable solubility, or the nanofiltering capability of the dendrimer branches (vide
infra). Moreover, exterior metal ions can lead to dendrimer cross-linking, ag-
glomeration, and even precipitation. However, PAMAM and PPI dendrimers have
functional groups within their interior that are also able to bind metal ions.
Specifically, PAMAM dendrimer interiors contain tertiary and secondary (amide)
amines, while PPI dendrimers lack amide groups (Fig. 2).

We are especially interested in trapping metal ions exclusively within the
interiors of unmodified, commercially available PAMAM dendrimers, because
such composites are easy to prepare and retain the desirable structural properties
of the uncomplexed dendrimers. It is possible to prevent metal-ion complexation
to amine-terminated PAMAM dendrimers by either selective protonation of the
primary amines [for PAMAM dendrimers, the surface primary amines (pK, =
9.5) are more basic than the interior tertiary amines (pK, = 5.5)] (47,53,57) or by
functionalization with noncomplexing terminal groups. The latter approach elim-
inates the restrictive pH window necessitated by selective protonation and gener-
ally results in more easily interpretable results (2,76). Accordingly, most of our
work has focused on hydroxyl-terminated PAMAM dendrimers (Gn-OH). In-
deed, we have shown that many metal ions, including Cu®", Pd**, Pt**, Ni*", Au
and Ru®", sorb into Gn-OH interiors over a broad range of pH via complexation
with interior tertiary amines (57,58,77-79).

lll. SYNTHESIS AND CHARACTERIZATION OF
DENDRIMER-ENCAPSULATED METAL
NANOPARTICLES IN PAMAM AND PPl DENDRIMERS

This section briefly describes dendrimer-encapsulated metal nanoparticles, a new
family of composite materials first described by us in 1998 (57), and their appli-
cations to catalysis.
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A. Intradendrimer Complexes between PAMAM Dendrimers
and Metal lons

The first step in the preparation of dendrimer-encapsulated metal and semicon-
ductor particles involves complexation of metal ions within the dendrimer interior
(Fig. 1). Because the size and composition of the sequestered nanoparticles de-
pend on this step, it is worth considering it in some detail.

1. Intradendrimer Complexes between
PAMAM Dendrimers and Cu?*

The first studies of dendrimer-encapsulated metal nanoparticles focused on Cu
(57). This is because Cu** complexes with PAMAM and PPI dendrimers are very
well behaved and have easily interpretable UV-vis and EPR spectra. In the absence
of dendrimer and in aqueous solutions Cu®" exists primarily as [Cu(H,0)q]*",
which gives rise to a broad, weak absorption band centered at 810 nm (Fig. 3a).
This corresponds to the well-known d-d transition for Cu”" in a tetragonally dis-
torted octahedral or square-planar ligand field.

In the presence of G4-OH, \,,,, for the d-d transition shifts to 605 nm (g ~
100 M~ cm™"). In addition, a strong ligand-to-metal-charge-transfer (LMCT)
transition centered at 300 nm (g ~ 4000 M~ ' cm™ ') emerges. The complexation
interaction between dendrimers and Cu”" is strong: the d-d transition band and
the LMCT transition do not decrease significantly even after 36 hr of dialysis
against pure water. These data show that Cu®* partitions into the dendrimer from
the aqueous phase and remains there.

To learn more about the Cu®" ligand field, we quantitatively assessed the
number of Cu”" ions extracted into each dendrimer by spectrophotometric titra-
tion. Spectra of a 0.05 mM G4-OH solution containing different amounts of Cu**
are given in Fig. 3b. The absorbance at 605 nm increases with the ratio of
[Cu**)/[G4-OH], but only slowly when the ratio is larger than 16. The titration re-
sults are given in the inset of Fig. 3b, where absorbance at the peak maximum of
605 nm is plotted against the number of Cu** ions per dendrimer. We estimated
the titration endpoint by extrapolating the two linear regions of the curve, and this
treatment indicates that each G4-OH dendrimer can strongly sorb up to 16 Cu**
ions. Because a G4-OH dendrimer contains 62 interior tertiary amines and Cu”*
is tetravalent, it is tempting to conclude that each Cu*" is coordinated to about
four amine groups. However, EPR and ENDOR data (74) indicate that most of the
ions bind to the outermost 16 pairs of tertiary amine groups, and CPK models re-
veal that the dendrimer structure is not well configured for complexation between
the innermost amines and Cu>". Thus, on average, each Cu?" is coordinated to
two amine groups, and the remaining positions of the ligand field are occupied by
more weakly binding ligands such as amide groups or water.
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Fig. 3. (a) Absorption spectra of 0.6 mM CuSOy, in the presence (spectrum #3) and in the
absence (spectrum 2) of 0.05 mM G4-OH. The absorption spectrum of 0.05 mM G4-OH
vs. water is also shown (spectrum #1). (b) Absorption spectra as a function of the
Cu®"/G4-OH ratio. The inset is a spectrophotometric titration plot showing absorbance at
the peak maximum of 605 nm as a function of number of Cu®" ions per G4-OH. Reprinted
with permission of Springer-Verlag (Ref. 47). Copyright 2000 Springer-Verlag.
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We also investigated the effect of dendrimer generation on the maximum
number of Cu?* ions that can bind within dendrimers. Figure 4a shows absorp-
tion spectra of 0.05 mM Gn-OH (n = 2, 4, and 6) in the presence of a fixed con-
centration of CuSOy in the Cu®* d-d transition region. For G2-OH, there is an ab-
sorption shoulder at 605 nm and a band centered at 810 nm, which indicates only
partial complexation of Cu®>". For G4-OH the band at 605 nm becomes more pro-
nounced, and it is the only absorption feature for G6-OH. This behavior is due to
the increasing intradendrimer concentration of Cu®* as a function of increasing
generation, which is a consequence of the exponential increase in the number of
tertiary amines (Table 1). The endpoints of the spectrophotometric titration
curves for G2-OH and G6-OH (Fig. 4b and 4c) indicate strong binding of 4 and
64 Cu*" ions, respectively. A similar titration was carried out for G3-OH and it
was found to tightly bind up to 8 Cu®" ions. Interestingly, G2-OH, G3-OH, and
G6-OH contain 4, 8, and 64 pairs of tertiary amines, respectively, in their out-
ermost generational shell, and therefore these titration results are fully consis-
tent with the one-Cu”"-per-two-outermost-tertiary-amines model proposed for
G4-OH. Indeed, Fig. 4d shows that there is a linear relationship between the num-
ber of Cu®" ions complexed within Gn-OH and the number of tertiary amine
groups within Gn-OH. Results obtained from MALDI-TOF mass spectrometry
confirm these findings (73).

In addition to hydroxyl-terminated PAMAM dendrimers, we also investi-
gated the binding ability of amine-terminated G4-NH,. The results are consistent
with the model proposed for G4-OH, but the situation is somewhat complex and
beyond the scope of this discussion. Details can be found elsewhere (47).

2. Intradendrimer Complexes between PAMAM Dendrimers
and Metal lons other than Cu?*

Using chemistry similar to that just discussed for Cu”", we have shown that many
other transition-metal ions, including Pd**, Pt**, Ni**, and Ru’", can be ex-
tracted into dendrimer interiors (58,59,77). For example, a strong absorption peak
at 250 nm (¢ = 8000 M ™' cm™") arising from a ligand-to-metal charge-transfer
(LMCT) transition indicates that PtCl,>” is sorbed within Gn-OH dendrimers.
The spectroscopic data also indicate that the nature of the interaction between the
dendrimer and Cu or Pt ions is quite different. As discussed earlier, Cu*" interacts
with particular tertiary amine groups by complexation, but PtCl,>~ undergoes a
slow ligand-exchange reaction, which is consistent with previous observations for
other P** complexes (80). The absorbance at 250 nm is proportional to the num-
ber of PtCl427 ions in the dendrimer over the range 0—60 [G4—OH(Pt2+)n, n=
0—60], which indicates that it is possible to control the G4-OH/Pt** ratio. Control
experiments confirm that the Pt** ions are inside the dendrimer rather than com-
plexed to the exterior hydroxyl groups (47,77).
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Fig. 4. (a) The effect of dendrimer size on the absorbance of 3.0 mM Cu?** + 0.05 mM
Gn-OH solutions. (b,c) Spectrophotometric titration plots of the absorbance at the peak
maximum of 605 nm as a function of the number of Cu>* ions per G2-OH or G6-OH. The
initial concentration of G2-OH and G6-OH was 0.2 or 0.0125 mM, respectively. (d) The
relationship between the number of Cu®" ions complexed within Gn-OH and the number
of tertiary amine groups within Gn-OH. Reprinted with permission of Springer-Verlag
(Ref. 47). Copyright 2000 Springer-Verlag.
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B. Synthesis and Characterization of
Dendrimer-Encapsulated Metal Nanoparticles

In this section two methods used to prepare dendrimer-encapsulated metal nano-
clusters are discussed: direct reduction of dendrimer-encapsulated metal ions and
displacement of less-noble-metal clusters with more noble elements.

1. Direct Reduction of Dendrimer/Metal-lon Composites

Chemical reduction of Cu®"-loaded G4-OH dendrimers (G4-OH/Cu’") with ex-
cess NaBH, results in formation of intradendrimer Cu clusters (Fig. 1). Evidence
for this comes from the immediate change in solution color from blue to golden
brown; that is, the absorbance bands originally present at 605 nm and 300 nm dis-
appear and are replaced with a monotonically increasing spectrum of nearly ex-
ponential slope toward shorter wavelengths (Fig. 5). This behavior results from
the appearance of a new interband transition corresponding to formation of intra-
dendrimer Cu clusters. The measured onset of this transitions at 590 nm agrees
with the reported value (81), and the nearly exponential shape is characteristic of
a bandlike electronic structure, strongly suggesting that the reduced Cu does not
exist as isolated atoms but rather as clusters (82). The absence of an absorption
peak arising from Mie plasmon resonance (around 570 nm) (83) indicates that the
Cu clusters are smaller than the Mie-onset particle diameter of about 4 nm
(83-85). Plasmon resonance cannot be detected for very small metal clusters, be-
cause the peak is flattened due to the large imaginary dielectric constant of such
materials (82). The presence of metal clusters is also supported by loss of signal
in the EPR spectrum (86) following reduction of the dendrimer Cu** composite.
Transmission electron microscopy (TEM) results also indicate the presence of in-
tradendrimer Cu clusters after reduction. Micrographs of Cu clusters within
G4-OH reveal particles having a diameter less than 1.8 nm,* much smaller than
the 4.5-nm diameter of G4-OH (87-89).

Intradendrimer Cu clusters are extremely stable despite their small size,
which provides additional strong evidence that the clusters reside within the den-
drimer interior. Clusters formed in the presence of G4-OH or G6-OH dendrimers
and with a Cu®" loading less than the maximum threshold values were found to be
stable (no observable agglomeration or precipitation) for at least one week in an
oxygen-free solution. However, in air-saturated solutions the clusters revert to in-
tradendrimer Cu®" ions overnight. In contrast, when excess Cu" is added to a den-
drimer solution, Cu®" is present inside the dendrimer and as hydrated ions in solu-
tion. After reduction, the excess Cu®" forms a dark precipitate within a few hours,
but the remaining transparent solution yields the same absorption spectrum as one

* The value of 1.8 nm represents an upper limit on the cluster size. The actual particles certainly have
a critical dimension of less than 1 nm (based on CPK models), which is below our TEM resolution.
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Fig. 5. Absorption spectra of a solution containing 0.6 mM CuSO, and 0.05 mM G4-OH
before (dashed line, spectrum 1) and after (solid line, spectrum 2) reduction with a fivefold
molar excess of NaBH,. spectrum 3 was obtained under the same conditions as those for
spectrum 2 except 0.05 mM G4-NH, was used in place of G4-OH. Reprinted with permis-
sion of the American Chemical Society (Ref. 57). Copyright 1998 the American Chemical
Society.

prepared with a stoichiometric amount of Cu®*. TEM images of the particles in
these solutions reveal two size regimes: the first is 9 = 4 nm in average diameter
and is responsible for the dark precipitate; the second, which is estimated to have an
upper limit of 1.8 nm in diameter,* corresponds to intradendrimer clusters.

The ability to prepare well-defined intradendrimer metal nanoclusters de-
pends strongly on the chemical composition of the dendrimer. For example, when
G4-NH,, rather than the just-described hydroxyl-terminated dendrimers, is used
as the template, a maximum of 36 Cu’" ions is sorbed; most of these bind to the
terminal primary amine groups. Reduction of a solution containing 0.6 mM
CuSO, and 0.05 mM G4-NH, results in a clearly observable plasmon resonance
band at 570 nm (Fig. 5) (82—-84), indicating that the Cu clusters prepared in this
way are larger than 4 nm in diameter. This larger size is a consequence of agglom-
eration of Cu particles adsorbed to the unprotected dendrimer exterior (64,65).
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The approach for preparing dendrimer-encapsulated Pt metal particles is
similar to that used for preparation of the Cu composites: chemical reduction of
an aqueous solution of G4-OH(Pt*"), yields dendrimer-encapsulated Pt nanopar-
ticles [G4-OH(Pt,)]. A spectrum of G4-OH(Pty) is shown in Fig. 6a; it displays a
much higher absorbance than G4-OH(Pt*")4, throughout the wavelength range
displayed. This change results from the interband transition of the encapsulated
zero-valent Pt metal particles.

Spectra of G4-OH(Pt),,, n = 12, 40, 60, obtained between 280 and 700 nm
and normalized to A = 1 at A = 450 nm, are shown in Fig. 6b; all of these spectra
display the interband transition of Pt nanoparticles. Control experiments clearly
demonstrate that the Pt clusters are sequestered within the G4-OH dendrimer. For
example, BH,; reduction of G4-NH,(P?"),, which exist as cross-linked emul-
sions, results in immediate precipitation of large Pt clusters. In contrast, Gn-OH-
encapsulated particles do not agglomerate for up to 150 days, and they redissolve
in solvent after repeated solvation/drying cycles.

The absorbance intensity of the encapsulated Pt nanoparticles is related to the
particle size. A plot of log A versus log A provides qualitative information about par-
ticle size: the negative slopes are known to decrease with increasing particle size.
For aqueous solutions of G4-OH(Pt,,), G4-OH(Pt,,), and G4-OH(Pts), the slopes
are —2.7, —2.2, and —1.9, respectively (Fig. 6b, inset). These results confirm that
the size of the intradendrimer particles increases with increasing Pt** loading.

High-resolution transmission electron microscopy (HRTEM) images (Fig. 7)
clearly show that dendrimer-encapsulated particles are nearly monodisperse and
that their shape is roughly spherical. For G4-OH(Pt,,) and G4-OH(Pte) particles,
the metal-particle diameters are 1.4 * 0.2 and 1.6 = 0.2 nm, which are slightly
larger than the theoretical values of 1.1 and 1.2 nm, respectively, calculated by as-
suming that particles are contained within the smallest sphere circumscribing a fcc
Pt crystal. When prepared in aqueous solution, Pt nanoparticles usually have irreg-
ular shapes and a large size distribution. The observation of very small, predomi-
nantly spherical particles in this study is a consequence of the dendrimer cavity,
that is, the template in which they are prepared. Note that when the dendrimers are
loaded with metal ions at maximum capacity (middle frame of Fig. 7), the result-
ing nanoparticles are more monodisperse than when a lower Pt** loading is used
(top frame). This is an expected statistical consequence of the substoichiometric
loading. X-ray energy dispersive spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) analyses were also carried out, and they unambiguously iden-
tify the particle composition as zero-valent Pt (77,90). Interestingly, the XPS data
also indicate the presence of Cl prior to reduction, but it is not detectable after re-
duction. This finding is consistent with the change in valency from the chloride-
containing G4—OH(Pt2+)n complex to the zero-valent metal.

Results similar to those discussed for dendrimer-encapsulated Cu and Pt
also obtain for Pd, Ru, and Ni nanoclusters. An example of 40-atom Pd nanoclus-
ters confined within G4-OH is shown in the bottom micrograph of Fig. 7.
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Fig. 6. Spectral characterization of dendrimer-encapsulated clusters containing different
numbers and types of atoms. (a) Absorption spectra of solutions containing 0.05 mM G4-
0H(Pt2+)60 before and after reduction. (b) UV-vis spectra of solutions containing G4-
OH(Pt,,) (solid line), G4-OH(Pt,,) (short dashes), and G4-OH(Pte,) (long dashes) normal-
ized to A = 1 at N = 450 nm. Logarithmic plots of these data, shown in the inset,
demonstrate that larger particles result in less negative slopes. Reprinted with permission
of Wiley-VCH (Ref. 77). Copyright 1999 Wiley-VCH.
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G4-OH(Pt,;), d =1.4£0.2 nm

G4-OH(Pty,), d = 1.6+0.2 nm

1.3+0.3 nm

G4-OH(Pd,y), d -

Fig. 7. HRTEM images of G4-OH(Pt,,), G4-OH(Pt4), and G4-OH(Pd,), which illus-
trate the size and shape distribution of the encapsulated metal nanoparticles. Reprinted
with permission of Wiley-VCH (Ref. 58). Copyright 1999 Wiley-VCH.
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2. Intradendrimer Metal Displacement Reactions

In the previous section it was shown that dendrimer-encapsulated metal nanoclus-
ters can be prepared by direct reduction if the corresponding metal ions can be ex-
tracted into the dendrimer interior. However, this approach is not suitable for
encapsulation of Ag particles, because the equilibrium between PAMAM den-
drimers and Ag" ions does not strongly favor the intradendrimer complex.

Although it is not possible to prepare Ag particles inside Gn-OH by direct
reduction of interior ions, stable, dendrimer-encapsulated Ag particles can be pre-
pared by a metal exchange reaction. In this approach, dendrimer-encapsulated Cu
nanoclusters are prepared as described in a previous section (57), and then upon
exposure to Ag”* the Cu particles oxidize to Cu®" ions, which stay entrapped
within the dendrimer at pH values larger than 5.5, and Ag™ is reduced to yield a
dendrimer-encapsulated Ag nanoparticle (Fig. 8).

Figure 9 shows UV-vis spectra of an aqueous G6-OH(Cu®")ss solution be-
fore and after reduction. At pH 7.5 a strong LMCT band is evident at 300 nm
(e~4000 M~ cm™"), which (as discussed earlier) is not present in the absence of
the dendrimer or Cu”" (90). As signaled by the loss of the band at 300 nm, chem-
ical reduction of G6-OH(Cu®")s5 with excess of BH,  results in formation of in-
tradendrimer Cu nanoclusters (Fig. 9a). The postreduction spectrum is dominated
by a monotonic and nearly exponential increase toward shorter wavelengths,
which results from the interband transition of intradendrimer Cu clusters (57).

Ag™ is a stronger oxidizing agent than Cu®", and therefore Eq. (1) leads to
conversion of a dendrimer-encapsulated Cu nanoparticle to Ag.*

Cu + 2Ag" = Cu** + 2Ag (D)

Figure 9b shows the spectroscopic evolution of such a reaction. Spectrum 1 is the
UV-vis spectrum of G6-OH(Cuss), which is the same as spectrum 2 in Fig. 9a.
When Ag " is added to a G6-OH(Cuss) solution at pH 3.0, a new absorbance band
centered at 400 nm appears (spectrum 2), which corresponds to the plasmon res-
onance of Ag particles (82). When the pH of the solution is adjusted to 7.5 (spec-
trum 3), the Ag plasmon peak does not change much, but a new peak at 300 nm
(e ~ 4000 M~ cm™") appears. This is the G6-OH(Cu*")ss LMCT band dis-
cussed earlier, and it indicates that when the interior tertiary amines are deproto-
nated Cu" resides within the dendrimer after intradendrimer oxidation of Cu.
Thus, both the metallic Ag nanoparticles and the Cu”" ions generated by the dis-
placement reaction are present within the dendrimers simultaneously. Such versa-
tile and well-defined microenvironments are unique and should find a variety of

* Because the dendrimer-encapsulated nanoparticles are so small, they do not have the properties of
bulk metals. Therefore, it is not possible to calculate the reduction potential for the exchange reac-
tions from tabulated literature data.
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G6-OH G6-OH(Cu™),

Reducing agent

G6-OH(Cu,)

/ \ * Pt or Pd*

G6-OH(Ag,,)  GB-OH(Aug,,, Pt, or Pd )

Au”, P, or Pd*

G6-OH(AU, 5., Pt,, or Pd,)

Fig. 8. Schematic of the method used to prepare dendrimer-encapsulated Ag, Au, Pd,
and Pt nanoclusters by primary and secondary displacement reactions using G6-OH(Cu,,)
or G6-OH(Ag,,) as starting materials. Reprinted with permission of the American Chemi-
cal Society (Ref. 59). Copyright 1999 American Chemical Society.
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(a) Absorption spectra of aqueous 0.55 mM Cu(NOj3), + 0.01 mM G6-OH be-

fore (spectrum 1) and after (spectrum 2) reduction. (b) The absorption spectra of 0.01 mM
G6-OH(Cuss) + 1.1 mM Ag™ (spectrum 2, pH 3.0 and spectrum 3, pH 7.5). Spectrum 1 is
the same as spectrum 2 in (a). Spectrum 4 corresponds to the direct reduction of 1.1 mM
Ag™ + 0.01 mM G6-OH 1 hr after the addition of BH,. The inset shows spectra 10 min
(solid line) and 18 hr (dashed line) after displacement. Reprinted with permission of the
American Chemical Society (Ref. 59). Copyright 1999 American Chemical Society.
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fundamental and applied applications, especially in the area of catalysis. The Ag
particles synthesized by this displacement reaction are very stable; for example,
spectra taken 10 min and 18 hr after reduction are nearly identical (Fig. 9b, inset)
and no precipitation is observed even after storage in air for more than two
months. XPS and TEM analysis confirm the presence of dendrimer-encapsulated
Ag metal particles formed by exchange. Of course, this displacement method can
be used to prepare other types of noble-metal particles (Fig. 8), such as Au, P,
and Pd, because the standard potentials (E°) of the corresponding half-reactions
are more positive than for Cu®"/Cu. Finally, Ag nanoparticles synthesized by pri-
mary displacement of dendrimer-encapsulated Cu nanoparticles can themselves
be displaced to yield Au, Pt, or Pd nanoparticles by secondary displacement reac-
tions (Fig. 8).

C. Dendrimer-Encapsulated Bimetallic Nanoclusters

Bimetallic metal particles are important materials because their characteristics,
especially their catalytic properties, are often quite different from those of pure
metal particles. Dendrimer-encapsulated bimetallic clusters can be synthesized
by any of three methods (Fig. 10): (1) partial displacement of the dendrimer-
encapsulated cluster, (2) simultaneous co-complexation of two different metal
ions followed by reduction, or (3) sequential loading and reduction of two differ-
ent metal ions.

Preparation of mixed metal intradendrimer clusters by partial displacement
is a straightforward extension of the complete displacement approach for forming
single-metal clusters described in the previous section. If less than a stoichiomet-
ric amount of Ag”, Au**, Pd**, or P?" is added to a G6-OH(Cuss) solution, or if
less than a stoichiometric amount of Au’ =+, Pd2+, or P+ is added to G6-
OH(Ag;¢) solution, it is possible to form Ag/Cu, Au/Cu (Au/Ag), Pd/Cu
(Pd/Ag), and Pt/Cu (Pt/Ag) bimetallic clusters inside dendrimers.

Dendrimer-encapsulated bimetallic clusters can also be prepared by simul-
taneous co-complexation of two different metal ions, followed by a single reduc-
tion step. For example, the absorption spectrum of a solution containing G6-OH,
PtCl,%~, and PdCl,* is essentially the sum of the spectra of a solution containing
G6-OH + PtCl,*~ and a second solution containing G6-OH + PdCl,>~, which
strongly suggests co-complexation of Pt** and Pd** within individual den-
drimers. After reduction of these co-complexed materials, a new interband transi-
tion, which has an intensity different from that of either a pure Pt or a pure Pd
cluster, is observed.

The sequential loading method is also effective for preparing bimetallic
clusters. For example, dendrimer-encapsulated Pt/Pd clusters are synthesized as
follows. First, a solution containing G6-OH(Ptss) is prepared by using the direct
reduction approach already described. Next, K,PdCl, is added to this solution to
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1. Displacement reaction method

Gn-OH(Cu,) Gn-OH(Ag,,)

AU, P, or Pd™
Ag’, Au”, Pt or Pd**

2. Co-complexation method

M, + M™ Reduction
bimetallic cluster
/Reduction
3. Sequential loading method
/ My™
My"  Reduction £

—
» >
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Fig. 10. Schematic of the preparation of dendrimer-encapsulated bimetallic clusters by
displacement reaction, co-complexation, and sequential loading. Reprinted with permis-
sion of Springer—Verlag (Ref. 47). Copyright 2000 Springer—Verlag.
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form a mixed metal-ion intradendrimer composite: G6-OH[(Ptss) + (Pd*")ss].
That is, Pd** partitions into the dendrimer and complexes with tertiary amine
sites vacated by Pt®" after the first reduction step. The existence of the mixed va-
lent composite can be confirmed by the UV-vis spectrum, which is nearly the sum
of the two individual components. However, after reduction of G6-OH[(Ptss) +
(Pd2+)55] the intense LMCT band arising from pd** complexed to interior terti-
ary amines essentially disappears and the interband transition due to the forma-
tion of the bimetal clusters appears. After the first reduction step, HRTEM indi-
cates that the Pt nanoclusters in G6-OH(Ptss) are 1.4 £ 0.2 nm in diameter.
However, after addition of Pd*" and subsequent reduction the particles grow to
3.0 = 1.0 nm. The relatively wide distribution in particle size may be due to in-
terdendrimer transfer of Pd atoms during the second reduction process.

Presumably these three methods for preparing bimetallic, dendrimer-encap-
sulated nanoparticles can be extended to trimetallics, bi and trimetallics having
unique structures (such as core/shell materials), and interesting combinations of
two (or more) zero-valent metals plus intradendrimer ions. However, analysis of
such materials awaits more sophisticated analytical methods than are currently at
our disposal.

IV. CATALYSIS USING TRANSITION-METAL
NANOPARTICLES

Transition-metal nanoparticles are important in the field of catalysis (30,91-94).
Synthetic routes to metal nanoparticles include evaporation and condensation,
and chemical or electrochemical reduction of metal salts in the presence of sta-
bilizers (91,92,95-97). The purpose of the stabilizers, which include polymers,
ligands, and surfactants, is to control particle size and prevent agglomeration.
However, stabilizers also passivate cluster surfaces. For some applications, in-
cluding catalysis, it is desirable to prepare small, stable, but not fully passivated,
particles so that substrates can access the encapsulated clusters. Another promis-
ing method for preparing clusters and colloids involves the use of templates, such
as reverse micelles (98,99) and porous membranes (93,100,101). However, even
this approach results in at least partial passivation and mass-transfer limitations
unless the template is removed. Unfortunately, removal of the template may result
in slow agglomeration of the naked particles. By using dendrimers as both tem-
plate and stabilizer, we achieve control over particle size and particle stability
while allowing substrates to penetrate the dendrimer interior and access the clus-
ter surface (at this time the extent of mass-transfer resistance suffered by the sub-
strate is unknown). To the best of our knowledge this advantageous set of proper-
ties is unique.
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A. Dendrimer-Encapsulated Pt Nanoparticles
as Heterogeneous Electrocatalysts for O, Reduction

Pt is the most effective practical catalyst known for O, reduction, which is an im-
portant electrode reaction in fuel cells (32,102). To achieve efficient utilization of
Pt in such applications, a large amount of work has been devoted to developing
methods for fabricating very small, stable, O,-accessible clusters. Because the
dendrimer-encapsulated metal nanoparticles seemed likely to exhibit these prop-
erties, we thought it reasonable to test them as heterogeneous O, reduction elec-
trocatalysts. Such applications require immobilization of the dendrimer compos-
ites on a conducting substrate in such a way that electrons can transfer from the
substrate to the metal nanoparticle (77). Methodologies for attaching dendrimers
to surfaces by electrostatic and covalent means, and by coordination, have been
discussed in the literature (37,89,103—107). We have generally found it most con-
venient to prepare surface-confined, dendrimer-encapsulated catalysts by first de-
positing the nanoclusters within the dendrimer and then affixing the dendrimers
to a gold electrode by dipping the it into the dendrimer solution (77,89,107). Even
dendrimers terminated in hydroxyl groups adhere to gold, presumably via inter-
actions with internal tertiary amine groups that are able to configure themselves
in a way that puts them in intimate contact with the gold surface (77,89).

Cyclic voltammograms (CVs) obtained from Au electrodes coated with a
monolayer of either G4-OH or G4-OH(Pty,) reveal this catalytic effect (77).
Specifically, in the presence of O, a G4-OH-modified electrode yields a relatively
small current having a peak potential (E;) of 2150 mV. However, when a G4-
OH(Ptgy)-modified electrode is examined in the same solution, a much larger cur-
rent is observed and the peak potential shifts positive, indicating a substantial cat-
alytic effect. In the absence of O,, only a small background current is observed,
confirming that the process giving rise to the peak is O, reduction. Importantly,
results such as these conclusively demonstrate that the surface of at least some of
the dendrimer-encapsulated Pt nanoparticles are accessible to reactants in the so-
lution and can exchange electrons with the underlying electrode surface.

B. Homogeneous Catalysis in Water Using
Dendrimer-Encapsulated Metal Nanoparticles

Ligand- or polymer-stabilized colloidal noble metals have been used for many
years as catalysts for the hydrogenation of unsaturated organic molecules
(108-111). Additionally, there is a special interest in developing “green”” method-
ologies for catalyzing organic reactions in aqueous solutions (108). Accordingly,
we investigated the homogeneous catalytic hydrogenation of alkenes in aqueous
solutions using dendrimer-encapsulated nanoparticles (58). The hydrogenation
activities for dendrimer-encapsulated Pd nanoparticles for a simple, unbranched
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alkene (allyl alcohol) and an electron-deficient, branched alkene (N-isopropyl
acrylamide) in water are given in Fig. 11. Similar data have been obtained for
dendrimer-encapsulated Pt nanoparticles and the results are analogous. GC and
NMR confirmed the product of these hydrogenation reactions. G4-OH(Pdy,)
shows a high catalytic activity for the hydrogenation of both alkenes. For example,
the turnover frequencies (TOFs, mol of H,/mol of metal atoms-h) for G4-OH
(Pdy) for hydrogenation of N-isopropyl acrylamide and for allyl alcohol hydro-
genation compare favorably to water-soluble polymer-bound Rh(I) catalysts
(109,110) and are comparable to PVP-stabilized colloidal Pd dispersions in water
(111). The key result is that substrates (the alkenes and hydrogen in this case) can
permeate dendrimers, encounter the nanoparticle therein, and undergo intraden-
drimer chemical transformation.

Importantly, the hydrogenation reaction rate can be controlled by using
dendrimers of different generations. This key finding is a consequence of the
fact that dendrimer porosity is a function of generation: higher-generation mate-
rials are more sterically crowded on their exterior and thus less porous and less
likely to admit substrates to interior metal nanoparticles than the lower gene-
rations (58,103). That is, the dendrimer acts as a selective nanoscopic filter that
controls the catalytic activity of the composite. For example, the TOFs for G6-
OH(Pd,y) and G8-OH(Pd,,) are only 10% and 5%, respectively, that of G4-
OH(Pd,) for N-isopropyl acrylamide. However, when the same materials are
used to reduce the linear alkene, a much smaller decrease in activity is noted.
This key finding shows that it is possible to control reaction rates and do selec-
tive catalysis by adjusting the “mesh” of the dendrimer “nanofilter.” In this case
the high-generation dendrimers selectively excluded the branched alkene, but the
linear molecule was able to reptate through the dense G6 and G8 exteriors and
encounter the catalyst.

C. Homogeneous Catalysis in Organic Solvents Using
Dendrimer-Encapsulated Metal Nanoparticles

From an environmental and economic perspective it would be highly desirable to
carry out all catalytic reactions in water. Unfortunately, many substrates and prod-
ucts are water insoluble, and therefore many commercially important catalytic re-
actions are run in organic solvents. Accordingly, we also tested the activity of
dendrimer-encapsulated Pd nanoparticles for their hydrogenation activity in or-
ganic phases. As mentioned previously, the solubility of dendrimers can be con-
trolled by functionalization of the terminal groups. For example, alkyl functional-
ization renders the otherwise water-soluble PAMAM dendrimers soluble in
organic solvents. Importantly, functional groups need not be added to the den-
drimer by covalent grafting, although this is also a viable strategy (vide infra) (4).
A simpler and more versatile approach that is suitable for many applications takes
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Fig. 11. Turnover frequencies for hydrogenation of allyl alcohol and N-isopropyl acry-
lamide obtained in water using dendrimer-encapsulated Pd nanoparticles of constant size.
The hydroxyl-terminated PAMAM dendrimer generation varies from G4 to G8. Reprinted
with permission of Springer—Verlag (Ref. 47). Copyright 2000 Springer—Verlag.
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advantage of the acid-base interaction between fatty acids and dendrimer terminal
amine groups (53).

Using an approach similar to that discussed previously, Pd nanoparticles
were prepared within amine-terminated PAMAM dendrimers. To prevent coordi-
nation of Pd** to the primary amine groups of the dendrimers, the solution pH
was adjusted to ~2, which preferentially protonates the exterior amines to a
greater extent than the interior tertiary amines. Accordingly, Pd** binds preferen-
tially to the interior tertiary amines, and upon reduction Pd particles form only
within the dendrimer interior. G4-NH, dendrimer-encapsulated nanoparticles can
then be quantitatively transported from an aqueous phase into toluene by addition
of 10-20% of dodecanoic acid to the organic phase (53). This transition is readily
visualized by the color change: the brown aqueous solution of Pd nanoparticles
becomes clear after addition of the acid, while the toluene layer turns brown. Our
studies have shown that this is a consequence of the formation of monodisperse
inverted micelles templated by the dendrimer. These interesting hybrid materials
have a catalytic activity for hydrogenation similar to that observed for the same
reactions run in aqueous solutions (vide supra).

D. Homogeneous Catalysis in Fluorous Solvents Using
Dendrimer-Encapsulated Metal Nanoparticles

Reactions in biphasic fluorous/organic systems were suggested by Horvath and
co-workers in 1994 (112) to facilitate recovery and recycling of soluble catalysts.
Such systems consist of organic and fluorous layers. The catalyst is selectively
soluble in the fluorous phase, while the reactants are preferentially soluble in the
organic solvent. Stirring and/or heating of the mixture leads to formation of a fine
emulsion and partial homogenization (with some solvents complete homoge-
nization is obtained at elevated temperatures) and the catalytic reaction proceeds
at the interface between the two liquids. When the reaction is over, the liquid
phases are allowed to settle, the product is isolated from the organic phase, and
the catalyst-containing fluorous layer is recycled. Such easy separation and recy-
cling are particularly attractive in terms of “green chemistry,” and a number of
fluorous phase-soluble catalysts have been reported in the literature, including
some based on metal complexes (113,114). We recently described two new ap-
proaches for using dendrimer-encapsulated metal particles to perform biphasic
catalysis. The first is hydrogenation catalysis using PAMAM dendrimers ren-
dered soluble in the fluorous phase by electrostatic attachment of perfluoroether
groups (78). The second demonstrates the use of perfluoroether groups covalently
linked to the exterior of PPI dendrimers to carry out a Heck reaction (75). In both
cases the fluorous-soluble, dendrimer-based catalyst was recyclable. Moreover,
the reactions resulted in selectivities and products that clearly reflected the unique
microenvironment of the dendrimers. Note also that the PPI dendrimers are stable
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at quite high temperatures (in contrast to PAMAM dendrimers, which tend to de-
compose rather quickly above 100°C). Finally, the successful Heck chemistry
(75) conclusively proves that it is possible to catalyze synthetically useful carbon-
carbon bond-forming reactions between two reactants, which have significant
size and mass, within a dendrimer interior.

E. Homogeneous Catalysis in Supercritical CO, Using
Dendrimer-Encapsulated Metal Particles

As mentioned earlier, there are good reasons to search for reaction conditions that
eliminate the need for organic solvents. The use of liquid or supercritical (SC)
CO, addresses some of these issues, including catalyst recovery, reduced toxicity,
and simpler product recovery (115). Until recently, however, the use of SC CO,
had been limited to organometallic Pd complexes functionalized with perfluori-
nated ligands (116-118), due to the limited solubility of metal colloids in CO,,
and often required the use of water as a cosolvent (119). The work described here
shows that dendrimers can be used to solubilize Pd nanoclusters in liquid and SC
CO,. This new finding opens the door to the combined benefits of a catalyst that
promotes Heck couplings but without the need for toxic ligands or solvents.

As discussed earlier, perfluorinated polyether “ponytails” can be covalently
grafted onto dendrimers, and DeSimone et al. recently showed that such materials
are soluble in liquid CO, (120). Preliminary results from a study of catalytic acti-
vation of the heterocoupling between arylhalides and alkenes using ponytail-
functionalized dendrimer-encapsulated Pd nanoparticles have been promising.
For example, the classic Pd-catalyzed Heck coupling between arylhalides and
methacrylate yields predominately (>97%) the trans-cinnimaldehyde product
(121). On the other hand, the CO,-soluble dendrimer nanocomposite exclusively
catalyzes the production of the highly unfavored 2-phenyl-acrylic acid methyl
ester isomer at 5000 psi and 75°C (122).

V. DENDRIMER-ENCAPSULATED
SEMICONDUCTOR NANOPARTICLES

Up to this point we have focused on the intradendrimer synthesis of metal
nanoparticles, but in principle any type of particle can be prepared inside a den-
drimer template if a means can be found to first sequester the components and
then chemically transform them into the desired product. We recently demon-
strated the versatility of the dendrimer template approach by preparing den-
drimer-encapsulated semiconductor nanoparticles (123,124). Specifically, we
have shown that it is possible to control the size, and thus the photoluminescent
properties, of encapsulated CdS quantum dots (QDs) (125).
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Efforts to prepare composites of dendrimers and technologically important
QDs (126-129) have so far yielded primarily interdendrimer composites. Such
materials have been shown to be agglomerates in which multiple dendrimers sta-
bilize relatively large CdS QDs. Results from these important studies suggested
to us that it might be feasible to prepare infradendrimer QD nanocomposites
equivalent to the dendrimer-encapsulated metals described early in this chapter.

Figure 12 shows absorption and luminescence spectra of an alcoholic so-
lution of G4 PAMAM dendrimers in which ultrasmall (<2 nm) CdS QDs have
been grown. The extreme blue shift of both the absorbance and emission spec-
tra (from that of bulk CdS), as well as the narrow linewidths, point to the exis-
tence of intradendrimer CdS (125). Evidence for intradendrimer templating
comes from generation-dependent studies in which CdS QDs prepared in the
presence of the higher-generation dendrimers G6 (spectrum b) and G8 (spec-
trum c) yield larger particles that have red-shifted absorbance and emission

Absorption

Luminescence (arb. units)

0.0-- T T T T T T T T T T T T ¥
250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 12. Absorption (solid lines) and luminescence (dotted lines) spectra of dendrimer-
encapsulated CdS nanoparticles: (a) G4-OH; (b) G6-OH; (c¢) G8-OH. Reprinted with per-
mission of Springer—Verlag (Ref. 47). Copyright 2000 Springer—Verlag.
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spectra. HRTEM data confirm these generation-dependent increases in size of
the QDs. As for dendrimer-encapsulated metal nanoparticles, the size of the
CdS nanoparticles is related to the number of tertiary amine groups in the den-
drimer’s outer shell.

V. SUMMARY AND CONCLUSIONS

This chapter has comprehensively reviewed new composite materials called den-
drimer-encapsulated nanoparticles. We first reported these interesting inor-
ganic/organic hybrid materials in 1998 (57), and within a matter of months our re-
sults were confirmed by others (60). Between the time of the first report and the
present, we have shown that dendrimers can template a vast array of metal
nanoparticles, including Cu, Pt, Pd, Ru, Ag, Ni, and Au. Metal ions that bind di-
rectly to ligands on the interior of the dendrimer are prepared by direct reduction
of the composite, but it is also possible to prepare intradendrimer metal nanopar-
ticles from nonbinding ions by displacing a less noble metal such as Cu. We have
also shown that bimetallic, and presumably multimetallic, dendrimer-encapsu-
lated metal nanoparticles can be prepared and that even semiconductor quantum
dots are accessible.

There are a number of desirable aspects of this synthetic approach and of
the resulting materials. First, because the dendrimer can act as a template for
preparing the particles, and because dendrimers are commercially available in
different sizes (generations), nearly monodisperse particles ranging in size from
<1 nm to perhaps 5 or 6 nm in diameter can be prepared. Second, once synthe-
sized, the nanoparticles are stabilized by the dendrimer host. Therefore, the parti-
cles do not agglomerate even after repeated drying and resolvation cycles. Third,
the dendrimer acts as a nanofilter that selectively allows particular substrates to
encounter the encapsulated particle. As we showed, this attribute allows the com-
posites to perform size-selective catalysis. Moreover, because the particles are
contained within the dendrimer primarily by steric considerations (e.g., in con-
trast to only ligand stabilization), the nanoparticle surface is sufficiently accessi-
ble that catalytic reactions proceed at reasonable rates. Fourth, because the parti-
cle is confined within the dendrimer, functional groups on the dendrimer surface
can be used to control solubility, as a synthetic handle for stabilization of the
nanocomposite in polymer coatings, and as a means for enabling direct surface
immobilization of dendrimers on metal, semiconducting, and insulating surfaces.
Thus, the approach described here for preparing dendrimer-encapsulated
nanoparticles takes advantage of each of the unique aspects of dendrimer struc-
ture: the chemistry of the terminal groups, the generation-dependent size, the
three-dimensional structure, the low-density region near the core, and the endore-
ceptors present within the dendrimer interior.
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These materials are likely to find three major uses in the years ahead. First,
interactions between metalated dendrimers, particularly those containing semi-
conductor quantum dots, and biologically relevant materials will be important.
In this application the dendrimer can act as a site-specific shuttle for any number
of guests (DNA, drugs, contrast agents, and the like), while the encapsulated
semiconductor acts as a highly stable, biocompatible luminescent tag for the
composite. Second, the application of dendrimers to catalysis is likely to be of
great importance for reasons discussed in the preceding paragraph. For example,
the unique microenvironment of the dendrimer interior can be used to house one
or more catalysts or cocatalysts, while the exterior functional groups can be used
to control solubility (even in fluorous and supercritical fluids), enhance catalyst
recovery, and selectively gate access of substrates into the dendrimer interior.
Moreover, intriguing recent results suggest that it may be possible to control the
dendrimer interior to selectively favor particular products, perhaps even particu-
lar enantiomers. Finally, the ability to precisely control the size (and perhaps
shape) of metal and semiconductor particles opens the door to a vast range of
fundamental studies relevant to the fields of electronics, photonics, catalysis, and
magnetism.

The preparation of dendrimer-encapsulated nanoparticles is generally
rather simple from an experimental viewpoint. For example, the dendrimers are
all commercially available from either Dendritech or DSM, end-group modifica-
tions normally involve a single synthetic step, and separations are generally car-
ried out by dialysis. Such simplicity should be a strong enticement to workers in
the fields of catalysis, biotechnology, medicine, electronics, photonics, physics,
materials science, and engineering to (a) begin to use the types of materials de-
scribed herein for technological applications and fundamental discoveries, (b) in-
vent new, related materials, and (c) begin to use these dendrimer composites as
components in the next generation of molecular machines and devices.
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The Electrochemistry of Monolayer
Protected Au Clusters

David E. Cliffel, Jocelyn F. Hicks, Allen C. Templeton,
and Royce W. Murray
University of North Carolina, Chapel Hill, North Carolina

. INTRODUCTION

The advent of improved synthetic methods for metal nanoparticles, bolstered by a
report by Schiffrin (1), has generated a widespread research effort on the chemi-
cal and electronic nature of metallic nanoparticles. There are tremendous oppor-
tunities in the nanoparticle world for chemists to contribute understanding and di-
versity to this dimension of matter bridging small molecules and bulk materials.
Schriffrin and co-workers’ contribution was to combine classic two-phase colloid
synthesis with metal-alkanethiolate self-assembled monolayer chemistry to pro-
duce nanoparticles much smaller (sub-4-nm) than traditional colloidal materials
(1). We subsequently named these nanoparticles “monolayer protected clusters”
(MPCs). From the viewpoint of a chemist, the great importance of MPCs, in ad-
dition to their small dimension, is that, owing to the protecting monolayer, they
are stable as dry chemicals. MPCs resist aggregation of the metal cores when
dried to a solvent-free state and can be repeatedly isolated and redissolved. This
crucial feature allows subsequent monolayer chemical derivatization reactions
and characterization steps, which we have reported (2-5) upon in a project aimed
at developing a diverse chemistry of these large, polyfunctional molecules.
MPCs have proven to have a rich electrochemistry and electron transfer
chemistry. Research efforts have focused on three aspects: (a) electronic charging
of the electrical double layer of the MPC core dissolved in electrolyte solutions,
(b) electronic conductivity of dry (e.g., solid-state) films of MPCs, and (c) the
electrochemistry of redox active groupings attached to the protecting monolayer.
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The chapter discusses some results in these areas. The results are oriented sub-
stantially toward MPCs with Au cores and organothiolate monolayers. Core
charging will be emphasized since it comprises the strongest departure from pre-
vious electrochemical and electron transfer literature.

. MPC QUANTIZED DOUBLE-LAYER CHARGING

Single electron transfer (SET) properties of nanoparticle structures have been
known for some time (6-8), often under the experimental heading of “Coulomb
staircase” behavior. A Coulomb staircase experiment is classically (6) conducted
at reduced temperature, on single nanoparticles, using some kind of microjunc-
tion or scanning tunneling microscopy (STM) form of contact. Most are chemi-
cally poorly defined, often little more than double-junction grain boundaries be-
tween isolated fragments on a surface in which the junctions exhibited small
capacitances. Recent reports (9—10) have employed better-defined and more ma-
nipulable single nanoparticles.

Our group recognized (11-14) that freely diffusing alkanethiolate-MPCs in
electrolyte solutions should have well-defined electrical double-layer capaci-
tances, which might be small enough to produce Coulomb staircase—like proper-
ties when charged by a working electrode. This indeed proved to be the case; the
first results (11) were termed “ensemble Coulomb staircase charging” by analogy
to previous Coulomb staircase experiments (6—10). Because the double-layer
property is actually the more fundamental aspect of the phenomenon, and since
double-layer concepts are well established in electrolyte solution chemistry, we
later (13—15) adopted the phrase “quantized double layer charging” (QDL) to de-
scribe the SET charging of MPC nanoparticles.

When an MPC is diffusionally transported to a potentiostated working elec-
trode/electrolyte interface, electron transfers occur to equilibrate the Fermi level of
the MPC metallic core with that of the working electrode. The resulting current
flow can be measured to follow this process. The electronic charging (i.e.,
gain/loss of electrons) of the MPC core leads to formation of an ionic space-charge
layer, or electrochemical double layer, around the MPC. For sufficiently small
MPCs the associated electrical capacitance (Ccp ) per MPC is tiny—a subatto-
farad (aF) number—so a SET causes a substantial and measurable change in the
MPC potential, AV = [e/C¢y y], where e is the electronic charge. Since AV > kT
(where kg is the Boltzmann constant, 1.38 X 1072 J/K, and T is absolute temper-
ature), sequential SET reactions between the working electrode and MPCs diffus-
ing to it occur at potential intervals (AV) that are well separated (i.e., resolvable) on
the working electrode potential axis. We have come to recognize the resulting suc-
cession of resolved and evenly spaced electrochemical waves, an example of
which is shown in Fig. 1, as the signature of electrochemical QDL processes.
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Fig. 1. Differential pulse voltammogram (DPV) showing QDL charging events for a ca.
0.1 mM fractionated C6 MPC in dichloromethane (DCM) at a 1.6-mm-diameter Au work-
ing electrode (0.05 M BuyNClO,, potential versus Ag QRE reference with Pt coil counter-
electrode). All charging events shown are above background. (From Ref. 15.) The back-
ground current is in part due to the non-monodisperse portion of the MPC sample.
(Reproduced with permission from Anal. Chem., 1999, 71, 3703-3711. Copyright 1999,
Am. Chem. Soc.)
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The fractionation (16—17) of MPCs so as to produce narrow dispersities of
core size was a crucial step in observing MPC double-layer charging, since QDL
peaks are unresolved in a mixture of MPCs with sufficiently diverse core sizes.
Owing to the dependence of Ccpy on core size, a mixture can simply produce a
continuum of charging current. The charging current arising from a solution of
polydisperse MPCs is, while featureless, distinct from that at a nanoscopic work-
ing electrode in that it is demonstrably (2,18-20) diffusion controlled by the
MPCs. The average cluster capacitance can be estimated from the potential de-
pendence of the diffusion-controlled MPC charging current in rotating-disk
(18,19) and microelectrode voltammetry (2,20). For nanoparticles of large size
(or Ccry), the separation of SET peaks is unresolved whether they are monodis-
perse or not because AV < k;zT. QDL is not seen on ordinary working electrodes,
again for the same reason; their capacitance is too large and thus the separation
between consecutive SET peaks is too small. In an elegant and pioneering exper-
iment (21) with a nanoscopic working electrode, it was shown that SET steps can
also be observed with a sufficiently small working electrode.

The regular spacing of the current peaks in Fig. 1 reflects the basically elec-
trostatic nature of the MPC double-layer charging process (13) and is consistent
with a metal-like core characteristic. If, on the other hand, the MPC metal core
contains a sufficiently small number of Au (or other element) atoms, it will de-
velop molecule-like properties. These properties would include a HOMO-LUMO
gap (i.e., band gap) that can be detected optically and electrochemically. The elec-
trochemical band gap is manifested (12) as a large separation between the initial
oxidation and reduction, relative to the potential at which the MPC is uncharged
(e.g., MPC potential-of-zero change or Epyc, which has been estimated as ca.
—0.2 V versus Ag/AgCl). This chapter discusses mainly MPCs (sizewise) near or
above this molecular boundary, since there is more electrochemical information
available for metal-like core MPCs.

The nature of a SET reaction, whether of a redox molecule, or QDL of a
metal-like MPC core, or of a small molecule-like MPC core, specifies the electro-
chemical potential at which it occurs. If the reaction is kinetically fast, then it can
be expected to follow classical principles governing electron transfer reactions of
diffusing species (Nernst and Fick equations). That is, the QDL process will give
rise (11-14) to mass-transport-controlled voltammetric current peaks with prop-
erties analogous to those of traditional redox reactions, such as the oxidation of
ferrocene. The QDL formal potentials are referenced to the MPC’s Ep .

A. QDL Charging Theory

This section summarizes a thermodynamic description of the potentials at which
MPC charging occurs; the theory (13) is an extension of that developed by
Weaver (22) in the context of fullerene electrochemistry (which represents, by
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analogy, molecule-like MPC behavior). Specifically the section explains, for a so-
lution of monodisperse MPCs, the placement of the charging peaks on the work-
ing electrode potential axis.
The formal potential of the MPC (Ep) current peak, relative to its Epyc, is
—+ 1
Ep = Epge + (ZC—Z)e M
CLU
where z is the (signed) number of electronic charges on the particle, and the (inte-
gral) capacitance of individual MPCs is Ccpy. Assuming spherical MPCs (the
cores) are actually thought to be truncated octahedra), C¢yy can be modeled as a
capacitance of concentric spheres (with the monolayer being the insulating
dielectric and the core and electrolyte solution the conductors):

eegr+d r
CeLu = Acu — = 4megy—(r + d) 2)
r d d

where r is the monolayer thickness and d is core radius. This equation predicts
that when r and d are comparable, Cy y increases with increasing core radius, and
for monolayers with similar dielectric property, decreases with increasing mono-
layer thickness. The limits of behavior are when r < d where Ccry = €€¢AcLur
(e.g., a naked nanoparticle in a thick dielectric medium) and when r > d where
CcorLu = €€pAcLy (akin to a monolayer on a large flat surface). The MPCs that we
have studied have dimensions intermediate between these limits. This vastly over-
simplified equation is a surprisingly good predictor (13,15) of cluster capacitance.

The work W required to charge initially uncharged MPCs by z electrons to
a potential Ep with a working electrode at potential Epp is (at equilibrium)

Z Ze
W = J e(Expp — Ep) dz = ez |:EAPP - <EPZC + 20 )} (3)
0 CLU

At the electrode/solution interface, the corresponding average Boltzmann population
of MPCs having z charges, relative to the population of uncharged MPCs (N,) is

v oola) ol - (- 20) )@
Z = exp| — ) = expl =& _ _ £
N, p ks T p ks T APP PZC T Coru

The ratio (c,) of the populations of adjacent charged states (differing by one elec-
tron in charge), N,/N,_,, follows from Eq. (4) as

Nz e (Z - %)6
o, = N = e&xp T Enpp — Epzc — W (5

z—1

Eq. (5) is Nernstian in form. Thus an equimolar solution mixture of MPC
nanoparticles of charges z and z — 1 comprises, in a formal sense, a 1:1 mixed
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valent “redox couple” solution, and has a formal potential, EZ_._; which is

(2~ 2)e
ce—1 = Epze + ———— (6)
CCLU

Which is equivalent to EQ. (1).The nanoparticle double-layer charging be-
havior can be formally regarded as a multivalent redox system with equally
spaced formal potentials. This condition requires that C¢; iy be independent of the
charge state of the MPCs, which for metal-like MPCs seems usually to be the
case. When the MPC cores are small enough to be molecule-like, the above rela-
tions are still followed, but the SET potentials are not evenly spaced, due to the
HOMO-LUMO gaps characteristic of molecular species.

When C¢ y is independent of z, Eq. (6) predicts that a plot of peak potential
(E,,.1) versus MPC (relative) charge state (z) is linear with slope e/Ccpy. It is not
necessary to know the absolute charge state of the MPC to evaluate Ccy y; know-
ing which charging steps correspond to z = *1/0, etc., requires knowing Epyc.
We have estimated Epyc by using AC impedance measurements of butanethiolate
MPC solutions at a gold electrode (12).

Observing current peaks for quantized DL charging requires that the MPCs
in the solution have reasonably uniform values of C¢;; unresolved overlapping
of differently spaced peaks would otherwise lead to a featureless charging back-
ground. A uniform Cg¢py translates to uniform MPC core radius and monolayer
thickness and composition. As-prepared MPCs from the Brust reaction (1) are
normally somewhat polydisperse in core size (seen in transmission electron mi-
croscopy, TEM), and fractionation is required to procure monodisperse MPC
samples. Fractionation has been described for C4 through C16 MPCs and con-
firmed by various analytical techniques that image the MPC core (15-17).

Fractionations to date have, however, generally been imperfect in the sense
that a spread, albeit narrowed, of core sizes remain. To assess the impact on QDL
charging voltammetry, of single and of bi-Gaussian distribution, the following
equations, respectively, have been derived (13):

(r— 70)2}

03

1

fr) = exp[ - (7a)

g m

() :1{xex |:_(r_ r01)2:| n 1 _xex |:_(r_ r02)2:|} (7b)
Valo ot o L

where ry is mean core radius and o its standard deviation, subscripts 1 and 2 de-
note the populations with ry; and r(, mean core radii, and x is the mole fraction of
the ry, population. These distributions can be used to simulate the expected elec-
trochemical response of an MPC solution, such as for steady-state microelectrode
voltammetry, the limiting current equation for which is

www.iran-mavad.com

Aga Cppwdie 5 Qbgemdils g ye



Electrochemistry of Au Clusters 303

where 7 is the number of electrons transferred per MPC, rg; the microelectrode
radius, F Faraday’s constant, and D and C* the MPC diffusion coefficient and PC
bulk concentration, respectively. The diffusion coefficient is size dependent and
can be estimated (23) by the soft-sphere version of the Einstein-Stokes equation:

kT

D = —
6Ny

C))

where m is solvent viscosity and ry is the hydrodynamic radius. Combining the
above equations gives

rhigh 0 -1 N a, dr
N .
ixorm J f(r)(El R >r+d (10)

low z Q;

where inory 1S normalized current [iyory = 6iTm/4nrg FC*kgT], and 1y, and
Thigh are, respectively, the lower and upper limits of the core sizes (as observed ex-
perimentally). In Eq. (10), the first and second summation terms represent current
contributions from adding electrons to or removing electrons from the MPC in the
charging step, respectively.

Equations (9) and (10) predict (13,23) that QDL charging peaks are best de-
fined when there is a single monodisperse population of core sizes in a sample,
and that with increasing dispersity in Ccpy the charging peaks become indistinct
especially for peaks remote from the Epyc.

B. Effect of Core Size on QDL Charging

Equations (1) and (2) predict the dependency of the spacing of QDL charging
peaks on the working electrode potential axis. The lengths of the vertical lines in
Fig. 2A show (13) the predicted variation of spacing of the z = +1/0 and 0/—1
peaks (based on AV = ¢/C¢;; and centered about Ep,() for a series of MPC core
sizes (and C6 monolayers). The ® and © points are experimental results for the
same series of core sizes. The z = +1/0 and z = 0/—1 peaks represent, formally,
the solution analogs of ionization potential (IP) and electron affinity (EA), re-
spectively. The two smaller core sizes (8 and 14 kDa MPCs, core radius <
0.7 nm) show a spacing between the z = +1/0 and z = 0/—1 peaks that is larger
than that anticipated by Eq. (1) and (2) from the spacings of the three larger core
sizes. This was interpreted (12) as the emergence of a HOMO-LUMO gap,
which is also seen in the near-IR spectroscopy of these smaller and molecule-like
clusters. Figure 2B presents the data as voltage spacing between the z = +1/0
and z = 0/—1 peaks, which shows the metal-to-molecule transition more dramat-
ically and suggests that it begins at a cutoff core size of approximately 22 kD.
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Fig. 2. (A) Formal potential of and (B) peak spacing between the z = *1/0 peaks of
hexanethiolate Au MPCs with various core sizes. (®) z = +1/0 and (0) z = 0/—1 (Data
points of » = 0.65 nm are for C4 Au MPC, 22 kD). The lines (—) and (-) are only eye
guides. Vertical bars in part A are the theoretical predictions of AV for the C6 Au MPCs
based on their Ccy estimated from Eq. (1). The values of AV for illustrative larger particle
dimensions (the “bulk” domain) correspond to calculations from Eq. (2) using ¢ = 3,d =
0.77 nm, and » = 5 nm (a colloidal particle) and » = 5 wm (a small microelectrode disk),
giving 13 mV and 0.37 wV, respectively. (From Ref. 13.) (Reproduced with permission
from J. Phys. Chem B., 1998, 102, 9898-9907. Copyright 1998, Am. Chem. Soc.)

Figure 2A shows that the metal-like quantized double-layer capacitance
charging will be observed only over a modest range of core size dimensions. Fig-
ure 2A shows predictions of AV for a larger metal cluster (» = 5 nm) and for a
small microelectrode. The important point is that even for rather small cluster di-
mensions (e.g., 5 nm) the predicted AV values shrink to values below (room tem-
perature) kzT and become unobservable as in the more conventional domain of
double-layer charging phenomena. Figure 2A divides the core size regions into
“redox” (molecule-like), “quantized” (metal-like), and bulk (metal) domains. The
exact dimensions of the domains depend, of course, on monolayer dimensions
and dielectric (and associated C¢y ) and, potentially, the core metal as well.

C. Evaluating C¢ y from Voltammetry of Polydisperse MPCs.

Average cluster capacitance can be evaluated electrochemically from the I-E
slopes of the transport-controlled currents seen in MPC solutions with steady-
state forms of voltammetry. This has been most successfully done for MPCs that
additionally bear redox groupings at the monolayer chain termini. The pre- and/or
the postredox wave I-E slopes have been analyzed in rotated-disk and microelec-
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trode voltammetry (2,18-20). For a microelectrode the MPC double-layer capac-
itance per unit Au core surface area Acpy is related to the slope of the current-
potential curve (Ai/AE) between potentials E, and Ej by

2 : S 4nrDCu (11)
Ey— Ep Ey — Ep
Cpp = _ 9A" 0 (12)

(Es — Ep)NAcry

where Cp;_ is the apparent double layer capacitance of the working electrode, o,
and o are the charge per mole of MPC at E, and Ejp, N is Avogadro’s number, D
is the diffusion coefficient, and C is the concentration of the MPC (20).

D. Electrolyzing MPCs

Observing the manifestation of MPC core double-layer capacitances in the pre-
ceding way suggests that solutions of even polydisperse MPCs might be usefully
charged to various potentials. The charge could then be used to drive electron
transfer reactions, as is done with ordinary electrodes. After determining the aver-
age cluster capacitance, the number of electrons that an MPC solution elec-
trolyzed at potential Ep can deliver in a reaction with a substance having a redox
formal potential that is the same as Ep,c can be estimated by Eq. (1). If the reac-
tion substrate has a different formal potential, then the number of available elec-
trons is estimated by replacing Ep, with that potential in Eq. (1).

This section summarizes results for the storage and use of electrochemical
energy as MPC core charge in a chemical experiment. Solutions of charged MPCs
were obtained by electrolyzing MPC solutions at fixed potentials (24). Generally
the charged MPCs were used in as-prepared solutions, but the charged MPCs can
also be isolated in dried form and redissolved with minimal loss of charge. Figure
3 shows a potentiometric titration of an ethyl ferrocene solution with a solution of
positively charged MPCs. The end point of the titration (the upward break in po-
tential) corresponds to the amount of redox charge in the MPC solution that was
consumed by the ethyl ferrocene, which was quantitatively equal to the initial
amount of ethyl ferrocene. This example shows that MPC charge can be used to
drive a chemical reaction in a stoichiometrically quantitative manner.

Charged MPCs also undergo electron transfer reactions among themselves.
This was demonstrated (24) by mixing solutions of differently charged MPCs and
observing the resulting equilibrium potentials. The equilibrium potential should
be describable from the Nernst equation, taking into account the stoichiometry of
the mixed solutions and the mixed valent solution resulting from electron transfer
reactions between “oxidizing” and “reducing” MPCs. This relation is, of course,
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Fig. 3. Titration of 5 mL of 76 wM ethylferrocene in 0.1 M BuyNPF¢/2:1 toluene/
CH;CN by incremental addition of the indicated number of pL to a 0.3 mM MPC solution
previously charged to +0.92 V. (From Ref. 24.)

E = Epe + 0.059 log{ N } (13)
N. z—1

It was also noted that mixing solutions of differently charged MPCs (prepared

batchwise ahead of time and stored dry) is a convenient preparative route to solu-

tions having a desired state of MPC charge. It was possible to easily prepare MPC

solutions with a desired potential £10 mV (24,28), and a higher level of accuracy

is probably attainable.

E. Effect of Chain Length on QDL Charging

Equation (2) indicates that cluster capacitance increases with core radius r and
decreases with monolayer chain length d; varying either will cause an observable
change in cluster capacitance.

It is important to note the assumptions inherent in Eq. (2). First, the MPC
core is considered to be not spherical but a truncated octahedron (16). Second, an
effective dielectric constant of & = 3.0 is used in the comparisons to data; actual
values for, say, pentane and pentanethiol monomers would be 1.8 and 4.55, re-
spectively. However, the used dielectric constant is consistent with self-assem-
bled monolayer results (25). Third, we assumed that the dielectric thickness, d, is
defined by fully extended alkanethiolate chains. Fourth, the monolayer/elec-
trolyte solution interface is assumed to be sharp and spherical, and that the elec-
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trolyte solution is a good conductor over the entire sphere (i.e., no discreteness of
ionic charge effects).

The assumption involving the monolayer chains was tested (15) in experi-
ments like that in Fig. 4, where differential pulse voltammetry (DPV) is shown for
solutions of fractionated C6, C8, and C12 MPCs in 2:1 toluene/CH;CN. The
QDL charging peaks are reasonably well defined, and the peak spacing (e.g.,
Ccru) changes regularly with monolayer chain length, as anticipated. The AEpgax
differences seen between the positive- and negative-going Epc potential scans are
attributed mainly to uncompensated resistance losses (iRync). The C12 MPC has
a peak spacing of 0.38 V and a smaller capacitance (0.40 aF) than the C6 sample
(AV =0.27, Ccry = 0.72 aF).

Plots of the Fig. 4 peak potentials [Eq. (1)] versus MPC charge state gave val-
ues of C¢py that are presented, along with other analogous data, in Table 1 (“full”
z-plot results). The right-hand column in Table 1 gives the ratio of these experimen-
tal results to values of C¢;y calculated from Eq. (2), using the assumptions noted
above. The associated d values and core radii (r) values are given in the table. The
ratio is near unity (generally within 10%). It is remarkable that over a fivefold varia-
tion in d and ca. twofold variation in Ccy g, such a simple, concentric sphere model
[Eq. (2)] would predict experimental behavior so well. It is probable that further and
more exacting measurements, and further chemical diversity of monolayer and elec-
trolyte, will reveal its limitations. Acquiring such measurements will be strongly de-
pendent on inventing procedures for more producing perfectly fractionated MPCs.

Equation (2) also predicts that C¢; ; varies linearly with the monolayer di-
electric constant. One would imagine that penetration of solvent (or electrolyte
ions) into the monolayer would, by changing the effective monolayer dielectric
constant, produce a solvent dependence of Cc;y. Experiments in Table 2 show,
however, that cluster capacitance varies little over a threefold change in solvent
dielectric constant. It follows that, at least for C6 alkanethiolate chain lengths,
the thiolate monolayer properties dominate the dielectric constant and, in turn, the
double-layer capacity and C¢y y.

Some DPV features are not exactly observant of the ideal Eq. (1). First,
the spacing (AV) between DPV charging peaks of shorter-chain MPCs (Fig. 4A)
decreases at the most positive potentials; i.e., the effective values of C¢; y increase
for highly positively charged MPCs. The origin of this reproducible phenomenon
in Fig. 4A is uncertain; one possibility is enhanced counterion penetration (e.g.,
specific adsorption) into the monolayer at high positive core potential. The de-
crease in AV at positive potentials is seen only for the shorter-chain MPCs, either
because it does not occur for longer-chain MPCs or because they do not become
as highly charged over the accessible potential range.

Exclusion of the two most positive data points in Eq. (1) plots lowers the
average Ccpy result, Table 1, but in reference to the calculated C¢; value this
does not produce an obviously better agreement with the calculated Ccy .
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Fig. 4. DPVs showing QDL charging events for ca. 0.1 mM fractionated Au MPCs in
toluene/CH;CN at a 0.5-mm-diameter Au working electrode (0.05 M Buy,NCIlO,, potential
versus Ag QRE reference with Pt coil counterelectrode). All charging events shown are
above background: (A) C6 MPC, (B) C8 MPC, (C) C12 MPC. (From Ref. 15.) (Repro-
duced with permission from Anal. Chem., 1999, 71, 3703-3711. Copyright 1999, Am.

Chem. Soc.)
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Table 1. Capacitance as a Function of Monolayer Chain Length

Expt C¢py Z-plots )
_— Ratio“
Chain length (1,d") nm Calc. Ccry Full <+2° (expt./cal.)
In 2:1
Toluene/CH;CN
C49 (0.8%,0.52) 0.69 0.59 0.66 0.9
C6% (0.8°,0.77) 0.53 0.57 0.51 1.1
6% (1.0,0.77) 0.77 0.72 0.63 1.1
C84(0.7,1.02) 0.40 0.52 1.3
C10%(0.85,1.27) 0.44 0.47 1.1
C124(0.8%,1.52) 0.39 0.40 1.0
C16° (0.8",2.02" 0.36 0.39 1.1
In CH,Cl,
C6% (0.8,0.77) 0.53 0.57 0.55 1.1
64 (1.0%,0.77) 0.77 0.70 0.62 1.1
C84(0.7,1.02) 0.40 0.55 14
C10° (0.8%,1.27) 0.44 0.53 1.2

*Ratio calculated using all charge states.
" Dimensions of the monolayer were obtained from molecular modeling data (Hyperchem).
¢ Capacitance calculated for charge states <+2.
4 Core size selection achieved by fractional precipitation (Ref. 5).
¢ Average core size determined by LDI/MS
T Average core size determined by TEM.
€ Core size selection achieved by precipitation (Ref. 15).
" Value corrected (typo error) from original publication (15).
Source: Ref. 15.

Second, the definition of QDL peaks changes with solvent (15), being for
example better in CH,Cl, than in 2:1 toluene:CH3CN. The peaks seen in CH,Cl,
are larger relative to background currents, and at negative potentials, in both sol-
vents. The average FWHM of a DPV peak in a C6 sample in CH,Cl, solvent can
be as small as 115 mV but is usually larger. Ideally, the FWHM should be 90 mV
for a reversible one-electron process (26). The difference could arise from slow-
electron-transfer kinetics (unlikely for a tunneling barrier chain as short as C6) or
from imperfect core size (or monolayer) monodispersity. The FWHM criterion is
potentially a very sensitive measure of monodispersity.

The factors that determine the DPV peak resolution in these experiments
are presently obscure. One factor, of course, is the level of monodispersity of core
sizes (and thus C¢py and AV) in the MPC sample. As noted above, simulations
show (13) that in polydisperse samples the overlapping of QDL charging peaks
progressively reduces peak definition for peaks more removed from the MPC
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Table 2. C6 MPC Capacitance Measurements in Various Solvents®

Solvent Dielectric constant (&) Cerus, aF Ratio®
2:1 Toluene/CH;CN 14.1¢ 0.63¢ 1.0
Pyridine 12.4 0.67 0.9
3:1 Toluene/CH;CN 11.5° 0.62 1.0
1,2-Dichloroethane 10.4 0.73 0.9
Dichloromethane 9.00 0.62 1.0
Tetrahydrofuran 7.58 0.66 0.9
Chlorobenzene 5.53 0.45¢ 1.3

* All measurements were performed at a 1.6-mm-diameter Pt working electrode (AgQRE reference
and Pt coil counter) with 0.30 mM MPC solutions in each of the respective solvents (same sample
was recovered and used for all experiments) containing 0.05 M Buy,NCI1O, electrolyte.

P Ratio is capacitance relative to that measured in 2:1 toluene/CH;CN.

“Estimated by fractional weighting (by volume) of data on pure solvents; ignores effect of specific
solvation.

4 Value differs from that reported in Table 1 for same solvent/electrolyte combination. The difference
in capacitance may be attributed to variation in average core size and sample dispersity.

°DPV charging peaks were observed only at negative potentials for this sample, in contrast to the others.
Source: Ref. 15.

Epyc. The difference in peak resolution at positive and negative potentials is thus
likely due to imperfect monodispersity. Adsorption may also influence peak reso-
lution. If some of the DPV response is due to adsorbed MPCs, that response may
be solvent and/or potential dependent. A third factor could be specific adsorption
of electrolyte counteranion at the monolayer/electrolyte interface, and the associ-
ated statistical distribution of MPCs with adsorbed counterions may influence the
peak resolution seen at positive potentials. These factors will require further work
to confirm their importance.

lll. ELECTRON TRANSFER KINETICS FROM MPC
SOLID-STATE CONDUCTIVITY

While electron transfer kinetics have not yet been measured for MPCs in solutions,
the solid-state electronic conductivity of thin MPC films is directly related to the
electron transfer kinetics between MPC clusters. At low applied voltages, thin
films of MPCs exhibit ohmic behavior, and the conductivity of the film is strongly
dependent on the chain length of the alkanethiol monolayer insulating the clusters
from each other (27,28). The electron transfer coupling coefficient for tunneling,
B, derived from the chain-length dependence was 0.8 A~' (28), which is compara-
ble to other reports of 3 (ca. 1 Afl) for 2-D alkanethiolate monolayers (29,30).
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At higher applied voltages, the current-potential curves rise exponentially
as expected for an activated process (27). The electron transfer is best modeled as
a bimolecular self-exchange of electrons hopping between neighboring clusters.
Estimates of the electron transfer rate constants for self-exchange, k., were 2 X
10'°,7 X 10% and 2 X 10* M~' s~ for C8, C,,, and C¢ alkanethiolate MPC
clusters, respectively (27). A chain-length dependence of the electron transfer rate
constant is, of course, expected at high, as well as low, applied voltages, given the
role of electron tunneling in the conductivity. Using chemical charging of the
MPC:s to bias the initial rest potential of the cores (i.e., making “mixed valent,”
solid-state MPCs), it has been recently observed (28) that the conductivity is en-
hanced for mixtures of charge states and minimized when all the MPCs have the
same charge state. This behavior is strongly supportive of a bimolecular electron
transfer picture in the solid-state materials.

IV. ELECTROCHEMISTRY OF
REDOX-FUNCTIONALIZED MPCS

The electrochemistry of MPCs functionalized with multiple copies of redox
groups is also interesting since it provides a platform to examine MPC materials
in the context of multielectron transfer electrocatalysis and biosensing applica-
tions, among others. We (2-5,31,32) and others (33—35) have pioneered methods,
including ligand place-exchange and coupling (amide and ester) reactions, to pre-
pare MPCs functionalized with multiple copies of redox and other interesting
groups (for example, an MPC bearing 25 copies of a ferrocene group). Ligand
place-exchange reactions are simple in that MPC and w-functional thiol (bearing
the group of interest) are simply codissolved and stirred for fixed periods to in-
corporate the w-functionalized thiol into the cluster monolayer (2,5,31). A func-
tional group of interest can alternatively be coupled via a reactive handle to pen-
dant MPC reactive monolayer functionalities (alcohols, acids, etc.) by forming
ester or amide bonds (3,4,32). Coupling reactions are often the preferred route
since the synthesis of w-functionalized thiol may not be facile.

Using place-exchange and/or coupling reactions, MPCs have been prepared
to date bearing multiple copies of ferrocene (Fig. 5a) (2,18,19,31,36), anthra-
quinone (Fig. 5b) (2,3,20), phenothiazine (Fig. 5¢) (4), and viologen (Fig. 5d)
(32). While the study of redox-functionalized MPCs bearing such groups is still
in its infancy, some of the significant questions to be addressed with these materi-
als are: (a) What is the nature (kinetics, mechanism) of their polyelectron reac-
tions at the electrode/solution interface? (b) What is the nature of the interactions
of the multiple donor/acceptor sites with one another. (c) Can the donor/acceptor
sites be spatially organized on an MPC periphery such that they interact with one
another in a controlled manner? and (d) Can the redox-functionalized MPCs
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ferrocenyl alkanethiols anthraquinonealkanethiols
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NO;~ NO;'
N NHZ\/\J&<O> <O>:Jr_ c
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CO,H
phenothiazine

Fig. 5. Portfolio of redox groups used to functionalize MPCs to date (a) ferrocenealka-
nethiols, (b) anthraquinonealkanethiols, (c¢) phenothiazine derivative, and (d) viologen
derivative.

perform mediated electrocatalysis with solution substrates, perhaps taking advan-
tage of cooperative effects with additional appropriately positioned MPC func-
tional groups? All of these questions are relevant to designing MPCs as conduits
for truly nanoscale chemistry.

Our work on the small cadre of redox-functionalized MPCs (Fig. 5) has
been directed at questions like the above. Figure 6a shows an illustrative cyclic
voltammogram for Fco-MPC solution (31). The basic nature of the voltammetry
of such a system depends on the strength of electronic coupling between each of
the Fc sites and/or the underlying MPC core. Strong electronic coupling could
potentially produce a concerted nine-electron Fc reaction; weak electron cou-
pling, on the other hand, leads to a rapid sequence of nine one-electron transfer
reactions. Thin-layer coulometry of phenothiazine-functionalized MPCs indi-
cates all redox groups attached to clusters are electroactive (Fig. 6b inset) (4).
Analysis of redox-functionalized MPC voltammetry, like that shown in Fig. 6a, b,
indicates that the reaction occurs as a rapid series of diffusion-controlled, con-
certed one-electron transfers. The few known precedents of such unusual reac-
tions include soluble redox polymers and redox-labeled dendrimers. The weak
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Fig. 6. (a) Cyclic voltammograms at 5 mV/s for the 1 pM 1:9.5 C8Fc/C8 MPC (avg. of
9 Fe/cluster) in 0.1 Bu,NCIO,/CH,CL, at a 0.15 cm? stationary (- -) and rotated (—, 1600
rpm) glassy carbon electrode (from Ref. 31). (b) Cyclic voltammetry of 0.8 mM (in phe-
nothiazine) cluster in 2:1 toluene:CH3CN (v/v) at 100 mV/s. (Upper inset): Thin-layer
coulometry charge Q vs. cell length (> = 0.98), indicating that all phenothiazine groups
are electroactive. (From Ref. 4)
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electronic coupling of all the attached redox groups explored to date is not at all
surprising given the length of ligand spacer employed. Shortening or altogether
removing the connecting spacer would be expected to promote strong electronic
coupling and, potentially, multielectron transfer reactions. MPCs bearing mixtures
(11,20) of different redox groups (poly-hetero-functionalized MPCs), such as fer-
rocene and anthraquinone sites, exhibit voltammetry of the electron donor and ac-
ceptor groups occurring independently of each other, additional evidence for the
weakly coupling natures of redox-functionalized MPCs with long alkane spacers.

The voltammetry of redox-functionalized MPCs includes currents for
charging the double layer of nanoelectrode-like gold core. These currents are
manifest in the pronounced slopes of the currents preceding (“prewave”) and fol-
lowing (“postwave”) the redox wave (Fig. 6a), which are observable in both
macro- and microelectrode experiments. Simultaneous core charging and oxida-
tion/reduction of attached redox groups tends to lead to underestimates in cluster
hydrodynamic radii (r) and, in turn, diffusion coefficients obtained from electro-
chemical experiments. We have recently performed a comparison of diffusion co-
efficients obtained from electrochemical data and Taylor dispersion experiments
that supports this notion (23).

The details of possible electronic interactions between core charging and
oxidation/reduction of attached redox groups (especially for attached groups with
very short or no spacers) is currently an unexplored topic.

Another goal was to explore the mechanistic pathway through which a
diffusing redox-functionalized MPC becomes oxidized/reduced at the solution/-
electrode interface. At least three processes can be delineated by which multiple
redox groups on MPCs may undergo reaction: rotational diffusion, electron hop-
ping over the MPC surface, and/or electron tunneling down chains with transfer
through the gold core. We have devised theoretical working models to estimated
the rates of these processes. For the C8 alkanethiolate MPCs, rotational diffusion
is predicted to be fastest, but not by a large margin (37). Further work is needed
to validate the models and to establish how the individual reaction pathways can
be detected and their rates systematically manipulated. The experimental ap-
proaches include varying the alkanethiolate linker chains, varying the number of
redox groups/MPC, varying the rotational correlation time (through varying core
size and solvent viscosity), and attaching the MPC to the electrode surface. In like
manner, there is as yet no information on the electron transfer rates of redox-
functionalized MPCs. One appealing approach is to employ a kinetically slower
redox group than those studied thus far.

As mentioned briefly, multiple MPC electron donor and acceptor groups in-
vite applications to mediated electrocatalysis. The basic prospects include con-
certed polyelectron exchanges with substrates, intramolecular electron transfer
reactions during binding of MPCs to substrates (perhaps transiently), and (“cofac-
tor””) MPCs that are “multipurpose” by allowing both electron and proton transfers
with a substrate in electron-proton coupled reactions. Our first probe of mediated
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electrocatalysis with MPCs was based on the reduction of gem-dinitrocyclo-
hexane (DNC) by clusters bearing ca. 25 electrogenerated anthraquinone radical
anion (AQ ) sites (20,37). The two main findings of this study were that (a) the
MPC AQ " site reactivities with the DNC are nearly the same as that of monomeric
AQ" species, and (b) the observed electrocatalytic currents are enhanced, relative
to freely diffusing AQ , due to the smaller diffusion coefficient of MPC AQ  and
the ensuing compression of the electron transfer reaction layer (37).

Redox-functionalized MPCs have been found to adsorb readily to electrode
surfaces, as evidenced from voltammetric data. Voltammetry data has been used
to obtain adsorption amounts from the charges of surface-confined waves of
ferrocene-functionalized MPCs. In a recent study, we used electrochemical quartz
crystal microbalance (EQCM) experiments to detect and quantify the amount
of adsorption of viologen-functionalized water-soluble MPCs (Fig. 7) (32).
Chief findings from these studies were that water-soluble MPCs adsorb at single-
monolayer coverages upon reduction and are, in turn, stripped upon being scanned
positively and oxidized.

—_
N »
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S 20
: - I ~
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5} ~
S ]
0.0 0.4 0.8
0 E (V) vs Ag/AgCl
0.0 -0.2 -0.4 -0.6 -0.8

E (V) vs Ag/Ag(Cl

Fig. 7. EQCM crystal frequency change vs. potential at 10 mV/s (#@@) and 100 mV/s
(—) in 2 mM (in viologen) cluster functionalized with viologen (36/cluster), in 0.1 M bo-
rate buffer (pH 9.2). Corresponding voltammograms for these experiments are shown as
insets to the figure (From Ref. 32).
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V. CONCLUSION

The electrochemistry of MPCs has revealed a great deal about the thermodynam-
ics of quantized charging. Improving the synthetic routes to monodisperse clus-
ters will enable electrochemical methods to elucidate the kinetics of electron
transfers and increase our understanding of the thermodynamics of the quantized
nature of electron transfer. In lieu of solution kinetics, the use of solid-state
conductivity has provided information about the rates of electron transfer in solid
films of alkanethiolate MPCs. Attaching electrochemically active tags to MPC
clusters has yet to provide evidence of significant interaction between the tag and
the core, nor has the ability to improve the rates of electron transfer at MPCs been
successfully demonstrated. These challenges remain, but the rapidly improving
synthetic methods of MPC formation may provide avenues to address them. The
story of MPC electrochemistry has been exciting, but is hardly complete.

Added in proof: MPC-MPC electron hopping dynamics have been meas-
ured (38) in multilayer MPC films on electrodes (39).
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. INTRODUCTION

Recent advances in scanning probe microscopies, electron beam lithography, and
other wet-chemical etching and patterning techniques have enabled the character-
ization of electron transport in individual nanoscale objects such as carbon tubes
(1), alkanethiolates (2), metal and semiconductor nanoparticles (3), and atomic
point contacts (4). These studies have revealed electronic behaviors unique to the
nanometer-size regime, including resonant tunneling, quantum interference,
resistance quantization, and single-electron tunneling. While there is still much
debate over the ultimate utility of such behaviors in computing, certain niche of
nanoscale devices have already been demonstrated in practice [e.g., electrometers
(5) and chemical sensing (1,6)] or suggested in theory.

Electron transport in gold nanoparticles has been of interest to our group (6)
and others recently (3). Gold is an appealing material for nanoscale electronics
because gold particles may be synthesized with virtually any diameter from 0.8
nm to >200 nm, and highly size-monodisperse samples of gold particles may be
isolated either from a 1-pot synthesis or by solvent extraction/fractionation (7). In
addition, methods for modifying gold surfaces with alkylthiols, alkylselenides,
phosphines, polymers, silicates, etc., are now well established (8); consequently a
large number of size-equivalent nanoscale “electronic elements” with tailored
solubilities and reactivities may be collected.
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Of particular interest to our group is how surface chemistry affects electron
transport in nanoscale objects. Our motive for addressing this question is that ul-
timately nanoparticle or nanotube electronics will rely heavily on molecules. For
example, alkyldithiols may be used as interconnects to wire up particles to each
other or to contact pads. Particle or nanotube surface coatings may also be used as
molecular insulators, controlling electron tunneling rates or “crosstalk” between
nanostructures (9). Finally, functional molecular monolayers or thin films may be
useful as analyte recognition agents for the construction of nanoscale chemical
sensors. A basic understanding of surface chemistry—nanoparticle electronic
function relationships is thus an important step toward the implementation of
many types of nanoscale electronic devices.

. BACKGROUND

Electron transport through metal nanoparticles was described in Chapter 1 and
has been reviewed extensively elsewhere. Briefly, because gold particles with
diameters as small as ca. 2 nm behave as free-electron metals (e.g., contain a con-
tinuum of electronic states), a metal nanoparticle connected to two conductive
leads through thin insulating tunnel junctions and driven by an ideal voltage
source can be treated as a simple series RC circuit (10). Staircase-shaped -V
curves (the so-called Coulomb staircase) are then expected with charging poten-
tials of

— 172
Qo — 12)e 0
C2 + Voffsel
and current steps of
JR— )
2R,Cr

where Q, is the charge on the particle, C, and R, are the capacitance and resist-
ance, respectively, of the most resistive particle-lead junction, C is the total par-
ticle capacitance, and Vg, accounts for any initial misalignment in tip-particle
or particle-substrate Fermi levels and any charged impurities residing near the
particle.

Equations (1)—(2) can be used to determine particle capacitance and junc-
tion resistances as a function of particle surface chemistry. For example, Kubiak
measured single-electron tunneling through a gold cluster with an STM tip to de-
termine the resistance of a few molecules assembled in the cluster/substrate junc-
tion (11). Similar measurements have also been reported recently by Mulvaney on
Si0,-coated gold particles (12), by Rao on poly(vinylpyrrolidone)-capped palla-
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dium and gold particles (13), and by Whetten on alkanethiol-coated gold
nanoparticles (14). In Rao’s work, particle charging energies followed a scaling
law of the form E = A + B/d, where d is the diameter of the nanoparticle.

Measurements of single-particle I-V behaviors have also been performed
recently, using two-point conductance probes on planar Si substrates (15). As-
sembly of a single palladium particle in a ca. 4-nm gap between two electrodes
was accomplished by electrostatic trapping (ET). In ET a voltage is applied be-
tween the two electrodes in the presence of a solution of nanoparticles. The
electric field polarizes the metal particles and draws them into the gap. As soon
as a single particle makes contact, the electrodes are shorted together and the
field disappears. Thus, only one particle becomes trapped in the gap. I-V meas-
urements of the single particle subsequently revealed single-electron tunneling
effects.

The measurements discussed above were all performed under DC bias
conditions with a two-electrode configuration (source and drain). A third gate
electrode can be employed to modulate the source-drain (S-D) single-electron
currents. The electric field from a gate electrode causes shifts in the S-D current
staircase along the potential axis (Fig. 1, top). At constant S-D bias, a gate bias
can therefore be used to induce periodic oscillations of the S-D single-electron
current (Fig. 1, bottom). Each period corresponds to a single electron induced
on the particle. This behavior is in fact the principle behind the single-electron
transistor electrometer and other devices which measure rapid charge fluctua-
tions (5). Remarkably, single-electron electrometers are capable of detecting
sub-single-electron amounts of charge placed on the gate electrode.

Charge placed on a gate electrode is one means of modulating single-elec-
tron currents in nanoparticles. However, other factors can influence electron
transport energetics in nanoparticles, and thus the position of the current staircase
along the voltage axis. Single charged impurities in the substrate can introduce
shifts in nanoparticle /-V curves (16). These shifts are highly undesirable in
nanoscale computer circuitry, however, because it is unlikely that any two devices
will be electronically equivalent.

Our initial hypothesis was that chemical transformations involving particle
capping ligands could also alter electron transport through a nanostructure either
by changing particle capacitance or via an electric field effect. Modulating
nanoscale electronic behaviors chemically could ultimately obviate the need for
gate electrodes, thereby alleviating inherent difficulties with attaching three con-
tacts to a single nanoscale object (e.g., source, drain, gate), and could lead to
sensitive nanoscale “chemical electrometers”. In the following sections our ini-
tial results aimed at establishing basic capping ligand chemistry—nanoparticle
electrical property relationships are described. In accord with our hypothesis, we
have found that chemical transformations involving particle capping ligands can
indeed influence electron transport through the nanoparticle significantly.
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gate 1

gate 2

S-D Bias ——»

I(S-D)

Gate Bias —»

Fig. 1. Tllustration of source-drain current vs. gate bias at constant source-drain bias
(bottom) and for constant gate biases Ve 1 and Viyee > (top).

lll. ELECTRON TRANSPORT IN INDIVIDUAL
LIGAND-MODIFIED GOLD PARTICLES

The effects of surface charge on single-electron tunneling were studied by syn-
thesizing gold nanoparticles [ca. 5 nm in diameter using known protocols (7)]
containing surface-bound w-functionalized alkythiolates. The thiols were termi-
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nated with the pH-responsive ligands galvinol and NH; (Scheme 1). The particles
were cast on hexanethiol-coated gold substrates and /-V curves recorded on indi-
vidual particles with an STM tip in aqueous solution under controlled pH and
ionic strength conditions.

I-V curves recorded at pH 5 for galvinol-gold across a wide bias range
show several well-defined current steps indicative of single-electron tunneling
(Fig. 2). These data are typical of the I-V curves acquired under all pH condi-
tions, although peak-shaped steps were frequently observed at higher pH during
negative-bias sweeps (vide infra).

The effects of increasing the solution pH on nanoparticle /-V behavior are
shown in Fig. 3 (left). First, the entire staircase shifted to positive bias upon con-
verting the neutral galvinol monolayer to the anionic galvinoxide species; i.e.,
each successive voltage plateau occurred at a more positive bias potential (Fig. 3).

A A

\/\/\A
/e
A A
t-Bu 0
¢ )~ t-Bu

(O)— t-Bu
t-Bu OH

A~~~ = —§(CH);;-0—O

or

HS(CH,)NH,

Scheme 1.
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HS(CH,);,— O
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-1.0 0 +1.0
Bias (V)

Fig.2. Current vs. voltage for a single galvinol-coated gold particle acquired in aqueous
solution at pH 5. Inset shows an STM image of the sample. Tip was coated with apiezon
wax, gold substrate was insulated with hexanethiol.

The second effect observed upon monolayer charging was a decrease in the aver-
age potential plateau width (Table 1).

Similar behavior was observed in /-V curves recorded for mercaptohexy-
lamine-modified gold particles, although peaked-shaped steps were now most
often observed at low pH. Converting the neutral amine to the ammonium cation
also caused shifts in the current staircase (Fig. 4). In contrast to galvinol-gold,
however, the voltage plateau widths decreased upon lowering the pH (Table 1).

The contrasting behavior in voltage plateau widths versus pH for galvinol-
gold and amino-gold particles provides evidence against systematic tip or sub-
strate effects which could alter the current staircase independent of capping ligand
chemistry (e.g., shifts in pzc, ionic strength effects). Further evidence against a tip
or substrate effect was obtained through two control experiments: (a) particles
containing pH-insensitive ligands (hexanethiol) were synthesized and I~V curves
recorded versus pH (Fig. 5); and (b) I-V curves for galvinol-gold were recorded
versus ionic strength, holding pH constant. In both control experiments relatively
little change was observed in step potential (Table 1) or average step width.

The observations thus reported can be rationalized by considering the volt-
age offset term in Eq. (1) and the well-documented effects of monolayer charging
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Fig. 3. Current vs. voltage curves for galvinol-coated gold particles acquired in aqueous
solution at the pH indicated (curves have been offset for clarity). The vertical line marks
the position of the second voltage plateau at pH 5.

Table 1. Single-Particle Capacitance as a Function of pH

Nanoparticle Medium Diameter (nm) C(aF)
Gal-Au H,0 (pH 5) 8 1.2 £0.12
H,O (pH 8) 1.8 £0.14
H,0 (pH 12) 24 +£0.20
Amino-Au H,O (pH 5) 5 0.70 £ 0.08
H,O (pH 8) 0.58 £ 0.011
H,O (pH 12) 0.54 = 0.05
Cg-Au H,0 (pH 5) 5 2.7 £0.30
H,0 (pH 12) 2.5 £0.10
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Fig. 4. Current vs. voltage curves for mercaptohexylamine-coated gold particles ac-
quired in aqueous solution at the pH indicated.

on the capacitance of metal electrodes. Qualitatively, excess charge near the metal
island of a single-electron transistor causes a pseudocapacitance which shifts the
entire staircase to higher or lower bias, depending on the sign of the charge. These
charges are often unwanted impurities in the substrate. In this work the “impu-
rity”” charge has been designed in as a functionalized organic capping ligand.
The decreases in voltage plateau widths upon converting the neutral galvi-
nol and amine ligands to charged galvinoxide and ammonium ions quantitatively
indicate an increase in particle capacitance (Table 1). For galvinol-coated gold
particles, the increase in capacitance results from an increase in solution pH and
corresponding conversion of the neutral galvinol to the anionic galvinoxide
species. In amino-gold, decreasing solution pH charges the amine, causing the in-

www.iran-mavad.com

Age Gmwdige 5 Olgndil gy



Nanoparticle Electronic Devices 327

:: 5nA
E _/_/-
)
g
)
&
0 Bias (mV) 480

Fig. 5. Current vs. voltage curves for hexanethiol-coated gold nanoparticles acquired in
aqueous solution at pH 5 and 12 (curves have been offset for clarity). The vertical line
marks the position of the second voltage plateau at pH 5.

crease in particle capacitance. These observations are consistent with capacitance
changes reported previously for similar monolayers assembled on macroscopic
planar gold electrodes (17).

Finally, the observation of a peak at a bias potential where a voltage plateau
is expected is a common feature of /-V curves recorded for single molecules and
metal and semiconductor nanoparticles. This so-called negative differential resist-
ance (NDR) is often attributed to resonant tunneling through quantum states in
the molecule or particle, but can in fact occur for many reasons, including tunnel-
ing into surface traps or interaction with surface step edges (18). While we typi-
cally observe NDR when the particle capping ligand is charged (at high pH for
galvinoxide and low pH for ammonium), at this time we are unsure of the origin
of NDR in these systems.

We conclude from these data that single-electron tunneling energies in
gold nanoparticles can be manipulated by chemical receptors (e.g., w-substituted
thiols) bound to the nanoparticle. Conversely, if environmental sensitivity is not
a preferred property, alkylthiols appear to prevent an electronic response to cer-
tain environmental changes (e.g., ionic strength, pH).

www.iran-mavad.com

Age Gmwdige 5 Olgndil gy



328 McConnell et al.

IV. ELECTRON TRANSPORT IN “DOUBLE DOT” SYSTEMS

In addition to probing electron transport in gold nanoparticles bound to metal
substrates, we have found that nanoparticles may be attached directly to a Pt/Ir
STM tip via hexanedithiol linkers. /-V curves recorded at a single location over
a gold surface versus tip height confirm that SET behavior is observed with
the particle-modified tip (Fig. 6). As predicted by SET theory, a current stair-
case evolves with increasing current step heights as the tip approaches the sub-
strate. The scanning single-electron tunneling tip may then be rastered over the
substrate while collecting -V curves (Fig. 7).

A scanning SET tip provides the ability to probe the sensitivity of single-
electron tunneling to molecules or other nanostructures bound to a substrate. For
example, the particle-modified tip may be placed over a gold particle bound to the
surface to explore electron transport in coupled metal nanostructures. As the tip
approaches the particle, single-electron tunneling through the coupled particle
system elicits a very sharp Coulomb blockade response (zero current at zero-bias
plateau; Fig. 8, curves 1-3). With decreasing particle-particle distance, however,

Current (nA)

_08:.|.il....I.||.I..|.I||..l|||.|||.|||||.|
-8 -17 -16 -15 -14 -13 -12 -11 -1

Bias (V)

Fig. 6. Current vs. voltage curves for a gold particle-modified Pt/Ir tip at decreasing tip-
substrate distances (particle diameter was 5 nm).
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Fig. 7. Current vs. voltage curves for a gold particle-modified Pt/Ir tip at three different
locations on a polycrystalline bare gold surface. Approximately 10% of I-V curves ac-
quired with particle-modified tips contain current steps on the polycrystalline surface.

electronic coupling between the two particles becomes too large to observe SET
behavior at room temperature. The nonlinear /-V behavior thus begins to appear
ohmic again (curve 4).

V. SOLVENT EFFECTS ON NANOPARTICLE CHARGING
ENERGIES

In addition to characterizing the effects of capping ligand charge on single-
electron tunneling in individual gold particles, solvent effects on particle charg-
ing energies have recently been assessed by our group. In these experiments, sol-
vent dielectric constant was manipulated through changes in toluene:acetonitrile
composition. However, because apiezon wax or polyethylene tip insulators ex-
pand or dissolve in organic solvents, it was not possible to measure electron
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Fig. 8. Current vs. voltage curves for a gold particle-modified Pt/Ir tip at decreasing tip
heights over a surface-bound gold particle (curve 4 is the closest tip-particle distance).
Inset at lower right shows an STM image acquired with the tip. The line section revealed
particle heights of ca. 5 nm.

transport in individual particles. To obviate the need for an insulated tip, we
chose to perform differential pulse voltammetry (DPV) on solutions containing
gold nanoparticles.

As originally reported by Murray and co-workers (19), size monodisperse
fractions of alkanethiol-capped gold nanoclusters display ensemble-averaged
single-electron charging peaks when subjected to DPV. Average particle charging
energies in DPV are described essentially as given in Eq. (1), with V.. equal to
the particle pzc. As with single-electron tunneling in individual particles, charg-
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ing energies measured in a DPV experiment could conceivably be influenced by
changes in monolayer capacitance brought on by changes in solvent dielectric
properties.

In their DPV studies, Murray and co-workers found that particle capaci-
tance is independent of solvent composition for alkanethiols longer than Cg.
(Shorter capping ligands were not investigated.) Similar results were obtained in
our lab for octanethiol-capped gold nanoparticles. However, when triphenylphos-
phine ligands were bound to the surface, particle capacitance was found to depend
on solvent composition (Table 2). Differential pulse voltammograms for triph-
enylphosphine-capped gold nanoclusters versus solvent composition are shown in
Fig. 9. Note that the voltage between charging events increases with decreasing
solvent dielectric constant. Large voltage windows between charging events sig-
nal a decrease in particle capacitance. The data in Fig. 9 thus suggest that solvent
molecules can penetrate the triphenylphosphine monolayer and effect monolayer
dielectric constant, but are prevented from entering the octanethiol capping layer.

VI. SUMMARY AND FUTURE WORK

Nanometer-sized metal and semiconductor particles are certain to be fundamental
building blocks of advanced electronic and optoelectronic devices. Indeed, it has
already been demonstrated that a single nanocrystal (15) or carbon tube (20) can
serve as a transistor in which logic and memory functions are controlled by the
flow of individual electrons. Such nanoscale electronic devices portend a revolu-
tion in device speed and circuit density.

Prospects for fabricating electronic devices out of single nanoparticles are
thus realistic and exciting. However, enthusiasm for nanoscale electronic devices
must be tempered by the fact that relatively little is understood about how electron
transport in nanoparticles and nanotubes is affected by their chemical environment,
including the environment created when these objects are integrated together.

This work represents our initial attempts at characterizing electron transport
in ligand-modified metal nanoparticles and interacting nanoparticle dimers. Other
key challenges for the future vis-a-vis nanoscale electronics are (a) establishing

Table 2. Solvent Dependence of Triphenylphosphine-Capped Gold Nanoparticles

Toluene:acetonitrile C(aF)
2:1 0.315 £ 0.004
1:1 0.364 = 0.005
1:2 0.383 * 0.004
1:3 0.697 £ 0.019
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Fig. 9. Differential pulse voltammograms showing the negative-going sweep for solu-
tions containing triphenylphosphine-capped gold nanoparticles. The solutions were
toluene:acetonitrile at the indicated ratio and 0.1 M tetrabutylammonium hexafluorophos-
phate. Working electrode was 3-mm-diameter gold, counter was a Pt wire, and reference
was Ag/AgCl. Scan rate = 10 mV/s.
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electrical contacts to individual nanoparticles on planar substrates (e.g., Si) reli-
ably and routinely; (b) assembling nanoparticles into symmetrically and spatially
well-defined arrays in order to assess collective electronic and electromagnetic
behaviors; and (c) identifying new applications for integrated nanoscale assem-
blies beyond the dream of the all-self-assembled terabit nanoscale computer.
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effect of monolayer chain length on,
306-310
Quantum Dots 248, 288, 291
Quartz Crystal Microgravimetry 203

Radiative Damping 96
Rayleigh 3
hyper-Rayleigh (see Hyper Rayleigh
Scattering)
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[Rayleigh]
Scattering 105

Scanning Tunneling Microscope (STM)
11,12, 31, 90, 298
Second Harmonic Generation (SHG) 13,
90, 132133, 156, 157-158
near field effects 110-113
Self Assembly
molecular 40, 50, 60
nanoparticles 207-233
Self-Similarity 61-66
Semiconductor nanoparticles 133
Silanes
in coated metal nanoparticle synthesis
170-171
Single Electron
charging (see also Coulomb Blockade)
9-12
devices 2
transfer (SET) 298-305
tunneling 9, 11, 320
Size Distribution 18, 36-38, 47, 89, 126,
128, 238, 242-254, 277, 290
Skeletal Electron Pair Theory (SEP) 67
SPR (see Plasmon Resonance)
Stokes, George Gabriel 3
Superlattices (See Also Self-Assembly,
nanoparticles) 13, 211-224
collective properties 224-233
Surface Enhanced Raman Scattering
(SERS) 4, 111, 112, 119 (see also
Surface Enhanced Spectroscopy)

Index

Surface enhanced spectroscopy 2, 4, 90,
163
near field effects 110-113

Template Synthesis (see Nanoparticles,
template synthesis)
Tetraalkylammonium cations
misconception about surface
adsorption 25
Tetrabutylammonium cation
contribution to cluster stability 25, 35
surfactants in nanorod synthesis 165
Thiolates
alkanethiolates 217-219, 221, 230,
233,297, 307, 310, 316, 319, 322
Topological Electron Counting (TEC)
66—68
Track Etch Membranes 123
Trimers 153-160
Truncation 56, 58

Ultraviolet-Visible Spectroscopy
(UV/Vis)
polarization UV/Vis 226-227

Voltage Reduction
in porous anodic alumina synthesis
112-113

X-Ray Crystallography 24, 25, 29
X-Ray Photoelectron Spectroscopy
(XPS) 275, 281
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