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REVIEW

Nanoparticle Arrays on Surfaces for Electronic,
Optical, and Sensor Applications**

Andrew N. Shipway,® Eugenii Katz,® and Itamar Willner*®

Particles in the nanometer size range are attracting increasing
attention with the growth of interest in nanotechnological
disciplines. Nanopatrticles display fascinating electronic and optical
properties as a consequence of their dimensions and they may be
easily synthesized from a wide range of materials. The dimensions
of these particles makes them ideal candidates for the nano-
engineering of surfaces and the fabrication of functional nano-
structures. In the last five years, much effort has been expended on

1. Introduction

The emerging disciplines of nanoengineering,'! nanoelectron-
ics,” and nanobioelectronics® require suitably sized and func-
tional building blocks with which to construct their architectures
and devices. This need has encouraged the development of
supramolecular,® biomolecular,® and dendrimer® chemistries
for engineering substatnces of Angstrém and nanoscale dimen-
sions but, even with lithographic techniques now reaching the
100 nm range, the intermediate scale of 10-100 nm remains
relatively unexploited (Figure 1). The world of colloid and cluster
science!” has risen to this challenge and is beginning to find
ways to organize nanometer-sized particles on the micron and
submicron scale. Although many of these particles have been
known for a substantial time, it is only now that the tools for their
engineering and characterization exist, which open the doors to
new disciplines of nanoparticle and nanocrystal devices. Nano-
particles are not just convenient structural elements however,
but can also display unique functions. They can be fashioned
from many materials and have a wide functional diversity very
different from bulk materials, with much of their electronic,® ®
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Figure 1. Bridging the nanometer-size gap between photolithographic and
synthetic chemical engineering—colloidal nanoparticles fit the bill.
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their organization on surfaces for the construction of functional
interfaces. In this review, we address the research that has led to
numerous sensing, electronic, optoelectronic, and photoelectronic
interfaces, and also take time to cover the synthesis and
characterization of nanopatrticles and nanopatrticle arrays.
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optical,” '3 and catalytic!™ properties originating from their
quantum-scale dimensions.!”!

In order to tailor the new generation of nanodevices and
“smart” materials, ways to organize the nanoparticles into
controlled architectures must be found. This conundrum has
been addressed to some extent by a large body of recent work
describing the construction of colloidal dyads and triads,'s 7!
“strings”,'® clusters,'® and other architectures™22 in solution
and at liquid - liquid interfaces. These constructions will not be
described in any detail here, since this review is dedicated to
surface-bound nanostructures. Likewise, we will not explore the
highly active research area of single-nanoparticle electronics in
great depth, as excellent reviews already exist.l'> > 2 These
single-electron devices tap into the quantum properties of
nanoparticles for the fabrication of single-electron transis-
tors® 24 and similar devices®-?"! from isolated, immobilized
nanoparticles. Here, we will focus on efforts to construct
organized nanoparticle arrays which perform tangible functions.
These superstructures are formed on various solid supports by
specific adsorption or self-assembly techniques. Although work
on spin-coated, evaporated, or nonspecifically adsorbed nano-
particle films has yielded noteworthy results,?® these techniques
are conceptually macroscopic rather than nanoscopic and so will
not be covered here.

The relevance of nanoparticle superstructures to the emerg-
ing areas of nanotechnology and nanophotoelectrochemistry,
and to the development of nanoelectronics and “smart”
materials cannot be underestimated. Colloidal particles offer a
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route to the simple assembly of complex structures and can be
used to create a variety of electronic and sensor components.
We should note that in this review, we use the terms “nano-
particle” and “colloid” as synonyms for nanosized particles of
ambiguous structure, while we consider “nanocrystals” to be
necessarily crystalline and “clusters” to have a defined stoichi-
ometry.

2. Synthesis of Nanoparticle Arrays

The construction of nanoparticle arrays on surfaces has only
gained significant attention in the last ten years. Nevertheless,
the diversity of building blocks, architectures, and construction
techniques that have been reported is impressive.'® 2! This
research has also spurred on efforts to synthesize colloids from
new materials and with novel surface functionalities. The
construction of two-dimensional colloid arrays is well studied.
This groundwork has led to methods for the synthesis of much
more complex three-dimensional systems and patterned arrays,
which may eventually lead to highly functionalized assemblies
and composites.

2.1. Synthesis of Colloidal Nanoparticles

Many colloidal nanoparticle syntheses have been known for a
considerable amount of time® 3" but, more recently, a body of
work has grown that is dedicated to nanoparticle syntheses
specifically for the construction of devices and nanostructures.
These particles may consist of a particular material, be of a
particular size, or have specialized surface functionality. It has
even become possible to have some degree of control over the
nanoparticle shape.®? Nanoparticles tend to be fairly unstable in
solution, so special precautions have to be taken to avoid their
aggregation or precipitation. Glassware is cleaned thoroughly,
while reagent solutions and solvents are all filtered and of the
highest purity. All nanoparticle syntheses also involve the use of
a stabilizing agent, which associates with the surface of the
particle, provides charge or solubility properties to keep the
nanoparticles suspended, and thereby prevents their aggrega-
tion.

2.1.1. Reductive Synthesis of Noble Metal Colloids

The simplest and by far the most commonly used preparation for
gold nanoparticles is the aqueous reduction of H[AuCl,] by
sodium citrate at reflux.®" 33 Although sodium citrate is the most
common reducing agent, metal nanoparticles can also be
synthesized by the use of borohydride and other reducing
agents.B'34 The application of alcohols as reductants for the
production of platinum nanoparticles allows control over the
size of the particles: Higher alcohols yield larger particles, which
indicates that a more rapid reduction rate of the [PtCl,]*~ ions is
an important factor for the production of smaller particles.?”
Particles synthesized by citrate reduction are nearly mono-
disperse spheres of a size controlled by the initial reagent
concentrations (Figure 2 and Table 1).2% They have a negative
surface charge as a consequence of a weakly bound citrate
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Figure 2. Gold nanopatrticles synthesized by citrate reduction. A) A single
particle at high magnification shows its highly spherical shape. B) A region of
single nanoparticles at a lower magnification shows the monodispersity of
particle sizes.

Table 1. The dependence of nanoparticle diameter on citrate concentration in
the reductive synthesis of gold nanoparticles.’

Citrate solution added™ [mL] Diameter! [nm]

1.0 16
0.75 25
0.5 4
0.3 72
0.21 98
0.16 147

[a] Data is taken from reference 34. [b] Trisodium citrate (1% aqueous
solution) was added to 50mL refluxing solution of 0.01% H[AuCl,].
[c] Particle diameters were measured by SEM.

coating and are easily characterized by their plasmon absorb-
ance (at about 520 nm for 15nm particles; see Section 3.2).
Nanoparticles of other noble metals may also be prepared by
citrate reduction, such as silver particles from AgNO;, palladium
from H,[PdCl,], and platinum from H,[PtCl].B” 38 The similarities
in the preparation of these different metal colloids allows the
synthesis of mixed-metal particles, which may have functionality
different from each individual metal.®® For example, the
reduction of suitable mixtures of noble metal salts can lead to
“alloy” or “mixed grain” particles. More interestingly, composite
particles can be built up in “shells” by the synthesis of a small
colloidal nuclei followed by its enlargement with a different
metal: a gold colloid can be covered with silver.*% Well defined
core/shell organosilicon micronetworks with topologically trap-
ped gold particles have also been prepared using a molecular
reactor technique.“?! Metallic nanoparticles can be capped with
various shells, such as conductive, nonmetallic graphite,*” or
semiconductive CdS.“? This capping can be done in situ if the
reductive formation of nanoparticles is performed in the
presence of the shell-forming material®” or the shell can be
organized later through a chemical reaction on the surface of the
nanoparticle.*? The enlargement of a nanoparticle can take
place even after the colloidal “seed” particle has been immobi-
lized on a substrate. In such cases, a colloid-functionalized glass
substrate is introduced to a gold-“¥ or silver-* depositing
solution, to thereby enlarge the surface-bound nanoparticles
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and provide a method of control over their size and density. Such
“core-shell” particles have been studied extensively because
their properties can differ from those of the core or shell
materials.10 41 431

The synthesis of particles that bear surface functionality is
desirable for the purpose of nanoparticle handling and the
construction of functional architectures. This functionalization of
the nanoparticle surface can be accomplished during the
nanoparticle synthesis by the addition of a suitable agent to
the reaction vessel. As the nanoparticles form, the surface
functionalization agent attaches to the nanoparticles, which also
imparts an enhanced stability and gives additional control over
their size. The borohydride reduction of H[AuCl,] in the presence
of (y-mercaptopropyl)-trimethoxysilane gives rise to very small
(1-5nm) gold nanoparticles which bear a surface silane
functionality.*®! Other borohydride reductions in the presence
of thiols"”! have produced nanoparticles with a surface func-
tionality from amines to carboxylic acids. Where the surface-
functionalization agent is not water soluble, a two-phase
synthesis can be used, as in the preparation of long-chain
alkanethiol surfaces on gold colloids.”® The surface-functional-
ization agent does not even need to bind covalently with the
nanoparticle. Nanoparticles have been synthesized in the
presence of dendrimeric®! and polymeric®°->2 stabilizers, and
have been formed in the cavities of micelles®® and silicate
sols.> Gold and silver nanoparticles functionalized by adsorbed
dialkyl disulfides have also been generated in the presence of
sodium borohydride.®® Disulfides offer the advantage that
asymmetrical disulfides, that have two distinct functional groups
(RSSR’), may be used, which enables the possibility of generating
mixed, self-assembled monolayers (SAMs) that possess a
homogeneous distribution of functional groups or chain
lengths. The use of disulfides also allows the functionalization
of nanoparticles with groups such as quinones that are
otherwise incompatible with thiols (normally, a thiol would be
used rather than a disulfide). The application of different capping
materials or the preparation of mixed bimetallic particles allows
control of the size and shape of the nanoparticles.’2 5 For
example, platinum nanoparticles with cubic, tetrahedral, poly-
hedral, or irregular-prismatic shapes could be generated selec-
tively when the initial concentrations of [PtCl¢]*~ and polyacrylic
acid were varied for the reductive particle formation.’2

2.1.2. Synthesis of Semiconductor Nanoparticles

The production of semiconductor nanoparticles and their
organization on solid supports is of great importance for the
fabrication of nanoelectronic devices. The quantum properties
of these particles have potential uses in information-processing
devices and, in recognition of this, they are often called
“Q particles”."™ By far the most studied of these are cadmium
sulfide particles.”” These and related colloidal particles (for
example, PbS,8 Ag,S,>% CdSe, ! and TiO,* ¢) can be prepared
relatively easily by using inverse micelles as nanoscale reaction
vessels.'®2 Firstly, solutions of inverse micelles are prepared, one
containing the metal salt (usually as the chloride) and the other
containing Na,S (or Na,Se for the production of CdSe, and so
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forth). These solutions are mixed together and nanoparticles
form as the different micelles exchange their contents
(Scheme 1). Alternatively, the sulfide can be introduced as H,S
gas. After the particles are formed, they may be stabilized by the
addition of a thiol, which bonds to the surface of the nano-
particle and may also contain other functionalities.®> %4 If a
mixture of thiols is used, nanoparticles with a mixture of surface
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Scheme 1. The synthesis of CdS particles inside inverse micelles, their capping by
thiol molecules, and their recovery from the reaction mixture.

groups are produced.® The particles may be isolated after
disrupting the micelles (provided that this has not already taken
place in the stabilization step). The synthesis of CdS nano-
particles gives a highly monodisperse product but for some
other materials, such as PbS, the procedure gives particles with a
much wider size distribution. Several metal-sulfide nanoparticles
have also been synthesized by a similar route involving a
polymer (rather than micellar) stabilizer,®® and related cadmium
compounds have been synthesized from organometallic re-
agents.®” % QOther semiconductor nanoparticles of interest
include gallium nitride'®® and titania; nanoparticles of the latter
can be synthesized either by precipitation®" ! or in micelles.®

2.1.3. Other Techniques for Nanopatrticle Synthesis

Smaller nanoparticles may be formed in the gas phase,’® or by
ablation using high peak-power laser pulses,”" 72 while others
have been etched,”>7 electrodeposited,” or synthe-
sized"® 7% 79-811 directly onto surfaces, or in Langmuir-Blodgett
(LB) layers.®? These techniques cater for the specialized needs of
researchers who require colloids of particular sizes, shapes, or
materials. For the cheap and easy synthesis of simple nano-
particles, there is no substitute for solution-state synthesis,
which can be used to prepare bulk quantities without the need
for specialized laboratory apparatus.

2.2. Assembly of Nanoparticle Monolayers

This Section details the first step in the production of colloid
interfaces—their ordered immobilization on a solid support.
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Nanoparticles have been assembled on a wide variety of
substrates, sometimes by highly ingenious means, such as the
association of a streptavidin-functionalized colloid to a biotin-
functionalized surface,® but true nanoengineering requires
nanoscale control, namely, control over the morphology of
nanoparticle packing on the surface. This requirement is finally
becoming a reality with new research into the ordering of
adsorbed particles, which brings new applications to light, such
as the use of nanoparticles as nanoscale “masks” for the
lithography of surfaces.® 8! |t should be noted, that one should
expect some nonideality even from networks of nanoparticles
with a very narrow size distribution (variation of less than 10%).
Theoretical considerations of nanoparticle lattices using a
Hamiltonian based on a Huckel-type, tight-binding approxima-
tion concludes that they have a configurational disorder and can
never be identical.®®

2.2.1. Assembly by Adsorption on Glass Substrates

Glass substrates may be conductive (such as indium- or fluorine-
doped tin oxide—ITO or “K-glass”) or nonconductive (such as
quartz or soda glass) but are all characterized by their trans-
parency and the availability of surface -OH functionality. Glass
substrates allow simple spectroscopic and electron microscopic
characterization of thin films and are also advantageous on
account of their high rigidity and low cost. The polymerization
of a thin film of a trialkoxysilane on the substrate is usually
carried out to produce a useful surface functionality
(Scheme 2).71:83.87-%01 Thjs s a general method, which can be
applied to a variety of surfaces, and has been reviewed in
detail.®"*2 The surface must first be scrupulously clean in order
to ensure the maximum number of exposed surface OH groups.
This is achieved by oxidative cleaning in acidic solution (often
“piranha solution”, HCI/HNO; 3/1) and rinses of various solvents.
The clean substrate is then immersed in a solution of the
siloxane. The conditions for this reaction vary widely and depend
upon the desired properties of the film and the nature of the
substrate. While quartz and soda glass are relatively easy to
functionalize, K-glass substrates normally require much harsher
conditions to obtain a similar silane coverage. For character-
ization by atomic force microscopy (AFM), a very smooth and flat
surface is required, so the minimum amount functionalization is
used. For electrochemical analysis, an overly thick siloxane film
may also be disadvantageous as it insulates and hampers
electrical communication between the electrode and the colloid.
At the opposite extreme, if a colloid array is to be characterized
only by spectroscopy, a very extensive functionalization is
advantageous in order to provide the best possible surface for
nanoparticle adsorption.

The functionalized glass surface bears chemical groups that
are capable of binding a colloid particle either covalently (for
example, a thiol to bind gold colloids) or through electrostatic
interactions (for example, an quaternary amine to bind anionic
particles). The formation of a colloid monolayer is achieved by
placing the surface-functionalized substrate in a solution of the
nanoparticle, which adsorbs onto the surface and assembles into
a saturated monolayer with time. The monolayer density is

CHEMPHYSCHEM 2000, 1, 18-52
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Scheme 2. The construction of gold-nanoparticle monolayers on glass sub-
strates by adsorption onto a thin film of polymerized siloxane. Top: Modification
of the surface of the glass. Middle: A selection of surface-modifying silanes.
Bottom: Adsorbtion of the nanoparticles. R = Me, Et.

dependent on factors such as the size and charge of the particles
as well as the attachment method and the substrate.®® In a study
of citrate-stabilized gold nanoparticles assembled on amine- and
thiol-functionalized ITO glass surfaces, it was found that 80 nm
particles formed layers over 20 times less dense than 15nm
particles (approximately 2 x 10° 80 nm particles, as opposed to
about 4.5x 10" 15nm particles, per cm?).®® This result is
supported by an optical reflectometry study of the adsorption of
(negatively charged) silica nanoparticles on an aminopropyl
silane-functionalized support.® The initial rate of nanoparticle
adsorption was found to decrease with increasing particle size.
Amine-functionalized substrates bind the particles at a slightly
higher density than thiol-functionalized substrates. The dynam-
ics of monolayer assembly has been followed directly by quartz-
crystal microgravimetry (QCM)®> % and spectroscopy®” and, for
the case of citrate-capped gold particles, occurs over a period of
a few hours.

2.2.2. Assembly on Metal Substrates

Assembly of nanoparticles on gold substrates often follows a
similar procedure to that for glass substrates, namely, surface

CHEMPHYSCHEM 2000, 1, 18-52
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modification of the substrate followed by the adsorption of
colloidal particles. The modification of the gold surface can be
achieved by use of a thiol,®® which forms a covalent link to the
gold surface (Scheme 3). The thiol also bears a group capable of
binding to a nanoparticle, for instance, another thiol moiety for
CdS or Pt particles,®” an amine or thiol for Au particles,'® or a
carboxylic acid for TiO, particles.” Aluminium surfaces are easily
functionalized by carboxylic acids (Scheme 3) and thus colloids
may be immobilized on them by modification of either the
nanoparticles or the surface with a carboxylic acid attached
to a colloid-binding group (such as a thiol for gold nano-
particles).l'0" 102

Electrically conductive substrates also allow the possibility of
particle adsorption by electrophoretic means.? 5" 193! |n this
procedure, the gold nanoparticle surface is first treated with an
alkanethiol in order to lower the surface charge. The particles are
then deposited onto the anodic surface under relatively low
potentials and are subsequently desorbed if the electrode
polarity is reversed. The monolayers formed have extremely
regular structures but, since the particles are not truly adsorbed
to the substrate, the structures exhibit low stabilities. Real
electrocatalyzed adsorption can be accomplished by the use of
functionalized nanoparticles. Reduced viologen is known to
adsorb strongly to gold electrodes and thus viologen-function-
alized gold colloids can be electrochemically activated to form a
monolayer on a QCM surface.'™ When the viologen units are
subsequently oxidized, the monolayer is released from the
electrode surface.
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Scheme 3. The construction of nanoparticle monolayers on Au and Al
substrates, accomplished by modification of either the substrate or the nano-
particle.
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2.2.3. Assembly on Carbon Substrates

The electrochemical deposition of metal nanocrystals onto
carbon electrodes has been the subject of a large number of
investigations,'% 1% as this type of interface is of great
importance to electrocatalysis and as a model system for
electroplating. The focus of many of these studies has been on
the early stages of electrochemical deposition in order to
elucidate the nucleation and growth mechanisms of the metal
phase on the substrate (usually a glassy carbon electrode). The
mechanisms of electrochemically assisted deposition of metal
nanoparticles include the electrochemical reduction of the
respective salt (such as [AuCl,]~ for gold deposition), primary
formation of ad-atoms, and the further growth of nanocrystals
on the carbon electrode. The overall surface area of gold, as well
as the nanocrystal size, density, and surface texture, can be
controlled by the variation of deposition conditions (the bulk
concentration of the salt and the overpotential applied).'¢! A
combination of electrochemical and chemical steps allows the
formation of sulfur-capped CdS nanocrystals onto a graphite
support.'7-1%1 This procedure includes the electrochemical
reduction of Cd?* ions to form metallic Cd® precursor particles
on the electrode surface. Improved size monodispersity!'®! was
achieved by the deposition of cadmium precursor particles
through a series of 8—12 ms deposition voltage pulses sepa-
rated by 1-5s “mixing” periods during which growth was
suspended, instead of a single, long deposition pulse that
usually results in a very wide size distribution. After their
formation, these metallic particles were electrochemically oxi-
dized to form hydroxylated nanoparticles. Finally, (the chemical
step) OH~ anions associated with the nanoparticles were
displaced by S*7, to produce CdS capped with a polysulfide
shell. These sulfur-capped CdS nanoparticles exhibited photo-
luminescence emission line widths of 15-35meV at 20 K,['%!
which are much narrower than those observed for widely size-
distributed CdS particles (125 - 180 meV).l'?")

2.2.4. Other Techniques

The assembly of negatively charged nanoparticle layers on
adsorbed polycationic polymer films such as poly(ethylene-
imine) or poly(diallyldimethylammonium chloride) (PDDA) is of
significance. This methodology is very general and yields
successful results for metallic,'"® " semiconductive,®> "2 sijli-
ca,"! and even mineral™¥ nanoparticles. Techniques for the
construction of thin polymer films are very well known!"s! and
allow the construction of nanoparticle arrays almost irrespective
of the substrate material. Similarly, nanoparticles have been
assembled on polyamidoamine (PAMAM) dendrimer films.["'6 1171
Surfaces have also been prepared for nanoparticle organization
by the formation of Langmuir - Blodgett films.["8 This method
gives very thin and dense sublayers but is not suitable for the
large-scale production or shaped substrates. The Langmuir-
Blodgett technique and a similar “surface-tension driven”
method"™ have also been used for the direct assembly of
nanoparticle layers. The nanoparticles can be immobilized at the
air—water interface either within a “carrier” monolayer (for
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instance, negatively charged silver colloids have been immobi-
lized in positively charged fatty amine monolayers)'® or by
virtue of their own properties.'*-'22 Langmuir - Blodgett films
enable a very high degree of control over the nanoparticle
density and ordering, since the monolayer can be manipulated
prior to the assembly of the particles on the substrate,'?! but
their formation has neither the generality nor the ease of the
self-assembly methods.

Other monolayer syntheses are less developed. We have
already seen that arrays of nanoparticles can be etched”*7¥ or
grown® 778 directly on surfaces. It is also possible to synthesize
nanoparticles that are prelinked to surface by the immersion of a
suitably functionalized substrate in the nanoparticle-generating
reaction vessel.l'?! If a thiol-functionalized substrate is placed in
the reaction vessel during CdS colloid synthesis, then the
nanoparticles bind to the surface as they form. This is advanta-
geous, since fully formed CdS particles are usually stabilized by a
thiol layer which then inhibits the particle from binding to a
substrate. In addition, easy control over the particle size is
possible but this method yields only very poor coverage. Finally,
there are several examples of nanoparticles that have been
assembled on the surface of other, larger nanoparti-
cles.12%39.1251271 The synthetic routes employed are usually
analogous to those used for assembly on bulk substrates
(such as electrostatic, biotin/avidin,'"®! DNA/complementary
DNA,16. 22129131 protein/carbohydrate,*?  or nonbiological
host/guest®! interactions) but the whole process usually
proceeds in solution. These solution-state architectures are of
great interest to the field of nanoengineering but will not be
covered here.

2.2.5. Monolayer Ordering

We have already seen that monolayers formed by electro-
phoresis can have very regular, close-packed structures. Similar
results can be obtained from the evaporation of colloid solutions
on substrate surfaces under carefully controlled conditions!'*#
but other methods of monolayer formation tend to give less
organized films with lower coverage. The particle density of
electrostatically produced monolayers is dependent on factors
such as the particle size®® and surface charge—the particles in
these films are usually well spaced, since their charges prevent
close contact with each other. Citrate-stabilized gold nano-
particles normally give around 30% adsorption coverage for
12 nm particles® °7 but closer packing can be achieved by the
neutralization of their surface charge (Scheme 4). If a thiol-bound
monolayer of citrate-stabilized colloids are exposed to a solution
of an alkanethiol, then the alkanethiol displaces the citrate and
thereby neutralizes the particle’s charge (Scheme 4 A). After this
procedure, additional nanoparticles can be adsorbed in the
spaces between those in the original layer, as electrostatic
repulsion no longer inhibits their approach.®” Continued cycles
of neutralization and nanoparticle adsorption leads to a dense
monolayer with interparticle spacings controlled by the choice
of the alkanethiol."" A similar procedure on an amine-function-
alized substrate can even coax the nanoparticles into reorgan-
izing themselves (Scheme 4B).®”! In this case, when the citrate

CHEMPHYSCHEM 2000, 1, 18-52
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Scheme 4. Control over interparticle spacing and packing. A) Assembly of a high
density monolayer by the neutralization of the nanopatrticle surface charge.

B) Assembly of a “crystallized” monolayer by loosening the nanoparticle - sub-
strate bond, which allows particle reorganization. Micrographs in (A) and (B) are
reproduced from refs. [97] and [87], respectively, with permission.

layer is removed from the nanoparticles, their electrostatic bond
to the substrate is substantially weakened. The freed nano-
particles can then self assemble into highly regular, hexagonally
packed structures on the surface, while further neutralization
and adsorption cycles give rise to highly ordered surfaces. These
monolayers suffer low stabilities, however, as a consequence of
the loss of binding between the particles and the surface. Other
studies have generated crystallized monolayers through care-
fully optimized conditions for the colloid deposition!'**! or very
dense but uneven layers by the aggregation of the colloid
solution prior to its deposition.®” More widely spaced nano-
particle matrices and other superstructures!'*® can be construct-
ed with the help of templates. Self-assembled, organized
bacterial monolayers have been used as substrates for the
adsorption of CdS nanoparticles.'*”! The particles only adsorb in
the pores between the bacterial subunits, which leads to
morphologically controlled wide matrices that are suitable for
the construction of addressable device arrays.

2.3. Assembly of Nanoparticle Multilayers

In order to assemble nanoparticle multilayers, a monolayer must
be “primed” in some way for the adsorption of the second (and
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subsequent) particle layers. This priming may be little more than
a modification of the surface layer or it may involve its
functionalization with another component. The forces used to
hold such structures together are either covalent or ionic—
although specific interactions, such as DNA duplex forma-
tionl'6:22.129. 1301 and biotin/avidin complexation,'?8! have been
used to form interparticle complexes in solution; such ap-
proaches are in their infancy for the construction of a multi-
layers.?”7! Architectures may also be much more complicated
than simple alternating layers, and may contain different layers,
which consist of different types of nanoparticles® "3 138 or
crosslinkers,[3" 139 |eading to designed functional materials.

2.3.1. Polymer-Linked Architectures

The polymer-linked nanoparticle multilayer arrays constructed to
date have focused on anionic colloidal nanoparticles (usually of
gold), although other examples (such as hydroxide-functional-
ized gold particles crosslinked by titania'*") do exist. The charge
on anionic particles allows them to adsorb onto cationic
polymers and vice versa, allowing three-dimensional structures
to be built up in a stepwise fashion. Scheme 5 shows how a
polymer - colloid multilayer composite can be constructed by
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Scheme 5. The construction of polymer - colloid multilayers by the exploitation
of electrostatic interactions between anionic nanoparticles and cationic poly-
mers.

the exploitation of electrostatic interactions. The base colloid
layer has a net negative charge, so facilitates the assembly of a
thin film of a polycationic polymer. In turn, the polymer layer
leaves a surface positive charge, on which a second colloid layer
is assembled; subsequent layers are built likewise. Polymers that
have been used include PDDA,B% 651131231421 among oth-
ers, 1" 1311401 and a wide range of colloidal materials, such as
gold,l" 131 sjlver,?”! semiconductors,’® and silica,l''* 2 have
been utilized. Although these architectures are only stabilized by
ionic interactions, they tend to be highly stable in almost any
solvent and require physical scratching or chemical reaction to
damage them. Polymer-nanoparticle assemblies hold great
promise for the construction of nanoscale electronic devices.
Polymer layers can be of controllable thickness, which isolates
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colloid layers from each other by whatever distance is required,
and they may also be conducting, semiconducting, or insulating.

The characteristics of the colloid layers can be controlled by
the conditions at which they are adsorbed. A QCM study of
PDDA-crosslinked silica colloid (mean 45 nm) grown in layers
showed that lower colloid concentrations or the presence of
other electrolytes in the colloid solution caused a lower coverage
for each layer. These measurements were highly reproducible
over many consecutive layers."3 Careful control over the
adsorption time can also prove important. For the same system,
sufficient colloid adsorption for a new polymer layer to be laid
requires as little as two seconds, even though it requires over ten
seconds to achieve colloid saturation.!#?!

2.3.2. Other Electrostatically Linked Architectures

The assembly of electrostatically linked nanoparticle arrays is a
general method which has been shown to be effective up to
micron dimensions."*! Nanoparticle arrays can be constructed
from any charged nanoparticle and an oppositely charged
“crosslinker” in an analogous way to the construction of colloid -
polymer architectures (Scheme 6). The “crosslinker” may be
anything from a small molecule™* to another nanoparti-
clet™ 51 put it must bear multiple charges so it can simulta-
neously interact with the colloid layers both above and below it.
Aggregation of gold nanoparticles mediated by Cq, can be used
to construct a C4/Au multilayer with unusual optical and
electronic properties.'“! The origin of the interaction between
gold particles and fullerene molecules is still unclear but it has
been suggested that it involves an electron transfer process
between the organic and inorganic components of the array.
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Scheme 6. The construction of molecular oligocation/anionic colloid multilayers
by the exploitation of electrostatic interactions, with examples of some
bipyridinium-based oligocations (1-5).
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Great success has been realized by the use of 4,4"-bipyridinium-
based crosslinkers 1 - 5,138 139 147-150 \yhich also exhibit electro-
chemical activity as well as other functions (see Section 4). Singly
charged species, such as tetrabutylammonium chloride, are able
to partially neutralize the colloidal charge, so that greater
coverage can be realized, but they cannot be used to assemble
true multilayer structures.>" In fact, not even all oligocations are
successful. Those that bind the nanoparticle more strongly than
the underlying substrate may destroy the superstructure, while
those with a low charge density may not form a superstructure.
The oligocationic molecule can be assembled in a variety of
solvents but, to achieve efficient coverage, immersion in a fairly
concentrated nanoparticle solution (about 10 mm) for at least
30 minutes is usually required. It is very important that the
sample is washed very thoroughly before every colloid treat-
ment, as any weakly bound crosslinker can diffuse into the bulk
solution and aggregate the colloid.

Like in the construction of polymer-linked structures, treat-
ment of a colloid monolayer with an oppositely charged species
results in a surface ready for the assembly of a second colloid
layer. In this case, however, the much smaller “crosslinker” means
the colloid layers are much closer—even interleaved—such that
there can be electrical communication throughout the entire
structure."¥”! The use of N,N'-diaminoethyl-4,4’-bipyridine (5) as a
crosslinker has been used to demonstrate the versatility of the
method—gold and silver colloids offer the same assembly
characteristics, which allows composite structures to be built.l'3®

2.3.3. Covalently Linked Architectures

Covalently linked colloid superstructures can be built analo-
gously to electrostatically linked architectures. This has been
accomplished by the use of bisthiol crosslinkers for gold!®> 152-154
and other® nanoparticles (Scheme 7) and has been verified by
QCM and other techniques. If a gold colloid monolayer is
exposed to a solution of a bisthiol, then the crosslinker
assembles on the gold surface, which leaves thiol moieties at
the nanostructure - solution interface. The assembly of a second
colloid layer is thereby possible and the construction can
continue in the same way. This method allows some control over
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Scheme 7. The construction of thiol-crosslinked multilayers of gold nano-
particles.
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interparticle spacing by the use of bisthiols with spacers of
various lengths!'*? and, in turn, the interparticle spacing affects
lattice properties such as conductivity (as will be discussed in
Section 3.3.2). The conditions required for this assembly are very
similar to those for electrostatic assembly but the technique has
not yet been extended to include functionally interesting
crosslinkers. It should be noted that the reaction of the gold
surface with a thiol displaces the negatively charged citrate ions,
to leave the thiol -colloid interface uncharged. As is shown in
Scheme 7 however, the charge remains at the colloid - solution
interface, which leaves a path open for the construction of
composite covalent—ionic structures. 2-Mercaptoethylamine
has already been used as an interparticle crosslinker.[*4

2.4. Assembly of Patterned Nanoparticle Arrays

The patterning of colloid arrays is of paramount importance if
these structures are to be used in nanoelectronic applications or
to tailor addressable sensing domains. In recognition of this fact,
methods for the patterning of colloid-functionalized surfaces
have been developed, which can broadly be categorized into
three paradigms: lithography, microcontact printing, and phys-
ical engineering. The direct engineering of surfaces by scanning
microscopy tools, such as by STM and AFM tips, is intriguing but
lies far from a cheap industrial or general laboratory process.
Colloid particles have been electrodeposited,'> “swept”,['>¢! and
even etched by CN~'57 at the touch of a STM tip. Even so, the
construction of large devices is unfeasible and even the
manipulation of a single particle is currently seen as quite an
achievement. Another approach is to adsorb nanoparticles onto
a substrate that already bears a pattern. In one such example, a
matrix of latex colloids was used as a mask for the evaporation of
gold, after which gold colloids were attached to the pattern with
a dithiol crosslinker.'?”! Engineered colloidal films can also be
produced by the exploitation of the monolayer formation
reaction (Scheme 8)."8 A silanated substrate was slowly im-
mersed in a solution of gold nanoparticles and was then washed.
Since different points on the substrate had been exposed to the
colloid for different periods of time, the colloid density varied
across the sample. The sample was then rotated 90° and slowly
dipped into a solution that deposited silver onto the gold. This
procedure resulted in gradients of colloid size and composition
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Scheme 8. The synthesis of a “combinatorial” colloid array by the adsorption of
two different colloidal materials in perpendicular concentration gradients across
the substrate surface.
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across the film and, thus, no two points on the substrate had the
same composition. This “combinatorial” surface was used to
determine the optimum morphology for surface-enhanced
Raman scattering (SERS; Section 4.1.2).

The pattern engineering of the colloid monolayer after its
formation has not been studied in any depth. This route would
involve the construction of a colloid monolayer and its
subsequent patterning by, for instance, scanning nanocapillaries
filled with an “etching ink”. In one example, a thin film of
surfactant-covered palladium nanoparticles was patterned by an
electron beam. In the exposed areas, the surfactant coating was
removed from the particles, which allowed them to agglomerate
into continuous metal. The remaining (unexposed) discrete
nanoparticles were then washed away to leave the metal
pattern.l’8

2.4.1. Photolithography-Based Patterning

Lithography provides a well known route to patterned sub-
strates and a number of examples concerning colloidal systems
are known. The most trivial of these relies on standard litho-
graphic techniques to produce a poly(methylmethacrylate)
(PMMA) pattern on a silica substrate.’™ The “windows” in the
pattern can then be silanated and a colloid layer assembled by
standard procedures (Figure 3A). In other methods, the sub-
strates have a functionalization which may adsorb colloids,
dependent upon their exposure to the lithographic medium.
Scheme 9 A shows the photolithographic patterning of a thiol-
surfaced substrate.'®” |rradiation at 254 nm under air oxidizes
the exposed thiol moieties to sulfonates, which are unable to
bind gold colloids. Subsequently, treatment of the photolitho-
graphed surface with a gold nanoparticle solution results in the
colloids adsorbing only in the areas that have not been irradiated
(as seen in Figure 3B). The system outlined in Scheme 9B
behaves in the converse fashion:'* An amine monolayer is
protected with the photolabile nitroveratryloxycarbonyl (NVOC)
group and upon UV irradiation the neutral NVOC amines are
photodeprotected, which exposes the positively charged amine.

Figure 3. Images of selectively adsorbed gold nanoparticles. A) Nanoparticles
(20 nm) on amine-functionalized regions of a substrate. B) A SEM image of
nanopatrticles on nonirradiated areas of a thiol-functionalized substrate. C) An
optical microscope image of nanoparticles on the photodeprotected regions of a
protected amine-functionalized substrate. Images in (A), (B), and (C) are
reproduced from refs. [159-161], respectively, with permission.
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Scheme 9. The construction of gold nanopatrticle patterns by irradiative
patterning methods. A) Nanopatrticles only assemble on the nonirradiated parts
of a thiol-surfaced substrate. B) Nanoparticles only assemble on the irradiated
parts of an NVOC-amine-surfaced substrate.
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The colloid pattern is generated by immersing the pattern-
irradiated substrate in a solution of negatively charged gold
colloids, which adsorbs only to the amine. This pattern of gold
colloids can also be intensified by the construction of further
layers of colloids crosslinked by bisthiol molecules (the final
pattern is shown in Figure 3 C). Other lithographic methods have
been used analogously and the final colloid pattern has been
used for the deposition of other metals to create continuous
metallic patterns.l'¢?

2.4.2. Printing-Based Patterning

Colloid patterns have also been achieved by the process of
microcontact printing, often as a means to construct other
architectures.l's> %4 This technique uses a microstructured
“stamp” to form the nanoparticle pattern by one of two general
routes (Scheme 10). In one of the these routes, the stamp is used
to introduce a pattern of functionality onto the substrate, which
may be either specifically chosen or of the well known hydro-
phobic/hydrophilic type (Scheme 10A). Self assembly of nano-
particles on the functionalized surface yields the colloid pattern.
Figure 4 A shows a pattern generated by the evaporation of a
colloidal magnetite solution, which had selectively adsorbed to
2-mercaptoethanesulfonic acid functionalized areas, to leave
hexadecanethiol-functionalized areas bare.l'* The other, simpler
method is to use the stamp to introduce a colloid-containing
“ink” directly on the surface (Scheme 10B). In one such example,
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Scheme 10. The construction of nanopatrticle patterns by microcontact printing
methods.

a pattern of palladium nanoparticles was deposited on a
siloxane-functionalized substrate by means of a poly(dimethyl-
siloxane) (PDMS) stamp.['®3! The colloid domains were used to
catalyze the electroless deposition of copper, to form a
submicron-scale conductive pattern on the surface, as shown
in Figure 4B.

2.4.3. DNA Template-Based Patterning

Recently, the ability to use DNA templates for the organization of
nanometer-sized structures has been realized.>® The possible
methods for the preparation of DNA-based inorganic nano-
structures can be divided into two categories: 1) The use of
duplex DNA as a physical template for growing inorganic wires
and organizing nonbiological building blocks into extended
hybrid materials, and 2)the use of oligonucleotide (single-
stranded DNA)-functionalized nanoparticles and sequence-spe-
cific hybridization reactions for organizing such particles into
periodic, functional structures. In an early report, DNA was

Figure 4. A) A pattern of magnetite (dark areas) made by selective deposition on
hydrophilic areas patterned by microcontact printing. B) Microstructure gener-
ated on a glass substrate by microcontact printing with palladium colloids, fol-
lowed by the electroless deposition of copper. Images in (A) and (B) are
reproduced from refs. [164] and [163], respectively, with permission.
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utilized as a stabilizer/template to form both CdS nanoparticles
and mesoscopic aggregates from them.''%" These original efforts
were based on the use of linear duplexes of DNA in solution as
stabilizers for the formation of CdS nanoparticles from Cd?* and
S?~. Further studies demonstrated that the DNA base sequence
and, more specifically, the adenine content had a significant
effect on the size and photophysical properties of the CdS
particles thus formed.®® More interesting for practical applica-
tions is a strategy for binding a template DNA strand to a solid
substrate,!"®”? which has been used for the synthesis of a “ring” of
CdS nanoparticles by employing the circular plasmid DNA
molecule pUCLeu4 (3455 base pairs, 1.17 pm circumference).
Initially, Cd?* ions were added to a solution of the plasmid DNA
to form a plasmid DNA/Cd?* complex, which was subsequently
bound to a polylysine-coated glass surfacel™® (Scheme 11A).
Exposure to H,S led to the formation of 5 nm CdS nanoparticles
along the DNA ring backbone. This approach provides many
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Scheme 11. The synthesis of DNA-templated silver nanostructures. A) Synthesis
of a silver ring immobilized on a glass substrate. B) Synthesis of a silver wire
connecting two microelectrodes.

possibilities for the synthesis of mesoscale structures, since the
particle character (such as metallic or semiconductive) and the
shape, length, and sequence of the DNA template can be
controlled. DNA templates have also been used to grow
nanometer-scale silver wires.l'*” Two gold electrodes, separated
by a defined distance (12-16 pm), were deposited onto a glass
slide using photolithography and were subsequently modified
with noncomplementary, hexane disulfide modified oligonu-
cleotides (Scheme 11B). Phage A-DNA (16 pm in length) bearing
“sticky ends” complementary to the oligonucleotides was
introduced to the system and attached to the electrodes. After
a single DNA bridge was assembled between the electrodes,
silver ions were deposited onto the DNA and reduced with
hydroquinone to form small silver aggregates along the DNA
backbone. A contiguous silver wire was then formed by
hydroquinone-catalyzed Ag™ reduction onto the previously
constructed silver aggregates. A wire 100 nm in diameter and
12 um long could be synthesized reproducibly by this process.
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The wires comprised 30-50 nm silver grains that were con-
tiguous along the DNA backbone. The nanowires had an
extremely high resistance (more than 10" Q) and, thus, at low
bias (about 10V), no current was observed in the nanowires.
However, at a higher bias the wires become conductive. By the
deposition of more silver, the nonconductive threshold was
reduced from about 10V to 0.5V, which demonstrated a crude
control over the electrical properties of these systems. These
examples demonstrate a new type of “biochemical lithography”
to guide the formation of nanocircuitry for future nanosized
electronic devices.!"'3”

3. Characterization of Nanoparticle Arrays

The study of functionalized surfaces is a relatively recent
discipline and this reflects not only the recent interest in
nanotechnology but also the advances in analytical method-
ology that allow us to characterize such constructions. Bulk and
microscopic characterizations of nanoparticle arrays enable us to
elucidate structural features, interparticle interactions, and
superstructure functionality. Direct imaging on most substrates
is now possible by various reliable, high resolution microscopies
without prohibitive cost or time requirements. In addition,
surface analysis techniques, such as X-ray photoelectron and
Fourier-transform infrared spectroscopies (XPS, FTIR), provide
tools to probe surface composition as well as to elucidate
structural and geometric features at surfaces. These tools, along
with others such as surface plasmon spectroscopy (SPS) and
quartz crystal microgravimetry (QCM), complement traditional
electrochemical and spectroscopic analyses to give us an
unprecedented ability to characterize surface structures and
functions.

3.1. Microscopic Methods

Microscopy is an invaluable method for the characterization of
nanoparticles and their superstructures—only by direct obser-
vation can one ascertain an accurate picture of nanoparticle size
and shape distributions and film morphologies. These methods
do have their drawbacks, however. Sample preparation must
conform to stringent requirements, while results can sometimes
be difficult to interpret. It is not always certain whether an image
is truly representative of the entire sample and whether imaging
has affected the sample. Microscopy is used in almost all reports
that discuss nanoparticle synthesis or nanoparticle monolayers
and sometimes in the study of multilayer assemblies. Here, we
will discuss electron and scanning probe techniques separate-
ly—a careful comparison has shown that these two methods
have complementary features.'7%

3.1.1. Accelerated Electron Techniques

The most popular microscopic analyses of nanoparticles and
their monolayers are scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Of these, TEM provides
the best images, even allowing the visualization of particle
crystallinity and the surface-stabilizing layer (Figure 5A).50 70
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Figure 5. A) High resolution TEM images of individual nanoparticles, which
shows their crystallinity. B) Cross-sectional SEM of a SiO,/PDDA multilayer. C) TEM
of a SiO, aggregate, which shows how TEM reveals information through the
entire thickness of the sample. Images in (A) and (B) are reproduced from refs. [12]
and [113], respectively, with permission.

Samples must be prepared on a suitable electron-transparent
grid however, which makes it impossible to elucidate structural
features formed on “everyday” substrates. SEM is capable of
imaging layers formed on ordinary substrates but it is sometimes
necessary to give the sample a thin conductive coating, which
can result in a less defined image. Figure 5B shows a SEM
micrograph of the cross section of a silica-nanoparticle multi-
layer and Figure 5C shows a TEM of a silica-nanoparticle
aggregate. Consideration of these images reveals another
complementary nature of the techniques: Whereas SEM gives
an accurate picture of the surface, TEM allows visualization
throughout a structure.

3.1.2. Scanning Probe Microscopies

Techniques such as atomic force microscopy (AFM), scanning
nearfield optical microscopy (SNOM), and scanning tunneling
microscopy (STM)!'7" 172 gllow visualization of thicker structures
and can also provide some chemical information’® but they
suffer several drawbacks. The interpretation of AFM images can
be problematic if the the underlying substrate is not completely
flat and AFM resolution does not match that of electron
microscopy. AFM and SNOM images of the same region of
immobilized, 31 nm gold nanoparticles are shown in Figure 6. In
gathering AFM data, precautions have to be taken to avoid

Figure 6. A) AFM and B) SNOM images of the same region of 31 nm gold
nanopaticles adsorbed on aminosilanated glass. Images reproduced from
ref. [170] with permission.
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“sweeping” loosely bound particles across the surface by the
imaging tip.['>” Researchers overcome this restriction by various
methods, such as the use of “tapping mode” imaging, low tip
loads, and imaging under high ionic strengths to minimize
electrostatic interactions between particles and the tip. Despite
these drawbacks, AFM has great advantages in its ability to
image almost any flat surface including multilayered assemblies
and problematic substrates such as mica.'’"! Scanning probe
microscopies are generally not a good indicator of nanoparticle
sizes, as the tip shape can cause an apparent particle enlarge-
ment. This distortion can be corrected by modeling the experi-
ment with knowledge of the tip dimensions, however, and the
particle height measurements remain unaffected.

3.2. UV/Vis Spectroscopy
3.2.1. The Plasmon Absorbance

Solutions of colloidal gold particles have a very distinctive red
color, which arises from their tiny dimensions.'% " 173174 At
nanometer dimensions, the electron cloud can oscillate on the
particle surface and absorbs electromagnetic radiation at a
particular energy. This resonance, known as plasmon absorb-
ance, is a property characteristic of some mesoscale surfaces. Still
smaller nanoparticles (quantum dimensions, <1-2nm) do not
display this phenomenon, as their electrons exist in discrete
energy levels, and bulk gold has a continuous absorbance in the
UV/Vis/IR region (which is effectively collapsed into the single
plasmon absorbance in the case of the nanoparticle). The
plasmon absorbance of gold nanoparticles has been known for
some considerable time and has been utilized since Roman
times in the production of “ruby” glass. Other metal colloids also
display plasmon absorbances in the visible region (for example,
silver at about 350 nm for 10 nm particles) and semiconductor
colloids display plasmon absorbances in the infrared region
because of their lower density of free electrons. The exact
wavelength and intensity of the absorbance maximum depends
on factors such as surface functionality, temperature,l'” and the
solvent (Figure 7), but the effect can be used to give a quick
assessment of colloidal concentration and particle size in

Alnm ————————»

Figure 7. The extinction spectra and peak wavelengths of a silver nanoparticle
monolayer in various solvents: a) benzene, b) hexane, c) 2-propanol, d) water,
e) air. Reproduced from ref. [71] with permission.

CHEMPHYSCHEM 2000, 1, 18-52



Nanoparticle Arrays

solution if these conditions are known.'’¢ In gold colloid
monolayers, the plasmon absorbance can be used as an
analytical tool.

3.2.2. Interpatrticle Close Contact—Coupled Plasmon
Absorbances

The close contact of optically absorbing nanoparticles leads to
the appearance of an absorbance band attributed to the
coupled plasmon absorbances of the particles. This property
has been predicted theoretically!'’ and has been shown with a
Langmuir-Blodgett film of gold nanoparticles to emerge
together with a loss of electrical resistivity at interparticle
separations less than about 5 nm.!"””? The more particles that are
in contact, the longer the range of the plasmon coupling. Very
long range coupling can lead to absorbances that are red-shifted
several hundred nanometers from that of the individual
particles. Integration of the spectral region containing coupled
plasmon absorbances has been used as an empirical assay of the
degree of coagulation within collidal gold solutions!'’® and as
the indicator in DNA sensors.'*! Spectral changes as a conse-
quence of interparticle close contact have also been investigated
for silver nanoparticles.”" 7 8 |t was found that more densely
packed films of silver nanoparticles display a much sharper
absorbance and are blue shifted by up to 90 nm.

This characteristic absorbance also appears when multilayers
of colloidal particles are constructed on surfaces as a conse-
quence of their proximity to each other.'8" Figure 8 A shows the
UV/Vis absorbance spectrum of a 13nm gold nanoparticle
superstructure, in which the layers are crosslinked with paraquat
(2; N,N'-dimethyl-4,4-bipyridyl).">" As the number of layers
increases, the plasmon absorbance (12520 nm) of individual
particles increases, while simutaneously an absorbance band at
A~650 nm forms, strengthens, and shifts bathochromatically.

A e ——-

Figure 8. A) Absorbance spectra of (a—e) 1-5 layers of Au colloid/2 super-
structures on a glass substrate. B) Absorbance spectra of a 12 nm colloidal gold
solution a) 15, b) 50, and c) 165 min after the addition of methyl viologen

(0.01 mm). C) TEM micrographs of representative aggregates from the same
solution after 1) 15, 2) 50, and 3) 165 min.
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This energy is in the region expected for interparticle plasmon
absorbances and the gradual increase in wavelength is indicative
of increasing particle network size as the assembly grows. A
similar feature is also evident in vapor-deposited, semicontin-
uous gold films but is absent in noncontinuous films.'"3! Further
evidence that these absorbance changes occur as a result of the
close contact of gold particles is obtained by following the UV/
Vis spectrum of a citrate-stabilized gold-nanoparticle solution
upon the addition of 2.'>" Figure 8 B shows the spectral changes
after the addition of 2 (0.01 mm). Soon after the addition, the
intensity of the plasmon absorbance at 520 nm reduces and a
band at A~650nm appears. With time, this absorbance
intensifies at the expense of the plasmon absorbance from the
individual particles and shifts to longer wavelengths and,
ultimately, the particles precipitate. TEM micrographs of the
aggregating solution over the same periods (Figure 8C) show
that as the absorbance at 1a650 nm strengthens and shifts
bathochromatically, the average size of particle aggregates
increases.

3.2.3. Light Scattering and Reflectance

Some of the data recorded by UV/Vis spectroscopy of nano-
particle assemblies are artifacts of light scattering and reflec-
tance. In particular, as the particle sizes increase and metallic
regions appear (with increasing particle density or layer growth)
these components become important. Light scattering contri-
butions of gold-particle aggregates appear in the region of 650 -
800 nm('82 183 and reflectance occurs over the entire frequency
range. In combination, these effects cause the broadband
feature that is observed with the generation of multilayers
(Figure 8A).

3.3. Electrochemistry
3.3.1. Redox Properties

When constructed on a suitable substrate, it is possible to
estimate the surface coverage of a gold colloid by the assay of its
surface area. By applying a cyclic potential (between 0.0V and
1.5V versus a saturated calomel electrode (SCE)) to the
electrode, modified with colloidal gold in an acidic background
electrolyte solution (0.5m H,SO,), oxidation and reduction of the
colloidal surface can be achieved.™ Upon oxidation, a densely
packed monolayer of hydroxide species is produced on the gold
surface, that is reduced in the course of the cathodic wave of the
cyclic voltammogram. The charge density associated with the
reductive process on the gold electrode surface is well known
(386 pCcm~2 for the [100] plane and similar values for the other
planes!® 18 of a gold crystal). An electrochemical study
performed on a glassy carbon electrode covered with gold
nanoparticles showed that the charge density associated with
the reduction of the oxide layer on the nanoparticles is similar to
that of bulk gold electrodes.''® Thus, the integral surface of the
colloidal gold particles involved in the electrochemical process
can be determined by measuring the charge associated with the
cathodic peak in the cyclic voltammogram. Figure 9 shows cyclic
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Figure 9. Cyclic voltammograms of 1-5 layers of Au colloid/1 assemblies
corresponding to the electrochemical oxidation and reduction of the particle
surface. Experiments were carried out in 1.0m H,SO, at a scan rate of 50 mVs~'.
Inset: Calibration curve corresponding to the surface coverage (measured as the
number of of gold nanoparticles per square centimeter, n) against the number of
layers.

voltammograms of a gold colloid layered array upon construc-
tion of a 1-crosslinked superstructure.3% The characteristic cyclic
voltammogram of gold is observed, consisting of an anodic
wave corresponding to the oxidation of the colloid layer
followed by a cathodic peak corresponding to the reductive
stripping of the hydroxide layer formed on the gold surface at
more positive potentials. The oxidation and reduction waves of
the cyclic voltammograms of the gold particle surface increase
almost linearly with the number of layers and, by the coulo-
metric assay of the cathodic peak, the total gold surface area per
nanoparticle layer can be estimated. Knowing the diameter of
the gold particles and assuming that all of the particle surface is
exposed to the electrochemical reaction, the surface density of
the gold particles in this structure is estimated to have a lower
limit of 0.8 x 10" particlescm~2, similar to the surface coverage
of a colloid monolayer as determined by SEM (1.0 x 10"
particlescm=2).B8 Another possiblity to estimate the integral
area of the colloidal gold array exposed to an electrolyte solution
is based on the capacitance measurements.'®” The double-layer
capacitance obtained from the voltammograms is proportional
to the integral area of the conductive array, so the area can be
calculated if the capacitance per area is known (about 20 puF cm~—2
for gold electrodes in aqueous solutions). A gold electrode
functionalized by a layer of 42 nm gold nanoparticles assembled
on a cystamine monolayer revealed an apparent capacitance of
approximately 83 uFcm~2, which gives an electrode roughness
coefficient of about four.'® More complex, three-dimensional
systems were also characterized using capacitance measure-
ments. For example, nanoporous filtration membranes (30 nm
pore diameter, 6 x 108 porescm=2, 200 nm center-to-center
average distance, 0.0042 fractional pore area) were filled with
metal (gold) nanowires and the respective nanoelectrode
assemblies were characterized by the capacitance measure-
ments."¥” The fractional electrode area, 0.0045, was then derived
from this measured capacitance value.

If the crosslinking species is electroactive, then its electro-
chemical response can reflect the buildup and formation of the
particle superstructure. Figure 10 shows cyclic voltammograms
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Figure 10. A) Cyclic voltammograms correspsonding to the redox activity of the
crosslinker (1) in arrays of 1-5 gold layers. Experiments were recorded under
argon in 0.1m buffer solution, at pH 7.2, and a scan rate of 100 mVs~'.

B) Calibration curve corresponding to the surface coverage of 1 against the
number of layers, as determined by coulometric analysis.

of the molecular crosslinking units upon the construction of a
1-crosslinked gold-colloid array. The cyclic voltammogram of 1
increases with the number of gold layers. This verifies that 1
indeed acts as a “crosslinker” for the particles, such that the
formation of each additional gold layer requires its preassembly.
By the coulometric analysis of the electrical responses of the
crosslinker upon the buildup of the array, the crosslinker content
was estimated to be about 1.5 x 10" molescm~2 per layer.
Knowing the surface coverage of the gold particles, it is
estimated that, on average, about 100 crosslinking molecules
are associated with each gold particle in the superstructure.
Interestingly, this value is in excellent agreement with the
number of molecules required to precipitate a gold colloid from
solution.®™ The fact that the molecular crosslinker is electro-
chemically observable upon the buildup of the superstructure
implies that the array exhibits three-dimensional conductivity
and is porous to the electrolyte solution. A related experiment, in
which a large number of layers were constructed, revealed that
the response of the electroactive crosslinker reached a max-
imum, after which further layer growth had little effect.'®! In this
case, only the top few layers were accessible to the electro-
chemical process. Potential-dependent changes of the redox-
state of the linker can also result in variation of physicochemical
(for example, spectral) properties of the nanoparticle array.'*"

3.3.2. Conductive and Semiconductive Properties

Apart from the vertical conductivity noted from cyclic voltam-
metry data, the transverse conductivity of colloid assemblies has
also been measured. Monolayer films are found to be electrically
insulating because individual particles are not in close contact
but, when denser arrays are manufactured, electron transport
through the matrix becomes possible. Networks consisting of
gold nanoparticles connected through dithiols demonstrated a
nonmetallic type of conductivity when the temperature was
varied."" The resistance of gold nanoparticle arrays separated
by organic crosslinkers varies with features such as the particle
diameter, spacer length, and the number of particle layers.
Samples consisting of 38 layers of gold particles separated by
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alkanedithiols of various chain lengths demonstrated signifi-
cantly different surface resistances: about 1500, 85, or 6.5 Q (at
room temperature) for structures with 12, 9, or 6 methylene units
between the sulfur atoms, respectively." Thus, the addition of
three methylene units to the chain can increase the resistance by
an order of magnitude. Only one particle array has approached
the conductivity of pure gold (resistivity =2.4 x 1075 Q cm)!"*
but many exceed that of substrates, such as ITO. It has been
found that colloidal gold multilayers undergo an insulator-
conductor transition at a critical particle density.'* 152 Samples
containing up to 25 x 10" particles cm~2 (11 nm) were found to
insulate, with a resistance in excess of 107 Q, but further
increases in the number of the gold layers resulted in an
enormous decrease in resistance: By the time the gold particle
density reached 50 x 10" particlescm~72, the resistance dropped
below 100 2—a change of five orders of magnitude upon only
doubling the particle content. Highly conductive nanoparticle
aggregates can be generated when metallic nanowire connec-
tions, produced through electrochemical growth between the
particles, are made." Reversible metal —insulator transitions in
ordered silver nanocrystal monolayers have been observed
when 2D Langmuir-Blodgett films were compressed and
decompressed.'® The admittance of a 35A diameter silver
nanoparticle film was reversibly modulated between values
typical for an insulator and a conductive metal when the
interparticle distance was changed from about 10 A, in case of
the uncompressed monolayer, to about 5 A, when the mono-
layer is fully compressed. The conductivity change results from
the change of the electron transfer mechanism: Quantum
tunneling over the long distances between nanoparticles and a
delocalized metallic mechanism over the short distances.
Reversible optical changes, typical for continuous and discon-
tinuous silver films, were also observed simultaneously with the
conductivity changes.l*”

Mono- and multilayered constructions of semiconductor
colloids (mainly CdS or TiO,) have been well characterized by
numerous spectral methods (UV/Vis spectroscopy, X-ray diffrac-
tion (XRD), resonance Raman scattering, TEM, electron diffrac-
tion, Rutherford backscattering, and so forth).6# 76192 The
evidence from a variety of characterization techniques indicates
that semiconductive nanoparticles can be bound to metal
surfaces using self-assembling monolayers. The nanocrystals are
deposited intact, without fusion or aggregation, and at relatively
high coverage—usually about half a monolayer.'®? The size
distribution of nanoparticles on the solid support can be even
narrower than the original size distribution of the particles in the
solution before deposition. Such homogeneity of the nano-
particles is especially important for study of the electronic
properties of the assembly. The samples are durable and may
endure for months in air without degradation.

Tunneling spectroscopy (TS) of a single particle whose size
was determined from a STM image has allowed the determi-
nation of the bandgap energy of the size-quantized particle. For
this purpose, a current between a gold support and a TS tip,
which passed through a CdS nanoparticle monolayer, was
detected upon application of a variable potential difference.l*¥
The inset in Figure 11 shows the /-V curve obtained for the

CHEMPHYSCHEM 2000, 1, 18-52

REVIEW

EleVv

d/nm ———

Figure 11. Bandgap energies of CdS nanopatrticles as a function of nanoparticle
size. Circles represent experimental data and lines show theoretical calculations
based on tight-binding approximations. Inset: the | -V curves obtained by TS
measurements of a) a CdS nanoparticle and b) bulk CdS. Reproduced from

ref. [64] with permission.

nanoparticle monolayer (curve a) and that for bulk CdS particles
(curve b). The -V curve obtained for the CdS nanoparticles is
nearly symmetric against the potential axis, while that for the
bulk CdS particle shows rectification and no appreciable current
appears with positive bias. This difference results from the
contribution of space charge effects, which are remarkable for
the bulk CdS but not for the CdS nanoparticle, which is too small
for any remarkable space charge layer to form.l'*®! The bandgap
of the CdS nanoparticle was determined on the basis of a
potential region where no appreciable current flow is ob-
served. For example, a bandgap of 2.9 eV was obtained for a
3.1 nm CdS nanoparticle. The TS measurements were carried out
for other CdS nanoparticles of different sizes and their bandgap
energies decreased with increased particle size (Figure 11). This
result is in a good agreement with the theoretical predictions
made by tight-binding approximations.l'®”)

Assemblies of semiconductive nanoparticles (CdS, CdSe, or
TiO,), upon appropriate illumination, have also been applied to
photocurrent generation.[63 65 121,198,191 These systems demon-
strate size-dependent photochemical properties different from
those of bulk materials. Figure 12A shows the photocurrent
potential of CdS nanoparticle films consisting of one to three

4 —

A)
3 /M
T /
2 - /\/
/
¢! / b~
5y 1L / o
1075V / o~
f o
ol LA T 11 0
12 08 —04 0 350 400 450 500 550
Al nm — EIN—>

Figure 12. A) Photocurrent potential of CdS nanoparticle electrodes consisting
of a) one, b) two and c) three layers of crosslinked nanopatrticles. B) Action spectra
of the photocurrent acquired from a CdS nanoparticle film (circles) and the
absorbance spectrum of CdS nanopatrticles (solid line). Reproduced from ref. [121]
with permission.
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monolayers. The photocurrent onset was observed at —1.15V
versus SCE, independent of the number of layers. Anodic
photocurrent increases with the increasing anodic polarization,
which is typical of n-type semiconductors. The magnitude of the
anodic photocurrent increased almost linearly with the number
of CdS layers, which indicates that all of the nanoparticles
immobilized on the electrodes are photoelectrochemically
active.'?" A similar dependence was observed for TiO, nano-
particles; however, beyond ten layers, a leveling-off (and even a
decrease) of the photocurrent resulted. This phenomenon
results from light absorbance by the TiO, layers located too far
from the conductive support surface to pass electrons to the
electrode.®™ Action spectra of the photocurrents (Figure 12B)
demonstrate the same spectral shape as that of the absorption
spectra, which indicates that all particles are active for the
photocurrent generation and there is no significant energy
transfer and redistribution.?"! The photocurrent measurements
allowed determination of the potentials of the conduction-band
edge, Ecg, and the valence-band edge, Eg, of the CdS particles
with size:®® Both E; and E are shifted toward negative and
positive potentials, respectively, with a decrease of the CdS
nanoparticle diameter. The experimental change of the poten-
tials follows the theoretical prediction based on the finite depth
potential model.?°? Approximate measurement of the CdSe
bandgap was performed using photocurrent spectroscopy,
applicable even for very small amounts of the material
equivalent to a 2.5 nm thick film (less than a monolayer of the
CdSe nanoparticles).'*! Intensity-modulated photoelectrochem-
ical spectroscopy has been applied to determine the kinetics of
charge transfer at an electrode modified with a monolayer of
CdS nanoparticles.®” An electrode modified with a CdS-nano-
particle monolayer was irradiated with light chopped at a
frequency of about 17 Hz and the modulated current signal was
recorded using a lock-in amplifier. The photocurrent response
was analyzed in terms of impedance spectroscopy and the
charge-transfer kinetics were determined; rate constants for hole
and electron transfer were 2.8 x 103s~" and 5.1 x 10°s7", re-
spectively.

The unique features of the size-quantized semiconductive
nanoparticles could result in the development of the novel
photovoltaic, light-emitting, and sensory devices that will be
discussed in Section 4.4.

3.4. Other Techniques

Of the other techniques used to characterize colloid super-
structures, microgravimetric techniques stand out as the most
important. With quartz-crystal microgravimetry, the construction
of layers can be followed in great detail. Any particle material
and crosslinker can be used, although the underlying substrate is
usually gold, and construction may be followed for many layers.
QCM can monitor the mass change upon the formation of layers,
which allows the calculation of layer thicknesses, and can also
show the homogeneity of layer thickness in repeating struc-
tures.l76: 89,95, 113,142,200 The high mass of metallic colloidal
particles means that their adsorption is followed very easily
(the frequency decreases upon colloid assembly can be as much
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as 10000 Hz).”®! For example, colloidal gold particles of about
8nm in diameter were deposited onto a QCM surface and
nonane-1,9-dithiol was used as a linker between the gold
layers.! Figure 13 shows the mass increase on the QCM surface
upon deposition of several layers of the gold colloid. The
measurements show clearly that saturated monolayers are
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Figure 13. The deposition of gold nanoparticle layers, as detected by QCM.
Arrows show the times at which colloid was added. Reproduced from ref. [95]
with permission.
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obtained, namely, the self-assembly process comes to saturation.
The values obtained for the mass of the individual layers are in
agreement with expected values. Assuming a particle radius of
4 nm and a maximum coverage of the surface, a mass increase of
9ugcm— can be expected. The measured value of 6 ugcm=2
indicates about 50-60% coverage and is a more reasonable
result for the first layer. The larger values, about 8 ungcm~=2, for
the consecutive layers could be due to an increase in the surface
roughness caused by the attachment of the first monolayer.
Layer-by-layer deposition of particles formed from different
materials (such as Au/CdS/Au®) or particles and polymers (such
as SiO,/PDDA/SIO,!"*¥) have also been followed using QCM.
Alternate layers can show different frequency changes, which
translates into a different mass uptake resulting from various
sizes and densities of the layer components. For example, the
mass uptake in the course of building an Au/CdS/Au multilayer
assembly is significantly higher for each gold-layer building step
than that for CdS layer, since the CdS particles are lighter.®

The only other analyses that can provide related information
are the much more troublesome ellipsometry!4% 1531541571 and
X-ray diffraction (XRD).®®! Sample preparation is important in
these experiments and the interpretation of results can also be
problematic. Finally, information about the array surface has also
been gleaned from XPS®" %I (to verify the presence of certain
compounds and their relative abundances), NMR spectrosco-
py,2°? and surface plasmon spectroscopy (SPS).'"

4. Functional Nanoparticle Arrays

The ultimate aim of the nanoparticle engineer is the creation of
materials and devices that have valuable functions in the real
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world. The properties of colloidal particles are known to be of
use in many disciplines but the challenge is to organize them
with complete control. The integration of nanoparticles in
composite structures as well as their interface with external
inputs and outputs will be necessary to reach their full potential.
Assemblies of disorganized nanoparticles have been used
successfully to produce rudimentary sensors,?®! ultramicroelectr-
odes,? and unusual materials.'™"" While these structures are
able to demonstrate concepts, they do not give us access to the
direct nanoengineering that is necessary for the development of
the next generation of devices. Organized monolayers provide a
route towards true nanoengineering. Organized nanoparticle
monolayers have been used as masks for the evaporation of gold
patterns.® If the individual particles in an organized monolayer
are “stuck together” (for example, by the evaporation of a thin
gold film), then the entire monolayer may be removed from the
substrate in one piece.® This procedure allows the monolayer
mask to be transferred to almost any substrate and provides
access to colloid-templated patterning on curved surfaces and
unusual materials. Electronic colloid-based devices have been
built which take advantage of the precise placement and
engineering of colloidal nanoparticles, while sensing matrices
have been built which exploit the properties of both the
colloidal and the crosslinking materials. As yet, the chemical'?#
and catalytic properties of nanoparticles have not been used in
functional arrays. Ultimately, it may be possible to integrate
different colloid-based components to create highly functional
electronic, sensor, and photoelectrochemical devices of nano-
scale dimensions.

4.1. Arrays with Optical Functions

The intrinsic optical properties of metallic colloids has led to
many applications exploiting their plasmon absorbance (Sec-
tion 4.1.1) or their ability to enhance the Raman effect (Sec-
tion 4.1.2). Other research has focused on their use as the
components of diffraction gratings. The small size of nano-
particles means that if they are equally spaced in a lattice, the
assembly can act as a diffraction grating. Because the properties
of a diffraction grating depend on the unit spacing, an event that
changes the interparticle spacing in a regular array can be
detected optically. Thus, crystalline colloid arrays (CCAs) of
polymer particles have been used to detect temperature and
binding events.?% In the latter example, a CCA was polymerized
inside a hydrogel containing lead-binding crown ether moieties.
The CCA/hydrogel absorbs any Pb2" that is in solution and
results in an osmotically driven swelling of the array. The optical
consequences of this change are detectable by the naked eye at
Pb%* concentrations as low as 40 ppb.

4.1.1. Surface Plasmon Functions

The plasmon absorbance of nanoparticles is a consequence of
their small size but it can be influenced by numerous factors. In
particular, solvent and surface functionalization are important
contributors to the exact frequency and intensity of the
band.l'% 1821831 This dependence on surface effects make the
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surface plasmon an ideal monitor of adsorption to the particle
surface, which allows nanoparticle assemblies to be used as
sensing devices. These effects are particularly pronounced for
silver colloids and warrant their use in much of the research into
Sps.hol

The specific biochemical binding of biologically complemen-
tary pairs (for example, antigen - antibody, biotin —avidin, DNA -
complementary DNA) can be performed at an interface and
various physical means can be used to detect the corresponding
change of the interfacial properties. A general approach includes
the modification of a solid support with one component of the
recognition pair and then the modified surface is allowed to
react with the second complementary component, which
produces a complex at the interface. When the applied solid
support is electroconductive, electrochemical techniques (such
as impedance spectroscopy, 26281 chronopotentiometry,?°”! or
cyclic voltammetry?% 21%) sensitive to an additional barrier
against electron-transfer processes at the interface have been
applied to detect the formation of these complexes.
QCM,1208.:209. 2111 gllipsometry,2'2 231 and surface plasmon reso-
nance (SPR)2'> 214 have also been employed for the detection of
the corresponding changes at the interface.

If an analyte is coupled to a metal nanoparticle, then the
change in the interfacial properties resulting from the formation
of the affinity complex at the interface can be greatly enhanced.
SPR demonstrates the enhancement of the signal resulting from
antigen —antibody complex formation (Figure 14).2" In this
paradigm, either antibody-functionalized nanoparticles bind to
an antigen-functionalized surface (Figure 14A) or antigen-func-
tionalized colloids bind to an antigen-functionalized surface
(Figure 14B), for which a solution-state antibody acts as a linker.
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Figure 14. Schematic representations of particle-enhanced biosensing archi-
tectures.

Exposure of a gold film coated with an antibody (y-chain-specific
monoclonal goat anti-human immunoglobulin G; anti-lgG-y) to
a 1.0 mgmL~" solution of human immunoglobulin G (IgG) results
in a 0.1° shift in plasmon angle with no change in curve shape
(Figure 15A). In contrast, a significantly larger shift (1.5°), an
approximately 2 % increase in minimum reflectance, and notice-
able broadening of the curve is observed (Figure 15B) upon the
exposure of an identically prepared surface to an electrostatically
bound conjugate between IgG and 10 nm diameter colloidal
gold.?"™ Quantitative interpretation of the signal shows an
almost linear change with the surface occupation of the
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Figure 15. In situ SPR curves of: A) An evaporated gold film, modified with anti-
IgG-y (—) and exposed to IgG (1.0 mg mL~"; ——-); B) The same experiment,
except that the IgG was conjugated with 10 nm gold nanoparticles. R = reso-
nance enhancement. Reproduced from ref. [215] with permission.

analyte —gold conjugates. A similar SPR curve was observed
using the primary interaction of the sensing interface with IgG
followed by interaction with a secondary antibody (F.-specific
monoclonal goat anti-human immunoglobulin G; anti-IgG-F.)
conjugated with a gold colloid. Whereas little change in the
surface plasmon was observed in the absence of gold colloids,
(Figure 16 A), the application of the anti-lgG-F. conjugated with a
gold colloid greatly amplified the surface plasmon change
(Figure 16B). The colloidal gold particles introduced to the
interface with the anti-lgG-F, resulted in a 1.7° shift in plasmon
angle (rather than 0.06° for pure anti-IgG-F.), a 2% increase in
minimum reflectance, and a noticeable broadening of the SPR
curve. Both detection schemes clearly demonstrated enhance-
ment of the signal as a result of gold colloids coming to the
interface together with the biomaterial. This method can detect
IgG to a concentration of about 7 nwm.

4.1.2. Surfaced-Enhanced Raman Scattering Functions

When an adsorbate on a rough metal surface is subjected to
Raman scattering spectroscopy, very high enhancements (sev-
eral orders of magnitude) over a flat substrate are observed.l?'®
This SERS effect is a general analytical method for adsorbates on
active metals such as gold, silver, and copper. The enhancement
may extend tens of nanometers from the substrate surface and is
at its highest for surfaces that are rough on the 10-100 nm
scale—exactly the size of gold and silver colloids produced by
the simple citrate reduction method. The mechanism of the
enhancement is not fully understood but seems to stem from
both an enhanced electromagnetic field as a consequence of
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Figure 16. In situ SPR curves of: A) An evaporated gold film, modified with anti-
1gG-y (—) and sequentially exposed to IgG (0.045 mg mL~'; ----) then anti-lgG-F,
(8.5 mg mL~"; ——-). B) The same experiment, except that the final anti-lgG-F. was
conjugated with 10 nm gold nanoparticles. R = resonance enhancement. Repro-
duced from ref. [215] with permission.

surface plasmon resonance and the appearance of new elec-
tronic states in the adsorbate as a consequence of adsorp-
tion.

Solution-state SERS studies of pyridine on gold nanoparticles
show that the enhancement occurs when the exciting radiation
is coincident with the plasmon absorbance of the nanoparti-
cles.™” This result is consistent with the theory that the
enhancement is caused by an enhanced local electromagnetic
field. Later research studied aggregated nanoparticles, which
have additional plasmon resonances associated with interpar-
ticle plasmon coupling. This work showed that the longer
wavelength, interparticle plasmon resonances of nanoparticle
aggregates provide an even better excitation frequency for
SERS.'821831 The production of nanoparticle aggregates in
solution can be problematic, however. Not only are the
aggregates polydisperse in shape and size, but the process of
aggregation is dynamic—the composition of an aggregating
solution changes over time—and the particles ultimately
precipitate (although there are ways to stabilize colloid aggre-
gates in solution).2'®

Some of the first papers describing the assembly of nano-
particle monolayers were directed towards their use as SERS
substrates.”" %@ Previously, solid SERS substrates had been
constructed by etching or deposition, which was both techni-
cally demanding and imprecise. The use of nanoparticles, which
are easily synthesized to be monodisperse and were known to
be excellent SERS substrates in solution, provided an elegant
solution to these problems. In addition, immobilized particles are
fixed in their morphology, so their aggregation state can be
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carefully controlled. Monolayers of gold®® or silver” nano-
particles were adsorbed onto silane-functionalized glass slides
and were then treated with the analyte adsorbate. As expected,
it was found that SERS activity is strongly dependent on the
aggregation state of the particles (Figure 17). Enhancements
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Figure 17. The SERS intensity of the 1610 cm~" band of trans-1,2-bis(4-pyridyl)-
ethylene varies with the strength of the interparticle-coupled plasmon absorb-
ance of a gold nanoparticle monolayer on which it is adsorbed (at 632.8 nm
excitation). | = SERS intensity, Ass, = absorbance at 650 nm. Reproduced from
ref. [90] with permission.

were comparable to those observed from electrochemically
roughened electrodes. Even higher enhancements have been
obtained by the use of silver-coated gold nanoparticles.> >¢

The high SERS enhancements observed on substrates of
aggregated colloids are, in fact, an average of the very different
enhancements at all the points on the film. Theoretical
calculations predict that the variation is very pronounced,??'"
which suggests that localized enhancements may be orders of
magnitude higher than the (already high) average enhancement.
This theory was checked by SERS studies on the tip of an atomic-
force microscope.??! Such a method allows the analysis of single
particles and aggregates: If the adsorbate is added in a very low
concentration of significantly less than one molecule per
particle, then even single molecule analyses can be performed.
This study focused on the analysis of rhodamine 6G on silver
nanoparticles (of about 35nm diameter). The dye was first
adsorbed onto the surface of the nanoparticles, which were then
immobilized on a polylysine-coated glass substrate. About one
in 10000 nanoparticles had a very high SERS activity and there
seemed little to identify these nanoparticles in terms of size,
shape, and aggregation state (Figure 18). The highly active “hot
particles” often seemed to be larger or rod-shaped but other
particles also displayed this property. Analysis showed that SERS
enhancements of up to x 10" were possible, which allows the
detailed analysis of single molecules, even to the point of
determining their orientation.
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Figure 18. Tapping mode AFM images of “hot” silver nanoparticles and their
aggregates. A) Four particles, of which two show a high Raman enhancement
(particles 1 and 2 are "hot”) and two do not (particles 3 and 4). B) A "hot” four-
particle linear aggregate. C) A “hot” rod-shaped patrticle. D) A single “hot” particle.
Reproduced from ref. [220] with permission.

4.2. Arrays with Electronic Functions
4.2.1. Colloids as Electrical Contacts

For the construction of colloid-based microelectronics, it is
desirable to engineer two- and three-dimensional arrays of
colloidal metal particles that can be used as wires and electrodes.
The primary requirement for such applications is high electrical
conductivity of the assembly, as can be attained by closely-
packed colloid multilayers. The cyclic voltammetry of various
redox probes (such as K;[Fe(CN)q], hydroxymethylferrocene, and
hydroquinone) has been studied on glass slides functionalized
with different numbers of bisthiol-crosslinked colloidal gold
layers.'*¥ At less than seven layers, the voltammetry is resistive
and poorly defined, but at seven layers the voltammetry
becomes sigmoid—such as that observed at a microelectrode
due to radial diffusion of the redox species to the electrode
surface. The electrode can be modeled as many small conductive
“islands” with nonoverlapping diffusion layers and thus behaves
as a microelectrode array. Cyclic voltammograms of electrodes
with higher coverages exhibit the linear diffusion characteristics
of planar macroelectrodes. Here, the electrode may be modeled
either as a continuous metallic surface or as a microelectrode
array, whose component diffusion layers overlap due to the
higher density of gold “islands” on the electrode surface. Well
defined diffusion-limited voltammograms were recorded, as
demonstrated by a classical t="2 current decay, linear plots of the
peak current versus the square root of the potential sweep rate,
and peak-to-peak separations (AE,,) ranging from 85 mV
(K;[Fe(CN)¢]) to 133 mV (hydroquinone), and indicated nearly
reversible to quasi-reversible electron-transfer kinetics. The
electron-transfer rate constants of [Fe(CN)¢]*~, measured at a
ten-layer film of colloidal gold, were found to be close to those
known for bulk gold electrodes: 7.6 x 103cms~' and 7.9 x
1073 cms™, respectively.

Reversible and quasi-reversible electrochemical processes
have been demonstrated at metal colloid multilayer arrays for
many different, soluble redox probes, such as methyl viologen
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(2),° ferrocene derivatives,'® and [Fe(CN)g]3 /4.3 1881901 Dj-
rect, nonmediated electrochemical activity of cytochrome c was
observed at a SnO, electrode modified with colloidal gold.1??"
This is of particular interest as cytochrome c normally demon-
strates reversible electrochemistry only at promoter-modified
electrodes, at which favorable orientation of the hemoprotein
towards electron transfer is provided.??? Furthermore, the
morphology of the nanoparticle surface is extremely important
in the process—aggregated gold particles or particles of an
inappropriate size fail to establish efficient electrical contact
between the hemoprotein and the electrode.

When a multilayer of colloidal metal particles is organized
onto a conductive support, one needs to determine the
contributions of the external layer, internal layers, and the
conductive support towards the heterogeneous electron-trans-
fer process. A redox probe (p-nitrosodimethylaniline) that
exhibits different cyclic voltammograms at SnO, and Au electro-
des has been used to discriminate between the electrochemical
responses from a SnO, support and the colloidal gold array
organized onto it.® The recorded cyclic voltammogram clearly
demonstrated that the main contribution to the electrochemical
process is from the gold particles. Multilayer arrays of gold
colloids linked through alkanedithiol bridging molecules were
terminated with either the gold colloid or alkanedithiol as the
external layer. The colloid-surfaced array demonstrated efficient
electrochemical process in the presence of a soluble redox
probe, whereas the alkanedithiol-terminated array was highly
insulating and nonelectrochemically active.'® Such electro-
chemical behavior can be observed if the redox probe does not
penetrate inside the array so that the array surface is the only
interface responsible for the heterogeneous electron-transfer
process. In other cases, however, the array is porous so both the
external and internal surfaces can participate in the electro-
chemical process.['3% 1471501

Monolayer (2D) and multilayer (3D) arrays of colloidal metal
particles have been used as supports for the immobilization of
redox-active molecules. Strong adsorption of [Fe(CN)¢]*/4~ ions
onto gold colloids attached to a cystamine-functionalized gold
electrode has been demonstrated.'® Symmetrical anodic - ca-
thodic peaks with very small peak-to-peak separations (3 mV),
typical of Laviron-type electrochemistry,??*! were observed in the
cyclic voltammograms when the gold colloid-modified electrode
was probed in the presence of [Fe(CN)J*~4~. Laviron also
reported a linear dependence on the potential scan rate,
characteristic of adsorbed redox species. These peaks appear
in addition to normal diffusional waves of the [Fe(CN)y*~#~ and
are shifted by +515 mV from the diffusionally controlled redox
waves. Such a large shift in potential is evidence of strong
adsorption, which results in a significant change of the energetic
properties of the redox ions. However, a colloidal gold electrode
immersed in an electrolyte solution free of [Fe(CN)]*~"*~ slowly
loses the adsorbed redox-active anions because of their
substitution with redox-inactive anions of the electrolyte. Much
stronger adsorption of redox species, which results in their
permanent immobilization onto conductive (or semiconductive)
nanoparticles can be achieved if the adsorbed molecules have
special “anchor” groups to provide binding to the solid support.
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Typical anchor groups used for coupling with gold nanoparticles
(which can also be used with silver or platinum particles) are
thiol and disulfide groups.®® Redox-active modifiers (such as
ferrocene units®¥ or anthraquinones®?®!) have been linked to
gold colloids by spacers terminated with thiol anchor groups.
The redox-functionalized gold nanoparticles can be later assem-
bled on a solid support. Another approach includes the attach-
ment of redox-active modifiers to gold nanoparticles already
assembled on a solid support. For example, a ferrocene - thiol
monolayer deposited on top of a colloidal gold layer demon-
strated the Laviron-type electrochemical behavior typical for
monolayers of redox materials on flat, continuous electrodes.!"¢!
The small peak-to-peak separation in the cyclic voltammogram
(AE=6 mV at a potential scan rate of 10 mVs~') demonstrates a
fairly fast, reversible electrochemical process (ke=4s"") and a
negligible contribution from the resistance between the colloid
layer and the conductive support. More complex redox com-
pounds, such as dyads comprising elements with pH-dependent
(quinone) and pH-independent (bipyridinium) electrochemis-
tries have been immobilized atop of nanoparticle 2D arrays.®®
For the first case, Equation (1) describes its behavior, where EY,
and EJ,; are the redox potentials measured at any pH and pH 7;
m and n are numbers of electrons and hydrogen ions involved in
the reduction of a quinone molecule; and R, T, and F have their
usual meanings of the gas constant, temperature, and Faraday
constant, respectively.

0 _ po _ _ m E _
Epn Epny —23 N 3 (PH—-7) (1)

4.2.2. Colloids in Single-Electron Devices

If metallic particles of a few nanometers in size are arranged
within about 1 nm of each other, they build tunnel junctions
with electrical capacitances as low as 107°-10""8 ER% This
allows controlled charge transport between the particles by
single-electron tunneling (SET) events at room temperature,
which has been recognized to be a fundamental requirement for
the development of quantum electronics.” Charging energy (E,)
as well as capacitance depends on the size of the metallic
nanoparticles and the distances between them. The charging
energy (namely, the energy barrier that has to be overcome to
transfer a single electron from an initially neutral cluster to a
neutral nearest-neighboring cluster) is dependent on the
interparticle capacitance C, as follows from Equation (2), where
e is the charge of an electron.
e2

E = o= @)

The use of interparticle spacers can be valuable in controlling
capacitance. For instance, while the close packing of the
Pdse(phen);c050 clusters (phen =1,10-phenanthroline) produ-
ces a capacitance of 4.0 x 1078 F, the insertion of 4,4’-diamino-
1,2-diphenylethane spacers reduces it to 1.6 x 1078 F229 The
conductivity and capacitance of nanostructured materials have
been studied using direct current (DC) measurements?* 226 and
impedance spectroscopy.??” Cyclic voltammetry performed on a
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single gold nanoparticle in contact with an STM tip has also been
used to study single-electron transfer processes.®”!

SET devices range from a single conductive nanoparticle
located between two microelectrodes?* 2¢ 2281 or in contact with
an STM tip?* 22 to 2D and 3D arrays that consist of nanoparticles
which experience SET between them.!'3" 222230 Scanning-tip
microscopy techniques can be used to observe SET events and
even to form the respective devices. For example, scanning
tunneling spectroscopy (STS) has been applied to the observa-
tion of SET effects on nanoparticle monolayers of Aus;(Ph,CeH,-
SO;H)Clg in contact with a tip, to demonstrate “Coulomb
staircase” behavior (single electron transfer steps in the cur-
rent - potential curve) even to room temperature, where the
capacitance of the cluster/substrate junction was calculated to
be 3.9 x 10" E23"! Similar results were obtained on application
of STS to self-assembled gold nanoparticles (1.8 nm) on a dithiol-
modified gold surface.?> 22 A single-particle device was
fabricated by AFM-assisted manipulation of a 20nm gold
nanoparticle between two metallic leads.'”? Two-dimensional
lattices for SET devices can be prepared by self-assembly
techniques.’® 23 | ayer-by-layer assembly has been used for
the construction of metal-insulator-nanoparticle-insulator-metal
(“MINIM") capacitors, which also demonstrate Coulomb staircase
behavior.'* The MINIM devices were made (Scheme 12) by first
priming the surface of a gold substrate with cysteamine (2-
aminoethanethiol). Insulating layers of a-Zr(HPO,),-H,O (a-ZrP)
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Scheme 12. The stepwise construction of a MINIM device.

and polyallylamine hydrochloride (PAH) were sequentially ad-
sorbed, terminating with the cationic substance, until the
desired thickness was obtained (typically 3-10 nm, as measured
by ellipsometry). Subsequently, citrate-stabilized gold particles
(about 2.5 nm) were immobilized on top of the insulating layer.
The remaining half of the double junction was constructed by
simply reversing the adsorption sequence described. For a
junction thickness of 80 A and a particle radius of 1.25 nm, the
capacitance of a double-tunnel junction device is 4.5 x 10~ F, as
calculated from Equation (3), where u, is the vacuum permittivity
constant, 4, is the dielectric constant of the insulator, a is the
particle radius, and L is the junction thickness.”** A Coulomb gap
of 360 mV (=e/C) should be observed at room temperature,
since it is substantially higher than values of kT.

a
C = duul+(— 3
/to/tr[+<2L>] 3)
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A typical current — potential curve for such a MINIM structure is
shown in Figure 19 A. The high impedance region is observed on
both sides of 0V and represents the average charging potential
(£ e/2C) of each particle at the double junction array by a single

A) B)
Poly(pyrrole)
a-ZrP/IPAH

Poly(pyrrole)
a-ZrP/IPAH
Au substrate Au substrate
—"J’
250 nA 10 pA -

EIN —>» EIN —»

Figure 19. Current-voltage curves for the MINIM device shown in Scheme 12.
A) The properly constructed MINIM device. B) The curve for a device that was built
without the nanoparticle layer. Reproduced from ref. [131] with permission.

electron. When enough energy is supplied to charge a particle,
electrons tunnel through the junction, which results in the
square-law dependence of the current rise on either side of the
gap. Figure 19B shows similar measurements on a device of
similar thickness in the absence of the gold particles. A linear
curve, typical for ohmic resistance, is observed.

In the next generation of single-electron devices, “switch-
able” quantum dots and quantum channels with correlated
electrons will offer components orders of magnitude smaller
than classical electronic switches or semiconductor memories.
This could result in a new generation of computers,”*® super-
sensitive electrometers, near-infrared receivers, and very simple
miniature lasers.”> 2”1 Recently, a single-electron transistor has
been constructed using alkanedithiol-stabilized gold nanopar-
ticles as tunnel junctions.?* 2 Three colloidal gold particles
(10 nm) were linked by 1,6-hexanedithiol, to produce a gold
colloid chain. The particle chain was formed on a silica substrate
with metallic source, drain, and gate electrodes defined by
electron-beam lithography (Figure 20). The gold colloid chain
bridged a 30 nm gap between the source and drain, which
formed a single-electron transistor with a multitunnel junction in
the particle chain. Electron conduction through the chain
exhibited a clear Coulomb staircase and the periodic conduc-
tance oscillated as a function of gate voltage. A similar device
was created using a single CdSe nanoparticle (5.5 nm) located
between two gold microelectrodes that function as source and
drain.?* 271 Gold nanoparticles capped with dissociating modifier
molecules, Au/galvinol, provided pH-dependent resistance to
single-electron transfer processes, even if only about ten
modifier molecules were present per gold nanoparticle.?8
Single-electron memory devices based on field-effect transistors
(FETs), which consist of a single silicon particle? (or several
particles?*) embedded in a thin silica insulator, allows the
control of current flow (on/off) by the injection of a single
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Figure 20. A) An electron micrograph and B) schematic clarification of a three-
nanopatrticle bridge constructed between source and drain electodes. The gate
electrode is seen in the lower part of the micrograph. Reproduced from ref. [24]
with permission.

electron into the gate. These SET devices displayed read/write
times of about 20 ns, lifetimes in excess of 10° cycles, and charge
retention times of days to weeks.

While single-electron computing continues to be the ultimate
goal of SET technology, its most advanced practical application is
currently the construction of a super-sensitive electrometer. FET
devices with nanoparticles in the gate have provided a charge
sensitivity of 600 pA per gate electron. This electrometer could
be used as an extremely sensitive tool for detection of the redox-
state of a single molecule linked to the nanoparticle, thus
allowing the detection of single-molecule chemical reactions.

Combining many SET elements together for the development
of computing devices remains challenging. Even if it is not an
unreasonable task to make electrical connections to a single
nanotransistor, fabricating the 10'? transistor network that is
required for computing is currently a far-off dream. Two
independent approaches to connect many SET units have been
suggested recently. The first approach involves the simple
combination of SET units with well developed FET devices, in
which a multigate FET device is used and each gate is associated
with a single SET unit. The second, more novel approach is to
forgo the connecting wires altogether.?*! This scheme, named
quantum cellular automata (QCA), is based on the electrostatic
interactions present between cells of connected clusters. In one
possible design, the basic cell is a line of nanoclusters connected
by insulating material (Figure 21 A). An electric field polarizes the
string to give a “1” or “0” state, depending on the field direction.
A similar design is produced from square cells of nanoclusters
carrying the polarization states (Figure 21B). Again, two states
are possible, dependent upon the direction of the applied field.
In either design, the cells can be connected in various config-
urations to make more complex logic circuits. Figure21C
illustrates how the cells can be connected to form a logic gate.
The dark and open circles correspond to one-electron rich and
one-electron deficient clusters, respectively. The signals in QCA
are rapidly transferred between interconnecting cells through
electrostatic interactions at the speed of light. Fast intercell
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Figure 21. Schematic representations of proposed “wireless” computation
devices based on nanopatrticle assemblies.

interactions and the small size of each cell (as low as about
2.5nm?) hold excellent potential for ultrahigh density data
storage and processing from this kind of device.

4.3. Arrays with Sensor Functions

The use of gold nanoparticle superstructures for the creation of
electrochemical sensing devices is an extremely promising
prospect. Multilayers of conductive particles give rise to a
porous, high surface-area electrode, where the local micro-
environment of the gold particles can be controlled by the
crosslinking elements and may lead to specific and selective
interactions with substrates.

4.3.1. Vapor Sensors

Chemiresistors are simple solid-state devices whose electrical
resistance is changed by the presence of chemical species. The
resistance of nanoparticle arrays depends on the colloid size,
interparticle distance, and dielectric properties of the interpar-
ticle material. An array consisting of colloidal gold stabilized with
hydrophobic long-chain alkyl thiols is a medium that can
accommodate organic materials, such as hydrocarbons or
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halogenated hydrocarbons, between the particles. Incorporation
of the additional material can increase the interparticle distance
and lower the relative (dielectric) permittivity of the medium, to
result in a decrease of the electrical resistance of the array. This
approach was recently applied for the detection of toluene and
tetrachloroethylene vapors, which provided a detection thresh-
old of approximately 1 ppm (v/v).*2 The device demonstrated a
high sensitivity to these low polarity materials while being
almost insensitive to materials with higher polarity (such as
1-propanol and water) at the same vapor pressure. Application
of impedance spectroscopy could result in better understanding
of the physical mechanisms of the sensing phenomenon,
namely, finding which component of the resistance—faradaic
or nonfaradaic—is mainly responsible for the resistance
change.

4.3.2. Sensing by a Receptor-Crosslinked Array

A series of electrochemical sensors were built by the electrostatic
crosslinking of gold nanoparticles with the bipyridinium cyclo-
phanes 1 or 3, or the square-shaped oligocationic palladium(i)-
ethylenediamine-bipyridine complex 4 (Scheme 6).[139 147 149, 1501
The bipyridinium cyclophanes 1 and 3 act as receptors for the
association of m-donor substrates in their cavities and the 3D
conductivity of the gold nanoparticle array electrochemically
senses st-donor substrates associated with the cyclophane units.
The formation of m-donor acceptor complexes between the host
receptor and the mt-donor analyte enables the preconcentration
of the analyte at the conductive surface. Furthermore, control of
the number of gold particle layers associated with the ITO
electrode allows the sensor sensitivity to be tuned. Figure 22
shows the electrochemical sensing of p-hydroquinone (6) at a

1/
uA cm™

Figure 22. Cyclic voltammograms of a bare ITO electrode (a) and 1- 5 layer gold
colloid/1 arrays ((b) - (f), respectively) in the presence of hydroquinone (6; 1 x
10~ m). Recorded under argon in 0.1 m phosphate buffer solution, pH 7.2, scan rate
100 mV's~', SCE as reference electrode.

bulk concentration of 1 x 10->m by an electrode functionalized
with different numbers of 1-crosslinked gold nanoparticle layers.
The electrical responses of both the cyclophane (at E°=
—0.450 V versus SCE) and the analyte increase with the number
of layers, which implies that the array must be porous. Figure 23
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Figure 23. Cyclic voltammograms of the five-layer electrode in the absence (a)
and at various concentrations (b-g) of 6. Inset: Calibration curve for the sensing
of 6. Recorded with conditions described in Figure 22.

shows the calibration curve for the electrochemical response of
the five-layer electrode to 6. The response, as indicated by the
calibration curve, is approximately linear within the concentra-
tion range examined, which demonstrates that the sensor is not
easily saturated. The electrochemical sensing of the hydro-
quinone is possible at concentrations as low as 1x 1076m. In
contrast, for a gold nanoparticle array crosslinked by the acyclic
molecule N,N'-diaminoethyl-4,4"-bipyridinium (5), 6 is undetect-
able electrochemically within the range 10°-10"%m. These
observations clearly reveal that the successful sensing of 6 by the
1-crosslinked superstructure originates from a specific host-
guest interaction rather than from the fabrication of a rough-
ened interface. In addition to the enhanced sensitivity in the
analysis of 6 with the number of layers, the electron transfer
kinetics of the guest is vastly improved upon the buildup
of the layers, as shown by the decrease in its peak-to-peak
separation.

Other m-donor substrates, such as dihydroxyphenyl acetic acid
and the neurotransmitters adrenaline (7) and dopamine (8), can
also be sensed by the 1-crosslinked gold nanoparticle elec-
trode.l'>¥ These substrates contain st-donor ortho-hydroquinone
units but, in addition, include those with S-aminoalkyl substitu-
ents on the aromatic ring. The electrochemistry of these
compounds has been examined and discussed for homoge-
neous aqueous solutions?! and is summarized in Scheme 13.
Oxidation of the o-hydroquinone residue to the quinone (9) is
only partly reversible, since the amine substituent induces a
Michael addition accompanied by a ring closure and the
formation of 10, which exhibits reversible or quasireversible
electrochemical properties. Figure 24 shows the electrochemical
sensing of different concentrations of adrenaline by a 1-cross-
linked gold nanoparticle electrode.'™ In addition to the cyclo-
phane redox wave, an irreversible oxidation wave for adrenaline
is observed (at 0.3V versus SCE), as well as a quasireversible
redox wave (at E°= —0.28 V versus SCE), which corresponds to
the electrochemically induced cyclization product 10 (Scheme 13).
Coulometric assay of the quasireversible redox wave of the
electrogenerated product enables extraction of the calibration
curve (Figure 24 inset).
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Scheme 13. The electrochemically promoted intramolecular cyclization of 4-(3-
aminoalkyl)1,2-benzohydroquinones.
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Figure 24. Cyclic voltammograms of a 5-layer gold colloid/1 electrode at
various concentrations of adrenaline (7). Inset: Calibration curve for the signal of
7 from the reduction peak of its electrocatalysed Michael-type cyclization
(Scheme 13). Recorded with conditions described in Figure 22.

4.3.3. Receptor-Induced Selectivity

The selectivity of gold nanoparticle electrodes is controlled by
the structure of the crosslinking receptor units. Application of
the enlarged cyclophane 3 as a crosslinker for the gold particles
enables the electrochemical sensing of bis-dihydroxymethylfer-
rocene (11; Figure 25A) but not of 6, due to its large cavity
dimensions.3? Likewise, the 1-crosslinked gold nanoparticle
superstructure fails to sense 11 because the small receptor
dimensions preclude the accommodation of the larger guest
(Figure 25B). The cationic Pd" complex 4 enables the electro-
chemical sensing of both 6 and 11, since its cavity is large
enough for the former and the latter can associate with it in a
diagonal orientation."* Lastly, the sensory features of the
cyclophane - colloid electrodes are affected by the lattice
morphology. A superstructure consisting of three inner layers
of 1-crosslinked gold nanoparticles then by three outer layers of
3-crosslinked particles enables the electrochemical sensing of
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Figure 25. A) Cyclic voltammograms of a 3-crosslinked electrode (five layers) in
the absence of and in various concentrations of 11. Inset: Calibration curve for the
signal of 11 from the amperometric reponses of the electrode. B) Cyclic
voltammograms of five-layer electrodes crosslinked by 1 and 3 in the presence of
11 (1 x 10-°m). Recorded with conditions described in Figure 22.

both 6 and 11. Conversely, a gold nanoparticle composite
electrode, that consists of 3-crosslinked gold nanoparticles then
1-crosslinked gold nanoparticles, enables the electrochemical
sensing of 6 only.* This phenomenon has been attributed to
the porosity control of the gold nanoparticle array by the
receptor crosslinking units—the superstructure consisting of 1-
crosslinked gold nanoparticles is porous to 6 but is impervious to
the larger molecule 11.

4.3.4. Nanoparticle Arrays as lon-Sensitive Field-Effect
Transistors

The receptor-based sensors described above are efficient in the
concentration of the analyte at the substrate surface but, since
the sensing is fundamentally electrochemical, the technique is
limited to redox-active analytes. The same sensing principle can
be used with a different sensing method, however, to allow the
analysis of redox-inactive compounds. lon-sensitive field-effect
transistors (ISFETs) provide a means to detect charged species in
close proximity to a gate surface. A charged species at the
sensing interface (Figure 26 A) of such a device causes a change
in the polarization of the underlying SiO./Si interface (a thin layer
of a nonconductive material on the sensing interface, for
example GaAs or AlLO,, is often used to ensure insulation). The
conductance of electrons from the source electrode to the drain
electrode through the semiconductor is highly sensitive to this
gate polarization (which has the effect of either attracting or
repelling charge carriers). By measuring either 1) the source-
drain current at a given gate-source potential (V) or 2)the
gate-source potential required for a given source-drain
voltage (V,,) and source-drain current (/g), it is possible to
determine the polarization of the sensing interface.

An ISFET-based sensor for small wt-donors has been made by
the fabrication of a 1/gold nanoparticle surface at the Al,O,
sensing interface of an ISFET (Figure 26 B).?*4 This assembly was
built up by the stepwise deposition of polyethyleneimine, gold
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Figure 26. A) Schematic diagram of a gold colloid/1-based ISFET sensor.
B) Adrenaline (7) sensed by this ISFET by the source —drain current measurement
mode. C) 7 sensed by the gate - source potential mode.

nanoparticles, and 1 on the sensing interface. The resulting
sensor is able to detect any charged molecule that complexes
with the receptor 1, including those that are not electrochemi-
cally active, such as serotonin. Figure 26 C shows the results from
a study of adrenaline. Reliable data for the detection of 7 can be
obtained over six orders of magnitude of concentration, and
Benesi-Hildebrand analysis®?*! gave a calculated binding con-
stant between 1 and 7 of 200 £30m~".

4.3.5. Nanoparticle - Enzyme Assemblies for Biosensing
Applications

The possibility for direct electron transfer between conductive
nanoparticles and redox proteins (such as cytochrome c22")
paves the way for the construction of amperometric biosensors
based on redox enzymes as sensing elements and nanoparticle
arrays as the conductive matrix onto which the enzyme
molecules are implanted. For example, a mixed layer of horse-
radish peroxidase (HRP) and colloidal gold particles (30 nm) was
reported to be electrocatalytically active for hydrogen peroxide
reduction without the need for electron-transfer mediators.124%!
Although direct, nonmediated electron transfer is well known for
some redox proteins and particularly for HRP,24"! it is usually very
inefficient and is not generally used for practical biosensory
devices. However, the small size of gold nanoparticles allows the
conductive material to come into a close proximity of the active
center of the enzyme, which facilitates the electron-transfer
process and provides bioelectrocatalytic activity that can be
utilized in biosensor devices. Another example of a biosensor
exploring nonmediated, direct electron transfer is a p-fructose
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sensitive electrode based on p-fructose dehydrogenase encap-
sulated into a colloidal gold layer on a glassy carbon conductive
support.? More attractive, but also more difficult from a
nanoengineering point of view, is the organization of spatially
ordered assemblies consisting of biocatalytic enzyme molecules
and conductive nanoparticles, rather than their nonorganized
composites. A thiol-terminated monolayer was prepared in a
multistep procedure on a gold support (Scheme 14), to which
colloidal gold (diameters of 16, 24, 42, or 51 nm) was added.!*®!
Finally, HRP was adsorbed onto the immobilized colloidal
particles. Such a stepwise procedure provides some spatial
organization of the system but the resulting array does not
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Scheme 14. The preparation of a gold nanoparticle - horseradish peroxidase
H,0, sensor.

operate in the absence of a diffusional electron-transfer
mediator (catechol) because of the long nonconductive spacers
used by the system. This problem can be solved by the
application of conductive spacers, either with incorporated
redox species, which function as intermediate stations for
electron shuttling,*? or with redox mediators tethered to
enzyme molecules or nanoparticles.?® In the case of small
semiartificial biocatalyst molecules (for example, microperoxi-
dase-11) that do not require electron-transfer mediators, a
multilayer array with 3D-distributed bioelectrocatalysts has been
created by a step-by-step deposition of the biomaterial and
conductive nanoparticles.?*"! The electrocatalytic current exhib-
ited by the system was proportional to the number of
biocatalytic layers in the multilayer array, thus all of the
electrocatalyst molecules were accessible to the substrate
(H,0,, in case of the colloidal gold/microperoxidase-11 3D array)
and preserved their electrocatalytic activity.

Finally, the conductive properties of gold colloids can be used
as an indicator for biosensing applications. A recent study
detailed how arrays of individually tailored, addressable bio-
sensors can be built up, where a “positive” signal results in the
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short circuiting of two microelectrodes by gold nanoparticles
(Scheme 15).252 |n the first step, an alternating current between
two electrodes causes the collection of polymer-coated mag-
netic particles between them. These particles, which bear an IgG-
binding protein coating, are covalently immobilized before the
analyte (IgG) is added. After interaction with the analyte, the
assembly is incubated with gold nanoparticles which bear anti-
IgG. If IgG is present on the array, these gold colloids bind and
provide conductivity between the electrodes (which can be
enhanced by a further step of nonelectrochemical deposition of
silver on the gold particles). An electron micrograph of two
electrodes short circuited in this way is shown in Scheme 15.
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Scheme 15. A) The assembly of the IgG sensor and its operation. B) An array of
four 30 um wide electrode pairs prior to sensor assembly. C) SEM image of a short-
circuited electrode pair after the successful sensing of IgG. Reproduced from

ref. [252] with permission.

4.4. Arrays with Photoelectrochemical Functions

4.4.1. Photoelectrochemical Power To Generate Nanoparticle
Superstructures

Photocurrent generation in semiconductor nanoparticle arrays
has been used to characterize photoinduced charge separation
and electron mobility in and between nanoparticles (see
Section 3.3.2). The possibilities for the variation of nanoparticle
architecture, for the construction of ordered mixtures of different
components, and for the introduction of low-molecular mass
additives make semiconductor nanoparticle arrays very attrac-
tive for the development of photocurrent generating ele-
ments.?>3 24 | ead sulfide based photosensitive nanoparticles
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capped with hydrophobic long-chain molecules (dioctyl sulfo-
succinate) have been assembled onto gold electrode surfaces
modified with long-chain thiols.?* The hydrophobic interaction
between the monolayer on the solid gold support and the
capping material around the PbS nanoparticles provided
immobilization of the particles at the electrode surface. A
cathodic or anodic photocurrent was observed when an electron
acceptor or donor, respectively, was added to the solution.
Photoinduced, interparticle electron transfer between dissimilar
semiconductive particles have been used to convert light into
electricity. The coupling of two semiconductor particles may
offer an opportunity to sensitize a wide bandgap semiconductor
material by another with a narrower bandgap. Thus, interparticle
conjugates of CdS/TiO,, CdS/Zn0O, CdS/Ag,S, CdS/Agl, ZnS/AgI,
ZnS/Ag,S, ZnS/Cd,P,, ZnS/TiO,, and ZnS/ZnO have been pre-
pared and their interparticle electron transfer studied.['26 256
Charge transfer from CdS to TiO, particles has been more
extensively studied than the other systems. The conduction
band of CdS lies above that of TiO, and, thus, CdS —TiO, electron
transfer is energetically allowed. The possibility of using bifunc-
tional bridging ligands to form rigid and well defined systems
that consist of two kind of nanoparticles has been explored to
build photosensitive mixed-particle aggregates.l'?® Bifunctional
linkers that contain both thiol and carboxylic acid groups to
couple with CdS and TiO, particles, respectively, were applied to
build mixed-particle assemblies. Optical and photochemical
properties of these assemblies were studied and efficient
photoinduced interparticle charge separation was demons-
trated. These systems have not yet been used for photocurrent
generation, however.

Spectral sensitization of wide bandgap semiconductors in
photoelectrochemical cells is an attractive approach for con-
version of the visible light from solar energy into electricity.
Various organic dyes and metallocomplexes (for example,
merocyanine-540271 or ruthenium(i) polypyridyl species??>3)
have been used as sensitizing dye molecules and facilitate an
appreciable absorption of incident light. Although substantial
effort has been directed towards the optimization of photo-
chemical systems, the observed photocurrent efficiencies have
generally been very low. A major factor responsible for the low
photoconversion efficiency of an organic dye-sensitized solar cell
is the formation of dye aggregates on the semiconductor
surface. The photoinduced charge separation can be suppressed
significantly because of intermolecular quenching in the dye
aggregates. Different possibilities to prevent photosensitizer
aggregation have been studied, such as incorporation of dye
molecules into S-cyclodextrin cavities®® and microencapsula-
tion of dye molecules in surfactant systems.””! Increased
molecular spacing between photoexcited dye molecules can
significantly diminish interconversion rates, which makes the
deactivation pathways less competitive. The incident photon-to-
photocurrent generation efficiency exhibited by the encapsu-
lated monomeric dye (around 40%) was reported to be nearly
five times larger than the corresponding efficiency of the dye
aggregate (about 8%). A prototype solar cell “OTE/TiO,/MC540/
PVP”, which consisted of a photoelectrode (photoanode) based
on TiO, nanoparticles (as a 2—4 um thick film), merocyanine-
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540 dye encapsulated into a surfactant system (aerosol-OT), and
a Pt wire gauge (counterelectrode), was studied.?>” Figure 27
shows the photovoltage versus photocurrent dependence
(power characteristics) measured under different loading resis-
tances. The maximum photovoltage (open circuit voltage, V,)
and photocurrent (short circuit current, /) were 200 mV and
165 HAcm~2, respectively, while the maximum power output
(Pray) Was 19.6 YWWcm~2 at an incident light intensity (W) of
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Figure 27. The power characteristics of a OTE/TiO,/MC540/PVP photosensitive
electrode under 1.3 mWcm~=2 illumination at 550 nm. A Pt counter electrode and
1m Lil in 0.2% CF;COOH in CH;CN electrolyte was employed. Reproduced from
ref. [257] with permission.

1.3 mW cm~2 (560 nm). The fill factor (f), obtained from Equa-
tion (4) and the results of Figure 27, was f= 0.6. These parameters
yield, from Equation (5), a net power conversion efficiency (A) of
1.5 %.

PmaX
- ( ) @
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A = 100 Prax (5)
B (W)

The application of semiconductor particles associated with
photosensitizing dyes allows the development of low cost, high
efficiency solar cells which exhibit commercially realistic energy
conversion efficiencies.”>? One such device was based on a
10 mm thick, optically transparent film of TiO, particles coated
with a monolayer of a charge-transfer dye to sensitize the film for
light harvesting.?>? Because of the high surface area of the
semiconductor film and the ideal spectral characteristics of the
dye, the device harvested a high proportion of the incident solar
energy flux (46%) and showed exceptional efficiencies for the
conversion of incident photons to electrical current (> 80%). The
large current densities (> 12 mAcm~2) and excellent stability of
these constructions, as well as their low cost, make practical
applications feasible. Sol - gel techniques?®” and electrophoretic
deposition'"! of the colloids have been used successfully to
improve the solar cell performance, which were well charac-
terized by numerous methods.2¢?

Substantial recent research efforts have been directed to the
organization of porous high surface-area electrodes for photo-
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electrochemical applications and multilayer gold-nanoparticle
architectures have been used for the construction of a photo-
electrochemical device (Figure 28A).'*8 The multilayer gold-
nanoparticle superstructure was assembled by the stepwise
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Figure 28. A) Schematic representation of the functional part of the colloidal
gold/12 photoelectrochemical device showing the mechanism of photocurrent
generation. B) The photocurrent generated by the irradiation of one-, three-, and
five-layer arrays demonstrating the photocurrent dependence on assembly
thickness.

crosslinking of citrate-capped gold nanoparticles with the
bis(bipyridinium)-Zn(n)/protoporphyrin IX dyad 12 acting as an
electrostatic crosslinker. The presence of the photoactive
porphyrin was detected in the absorbance spectrum of the
array and other features were verified by cyclic voltammetry.
Photoirradiation of the porphyrin component leads to electron
transfer to the pendant bis(pyridinium) moieties. The gold array
enables effective charge transport to the electrode, which
generates a photocurrent that is controlled by the number of
chromophore/acceptor and gold nanoparticle layers (Fig-
ure 28B).

4.4.2. Electroluminescent Nanopatrticle Superstructures

Semiconductor arrays have also been used for the fabrication of
electroluminescent devices. In one case, a novel type of light-
emitting diode (based on a CdS nanoparticle array) with two
distinguishable emissions, that depend on the potential direc-
tion, was developed.?®® In another case, a hybrid organic/
inorganic electroluminescent device was prepared using semi-
conductor nanocrystals and a conductive polymer (paraphenyl-
ene vinylene, PPV).2%¥ Five layers of CdSe nanoparticles, with
hexanedithiol as a layer crosslinker, were deposited onto ITO/
PPV plates. The overall thickness of the nanocrystal multilayer
was a few hundred Angstroms and the composite was
completed with a layer of magnesium on top of the nano-
particles. The close match between the emitting layer of
nanocrystals with the work function of the metal contact lead
to an operating voltage of only 4 V. Upon application of bias
voltage, with the ITO positively biased with respect to magne-
sium, holes and excess electrons are created in the PPV and the
CdSe nanocrystals, respectively, and the device emits light of
approximately 100 cd m=2 intensity (visible under normal room
light). Adjustment of the applied voltage varies the region
(nanoparticles or conductive polymer) where the holes and
electrons meet, which provides control over the color of the
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emitted light. At lower voltages, emission occurs preferentially in
the CdSe layer, whereas at higher voltages the green-colored
PPV layer dominates (Figure 29). Such a phenomenon has not
been observed in bilayer structures of organic polymers, even
when similar carrier confinement properties are reported. Addi-
tional color control, from red to yellow, can be accomplished by
changing the size of the CdSe nanoparticles. The quantum
efficiency (emitted photons per passing electron) achieved in
this system was in the range 0.001-0.01%. In a similar CdS-
nanocrystal system,?%! an overall quantum efficiency of about
1% was achieved. Further, application of CdS allowed the use of
the less active aluminium metal for the electron-injecting
electrode while maintaining a very low threshold voltage (3 V).
A stable electroluminescence with an intensity of 150 cd m~2 was
achieved for 1200 hours when 10V was applied.

L1 )
e

ECL

Figure 29. Electroluminescence spectrum of the CdSe/PPV composite over a
range of voltages and demonstrates a color change with the applied potential.
ECL = electrochemically generated chemiluminescence intensity. Reproduced
from ref. [264] with permission.

Size-dependent photoemission of a quantum-dot system
composed of CdS nanoparticles assembled onto thiol-terminat-
ed monolayers on metal surfaces (Au or Al) has been demon-
strated.?%6) A narrow, electroluminescent emission band was
achieved when nearly monodisperse CdSe nanocrystals and a
PPV layer were applied to an electroluminescence device.?s” The
emission band was tunable with the size of nanoparticles.
Conversely, a system composed of a PPV layer and several layers
of CdSe particles with a broad size distribution generated a
nearly white electroluminescent light (Figure 30) because of the
broad fluorescence spectrum of the semiconductor layer.?s8
Such a broad emission spectra results from both the deep trap
sites at the particle surface and the defects within the particle.
The broad particle size distribution also contributes to the
inhomogeneous spectral broadening.

Dual properties of photocurrent generation and electrolumi-
nescence were found in hybrid devices, which consist of a
nanoparticle semiconductor layer and a polymer layer.?s%
Polymers such as poly(3-hexylthiophene), poly(2-methoxy-5-(2-
ethylhexoxy)-1,4-phenylenevinylene), and poly(6-fluoro-dioxy-
decyl benzoxazole) covered wide spectral range with absorption
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Figure 30. Electroluminescence spectra of the CdSe/PPV device under ambient
conditions and a positive bias on the ITO electrode. Inset: Electroluminescent
intensity as a function of voltage. Reproduced from ref. [268] with permission.

edges at 605, 560, and 495 nm, respectively. Monodisperse
nanoparticles of CdS (mean size 4.4 and 2.2 nm) capped with
1-thioglycerol were spin coated on the polymer layer. The
polymer/nanoparticle bilayer was sandwiched between an ITO
plate (polymer side) and vacuum-evaporated aluminium (CdS
side). It was observed that the spectral response and efficiency of
the photocurrent in these multilayer devices are similar to that of
the semiconductor component, whereas the spectral responses
of the electroluminescence are closer to that of the polymer
layer. Variation of the polymers and the sizes of CdS particles
provided tunability of the photocurrent and electrolumines-
cence spectra.

Composite materials consisting of electroluminescent poly-
mers with implanted oxide nanoparticles were applied for the
construction of light-emitting diodes. For example, a light-
emitting diode based on PPV derivatives with incorporated
mixed-oxide nanoparticles gives an enhancement of the current
density and radiance by more than an order of magnitude at low
voltage.?% As a result, in these polymer/nanoparticle composite
devices, radiances of 10000 cd m~2 have been achieved at a drive
voltage of only 5 V. Study of the mechanism responsible for this
enhancement revealed that incorporation of nanoparticles into
the electroluminescent polymer matrix results in the reduction
of the effective layer thickness.?”"! Both the magnitude and field
dependence of the current are consistent with the assumption
that the electrically effective thickness of a composite layer is
about half of its physical thickness. Thus, the incorporation of
nanoparticles into an electroluminescent polymer opens the
possibility to combine the advantages of thick layers for
mechanical strength and improved substrate coverage with
the favorable electro-optic properties of a thin-layer device.

5. Conclusions, Perspectives, and Future
Directions

It is clear that the unique properties of colloidal nanoparticles
have much to contribute to the construction of surface-bound
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nanostructures. Apart from their use as structural components,
they have many useful properties which can be tuned by control
over the particle size and can be utilized in the fabrication of
nanostructured devices (e.g. surface morphology, electrochem-
ical and photoelectrochemical activity, surface plasmon, surface-
enhanced Raman scattering). Methods are available for the facile
bulk-scale synthesis of monodisperse nanoparticles of many
materials and surface functions, and the techniques for their
analysis (for example, microscopy, light scattering, and spectro-
scopy) are now well developed.

The assembly of nanoparticles on solid substrates has been
well studied and has given rise to a multitude of techniques for
their immobilization on a wide range of conductive, semi-
conductive, and insulating substrates. Methods to produce
patterned arrays of colloids and to organize colloid monolayers
into close-packed or well spaced arrays have been found,
leading the way towards the construction of addressable arrays
of nanoparticle devices. Nanoparticle multilayers have been
constructed using many different types of nanoparticle, even
with different types in the same architecture. Other materials,
such as polymers and molecular species, can also act as a
functional part of the architecture, often while acting as a “glue”
to hold the structure together. One factor that is missing from
the synthesis of three-dimensional nanoparticle superstructures,
however, is a high degree of three-dimensional organization.
While superstructures may be composed of distinct layers, the
exact alignment of each layer with respect to those around it (as
well as the two-dimensional ordering within each layer) is an
elusive goal. Perhaps this issue may be addressed by the further
development of sophisticated fabrication methods that are
already proving successful on the millimeter scale.?’?

It is very encouraging to consider the number and diversity of
applications that have benefited from research into nanoparticle
superstructures. In some cases, colloidal particles may be used in
place of a bulk material, providing numerous advantages over
the latter. In others, qualities specific to the nanoparticles may be
used to create architectures for uses such as SERS or sensory
applications. Electrically conducting or semiconducting colloids
have been used for the construction of several components of
electrical circuits, including wires, contacts, and single-electron
components. Ultimately, these devices together with patterning
and three-dimensional construction techniques could even lead
to nanoparticle-based integrated circuits! Finally, nanoparticle
assemblies have found great success in the construction of
biosensing devices. With dimensions similar to those of bio-
materials, nanoparticles are a natural choice for interfacing units,
and have found use in both electrochemically and optically
based sensors.

The current state of the art with respect to nanoparticle
devices should be put into perspective, however. Nanoparticles
are only likely to find commercially viable applications where
they are either more convenient than current solutions (in terms
of cost, ease of manufacture, performance, and so forth) or offer
new opportunities as a consequence of their unique properties.
In the construction of electronic nanocircuitry, for instance (see
Section 4.2.1), patterned nanoparticle monolayers will face
dificulties competing with photolithography, which can now
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produce feature of sizes approaching 50 nm with extreme-UV
irradiation, or features as small as 5nm by electron-beam
lithography. Advantages may be found for the construction of
three-dimensional electronic architectures or larger feature sizes,
however, as colloid nanostructures may be constructed using
very cheap and readily available facilities. In the construction of
the next generation of electronic components, nanoparticles are
of more interest. They are essential for the construction of single-
electron devices (Section 4.2.2) and the self-assembling capa-
bilities of solution-state nanoparticles are very useful in the
development of simple fabrication techniques.” This field is in
its infancy and industrial applications of the devices are unlikely
to become apparent for many years.

One area where the outlook for nanoparticle architectures is
particularly bright is in the development of SERS substrates
(Section 4.1.2).2'® Nanoparticle substrates are cheap, easy, and
reproducible to prepare and have even brought Raman
spectroscopy into the select club of single-molecule spectros-
copies.?2% There are still problems to overcome though—we still
need to understand how the enhancement is dependent on
factors such as the particular particle and the nature of the
analyte.?'® The application of nanoparticle arrays with included
receptor molecules for sensory applications has some advan-
tages over other architectures (Sections 4.3.1 and 4.3.2). Immo-
bilized receptor interfaces have the ability to act as selective
sensors with an electrochemical®? or microgravimetrici’4
signal. The high surface area, conductive nanoparticle network
gives a large surface density of the receptors compared to a
single-monolayer array. The highly porous network allows the
analyte to penetrate inside the matrix and interact with the
receptor sites, although it should be noted that these assemblies
do not yet rival the sensitivities of commercial devices. Such
three-dimensional recognition matrices can be also organized in
polymer layers but polymers rarely provide high porosity and
stability. Sensors based on nanoparticle —enzyme assemblies
(Section 4.3.5) are of particularly interest, as biosensors based on
electrically “wired” enzymes have become very popular over the
last two decades. While there are many methods of achieving
electical communication with immobilized enzymes,?’”! nano-
particles offer a particularly simple route. Nanoparticles can
position themselves a short distance from the active sites of
enzymes and provide direct, nonmediated electron transfer.
Such direct electrical coupling of enzymes with the electrode
support has the potential to be more efficient than even the
most sophisticated multicomponent enzyme/relay systems,
although, at present, few examples exist and the exact tailoring
of the assembly is a matter of trial and error.

Photoelectrochemical and electroluminescent devices are
becoming increasingly important with the growing need for
renewable energy sources and display technologies. Organic
and bioorganic light-energy transducers have gained a great
deal of attention®! but they suffer from relatively low stability.
Much more stable photocurrent generating systems can be
based on nanoparticles, allowing the combination of the very
complex architectures of organic materials with the high stability
of inorganic compounds (Section 4.4.1). A great deal of progress
has been made recently in improving the performance of

47



PHYS

organic electroluminescence (EL) devices, some of which are
now adequate for many applications. The use of nanoparticles to
design EL devices has brought novel capabilities to this area
(Section 4.4.2). A very narrow or broad emission band, tunable
emission band, and high quantum yield emission can become
possible when nanoparticles are involved in the process.

The development of this very young field of nanoparticle
superstructures has taken off rapidly and will surely continue to
expand. While the exploitation of gold, silver, and cadmium
sulfide colloids has gained much attention, there are many other
functional materials from which nanoparticles can be synthe-
sized. In addition, there is a whole world of materials (molecular
and macromolecular) which may be incorporated into nano-
structured composites in order to tailor properties to exact
specifications. One challenging issue for further research is the
ordered organization of nanoparticle arrays on solid supports.
The use of biomaterials and specific binding events for the
construction of superstructures may address this issue, perhaps
along with new nanofabrication techniques such as particle
manipulation by scanning microscopy tips. In essence, we
should expect the unexpected in the near future. Nanoparticle
superstructures are still in their infancy and already provide
exciting outlooks for chemists, physicists, biologists, and materi-
als scientists from theoretical, experimental, and practical
perspectives.
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