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Abstract. Various approaches to the formation of ordered struc-
tures of colloid particles are described. The emphasis is placed on
the formation of such structures by nanoparticles at interfaces. A
number of processes involving the so-called self-assembly of
particles are considered. Examples of the formation of ordered
structures (two- and three-dimensional colloid crystals) are given.
The driving forces of the self-assembly of nanoparticles and the
salient features of the physicochemical properties of ordered
ensembles of such nanoparticles are analysed. The bibliography
includes 502 references.

1. Introduction

Studies on the properties of nanoparticles and nanoscale struc-
tures have attracted increasing interest of researchers in the last
fifteen years. Extensive literature on various methods of produc-
ing nanoparticles and fabricating nanostructured materials has
been published. This was accompanied by the development of
experimental techniques for studying the processes occurring in
nanoscale systems.

The results obtained were reviewed and summed up (see, e.g.,
Refs 1-11) and the main fields of research on nanoscale systems
were pointed out. The new research avenues, which are rapidly
developing at present, were in the early stage of development five
or six years ago. They include investigations into the self-assembly
of nanoparticles at interfaces.

Interest in the self-assembly of particles is due to some reasons.
First, research on such processes gives an insight into the laws
governing the behaviour of nanoscale objects under different
conditions. Second, self-organised ensembles of nanoparticles
exhibit new (and often quite unexpected) properties. Third, if
nanoparticles themselves are mainly of interest for basic research,
the ensembles of nanoparticles are considered to be a kind of
working element in certain devices. Fabrication of such devices
implies targeted arrangement of particles on solid substrates.
Because of this, investigations on the behaviour of nanoparticles
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at interfaces are to a great extent governed by practical demands.
This opens up the possibility of creating a new generation of
nanoscale devices with a multilevel architecture based on an
intrinsic property of nanoparticles, namely, on their ability to
spontaneously form ordered ensembles. Attempts at simulating
self-organisation processes observed in real biological systems
also give an impetus to research in this field.

In this review we will describe various approaches to the
formation of ordered structures at interfaces. The emphasis is
placed on self-assembly of colloid systems and on the methods
facilitating this process. The major part of our review will be
dedicated to the so-called colloid crystals that are the most
interesting and promising objects. The most important properties
of self-assembled structures and the conditions for their formation
will also be considered.

We will not dwell on the problems concerning self-assembly of
nanoscale systems in the broad sense, because this is beyond the
scope of the review. We can only point to recent attempts at
fabricating nanomechanical devices that are based on nanotubes
and fullerenes and operate following a certain algorithm (see
Ref. 12). Investigations in this field are in the early stage of
development and the models and schemes proposed are to a
great extent hypothetical ones despite good reproducibility in
computer experiments.

We will also consider some problems concerning the forma-
tion of ordered ensembles of particles in the bulk of colloid
dispersions. At the same time, the formation of disordered
composite materials based on nanoparticles (in particular, using
silica matrices '3~ 18) will be left out of consideration despite the
fact that in some cases this process results in the formation of quite
interesting structures '+ 1° possessing unique optical and catalytic
properties. This research avenue has been intensively developing
and deserves detailed consideration elsewhere.

We will leave essentially untouched the problems concerning
changes in the properties of the particles deposited on solid
substrates. The interaction between the particles and the substrate
can result in significant changes in the characteristics of the
former.? This is due to distortion of the crystal lattice of nano-
particles,?! which is probably responsible for, e.g., the enhanced
catalytic activity and the changes in the optical characteristics of
nanoparticles on solid substrates.

T This is the last publication in the series of reviews concerning the main
avenues of research carried out at the Institute of Physical Chemistry,
Russian Academy of Sciences [see Russ. Chem. Rev. 73 (1) 2004].



116

V I Roldughin

Ordered ensembles of molecular clusters?>23 will also be
excluded from consideration. The advantage of such systems is
that the corresponding ‘building blocks’ are of the same size.
However, these systems belong to molecular crystals rather than
colloid systems. Because of this, both the mechanisms of forma-
tion and the physical properties of such ordered structures are
strongly different from those typical of colloids.

Yet another problem left out of consideration is self-assembly
of macroscopic particles, which is similar to that of microparticles.
It should only be noted that revealing self-assembly processes at
microscopic level gave an impetus to studies on self-assembly of
millimetre-scale particles.?*2> To this end, such particles of
various shape were specially treated (e.g., different faces of cubic
polyurethane particles were coated with different materials).
Using particles of different geometry and different conditions for
modification of their surfaces, it is possible to cause aggregation of
particles to give a variety of ordered structures.

II. Periodic colloid structures

The title of this section is exactly the same as that of a book by
Efremov, which was published more than three decades ago.?®
Numerous examples in this book showed that it is possible to form
ensembles of particles with ordered structures (the so-called
colloid crystals) in the colloid systems. These examples can be
divided into two groups. The first group comprised highly ordered
structures (at that time, they were observed only in natural objects,
in particular, opals). The second group comprised the systems that
exhibited a trend to formation of ordered structures (it included
colloid dispersion prepared under laboratory conditions).

Considerable progress towards fabrication of ordered struc-
tures has been achieved since the publication of the above-
mentioned book.?® This was provided by the high level of the
development of methods for the synthesis of monodisperse colloid
particles, which became the subject of routine studies. Currently,
search for the procedures suitable for forming colloid crystals with
desired properties is carried out.?’~39 Considerable advances
towards the formation of colloid crystals with perfect structure
(Fig. 1) have also been achieved.

1. The interparticle interaction

Ordered ensembles of colloid particles (colloid crystals) can serve
as model systems in the studies of the gas—liquid and liquid —
crystal phase transitions, because they allow the processes to be
visualised. The properties of the colloid structures formed in such
experiments and the laws of the phase transitions in these systems
are governed by the forces of the interparticle interaction. These
forces are of various nature and are determined by the properties
of the dispersion medium, by the state of the particle surface and
by the presence of additives in the colloid system. Consider now
several expressions for the potentials of the interparticle interac-
tion, which are most often used in theoretical description of
colloids. The potential of the dispersion or van der Waals
interaction, which occurs in virtually all systems,3! is given by

A 4 42 (2R)* — 4?
Valr) = =13 {(212)2 EYERTY I zm{ (2R)? ” o

where r is the distance between the centres of the particles, A is the
Hamaker constant and R is the radius of the particles.

Yet another widely used potential describes an electrostatic
interparticle interaction, which is due to the overlap of ionic
atmospheres that form in electrolyte solutions near the surfaces
of the charged particles. Theoretical analysis usually employs a
simplified model of this interaction,3! which is described by the
modified Yukava potential
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Figure 1. SEM images of three-dimensional crystalline ensembles of
polystyrene beads in 12 um-thick packs.?’

Particle size: 220 nm for the surface of the crystal (a) and for the cleaved
facet (b) and 480 nm (¢).

where r;;is the distance between the particles of the sorts i and j; Z;
and Z; are the corresponding particle charges; e is the charge of
electron; ¢ is the electric constant; ¢ is the dielectric permittivity of
the medium; e is the base of natural logarithm; R; and R; are the
radii of the particles of the sorts 7 and j, respectively; and « is the
reciprocal Debye radius defined as follows:

2
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where #;1s the concentration of ions of the sort i in the solution and
z; is the charge of these ions.

If particles are stabilised sterically rather than electrostatically
(steric forces are due to the presence of adsorption layers of
polymers or surfactants), the interparticle interaction can be quite
correctly described by the repulsive potential of dense monolayers
in a good solvent 32
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where 05 is the monolayer thickness and oy, is the surface area per
molecule in the monolayer.

When considering the interparticle interaction, one should
take into account two potentials, viz., the attractive potential and
the repulsive potential, which are in essence some combinations of
the potentials mentioned above. Often, numerical calculations are
simplified using certain model potentials, e.g. a rectangular
potential well
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where Ep and Jy are the depth and width of the potential well,
respectively. The stick sphere potential is given by
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where i/ is the parameter determining the adhesive binding energy
and 4 is the variable parameter. The Lennard-Jones potential (its
exponents are sometimes chosen arbitrarily) has the form

o) ()]

where ELp and oLp are the energy and spatial parameters,
respectively.

The potentials listed above can be used to calculate various
characteristics of colloid dispersions, viz., the osmotic pressure,
second virial coefficient, particle solubility, phase diagram, etc. By
comparing the calculated and experimental data it is possible 33
not only evaluate the parameters of a particular potential but also
determine which of them is more convenient for the description of
a given colloid dispersion. If not only the thermodynamic charac-
teristics but also the structure factor is known, one can reconstruct
the pair potential of the interparticle interaction even for poly-
disperse colloid systems.>*

2. Simple systems
The development of methods for the synthesis of nearly mono-
disperse colloid particles permitted the growth of rather large
colloid crystals with a high degree of crystallinity under laboratory
conditions.?® Initially, high-quality colloid crystals were formed
from electrically stabilised latex particles. The stabilisation of the
particles was enhanced due to deionisation of the aqueous
dispersion medium. In this medium, the interparticle interaction
involves the screened Coulombic potential (2), which causes a
strong repulsion between particles at long distances due to a large
Debye radius. Because of this, the transition to the crystalline state
occurs at a volume fraction of the particles of less than 0.01,
resulting in the formation of both face-centred cubic (f.c.c.) and
body-centred cubic (b.c.c.) crystals.?®37 Ordered structures com-
prised of sterically stabilised colloid particles were obtained much
later.3®:3% The steric stabilisation provided a strong repulsion
between particles at short distances so the transition of the colloid
dispersion from the liquid to the crystalline state occurred at a
volume fraction of particles of nearly 0.5 (as a rule, the f.c.c.
structure was formed). Then, more complex systems and phase
transitions in them have become the focus of research activity in
the field of colloid crystals.

As mentioned above, colloid systems can serve as models for
studying the behaviour of atomic and molecular systems. Colloids

offer some obvious advantages. In particular, their parameters,
viz., the size, shape and potential of the interparticle interaction
can be measured and varied with ease. The properties of the
medium in which colloid particles are dispersed can also be
controlled and measured. Because of this, a wide variety of
phase states of colloid systems, namely, the gaseous, liquid-like
(including glassy state) and crystalline states is observed. Even the
existence of a quasi-crystal structure in the single-component
colloid system was predicted.*® Such a structure (icosahedral
quasi-crystal) is typical of some binary and ternary metal alloys.
It is formed at a rather high osmotic pressure in a specific
concentration range.

Various models 4!-4? including those predicting the existence
of the glassy state of a colloid fluid #* were proposed to describe
the phase behaviour of colloid systems. Such models are employed
in the analysis of the phase transitions in colloid dispersions.**45

Under particular conditions, sterically stabilised colloid par-
ticles behave as a system of hard spheres.?® To enhance this
similarity, particles are coated with a thin adsorption layer of a
polymer and then dispersed in a medium characterised by the
same refractive index to weaken the van der Waals interaction.
Not only the solidification transitions but also the glass transitions
were observed in such systems at a volume fraction of particles of
about 0.58.3 At higher particle concentrations, no homogeneous
nucleation of crystals was observed and long-range diffusion
displacements of particles were suppressed (this was indicated by
the shape of the fluctuation correlation function of the particle
concentration).*® Heterogeneous nucleation under the same con-
ditions resulted in large plate-like colloid crystals. This points out
that the glassy state is thermodynamically unstable and exists due
to the inability of a concentrated homogeneous colloid liquid to go
to the crystalline state (for this transition to occur, long-range
particle diffusion must be possible). The existence of glassy colloid
systems was confirmed by Speedy*’” who also showed that the
equation of state of the hard-sphere fluid has singularities indicat-
ing some implicit phase transitions. These results were tested 48
and it was shown that larger (compared to those observed in
Ref. 47) hard-sphere particles always crystallised at a volume
fraction of 0.63 to 0.64. These values are close to the volume
fraction of hard-sphere particles in a random close packing
(0.644). A series of experiments with 1.03 pm poly(methyl meth-
acrylate) particles stabilised by poly(12-hydroxystearic) acid was
carried out to determine the limiting volume fraction of particles
at which crystallisation of a dispersion of hard-sphere particles is
possible.*® The results obtained show that at a volume fraction of
particles of 0.63 crystallisation still takes a reasonably short time;
if the volume fraction of particles exceeded a value of 0.64, no
crystals were formed.

Experiments with nanoparticles have opened yet another
possibility of controlling the parameters of a colloid system. The
nanoparticle size is comparable with the thickness of the protec-
tive shell. Experiments show that the structure of colloid crystals
depends on the ratio of the chain length, L, of the ligand shell
molecules to the particle radius. For saturated linear hydro-
carbons, the chain length (in nanometres) is related to the number
of monomeric units, n, as follows

L =0.154 + 0.1265n. (8)

Because of this, it is possible to obtain particles with a prescribed
L/R ratio. Depending on the value of this parameter, the struc-
tures with the f.c.c. lattice (at small L/R ratios) or the b.c.c.
packing of particles (at large L/R ratios) are formed. This is
probably due to the fact that it is the f.c.c. lattice that is the most
preferable in the case of hard spheres,*® while the b.c.c. lattice is
formed>! if the potential of the interparticle interaction has a
repulsive term (e.g., the Yukava potential) or some contribution
that decreases in proportion to r—" (n < 6). The mechanism of
formation of ordered structures with the b.c.c. lattice from steri-
cally stabilised nanoparticles is still to be clarified, because in this
case the range of action of the repulsive potential is too short.
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Korgel and Fitzmaurice 3* varied the size of gold nanoparticles
stabilised by dodecanethiol or octanethiol and observed the
f.c.c.—b.c.c. transition at L/R = 0.59 and 0.60, respectively.
These values differ from that obtained for polymer micelles 32
but are close to the value determined for electrostatically stabilised
colloids. 3! Calculations 3* of changes in the free energy upon the
f.c.c.—b.c.c. transition were carried out assuming the Lennard-
Jones potential of the interaction between nanoparticles and
showed that this transition corresponds to L/R = 0.65 for the
dodecanethiol-stabilised nanoparticles.

3. Coulombic systems

Dispersions of charged colloid particles behave as liquid metals.
Such particles can be treated as ions, while the co-ions and
counter-ions in solution can be considered as electrons. This is
not a complete analogy because the size of colloid particles can be
three orders of magnitude larger than the size of ions in liquid
metals. Mixing of colloid particles of two different sizes signifi-
cantly complicates the situation as compared to that in the single-
component systems, because two new parameters appear, which
determine the structure of the colloid dispersion, viz., the ratio of
the particle diameters and the fraction of particles of a given sort in
the mixture.

Experiments showed that if the particle diameters are close, a
homogeneous crystalline solid solution is formed at any compo-
nent ratio in the mixture. The solid solution is characterised by a
finite shear modulus and the Bragg diffraction pattern, which is
similar to that observed in the case of disordered substitutional
alloys. At large differences between the particle sizes in the binary
mixture, the system is either in the glassy state or in the crystalline
state depending on the time interval available to reach the
equilibrium state. For instance, it was found >3 that the dispersion
of a mixture of polystyrene latex particles of sizes 110 and 54.5 nm
is a disordered solid characterised by a finite shear modulus and
non-Bragg diffraction pattern at the volume fraction of the
particles of the minor fraction of greater than 5%. At the same
time, the crystal structure is formed almost without no exception if
the volume fraction of the minor fraction is less than 5%.

Disordered phases are also formed in dispersions of the
mixtures of larger particles. For instance, the formation of a
disordered phase in the system of particles of sizes 5 and 7 um at
the volume fractions of the larger particles between 10% and 90%
was reported.>* In these experiments, the disordered structure
existed over a period of short observation time. If the colloid
solution is allowed to stay for a rather long time, a crystal
structure typical of intermetallic compounds is formed. However,
the transition to crystalline state can take more than a year.>? Four
different intermetallic structures (of the NaZn;s;, AlB,, CaCus
MgCus; types) of binary mixture of spherical particles whose sizes
varied from 200 to 800 nm were observed.>>-3¢ The type of the
crystal structure depends on the ratio of the particle diameters, on
the volume fractions of different particles and on the total particle
concentration. The attainment of equilibrium in such systems is a
slow process and can take several years.

Thus, it does not always happen that the equilibrium in colloid
systems can be achieved after passage of a reasonably short time.
For this reason, conventional model experiments usually deal with
metastable structures. Therefore, the glassy state of colloid
dispersions rather than the formation of ordered structures similar
to intermetallic compounds has been the subject of a rather large
number of publications. Formally, the glassy state region of a
colloid can be determined theoretically as the region correspond-
ing to the existence of an intermetallic alloy in the equilibrium
phase diagram.>’

The thermodynamic parameters of colloid crystals can be
calculated in a rather simple way. For instance, if the interparticle
interaction is given by the pair potential (2), the free energy, F, of a
binary system has the form

1 Z,-Z- 62 ercR, eKR/ o
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where N = N; + Njis the total number of particles in the system;
the angular brackets denote the averaging over the canonical
ensemble and summation is carried out over the lattice sites of the
colloid crystal; Ex is the kinetic energy of the particles and the
entropy, S, can be calculated using the known relationship 8
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where x; = N;/N, 0; = 2nfiw;/k is the Einstein temperature>®
determined assuming that the particles of the first and second
sorts execute oscillations at their eigenfrequencies w;.

The so-called dusty plasmas provide yet another group of
examples of electrostatically stabilised colloid systems capable of
forming ordered structures. These objects became the subject of
research interest in the last decade. Dusty plasma is a sort of low-
temperature plasma containing mesoscopic particles whose sizes
range from a hundredth of micrometre to several tens of micro-
metres. Such plasmas are formed in the course of plasma etching
and sputtering and in the combustion products, as well as existing
near the space objects. Large plasma particles acquire a rather
large charge (up to 10° e per particle), which is responsible for their
strong, long-range repulsion. As a result, such particles form
structures that are similar to those observed in liquids and
solids.®~ %3 In contrast to colloid systems, the mechanism of
formation of ordered structures in dusty plasmas is still to be
clarified. A feature of dusty plasmas is simultaneous action of the
forces typical of the equilibrium systems and the forces due to the
nonequilibrium state of the system. For instance, nonuniform
temperature fields produce thermophoretic forces %65 that are
comparable in magnitude ® with the electrical forces exerted on
particles. Thermophoretic forces to a great extent govern the
conditions for the formation, shape and geometry (arrangement)
of the dusty plasma structures. Various models of such structures
have been proposed.®”-%® They are mainly based on the non-
equilibrium state of dusty plasmas and predict realistic values of
the parameters of crystals (they are close to those observed in the
experiments) but sometimes include unsubstantiated admissions,
which prevents the dusty plasma problem from being considered
as solved. At the same time, numerical simulation of dusty
plasmas is usually carried out assuming only the screened Cou-
lombic potential of the type (2) for the interparticle interaction.
Even with this limited set of the interaction parameters it is
possible to predict ¢ the existence of various structures in plasma.

(10

4. Mixtures of sterically stabilised particles
Mixtures of sterically interacting colloid particles of different
shape are characterised by a wide variety of the phase states and
serve as well-defined models in studies of a broad spectrum of
phenomena. The mixtures can be prepared in such a way that the
major contribution will come from the interaction of particles
considered as hard bodies (the thermodynamics of the system is
governed by the entropy effects). Considerable attention is given
to the systems prepared by adding various admixtures to mono-
disperse hard spheres. Smaller spherical particles,”® globular non-
adsorbable polymers 7! or rod-like colloid particles 7% are used as
the second component. In most cases, the admixture is considered
as an agent affecting the interparticle interaction. Such admixtures
usually initiate attraction between particles, which is due to the
presence of ‘depleted layers.” The interaction following this
mechanism can be explained with ease. We will consider it taking
non-adsorbable polymers as an example (these are most often
used for controlling the interaction between colloid particles).
Polymer molecules are separated from the surface of colloid
particles by a distance of the order of the radius of gyration. The
near-surface region free from the polymer molecules (more
exactly, from the centres of mass of the macromolecules) is called
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the depleted layer. As the colloid particles bring closer together,
their depleted layers are overlapped and the volume accessible to
the polymer molecules decreases. As a result, an excess external
pressure is produced and applied to the particles; this is equivalent
to the action of attractive forces.

The behaviour of mixtures of colloid particles and polymers
(see, e.g., Ref. 73) has been the subject of extensive literature
concerning the corresponding theoretical models.”* The phase
diagrams constructed using the experimental data show the
presence of the gas—liquid, gas—solid and liquid—solid transi-
tions. The transition of the system to the nonequilibrium glassy
state was also pointed out.”’

The interaction due to the presence of depleted layers is typical
of not only the mixtures of colloid particles and polymers but also
the mixtures of colloid spherical particles of different sizes as well
as the mixtures of spherical and rod-like particles. The potential of
the interaction between large spherical particles dipped in a
medium containing small spherical particles is given by the
following approximate expression 76

2
wm:fwné(ué), 11

where 4 is the distance between the surfaces of large spherical
particles, ¢ is the volume fraction of small spherical particles, R is
the radius of large spherical particles and o is the diameter of small
spherical particles. In the case of spherical particles of radius R
(and rods of length L and diameter D) the depletion force
potential has the form

3, LR h\’

(12)

As can be seen, rod-like particles more efficiently ‘tighten’
large spheres. This was also confirmed in the experiments. The
phase diagram of a mixture of spherical and rod-like colloid
particles was constructed based on simple statistical considera-
tions.”” The results of experiments with the mixtures of 370 nm
spherical silica particles and boehmite particles of length 230 nm
and diameter 9 nm showed good agreement with the calculated
phase diagram which included the gas—liquid, gas—solid and
liquid —solid transitions. What is more, a two-step phase tran-
sition was observed. Namely, particle aggregation to give hard-
sphere clusters was followed by a slower process of the formation
of ordered arrangement of the clusters. In this case it is possible to
draw an analogy to the phase transitions in the mixtures of hard-
sphere particles of different diameters.”® It was pointed out 7’ that
it was impossible to consider all the phase states of the system
studied, because yet another, orientational, phase transition must
be observed for the colloid dispersion of rod-like particles.””
Calculations of thermodynamic parameters of the mixtures of
spherical and rod-like particles should be carried out on the
microscopic level 30 because of the key role of many body
interactions. Relevant information can be found in the litera-
ture.81.82

Summing up, mention may be made that not only highly
ordered structures but also liquid-crystalline phases can also be
observed in colloid systems. The liquid-crystalline phases are
formed in the dispersions of rod-like or plate-like particles as the
dispersion concentrations increase. Onsager explained the tran-
sition between the isotropic and nematic phases occurring with an
increase in the particle concentrations based on the entropy
considerations 83 taking the phase transition in dispersions of
plate-like clay particles, which was observed by Langmuir.%
Then, analogous phase transitions were observed for many colloid
systems; however, almost all experiments were carried out with
rod-like particles (see, e.g., Refs 85—88). New plate-like particles
[gibbsite, AI(OH)s, particle of thickness 20 nm and diameter
170 nm], in which the transition between the isotropic and
nematic phases was observed, were obtained only recently 8 (the

transition occurred even in the systems characterised by high
polydisperse indices °°). In polydisperse systems, the dispersions
separated into two zones. In one zone, the isotropic phase was
formed, while the nematic phase was formed in the other zone.
The relative arrangement of the phases along the vertical axis (in
the gravitational field) was determined by the dispersion compo-
sition. The experimental data are in qualitative agreement with the
results of numerical simulation,”’ which gives the following
conditions for the coexistence of the isotropic and nematic phases:

mD> ~ 3.8,
n,D*> =~ 3.9,

np?
—— >3,
kT

where n; and n,, are the particle concentrations in the isotropic and
nematic phases, respectively, D is the particle diameter and IT is
the osmotic pressure.

It should be noted that the matrix (dispersion medium) can
also favour the formation of ordered structures (colloid and liquid
crystals); here the matrix can be either a thermotropic®? or
lyotropic *3~9¢ liquid crystal.

5. Nonequilibrium processes

Recently, the focus of research activity in the field of colloid
crystals has moved towards the investigations on the kinetics of
phase transitions. In particular, the effect of the thickness of the
stabilising shell on the growth rate of a colloid crystal was
analysed.”” Experiments were carried out with nearly 170 nm
silica particles using various surfactants as stabilisers. This
allowed the thickness of the adsorption layer to be varied from 2
to 50 nm. Colloid crystals were formed by centrifugation of
dispersions. An increase in the thickness of the stabilising layer
was accompanied by a dramatic increase in the rate of crystal-
lisation. This can be explained by a decrease in the work done to
form a seed crystal. The introduction of a non-adsorbable
polymer into the system also led to a significant change in the
rate of crystallisation. The depleted layers caused the interparticle
attraction to strengthen, which favoured faster formation of
colloid crystals.

Quantitative studies on the kinetics of the growth of colloid
crystals were carried out taking electrostatically stabilised par-
ticles as examples.®®-%° It was found that the growth rate obeys the
classical Wilson— Frenkel law

u*:lfexp(fi—l;ﬂ),

where v* = v/v,, is the relative growth rate, v, is the growth rate at
infinite supersaturation (Ap = o0) and Au can be expressed
through the chemical potential difference between the liquid and
solid phases of the colloid dispersion at a given pressure p and
temperature 7'

Ap= /'Lf(p7 T) - :us(pv T)

Theoretical estimates of the kinetic parameters of the crystal
growth have been reported.!®® Calculations were carried out
assuming the Yukava potential of the interparticle interaction
[see Eqn (2)]. The phase coexistence curves obtained are in good
agreement with the experimental data and the results of numerical
simulation (see Ref. 101).

Taking into account an ordered arrangement of particles, the
nonequilibrium macrocharacteristics of colloid crystals can also
be calculated with ease. This was demonstrated taking calcula-
tions of the viscosity of colloid crystals as an example.'%> The
viscosity was determined by numerically solving the system of
hydrodynamic equations using the mapping method assuming a
Newtonian fluid. Calculations were carried out for three cubic
(simple, b.c.c. and f.c.c.) lattices. In this case, the viscosity is a

(13)
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function of two parameters and the viscosity tensor takes the form
(no summation over the repeating subscripts is performed):

1 2
(ne) i = 5’1(1 + ) <5fk5_/1 + 00 — 3 5i/5k/)
1
+n(e—p) (5gf5f/5//c - gfsgjékz) .

At low volume fractions, ¢, of particles, the coefficients o and
f can be expressed by the following series expansions

> -1
“:ﬁq’[l+Am@+3a€05/3+0(¢10/3)} ’

5 —
B= z(p[l + Ao +B,;<p5/3 4 0(([)10/3)] r
The parameters A4, , B, and Ag, Bp are listed in Table 1.

Table 1. Parameters determining the viscosity of a colloid crystal at low
particle concentrations.

— A, B, Ap By

Simple cubic lattice

3.78699 3.42673 0.85800 —2.286
b.c.c. lattice

0.14079 —1.07874 —1.57281 0.71916
f.c.c. lattice
—0.23611 —0.82315 —1.50926 0.54877

Atlarge ¢ values, the viscosity depends on the volume fraction
of particles in another manner. The coefficients « and f can be
approximated as follows:

for the simple cubic lattice

3 27
o= ey gty + Gy Dygnyg !+ 0(2).

1
p= ann[1 +Cp+ Dﬁxln;(*l + O(y);

for the b.c.c. lattice

1
o= Z\/gnln)fl +C, 4 Dyylny ' + O(y),

1 Y . B
ﬁzgﬂnlnx +m\/§nlnx + Cp + Dyylny " + O(y);

and for the f.c.c. lattice

o= ;—zx/jrrln}fl +%\/§nln;{1 +C,+ Dy}glnxfl + O(y),

3 47
p= E\/En Iny~' + %\/En lngfl +Cp+ Dﬂxlmfl + O(y),

1/3
r=1- (ﬂ) ,
@

and ¢ is the volume fraction of particles, corresponding to the
dense packing of spheres. The values of the corresponding con-
stants are given in Table 2.

The results obtained (dependences of the viscosity on the
packing density of spherical particles) are in reasonable agreement
with the experimental data.

Table 2. Parameters determining the viscosity of a colloid crystal at high
particle concentrations.

—Cy D, —Cp Dg
Simple cubic lattice

2.85 —1.3 0.604 —0.30
b.c.c. lattice

1.83 —12.0 7.5 6.0
f.c.c. lattice

9.54 14.0 7.4 —-9.0

I11. Self-assembly of nanoparticles at interfaces

1. Solid substrates

Nanoparticles possess the ability to form ordered self-assemblies
both in the bulk of the dispersion % 193 and at interfaces.* Ordered
layers of nanoparticles exhibit unique optical, electric, magnetic
and catalytic properties.!%4 105 Recently, highly ordered colloid
structures have been considered as candidates for optoelectronic
devices, % photonic materials,!?7 biosensors ' and a new gen-
eration of memory devices. With nanoparticles it is possible to
significantly shorten the time necessary for fabrication of nano-
scale devices compared to, e.g., electron-beam lithography (the
ion-beam and X-ray lithography usually require massive equip-
ment). Nanostructured surfaces are also required in studies of the
interaction between cells and surfaces.

Depending on the character of the interparticle interaction
(electrostatic, capillary, or van der Waals forces, biospecific
recognition) and on the goal of a particular study, various
methods of fabrication of ordered ensembles of nanoparticles
are employed. It is possible to form two-dimensional and three-
dimensional (3D) 24 10% 110 ordered arrays of particles, as well as
mesoporous structures and particle aggregates of specific shape.
The properties of the systems obtained depend on both the
characteristics of the particles (size, shape, composition) and the
architecture of the ensembles (interparticle distance, structural
hierarchy, ezc.).

The simplest method of formation of ordered structures
comprised of nanoparticles (see, e.g., Ref. 111) is to evaporate a
droplet of the nanoparticle dispersion deposited on the substrate,
which causes the formation of a spatially ordered arrangement
due to the capillary effects. The pioneering experiments involved
fabrication of two-dimensional colloid nanocrystals by evaporat-
ing a droplet of a dispersion containing lyophobic particles, which
was deposited on the substrate. This procedure was used to form
the f.c.c. crystals from CdSe nanoparticles (see Ref. 111) and
microscopic polystyrene particles (see Ref. 112).

The formation of a colloid crystal involves two stages.!!3 First,
seed crystals are formed from spheres under the action of capillary
forces. Then, the solvent and spheres are supplied to the nuclei of
the new phase in the course of evaporation of the liquid from the
film at the peripheral area of the droplet. The formation of the
colloid crystal is affected by the tilt angle of the substrate and the
rate of solvent evaporation. The substrate must be tilted for
nucleation to begin at the top of the droplet and for the crystal
to grow on the substrate downward. Deformation of the droplet
determines the limiting tilt angle for the substrate; it is related to
the wetting angle hysteresis, while the capillary forces compensate
the gravitational force. By changing the tilt angle it is possible to
vary the parameters of the crystals grown.

Yet another important parameter is the rate of evaporation of
the dispersion medium. Generally, the lower the rate of evapo-
ration, the larger the colloid crystals that can be formed. The effect
of the rate of evaporation was studied in detail.!'* Using video
microscopy technique, it was shown that the particle attached to
the edge of the crystal can be treated as mobile for some time, so
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the freshly formed ‘microcrystals’ undergo rearrangements and
experience reorientations on incorporating into the larger crystal.
Rapid evaporation reduces the rearrangement time, thus resulting
in the formation of polycrystals. The nature of the substrate also
plays a significant role. For instance, the presence of hydroxyl
groups on the surface of a glass substrate favours growth of larger
crystals comprised of negatively charged colloid particles, because
repulsion from the surface enhances their mobilities. In this case,
growth of the crystals comprised of positively charged particles is
strongly suppressed. Finally, an important role is played by the
concentration of the dispersion medium. Knowing the droplet
size, it is possible to estimate the concentration corresponding to
the formation of a monolayer of particles on the substrate surface.
However, in all model experiments we deal with the formation of
multilayered crystals along the perimeter of the droplet. This is
due to the fact that it is the peripheral area of the droplet where
evaporation occurs more intensely; convective flows of the dis-
persion medium favour transfer of particles to that area. There-
fore, fabrication of a monolayer requires that the actual particle
concentration be higher than the corresponding calculated value.

Because of its simplicity, the droplet evaporation method
remains quite attractive as yet.!!>- 11 The technique was employed
to grow colloid crystals comprised of the oxide,''” sulfide,!!®
noble metal 15116 119.120 and polymer '?! nanoparticles. Two-
dimensional colloid crystals of nearly micrometre size were
grown.!1® The methods developed to form ordered arrangements
of the metal and semiconductor particles are also applicable to
magnetic nanoparticles.!'!> 122125 [n contrast to micrometre-size
spheres, self-assembly of nanoparticles is governed by not only the
entropy factor.''% 126 Here, an important role is played by the
particle —particle and particle —substrate interactions and by the
nature of the stabiliser and binding agent molecules.!?”

The droplet evaporation method also involves self-assembly
of particles on the mesoscopic level, namely, evaporation of large
droplets leads to the formation of ring structures,!?8- 12° which can
be explained with ease '>° by analysing the hydrodynamics of the
process. It should be noted that the use of more complex methods
for the formation of ordered layers of nanoparticles sometimes
causes 130131 complication of structural organisation on the
mesoscopic level.

On the nanometre level, the degree of local order of the
deposited nanoparticles is strongly dependent on the average
particle size, because the larger particles are usually characterised
by lower polydispersity 32 and are therefore more suitable for the
formation of ordered structures. Such structures comprised of
particles of size less than 2 nm are rare. Two-dimensional arrays
of ‘large’ particles are characterised by orientation of the atomic
lattices of nanoparticles relative to one another;!3* however, 3D-
systems are usually disordered. At the same time, high-quality
colloid crystals can be formed under particular conditions from
particles of different size even using the classical scheme of
fabrication of ordered ensembles via evaporation of a dispersion
droplet. This was demonstrated taking alkylamine-stabilised gold
nanoparticles as an example (see Ref. 134; the particle size varied
from 1.8 to 8 nm). Using electron microscopy, a high degree of
order of the nanoparticles in the colloid crystals was revealed, the
atomic lattices of nanoparticles also being oriented in some way.
Ordered structures were observed for both large and small
particles organised into two- and three-dimensional arrays.

These results point out that the laws of self-assembly of
particles to give ordered structures are still to be clarified. There-
fore, the influence of various factors on the properties of the
crystals formed from nanoparticles is studied. In particular, the
effects of the temperature and initial particle concentration on the
nucleation and growth of 3D-structures comprised of dodecane-
thiol-stabilised 5 nm silver nanoparticles were investigated.!3’
Different methods of deposition of particle dispersions on the
substrate were employed. In all experiments, 3D crystal structures
were formed with good reproducibility. The average distance
between the monolayers of spherical particles corresponded to

the f.c.c. lattice or to hexagonal dense packing. Similarly to the
case of monolayers, the size of the domains with ordered structure
reduced as the temperature increased. This can be explained by the
fact that faster evaporation of the solvent at elevated temperatures
leads to shortening of the crystal growth time and the particles
have no time to form ordered arrangements on large surface areas.
As a consequence, fine-grained polycrystals are formed, which, by
and large, corresponds to the situation with conventional crystal-
line substances.

However, the droplet evaporation technique has some draw-
backs. There are (sometimes) irreproducible results and impossi-
bility of fabrication of large ordered structures that are necessary
in designing biosensors, biomaterials and catalysts. Large-area
nanostructures are also necessary in creating functional bioactive
surfaces. The nanoscale morphology of the surface strongly
affects the interaction between the surface and cells and should
be taken into account in the design of implants.!3¢

Various methods are employed to control the nanoparticle —
substrate interaction.!37~142 First of all, these are the ability of
surfactant molecules to self-assemble on the substrate 14 and
modification of substrates 14 by surfactant monolayers of differ-
ent density to affect the structural organisation of the deposited
nanoparticle layers. In some cases, substrates are covered '41- 142
with monolayers of the molecules (including dendrimer ones)
containing the NH,, CN and SH terminal groups, which are
characterised by high affinity to metal particles.!#!

Particles are coated with bifunctional molecules 137139 to
bind them to the surface, which permits self-organisation of
particles on the substrate surface!’® similarly to surfactant
molecules. Using this method, it is possible to form rather stable
structures comprised of nanoparticles. However, the procedure is
of limiting use because the molecules used must form strong bonds
with both the particle and the substrate.

In the early stage of studies on the self-organisation the
formation of 3D colloid crystals faced some problems,!!0-144
though sometimes such objects were also formed by simply
evaporating the dispersion droplets.!3® To enhance self-assembly
of nanoparticles into three-dimensional crystals, electrochemical
deposition of particles '4° and modification of their surfaces are
employed.!44 146,147 Recently, it has been understood that this
requires the use of special procedures that are determined by the
nature of nanoparticles. For instance, two main methods
employed to form ordered ensembles of gold nanoparticles are
as follows. The first method involves the binding of gold nano-
particles via dithiol molecules, which form chemical bonds with
two different particles through the terminal SH groups. By
changing the alkyl chain length of dithiols, one can vary the
constant of the nanoparticles’ lattice.!4® 153 According to the
second method, ordered ensembles of nanoparticles are obtained
from identically functionalised gold nanoparticles using a binding
agent. Here, self-assembly of particles proceeds by the antigen—
antibody reaction mechanism '>* or by the DNA binding,!>®
hydrogen bonding 3¢ and complexation 37 mechanisms. The
last-named technique is very often used to form hybrid inor-
gano-organic composites.'*® A comparative study of these two
methods was reported.'® Self-assembly of gold nanoparticles was
performed using alkanedithiols and mercaptoaniline. In the latter
case, succinyl chloride was added to the solution to control the
bonds between NH» groups. Experiments with dithiols showed
that nanoparticles on the substrate form a hexagonal lattice with a
lesser degree of perfection than in the case of mercaptoaniline.
This can be explained by faster aggregation of nanoparticles in the
case of dithiols.

At present, a number of methods of fabrication of three-
dimensional lattices have been developed. The next step is to
perform targeted control of the structures of three-dimensional
crystals to impart particular electrophysical and other character-
istics to these objects.!®%-161 Recently, studies on the laws of
formation of ordered structures in three-dimensional arrange-
ments of polydisperse particles have begun.
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Figure 2. Ordered ensemble of polydisperse particles that form an
Apollo figure.

The formation of cubic lattices in monodisperse systems of
nanoparticles has been repeatedly pointed out. A bimodal ensem-
ble of particles on the substrate can either undergo a separation
into the components or form an ordered binary ‘alloy’.!62163
Ordered structures in binary mixtures were also observed for two-
dimensional systems.'®* Usually, the formation of ordered ensem-
bles in polydisperse systems is thought to be impossible. However,
numerical experiments ' showed that the so-called Apollo
figures (small particles fill the voids that form upon contact of
large particles, see Fig. 2) can be formed in the systems charac-
terised by ‘hierarchical’ polydispersity. Even more complex struc-
tures comprising polydisperse nanoparticles were observed in the
experiments, ¢ namely, the particles self-assembled into ordered
structures in compliance with their sizes and the transition regions
between the areas covered with particles of different sizes were
smooth and defect-free. The formation of structures in ensembles
of colloid spheres with controllable polydispersity was studied.
The particle sizes varied between 5 and 50 nm. The ensemble of
nanoparticles was prepared to provide a Gaussian particle size
distribution with a polydispersity index of 30%. Particles were
dispersed in an organic solvent and then a droplet of the dispersion
was transferred on a solid substrate. Visual observations showed
that after evaporation of the solvent the substrate surface is
covered with large aggregates containing large particles in the
central region and small particles in the peripheral regions. Within
the aggregates, particles also form ordered arrangements (Fig. 3).
The formation of such structures, which were called the ‘Zenon
clusters’, was explained by the strength of the van der Waals
interparticle interaction and by peculiarities of the fluid flow in the
evaporating droplet.

A few theoretical studies on self-organisation of nanoparticles
on substrates are available. Simulation '¢7 of particle deposition
on solid substrates was carried out to study salient features of the
structural organisation of nanoparticles that form upon electro-
chemical deposition on substrates.’ Numerical experiments
reproduced the situation corresponding to the binding of particles
to the surface through bifunctional molecules and allowed the
effect of polydispersity on the ordering of the particle monolayer
to be studied.!%81%° 1t was shown that the length of the binding
agent molecule governs the particle layer morphology, which can
correspond to the liquid, the hexatic phase or to two-dimensional
crystal. Theoretically, the liquid—solid phase transition in two-
dimensional system of hard disks has long been reported.!”?
Recently, considerable attention has been given to the existence
of the hexatic phase as intermediate between the liquid and
crystalline phases!”! (for more detailed discussion, see below).
Investigations on the effect of polydispersity on the two-dimen-
sional phase transitions showed 99172173 that in polydisperse
systems the liquid—crystal phase transition is shifted towards
larger coverages and there is a limiting polydispersity value,
starting from which no phase transition occurs. No hexatic
phase is formed if the polydispersity index is rather high.!%°

Figure 3. Ordered arrangement of polydisperse particles.!%°
Experiment (@) and model (b).

Numerical experiments were also carried out to study pecu-
liarities of the deposition of polydisperse nanoparticles on sub-
strates in the case of random successive adsorption 74 and various
packing types of particles in the monolayer at a given volume
fraction of the particles.!”>

2. Non-spherical particles
The structural organisation of non-spherical particles on sub-
strates corresponds to the cases reported in the literature 8% 176 and
observed in bulk systems.!”” =17 In the case of two dimensions, the
phase behaviour is also governed by the maximum entropy
condition. Various methods of formation of two-dimensional
ordered structures comprised of non-spherical nanoparticles are
developed. For instance, melt growth of silicon nanocrystals in the
gap between two SiO, plates permits fabrication of ordered
ensembles of such crystals with mutually oriented atomic latti-
ces. 180

It is possible to deposit rod-like cadmium selenide nano-
particles in such a way that their principal axis will be directed
along the normal to the surface while the particles will be
hexagonally packed in the plane of the substrate.'8! This way of
packing nanoparticles imparts unusual optical properties to the
crystal. Ordered ensembles of rod-like particles can also be
fabricated by the droplet evaporation technique, which was
demonstrated taking gold particles of length 55 nm and diameter
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12 nm as an example.'8? The particle layers exhibited not only
translational but also orientational symmetry. According to X-ray
diffraction data, nanorods have a nearly identical crystallographic
orientation at a length scale of the order of 500 nm. Namely, a
total of 200 rod-like particles have the same crystallographic
orientation (either [110] or [100]). This can be explained by the
fact that nanorods on the {110} and {100} faces can be involved in
the intercrystalline contacts.

The formation of ordered structures was attributed to the
effect of capillary forces. If rod-like particles are oriented normal
to the surface, the forces acting along the principal axis of the
particles are greater than those acting in the transverse direction
(for spherical particles, lateral capillary forces are proportional to
the square of the particle radius).!®3 This reason and the pressure
applied to the particle monolayer ' determined the packing of
nanorods.

3. Effects of external fields

Self-assembly of particles (first of all, magnetic particles) can be
favoured by the external fields. Most studies carried out in this
field are concerned with the single-domain particles and their
ensembles; however, data on the magnetic properties of ensembles
of nanoparticles are strongly different. A possible reason for such
discrepancies is the inhomogeneity of the ensembles studied.
Because of this, increasing interest in the synthesis of ordered
ensembles of magnetic particles has been expressed recently. 22 123
Note that fabrication of ordered ensembles comprised of the
nanoparticles that can be involved in strong interaction with
external fields involves the formation of structures whose proper-
ties change under the action of external factors (the structures are
usually similar to those formed by the ‘inert’ particles).

In contrast to the gold, silver and sulfide particles, no self-
assembled three-dimensional ordered crystals comprised of mag-
netic cobalt particles are available as yet.!85 Usually, experiments
resulted in structureless multilayered ensembles, which can be
explained by magnetic interaction between nanoparticles. How-
ever, application of a magnetic field along the normal to the
substrate led to the formation of two-dimensional structures 3¢
with hexagonally packed magnetic cobalt nanoparticles, which
exhibited co-operative magnetic properties. Search for optimum
methods of formation of ordered ensembles of magnetic particles
is currently in progress.'87- 189 The magnetic field can be used for
both preliminary fractionation of nanoparticles and control of
their self-assembly. For instance, evaporation of a droplet of a
dispersion containing nanocrystallites of ferromagnetic or super-
paramagnetic cobalt on various substrates in a field of strength
less than 1 T gave two-dimensional colloid crystals. An increase in
the field strength up to 6 T led to the formation of three-dimen-
sional crystals. The character of the structures obtained was
independent of the size of the cobalt nanoparticles but changed
with the change in the direction of the magnetic field. In some
cases application of the magnetic field caused partial ordering of
nanoparticles, which formed ensembles of isolated aggregates
(points) or labyrinth structures.!®> The magnetic properties of
the nanoparticle films differ from those of dispersions or bulk
materials. This opens prospects for practical applications of the
structures fabricated.

Deposition of 8 nm cobalt nanoparticles from a droplet of
dispersion on the substrate (highly oriented pyrolytic graphite) at
different orientations of the external magnetic field was studied.!*°
If the field was directed normal to the substrate, evaporation of
the dispersion medium led to the formation of a hexagonal
arrangement of nanoparticles. If the field was directed along the
substrate surface, aligned nanoparticle ‘filaments’ with nearly
equidistant separation were formed. The lattice constant and the
filament width depended on the magnetic field strength and
decreased as the field strength increased. The ‘filaments’ were
nearly 2 pm thick. This is close to the size of the ‘points’ at the sites
of the hexagonal lattice formed upon deposition of nanoparticles
in the field directed normal to the substrate.

A way to fabricate ordered colloid structures is to expose a
colloid system to the standing electromagnetic waves created by
interfering laser beams.!®! Colloid particles placed in the field of
the standing electromagnetic wave can be considered as being in
the potential

V() = — 5B,

where y, is the particle polarisability and E(r) is the electro-
magnetic field strength at a given point. By varying the fringe
pattern it is possible to change the structure formed from colloid
particles. A number of nonlinear effects were observed at rather
strong external electromagnetic fields. For instance, a colloid
liquid compressed by an electromagnetic wave experienced a
phase transition (crystallisation).!9? Often, the structures created
using laser radiation are used to study the dynamics of colloid
particles, viz., the diffraction characteristics of the probe beam are
used to determine the spreading velocity of the structures, which
allows the dynamic characteristics of the colloid dispersions to be
determined.

Two- and three-dimensional colloid structures were also
formed using the field of external mechanical forces.!®> On the
glassy substrate covered with a thin layer of poly(methyl meth-
acrylate), a system of grooves was created, which had the shape of
stripes or rectangles. The plate was dipped in the colloid solution
of poly(methyl methacrylate) spheres stabilised by 12-hydroxy-
stearic acid. Then, a non-adsorbable polymer was introduced into
the system. The polymer produced a pressure (by the depleted
layer mechanism) to press the particles against the surface of the
‘puckered’ substrate. This resulted in the formation of ordered
structures on the substrate. The particle size was either smaller or
larger than the intergroove separation. Depending on the particle
size, the structures had different symmetry (from linear to
hexagonal). In the latter case, successive multilayered deposition
of particles gave a f.c.c. crystal.

4. Gas-liquid interface

In the text above, we considered the main methods of fabrication
of ordered arrangements of nanoparticles, namely, the droplet
evaporation method and self-assembly due to modification of
nanoparticles by bifunctional molecules. Both of them have some
drawbacks. The first method gives poorly reproducible results,
while practical implementation of the second procedure requires
that particles be rather strongly bound to the substrate. In both
cases, ordered structures are obtained only from the particles with
specific ligand shells. The reactivity of particles, electron transfer
between them, the ability of particles to participate in various
physicochemical processes depend on the nature of the ligand
shell. For instance the electrical conductivity of thiolate-stabilised
gold nanoparticles can be substantially enhanced upon replace-
ment of the alkanethiol ligands by bifunctional molecules (e.g.,
molecular wires). Electron transfer also depends on the character
of the chemical bonds between the ligand shell and the metal core
(the Au—S bond in thiolate molecules). It was established '°4 that
some thiolate ligands used to obtain metal nanoparticles can be
replaced by other ligands, which opens up great prospects for
variation of the functional properties of nanoparticles and their
ensembles (surprisingly, ligands exhibit some mobility on the
particle surfaces). In this connection we can say that a new
research avenue, viz., the ‘tuning’ chemistry, is now in the early
stage of its development. Research in this field requires the
elaboration of such methods for fabrication of ordered nano-
particle layers that are almost independent of the nature of the
ligand shell. The Langmuir— Blodgett method meets this condi-
tion.

Probably, it was Nagayama et al.'9>19¢ who first employed
the Langmuir — Blodgett method to this end. To form self-organ-
ised layers of polymer nanoparticles, they proposed to use the
capillary forces, which are due to the meniscus between particles,
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belong to attractive forces and can therefore favour self-assembly
of crystals from nanoparticles.

Owing to the capillary forces, the Langmuir—Blodgett
method also permits the formation of ordered particle monolayers
on vertical surfaces; removal of the plate from the colloid solution
and subsequent evaporation of the solvent causes the formation of
ordered arrangements of particles. This method works well for the
particles of size less than 400 nm, because larger particles precip-
itate under the action of the gravitational force faster than the
solvent evaporates. However, sedimentation can be suppressed
by, e.g., applying a temperature gradient to the meniscus (such a
gradient causes a convective motion of the fluid, which hampers
sedimentation of particles).!®’

Hydrophobised nanoparticles can also be organised at the
air—water interface and assembled in multilayered structures
using the conventional Langmuir—Blodgett technique. Self-
assembly of such particles at the interface is also possible in the
absence of the ordering effect of the Langmuir surfactant mono-
layers, while hydrophobisation as such can be achieved in the
course of particle formation in the organic medium.!°® This
technique was employed in the fabrication of ordered arrange-
ments of various metal and oxide nanoparticles!*°-2%8 and
bimetallic particles.2?° Bimetallic nanoparticles were obtained 207
immediately in the subphase and then, after special treatment,
came to the surface. The Langmuir— Blodgett method can also be
used for the formation of heterocolloid layers.210-211

The Langmuir— Blodgett technique allows the particle size to
be varied from several to several tens and even hundreds of
nanometres. Nanoparticles can be stabilised using various com-
pounds 22 and form a variety of structures on the surface of the
liquid phase.?!3 The hexagonal structure, which is usually formed
at high monolayer pressures, remains after transfer of the mono-
layers to solid substrates. The degree of local order in the particles
strongly depends on the stabiliser type. In the case of charged
particles, the character of their packing is affected by the pH value
of the solution. Under particular conditions, wire structures are
formed.?'#215 Usually, the compression isotherms of nanoparticle
monolayers do not reflect structural peculiarities (see, e.g.,
Refs 216 and 217, where both the particle size and the parameters
of the stabiliser molecules were varied). At the same time, they
exhibit hysteresis, the width of the hysteresis loop being dependent
on the compression —expansion rate.

Practical implementation of the Langmuir — Blodgett method
is complicated by the problem of fabrication of extended ordered
structures. Similarly to compression of surfactant monolayers,
compression of a monolayer of nanoparticles causes the forma-
tion of a domain structure, the particles being ordered only within
domains. To some extent this problem can be considered
solved.?!8 Rather large ordered structures were fabricated due to
particle aggregation caused by an increase in the system’s temper-
ature. On raising the temperature, convective flows are induced on
the surface of the liquid phase and displace particles towards the
growing two-dimensional crystal. Intense convection and capil-
lary waves favour a rapid escape of defects from the growing
crystal, which results in extension of the ordered structure.

Ordered structures can be transferred from the surface of the
liquid phase to the solid substrate without significant distortion of
two-dimensional crystal order (see above). However, the growing
ensembles of nanoparticles are unstable, especially if monolayers
are transferred at rather low surface pressures. This is due to weak
particle —particle and particle —substrate interactions. Therefore,
methods for improving the stability of nanoparticle monolayers
are required. One of them is to modify the existing layers.?!”
However, more efficient is the procedure for fabrication of stable
monolayers from nanoparticles bound through bifunctional mol-
ecules,?20-221 ¢ g dithiols (remember that these compounds are
used 47 to form three-dimensional ordered structures) using the
Langmuir— Blodgett method. By chemically binding nanopar-
ticles it is possible to obtain rather stable ensembles. For instance,
nanoparticles stabilised by alkanethiols (Cs—Cj2) can be strongly

bound by arenedithiols at rather high monolayer pressures.?20-22!
To form two-dimensional structures, nanoparticles and the solid
dithiol were simply placed in contact on the surface of the aqueous
phase. Nanoparticle binding occurred due to the exchange reac-
tion between dithiol and thiol that forms a protective layer on the
particle surface. Transmission electron microscopy (TEM) studies
showed that particles form two-dimensional layers with hexago-
nal packing. The interparticle distance was determined by the
length of the binding agent molecule (dithiol), being virtually
independent of the length of the stabiliser molecules.

If ordered arrangement of particles in the monolayer is not
required, the Langmuir — Blodgett procedure is significantly sim-
plified. At the same time, it permits fabrication of layered
structures from nanoparticles>??> with the interlayer spacing,
which is determined by the thickness of the ligand shell. According
to data of X-ray diffraction studies, such layered structures exhibit
a rather high degree of perfection.

Practical implementation of the Langmuir — Blodgett method
in the case of magnetic particles faces some problems. Attempts at
using this technique in experiments with iron oxide particles
protected by fatty acid layers led to the formation of inhomoge-
neous films 2?3224 (multilayered ferroparticle films were also
formed).* A procedure for fabrication of two-dimensional ensem-
bles of magnetite (Fe304) and cobalt ferrite (CoFe>Oy4) particles
stabilised by oleic acid was reported.??> The particles were
characterised by a broad size distribution. They were fractionated
and fractions with narrow size distributions (particle size range 2
to 10 nm with a scatter of 10% to 20%) were isolated. Dispersions
of the particles in octane or heptane were placed on the surface of
water and the solvent was evaporated at 80 °C. The degree of
order of the structures formed was particle size dependent,
namely, larger particles (6 nm) formed ordered ‘crystals’ while
small particles (2 nm) formed disordered structures. The size of
the ordered areas reached several micrometres.

The Langmuir — Blodgett method can also be applied to non-
spherical particles, which form a greater variety of ordered
arrangements. The self-assembly technique was employed to
obtain three-dimensional structures comprised of anisotropic
BaCr04,%2 FeOOH 2?7 and CdSe '8! particles stabilised by oleic
acid, as well as gold '82 and silver 228 nanorods. The formation of
structures from rod-like BaCrOy4 particles of length 20 nm and
diameter 5 nm was TEM monitored to follow the effect of the
monolayer pressure on the organisation of particles.??® At low
pressures, ‘raft’-shaped isotropic particle aggregates were
observed. As the pressure increased, the ‘rafts’ formed the two-
dimensional nematic phase, then the smectic phase and, finally,
the three-dimensional nematic phase (Fig. 4). These changes in
the structural organisation correspond to the Onsager scheme,
according to which the ordering processes are responsible for an
increase in entropy due to a decrease in the volume per particle.
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Figure 4. Structural rearrangement of the monolayer of rod-like par-
ticles upon an increase in the surface pressure.??®

i Taking into account successful experiments with gold particles, these
results seem to be quite unexpected.
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5. Liquid —liquid interface

Self-assembly of particles can also occur at the liquid—Iliquid
interface. It was shown that liquid-like colloid silver films can be
obtained at the interface between the organic (dichloromethane)
and aqueous phases.?>* However, these films are insulators.?3!
More recently,?3? similar films were formed from both electro-
statically and surfactant-stabilised gold nanoparticles. The for-
mation of ordered structures nanoparticles at the liquid —liquid
interface was also reported.?33

Gold nanoparticles at the interface between the organic and
aqueous phases can be immobilised by introducing aromatic
molecules (e.g., benzene or anthracene, which are strongly
bound to the particle surfaces) into the organic phase.?*? In the
case of anthracene the nanoparticle film formed at the liquid —
liquid interface is a highly elastic membrane. Films can be trans-
ferred to the solid substrate by simply evaporating the contacting
solvents. A detailed study on the mechanism of formation of such
films showed 23# that the benzene and anthracene molecules are
strongly bound to the gold particles due to the m-interaction with
the gold cations present on the surface of nanoparticles and that
ordered structures cover rather large surface areas.

Ordered layers of nanoparticles at an interface between two
immiscible liquids can also be formed by chemical reduction
immediately at the interface. For instance, interfacial reaction
between an aqueous solution of cadmium carbonate and a
solution of carbon disulfide in carbon tetrafluoride resulted in
the formation of multilayered films comprised of cadmium sulfide
nanoparticles of size from 1.8 to 3.9 nm.?3?

The thermodynamic properties of the particle monolayers
were studied taking the monolayers of 2.6 pm polystyrene latex
particles at the octane —aqueous surfactant solution interface.?3¢
In this system under particular conditions it is possible to form
ordered interfacial structures, which represent hexagonally
packed monolayers of particles with a polycrystalline structure.
The monolayer compression isotherm exhibited no features. It
was found that the pressure necessary to destroy the monolayer
coincided with the interfacial tension at the interface between the
above-mentioned liquids in the absence of particles. Destruction
of the monolayer occurred by bending rather than transfer of
particles to a certain phase. A similar phenomenon was
observed 237 for the Langmuir monolayers of negatively charged
latex particles of size 0.2 to 2.6 pum at the air—water and octane —
water interfaces. The structure of the monolayer at the surface of
water is sensitive to the electrolyte concentration. At low electro-
lyte concentrations, an ordered ensemble of hexagonally packed
nanoparticles was formed; an increase in the concentration led to
particle aggregation and the formation of disordered structures.
At the octane —water interface, a hexagonal packing was formed
at low surface pressures and a rhombohedral arrangement was
formed at elevated pressures; the electrolyte concentration had
little effect on the degree of local order of the monolayer.

6. Layer-by-layer deposition of nanoparticles

The method of layer-by-layer deposition developed?3® as an
alternative to the Langmuir — Blodgett method involves successive
immersion of a substrate into a dispersion of particles and into a
solution of oppositely charged polymer or surfactant. To form
polylayers of nanoparticles, this technique was first employed 23°
in order to obtain stable ultrathin films comprised of alternating
layers of the polyelectrolyte and semiconductor particles. The
films appeared to be more stable than those formed using the
Langmuir — Blodgett method. Yet another important advantage
of the layer-by-layer deposition technique is that films can be
deposited on substrates of any size and shape. However, similarly
to the Langmuir — Blodgett method, the interparticle interaction is
hard to control.

The layer-by-layer deposition method can be applied to obtain
various structures.?*>-24! The absorption of the perfect films
formed by this method increases linearly with their thickness in
the visible and UV spectral regions, which means that all particle

layers are characterised by the same packing density. High quality
(constant period) of the films prepared by the layer-by-layer
deposition is illustrated in Fig. 5, where the SAXS intensity is
plotted vs. the angle of incidence. If nanoparticles are involved in
strong electrostatic and dispersion interactions, the deposition of
the polymer layer only slightly disturbs the structure of the
ensemble. Immobilisation of particles makes it possible to create
strongly inhomogeneous films by deposition of different poly-
mer — particle bilayers in a specified order. By changing the order
in which layers are deposited it is possible to impart particular
functional properties to the films. Yet another advantage of the
layer-by-layer deposition method is the possibility of formation of
structures that are inhomogeneous in different directions. For
instance, the preparation of gradient composite films of CdTe
nanoparticles was reported.?*? The size of the films increased with
their thickness. Such films are thought to be promising as elements
of photodetectors, bipolar transistors and other high-speed elec-
tronic devices. They behave in an unusual manner upon injection
and charge transport and can be used as light traps. Fabrication of
these films using conventional methods based on molecular beam
epitaxy or plasma-enhanced chemical vapour deposition requires
various tricks (see, e.g., Refs 243 and 244). The gradient films
mentioned above 24> were prepared using four types of particles of
size from 2 to 6 nm, which exhibit the luminescence bands in the
495-505, 530—545, 570585 and 605—620 nm regions (from the
red to green spectral region), thus providing a broadband lumi-
nescence spectrum. Note that the layer-by-layer deposition tech-
nique also permits fabrication of ordered layers of nanoparticles
with a prescribed particle concentration gradient in the plane of
the monolayer.?*3
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Figure 5. SAXS intensity by the polylayers of particles fabricated by
layer-by-layer deposition plotted vs. angle of incidence.?*!

7. Biosystems and polymers

One way of development of methods for fabrication of colloid
nanocrystals involves stabilisation of nanoparticles using some
molecules that have binding sites. Such sites serve as specific
‘pointers’ of the positions to which other nanoparticles must be
attached. On mixing, nanoparticles of one dispersion are linked to
particles of the other dispersion through these sites. This permits
the formation of a desired architecture of the colloid crystal. In
this connection considerable attention is paid to aggregation of
nanoparticles that are involved in biospecific interac-
tion.!33.154.246-251 Interest in the studies of such objects is also
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due to great prospects for their application in both microelec-
tronics and biology.

The strategy of using biomolecules is based on their ability to
interact with nanocrystals that have various active sites. As
biomolecules are introduced into the system, the sites are recog-
nised and a particular arrangement of nanocrystals is formed.
Even replication of ensembles of nanoparticles is possible. To this
end, it was proposed to use gold nanoparticles covered with
adlayer of biotin (more exactly, a sulfur-containing analogue of
biotin).?%2 As streptavidine (this compound binds biotin) is
introduced into the solution, aggregation of gold nanoparticles
occurs (Fig. 6). The particles within aggregates are separated from
one another by the distance equal to the bond length of the biotin
and streptavidine molecules. The diffraction pattern exhibits
several maxima, thus revealing some ordered arrangement of
particles within aggregates.
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Figure 6. A scheme of aggregation of nanoparticles involving streptavi-
dine molecules.?>2

A procedure for fabrication of gold nanoparticles stabilised by
a chemisorbed monolayer of a dodecanethiol derivative and
dibenzo-24-crown-8 was reported.>>> Such nanoparticles can
recognise dibenzylammonium cations in solution and add them
to form a pseudorotaxane shell. Therefore, introduction of
bis(dibenzylammonium) into the dispersion of stabilised gold
particles causes aggregation due to the assembly of the pseudo-
rotaxane molecules. This approach was employed to study the
laws of aggregation of gold and silver nanoparticles.>>*

An analogous procedure was used to obtain ordered (i)
monolayers and multilayered structures on substrates and (ii)
aggregates in the bulk of solution using proteins,?>> organic
molecules 23623 and polyelectrolytes.?® Of particular interest is
to use DNA molecules for binding particles, because this permits
the interparticle distance, period of the particle arrangement and
the aggregate compositions to be programmed by choosing a
particular amino acid sequence in the DNA molecule.?46-261-263
In this case, it is also possible to affect the optical characteristics
and the melting temperatures of the particle aggregates. Studies on
these effects will allow nanoparticle aggregates to be widely used
as elements of biosensors. This can be exemplified by the develop-
ment of a new method of DNA detection using oligonucleotide-
functionalised nanoparticle probes.?46-261.264.265 The method is
based on the use of two different DNA-complementary oligonu-
cleotides. As the probe meets the DNA molecule and aggregation
occurs, the red dispersion turns purple. The change in the colour is
due to the interaction between plasmons in the aggregated
particles. 262 266.267

This approach differs from other DNA hybridisation methods
by enhanced selectivity, which is due to the well-defined melting
point of the material fabricated from the oligonucleotide-func-
tionalised gold nanoparticles linked through DNA molecules. The
melting transitions in colloid crystals of different sizes formed on
silica substrates were studied.?®® Crystals were obtained from
13 nm gold nanoparticles functionalised by various nucleotides.
Structures containing different number of layers were formed.
Raising the temperature caused breakdown of the adlayer struc-
tures due to the melting of nucleotides; the melting temperature
depended on the number of the deposited particle layers. The
temperature-dependent structure breakdown was found to be
reversible; the sharpness of the transition was governed by the
number of the layers deposited, while the transition region was
nearly three times narrower than in the case of melting of
nucleotides in the absence of particles. This narrowing is probably
due to the co-operative effect.

It was proposed 29%-270 to use biosystems as substrates for
fabrication of ordered colloid ensembles. For instance, latex
particles were physically or chemically deposited on a giant lipid
vesicle.?®® A single deposited particle deformed the surface of the
vesicle and occupied the position corresponding to the highest
curvature of the surface. This behaviour can be predicted with ease
taking into account the energy expenditure for the deformation of
the vesicle. If many particles are deposited, the interparticle
interaction is determined by the attractive forces that are also
related to the deformation of the vesicle. They cause particle
aggregation and the formation of a quasi-two-dimensional hex-
agonal structure.

A procedure for fabrication of ordered structures, which
involves the use of natural two-dimensional crystal order of
bacteriorhodopsin molecules, was proposed.?’ This protein
forms both in vivo and in vitro self-organised ordered structures
that are called ‘purple membranes’. Crystals of bacteriorhodopsin
are used as specific templates for fabrication of ordered structures
from nanoparticles.

IV. Template methods

1. Template techniques

Recently, methods of increasing the length scale of structural
organisation of inorganic materials have been intensively devel-
oped. There are several ways of increasing the length scale to
which the structural organisation of the assemblies fabricated is
extended. One of them involves preliminary formation of ‘build-
ing blocks’. This approach to fabrication of organised materials
was called ‘nanotectonics’.?’! Various schemes of practical imple-
mentation of the nanotectonics strategy involving biomaterials
have been considered.?!” Design of such structures is to a great
extent based on the principles of biomimetism (Biomimetic
Materials Chemistry). Fabrication of hierarchically ordered struc-
tures is of interest for catalysis, materials science and development
of resolution methods. Based on the biomimetic principles, some
advances were made in creating inorganic materials with pre-
scribed shape, molecular orientation and polymorphous crystal
structure.?’> A number of methods for the synthesis of structures
of a rather complex shape 2’3 and highly ordered hybrid ensem-
bles 274275 that resemble natural hierarchical structures?7¢ were
also developed. However, these structures are mainly of theoret-
ical interest. More convenient for practical purposes are the
‘classical’ templates and first of all those based on micro- and
nanospheres.

Nanosphere-based templates are used in lithography (see
below) and for preparation of composite materials with ordered
structure or porous metals with an ordered pore system. Porous
metals are necessary for many practical purposes, e.g., production
of filters, catalysts, various carriers, heat transfer agents, fuel cells,
electrochemical cells, thermal screens and vibration dampers.
Often, porous metals with very large specific surface areas are
required. Such metals can hardly be obtained by conventional
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methods (sintering of powders, production of wires, foaming,
etc.). This problem can be solved using the method of colloid
templates,?”’ 286 which involves the formation of an ordered
structure from spherical particles followed by filling of the
interparticle space with the desired material (in particular,
metal). The fact that usually the spherical particles contact one
another allows them to be completely etched; as a result, a system
of ordered spherical voids (the so-called inverted opals) is formed.
This permits fabrication of materials with large specific surface
areas, three-dimensional ordered pore systems and the pore sizes
of several hundreds of nanometres. The pore system is an open
system and possesses unique transport properties; these materials
are also of considerable interest for photonics 287 (see below).

The technological procedures for fabrication of such materials
are based on various methods. For instance, porous structures
from Ni, Cu, Ag, Au and Pt were obtained 28* using chemical
reduction, colloid crystals (silica) as templates and metal nano-
crystals as catalysts. To form ‘inverted’ colloid crystals from gold
the space between large particles was filled with gold nano-
particles.?’” Electrochemical reduction of metals was also
employed. Three-dimensional porous crystals were fabricated via
thermal decomposition of metal (Ni, Co, Fe) salts.?’”? Templates
are removed using various methods; the properties of the material
obtained are strongly dependent on the procedure for template
synthesis.

This approach was also used to form ordered structures of
metal particles.?®® To this end, a non-metal (e.g., oxide) porous
matrix was fabricated, which was filled with metal and then
etched. This scheme can be used for preparation of ordered
structures from not only metals and alloys but also semiconductor
materials (see, e.g., Refs 289 and 290).

Porous membranes and ensembles of carbon nanotubes are
also widely used as templates. In this case, either particles of
irregular shape distributed within narrow channels or nanorods
are formed.?*!~293 It is also possible to obtain ensembles of rather
complex composition and morphology. This approach was
employed for the synthesis of polymer —cadmium sulfide compo-
site nanowires 2°* and various nanotubes >?3~2%7 including those
filled with metals 27-28 (recently, considerable attention has been
given to such objects, see review 2%%).

Nanorods are most often formed using anodised porous
alumina layers as templates. The pore diameter in these templates
varies over a wide range (from 5 to 300 nm), the pore length
exceeds 100 pum and the pores themselves are characterised by
good linearity. Methods of fabrication of alumina templates have
been well developed.30-301 Using these templates, it is possible to
obtain composite materials with various nanowires 302398 and fill
almost all pores up to a depth of 100 um (usually, only 10% to
20% of the pore space volume is filled) by employing specific
procedures.’%® X-Ray studies showed that nanowires formed
within the matrices have a crystal structure while their diameter
is governed by the pore size. Ensembles of metal nanowires were
also obtained using mesoporous silica SBA-15.3%°

Ordered ensembles of metal nanoparticles can be fabri-
cated 310 with mesoporous silicas with an ordered pore structure,
viz., MCM-41 (hexagonal structure) and MCM-48 (cubic struc-
ture). Silica is washed with the solution of a salt of the correspond-
ing metal and then heat treated to form metal nanoparticles within
the pore space. At elevated temperatures, the metal nanoparticles
go to the outer surface of silica, thus forming an ordered lattice
whose structure reproduces the two-dimensional pore structure of
the silica template.

Ordered ensembles of nanoparticles can also be obtained by
metal reduction in the ‘micelles’ of block copolymers, which can
have a well-organised spatial structure. A procedure for fabrica-
tion of gold nanoparticles in laser irradiated copolymer of styrene
and 4-vinylpyridine was considered.?!! The results of an exper-
imental and theoretical study of the chemical method of prepara-
tion of lead sulfide nanoparticles in films of the same
microseparated block copolymer were also reported.?!?> The

studies on the synthesis and properties of nanoparticles of differ-
ent nature in polymer matrices were reviewed.3!3

Gel matrices of mixtures of a polyelectrolyte, surfactant 3'4
and organosilicon polymer 313316 are similar to the block copoly-
mer matrices. They were used to obtain ordered ensembles of gold
and platinum nanoparticles via chemical reduction. By varying the
parameters of the microscopic gel network the particle size and the
spatial distribution of the particles can be changed with ease.

2. Nanolithography methods

Not only the formation of colloid crystals but also fabrication of
large ordered patterns from colloid ensembles is of considerable
interest. Such patterns are prepared using a variety of methods,
viz., lithography,?'? microcontact printing,3'® self-assembly
involving polymers,3!° bidentate molecules,3?%-32!  evapora-
tion 322324 or selective wetting.32%32 Various lithographic tech-
niques allow one to obtain structures with prescribed geometric
distribution, size and shape of the primary elements. The methods
employed in the field include electron beam lithography,3?” X-ray
lithography,3?® ion-beam lithography 3> and photolithography.
The last-named technique is most widely used but, unfortunately,
is unsuitable for the formation of structures whose elements are
smaller than half the wavelength in the visible region. The region
with 2 < 300 nm is accessible to UV lasers 33 and holographic
interferometry 33! only. The electron, ion-beam and X-ray lithog-
raphies cover the nanometre region; however, wide use of these
methods is impossible as yet. The formation of ordered structures
using heteroepitaxy of metals 332 and semiconductors 333 also faces
some difficulties.

It was proposed 33* to use ordered arrangements of colloid
particles as lithographic mask. This method was employed by
many researchers. The possibilities of the technique were signifi-
cantly extended.?3>~338 [t was shown that the use of two layers of
spherical colloid nanoparticles allows the method of fabrication of
nanostructures to be significantly simplified and the patterns
formed to be diversified. The modified method permits fabrica-
tion of nanostructures comprised of different materials on various
substrates. According to the data of atomic force microscopy
studies, the type of the structure formed can be predicted with ease
based on geometric considerations. This method allows the
particle size to be varied with ease, thus changing the optical
properties of the particles.?3?

A combined technique was also proposed.?#0-34! Patterns
comprised of ordered gold nanocrystals were created with an
electron beam. First, an ordered arrangement of gold particles was
formed on the silicon nitride substrate by the droplet evaporation
method. Then, the monolayer was exposed to an electron beam to
destroy the protective ligand shell. This led to stronger binding
between the particles and the substrate on the electron-beam
patterned area of the substrate. The unbound particles were
removed from the substrate with a solvent; as a result, the
substrate was patterned in the desired manner.

Recently, the method of microcontact printing has been
intensively developed. The technique involves fabrication of a
pre-patterned stamp followed by transfer of the pattern (nano-
particles) to the substrate 325342 and permits the use of substrates
of any nature.

Scanning tunnelling and atomic force microscopies are also
used to obtain ordered structures. For instance, patterning was
done by etching an organosilane monolayer from the substrate
using a scanning tunnelling microscope (STM).3*3 This was
followed by nanoparticle deposition on the etched areas. A similar
procedure was employed 30 to obtain ordered arrangements of
gold nanoparticles with an atomic force microscope (AFM),
which was used for detection of the STM-etched area and
subsequent particle transfer to this area. An AFM was used to
fabricate two-dimensional and three-dimensional ordered struc-
tures.3** The technique was improved,3*> namely, deposition of
3 nm gold particles on a pre-treated surface area was followed by
the formation of ordered structures using an AFM and then by
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post-growth of the particles via immersion of the substrate in a
HAuCly solution.

Particular emphasis should be placed on the so-called dip-pen
nanolitography technique,?#¢~34° which allows one to deposit
films comprised of both organic molecules containing thiolate
groups and nanoparticles on the surface of gold substrates. The
method involves the spontaneous condensation of molecules or
particles in the gap between the AFM tip and the substrate
(Fig. 7); by scanning the surface it is possible to create the desired
pattern. In the dip-pen nanolithography scheme, the microscope
tip, organic molecules and substrate play the roles of ‘pen,’ ‘ink’
and ‘paper,’ respectively.

salt of a metal
salt solution

reduced metal

Figure 7. A scheme of dip-pen nanolithography.34°

A method of preparation of gold ‘ink’ was proposed.348-349
This can be done using both electrochemical reduction of gold and
a procedure which does not require a voltage to be applied to the
microscope tip. According to the method, the microscope tip is
preliminarily covered with a salt of gold and then a nanodroplet of
water is placed within the gap between the salt and the silicon
substrate. Dissolution of the salt as well as the metal reduction and
deposition on the substrate proceed in the absence of special
treatment of the system. The gold layer formed in the course of
reduction was 0.4—1 nm thick. Details of the mechanism of gold
reduction are still to be clarified; however, it was pointed out that
no reduction of gold proceeds on the silica substrates. By
appropriately choosing the salt—substrate pair it is possible to
obtain structures from various materials.

3. Nanosphere lithography

Ordered arrangements of metal and semiconductor nanoparticles
are usually fabricated by lithography techniques using planar
substrates. Recently, a new trend has been towards deposition of
ordered arrangements of nanoparticles on the surfaces of organ-
ised larger spherical particles. Such systems are of interest in
studies on the Raman scattering and photoelectrochemical catal-
ysis and as working elements of optical sensors. A uniform
packing of nanoparticles on spherical particles can also be used
for further fabrication of hollow spheres (the case where the core is
somehow etched) 3*° that have found application in pharmacol-
ogy, catalysis, photonics and materials science.?>!

Metal particles are deposited on the surface of larger dielectric
particles using various methods, e.g., chemical reduction on the
surface (to cover polystyrene latex particles with platinum 332 and
silica particles with silver 333), reactions with free radicals (to form
silver nanoparticles on the surface of microspheres33*) and
sonochemical deposition of platinum,3>3 zinc sulfide,33¢ nickel 337
and cobalt.?>® An alternative approach involves activation of the
surface of large particles with metal ‘seeds’ obtained by, e.g.,
reduction of the corresponding precursor.?>%3¢0 It was employed
to fabricate gold shells on silica spheres 3 and silver shells on
polystyrene spheres.?®® Both these methods permit a uniform
distribution of metals over the surface of spheres, though some-
times it is impossible to provide a dense packing of nanoparticles
on large spheres.

The layer-by-layer deposition of nanoparticles and polymers
(see, e.g., Refs 361 —363) is also employed in nanosphere lithog-
raphy. Using this method, one can obtain composite films of

different compositions, containing both the polymer and nano-
particles. The formation of dense layers of gold nanoparticles
covered with thin silica layers on the surface of polystyrene
spheres was reported.3%* To this end, layers of gold particles and
poly(dialkyldimethylammonium chloride) were successively
deposited on the surface of polystyrene spheres.

Ordered arrangements of 1 pm silica spheres ‘capped” with
gold or titanium were fabricated.?®> To this end, an ordered layer
of silica particles was formed on the substrate and then covered
with a photoresist layer. Then, photoresist was etched from the
upper segments of the spheres, metal was deposited on the system
and the remaining photoresist layer was completely etched. This
led to the formation of ordered layers of metal ‘capped’ silica
particles. The ‘cap’ size was varied by etching the deposited metal.

4. Functionalisation of substrates

Yet another efficient method of fabrication of ordered layers of
nanoparticles involves pre-structurisation of the substrate.366~368
Particles can be deposited using various procedures including a
combination of the self-assembly on functionalised substrates
with the droplet evaporation method. Other procedures include
flow-induced packing of particles in the cavities with prescribed
size and shape (Fig. 8); adsorption of particles on self-assembled
monolayers characterised by different surface charge of different
surface regions3’ and assembling of particles on the surface
regions created by microcontact printing 37! or lithography.3’> A
promising approach was also proposed,?”? which involves self-
assembly of the charged particles on structured polyelectrolyte
polylayers. In contrast to conventional self-assembly methods,
this technique permits fabrication of ordered layers not only on
the metal and oxide but also on the polymer surfaces. Layer-by-
layer deposition of polyelectrolytes and particles allows films with
unique properties to be designed.3’* In such films, the polyelec-

Photoresist

Figure 8. Deposition of nanoparticles on an ordered system of voids on
substrate.3




Self-assembly of nanoparticles at interfaces

129

trolyte polylayers can contain various functional groups 37> that
provide the necessary electro-optic 37¢ and electroluminescent 377
properties, as well as the conducting 37® or dielectric layers and
functional organic 37° and inorganic 38 particles. Polyelectrolytes
permit enhancement of the adhesive binding between particles and
the substrate. Patterns for polyelectrolyte deposition can be
created using the microcontact printing technique;38! therefore,
the structures deposited can have arbitrary geometries.

Yet another widely used method is based on the creation of
alternating hydrophilic and hydrophobic zones on the solid sur-
face. It was employed to form ensembles of CdS nanoparticles on
gold and silver substrates covered with self-assembled mono-
layers.382 The methods necessary to prepare surface regions with
different properties are based on the scanning probe nanolitho-
graphy 383 or electron-beam patterning.38* They are rather com-
plicated; therefore, search for simpler procedures is currently in
progress. Recently,3®5 it was proposed to obtain ordered ensem-
bles of nanoparticles as follows. First, a regular structure is
formed on a silicon plate covered with the natural oxide layer
from a self-assembled monolayer of siloxane containing a termi-
nal CH3 group by microcontact printing (see, e.g., the procedure
for fabrication of polydimethylsiloxane punches?38¢). Then, the
plate is dipped in a solution of the corresponding metal nitrate.
After the plate is taken out from the solution, the droplets cover
only the hydrophilic areas. The plate is then tilted so that the
droplets are accumulated at the boundaries of the hydrophilic
zones. After evaporation of the droplets the samples were heat
treated, which resulted in the formation of nanoparticles. This
method was used to fabricate ordered arrangements of cobalt,
nickel and ferrite (MFe;O3; M = Mg, Ni) nanoparticles. The
particle size and the interparticle distance were controlled by
varying the solution concentration and by changing the structure
of the monolayer (template), respectively.

An interesting effect, which can found practical applications,
was reported.387 The Si (100) surface covered with a natural 2 nm
thick silica layer was coated with a patterned photoresist layer and
the unpatterned photoresist was etched. Then, the a droplet of
organic dispersion of thiol-stabilised gold particles was trans-
ferred to the substrate. It was found that narrow ‘stripes’ of the
dispersion leak beyond the droplet at the resist—substrate inter-
face. The ‘stripe’ length is at most 600 um. Evaporation of the
solvent (toluene) resulted in the formation of cluster chains of
width &~ 120 nm. The chain width remains nearly constant along
the whole chain length. An analogous effect of ‘escape’ of nano-
particles along the boundaries of different-nature regions involv-
ing the formation of nanowires was also observed.3%8

V. Physicochemical properties of ensembles of
nanoparticles

1. Electronic properties

Ordered arrangements of nanoparticles are considered as candi-
dates for elements of electronic devices; because of this, consid-
erable attention has been given to their electronic and optical
properties.

The authors of numerous studies (see, e.g., references cited in
Ref. 4) observed a nonlinear current — voltage curve (the so-called
Coulomb stairs) on passing electric current through individual
particles. The current—voltage curves obtained in analogous
experiments with self-assembled arrays of nanoparticles also
have the shape of the Coulomb stairs.!3%389.39 For nanoparticles
in organic media it is possible to draw a nearly complete analogy
between the Coulomb stairs exhibited by single particles and their
monolayers. For aqueous media, the current—voltage curves
measured 3°° on applying positive and negative potentials to the
monolayer (experiments were carried out with 2 nm gold particles
stabilised with alkanethiols and self-assembled into a monolayer
using dithiols) are significantly different. Namely, the Coulomb
stairs were observed after application of the positive potential and

were not observed after the negative potential was applied. No
unambiguous explanation for this effect has been given as yet.

Currently, considerable attention has been given to the studies
on the laws of electron transfer within the monolayer plane.
Electron transfer in the monolayered nanoparticle films involves
the motion of electrons between the metal nanoparticles and
overcoming of the potential barrier in the region of the stabiliser
molecules (surfactant). The electron energy diagram for a compo-
site film comprised of nanoparticles and a dielectric matrix is
schematically shown in Fig. 9. Electron transfer between particles
separated by an insulator proceeds by two main mechanisms,
namely, by tunnelling and via thermally induced overcoming of
the energy barrier. In weak electric fields (eUp, <kT, where Uy, is
the potential difference between the neighbouring particles), the
insulator conductivity for electron transfer by the thermoionic
emission mechanism is given by:

P exnf - P
oe = oaT" 1 exp T )
where o is a constant and ¢. is the height of the energy barrier. The
barrier height is close to the work done by an electron to go from
the metal particles to the matrix and includes the contribution of

the image forces, which become significant in the case of small
particles.
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Figure 9. Electron energy diagram for a composite material of the

‘nanoparticles — dielectric matrix’ type;*°

1a 1s the electron affinity towards the dielectric matrix, ¢y is the ionisation
potential of the metal and ¢; is the ionisation potential of the metal in the
dielectric medium.

The image forces reduce the work function by a value of the
order of

_ 26

e gh’

where &, is the high-frequency dielectric permeability of the
medium and / is the interparticle distance. For gold particles, the
work done to go vacuum is ~5 eV and the decrease in the barrier
due to the image forces at an interparticle distance of ~1 nm is
~2 eV. For dielectric media, the work done to go from gold
decreases by up to 1 eV. Usually, the height of the energy barrier
in the nanoparticle films is ~2.5 eV.

The tunnelling current flowing between two metal particles is
given by



130

V I Roldughin

8me eU, 0.5 0Ey
oc (n2h3B>Sh( kT)exp( Ap,y) exp T
x [l — exp(—BéEel)]},

A

T 260
4n(2m)™?
-2

h
b =17 [

0

A

Here, mis the mass of an electron and 0 E¢; is the energy required to
transfer an electron from one neutral particle to another,

0.5¢%h

0La = (4neegR)(R+ h)’

(14)

where R is the particle radius.

Temperature dependences of the conductivity of two-dimen-
sional ordered films fabricated using the Langmuir— Blodgett
method from silver nanoparticles were reported.?®! Let us take
them as examples. The 8 nm silver particles were stabilised by
thiols with different chain length. The films were formed at
different monolayer pressures. The temperature dependences of
the film resistances are shown in Fig. 10. As can be seen, initially
the resistance exponentially decreases with temperature. These
dependences are well described by the relationship

E
Rocexpﬁ,

log R(QY) a
2.612

o
(o]
% (e
- oo
2.604 |-
(o)
oo

2.596 . L .

log R(Q)
3.76 |- o

32t o
OO(pd3

3.68 -

3.64 1 1 1
2 4 6

log R(QY)
6.0 c

58 F o

5.6

5.4 1 1 1
2 4 6 10371 /K-!

Figure 10. Temperature dependences of the resistance of the films formed
by silver nanoparticles stabilised by ethanethiol (@), pentanethiol (b) and
octanethiol (c).3°!

where E is the activation energy for all the films under study. At
T ~ 200 K, the resistance reaches its minimum value, which
corresponds to the transition from the activation mechanism to
the metal mechanism of conductivity. These dependences are
indicative of the metal —dielectric transition in the two-dimen-
sional monolayer. An analogous transition was detected using the
tunnelling 32 and impedance spectroscopies.?** The experimental
Ey values correspond to those calculated assuming that the energy
barrier is due to Coulombic interaction between electrons and
nanoparticles.

Somewhat different results were obtained in a study 3** on the
electrical conductivity, photoconductivity and photoelectrochem-
ical properties of the films comprised of dithiol-stabilised gold
nanoparticles. Ordered layers were fabricated by particle deposi-
tion on substrates dipped in a colloid dispersion. At nearly the
same size (6—8 nm) of particles covered with thiols of different
chain lengths, the activation energy was found to lie between 5 and
25 meV, which is two or three orders of magnitude lower than the
estimate (see above). Similar activation energies were obtained
earlier.'#7-3%5 This probably indicates that the conductivity in
these systems occurs by direct particle —particle contacts. Indeed,
Fig. 10 shows that in the case of, e.g., ethanethiol the temperature
dependence of the conductivity has a complex shape and the
resistance increases with raising the temperature in a certain
interval. This is most probably due to the breakdown of inter-
particle contacts in the conductivity channels. Prolonged heating
(100 °C) of the layer of particles was accompanied by a dramatic
decrease in the resistance, which can be explained by thermally
induced removal of the ‘binding agent’ from the interparticle
space. The dependences of the photocurrent yield on the photon
energy (Fig. 11) show that the work done to transfer electrons to
the matrix is ~1 eV. Analysis of the dependences presented [the
(yield) %> —energy dependence obeys the Fowler law for photo-
emission] suggested that the conductivity is of mixed character
and is due to both the particle — particle contacts and the hopping
mechanism. It should be noted that the mixed mechanism of
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Figure 11. Photocurrent yield (C) for films comprised of silver nano-
particles stabilised by pentanethiol («) and octanethiol (5).3%!

The right and left ordinate axes are for the open and full circles,
respectively.
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conductivity is typical of conventional composite materi-
als.3%6~3% The reversible metal —dielectric transition also occurs
as the thickness of the ligand shell 2!3-3%° of nanoparticles changes.

A large number of experimental studies on various character-
istics of ensembles of nanoparticles are available. At the same
time, theoretical studies in this field are scarce. This is a conse-
quence of the complexity of the systems under study (relevant
solvable models can hardly be chosen). Yet another problem is
that, strictly speaking, ordered ensembles are inhomogeneous
structures. Structural inhomogeneity is due to the following
reasons. First, nanoparticles are characterised by some size
distribution. Second, it is virtually impossible to obtain a perfect
structure comprised of nanoparticles. Third, different nanopar-
ticles have different compositions because their ligand shells are
also characterised by some degree of inhomogeneity. Fourth,
nanoparticles execute thermal motion, thus introducing distor-
tions in the lattice structure of the colloid crystal. Finally, electron
transfer between particles can be accompanied by the electron
scattering by structural inhomogeneities of the organic layer (this
process can occur in different manner). In spite of this, serious
efforts were made to take into account many salient features of the
ensembles of nanoparticles. For instance, the following Hamil-
tonian was proposed to describe the electronic properties of
ordered ensembles 400

n 2
1 1
Hy = E hy E oﬁxm +§IE (n; — 1)2+§y E nin;, (15)
i i i

&
W=7,

where «; is the energy level of an electron of particle 7; f;; is the
‘transfer integral,” which is determined by the overlap of the
electron orbitals of the neighbouring nanoparticles; oc,*“ o, are
respectively the production and annihilation operators of elec-
trons with the spin u at the particle 7; and »; is the operator of the

number of electrons at the particle of the type i,

2
— +
np= E Oy iy -
n

In expression (15), the second term describes the effect of
Coulombic blockage and is determined by the energy required to
charge a single particle

i=j
L7,
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while the last term describes the mutual polarisation of the
neighbouring particles

H & -
2

=l R 2L S

’ e{ <2R+21R+a>} :

where H is the distance between the centres of the particles and a is
a constant.

Calculations were carried out assuming that the constants o;
and f; fluctuate near their average values with the fluctuation
amplitudes A and AB, respectively. It was pointed out 4% that all
the parameters introduced can be determined experimentally.
Calculations of the electronic states of the system revealed the
possibility for two types of the metal—dielectric transition
(according to Anderson “°! and to Mott #%?) to occur in the system
due to the fluctuations of different parameters. The Anderson
transition occurs if the interaction between the neighbouring
particles is rather weak and does not compensate the energy
difference between the levels, which is due to fluctuations of the
particles’ characteristics. The Mott transition is observed when
compression of the lattice of a colloid crystal causes suppression of
the mutual repulsion between the electrons bearing oppositely
directed spins and belonging to the same particle owing to the co-

operative effects (screening), merging of the lowest occupied and
upper unoccupied bands and the insulator —conductor transition.
Disorder in the system also affects the Mott transition; however,
this transition can be masked if the energy fluctuations due to
structural inhomogeneities exceed the Coulombic interelectron
repulsion energy. At small amplitudes of the energy level fluctua-
tions, the Anderson transition occurs at much shorter interparticle
distances compared to the Mott transition. These results were
confirmed by the experimental data,**3 according to which at a
rather long interparticle distance the ensembles behave as dielec-
trics due to the Anderson-type electron localisation even in the
absence of the Coulombic gap.

The conducting properties of ensembles of nanoparticles can
be changed by varying the layer compositions and using those
particles whose state can be changed with ease under the action of
external factors. In this connection mention may be made that it is
possible to control the photoinduced electron transfer between the
monolayers of the donor [a polypyridyl complex of Ru(II)] and
acceptor [an acetylacetonate complex of Ru(Ill)] complexes by
separating them by insulator layers 4°4 and that the probability of
electron tunnelling in the superlattice of magnetic cobalt particles
depends on the external field applied to the system, i.e., on the
orientation of the electron spins.403

2. Optical properties

Recently, increasing interest in the optical properties of nanoscale
systems has been expressed.*°® This is mainly due to some
prospects for the use of the near-field effects in creating devices
for ultrahigh information recording density and ultrafast reading
devices. In the case of three-dimensional ordered structures, of
particular interest are the so-called photonic crystals (see below).

We will first consider the optical properties of two-dimen-
sional aggregates and single-layered films comprised of metal
nanoparticles. Single spherical particles are characterised by the
resonance absorption band at the frequency wg corresponding to
the excitation of surface plasmons.* 4% Ellipsoidal particles are
characterised by two maxima corresponding to the polarisation
along and perpendicular to the principal axis. The absorption
spectrum is usually calculated based on the Maxwell equations at
a given dielectric constant of the external medium. The depend-
ences of the optical and relaxation characteristics of nanoparticles
on their size and shape were recently reviewed,*07 so we leave them
out of our consideration.

The absorption spectra of aggregates should be calculated
with inclusion of the interparticle interaction (i.e., the size and
shape of the aggregate formed). Pileni 4°8 reported the results of a
detailed study of the optical and electronic properties of ordered
films comprised of silver nanoparticles. Figure 12 presents the
absorption spectrum of an aggregate comprising a total of nine-
teen hexagonally arranged nanoparticles. The characteristic fea-
ture of the spectrum is the appearance of maxima at certain w~—
and o™ values that meet the condition v~ < wy <w™. For the s-
polarised wave, there is only one maximum at w = w~, while for
the p-polarised wave there are two such maxima and the ampli-
tude of the high-energy maximum increases as the angle of
incidence increases. This is a consequence of the optical aniso-
tropy of the system, namely, its polarisability is different along the
normal and parallel to the surface of the substrate. This aniso-
tropy manifests itself for the p-polarised wave, because it has
components both in the surface plane and along the normal to this
plane (the s-wave has only the component parallel to the surface).
Experimental data obtained for silver nanoparticles*’® are in
good agreement with the results of calculations.

The optical properties and electronic characteristics of the
ordered films comprised of nanoparticles are determined by the
classical (dipolar) and quantum (exchange) interactions between
nanoparticles. The quantum interaction occurs only at distances
shorter than 1 nm.?!3 Because of this, the optical properties of
composite materials are most often described using the Max-
well — Garnett theory as a first approximation, according to which
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Figure 12. Absorption section by an aggregate comprised of nineteen
silver nanoparticles for the s- () and p-polarised (b) waves.*08
Angle of incidence /deg: 45 (1), 51 (2) and 60 (3).

the dielectric susceptibility of the medium is determined via the
dielectric susceptibility of individual particles. This theory works
well for dilute colloid systems. Various methods have been
developed to calculate the dielectric susceptibility at a large
volume fraction of particles. Here, we will present the main results
of the most consistent approach.#%%-410 The frequency dependence
of the nanoparticle polarisability can be obtained using the data
on the dielectric response of bulk silver, on the electron relaxation
time in nanoparticles and the Clausius—Mossotti formula. The
dielectric susceptibility of bulk silver is given by the Drude
relationship

w% iw%v
o(w? +1v?)’

—1-
ép o + 72
where o is the plasmon frequency for the bulk metal and v is the
collision frequency of electrons with impurities in the bulk of the
metal and with the surface of nanoparticles (the width of the
plasmon band),

1 1
V= 7+§ UE,

where / is the free path length of electrons in the bulk metal, R is
the particle radius and vr is the Fermi velocity of electrons.

The Clausius—Mossotti formula for the polarisability of a
metal sphere dipped in a dielectric medium with permeability &,
has the form

gy —ém
o I + 26,
P m

The effective dielectric permeability of a two-dimensional
composite medium comprised of spherical particles that are
uniformly distributed over the volume of the matrix is given by

0~ (1—9)5¢
1= 7,0 — (1— )73

Eef m >

where ¢ is the packing density of the particles and { is the structure
parameter, which includes three-particle correlations in the
arrangement of spheres (calculated in Ref. 409). The parameter
depends on ¢ and changes from 0 (for dilute systems) to 1 (for
close-packed systems). It also depends on the character of the
packing of spherical particles, being much larger for random

packing compared to regular one. In the former case, the
parameter { has virtually the same value for both two-dimensional
and three-dimensional systems.

Having found the dielectric permeability, it is an easy matter
to calculate various optical characteristics of films, e.g., the
reflection coefficient | Rg|2, where

r + l'2€72[6
Ry=—"—75-
1 + rire 210

Here r, and r;, are the Fresnel coefficients for the air—film and
film —substrate interfaces,

0= 2—na' ncos0,
A
A is the radiation wavelength, d is the film thickness, n is the
refractive index of the films, 0 is the angle of incidence of
radiation.

The dependence of the reflection coefficient on the interpar-
ticle distance is shown in Fig. 13. As can be seen, the calculated
and experimental data are in good agreement at rather long
interparticle distances, being substantially different at short dis-
tances. Good correspondence between the theory and experiment
holds up to H/2R =~ 1.25. This is due to the fact that the
dielectric—metal transition occurs in the monolayer at
H/2R ~ 1.15, which is not included in the model considered
above. As the system approaches the transition point, rather
large clusters are formed, which are characterised by the metal
conductivity. For this reason, the differences between the theory
and experiment increase. The metal —dielectric transition is also

200

100

200

100

(=]

Reflected light intensity (rel.u.)

400

200

Transition to the conducting state

1.3 1.8 23 2.8 33
Energy /eV

Figure 13. Reflected light intensity plotted vs. photon energy for different
interparticle distances.3%°

Experimental data (open circles) and results of calculations (solid lines).
The ‘interparticle distance-to-particle-size’ ratio (H/2R) is 1.60 (a), 1.38 (b)
and 1.17 (¢).
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Figure 14. Second optical harmonic intensity as a function of the relative
interparticle distance.?%?

Experiment (/) and results of calculations using the classical model (2) and
exponential approximation (3).

clearly detected in measuring the intensity of the second optical
harmonic (Fig. 14), namely, marked deviations of the calculated
values from the experimental data are observed on approaching
the point of the metal — dielectric transition.

A study on photon emission from a monolayer of particles
under the action of a voltage applied to the tip of an STM also led
to quite unexpected results.**® Experiments were carried out with
ordered layers of 4 nm silver nanoparticles separated by a distance
of 2 nm on the Au(111) surface. First, the motion of particles
across the surface was observed. Second, surprisingly, photon
emission from the monolayer was inhomogeneous, that is, dark
zones were observed near certain particles (the darkest zones
corresponded to the vertices of the particles). The intensity of
emission from the particle vertices was ten times lower than from
the other sites. Experiments showed that highly mobile particles
are bad photons emitters (i.e., quenching of the emission is due to
the motion of particles). The measurements were carried out in the
d.c. regime, which is manily due to the resonant tunnelling of
electrons. Non-resonant electron transfer and, correspondingly,
photon emission are of the fluctuation nature. The photon
emission is related to the relaxation of plasmons that are excited
in the case of non-resonant electron transfer (non-resonant
tunnelling).*!! Therefore, photon emission is affected by many
factors. Electron relaxation can occur via the excitation of a
plasmon, production of a photon or interaction with the surface
phonons. For small particles, electron transfer to the particle
occurs in the ballistic regime.*'? Because of this, electron relaxa-
tion is possible only via the electron—plasmon or electron—
phonon interaction. The latter interaction is known to play an
important role in the relaxation processes in the particles whose
size is less than the free path length of an electron. It is assumed
that the phonon excitation of highly mobile particles is facilitated
as compared to the immobilised particles. Probably, the excitation
of collective phonons also occurs. This effect, along with the well-
known effect 413 of change in the transmission and reflection of
light upon electrochemical injection of charges into the film, opens
up new possibilities in controlling the electronic properties of
nanofilms. In the latter case, changes in the electronic properties
of the films can be explained by the change in the electron density
in certain particles for which the relative changes in the electron
density much exceed the corresponding value for the bulk mate-
rial.

It should be noted that the interaction of electromagnetic
waves with two-dimensional arrangements of particles are still
poorly studied. At the same time, their understanding is necessary
for not only the description of the optical properties of films but
also creation of a new generation of memory devices. At the
nanometre scale and femtosecond times, the electromagnetic
energy is transferred by plasmons. For this reason, revealing the
localisation effects of electromagnetic waves is of great practical
interest. Delocalised modes govern energy transfer in the whole
system, while the localised modes allow the energy to be concen-
trated within small regions of the system. A study !4 was reported
on the properties of the eigenmodes in a two-dimensional compo-
site containing randomly distributed metal inclusions that covered
half the surface area. According to calculations, localisation of the
surface plasmons in the whole spectral region is impossible. The
localisation radius is distributed over the whole admissible range
of sizes, from the smallest size to the size of the entire system. A
typical eigenmode is simultaneously localised and delocalised,
that is, there are small areas with intense field, which are
distributed over a large surface area and are coherent. This
propertiy of the surface plasmons makes them a promising object
for data storage and transmission applications for ultrafast
computations. The localisation areas can serve as energy reser-
voirs, while their long-range coherence allows information to be
rapidly transmitted over long distances.

Currently, a new research avenue in the optics of nanofilms
deposited on substrates is in prospect. It was shown4!> that the
Au@SiO; particles (gold particles covered with silica layer) are
suitable for fabrication of plasmon waveguides whose size is of the
order of the particle size. Numerical experiments 4!¢ showed that
nanoparticles organised in linear chains are capable of trans-
ferring the energy localised in the regions with the characteristic
size much smaller than the optical diffraction limit. The most
important requirement is that the particles be separated by a layer,
which must be sufficiently thin for the interaction between the
plasmon modes in nanoparticles to occur in the near field.#!”
According to numerical simulation, the signal propagation veloc-
ity in this plasmon waveguide is one tenth of the speed of light. The
waveguide geometry admits the presence of acute angles.

From the aforesaid it follows that the optical properties of
nanoparticle films are still far from being completely studied;
therefore, they have been the subject of intensive research. The
dependences of the optical characteristics of films on the proper-
ties of the substrate 4!® and the dispersion medium were studied in
detail.*!° Ellipsometry can also be used to study the properties of
films.*?° Enhancement of the plasmon resonance upon reflection
of light from bilayered films (from the substrate side)*?! and the
luminescent characteristics of quantum dots upon their self-
assembly into ordered structures were reported;*?2~42* self-organ-
ised structures do possess not only the electroluminescence
properties #?° but also enhance the laser effect.426-427

The surface plasmon resonance is used to study the interaction
between various materials and thin metal films.#?® This method
has found its main application in biochemical systems, especially
in studies of proteins and DNA molecules. It involves studies on
the shift of the plasmon resonance caused by the change in the
refractive index of the medium contacting the metal. Such a
change is observed upon variation of the interaction between
macromolecules and solvents; it also manifests itself as a change in
the angular dependence of the coefficient of reflection of electro-
magnetic radiation from metal films. The well-known effect of
change in the scattering coefficient in the case of interaction
between biomolecules and nanoparticles 26526 can be consider-
ably enhanced *° by depositing nanoparticles on the surface of
metal films. Experiments showed that the coefficient of reflection
of laser radiation from a gold film significantly changes after
deposition of gold nanoparticles of size 30—60 nm on the surface
of the film (Fig. 15). The magnitude of the change depends on the
particle size and is nearly proportional to the particle concen-
tration on the surface. This effect permits significant improvement
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of the sensitivity of detection of biomolecules using gold nano-
particles. The nature of the effect of the particles deposited on the
surface is obvious: these particles make the surface rough, which
causes broadening of the resonance peak.

Yet another biochemical application of single-layered films
comprised of metal nanoparticles involves the use of the effect of
surface enhanced Raman scattering (SERS), which is intrinsic in
some metal nanoparticles. In the case of SERS, the section of
scattering by the molecules adsorbed on rough metal surfaces
increases by several orders of magnitude.*3° It is assumed that the
nature of the SERS effect is related to both localisation of the
surface plasmons and to the charge-transfer induced increase in
the molecular polarisability near the metal surface.**! In most
cases, the former effect predominates; therefore, considerable
attention has been given to the formation of various rough
surfaces (in most cases, using colloid particles). The shape of the
particle strongly influences the magnitude of the effect,*3? while
the particles on the substrate should not be necessarily ordered.*33

Numerous studies on the molecule — photon —surface interac-
tion have been carried out since the discovery of the SERS effect;
however, the mechanism of this effect is still to be clarified. It was
established 434~436 that only a small fraction of particles is SERS
active and that the active particles enhance the Raman scattering
by 14—15 orders of magnitude. It was also found that the nano-
particle size is related to the exciting radiation wavelength
corresponding to the SERS maximum.*** For instance, 90 nm
(140 nm) silver particles are most efficiently excited at 514 nm
(570 nm). For 63 nm gold particles, the maximum enhancement is
observed at an exciting radiation wavelength of 647 nm. This
indicates that by sizing nanoparticles it is possible to obtain
nanostructured materials with enhanced optical characteristics.
Indeed, pre-fractionation of particles permits significant enhance-
ment of the SERS effect.*3” To this end, films comprised of
fractionated nanoparticles (particle size ranged from 30 to
100 nm) were obtained. Experiments confirmed that the use of
certain fractions causes enhancement of the SERS effect by several
orders of magnitude. The magnitude of the effect is also strongly
influenced by the interaction between nanoparticles within the
film.

Figure 16 presents the dependence of the SERS intensity on
the degree of coverage of the substrate surface by nanoparticles
for rhodamine 6G. As can be seen, the SERS intensity remains

Degree of surface coverage

Figure 16. Absolute (¢) and normalised (b) SARS intensities plotted vs.
the degree of coverage of the substrate surface by nanoparticles.*3’

virtually unchanged as the coverage increases from 0 to 0.5, then
markedly increases as the coverage approaches a unity and then
remains constant. The presence of a plateau indicates that the
three-dimensional ensemble of particles behaves as a two-dimen-
sional film. Introduction of salt into the system causes a twofold
increase in the intensity of the SERS signal.*37 The laws estab-
lished permit the use of nanogranulated metal films as sensors in
detecting biomolecules.

Consider now the optical characteristics of three-dimensional
ordered colloid structures. Such structures are characterised by
unusual colour gamma, being in many cases responsible for the
unique protective colour of animals due to the formation of
microstructures comprised of colloid particles on the surface of
their bodies. Diffraction of light by such structures provides the
appearance of a colour gamma which is different from that
formed in the case of light absorption by dyes. Recently, studies
on the optical properties of three-dimensional colloid structures
have become of great importance, because colloid crystals are
used as sensors,*3® tunable diffraction gratings,**° narrow-band
filters *4° and photonic crystals.*4! ~44> Photonic crystals serve as
the basis for design of pigments and creation of a new generation
of optical devices.#40 449

The use of three-dimensional colloid crystals opens up new
prospects for nanophotonics (because of this, such crystals are
called photonic crystals). Nanophotonics is a new branch of
optics, which describes the propagation, scattering and interac-
tion of electromagnetic waves on the nanometre length scale.
Research in this field is concerned with the interaction between the
electromagnetic waves and matter at the length scales shorter than
the wavelength of electromagnetic radiation, and, in particular,
localised photochemical reactions. At present, nanophotonics has
stimulated the elaboration of a number of novel technologies.
Namely, a new type of laser and a number of optical systems and
physicochemical methods were developed.**® Colloid crystals
allowed localisation of light to be performed experimentally and
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have found application in laser physics and laser chemis-
try.446,447,451-454 Recently, it has been shown that photonic
crystals with band-shaped optical structure and thoroughly
chosen parameters permit localisation of light, which is multiply
scattered by nanoparticles.

Photonic crystals are three-dimensional structures with a
periodic arrangement of particles (different phases). The refrac-
tive index of such a system is a periodic function with a period of
the order of the optical wavelength. The propagation of light in
photonic crystals is similar to the motion of electrons in a
conventional crystal lattice. The refractive index difference
between the particles and the matrix and the ordered arrangement
of particles cause a strong scattering of electromagnetic waves
with particular wavelengths. The Bragg diffraction occurs, which
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Figure 17. Transmission of a colloid crystal comprised of polystyrene
particles of size 0.23 um (a—c) and 0.36 pm (d) as a function of the
wavelength.4>3

Angle of incidence /deg: 0 (a, d), 20 (b) and 40 (¢).

is characterised by forbiddenness for waves with particular wave-
lengths to propagate through the photonic crystal. Figure 17
presents the dependence of the transmission of a 12 pm-thick
colloid crystal formed by polystyrene latex particles of diameter
0.23 pm on the wavelength for different angles of incidence. As
can be seen, the transmission maximum (Amax) 1S shifted from 574
to 538 nm as the angle changes from 0 to 40°. In Fig. 17d we
present the dependence of transmission on the wavelength for
0.36-um latex particles at the same crystal thickness. The relation
between Amax, the angle of incidence and distance d;; between the
(111) planes of a colloid crystal is given by the Bragg equation

Jmax = 2dy11 (1, — sin20)1/2,

where n, is the refractive index (1.489 for the ensemble of
polystyrene spheres characterised by a packing density of
0.74%). Figure 18 presents the experimental and calculated Amax
values for colloid crystal comprised of polystyrene spheres.
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Figure 18. Absorption maximum wavelength plotted vs. particle size at
zero angle of incidence (q) and vs. angle of incidence for 0.36 pm
polystyrene particles ().*>>

Experimental data (open circles) and results of calculations (solid lines).

It is possible to draw an analogy between the electron energy
bands in semiconductors and in photonic crystals; however, in the
latter case some features are observed. It should be noted that in
photonic crystals it is possible to implement the lasing mechanism
and superradiation associated with the boson nature of light,
according to which a large number of photons can be in the same
state. Recently, photonic crystals were fabricated,**~4% which
are characterised by localisation of electromagnetic waves in the
spectral region extending from near IR to UV. Laser physics
applications require that photonic crystals be tunable in the whole
visible region.

A feature of photonic crystals is the change in the type of the
interaction between the atoms and electromagnetic radiation. In
particular, only radiation with particular wavelengths can prop-
agate without losses through the band-type photonic crystals;
therefore, atoms or molecules for which transitions between the
energy levels correspond to the forbidden wavelengths, are not
affected by the fluctuating vacuum field responsible for sponta-
neous quenching of excited states. As a result, a bound state
atom—photon is created. A photon can travel a distance of several
lattice constants from the atom by tunnelling before being trapped
by another atom. As a consequence, relaxation of the excited
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states of atoms in a photonic crystal obeys somewhat different
laws compared to the case of free atoms and molecules.

Most often, photonic crystals are fabricated from silica
spheres that are usually packed into the f.c.c. lattice. #3461 By
varying the size of the spheres it is possible to tune the band gap to
the desired spectral region. Thermally induced tuning of the band
gap is also possible.#02-463 Fabrication of photonic crystals whose
optical properties can be changed by applying the magnetic field
was reported.*6* 465 By applying an external magnetic and electric
field one can change the structure of the colloid crystals formed
from particles of complex structure.*®> For instance, a martensite
transition of the tetragonal b.c.c. lattice to the b.c.c. lattice
followed by changes in the dielectric characteristics of the crystal
was observed in crossed electric and magnetic fields. Recently,
fabrication of inverted photonic crystals formed by the voids in
the dielectric medium (usually, titania) was reported.*60-461
Experiments showed that this structure is optimum for photonic
crystals. To date, methods of fabrication of photonic crystals from
various materials have been developed 46°~472 and preparation of
photonic crystals with the record characteristics seems not to be
impossible. In this case, the interparticle distance is of great
importance. Recently, methods of formation of nanoparticles
coated with a thin silica shell were developed.*0!-473-476 This
opens new possibilities of control of the optical properties of
nanoparticles because permits variation of the core size and the
thickness and composition of the shell. Spherical particles
obtained following the above-mentioned routes are characterised
by a narrow size distribution, being convenient building blocks for
fabrication of photonic crystals. Ordered crystals obtained from
such nanoparticles can be formed using various methods; how-
ever, the main procedure is based on the use of capillary forces. In
particular, ordered structures from 50 nm gold nanoparticles
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Figure 19. Optical characteristics of photonic crystals as functions of the
thickness of the silica layer covering 50-nm gold nanoparticles.*!>
Coverage thickness /nm: 0 (/), 70 (2), 80 (3) and 100 (4).

covered with silica layers of different thickness were obtained.*!>
Some examples illustrating the changes in the optical properties of
photonic crystals fabricated from these particles covered with the
SiO; shell of different thickness are shown in Fig. 19.

3. Magnetic properties

The monodomain structure of magnetic nanoparticles makes
them of considerable interest, especially for fabrication of mag-
netic memory devices. The magnetic properties of nanoparticles
differ from those of bulk magnets,'® because a decrease in the
particle size is accompanied by an increase in the fraction of
surface atoms. The electronic and magnetic structures of such
atoms are affected by the smaller number of atoms in the particle
compared to the bulk material; however, they are influenced by a
large number of atoms of the dispersion medium (matrix). The
surface effects can reduce the magnetic moment of particles;*’”
however, for ‘free’ iron, cobalt and nickel particles the magnetic
moment per atom increases 478 with the decrease in the particle size
and tends to the limiting value characteristic of the single atom.
Besides, the magnetic anisotropy of particles exceeds the corre-
sponding bulk value.*’® The difference between these values is
related to the increase in the magnetic orbital momentum of
peripheral atoms.*30

Magnetic nanoparticles are convenient objects for studying
the quantum effects that manifest themselves on the mesoscopic
length scale (between the quantum microscopic and classical
macroscopic length scales).*®! However, real systems represent
ensembles of particles, which are characterised by different size
and shape. This hampers measurements of the quantum effects.
The magnetic properties of such systems are determined by the
properties of both the particles and the entire ensemble and these
contributions are hard to be discriminated. Because of this, search
for the systems suitable for wide-range variation of the average
particle size, the particle size distribution and the spatial arrange-
ment of the particles is topical. The properties of monolayers
comprised of magnetic particles also depend on the procedure
employed to form these objects.

A detailed study 32 on the magnetic properties of ensembles of
nanoparticles involved the preparation of composites with differ-
ent structural organisation of nanoparticles by layer-by-layer
deposition #83 of magnetic cobalt particles on the Al,O3 matrix.
Both ordered layers with controllable interparticle distance and
random distributions of particles in the matrix (the particle size
was 1 to 7 nm) were formed. Particles were formed by layer-by-
layer deposition of cobalt and alumina. The results of electron
microscopy study showed that the system contains isolated
spherical nanoparticles whose size depends on the cobalt deposi-
tion time. This technique was used to form the films containing up
to three hundred Co/Al,O3 bilayers. Measurements of the static
and dynamic magnetic susceptibilities of these systems revealed
the magnetic moment blockage effect, which is due to the
magnetic anisotropy of particles. The reorientation time of the
magnetic moment varies as follows

(&)
T = ToCXp ﬁ 5

where 1o ~ 1071°—~10-13 s and Uy, is the height of the energy
barrier and is governed by the interaction between the magnetic
moment of the particle and the phonon and magnon thermostats.
The U, value depends on the magnetic anisotropy constant Ker
and the particle volume V'

Uy = Ky V.

The magnetic anisotropy constant varies with the average
particle size as
6K
Ke=K, +—=,
ef w + <d>
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where K., is the magnetic anisotropy constant for the bulk
material (5x 10* J m—3) and Ky = 3.3 x 10! mJ m—2. An anal-
ogous increase in the magnetic anisotropy of nanoparticles was
reported by many authors. 479,484

The effect of the dipole—dipole interaction on the relaxation
time of the magnetic moments of particles has been the subject of
extensive literature. It was shown that the magnetic anisotropy
constant increases as the number of the nearest neighbours
increases.*3%4%¢ However, a model was proposed,*¥’ according
to which the interaction between the magnetic moments causes a
decrease in the parameter Up. Experimental evaluation of these
models faces some problems because the packing density of the
particles can hardly be varied without changing the particle size.
This can be done*%? by fabricating structures with different
number of layers at the same cobalt sputtering tine. Experiments
were carried out with the samples containing 1 and 30 monolayers
of cobalt particles. The fact that both samples exhibited identical
magnetisation curves confirmed coincidence of the particle sizes.
The Curie—Weiss temperatures of the single-layered and thirty-
layered films differed by nearly a factor of 2, which indicated a
marked change in the average interparticle interaction. Measure-
ments showed that the interaction between particles of the
neighbouring layers (4.5 nm interlayer spacing) causes a substan-
tial increase in the activation energy (~200 K for the systems
under study). This value is nearly equal to the energy of the
interaction between six nearest neighbours in the monolayer.

The magneto-optical properties of nanoparticles were
studied.??* Ordered ensembles of magnetite (Fe3O4) and cobalt
ferrite (CoFe>O4) nanoparticles were first formed on the surface of
the aqueous phase from the corresponding dispersions in organic
solvents and then transferred on solid substrates. Particles stabi-
lised by oleic acid were characterised by a broad size distribution;
they were fractionated to obtain fractions with narrow size

a
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Figure 20. ‘Circular dichroism —magnetic field strength (B)’ dependences
measured at different temperatures for a monolayer of magnetic par-
ticles;22°

6 nm Fe;0y4 particles (@) and 6 nm CoFeOy4 particles (b).

distributions in the range 2—10 nm and a scatter of 10% to
20%). It was established that the degree of local order of the
structures under study depends on the particle size, namely, larger
particles (6 nm) form ordered ‘crystals’, while small particles
(2 nm) do not form ordered arrangements. The size of the ordered
area can reach several micrometres. Figure 20 illustrates the effect
of the strength of external magnetic field on the magnetic circular
dichroism in the case of reflection of laser radiation by single-
layered films. Measurements were carried out at different temper-
atures. The magnetisation curve of the two-dimensional ensemble
of particles can be plotted using the results of measurements of the
absorption difference between the waves with different circular
polarisation as a function of the field strength. As can be seen, at
room temperature the films behave as superparamagnetics. They
exhibit no pronounced magnetisation hysteresis. As should be
expected, the cobalt ferrite particles are first to possess hysteresis
on lowering the temperature. The blocking temperature of cobalt
ferrite is 200 K, while that of magnetite is 100 K. It should also be
noted that cobalt ferrite is characterised by greater coercive force
compared to magnetite. No significant changes in the magnet-
isation behaviour were observed after deposition of several layers.
This indicates that in the systems under study the energy barrier
associated with the crystal anisotropy is higher than the energy of
the dipole —dipole interaction.

4. Thermal and mechanical properties

Colloid crystals are convenient for studying the phase transitions.
Of particular interest are two-dimensional colloid crystals. It was
established 4*® that the melting transition in two-dimensional
systems differs from the melting transition in three-dimensional
crystals and occurs continuously involving dissociation of pair
dislocations. More recently,*3%-4% it was shown that the newly
formed phase is not an isotropic liquid and a second phase
transition, which is due to the formation of disclinations, is
necessary for the system to go from the so-called hexatic phase
to the isotropic liquid. Such a two-step melting model is called the
Kosterlitz— Thouless — Galperin — Nelson — Yang (KTGNY)
theory. This theory predicts the temperatures at which the system
becomes unstable and the topological defects (dislocations and
disclinations) are formed. To test the theory, which was not
necessarily confirmed in numerical experiments, the phase tran-
sition in a two-dimensional colloid crystal with well-defined
magnetic interparticle interaction was studied.*®! Experiments
with 4.7 um iron oxide particles dispersed on the surface of
water showed that melting of the crystal follows the KTGNY
scenario. The shape of the pair distribution function was deter-
mined at different temperatures using a video camera. On melting
of the two-dimensional crystal, the density correlation function
first decreased following a power law with the exponent deter-
mined from the KTGNY theory and then decreased exponen-
tially. Direct visual observations revealed the presence of a phase
that was intermediate between the crystalline and liquid phases.

Two-step melting of two-dimensional ordered dusty plasma
clusters was reported.'?® Numerical simulation showed that
different cluster areas are disordered at different temperatures.
However, this two-step mechanism can also be due to the finite
size of the two-dimensional clusters under study.

The following should be pointed out. In spite of a large
number of studies concerned with the formation of ordered
monolayers comprised of nanoparticles, methods of structural
characterisation of monolayers are still poorly developed. For
instance, films formed at the gas—liquid interface are often
characterised visually or by the packing density of the particles,
which is determined from the compression isotherms. The only
structural parameter used for the characterisation of monolayers
is the regular lattice constant. Therefore, the general scheme 492 of
analysis of the structure of nanoparticle monolayers is of great
value. Two complementary methods were employed to derive this
scheme. The properties of a monolayer were characterised using
the pair distribution function while the presence of defects in the
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monolayer was described by the Delaunay triangulation. A
combination of the latter procedure and analysis of the Voronoi
polyhedra can be applied to both two-dimensional and three-
dimensional colloid structures.*® The method was evaluated
taking films comprised of silica particles formed on the surface
of the liquid phase as an example. The particles were stabilised by
alkylsilanes with different length of the hydrocarbon radical,
which permitted variation of the force of the interparticle inter-
action. The properties of the films were also changed by varying
the subphase composition and the degree of coverage of the
particles with the alkylsilane adlayer. The energy of the par-
ticle—particle interaction on the surface of the subphase was
calculated with inclusion of the van der Waals interaction and
capillary forces. Figure 21 presents the dependence of the packing
density of the particles in the monolayer on the surface of the
liquid on the energy of the particle—particle interaction (at the
minimum of the potential curve). In performing triangulation the
triangles with vertices at the centres of spheres were plotted in such
a way that no particles could pass through them. Figure 22
demonstrates some examples of the description of pores (defects)
by different numbers of triangles (7). The pore size distribution
was found to be lognormal. The pore size distribution for the
monolayers of silica particles on the surfaces of various liquids is
shown in Fig. 23.

These results were complemented with the data of a study on
the structure and energy of defects in two-dimensional colloid
crystal comprised of 0.36 pum polystyrene spheres.*** Defects were
formed using optical ‘tweezers’. A colloid crystal with a lattice
constant of 1.1 pm was formed by compression of the concen-
trated dispersion between two molten-quartz plates separated by a
2 um gap. The motion of defects was studied using a video
camera. General trends of the behaviour of dislocations were
revealed. In particular, no single dislocations with the coordina-
tion number other than 6 (distorted coordination) were detected.
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Figure 21. Packing degree of the monolayer of nanoparticles covered with
octyltrichlorosilane (/) and octadecyltrichlorosilane (2) as function of the
energy of the interparticle interaction at the potential well minimum.4%2

Figure 22. Triangulation schemes for various defects.
For details, see text.
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Figure 23. Pore size distribution in the monolayer of silica nanoparticles
stabilised by octyltrichlorosilane () and octadecyltrichlorosilane (b) on
the benzene (), toluene (2), dichlorobenzene (3), dioxane (4), methoxy-
ethanol (5) and water (6) surfaces.**?

Only the pair, triplet, etc. dislocations with an average coordina-
tion number of 6 were observed. The sum of all vectors that
emanate from the particles with a coordination number smaller
than 6 and end at the neighbouring particles with a coordination
number exceeding 6 equals nearly zero. This allows dislocations
to be considered as multipoles with a zero summary Burgers
vector.

The thermal and mechanical stability of the self-assembled
ensembles of particles and their components play a significant
role, because they can be at high temperature and pressure in the
case of, e.g., catalytic applications. A particular role is played by
the composition of the gaseous atmosphere. For instance, recrys-
tallisation or even decomposition of platinum nanoparticles was
observed at elevated temperature in an oxygen atmosphere in
contrast to the hydrogen or noble-gas atmospheres,*>> whereas
melting of the platinum particles of size from 5 to 20 nm on carbon
substrate proceeds at 900 K.**® The behaviour of single 20 nm
platinum nanoparticles and their ensembles in oxygen atmosphere
was studied.*”7 An increase in the degree of crystallinity of the
particles was observed at 700 K. The mechanism responsible for
this process is still to be clarified, whereas the increase in the degree
of crystallinity in the hydrogen atmosphere and in vacuo is due to
diffusion of atoms in nanoparticles. According to atomic force
microscopy data, the adhesive binding energy of the starting
particles to the substrate was ~ 0.8 mJ m—2 (the force measured
was =& 10 nN). After treatment in hydrogen atmosphere at 700 K
the adhesive binding energy became so high that it was impossible
to measure its value. The observed changes in the degree of
crystallinity and in the shape of the particles cannot be explained
by their melting, because the particles of diameter 20 nm must
melt at 2020 K even with inclusion of the dependence of the
melting temperature on the particle size.
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Recently, the properties of not only the metal ‘core’ of nano-
particles but also the single-layered organic shells have been the
subject of investigations. The diversity of self-assembled ensem-
bles of particles that can form on two-dimensional substrates 9% is
also an intrinsic property of the molecular monolayers covering
nanoparticles. These monolayers have a strong effect on the
properties of the self-assembled ensembles of nanoparticles.
A study on the ensembles of 4 nm silver and 3 nm gold nano-
particles stabilised by octadecanethiol, octanethiol, pentanethiol
and butanethiol was reported.*”® The dried dispersions were
mixtures of individual particles and colloid crystals. Analysis of
the results of a differential scanning calorimetry study revealed
two phase transitions corresponding to the melting of alkanethiol
crystals (monolayers) and to the melting of the colloid crystal. The
endothermic peak corresponding to the melting of the superlattice
of gold particles is less pronounced than in the case of silver
nanoparticles, thus indicating a lesser degree of crystallinity of the
gold colloid crystal. The melting temperatures of the alkanethiol
monolayers on the surface of silver nanoparticles also were found
to be higher than on the surface of gold nanoparticles. This was
explained by higher fraction of the organic phase in the case of
gold particles.

The effect of thermal fluctuations in the ligand shell on the
temperature dependence and on the topology of the order—
disorder phase transition in the superlattice of nanoparticles was
also studied >°° taking silver nanocrystals stabilised by alkane-
thiols (Cg, Ci2 and Cj6) as examples. Measurements of the angular
dependence of the X-ray scattering intensity at different temper-
atures showed that for all the samples under study the first
diffraction peak disappeared in a rather narrow temperature
range, thus indicating the topological disorder in the system.
Near this temperature the peak markedly broadened due to
enhancement of vibrations in the superlattice. This was similar
to the situation observed for bulk crystals. However, above the
melting temperature the superlattice behaved in another manner
compared to conventional, ‘atomic’, crystals. All the samples
under study were characterised by the appearance of a new peak
at smaller values of the scattering vector ¢ compared to those for
the (111) diffraction peak. The new peak corresponds to the
scattering region of size

2n
7

As the temperature increases, the peak intensity increases and
the peak is shifted towards small ¢ values. This indicates the
formation of a bicontinuous phase with spatially correlated
regions whose sizes exceed both the thickness of the ligand shell
and the size of nanocrystals. At a certain critical temperature T,
the correlation region becomes infinitely large and the parameter &
increases by a power law (Fig. 24):
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Figure 24. ‘Characteristic size—temperature’ plot for ensemble of steri-
cally stabilised nanoparticles.*?

The transition temperatures are shown by arrows. Particles were stabilised
by alkanethiols containing a total of 8 (1), 12 (2, 3) and 16 (4) carbon atoms
in the alkyl chain. Chain length is 41 A for (2) and 35 A for 3).
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At a certain temperature 7T, the exponent v increases,
becomes independent of the type of the ligand shell and corre-
sponds to the critical index in the Ising model.

The supercrystal behaves similarly to the sponge phase of the
surfactant, namely, its stabilisation is due to the long-range
entropy forces related to fluctuations of the ligand ‘membrane.’
At high temperature (above the melting temperature of the
superlattice), silver nanoparticles contacting one another bring
closer together and form aggregates surrounded by the hydro-
carbon chains attached to the surface of particles. The behaviour
of such systems is governed by a complex combination of the van
der Waals forces that act between the particles and hydrocarbon
chains.

In conclusion, we will consider unusual self-assembled struc-
tures obtained upon binding of alkanethiol molecules functional-
ised by the COOH groups (e.g., 11-mercaptoundecanoic or
I-mercaptohexadecanoic acids) and adsorbed on the surface of
gold particles. Such structures are formed due to hydrogen bonds
of the terminal carboxyl groups. They exhibit the ability to
selectively transmit particular ions. The selectivity can be tuned
by varying the pH value of the solution.®®! Changes in the
morphology of ensembles of hydrogen bond stabilised nano-
particles upon variation of the pH value of the solution were
studied.’? To this end, gold nanoparticles stabilised by function-
alised alkanethiols were obtained and alternating regions (of size
nearly 2 x 2 um) of monolayers of octadecanethiols containing
the COOH and CHj3 terminal groups were formed by micro-
contact printing on a gold plate. The plate was dipped in a colloid
solution containing gold nanoparticles. As a result, several layers
of functionalised particles were deposited on the monolayer
regions bearing the COOH groups, whereas no particle deposition
occurred on the other regions. Atomic force microscopy studies
revealed that variation of the pH value of the medium from 2 to 11
caused a twofold change in the height of the particle clusters
(Fig. 25) due to the fact that the Debye length for the systems
under study was several times longer than the interparticle
distance and, hence, the charges of the particles were only partially
screened. Such systems serve as the basis for fabrication of (i)
membranes with tunable permeability towards different ions and
(i) recognition systems.

Figure 25. Changes in the size of a gold nanocluster depending on the pH
of the solution.
For details, see text.

VI. Conclusion

Analysis of the available data (see above) shows that recently
considerable advances in design of ordered ensembles of nano-
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particles and in the studies of their properties have been achieved.
The results obtained point to great prospects for the use of
nanomaterials in the design of new-generation devices which can
find various applications from medicine to microelectronics.

At the same time, many problems that arose in studies of
ensembles of nanoparticles are still far from being solved. No
efficient methods of fabrication of ensembles of monodisperse
particles have been developed. Control of the interfacial behav-
iour of nanoparticles faces some problems (only preliminary
results were obtained in this field). Realistic and reliable descrip-
tion of the physicochemical properties of ordered ensembles of
nanoparticles with inclusion of co-operative effects is impossible,
because most theories are still based on the single-particle
approximation. Nevertheless, we hope that intensive research in
the field will lead to new advances towards understanding of the
physicochemical properties of ensembles of nanoparticles in the
nearest future.
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