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Foreword

At the turn of the century when it seemed that everything in chemistry had already been
discovered, understood, and just waiting to be applied to the benefit of mankind, a new
interdisciplinary field—nanoscience—was born. This book is devoted to one of its direc-
tions, nanochemistry.

Chemists always knew and well understood the significance of atoms and molecules as
the main ‘blocks’ in the huge foundation of chemistry. At the same time, the development
of new precision, ‘custom-made’ instrumentation, such as high-resolution electron
microscopy, probe scanning microscopy, highly selective mass spectrometry, in combination
with special procedures for synthesizing samples provided insight into the behavior of par-
ticles of, e.g., metals that contain few, i.e., less than 100 atoms. Such particles measuring
about 1nm (10~ °m) exhibited unusual, hardly predictable chemical properties. It turned
out that such nanoparticles or clusters display a high activity and provide an opportunity
for carrying out reactions, which never occurred with macroscopic particles, in a wide
temperature range. Nanochemistry concerns itself precisely with such fine particles.

One of the basic problems of nanochemistry is associated with finding out how the
chemical properties depend on the size (or the number of atoms) of particles involved in
the reaction. This problem can be solved most successfully in the gas phase at low
temperatures or in inert matrices.

This monograph is written by Professor GB. Sergeev of the Faculty of Chemistry, Moscow
State University. He is a pioneer and the greatest contributor to the development in our country
of such a unique direction as cryochemistry. His studies in theoretical and applied aspects of
cryochemistry were acknowledged by awarding him the Lomonosov Prize.

In recent years, he and his pupils successfully elaborated a new direction in cryochemistry
of metal atoms and nanoparticles. This monograph reflects the results of these studies
together with a large body of literature information published in recent years. In fact, this is
the first book on this science, which is rapidly developing all over the world, and it will
allow the reader to acquaint with a new and interesting direction, named nanochemistry.

V.A. Kabanov, Member of the Russian Academy of Sciences
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In memory of Rimma, my beloved wife and friend.
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Preface

This book is dedicated to a wonderful person, Rimma Vladimirovna Golovnya, Doctor of
Chemistry. Professor R.V. Golovnya was a leading scientist in the field of gas chromato-
graphy and flavochemistry and worked fruitfully for many years in organic, analytical, and
physical chemistry.

Being students, we were fortunate to enjoy lectures by academicians
AN. Nesmeyanov, P.A. Rehbinder, and V.. Spitsin, professors of the Faculty of
Chemistry at Moscow State University. The supervisor of my post-graduate training,
academician N.N. Semenov, was the first among Russian chemists to win the Nobel Prize.
It was he who suggested, immediately after I defended my Candidate of Chemistry
Dissertation, that I should direct my efforts at studying the earlier unknown spontaneous
reactions at low temperatures. Thus, the fast, virtually explosive reactions of halogenation,
hydrohalogenation, and nitration of olefins in the vicinity of the boiling point of liquid
nitrogen (77K) were discovered and studied; chain reactions that involved frozen-out
radicals and combined the features of chain and thermal explosions were observed; the
participation of molecular complexes in competitive cryochemical reactions that proceeded
via molecular, ionic, and radical mechanisms was proved; and the spontaneous formation
of free radicals in low-temperature reactions of halogens with olefins was established.
Currently, cryochemistry represents an independent and constantly developing field.

In the early 1980s, we pioneered the studies of reactions in joint low-temperature
condensates of vapors of magnesium and organic compounds. It is these studies that initiated
the many year cycle of studies carried out at the Laboratory of Low Temperatures devoted
to the synthesis, stabilization, and reactions of atoms and nanoparticles of different met-
als. At present, our group at the Faculty of Chemistry of Moscow State University is con-
tinuing the research in this direction. A number of our studies on the nanochemistry of
metals were accomplished for the first time, and the dynamics of their development is
described in detail in this monograph. A monograph written by the author and published in
Russian in 2003 forms the basis of this book. The development of nanochemistry is so fast
that the two years since the monograph’s publication have allowed us to substantially increase
the number of cited papers and to introduce a large number of new results obtained in recent
years. Among the trends most actively developed at present, mention should be made of the
great attention devoted to nanoparticles of various shapes and the impressive growth of
publications in the fields of biology and medicine. In the past two years, the other directions
of nanochemistry covered in the 2003 monograph were also actively developed, which
allowed us to retain the original structure of the book and to add new material to many
chapters. By definition, a monograph should reflect most comprehensively the subject
chosen. However, this condition is difficult to fulfill for nanochemistry, because its develop-
ment proceeds exponentially. In such cases, new monographs are of the greatest importance,
as they make it possible to describe newly formulated ideas and take a new look at the
known material.

vii
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I am grateful to FZ. Badaev, A.F. Batsulin, T.N. Boronina, V.E. Bochenkov, A.V. Vlasov,
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Introduction

Contemporary chemistry demonstrates a trend for a transition from carrying out experiments
under ‘ordinary’ conditions (temperatures close to 300K, normal concentrations, and
atmospheric pressure) to conducting syntheses at superhigh energies and superlow
temperatures, superhigh pressures and superhigh vacuum, superlow concentrations and
with participation of supersmall or small-scale particles.

Particles of nanometer sizes began to attract the attention of scientists in different
fields of science in the last 15-20 years. More active development in this direction dates
back to the 1990s, when the first international conferences on nanomaterials were held
and the first relevant scientific journals appeared. At present, the programs of many
Russian and international congresses, conferences, and symposia include the subjects
Nanoparticles, Nanoclusters, Nanocomposites, Nanotechnology, cither as such or as
constituents of the section subject.

This monograph is one of the first attempts to consider and systemize the studies in the
field of nanochemistry. The term ‘nanochemistry” appeared in the cited literature at the end
of the 1990s. This direction is being explored very rapidly, and the situation is additionally
complicated by its yet unsettled concepts and definitions. The experimental and theoretical
material described in this monograph show that contemporary nanochemistry is a new,
actively developing scientific direction. Like any other direction, nanochemistry has its own
subject, objects for studying, and experimental methods, the analysis of which forms the
major subject of this book.

A modern trend in the research of nanosized particles in physics, chemistry, and biology
allows one to assert that in the 21st century both science and technology will deal with
nanosized, angstrém objects (2nm - 10°m; 1A - 107'9m). The interest of chemists in
nanoparticles is explained as being due to several reasons. The chief reason is the fact that
studying nanoparticles of various elements in the Periodic Table opens up new directions
in chemistry that cannot be described in terms of already known relationships. Moreover,
particles measuring less than 1nm are of the greatest interest. This is explained by the fact
that such formations of, e.g., metals contain approximately 10 atoms that form a superficial
particle that has no volume and displays an enhanced chemical activity. At the same time,
it is known that chemical properties and activity of a particle can be changed by the addition
of just a single atom or molecule. The most fundamental problem of modern chemistry is
to reveal the peculiarities of the effect of the particle size (or the number of atoms) on its
physicochemical properties and reactivity.

Nowadays, the physicochemical properties and reactions of small particles in the
gas phase and, recently, in solid and liquid phases are often described by the number
of atoms or molecules rather than by their sizes in nanometers. Of certain value can
be the scale of atomic/molecular diameters, where the particles comprising 1-100
atomic/molecular diameters are most interesting. In such a range of sizes, the different
relationships between the chemical properties and the number of atoms in a particle
are observed most frequently.



X Introduction

The experimental material obtained to date makes it possible to define nanochemistry
as a field that studies synthesis, properties, and reactivity of particles and assemblies they
form, which measure less than 10 nm at least in one direction. Apparently, the value 10 nm
is arbitrary; however, its introduction plays a certain role, stressing the subject of
nanochemistry. Moreover, a size of 10nm and the aforementioned definition show that
nanochemistry deals with one-, two-, and three-dimensional objects such as films, wires,
and tubes. On the other hand, this rules out the assignment of particles larger than 10 nm
to nanochemistry. Particles with sizes approaching 100nm would be more correctly clas-
sified as ultradispersed, and materials on their basis as microscopic.

Contemporary nanochemistry accumulates experimental material and develops its
theoretical interpretation. Unusual chemical properties of particles consisting of a small
number of atoms, i.e., several tens of atoms, require a serious modification of concepts
developed for systems that involve thousands and millions of atoms. Studies in the field
of nanochemistry open up possibilities for the formation of new paradigms of synthesizing
substances with remarkable, earlier unknown properties.

In this monograph, attention is focused on synthesis and chemical reactions of atoms,
clusters, and nanoparticles based on metals of different groups in the Periodic Table.
A separate chapter is devoted to nanoparticles based on carbon. The formation of metal
cores, clusters, and nanoparticles begins as a rule with atoms. To correctly understand such
processes, it is vital to get to the bottom of chemical properties of atoms; thus, the partici-
pation of certain reactions are reflected upon in this book. Methods for synthesizing,
stabilizing, and studying nanoparticles are discussed relatively briefly. Multicomponent
systems, hybrid and film materials with various chemical properties are analyzed. Great
attention is devoted to size effects in chemistry, which are associated with the gualitative
changes in physicochemical properties and reactivity depending on the guantity of species
in a particle and proceed in a range smaller than 10 nm. Semiempiric and ab initio quantum-
chemical approaches to theoretical description of nanoparticle properties are briefly outlined.
A separate chapter is devoted to studies on cryochemistry of metal atoms and nanoparticles.
This field of nanochemistry is actively explored by the author of this monograph and his
pupils and colleagues in cooperation with Russian and foreign scientists. The sections
providing an outlook on various applications of nanoparticles and relevant materials in
science and technology are collected in a special chapter. Problems and prospects in the
development of nanochemistry and nanotechnology as well as the use of nanoparticles in
biology and medicine are discussed.

The monograph can be considered, on the one hand, as an introduction to a new field of
chemistry and, on the other, as a sort of a guidebook to the extensive literature devoted to the
chemistry of nanoparticles. For the most part, it comprises the studies published in the past
3—4 years. In addition to original literature, the materials of lecture courses held by the author
at the Faculties of Chemistry and Material Sciences of the Moscow State University were
used. This fact introduces certain elements of a study-book into the material of several sections.

First of all, this book should be interesting for those who wish to get acquainted with this
new scientific field, in which the concepts of physics, chemistry, and material science are
closely interlinked. The book will also be helpful for those scientists and pedagogues who
develop different concrete aspects of nanoscience as well as for students and post-graduate
students who want to direct their efforts to studying this new and challenging field.
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.

Survey of the Problem and
Certain Definitions

Nowadays, we are witnessing the development and advancement of a new interdisciplinary
scientific field—nanoscience. Despite its name, it cannot be associated solely with
miniaturization of the studied objects. In fact, nanoscience comprises closely interrelated
concepts of chemistry, physics, and biology, which are aimed at the development of new
fundamental knowledge. As was shown by numerous examples in physics, chemistry, and
biology, a transition from macrosizes to those of 1-10 nm gives rise to qualitative changes
in physicochemical properties of individual compounds and systems.

The historical aspect of the formation and development of independent fundamental
directions of nanoscience and the prospects of their application in different branches of
nanotechnology were discussed in detail in numerous reviews.!™ Numerous books and
articles by Russian scientists who had a great influence on the progress in studying small-
scale particles and materials can be found in Ref. 3. Their contribution was acknowledged
to a certain extent by the 2000 Nobel Prize, which was awarded to Zh.I. Alferov for his
achievements in the field of semiconducting heterostructures.

In the past 10-15 years, the progress in nanoscience was largely associated with the
elaboration of new methods for synthesizing, studying, and modifying nanoparticles and
nanostructures. The extensive and fundamental development of these problems was deter-
mined by nanochemistry. Nanochemistry, in turn, has two important aspects. One of these
is associated with gaining insight into peculiarities of chemical properties and the reactivity
of particles comprising a small number of atoms, which lays new foundations of this
science. Another aspect, connected to nanotechnology, consists of the application of
nanochemistry to the synthesis, modification, and stabilization of individual nanoparticles
and also for their directed self-assembling to give more complex nanostructures.
Moreover, the possibility of changing the properties of synthesized structures by regulating
the sizes and shapes of original nanoparticles deserves attention.

The advances in recent studies along the directions mentioned are reflected in several
reviews and books.>* A special issue of the journal Vestnik Moskovskogo Universiteta
was devoted to the problems of nanochemistry.!* The dependence of physicochemical
properties on the particle size was discussed based on optical spectra,’> magnetic
properties,'®!'7 thermodynamics,'® electrochemistry,'® conductivity, and electron
transport.?®?! Different equations describing physical properties as a function of the
particle size were derived within the framework of the droplet model.?? A special issue
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of Journal of Nanoparticle Research is devoted to the works of Russian investigators in the
field of nanoscience.”® Many aspects of synthesis, physicochemical properties and
self-assembly have been reviewed.*

In nanochemistry, which is in a stage of rapid development, questions associated with
definitions and terms still arise. The exact difference between such terms as “cluster,”
“nanoparticle,” and “‘quantum dot” has not yet been formulated in the literature. The term
“cluster” is largely used for particles that include small numbers of atoms, while the term
“nanoparticle” is applied for larger atomic aggregates, usually when describing the
properties of metals and carbon. As a rule, the term “quantum dot” concerns semiconductor
particles and islets, the properties of which depend on quantum limitations on charge
carriers or excitons. In this book, no special significance will be attached to definitions,
and the terms “cluster” and “nanoparticle” will be considered as interchangeable.

Table 1.1 shows some classifications of nanoparticles, which were proposed by different
authors based on the diameter of a particle expressed in nanometers and the number of
atoms in a particle. These classifications also take into account the ratio of surface atoms
to those in the bulk. A definition given by Kreibig?® is similar to that proposed by Gubin.?®
It should be mentioned that a field of chemistry distinguished by Klabunde'? pertains in
fact to particles measuring less than 1 nm.

Nanoparticles and metal clusters represent an important state of condensed matter. Such
systems display many peculiarities and physical and chemical properties that were never
observed earlier. Nanoparticles may be considered as intermediate formations, which are
limited by individual atoms on the one hand, and the solid phase on the other. Such parti-
cles exhibit the size dependence and a wide spectrum of properties. Thus, nanoparticles
can be defined as entities measuring from 1 to 10nm and built of atoms of one or several
elements. Presumably, they represent closely packed particles of random shapes with a sort
of structural organization. One of the directions of nanoscience deals with various properties
of individual nanoparticles. Another direction is devoted to studying the arrangement of
atoms within a structure formed by nanoparticles. Moreover, the relative stability of indi-
vidual parts in this nanostructure can be determined by variations in kinetic and thermody-
namic factors. Thus, nanosystems are characterized by the presence of various
fluctuations.

Natural and technological nanoobjects represent, as a rule, multicomponent systems.
Here again, one is up against a large number of different terms, such as “nanocrystal,”
“nanophase,” “nanosystem,” “nanostructure,” “nanocomposites,” etc., which designate
formations built of individual, separate nanoparticles. For instance, nanostructure can be
defined as an aggregate of nanoparticles of definite sizes, which is characterized by the
presence of functional bonds. In the reactions with other chemical substances, such limited-
volume systems can be considered as a sort of nanoreactors. Nanocomposites represent
systems where nanoparticles are packed together to form a macroscopic sample, in which
interactions between particles become strong, masking the properties of individual particles.
For every type of interaction, it is important to know how the properties of a sample
change with its size. Moreover, it should be mentioned that with a decrease in the particle
size, the concept of phase becomes less clear: it is difficult to find boundaries between
homogeneous and heterogeneous phases, and between amorphous and crystalline states.
At present, the common concepts of chemistry, which define the relationships such as
composition—properties, structure—function, are supplemented by the concepts of size and

EE T3 EE T3 EE T3
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Table 1.1

Classification of particles by their sizes

(a)
U. Kreibig [25]
Domain I Domain II Domain Il Domain IV
Molecular clusters Solid-state clusters Microcrystals Bulk particles
N =10 10* =N = 10° 1¢* = N = 10 N> 10°
Indistinguishable Surface/volume ratio Surface/volume ratio Surface/volume ratio
surface and volume =] <1 <]
(b)
K. Klabunde [12]
Chemistry Nanoparticles Solid-state physics
Atom N =10 N = 10? N = 10° N = 10* N = 10°  Bulk matter
Diameter (nm) 1 2 3 5 7 10 >100
(©)
N. Takeo (Disperse Systems, Wiley-VCH, p.315, 1999.)
Superfine clusters Fine clusters Coarse clusters
2<N=20 20 << N = 500 500 < N = 10/
2R = 1.1nm 1.1nm = 2R = 3.3nm 3.3nm = 2R = 100 nm
Indistinguishable surface and 09 = NJ/N,= 05 0.5 = N,/N,
internal volumes
(@)
G.B. Sergeev, V.E. Bochenkov (Physical Chemistry of Ultradispersed Systems:
Conference Proceedings, Moscow, 2003, pp.24-29.)
Chemistry of Nanochemistry Chemistry of
atoms Number of atoms in particle solid state
Single atoms 10 107 10° 104 108 Bulk
Diameter (nm) 1 2 3 5 7 10 >100

self-organization, giving rise to new effects and mechanisms. Nonetheless, despite all
achievements of nanochemistry, we still cannot give a general answer to the question how
the size of particles of, e.g., a metal, is related to their properties.

Metallic nanoparticles measuring less than 10 nm represent systems with excessive energy
and a high chemical activity. Particles of about 1 nm need virtually no activation energy to
enter into either aggregation processes, which result in the formation of metal nanoparticles,
or reactions with other chemical compounds to give substances with new properties. The
stored energy of such particles is determined first of all by uncompensated bonds of surface
and near-surface atoms. This can give rise to unusual surface phenomena and reactions.
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The formation of nanoparticles from atoms involves two processes, namely, the formation
of metal nuclei of different sizes and the interactions between the formed particles, which
generate the formation of assemblies that possess a nanostructure.

Virtually all methods of nanosynthesis produce nanoparticles in nonequilibrium
metastable states. On the one hand, this factor complicates their investigation and appli-
cation in nanotechnologies aimed at the development of stable devices. On the other, non-
equilibrium systems allow carrying out new unusual chemical reactions, which are
difficult to predict.

Elucidation of the relationship between the size and chemical reactivity of a particle is
among the most important problems of nanochemistry. For nanoparticles, two types of size
effects are distinguished.?” One of these is their intrinsic or internal effect, which is associated
with specific changes in superficial, bulk, and chemical properties of a particle. The other,
external effect, represents a size-dependent response to external factors unrelated to the
internal effect.

Specific size effects manifest themselves to a great extent for smaller particles and are
most likely in nanochemistry, where irregular size—properties dependencies prevail. The
dependence of activity on the size of particles taking part in a reaction can be associated
with the changes in the particle properties in the course of its interaction with an adsorbed
reagent,”® correlations between geometrical and electron-shell structures,? and symmetry
of boundary orbitals of a metal particle with respect to adsorbed-molecule orbitals.*"

As mentioned above, nanochemistry studies the synthesis and chemical properties of
particles and formations with sizes below 10nm along one direction at least. Moreover,
most interesting transformations are associated with the region of ca. 1 nm. Elucidation of
mechanisms that govern the activity of particles with sizes of 1 nm and smaller is among
the major problems of modern nanochemistry, despite the fact that the number of particles
is a more fundamental quantity as compared with their size.

The dependence of chemical activity on the size of reacting particles is explained by the
fact that properties of individual atoms of elements as well as of clusters and nanoparticles
formed from atoms differ from the properties of corresponding macroparticles. To under-
stand and roughly analyze the size-dependent chemical properties, we can compare the
reactivities of compact substances, nanoparticles, and clusters of species.’! The demarcation
lines between sizes of such formations vary from element to element and should be
specified for each case.

In nanochemistry, the interaction of every particle with the environment has its own
specifics. When studying individual properties of such a particle, attention should be
focused on qualitative changes in particle properties as a function of its size. Moreover, the
properties of isolated nanoparticles are characterized by a wide statistical scatter, which
varies in time and requires special studies.

The internal size effect in chemistry can be caused by the changes in the particle structure
and the surface-induced increase in the electron localization. Surface properties affect the
stabilization of particles and their reactivity. For small numbers of reagent atoms adsorbed
on the surface, a chemical reaction cannot be considered as in infinite volume, due to the
commensurable surfaces of a nanoparticle and a reactant.

Reaction kinetics in small-scale systems with limited geometry differs from classical
kinetics, because the latter ignores fluctuations in concentrations of reacting particles.
Formations containing small numbers of interacting molecules are characterized by
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relatively wide fluctuations in the number of reactants. This factor gives rise to a time lag
between the changes in reactant concentration on the surfaces of different-size nanoparticles
and, as a consequence, to their different reactivity. Kinetics of such systems is described
based on a stochastic approach,*? which takes into account statistical fluctuations in the
number of reacting particles. The Monte-Carlo technique was also used for describing the
kinetics of processes that occur on the surface of nanoparticles.??

In nanoparticles, a considerable number of atoms pertain to the surface, and their
ratio increases with a decrease in the particle size. Correspondingly, the contribution of
surface atoms to the system’s energy increases. This has certain thermodynamic conse-
quences, for example, a size dependence of the melting point T, of nanoparticles. The
size, which determines the reactivity of particles, also gives rise to effects such as vari-
ations in the temperature of polymorphous transitions, a solubility increase, and a shift
of chemical equilibrium.

Experiments and theoretical studies on thermodynamics of small particles testify that
the particle size is an active variable, which, together with other thermodynamic variables,
determines the state of the system and its reactivity. The particle size can be considered as
an equivalent of the temperature. This means that nanoscale particles can enter into reactions
untypical of bulk substances. Moreover, it was found that variations in the size of metal
nanocrystals control the metal-nonmetal transition.>* This phenomenon is observed for
particles with diameters not exceeding 1-2 nm and can also affect the reactivity of the sys-
tem. The activity of particles also depends on interatomic distances. Theoretical estimates by
the example of gold particles have shown that average interatomic distances increase with
a decrease in the particle size.?’

As a rule, nanoparticles, free of interactions with the environment, can exist as separate
particles only in vacuum, due to their high activity. However, using the example of silver
particles with different sizes, it was shown that optical properties are identical in vacuum
and upon condensation in an argon medium at low temperatures.*® Silver particles were
obtained by mild deposition in solid argon. Spectra of clusters comprising 10 to 20 silver
atoms resembled those of particles isolated in the gas phase by means of mass spectrometry.
Based on these results, it was concluded that deposition processes have no effect on the
shape and geometry of clusters. Thus, the optical properties and reactivity of metal
nanoparticles in the gas phase and inert matrices are quite comparable.

A different situation is observed for nanoparticles obtained in the liquid phase or on
solid surfaces. In the liquid phase, the formation of a metal nucleus of a particle from
atoms is accompanied by interaction of particles with the environment. The interplay of
these two processes depends on many factors, most important of which are the temperature
and the reagent ratio in addition to physicochemical properties of metal atoms and the
reactivity and stabilizing properties of ligands of the medium. The interaction of atoms and
metal clusters with a solid surface is an intricate phenomenon. The process depends on the
surface properties (smooth facet of single crystals and rough and developed surfaces of
various adsorbents) and the energy of particles to be deposited.

As mentioned above, the main problem of nanochemistry is to elucidate the relationship
between the size and chemical activity of particles. Based on experimental data available,
we can formulate the following definition: size effects in chemistry are the phenomena that
manifest themselves in qualitative changes in chemical properties and reactivity and
depend on the number of atoms or molecules in a particle.*’
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It is difficult to regulate the size of metal nanoparticles that is often poorly reproducible,
being determined by their preparation method. The mentioned factors limit the number of
publications containing an analysis of the effect of particle size on its reactivity. In recent
publications, such reactions were most actively studied in the gas phase, and experimental
studies were supplemented by a theoretical analysis of the results obtained.

Chemical and physical properties of metal nanoparticles formed of atoms were
observed to change periodically depending on the number of atoms in a particle, its shape,
and the type of its organization. In this connection, attempts were undertaken to tabulate
the electronic and geometrical properties of clusters and metal nanoparticles by analogy
with the Mendeleev Periodic Table. As was shown by the example of sodium atoms, Nas,
Nay, and Na,, particles are univalent, while halogen-like clusters Na; and Na,; exhibit
enhanced activity. The lowest activity is typical of particles with closed electron shells,
namely, Na,, Nag, Na,s, and Na,,.*® This analogy, which was demonstrated for small clusters
with properties determined by their electronic structure, makes it possible to expect the
appearance of new chemical phenomena in reactions with such substances.

For sodium clusters containing several thousand atoms, periodic changes in the stability
of particles were also revealed. For Na particles containing more than 1500 atoms, the
closed-shell geometry prevails, which resembles that of inert gases.

It was noted*® that the size of particles containing tens of thousand atoms can affect
their activity in a different manner. Sometimes, the key role is played by electronic structures
of each cluster; otherwise, the geometrical structure of the electronic shell of the whole
particle has a stronger effect on the reactivity. In real particles, their electronic and
geometrical structures are interrelated and it is not always possible to separate their effects.

The problem of elucidating the dependence of chemical properties on the size of particles
involved in a reaction is closely linked with the problem of revealing the mechanisms of
formation of nanoscale solid phases during electrocrystallization. Interactions of atoms in
the gas and liquid phases or upon their collision with a surface first of all give rise to small
clusters, which can later grow to nanocrystals. In the liquid phase, such nucleation is
accompanied by crystallization and solid-phase formation. Peculiarities of the formation
of nanoscale phases during fast crystallization were considered on qualitative and quantitative
levels.**4 Nanochemistry of metal particles formed by small numbers of atoms demonstrates
no pronounced boundaries between phases and the questions of how many atoms of one
or other element are necessary for spontaneous formation of a crystal nucleus that can
initiate the formation of a nanostructure have not yet found the answer.

In nanochemistry, when studying the effect of the particle size on its properties, the most
important factors are the surface on which the particle is located and the nature of the
stabilizing ligand. One of the approaches to solving this problem is to find the symmetry
energy of the highest occupied molecular orbital and/or the lowest unoccupied molecular
orbital as a function of the particle size. Yet another approach is based on finding such a shape
of nanoparticles that would allow the optimal conditions for the reactions to be reached.

To date, nanochemistry of some elements of the Periodic Table was studied in sufficient
detail, while other elements were studied incompletely.

From our viewpoint, in the next 10-15 years, the role of nanochemistry in the development
of nanotechnology will increase; this is why in the following chapters we will discuss in
detail the synthesis, chemical properties, and reactivity of atoms, clusters, and nanoparticles
of different elements in the Periodic Table.
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Synthesis and Stabilization of Nanoparticles

Metal atoms exhibit a high chemical activity, which is retained in their dimers, trimers,
clusters, and nanoparticles containing large numbers of atoms. The study of such active
particles is possible as long as various stabilizers are used; hence, the problems concerning
the synthesis of such nanoparticles and their stabilization should be considered in tandem.
At present, there are many methods for synthesizing particles of various sizes. Insofar as
metals constitute the majority of elements in the Periodic Table, we will consider them as
examples, based on studies published for the most part in 2000-2002.

In principle, all the methods for synthesizing nanoparticles can be divided into two
large groups. The first group combines methods that allow preparation and studies of
nanoparticles but do not help much in the development of new materials. They include
condensation at superlow temperatures, certain versions of chemical, photochemical, and
radiation reduction, and laser-induced evaporation.

The second group includes methods that allow preparation of nanomaterials and
nanocomposites, based on nanoparticles. These are, first of all, different versions of
mechanochemical dispersion, condensation from the gas phase, plasmochemical synthesis,
and certain other methods.

The above division reflects another peculiarity of methods under consideration, which is
expressed as follows: the particles can either be built from separate atoms (an approach from
the “bottom”) or by various dispersion and aggregation procedures (an approach from the
“top”). The approach from the “bottom” largely pertains to chemical methods of preparation
of nanosize particles, whereas the approach from the “top” is typical of physical methods.
Figure 2.1 illustrates both approaches.*! Naturally, the proposed division is rough and
schematic. Preparation of nanoparticles from atoms allows individual atoms to be considered
as the lower limit of nanochemistry. Its upper boundary corresponds to atomic clusters,
whose properties no longer undergo qualitative changes with an increase in the number of
constituent atoms, thus resembling the properties of compact metals. The number of atoms
that define the upper boundary is unique for every element in the Periodic Table. It is also of
paramount importance that the structures of equal-size nanoparticles can differ if they were
obtained by using different approaches. As a rule, dispersion of compact materials into
nanosize particles retains the original structure in resulting nanoparticles. In particles formed
by aggregation of atoms, the positions of atoms can be different, which affects their
electronic structure. For example, a particle measuring 2—4 nm can demonstrate a decrease in
the lattice parameter. The above factor poses a problem of the necessity of analyzing the law
of conservation of chemical composition at the nanolevel.

7
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Figure 2.1 Two approaches to the synthesis of nanoparticles. A comparison of nanochemistry and
nanophysics.*!

2.1 CHEMICAL REDUCTION

Nowadays, the attention of many scientists is focused on the development of new methods
for synthesis and stabilization of metal nanoparticles. Moreover, special attention is paid to
monodispersed particles. Chemical reduction is used most extensively in the liquid phase,
including aqueous and nonaqueous media. As a rule, metal compounds are represented by
their salts, while aluminohydrides, borohydrides, hypophosphites, formaldehyde, and salts
of oxalic and tartaric acids serve as the reducers. The wide application of this method stems
from its simplicity and availability.

As an example, we consider the synthesis of gold particles. Three solutions are prepared:
(a) chloroauric acid in water, (b) sodium carbonate in water, and (c) hypophosphite in
diethyl ether. Then, their mixture is heated for an hour up to 70°C. As a result, gold particles
of 2-5 nm diameters are obtained. The major drawback of this method is the large amount
of admixtures contained in a colloid system formed of gold nanoparticles, which can be
lowered by using hydrogen as the reducer.

In the general case, the behavior of a metal particle in solution is determined by the
potential difference AE — E — E, where E is the equilibrium redox potential of the

redox?
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particle and £, is the corresponding solution potential. Particles grow when AE > 0 and

is complicated by the fact that the redox potential of a metal particle depends on the number
of atoms. In this respect, the chemical reduction occurs in systems thermodynamically and
is kinetically unstable. Chemical reduction is a multifactor process. It depends on the
choice of a redox pair and concentrations of its components as well as on the temperature,
pH of the medium, and diffusion and sorption characteristics.

Recently, the processes in which a reducer simultaneously performs the function of a
stabilizer became widely used. Among such compounds are numerous N-S-containing
surfactants, thiols, salts of nitrates, and polymers containing functional groups.

Reagents most frequently used as the reducers of metal ions are tetrahydroborates of
alkali metals (MBH,), which operate in acidic, neutral, and alkaline aqueous media.
Alkali-metal tetraborates can reduce most cations of transition and heavy metals, which is
explained by the high redox potential of MBH,, (1.24V in alkaline medium) as compared
with the standard potentials of many metal ions, which lie in the interval —0.5 = - ==
""" 1.0V.*2 Reduction of metal ions was shown to involve the formation of complexes with
bridge bonds M---H:--B, which favors the subsequent hydrogen-atom transfer with the
break of the bridge bond, followed by a redox process with the breakage of a B-H bond
to give BH;. The obtained borane undergoes hydrolysis and catalytic decomposition on the
surface of metal particles.

Syntheses of metal nanoparticles in liquid media involved using hydrazine hypophosphite
and its derivatives and also various organic substances as the reducers.® Certain problems
concerning the kinetics and mechanism of formation of metal nanoparticles in liquid-phase
redox reactions were analyzed.** The analysis was based on the analogy with crystalli-
zation processes and topochemical reactions of thermal decomposition of solids and also
with reactions of the gas—solid type. However, as correctly reasoned, the analogies of such
a kind and the results obtained based on a formal description of the kinetics of chemical
reduction should be viewed with caution. The peculiarities of the kinetics and mechanisms
of complex and multifactor processes such as the redox synthesis, the growth, and stabi-
lization of metal nanoparticles require further research. Chemical interactions in the
reduced-metal-ion—reducer system can be associated with the transfer of an electron from
the reducer to the metal ion via the formation of an intermediate complex, which lowers
the electron-transfer energy. A so-called electrochemical mechanism, which also involves
electron transfer but occurs with direct participation of the surface layer of growing metal
particles, was discussed.*?

Spherical silver nanoparticles measuring 3.3—4.8 nm were synthesized by the reduction
of silver nitrate by sodium borohydride in the presence of tetraammonium disulfide.*
Dibromidebis[(trimethyl ammoniumdecanoylamino)ethyl]disulfide was used as the stabilizer.
Particles obtained were characterized by intense light absorption in the wavelength region
of 400 nm, which corresponds to the silver plasmon peak and points to the metallic nature
of particles. By studying the effect of the medium on the stability of particles, it was found
that the latter are aggregated in the presence of sulfuric and hydrochloric acids. The
stability of silver particles also depended on the pH of the medium: in aqueous media with
pH 5-9, the particles remained stable for a week. An increase or a decrease in the pH
resulted in fast aggregation and deposition of silver particles. The effect of the latter factor
on the stability of gold particles was less pronounced.
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It is shown that small positively charged silver clusters, stabilized in the form of
polyacrylate complexes (“blue silver”), can be prepared by the partial oxidation of the
products of borohydride reduction of the Ag* cations in aqueous polyacrylate solutions.*>

Particles of controlled sizes (1-2nm) were obtained by using an amphiphilic polymer
poly(octadecylsiloxane) as the matrix.*’

Hybrid materials based on polyelectrolyte gels with oppositely charged surface-active
substances (surfactants) were used as nanostructured media for the reduction of various
platinum salts with sodium borohydride and hydrazine. It was shown that the reduction
with sodium borohydride mainly yields small platinum particles with radii of ca. 2-3 nm,
while the reduction with hydrazine produces particles measuring ca. 40 nm.*®

For cobalt nanoparticles, the mechanism of formation, electron spectra, and reactions
in aqueous media were studied.” The radiation-chemical reduction of cobalt ions in
aqueous solutions of Co(ClQO,), and HCOONa produced spherical cobalt particles with
diameters of 2—4 nm. As a stabilizer, sodium polyacrylate with a molecular mass of 2100u
was used. The radiolysis produced solvated electrons e, hydroxyl radicals, hydrogen
atoms, and CO5 * radical ions:

H,0 — €, H, OH,

OH(H) + HCOO™ — H,O(H,) + CO;*

Hydrated electrons and radical ions CO; ° reduced Co?* ions to give cobalt nanoparticles
with an absorption peak in the wavelength region of 200 nm. By using pulsed radiolysis,
it was shown that these processes follow the autocatalytic mechanism.

Radiation chemical reduction of Ni?* ions in aqueous Ni(ClO,), solutions containing
isopropanol, which was carried out in the presence of polyethylene, polyacrylate, and
polyvinyl sulfate, produced metal sols formed by spherical particles with diameters of
2-4nm. Nickel nanoparticles, which were easily oxidizable by O, and H,0,, formed
sufficiently stable nickel-silver nanosystems>? with silver ions.

Spherical copper particles measuring 20—100 nm were obtained by j=radiolysis of aqueous
KCu(CN), solutions in the presence of either methanol or 2-propanol as the scavengers of
hydroxyl radicals.”

The formation of silver particles during ~radiolysis of silver nitrate solutions in water,
ethanol, and 0.01M C;,H,;0S0;Na was studied. The fractal dimensions of particle
aggregates in these solutions were 1.81, 1.73, and 1.70, respectively.>? A synthesis of stable
nanoparticles (average size of 1-2nm) of platinum, rhodium, and ruthenium in organic
media as a result of heating colloidal solutions of corresponding metal hydroxides in
ethylene glycol was described.>*

Monodispersed particles of amorphous selenium were prepared in ethylene glycol via
the reduction of selenious acid with hydrazine. The preparation of particles with control-
lable surfaces was based on varying the temperature in a range from — 10 to +60°C. This
interval includes the temperature of glass transition of selenium, which provided control
over the rate of incorporation of iron oxide into selenium particles.>*

Silver particles with sizes ranging from 2 to 7 nm were synthesized by electrochemical
dissolution of a metal anode (silver plate) in an aprotic solution of tetrabutylammonium
bromide in acetonitrile.> This process was shown to depend on characteristics such as the
current density and the cathode nature. Thus, at high current densities under nonequilibrium
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conditions, particles of irregular shapes can be formed. With an increase in the current den-
sity from —1.35 to —6.90mA/cm?, the particle diameter decreased from 6*+0.7 to
1.7+ 0.4nm. The reduction of silver ions stabilized by tetrabutylammonium bromide
resulted in the formation of metal nanoparticles and their deposition on cathodes made of
either platinum or aluminum. Figure 2.2 illustrates this process. On a platinum cathode,
spherical silver nanoparticles were deposited. The deposition on an aluminum cathode
produced films. An analysis of optical spectra of nanoparticles in the course of their synthesis
made it possible to conclude that this process involves an autocatalytic stage. Moreover, it
was shown that the half-width of a peak corresponding to the surface plasmon of a particle
depends linearly on 1/R (R is the particle radius) and the plasmon band shifts to lower
frequencies with a decrease in the particle size. Modern problems of nanoelectrochemistry
were surveyed in Ref. 56.

Organic solvents are preferred for the preparation of nanoparticles. They perform
stabilizing functions. Such solvents or surfactants play a key role in the synthesis of
nanoparticles. They are bound to the surface of growing nanocrystals via polar groups,
form complexes with species in solutions, and control their chemical reactivity and diffusion
to the surface of a growing particle. All the mentioned processes depend on the temperature,
the surface energy of a nanocrystal, concentration of free particles in solution and their
sizes, and the surface-to-volume ratio of a particle.

It is possible to exercise control over the formation of different-size particles by regulating
the dependencies mentioned above. Recently, these principles were applied for synthesizing
various nanoparticles with relatively narrow size distributions, e.g., oxides such as Fe, 05>
and MnFe,0,,”® metal alloys such as CoPt;,*>® and semiconductors such as CdS and
CdTe,°! InAs and InP,%? and Ge.®

Platinum cathode ~~NF

Aluminum cathode

Figure 2.2 Ilustration of competition of two processes:> (1) formation of silver particles,
(2) deposition of particles and film formation.
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At present, attention is drawn to anisotropic properties and chemical reactivity of
different facets of nanocrystals, which have different atomic densities, polarity, and
number of dangling bonds. The efforts of scientists have also focused on synthesizing
particles of different shapes. Shape-controlled growth has been demonstrated for titanium
dioxide,* cobalt,®® nickel,®® CdTe,*” and ZnTe.5®

Recently, progress in synthesizing various core—shell structures was observed. Such
structures were described for the systems CdSe/CdS,%° CdTe/CdSe and CDSe/ZnTe,”
FePyFe;0,,”! P/Co,”? and Ag/Co.”

In many cases, the core—shell structures are formed as symmetrical systems; however,
it is also possible to grow one material in an asymmetric fashion onto another one. Such
heterostructures were demonstrated for CdSe—CdS systems containing spherical CdSe
cores and rod-like CdS shells.” Of great promise are also heterodimers that combine
several properties such as fluorescence and magnetic behavior in one material. CdS-FePt
particles measuring 7nm pertain to such systems.”” Furthermore, a gold deposit could be
grown on the ends of nanosize CdSe tetrapods.’® Preparation of metal and metal-oxide
nanoparticles is considered in detail in reviews.””’®

Stabilization processes accompany the preparation of different nanoparticles.
To prevent aggregation, active particles should not be allowed to contact one another. This is
achieved by either the presence of like charges or by steric repulsion of hydrophobic
chains of the stabilizer.

2.2 REACTIONS IN MICELLES, EMULSIONS, AND DENDRIMERS

Synthesis of metal nanoparticles and their compounds involves using micelles, emulsions,
and dendrimers as a sort of nanoreactors that allow synthesizing particles of definite sizes.
Nanoparticles of crystalline bismuth measuring less than 10 nm were obtained by the reduc-
tion of aqueous solutions of bismuth salts. This process took place inside inverse micelles
based on sodium diisooctylsulfosuccinate (conventional designation AOT).” Mixing of an
isooctane solution of AOT with a definite amount of aqueous solution of BiOCIO, led to
the formation of inverse micelles. A micellar solution of NaBH, was prepared in the same
fashion with the same ratio w = [H,O]/[AOT]. Both solutions were mixed under an argon
atmosphere. Bismuth particles precipitated upon mixing and aging of the resulting mixture
for several hours at room temperature. The liquid phase was separated in vacuum, and the
dry deposit was dispersed in toluene. A dark solution thus obtained contained, according to
powder X-ray diffraction (XRD) and scanning tunneling microscopy (STM) tests, bismuth
protection of crystalline particles by polymers increased the particle size to 20 nm.®
Reduction of thodium salts in water in the presence of an amphiphilic block-copolymer
styrene—ethylene oxide and an anionic surfactant, e.g., sodium dodecylsulfate, produced
rhodium particles with diameters in the range of 2-3 nm stabilized by the block-copolymer.!
Luminescent nanomaterials based on yttrium oxide doped with europium were synthesized by
employing nonionic inversed microemulsions based on polyethylene oxide and other ethers.®
At present, the active search for macromolecules that can serve as matrices in synthe-
sizing nanoparticles is in progress. In such methods, the stabilizer molecules interact with
surfaces of metal particles thus affecting their growth. For example, reduction of bivalent
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copper in the presence of poly-N-vinylpyrrolidone produced particles with diameters of
7+ 1.5nm at a temperature of 11°C and 102 nm at 30°C.® Interesting results were obtained
when studying the temperature dependence of the stability of already formed nanoparticles.
Heating of copper particles formed at 11°C up to 30°C resulted in the loss of protective
properties of their polymeric coatings, which enhanced aggregation and accelerated
oxidation of metal particles. An opposite result was achieved by cooling a system formed
at 30°C up to 11°C. In the latter case, the particles did not aggregate, their sizes remained
unchanged, and their resistance to oxidation increased. Competition of different temperature-
dependent processes is reflected not only in the stability of particles but also in their size
distribution.

An original method of utilizing high-pressure polyethylene for stabilization of metal
nanoparticles has been proposed.®* Polyethylene has voids capable of stabilizing nano-
particles. The accessibility of voids is enhanced by the dispersion of the polymer in heated
hydrocarbon oil. Oil molecules penetrate into polymeric globules making them more
accessible for metal-containing compounds. Thermal destruction of the latter yields metal
particles. This method allows powders of metal-containing polymers to be obtained. The
metal concentration and nanoparticle composition can be changed in a wide range. The
usage of polymers as nanoreactors has been analyzed in Ref. 85.

In recent years, much attention was drawn to monodispersed colloidal particles of
polymeric materials due to their potential applications in biosensors,**®” nanophotonics,?
colloidal lithography,? and as porous membranes® and seed particles for core—shell and
hollow structures.’’ Polystyrene-based colloidal particles arrayed in porous structures
were synthesized.?>%

Molecularly imprinted polymers have attracted attention as receptors for recognition of
biomolecules.”** A method of preparation of monodispersed polypyrrole nanowires with
100nm diameter, which was based on using nanoporous alumina membranes and silica
nanotubes as the templates, was developed. Alumina membranes were removed by dis-
solution in diluted phosphoric acid, while silica nanotubes were dissolved in HF solution.?®

Photochemical reduction of Ag™ ions in the presence of dendrimers with terminal amino
or carboxy groups produced silver particles with an average diameter of ~7nm.?” A possible
mechanism of particle formation is as follows:

Ag*® + [dendrimer]-COO~ g Ag" + [dendrimer]-COO — [dendrimer] + CO,
Ag' + [dendrimer]-NH, -h-; Ag® + [dendrimer]-NH;

It is possible to control the particle size by altering the nature of dendrimers. Currently,
for stabilization of metal nanoparticles, dendrimers based on polyamidoamines and their
different modifications are used. A dendrimer represents a highly branched macromole-
cule, which includes a central nucleus, intermediate repetitive units, and terminal func-
tional groups.’® Dendrimers present a new type of macromolecules which combine the
high molecular mass and low viscosity of their solutions, a three-dimensional molecular
shape, and the presence of a spatial structure. The size of dendrimers varies from 2 to 15 nm
and they represent natural nanoreactors. Dendrimers with small numbers of intermediate
units exist in the “open” form, whereas those involving many units form spherical three-
dimensional structures. Terminal groups of dendrimers can be modified with hydroxy,
carboxy, and hydrocarboxy groups.
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An example of using dendrimers as microreactors for synthesizing metal nanoparticles
is shown in Ref. 99. Monodispersed spherical polyamidoamine dendrimers are permeable
for low-molecular-weight reactants. Thus an addition of HAuCl, to an aqueous solution of
a dendrimer with primary and ternary amino groups results in the appearance of a protonated
dendrimer with AuCl, as the counter-ion. Reduction of AuCl, anions by sodium boro-
hydride produced 1-5 nm gold particles. By varying either the concentration ratio (D) of
AuCl, counter-ions to terminal amino groups or the diameter (generation) of the dendrimer,
one can control the particle size. Reduction of gold ions in a dendrimer of the ninth

1:2, and 1:1, respectively. For D = 1:1, gold particles measuring 2, 2.5, and 4 nm were
formed in G.6, G.7, and G.9 dendrimers, respectively. Reduction of gold and silver salts
in the presence of modified dendrimers produced particles with an average diameter of
2-6 nm. A spectroscopic study has revealed the autocatalytic mechanism of this reaction.!™

The interaction of a fourth-generation dendrimer N;P;-(((OC;H,CHNN(CH,)P(S)
(OC¢{H,CHNN(CH;)COCH,CH,CH,SH),),),)s with Auss(PPh,);,Cly in dichloromethane
yielded ligand-free clusters Auss with a diameter of 1.4 nm, which were organized in well-
shaped microcrystals (Auss),.'%" The stability of a unligated Auss cluster can be attributed
to the perfect packing and geometry of full-shell clusters, as was demonstrated by treating
ligand-free Auss clusters in an oxygen plasma without any visible oxidation.

Dendrimers of different generations with various terminal functional groups proved to be
suitable templates for synthesizing mono- and bimetallic particles of small sizes. Different
poly(amidoamines) were most popular as dendrimers. With these dendrimers, 1-3 nm gold
nanoparticles were synthesized.!%!% A large volume of results were reported on the prepa-
ration of palladium nanoparticles and their use in various catalytic processes. Size-selective
hydrogenation of ¢-olefins and polar olefins on palladium nanoparticles was considered in
detail.'**1% Synthesis, properties, and surface immobilization of palladium and platinum
nanoparticles with average sizes of 1.5 and 1.4 nm incorporated into a poly(amidoamine)
dendrimer (G,-NH,) with terminal amino groups were analyzed.!®

In recent years, dendrimers were actively used for preparation of different bimetallic
nanoparticles measuring several nanometers. Moreover, if metal salts were simultaneously
added to a dendrimer before the reduction of the latter with sodium borohydride, their
alloy was synthesized. Sequential addition of metal salts gave rise to various core—shell
nanoparticles. Using the example of bimetallic Pd—Pt particles, it was shown that the size
of dendrimer-encapsulated particles depends on the metal-dendrimer and metal-metal
ratios.!”” Bimetallic Pd-Rh particles incorporated into a fourth-generation dendrimer were
used for partial hydrogenation of 1,3-cyclooctadiene.!®

Bimetallic particles based on gold and silver were studied most comprehensively. These
materials exhibited different optical properties, which depended on the percentage of
elements in the composition and their geometrical organization. The fact that either alloys
of random compositions or core—shell structures could be formed deserves attention. The
formation and properties of Au-Ag alloy particles with sizes less than 10nm'® and their
structure as a function of their size!'? were discussed.

DNA-modified core—shell Ag—Au nanoparticles were synthesized by using tyrosine as
a pH-dependent reducing agent.!!»"12 Tt was shown that core—shell bimetallic Pd—Au particles
can be obtained by selective reduction of the shell metal immediately on the core of the
first metal by mild reducing agents such as ascorbic acid.!' In a similar way, Pd—Pt particles
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high catalytic activity as compared with mixtures of corresponding monometallic particles
toward hydrogenation of allyl alcohol.

To determine the chemical properties of mono- and bimetallic particles measuring
~2nm more accurately, a method of extraction of particles from the dendrimer into the
organic phase by n-alkanethiols was developed.!!3-117

Dendrimers were actively used for preparation of various core—shell bimetallic particles
measuring 1-3 nm. Based on dendrimeters as the templates, core—shell particles of PdPt
with a size of 1.9+:0.4nm!"" and PdAu measuring 1-3nm''® were synthesized. PdRh
particles were also prepared and used in catalytic hydrogenation of 1,3-cyclooctadiene.!%®
PdPt and PdAu particles displayed higher activity in hydrogenation of allyl alcohol as
compared with individual metals. Different types of AuAg particles with sizes from 1 to 3nm
were synthesized.!'®

Dendrimers were used for synthesizing supported nanoparticles of platinum,!® palladium,
and gold'® measuring 1-2nm, and also CuQ'?' and Fe,0,.'?? In some cases, enhanced
catalytic activity was observed.

It was shown that dendrimers with encapsulated nanoparticles can be used as precursors
in preparation of heterogeneous bimetallic catalysts Pt—Au measuring less than 3 nm!?
The preparation of a fourth-generation dendrimer with terminal amino groups and encap-
sulated palladium and gold nanoparticles G4-NH,(Pd,; sAu,; 5) measuring 1.8+ 0.4 nm was
described. The synthesis was carried out in a methanol solution and involved the reduction
of K,PtCl, and HAuCl, with NaBH,.'** Then, the dendrimer with encapsulated bimetallic
nanoparticles was deposited on TiO, powder. To remove dendrimer, the powder was
annealed at S00°C first in oxygen flow and then in hydrogen flow. Particles deposited on

52#3% Au, which corresponded to the equimolar reagent ratio in the initial mixture.
Titanium dioxide with deposited bimetallic particles was used in catalytic oxidation of
carbon monoxide. This catalytic system exhibited a synergetic catalytic effect and had
higher activity as compared with individual palladium and gold.

A reaction of terminal amino groups of poly(amidoamine), a fourth-generation
dendrimer, with tert-thiophene dendrons was accomplished.'? The synthesized compound
was used for stabilization of palladium and gold nanoparticles.

Syntheses in porous structures closely supplement the methods that employ micelles
and dendrimers for synthesizing nanoparticles. The prospects of using mesopores for prepa-
ration of different nanosize materials were discussed."'26 Nanoparticles of silver and sil-
ver sulfide were obtained in nanosize voids of perfluorinated ionomeric membranes.!'?’
Reduction of metal ions in the presence of aminodextran and styrene resulted in the
formation of spherical polystyrene particles with diameters of 2.0 um covered with gold
and silver islets measuring 5 to 200 nm.!?®

At present, porous inorganic materials like zeolites are actively used for the formation
of metal nanoparticles. Solid zeolites with pores and channels of strictly definite sizes
represent convenient matrices for stabilization of nanoparticles with desired properties.
Two basic methods are used for fabricating nanoparticles in zeolite pores. The first method
is associated with direct adsorption of metal vapors in thoroughly dehydrated zeolite
pores.*12 The other, more popular method involves chemical transformations of
precursors incorporated into pores and representing metal salts, metal complexes, and
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organometallic compounds. A similar method allowed nanowires with 3 nm diameters and
with a length several times greater to be fabricated in the channels of molecular sieves.

The high thermal and chemical stability of zeolites with incorporated nanoparticles
makes it possible to consider them as the most promising catalysts.

Nanoporous metal oxides also can find wide application as heterogeneous catalysts.
Recently, a synthesis of mesoporous magnesium oxide with a periodically ordered pore
system and a narrow-pore-size distribution was proposed. The system retained its structure
during repeated heating up to 800°C."** The synthesis of highly porous uranyl selenate
nanotubes was also described.!!

Mesoporous silica was proposed for use in the preparation of functional polymer—silica
composite hybrid materials.'3? Various monomers of the vinyl series (styrene, metacrylic
acid, etc.), binders such as divinylbenzene, and initiators of radical polymerization were
adsorbed on the walls of silica pores with a diameter of 7.7nm and were polymerized.
Polymerization occurred on the walls and decreased the pore diameter to 6.9 nm. A mate-
rial synthesized based on styrene was sulfonated by concentrated sulfuric acid and used as
the acid catalyst in esterification of benzyl alcohol with hexanoic acid, which confirmed
its high selectivity.

In addition to inorganic porous materials, organic and, particularly, polymeric porous
materials were synthesized. A method of preparation of thermostable polymers with pores
measuring from 1 to 50nm was developed based on incorporating inert solvents such
as tetrahydrofuran and using a step-wise cross-linked polymerization in the absence of
interphase separation.!'3>!34

2.3 PHOTOCHEMICAL AND RADIATION-CHEMICAL REDUCTION

Synthesis of metal nanoparticles influencing the chemical system by high energies is asso-
ciated with the generation of highly active strong reducers like electrons, radicals, and
excited species.

Photochemical (photolysis) and radiation-chemical (radiolysis) reduction differ in
energy. Photosynthesis is characterized by energies below ~60 ¢V, whereas radiolysis uses
energies of 103—-104 V. The main peculiarities of processes occurring under the action of
high-energy radiation concern the nonequilibrium energy distributions of particles, the
overlap of characteristic times of physical and chemical processes, which is of prime
importance for chemical reactions of active species, and the presence of multichannel and
nonsteady-state processes in the reacting systems. '3

Photochemical and radiation-chemical reduction methods have advantages over the
chemical reduction method. Owing to the absence of impurities formed when chemical
reducers are used, the former methods produce nanoparticles of high purity. Moreover,
photochemical and radiation-chemical reduction make it possible to produce nanoparticles
under solid-state conditions and at low temperatures.

Photochemical reduction in solution is employed most frequently for synthesizing
particles of noble metals. Such particles were obtained from solutions of corresponding
salts in water, alcohols, and organic solvents. In these media, under the action of light, the
following active species are formed:

H,0 — ¢, + H + OH
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By reacting with alcohols, a hydrogen atom and a hydroxyl radical produce an alcohol
radical:

H(OH) + (CH;),CHOH — H,O(H,) + (CH;),COH
A solvated electron interacts with, e.g., a silver atom, reducing the latter to metal:
Ag® t+ey —Ag

In the course of photoreduction, in the initial period of photolysis, the UV absorption
spectrum reveals bands at 277 and 430 nm, which correspond to Agy clusters and silver
nanoparticles measuring 2-3 nm, respectively.!*® With the increase in photolysis time, the
absorption band maximum can shift to both short and long wavelengths. The shortwave
shift points to the decrease in the average size of silver particles, whereas longwave shift
corresponds to the presence of aggregation processes.

Photoreduction gives rise to light-induced formation of not only nanoparticles of definite
sizes but also of greater aggregates. The effect of light was studied by the example of gold
particles in acetone, ethanol, and isopropanol.’*'* Tllumination with a mercury lamp
light led to broadening and disappearance of a band of gold surface plasmon at 523 nm. As
aresult, the band at 270 nm became more intense and a new band appeared at 840 nm. The
authors associated the shift of the plasmon band with the dipole—dipole interaction of
particles in aggregates. Upon 20-h photolysis, complete precipitation of gold particles was
observed. The aggregation rate was shown to depend on the nature of solvent and the light
wavelength. The UV radiation effect is stronger as compared with that of visible light. The
effect of light wavelength was associated with the strengthening of van der Waals forces
and light-generated changes in the Coulomb interaction of surface charges.

Light-stimulated aggregation of silver particles was studied.!*"! The aggregation
mechanism was attributed to the appearance of light-generated particles with opposite
charges. The appearance of such particles was caused by the exchange of electric charges
formed as a result of photoemission. Such an exchange, being associated with the depend-
ence of Fermi energy on the particle size, operates through a dispersed medium and results
in leveling of potentials of different-size particles. The exchange gives rise to long-range
electric forces, which favor the approach of particles to one another up to the distances at
which van der Waals forces responsible for aggregation appear.

Photoreduction of silver nitrate in the presence of polycarboxylic acids allowed the
methods of controlling the shape and size of particles to be developed. Spherical and
rod-like silver particles were obtained.'*

Synthesis of silver nanoparticles in nanoemulsions by radiation reduction was
described.!*31" The authors managed to narrow the size distribution of particles by using
the exchange of substance between microemulsion droplets.

Due to its availability and reproducibility, the radiation-chemical reduction for
synthesizing nanoparticles progressively gains wide acceptance. In the liquid phase, the
stages associated with spatial distribution of primary intermediate products play a key
role in the production of metal nanoparticles. In contrast to photolysis, the distribution
of radiolysis-generated intermediate particles is more uniform, which allows particles
with narrower size distributions to be obtained.
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The method of pulsed radiolysis made it possible to synthesize active particles of
metals in unusual oxidation degrees.'* The reaction with a hydrated electron e,,,which has
a high reduction potential, proceeds as follows:

- -1
Mn+ -+ eaq - M(n )+

The presence of a single electron in the outer orbital of an atom or a metal ion determines
their high chemical reactivity. Lifetimes of such species in water run to several micro- or
milliseconds. The optical properties of such metal particles are defined by their reduction
potentials. For instance, in isoelectric series of metals with similar electronic configura-
tions, the ionization potential increases with an increase in the metal-ion charge.!?
Moreover, the wavelength corresponding to the maximum of light absorption shifts to the
short wavelength region. Whereas silver and gold atoms that are in the beginning of the
period exhibit reductive properties, their isoelectron analogs in the end of the period, viz.,
trivalent tin and lead, are strong oxidants. Within the same subgroup, the potential of
isocharged ions increase with the increase in the period number.

In the course of radiation-chemical reduction, first, atoms and small metal clusters are
formed, which is followed by their transformation into nanoparticles. For their stabilization,
additives similar to those used in chemical reduction were introduced. The joint use of
pulsed y-radiolysis and spectrophotometry allowed studying the initial stages of the
formation of the metal particles that represented the simplest type of charged clusters such
as Ags and Ag;. Further interaction of clusters, the mechanism of which is still unclear,
produced metal nanoparticles. Steady-state and pulsed radiolysis techniques allowed quite
a number of nanoparticles of various metals to be obtained.!'*®'+

The methods for synthesizing bimetallic and trimetallic metal nanoparticles with the
core—shell structure, which employ radiolysis, were developed. Nanoparticles that consist
of two or more different metals are of special interest in view of developing materials with
new properties, because on the nanolevel one can obtain such intermetallic compounds
and alloys that can never be formed as compact metals.

Radiation reduction of salt solutions produced nanoparticles, which comprised two!*® or
three!? metals. Au-Hg particles were synthesized in two steps. First, gold particles
measuring 46 nm were synthesized by radiation-chemical reduction. Then, Hg(ClO,), and
isopropanol were added to the gold sol, which resulted in deposition of mercury ions on gold
particles, after which mercury ions were reduced by free radicals formed during radiolysis.

Palladium particles with 4 nm diameters and a narrow size distribution were obtained
by the reduction of Na,PdCl, salt in the presence of sodium citrate as a stabilizer. The addi-
tion of K,Au(CN), to a sol of palladium particles in methanol and their jirradiation result-
ed in the reduction of gold ions. In the process, no separate Au particles were formed and
all gold was deposited on palladium particles to form an external layer. Moreover, a silver
layer could also be deposited onto Pd—Au particles. Synthesized particles consisted of pal-
ladium cores and two shells, namely gold and silver. Such multiplayer clusters are of interest
for studying femtosecond electronic processes.!>®!3!

Silicates modified by organic compounds and used as matrices and stabilizers allowed
single-step syntheses of sols, gels, and bimetallic nanoparticles to be performed.'>> STM
studies of Pt—Pd particles have shown that they consist of palladium cores coated with
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Table 2.1

Core (gold) diameter and shell (palladium) thickness in bimetallic Au—Pd particles, nm'>?

Au/Pd ratio Experiment Calculations

Core diameter Shell thickness Core diameter Shell thickness
1:1 6.0 1.0 6.4 0.8
1:4 5.0 1.5 4.8 1.6

platinum shells. Thin silicate films containing bimetallic nanoparticles were used in
electrocatalytic oxidation of ascorbic acid. The latter example shows that the presence of
two metals can strongly and often unpredictably change the properties of nanoparticles.
A second metal deposited on a standard metallic catalyst allows unique surfaces with new
properties to be obtained.

To obtain bimetallic gold—palladium nanoparticles, a sonochemical method was
applied.!>* The particles were synthesized from aqueous solutions of NaAuCl,-2H,0
and PdCl,2NaCl-3H,0 in the presence of sodium dodecylsulfate which served as both
stabilizer and reducer. The bimetallic particles synthesized represented cores of gold
atoms surrounded by shells of palladium atoms. The dimensions of cores and shells for
different gold-to-palladium ratios were measured by means of high-resolution electron
microscopy. X-ray spectroscopy allowed determination of gold and palladium contents
in the particles. Given the density, mass, and initial ratios, it is possible to estimate the
sizes of cores and shells. Table 2.1 compares experimental and calculated data. As seen
from the table, the sonochemical synthesis of bimetallic particles allows one to exercise
control over sizes of cores and shells by changing the concentrations of Au** and Pd**.
Bimetallic Au-Pd particles exhibited strong catalytic activity toward hydrogenation of
pent-4-enic acid.

A comparative study of Au, Ni, and bimetallic Au—-Ni nanoparticles supported by amor-
phous carbon, which were fabricated by laser evaporation of corresponding pure metals
and the alloy, was carried out.'> Studies performed by different techniques have shown
that the particles had a diameter of 2.5 nm and narrow size distribution; the composition of
bimetallic particles corresponded to that of the original alloy.

Fe-TiH particles were obtained by mechanosynthesis from a mixture of iron with
titanium hydride.!> Nanosize compositions of iron—tungsten with a tungsten content of
2-85 at.% were synthesized by the joint reduction of a mechanical mixture of iron hydrox-
ide (FeOOH.nH,0) and tungstic acid (H,WQ,) in the course of its 1-h exposure to a
hydrogen flow at 740°C. The particles obtained were studied using XRD and Mossbauer
spectroscopy techniques. '

Different versions of the sol-gel synthesis were classified with chemical methods of
fabrication of oxide and sulfide nanoparticles.'”” The scheme of synthesis of nanooxides
of metals is as follows:

M(OR), + xH,O — M(OH),(OR),_. + xROH (hydrolysis)
M(OH),(OR),_, — MO(#n/2) + 2x—n)/2.H,O + (n—x)ROH (condensation)
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where M is a metal and R an alkyl group. The process was catalyzed by the changes in the
pH initial solution. In acidic media, linear chains were formed, whereas in alkaline
solutions branched chains appeared. By substituting the corresponding sulfides M(SR),, for
alkoxides of metals and treating them with hydrosulfide, nanoparticles of metal sulfides
could be obtained.

At present, new methods for synthesizing nanocrystalline oxide materials, which apply
different compounds in subcritical and supercritical states, are actively developed. Most
widely used compounds are carbon dioxide and, recently, water.!%®'%" Nanoparticles of
metal oxides were also obtained by changing their radius from the micron level to the
nanolevel by dissolving them in electrolytes.'®!

A method of rapid expansion of supercritical solutions into a liquid solvent was extensively
used for preparation of nanosize particles of metals, semiconductors, and their conjugates
with biomolecules.'%? This method was used for synthesizing particles of average diameter
less than ~50 nm from CO,-soluble polymers.!®* Rapid expansion of supercritical solutions
in liquids was used for production of the finely divided nonsteroidal antiphlogistic drugs
Ibuprofen and Naproxen.'® The solution was rapidly expanded in water, poly(N-vinyl-2-
pyrrolidone) with a molecular weight ~40,000u, or sodium dodecylsulfate. In water,
homogeneous particles of Ibuprofen (&-methyl-4-(2-methylpropyl)benzoacetic acid)
formed a suspension in 15 min. In polyvinylpyrrolidone, Ibuprofen particles of an average
diameter of 40 nm were stable for several days; in sodium dodecylsulfate, the particle
size was 25 nm.

2.4 CRYOCHEMICAL SYNTHESIS

The high activity of metal atoms and small clusters in the absence of stabilizers results
in their aggregation to larger particles. The aggregation process proceeds without activation
energy. Stabilization of active atoms of virtually all elements in the Periodic Table was
realized at low (77K) and superlow (4—10K) temperatures by the method of matrix
isolation.'®® The essence of this method consists in using inert gases at superlow tempera-
tures. Gases most generally employed as the matrices are argon and xenon. Vapors of
metal atoms are condensed together with a large (usually thousandfold) excess of inert
gas on a surface cooled to 4-12 K. The high dilution by an inert gas and the low temper-
atures virtually rule out diffusion of metal atoms; thus, they are stabilized in the conden-
sate. Physicochemical properties of such atoms are studied by various spectral and
radiospectral techniques.'®

For a chemical reaction to occur at low temperatures, the active particles stabilized in
the condensate should be mobile. In principle, the matrix isolation and chemical
reactions are conflicting processes. The stabilization of active particles eliminates their
reactions and, vice versa, the presence of a chemical reaction implies the absence of
stabilization. When studying samples obtained by the matrix isolation method, their
heating made it possible to realize quite a number of new and unusual chemical
reactions between atoms and certain chemical substances, especially when introduced
into low-temperature condensates.
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In the general form, such transformations can be illustrated by the following scheme:

M g, Moy oy,

L

) l

M M
ML »M,L > M,L
L L l

M
ML2 >M 2 L2 -

Here M is a metal and L a chemical compound (ligand). This scheme shows consecutive
and parallel competitive reactions. Direction 1 reflects processes of aggregation of metal
atoms to give dimers, trimers, and nanoparticles; direction 2 corresponds to interactions of
atoms with ligands followed by the formation of complexes or organometallic compounds.

The processes in low-temperature condensates described by the above scheme are
nonequilibrium and dependent on many factors, including the metal-ligand ratio, the cooled-
surface temperature, the condensation rate, the pressure of reagent vapors in the cryostat,
and the rate of sample heating. The following factors affect most strongly the formation
of nanoparticles during cryocondensation: the rate at which the atoms reach the cooled
surface, the rate at which the atoms lose their excessive energy via the interaction with
the condensate, and the rate of the removal of clusters from the zone of active con-
densation of atoms. Preparation of metal nanoparticles by co-condensation on cold
surfaces allows introduction of various additives that can change the physicochemical
properties of the system.

Certain peculiarities of synthesizing samples for cryochemical reactions involving
atoms, clusters, and metal nanoparticles should be noted.

Metal atoms can be synthesized by various heating techniques. Alkali, alkali-earth, and
certain other metals are easily evaporated. Their vapors can be obtained by direct heating.
As a rule, heating is furnished by using a low-voltage (5 V) transformer, which provides
high (up to 300A) current densities. The inlet tubes are cooled. A metal sample to be
vaporized may be shaped as a wire, spiral, or ribbon. Highly conductive metals (Cu, Ag,
and Au) are usually vaporized in Knudsen cells'® by direct or indirect heating. Given the
temperature 7" and the pressure £ in the cell and the outlet hole dimensions, we can
estimate the evaporation rate by using

N = PIQaMRT)"?

where N is the number of moles of substance evaporated in a second per cm? of the outlet
hole area, M the molecular mass, and R the universal gas constant.
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The numerical solution of equations that describe the temperature variations makes it
possible to calculate the temperature profile in the Knudsen-cell chamber. Indirect heating
provides a better temperature uniformity in the cell. The evaporation temperature of a
metal is determined by means of optical pyrometers. The condensate temperature is measured
by thermocouples (copper—gold), solid-state thermometers (GaAs diodes), capacitive low-
temperature glass—ceramic transducers, and hydrogen and pentane thermometers, which
operate based on the pressure—temperature dependence.

The control over the flows of gases or vapors is exerted by means of needle valves
calibrated according to variations in the pressure drop in a vessel of known volume. The
material for valves is chosen with allowance made for the properties of substances present
and their possible corrosion. Different types of rtheometers and Bernoulli pressure gauges
are employed for measuring the pressure drop in a capillary through which the gas flows.
The pressure drop is directly related to the flow velocity and is determined by means of
pressure gauges. The flow velocities used in the method of matrix isolation fit approximately
within an interval of 0.1-0.01 mmol/h. For such deposition rates, the temperature of a surface
on which a sample is condensed increases by fractions of a degree in several hours.

When studying the chemical reactions in low-temperature condensates, it is essential
that no chemical reactions occur during the sample synthesis. Elimination of gas-phase
reactions is achieved by using a molecular beam mode. As compared with the cryoreactor
dimensions, the free path A should be greater to avoid collisions and gas-phase reactions.

K is a constant. Below, the dependence of pressure on the free path is shown.

Pressure P 1072 1073 1074 1076

(mmHg)

Free path A 0.5 5 50 Several tens of
(cm) meters

The use of a Knudsen cell requires taking into account the Knudsen number K, - 2A/R,
where R is the characteristic size. Pressures of the order of magnitude of 107> mmHg are
sufficient for A >> R and K, >>> 1. For such a pressure and 7' — 300K, the transition of
the flow from a continuous mode to a molecular one occurs when A << R and K, << 1.

The evaporation rate of particles from a Knudsen cell can be found from tabulated
vapor pressure versus temperature dependences. The simplest way to determine the
amount of evaporated metal is weighing the metal sample before and after the experiment.
Optical techniques can be used if all evaporated substances fall in the vicinity of trans-
mission and absorption bands of a sample. The quartz crystal microbalance technique is
used for measuring the amount of deposited metal. The operation of such microbalance is
based on a linear dependence of the frequency of quartz-crystal oscillations on the deposit
mass. Standard quartz crystals have a frequency of 5000kHz, a diameter of 8 mm, and a
thickness of 0.3 mm. Deposition of an additional mass shifts the resonance frequency. The
crystal sensitivity is 5 X 107 !“ng/Hz. The dependence of the resonance frequency f on the
mass m is defined by the following equation:

Af — fK AmiS
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where Af is the frequency shift, S the surface area, and K a constant dependent on the
thickness and density (2.65g/cm?) of a quartz crystal. The crystal is fixed on a support
together with two electrodes of a generator. Resonance-frequency variations are recorded
by a frequency meter, and the balance is preliminarily calibrated.

More serious problems are seen during determining the amount of the ligand. Chemical
substances have, depending on their nature, different accommodation coefficients which
characterize the fraction of particles irreversibly adsorbed on the surface. For example,
only 15% CO, molecules are condensed upon the first collision.

Condensation of substances from the gas phase is accompanied by liberation of latent
heat of fusion L;, which is absorbed by a thermostat. This heat is ejected through the
already deposited matrix layer. Thus, the latent heat of fusion and the thermal conductivity
A of the matrix material are important characteristics. They determine the rate of matrix
formation and the time the stabilized particles take to aggregate.

The temperature difference between the surface and the base of the matrix layer can be
assessed if one assumes the establishment of a steady state.'® The thickness [ of a layer,
which was deposited on a surface with an area S at a condensation rate n (mol/sec) in time
t, is described by the expression

[ — ntlpS

where p is the molar density of the substance. The rate of heat liberation is Q, =
nL; cal/sec. Heat removed through the matrix layer is determined by the expression

0, - SMT-Tyll

where A is the thermal conductivity, and T and T}, are temperatures of the layer and support
surfaces. At a steady state, Q; = Q, and

nLy — SMT—Tyl

T — Ty + L*tl(ApS?)

Thus, the surface temperature increases linearly with time and by a quadratic law with
the increase in the substance deposition rate. The mobility of metal atoms in the conden-
sate may also be influenced by the emission from a source at a temperature of 1000°C and
higher. Such an effect should be checked experimentally.

Several special cryoreactors were developed for cryochemical synthesis of atoms,
clusters and nanoparticles. Figure 2.3 illustrates a cryoreactor used for both matrix
isolation and spectroscopic studies of active metals in the temperature interval 12-70 K.
Figure 2.4 presents a scheme of a cryoreactor used for condensation at the liquid-nitrogen
boiling point (77K) and higher.

The main part of this unit represents a polished copper cube pre-cooled to 77K. Upon
the deposition of substances under study, a sample is turned by 180° and IR reflectance
spectra are measured. The cryoreactor makes it possible to obtain spectra at different
temperatures and exercise precise control over the sample temperature. Salt and quartz
windows fixed between hollow copper holders make it possible to obtain UV and optical
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Figure 2.3 Window-level cross section of a cryostat designed for a temperature range of 12-70K:
(1) window with a formed sample, (2) quartz microbalance, (3) gas inlet, (4) external windows, and
(5) evaporator of metal.

transmission spectra. Special cryoreactors were designed for recording electron paramag-
netic resonance (EPR) spectra. The scheme of one of our cryoreactors for the preparation
of thin film materials is presented in Figure 2.5.

As an example, we show a setup developed at Oxford University (Figure 2.6). One
advantage of this setup is the possibility of synthesizing grams of substances in several
hours of its operation. Such a setup was actively used for synthesizing rare-earth elements
(REE) compounds. Japanese scientists used a simpler approach.!®” A ligand is evaporated
and then condensed on the walls of a 1-1 vessel cooled by liquid nitrogen. After being
conditioned for 60 min, the condensate is slowly heated and analyzed. As a rule, this
procedure allows new organic compounds to be obtained.!%%16

A reactor shown in Figure 2.7 makes it possible to synthesize several milligrams of
substance. The condensation of vapors of metals, ligands, and, if necessary, stabilizers
proceeds on the glass-vessel walls cooled by liquid nitrogen. At the end of the condensation,
the sample is heated and accumulated at the vessel bottom, from where it can be gathered for
further studies without breaking vacuum. Thus various types of sols or organodispersions of
metals were obtained. This cryostat was modified with the aim of obtaining systems
containing nanoparticles of two different metals. Similar but partially modernized reactors
allowed metal vapors to be condensed into cold liquids at the bottom of a cryostat.

One advantage of such reactors is the relative simplicity of experiments. In similar
reactors, by either simultaneous or successive condensation of vapors of metals and various
ligands, quite a number of new organometallic compounds were synthesized.'®” However,
for cryoreactors described above, determining the reagent ratio is a difficult task, which is
their drawback. A similar drawback is typical of the Green cryoreactor, which is widely
used for cryosyntheses (Figures 2.8c and d)!” and, in principle, represents a sort of a rotor
evaporator with a rotating flask immersed in a cold bath.
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Figure 2.4 Cryostat for low-temperature IR spectroscopy at 77 K.

vacuum

Figure 2.5 Experimental setup scheme for low-temperature physical vapor deposition. 1, Liquid
nitrogen-cooled substrate holder; 2, quartz microbalance; 3, substrate: glass, alumina; 4, evaporating metal.



26 2. Synthesis and Stabilization of Nanoparticles

solvent inlet

nitrogen
lant bath

8§ 10-3 mbar

pyrex bell jar

vapour

vapour

metal k
\

liquid
nitrogen
ligand drain
vapour tungsten .~
filament :g KV
copper i product
hearth . -
o o drain
cooling :
water alumina .
insulator $ 103 mbar
Turbomolecular
pump

Figure 2.6  Unit for preparative synthesis of organometallic compounds by cryocondensation.!6®

An interesting cryochemical synthesis of composition materials was proposed in the
early 1990s by Nanophase Technologies Corp. (USA).!”! Figure 2.9 illustrates the reactor
scheme. Two metals are evaporated in vacuum and condensed on a pick-up finger cooled
with liquid nitrogen. After a certain time, the condensate is scraped off with a special tool
and accumulated at the reactor bottom. The condensate is pressed at low and high pressures
to obtain a bimetallic vacuum-consolidated nanocomposite. The cryoreactor efficiency was
only 50g/h, but valuable materials obtained made this process economically attractive in
the early 1990s.
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Figure 2.7 Scheme of semipreparative reactor for cryochemical reactions: (1) glass reactor
(0.1Pa), (2) quartz crucibles, (3) tungsten evaporators of metals, (4) ceramic tubes, (5) screening
housing of metal evaporators, (6) inlet nozzle for organic component vapors, (7) Dewar vessel
with liquid nitrogen, (8) glass ampoule with organic ligand, (9) thermostatically controlled bath,
(10) Teflon valves, (11) collector of cryosynthesis products, (12) shutoff valves, (13) power
supply units for evaporators of metal, (14) vacuum meter, and (15) vacuum line.
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Figure 2.8 Scheme of reactors for preparative cryonanochemistry: (a) metal vapor condensation
on Dewar walls, (b) condensation of metal into cold liquids, (c, d) rotating Green reactors.!”
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Figure 2.9 Scheme of a reactor for semipreparative synthesis of bulk composition materials.!”!

Vacuum Metallurgical Co. Ltd. (Japan) has developed a semicommercial unit for the
low-temperature synthesis of nanoferromagnetic materials, isolated metal nanoparticles, and
ceramic and film materials (Figure 2.10). This unit employed modern methods of nanopar-
ticle stabilization such as surfactants and supersonics. It has two chambers, namely, for syn-
thesizing and collecting nanoparticles and combines aerosol techniques with cryochemistry.

The Japanese scientists proposed an interesting method that combines low temperatures
with jet aerosol techniques.!” Figure 2.11 illustrates the scheme of an apparatus that can
be used at different pressures. A helium flow carries metal nanoparticles away from heating
chambers. In a setup with pressures above 0.5 kPa, an organic solvent (hexane) is added to
the helium flow, and the mixture is condensed in a trap cooled with liquid nitrogen.
In another version, at pressures below 0.2 kPa, hexane vapors are added directly into the
heating chamber, and the mixture is pumped past the surface cooled with liquid nitrogen.
The samples obtained are defrosted in a nitrogen flow, which contains surfactants added
for stabilization. The sizes of synthesized silver and copper particles were equal to 3 mm
and could be controlled by varying the pressure of helium supplied to the chambers.
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Figure 2.10 Scheme of a preparative setup for synthesizing nanoparticles of metals and their
oxides: (1) pumping, (2, 3) volumes for collecting particles, (4) conveyor belt, (5) cooler, (6)
particles inlet tube, (7) inlet of organic solvent, (8) evaporator, (9) vacuum chamber, (10) inlet of
inert gas, (11) surfactant inlet, (12) ultrasonic mixer, (13) induction heating coil, (14) power supply
unit of induction heater.
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Figure 2.11 Scheme of an aerosol unit which combines the jet and cryochemical methods:'7?

(1yat P > 0.5kPa, (2) at P < 0.2kPa.
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possibilities in studying atoms, clusters, metastable molecules, and weakly bound
complexes.!™ Nanodroplets were prepared by supersonic expansion of helium gas at high
pressures and low temperatures. Surface evaporation cooled the droplets and maintained the

were synthesized immediately upon incorporation of their atoms or molecules into helium
nanodroplets. By applying this method, clusters of sodium!”* and silver!'’>!7® were obtained.
In contrast to other atoms and molecules, alkali metal atoms form weakly bound states due
to the Coulomb repulsion between the electron shells of helium and the valence electrons
of a metal. van der Waals metal clusters formed on the surface of nanodroplets were in the
high-spin state with spins of all valence electrons parallel to one another. This phenomenon
was studied by femtosecond multiphoton ionization spectroscopy. The observed effect of
alternating of the intensity of peaks corresponding to different-size clusters was associated
with peculiarities of the mechanism of spin relaxation.!”*

All methods that employ low temperatures and different versions of chemical vapor
deposition (CVD) are discussed in Section 2.3.'"” The latter method is widely used in
practice for preparation and application of various anticorrosion coatings.

Currently, nanoparticles of ammonium nitrate, hexogen C;HN;(NO,);, and their
mixtures are obtained by the method of low-temperature co-condensation.!”® According to
atomic force microscopy results, the mixture contained ammonium nitrate particles meas-
uring 50 nm and hexogen particles measuring 100 nm. The authors!® did not specify how
the properties of high-energy systems changed with the particle size.

When dealing with cryochemical and other methods of preparation of metal nanoparticles,
scientists often come up with a problem that can be conditionally named “macro—micro.”
In essence, this problem is explained by a simple fact that dealing with samples, e.g., those
prepared in reactors designed for spectral studies, we have particles of certain sizes and
definite chemical reactions. However, attempts to reproduce the results by using larger
amounts of substances often yield particles of different sizes and different chemical
reactions. Naturally, opposite situations occur, when an experiment carried out at the
macrolevel cannot be reproduced at the nanolevel. To resolve this contradiction is one of
the challenging problems of chemistry and nanochemistry in particular.

2.5 PHYSICAL METHODS

There are many different physical methods for the preparation of metal nanoparticles.
Among the major methods is the process based on combining metal evaporation into an inert
gas flow with subsequent condensation in a chamber maintained at a certain temperature.
Various versions of this method were analyzed in detail.!”” Physical methods of fabrication
of nanoparticles traditionally involve those which employ low-temperature plasma,
molecular beams, gas evaporation,'” cathode sputtering, shock waves, electroexplosion,'®
laser-induced electrodispersion,'®' supersonic jets, and different versions of mechanical
dispersion.®

Detailed descriptions of each method listed above are given elsewhere. Here, we only
show the schemes of several units proposed in the end of the 20th century for producing
nanoparticles by means of different physical methods.
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Figure 2.12 shows an original setup for preparation of highly porous nanoparticles of
metals.'8? Operation of this setup is based on a closed gas cycle; particles of metals, e.g.,
silver, are deposited onto a filter, from which they are shaken off by gas pulses. This makes
it possible to perform a virtually continuous process and obtain sufficiently large porous
particles as a result of aggregation of nanoparticles.

Figure 2.13 shows a setup for plasma jet synthesis of metal-polymer compositions.!®*
The setup has separate zones for plasma-induced preparation of nanoparticles and for
coating them with monomers. Precursors of chlorides, carbonyls, and organometallic
compounds are introduced into the discharge zone together with helium. The formed
particles carry a charge that prevents them from collisions and the formation of clusters.
This unit allowed polymer-coated particles of metal oxides, nitrides, sulfides, and carbides,
measuring 5-20 nm, to be prepared.
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Figure 2.12 Scheme of a setup for continuous production of highly porous metals as a result of
aggregation of metal nanoparticles.'$?
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Figure 2.13  Unit for continuous production of nanoparticles encapsulated in polymers. '8



32 2. Synthesis and Stabilization of Nanoparticles

& Liquud mitrogen

He
Cold substrate
Combustion
H,+0, charaber
. L Precursor |
Carnier gas ! .
] soUTCe

Figure 2.14 Scheme of a unit, which combines the processes of combustion and chemical
condensation in vacuum. '

Setups that employ laser evaporation for applying coatings on various particles and a
hybrid combustion/chemical deposition procedure were developed.!®* Figure 2.14 illustrates
one of such setups. A mixture of hydrogen and oxygen serves as a flame source. In the
synthesis of titanium oxide, titanium tetracthoxide was used as the precursor. Particles of
TiO, formed were carried away from the formation zone with a helium flow to form a
powder (20-70 nm) deposit on a cooled surface.

The aforementioned physical methods of preparation of nanoparticles pertain to the
group of condensation methods. Along with them, different versions of mechanical
dispersion have gained wide application. In certain aspects, the latter methods resemble
chemical ones. Mechanochemical dispersion for preparation of nanoparticles was
discussed in detail in a number of special publications, which were reviewed.?

At present, the problem of preparation of nanoparticles of different elements is reduced
to the development of methods that would allow synthesis and stabilization of particles
with sizes of 1 nm and smaller. It is such particles that are of prime interest in chemistry.

2.6 PARTICLES OF VARIOUS SHAPES AND FILMS

Nowadays, great attention is paid to the problem of exercising control not only over the
size but also over the shape of metal nanoparticles. Both the size and the shape of a particle
are defined by the synthetic method; however, the ratio of nucleation to growth rates of
particles is also of great importance. Each of these processes depends in turn on variations
in the reaction conditions such as the temperature, the nature and concentrations of metal
and ligand, and the nature of stabilizer and reducer. The problems of nucleation and particle
growth are surveyed in detail elsewhere. '8
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For controlling shapes and sizes of nanoparticles, microemulsions are widely
used.!®187 Copper nanoparticles were obtained by using a functional surfactant, namely
Cu(AOT),, which served as the source of copper particles and a stabilizer of water
droplets. Droplets of Cu(AOT), microemulsion in water and Na(AOT), microemulsion in
isooctane were mixed with a microemulsion of NaBH, stabilized by Na(AOT). On mixing,
the copper salt was reduced with sodium borohydride to give copper nanoparticles. The

the structure of micelles formed. For w << 4, copper particles measuring 1-12nm were
formed, while for 5 << w << 11, spherical nanoparticles with diameters of 6.7 and 9.5nm
and rod-like nanoparticles with a diameter of 9.5 and a length of 22.6 nm were obtained.
With the increase in water content (w > 11), only rods with lengths ranging from 300 to
1500 nm and diameters ranging from 10 to 30 nm were formed.

Salts of tetra-n-octylammonium with carboxylic acids of the general formula
(n-CgH,7),N*"(RCO,)~ were proposed for use as reducers and stabilizers for exercising
control over shapes of metal nanoparticles formed by the reduction of metal salts.'®®
Palladium particles measuring 1.9-6.2 nm were formed in the following reaction:

66°C, THF
PA(NOy), + (n-CgH;7),N"(RCO,)~ - Pd particles

Their sizes and shapes were estimated by means of an electron microscope. It was
shown that when acetate, dichloroacetate, pivalate, or pyruvate ions were used as anions,
the formed particles were shaped largely as spheres. However, if palladium nitrate was
treated under the same conditions with an excess of (n-CgH;-),N"(HOCH,CO,),
triangular particles with an average size of 3.6nm were formed together with spherical
ones. The shape changes observed were attributed to the presence of a hydroxyl group in
the anion.'8?

A nickel compound Ni(COD), (COD stands for cycloocta-1,5-diene) was used for
elucidating the role (reducer or stabilizer) of glycolic acid residue in the reduction of the
glycolate group. The reaction is as follows:

H,, 66°C
Ni(COD), + (n-CgH,7),N"(HOCH,CO,)~ —> Ni particles

Inasmuch as nickel in Ni(COD): is in its zero-valence state, glycolate can act only as a
stabilizer, whereas it is hydrogen that reduces COD to cyclooctane. Using electron
microscopy, it was found that the reaction produces crystalline nickel particles with the
average size of 4.5nm, preferentially shaped as triangles. In testing experiments using
(n-CgH,7),N*Br~ or (n-CgH,,),N*"NOj as stabilizers, spherical particles were formed. The
presence of triangular particles was additionally confirmed by STM. The glycolate effect
on the morphology of particles seems to be associated with the selective adsorption of
anions on the growing nanocrystals, which can be detected by the changes in absorption
spectra. Upon synthesis of nanoparticles, a band at 1621 cm™!, which belongs to dissolved
glycolate, disappeared, and a new band at 1604cm ™!, which corresponds to adsorbed
glycolate, appeared. From the viewpoint of the authors,'®® the changes observed in in situ
IR spectra agree with the mechanism put forward.
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The formation of spherical and cylindrical silver nanoparticles was observed as a result
of photochemical reduction of silver salts in the presence of polyacrylic acid.'*>!®
Polyacrylic acid and Ag™ ions form a complex which, being photolyzed, produces silver
nanoparticles. According to the results obtained by electron microscopy and sedimentation
analysis, photoreduction of this complex produced spherical silver nanoparticles
measuring 1-2nm. In the presence of a modified (e.g., partially decarboxylated) acid, in
addition to spherical particles, prolonged particles (nanorods) up to 80 nm long and with
characteristic light absorption in the 500-800nm range were formed. Apparently,
decarboxylation disturbs the cooperation of polyacrylic acid with silver cations, makes
stabilization of spherical particles less effective, and favors the growth of nanorods.

The sizes of metal particles formed in the presence of macromolecular stabilizers
depend on the conditions of formation of polymeric-protective coatings. If a polymer used
is an insufficiently effective stabilizer, a particle may continue to grow after being bound
to a macromolecule. By changing the nature of a monomer and the corresponding polymer
and varying the polymer concentration in solution, one can control the sizes and shapes of
particles formed.

An interesting method of changing the stabilizing ability of a polymer was put forward
in Ref. 190. There the authors studied how the conformation of poly-N-isopropylacry-
lamide affects the shape of platinum nanoparticles formed in the reduction of K,PtCl, with
hydrogen. This polymer can change its conformation with temperature. At 7 <2 306K,
polymer molecules are hydrophilic and represent swelled globules; in this case, up to 60%
of platinum nanoparticles formed had irregular shapes. At T > 306 K, polymer molecules
are hydrophobic and begin to collapse. The stabilizing ability of such molecules decreases.
At T = 313K, the reduction of platinum ions proceeded on the most active facet of a grow-
ing nanocrystal, and cubic nanoparticles were preferentially (with 68% efficiency) formed.
The morphology of particles also depended on the concentration ratio of platinum salt and
polymer in solution (however, this effect is weaker as compared with the temperature
dependence).

To control the shapes and sizes of silver nanoparticles, methods of pulsed sonoelectro-
chemistry based on the use of ultrasonics in electrochemical conditions were applied.'**!°!
Ultrasonics makes it possible to clean and degasify the electrode surface, accelerate mass
transfer, and increase the reaction rate. Silver particles shaped as spheres, rods, and
dendrites were obtained by electrolysis of aqueous AgNO; solutions in the presence of
N(CH,COOH),. These particles were characterized using electron microscopy, XRD, and
electron spectroscopy. The shapes of particles were found to depend on the ultrasonic
pulse duration and the reagent concentration. Spherical particles had diameters of
ca. 20nm. The diameters of rods were 1020 nm. In certain cases, their surfaces exhibited
protrusions that could develop into dendrites.

An interesting method of successive layer-by-layer deposition of thin (100-300 nm)
films incorporating magnetic nanoparticles was discussed.!*> Alternating layers of magnetic
nanoparticles, e.g., Fe;0,4, and polydimethyldiallylammonium bromide were first deposited
on a glass plate covered with paraffin and acetyl cellulose. Upon reaching the necessary
film thickness, the cellulose layer was detached, and the whole sample was dissolved in
acetone. A suspension thus obtained could be applied on any porous or dense support. It
was noted that films incorporating uniform magnetic nanoparticles measuring ~10nm can
be used in memory devices.'?
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At present, exercising control over the shapes and sizes of nanoparticles seems to be
among the most important problems of nanochemistry.'®* A synthesis of unishape spherical
or rod-like particles of metal iron was described.!®> Nanoparticles were prepared by
thermal decomposition of iron pentacarbonyl in the presence of stabilizing compounds.
Spherical particles measuring 2nm could be uniformly dispersed in solution and
transformed into rods of 2nm diameters and 11 nm lengths. Spherical particles were
amorphous, whereas the rods had the face-centered cubic structure of ¢-iron.

Much attention was given to nanotubes based on inorganic materials.'?*197 Magnetic
nanotubes of FePb and Fe;O, were synthesized by reduction with hydrogen at 560 and
250°C in nanochannels of porous alumina templates.'”® A new approach to synthesizing
Fe;0, nanotubes, based on wet etching of the MgQ inner cores of MgO/Fe;0, core—shell
nanowires, was developed.!® The procedure of preparation of crystalline nanowires of
various oxides and subsequent deposition of different coatings on them to obtain
core—shell structures was discussed in detail 2™ The aforementioned synthesis of Fe,O,
nanotubes involved pulsed-laser deposition of Fe;O, on preliminarily prepared MgO
nanowires. The resulting MgO/Fe;0, structures were treated with 10% (NH,),SO,
solution at 80°C to etch away the MgO cores. As evidenced by TEM results, the
synthesized nanotubes had an outer diameter of 30nm and a wall thickness of ~7nm.
The nanotube dimensions depended on experimental conditions and the sizes of original
MgO nanowires.!%

Various core—shell nanoparticles are widely used, particularly, in optoelectronics.
Metal-semiconductor,?”? metal-carbon,?>2* metal-dielectric,?>2%¢  dielectric—metal®”’
systems, and gold shells with inner hollows?®2% were obtained.

The devices used in electronics and optics usually employ solid-surface-supported
core—shell structures with controlled properties. Ordinary chemical or wet methods fail to
provide such structures with controlled properties. Highly ordered In-In,O; structures on
silica substrates were obtained by three-step oxidation at elevated temperatures.?!” First, a
finely dispersed alumina mask was applied on the Si/SiO, substrate, then indium was
deposited and the mask was removed. The average size of indium nanoparticles could be
varied from 10 to 100 nm. To obtain In,0; shells, the deposit was first oxidized in an
oxygen flow under atmospheric pressure at 146°C. In the second stage the temperature
was varied between 146 and 800°C. In the last stage, the sample was exposed at high
temperature for 2h for complete oxidation. The oxide shell thickness could be regulated,
which allowed changing the photoluminescence properties of the samples.

The discovery of carbon nanotubes gave impetus to an active search for similar parti-
cles based on different elements. Recently, nanotubes were prepared from nonlayered
compounds such as AIN?!"" and GaN.?!"! Nanobelts and nanoribbons were synthesized
based on oxides,?'? carbides (Al,C;),%"* and aluminum nitrides.>'* Sharp nanocones were
prepared based on silicon carbide,?'’ carbon,?'® zinc oxide,?!” and aluminum nitride.'®

Different supports covered with films of 4-mercaptobenzoic acid, which were deposited
in high vacuum, were used in the preparation of thin heterogeneous films with incorporated
nanoparticles of gold, silver, and sulfate of cadmium. These heterogeneous films were
synthesized by successive immersion of supports in the corresponding solutions.?'®

Quantum dots were synthesized based on ZnO-doped Mn?* colloidal particles, and
ferromagnetic nanocrystalline thin films were fabricated at room temperature.??
According to TEM studies, the nanocrystals has an average diameter of 6.10.7 nm.
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Results of high-resolution electron microscopy showed that, being encapsulated into
micelles, rod-like gold nanoparticles fabricated by an electrochemical method tend to
grow along the {001} axis. In the process, the {100} face of particles remains stable,
whereas {110} face is unstable and can transform into the stable face.?*'

The possibilities of structural changes in silica-supported platinum nanoparticles and
the microcrystalline structure of individual nanoparticles were examined by electron
microscopy before and after heating in vacuum and atmospheres of hydrogen and
oxygen.”?? In all the cases, the particle mass remained unchanged, but the sizes of particle-
constituent crystals increased with temperature, which was assumed to be a consequence
of surface fusion and self-diffusion of platinum particles. Adhesion of platinum particles
to silica was studied by atomic force microscopy. Platinum nanoparticles were shown to
be stable both under oxidizing and reducing conditions. However, heating was demon-
strated to change the crystalline nature of particles and strengthen their adhesion to silica.

Controlled deposition of silver particles Ag; and Ag; on the platinum surface at different
temperatures was studied.??* As demonstrated by STM studies, a three-dimensional structure
of Agjs becomes two-dimensional when heated from 60 to 140K.

The most popular method of preparation of nanofilms consists in co-deposition of metal
atoms from the gas phase at surfaces of different nature. The formation of supported films
begins from nonuniform islets. The process depends on the surface temperature and the
intensity and velocity of a flow of a substance to be deposited. At low temperatures when
diffusion of atoms is slow, small particles are formed, which, however, have a high density.
The temperature and the relevant mobility of particles are the major factors that determine
the self-assembling and formation of surface nanostructures from individual clusters.
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Experimental Techniques

This chapter is written based on Refs. 6, 27, 713, 944-951.

Sizes and physicochemical properties of nanoparticles are closely interrelated and,
moreover, are of paramount importance for studying their chemical transformations.
Furthermore, there are different approaches to studying the properties of the particles on
the surface and in the bulk.

The main techniques used for determining sizes and certain properties of nanoparticles
in the gas phase are as follows:

& ionization by photons and electrons followed by an analysis of the obtained mass
spectra by means of quadrupole and time-of-flight mass spectrometers;

e atomization and selection of neutral clusters with respect to masses;

e clectron transmission microscopy on grids (information on sizes and shapes of
particles).

To gain information on the particles located on the surface, the following techniques are
used:

e transmission and scanning electron microscopies (TEM, SEM, information on the
size/shape of particles, their distribution, and topology);

electron diffraction (information on size, phases (e.g., solid/liquid), structure, and
bond lengths);

STM (determination of size, shape, and the internal structure of particles);
adsorption of gases (information on the surface area);

photoelectron spectroscopy (determination of the electronic structure);
conductivity (information on the conduction band, percolation, and topology).

Miscellaneous techniques are also used for determining sizes and certain properties of
nanoparticles in the bulk or within a matrix.

The methods using TEM, SEM, conductivity measurements, and electron diffraction
techniques provide information on particles in the bulk, i.e., the data analogous to those
obtained for particles on the surface.

Several other techniques are used for studying particles in the bulk. For example, X-ray
diffraction can be used for determining particle sizes and internal structures.

37
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Extended X-ray absorption fine structure (EXAFS) technique makes it possible to
measure particle sizes; electron paramagnetic(spin) resonance (EPR) and nuclear magnet-
ic resonance (NMR) provide information on the electronic structure. Mossbauer spec-
troscopy, i.e., the resonance absorption of gamma quanta by atomic nuclei in solids
(gamma resonance), is actively used for gaining insight into the internal structure of a
number of elements, especially such important elements as iron. The energy of a gamma
quantum is small (~150keV), and its absorption excites a nucleus. The resonance condi-
tion is the equality of the nucleus excitation energy to the energy of a quantum transition,
i.e., to the difference between the nucleus internal energy in the excited and ground states.
The transition energy depends on the nature of a nucleus and gives insight into the micro-
scopic structure of solids. The method cannot be applied to all elements; however, it
provides valuable information on Fe*’, Sn''°, and Te'!?.

3.1 ELECTRON MICROSCOPY

Here, we consider microscopy in sufficient detail, because it is the major technique for

determining the nanoparticle size. As a rule, this concerns electron microscopy, which

employs beams of accelerated electrons and also different versions of probe microscopes.
Electron microscopy, in turn, has the following two main directions:

e TEM, in which the high-resolution electron microscopy is currently a separate
division;
e SEM.

3.1.1 Transmission electron microscopy

A sample shaped as a thin film is transilluminated by a beam of accelerated electrons with
an energy of 50-200keV in vacuum of ca. 10~ *mmHg. Those electrons that were deflected at
small angles by atoms in a sample and passed through the sample get into a system of mag-
netic lenses to form a bright-field image of the sample internal structure on a screen and a
film. A resolution of 0.1 nm was achieved, which corresponds to a magnification factor of 10°.
The resolution depends on the nature of the sample and the method of its preparation.
Usually, films of 0.01-pum thickness are studied; the contrast range can be extended using
carbon replicas. Modern ultramicrotomes allow obtaining sections 10—100-nm thick. Metals
are studied as thin foils. Transmission microscopes make it possible to obtain diffraction
patterns, which provide information on the crystalline structure of a sample.

3.1.2 Scanning electron microscopy

This technique is largely used for studying surface particles. An electron beam is
constricted by magnetic lenses to give a thin (1-10 mm) probe, which travels progressively,
point-by-point over a sample, thus scanning the latter. The interaction of electrons with the
surface generates several types of emission:

e sccondary and reflected electrons;
e transmitted electrons;
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e X-ray slowing-down radiation;
e optic radiation.

Any of the radiation types listed above can be registered and converted into electrical
signals. The signals are amplified and fed to a cathode-ray tube. A similar situation occurs
in TV kinescopes. Images are formed on the screen and photographed. The major advantage
of this technique is the great body of information it provides; its significant drawback
concerns long scanning times. High resolution is only possible for low scanning rates. The
method is usually employed for particles measuring more than Snm. A restriction on the
sample thickness limits the method of application. For electrons with energies of 100keV,
the sample thickness should be about 50 nm. To prevent destruction of samples, special
procedures are used for sample preparation. Moreover, the possible effect of electron emis-
sion on the samples should be taken into account, for instance, the electron-beam-induced
aggregation of particles.

One method used for preparation of samples consists in employing ultramicrotomes (their
use is problematic for the cases of nonuniform deposition, particularly in islets). Chemical
methods are also applied, especially matrix dissolution. The general view of a histogram
obtained in microscopic studies often depends on the way the sample was prepared.

In the 1980s, a great breakthrough was observed in electron microscopy. Microscopes
equipped for the computer analysis of the elemental composition were developed on the
basis of energy-loss spectrometers. The energy-loss spectrometry was used in combination
with TEM and SEM. A rearrangement of the magnetic-prism system allowed one to regu-
late the image contrast, which depends on the incidence angle, atomic number, and the
reflection factor. Modern devices make it possible to obtain selective images of elements
from boron to uranium with a resolution of 0.5nm and sensitivity up to 10~2°g, which
amounts to, e.g., 150 atoms for calcium. High-resolution electron microscopy provides
insight into such objects.

An important stage in the development of electron microscopy was associated with
elaboration of computerized techniques for processing images, which allowed histograms
over shapes, orientations, and sizes to be obtained. Now, it is also possible to separate
details of the structure, statistically process information, estimate local microconcentra-
tions, and determine lattice parameters. Built-in processors make it possible to exercise
versatile control over microscopes.

3.2 PROBE MICROSCOPY

Another breakthrough in microscopy was associated with the development of scanning
probes. In 1981, G. Binnig and H. Rohrer created STM and in 1986 they were awarded the
Nobel Prize. The microscope allows the study of surfaces with nanoscale and sub-
nanoscale resolution. The principle of gaining information on the properties of surfaces
under study is general for all types of probe microscopes.

The main tool employed in these microscopes is a probe, which is brought into either
mechanical or tunneling contact with the surface. In doing so, the equilibrium between
probe—sample interactions is established. This equilibrium can involve the attractive and
repulsive forces (electrical, magnetic, Van der Waals) and the exchange of tunneling
electrons and photons.
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Upon establishment of the equilibrium, scanning is started. The probe moves line by
line over a definite surface area determined by the number of lines scans, their length, and
the interline spacing. The probe is driven by a piezomanipulator whose dimensions change
under the effect of the applied potential difference, which allows one to shift a sample in
three directions (Figure 3.1).

Now, we briefly discuss the general principles of probe microscopes. All the scanning
probe microscopes are characterized by the presence of a certain selected type of interaction
between the probe and a sample, which is used by a feedback system for fixing the
probe—sample distance (d) in the course of scanning. To provide a high resolution, the
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Figure 3.1 (a) General scheme of the operation of a probe microscope and (b) AFM mechanism.
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intensity of this interaction should depend on the distance d. For example, in atomic force
microscopes, this condition is satisfied by the repulsive forces between edge atoms on the
probe and the sample; in tunneling microscopes, the exponential increase in the tunneling
current with a decrease in the tunneling gap meets this condition, which allows one to
achieve subnanoscale resolution (10~2nm) for these devices.

In the course of scanning (the probe’s motion in the XY plane), the feedback system shifts
the probe in the direction Z, thus maintaining the signal at a given level corresponding to the
working interaction amplitude. We designate the latter interaction as A(X, Y, Z). Signals at
plates X, Y, and Z of the piezomanipulator are set by the computer. During scanning, the
reproduction of the A(X, Y, Z) dependence by Z variations is equivalent to finding a depen-
dence Z| A = const (X, Y) that correlates with the local topographical features of the surface
under study. Such dependence may be called the surface topography obtained in a mode of
constant interaction A. If the intensity of interaction A(X, Y, Z) is different at different sur-
face points, the detected picture is more complicated, representing a superposition of maps
of the surface topography and the surface distribution of the A intensity.

In addition to the surface topography under constant-interaction conditions, scanning
probe microscopy makes it possible to obtain a wide spectrum of other dependences

Here, the function ®(X, Y), is measured under a condition of a constant interaction A,
hence, under an approximation of a constant probe—sample distance, and can reflect the
magnitude of some interactions different from A.

The principle of (X, Y) variation under a condition A = const. is used in various probe
microscopes. The latter include different modifications, such as the magnetic force micro-
scope, operation of which is based on varying the forces between a magnetized probe and
a surface with intrinsic magnetic properties; the near-field microscope which can detect
the electromagnetic field that passes through a miniature diaphragm placed in the near-
field zone of the source; and the electrostatic force microscope in which a conductive
charged probe interacts with the sample.'®! In all these microscopes, a corresponding
interaction is analyzed when a constant probe—sample gap is maintained according to
closed- and patched-contact modes.

A circuit shown in Figure 3.1 is employed in atomic force microscopes for fixing the
force interaction and maintaining it at a required level. The probe is adjusted to a free,
unfixed end of a flexible arm-cantilever. When the probe approaches a sample or contacts
it, the force interaction makes the cantilever bend, the magnitude of this bend being
recorded by a precision transducer. The bend magnitude determines the contact force, and
its maintenance at a required level in the course of scanning allows the surface profile to
be reproduced. On the display, atoms look as hemispheres.

Most atomic force microscopy (AFM) are equipped with optical sensors. A laser beam
incident at an angle to the lever surface is reflected into the center of a four-section photodiode.
Abend of the lever induces a difference between signals from the corresponding photodiode
areas. The difference signal from right and left segments, which corresponds to friction forces
during scanning, is fed to the computer and reproduced on its display. A difference signal from
top and bottom segments, which passes through proportional and integration feedback
circuits, is compared with the reference signal, and fed to the Z-electrode of piezomanipulator.
As aresult, the sample is shifted in the vertical direction. The signal is also fed to the computer
and the display, providing information on a surface under study.
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AFM allows using a patched contact mode. For this purpose, an additional piezomani-
pulator is employed, which generates forced vibrations of the lever. The forces of
probe—sample interaction are complicated with regard to both their physical nature and
performance. They are determined by the surface and geometrical properties of the materials
that constitute the probe and the sample and also by the properties of the medium in which
the study is carried out. For instance, studying polyparaxylylene films is complicated by the
probe sticking in the films. The pressure of the probe is high, reaching 10°Pa, and can exceed
the ultimate strength of many materials. Mica and graphite usually serve as supports. These
materials easily scale and have smooth surfaces. AFM allows nondestructive measure-
ments to be carried out. This is explained by the fact that the local pressure is distributed over
three directions and the effective time is small, of an order of magnitude of 10 3sec.
However, scientists are trying to reduce the probe—sample interaction forces, which is the
central problem to date. The possible solutions may involve the choice of adequate media for
the studies and the use of patched contact modes. At present, it is widely believed that probe
microscopy has posed more problems than previously had been suspected.

3.3 DIFFRACTION TECHNIQUES

These techniques include diffraction of X-rays and neutrons and are less general when
compared with electron microscopy. At the same time, the analysis of diffraction reflexes
induced by atomic structures of separate particles can be used for studying very small
particles. The reflex angle width A& increases with an increase in the particle size (A8 ~1/R,
i.e., the Scherrer effect). The smaller sizes correspond to smaller numbers of lattice planes
that give rise to interference of the diffraction spot, while in larger clusters diffraction rings
are usually observed.

3.3.1 X-ray diffraction

When interacting with crystals, metal particles, and molecules, X-ray are scattered. An initial
beam of rays with a wavelength A~0.5-5A gives rise to secondary rays with the same
wavelength, the directions and intensities of which are related to the structure of scattering
samples. The intensity of a diffracted ray also depends on the sizes and shapes of particles.
Polycrystalline particles give rise to secondary ray cones, each cone corresponding to a
certain family of crystal planes. For small and abundant crystals, the cone is continuous,
which results in a nonuniformly darkened ring.

A crystal represents a natural diffraction grating with strict periodicity. The crystals for
studies should have sizes of ca. 0.1 mm and perfect structures. To elucidate a structure of
average complexity, which contains 50-100 atoms in a unit cell, intensities of hundreds
and even thousands of diffraction reflections are measured. This procedure is accomplished
by means of microdensitometers and diffractometers controlled by computers. Earlier,
these operations took months, but today they can be carried out in a single day.

When studying amorphous materials and incompletely ordered particles in polycrystals,
X-ray diffraction allows one to determine the phase composition, size, and orientation of
grains (texture).

The method of low-angle scattering, which allows studying spatial heterogeneities with
sizes of 5-10A, is widely applied to date. It is used for studying porous, finely dispersed
materials and alloys.
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The determination of atomic structure, which involves size and shape estimation and
assignment to a symmetry group, represents a complex analysis and cumbersome math-
ematical processing of intensities of all diffraction reflections. X-ray diffraction of mate-
rials embraces methods based on X-ray diffraction techniques for studying equilibrium
and nonequilibrium states of materials, phase compositions, phase diagrams, residual
stresses, etc.

3.3.2 Neutron diffraction

A neutron is a particle the properties of which make it suitable to be used in the analysis
of various materials. Nuclear reactors produce thermal neutrons with a maximum energy
of 0.06¢V, which corresponds to the de Broglie wave with A~1A commensurable with
interatomic distances. This forms the basis of the method of structural neutron diffraction.
The commensurability of energies of thermal neutrons with those of thermal oscillations
of atoms and groups of molecules is used for the analysis in neutron spectroscopy, while
the presence of a magnetic moment lays the basis for magnetic neutron diffraction.

3.4 MISCELLANEOUS TECHNIQUES
3.4.1 EXAFS

The method is based on the measurements in the vicinity of the absorption edge,
e.g., the K shell. In this case, the observed oscillations as a function of the photon
energy are the result of interference of both primary waves and secondary ones scattered
by neighboring atoms. The analysis of such oscillations allows one to find distances
between neighboring atoms and to study deviations of “neighbors” in the particle
surface layer as compared with compact metal lattices. The information on such
deviations is important for understanding the optic properties of metal particles. These
deviations can affect the particle size, electron density, and optic properties. For example,
atomic distances in Ag, and Au, are 0.210 and 0.253 nm, respectively, whereas in the
compact metal this value is 0.325 nm.

3.4.2 X-ray fluorescence spectroscopy

The method is based on excitation of atoms in a substance under study by the emission of
a low-power X-ray tube. This gives rise to secondary fluorescence emission, which falls
on the crystal analyzer and, being reflected from the latter, is registered by a proportional
detector. The crystal analyzer and the detector are driven by a goniometer. In doing so,
each fixed position of the goniometer corresponds to a definite wavelength of secondary
emission selected by the analyzer. The elemental composition of a sample is characterized
by spectral lines with intensities unambiguously related to the quantitative contents of
elements in a sample. Concentrations are usually computed by comparing with the values
obtained for standard samples.

The X-ray fluorescence technique allows quick and high-precision analysis of practically
all elements in the Periodic Table in solid, liquid, powder, and film samples.
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3.4.3 Mass spectrometry

This method is used for separating ionized species with respect to their masses, based on
their interaction with magnetic and electrical fields. Dynamic devices analyze the time it
takes for ions to fly a definite distance. In a quadrupole mass spectrometer, separation of ions
is realized in a transverse electric field, which is created by a quadrupole capacitor consti-
tuted by 4 rods symmetric with respect to the central axis. In a time-of-flight mass spec-
trometer, an ion packet is let into the analyzer through a grid and “drifts” along the analyzer
to a collector in such a way that heavy ions () lag behind light ions (in,). The ion packet
is separated, because all ions in the initial packet have the same energy, while their rates and,
hence, the times of flight along the analyzer ¢ are inversely proportional to the square root of

3.4.4 Photoelectron spectroscopy

The method is based on measuring the energies of electrons that escape solids under the
action of photons. According to Einstein, the sum of the binding energy of an escaped
electron (work function) and its kinetic energy is equal to the energy of the incident photon.

From the resulting spectra, the binding energies of electrons and their energy levels in
a substance under study are determined. This method allows study of the electronic
distribution in conduction bands and analysis of the substance composition and the
chemical bond type.

Metals are characterized by intense photon reflections and a strong interaction with
conduction-band electrons. The quantum yield is small (=#¢/1 photon), which complicates
application of the method.

3.5 COMPARISON OF SPECTRAL TECHNIQUES USED
FOR ELEMENTAL ANALYSIS

Certain techniques used for analyzing nanoparticles of different elements are beyond the
scope of this section. The applications of electron spectroscopy, light scattering and EPR
are considered in other chapters of this book devoted to the studies of concrete reactions
or applications of metal clusters and nanoparticles. The methods for analyzing nonmetals
are touched upon in a chapter that deals with fullerenes and carbon nanotubes.

Due to the wide diversity of methods used for analyzing elements, their comparison is
almost impossible. Hence, we restrict ourselves to the most popular spectral techniques. The
most important characteristics of any method are its detection limit and the size of samples it
is capable of analyzing. Table 3.1 illustrates a comparative analysis of some techniques.

Summarizing, we mention certain problems associated with the analysis of small clus-
ters and metal nanoparticles. One of these problems is related to the size reproducibility of
particles obtained by different methods on micro- and macrolevels (this problem has
already been touched upon above).

Studying nanoparticles poses problems, which arise when several analysis techniques
are used simultaneously. Solving this problem is of vital importance in nanochemistry. For
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Table 3.1

Comparative analysis of spectral techniques

Technique Detection limits (solid state) Sample
Relative % g

Atomic emission spectral analysis 1077-1074 107°-1077 10-100mg
Atomic absorption analysis 10781073 10731071 0.1-1mg
Atomic fluorescence analysis 107810 1071-107° 1-5ml
X-ray fluorescence analysis 1075-104 1077-107¢ 1-5ml
Spectrophotometry 10741073 10-1-10"8 0.2-10ml
Laser mass spectrography 1078103 10-12-10" 1 5-100mg

the majority of chemical reactions that involve particles with sizes of ca. 1 nm, i.e., con-
taining up to 10 atoms, a stoichiometric reaction equation is difficult to determine. This is
due to the fact that most of such reactions occur under nonequilibrium conditions and do
not allow one to follow the changes in concentrations and compositions of the starting and
final products. The techniques used for studying the composition, size, and properties of
nanoparticles require further development and improvement.

To date, the complications associated with studying highly active particles built of
small numbers of atoms are overcome using various theoretical methods. The electronic
structure of metal clusters is analyzed by two nonempirical methods: the density functional
method and the Hartree—-Fock method of configuration interactions. The former method
provides information on the ground states of neutral and charged particles, but fails to
describe excited states. The Hartree—Fock method gives insight into both ground and excited
states of neutral and charged particles. However, the optimal geometry of a cluster can be
determined only for small particles, because calculations for multielectron clusters require
much longer time.?*

For analyzing metals with strongly delocalized valence electrons, an electron shell
model, which assumes that valence electrons of each atom in a particle become free and
are localized at the cluster boundaries, is used. For spherical particles, closed shells occur
only for the electron number n — 2, 8, 18, 34, 40, ... . For clusters of alkali metals, parti-
cles in such electron states are called “magic”. In contrast to the “gel” model, the shell
model considers the positive charges of atoms as spread over a homogeneous substrate
and, hence, ignores the properties associated with the atomic structures of clusters.
Particles with closed electron shells are spherical, whereas shells of open clusters are
deformed, which is reflected in the energy of a shell and is taken into account in ab initio
quantum-mechanical calculations.?**

Thus, a wide variety of techniques are used for studying individual nanoparticles.
However, to comprehensively investigate metal nanoparticles, which have high reactivities
and are able to change them depending on the kinetic and thermodynamic conditions,
new methods should be developed. Moreover, these methods allow one to not only
measure but also to follow in detail the changes in the properties of nanoparticles during
their formation and subsequent self-assembling, and also should help to develop high-
performance nanotechnological devices on their basis.



This page intentionally left blank

46



—4 —

Cryochemistry of Metal Atoms
and Nanoparticles

Low-temperature reactions of metal vapors date back to studies by N.N. Semenov in 1928.
During condensation of cadmium and sulfur vapors on a surface cooled by liquid nitrogen,
he observed a periodic reaction that propagated from the center of a condensed film.?? The
reacted substances formed zones shaped as concentric rings.

In the late 1950s, vapors of sodium, potassium, and magnesium were used for initiating
low-temperature polymerization. Magnesium exhibited the highest activity. The joint
condensates of magnesium vapors with acrylonitrile, methylacrylate, acrylamide, and
certain other monomers underwent rapid solid-phase polymerization at low temperatures.
The results of these studies have been generalized.??

Our studies of low-temperature co-condensates of metal vapors with vapors of various
ligands started in the late 1970s and, naturally, relied on the previous experience.!%!7” The
research carried out formed the basis of a new actively developing direction—cryochemistry
of nanosize metal particles or cryonanochemistry.13177,227-230

4.1 REACTIONS OF MAGNESIUM PARTICLES

The choice of magnesium was based on the previous experience in co-condensation of
magnesium with acrylonitrile and their EPR investigation.?*!

New remarkable results were obtained for the reactions of atoms, clusters, and
nanoparticles of magnesium with polyhalides of methane at low and superlow
temperatures. The absence of magnesium reaction with carbon tetrachloride in solutions
was usually cited as the evidence that polyhalide hydrocarbons do not form Grignard
reagents. A radically different situation takes place at low temperatures. Carbon
tetrachloride is “rigid” to a certain extent and at low temperatures can sometimes be used
as a matrix.>*>?* In this connection, it is most likely that no large magnesium aggregates
are formed in co-condensates of magnesium with excessive carbon tetrachloride at 77 K.
Stabilization of small clusters is more probable.

4.1.1 Grignard reactions

IR spectroscopic studies of low-temperature co-condensates of magnesium with carbon
tetrachloride allowed the formation of a Grignard reagent to be detected at 77 K; in other
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words, it allowed the insertion of a magnesium atom into the carbon—chlorine bond to
yield a trichloromethyl radical and dichlorocarbene.?**2¥" As a result, the following
scheme of parallel concurrent reactions was put forward:

H,O
77K

Mg + CC!4 T CC|3~"""~> CQC[G

CCly ——» C,Cl,

The formation of trichloromethyl radicals and dichlorocarbene was confirmed by
the presence of hexachloroethane and tetrachloroethylene in reaction products, which were
identified in IR spectra and gas chromatograms. The reaction products of water with the
low-temperature condensate were shown to contain chloroform, which additionally
testifies the formation of a Grignard reagent.

A single-stage synthesis of a Grignard reagent with fluorobenzene was realized at liquid
nitrogen temperature.?*® In solutions, such a process is hindered and proceeds in two
stages.?* EPR studies of the reaction of magnesium with benzyl halides C;HsX, where
X — F, Cl, Br, I, helped to reveal radicals that appeared with the detachment of a halogen
atom by magnesium. As seen from EPR spectra in Figure 4.1, the spectrum of benzyl
bromide is sufficiently well resolved, whereas the benzyl fluoride spectrum only
demonstrates a singlet, which was assigned to the formation of a radical-ion pair.??
Distinct acryl radicals were observed at the interaction of magnesium with alkyl chlorides.

b) d) j

100 G, I1

Figure4.1 EPR spectra in the magnesium-halogen derivatives: (a) n-chloropenthane, (b) n-fluorooctane,
(c) fluorobenzene, and (d) bromobenzene.
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The question of the participation of radicals or radical-ion pairs in the formation of
Grignard reagents was solved by studying the effect of temperature on the reaction
kinetics. Figure 4.2a shows the changes in EPR signal intensity for alkyl radicals (curve 1)
and radical-ion pairs (curve 2) in a solid co-condensate of magnesium with n-octyl
chloride as a function of temperature and time. As can be seen, the relative intensity of the
alkyl radical signal gradually decreased with an increase in temperature, and the radicals
disappeared at T - 123 K. The concentration of radical-ion pairs increased with an
increase in temperature, reached a maximum at 7 — 123 K, and then decreased.

A correlation between the Grignard reagent yield (Figure 4.2b) and the concentration of
radical-ion pairs (Figure 4.2a) was observed. The experimental results obtained suggest that
the formation of a Grignard reagent involves radical—ion pairs rather than free radicals.?* It
is possible that radicals also take part in the Grignard reagent formation. Such mechanisms
have been repeatedly proposed in the literature. Under low-temperature conditions, the
reaction of halogen abstraction by a metal atom competes with that of metal insertion into a
carbon-halogen bond. For compounds with weak carbon—halogen bonds, such as iodides and
bromides, the formation of radicals and the products of their doubling prevail, i.e., the Wiirtz
reaction is observed. The totality of results obtained for the low-temperature interaction of
magnesium particles with alkyl and aryl halides allowed the proposal of the following scheme:
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Figure 4.2 Kinetics of reactions in the magnesium—chlorooctane system: (a) changes in the EPR
signals of (1) alkyl radicals and (2) radical—ion pairs; (b) changes in the optical density D (v = 555cm™ ')
corresponding to the C—-Mg bond formation.
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The formation of radical-ion pairs depended not only on the carbon-halogen bond
strength but also on the metal—carbon ratio. An increase in the metal concentration assisted
the charge transfer and the appearance of radical ions.

Considering the example of butyl halides (Wiirtz reaction), the dependence of the
yield of radical-doubling products on the energy of carbon-halogen bond and the
magnesium concentration was studied.?! Figure 4.3 shows the results obtained.
As seen, with an increase in the magnesium concentration in the n-C,;HyCl-Mg system,
the octane yield decreases, whereas it remains virtually unchanged for the #-
C,HyBr-Mg system, and increases for the n-C,;HgI-Mg system. These results agree
with the reaction scheme proposed.
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Figure 4.3 Dependence of the yield of n-octane C (mol%) on the magnesium concentration and
the strength of C—X bond, where X = Cl, Br, I: (a) n-chlorobutane, (b) bromobutane, and
(c) iodobutane.
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4.1.2 Activation of small molecules

The easiness of carrying out unusual reactions such as the synthesis of Grignard reagents
using tetrachlorocarbon and benzyl fluoride, which occur in low-temperature
co-condensates and involve metal nanoparticles, pointed to the presence of stored energy
in such systems. Such energy could be accumulated in the form of stabilized metal
aggregates or in their metastable complexes with either organic or inorganic ligands.
It seemed to be of interest to use the stored energy for activating low-active molecules,
e.g., carbon dioxide. The choice of carbon dioxide is explained by the fact that
comparatively few reactions occur with its participation. These are the syntheses of urea
and carbonates of sodium and ammonium. To activate CO,, binding it into complexes,
especially with metal nanoparticles at low temperatures, holds a great promise.

Solid samples containing 1 to 3 components, namely, a metal, carbon dioxide, saturated
or unsaturated hydrocarbons and also, in special cases, argon as the diluter, were studied.
In cryoreactions involving carbon dioxide, the following metals were used: lithium,
potassium, sodium, silver, magnesium, calcium, zinc, cadmium, mercury, and samarium.

We were the first to carry out and study the low-temperature reactions of carbon dioxide
with magnesium, calcium, and samarium particles in co-condensates at temperatures
ranging from 4.2 to 293 K 236242243

EPR spectra recorded in co-condensates of lithium and sodium with carbon dioxide
were assigned to the formation of M*CO, complexes. This was additionally confirmed by
analyzing IR spectra, which demonstrated heating-induced changes in the intensity of
sample lines. For alkali metal-carbon dioxide systems, the formation of intermediates,
which included CO, dimers and alkali metal atoms, was proposed.

Studies of the low-temperature interaction between magnesium and carbon dioxide
carried out by IR and EPR spectroscopy techniques have shown that the first stage of this
process is the electron transfer with the formation of anion and dianion radicals. It was
assumed that magnesium—carbon dioxide complexes of various compositions and
magnesium carbonyl were formed in the co-condensates. Apparently, at the instant of
co-condensation, certain other products such as magnesium oxalates and carbonates can also
be formed. Moreover, their formation occurs largely at the very moment of condensation.

The interaction of alkali and alkali-earth elements with carbon dioxide in low-
temperature co-condensates involves the electron transfer and the formation of compounds
of the M"CO; type. Moreover, the ability of a metal atom to give away an electron, which
is determined by its ionization potential, is of great importance. Indeed, there is a
correlation between the functional ability of CO, and the ionization potential of a metal

this reaction, with ionization potentials being 8.49, 9.39, and 10.44 eV, respectively. For
ionization potentials, reference data were used.?"

Apparently, the aforementioned metal activity toward carbon dioxide and its relation
with the ionization potential are not the only factors that determine the reactivity of the
systems under study. There is yet no information on the exact number of metal atoms in
an active particle; however, it is known that ionization potentials of metal particles vary
within groups in the Periodic System, strongly depend on the particle size, and, as a rule,
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decrease with an increase in the cluster size. The trend for a decrease in the ionization
potential with an increase in the mumber of metal atoms was associated with possible
delocalization of the positive charge that appears upon ionization of a cluster containing a
large number of atoms.

Size-induced peculiarities of cryochemical reactions allow one to consider
low-temperature co-condensates as systems that can accumulate and store energy.
Moreover, of special interest as the accumulators of energy are multicomponent systems
containing metal nanoparticles. In this case, along with the energy associated with the
presence of metastable states and defects and the geometric sizes of a sample and particles
involved in the reaction, the energy of conjugated processes should be considered.
The essence of such phenomena may be illustrated by the fact that among two- and three-
component systems with a common reagent, the former system can be relatively stable,
while the latter can have a greater activity.

The interaction of carbon dioxide with ethylene in the presence of magnesium was
studied.?*> Samples were obtained by co-condensation of reagent vapors on a surface cooled
by liquid nitrogen for a reagent ratio Mg/CO,/C,H, = 1:5:50. For a comparison, Mg—CO,
and Mg—C,H, co-condensates with compositions varying from 1:5 to 1:50 were studied.
After the hydrolysis by water vapors, the reaction products were analyzed by
chromatography—mass spectrometry technique. According to IR spectra, the co-condensate
of magnesium with ethylene did not virtually differ from pure ethylene. The EPR spectrum
revealed a signal with a g-factor of 1.9988 =0.0005 and a half-width of 7G. The signal
intensity decreased with the heating of a sample up to 95K and then disappeared.

A co-condensate of magnesium, carbon dioxide, and ethylene was stable at 77 K, and
its EPR spectrum represented a superposition of signals of individual systems. Heating of
a 100-pm-thick film to 100K resulted in an explosion reaction accompanied by flashes.

According to chromatography data, the reaction products comprised at least 10
individual substances. Chromatography—mass spectrometry technique allowed identification
of two compounds with the masses of molecular ions equal to 104 and 132. An
interpretation of the spectra revealed the presence of diethylacetals of formic and
propionic aldehydes. A possible reaction scheme is as follows:

2+

Mg Mg ~————————>Mgz+c Mg H,C
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The formation of compounds of magnesium with ethylene dimer was observed in
low-temperature co-condensates.?*® This reaction could not be realized in films thinner
than 10 um under slow heating conditions owing to the evaporation of ethylene.

At 80K, a reaction was shown to occur in a Li-CO,~C,H, system with the reactant
ratio of 1:20:10. The presence of water traces was beneficial for the reaction. According
to IR spectra, lithium propionate is the possible reaction product.?*’ The substitution of
sodium and potassium for lithium resulted in their reaction with carbon dioxide only. The
authors failed to involve ethylene in this reaction. The reaction did not occur in the
presence of water vapors. IR spectra of ternary co-condensates of carbon dioxide with
samarium and silver, which were recorded after heating up to 293 K, demonstrated weak

absorption of new products, which could not be identified.
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Magnesium, zinc, and tin particles obtained in cryochemical synthesis were employed
for the destruction of carbon tetrachloride in water.2*® The reaction products were analyzed
by chromatography—mass spectrometry, IR spectroscopy, and chromatography. The
activity of cryochemically synthesized metal particles was compared with that of the
particles obtained by different methods. Cryoparticles exhibited the highest activity. It was
assumed that the destruction of CCl, proceeds via the formation of intermediate
compounds of metal insertion into the C—Cl bond, which easily reacted with water.
Compounds CH,Cl, CH,Cl,, and CHCI; also reacted via a similar scheme. The final
products were hydrocarbons. A high activity of zinc cryoparticles was additionally
confirmed by atomic force microscopy.?*

On the one hand, the above examples show that low-temperature co-condensates
accumulate large portions of energy and can sustain conjugated chemical reactions. On the
other hand, these examples suggest that the chemical nature of a metal plays an important
role in the realization of cryochemical reactions. Here, we have a problem of a balance
between activity and selectivity.

4.1.3 Explosive reactions

A phenomenon of fast, virtually explosive cryochemical reactions was studied most
comprehensively by the example of magnesium—alkyl halide systems. For the first time,
this phenomenon was revealed in the course of recording EPR spectra, when a slight
shaking of the reactor resulted in an explosive reaction.””’ Filming of this process has
shown that the reaction takes less than 0.01sec. Further studies with different halogen
derivatives made it evident that the reaction depends on the thickness of magnesium—alkyl
halide co-condensate films.?*252 Table 4.1 shows the results obtained. The process was
initiated by an impact of a needle.

A comprehensive study of co-condensate films formed by magnesium and dichloroethane
allowed the mechanism of fast explosive reactions involving magnesium to be refined.?”
As seen from Figure 4.4, an explosive reaction between magnesium and dichloroethane
occurs at a certain critical thickness L. (4um). The conversion reaches nearly 100%.
The reaction is accompanied by heat liberation, gas evolution, and mechanical destruction of
the film. The critical thickness depends on the reagent ratio and the temperature of a surface
onto which the reactants are condensed. The effect of magnesium content on the average
critical thickness L, at temperatures lower than 80K is illustrated as follows:

Mg content (mol%) 10-20 20-25 25-30 30-50
Critical thickness (mm) 9.5 3.6 2.7 1.5

As seen from these data, a threefold increase in magnesium content results in more than
a sixfold decrease in L. The critical value has a minimum corresponding to the equimolar
magnesium/dichloroethane ratio of 1:1. An increase in the surface temperature narrows the
explosion region. It is significant that the sample was amorphous in the initial state and
crystalline in the final state; moreover, the reaction need not involve the whole film and
could proceed on its part. A certain interaction between the reacting and the nonreacting
parts of a sample was observed, self-propagating waves were formed, and the internal
energy of mechanical stresses initiated the explosion. The probability of a fast reaction
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Table 4.1

The effect of the alkyl halide nature and the thickness of its co-condensate with
magnesium on the cryoexplosive reactions®

System Lower limit (um) Upper limit (pm)
Mg-1,2,-C,H,Cl, 20 90-100
Mg-CH;Cl1 90-110 220-270
Mg-CHsJ 3540 120-140

4The co-condensation rate was 2 X 10'® molecule/sec cm?, the impact force was 5X1074 —5X1073].
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Figure 4.4 Dependence of the critical thickness of co-condensate film of magnesium and
1,2-dichloroethane on the composition and the support temperature: (1) at 80K, (2) at 90 K; I and III
—critical temperatures at 80 and 90 K, respectively; II and IV—Ilimiting temperatures at which no
explosive reactions were observed at 80 and 90K, respectively.

decreases with an increase in the surface temperature, which together with the absence of
preexplosion heat-up allows us to exclude the mechanism of thermal explosion from our
consideration. The explosion is unlikely to occur at slower condensation rates. Explosions
were also not observed at 110K. To describe a phenomenon under consideration, a model
was developed based on an assumption that the condensate film formation generates
mechanical stresses, which in turn cause plastic deformations and cracking as soon as the
film grows to a certain critical thickness. Plastic deformations result in an increase in the
mobility of molecules and in an acceleration of chemical interactions or crystallization.
The processes that occur in low-temperature film condensates can be studied by
calorimetric techniques. An original thin-film differential scanning calorimeter, which
allows studying condensation of reagent vapors on a support with a temperature of
80-300K, has been designed.?* This setup was used for recording calorimetric curves in
condensates of butanol-1 and water. By the example of water condensates, a spontaneous
crystallization of the amorphous water condensate, which occurred upon a condensate film
of a certain thickness, was observed for the first time.2*>?% Amorphous water films of
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approximately 0.5-um thickness were obtained by condensation of water vapors on a
copper plate of the calorimeter under molecular beam conditions at 80K. The
condensation rate varied from 6 X 10" to 5 X 10'%cm™¥sec (0.01 — 1 umol/min). After the
film grew to a certain critical thickness, a spontanecous surge of heat liberation was
observed. Figure 4.5 shows a typical calorimetric curve.

The critical film thickness at the instant of initiation of a fast process was 4 pim. The
liberated heat amounted to 0.2-0.7 kJ/mol and depended on experimental conditions. Such
substantial heat liberation was assumed based on the results on the crystallization of
amorphous water, which was observed upon the formation of a film thinner than the
critical value in the temperature range 163-167K. The crystallization heat was

As mentioned above, upon reaching the critical thickness, the fast, explosive reactions
can be initiated by mechanical stresses that arise during the formation of a sample. A water
condensate was studied in a cryotensometric setup,?®! which provided conditions of
sample formation comparable with those in a calorimetric setup. After the film reached a
certain critical thickness, the stresses were abruptly relieved from 11 to 1 mPa and the
formation of a visible net of cracks was observed.

On the basis of the results obtained, we can infer that upon the attainment of a critical
thickness internal mechanical stresses initiate film destruction and crystallization of a
sample. It is reasonable to assume that, being interrelated via a positive feedback,
the destruction and crystallization processes cause an autowave process of avalanche
crystallization in the amorphous film. A more detailed study allowed the authors to relate
the observed size effect with fast heat liberation, generation of cracks, and a sharp decrease
in the internal mechanical stresses.
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Figure 4.5 Dependence of the power of heat effects on time during the formation of water
condensate (fast reaction domain, condensation rate, 0.9 um/min; substrate temperature, 80K;
critical thickness, 4 pm).
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The film destruction and the chemical reactions or the crystallization processes are
interrelated by a positive feedback and generate autowave explosive chemical
reactions or crystallization processes during the formation of co-condensate films. The
same peculiarities as those observed above for the magnesium—dichloroethane system
were also revealed for reactions of acetyl chloride with diethylamine and
cyclopentadiene with TiCL, and also for polymerization reactions initiated by
magnesium vapors.?372% A more sophisticated model of cryoexplosive reactions was
developed,? and the dependence of the reactions on the conditions of sample
formation was examined.?®®2%® The observed extreme dependences on the
condensation rate were explained on the basis of a kinetic model that which took into
account the nucleation processes during crystallization. Figure 4.6 illustrates the effect
of mechanical energy on the processes occurring in growing films at low
temperatures.?>26! It should be stressed that explosive processes can involve only a
part of a film and repeat if the film formation continues after the explosion.

An explosive reaction can be initiated by an external impact, either thermal or
mechanical, or arise spontaneously after the end of film formation or during its exposure
under isothermal conditions.

Conditions of film formation determine the critical thickness at which explosive
processes are observed. As already mentioned above, an increase in the support
temperature and a decrease in the co-condensation rate inhibit spontaneous explosive
processes. Hence, low-temperature processes associated with the formation of
structures and their changes in co-condensates and also with the size of formed particles
play the decisive role as regards concrete chemical mechanisms. The processes that
occur in films at their formation can be initiated by cracking upon reaching an ultimate
strength. Thus, in low-temperature reactions, physical and chemical processes are
deeply intertwined.
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Figure 4.6 Generation of mechanical energy in a growing co-condensate and the processes
accompanying this phenomenon.
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4.2 SILVER AND OTHER METALS

Low-temperature co-condensation under kinetic control can involve the formation of
metastable porous crystals, which are capable of incorporating other substances of certain
sizes and shapes. Realization of chemical reactions in such systems opens up a possibility of
controlling the reactivity under conditions of structural ordering. Thus modifying the structure
of succinic anhydride during low-temperature co-condensation changed its selectivity in the
reaction with 1,2-diaminopropane.?®! A similar approach was applied for synthesizing metal-
containing polymers. By the low-temperature condensation of acrylamine—potassium
systems, a polymer with polymeric chains packed in layers (interlayer distance 11.2A) was
obtained.?? The polymer exhibited a sorption ability toward alcohols.

4.2.1 Stabilization by polymers

Synthesis of materials, which either consist of metal nanoparticles or incorporate them in
their compositions, is impeded by the high activity of these particles. Recently, a new
method for stabilization of nanosize metal particles was proposed.?®*-26° Essentially, the
method consists in using monomers, which can be polymerized at low temperatures. Thus,
polymeric films containing aggregates of metal atoms were formed when metal particles
with vapors of p-xylylene obtained by pyrolysis of di-p-xylylene, were co-condensed on a
cooled surface and then heated up to 110-130K or were illuminated with mercury-lamp
light at 80 K. The polymerization process proceeded via the following scheme:

] e 2CH2=<:>=CH2 «—>

e 2(5H24@—C'H2 ——
—> éHr@CHrCH@*éHz —

ﬂ—CH;@CHTCH;@CHZH]
n

Poly-p-xylylene (PPX)

A polymer can incorporate and stabilize metal clusters. Films of poly-p-xylylene with
incorporated metal particles could be withdrawn from the reaction vessel for further
studies. Samples were studied using the electron microscopy techniques. Figure 4.7 shows
one of the images obtained for lead clusters. As seen, the particles are globular.

A histogram in Figure 4.8 demonstrates that the particle size is distributed over the range
2-8nm. Their average diameter was estimated to be 5.5nm. Table 4.2 shows
the synthetic conditions for poly-p-xylylene films and the average diameter of the particles.
The tabulated data allow one to conclude that a rather wide variation of the lead content in
a sample has virtually no effect on the average size of the particles. Along with lead, the
nanosize particles of Zn, Cd, Ag, Mg, and Mn were stabilized in poly-p-xylylene films.
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Figure 4.7 Electron microphotography of lead particles in poly-p-xylylene film.
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Figure 4.8 Size distribution of polymeric-film-isolated lead particles.

IR spectroscopy provides information on stabilization of globular particles of
different metals in polymeric films. It was found that Zn, Pb, and Ag induce no
noticeable changes in IR spectra of systems monomer—metal and polymer—metal. This
points to the absence of strong interactions, e.g., those resulting in the formation of
organometallic compounds (OMC).
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Table 4.2

Synthetic conditions for films and the average size of lead particles

Pb, 7}, (°C) p-xylylene, UV irradiation Lead content Average diameter
Thyrotysis (°C) (mass%) of particles (nm)
742 495 6.5 52
600 600 - 0.5 34
625 630 0.1 6.9
625 630 + 0.1 7.4
735 605 - 1.9 55
735 605 + 1.9 6.7
Table 4.3

Absorption bands in co-condensates of metals with poly-p-xylylene (PPX) at 80300 K?%¢

Metal Absorption bands (cm™!) Temperature (K) Assumed assignment to a complex

Zn 855 80 n-complex of —CH, group with Zn
1900 (ampl.) 120-300 m-complex of Zn with PPX

Cd 855 80 m-complex of =CH, group with Cd
1900 (ampl.) 120-300 m-complex of Cd with PPX

Pb 865 80 m-complex of =CH, group with Pb
1900 (ampl.) 120-300 m-complex of Pb with PPX

Ag 860 80 7m-complex of =CH, group with Ag
1900 (ampl.) 120-300 7m-complex of Ag with PPX
1790 (ampl.) 120-300 nm-complex of Ag with PPX

Mg 1500 80 CTC of Mg with PPX
1483 80-300 m-complex of Mg with PPX
1210 80-300 n-complex of Mg with PPX
740 140-300 o-complex of Mg with PPX
720 140-300 o-complex of Mg with PPX

Mn 1592 80-300 Stable n-complex manganese—
1578 80-300 monomer

A quite different situation is observed for magnesium. Magnesium—p-xylylene
co-condensates revealed the formation of new bands at 1210 and 1483 cm ™!, which are probably
associated with the electron transfer from magnesium to benzene rings in a magnesium-p-
xylylene complex. Heating resulted in the appearance of new bands at 720 and 740 cm ™!, which
indicated the transformation of a low-temperature 7z-complex to a g-complex. Table 4.3 shows
the results of IR studies of joint condensates formed by metals and p-xylylene.?®

Individual poly-p-xylylene films are good insulators. The introduction of 10 mass% lead
did not affect their high insulation properties, and the film had a specific resistance of
10 Q/cm?. The crystalline and metallic nature of particles incorporated into a poly-p-
xylylene film was also detected by X-ray diffraction methods. The fact that such particles
as ZnS and PbS could be incorporated into poly-xylylene films is also of certain interest. 2

Along with incorporation of nanosize metal particles into poly-p-xylylene films,
synthetic methods were developed for incorporating cryochemical particles into
polyacrylamide gels. Moreover, in situ syntheses of silver nanoparticles in cross-linked
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polyacrylamide gels and inverse micelles based on sodium isooctylsulfosuccinate (AOT)
were carried out. The potentialities of the various methods used for the formation of metal
nanoparticles were compared.?®® Studies of the reactivity of metal nanoparticles have shown
that the solvent nature and, in particular, its polarity are of great importance. A method for
the synthesis of organic dispersions from metal clusters, which involves joint condensation
of vapors of an organic solvent and a metal in vacuum on a support cooled to a low
temperature, followed by resolvation of metal particles, was proposed.?’

Polymers with incorporated metal nanoparticles open up possibilities for synthesizing
new materials. For instance, poly-p-xylylene films containing silver particles (1.5 mass%)
exhibited catalytic activity in a model reaction of methanol oxidation. High sensitivity of
lead-containing films to ammonium was observed. Such films were proposed for use as
new ammonium sensors having a response enhanced by 4-5 orders of magnitude.?6%26°
Figure 4.9 shows the results of AFM studies of poly-p-xylylene films with deposited lead
particles. Such films can be used as sensors for wet ammonium.?”

i

1
a0y

3EE

Figure 4.9 Lead nanoparticles on the surface of poly-p-xylylene film, synthesized by condensation.
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The use of monomers of the acryl series for stabilizing nanoparticles of various metals,
particularly silver, was studied in detail. The results are summarized in Table 4.4.

A setup, which allows one to obtain bimetallic cryoorganic dispersions by low-temperature
vacuum condensation of vapors of two different metals and an organic substance, was
developed. A synthesis of bimetallic nanoparticles in the silver-lead—methylacrylate (MA)
system was studied most thoroughly.?”!

In line with the elaborated systematic approach to studying bimetallic nanoparticles,
the detailed studies of individual metals were also carried out. The choice of a silver—
lead—methylacrylate system was based on the preliminary studies of the properties of
Ag-MA and Pb—MA pairs, particularly their stability. The choice of the silver—lead system
was also supported by quantum-chemical estimates of properties of mixed bimetallic
nanoparticles.?”

Bimetallic cryoorganodispersions were obtained using two independent evaporators
mounted in a semicommercial glass reactor (Figure 2.7).

The metal content in organosols was determined using atomic emission spectrometry
with induction-confined plasma and also by analyzing X-ray fluorescence spectra.

Red-brown organosols Ag—Pb—MA formed during slow (~1h) heating of low-temperature
co-condensates retained stability in argon atmosphere for several days. A Pb-MA system,
which was studied in parallel, behaved in a similar way. Methylacrylate, which was evaporated
during the cryosynthesis, could be quantitatively removed from the resulting Pb—-MA and

Table 4.4

Low-temperature co-condensation of vapors of metals and the monomers of the acryl series

Co-condensation Products Polymer yield

components

Acrylic acid (AA) AA 0%

Ag—AA Ag, —poly-AA (solid film+AA) =30-50% (co-condensation)

= 5--10% (layered

condensation)

Mn—AA Mn, —poly-AA (solid film+AA) >50%

Methylmethacrylate (MA) MA 0%

Ag—MA Ag,—(MA-+poly-MA) sol 1-3%

Particle size: 10--15nm Ag,—poly-MA Slow polymerization in Ar
atmosphere

Mn—MA Mn,, —poly-MA Slow polymerization in Ar
atmosphere

Sm—MA Sm,,—poly-MA (solid film) 50%

Sn—MA Sn,, —poly-MA (solid film) 50%

Pb—-MA Pb,—MA (suspension) 0%

Particle size: 5nm

Bimetallic systems
(Pb-Ag)—MA (Pb,,—Ag,)—MA (sol) 0%

Particle size: 5nm

(Pb,—Ag,)—poly-MA

Slow polymerization in Ar
atmosphere

Slow polymerization in Ar
atmosphere
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Ag-Pb-MA organosols, which points to the absence of polymerization under experimental
conditions. Thus lead, in contrast to silver, does not initiate MA polymerization. Moreover,
the behavior of the bimetallic system with respect to methylacrylate polymerization
resembled the behavior of a Pb—-MA system, rather than of Ag—-MA systems studied earlier.
From our viewpoint, such a behavior is associated either with some nonadditive changes
in nanoparticle properties during the transition from binary Pb—-MA and Ag-MA systems
to ternary Ag—Pb—MA systems or with the inhibition of silver-induced polymerization of
MA with lead atoms.

Methylacrylate is apparently a less-effective stabilizer of nanoparticles as compared
with polymethylacrylate, which forms on their surface a polymeric coating that prevents
their aggregation. Hence, lead nanoparticles and bimetallic Ag—Pb particles form
aggregates in organosols, which is evident from their electron microscopic images. In both
cases, the particle size did not exceed 5 nm, i.e., turned out to be smaller than the diameter
of silver nanoparticles (7-15 nm) formed under similar conditions.

Interesting information follows from the absorption spectra of cryochemically
synthesized organosols. The spectrum of Pb—-MA organosols was characterized by the
presence of the absorption band of lead plasmon with the maximum at ~220 nm. Oxidation
of lead particles with air oxygen was accompanied by a fast decrease in organosol
absorption in the visible region and by the appearance of opalescence. The absorption band
of silver plasmon in an Ag—-MA organosol had a maximum in the 416420 nm range. In the
Ag—Pb-MA organosol spectrum measured under argon atmosphere, this band was shifted
to the red region (A .= 438 nm). Letting air into the system was accompanied by further
shift of 4, to 453 nm. During the next 1-1.5 h, 4, gradually approached 466 nm, while
the band intensity somewhat faded probably because of oxidation of lead contained in
bimetallic particles. The interpretation of optical absorption spectra of colloidal
dispersions of metal particles poses a multifactor problem. At the same time, the electron
microscopy results allowed the aggregation of nanoparticles to be considered as the main
reason for the red shift (416-420 — 438 nm) observed in an inert atmosphere. Lead
oxidation by air oxygen can affect the stability of bimetallic particles. In this case, the
observed long-wavelength shifts (438 — 453 and 453 — 465 nm) point to the evolution of
aggregation processes and, probably, certain lead-oxidation-induced changes in the
electronic state of bimetallic particles. Further studies would make it possible to elucidate
how the composition of bimetallic particles and the structure and properties of the organic-
ligand surface layer affect the optical and chemical properties of cryochemically
synthesized nanoparticles and their organosols.

The conductivity of certain films containing two metals was studied.?’*27
Direct-current measurements were carried out in the range 107!'-1077 A by heating film
samples from 80K to room temperature. A system of co-condensates of silver and
samarium vapors on poly-p-xylylene was studied most extensively. The results obtained
were compared with the data on individual metals. The temperature dependence of
conductivity of films containing two metals represented a superposition of corresponding
dependences obtained for films containing individual metals. As in the case of individual
samarium films, the exposure of a sample at 100K followed by heating to 250K resulted
in an abrupt loss of conductivity for a system containing both silver and samarium. The
further increase in the temperature entailed a conductivity rise by two orders of magnitude,
so that the further temperature dependence resembled that of a film containing silver only.
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A system of silver—lead on poly-p-xylylene was studied in more detail. According to
electron microscopy data, heating of a film containing only lead resulted in the formation
of globular nanoparticles, which induced a decrease in the film conductivity. In contrast,
heating of silver-containing systems induced an increase in conductivity. In our opinion,
this fact is inconsistent with both the temperature dependence of conductivity of compact
silver and the possibility of a heating-induced rupture of the islet silver film owing to the
higher temperature expansion coefficient of the polymeric sublayer. It can be assumed that
the islet silver films form network or filamentary structures, which favors the increase in
conductivity. In bimetallic systems, a second-metal effect, which consisted in limiting the
temperature-induced increase in the film conductivity, was observed.

To elucidate whether the donor—acceptor interactions affect the conductivity of a metal
in poly-p-xylylene, a series of experiments with naphthalene were carried out. The effect
of naphthalene on the conductivity of islet films formed by sodium and silver was studied.
As compared with films formed on both p-xylylene monomer and poly-p-xylylene, the
conductivity of a metal layer on a napthalene-covered polymer underwent no changes at
100-300 K. When islet films formed by sodium and silver on naphthalene supports were
used in place of poly-p-xylylene supports, the time and temperature dependences of
conductivity were similar to those of films formed on poly-p-xylylene without naphthalene.
Apparently, even if any charge—transfer complexes (CTC) with naphthalene were formed,
they had no effect on the conductivity.

Dependences of conductivity on time and temperature were obtained in bimetallic
systems of sodium-silver on poly-p-xylylene and sodium-lead on poly-p-xylydene.
Preliminary studies were carried out with systems based on individual metals. “Overall”
curves represented a superposition of curves for individual metals. Thus, the behavior of
a sodium-silver system combined a sharp decrease in conductivity observed upon the
completion of film deposition, which was typical of individual sodium on poly-p-xylylene,
and a conductivity rise as a result of film heating above 250 K, which was typical of silver
islet films. In a bimetallic Na—Ag system, the conductivity decreased more smoothly as
compared with individual sodium, and its increase started at higher temperatures as
compared with individual silver.

In the sodium-lead system, an abrupt drop in conductivity observed upon the
completion of metal deposition, which is typical of sodium islet films, was followed by a
smoother decrease, in contrast to islet films of individual lead, in which steady-state
conductivity values were established only after the film was exposed to 100 K. Probably,
the additivity of conductivity values observed by the example of Na—Ag and Na-Pb films
may be attributed to the presence of a system of separate islets based on individual metals
in a bimetallic system.

From our viewpoint, the conductivity measurements can be used as a control test,
which would allow one to elucidate the state of a system containing nanoparticles of one
or two metals as well as the changes in its state induced by various chemicals.

Properties of polymer-stabilized silver nanoparticles were studied by visible and
UV spectroscopy and by dynamic light scattering techniques.?’® Joint condensation of
vapors of silver and 2-dimethylaminoethylmethacrylate was realized in vacuum on the
walls of a glass vessel cooled by liquid nitrogen. As evidenced by electron microscopy,
heating to room temperature produced polymer-stabilized silver nanoparticles measuring
5-12 nm. Dynamic light scattering studies have shown that the size distribution of silver
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particles is bimodal. Such a distribution is probably associated with the simultaneous
existence of individual silver particles and their aggregates. The dependence of the radius
of solvated particles on the solvent nature was studied. Of three solvents, namely, water,
acetone, and toluene, the smallest silver particles were observed in acetone.
Cryochemically formed silver particles were also stabilized in isopropanol, acetone,
acetonitrile, and toluene.”’

Considering the example of a silver-lead—2-dimethylaminoethylmethacrylate system,
the effects of metals on one another were studied. Mono- and bimetallic particles in this
system were synthesized by joint low-temperature condensation of vapors of components
on a vacuum-reactor surface cooled to 77 K. Composition of co-condensates was varied by
regulating the power of independent resistive evaporators of metals. By using optical
spectroscopy techniques, the compositions of co-condensates containing different relative
amounts of silver and lead and the processes, which occurred in both inert argon
atmosphere and in the presence of air oxygen, were studied. It was shown that with an
increase in the lead content, the absorption band of silver nanopartiles observed at 400 nm
in the spectra of organodispersions (co-condensate melts) shifted in the short-wavelength
direction. Simultaneously, the absorption in the UV range, which is typical of lead
nanoparticles, increased. The results obtained make it possible to assume that the increase
in the co-condensate temperature and its fusion induce the formation of bimetallic
nanoparticles with uniformly distributed metals.

It was found that in the course of a low-temperature synthesis, 1-2% of
2-dimethylaminoethylmethacrylate is polymerized. The polymer formed stabilizes the
organodispersion formed during fusion of co-condensates. In the absence of lead, a part of
silver was oxidized in air in the course of polymerization of a sample and its storage in air.
The presence of an oxidized silver form, probably its cations, was confirmed by the increase
in the absorption intensity of silver nanoparticles upon the addition of a reducer, namely,
hydroquinone to the melts and also by much greater resistance of organodispersions stored
in argon atmosphere toward oxidation. Lead has a higher reduction potential as compared
with silver. The presence of lead or some other reducing agent, e.g., hydroquinone in the
co-condensate, prevents silver from oxidation. The introduction of silver nitrate into
organodispersions containing either lead or lead with silver increased the absorption at
400 nm. From our viewpoint, this suggests that the volume fraction of silver nanoparticles
increased when silver cations were reduced with metal lead.

The results obtained point to nonadditivity of properties of bimetallic nanoparticles
formed by the cryochemical method. By the example of the silver-lead system, it was
shown that the resistance of one of the components (silver) toward oxidation can be
enhanced by varying the nanoparticle composition, i.e., by adding a more active metal
(lead). By extending the conclusions drawn based on the results for silver—lead
organodispersions to other bimetallic systems, we can extend the possibilities of
controlling the stability and reactivity of dispersions involving nanoparticles of two
metals.

The behavior of systems containing metal nanoparticles, which were synthesized by the
cryochemical method, strongly depends on the low-temperature states and properties of
compounds used either for stabilizing nanoparticles or for studying their chemical
reactions. Detailed information on the phase composition of individual compounds that
interact with metal nanoparticles at low temperatures can be obtained by using a newly
developed low-temperature differential scanning calorimeter.?332%
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The measurements of conductivity of highly active systems containing different metals
and alkyl halides were modernized with the aim of enhancing their sensitivity. Comb-shaped
supports with gaps between electrodes of 50 X 0.5 mm were fabricated from glass textolite
sheets of 0.2 mm thickness, which allowed the sensitivity of measurements to be enhanced
by a factor of 25 when using the same equipment. To eliminate the surface effects, the
interelectrode gaps were filled with insulating varnish and then polished together with the
conductive coating. By using a unit with enhanced sensitivity, the conductivity variations
in low-temperature condensates were measured in operando, i.e., in the course of chemical
processes. The results obtained in metals—alkyl halides systems, where metals were
represented by magnesium and calcium and alkyl halides—by butyl chloride, butyl
bromide, and butyl iodide—suggest that correlations can be drawn between conductivity
variations, the metal activity, and the mechanism of cryochemical reactions involving
metal particles of different sizes.

4.2.2 Stabilization by mesogenes

Owing to its properties, the mesomorphic or liquid-crystal state of matter occupies an
intermediate place between solid crystalline and isotropic liquid states. Liquid crystals or
mesogenes are mobile as liquids and, at the same time, resemble crystals because they
retain a long-range order as regards orientation and, in some cases, a translation. Studying
chemical transformations in liquid crystals extends the possibilities of controlling the
selectivity and the rates of chemical reactions.?”® Specific features of reactions in liquid
crystals and, particularly, at low temperatures were considered by several authors.?’*8! Qur
analysis of the peculiarities in the structure and properties of mesogenic compounds, which
were discussed in these studies, have led to an assumption that liquid crystals can be used
for stabilizing nanosize particles of metals and, probably, for controlling their shapes.

Cyanobiphenyl (CB) films with silver particles were prepared by joint condensation of
vapors of components on cooled surfaces of spectroscopic cryostats in vacuum.?8283 In a
number of cases, to improve the resolution of the spectra, co-condensation was carried
out in the presence of excessive inert component, e.g., a saturated hydrocarbon—decane.
Condensation rates of evaporated components were varied in the range 10'%-10'
molecules (sec/cm?), and the film thickness was 2-100 um. The metal-to-CB ratio was
determined by special calibration of evaporation cells and varied in the range 1:1 to
1:100. The chemical analysis of obtained samples was carried out by an extraction-
photometric detection of silver in its complex with dithizone. Ternary systems were
prepared by joint condensation of vapors of silver and cyanobiphenyl with a 100-1000-fold
molar excess of decane.

Co-condensates Ag—CB were studied by IR, UV, optical, and EPR spectroscopies in a
temperature range 80-350K. The size of silver particles was determined by transmission
electron microscopy at room temperature. The peculiarities of the observed spectra were
compared with the results of quantum-chemical simulation of equilibrium structures and
theoretical spectra. For the analysis, packs of programs GAMESS and ALCHEMY were used.

Spectroscopic studies of film co-condensates with a component ratio from 1:1 to 1:100
at 90K and also of Ag—5CB—decane samples have revealed the presence of low-temperature
metastable complexes, which were formed owing to the interaction of silver atoms with the
n-electron system of cyanobiphenyl molecules. IR spectra of Ag—5CB co-condensates
(5CB is 4-phenyl-4’-cyanobiphenyl) in the range of valence vibrations of CN groups
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revealed two new bands at 2080 and 2030cm ™!, as compared with a film of 5CB ligand
(2230cm ) containing no silver.8? Thus, CN-group bands shifted by —150 and 200 cm ™!
as compared with the SCB spectrum. The observed decrease in the valence vibration
frequency of the C=N bond points to the formation of a s-complex of silver and
cyanobiphenyl. Indeed, the transfer of the electronic density from a binding orbital and the
partial occupation of an antibinding orbital of the ligand should loosen the multiple bonds
in the complex, i.e., reduce the vibrational frequency of the corresponding bond. A shift by
100-200cm™! to lower frequencies was observed for the formation of 7z-complexes of
certain transition metals with unsaturated molecules.?® Co-condensates Ag-5CB and
Ag-5CB-C,,H,, also demonstrated a new band in the region of 650-660c¢m !, which was
assigned to metal-ligand vibrations in the Ag-5CB s-complex. Similar results were
obtained for silver co-condensates with different cyanobiphenyls. The fact that the intensities
of IR spectrum bands corresponding to a z-complex varied in line with the
co-condensate temperature variations allowed assigning the band to one and the same
complex. The Ag-5CB complex was stable at low temperatures and decomposed at
200-300K to give the starting compound and silver clusters. An IR spectrum of Ag-5CB
co-condensate at room temperature resembled that of a film of individual condensate of
5CB molecules. The results obtained agreed with the low thermal stability of complexes
of zero-valence metals with unsaturated compounds. The formation of z-complexes in the
system under study was confirmed by the results of quantum-chemical calculations carried
out for 4-pentyl-4’-cyanobiphenyl by the example of its fragment PhCN .25
Physicochemical evolution of metal-containing atomic—molecular systems of silver
co-condensates with mesogenic cyanobiphenyl SCB was studied in a temperature range
80-300K using the EPR method. As clearly seen from Figure 4.10, the co-condensate
spectra measured at 80 K demonstrated signals with well-resolved hyperfine interactions
(HFI) on metal atoms. This indicated the formation of complexes of silver atoms with
mesogenic ligands under conditions of low-temperature co-condensation. Parameters of
doublet signals in co-condensates of silver with SCB and 4-pentyl-4'-cyanophenylpyridine
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Figure 4.10 EPR spectrum in the system silver—4-pentyl-4'-cyanobiphenyl: (a, b) hyperfine
interaction on metal atoms, and (c) absorption of silver clusters.
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(5Py), which were estimated by simulation of spectra, are typical of the formation of

made it possible to assess the unpaired electron density on the s orbital of the metal: p, = 0.89
(Ag—5CB). The central signal “C” in the region of free-electron g-factor was associated with
the absorption from the totality of silver clusters stabilized in the 4-pentyl-4’-cyanobiphenyl
(5CB) matrix. Such signals were observed for concentrated samples of silver co-condensates
with inert gases and hydrocarbons. They were assigned to spin-resonance signals of
conduction electrons in metallic nanoclusters.?®® An average silver cluster in a co-condensate

from an experimental spectrum of the sample. With an increase in the temperature in the
range 80-150K, the relative intensity of doublet components in the spectrum decreased,
while the intensity of the central component increased, which indicated the thermal
decomposition of the complex and the growth of silver nanoclusters.

EPR spectra of copper co-condensates with 4-pentyl-4’-cyanobiphenyl were
measured.?®”?® The spectra demonstrated a strong anisotropic quartet signal. As in the
A-5CB system, heating resulted in decomposition of the complex, aggregation of atoms,
and formation of copper nanoparticles.

A possibility of photo-induced formation of silver nanoclusters in the temperature
interval 80-90K at UV irradiation of low-temperature samples was demonstrated.
Furthermore, heating above 200K resulted in a very fast decrease in the central line
intensity and induced a very broad background absorption, which can be attributed to the
appearance of larger silver nanoparticles and their aggregates. As compared with the
spectra measured in the absence of the metal, the optical spectra of Ag-5CB co-
condensates at 90K revealed a structured absorption band with a maximum at 360 nm,
which corresponded to pale yellow co-condensate films.?%* A quantum-chemical
simulation of the excited states for a complex of the proposed structure showed the
presence of several intense charge—transfer transitions of metal-ligand and ligand—ligand
kinds in this region.?® It should be mentioned that in the range 390-420 nm the absorption
of small silver clusters can also be present. The structured band disappeared upon heating
the co-condensate film to 200-300K.2* Thus, the heating of a sample up to room
temperature initiated thermal degradation of the complex and aggregation of liberated
silver atoms. A wide band with a maximum at 440nm, which appeared at these
temperatures, was attributed to the absorption of surface plasmons of nanosize silver
particles'> formed as a result of silver aggregation during decomposition of complexes.
Instantaneous heating of a sample to 300K transferred the sample to the nematic
mesophase state, which manifested itself in an increase in the plasmon resonance
absorption in the long-wavelength region of UV spectra and can be associated with both
coarsening of silver particles as a result of further aggregation and the formation of
nonspherical, anisotropic metal particles in the orientation-ordered matrix.

Thus, the samples obtained by low-temperature co-condensation of vapors of metal
silver and cyanobiphenyl and then heated to room temperature represented a
nanocomposite material, which consisted of silver nanoparticles stabilized in a
cyanobiphenyl matrix.?®! The nematic properties of the material were retained.
Thermograms of obtained samples and individual 5CB were identical. Their textures
corresponded to the nematic phase.
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Low-temperature layer-by-layer co-condensation of vapors of silver, 5CB, and
p-xylylene monomer followed by heating of the obtained film sample resulted in
encapsulation of the metal-mesogen system into a polymeric film. Electron microscopic
studies of film samples, which were prepared by the encapsulation of a silver-containing
4-pentyl-4’-cyanobiphenyl sample into poly-p-xylylene under conditions of vacuum
co-condensation of reactants, revealed the existence of two kinds of metal particles
stabilized in the mesogenic matrix at room temperature.?”? These were globular silver
particles with diameters of 15-30nm and anisotropic rod-like metal-mesogen particles
longer than 200 nm, which were stabilized in a cyanobiphenyl matrix. UV—visible spectra
of Ag and 5CB films formed in poly-p-xylylene demonstrated a wide absorption band at
440-600nm at room temperature. An increase in the metal-ligand ratio in the sample
resulted in the preferential growth of rod-like silver particles.?!

Thus, in silver-containing films of mesogenic cyanobiphenyls obtained by low-
temperature condensation of vapors of components under molecular beam conditions,
metastable 7 complexes of metal atoms with cyanobiphenyl dimers were formed. The
formation of metastable 7-complexes in the temperature interval of 90-200K was
confirmed by the results of IR, UV, and EPR spectroscopic studies in combination with the
quantum-chemical simulations of the “silver—cyanophenyl” model system. With an
increase in the temperature, thermally unstable complexes decomposed and silver atoms
aggregated within an anisotropic liquid-crystal matrix to give nanoclusters and aggregates
of silver nanoparticles. Heat- and photo-induced degradation of complexes in the
temperature range 90-200K induced the formation of nanosize silver particles and their
further aggregation within an anisotropic matrix. Such systems are promising for catalytic
applications and can exhibit valuable electrooptical properties.

Yet another approach to studying stabilization and reactivity of metal atoms, clusters, and
nanoparticles was developed in our studies. This approach is based on an idea of
“interception” of active particles by “third” molecules. Low-temperature interactions of
atoms and small clusters give rise to the formation and stabilization of either molecular
complexes or ligand-surrounded metal particles of various sizes. With further heating, such
formations are stabilized by low temperatures and decompose with liberation of active metal
particles, which, in turn, enter into reactions with other compounds. These compounds may
either be present in the initial system or should be specially introduced during the heating.
For such an approach to be realized, information on thermodynamic and kinetic peculiarities
of the systems that involve metal particles and a stabilizing ligand should be gained.

Competitive interactions in ternary co-condensates prepared according to the principle
“single metal—two organic reagents” were studied. By the example of a system silver—4-alkyl-
4’ -cyanobiphenyl—carbon tetrachloride, a possibility of using labile complexes the thermal
decomposition of which produces highly active particles, was considered. The introduction of
an electron—acceptor ligand into the system was realized for co-condensation of silver and 4-
alkyl-4-cyanobiphenyl (5CB) with carbon tetrachloride. As shown earlier, the interaction of
Mg with CCl, at low temperatures involves synthesis of a Grignard reagent, detachment of one
or two chlorine atoms, and formation of C,Cl, and C,Cl, among the products. IR spectra of the
Ag-5CB-CC(l, system showed the absence of any products similar to those obtained in the
reaction of Mg with CCl,. At co-condensation of Ag, 5CB, and CCl,, carbon tetrachloride took
part in the formation of more stable complexes, which did not decompose throughout the
temperature interval of the matrix existence. IR spectra measured at 90K in the range of

valence vibrations of CN groups revealed a new band with a maximum at 2264 cm ™.
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The band shift with respect to valence vibrations of CN groups in individual
cyanobiphenyl was +37c¢m™!. From our opinion, this points to the formation of a
o-complex, which is stable throughout the interval of matrix existence. The introduction
to the Ag—5CB system of benzene or decane as the third component induced no changes
in the metal-ligand interaction and entailed strengthening of the metal bonding, owing to
the increase in the total solid-state mobility of molecules.

4.3 REACTIONS OF RARE-EARTH ELEMENTS

Nanochemistry of lanthanides or rare-earth elements (REE) has been insufficiently
studied. In this section, we combined few literature data available and our own results.
Lanthanides are multielectron systems, and their quantum-chemical consideration poses
many problems, which complicates the comparison of calculations and experimental
results. Our initial studies of low-temperature condensates including those of lanthanides
date back to the early 1980s.2%

At present, REE are actively studied. This is associated with at least two reasons. First,
among the elements in the Periodic Table, REE are the least known and, second, their
atoms, clusters, and relevant materials exhibit unique optical, magnetic, and catalytic
properties. Vapors of REE such as Yb, Sm, and Eu when co-condensed with alkenes favor
the insertion of a metal atom into the C-H bond, the rupture of the C-C bond,
oligomerization and dehydrogenation of C,H,, C;H¢, and cyclopropane. However,
attempts to extract individual OMC have failed.?**?%

Relatively recently, cryochemical methods have allowed zero-valence OMC of
lanthanum, ytterbium, and gadolinium with 1,3,5-tritretbutylbenzene to be obtained for the
first time.?*® Their yield approached 50%, and stability was retained up to 100°C. The
compounds had a sandwich structure. For gadolinium, the structure was established based
on XRD data.?”’ Stable compounds were synthesized with Nd, Tb, Ho; labile compounds
were prepared with La, Pr, and Sm.?%

It was assumed that a metal atom should have an easily accessible d%! state. The
instability can be due to a great covalent radius of a corresponding metal. The studies of
magnetic properties of complexes confirmed the assumption drawn and a scheme, in
which only three of the valence electrons of a lanthanide take part in binding benzene
rings, while the other electrons remain in the f~shell.

In the Periodic Table, lanthanides are placed in a separate group because of their
specific electronic configuration 4f"6s. In contrast to the d orbital, the population of a
transition-metal 4f orbital usually has no effect on the chemical properties owing to the
small size of this orbital and its strong screening by occupied 5s and 5p orbitals. All
lanthanides readily form positive oxidation states. An oxidation degree +3 is typical for
most members of this series, although Sm and Eu, for instance, can have an oxidation
degree 2. For samarium nanoparticles, it was found that clusters containing less than 13
atoms have a valence 2, while for particles containing more than 13 atoms the valence
state 3 predominates.?®

When carrying out chemical reactions involving metal atoms or their clusters, it is of
interest to compare their feasibility with similar reactions involving compact metals.

In low-temperature co-condensates formed by vapors of metals and different ligands,
the high chemical activity of metal particles is combined with the high selectivity of the
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process and its dependence on the temperature. The totality of the mentioned factors
allows realization of processes that never occurred with compact metals in the liquid phase
at room temperature.

By studying reactions of lithium, sodium, magnesium, samarium, and ytterbium with
acetone, it was shown that under cryosynthetic conditions clusters of lithium and sodium
tend to form pinaconates, whereas compact metals form enolates.

Under conditions of cryosynthesis, samarium, and ytterbium particles form
pinaconates, whereas corresponding compact metals do not react with acetone at room
temperature. Magnesium, which has the highest first-ionization potential, forms enolate at
low temperatures and pinaconate at room temperature. Reactions of metals with acetone
and their possible mechanisms were considered.??*®

In addition to reactions with acetone, reactions with acetylacetone were also considered
for samarium and ytterbium.?*® Co-condensation of samarium or ytterbium on a surface at
80K for a metal-to-ligand ratio equal to 1:(20-500) produced light-brown films. These
films lost their color when heated to 130-135 K, which was accompanied by the formation
of samarium tris-acetylacetonate as an adduct with one acetylacetone molecule.

HaC
—0
Sm + 4 CHg-C(O)-CHy-C(O)-CHg——> C SMCHg-C(0)-CHy-C(0)-CHs + 3/2H,
(0]
HAC
8 3

The composition of this product was found by its elemental analysis and from the IR
spectrum. As compared with the liquid-phase synthesis involving compact samarium, the
cryochemical method made it possible to obtain anhydrous sublimated acetylacetone. The
sublimated product yield depended on the molar ratio of the reagents in the co-condensate.

An attempt to enhance the volatility of samarium acetylacetonate by carrying out its
reaction with fluorine derivatives failed. In co-condensates of samarium and
hexafluoroacetylacetone with a molar ratio of 1:50, a spontaneous explosive reaction
accompanied by a bright flash was observed when a certain film thickness was reached.
Analysis of IR spectra made it possible to conclude that concurrent reactions occur at two
centers, namely, C—O and C-F bonds, which points to the high reactivity of these bonds
at low temperatures.

A comparative study of the chemical reactivity of atoms and small clusters of sodium,
magnesium, and samarium in low-temperature co-condensates was performed on the
example in their co-condensates with alcohols.?"'=% Samarium reactions were studied
more comprehensively.

A cryosynthesis involving a small excess of alcohol (5:1) with respect to samarium yielded
samarium alcoholate; however, with a decrease in the metal ratio in the co-condensate (1:500
and lower), the alcoholate yield decreased. Reaction products contained hydrocarbons (e.g.,
n-pentane and traces of decane, for the case of n-pentanol-1). The pentane yield was 1.5 moles
per mole of deposited samarium. Thus, in co-condensates strongly diluted with respect to
metal, alcohols were reduced to hydrocarbons. Special experiments showed that hydrocarbons
were formed in samarium—alcohol systems only in the course of condensation at 80 K.
Alcoholates were formed in the course of heating of solid co-condensates.
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The surface deposition of samarium and an alcohol was accompanied by completion of
processes of atom-ligand interaction and aggregation of atoms. The following scheme was
proposed:

ROH ROH
50k RSmOH —>8CO)K 1.5 RH + (RO); sSm(OH), 5

Smy-q

ROH

e
™, 750 - 300K

Sm(OR)3 + HZ

Presumably, this scheme includes an OMC RSmOH, which is similar to the Grignard
reagent. The experimental yield of hydrocarbons coincided with an estimate obtained based
on the kinetic analysis of the reaction scheme. Moreover, such an analysis makes it possible
to assess the effective ratio of rate constants for reactions of samarium atoms, which can
either enter into the dimerization process or get inserted into a C—O bond of an alcohol
molecule.’® It was found that the interaction between samarium atoms is more likely than
the reaction of samarium atoms with alcohol molecules. Moreover, the process was observed
as an alternative for alcohol molecules containing even/odd numbers of carbon atoms.

The study of the evolution of co-condensation has shown that the reduction of alcohols
to hydrocarbons proceeds at the instance of co-condensation.?! Probably, at the same
moment, the intermediate compound of the insertion of Sm atom into the C-O bond
as well as samarium clusters is formed, which are transformed to a corresponding
alcoholate during further heating.

The scheme shown above and the kinetic analysis give only a partial picture of the
processes occurring in low-temperature co-condensates. The complicated nature of such
reactions is evidenced by both the synthesis and catalytic properties of samarium co-
condensates with hydrocarbons.?**3% This was studied by the example of cyclohexane,
hexane, hexane-1, and cyclohexene. Catalysts were prepared by the co-condensation of
vapors at low temperatures. The catalytic activity was determined as a hydrogenation rate
constant per mass unit of vaporized samarium. A catalytic system obtained by joint
condensation of samarium and hexane turned out to be more active in the hydrogenation
of hexane-1 as compared with cyclohexene hydrogenation. On the other hand, a catalytic
system prepared by co-condensation of samarium with cyclohexan was more active in
cyclohexene hydrogenation and, vice versa, less active toward hexane-1. This phenomenon
was named “memory effect.”

Thus, the chemical activity of a system depends on the size and shape of the particles
that take part in its formation. During co-condensation, a certain linear or cyclic
hydrocarbon provides the positions for samarium atoms and fixes the latter in these
positions in a cluster, which predetermines subsequent hydrogenation reactions. In this
case, we have an analogy with enzyme catalysis, where the enzyme—substrate interaction
involves dynamic reconstruction and adjustment of an enzyme active center to the
corresponding substrate.

For similar ratios of components and equal co-condensation rates, the catalytic activity
is independent of the presence of double bonds in the hydrocarbon chain. For instance, the
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activity of co-condensates with hexane or hexene in hydrogenation of the same substrate
was virtually the same. In contrast to catalytic activity, the specific surface area of catalysts
was independent of the hydrocarbon/samarium ratio and amounted to 100 m%g. The results
shown above and the fact that on heating co-condensates evolved hydrogen allowed us to
conclude that the catalytic activity is related with the formation of an OMC; and,
moreover, the nature of the latter is the same in co-condensates containing alkanes and
alkenes. Such a compound was assumed to be RC=CSmH. 3%

Below, we show a possible reaction scheme for a metal/hydrocarbon ratio equal to 1:1000

Sm
RCH,CH3 —>  RCH,CH,SmH ~_-2H
%&

RC = CSmH

ACHCH, —m _SH e
RCH 'SmHl  CH, 7 T,
Yet another limiting case is possible for a metal/hydrocarbon ratio equal to 1:1. Such a
condition favors the formation of samarium clusters. In hydrolysis products, a pronounced
increase in the hexine fraction was observed. Inasmuch as no dehydrogenation was
observed during condensation of hydrocarbons on pure samarium, it was assumed that
samarium enters into the reaction in the form of clusters Sm, by the scheme.

Sm,
RCHCH; ——RC = CH + SmHy, + (2-0)H, O<o<2

Sm,,
2NRC=CH —> [(RC EC)2Sm] +H,
n

Intermediate dilution of the metal by an order of magnitude of 100 makes both schemes
possible. An increase in the hydrocarbon—-samarium ratio increases the fraction of metal
atoms that produce a catalytically active compound RC=CSmH. Samarium dihexinide
formed at low hydrocarbon—samarium ratios proved to be catalytically inactive.

In the above examples, the involvement of atoms or larger particles in the reaction was
judged from the metal/ligand ratio. It was assumed that, as shown by the example of
samarium reactions with hydrocarbons, a 1000-fold ligand excess favors reactions of
atoms, whereas a 1:1 ratio favors reactions of clusters and nanoparticles. Of great
importance are the nature of metal and ligand, the temperature of the co-condensation
surface, dilution by inert compounds, and certain other factors mentioned above. The
direct determination of sizes of reacting particles currently remains the central problem.

Low-temperature joint condensates of samarium and mesogenic 4-pentyl-4’-
cyanobiphenyl (SCB) and 4-octyl-4’-cyanobiphenyl (8CB) in the temperature range 6300 K
were studied by IR and UV spectroscopic techniques.**®=>% The formation of two labile
complexes with metal/ligand ratios equal to 1:2 and 1:1 was observed.*® At temperatures
170-210K, a solid-phase transformation of the Sm(CB), complex to Sm,(CB), took place.
The kinetics of this process is multistep, which points to the wide distribution over both the
reactivity of complexes and the activation energy of solid-phase transformation.?'® IR spectra
of Sm-5CB co-condensates measured in the temperature range 95-273K and also for
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different metal-ligand ratios at 95K revealed two new bands with maximums at 2135 and
2085 cm ! in the region of valence vibrations of CN groups, as compared with the IR spectrum
of a film of pure 5CB. A shift by about 100cm ™! in the low-frequency direction made it
possible to assign these absorption bands to s-complexes. A co-condensate with a
metal/ligand ratio of 1:1 had a single absorption band (2135 cm™!) at 95 K. With heating from
95 to 213K, the absorption increased at 2085cm™! in synchronism with its reduction at
2135cm ™. Thus, a transformation of one complex to another occurred. Moreover, the
changes in the band ratio, which accompanied the metal-ligand ratio variations, allowed the
presence of two complexes with different compositions to be assumed.?!! Spectra of Sm—5CB
film co-condensates in UV and visible ranges demonstrated two new overlapping bands with
maximums at 390 and 420 nm.*!Y Absorption in this spectral range is typical of the CTC of
transition metals with unsaturated organic molecules. The intensity of these absorption bands
was also temperature-dependent. This trend provided an additional confirmation to the
existence of two complexes. The proposed structures of these complexes are as follows:

Sm

M\ “—‘t&
oy u4*f©;49c5w§1-

Complex 1/2 ESrn(SQE:}E§

Cus‘{ - .\‘O>—CN

1 Sm

o _<® — Q>— CeHiy

Cormplex W1 Em 2(5{3832]
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These models reflect the equivalence of 5CB molecules in a complex and the
possibility of formation of sandwich compounds for zero-valence lanthanides.

The time dependences of absorption by Sm(CB), complex cannot be linearized in the
coordinates corresponding to reactions of the first and second orders; hence, the solid-
phase transformations of one complex to another are of the polychronic nature.?'" This fact
was associated with the wide distribution of molecules over rate constants. From the
kinetic dependence dA/(dIn¢), we can obtain the function of distribution of molecules over
reactivity ¢(G)

Kinetic data on the transition of SmCB complex of a 1:2 composition to a complex with
a 1:1 composition can be described by a linear dependence between the absorption of the
1:2 complex and In ¢, which points to the rectangular distribution of particles over free
energy of activation.
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In this connection, the thermal stability of zero-valence samarium complexes with
1,3,5-tri(tretbutyl)benzene was studied.*'?> An IR spectroscopic study has shown that
this kind of a complex with absorption maximum at 967 cm ™! is less stable than a complex
with absorption at 973 cm L. Thus, the polychronic nature of the kinetics of decomposition
of a low-temperature (967 cm™') complex was demonstrated.?!?

In summary, the results obtained in the late 1980s and early 1990s on the reactions of
metal particles in low-temperature co-condensates made it possible to generalize and
formulate several specific features for reactions involving two or more substances.*'
These features include

the presence of mechanically stressed nonequilbrium states;

the existence of a molecular organization in low-temperature condensates;
the presence of nonequivalence in energy, kinetics, and thermodynamics;
sufficient mobility of reactants at the instance of co-condensation.

An analysis of the data on systems involving metal particles allowed the following
conclusions to be drawn.3!

(a) Nanosize metal particles are systems with stored energy, which is determined by
uncompensated bonds of surface and near-surface atoms, contributions of
metastable states, latent heat of phase transitions, and energy of defects.

(b) The concentration of vacancies increases with a decrease in the particle size. These
effects manifest themselves in the changes in the temperature of polymorphous
transitions, a decrease in the lattice parameters, and an increase in the
compressibility and solubility.

Classic thermodynamics does not describe particles smaller than 1 nm, its application is
complicated owing to the fundamental problem of determination of dimensional boundaries
between different phases and the demarcation line between homogeneous and heterogeneous
states. The energy of a system can be enhanced by its dispersion, while a traditional way
consists of increasing the temperature.

The latter statement means that the chemical transformations unrealizable with compact
metals are possible for nanosize particles. The aforementioned peculiarities were have
been developed and refined.'?

The analysis of the results obtained allowed a general scheme of studies to be proposed,
which is illustrated in Figure 4.11.

When studying clusters, we in fact, deal with a certain size distribution dependent on the
conditions of preparation of a system. Hence, of great importance is the kinetic analysis of
cluster formation. By a computer simulation of one-dimensional growth of clusters, based
on the model of diffusion-controlled aggregation in a system of growing particles, it was
shown that the kinetics of cluster formation depends on the initial positions of particles, i.c.,
uniform or equidistant. At the uniform (random) initial distribution of atoms, in contrast to
the equidistant one, clusters in the densest areas can grow in the very beginning of particle
motion. In this case, the initial rate of cluster accumulation is higher as compared with the
equidistant distribution. The dependence holds for times exceeding the time of diffusion
mixing. This effect was interpreted as the system’s memory.’!® This model closely
resembles the model of diffusion-controlled aggregation,*” which includes three stages:
deposition, diffusion, and irreversible aggregation.
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Figure 4.11 Cryochemical synthesis of nanosize materials encapsulated into organic and polymeric
matrices.

4.4 ACTIVITY, SELECTIVITY, AND SIZE EFFECTS
4.4.1 Reactions at superlow temperatures

Inert matrices and superlow temperatures make it possible to gain valuable information on
the properties of metal atoms. Metal atoms form clusters and nanoparticles owing to
aggregation. The knowledge of initial optical and diffusion properties of atoms in inert
matrices lays the basis for understanding the subsequent processes of formation and
stabilization of nanoparticles. The reactivity of metal atoms and their trend to form clusters
are determined by their interaction with the environment. Toward the beginning of 1990s,
spectral and radiospectral techniques made it possible to gain comprehensive knowledge
on the behavior of atoms of virtually all elements in inert matrices at low temperatures,
except for REE.
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The spectra of samarium in argon matrices demonstrate a great number of absorption
bands, which could be identified because of the fact that individual transitions were well
separated.®'® Heating of samples had practically no effect on the spectrum. The presence
of a great number of absorption bands in the samarium spectrum was associated with
either the existence of several stable positions of samarium atoms in the argon unit cell
or their intense interaction with the inert gas, which lifts prohibitions for certain
transitions and band splitting.

Increasing the metal condensation rate and carrying out photoaggregation made it
possible to assign the absorption bands to samarium dimers. Light absorption in the
wavelength range of most intense bands of atoms resulted in gradual disappearance of the
atomic spectrum and the appearance of a new band in the vicinity of 646 nm, which was
assigned to coarse aggregates of samarium. An increase in the condensation rate gave rise
to absorption bands of the dimer at 352, 541, 599, and 727 nm. The samarium spectrum
was sensitive to the substrate temperature. Co-condensation at 15K resulted in virtually
similar intensities for atomic and dimeric bands. For a substrate temperature of 20K, the
spectrum could not be observed owing to the strong increase in the background absorption
corresponding to light scattering by coarse particles.

Studies of holmium atoms isolated in an argon matrix showed that this element exhibits
a more complicated spectrum as compared with samarium.?!*3% Most bands in the
holmium spectrum are grouped in the vicinity of 400 nm. Holmium has a single stable

such a complicated spectrum.

Heating and illumination of a matrix showed that the spectrum of holmium atoms
consists of two bands pertaining to atoms isolated in different cells of the argon matrix. One
of the cells is thermally instable. The illumination of a matrix induces photoaggregation of
atoms and the formation of holmium dimers that absorb at 500 and 570 nm. The energies of
the excited states of holmium dimers obtains in quantum-chemical calculations based on the
pseudopotential method agreed with those obtained in experiments.*?!

Holmium, like samarium, is sensitive to the substrate temperature. With the increase in
condensation temperature in the range 10-20K, its spectrum revealed a broad absorption
band at 450 nm, which was assigned to metal plasmons.

The revealed peculiarities in the behavior of argon-matrix isolated samarium and
holmium atoms and small clusters provided grounds for studying their reactions with
various ligands.

The electron spectra provide valuable information on the behavior of metal particles but
are less informative with regard to the final products, which are conventionally analyzed
using IR spectroscopy.

Ab initio quantum-chemical calculations of the geometry, energy, and vibrational
frequencies for the magnesium—methane halide systems were carried out using the programs
SAMESS and Gaussian-94.%2 The calculations employed the methods of multiconfiguration
self-consistent field (MCSCF), the Moller—Plessett perturbation theory of the second order
(MP2), and the method of valence bands (VB) used in combination with the electron density
functional theory. The reaction of magnesium particles with methane halides was observed
experimentally only under the photolysis conditions, although the earlier studies showed that
it can also occur during condensation. The main problem was to determine the number of
chlorine or bromine atoms that get inserted into the carbon—halogen bonds. The calculations
of the energy corresponding to the formation of different channels:
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RMgX — RX + Mg
RMgMgX — RMgX + Mg
RMgMgX — RX + Mg,

showed that all compounds are stable and the synthesis of bimagnesium compounds is
advantageous for energy reasons. When going from RMgX to RMgMgX, the energy gain
was 6-8kcal/mol. The nonmonotonic changes in binding energy in the series
fluorine—chlorine—bromine were also noted. According to calculations, intense absorption
bands in the vibration spectrum should be observed in a range of 600—400cm™!. For
compounds containing one or two magnesium atoms, the number of absorption lines is
different. Valence vibrations C—H coincide for all Grignard reagents and are virtually
independent of the nature of a halogen atom, due to its screening by the metal atom.

Two kinds of equi-intense vibrations should appear in the vicinity of 600 cm™!. The first
kind of vibrations represents pendular vibrations p(CHs) shifted by magnesium from
1017 cm ™! in CH,Cl and 955 cm™ ' in CH;Br; the second kind is deformation vibrations of
C-Mg-X. The incorporation of the second magnesium atom gives rise to low-frequency
deformation vibrations in the C~-Mg-Mg-X system in the vicinity of 400cm ™.

Experimental spectra confirmed the presence of only two bands in the vicinity of
550cm™! and the absence of absorption below 500cm™!. This agrees with the formation
of CH;MgX. When a cutoff filter with a wavelength A > 300 nm was used, the light energy
proved to be insufficient for excitation of magnesium atoms but sufficient for absorption
by small clusters. Thus, the higher activity of clusters was confirmed. The most probable
mechanism was associated with the insertion of an excited cluster:

CH,X + Mg, — CH;Mg,X

followed by ejection of a smaller cluster:

CH,Mg,X — CH,MgX + Mg,_,

A more sophisticated experimental and theoretical study of the reactions between
methane halides and magnesium made it possible to refine the reaction mechanism. Indeed,
as shown by ab initio quantum-chemical calculations, the synthesis of compounds formed at
the insertion of a magnesium cluster, e.g., dimer, into a carbon-halogen bond is
advantageous for energy reasons. However, IR spectroscopy failed to confirm the formation
of the corresponding compounds. Probably, their formation can occur by sequential
insertion of two magnesium or calcium atoms. The absence of dimers was demonstrated for
magnesium particles obtained by thermal evaporation.*?> No dimers were detected in the
course of laser evaporation of magnesium, followed by its reaction with methane halides
CH,X, where X = T, Cl, Br, 1323 At the same time, magnesium particles obtained by laser
and thermal evaporation demonstrated a certain deviation in the reaction products. The
interaction of particles synthesized, e.g., by laser evaporation, and the kinetic control over
their growth may depend on the gas pressure and temperature. However, as a whole, the
problem is not yet solved, and it is still impossible to predict the reactivity.

The study of the relationship between the reactivity and the particle size relies, on the
one hand, on physicochemical, particularly spectral, characteristics of atoms, dimers, trimers,
and more complex nanoparticles and, on the other hand, on their reactions with molecules
specially added to the system. The method of matrix isolation at superlow temperatures
provides the best way for combining these two approaches.
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As shown by ab initio quantum-chemical calculations, the magnesium—carbon dioxide
complex represents a radical-ion pair Mg™*CO;* and this pair is metastable, which is
ensured by the argon matrix.?332%323 In co-condensates of argon and ethylene, absorption
bands of ethylene dimers were observed. As demonstrated by calculations, the potential
energy surface of the Mg(C,H,), system has no minimum with C, symmetry.
A global minimum could be obtained only when the limitations in symmetry were lifted.
In the Moller—Plessett (MP2) approximation, the minimum corresponded to a cyclic
structure comprising an ethylene dimer and a magnesium atom. The structure of a
compound in the magnesium—ethylene—carbon dioxide system was also calculated.

The study of co-condensates of samarium with carbon dioxide showed that samarium
forms a complex of an angular structure. The first products are, correspondingly, CO and
carbonate anion CO3 . A radical anion CO;* and a samarium carbonyl of unknown
composition were formed. Below, we show a scheme of the reaction between a samarium
atom and a carbon dioxide molecule in an argon matrix (straight arrows indicate the
processes during condensation, curved arrows designate processes during heating of the
condensate):
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Figure 4.12 Normalized integral intensity of samarium particles at different temperatures in the
reaction with carbon dioxide: (1) Sm, (2) Sm,, and (3) Sm,.
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Figure 4.12 shows the relative activity of samarium particles in the reaction with carbon
dioxide as a function of temperature. The data in the figure point to a higher activity of
samarium particles as compared with atoms. A similar dependence was obtained for
magnesium particles.

According to IR spectra, in co-condensates of samarium and ethylene, the formation
of samarium complexes with ethylene of the sandwich type SmC,H, and Sm(C,H,),
takes place, rather than the formation of cyclic compounds observed for the case of
magnesium.

By examining the electron spectra in the system Sm/C,H, = 1:1500, it was shown that
samarium atoms can be stabilized in ethylene at 14K.*?® An analysis of temperature-
induced changes in the absorption spectra and relevant kinetic studies of samarium atoms
demonstrated that an SmC,H, complex is transformed into an Sm(C,H,), complex, which
is stable up to S50K. The stepwise kinetics was judged from the changes in an absorption
band at 386 nm (f — s) in the temperature range 15-30K. At such temperatures, ethylene
molecules and samarium atoms lack translation mobility; however, this is the temperature
interval in which the complete transformation of samarium occurs. High dilution
(1:1500) allows one to rule out atomic aggregation and assume that samarium atoms are
bound into a complex because of rotational mobility of ethylene molecules. The calculated
coefficient of rotational diffusion at 20K was 0.06 sec™!.

Recently, new results on the reactions of magnesium atoms and small clusters with
methane polyhalides in the temperature range 12-40K were obtained.*?7-3%

The activity of magnesium atoms, dimers, trimers, and larger particles in their reactions
with carbon tetrachloride, trichlorfluormethane, and trichlormethane was studied. The
choice of these compounds was associated with several reasons. Considering the example
of CCl,—-Mg, we expected to check the possibility of the reaction at temperatures below
the nitrogen boiling point. Moreover, as was already noted for cryoreactions involving
magnesium and calcium particles, there is an inconsistency between the activation energy
of methane halides and the binding energy of carbon—halogen. The binding energies in
CCl,, CFCl,, and CHCI, differ significantly.** This provided grounds for assuming that
the behavior of low-temperature reactions would reveal a substantial difference in binding
energies and reflected in the reactivity of compounds under study.

The use of electron spectroscopy allowed us to follow the relative changes in the
activity of magnesium particles with different sizes. IR spectroscopy provided information
on possible reaction products formed immediately in condensates of reagents at low
temperatures. Figure 4.13 shows the spectra of different magnesium particles in an argon
matrix in a temperature interval 12-35K.

The spectra of nontransition metals in a matrix or in the gas phase differ insignificantly,
which allows gas-phase spectra to be used for identification of spectra obtained in matrices.

The revealed effect of the temperature on the behavior of different argon-matrix-isolated
magnesium particles in the course of their heating allowed studying their activity in reactions
with various methane polyhalides. Figure 4.14a shows electron absorption spectra of co-
condensates formed by magnesium atoms and small clusters with carbon tetrachloride in an
argon matrix in the temperature range 12-35 K. Figure 4.14b compares the changes in the
relative activity of different magnesium particles. The data in figures made it possible to
assume that the activity of magnesium particles in the reaction with carbon tetrachloride
decreases in the series Mg,>Mg;>>Mg,=Mg. According to IR spectra, hexachloroethane
and tetrachloroethylene are formed in the system magnesium—carbon-tetrachloride—argon.
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Figure 4.13 The effect of temperature in the interval from 12 to 35 K (top—down) on the electron
spectra of magnesium particles in argon. Mg/Ar ratio = 1:1000.

The obtained results suggest that the reaction mechanism differs for low and superlow
temperatures. At superlow temperatures, no insertion of magnesium particles into the
carbon—halogen bond was observed. Theoretical estimates made it possible to assume the
detachment (either simultaneous or sequential) of two chlorine atoms and the formation of
a complex of dichlorocarbene with magnesium dichloride. Further transformations of the
complex yielded the final products by the following scheme:

CCly+ Mg, ——= CCly+ MgCl +(n-1) Mg

n=1-4 AN
N
(Concentration of Mg>1%) / CCl, \\Q/IgCI, Mg
CCl,

C,Clg CCly: +MgCl, — C,Cl,

Evidently, the effect of the particle size on its reactivity is of primary importance for the
development of nanochemistry. From our viewpoint, of no less importance is to compare
the activity of unisize particles of different substances. Such a comparison was
accomplished for atoms and small clusters of samarium and magnesium.’?**! Their
choice was defined by the fact that compact magnesium and samarium at ordinary
temperatures react with halogens in the same manner to give organometallic compounds.

Table 4.5 shows the products obtained in the reaction of magnesium and samarium
particles with different ligands. The interactions of particles of each metal with two
different ligands were studied by the matrix-isolation method for the reactions of atoms
and clusters of magnesium or samarium with carbon dioxide and ethylene, which were
present in the reaction mixture either simultaneously or separately. The experiments were
carried out in the temperature range 10—40K under comparable conditions and at different
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Figure 4.14 (a) The changes in UV-visible spectra in the temperature range 12-35 K for Mg/CCl,/Ar
system = 1:100:1000 and (b) normalized integral intensity of magnesium particles absorption at
different temperatures: (1) Mg, (2) Mg,, (3) Mg,, (4) Mg, and (5) Mg,.

argon dilutions. The amounts of deposited substances were measured by means of a
quartz-crystal microbalance placed inside a vacuum cryostat. The preferential reaction
direction in three-component mixtures was studied by considering Mg—C,H,—CO, and
Sm-C,H,—CO, systems. Spectroscopic studies of systems involving magnesium particles
were combined with quantum-chemical calculations. The interaction of magnesium with a
mixture C,H,/CO,/Ar — 1:1:20 was studied. After condensation, the IR spectrum of this
system represented a superposition of spectra of ethylene and carbon dioxide. Heating
induced the appearance of absorption bands at 1592, 1368, and 860cm™', which were
assigned to a radical anion CO,* for the case of Mg—CO, system. The intensities of these
bands were compared to those observed in the absence of ethylene. None of the absorption
bands could be associated with the magnesium—ethylene interaction. Heating of an
Mg—-CO,~C,H, system also gave rise to three new absorption bands: 1786, 1284, and
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Table 4.5
Reaction products of magnesium and samarium with ligands at 10—40 K
Metal Ligand
particle CO, C.C,. C,D, CH,X, X=Cl, Br
Mg Mg7CO, At matrix Cycle Mg(C,H,), CH;MgX at irradiation
annealing at matrix annealing (A--280nm)
Mg, 4 Mg*CO, At co-
condensation CH;MgX at irradiation
Mg, Mg*CO,; At matrix (A>>300nm)
annealing
Sm Sm™CO,, CO, SmCO, Complexes Methane
At matrix annealing Sm(C,H,)—-(C,D,) and at co-condensation
Sm(C,Hy),— (CoDy),
Sm, Sm*CO;3, CO, SmCO;
Sm, At co-condensation
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Figure 4.15 Bond lengths (A) and charges on atoms (in parentheses) in magnesium compounds:
(a) with ethylene dimer, (b) with ethylene and carbon dioxide, and (c) with carbon dioxide.

1256 cm ™!, which were assigned to a product of interaction of all three components.
Ab initio quantum-chemical calculations suggest the formation of a compound
Mg(C,H,)CO,. This compound, like Mg(C,H,),, was also characterized by the presence of
chemical bonds between a ligand and a magnesium atom and between ligands themselves.
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Figure 4.15 illustrates the structure of compounds and specifies bond lengths (A) and
charges at atoms (shown in parentheses).

In terms of the Moller—Plessett approximation of the second order (MP2), the
stabilization energy of Mg(C,H,)CO, is 18 kcal/mol.

The analysis of IR spectra of Sm—C,H,~CO,~Ar and Sm—C,D,—~CO,—Ar systems showed
that samarium, like magnesium, reacts preferentially with carbon dioxide. No absorption
bands of samarium complexes with ethylene were observed. As in a binary Sm—CO, system,
an absorption band of CO and two absorption bands pertaining to CO5* radical anion were
observed. Thus, studies of ternary systems metal—carbon dioxide—ethylene have shown that
both magnesium and samarium react with CO, and do not form any complexes with
ethylene. A comparison of results obtained for ternary systems with those found for binary
systems points to a sophisticated dependence of the relative reactivity on the size of metal
particles and on the nature of compounds involved in the reaction.

Considering the example of matrix-isolated binary systems, it was shown that clusters of
magnesium and samarium are more active than their atoms in the reactions with carbon
dioxide and ethylene. In the system magnesium—carbon dioxide, a single radical-ion pair
was formed. Under comparable conditions, in the samarium—carbon dioxide system, carbon
monoxide and samarium carbonate were also formed in addition to the radical-ion pair.
Furthermore, the complexes of magnesium and samarium with ethylene were also different.

Table 4.5 shows that superlow-temperature reactions with methane halides (CH,Cl,
CH;Br) involve the insertion of magnesium particles into the carbon-halogen bond to give
Grignard reagents. Under similar conditions, samarium particles reduced methylchloride
and methylbromide to methane. Thus, in contrast to compact metals, the behavior of
magnesium and samarium at the level of nanoparticles is different, which points to the
high specificity of reactions with participation of atoms and small metal clusters.

However, the results obtained for ternary systems (metal—-carbon dioxide—cthylene)
revealed both the absence of specificity (magnesium and samarium behave in the same
manner, reacting solely with carbon dioxide) and a high selectivity (the reaction only with
carbon dioxide and the absence of reactions with ethylene). In our opinion, further studies
in multicomponent systems will provide information on the relationship between activity
and selectivity of metal nanoparticles of different sizes.

In chemistry and, in particular, in chemistry of free radicals, it is known that in same
reactions more active particles exhibit a lower selectivity and, vice versa. The
aforementioned results concerning the reactions of magnesium and samarium particles
with ligand mixtures point to the presence of nonunique relationships between the activity
and selectivity of nanosize metal particles.

Therefore, in nanochemistry, along with a problem of how the number of atoms in a
particle affects the possibility of a reaction (the size effect), a problem of the relationship
between activity and selectivity can be formulated. The presence of such “fine” effects is
typical of nanochemistry of metals and requires further experimental and theoretical studies.

4.4.2 Reactions of silver particles of various sizes and shapes

When synthesizing metal clusters and nanoparticles, high-molecular substances are widely
used as stabilizers. Studies in this field have shown that macromolecules not only ensure
a high stability of the resulting dispersed system, but also immediately participate in its
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formation by controlling the size and shape of growing nanoparticles. For instance,
because of the presence of ionized carboxyl groups, polycarboxylic acids of the acryl
series interact with cations of metals, particularly, silver, by (1) binding them into strong
complexes, (2) reducing them immediately in this complex under the action of light, and
(3) stabilizing small charged clusters and nanoparticles of metals, which are progressively
formed in the course of synthesis.

R-COO~+Ag* — R-COO*Ag* (1)
R-COO*Agt % R-COO*Ag’ )
R-COO*Ag* +Ag’ — R-COO*Ag," 3)

S RCOO A . Y RCOAg,

Thus, the overall process of formation of nanoparticles from original cations to a final
particle occurs at the immediate contact with the polymeric matrix. One of the major
factors determining this process is the presence of ionized carboxy groups in the polymer,
the mumber of which can be varied by changing the molecular mass (M) of polycarboxylic
acids, their ionization degree, or by using co-polymers. The effect of these factors on the
main stages of formation of silver nanoparticles has been described.?3?

The potentiometric analysis has shown that binding of silver cations by polyacrylate anions
(PA) with molecular masses of 450,000u (PA;s4y) and 1,250,000u (PA, 554 and an
ionization degree & - 1.0 proceeds by a cooperative mechanism, i.e., with an increase in the
silver content in the solution, the concentration of chains saturated with Ag™ ions increases.
When an aqueous solution of Ag**PA complex obtained under conditions mentioned above
was acted on by full light from a high-pressure mercury lamp, the photoreduction of Ag*
cations occurred. A spectrum measured in the course of this process revealed, first of all, the
appearance of an absorption band with the maximum at 700 nm and a shoulder in the vicinity
of 300 nm, which was assigned to small charged silver clusters Agg. In the absence of UV light,
Agg" clusters were stable for several weeks. With further irradiation, the absorption bands
corresponding to Ag}* clusters vanished, and absorption bands at 370 and 460 nm appeared,
which were attributed to the formation of coarser clusters Ag?, and silver nanoparticles,
respectively. The resulting colloid solution was stable for at least several weeks. An increase in
the total silver content throughout the cooperative binding region resulted in a proportional
increase in the concentration of clusters and nanoparticles, while the dynamics of their
formation remained unchanged. TEM studies revealed spherical silver nanoparticles of the
average size independent of silver concentration throughout the cooperative binding region
and, as follows from the data in Table 4.6, equal to 1-2nm for PA 5, and 4-5nm for
PA| y50000->> Figure 4.16 shows a typical microimage of these particles and their size
distribution.

Table 4.6

Average diameter (nm) of spherical silver nanoparticles formed as a result of photoreduction of
cation in a complex Ag*® PA (PA — polyacrylate ion) ([PA]=2x1073 M)

MMPA  [Ag'] - 2X10“4M [Ag'] - 6X104M [Ag'] — IX10*M [Ag'] — L5X103M

125 X 10% 4 =2 5+2 522 5+7
45x10° 13+09 13 = 0.8 1.3 0.7 2+1
2 X 10° 1.5 207 4 %3 13+ 11
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It should be mentioned that throughout the cooperative binding region the particle
diameter did not exceed the theoretical value calculated for the particle, which was formed
as a result of the reduction of all the silver cations bound with a single macromolecule. Thus,
under conditions of highly efficient cooperative binding of silver cations by a polyanion, the
reduction of cations and the growth of particles proceed within a coiled macromolecular
globule, which represents a nanoreactor of photochemical synthesis of spherical
nanoparticles. One can regulate the size of formed nanoparticles by changing the molecular
mass of PA or, in other words, the number of cation-binding centers on the polymeric chain.

Binding of silver cations to polyacrylate anions with a molecular mass 2000 occurs in a
uncooperative fashion, i.e., with an increase in Ag content, the uniform filling of
macromolecules is accompanied by a substantial increase in the concentration of free silver
cations in solution.'® Photoreduction under these conditions also resulted in the formation

460nm). As follows from Table 4.6, the size and polydispersion degree of nanoparticles
substantially increase with an increase in silver content, apparently owing to the increasing
role played by free silver cations in their formation. Thus, under conditions of
noncooperative binding of cations, the molecular mass of a polymer does not determine the
nanoparticle size.

To decrease the relative content of carboxy groups ¥ in a polymer, a dilute solution of
sodium polyacrylate with pH 9.0 was photolyzed in air.'*? The study of the interaction of
silver cations with a decarboxylated polyanion (PA,) made it possible to find a threshold
value ¥y~ 0.7 below which the cooperative character of binding of Ag™ ions is lost and the
effective constant of dissociation of an Ag**PA, complex increases. At 1.0 << y < 0.7, the
dynamics of spectral changes that accompany the photoreduction of cations in Ag*°PA,
complexes remained practically unchanged; the synthesis produced spherical silver
nanoparticles; however, their size increased from 1.3+0.9 to 3=2nm. The process of
nanoparticle formation was observed to undergo qualitative changes at a degree of PA
decarboxylation below the threshold value. Thus, spectroscopic studies of photolyzed
Ag"PA, s complexes failed to reveal the formation of small silver clusters, while

% ” .
& *
30 . L
s *: & & ¥
Gk i : * i b
- wiig
. i s i = -
. - . -
= s v L -
¥ - -
w20 ¥ = : . . ‘ i .
-, . i e
o # 3
= i . i L
E - Sy “% ;
= . . .
v & “
§ . i . *
LAY . 5 .
"i T X i i =
Wi .
P 4 ¥ £ %
A . =
D e " # &
i 5 18 s 20 25

i, iy

Figure 4.16 Microphotograph and size distribution of silver particles synthesized by 15-min
irradiation of an aqueous solution of Ag™*PA | 55909 2t [PA] — 2X1073M, [Ag™] — 6X107*M. Scale
bar, —1cm 83 nm.



86 4. Cryochemistry of Metal Atoms and Nanoparticles

aggregates of coarse (10-30 nm) silver particles with a broad absorption band at 350-550 nm
were observed. During further photolysis, an absorption band with the maximum at 375 nm
appeared and the long-wave absorption edge shifted to the near-IR region. Such spectra are
typical of systems containing elongated silver particles. Indeed, as seen in a microimage
shown in Figure 4.17, nanorods with a thickness of 20-30nm and a length of several
micrometers and their aggregates were preferentially formed under these conditions.

Studying how the degree of PAA ionization affects the formation and properties of
silver nanoparticles also revealed the formation of rod-like particles for ¥ < 0.7.333 Thus,
the shape of silver nanoparticles is determined by the content of ionized carboxy groups
in a polymer regardless of how it was changed (by either photodecarboxylation or
protonation of a polyanion). Under experimental conditions, nanorods can be formed as a
result of both light-induced aggregation of primary spherical particles and photoreduction
of silver cations on their surfaces. In order to find which of these processes dominates, the
effect of light on the size distribution of sols formed by spherical silver nanoparticles and
containing no Ag" ions was studied.*** The complete reduction of silver cations was
achieved by using sodium borohydride as the reducing agent.

Reduction of AgNO; (6 x 107*M) with sodium borohydide (1.2 X 1073M) in the
presence of photodecarboxylated PA, — 0.5 (2 X 1073 M) resulted in the formation of a
stable silver sol consisting of spherical particles (6 = 3 nm). Irradiation with full light from a
DRSh-250 lamp had no effect on the absorption spectrum and, hence, on the size distribution
of the sol. Provided that AgNO, or AIINO5); (3 X 10"*M) were preliminarily added to the
sol, the photolysis with A > 363 nm resulted in the formation of elongated, particularly, rod-
like, particles with a length reaching 500 nm. The same result was obtained if the original sol
was acted on with light (4 > 455nm) passed through an interference filter with a
transmission band virtually coinciding with the absorption band of spherical nanoparticles.

Figure 4.17 Microphotograph of silver particles obtained during 15-min photoreduction of
2X107* AgNO; solution in the presence of 2 X103 M PA, - o5 Scale bar, — 1cm 200 nm.
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On the other hand, light with A > 555nm induced no changes in the spectrum. Thus, to
transform primary spherical particles stabilized by PA with ¥ = 0.5 into elongated particles,

sufficient. Under these conditions, the dipole—dipole interactions between particles
strengthen, which apparently is the reason for their photoinduced aggregation. From our
viewpoint, the initiating role of cations Ag* (AI*") consists triggering the formation of
microaggregates of primary spherical nanoparticles—the centers of subsequent photoinduced

aggregation.
A qualitatively different result was obtained with a sol synthesized by reducing silver
cations with borohydride in the presence of nonmodified PA s g The incorporation of

increased the absorption intensity of spherical nanoparticles, which points to the increase
in their volume fraction owing to photoreduction of cations. It should be mentioned that
light with A > 363 nm induced no photoreduction of silver cations in aqueous solutions of
Ag"*PAA 50,000 complex, because the absorption band of the latter is at A << 300nm. Thus,
the observed photosensitizing effect of silver nanoparticles on the reduction of Ag™ by
carboxy groups in PAA consists in shifting the long wavelength cutoff of photoreduction
to 555 nm. However, the fact that no rod-like particles were formed under these conditions
was explained by the formation of a PA 5, protective coating on the surface of spherical
silver nanoparticles, which effectively prevented the aggregation of the latter.

Thus, the control over the size, shape, and size distribution of silver nanoparticles
formed as a result of photoreduction of Ag™ cations can be excersized by changing the
molecular mass and degrees of ionization and decarboxylation of polycarboxylic acids.

Methods developed for controlling the size of silver particles were used in studying the
kinetics of silver-catalyzed reduction of p-nitrophenol by sodium borohydride in the
temperature range 283-333 K. Silver nanoparticles measuring 4 and 18 nm and stabilized
by polyacrylic acid were obtained by chemical and photochemical reduction in the
aqueous solutions. It was found that the reaction rate constants per unit catalyst surface,
the reaction order with respect to the catalyst, and the activation energy depend on the size
of silver particles.

4.5 THEORETICAL METHODS
4.5.1 General remarks

The whole set of modern theoretical simulation methods are actively used for
interpretation of properties and chemical reactivity of molecular systems of interest for
nanochemistry. Of paramount importance is the information on the potentials of
interactions between particles in a system, according to which the calculation methods are
divided into semiempirical and nonempirical (ab initio).

In the former methods, the potentials are written in the analytical form based on the
known theoretical expressions and the parameters of these expressions are fitted to a
sampling of experimental data. The most popular expressions are those used in molecular
mechanics, classical molecular dynamics, as well as the potentials applied in solid-state
physics. Such an approach is employed to simulate the properties of atomic clusters both
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homogeneous and heterogeneous. In the first stage, the equilibrium geometrical
configurations of clusters are calculated as the points in minima on the multidimensional
potential-energy surfaces. Here, it should be borne in mind that a nanosystem has a great
number of such minima and, correspondingly, a wide range of structural modifications.
As a rule, local minima are separated by the potential barriers, which are so low that the
transitions between structures can occur even at moderate temperatures. Hence, it is
necessary to enumerate quite a number of minima, which is, however, a cuambersome task.
Next, from the points determined, the energy characteristics are calculated and the
thermodynamic stability of a system is forecasted. A great body of information is provided
by the molecular dynamic calculations of the paths of particles within a cluster, which are
carried out at a fixed temperature. Analyzing the trajectories and building different
functions of distribution and autocorrelation functions allow one to characterize a cluster,
observe how far its properties deviate from those of the condensed medium built of the
same atoms, and analyze the dependence of the cluster properties on its size. The most
significant limitation on the simulations based on the analytical potentials is the fact that
they cannot be used for analyzing the chemical reactions involving clusters: the parameters
of potentials are not calibrated for describing the changes in the electronic structures of the
particles.

The interaction potentials derived by ab initio methods of quantum chemistry are
naturally more universal and make it possible to solve in principle all the problems
concerned with the structure and chemical reactions in molecular systems. Here, the major
limitations are associated with the size of the system. However, modern quantum-chemical
methods can provide sufficiently reliable results for particles comprising up to 10 atoms.
Moreover, they allow one to find the coordinates of steady-state points on the potential-
energy surfaces constructed for the ground electron states of clusters (i.e., the points that
correspond to local minima and the potential barriers hindering rearrangements), estimate
relative energies in these points, calculate energy profiles of chemical reactions in the
system, predict vibrational and electronic spectra, and analyze in detail the electron density
distributions. Such calculations are rather expensive, because they require using methods
that take into account the electron correlation effects (first of all, the theory of electron
density functional), but are technically feasible. For systems comprising 20-30 atoms,
ab initio calculations are also technically possible but at the cost of the accuracy of the
results obtained. Equilibrium geometrical configurations of low minima in potential-
energy surfaces can be determined with sufficient accuracy, and the thermodynamic
stability of the clusters can be assessed. However, the prognosis of spectra and the
reactivity of the cluster particles are given with lower accuracy, although the qualitative
trends are reproduced quite correctly.

The so-called hybrid methods that combine quantum mechanics and molecular
mechanics (QM/MM) are actively developed and are very promising for simulating
properties of large molecular systems. The main idea of such approaches consists in
applying the quantum description only to that part of a subsystem that is assumed to be
most important, and take into account the structure of the peripheral part of the total
system and its effect on the central region by employing empirical and ab initio potentials.
In many cases, the size of the central part can be chosen within 20-30 atoms, and ab initio
methods of quantum chemistry would ensure a good quantitative description of both the
structure and the reactions in the chosen subsystem. Although certain fundamental
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problems of the QM/MM theory are still far from their final solution, such an approach is

finding increasing use in simulating the processes in biosystems and material science.
Below, we show certain concrete examples concerned with simulation of properties,

spectra, and reactivity of cluster particles, which illustrate the theoretical studies in this field.

4.5.2 Simulation of the structure of mixed metallic particles

To estimate equilibrium geometrical configurations and binding energies of clusters
(M)),(M,),,, where M;, M, - Ag, Cd, Cu, Mg, Na, Pb, Sn, Zn (m + n = 4), ab initio
methods of quantum chemistry were used.?’? For each cluster, the electronic-state type
(with regard to its spin) with the lowest energy was determined. Then, for a fixed
multiplicity, the geometric configuration corresponding to the minimum on the potential
energy surface was calculated using the Hartree—Fock—Roothaan method. In all the cases,
the effective potentials of the core and the corresponding valence-orbital bases in the
approximation of Steven—Basch—Krauss (SBK) were used. By calculating vibrational
frequencies, it was checked whether the configuration determined the real minimum. For
the coordinates found, the energies of systems were estimated according to the
Méller—Plessett perturbation theory of the second order (MP2), which allows taking into
account the main contributions of electronic correlation effects. The calculations were
carried out using a PC GAMESS program,** which represented a version of the well-
known quantum-chemical program GAMESS?** developed for personal computers and
stations equipped with Intel processors.

Table 4.7 shows the estimates of binding energies (in kcal/mol) of all possible pair
combinations M;M,, which also involve homonuclear particles. A dash in a
corresponding position indicates that a given diatomic system is not bound. Based on
these data, it can be concluded that if we restrict the consideration to atomic pairs only,
the most promising compositions are as follows: AgCu, CuPb, CuSn, AgPb, CuNa,
SnPb, AgSn, and NaSn.

Studies of triatomic mixed metallic clusters took into account the results obtained for
diatomic systems. Naturally, Ag and Cu were of prime interest as partners in mixed
clusters such as Ag,M,, and Cu,M,,; hence, these combinations were considered first.

m>

It should be noted that triatomic systems are characterized by a wide spectrum of isomeric

Table 4.7

Binding energies (kcal/mol) of atomic pairs

Ag Cd Cu Mg Na Sn Pb Zn
Ag 294 4.6 399 6.5 21.2 18.7 29.6 4.4
Cd — 6.7 — — 4.8 8.1 —
Cu 36.8 9.7 239 322 36.2 6.8
Mg — — 53 4.5 —
Na 32 18.5 15.7 <3
Sn 313 21.1 55
Pb 29.3 83

Zn —
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structures in addition to the diversity of spin states. The search for the main isomers of
these clusters took into account all these peculiarities. Tables 4.8 and 4.9 show the binding
energies of silver- and copper-containing clusters, respectively. The results in these tables
consider both the cases of dissociation: to atoms and to a combination of atom -+ diatomic
molecule.

The energy values shown in Tables 4.7 and 4.8 clearly demonstrate that the series of
elements M ordered with respect to relative affinity of Ag to M can be presented as Pb >
Sn > (Cu, Mg, Na) > Zn > Cd. The data in Tables 4.7 and 4.9 make it possible to find a
corresponding series of elements ordered with respect to affinity of Cu to M:Pb> Sn >
(Na, Mg, Ag) > Zn > Cd. Thus, the combinations formed by silver or copper with lead or
tin proved to be the most promising for the formation of mixed metallic clusters.

Combinations of silver with lead are sufficiently suitable from the viewpoint of
employing them in experimental studies. Hence, when studying tetraatomic systems, only
compositions Ag,Pb,, AgPb;, and Ag;Pb were considered. For AgPb,, a structure of
distorted pyramid was found; Ag,Pb, and Ag;Pb demonstrated structures of the “butterfly”
type. Table 4.10 compares the estimated binding energies with regard to the most
important dissociation channels. As seen from these results, all compositions of this kind

Table 4.8

Binding energies (kcal/mol) of silver-containing clusters

Metal Dissociation to atoms Dissociation to an atom and a diatomic molecule
M AgM AgM, Ag,M Ag+AgM Ag,+M AgM+M Ag+M,
Ag 294 39.1 39.1 9.7 9.7 9.7 9.7

Cd 4.6 10.0 37.1 325 7.9 55 —

Cu 399 49.0 41.8 8.9 12.4 16.1 12.3
Mg 6.5 11.3 40.5 34.0 11.2 4.8 —

Na 21.2 23.2 38.4 17.2 9.0 2.1 20.1

Pb 29.6 86.5 7477 45.1 45.3 56.9 57.3

Sn 18.7 79.8 63.3 36.9 339 56.1 48.5

Zn 4.4 9.7 37.9 33.6 8.5 53 —

Table 4.9

Binding energies (kcal/mol) of copper-containing clusters

Metal Dissociation to atoms Dissociation to an atom and a diatomic molecule
M CuM CuM, Cu,M Cu+CuM Cu,-+M CuM+M Cu+M,
Ag 399 41.8 49.0 16.1 12.3 8.9 12.4
Cd 6.7 13.8 46.4 39.7 9.6 72 —

Cu 36.8 53.0 53.0 16.2 16.2 16.2 16.2
Mg 9.7 20.0 499 40.2 13.1 6.2 —

Na 239 259 46.3 22.5 95 2.0 22.8

Pb 36.2 93.8 87.7 51.5 50.9 57.6 64.6

Sn 322 89.6 79.0 46.7 422 57.3 58.3

Zn 6.8 14.4 48.8 42.0 12.0 7.6 —
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Table 4.10

Binding energies (kcal/mol) of Ag,Pb,, AgPbs;, and Ag;Pb clusters

Dissociation Ag,Pb, AgPb; Ag:Pb

To atoms 1472 132.6 117,2

To diatomic molecules 88.5 (Ag,+Pb,) 73,8 (AgPb+Pb,) 58,1 (AgPb+Ag,)
87.9 (2AgPb)

To an atom and a triatomic 72,4 (Ag,Pb+Pb) 50,3 (Ag+Pby) 42,4 (Ag+Ag,Pb)

molecule 60,6 (Ag+AgPb,) 46,1 (AgPb,+Pb)

should be stable; however, a system with equal fractions of silver and lead demonstrates
the highest binding energy.
This study involved simulating the structural and electronic properties for mixed

colloidal silver particles in an aqueous solution revealed the formation of mixed
heteronuclear systems, as evidenced by the absorption band shifts (in the direction of short
wavelengths).>*® The knowledge of spectral characteristics of heteronuclear clusters of the
largest sizes possible is necessary for the correct identification of co-condensation
products. The problem of forecasting the spectra for heteroclusters (M,),,(M,), even with
a total size (n -+ m) of an order of magnitude of 10 is an extremely intricate task from the
theoretical standpoint, because it requires considering a vast amount of structures formed
when two kinds of atoms are arranged within a cluster of a fixed size. All these isomers
correspond to the points of global and local minima in comparatively flat potential energy
surfaces, which are difficult to determine by employing the known algorithms. A strategy,
which does not claim high accuracy for estimates of each individual cluster, but makes it
possible to formulate the main trends in the properties of bimetallic systems when varying
the component ratio, was used.**” The positions of bands in UV spectra of each cluster
were determined on the basis of the difference in orbital energies AE between the highest
occupied and the lowest vacant molecular orbitals by using the extended method of Hiickel
(EMH) with a program ITEREX-88, which took into account relativistic corrections to the
parameters.>*

The structures of clusters were determined as follows. In the first stage, the geometrical
configurations of the global minima and those local minima of individual silver clusters

interaction, the empirical Sutton—Chen potential was employed:

N 12 1
1 a B
i=1 < j=i\ T
where p; = % jil(a/r,j)ﬁ, N is the number of atoms in the system, r;; the distance between
atoms { and J, ¢ a dimensionless parameter, and € a parameter with the dimensionality of
length. The values of the parameters were chosen from experimental data for the compact
substance: £ — 2.542 X 1073¢V,a — 4.086 A, and ¢ — 144.41. The search for steady-state
points in the potential-energy surfaces was carried out in terms of the Monte Carlo method



92 4. Cryochemistry of Metal Atoms and Nanoparticles

using the Metropolis algorithm. In iterations, the temperature was decreased from 60 to
4-10K according to the relationship 7, , ; = A T, with A = 0.90-0.98.

In analyzing mixed clusters Ag,,Pb,, the geometric configurations found for individual
silver were assumed to remain unchanged. In every structure Ag, (n = 4-28), one or two
silver atoms were changed for lead atoms in a random fashion, so that to transform an Ag,
cluster, the structure of which corresponded to the global minimum and several low local
minima, into n clusters Ag,Pb, ,, (m = 0,...,n). For every Ag,Pb, , system, lead
percentage was determined. Then, AE values were averaged over all Ag,Pb,_,, structures
which contained equal amounts of lead. Figure 4.18 presents the obtained results as the
dependence of AE on the lead percentage in Ag, Pb, ,, clusters. Based on the least-squares
technique, a smoothed line was plotted by the background of jump-wise changes in the
energy gap for the great series of structures. As seen, with an increase in the lead fraction
in mixed clusters, AE value increases. Thus, the band in the electron absorption spectra of
these systems should shift in the short-wavelength direction. Such a behavior of Ag,,Pb, ,,
clusters agrees with experimental results according to which the chemisorption of lead
atoms on the surface of colloidal silver particles shifts the electron absorption band to the
short-wavelength range.>*8

4.5.3 Simulation of properties of intercalation compounds

The properties of low-temperature solid matrix systems containing intercalated atoms,
molecules, and intermolecular complexes are difficult to describe theoretically. The chief
problems are associated with the fact that the interactions between intercalation
compounds and the matrix substance are substantially weaker as compared with the
interactions within the intercalation system, and, hence, simulating the properties of the
system as a whole requires potentials reliable over a very wide scale of interactions.
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Figure 4.18 Dependence of the absolute magnitude of energy difference between the higher
occupied and the lower vacant molecular orbitals on the percentage of lead in heteroclusters Ag, Pb, .
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Usually, simulating the matrix systems employs a cluster approximation, which involves
a direct consideration of all particles in the matrix and the intercalated molecule.
Thereafter, this approximation utilizes either the quantum-chemical methods for
simulating the constructed heterocluster or the approaches that combine molecular
dynamics and quantum chemistry.>

When considering small lithium clusters (Lis, Liy, Lis) isolated in argon matrices at low
temperatures, attention was focused on the charge distribution in lithium particles, which
is important for predicting the reactivity of metal clusters.*' In the first stage, using the
ab initio methods of quantum chemistry, the following equilibrium geometric
configurations of the planar lithium clusters were determined: an isosceles triangle for Lis,
a rhomb for Li,, and a trapeze for Lis. This geometry of lithium clusters remained
unchanged in the course of subsequent molecular-dynamic calculations. Next,
heterocluters Li,Ar,, (n = 3,4, 5; m = 18-62) were constructed in such a way that metal
particles were completely surrounded by inert-gas molecules. The potentials of Li—Ar and
Ar—Ar interactions were approximated by Lennard—Jones functions with parameters found
experimentally or taken from the literature. These potentials were employed in
calculations of molecular-dynamic trajectories at time steps of 107 '*sec, when each
trajectory involved up to 10* steps measured after thermoisolation of the system. The
temperature interval was 3-25K. For each characteristic heterocluster structure, the
contributions made by the surrounding argon atoms to the electron density of lithium
particles were calculated along the trajectories. For this purpose, the Fock matrix of a
lithium cluster was supplemented with the effective one-electron potentials of each argon
atom the parameters of which were preliminarily found in terms of the density-functional
theory. The new Fock matrix thus derived was used for estimating the electron distribution
by employing the conventional programs of quantum chemistry. In particular, the effective
charges on lithium atoms were calculated. The plotted fluctuations of charge distributions
along the molecular-dynamic trajectories®! look very spectacular—the evolution of the
system is accompanied by sufficiently pronounced oscillations of charges on the metal
centers when the charge variations in the absolute values can reach 0.2 of an atomic unit.
Moreover, a distinct correlation between the partial charges and the position of a metal
cluster within an inert-gas sheath is observed; particularly, the charge sign can change when
a cluster escapes to the surface.

Such an approach was used in a study”** devoted to calculations of matrix shifts in
the electron spectrum of a Na, molecule in low-temperature krypton matrices.
According to experimental results,** the krypton surrounding induces shifts of bands in
the electron spectrum of Na, in different directions for different transitions: a blue shift
by 12nm (+523cm ') is typical of the B—X ('TI, — 'X,") band, while a red shift by
17nm (406cm™') is characteristic of the A-X ('Z, — '¥, %) band. In this model,*** the
matrix was simulated as a Na,Kry, heterocluster, and the band position in the Na,
electron spectrum was associated with the difference in the orbital energies in a diatomic
molecule: 7, — &, for the B—X transition and ¢, — &, for the A—X transition. To calculate
the electronic structure of a molecule intercalated into a matrix, ab initio methods of
quantum chemistry (Hartree—-Fock—Roothaan approximation with 3-21G or 6-31G*
bases) were used. The configurations of heteroclusters Na,Krg,, were calculated using
molecular dynamic methods. The resulting “instantaneous” structures were employed in
calculating the electron distribution in an Na, molecule located within a heterocluster,

342
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i.e., the Fock matrix elements were supplemented with the effective one-electron
potentials that modeled the effect of krypton atoms; then, the orbital energies were
calculated and the positions of the spectral bands were assessed. Table 4.11 shows some
results, from which it is evident that the simulation allows estimating the matrix effects
on the qualitative level. Thus under the effect of krypton surrounding, the bands in the
Na, electron spectrum shift in different directions for A—X and B-X transitions. The
estimated shifts were close to the experimental ones and, generally speaking, a better
agreement could hardly be achieved.

Theoretical works*"3*? revealed fine effects in nanosystems, namely the effect of
solvate sheathes formed by inert gases on the electronic properties of matrix-isolated
particles. Being performed in the early 1990s, these works are also interesting from the
viewpoint of the calculation techniques, because, in fact, they used the combined (or
hybrid) approaches of quantum and molecular mechanics (QM/MM). The central part
(metal cluster) was considered on the quantum level, the effects of the periphery (solution
atoms) on the central structure were taken into account by one-electron potentials, and the
configurations of the whole system were determined using the methods of classical
molecular dynamics. As pointed out in the beginning of this section, today, a decade later,
such QM/MM approaches are among the most popular methods for simulating large
molecular systems.>*

A total ab initio analysis of a certain electronic problem, which followed the molecular-
dynamic simulation, was applied in simulating the properties of an NBr molecule in argon
clusters.* Within the framework of this model with a number of argon atoms approaching
170, it was possible to quantitatively reproduce a matrix-induced shift (about +9cm™!) for
the vibrational band of an NBr molecule.

4.5.4 Simulation of structural elements of organometallic co-condensates

Reactions of transition metals with organic mesogenic molecules are of special interest
because of their possible use in synthesizing new materials based on liquid crystals.
Such liquid-crystal materials exhibit important electrophysical characteristics and can
find applications in optoelectronics. Quantum-chemical calculations of electron and
vibrational spectra of model silver complexes with a central cyanophenyl fragment that
enters into the compositions of mesogenic cyanobiphenyls and their certain derivatives
made it possible to directly compare the results with the experimental data on

Table 4.11

Experimental and theoretical matrix-induced shifts (cm ') of bands in the electron
spectrum of a N, molecule in krypton

N, molecule in krypton A—X B—X
Experiment (Hoffmann) - 406 +523
Na,Krg,, T = 0K -461 +636
Na,Kre,, ' = 4K —658 +549

Na,Kre,, T = 5K —395 +944
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low-temperature co-condensation of 4-pentyl-4’-cyanobiphenyl (SCB) with silver atoms
in inert matrices.?8%285.289.324

CsHyy @ @ C==N

A cyanobiphenyl molecule contains two active centers: aromatic rings and a polar CN
group conjugated with the aromatic system. A transition metal can form complexes with
cyanobiphenyls by the 7z-donor and m-acceptor mechanisms. Reactions between transition
metal atoms and monomers or dimers of cyanobiphenyls can yield linear and sandwich
complexes of different compositions. According to the experimental IR spectrum, the
formation of a z-complex during the co-condensation of SCB and silver on a cooled
compared with individual SCB. In the condensed phase, cyanobiphenyls form dimeric
structures of the “head-tail” type. It can be assumed that the complex is formed by
incorporation of a silver atom between two SCB molecules in the dimer. Inasmuch as the
complex formation was experimentally proved by the shifts of vibrational frequencies of
CN groups, it is worthwhile to consider a model system that contains the most important
central cyanophenyl fragment of the SCB—silver complex with the proposed structure.

The complete optimization of the geometry and the analysis of vibrations were
performed in terms of ab initio Hartree—Fock approximations for a 5CB molecule and its
most important fragment, cyanobenzene PhCN. The estimates of the strong IR band
corresponding to the CN-group vibrations, viz., 2497 cm ! (5CB) and 2501 cm ™! (PhCN),
were required for comparing them with the CN-vibration band in silver complexes. The
complete optimization of the geometry and the analysis of vibrations performed for
fragments (PhCN)Ag, (PhCN)Ag™*, and (PhCN)Ag, led to a conclusion that the global
minimum in these systems corresponds to o-complexes with a linear arrangement of the
fragment C-N...Ag with C—N-vibration frequencies shifted as compared with PhCN by
+9, 7, and +20cm™!, respectively. For this reason, such a configuration could hardly be
realized in the Ag—5CB films.

Later, the structures corresponding to the 7 complexes were considered. According to the
X-ray diffraction analysis, the molecules of cyanobiphenyl derivatives in crystals are
packed in pairs according to the “head-to-tail” principle.** That is the reason we considered
the model of a silver complex with two cyanobenzene molecules, which is shown below:

The system has a planar symmetry with a silver atom placed at equal distances from
ligands, namely, from the center of a CN fragment in ligand (1) and from the benzene ring



96 4. Cryochemistry of Metal Atoms and Nanoparticles

center in ligand (2). In calculations, all geometrical parameters were fixed and were equal
to the values found for a free PhCN molecule; only the distance R between the planes of
ligands (1) and (2) was varied.

A calculation using the MCSCF method with two electronic configurations arrived at
two competitive solutions in the ground state: the first corresponded to (PhCN),Ag, the
second corresponded to the charge—transfer configuration (PhCN); Ag”®. For great R (R
> 4.7A), a neutral silver atom was inserted into the space between the ligands. In the
vicinity of R = 4.7 A, a radical reconstruction in the electron density distribution took
place: an electron was transferred from the silver atom to ligands; and at R < 4.7 A, the
charge—transfer configuration predominated. For R < 4.7 A, the almost total electron
density was transferred from silver to the z* system of the benzene ring in ligand PhCN
(2) (the lower one in the scheme), while only a small part of electron charge passed to the
7* orbitals of CN group in ligand PhCN (1) (the upper one in the scheme).

The red shift of vibrational frequencies of the CN group in silver—cyanobiphenyl
complexes is qualitatively understandable. Upon the formation of the film, silver atoms
enter the void between the pairs of organic ligands in such a way as to get an asymmetrical
surrounding with respect to CN groups (a simplified version is illustrated by the scheme).
The donation of a small part of electron density from silver to the antibinding CN orbitals
of one ligand results in an increase in the corresponding internuclear C-N distance and a
decrease in the curvature of potential-energy surface along this coordinate, i.e., in a
decrease in the vibrational frequency. The donation of the greater part of charge from Ag to
the 7* system of the other ligand leads to the electron density redistribution in the resulting
negative ion with a decrease in the corresponding frequency of CN vibrations.

Moreover, the matrix-induced shift of vibrational frequency was estimated at the
quantitative level.?® For this purpose, a model illustrated by the above scheme was used.

electron transfer), and potential-energy surface sections corresponding to the C-N
coordinate were analyzed. For distances 4.4 and 4.8 A, a limited Hartree—Fock method for
open shells on corresponding configurations was applied. For the distance 4.7 A, the
MCSCF method was employed which involved averaging over two configurations. First,
a partial nongradient optimization of the geometry with respect to C—N and C-C distances
(between the neighboring carbon atoms in the benzene ring and in the CN group) was
carried out with all other parameters fixed. Then, the points in the potential energy surface
in the vicinity of the found equilibrium coordinate C—N were estimated, and the numerical
estimates of the potential surface curvature and the vibrational frequencies of CN groups
were obtained. Table 4.12 shows the results of this simulation, which implies that the
qualitative conclusions drawn above are confirmed by numerical results. For the CTC
(R = 44 A), the red shifts of CN vibrational frequencies (—150 and —175¢cm™") well
correlated with those experimentally observed for AgSCB films (—150 and —200cm ™).
Furthermore, a calculation of an electron spectrum for a model structure of
cyanobiphenyl shown in the above scheme was carried out using the configuration
interactions (CI) method of the first order. Of interest were the differences in energies of
ground and excited electron states of the Ag(C,HsCN), complex, the corresponding
strengths of oscillators, and the charges on the fragments of the complex. In our case, the
CI method of the first order considered the single excitations of electrons with respect to
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Table 4.12

Calculated frequencies of harmonic CN vibrations (@) in (PhCN),Ag complex as a function
of interligand distance R and the corresponding frequency shift (Aw) as related
to 2501 cm™! in a free-PhCN molecule

Frequencies (w) and shifts R (A)
(Awycm™! 4.4 4,7 4.8
PhCN (1) 2351 (—150) 2392 (—109) 2416 (—85)
PhCN (2) 2326 (—175) 2412 (—89) 2471 (—30)
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Figure 4.19 Electron spectrum of Ag(C¢H;CN), complex. Dark bands correspond to experimental
UV spectrum of co-condensate of 4-pentyl-4’-cyanobiphenyl (5CB) with silver, which are absent in
the spectra of individual 5CB and silver. Light columns correspond to fragments of calculated
Ag(C¢HsCN), spectrum. The line intensity in the experimental spectrum and the oscillator strength
in the calculated spectrum are normalized to unity.

the initial wave function that consisted of 44 configurations and was constructed in terms
of the MCSCEF scheme. As a result, the wave function in the CI method contained 96,844
configuration state functions (CSF).

Figure 4.19 compared the calculated electron spectrum of the model complex with
the experimental UV absorption spectrum for the co-condensate Ag-5CB-decane
(1:1:10). The comparison makes it possible to single out the bands comparable with
those observed experimentally in the range 300-450nm (2.5-3.5 eV), which correspond
to the product of the 5CB-silver interaction. According to the charges on atoms in the
excited states, which were estimated via the scheme of natural binding orbitals, the lines
in the mentioned region correspond to the charge—transfer transitions of either
ligand-metal or ligand-ligand kinds.
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The DFT-calculation based on hybrid B3LYP potential was carried out to study the
equilibrium structures of Eu—CB complexes. The model structures including one and two
metal atoms with antiparallel disposition of ligand molecules are considered.

Thus, in aggregate, the results of ab initio quantum-chemical calculations allow one to
characterize both vibrational and electronic spectra of silver co-condensates with
cyanobiphenyls, interpret the observed spectral bands, and, eventually, substantiate the
conclusions drawn based on experimental studies.

The theoretical simulation of physicochemical propertics and chemical reactivity of
metal nanoparticles is actively developed. In the immediate future, attention will probably
be focused on modernization of the combined use of quantum-chemistry and molecular-
dynamics methods for analyzing the properties of ligand-free clusters. Such clusters are as
a rule unstable and cannot be synthesized in considerable amounts, which complicates
both their studies and the comparison of experimental results with theoretical models.

Different versions of the cryochemical synthesis of nanoparticles measuring <1 nm
should be developed further. By combining experimental data with theoretical simulations
and developing new methods for the synthesis and stabilization of cryoparticles and also
for exercising control over their sizes, it is possible to pose and solve the challenging
problems of nanochemistry, namely, how the number of atoms in a metal nanoparticle, the
temperature, the nature of stabilizing ligands, and self-assembling processes affect the
chemical activity and selectivity of nanosystems.
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Chemical Nanoreactors

5.1 GENERAL REMARKS

The high activity of metal clusters and particles is associated, first of all, with
uncompensated surface bonds, which pose many problems associated with protection
against aggregation. In fact, atoms, clusters, and particles of metals are divided into free
or unligated and isolated or solvated.

Naturally, such particles have different stabilities and activities. As a rule,
transformation of original particles into the reaction products involves overcoming a
potential barrier, which is called the activation energy (£) of a chemical reaction. The
presence of a potential barrier means that every chemical species, viz., a molecule, a
radical, an atom, or an ion, represents a more or less stable formation as regards its energy.

The reconstruction of reacting species requires breaking or weakening of certain
chemical bonds, which requires an expenditure of energy.

Let us return to a scheme M + L shown in Section 2.4. This is a multifactor process
of competitive reactions, consecutive and parallel, which proceed with an activation
energy £ =~ 0.

Evidently, each formation in the scheme can be identified with an initial state of a
peculiar kind and considered as a nanoreactor. Gas-phase reactions proceed in a similar
way, where the formation of a metal nucleus as a carrier of compact metal properties
proceeds with an increase in the number of atoms. The ratio of surface atoms that
determine the interactions with the medium, i.e., chemical properties, is also great. The
systems obtained by the M + L scheme are nonequilibrium. According to the Arrhenius
law, the reaction rate should decrease with a decrease in the temperature. This determines the
use of low temperatures for stabilizing active particles and the products of their interaction
with ligands. Moreover, it is evident that for more active particles, lower temperatures
should be used for stabilization. The advantages of low-temperature co-condensation in
studying nanoparticles are determined by

e unlimited choice of metals;

e the absence of impurities such as ions and the products of redox reactions;

e the possibility of studying atoms and small clusters in inert matrices and their
reactions in active matrices.

Thus, at low and superlow temperatures we deal with real nanochemistry.

99
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Atoms of most metals can be stabilized at a temperature of 4-10K in inert matrices
under, e.g., 1000-fold dilution. This is achieved by the method of matrix isolation,!6%1%6
which is widely used for stabilizing active particles that involve not only atoms and small
clusters, but also free radicals such as OH, CH,, NH,, etc.

We anticipate the discussion of applications of the matrix-isolation method with the
general remarks concerning the effects of temperature and particle size on the reactivity.
The exponential dependence of the reaction rate on the temperature manifests itself in
different ways over different temperature intervals. A comparison of two parallel
bimolecular reactions with activation energies differing by 1kcal shows that they cannot
be distinguished at room temperature, while they proceed at sufficiently different rates at
low temperatures. In the chemistry of low temperatures, this phenomenon is named energy
selection and lays the basis for the development of waste-free technologies.!® For
example, chlorination of ethylene in the vicinity of liquid nitrogen temperatures proceeds
with the formation of chromatographically pure dichloroethane. Radiation-induced
hydroboration of ethylene at low temperatures yields medicinal ethyl bromide, which is
used for anesthesia. In both examples, the expensive rectification stage is eliminated. The
use of low temperatures for finding the reaction mechanism and the optimal temperatures
for its performance was considered by the example of reactions of halogenation and
hydrohalogenation of olefins.>*

High reactivity of such species is closely connected with the size effects for nanometer
systems. Such effects appear in general when particle size correlates with the
characteristic size for a definite system property, for example, magnetic domain or the
electron-free length. The structural and phase nonhomogeneity is characteristic of
nanosize systems, and the new co-ordinate— ‘dis-persity’—should be added to classical
physical and chemical analysis that would result in diagrams “composition—structure
property.” Thus, the particle size (the number of atoms in the particle’s structure)
becomes the active thermodynamic property, determining the system state and its
chemical activity. The dependence of the relative chemical activity of metal species upon
their size is presented schematically in Figure 5.1.

According to this scheme, the chemical activity decreases in the following direction: free
metal atoms—soligomeric clusters—nanoparticles—aggregates—bulk metal. The atoms and
small metal clusters possess the highest reactivity. Their properties are usually studied using
a special technique for their stabilization in inert matrices at superlow temperatures. An
increase of the reactive species size leads to decrease of the number of active surface atoms.
It is followed by the proper decrease of the system’s chemical activity per atom going from
dimers and trimers to nanosized particles, and then to rougher dispersions and bulk metals.
It should be mentioned that the plot of chemical activity against reactive species size is not
a monotonic one. There should be some extremes due to the higher stability of metal clusters
with definite (magic) atom numbers, which are specific for individual metals and their
combinations. The loss in chemical activity is more significant for growing small particles
and less sharp for the final transition from rough dispersions to bulk.

The size of metal particles forming such systems and their reactivity are determined
by the combination of different experimental conditions (Figure 5.1). The main experi-
mentally controllable factors are the support temperature, the metal/ligand ratio, reagent
condensation rate, and the rate of sample annealing. It was shown that the lower the
temperature of the support surface, the lesser the diffusion-controlled interactions between
reactive particles and the more possibility for the formation of high energetic and high
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Figure 5.1 General scheme describing the relative chemical activity of metal species vs. their size.
According to this scheme, the chemical activity decreases in the following direction: free metal
atoms — oligomeric clusters — nanoparticles aggregates — bulk metal. The main factors determining
the size of metal species formed in the chemically active systems and some experimental techniques
used for their characterization are also indicated: TIRS; UVS-VIS; RAIRS; ESR; EXAFS;
NEXAFS; TEM; SEM; AFM; AES; XPS; UPS; LEED; EELS; SAXS; and various sorts of light
scattering techniques.

reactive species at low temperatures. The metal/ligand ratio greatly affects the size of
metal particles obtained via low temperature co-condensation. Raising this ratio and
annealing of the sample usually lead to an increase of the part of the clusters and higher
aggregated metal particles. The component condensation rate has a complex effect on the
properties of low temperature co-condensate film. The lifetime of highly active species
(metal atoms, their dimers, or trimers) during co-condensation at the cooled surface is
inversely proportional to the condensation rate. It depends on the nature of the relaxation
processes in the co-condensate system. The intensity of the particle beam determines the
number of collisions of the molecules with the surface and with each other. The temperature
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of the surface determines the relaxation processes. Together with the chemical nature of
the reagents, these factors determine the pathway of processes leading to or not leading to
the reaction. The processes, which occur during the real condensation, are more
complicated than the given scheme. The experimental techniques usually applied for the study
of structure, texture, and particle size in co-condensate films are also shown in Figure 5.1.

The most spectacular results of nanochemistry were obtained in the gas phase by using
the matrix-isolation method. This method consists in accumulating a substance under
conditions that hinder reactions. For example, in a solid inert substance at low
temperatures, the matrix prevents diffusion so that active particles are virtually immobile
(stable), frozen in a medium that cannot react with them.

In the matrix-isolation method, IR and UV spectroscopies are the main studying
techniques. Hence, there are certain requirements to matrices:

(a) Rigidity, i.e., the absence of noticeable diffusion of stabilized particles, which
should rule out their recombination and aggregation.

(b) Inertness, i.e., the absence of chemical reactions with the matrix. These requirements
reflect the inconsistencies between the matrix-isolation method and those used in
preparative cryochemistry, as mentioned above.

(c) Optical transparency, which makes it possible to study condensates by spectral and
radiospectral techniques.

As matrices, inert gases were widely used. The melting points 7, (K) of inert gases at
different pressure are as follows:

Ne Ar Kr Xe
Atmospheric pressure 25 83 116 161
P = 103 mmHg 11 39 54 74

For P10 *mmHg, temperatures of the higher limit are shown; however, it is
advisable to work at a temperature equal to—é T, Optimal temperatures 7., for the listed
gases are §, 28, 40, and 50K, respectively.

As the surfaces (supports) for measuring IR spectra, NaCl, KCl, CaF,, and CsI were
used. Calcium difluoride was used in the IR and UV regions. Matrix-isolation units use
vacuum of 103-10"7mmHg.

The formation of metal atoms is an endothermic process. The heat of formation varies
from 60 to 800kJ/mol (e.g., 62 for Hg and 791 kJ/mol for Re). The values shown determine
the difference in energies between the solid and atomic states. The energy of metal atoms
in low-temperature inert matrices changes insignificantly as compared with the gas
phase.!? This means that the kinetic energy liberated during condensation is only a small
part of the total energy. The change in the energy in the course of reaction can be estimated
from the binding energies. For example, the heat of a reaction M; + L—ML, is
approximately equal to the energy of the M—L bond (i is the index of stabilized structures
similar to those in the gas phase). The processes are thermodynamically permitted.

A compound ML can be extracted in the individual form as the product, if its
decomposition is hindered for kinetic reasons. Thus, the number of compounds, which can
be obtained under matrix-isolation conditions, exceeds the number of compounds obtained
in preparative synthesis. For instance, a compound Ni(N,), exists in an argon matrix and
was never observed at 77 K.
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Thus, we can formulate the methodological significance of low temperatures in
nanochemistry. This consists in synthesizing new, earlier unknown compounds, improving
the methods of preparation of already known compounds, and refining the mechanisms of
reactions. The examples are shown in the following sections of this chapter.

The interaction between a ligand and a nanocrystalline inorganic (metal) core can be
considered as the formation of a core-ligand complex. The stability of such complexes is
determined by the strength of the interaction between ligands and surface atoms of the
core. Moreover, the stability of complexes determines the possibility of their practical
application. In connection with this, a constant quest for new types of stabilizing ligands
was carried out. For this purpose, a number of hydrophilic organic dendrons and nanosize
voids were proposed.®*®3% Moreover, new approaches to studying stabilization based on
the formation of labeled ligand coatings were developed.®**=35* Typical ligands represent
amines, thiols, and phosphoric acid derivatives. For these ligands, a situation where a
decrease in pH can have an effect on the core-ligand interaction is possible. For example,
a ligand can be protonated and passed into solution, which destabilizes the particle. The
appearance of such a situation is critical for systems with biological functions. The average
pH of human digestive juices is close to 2. In this case, separation of ligands can result in
the appearance of toxic nanocrystals.?3!3%*

Carrying out reactions in inert and active matrices poses the problem of revealing the
relationship between a reaction and the number of atoms in a particle. The subsequent
presentation of the chemistry of nanoreactors is carried out in accordance with the groups
of elements in the Periodic Table; moreover, this involves only those elements for which
most clear and interesting results were obtained.

5.2 ALKAL! AND ALKALI-EARTH ELEMENTS

Stabilization processes and spectral properties of alkali and alkali-earth atoms have been
surveyed in detail.'® However, studies that prove that several atoms, i.e., a metal particle
of a definite size, can enter into a reaction are few. Alkali metals were used as reagents in
the reduction of halide compounds of other metals. At low temperatures in the liquid
phase, the following abstraction reaction was carried out:3%

MoCl s+ 5Kpgp +2 OO —’[ OC ]Mo + 5KCI

2

Such reactions are remarkable as a new method for synthesizing bis-arene compounds
of metals. In this case, a substitution of easily evaporated potassium for molybdenum that
is difficult to evaporate takes place. It was shown that this reaction does not occur with
compact potassium, which is probably due to the fact that the presence of locally excessive
potassium can favor decomposition of the resulting product.

Particles Li,, Li;, Na;, and K; isolated in low-temperature matrices were studied by the
EPR technique.**%%® Triatomic alkali-metal particles formed the most stable planar
structures, which were shaped as triangles with D5, symmetry, and generated EPR signals.
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Five atoms formed a planar structure with C, symmetry but revealed no signals in the
EPR spectra. This was strange, because particles with odd numbers of atoms having spin %,
should exhibit paramagnetic properties, and hence demonstrate EPR spectra. The possible
absence of spectrum was associated with their complex anisotropy and complicated
superfine structure.®® Particles comprising more than five atoms formed three-
dimensional structures. As shown for the deposition of silver cations Ag,
stabilized even at room temperature.>®

Among alkali and alkali-earth metals, magnesium particles attract the keenest attention.
This is explained by several reasons:

e Magnesium is easily evaporated without any impurities, because the latter have
higher melting points.

e Its gas-phase spectra are well studied.

e Of great importance are the organometallic compounds of magnesium, which
served for synthesizing the first Grignard reagent.

e Magnesium atoms and small clusters can be simulated by ab initio quantum-chemical
methods.

e By the involvement of magnesium, Grignard reagents with new properties were
synthesized at low temperatures. In contrast to solvated (normal) reagents that yield
tert-alcohols in their reaction with acetone, the reaction of low-temperature
nonsolvated reagents with acetone in its enol form produced hydrocarbons.!'®*

e Magnesium is a component of valuable alloys and materials.

The information on atomic aggregation is of prime importance for understanding
reactions that involve magnesium particles. Studies in inert-gas matrices make it
possible to gain insight into the properties of metal atoms and the possibility of their
aggregation during either condensation or heating of the matrix. Absorption spectra of
magnesium atoms isolated in matrices of different inert gases were repeatedly studied
and compared with their gas-phase spectra. Based on the data of the interatomic
distances for van der Waals complexes magnesium—inert gas and the diameters of inert-
gas unit cells, it was found that a magnesium atom can occupy a unique position in the
argon matrix.**! Absorption of magnesium atoms at 285nm was assigned to the
3p'P,<-3s!S, transition. By varying the metal-inert gas ratio, considerable amounts of
magnesium dimers and coarser particles, which absorb at 200-240 nm, can be obtained
at low temperatures.

The proved presence of magnesium particles in argon matrices provided grounds for
an assumption that they are formed at the instant of condensation when atoms are still
mobile. However, attempts to stabilize magnesium atoms even by additional dilution
with inert gas failed: their adsorption spectra always contain bands at 345 nm pertaining
to Mg, particles and also bands corresponding to dimers. This circumstance and also
the fact that absorption of magnesium atoms and coarser clusters dramatically
decreases with an increase in the temperature allows us to assume that it is the
magnesium particles that react at 77 K, rather than magnesium atoms and, hence, a
nanochemical reaction is observed.
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Table 5.1

Absorption maxima of alkali-earth metal dimers in inert gases

Dimer Ca, Sr, CaMg SrMg BaMg SrCa
Argon, A, (nm) 648 710 545 596 635 685
Krypton, A, (nm) 666 730 557 604 638 —

Matrix-isolation method allowed other alkali-earth metals to be studied. Atoms of all
these metals were found to form dimers; moreover, mixed dimers such as CaMg and
BaMg were observed.*? The absorption regions of the latter compounds lie between the
absorption regions of their components. Table 5.1 shows the positions of absorption
maxima for dimers isolated in argon and krypton matrices.

Dimers of alkali-earth elements are van der Waals particles, and their atoms, as a rule do
not absorb light. Aggregation of alkali-earth atoms was studied in inert-gas matrices; however,
calcium atoms were observed in benzene matrices at the dilution of 1:1000 over a temperature
range of 55-110K.*% In diphenyl, triphenyl, decane, and certain other hydrocarbons, calcium
atoms remained stable up to 120 K. The effect of diffusion on the formation of calcium dimers
was demonstrated.** In the course of heating, no dimers were observed in a krypton matrix
up to 45K and a xenon matrix up to 65K. The dimer ratio in a matrix increased with an
increase in the condensation temperature. The effectiveness of atomic stabilization as a
function of inert-gas nature decreased in the order Xe>Kr>Ar>Ne.!% Such a dependence
was explained by the formation of complexes between the metal and inert-gas atoms due
to van der Waals forces. Most polarizable inert-gas atoms were shown to form most stable
complexes. The diffusion of a metal bound in such a complex either ceases or is
dramatically hindered.!®

The high activity of magnesium atoms was observed for the first time when co-condensed
vapors of magnesium and diethyl ether were heated.*® In place of the expected colloidal
solution of magnesium, an unidentifiable organomagnesium compound was obtained.
Successful experiments on reactions of low-temperature co-condensates containing
magnesium particles were accomplished.!®-3% The latter reference shows many examples
of reactions involving alkali and alkali-earth metals, which were published before the
1980s. Among the reactions involving magnesium, the synthesis of Grignard reagents
attracts the keenest attention. The unabated interest in synthetic problems is evident from
the materials cited in a recently published monograph.**’ As follows from this work, of
greatest importance is the possibility of synthesizing Grignard reagents that involve
several magnesium atoms. After heating and the removal of the excess solvent, low-
temperature co-condensates of benzyl halides and magnesium formed colorless crystals.
Hydrolysis, elemental analysis, and time-of-flight and mass spectrometry techniques made
it possible to assume that a Grignard reagent that contains four magnesium atoms was
formed.%® An XRD study of the obtained crystals of Grignard reagents would additionally
prove the structure of such unusual compounds.

Among other interesting reactions in which magnesium particles participate, the
interaction with methane and acetylene should be mentioned. Magnesium atoms in
low-temperature co-condensates react with methane only in their excited state.
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is inserted into a C-H bond of methane.*® The reaction proceeds according to the
following scheme:

CH,-H H,C-H
+ — %/ — CHMgH
Mg Mg

The formation of methylmagnesium hydride was confirmed by IR spectra. Further
studies have shown that the insertion of a magnesium atom competes with its emission
from the excited triplet state.?” In solid perdeuteromethane, an almost five-fold increase
in emission intensity was accompanied by a corresponding decrease in the insertion
product yield. This suggests that the insertion process involves magnesium atoms in the
triplet state and that photophysical and photochemical processes are closely interrelated.
The observed isotope effect was associated with the presence of a reaction barrier and the
difference in the zero-point energies of CH, and CD,. Methylmagnesium hydride was also
obtained in the co-condensation of methane and in laser-evaporated magnesium.?”!
Excited magnesium was shown to react with acetylene to produce MgCCH, CCH, MgH,
and (C,H,),. Two possible reaction mechanisms were proposed:*7

Mg + HCCH — (HMgCCH)" — MgH + CCH

The energy estimates were obtained by the density-functional method. From the
viewpoint of the authors, the second mechanism is preferential, because an excited
magnesium atom has an energy of 63 kcal/mol.

Reactions of magnesium atoms involving the formation of clusters of several atoms or
their interactions with other chemicals depend on the combination of several conditions.
The reactivity of particles increases with an increase in the degree of dispersion of
magnesium. However, such particles require special stabilization procedures, including the
use of superlow temperatures, which, together with a stable valence shell and a high
ionization potential of magnesium, have an inhibiting effect on the activity of magnesium
particles. As a result, reactions with their participation depend on many factors such as the
method of metal evaporation, the condensation rate, and the temperature of the
condensation surface.

For example, magnesium particles obtained by thermal evaporation did not form
oxidation products in the course of their co-condensation with oxygen—argon mixtures,
whereas under a laser beam quite a mumber of different magnesium oxides were
observed.?™ The products contained minimum amounts of MgO. The main products were
a linear isomer of magnesium oxide MgOMgO and a linear compound OMgO. The use of
isotope-substituted oxygen and magnesium and also the estimates of vibrational
frequencies made it possible to assume that the reaction Mg + O, — OMgO is the main
stage. According to the estimates, this reaction is endothermic with a barrier of 12 kcal/mol.
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For ground-state magnesium atoms produced by resistive evaporation, such a barrier
was high and the reaction did not occur. Laser-evaporated atoms are in the excited state
and easily react with oxygen during co-condensation. It was assumed that magnesium
oxide is formed in a reaction Mg + O, — O -+ MgO, while dimers are formed by a
reaction Mg -+ OMgO — MgOMgO.

Electron spectroscopy allows identification of atoms, dimers, trimers, and more
complex particles of alkali-earth metals in argon matrices at low temperatures. This
technique was used for a comparative study of activities of magnesium and calcium

Cl, Br, and 1.3"*7 The behavior of the systems argon—calcium and argon-magnesium
containing small amounts of various methyl halides and conditioned for a certain time at
9K, was compared. Figure 5.2 shows the results for calcium particles in argon and a
mixture of argon with methyl chloride. As seen, the addition of CH;Cl has a different
effect on the reactivity of different calcium particles. Dimers and Ca, particles react with
methyl chloride, whereas the amount of calcium atoms in the argon—-methyl chloride
system further increases.

Similar experiments with different methyl halides and magnesium helped to reveal
unusual trends in the reactivity of particles of different sizes. These trends are reflected in
Table 5.2, which allows us to arrange calcium and magnesium particles in the following
order: Ca, == Ca, > Mg, > Mg, > Mg; = Mg, > Ca > Mg.

450

B

<au

Visible absorption area (cm?)
Visible absorption area {cm?)

“20

0

Deposition time (minutes)

Figure 5.2 Reactivity of calcium particles in argon and argon—chloromethane mixture:*” (1) Ca,,
A = 472nm; (2) Ca, A = 415nm; (3) Ca, + Ca,, A = 505nm. Domain A—argon, domain
B—argon and chloromethane mixture.
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Table 5.2

Chemical reactivity of calcium and magnesium particles with methane halides in argon matrix

Alkyl halide Ca Ca, Ca, Mg Mg, Mg, Mg, Mg,

CH,I '
CH,Br -
CH,C1 -
CH,F +
CH, —

+ + +

\
\

\

+
L+ o+

+
1
+ — — — —
+

|+ o+

A magnesium atom turns out to be the least active particle. The activities of methyl halides
also change in an unusual way, out of any correlation with the strength of carbon—halogen
bonds known from gas-phase data. Activity of methane halides in argon matrix is arranged
in the following order: CH,I > CH,F > CH,;Br > CH,CL

None of the magnesium and calcium particles under study reacted with methane.

To interpret the results obtained, it has been speculated that it is the magnesium clusters
that are inserted into the carbon—halogen bond, rather than its atoms. The first ab initio
quantum-chemical calculations have shown that reactions with clusters are more
advantageous from the viewpoint of thermodynamics.’”®37" Tt is also possible that the
lower energy of cluster ionization can favor the initial electron transfer, which precedes
the bond rupture. For example, the process takes the following path:

Mg, + CH;Br — [Mg"CH;Br~] — CH;Mg,Br
A more detailed scheme of possible reactions is shown below:

k
Ca + Ar — (isolated atom)
Ca + Ca 92 Ca,

Ca + Ca, g Ca, (x=3)

Ca + CH;Br — no reaction
Ca, + CH,;Br — CH,Ca,Br
Ca, + CH;Br — CH,;Ca Br

Here, k,, k, and k; are the rate constants of the corresponding reactions.
The formation of a calcium atom is possible, e.g., by the reaction

CH,Ca;Br — CH;Ca,Br + Ca

Reactions of atoms are kinetically limited. Of great importance for a reaction are the
ionization potentials of particles of different sizes, the binding energies of metal-metal and
metal-halogen, and the affinity of methyl halide to electron. The appearance of a charge
on the particles due to the electron transfer profoundly changes the binding energies. For
example, in an uncharged magnesium dimer, the energy of Mg—Mg bonding is approximately
1.2kcal, and the particle represents a van der Waals’ complex. In a charged magnesium
dimer, the binding energy increases to 23.4kcal. The reaction is also contributed by the
energies of metal-halogen bonds formed.
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in the gas phase by using a time-of-flight mass spectrometer.*’® The following reactions
were observed:

Mg* + (CH;0H),, — [Mg*(CH;OH)]" — Mg*(CH;0H), + (m—n)CH,OH

An Mg *(CH,;OH), particle is stabilized due to either evaporation of a CH,OH molecule
or a collision with gas carrier. For n = 5, an Mg"(CH;0OH), particle undergoes the
transformation

Mg'(CH,0OH), — MgOCH," (CH,OH), ., + H

When 7 reaches 15, the following reaction occurs:
MgOCH; " (CH;0H),.., — Mg"(CH;0H),

The interpretation of synthesized particles was based on ab initio quantum-chemical
calculations. Similar reactions were observed earlier for interactions with water.*”

Recently, magnesium oxide nanoparticles were applied in a number of catalytic reactions.
Crystals of MgO measuring 4 nm were treated with different amounts of potassium vapors.
On the oxide surface, K* and ¢ sites were formed. Sites of electron-surface binding
generated the appearance of superbasic zones.*® Interactions with alkenes resulted in the
proton abstraction and the formation of allyl anions, which took part in the alkylation of
ethylene by the following reaction:

A comparison of the degree of conversion for nano- and microcrystals of magnesium
oxide doped with potassium vapors has shown that at 210 °C, the yield increases from 15%
for microcrystals to 60% for nanocrystals. The effect observed was related with the increase
in the surface area for nanocrystals and, correspondingly, the increase in the number of
basic surface sites. This example shows that the specific catalytic sites are easily
attainable for nanocrystals as compared with microcrystals.

Catalytic chlorination of alkanes was accomplished on magnesium oxide
nanocrystals.*®! When substantial amounts of chlorine gas are adsorbed on the surface of
magnesium oxide, the properties of a chlorine molecule approach those of a chlorine atom.
It is known that in dark chlorine molecules do not chlorinate alkanes, whereas the system
MgO-Cl, formed by the method described above can chlorinate hydrocarbons.
It should also be mentioned that the selectivity of the MgO-Cl, adduct is sometimes higher
as compared with chlorine atoms. In this case, an analogy with the well-known activity
and selectivity of radical chlorination in aromatic solvents can be traced.*®* By considering
the example of photochemical chlorination of hydrocarbons with primary, secondary, and
ternary bonds in the benzene medium, the high selectivity of the reaction was
demonstrated. Chlorination occurred largely for the weakest ternary C—H bond. This
phenomenon was associated with the formation of a complex of a chlorine atom with a
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benzene molecule, which had a lower activity than a free chlorine atom and, hence, could
selectively interact with the weakest bond.

The peculiarities of the MgO-Cl, system mentioned above allow us to suggest that
dissociative adsorption of a chlorine molecule takes place on the MgO nanocrystals. This
results in stabilization of an atom-like particle, the electron density of which is shared with
the oxygen anions (O?7) on the surface. The chlorination of methane and other
hydrocarbons probably proceeds under specific catalytic conditions when secondary
reactions MgO + 2HCl — MgCl, + H,O proceed more slowly as compared with
chlorination and oxide regeneration. Below, we show a possible scheme of successive
reactions for alkane chlorination on magnesium oxide nanocrystals:

MzO MgO \ng\ c,oc

MgO MgO
-RCl1
R ¢ REAHC Hpq
P
MgO MgO MgO MgO —* MgCIMgO
-H,O Cl

To fully understand the chemical mechanism of this reaction, it should be elucidated
whether the interaction of alkyl radicals R with chlorine atoms occurs on the surface or in
the gas phase and whether R is bound with Mg2?* or with Q5.

As particles with well-developed surfaces, nanocrystals should exhibit an enhanced
ability to adsorb various molecules. For instance, MgO nanocrystals at room temperature
and a pressure of 20 mmHg strongly chemisorbed 6 SO, molecules/nm? of their surface,
whereas a microcrystal absorbed only 1.8 SO, molecules/nm? (see Ref. 383). Moreover, for
nanocrystals, the formation of single bonds prevailed, while double bonds were
preferentially formed on microcrystals. This is explained by the morphological peculiarities
of the two kinds of crystals and is schematically illustrated by the structures shown below:

O
0 O
N I
S S—O
—— R
0
MgO MgO
a nanocrystal that a microcrystal that adsorbs
adsorbs a monolayer at a’ of a monolayer at a
a pressure of 20 mmHg pressure of 20 mmHg

With an increase in pressure, molecules adsorbed on a microcrystal are bound more
weakly, which results in the formation of ordered and condensed multilayers because of
the predominance of a certain direction of interaction. Thus, for adsorption too, the size
and shape of a crystal play a significant role. Similar peculiarities were observed for
adsorption on MgO nanocrystals of different gases with acidic properties, namely, CO,,
HCI, HBr, and SO,.** However, when multilayer adsorption occurs at elevated pressures,
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the ordering of a microcrystal surface becomes of greater importance. It was assumed that
both polarization and morphology change during the adsorption. In such a case, magnesium
oxide can be considered as a participant of a stoichiometric process. In 4-nm magnesium oxide
crystals, up to 30% of the total number of ions pertain to their surfaces. Precisely, this accessible
30% of magnesium oxide is used, i.e., in fact, a common gas—solid reaction occurs.

The reactions of magnesium oxide nanocrystals with aldehydes, ketones, and alcohols
were observed to involve destructive adsorption.*®® The reaction of magnesium nanooxide
with aldehydes is endothermic, and nearly a mole of acetaldehyde per mole of oxide
undergoes destructive adsorption. Presumably, the reaction proceeds as follows:

H3C\C/H HiC M HiC ‘
1 (|3 (|3 H,C===CH
R e S
o :Q:v/ O H O H
« ; —tt
MgO MgO MgO MgO MgO MgO MgO MgO

The surface reactions under discussion involve the loss of a proton by an aldehyde
molecule owing to coordination of carbonyl oxygen with Mg?* and the subsequent
transfer of a proton to the surface. An analysis of the IR spectra showed that the absorption

the formation of polymers, which suggests that the amount of destructively adsorbed
aldehyde exceeds a monolayer. No destruction was observed on carbonaceous adsorbents
with highly developed surfaces. Hence, nanocrystalline metal oxides with highly active
polar surfaces exhibit new valuable properties.

Nanocrystalline oxides, particularly MgO, were also used for the destruction of
different bacteria, viruses, and toxins in the processes employing chlorinated adducts.!
The mechanism of the interaction of biologically active particles with nanosize
oxide—chlorine systems, which results in their destruction, requires further studies to be
conducted. These processes are of interest for exercising control over biological weapons
and various biotoxicological diseases.

Recently, the studies of magnesium particles once again attracted the attention of
theorists. One of the main reasons for this is that in contrast to most substances, small
magnesium particles (dimers, trimers, and tetramers) are bound by weak van der Waals
forces. This stems from the quasi-closed nature of the ground state of magnesium atoms 's.

Density-functional calculations have shown that in an Mg, particle, which forms an
isosceles triangle, the binding energy is 0.14eV per atom, whereas in a tetrahedral Mg,
particle this energy is 0.3eV per atom, i.e., twice higher. The bond length in Mg; is
329 pm, which is smaller than 319 pm in a compact metal.*#

The density-functional method was used for analyzing how the degree of solvation by

C¢Hs and X = Cl, Br, and the strength of the carbon—magnesium bond.*¥ It was noted that
the strength of the Mg—C bond depends on the organic substituent and the solvation
process, rather than on the halogen nature. For example, the C;Hs—Mg bond is stronger
than the C,Hs—Mg bond by 70 kJ/mol and increases further by 40kJ/mol in the course of
solvation to yield 322 kJ/mol for CqH;MgBr-2(C,H;),0.
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Small magnesium particles present a challenge for quantum chemistry, and different
calculation methods invoked for finding the binding energies in such particles provide
only qualitative agreement with the experiments.®®® Theoretical studies of small
magnesium clusters have also been accomplished.**”3% Extensive theoretical studies have
made it possible to make the following conclusions:

e Mg, Mg, and Mg, particles are highly stable;
e the changes in metal properties observed with an increase in the size are nonmonotonic.

Thus, additional studies of the structure of particles of different sizes and the processes
of their transformation into compact metals are required.

5.3 TRANSITION METALS OF GROUPS Hi-Vil IN THE PERIODIC TABLE

These groups include such important elements as titanium, vanadium, chromium,
molybdenum, manganese, etc. Among their reactions, the interactions with carbon dioxide
were studied most comprehensively. Co-condensation of Ti and certain other elements of
groups III-VII involves the electron transfer and insertion of a metal into the C—O bond.
The intermediate of the O-M-CO type thus formed reacts with carbon dioxide.*®
Reactions with titanium are illustrated by the following scheme:

Ti + COz (15 K)— O=T1—C=0 + Ti=0 + Ti-C=0 + C=0,

C—=0
(!)\Ti/
/C/ \%O
0=Ti~C=0 + CO, - 0~

Only few studies revealed a distinct dependence between the chemical activity and
particle size, which compels us to use indirect results. For instance, when no chemical
changes are observed during the co-condensation of metal and ligand vapors on a surface
cooled to 77K, then stabilization of metal atoms and clusters can be claimed with high
probability. If further heating gives rise to chemical reactions, then the formation of
nanoparticles of different sizes and their reactions with the ligand, which, as a rule, is
present in excess, can be asserted.

The process of low-temperature co-condensation of metal vapors and vapors of various
organic substances is actively used by chemists for synthesizing new organometallic
compounds with unusual properties. Many scientists from different countries are
successfully working in this direction.!68*%

Here, the details of such nanochemical experiments should be considered once again.
Japanese scientists thoroughly examined different reactions between various silicon
derivatives and Ca and Ge using the procedure described above. They succeeded in
synthesizing products of insertion into Si—Cl and Ge—Cl bonds, namely, compounds of
the Si-M—Cl type, and in carrying out their reactions with different ligands. At the same
time, they observed the cases of magnesium insertion into Si—Cl bonds in its reaction
with, e.g., (CH;);SiCl. However, we have shown that under molecular-beam conditions,
joint condensation of Mg and (CH;);SiCl yields a silicon analog of Grignard reagent, in
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contrast to the classical organic synthesis. The following scheme of competitive reactions
was put forward:

(CHa),SiCT + Mg "5 (CHy),Si — Si(CHy); + MgCl,
H,0, HC1
R,SiCl + Mg — R,SiMgCl —  R,SiH

The synthesis of an organosilicon analog of Grignard reagent was evidenced by the
reactions of R;SiMgCl with water vapors, hydrogen chloride, and fert-butanol. The resulting

Below, a possible reaction mechanism is shown:

R;SiCl + Mg — [R;SiCl~ Mg*] — R;SiMgCl
R,SiMgCl + R;SiCl — RsSi — SiR; + MgCl,

A new stage is the formation of a radical-ion pair and silylmagnesium chloride, which
interacts with the initial reagent to give disilane.
Using a setup shown in Figure 2.6, the following reaction was carried out:

THF 300°C

Re + BrCH,CH,Br — --- — Re,Bro(THF),
77K

A solvated halide of a transition metal was obtained in the absence of water.*®!

Particles containing a large number of atoms, which are of special interest, are still
scantily studied. Mention should be made of the synthesis of Cr, and Cr; particles and their
EPR studies in argon matrices.**? It was assumed that a weakly bound vertex chromium
atom in Cr, and Crj is a habitat of virtually all unpaired spins responsible for the appearance
of 16 lines in the spectrum. In the authors’ opinion,*? this result was quite unexpected.

At present, most detailed gas-phase studies were carried out with Nb, particles. The
use of beams intermittent through nozzles made it possible to obtain Nb, particles, where
x — 5-20. Several chemical reactions were accomplished with these particles. The
interaction of Nb, particles with benzene followed the scheme:

Nb, particles were obtained by combining laser evaporation with supersonic expansion.
A pulse method at a helium pressure of 3—5atm was used. Collisions with helium cooled
hot niobium atoms thus slowing down their rate. Clusters were formed in a flow, which
passed through a reactor, where it was mixed with different reagents (in this case, benzene)
introduced together with helium. Then, the mixture was expanded to prevent collisions and
was subjected to the selection procedure in a time-of-flight mass spectrometer.®%*

The additive-induced loss in the intensity of a peak corresponding to a particle of a
certain size was measured. It was shown that the reaction with benzene actively proceeds

thermodynamic and catalytic reasons. For the reaction to start, the formation of a certain
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minimum number of Nb—C bonds was vital. This is the thermodynamic factor. The
catalytic effect was associated with the necessity of a simple anchor-type bonding of
benzene rings in order to promote the dehydrogenation process.

Based on the studies with benzene and other aromatic molecules, the following
conclusions can be drawn:

e the initial molecule should have at least one double bond;
e the loss of an even number of hydrogen atoms was observed.

The first statement implies a mechanism that involves the 7-electron system into the
reaction. The second conclusion states the formation of evaporated hydrogen molecules.

By the example of a reaction between Nb, and BrCN, it was shown that the cluster size
affects the selectivity of the process. A niobium particle abstracts either a bromine atom or
a CN radical from a BrCN molecule:

Nb, + BrCN — Nb_Br + Nb,CN

to depend on the particle size. The results obtained were explained based on different kinds
of collisions between niobium clusters and BrCN molecules. For small clusters, brief
collisions prevail; for large particles, the formation of complexes, the decomposition of
which yields both products, was assumed.

The steric effect in this reaction also changes with the particle size. Figure 5.3 shows
the results obtained for two alkyl bromides, namely, CH,CH,Br and CH;CHBrCHj, in the
reactions with Nb, clusters. As seen from the figure, for small niobium clusters (x = 4) the
Nb,Br yield is independent of the bromide nature. However, when the reaction involves

6.0+
C,HBr

x

Yield of Nb Br
PN
(931

CH,CHBICH,

0
o

. . : ' . . :
0 2 4 6 8 10 12
Cluster size

Figure 5.3 Effect of the size of niobium particles and the steric properties of ligands on chemical
reactivity.**
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particles with x = 5, the yield of isopropyl bromide substantially decreases (by ca.
20%), which is explained by steric effects. In this case, the approach of a cluster to
bromine is hindered, which is aggravated with an increase in the cluster size for Nbs, Nb,,
Nb,, etc. In other words, for large particles, the number of effective collisions decreases.

By the example of niobium particles, the effect of particle size on the reaction pathway
was demonstrated. Such an effect was observed when the ligand—cluster interaction resulted
in the formation of a complex, which could react to give two different products. Moreover,
if one of the pathways is preferred for energy or steric reasons, we can expect certain
changes in the product distribution depending on the cluster size. This kind of a
phenomenon does indeed take place, e.g., during the reaction of niobium particles with
halogen-containing olefins.

Nb.+ RCH=CHBr — Nb,"RCH = CHBr

}

Nb.RC:R Nb,Br
adductive bromine abstraction
dehydrogenation

It was shown that coarse clusters favor the formation of Nb RC,R. Apparently, this
means that small clusters readily attack bromine. Probably, coarse clusters, in turn, more
easily form z-complexes with double bonds, which results in dehydrogenation.

Yet another interesting example of the particle-size effect on the reaction pathway was
observed for the reaction of niobium clusters with CO,.

The reaction is illustrated by a scheme:

x>7 OCNb,O I
Nb, + CO; — [OCNb,O]
x<7 Nb,O+CO 1II

Apparently, a common intermediate product is formed in this reaction, because the
yields of products I and II are inversely related. This was demonstrated by the example of
isotope-labeled carbon dioxide. Thus, small clusters with x = 3-7 favor the formation of
Nb,O, whereas large clusters promote the formation of OCNb,Q. Probably, this can be
explained by the fact that large clusters stabilize “hot” intermediate OCNb,O due to energy
dissipation, whereas adducts of CO, with small clusters undergo decomposition.

Examples shown above, on the one hand, clarify certain questions concerning the
reactivity of nanoparticles and, on the other hand, pose new problems. The procedure
mentioned for synthesizing niobium nanoparticles involves several steps that can
influence the corresponding reactions. Thus, a serious drawback of this procedure is
associated with the fact that the temperature of a cluster is unknown; moreover, during the
reaction, large clusters can be fragmented by a scheme Nb, + R, — Nb,R + Nb.. Such a
process should affect collisions and reactions. Some uncertainties are associated with the
laser-detection step, especially for the production of neutral particles when fragmentation
and side processes are possible.

Several general remarks should be made. The interaction of Nb, clusters with
hydrocarbons such as cyclohexane, cyclohexene, and cyclohexadiene points to their
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sensitivity to unsaturated bonds. Small clusters do not react with saturated hydrocarbons,
but actively dehydrogenate alkenes and dienes.

with x = 4-9, ions prevailed, especially for x = 9. This is why large clusters more actively
dehydrogenate benzene and form Nb—C bonds to produce carbide-like structures. For
benzene, it was found that Nbs, Nbs, Nb,, Nby, and Nb;; were more active in converting
C¢Hg to Cq. This intriguing result was confirmed by the fact that Nbg and Nb,, do not
interact with hydrogen and nitrogen. Dissociative chemisorption of hydrogen on Nb?,
Nbj;, and Nb§ was studied. Similar to neural clusters, Nbb was more active than Nbg. The
equal activities of neutral and charged clusters do not agree with the simple electrostatic
model of dissociative chemisorption.

Studies of the activity of niobium clusters made it possible to outline several general
problems for nanochemistry. It is most likely that large clusters can be used for controlling
the high-energy process of dehydrogenation via concurrent reactions. Particles Nbg and
Nb,, with closed shells are apparently structurally inactive. To exercise control over the
process, a certain number of Nb—C bonds should be formed.

Nb, + CHy — (C;Ho)Nb, + CNb, + H,

Generally, we have more questions than answers and the major question is: why are
some particles active while others are not.

By the example of niobium particles (n — 2-20) under commensurable conditions at
different temperatures, a kinetic comparison of their reactivities toward hydrogen,
nitrogen, and deuterium was carried out.** The experimental results were compared with the
estimates made within the framework of the electron-density functional model. Figure 5.4
shows the results on the interaction of nitrogen and deuterium with niobium particles at
different temperatures. Their reactivity was observed to strongly depend on the particle
size; moreover, an unusual dependence on the temperature was observed. The reaction rate
decreased with temperature over a range of 280-370K. Such dependence was explained
by the formation of an intermediate weakly bound complex according to the scheme:

kU
Nb, +N, <>Nb, (N, )—=—>Nb N,
k/)

where k,, k;, and k. are the rate constants of association, dissociation, and chemisortion,
respectively.

A similar scheme was proposed for nitrogen interactions with molybdenum
particles,*” and the quantity AE =
chemisorption energy, was determined for clusters of different sizes. It was found that A £
is 8.0 kcal/mol for Mo, s, 5.0kcal/mol for Mo,¢, and 6.5 kcal/mol for Mo,,.

An analysis of the temperature dependence for the above scheme of reactions with Nb
particles made it possible to conclude that N, and D, retain their molecular bonding within
their complexes, whereas in the reaction products their bonding is dissociative.*> The
possibility of direct conversion of reactant without the formation of an intermediate
complex was considered. Summing up, the calculated and experimental results make it
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Figure 5.4 Dependence of the rate constant of second-order reactions of (a) deuterium and
(b) nitrogen with Nb,, particles in a cluster at 280, 300, and 370 K.

possible to conclude that the scheme that involves the complex is necessary but
insufficient for describing the intricate temperature dependences of reactions of nitrogen
and deuterium with niobium particles of different sizes. Density-functional calculations of
the reactions of niobium atoms, dimers, and trimers with N, and H, made it possible to
determine the conformation, symmetry, binding energy, and charge transfer for particles
Nb,N,, Nb;N,, and Nb;H,.

The ionization potential usually correlates with the reactivity of a cluster. In the reaction
of niobium particles (n - 8, 10, and 16) with nitrogen, an anticorrelation dependence was
observed. This concrete case was explained by the presence of a barrier at the intersection
of the neutral potential of repulsion and the ionic potential of attraction.’** For the
reactivity of a cluster, the location of the charge on its surface is also important. The charge
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is usually located near the center of mass, but can be removed from the reaction site on the
surface. This means that the surface of coarser particles has a lower stabilizing ionic
potential, even though the ionization potential decreases with an increase in the particle
size. Hence, large clusters should be less reactive, which is not the case for niobium
particles. This inconsistency was removed by the introduction of an effective ionization
potential, which takes into account the radius of a cluster and the energy of its polarization.
Based on the aforementioned analysis, it was noted that the contribution of electrostatic
energy to ionization potential has no effect on the reactivity of a particle. The process is
controlled by other factors determined by the cluster structure. The correct interpretation
of the reactivity of niobium particles requires considering the potential of uncharged
particles. This is in line with the concepts of the temperature effect and the participation
of intermediate complexes in the reaction.

By the example of a reaction of niobium particles with deuterium, it was shown that
anions, cations, and neutral clusters have similar reactivities.>***?7 Such a feature has been
mentioned earlier for other metals.***" The similar reactivity for neutral and charged
particles makes it possible to conclude that the electron-transfer models used as the basis
of explanation of reactivity require refining. Particularly, the geometry of nanoparticles
can define the adsorption processes and the activity of metal clusters.*"’

Particles with magic numbers of atoms are stable because of the presence of closed shells,
either electronic or geometric. Such particles tend to have high binding energies per atom,
high ionization potentials, and widely deviating highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energies. Thus, it was shown that niobium
particles Nbg, Nb,,, and Nb,, with closed electron shells are active toward hydrogen
adsorption.*” The same authors stressed that the nondependence of niobium activity on the
presence of a charge substantiates the importance of the geometric structure. Apparently, the
charge-transfer model and a model considering the geometric structure of a particle can
supplement one another. Unfortunately, the geometric structure of small clusters cannot yet be
studied by direct experimental methods and is determined only by calculations.

A wide difference in ionization potentials of neutral and charged particles indicates that
the ionization potential is not the main factor that controls the reactions of clusters. In real
cases, more intricate phenomena were observed. In particular, the presence of charges on
clusters perturbs their potentials of interaction with molecules; moreover, the existence of
cluster isomers with different ionization potentials and different activities is possible. The
formation of structural isomers and their different activities were evidenced by the
existence of biexponential kinetics.?%?4%

The high reactivity of niobium particles of different sizes toward nitrogen and hydrogen is
determined by the presence of a relatively small number of valence electrons. In the
corresponding reactions of molybdenum clusters, which have a higher number of valence
electrons, the interaction of orbitals, which is associated with repulsion processes, plays the
key role. In this case, steric effects defined by the cluster geometry become the decisive factor.

Under conditions of single collisions, the molecular and dissociative adsorption of
nitrogen on tungsten particles in a range W,;~W,, was studied."* The probability of the
reaction with the first and second nitrogen molecules was measured for tungsten particles
at room and liquid-nitrogen temperatures. The results in Figure 5.5 reflect the higher
probability of the interaction of tungsten particles W,,—W;, with the first nitrogen
molecule at a temperature of ca. 80K as compared with 300 K. A pronounced nonmonotonic



5.3 Transition Metals of Groups III-VII in the Periodic Table 119

08 T T T =T T T

E‘ Q.6 \ 3

©

a 04t 4

£

% 4

=02 ;/[ 2 4
10 20 3 40 50 60

(a) Number of tungsten atoms in a cluster

Reaction probability

10 20 30 40 50 60

(b) Number of tungsten atoms in a cluster

Figure 5.5 Dependence of the probability S of a reaction of (a) one and (b) two nitrogen molecules
with W, particles at (1) 80 and (2) 300K on the number of tungsten atoms in a cluster.***

behavior of the reactivity was also observed. At room temperature, the maxima for clusters
Wis, W,,, and W,; were observed. The W,—W,, interval corresponded to the low reactivity
at room temperature. On the other hand, at low temperatures, only W, particles exhibited
a low activity, while the highest activity corresponded to the W5 clusters. The activity of
all tungsten particles studied was higher at low temperatures as compared with room
temperature. At room temperature, virtually no interaction was observed between tungsten
particles and the second nitrogen molecule, while at low temperatures this interaction was
weaker as compared with the interaction with the first nitrogen molecule. As seen from
Figure 5.5, for tungsten particles W,,—W4, the probability of the reaction slowly increases
with an increase in #; however, this does not correlate with the activity vs. # dependence
observed for the first nitrogen molecule.

Tungsten particles with nitrogen molecules were heated using a pulsed excimer laser.
Samples obtained at room temperature and 77 K behaved in different manners. No nitrogen
desorption was observed at room temperature, whereas at low temperatures substantial
desorption of nitrogen molecules was observed for all the clusters studied. The number of
nitrogen molecules left on the surface after the desorption approached their number
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observed at room temperature. The fraction of nonadsorbed nitrogen molecules was higher
for the more active particles. Thus, we can infer the existence of the sites on tungsten
clusters that differ in the energy of nitrogen bonding.

At low temperatures, the first nitrogen molecule reacts with tungsten particles, while the
second nitrogen molecule is bound by W, N, particles. The fact that the number of adsorbed
secondary molecules is smaller than that of primary molecules may be a consequence of the
negative dependence of the reactivity on temperature. One of the explanations was based on
the higher temperature of W,N, particles as compared with W, due to the possible dissociation
of a part of the nitrogen molecules at low temperatures. Dissociative bonding of nitrogen at
low temperatures can also be caused by their more effective absorption on the molecular
precursors. If nitrogen molecules diffuse over the cluster surface, they can be localized in sites
with the high binding energy. In this case, the probability of dissociation increases. On the
other hand, the dissociation process has an activation barrier. Hence, it cannot be ruled out that
dissociation or desorption can occur during the laser beam-induced heating.

For vanadium particles V,—V, the dependences of their reactivity on the number of
atoms and temperature of clusters were revealed in reactions with CO, NO, O,, D,, and
N,.%% It was shown that low-temperature reactions with both the first and second CO, NO,
and O, molecules are virtually independent of the number of vanadium atoms. For
deuterium and nitrogen molecules, temperature dependences were observed. For these
molecules, a strong effect of the particle size on the reactivity at room temperature was
observed; moreover, sawtooth dependences were revealed. For particles containing less
than 20 vanadium atoms, adsorption of CO, NO, and O, resulted in fragmentation of
clusters, which probably proceeded via evaporation of a metal atom. It was shown that V,;
and V5 particles are more stable than V.

In the gas phase, reactions of oxide ions separated using a mass spectrometer (V,0y,

Nb,Oy, TLOy) with ethylene and ethane were studied."® It was demonstrated that the
highest activity corresponds to vanadium oxide cations (V,0s)); that have a specific
stoichiometry and gave up their oxygen to hydrocarbons. Anions of oxides of vanadium,
niobium, and thallium did not enter into this reaction.
407
Mass-spectrally separated chromium particles were subjected to mild deposition (without
fragmentation) on the (001) surface of Ru oxide. Strong interaction of particles with the
substrate inhibited the formation of islets.

Germanium nanowires of a diameter of ~4 nm doped with boron (p-type) or phosphorus
(n-type) were synthesized by CVD from germanium tetrahydride (GeH,) at 275°C. The
process was catalyzed by gold particles of 2-20nm diameters. The size of germanium
nanowires was determined using TEM; evaporation was performed on gold-plated grids.'®
Germanium wires thus synthesized were used for creating the field effect in field transistors.

Gas-phase studies of the physicochemical peculiarities of isolated clusters of definite
sizes are important for understanding the properties of particles incorporated into a matrix
or stabilized in it. Moreover, the properties of particles containing several atoms, which
determine the chemical peculiarities of the system, are of prime interest.

Hybrid nanomaterials based on organic and inorganic components find increasing
application. This is explained by the fact that organic chemistry allows synthesizing a vast
diversity of compounds with a wide spectrum of physical properties. Moreover, the properties
of hybrid structures depend not only on organic or inorganic components, but also acquire
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interface properties, which can be tuned with more sophistication using organic materials.
Lamellar structures containing highly ordered crystalline yttria layers separated by organic
layers were synthesized by the reaction between yttrium alkoxides and benzyl alcohol.®
The yttria layer thickness was 0.6 nm, while the thickness of the organic layer depended on
the nature of the organic substance and was 1.74nm for benzyl alcohol and 2.21 nm for
4-tert-butylbenzyl alcohol. Doping of the structure with Eu*" jons resulted in the appearance
of strong luminescence in the spectral red range, which is typical of oxide matrices.

5.4 ELEMENTS OF THE GROUP VIiI OF THE PERIODIC SYSTEM

Group VIII of late transition elements is represented by iron, cobalt, nickel, ruthenium,
rhodium, palladium, osmium, iridium, and platinum.

By the example of palladium, an important cycle of studies devoted to synthesizing
nanoparticles of definite stoichiometric compositions was accomplished. " A particle of
the Pdsg Lgo( OAC), 5, composition, where L is 1,10-phenanthroline and OAc groups form
a ligand shell, was identified. The formation of a palladium cluster proceeded in two steps:

Pd(OAc), -+ L + H, — (1/n)[Pd,H,(OAc)L], + AcOH
[Pd4H4(OAC)L]n + 02 -+ ACOH —3 Pd561L6()(OAC)]8() -+ Pd(OAC)z + L + Hzo

The synthesized palladium particles are “magic” particles, i.e., they contain strictly
definite numbers of metal atoms, namely, 13, 55, 147, 309, 561, etc. Such numbers
correspond to closed shells of cubic octahedral clusters.

The successful synthesis of particles containing 561 palladium atoms initiated the
studies on synthesizing palladium clusters with different numbers of filled shells. Magnetic
properties of palladium particles with different numbers of atoms were considered.”! The
mechanism of synthesis of particles with a fixed number of atoms is still unclear. For a
cluster with a Pdsg; core, it was assumed that the metal particle forms a crystalline lattice in
the last stage of thermal treatment when it acquires the icosahedron shape. The principles
of building icosahedral metal clusters based on a model generalization were described.*?

Below, we show the scheme of a reaction of coordination-unsaturated cobalt
compounds with ethylene." This process is of interest as the method of elongating carbon
chains and it pertains to chemistry of one- and two-carbon molecules C, and C,.

0
CH, + Coc"'c‘:’j—zsa‘“’i’(czH@m Co, 0 1Y), Co,~CCH;
H
H, Cco
H
(C2Hy)m Co,CO (CoH) oy CIOH_CCHS
CH,CH;

CH;CH,CHO + (C;H)),. Co, ﬂ
CH3CCH2CH3 + (C2H4)m,1CO,,,
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Here, the product of low-temperature co-condensation of Co and C,H, is designated as
(C,H,),,Co,. It readily reacts with acetaldehyde CH;CHO, formaldehyde HCOH, and,
more importantly, with CO-H,. The use of deuterium-labeled compounds made it possible
to refine this scheme. Reactions with the addition of other substrates proceed successfully
only if the melting point 7, of the latter is sufficiently low to provide the mobility in the
Co-C,H, matrix up to the decomposition of the (C,H,),,Co, complex. Unfortunately, these
reactions are nonselective and a part of the products are formed spontaneously.

It is interesting that under similar conditions (77K), a reaction with iron produced
more mobile complexes (C,H,),Fe,."'* The synthesis and reactions of the complexes are
illustrated by the following scheme:

(C,Hy),Fey & CH,=CH H Z—* CH,=CH
Fe Fe Fe Fe
C,H, CH,CH;

Complexes of (C,H,),Fe, type are stable only at a temperature below 18 K. Nickel
complexes Ni(C,H,); were synthesized at 77 K; however, they were not extracted.*!*

The method of low-temperature co-condensation of vapors of metals and various
ligands gave rise to the appearance and successful development of new directions in the
chemistry of organic compounds of metals and other elements. Among a wide diversity of
directions in this field, we briefly consider only dispersions of solvated metal atoms. They
are usually synthesized at 77 K. The heating of such co-condensates is accompanied by
migration of atoms and the formation of clusters and nanoparticles. The cluster growth
competes with the interaction of growing clusters with the medium material.

A certain control over the size of the obtained particles can be provided by the appropriate
choice of the matrix material (xenon, hydrocarbons, aromatic compounds) and the heating
conditions. At the same time, the unlimited growth is a common problem. Nonetheless, the
method proved to be very fruitful for obtaining new catalytic and bimetallic systems. At
present, great attention is paid to the physical propertiecs of M, particles. Thus, a
nonmonotonic variation in the ionization energy with size was observed. The ionization
energy was 5.9¢V for an iron dimer and ca. 6.4 ¢V for its trimer and tetramer. However, for
Fe,y_;, particles, this energy was lower than 5.6¢V, whereas for Fe;_5 it exceeded 5.6eV.41°

results are rather in poor agreement with theoretical predictions.*!® Tt should be stressed
that magnetic properties of Fe, Co, and Ni nanoparticles also depend on their sizes. %!

The dependence of the reaction of Fe, with H, on the particle size and the annealing
temperature was studied. An interesting phenomenon was observed: an increase in the
temperature of the cluster—helium flow resulted in the reduction of particle activity. The
possible explanation assumes that the initial growth of clusters is kinetically controlled
and, probably, leads to the formation of more defective and hence more active clusters.
Under annealing, a cluster can acquire another form, e.g., collapse to give a structure
more stable with respect to thermodynamics, which can be less active. The activity of the
interaction of Fe, with H, changes with the size of the particles. Furthermore, the particle
size also determines the sharp changes in the energy of bonding of adsorbed NH; and H,O.
Apparently, all the phenomena described above are of the same origin, being related to the
changes in the ligand-free cluster structure. For Fe, (n = 2-165), the samples with
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chemisorbed NH; indicated the existence of metastable structures. Reactions of Fe,
particles with O,, H,0, and CH, were studied*??

Fe, + O, - Fe, — O, (n=2—15)
Fe, + H,O — FeO + H,
Fe, + CH, — no reaction

It was also noted that iron atoms react with none of these reagents and the activity of
particles increases with their size; however, for particles that involve more than six atoms,
the activity ceases to depend on the size.

Under commensurable conditions, the chemisorption of deuterium on neutral and
positively charged iron clusters was studied.*” Particles Fe, and Fe, demonstrated a
nonmonotonic dependence of the reaction rate on the number of atoms 7. As seen in Figure 5.6,
the activity changes by four orders of magnitude in a range from # = 1 to 31. The presence
of a charge also affects the rate. These results were qualitatively explained by the changes
in the valence electron structure of clusters. The geometric structure of a cluster, which
determines the number, energy, and spatial orientation of the valence orbitals capable of
effectively reacting with hydrogen, is also important.

Figure 5.6 shows that the activity of samples is similar for Fe, and Fe,, particles for
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at n = 4-6. At the same time, the activities of Fe}; and Fef particles are approximately 1000 and
1200 times higher, respectively, as compared with Fej§. It is comparable with the activity of Fe§
and approaches the activity of Fe};_,;. The activity of Fed_, clusters is suppressed as compared
with that of the nearby clusters, which, as seen in the figure, is in contrast to the uncharged
particles that have a wide maximum in the same range with a peak at Fe .

The chemical synthesis of nanoparticles and nanomaterials with controlled shapes has
only achieved limited success. Only a few authors reported on the preparation of
heterostructures smaller than 20 nm.”>*2* A chemical method for synthesizing heterodimers
was also proposed.*? To produce Fe;0,~Ag heterodimers, first, Fe;O, nanoparticles were
prepared. These particles were then dissolved in, e.g., hexane or dichlorobenzene, the
resulting solution was mixed with aqueous silver nitrate solution, and the mixture was
subjected to ultrasound to form a microemulsion. Presumably, ultrasound also induced
self-organization processes at the liquid-liquid interface. In the process, few Fe(II) sites on
the interface acted as catalytic centers for the reduction of the Ag™ ions and nucleation of
the Ag nanoparticles. After a 30 min reaction, the organic phase, separated by centrifugation
contained finely divided Fe;O,~Ag heterodimers measuring 13.5nm. According to TEM
studies, the diameters of Fe;O, and Ag particles in a dimer were 8 and 5.5 nm, respectively.
Using the same procedure, FePt—Ag and Au—Ag dimers were obtained. The advantage of this
method is that it allows attaching different biomolecules to silver.

The geometry and the binding energy in Ni, particles (n =< 23) were determined by
employing ab initio multiparticle potential and molecular-dynamics simulations.*?® The
average interatomic distance, which was found to be a function of the particle size, was

The average distance in Niy; was 2.25 A, which is 10% longer than the average distance in
the compact metal. In a nickel dimer, the bond length is 2.01 A. It is interesting to note that
the equilibrium geometries of Ni;,—Ni, particles are similar to those observed in inert-gas
clusters and clusters with closed electron shells, such as in Mg,. In contrast to alkali metal
particles, for nickel particles, the binding energies per atom demonstrate no magic
numbers. As compared with other particles, Ni, and Ni;; are more stable.

The electronic structure of transition metals such as Ni,, Co,, and Fe, is complicated by
strong correlation effects. In particular, these particles do not form closed electron shells.*??

Interesting results were obtained for a reaction of carbon monoxide with cluster nickel
ions in the gas phase.*?® Separation was performed on a quadrupole mass spectrometer.

as a function of the cluster size, i.e., n, were observed. For clusters of definite sizes, the
stability was calculated as a function of the valence electron number, which allowed the
number of bounded carbon monoxide molecules to be predicted and fit the XRD data. As
a whole, such correlations are obeyed.

In the gas phase, chemisorption of CO by clusters of different metals was studied for V,

were obtained by laser evaporation and analyzed on a time-of-flight mass spectrometer. For
the majority of transition metals, the following dependence was observed: for n =< 5, the
clusters readily chemisorbed CO, whereas the activity of coarser clusters was 2-3 times
weaker. It was noted that metal atoms and particles M,, M, and M, are comparatively
weakly active with respect to carbon monoxide. This phenomenon was explained as a
possible competition between monomolecular destruction and stabilization upon collisions.
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The deviations in the reactivity of clusters of transition metals such as Pd and Pt in the gas
phase were observed for their reactions with H,, D,, N,, CH,, CD,, C,H,, and C,H,; the following
general trend in the activity variation was found: D,, H,>N,>C,H,>CD,, CH,, C,;H,.#*#!

For platinum clusters, their reactions with hydrocarbons heavier than ethane were
studied.*23* The degree of dehydrogenation was shown to increase with the cluster size.
Thus, for cyclohexane, a benzene diadduct (C¢Hg),Pt, was formed, which was followed by
the liberation of six hydrogen molecules. At the same time, benzene itself could be
dehydrated on particles containing three or more platinum atoms. The temperature at
which platinum particles reacted with a hydrocarbon was estimated as ca. 300-600K, the
time was estimated as 100 usec. It is interesting to study such reactions at lower
temperatures and at greater times. It was noted that studies of this kind cannot be carried
out with pulsed beam techniques, a solid-jet method is more suitable.

Now, we consider briefly the chemistry in matrices and cold liquids. As was noted above,
low temperatures provide natural conditions for stabilizing metal atoms, clusters, and
nanoparticles and in studying their chemical activity. However, here we face various problems
associated with the fact that only extremely low temperatures (4—10 K) in such inert media as
argon allow us to infer the existence of free unligated clusters. In contrast to the gas phase, in
the liquid phase we deal with solvated particles, which can naturally affect their chemical
activities. Nonetheless, real materials represent solid and liquid systems. Hence, the attention
paid by scientists to physicochemical properties of metal particles in solid and liquid phases.

Below, we show the general scheme of the synthesis of solvated metal particles in
organic media.'?

77K heating

M + S e M-S—solvate complex —— . M-8 solvated
metal solvent co-condensation (colored) metal atom
further
heating
{M),~S8—black nanocrystalline or evaporialtion of (M),~S—suspended
amorphous solvated metal particles excessive solvent at solvated particles
300K

The first stage is co-condensation at 77K, which usually produces a weakly solvated
complex. The latter is as a rule colored due to charge transfer. This is either a CTC or a
donor—acceptor complex. Such complexes play an important role in cryochemistry. They
transform a two-component system into a single-component one and lift diffusion
limitations. In many low-temperature cases, no chemical processes can proceed without the
formation of complexes. The formation of complexes is the necessary condition for chemical
reactions. 22 The second stage is heating, which gives rise to an M-solution system. The
third stage is the further heating, resulting in the formation of M, clusters located in a viscous
sticky medium resembling liquid clay. And, finally, the fourth stage is the removal of the
solvent excess to produce an M,-solvent system, which can be either amorphous or
crystalline. Stages 1-3 are often accompanied by reactions of metal clusters with the solvent.

The resulting final size of a particle and its state, e.g., crystalline, depend on the metal
concentration, the solvent activity, and the heating conditions. In fact, the growth of
clusters can be accompanied by unusual and unexpected reactions with solvent at low
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temperatures. Particularly, systems formed with nickel contained small particles lacking
ferromagnetic properties. The growing crystals actively interacted with alkanes (solvents)
and activated C-H and C-C bonds when heated to 150 K.***

At this point, it is worth pointing that the reaction occurs at low temperatures and the
growing clusters are more active on the clean metal surfaces. The latter factor infers the
formation of defects during the growth of clusters. The unusual conditions of cluster
growth in organic media give rise to new peculiarities. The kinetic control results in the
appearance of defects and voids. The formation of such sites on a growing particle can be
beneficial for the better combination of orbital energies and favors the cleavage of C-H
bonds. Reactions with solvents are also possible. The formation of particles depends on the
metal concentration, the solvent activity, the heating conditions, and the presence of
surface-active additives (surfactants).

Particles comprising two different metals were also obtained by using various solvents.
The scheme below illustrates such a synthesis for manganese and cobalt that applies the
solvated metal atoms dispersion (SMAD) method.**

Mn atoms 77K 177
Co atoms * " Mn * @ e

OH OH OH OH 200K

P T
4@

oMo oMo

M Lr
oo o0 i
_.Co L2 e
4 T ¥

o

2 == Mn +

o O.Mn,

The obtained system was used for catalyzing the hydrogenation of butene-1 at 213 K.#3
The hydrogenation rate turned out to be higher with a bimetallic catalyst as compared with
individual cobalt and manganese. It this case, we observe a synergistic phenomenon. Such
catalytic systems are either introduced into zeolite pores or synthesized immediately in the
pores. 41437

For metals of group VIII (M - Ru, Os, Rh), the reactions of oxidative addition were
observed. Thus, the reactions such as M + CH, — [M-H-CH;] — CH,;MH proceed easily
without activation energy at a temperature of 10K in the argon matrix. The reaction is
favored by a high (50-60kcal/mol) energy of the metal-hydrogen bond. The reactivity of
particles correlate with the evaporation rate of metals and, hence, the kinetic energy of
atoms acquires great importance.

Cobalt, nickel, and iron react with methane only in the precence of light of a
wavelength A =300 nm, whereas light with 4 ~430 nm initiates the reverse process.*"—+3
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For iron, this process occurs via the following scheme:

300 nm

Fe + CHy T/
420 nm

CH;FcH

A metal particle attacks a C—H bond. The possible reaction mechanism is associated
with the formation of a g-complex. Other hydrocarbons such as C,H; and C;H; react in a
way similar to methane. Iron reacts with cyclopropane by attacking the carbon—carbon
bond. " According to IR spectra, the following compounds were detected in the products
of the reactions with benzene: Fe(C¢Hy), Fe(CgHy),, and Fe,(CcHg).**' In argon
matrices at a temperature of 12K, the photolysis initiates the following reaction of
iron with 1,4-cyclohexadiane:

12K | 12K N

Fe+ - | Fe - Fe+H,

/

In argon matrices, iron and nickel enter into a reaction with diazomethane CH,N,. 442443
Particles of M=CH, or N,MCH, were formed as the products. I[llumination of the matrix
with light of wavelength A — 400-500 nm increased the yield of N,NiCH,. Presumably,
photoinduced diffusion plays an important role.

Interesting reactions of particles of group-VIII metals with triple bonds were
observed.**4 In argon at 15K, iron and nickel react with acetylene to give MC,H,
compounds. Moreover, it is most likely that iron forms a o-complex rather than a #-
complex, because IR spectra revealed no changes corresponding to the triple bond, while
a change in the C—H bond was observed at v — 3270 cm~!. Presumably, this process
proceeds according to the following scheme:

Fe =i e = H—Fe—C=—CH

In the case of Ni, the formation of a z-complex is preferential.

The above examples demonstrate the sensitivity of similar reactions to regrouping and
light action.

Interaction of iron atoms with alkenes produced substituted ferrocenes.** Presumably,
this reaction follows the scheme:

Fe + RC = CR - (co-condensation, heating) (CsRs)Fe + trimers and tetramers of alkines

Such an unusual reaction requires the cleavage of at least one triple bond. The reaction
mechanism is unclear.

An analysis of the reaction of nickel with CH, and H,O was carried out.”®® An
interesting method for synthesizing new trinuclear compounds based on the reactions of
metal atoms with organometallic compounds was proposed.*”” Particularly, the following
co-condensation reaction was described:

77K
Co + C6H3(CH3)3 + FC(CO)S - [C@Hs(CH3)3]2FeC02(CO)5
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The latter example confirms once again the complexity of this problem. It is still
difficult to write a stoichiometric reaction equation and determine the mumber of atoms in
a metal particle that enters into a chemical reaction. It is quite unlikely that such active
particles as cobalt atoms form no coarser clusters immediately during the co-condensation
process at 77 K. However, the uncertainty in the metal particle size should not restrain
chemists from studying new chemical reactions and synthesizing new compounds.

The geometry, the electronic structure, and magnetic properties of Co, particles
(n = 2-8) were considered in terms of the nonlocal density functional.**® Tt was
shown that small cobalt clusters can be described by a set of various geometric
structures that do not differ too widely in energy. In this study, the following
equation was proposed:

lgv = kn(Ey— Ey)

It describes the relative rate v of the reaction of cobalt particles with deuterohydrogen
as a function of the number of cobalt atoms n and the binding energy E; (E, and k are
constants). This equation was used for processing the data on the reaction of Co, with
D,.*® Figure 5.7 shows the results obtained.

The low activity of the Coq cluster can be explained by its higher binding energy and
enhanced stability. In turn, the particles Co; and Cog have lower binding energies per atom
as compared with Co,, which may result in their higher activity.

Yet another type of chemical reactors is represented by various kinds of micelles. Thus,
cobalt particles measuring 3 nm were obtained by using toluene and surfactants.*® The
following scheme illustrates this synthesis. In fact, the size of the particles obtained in such
synthesis is determined by the size of the void in a micelle. As shown in the scheme, cobalt
particles tend to form rod-like particles 11-nm long and 3—4 nm in diameter.

Under the effect of ultrasound, in alcohol solutions of inverse micelles based on
cobalt porphyrins, nanorods with a distance between cobalt atoms of 0.25nm and a
length of 200 nm were prepared. The aggregated particle included nearly 800 cobalt
porphyrin molecules.*"
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Figure 5.7 Dependence of the relative rate v of a reaction between cobalt particles and
deuterohydrogen on the number of cobalt atoms n.%%



5.4 Elements of the Group VIII of the Periodic System 129

© + Co + sodium bis(2-ethylhexyl)sulfosuccinate O d
ZSOK\

—
_°
/ P9 Q©
5 Evacuation
\b o o/ o/'/

heating

in inverse micelles. Thin films formed from these nanocrystals exhibited strong
ferromagnetic properties at room temperature.*! The synthetic method involved the use of
an ionic precursor of cobalt and an oxidation reaction, which resulted in metal cobalt.
Unique particles were obtained using organic solvents and two different metals. In this
case, it is remarkable that the authors managed to mix the metals immiscible under usual
conditions. The scheme, presented below, exemplifies such an experiment.”s? Atoms of
evaporated iron and lithium were trapped in cold pentane at 77 K. Further heating resulted in
aggregation of atoms. Clusters of Fe-Li were formed. The kinetic control over their growth
in cold liquid pentane led to the formation of 3-nm ¢~Fe crystals surrounded by a
noncrystalline lithium medium. The total size of particles was 20 nm. The resulting powder
exhibited pyrophoric properties. Its surface area was 140m?g. Controlled oxidation (to
prevent ignition) and heating of such a cluster yielded an onion form of a hybrid core—shell
structure. The core consisted of o+-Fe crystals, the shell consisted of metal lithium or its oxide.
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By choosing the conditions of heating and oxidation, we can control the size of ¢-Fe
crystals in the range 3—-32 nm. It is important that the particles were covered by protective
coatings of Li,O or Li,CO;, and thus, were stable in air for several months. Particles
Fe—Mg were synthesized in a similar way.

Interesting results were obtained for iron nanoparticles with the average size of ~7 nm.
The particles were stabilized by oleic acid or AOT. The reactivity of Fe? particles was
assessed by their reaction with oxygen to give Fe,O,. The oxygen concentration was
controlled according to the lifetime of pyrene fluorescence.**

For such core—shell particles, the iron core oxidation at room temperature was
inhibited. A possibility of this reaction was opened in a relatively narrow temperature
interval of about 110°C. The specifics and mechanism of the activation process require
further investigation.

Preparation of various core—shell nanosystems has attracted keen attention. Of
prime interest was the problem regarding how the properties of individual components
change in such systems. It was shown that deposition of noble metals on magnetic
cores and vice versa changes the magnetic, optical, and chemical properties as
compared with individual components.”>** For example, iron oxide nanoparticles
overcoated with dye-impregnated silica shells were shown to retain the magnetic
properties of the core, while exhibiting the luminescent optical properties of the
organic dye.*> Recently, a new method for synthesizing bifunctional nanocrystals,
which combined the properties of magnetic nanoparticles and semiconductor quantum
dots was proposed.”®* The synthesized core—shell Co—CdSe nanocrystals had 11 nm
cores and 2-3 nm shells.

Platinum is the major catalyst in nitric acid production, reduction of automobile exhaust
gases, oil cracking, and proton-membrane-exchange fuel cells.**® In all the applications
listed, platinum was usually employed in the finely divided state. In particular, nanotubes
and nanowires that possess well-developed and active surfaces as compared with
nanoparticles are most promising for catalysis. The synthesis of platinum nanowires with
a diameter of 3nm and a length up to 5Snm, which employed organic—inorganic
mesoporous silicon compounds as templates, was proposed.*”” A chemical synthesis of
nanotubes as separate crystals was carried out.*®

In the first stage, H,PtCl, or K,PtCl, were reduced with ethylene glycol at 110°C in the
presence of polyvinylpyrrolidone to yield Pt(I) species. Further reduction proceeded more
slowly in air at 110 °C and resulted in the formation of platinum particles with an average
diameter of ~5nm. In this process, ethylene glycol served as both a reducing agent and a
solvent. The rate of the process was regulated by small amounts of FeCl; or FeCl,, which
induced the assembling of platinum particles into spherical agglomerates. Moreover,
platinum atoms, which continued to form very slowly, started the growth of uniform
nanowires on the surfaces of agglomerates so that the latter resembled sea urchins at the
end of the process.

Bimetallic FePt nanoparticles attract high interest in view of their applications in
memory storage units and as high-performance permanent magnets. These particles
were also used in the preparation of water-soluble systems that involve
biomolecules.#?4® Moreover, the structural and magnetic properties of FePt
nanoparticles were shown to depend on the size and composition of particles.*®!162
A one-step synthesis of FePt nanoparticles of controlled size and composition was
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proposed.*®* This can be illustrated as follows:

() (b) ()
Fe/Pt =i Fe/Pt e i /P =eeeeze- Fe/Pt Fe3 0,
(1) 2) 3) “)

In the first stage, spherical FePt cores enriched with Pt were obtained. They were formed
by either the reduction of platinum acetylacetonate at a temperature exceeding 200 °C or with
Fe atoms from decomposed Fe(CO)s, or by both processes. In stage (a), more Fe atoms were
coated over the Pt-rich nuclei to form particles (2) measuring ~7nm. In stage (b), the
interphase diffusion occurred. The exposure of these particles to air resulted in the formation
of system (4), which represented a core—shell FePt/Fe,O, structure measuring 7 nm/1.2 nm.

The synthesis of metal particles containing two metals and their deposition on solid
carriers play an important role in catalysis. This method allows different systems to be
obtained. We can deposit either one kind of metal or both, in layers or together. Insofar as
the deposition occurs at low temperatures (below 200K), the formation of metastable
compounds of two metals even those that cannot form stable alloys for thermodynamic
reasons and the so-called immiscible metals becomes possible.

Conductive palladium wires of 100-nm diameters (according to SEM data) were synthesized
via the electrolysis of palladium acetate solutions between chromium and gold electrodes
spaced at 10 pum and 25 pim under the effect of an AC electric signal of 10V ..., and 300Hz.

The wires grew spontaneously along the direction of the electric field. The proposed
procedure can be used for creating nanosize fuses, device interconnection, and chemical
SENSors.

Inasmuch as the morphology of metal pairs can strongly differ from one another, it is
virtually impossible to predict the properties of the catalytic systems obtained. In
bimetallic clusters, one element affects the properties of another. Detailed studies of
properties of such systems will allow synthesizing new catalysts with high activity. The
synthesis of cryodispersions and their deposition on adsorbents also makes it possible to
obtain new catalytic systems.

5.5 SUBGROUPS OF COPPER AND ZINC

These subgroups of the Periodic Table include several important and interesting metals,
namely, Cu, Ag, Au, Zn, Cd, and Hg.

These metals are remarkable owing to their ability to form clusters sufficiently and
easily in their zero-valence state, which allows scientists to operate with them in different
media. These metals also form classical colloids.

The idea of cryophotochemistry was put forward and realized by considering the example
of silver atoms. Silver atoms isolated in an inert-gas matrix are readily crystallized under the
action of light. Thus Ag,, Ags, Agy, Ags, etc. were obtained. As a result of photoexcitation,
the energy is transferred to the matrix. The latter is heated during the relaxation of silver
atoms to the ground state. The softening of the matrix promotes atomic motion and the
formation of clusters. This is a complex process, which proceeds in consecutive stages. Thus,
under the action of light, Ag, takes a silver atom and transforms into Ag,; however, it can
also transform into Ag, and Ag. An interesting method for synthesizing particles with
different sizes was developed.*® It combines the mass spectral selection with the subsequent
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condensation of particles in inert-gas matrices. Using this method, dimers and trimers were
obtained for many metals. EPR studies of these clusters and also those with higher numbers
of metal atoms (M; and M;) provided information on the electron density distribution over
individual atoms. The distribution over atoms was shown to be nonuniform, which probably
determined the different reactivities of clusters of different sizes.

A linear chain is the simplest structure built by metal atoms. For such structures, the
interval between the higher occupied and lower vacant molecular orbitals usually
oscillates depending on even or odd numbers of atoms in a cluster.*®

Transition metals are of interest for studying the formation of a structure with an increase
in the particle size. Transition metal atoms include both localized 3d electrons and delocalized
4s electrons. It is assumed that these states depend in different ways on the particle size. For
example, the atomic structure of copper is 3d'%4s! and, similar to alkali metals, copper has one
unpaired electron in the outer shell. However, the 3d sublevel is lower with respect to energy
and affects the cluster properties. In compact copper, the 3d sublevel makes a substantial
contribution to the Fermi level, which results in the higher conductivity of copper. In copper
clusters, the 4s sublevel is delocalized, which gives rise to discrete and size-dependent
changes. At the same time, the 3d sublevel monotonically changes with the particle size.

on an MgO (100) film, the theory of density functional was used.*®® Calculations
considered the complete relaxation of the surface of overlapping levels corresponding to
the 3d—4s orbitals of copper and 2p orbitals of oxygen. The competition of interactions of
the copper atoms with one another and with the oxide surface was observed. The calculated
average adsorption energy per copper atom decreased with the increase in the particle size,
whereas the average energy of Cu—Cu interaction increased. This feature explains the
preferential formation of three-dimensional structures for # = 5. In this case, the system gains
more energy from the binding of copper atoms than from their interaction with the surface.
The behavior of atoms at the metal—thiolate junction was studied by density-functional
method for the interaction of small copper and gold clusters with alkanethiols. The

to the polarization of the electronic density in the S—C bond.*” No effects of this kind were
observed for gold clusters with methyl and ethylthiolates.
The studying of ligand-free metal clusters evidenced the existence of closed electron

these clusters that are thermodynamically more stable and comparatively more abundant.
These particles also have a higher ionization energy, a weak electron affinity, and a low
reactivity as compared with particles with open shells.

A possibility of attaching chemical reagents to clusters with closed shells was studied
for copper particles. Clusters Cu,, Cuj, Cuj;, etc., were examined. Metal atoms were
modeled as one-electron systems by using the effective potential of the nucleus, its
polarizability, and chemisorption of carbon monoxide on different sites of a cluster.*%?
Table 5.3 shows the results of simulations.

If one considers carbon monoxide as a ligand with two electrons and each copper atom
as a donor of one electron, then the closed electron shells should correspond to Cu,CO and
Cu;CO. The results of theoretical simulations and experiments confirm this assumption.
Indeed, as seen from table, CusCO and Cu?CO particles have the highest chemisorption
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Table 5.3

Energy of chemisorption (eV) of carbon monoxide on neutral and
charged copper particles

Cluster Neutral particle Cation
Cu, 0,10 1,18
Cu, 0, 60 1,06
Cu, 0,93 1, 00
Cuy 1,03 1,04
Cus, 0,46 1,19
Cu, 1,06 1,23
Cu, 0,59 1,42
Cug 0, 44 0,93
Cug 0,72 0, 88
Cuyg 0,31 0, 66

energies. A Cu;5CO particle also has a closed shell and is stable. For small clusters, the
effect of the shell type is less pronounced. Probably, this stems from the fact that a single
electron pair can add to an unfilled 1p shell of a cluster.

Nanowires with a diameter from 40 to 150nm and a length of several tens of
micrometers were obtained on large-area (8 X 3.6 and 14.3 X 3.4 cm?) copper and silver

tetracyanoquinodimethane).*° Metal nanowires of a diameter from 30 to 50 nm based on
copper, silver, and gold were synthesized.*’® Organic semiconductor nanowires were
also synthesized.*”!

The method of low-temperature co-condensation is also suitable for synthesizing
colloid particles. Thus, gold atoms were condensed together with acetone, tetrahydrofuran,
trimethylamine, dimethylformaline, and dimethylsulfate oxide. The condensates were
heated to obtain stable gold particles measuring ca. 6 nm.*”? In all the solvents listed above,
no reactions were observed. Only stabilization of gold particles by solvents took place.
“Pure” colloid solutions formed could be sputtered to produce film coatings of different
thicknesses. Some solvents could be partially incorporated into the films and removed
from them by heating.

It was found that gold particles measuring 3 nm exhibit catalytic activity with respect
to hydrogenation of double bonds. Thus, for hydrogenation of butene to butane, it was
shown that the activity of 3-nm gold particles is highly comparable with that of palladium
black, a conventional catalyst of such reactions.

EPR spectroscopy was employed in studying the host—guest interaction of the
derivatives of a para-substituted benzylhydroalkylnitroxyl radical and gold particles
measuring 3.4+0.7nm stabilized by a monolayer formed by a water-soluble thiol and
triethylene glycol monomethyl ether. From the changes in the spectra of nitrogen and the
two S-hydrogen atoms, the equilibrium constant of the exchange between free radicals and
radicals incorporated in the particle was determined. The synthesis of water-soluble gold
nanoparticles was described.*’

By the example of gold, yet another problem of nanochemistry, which can be
conditionally formulated as resolvation, i.e., a transition of particles from one solvent to
another without changing their size, was solved. As an example, the agglomeration of gold
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atoms in acetone and perfluor-n-tributylamine (PFTA) is depicted in the scheme.'? Here
Ry is an acetone fragment and Ry is a fragment of PFTA.
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The heating resulted in the formation of a dark-brown colloidal solution of Au in PFTA,
which lost its color when extracted with acetone, while the upper acetone layer became
purple.'?

Among other reactions of elements from this subgroup, mention should be made of the
reaction of copper with diazomethane at 12 K.*" In the argon matrix, two products were
formed, according to the scheme:

Cu + CH,N, <

Under the action of light, N,CuCH, can dissociate in argon matrix. A different situation
was observed in the nitrogen matrix: the N,CuCH, formed did not undergo light-induced
dissociation. The composition of products was revealed by analyzing the IR spectra.

A unique study on the reaction of cadmium, zinc, and mercury with ethyl halides at
low temperatures in krypton matrices was performed.*’>47® The choice of metals was
dictated by the fact that the above-mentioned metals do not react with ethyl halides in
gas and liquid phases and, also, that these systems are amenable to simulations. The
metal alkyl halide matrix ratio was 1:100:1000. The differences in the reactions with

CuCH, + N,

N2CU—CH2
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different alkyl halides were revealed by considering the example of excited mercury.

Hg* + BtC1 — HCI + C,H, + Hg
Hg' + EF — H, + CH, — CHF + Hg

It was found that the metal atom is inserted into C—Cl and C-Br bonds and is not
inserted into the C—F bond. The interaction of Zn, Cd, and Hg (metals with 3p orbitals)
with ethyl halides is a spectacular example of a solid-phase reaction at superlow
temperatures. The resulting hydrogen halide (HX) was bound in a complex with ethylene
at low temperatures, whereas the products of the first reaction could be obtained only upon
heating. The unusual reactivity of ethyl halides was explained based on the energy
diagrams of the metal—ethyl halide system.

The reaction with ethylene and propylene at 77 and 4K was studied by considering
the example of copper, silver, and gold. In hydrocarbon matrices at 77 K, the formation
of complexes Cu(C,H,), Cu(C,H,),, Cu(C,H,);, Ag(C,H,), and Ag(C,H,), was
observed.*’=% At 4K, complexes with propylene Cu(C;Hg), Cu(C;Hy),, Au(C;Hy), and
Au(C;Hy), were found. The fact that no silver complexes were observed deserves
interest. This suggests that the formation of complexes is extremely sensitive to the
energy levels of the interacting orbitals. Thus, gold with acetylene yields a vinyl radical,
rather than a complex.*®!

Au + HC=CH — Au—-CH-CH

The interaction of gold anions Au, (n — 1—3) with CO and O, at 100K was studied,*?
particularly, for Au, anions.*3

Benzene layers formed on Au{111 } surface were studied at 4 K using the STM technique.
At low coverage degrees, benzene was preferentially adsorbed on the vertexes of the
monoatomic steps, while its adsorption on the terraces was relatively weak. The microscope
probe induced the concert cascade movements of benzene molecules, rather than random
motion. ¥

It was found that gold nanoparticles measuring 2—4nm deposited on TiO, exhibit
catalytic activity and can promote selective catalytic reactions such as epoxidation of
propylene.”® The unexpectedness of these results stimulated experimental and, particularly,
theoretical studies. In analyzing the catalytic properties of gold, the key role was played
by the cluster structure. Thus, the question of planar—nonplanar structure of gold particles
Aug and Aug was analyzed based on several theoretical methods.*

A method for synthesizing polyethylene-stabilized copper nanoparticles was developed.*®
According to the EXAFS and electron microscopy studies, the average size of copper
particles was 17 nm and their structure largely corresponded to the crystalline structure of
metal copper. A highly dispersed phase was formed by the decomposition of copper diacetate.
It was found that copper nanoparticles in polyethylene matrix resisted oxidation in air.

The high catalytic activity of copper nanoparticles incorporated into p-xylylene
toward isomerization of 3,4-dichlorbutene-1 into trans-1,4-dichlorbutene-2 was
described.*®® The activity of cryochemically synthesized copper in poly-p-xylylene
exceeded that of highly dispersed copper in silica gel by two orders of magnitude. The
catalytic activity depended on the copper content in poly-p-xylylene and correlated with
the conductivity of samples.
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The reactivity of nanopowders of copper and some other metals obtained by electric
explosion was studied.®*% The chemical activity of nanopowders was investigated by the
example of photoreduction of o-, p-, and m-nitroanilines, the formation of copper
phthalocyanine, and by the oxidation of isopropylbenzene. It was proposed to use the
oxidation of isopropylbenzene as a model reaction for characterizing the properties of
electroexplosive powders.

Nanorods of CdS were synthesized by the decomposition of molecular precursors in the
absence of surfactants.®! Using the solvothermal method, tetrapod-shaped CdSe and CdTe
nanocrystals were synthesized.*®>*%  Tetrapod-shaped ZnO"* and ZnS**® nanoparticles
were synthesized by combining the evaporation and vapor-condensation methods.
Nanowires, nanorods, and nanoribbons were obtained for ZnSe.**74%8

Zinc oxide nanoparticles are a promising material for electronic and optoelectronic
applications. Attention was focused on one-dimensional structures of the nanorod type.
In addition to high-temperature vapor-phase synthesis, great attention was paid to
low-temperature processes of synthesizing zinc oxide nanorods.!**!*%1%° Among these
reactions, the processes based on the growth of ZnO nanocolumns 50-2000 nm long and
50-100 nm wide around zinc oxide grains deposited on substrates were most successful.>®
A simple method of preparation of ZnO nanorods and nanotubes was proposed.*” This was
based on magnetron sputtering to yield different surfaces coated with ZnO films. To form zinc
oxide nanorods, zinc plates or foils were immersed in 5% formamide solution. The average
diameter of grown nanorods was ~ 100 nm.

Recently, it was demonstrated that zinc oxide nanorods can be formed in the
microstructures of self-assembling organic templates.>®> The templates were prepared by
microcontact printing of self-assembled monolayers of 11-mercaptoundecanoic acid
(HSC,,H,,COOH) on electrobeam evaporated silver films. Then, the chemically patterned
Ag surfaces were immersed for several hours in an aqueous solution of zinc nitrate and
hexamethylenetetraamine ((CH,)sN,) at 50-60 °C to produce nanorods of 2-pum diameters.
The assumed mechanism of selective nucleation is based on the combination of the pH-
regulated interaction of charged particles and the changes in supersaturation conditions
near the film—solution interface.

Nanostructures based on gold and silver find various applications in science and technology.
Mention should be made of their most interesting applications in optics and catalysis, -
optoelectronics and electronics,’®5% chemical and biological sensing, and clinical
diagnostics.>® 310513 Silver particles are actively used in detecting surface-enhanced Raman
scattering.’'*

Various structural combinations based on gold and silver particles and, particularly,
core—shell nanostructures are finding ever-increasing application. In contrast to individual
particles, such structures are characterized by the presence of two surface-plasmon
resonance bands. For gold nanoshells deposited on dielectric cores, viz., silica beads or
latex polymers, these resonance bands could be shifted from 500 to 1200 nm by varying
the core diameter and/or the shell thickness.!

It was shown that gold particles effectively adsorb on the surfaces of silica beads
preliminarily modified by monolayers of 2-amino-propyl-trimethoxysilane. The adsorbed
gold particles could then serve as nucleation sites for the deposition of more gold via the
electroless plating process, which resulted in the formation of a complete gold shell on
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each silica bead.>'® Sonochemical deposition of gold and silver on silica beads from
aqueous solutions of HAuCl, and AgNO; resulted in the formation of shell-like
structures.>!” By repeated gold and silica deposition steps, nanoparticles with multiple,
concentric gold and silica shells were prepared.’'® It was also demonstrated that gold
particles could be covered with a double shell of silica and polymer. The removal of silica
sandwiched between gold and polymer by etching it out with an HF solution gave rise to
rattle-like nanostructures (i.e., core—shell particles with cores movable inside shells).>!®
The core size, the shell thickness, and the gap between the core and the shell could be
separately controlled by changing the experimental conditions.

For gold, palladium, and platinum, the preparation of hollow structures with well-defined
void sizes and walls of definite thickness and controlled porosity was described.3?-522 The
synthesis of nanotubes with multiple layers of gold and silver was realized.’> The
properties of gold nanoparticles have been reviewed.>?

Preparation of nanorattles built of Ag/Au alloy cores and the shells of the same alloy was
described.’” The same publication reports preparation of nanoscale multiple-walled
“Matrioshka” structures, the formation of which involved a repeated cycle of electroless
deposition of a silver layer followed by galvanic replacement reaction between Ag and HAuCl,.
The resulting nanosystems displayed interesting optical properties with well-separated absorption
bands one of which corresponded to the core alloy, while the other pertained to the shell alloy.

5.6 SUBGROUP OF BORON AND ARSENIC

The boron subgroup includes B, Al, Ga, In, and TI. All these elements are important; however,
aluminum was studied in more detail. For the results of experimental studies of aluminum
see Refs. 526 and 527; theoretical studies can be found in Refs. 528 and 529. The active
development of calculation methods for analyzing clusters was associated with the fact
that ligand-free clusters cannot be prepared in amounts sufficient for experimental studies.
Moreover, small particles are as a rule metastable.

A comprehensive theoretical analysis of aluminum clusters can be found.’? Using the
density-functional method, the neutral and charged particles of Al, (n = 15) were studied.
For aluminum clusters, the binding energy, the relative stability, fragmentation channels of
particles, the ionization potential, and the vertical and adiabatic electron affinity were
analyzed as a function of cluster size. As shown, the particles containing less than six
atoms are characterized by two-dimensional structures; whereas those including more than
six atoms have three-dimensional structures. The changes in the geometry were
accompanied by the corresponding transformations in the electronic structure, namely, in
the concentration of s- and p-electrons in HOMO. The binding energy changed monotonically
with an increase in particle size; however, Al,, Al;, Al;, Al;}, and Al were more stable as
compared with their neighbors. The authors of this study>?® explained this by the existence
of mixed valence states. The univalent state was typical of particles containing less than
seven atoms, while the trivalent state characterized the particles with more than seven atoms.

The bandgap in the Al;; anion was found to be 1.5-eV wide, which far exceeds 0.3 and
0.4eV for Al}, and Al,,, respectively. Number 13 is far less a “magic” number for neutral
and positively charged clusters. Another magic number is 7, but only for the positively
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charged cluster Al;. The calculated bandgaps were 1.6, 0.4, and 0.45 eV for particles Al;,
AL, and Al, respectively.

A series of particles containing five atoms were also studied.>****! Clusters of Al; and
Al; were studied in more detail.>*? The study employed quantum-chemical calculations of
MP2/6-311 + G~ level and a hybrid Hartree—Fock and density-functional method used in
combination with the photoelectron spectrum of Al; anion. A planar structure C,, was
shown to be in best agreement with experimental and calculation results. An analysis of
the electronic structure and molecular orbitals of clusters made it possible to conclude that
the appearance of planar five-component structures is caused by the four-center peripheral
bonds. For Al; and Al; clusters, the following structure provided the best agreement with
experimental results:

2.54
> Al

Al
260/ N1/

Al—— Al —Al
251

where bond distances are shown in angstroms. From the viewpoint of the authors,’*? the
reasons for the planar structure of such systems are still unclear.

For aluminum, reactions of its cluster ions Al;; with oxygen>** and deuterium** were
studied. In the case of deuterium, both the chemical reactions and the formation of
metastable adducts were observed. The formation of metastable particles was
associated with the absence of stabilizing collisions. The activation energy £, of the
adduct formation increased with the increase in the cluster size, which was
accompanied by oscillations depending on the even—odd nature of the cluster. Odd
clusters exhibited higher E,.. A decrease in E,, for clusters with even numbers of atoms
is probably associated with the weaker repulsion in the transition state because of the
presence of an unpaired electron in the higher occupied electron orbital. The main
products of the chemical reaction were Al, D", Al ,, and Al" for reactions of small
clusters and Al,D" and Al, D" for large clusters.

By analyzing the effects of the particle size and the energy of collisions for a reaction
of Al, with oxygen, it was shown that the reaction cross-section increases with the particle
size and the O, chemisorption on a cluster is accompanied by a quick loss of two Al,O,
molecules. The remaining Al,;_, particles have excessive energy, sufficient to liberate one
or several aluminum atoms.

Neutral Al, and charged particles react in different ways with O,. A neutral adduct
Al,O, can merely be considered as an aluminum cluster with weakly bound oxygen.

In contrast to oxygen, ammonium was shown to weakly adsorb on aluminum clusters.>**

Clusters, containing two crystals such as Ni,Al,, NbAl, CoAl, etc. were obtained.>*® Here,
we only touch upon the new chemistry field that deals with low-valence compounds of
aluminum.>¥7538

The interaction of fused aluminum with gaseous HCl leads to the following reaction:

1200K

Aljgg + HCly = AICL, + 3 Hyy

gas
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This reaction proceeds with 90% efficiency. Gaseous AICI formed is condensed on a
cold cryostate surface. Heating to 180K results in the disproportionation reaction:

180K
3A1CL 50 — AlCL50 T 2A105

Thus, active solid AICI can exist for a long time only at 77 K. Co-condensation of AIC1
with butine-2 yields a dimer, namely, 1,4-dialuminum cyclohexadiene, which exists in the
crisscross sandwich form:

CIJI
Al
HC CH
AICI + HyC —C====C—— CHy —> H ]|
HC CH
\A’\I/
cl

Similar chemical transformations were mentioned for gallium as well>* Much
attention was drawn to gallium compounds with arsenic,>* which provided the grounds for
the development of semiconductor devices. Aluminum was also actively used in the
preparation of thin films.>*!

The reactivity of the majority of active clusters was studied as a function of the
nature of molecules involved in reactions. Table 5.4 shows the relative chemical
reactivity of aluminum particles Al, (n = 1-30) with different molecules.>?
Aluminum particles were fabricated by laser evaporation, the products were analyzed on a
time-of-flight mass spectrometer. As seen, the reactivity of aluminum particles
decreases in a series O,> CH;0H > CO > D,0 > D,. Methane reacted with none of the
aluminum particles studied. It was assumed that all reactions represent chemisorption of
molecules, the activity of which was studied based on the variations in the interaction
energy between molecular orbitals by using a proposed method.>** The central idea of this
study was to promote the electron transfer from a metal cluster to the antibinding orbital
of a molecule to be added. The reactivity of particles was explained on the basis of the
reactions of cluster growth such as Al, + Al — Al,.; or Al, + Al, — Al,,,.

Such reactions could transform active particles into inactive and vice versa.

Interesting studies on the activity of aluminum particles were carried out.* The synthesis
of aluminum particles involved using the condensation method developed at the Institute

Table 5.4

Chemical reactivity of aluminum particles with different molecules®#?

Molecule Relative reactivity Most active clusters Reaction products

CH, No reaction — —

D, 4 Alg Al D, (6=n=15)

D,O 200 Al Alj75 AL(D,0), (n=8, y=1-3)
CcO 400 Alg —

CH,OH 2000 Alyy, Aljg_17 AL(CH;0H), (n=3, y=1-2)

0, 6000 AL, AL, AL, (n>25) ALO;, AL(Oy), (=7, y=1-2)
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of Chemical Physics, Academy of Sciences of the USSR in the late 1950s.>* Tts modernized
version named “levitation-jet” method employs the contact-free confinement and heating
of an evaporated metal droplet in a high-frequency inductor field and an inert-gas flow.>4®
This method allows one, by varying the inert-gas pressure and the velocity of its flow, to
regulate the size of metal nanoparticles. Its great advantage is the absence of contact
between the droplet and any possible impurities, which ensures the absence of foreign
admixtures in metal nanoparticles.

Aluminum particles measuring 5.6, 37, and 100 nm and synthesized by the levitation-jet
method were studied in the adsorption processes and reactions with ordinary and deuterated
walter, carbon oxides, acetic acid vapors, hexamethylsiloxane, and acrylic acid.’****" The
water vapor was adsorbed at room temperature, while the desorption was studied under the
programmed linear temperature variations; the reaction products were identified by mass
spectrometry. The smaller particles were found to have wider distributions of active
centers in energy. The water adsorption on the fresh surface involved strong chemical
bonding and was independent of the average particle size. A single adsorption—desorption
cycle resulted in the complete loss of active water-adsorption sites.

The experiments with acetic acid vapors led to a conclusion that three types of active
centers of different activities were present on the aluminum surface. These centers formed
chemical bonds and promoted the decomposition of the acids by the following scheme:

CH,—C(0)—OH + Al, - CH,—C(0)—OAl, + —H,

It was found that the 6-nm particles have additional active centers and form stronger
bonds with adsorbed molecules, which did not prevent the aluminum particle surface from
interacting with water vapor and atmospheric oxygen.

The arsenic subgroup includes the elements As, Sb, and Bi, all of which can form
nanosemiconductors. Evaporation in a Knudsen cell of individual metals and their
mixtures allowed quite a number of intermetallic polar compounds such as Cs,Sb, and
Cs,Sb, to be identified. Compounds CsySb,, CsySb,Bi, CssSb,Bi,, Cs,Sn,Sbs, and CsInSb,
were also formed.’*3° Presumably, Cs atoms and Sb, and Sb, molecules were the
precursors of compounds containing cesium and antimony. (Compounds Na,Te,, Na,Tes,
Ce,Te,, and Ce,Te; were synthesized by a similar method.>")

In the gas phase, particles In P, containing 5-14 atoms were obtained.”>! As compared
with even clusters, odd clusters were characterized by more intensive light absorption.
The excitation energy changed from 0.84 to 1.84 ¢V. Even clusters were more abundant as
compared with odd ones, and had a higher dissociation energy. Even clusters were
assumed to have closed shells and a singlet ground state, whereas odd clusters were
characterized by the open multiplet ground state. The fact that the absorption spectra
corresponding to the adsorption of clusters were comparable with those of the semiconductor
junction deserves attention.

Indium nitride attracts attention as a promising material for optoelectronics. Nanocrystals
of InN were synthesized in a reaction of InCl; with Li;N at 250 °C. The synthesized material
represented a mixture of cubic and hexagonal phases.>>? Hexagonal InN nanocrystals with a
diameter of 10-30 nm were obtained by reacting In,S; with NaNH,.>** CVD of indium and
ammonium vapors on Si(100) yielded hexagonal indium nitride crystals of micrometer
sizes.>* Indium nitride nanowires grown on gold-coated silicon by the thermal evaporation of
In in the presence of NH; had a diameter of 40-80 nm.>* By employing a vapor-liquid—solid
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route, InN nanowires with diameters of 10-100 nm were synthesized at 700 °C in the reaction
of In,0s, metal In, and NH;.*% CVD of a mixture of In,O;, In, and NH; onto Si/Si0O, surfaces
coated with 20-nm-thick gold layers allowed InN nanowires with a diameter of 15-30 nm to
be obtained.>*’

5.7 ASSEMBLIES INVOLVING NANOPARTICLES

In different versions of the nanoparticle synthesis that involve the condensation procedure,
the process starts from the formation of nanoparticles from individual metal atoms, which
can be considered as self-assembling or self-organization of atoms to give their assemblies.
Self-organization is determined as a series of concurrent multicomponent processes of
self-association. This is a complex spontaneous process resulting in the appearance of an
order with respect to space and/or time,3® which, in principle, can give rise to different
size effects. This also includes the structural and dynamic kinds of order in equilibrium
and nonequilibrium structures.

As seen in metal nanoparticles, a common practice is to consider the assemblies of both
particles themselves and stabilizing protective layers. Attention is focused on the effect of the
chemical nature of stabilized compounds on the self-organization processes. The analysis of
studies carried out before 2000 can be found elsewhere.” Preparation of thiol-covered metal
particles and their self-organization into one-, two-, and three-dimensional superlattices
were surveyed.

A sufficiently general approach to controlling self-organization of assemblies of metal
nanoparticles and composite materials based on carbon nanotubes and metals was
proposed.3*-3%! The central idea of the authors was to employ molecular films based on
multidentate thioethers such as Me, ,Si(CH,SMe), (n = 2, 3, 4) as the mediators and
tetraalkylammonium bromide as the template.*®! For gold particles measuring from 4.8 to
6.4nm and covered with a tetraalkyl bromide monolayer, it was shown that the mediator
provides coordination properties of the resulting assemblies, while the template controls
its geometry. By varying the mediator-template ratio, it is possible to regulate the size and
shape of particles in the synthesized assemblies.

Many branches of nanotechnology employ materials based on nanoparticles. These
applications realize the ability of nanoparticles to form assemblies of controlled size and
shape and with special interparticle interactions that provide a possibility of utilizing
unique nanosize properties. Much attention was attracted to the problems of synthesizing
nanoparticles of different sizes and shapes and studying the peculiarities of their organization
and self-assembling.%>362-566

Various applications of metal and semiconductor nanoparticles are largely determined
by the chemical properties of their surfaces. For 2-nm particles, more than half of the
atoms are localized on the surface and can influence the nanocrystal behavior.
Uncompensated surface atoms can act as a sort of trap, e.g., for photogenerated charge
carriers, thus reducing the efficiency of semiconductor emission.

By changing the nature of ligands that interact with a nanoparticle, one can govern its
synthesis, stabilization, and chemical reactivity. Surface ligands prevent aggregation of
individual nanoparticles. At the same time, they can facilitate dispersion of nanocrystals in
various solvents, which is of special importance for aqueous solutions in view of
biological labeling applications. Surface ligands containing appropriate functional groups
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can serve as “bridging” units for coupling of molecules or macromolcules to a nanocrystal,
which leads to the development of new hybrid materials. In many cases, it was shown that
thiols containing two thiol groups or combinations of several ligands can determine the
size and behavior of nanoparticles.373% At the same time, for CdSe particles it was shown
that thiols that coat a particle are easily oxidized to yield disulfides, which results in
deposition of crystals.>®

Processes of organization and self-organization of nanoparticles were studied most
extensively considering the examples of silver and gold particles. Monodispersed silver
nanocrystals were stabilized by the chemisorption of dodecane thiol on the receptor sites
of the crystal surface.””® The kinetics of aggregation and the structure of the formed
ensembles depended on the number of receptor sites on the nanocrystal surface.

The synthesis of alternate positively charged gold particles and negatively charged
silver particles and their self-organization in the presence of 4-mercaptoaniline and
4-mercaptobenzoic acid on a glass surface was described.’”! The formation of one-
dimensional layers of gold particles on silicon substrates was also considered.’” This
process was performed using an AFM for the surface treatment and the chemical
deposition of gold particles.

The effect of gold particles on the self-organization of dodecane thiol molecules was
described.>™ Particles measuring from 1.5 to 5.2nm were utilized, which corresponded to
the presence of about 1100-4800 gold atoms and from 53 to 520 alkane thiol chains. The
properties of thiols adsorbed on nanoparticles were studied using NMR, IR Fourier
spectroscopy, differential scanning calorimetry, mass spectrometry, and thermal analysis
techniques. The conformation of alkyl chains in thiols was more ordered on coarse
particles. A changeover in the packing type was observed starting from a size of 4.4 nm.
On larger particles, a two-dimensional layer was formed, whereas for smaller particles the
elements of three-dimensional packing were observed.

The self-organization of 4.6nm gold particles resulted in the formation of particle
aggregates with a diameter of ca. 30nm.3™ The original particles were formed by the
reduction of HAuCl, with NaBH, in the presence of HSCH,COONa. The removal of
excessive metal ions from the solution by dialysis initiated the formation of coarser
aggregates. The electron spectra measured before the dialysis revealed the absence of the
plasmon peak typical of gold particles.

The strategy of production of materials based on a “building-blocks and binders”
principle was put forward.’”® The adhesion between a polymer and gold particles, which
were bound with thymine as the protector, was achieved because of the formation of
hydrogen bonds. In the course of self-association, the size and morphology of aggregates
were temperature-controlled. The original 2nm gold nanoparticles formed spherical
aggregates measuring 97 £ 17nm at 23 °C and 0.5-1 pum at —20°C, which in turn consisted
of finer aggregates as the individual subunits. At 10°C, spherical nanoparticles formed an
extended chain 50 nm long. Such self-association processes were studied using small-angle
X-ray scattering and TEM techniques. As assumed, the formation of nonspherical aggregates at
10°C is an intermediate step in the formation of coarser ensembles at —20 °C; hence, these
aggregates can be used as the precursors of nanosize associates of different shapes and sizes.

The self-association of rod-like gold particles 12 nm in diameter and 50-60 nm long was
studied by high-resolution electron microscopy.>’® By selecting the concentration of these
particles, their size distribution, the conditions of solvent evaporation, and the surfactant
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ionic strength and concentration, it was possible to obtain one-, two-, and three-dimensional
structures by electrolysis. A mixture of hexadecyltrimethylammonium bromide and
tetraoctylammonium bromide was used as the water-soluble electrolyte, where the second
surfactant defined the formation of cylindrical particles and the ratio of the two surfactants
determined the diameter-to-length ratio of the resulting gold nanorods. The electrolysis
time was 4.5 min. Gold nanorods were formed on a copper wire net partly immersed in
solution, exactly along the line of its contact with solution.>” In the opinion of the authors
of this study, the following two factors were important for the further self-assembling into
rods: the water evaporation-generated convective transfer of particles from solution to the
thin film and the interaction between particles within the film, which defined the formation of
various structures. A possible reason for the parallel arrangement of rod-like particles was
associated with the capillary forces operating between the rods arranged in parallel to one
another, although, the authors” stressed that a satisfactory explanation of the observed
anisotropy in assemblies requires a more detailed theoretical analysis.

The self-assembling of particles gives rise to the appearance of order not only of the
translation kind, but also with respect to orientation. The latter kind of ordering is typical
of particles with well-defined shapes.>”” High-resolution electron microscopy allowed the
structural changes in nanosize gold rods, which were generated by femto- and nanosecond
laser pulses, to be observed.>™ The pulse energy was insufficient for melting of the gold
rods but quite sufficient to initiate the deformation processes that could affect their shape:
the nanorods were observed to transform into nanospheres. The results of the statistical
analysis of the distribution of nanorods over sizes and shapes, which was performed before
and after treating them with a laser, can be found in Ref. 579.

In connection with the development of new electronic nanodevices, the attention of
scientists was attracted to the procedures of synthesizing nanoparticles protected by
monolayers. New procedures were developed for synthesizing such layers on gold
particles, which involve using solutions of hexanethiols and hexanedithiols in organic>®
and aqueous®®! media.

Stable gold films, which consisted of particles measuring nearly 4 nm, were obtained by the

L-lysine with gold particles covered with carboxylic acids.*®? The morphology of films was found
to depend on the nature of the acid that covered the gold particles. The use of mercaptododecanoic
and mercaptosuccinic acids resulted in the formation of more ordered films.

Thin porous gold films on glass substrates were fabricated by employing colloid crystals
as the templates. The films were studied using STM and served as a model substance in
the Raman scattering measurements.>8°84

Gold particles enabled the study of the microstructure, wettability, and thermal stability of
self-assembled monolayers of partly fluorinated alkane thiols such as F(CF,),,(CH,),SH

into the alkane thiols enhanced the stability of self-assembled monolayers. A monolayer of
nonfluorinated alkane thiols on gold lost its ordering at a temperature about 100°C.
Fluorinated compounds with the number of methylene units in a chain » = 11, 17, and 33
formed well-ordered monolayers; whereas for smaller numbers of units the degree of ordering
decreased. The wettability of monolayers also depended on the number of methylene units.
The thermal stability of self-assembled monolayers increased with an increase in #; thus the
monolayer films with n = 33 were stable in air at 150°C for 1h.
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The effect of the substrate nature on the morphology of two- and three-dimensional
superlattices formed by dodecane thiol-covered silver sulfide nanocrystals measuring 5.8 nm
was studied. As substrates, oriented pyrolytic graphite and molybdenum disulfide were
used.>® The self-assembling process was observed by the SEM and AFM techniques. Tt was
shown that self-organization into superlattices depends on the substrate nature, being
determined by the particle—particle and particle—substrate van der Waals interactions.

Self-organized monolayers formed by 4'-hydroxy-4-mercaptobiphenyl, 4-(4-
mercaptophenyl) pyridine, and their mixtures with 4’-methyl-4-mercaptobiphenyl were
deposited on the gold surface and used as the templates for growing glycine crystals.>®
The morphology of the resulting glycine crystals depended on the properties of surfaces
used, being determined by the hydrogen bonds between the glycine molecules in the
growing layer and the functional groups on the surface of self-assembling monolayers.
Moreover, it was assumed that the hydrogen bond-defined interaction between CO; and
NH; groups of glycine with the hydroxyl groups on the surface of a monolayer built
of HOC,H,C,H,SH molecules is stronger than the interaction between the NH} group
of glycine and the nitrogen atom of pyridine on the surface of a monolayer built of
NC;H,C,H,SH molecules.

As a rule, the self-assembling of monolayers formed by various substances on the
surfaces of nanosize metal particles and films was studied using X-ray photoelectron
spectroscopy, ellipsometry, SEM, and diffraction techniques. Electron microscopy was
successfully employed for studying self-assembling of monolayers formed by
metalloporphyrins and metallophthallocyanins on ultrathin gold films.®® Gold films,
1.3-10nm thick, on mica were prepared by means of a high-vacuum evaporator at low
temperatures. The deposition rate was varied in a range of 0.2-0.4A/sec. The deposited
films were annealed at 250°C for 2.5-4h. The resulting films were examined using
scanning AFM, electron spectroscopy, and XRD techniques. The appearance of separate
structurized islets, the size and optical properties of which were controlled by the
conditions of evaporation and subsequent annealing was observed on the mica surface.
The electron spectra of these films demonstrated a peak of gold surface plasmon at a
wavelength shifting from 606 to 530 nm with a decrease in the film thickness from 10 to
1.3nm. The results of the light absorption kinetics were used for semiquantitative
estimation of the nature of the chemical bonding and the chemical and structural properties
of monolayers. As shown, the absorption in the vicinity of the gold plasmon band, which
was caused by the assembling of molecules, can be used for monitoring molecules
containing no chromophore groups.

Not only AOT salts but also their derivatives with other metals were used as templates
for self-assembling. To correctly interpret the effect of templates on the self-assembling of
metal particles, the knowledge of phase diagrams for these systems is necessary.’®
Considering the example of a system Cu(AOT),—isooctane—water used as the template, it
was shown that the nanocrystalline form of particles can undergo profound changes under
the effect of small concentrations of various salts.>*

Currently, when preparing and stabilizing metal nanoparticles, attention was focused
on the development of methods that would produce particles of definite controllable
sizes. The majority of studies in this direction were apparently devoted to the use of
thiolates and the synthesis of gold nanoparticles. The use of alkane thiol monolayers
made it possible to synthesize gold particles that are stable both in solution and in the dry
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state. This, in turn, extended the possibilities of chemical transformations by introducing
new functional groups.
When alkanethiols are used, the formation of gold nanoparticles and the appearance of

a protective layer proceed in two stages:>®!

IA‘u(:L((toluene)+ RSH (AuISR)n (polymer)
(AU'SR), + BH,” — Au,(SR),

These reactions combined the processes of nucleation and passivation. On average, an
increase in the RSH-Au molar ratio and the acceleration of the reducing agent addition
favored the formation of particles with smaller metal cores. A brief interruption of the
reaction caused the formation of thicker coatings and very small cores (<<2 nm).

The dynamics of gold core growth in the presence of multilayer protective coatings was
studied.*! The use of TEM made it possible to observe the slow changes in the sizes of
gold cores, which followed the active initial stage of this reaction. Thus when hexane thiol
was used as the stabilizing coating, the cores built of gold atoms grew up to 3 nm during
the first 60 h of the reaction, after which they were stabilized. An insight into the mechanisms
of growth and annealing of nanoparticles would allow refining the synthetic methods with
the aim of synthesizing finer particles with narrower size distributions.

Organic solvents are preferred for preparation of nanoparticles. They perform stabilizing
functions. Such solvents or surfactants play the key role in the synthesis of nanoparticles.
They are bound to the surface of growing nanocrystals via polar groups, form complexes
with species in solutions, and control their chemical reactivity and diffusion to the surface
of a growing particle. All the mentioned processes depend on the temperature and on
quantities such as surface energy of a nanocrystal, concentration of free particles in
solution and their sizes, and the surface-to-volume ratio of a particle.’*?

The formation of nanoparticles from metal atoms and their subsequent self-assembling
into a functional system play a decisive role in the fabrication of chemical nanoreactors.
In actual practice, the assembling of nanosystems is controlled by the interplay of the
aggregation and fragmentation processes, which in the liquid phase are additionally
complicated by the presence of stabilizing ligands. Studying kinetics and thermodynamics
of formation and subsequent self-assembling of nanoparticles is the most challenging
direction of nanochemistry.
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Group of Carbon

The role of carbon in nanochemistry has grown in importance since the discovery of
fullerenes and nanotubes; thus we devote a separate chapter to the elements of this group.
In addition to carbon materials, silicon particles will be considered.

6.1 FINE PARTICLES OF CARBON AND SILICON

An adduct of the reaction between a particle built of three carbon atoms and water was
obtained at 10K using the matrix isolation method.>** Under the effect of light, this adduct
undergoes a reaction

to yield hydroxyacetenylcarbene.

In matrices, the interaction of carbon vapors with carbon monoxide produced C,O and
C¢0O molecules, which were in the triplet state.’® They were studied by EPR technique;
their identification involved labeling with carbon !*C and oxygen '’0. Presumably, these
molecules had linear structures.

It was found that C,O and C,O molecules are formed only during photolysis, i.c., only
excited C; molecules can react with CO and C;0:

C by C—P% .0

C:0
C0

Note that the transition from the linear to the cyclic form occurs for carbon particles
containing 9 or 10 atoms.*®

Along with carbon clusters, silicon clusters were synthesized. Clusters Si}, were shown
to chemisorb ammonium at the rates varying by three orders of magnitude. Silicon particles

the highest activity.>® It was assumed that some clusters form several structural isomers.
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The low activity of Siyg and Siys particles was associated with their stable crystalline structures.
Chemisorption of ammonium on cluster ions Si}, (n<<70) was also studied.”®’ At room
temperature, all clusters reacted at a rate virtually approaching the collision rate. At 400K, equi-
librium was established and the energy of ammonium bonding was ca. 1eV, which appar-
ently suggests molecular adsorption. At elevated temperatures, dissociative adsorption
occurred. The fact that at 700K the probability of attachment of ammonium to cluster ions
was lower by 2—4 orders of magnitude as compared with compact silicon, deserves interest.

In the gas phase, reactions of silicon clusters Sij, (n = 10-65) with water resulted in the
formation of a series of Si,(D,0)}, adducts.”*® Wide variations in the reactivity of silicon clus-
ters containing less than 40 atoms were observed. Clusters Si} with n = 11, 13, 14, 19, and
23 exhibited low reactivity. Large clusters were also less active than compact silicon. These
results made it possible to put forward a two-step mechanism, in which the fast initial formation
of the adduct was followed by the slow regrouping to give a strongly bound particle.

Similar results were also obtained for the reaction of oxygen with silicon clusters Si;, ,
i.e., in this reaction too, the clusters exhibited a weaker activity as compared with compact
silicon.” In the reaction with oxygen, small clusters yielded Si}_, and two additional
molecules of silicon oxide. Large clusters formed adducts such as Si,03. A demarcation
line between two reaction pathways corresponded to clusters containing from 29 to 36
silicon atoms. It is likely that a two-step process occurs too, when the molecular
chemisorption is accompanied by a slow dissociative chemisorption.

The low activity of clusters as compared with compact silicon is probably caused by the
presence of more active sites in compact silicon. This means that the clusters retain a
close-packed structure containing several isolated bonds, and such structures most resemble
closed nuclei rather than the compact silicon surface. These peculiarities made it possible
to liken silicon clusters to fullerenes. It is probable that only carbon and silicon, in contrast
to the majority of elements, exhibit an unusual behavior, which shows up in the lower
activity of their clusters as compared with the surfaces of compact elements.

6.2 FULLERENES

Fullerenes, which were discovered in mid-1980s, attract much attention nowadays. A large
number of books and reviews have been devoted to them.®®

A fullerene containing 60 carbon atoms is considered as classical. It represents a spherical
structure, in which six-membered rings are bound with one another by five-membered
cycles. Without going into details of physicochemical properties of fullerenes, we consider
only certain examples of their chemical behavior.

At room temperatures, fullerenes C,;—Cz, do not react with active molecules such as
nitrogen oxide, oxygen, and sulfur oxide. Nonetheless, several new chemical reactions
with fullerenes were discovered.

The simplest fullerene compound with hydrogen, CyH,, was obtained and characterized.*"!
Halogen derivatives of fullerenes were synthesized. By direct addition of fluorine, the series

fullerenes has been analyzed."‘33 Chlorination and bromination of fullerenes were also carried
out.%* Chlorination was performed in tubes heated up to 250°C. As a rule, 24 chlorine atoms
were added. At 400°C, polychlorfullerenes were dechlorinated to original fullerenes.
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Chlorine in a fullerene can be substituted. For example, the following reactions were
carried out:

MeOH, KOH
CooCl, ————m= Cqy(OMe),

C.H,, AICI
C()()Cln e C()()(Ph)n

Chemistry of fullerenes is extensive and diverse; hence we mention here only some
aspects. The insertion of Cg into a polymer as a compound with covalent bonds was accom-
plished.®> This was the reaction with xylylene biradical. The resulting polymer was
nonsoluble, and had a net structure with a xylylene/Cq, ratio equal to 3.4:1.

The highly selective synthesis of dimers of fullerenes Cy, and C,, was accomplished in
neutron beams.*® The obtained compounds were analyzed using chromatography mass
spectrometry.

Incorporation of metal particles into fullerenes was carried out. A special symbolics was
proposed for particles such as M@C,, for metal atoms inside a fullerene and MC,, for external
metal atoms.®® The first synthesis of such substances was based on the laser evaporation of a
mixture of lanthanum salts and graphite.®”” In high-temperature plasma, lanthanum ions were
reduced to atoms and got incorporated into fullerene cages during their formation.

A particle Sc;@Cg, was studied; particularly, by using the EPR technique, it was shown
that Sc; represents an isosceles triangle similar to that found in inert matrices.5%

Several fullerene adducts with metals such as M,Cg, were synthesized.%® The interest in
such compounds was arisen by the fact that one of the first compounds K,Cy, exhibited super-

of such compounds is determined by the density of states in the Fermi level. Another
interpretation of this phenomenon was based on experiments with Ca,Cq, Sr,Ceq, K¢Ceo, and
Ca,Cq, and was concerned with the electron transfer from a metal to a fullerene.®'>613

Fullerenes formed the basis for not only synthesizing superconductive compounds, but
also for fabricating substances that surpass diamonds with respect to their bulk modulus of
elasticity and hardness.®'* Superhard materials were synthesized from fullerenes Cg, and Cyq
at a pressure up to 13 GPa and a temperature of 1600°C.

In addition to insertion of metals into internal cavities of fullerene Cg, cages, noble
gases and small molecules can be put inside fullerenes by using elevated temperatures
(650°C) and pressures (3000atm).*'> Moreover, chemical methods were developed for
opening different-sized windows in fullerenes.®'*%!® The use of open fullerenes made it
possible to determine not only the rate of *He escape from this fullerene®!®%% but also the
activation barrier and the equilibrium constant of incorporation—extraction of helium. The
activation energy of helium extraction from a fullerene modified by a chemical method®"”
was found to be 22.8 kcal/mol. In the temperature range 50-60°C, the equilibrium constant
weakly depended on the temperature, which pointed to equivalence of the barriers of *He
entry and escape from the modified fullerene. Presumably, the activation energy should
depend on the orifice size of the fullerene.

An La,@Cy; compound was synthesized in a DC arc-discharge followed by extraction
with 1,2 4-trichlorobenzene.%*!
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For fullerenes with metal particles put inside their hollow carbon cages M@Cs,

reduction and oxidation were compared.®?> M@Cy, particles were prepared by arc evapo-
ration. Their oxidation and reduction were carried out in 1,2-dichlorobenzene. In the
chemical-activity studies, 1,1,2,2-tetrakis(2,4,6-trimethylphenyl)-1,2-disilirane was used
as the reagent. It was shown that positively charged fullerenes [M@Cg,] ™ easily react with
disilirane, whereas negatively charged [M@Cg,]~ do not enter into this reaction. The
difference in reactivity was associated with the electrophilicity of metallofullerenes, which
with regard to disilirate increases with oxidation and decreases with reduction, i.e., the
chemical reactivity of M@Cy, can be controlled by ionization of the fullerene.

Three fullerenepyrrolidine derivatives were entrapped in the interlayer spacing of
lamellar aluminum silicate materials.?® It was shown that a neutral derivative can be
incorporated between clay layers together with solvent, producing stable compositions.
The incorporation of a charged fullerene was easier due to its water solubility. The pres-
ence of negatively charged molecules induced no pronounced changes in the electronic
structure of fullerenes. New hybrid nanocompositions in which the properties of Cq
deviated from those in crystals or solutions were synthesized. It was assumed that a sizable
amount of charge is transferred between host and guest.

6.3 CARBON NANOTUBES

The discovery of fullerenes made a substantial contribution to the development of
nanochemistry of nonmetals. At present, the discovery of nanotubes is believed to mark a
transition to real nanotechnologies.’?%2 Methods of nanotube synthesis, their structure,
and physicochemical properties can be found.26-6%

Single- and multi-walled coaxial nanotubes are formed as a result of rolling up strips of
graphene sheets to form seamless cylinders. The inner diameter of carbon nanotubes can
vary from 0.4 to several nanometers, and foreign substances can enter their inner spaces.
Single-walled tubes contain a smaller amount of defects; their annealing at high tempera-
tures in inert atmospheres allows obtaining defect-free tubes. The tube’s structure type
affects its chemical, electronic, and mechanical properties. Individual tbes aggregate to
form different types of bundles containing slots.

Without going into details of the carbon nanotube synthesis, we only comment on the
dynamics of this process. The first method consisted in the arc-discharge evaporation of
graphite in an inert gas flow. This method is still actively used. It allowed single-walled
carbon nanotubes with a diameter of 0.79 nm to be obtained in the presence of CeO, and
nanosize nickel.5?° The arc method gave way to the evaporation of a graphite target in a
hot furnace by a scanning laser beam. Nowadays, the catalytic pyrolysis of methane,
acetylene, and carbon monoxide is gaining acceptance.®” Nanotubes with diameters from
20 to 60 nm were obtained in the methane flame on an Ni—Cr wire.®*! The pyrolysis of an
aerosol prepared from a benzene and ferrocene solution, which was carried out at
800-950°C, wrned out to be a highly efficient method for synthesizing multi-walled
nanotubes 30-130 -um long with inner diameters from 10 to 200 nm.%*? The latter method
is based on employing hydrocarbon solutions and catalysts. The preparation of nanotubes
involves difficulty in controlling; they are usually accompanied by the formation of
different carbon forms, which can be eliminated by cleaning procedures.
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The use of single-walled carbon nanotubes is often defined by the uniformity of their
distribution; certain applications require tubes 20-100nm long. For shortening and
purifying freshly prepared nanotubes, various oxidation procedures with participation of
nitric acid and its mixtures with other oxidants (H,SO,, KMnQ,) were employed.®33634
Chemical oxidation resulted in the appearance of different oxygen-containing groups on
the tube’s ends and often on its sidewalls.®*> When using chemical oxidation for cutting the
tubes, it is important to regulate the origination of various defects and take into account
the decrease in the mass of the treated material. In contrast, the use of a mixture of 96%
H,S0O, and 30% H,0, (piranha solutions) with the volume ratio of 1:4 made it possible to
cut nanotubes at room temperature without creating defects on their walls.%*® At 70°C, the
appearance of defects and selective etching of the nanotube diameter were observed.

A controlled multistep procedure was proposed for the removal of iron impurities
and nonnanotube carbon materials from raw single-walled carbon nanotubes.!®* The
tubes were synthesized at high CO pressures in the presence of iron pentacarbonyl as a
catalyst. The earlier most popular method used strong acids as oxidants for the removal
of impurities.

A more perfect procedure involves two processes: oxidation and deactivation of the
metal oxide. In the oxidation process, the coating on the metal catalyst that consists of a
nonnanotube carbon material is oxidized with oxygen to carbon dioxide, and the metal is
transformed into oxide. In the next step, the metal oxide is deactivated by reacting with
C,H,F, or SF, to avoid the oxide involvement in the oxidation of carbon nanotubes.

Apparently, the term “chemistry of nanotubes” was used for the first time by Cook
et al., 1996.%7 Currently, this means the synthesis of tubes, their purification, and the
different types of chemicals that modify both the external and internal surfaces of tubes.
The intercalation of foreign particles into the intratube space of bundles and the use of
nanotubes as the matrices for synthesizing various materials such as adsorbents, sensors,
and catalysts can also be assigned to the chemistry of nanotubes.

The peculiarities in the structure of carbon nanotubes distinguish their chemical
behavior as compared with the behavior of fullerenes and graphite. The internal cavities
in fullerenes are so small that they can house only several atoms of foreign elements, while
the nanotube’s inner spaces are greater in volume. Fullerenes can form molecular crystals,
e.g., graphite is a lamellar polymeric crystal. Nanotubes represent an intermediate state.
Single-walled tubes closely resemble molecules, while the behavior of multi-walled tubes
approaches that of carbon fibers. A separate tube is usually considered as a one-dimensional
crystal; their bundles form two-dimensional crysatals.®*®

Chemistry of carbon nanotubes has been comprehensively discussed in reviews.29.629.640

6.3.1 Filling of tubes

Filling of carbon nanotubes can be accomplished either during or after their synthesis.

For filling tubes during the synthesis, of prime importance are additives, which prevent
the closure of the tube channel. Boron is among such additives.®*! Tubes with inner spaces
filled with fullerenes Cy, and Cy, are of interest as the composite materials.**> A remarkable
fact is that “nanopod”-like structures were observed in the products of their laser—thermal
synthesis upon their annealing in vacuum at 1100°C.%* In such structures, the tube
diameter (1.4 nm) exceeds twice the diameter of a C,, molecule (0.7 nm) so that fullerene
molecules can move and form pairs.
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The ends of nanotubes are usually closed by five- or six-carbon cycles, where five-membered
cycles are less resistant to oxidation. To fill already synthesized tubes, their ends should be
opened, e.g., via selective oxidation, which can be realized using gaseous reagents such as oxy-
gen, air, carbon dioxide, or their aqueous solutions. The acid treatment is also effective, where
nitric acid is the conventional reagent. The oxidation mechanism is still not entirely clear.5*

The tube’s inner spaces can be filled in liquid media, particularly, in fused oxides of
various metals. In the tubes with inner diameters <3 nm, a glassy phase was formed, rather
than a crystalline phase.%” Interesting results were obtained by filling nanotubes with
potassium iodide crystals, which was performed in a fused salt medium. %% In a tube of
1.6-nm diameter, a KI crystal comprising only nine atoms was compressed along the (00 1)
axis by 0.695-0.705 nm as compared with the compact substance. A compressed crystal
had the coordination number 5 for face atoms and 4 for edge atoms. Insofar that the ratio
of such atoms was high, it could be expected that the deviations in the geometry would
affect the electronic properties of the substances. In the opinion of the authors,?*547 typical
metals can be transformed into dielectrics.

Substances that are incorporated into the channels of carbon nanotubes can take part in
chemical reactions. By thermal decomposition of oxides and their reduction, metal-containing
nanotubes were obtained and a transformation of potassium oxide into its sulfide was
accomplished in the intratube space.®® The inner spaces of tubes could be filled by
chemical deposition from the gas phase by utilizing, e.g., volatile metal compounds.
During the catalytic pyrolysis of hydrocarbons in porous AIPO,, nanotubes could be filled
without being preliminarily opened.®*

6.3.2 Grafting of functional groups. Tubes as matrices

Planting various functional groups on nanotube walls forms an extensive and important
branch of nanochemistry of carbon tubes. Such a process can be performed by long-term
treatment of tubes in acids, where the behavior of single-walled tubes was shown to
depend on the method of their synthesis.®* Functional groups can be removed from the
tube’s walls by heating to temperatures above 623 K.5°!

An assumption that protonation of single-walled carbon nanotubes is associated with
the formation around a tube of an acidic layer that promotes its subsequent dissolution,
was confirmed.®>2%* XDS studies have shown that carbon nanotubes can serve as
templates for sulfuric acid crystallization. This fact is considered as a direct evidence of
its protonation.'*

The use of carbon nanotubes involves preparation of their uniform dispersions.
For single-walled nanotubes, this can be achieved by either wrapping the tubes with
polymers, e.g., polyvinylpyrrolidone®* and poly(arylene ethylene),5 or by protonation of
nanotubes with superacids.52 Moreover, it was demonstrated that the reduction of
single-walled nanotubes with alkali metals produced polyelectrolyte salts soluble in polar
organic solvents such as dimethylsulfoxide.5%

Nanosize vibrations of single-walled carbon nanotubes synthesized by arc discharge
and chemical vapor deposition were studied with spatial resolution of ~15nm.%%

The method of jet linear dichroism (differential absorption of polarized light oriented
in parallel and normally to the jet direction) was used for studying the structural interactions
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of anthracene, naphthalene, and DNA molecules with carbon nanotubes. The differences
in interactions of aromatic molecules oriented in parallel and normally to the nanotube
were revealed.?*

Attachment of functional groups to the walls of carbon nanotubes serves for conferring
certain functions to AFM probes. The best results were obtained in gases.®*® Figure 6.1
illustrates this process. Modification was performed via a discharge in such gases as O,,
H,, N,, and mixtures of H, and N,. In the nitrogen atmosphere, nitrogen atoms entered into
the composition of heretocycles at the end of a nanotube. Probes thus modified can be used
for studying the surfaces of layers containing hydroxyl groups.

Fluorination was actively used for modifying the tube’s walls. The process was
found to be reversible at T =< 325K. When fluorinated tubes were acted on by anhy-
drous hydrazine, fluoride atoms were removed and the original tube structure was recovered.
At 400°C, the fluorination was irreversible. A partial recovery of the structure can be
associated with the reaction

CF,rp) + n/AN,H, — Cppp) + nHF + n/4N,

a b
§}
Xa Xa
+
X2 X, X2 N X
Nb Nb
c
Xz Xo

X
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Figure 6.1 Scheme of performance of an AFM cantilever: (a) scanning of a surface with sputtered
niobium by a vibrating probe made of nanotubes in the atmosphere of X, gas; (b) discharge between
a nanotube and the surface; (c) probe with a nanotube containing X %%
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As a result of long-term (up to seven days) fluorination with BrF; vapors, the
arc-synthesized multi-walled tubes and nanoparticles formed tubular or quasi-spherical
C,F particles.%® With an increase in fluorination degree, the tube diameter and interlayer
gaps increased and, at a certain crucial degree, tubes were observed to unroll to form
multi-layer planar particles.

The use of carbon nanotubes as the matrices made it possible to obtain copper particles
with narrow size distributions.% Original nanotubes with diameters from 5-10 to 25-35 nm
were synthesized via the catalytic pyrolysis of methane. By varying both the copper salt
concentration in aqueous solution and the copper—tube ratio, the reduction by hydrogen
could produce either copper nanoparticles or nanowires. The smallest copper particles of
5-10nm were obtained for the low concentrations of copper ions in solution. An increase
in the salt concentration favored the formation of copper nanowires with diameters from
100nm to 5 um and a length up to several hundred microns.

6.3.3 Intercalation of atoms and molecules into multi-walled tubes

The intercalation differs for single- and multi-walled tubes. In multi-walled tubes
intercalated particles are arranged between separate layers, whereas in single-walled tubes,
intercalated particles penetrate into the intratube space of bundles.

Intercalation of nanotubes differs from the corresponding process in fullerenes.
Fullerenes, e.g., Cq), form charge-transfer complexes only with electron donors.?™
According to the results obtained by using Raman spectroscopy and conductivity
measurements, bundles of single-walled tubes behave in a dual way: they can interact both
with donors and acceptors.%!9%%2 Crystalline bundles of single-walled tubes exhibit metallic
properties. In these tubes, a positive temperature coefficient was observed. The intercalation
of bromine or potassium resulted in a 30-fold decrease in the conductivity at 300K and in
an extension of the positive temperature coefficient range. This fact suggests that tubes
doped with bromine or potassium can be classified with synthetic metals.?5?

An interesting result was achieved by incorporating electron acceptors. An attempt
was undertaken to transform tubes into diamonds by synthesizing additional amount of
carbon simultaneously with intercalation of potassium into tubes.%%* It was assumed that,
via the reaction 4K -+ CCl, — 4KCl + C in the intratube space of multi-walled tubes,
the adjusting graphene sheets could be bound and the sp? bonds would change to the sp?
bonds. The reaction was carried out in an autoclave at 200°C. Disordering, amorphization,
and the formation of potassium chloride crystals between graphene sheets were
observed. The absence of KCI crystals was observed for the nanotubes with an outer
diameter below 10 nm.

The sorption of gases by nanotubes can proceed on both external and internal walls and
also in the intratube space. Thus, experimental studies of nitrogen adsorption at 77K on
multi-walled tubes with mesopores (4.0+0.8)-nm wide showed that adsorption occurs on
both internal and external walls of nanotubes.®* In this case, the external surfaces adsorbed
five times more particles than the internal surfaces, and these processes were described by
different isotherms. Adsorption in mesopores occurred in agreement with classical conden-
sation in capillars; the pore diameter was estimated as 4.5 nm. Certain peculiarities of this
process were associated with the fact that the tubes were only one-end open.
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Bundles of nanotubes well adsorb nitrogen. The internal specific surface area of raw
nonpurified tubes was 233 m¥g, their external specific surface area was 143 m%g.%%° Their
treatment with hydrochloric and nitric acids increased the total specific surface and
enhanced their adsorbability with respect to benzene and methanol.

Applications of carbon nanotubes are considered in Section 8.5. The examples of their
use in nanotechnology clearly demonstrate that in contemporary research the borders
between fundamental and applied studies disappear.
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Size Effects in Nanochemistry

The experimental results on the reactions of atoms, clusters, and nanoparticles formed by
various elements of the Periodic Table make it possible to formulate the following definition:
the size effects in chemistry represent a phenomenon that manifests itself in the qualitative
changes in physicochemical properties and reactivity depending on the number of atoms or
molecules in a particle and takes place in a range of less than 100 atomic/molecular diameters.
The development of studies in nanochemistry will allow the above definition to be refined.

Nowadays, it is evident that it is the size effects that distinguish nanochemistry from
chemical reactions occurring under ordinary conditions.

It is a practice to distinguish two types of size effects, namely, the intrinsic or internal
effects and the external effects. The former effects are associated with specific changes in
the bulk and surface properties of both individual particles and assemblies formed as a
result of self-organization of particles.

An external effect is a size-dependent answer to the action of an external field or some
forces independent of the internal effect.

The experiments dealing with internal size effects are directed at solving the problems
associated with electronic and structural properties of clusters. These properties are the
chemical activity, the binding energy between atoms in a particle and between particles,
and the crystallographic structure. The melting point and optical properties can also be
considered as the functions of the particle size and geometry. The dependence of the
spatial arrangement of electron levels is termed as a quantum size effect.

7.1 MODELS OF REACTIONS OF METAL ATOMS IN MATRICES

The first description of argon-matrix-isolated metal clusters of the M, stoichiometry was
carried out by the Monte-Carlo method. A comparison with experimental results have
shown that in matrices metal aggregates are formed in excessive amounts, which may
exceed the statistical estimates by factors 10 and 1000.6

In a system of consecutive and parallel reactions, which involve interactions of metal
atoms, dimers, trimers, and more complicated particles with ligands in low-temperature
co-condensates, complex processes occur. Upon a collision with a cooled surface, a metal
atom or a ligand molecule can retain their mobility in the upper layer of co-condensate
for a certain time. In this mobile layer, the gradients of temperature and concentration can
exist. It is assumed that such systems can be modeled by a great number of layers from

157
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1 to n, where the first layer is the co-condensate surface. On freezing out, it becomes the
second layer, in which metal atoms and ligand molecules lose their mobility.

In the first approximation, the kinetics of such diffusion-limited processes can be
described by two constants ky; and k%% The following two models were considered: a
quenching model and a steady-state model. For the metal (M)-ligand (L) scheme shown
in page 21, a system of differential equations was written and numerically solved. In the
quenching model, it is assumed that all reactions run in a time 7, after which they were
immediately frozen out. This means that rate constants of individual stages are changed for
an invariant average rate constant.

In the steady-state model, it is assumed that a sample is constantly deposited and frozen
out for a sufficiently long time so that a steady state can be established in the mobile zone,

by adding the terms, which take into account the rates of condensation and freezing out of
metal and ligand.

When processing the experimental results with the aim of finding the ratio of different
particles, we come up against a problem associated with the fact that the assumptions laid
on the basis of these models do not allow to determine separately ky and 7, or ki, and 1.
In the quenching model, it is the product of these values that enters into the equations,
while in the steady-state model, ky and & are divided by the freezing rate.

A comparison of the models with experimental results was carried out for low and high
metal concentrations by the example of nickel interaction with nitrogen and carbon
monoxide molecules. The following sequence of reactions that occur in the presence of an
excessive ligand amount was considered most comprehensively:

ki ki ki ki
M » ML # ML, -~ ML; g ML,
L L L L

Solution of the system of differential equations allowed the ratio [ML]/[ML,)/[ML;]/[ML,]
to be found and compared with experimental results. Table 7.1 shows the results for systems
Ni—CO—Ar and Ni—N,— Ar, which were found based on the quenching model.

Experimental data were obtained by analyzing the IR spectra for the system with a ratio
CO/Ar = 1:50 and a metal content of no less than 1%. In calculations, the values k; 7, = 50 and
[L]=2 X 102 were used. The results for the Ni—N,— Ar system were taken from Ref. 667.

As seen from Table 7.1, the agreement with experimental data can be considered as
adequate for the Ni—CO— Ar system and satisfactory for the Ni—N,— Ar system.

The quenching model was applied for analyzing the Ni—CO— Ar system at high metal
concentrations. Figure 7.1 compares experimental results®® with calculations. The agreement

Table 7.1

Comparison of experimental data and those calculated in terms of the quenching model

System/ratio Ni-CO-Ar Ni-N,—Ar
ML ML, ML, ML, ML ML, ML, ML,
Experiment 1 0.55 0.17 0.05 1 0.816 0.577 0.167

Calculation 1 0.53 0.18 0.06 1 0.8 043 0.24
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Figure 7.1 Distribution of products in Ni-CO-Ar system with a high metal content: (a) experimental
results, (b) calculations; (1) Ni,CO, (2) Ni;CO, (3) Ni,(CO),, (4) Ni(CO),.5

of results was satisfactory, as noted by the authors.?® Processing of experimental data in
terms of the steady-state model yielded less satisfactory agreement with experiments.
The development of more sophisticated models for analyzing the chemical reactions,
which involve metal particles of different sizes and occur at low temperatures, including
those in argon matrices, is complicated by theoretical and experimental factors. The latter
are associated with different ways of sample synthesis and different states of solids.
When using the matrix isolation method and various techniques of preparative chemistry,
scientists are striving to eliminate the interfering chemical reactions, which can involve
different-sized particles. The analysis of examples in other chapters shows that to date the
mainstream of the research on size effects in chemistry has shifted to the gas phase.

7.2 MELTING POINT

The variations in the melting points of metals as a function of the particle size was apparently
among the first effects that attracted attention of many scientists. With a decrease in the size,
the melting point can be reduced by several hundred degrees. Thus, for gold the melting point
decreased by 1000 with a transition from the compact metal that melts at 1340K to 2nm
particles.®® For the first time, the problem of the melting point versus particle size dependence
came to light when studying Pb, Sn, and Bi particles by electron diffraction technique.®™

The melting point marks the transition between solid and liquid phases. At this
temperature, a solid-phase crystalline structure disappears giving way to a disordered liquid
state. A strong decrease in the melting point with the size of metal particles can be reflected
in their activity and selectivity. Indeed, as shown in certain examples above, recently a high
reactivity of nanosize gold particles was discovered. Gold was never used earlier in
electrocatalysis; however, quite a number of chemical reactions have been carried out on its
nanoparticles. Gold nanoparticles were active in low-temperature combustion, hydrocarbon
oxidation, hydrogenation of unsaturated compounds, and reduction of nitrogen oxides.%"!

The dependence of the melting point on the metal particle size was considered within
the framework of two models. One of them employed the concepts of thermodynamics,
while the other considered atomic vibrations.
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From the standpoint of thermodynamics, a transition from the solid to the liquid state
with an increase in the temperature starts with the appearance of an infinitely small liquid
layer on the nanoparticle surface, while its core remains solid. Such a melting is caused by
surface tension, which reflects the liquid—solid interactions and the changes in the system’s
energy. The size dependence of the gold melting point was described for the sizes up to
2nm.*® For this purpose, two phenomenological models were used. The first model
considered the equilibrium in a system formed by a solid particle, a liquid particle of equal
mass, and their saturated vapors. The second model assumed the preliminary existence of
a liquid layer around a solid particle and the equilibrium in such a system in the presence of
a vapor phase. Both models agree with experimental results. A thermodynamic description
of the melting point versus particle size dependence was given.®267 The peculiarities of
thermodynamic approaches to the melting point versus particle size dependence were
considered in a review. '8

A highly sensitive thin-film scanning calorimeter was used for studying the melting
point versus size dependence for indium films 0.1-10-nm-thick deposited on the silicon
nitride surface.™ In-depth studies of the initial step of film formation allowed a
periodicity in the melting-point behavior to be observed, which was associated with the
necessity of the formation of a coating consisting of a “magic” number of atoms.®”* By
employing a calorimeter, the dependence of the melting-point decrease on the film
thickness was observed and discussed in terms of classical thermodynamics.

The dependence of the melting point of metal nanoparticles on their size was also
interpreted on the basis of the criteria put forward by Lindemann®” and developed by other
authors.%® According to the concepts of Lindemann, a crystal melts when the root-mean-
square (standard) deviation & of atoms in the crystal exceeds the average interatomic distance
a, namely, &a = const. An increase in the temperature leads to an increase in the amplitude
of vibrations. At a certain temperature, the latter becomes too wide and initiates the
destruction of the crystal lattice, which results in the fusion of the solid. The surface atoms are
more weakly bound, which under real conditions can result in their wider oscillations as
compared with the atoms in the bulk at the same temperature. This effect can be described in
terms of standard deviations of surface atoms &, and bulk atoms &,, namely o — &/8,, where
parameter ¢ takes the values from two to four. The share of surface atoms in a 3-nm spherical
nanoparticle reaches approximately 50%, and their vibrations strongly affect the Lindemann
criterion. This approach was used in describing the size dependence of the melting point of
nanoparticles without invoking any thermodynamic notions.

A model, which considers the decrease in the nanoparticle temperature with a decrease
in their size, was developed.®’® The following equation was proposed for the description
of nanoparticle properties:

Tu® CXP[ """ @ r -1 1J (7.1)
T, (o) 30

where T,,(r) and T,, (e) are the melting points of a nanocrystal and a compact metal,
respectively, 4 is the height of an atomic monolayer in a crystal.

Eq. (7.1) can be used for predicting the lowering of a crystal’s melting point, provided that
the parameter ¢, which is usually found from the corresponding experimental data, is known.
Figure 7.2 shows the size versus melting-point dependence found for gold nanoparticles.®”
As seen from the figure, eq. (7.1) adequately describes the experimental data.®®®
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Figure 7.2 Dependence of gold melting point on the particle size; points indicate experimental
data; solid lines are calculated using eq. (7.1) for ¢ — 1.6, A — 0.204 nm 6567
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Figure 7.3 Dependence of indium melting point on the particle size; points indicate experimental
data; solid lines are calculated using eq. (7.1): (1) indium in aluminum matrix, & = 0.57; (2-4)
indium in iron matrix, o = 2.0, 3.03, 4.04, respectively.5’%

Certain nanocrystalline particles represent materials in which one metal is incorporated
into another. For such particles, in contrast to compact materials, the melting point can
both decrease and increase with the particle size. Figure 7.3 shows the results obtained for
indium.%’® When indium nanocrystals are incorporated into iron, the melting point of
particles decreases; however, their incorporation into aluminum increases the melting
point. In Figure 7.3, both trends are shown as the size functions. The fact that eq. (7.1) can
also be applied to the cases when the melting point increases with a decrease in the particle

this occurs when the amplitudes of atomic oscillations on the surface exceed those in the bulk.
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Such a situation arises when the surface atoms strongly interact with the material of the matrix
itself. Figure 7.3 confirms the adequate agreement with experimental results for this case too.

Thus, it was found that the melting point of free metal nanoparticles always decreases
with a decrease in the particle size. For systems built of metallic matrices with
incorporated nanoparticles of a foreign metal, the melting point can both decrease and
increase with a decrease in the particle size. The corresponding experiments were carried
out in high vacuum in the absence of stabilizing agents. For nanochemistry, it is of great
importance to find the answer to the question how the size of ligand-stabilized metal
particles affects their melting point.

7.3 OPTICAL SPECTRA

The dependence of the energy properties of nanoparticles of metals and semiconductors on
their size has been analyzed.?*

For metals, the appearance of size-dependent metallic properties is an important
feature. Thus, for mercury clusters, a gradual metal—insulator transition takes place between
N = 20 and N — 10% atoms. An example of the external size effect is the collective
electronic or lattice excitation known as the Mie-resonance.

Quantum-size effects are associated with unusual spectra of electron energy levels
arranged in a discrete fashion.

The upper part of the following scheme illustrates one-electron levels of atoms, dimers,
clusters, and compact materials. '’

The lower part of the scheme presents the sodium atoms and compact metal levels.
Here, IP is the ionization potential, W the work function, and Er. the Fermi energy. Dashed
lines indicate splitting of levels.

With the formation of a dimer, the energy level of an atom splits into two components.
As the cluster grows, its levels split further and further and finally merge together to form
a quasi-continuous absorption band of a solid. The bands are filled with electrons, the
Fermi level appears, and the conduction is observed.

Simultaneously, the ionization potential of atoms and molecules transforms into the
electron work function of the bulk metal. The splitting of one-electron energy levels &E
approximately corresponds to the width of a cluster quasiband AE divided by the number

are usually of the same order of magnitude and equal to ca. 5eV. Hence, in a cluster built
of 100 atoms, the energy level splits to SE of ca. 50 meV.

The scheme presented above illustrates this situation sufficiently correctly on the
qualitative level. However, this does not allow to predict quantitatively the electronic and
optical properties of clusters. In particular, it is evident that a one-electron scheme
inadequately reflects the real situation, because in metals the effect of electron interaction
is more pronounced. This is confirmed in the lower part of the figure, which shows the
energy levels of an Na atom and its compact state in the real energy scale.

The 3s level of an atom is partially involved in both the occupation of the conduction band
of a solid and the extension of the ionization limit. Moreover, the 3p level is involved in a
very broad unoccupied band located above E. The optical transitions of sodium atom D-lines
between 3s and 3p correspond to the transitions between the relevant bands in a solid.
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The transition energy is about 1.2 eV; however, the probability of prohibited transitions
is high. A direct transition between 3s and 3p levels in a sodium atom requires energy of
about 2.1 eV. Thus, despite being very illustrative, the diagrams of energy levels can lead
to incorrect interpretation due to their insufficient periodicity.

In the general case, the interaction of clusters with photons does not result in electronic
and/or vibrational excitation and can generate decomposition and even evaporation of
clusters.

The peculiarities of optical spectra of clusters are determined by the oscillator strength.
Moreover, the properties of spectra can be divided into those associated with single
electron and collective excitations.

The collective excitation reflects the oscillating strength of delocalized conduction
electrons. The resonance phenomena that determine the spectra of small and large clusters
give rise to collective oscillations of electrons in a cluster. The excitation of collective
oscillators of conduction electrons is conventionally considered as a surface plasmon.

For very fine clusters, a single electron acquires definite significance, while the role of
collective excitation is still unclear. Moreover, the situation with the line broadening and
the excitation-amplitude increase is also far from being entirely clear.
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As a rule, the optical experiments with large clusters were carried out in matrices. The
interpretation of spectra in such systems is additionally complicated by the interactions
between particle—particle and particle—matrix and also by the wide size distribution of particles.

Figure 7.4 illustrates the changes in the optical properties at a transition from a sodium
atom to solid bulk sodium. These properties vary in an intricate manner. A sodium atom
has a well-separated doublet of D-line with A = 589.0 and 589.6 nm (Figure 7.4a). These
lines correspond to the transition from the ground state 2s,, to the first excited states 2p,;
and 2p,,. As the cluster grows, the individual lines give way to separate wide bands,
although the optical spectrum still provides certain information on the individual features
of its structure (Figure 7.4b). The optical spectra of clusters built of 8 sodium atoms
already demonstrated a broad single line (Figure 7.4¢). A similar line is typical of a cluster
consisting of 10°~10° atoms. The situation in Figure 7.4d corresponds to absorption by a
large cluster in a sodium-chloride salt matrix. If solid sodium forms a film (Figure 7.4e),
its visible spectrum is structure-free. Such a spectrum reflects the optical properties of free
electrons in a metal. For sizes intermediate to situations shown in Figures 7.4c and d and
also d and e, more complicated spectra are observed. The transitions similar to those
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Figure 7.4 Optical properties of sodium atoms, clusters, and nanoparticles: (a) D-line of sodium
atom, (b) Naj cluster, (c) Nag cluster, (d) sodium nanoparticle 2R << 10nm, (e) thin sodium film with
thickness of 10 nm.'?
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considered for sodium were observed for silver, lithium, and copper.!> Studying silver
clusters in light-sensitive glasses has shown that the molecular structure disappears with
an increase in the collective excitation as the cluster grows.

For particles with diameters greater than 10 nm, the permittivity £() corresponds to the
bulk-metal value and is size-independent. The properties of such clusters are considered in
terms of classical electrodynamics. In the spectra of these clusters, the collective resonance,
i.e., surface plasmons, predominates. The lagging effect of the electromagnetic field across a
particle can shift and broaden the resonance with an increase in the particle size. Thus, for
large clusters, the size dependence of optical properties is an external size effect.

For small clusters, the internal size effect is significant, and the permittivity depends on

shown in Table 7.2.

The spectra of real systems are often complicated by the distribution of clusters over
sizes and shapes. For clusters deposited on different surfaces, the nature of the carrier also
affects the penetration depth of electromagnetic waves.

The energies of interactions between different metals, which involve equal numbers of
atoms adsorbed on the same surface, were theoretically compared.®”’ Interaction of square
planar particles of silver, copper, nickel, and palladium with the ideal (0 0 1) MgO surface
was studied with the aim of determining the bonding between the metal atoms in free
samples in terms of the effect exerted by the MgO surface on the metal-metal bond. The
following order of adsorption energy was found: D(Ag,/MgO)<D(Cu,/MgO)
= D(Pd,/MgQO)<.D(Ni,/MgO). The series found correlates with calculated binding
energies of single atoms of the same metals. The binding energy was found to be 0.2-0.5¢V
per atom. An intricate competition between the metal-metal and metal-oxygen bonds,
which depended on the nature of the metal, was observed. It remained unclear whether
these results can be extrapolated to larger particles of the same transition metals formed in
the course of the interaction between the metal and the oxide surface.

The internal size effect can arise for different reasons and reflect certain changes in
the cluster structure, e.g., its transition to the icosahedral structure. The appearance of a
size effect can also be caused by the influence of the surface, which leads to an increase
in electron localization and produces changes in the coordination number. The changes
in the cluster properties concern the distances between the nearest “neighbors.” For
instance, this distance is 0.210nm in Ag,, 0.253nm in Au,, and 0.325nm in the
corresponding compact metals. '

The permittivity is defined as the average microscopic polarizability in clusters. It can
change owing to the limited volume of averaging, the presence of a surface, a nonuniform

Table 7.2

The dependence of size effect and permittivity on the particle radius R

Cluster radius R = 10nm R > 10nm
Electrodynamic theory Mie Independent of R f(R)
Optical properties of the material £=£g(R) Independent of R

Size effect Internal External
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charge density, local polarizability, etc. In aggregate, the properties mentioned above
points to the changes in the atomic and electronic structures of a cluster and gives rise to
size-dependent optical spectra.

Recently, new ligands, namely alkyl and aryl derivatives of carbodithioic acids
(R-C(S)SH) were proposed for imparting different functional properties to CdSe
nanoparticles.®”® Their main advantages are the easiness of their exchange for phosphines,
stability to photooxidation, and a possibility of grafting various molecules, e.g., an
electroactive aniline tetramer.

The size dependence of optical properties of semiconductor nanocrystals opened up
a possibility of using them as new building blocks in optoelectronics and
bicengineering.t°-%! In turn, this stimulated the studies on synthesizing nanoscale
semiconductors with controlled sizes. Thus the preparation of CdS*? and also the
synthesis of CdTe were described.®®* Moreover, the methods for regulating the size and
optical properties of semiconductor nanocrystals by either creating inorganic shells or
doping were developed.®®'-5% The optical properties of semiconductors could also be
changed by compensating the surface defects with specially introduced organic
molecules.®®” Recently, the kinetic control over optical properties of 3.3-nm CdTe
nanocrystals was exerted by modifying their surfaces with 1-decanethiol.®

Figure 7.5 shows how the optical properties of GdSe particles depend on their size. As
seen from Figure 7.5a, the absorption band of CdSe nanoparticles shifts to short
wavelength region with the increase in their size. The dependence of the energy in the
absorption band maximum on the radius of CdSe nanoparticles, which was calculated
based on the data in Figure 7.5a and is shown in Figure 7.5b, is well approximated as 1/R2.

Recombination of light-induced charges gives rise to luminescence of nanoparticles,
which is accompanied by a short wavelength shift with a decrease in the particle size
(Figure 7.5c). The inverse problem, namely, the determination of the particle size from its
spectrum has not yet been solved. This requires further development of the theory.
However, the studies in which the plasmon-line-width versus particle-size dependence
were observed using SEM and electron spectroscopy techniques have already appeared.5®
Figure 7.6 shows such dependence for silver particles. As can be seen, the plasmon line
width is minimum for large particles and maximum for small particles.

The nanoparticle properties depend on an effect associated with the bond length
decrease. As a rule, in metal clusters, the interatomic distances are shorter as compared
with compact metals. This effect, expressed as AR/R, where R is the particle radius, is more
pronounced for small particles. Thus in rhodium clusters, AR/R is 17% for Rh,, 10.9% for
Rh,, 7.4% for Rh,, and 4.0% for Rh,,.5" The particle size effect on the average bond
length was calculated for nickel, and a decrease in the lattice parameter with a decrease in
the particle size was predicted for palladium.5®!

While the STM examination provides information on the superficial structure of
particles, their internal structure, particularly, the size dependence of the lattice parameter,
was studied based on the results of high-resolution TEM. Figure 7.7 shows the dependence
of the lattice parameter on the size of platinum particles.®> As can be seen, the interatomic
distance keeps shortening with a decrease in the particle size. For a 1-nm particle, this
distance amounts to 90% of its value in compact platinum. On the other hand, for 3-nm
particles, the lattice parameter approaches its value in the compact metal. Similar effects

were observed for tantalum®? and palladium®* particles on thin aluminum films. Strong
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Figure 7.5 The effect of the size of semiconductor nanoparticles on their optical properties:
(a) absorption spectra of CdSe nanoparticles of different size R (nm): (1) 2.1, (2) 2.2, (3) 2.7,
(4) 3, (5) 4; (b) dependence of energy of maximum absorption of CdSe nanoparticles on their
radii; (c) luminescence spectra of colloid CdSe nanoparticles in acetonitrile, R (nm): (1) 2.5,

(2)3.3,(3)3.7, 4) 422

size-induced changes in the lattice parameter should affect the chemical activity of
nanoparticles. For reacting systems, the diffusion between particles and their interatomic
distances are of no less importance than the particle size and morphology and should also

be controlled.
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Figure 7.7 Lattice constant and interatomic distances for platinum particles on Al,0,—NiAl (110)
as a function of size. Horizontal lines indicate the length and width of particles, vertical lines indicate
the experimental error.5%2

7.4 KINETIC PECULIARITIES OF CHEMICAL PROCESSES ON THE
SURFACE OF NANOPARTICLES

Surface reactions are of prime importance for the behavior of particles and their stabilization.
For reagents adsorbed on the surface of nanoparticles, a chemical reaction can no longer be
considered as a process in an infinite volume with a constant average density (concentration)
of molecules. This is due to the fact that the nanoparticle size is small and commensurable
with the size of the reacting species. In such systems, the kinetics bimolecular chemical
reactions correspond to the kinetics in a limited volume and differ from the classical case.
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Classical kinetics ignores fluctuations in reagent concentrations. Nanoparticles that
contain small numbers of reacting molecules are characterized by comparatively wide
variations in the number of reagents. This factor leads to a discord between the time
variations in the reagent concentrations on different-sized particles and hence their
different reactivity, which is dependent on the particle size.

For macroscopic samples, the general kinetic law is derived by averaging the kinetics
over all nanoparticles. The description of processes in such systems employs a stochastic
approach that, in place of concentrations, operates with the mumber of reagent molecules,
which is a random value determined by statistical fluctuations in the number of the
reacting species.*?

The reactions that involve few molecules are usually diffusion controlled. It is assumed
that they can be characterized by a rate constant similar for all reagent pairs. Based on this
assumption, the kinetics of superficial bimolecular reactions was analyzed. For a reaction
A + A — C, the kinetics of reagent loss was described by the following equation:

oo

L(t) — Z B, exp [1 n(nl)ktJ
N (O) - 2

where N(f) and N(0) are the current and initial concentrations of reagents on the surface of
nanoparticles, which are averaged over a sample containing a macroscopic number of
nanoparticles, and B, is a complex function. In deriving this equation, an assumption on
the equality of the rate constants k for all reagent pairs was employed. This assumption
and, hence, the equation itself are applicable only for nanoparticles with sizes exceeding
the size of reagent species at least by an order of magnitude.

For describing the kinetics of processes on the surface of nanoparticles, the Monte-
Carlo method was used.?? This method allows solving the mathematical problems by
simulating random processes and events. In fact, it employs the apparatus of the
probability theory for solving the applied problems by means of a computer. The number
of reagent species on the surface of each nanoparticle is small; hence, calculations are not
too cumbersome. In calculations, the parameters of the process under study are selected in
such a way as to obtain the best agreement of the calculated and experimental results.

The kinetics of adsorption, accommodation of adsorbents, and their migration over the
surface to form clusters was analyzed.5®> The kinetics of nanosize catalysts®® and the
kinetics of oriented aggregation of nanocrystals®® were also described.

Studies of the ligand exchange played an important role in understanding the processes
of stabilization of metal particles by various ligands and in assessing the reactivity of
resulting particles. These processes were studied by the example of gold
nanoparticles.®®7%% Attention was focused on the dependence of the exchange processes
on the ligand nature, the size of stabilized metal particles, and their charge. The gold
particle core size was found to affect the electrochemical and spectroscopic properties of
the stabilizing ligands.®%-701

The kinetics of exchange reactions was studied by the example of gold
nanoparticles.?7792.703 Tt was found that the vertex and edge sites of the surface of gold
nanoparticle exhibit higher kinetic reactivity as compared with the terrace-like core
surface sites. NMR studies of ligand-exchange processes were carried out for different-
sized gold nanoparticles stabilized by monolayers of phenylethanthiol, which was
exchanged for para-substituted arylthiols p-X-PhSH, where X — NO,, Br, CH;, OCHj,,
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and OH. The second-order exchange rate constant for an Ausg(ligand),, particle was found
to be very close to the corresponding constant of a larger Au, 4 (ligand)s; particle, i.e., the
chemical reactivity of different-size particles was virtually identical in the initial segments
of the kinetic curves.”™ Different numbers of defects on the terrace sites present on Ausg
and Au,,, particles resulted in different exchange rates for later stages. The reaction of 2.6-
nm gold particles protected by the ligands with spin-labeled disulfides was studied by EPR
technique.”*705

Based on the results discussed, we can conclude that there are substantial differences in
the kinetic behavior of limited small-size systems and unlimited systems. This field of
contemporary chemistry needs to be developed further.

7.5 THERMODYNAMIC FEATURES OF NANOPARTICLES

In nanoparticles, a substantial number of atoms pertain to the surface and their ratio
increases with a decrease in the particle size. Correspondingly, the contribution of surface
atoms to the nanocrystal energy increases.

The surface energy of a liquid is always lower than the surface energy of a
corresponding crystal. A decrease in the nanoparticle size increases the share of surface
energy and, hence, reduces the 7, of nanocrystals. As shown experimentally, this
reduction can be very substantial.

The changes in the nanoparticle size determine other thermodynamic properties. The
vacancy concentration increases with a decrease in the nanoparticle size (by a vacancy is
meant a substitution for an atom in the lattice site). With a decrease in the particle size, the
temperatures of polymorphous transitions and the lattice parameters decrease, while the
compressibility and solubility increase.

Now, we illustrate the effect of size factors on the shift of the chemical equilibrium.
According to chemical thermodynamics, the equilibrium in the transition from initial
reagents A; to products B; can be written as follows:

S vA - /2 1B (7.2)

!

where v; and ; are the corresponding stoichiometric coefficients.
The equilibrium constant at the fixed pressure and temperature is related to the changes
in the isobaric potential by the following equation:

~kTInK, = AG’ (7.3)
In the standard state, AG" is expressed by an equation
AG® = ,E 14 Gy, — 2, uGh = G} — G, (74)

Changes in AG" are expressed as the changes in the standard enthalpy and entropy by the
following equation:

AGY = AH®~TAS° (7.5)

Reference sources provide AH" and ASY values only for compact substances.



7.5 Thermodynamic Features of Nanoparticles 171

The use of highly dispersed particles can further shift the equilibrium in a system.
Theoretical studies in thermodynamics of small particles and experimental research
showed that the particle size is an active thermodynamic variable, which together with
other thermodynamic variables determines the system’s state.

The size seems to play the role of the temperature. This fact can be used for reactions,
the equilibrium of which is shifted to the initial reagents. In this case, if the total free
energy GY, of initial reagents is lower than G%, then AG">0, the reaction proceeds.

The participation of nanoparticles can change the situation. The Gibbs potential of a
dispersed reagent differs from its standard value in the compact phase. Dispersing of a

reagent i, causes the following changes:%%

5, A O yrc-c) A2 g1 c) (16
3N, pVi PiNs R

where ¢ is the surface tension, F' the surface area, V the volume of a dispersed particle, Cy

the volume change at a substitution of a vacancy for an atom in the lattice site, C,. the
concentration of vacancies in the bulk, A the atomic mass, and N, the Avogadro number.

In eq. (7.6), the first term reflects the contribution of the surface energy and the second
term corresponds to the contribution of the vacancies. If the final product is dispersed, the
Gibbs potential also shifts according to eq. (7.6).

A change in the isobaric potential AG = G;, — G; for reaction (7.2) with the
participation of dispersed reagents can be written as follows:

AG = AGY + 311, 3G, — S v, 6G, 77
i !

where summation is carried out over dispersed reagents. The reaction is possible if G,
exceeds Gy, i.e., AG <C 0, as illustrated by the following scheme:

Gin
& G
5Gin=2\’i(5Gi (SGf:Z/lj(SGj
G%
G’

By substituting eq. (7.6) into eq. (7.7) and, then, eq. (7.7) into eq. (7.3), we obtain an
expression for the equilibrium constant K. :

e[ 2|3y Py, P e Su o
Ry R I e TG RGeS

In this equation, K is the constant of a massive sample determined by eq. (7.3). The
radius R; characterizes the size effect. Estimates of &G, for particles with R< 10°A




172 7. Size Effects in Nanochemistry

produced values in a range of 0.1-1.0eV per atom. The quantities obtained mean that
dispersion can initiate chemical reactions with such a barrier.

Interesting size-dependent thermodynamic peculiarities were revealed in studying the
effect of pH on the behavior of cadmium chalcogenide nanocrystals coated with thiolates
(deprotonated thiols).”® The kinetic stability of small semiconductor nanocrystals in
solutions was provided by their ligand coatings.

Such typical ligands as thiolates are Lewis bases, while the nanocrystal surface is
positively charged, which is typical of Lewis acids. Their interaction represents a specific
coordination in a nanocrystal-ligand complex. Dissociation of this complex with a
decrease in solution pH can be considered as titration, which is characterized by a certain
constant and free energy. The process is limited by slow diffusion of hydrogen atoms
through the stabilizing ligand layer and can be likened to pseudosteady-state titration.”®

Study of the effect of pH on CdS, CdSe, and CdTe nanocrystals stabilized with
3-mercapto-1-propanethiol has shown that at certain pH semiconductor crystals
precipitate. Their relative stability decreases with an increase in hydrogen-ion
concentration, while the stability of complexes increases with a decrease in the crystal
size. For CdSe crystals measuring 2.8 nm, a possibility of redispersing the nanocrystal
precipitate was demonstrated,’® although this process occurred with substantial hysteresis.
Considering the example of CdSe, the equilibrium precipitation can be expressed as

(CdSe),~L,, + mH"<—>((CdSe),)"* -+ mHL K, (7.8)

where ((CdSe),)"" and (CdSe),—L,, designate ligand-free and ligand-coated nanocrystals,
respectively. The positive charge on a ligand-free crystal should be compensated by a
negative charge of the acid counter-ions used for titration. K, is the equilibrium constant.
Equilibrium (7.8) can be expressed by the following equations:

HL<=—=H" + L™ K, (7.9)

((CdSe), )™t + mL™ ==——3>(CdSe)"-L,

n

(K" (7.10)

Equation (7.10) describes the formation of a nanocrystal-ligand complex. Based on the
experimental results, it was assumed that the constant K corresponds to the binding energy
of all surface atoms of cadmium with deprotonated thiol ligands.

This assumption allows us to express K, as

(K" — 1[(K)"Ky)

(7.11)
and
K~ U[KY (K,)] (7.12)
Equation (7.8) can be written as follows:

K, — {[HL)"[((CdSe),y"" ]}{[(CdSe), — L, J([H"].,)"} (7.13)
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Combining egs. (7.12) and (7.13), we obtain

K, — {[(CdSe), — L,]""[H" ],  }/{ [HL][((CdSe),)" " K, } (7.14)

In eq. (7.14), all concentrations except [H'],, can be eliminated. This system is
remarkable because the process is independent of both nanocrystal and ligand
concentrations. Hence, eq. (7.14) can be reduced to

K, — [H']./K, (7.15)

Equation (7.15) makes it possible to assess the Gibbs free energy as the energy of the
formation of a crystal-ligand bond (A,G")

AGY— ~RTInK, — —RT In([H"],,/K,) (7.16)

Free energy values calculated from eq. (7.16) depended on the size of the studied particles.
The energy values calculated for semiconductors are similar to those obtained for thiol-
stabilized gold particles.” No theoretical models have yet been calculated for this system;
moreover, they may turn out to be more complicated than a relatively simple model based
on the interaction of a negatively charged ligand with a positively charged core. First, the
quantitative estimates of surface and interface energies of nanocrystals are necessary.”®
Moreover, thermodynamics should be corrected for size effects.”™

Thermodynamic peculiarities of nanoparticles were analyzed in detail in reviews.

In conclusion, we note once again that the main scope of nanochemistry is to study the
size effects and reveal the relationship between the number of atoms taking part in a
reaction and the resulting qualitative chemical changes. Size, shape, and organization of
metal particles in the nanosize range directly determine the chemical activity of systems,
the stability and properties of materials synthesized, and the advantages of their application
in nanochemistry.

185,709
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Nanoparticles in Science and Technology

The use of nanoparticles for synthesizing new ceramic materials, ultradispersed powders,
and consolidated and hybrid systems was considered in monographs and reviews cited in
the previous chapters and also in some recent reviews.!*7!%713 The detailed consideration
of the diverse aspects of nanotechnology in the cited studies allows us to focus attention
on those directions where the advantages of nanochemistry are most evident.

8.1 CATALYSIS ON NANOPARTICLES

The development of new catalysts based on metal nanoparticles continues to attract the keen
attention of scientists. Methane combustion in air is stable at temperatures above 1300 °C.
At these temperatures, noxious nitrogen oxides evolve and smog is formed. Hence, the
quest for new catalysts of methane oxidation is a burning problem. Thus, a new catalytic
material that ensures methane combustion at 400°C was described.”* For its synthesis,
reversible microemulsions based on isooctane, water, and surfactants such as the adducts
of polyethylene oxide with alcohols were used. Salts Ba(OC;H;), and AI(OC;H;); were
dissolved in isooctane and mixed with the microemulsion at room temperature. The
resulting solid crystalline nanosize barium hexaaluminate exhibited high catalytic activity
toward methane combustion. Barium hexaaluminate particles retained their size and surface
area at high temperatures. Moreover, they could be additionally modified by cerium, cobalt,
manganese, and lanthanum. Modification by cerium oxide produced a composite that
affords methane combustion at temperatures below 400 °C. Syntheses of new catalysts of
methane oxidation and their characteristics were discussed in detail.”'

In aqueous buffer microemulsions AOT—r#-heptane, several reactions catalyzed by
palladium nanoparticles were carried out. A reaction of N,N-dimethyl-n-phenylenediamine
with Co(NH;)sCI?* catalyzed by palladium nanoparticles was described.”'® In similar
microemulsions at pH 5.6, the catalytic oxidation of N,N,N’,N’-tetramethyl-n-
phenylenediamine by Co(NH,)sCI>* was studied.”!” The limiting stage of this reaction was
associated with the adsorption of n-phenylenediamine on palladium particles with a radius
of 2.5nm localized inside the microemulsion. This conclusion was based on the changes
in the reaction’s activation energy from 97 kJ/mol at 15 °C to 39kJ/mol at 40°C and also
on the results of electrochemical measurements. The peculiarities of this reaction were
examined in terms of a microreactor model.

175
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The synthesis of platinum, palladium, rhodium, and iridium nanoparticles and their use in
the catalytic reactions of hydrogenation of cyclooctene, 1-dodecene, and o-chloronitrobenzene
were analyzed.”'® Metal nanoparticles were stabilized by an amphiphilic copolymer

metal salts were reduced with alcohols. The particle diameter was 0.74 nm for Ir, 1.93 nm
for Rh, 2.2nm for Pd, and 1.2-2.2nm for Pt. The particle size was determined by
electron microscopy.

The introduction of an Ni ion into a catalytic system PVP-AA-Pt increased the
efficiency of the latter. Hydrogenation of chloronitrobenzene to chloroaniline at 330K
was carried out with 97.1% selectivity and 100% conversion. The introduction of Co?* and
Fe?* ions reduced the hydrogenation selectivity up to 78.1 and 72.1%, respectively. An
analysis of the IR spectra showed that ions of nickel, iron, and cobalt were not reduced to
zero-valence metals under the effect of hydrogen. This was associated with the fact that
metal ions interacted with two C=O groups in a PVP-AA copolymer and with only a

In catalysis, it is necessary to determine the size of the deposited metal particles and
their distributions over sizes and surface areas. Such measurements for particles smaller
than 2.5 nm induce diffuse scattering, which affects the results.”

When using chemisorption for assessing the properties of a catalyst, it is necessary to
know the prehistory of the catalysts, which could have already taken part in reactions and
might have contaminated surfaces, and also make allowance for the strong interaction of
a metal with the carrier. A systematic study of a series of catalysts, containing 0.5%
palladium particles of average diameter about 2nm deposited on activated carbon, was
carried out over a temperature range 573-973K.” A combination of XRD SAXS, and
TEM made it possible to estimate the effective size of palladium particles and to compare
it with the results obtained for carbon monoxide chemisorption on supported palladium.
The agreement of the results obtained by the two methods mentioned was observed for a
stoichiometric ratio Pd:CO = 2.

A high activity was observed for nanoparticles built of metal cores surrounded by
shells.”?>"% Tor electrochemical oxidation of carbon monoxide, gold nanoparticles
measuring 2 and 5nm and surrounded by decanethiol molecules were used as the
catalyst.”? Figure 8.1 illustrates this electrode reaction. The application of gold
nanoparticles suggests cooperative strengthening of the catalytic activity.

The catalytic oxidation of carbon monoxide was used for air purification, conversion of
automobile combustion gases, and in the technologies of new fuel cells based on oxidation
of methanol and other hydrocarbons. Fabrication of optimal catalysts may involve
changing the shape of cores, the structure and properties of the molecular shells, the nature
of the core—shell bonding that affects the active sites, the defect packing, and the collective
electronic properties of nanoparticles.

The high catalytic activity of gold nanoparticles deposited on oxides have been
discussed.”™

The role of F-centers was elucidated by considering the example of CO conversion
to CO, and catalyzed by MgO-supported gold particles with an average size of
3.8-4.3nm.”" It was shown that the concentration of F-centers correlates with the
catalytic activity, controlling the partial charge transfer from the center to a gold
cluster. Similar peculiarities were observed for different oxides. Theoretical estimates
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Electrode

Figure 8.1 Catalytic oxidation of carbon monoxide on an assembly of thiol-coated gold particles
on the electrode surface.”

of the transferred charge corresponded to 0.15¢ for TiO, supports. It was also shown
that gold adsorption enhances the activity of titanium oxide, promoting the migration
of oxygen vacancies.””® For gold particles deposited on highly reduced ordered TiO,
films grown on Mo (112), it was shown that deeply reduced oxides favor the formation
of a strong bonding between Au and reduced Ti atoms of the TiO, support, yiclding
electron-rich Au.”® These studies are consistent with the theoretical concepts based on
the Au/TiO, system, which showed that the changes in the defect site number at the
Au/TiO, interface determines the electronic and catalytic properties of gold
particles.”%.731

The synthesis of platinum nanoparticles by reduction with alcohols involved using
poly(N-vinylformaldehyde), poly(N-vinylacetamide), poly(N-isopropylacrylamide),
poly(N-vinylpyrrolidone), and chloroplatinic acid (H,PtCl,-6H,0). The synthesized
particles had an average size of 2.0-2.5nm.”? The stability of the nanoparticles studied
depended on the additions of KCI and Na,SO, salts and on temperature variations.
Hydrogenation of allyl alcohol was carried out in water and a salt solution (0.8 M Na,SO,).
It was found that catalytic platinum particles are stable in a salt solution and exhibit an
activity similar to that in water.

Studies of bimetallic catalytic systems have been developed. Bimetallic Pt—Au catalysts
on graphite were prepared by selective deposition of gold on a carrier—a platinum film on
graphite.”* The latter monometallic catalyst was prepared by reducing H,PtCl, in absolute
ethanol. The subsequent reduction of AuCl, proceeded on the monometallic catalyst either
in its original state or was modified by pretreatment with hydrogen. At pH 1, bimetallic
particles were formed by the reaction:

3PtH + AuCl, =g Pt; Au + 4 C1~ + 3H*

The average size of the particles was about 10nm. Their properties and relevant
reactions were studied by several techniques.
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Gold being chemically inactive, its use as a catalyst escaped the attention of chemists

activity in the reaction:
H,0 + CO == H, + CO,

at 323K.™

As a model of metal catalysts on carriers, lithographic systems consisting of Pt
nanoparticles deposited on SiO, and Ag particles on Al,Os, which were synthesized by the
electron-beam method, were used.” The average size of particles varied from 20 to
50nm, and the interparticle distance varied from 100 to 200 nm. The thermal stability of
fabricated systems was studied by electron microscopy and AFM techniques. The
platinum-containing system was stable up to 973K, while the silver-containing system
was stable in vacuum and hydrogen up to 773K and in oxygen up to 623 K. A model
catalyst built of Pt nanoparticles on SiO,, which represented a lithographic system
obtained by an electron-beam method, was compared with platinum foil in the reactions
of hydrogenation-dehydrogenation of cyclohexene at 100°C.7*®* As compared with
platinum foil, a two-fold increase in the reactivity was observed for a system containing
platinum particles with 28 nm diameter; its selectivity increased by a factor of 3.

Iron-containing nanoparticles stabilized in polymeric matrices were used in the alkyl
isomerization of dichlorobutanes. The catalytic activity was found to depend on the nature
of the matrix and on the metal content.”

The photocatalytic reduction of bis(2-dipyridyl)disulfide (RSSR) to 2-mercaptopyridine
(RSH) with water proceeded selectively on the surface of titanium dioxide. The process rate
considerably increased when silver nanoparticles (0.24 mass%) measuring less than 1 nm
were deposited on Ti0,.”*® Thiols are widely used in agrochemistry, petrochemistry,
pharmaceutics, and for stabilization of metal nanoparticles.

Studies of RSSR adsorption, their absorption spectra, the effects of pH, the photolysis
time, the amount of deposited silver, and the temperature allowed the authors™® to put
forward the following reaction mechanism:

k,
RS—SR + Ag—TiO, e 2RS — Ag — TiO, (8.1)
1
2RS - Ag — TiO, —q)> 2RS — Ag — TiO, (¢ ... h") (8.2)
k
2RS~Ag-TiO, (¢ ... h")———3 2RSAg-TiO, (8.3)

k.,
2RS- Ag-TiO, (e ... h") ——% 3 2RSAg(e)TiO, (h*) (8.4)

k
2RSAg(e”) — TiO, (h*) —Z——» 2RS~Ag-TiO, (8.5)

k
2RS - Agle )~ TiO, (h*)+ H0 ——» 2RS~Ag(e )~ TiO, +2H" + 3 O, (8.6)

k
2RS Ag(e”) — TiO, + 2H" ——iep 2RSH + Ag - TiO, (8.7)

where K, is the rate constant of equilibrium adsorption, / the intensity of light, ¢ the light
absorption intensity, and k the rate constants of the corresponding stages.
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In stage (8.1), the selective adsorption of RSSR on the surface of silver nanoparticles is
accompanied by the rupture of the S—S bonds. In stage (8.2), excitation of nanoparticles in
the bandgap of TiO, generates an electron pair (e )-hole (h™). Most electron—hole pairs
recombine in stages (8.3) and (8.5). In stage (8.4), charges are separated: silver nanoparticles
takeup from an electron, AuCl, while holes are transferred to the TiO, carrier. The positive
potential of a hole is sufficient to oxidize water to form H™ and an O, molecule (stage (8.6)).
In stage (8.7), the catalytic system is regenerated and RSH is formed. In the opinion of the
authors,™® the deposited silver particles give rise to the following effects:

e acceleration of RSSR adsorption;

e spatial separation of positions corresponding to silver-particle reduction and
supporting oxidation, i.e., the charge separation effect; and

e sclective adsorption of the oxidizable compound (RSSR) and the reducer (H,0O) in
the oxidation and reduction sites, which ensures the high selectivity of this process.

A comparison of the catalytic systems TiO, and Ag-TiO, has shown that both systems
are characterized by equal activation energies of photocatalytic reduction (30.5 = 1.5kJ/mol),
which suggests that the limiting stage of this staged process is reaction (8.6) rather than
photocatalysis.

The reduction of RSSR on TiO, in the absence of silver occurs as follows:

k.
2RS - TiO, (¢7) + 2H" = 2RSH + TiO,

Recently, semiconductor nanoparticles have found extensive application in catalysis
and photocatalysis. The relative catalytic activity of various nanosize particles made of
semiconductor oxides and sulfides in polar (acetonitrile) organic solvents was studied.”
This study was performed using the example of photooxidation of pentachlorophenol—a
toxic compound used as a fungicide, a bactericide agent, and also for wood preservation.
Figure 8.2 shows the dependence of the relative concentration of pentachlorophenol on the
photolysis time in the presence of nanoparticles of different metals.
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Figure 8.2 Changes in the relative concentration ¢ of pentachlorophenol in water as a function of
the time of irradiation with light of wavelength 400<<A<<700nm in the (1) absence and (2-4)
presence of catalysts: (2) CdS powder (0.1mg/ml), (3) MoS, particles with diameter of 4.5nm
(0.036 mg/ml), and (4) MoS, particles with diameter of 3 nm (0.09 mg/ml).7*
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Mention should be made of an extremely strong dependence of the reaction rate on the
particle size observed in the case of MoS,, which in turn reflects the effect of the forbidden
zone of a particle and is associated with the corresponding change in the reduction
potential. In contrast to titanium dioxide, which is active in the UV range and is commonly
used in electrocatalysis, molybdenum disulfide nanoparticles measuring 3 nm catalyze the
reaction when illuminated with visible light. Nanoparticles of SnO, measuring 26 and
58 nm did not have any noticeable effect on the photooxidation of pentachlorophenol.

The preparation of molybdenum sulfide particles shaped as hollow nanospheres
opened up new possibilities of using this substance in catalysis.”* Such particles were
synthesized by the ultrasound irradiation of a slurry containing Mo(CO)g, S, and nanosize
silicon particles in 1,2,3,5-tetramethylbenzene (isodecrene) under argon flow. Washing of
MoS,-coated silica with 10% HF served to remove silicon. The resulting hollow spheres
of a diameter of ~50nm exhibited high catalytic activity in the hydrodesulfurization of
thiophene in the temperature range 325-375 °C. The increase in activity as compared with
ordinary spherical MoS, particles was associated with the participation in the process of
both internal and external surfaces of a hollow particle.

Molybdenum sulfides exhibited a high catalytic activity. As has been shown recently,
MoS; nanoparticles with an average radius of 2.0-3.0nm represent a new class of
additives to hydrocarbon lubricants.” Addition of molybdenum sulfide provides a lower
friction coefficient as compared with a conventional antifriction additive, molybdenum
dithiocarbamate.

The actively developed synthesis of cluster anions, which contain 368 molybdenum
atoms, opens up new prospects in nanochemistry and, in particular, in nanochemistry of
molybdenum. Such compounds make it possible to realize reactions in the selected
reaction centers of well-characterized nanosize samples.”#

The development of a new direction in nanochemistry associated with chemical
reactions carried out by means of AFM and STM probes can be predicted. Interesting
examples of chemical modification of terminal functional groups in aggregates of
organosilicon molecules by the catalytic impact of a palladium-covered AFM probe were
considered.” The reactions studied are illustrated by the scheme below. Here Z is the
benzene-oxycarbonic group.

A minimum impact necessary for such chemical reactions is about 2.5 uN at a scanning
rate up to 5 pm/sec. Note that a typical activation energy of bimolecular reactions shown
above amounts to nearly 50kJ/mol. At the same time, according to estimates, the energy
of surface deformation of an associate of organosilicon molecules is about 340 kJ/mol,
which far exceeds the activation energy values shown above.

Catalytic scanning nanopens were proposed to be used in nanomodifying self-assembling
monolayers.*”® Monolayers of bis(m-tertbutyldimethyl-siloxyundecyl) disulfide were
deposited on gold, while 2-mercapto-5-benzimidazole sulfonic acid was deposited on the
gold cantilever of a scanning microscope. An acidic pen induced local hydrolysis in the
contact zone and fabricated samples of well-defined shape and size. In the catalytic region,
dendritic wedges were formed with thiol functions incorporated into the catalyst domain.

The surface on which selective chemical changes occur can be used in sensitive
optoelectronic devices, sensors, and units imitating biological devices. An approach to
“chemical lithography,” which involves the chemical modification of functional groups in
the molecules of a sample, arranged along definite predetermined lines, was outlined.”
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The catalytic reactions on metal nanoparticles under different conditions were
comprehensively described in several reviews.?®™3 In the reactions that occur on the
catalyst surface, the starting compounds are first adsorbed after which they migrate and
react and finally the products should be desorbed. The efficiency of the catalyst is
determined by the coordination of all stages in the process, while elementary reactions can
depend on the metal particle size in different ways. For a deeper understanding of the
catalytic activity, it is necessary to know the number of adsorbed species and the number
of metal atoms taking part in the catalytic process.

One of the approaches to the study of the catalytic activity, which has been actively
developed recently, consists in the deposition of metal particles on thin films of different
oxides. Studies of such a kind provide an approach to solving the problems associated with
internal size effects and the nature of the carrier. For nickel particles (Ni;;, Niy, and Nisy),
the effect of their size on the dissociation of carbon monoxide was studied.”® Nickel
particles were synthesized by laser evaporation and supersonic expansion. Then, after
mass-spectral separation, the particles were deposited on MgO films at a temperature of
90K. The adsorption of CO molecules occurred at 240-260K, while the associative
desorption took place at 500-600K. On Nis, particles, the associative desorption
proceeded more actively as compared with Ni;; and Ni,,. The experiments with labeled
oxides *C'*0 and '*C'®0 evidenced the presence of different adsorption and desorption
sites in nickel particles, which were determined by the number of nickel atoms in a cluster
and their different electronic properties.

The catalytic oxidation of carbon monoxide was studied on monodispersed platinum
particles.” Tt was shown that each Pt, particle (8 = n = 20) deposited on a magnesium
oxide film was active at a certain temperature in the range 150-160 K. When a cluster grew
by a single atom, e.g., at a transition from Pt,, to Pt,s, its reactivity increased by a factor
of 3. The cluster activity was related to its electronic state, the changes in its morphology,
and the interaction energy of boundary orbitals in oxygen molecules.

The catalytic oxidation of carbon monoxide (CO + 0.50, — CO,) on transition metals
pertains to the main reactions used for controlling the air contamination. Earlier, it was
believed that the catalytic oxidation of carbon monoxide is independent of the size of the
palladium particles;”*® however, later it was demonstrated that palladium particles measuring
less than 5 nm influence the kinetics of oxidation.™® At the same time, for palladium clusters
with preliminarily adsorbed oxygen, the kinetics of this reaction was independent of the size
of the catalyst particles.” The aforementioned results obtained by the same group of
scientists showed that the experimental procedure can affect the manifestation and
reproducibility of size effects for one and the same particles and reactions.

The oxidation of carbon monoxide was used as a model reaction in comparing the activities
of particles of different metals containing equal numbers of atoms.”! Figure 8.3 shows the
CO, yield as a function of the particle size, the metal type, and the temperature. As can be
seen, all particles exhibited different reactivities. The fact that Aug particles were most active
at low temperatures (140 and 200K), while the particles with electron-closed shells Au,; were
less active in the same temperature range, deserves mention. A strong size dependence was
also typical of platinum particles. With a transition from Pty to Pt,, the amount of CO, formed
increased by a factor of 9. Moreover, only large particles (Pt,, n >14) produced CO, at low
temperatures (140K). By comparing equal-size particles, e.g., containing 13 atoms, it is
evident that palladium and rhodium are more active than gold and platinum.
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Figure 8.3 Dependence of the yield ¢ of carbon dioxide during the oxidation of carbon monoxide
on the temperature and the size of metal particles.”!

at 430K. The density-functional calculations made it possible to associate the high-
temperature process with the surface diffusion of palladium atoms and the formation of
three-dimensional clusters, which provided stronger bonding as compared with the two-
dimensional structures. For supported palladium particles, a strong effect of the number of
atoms on the efficiency and selectivity of acetylene conversion was observed. It was found
that even a single palladium atom catalyzes cyclotrimerization of acetylene. On the
palladium atoms and particles Pd, and Pd;, benzene was formed at about 300K. Moreover,
small palladium clusters exhibited selectivity. Palladium atoms, dimers, and trimers could
also produce substances other than benzene. Particles Pd, ; polymerized acetylene and
additionally produced C,H,, which was desorbed at 350K. With a transition to larger
particles, in addition to C¢Hy and C,Hg, a third product C,H; (the structures of C,H, and
C,Hg are still unclear) was formed.

Of greatest interest are the catalytic properties of a single palladium atom. Theoretical
studies have lead to a conclusion that palladium atom and MgO film form a cluster. The



184 8. Nanoparticles in Science and Technology

MgO surface and its point defects exhibit the electron—donor properties and increase the
electron density on the palladium atom. The palladium atom diffuses over the surface and
activates two acetylene molecules according to the following scheme:

Pd + 2C2H2 - Pd(C2H2)2 -3 Pd(C4H4)

The Pd(C4H,;) complex then activates the third acetylene molecule. The optimal
structures of the complexes were considered.” The activation was associated with an
increase in the charge transferred from a palladium atom to the adsorbed molecule.
Benzene formed was only weakly bound with the palladium atom and immediately
desorbed. The reaction of the palladium atom with F-centers on the magnesium oxide
surface was the limiting stage of this process.

An interesting example demonstrating how the size of metal nanoparticles and the
nature of stabilizing ligands affect the catalytic activity and selectivity has been
described.” Palladium nanoparticles measuring 3—4nm, which were stabilized either by
1,10-phenanthroline or by 2-n-butylphenanthroline, served as the catalysts. Titanium
dioxide used as the carrier was saturated with the catalyst (0.5 mol%). The reaction of
triple-bond hydrogenation was carried out at room temperature and at a hydrogen pressure
of latm. As seen in Figure 8.4, when phenanthroline was used as the stabilizer, the
formation of cis-2 hexene reached its maximum in 75-80 min with a selectivity of about
95%. Upon reaching the maximum conversion, cis-2-hexene started to transform into
trans-2-hexene. The activity of palladium particles stabilized by 2-n-butylphenanthroline
decreased and the selectivity increased. The maximum yield of cis-2-hexene was reached
in 500 min with 100% selectivity; virtually no other products were formed. Only after
25-30h, an insignificant amount of trans-2-hexene was found. Probably, the presence of
the butyl residue in phenanthroline forms a catalyst surface that favors a reaction of
semihydrogenation, which is difficult to realize under other conditions.

Subnanometer palladium clusters with a diameter of less than 0.7 nm were prepared and
stabilized.”” Clusters were synthesized within micelles of different morphologies formed
by random co-polymers via the ligand exchange from Pd(PPh,),. Micelles containing
Pd(0) were found to exhibit high catalytic activity in quinoline hydrogenation at room
temperature and hydrogen pressure of 1atm and also in the reaction of iodobenzene with
ethylacrylate.

8.2 OXIDE REACTIONS

Oxides, like metals, find wide practical applications. The reactivity of metal oxides is
lower as compared with the metals themselves; for this reason the process of oxide
formation is used for stabilizing metal nanoparticles. Recently, quite a number of reactions
interesting from the standpoint of nanochemistry were realized.

A unique way of utilizing nanocrystalline zinc oxide was described.”® Zinc oxide was
synthesized by a modified sol-gel method according to the following reactions:

Zn(CH,CH;), + 2(CH;3);COH ——3 Zn[OC(CH,);], + 2CH;—CHs
Zn[OC(CH,)5], + 2H,0 =3 Zn(OH), -+ 2(CH,),COH
Zn(OH), =3 ZnO + H,0
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Figure 8.4 Selectivity and activity of palladium particles measuring 3—4 nm applied on titanium
dioxide in the reaction of partial hydrogenation of triple bond:”® (a) palladium particles stabilized
with 1,10-phenanthroline and (b) palladium particle stabilized with 2-n-butyl phenanthroline.
(1) Hexine-2, (2) cis-hexene-2, (3) trans-hexene-2, (4) hexane, (5) hexene-3, and (6) hexene-1.

The process of ZnO preparation involved three steps: synthesis, extraction, and
activation of zinc oxide nanopowder. The last step consisted in turn of several
consecutive steps of heat treatment. First, the powder was slowly heated to 90 °C and held
at this temperature for 15 min. Next, the temperature was increased to 250 °C, the sample
was exposed at this temperature for 15 min, and then slowly cooled to room temperature.
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The resulting zinc oxide represented crystalline nanoparticles measuring 3—5 nm with a
specific surface area of about 120m?%g. Zinc nanooxide was used in the following
reaction:

2Zn0 + CCl, — CO, +2ZnCl,

The process was carried out at 250°C; CCl, was added into the reaction vessel in
portions at 7min intervals. Carbon dioxide and unreacted CCl, were analyzed by gas
chromatography. It was shown that nanocrystalline zinc oxide is more active as compared
with commercial products. It was also shown that the adsorption of sulfur dioxide and
destructive adsorption of diethyl-4-nitrophenylphosphate—a toxic organophosphorus
compound—yproceed on nanocrystalline zinc oxide with high effectiveness. In these
processes, nanocrystalline zinc oxide displays a higher activity as compared with
commercial samples.

A high activity of nanocrystalline metal oxides was utilized in reactions with
compounds used as a chemical weapon. Nanocrystalline oxides of magnesium and
calcium were shown to easily react with organophosphorus compounds.” 7 Thus,
3,3-dimethyl-2-butylmethylphosphoxofluoride CH:—(O)P(F)O-CH(CH;)C(CH,);, which
represents a nerve-paralytic compound, reacted with nanocrystalline magnesium oxide
according to the following scheme:

O 5
] } OH 1 § O
CHopE I anans P = HO-CHICHCICH ) + CHPOY
“HF
O-CHICH O H ORCHICH OO H

Magnesium oxide abstracts HF and, by using hydroxide groups available on the
surface, completely converts the toxic compound into a nontoxic one. Liberated hydrogen
fluoride reacts with MgO to form MgF, and H,O.

Nanocrystalline oxides of alkali-earth metals were successfully utilized for deactivation
of yperite and other toxic war agents. Autocatalytic dehydrohalogenation of
2,2’-dichlordiethylsulfide on nanocrystalline calcium oxide was studied.” % The reaction
proceeded according to the following scheme:

oA
CHCHACH8-CH-CH-CL S HO-CH-CH-5-CHe-Cp-OH

f
CHOH-CH-8-CH=Cl - = CHyeOH-S=CH=0H:,

This reaction involves a competition between dehydrochlorination to give a divinyl
compound and the substitution of a surface hydroxide for chlorine. The reaction products
were analyzed by NMR technique. The products of 2,2-dichlorodiethylsulfide decomposition
contained divinylsulfide (nearly 80%) and thioglycol and/or a sulfonium ion (20%) with a
hydroxyl group, which probably provided its bonding with the alkali-earth metal surface.
Along with yperite deactivation, the reactions of CaO with other phosphorus-containing
compounds were studied. The kinetics of reactions of all compounds studied with CaO were
characterized by fast initial stages and a slow subsequent diffusion-controlled stage.
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In the examples shown above, nontoxic compounds were formed at room temperature,
and the reaction rate was limited by the delivery of reagents. The presence of small
amounts of water was beneficial for detoxication, which confirmed the promoting action
of hydroxyl groups on the oxide surface. Catalytic dehydrohalogenation occurred when
nanocrystalline calcium oxide was used together with water.

Yet another application of nanoparticles of transition-metal oxides deserves attention.”’
Particles of oxides of Co, Ni, Cu, and Fe measuring 1-5nm were used as the electrode
material in lithium cells (electrochemical capacitance 700 LA h/g). In this case, the reactions
of Li,O formation and decomposition and the corresponding reactions of reduction and
oxidation of nanoparticles proceeded on electrodes made of CoO nanoparticles. The scheme
of reversible reactions is illustrated by the example of CoO as follows:

2Li — 2¢ = 2Li* (8)

CoO+2Li"+2e¢~ = Li,0 + Co )

1
Co%+2Li" % Li,O+Co’

Reaction (8) is probable and thermodynamically acceptable. Reaction (9) is unusual for
electrochemistry. Li,O was always considered as electrochemically inactive. The authors of
the cited study™! failed to electrochemically decompose Li,O powders (mechanically grond
powders of Li,O and CoO were used). The possibility of reaction (9) was associated with the
participation of nanoparticles and the increase in their electroctrochemical activity with a
decrease in the particle size.

The use of the synchrotron X-ray diffraction technique allowed unusual structural states
to be revealed in zirconium oxide nanopowders.”®* A ZrQO, nanoparticle can comprise two
or three different structures, viz., monoclinic, tetragonal, and cubic. Such particles, which
were called “centaurs,” point to the possibility of different polymorphous transitions in
individual particle.

To date, attention is focused on the synthesis and physicochemical properties of the hybrid
materials such as core—shell formation and on the particles comprising two and even three
metals. New nanocrystalline materials of the core—shell type based on TiO, and MoO; were
prepared and studied in detail.’® Particles TiO,~(MoQs), were synthesized by co-nucleation
of metal oxides on a micelle surface. The reaction stoichiometry was represented as:’s*

(1=y)(NH,), Ti(OH),(C3H,03),0q) + ¥/8 NayM0gOsq) + CTAC

where CTAC is cetyltrimethylammoniumchloride and y = 0.57.

In the synthesized materials, the energy of light absorption correlated with the particle
size. With a decrease in the size of TiO,—MoO; particles from 8 to 4nm, the absorption
energy decreased from 2.9 to 2.6eV. As a comparison, the energy of forbidden zones of
compact TiO, and -MoQO; are 3.2 and 2.9¢V, respectively. The synthesized materials
were more effective in the photocatalytic oxidation of actealdehyde as compared with
conventional titanium oxide manufactured by Degass (France).

Studies on preparation of nanorods with a diameter from 5 to 60 nm and a length > 10 um
based on BaTiO; and SrTiO;,7%* Ti0,,’%® and SnO,’® were initiated. The preparation of
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oxide-based nanorods and nanotubes was surveyed in detail’’. Vanadium dioxide was
studied most actively. Polycrystalline vanadium dioxide nanorods were prepared.’s®
Syntheses of metastable VO, nanobelts™ and crystalline nanowires with an average
diameter of 60nm and a length of > 10um’”® were reported. For synthesizing vanadium
dioxide nanowires, an earlier developed method of high-temperature evaporation in an
argon flow with subsequent condensation was used.””!

To promote electron transport in metal nanoparticles, it was proposed to utilize the pH
effect on the charge variation in stabilized coatings connected with the particle surface.
As has been shown, the molecules of hard (solid) mercaptophenylacetylenes effectively
bind gold and silver particles.”” It was demonstrated that the electron transport in charged
gold particles is better described in terms of classical concepts, rather than in terms of
quantum-mechanics.””

The use of metal nanoparticles in optical and electronic devices requires approaches
that would solve the following problems:

e reliable location of electric contacts between individual nanoparticles;

e determination of characteristics of interparticle electromagnetic interactions in
symmetrical well-organized aggregates of nanoparticles; and

e understanding of chemical properties of the nanoparticle surface and its effect on
optical and electronic properties of these particles.

Certain approaches to the solutions of these problems have been considered.”™

8.3 SEMICONDUCTORS, SENSORS, AND ELECTRONIC DEVICES

Semiconducting nanoparticles are extensively used in heterogeneous nanocatalysis and
are of potential interest for laser equipment and for manufacturing of flat displays, light-
emitting diodes, and sensors.

The development of heterostructures with spatially limited charge carriers, which are
formed as a result of self-assembling of nanostructures on the surface of semiconductor
systems was a great breakthrough in nanotechnology.”” The spontaneous ordering of
nanostructures makes it possible to realize the incorporation of narrow-gap
semiconductors into high-energy gap matrices. The periodic ordered structures of such
islet-type inclusions can appear as a result of heating the samples or at a long-term
interruption of the growth of deposited semiconductors. The resulting heterostructures
represent the sets of discrete levels separated by regions of forbidden states and exhibit the
energy spectra similar to those of individual atoms. The described systems were used in
the development of injection heterolasers.

Along with the physical methods of synthesizing new semiconductor systems, the
methods of chemical synthesis continue to be developed and refined. The use of inversed
micelles based on AOT for the production of ZnSe nanoparticles was initiated.”” Particles
of ZnSe measuring 5.7 nm were studied using X-ray diffraction, electron microscopy, light
scattering, and luminescence techniques.

Japanese scientists proposed a new method for stabilizing semiconductors (using CdS,
co-deposition of CdS—ZnS) and metals (using gold).””” They obtained inversed micelles



8.3 Semiconductors, Sensors, and Electronic Devices 189

and stabilized nanoparticles by in situ polymerization of (n-vinylbenzyl)dimethyl
(cety)ammonium chloride initiated by either light or by the addition of
azobisisobutyronitrile. The resulting polymer was dissolved in a polar medium to form
transparent films with incorporated cadmium selenide nanoparticles measuring 4.7 to
6.3nm. The authors characterized this method as the universal one, because it allowed
them to obtain films and stabilize nanoparticles of metals and semiconductors.

According to the results of the studies,’”® the inner nuclei of vesicles based on
o-phosphatidylcholine can be used as nanoreactors for growing monodispersed (with a
deviation of ca.*8%) nanocrystals of CdS, ZnS, and HgS of definite sizes.

A simple and inexpensive method of synthesizing stable and water-soluble
nanocrystalline powders of zinc sulfide (particles measuring ca. 6nm) in gram amounts
was proposed.”” Particles of ZnS covered with a cysteine layer were obtained by
introducing sulfide into a preliminarily prepared solution of a zinc salt and cysteine. After
the deposition, redissolution, and drying, the crystalline ZnS powders were obtained,
which were stable for 30 months at 4°C. Their stability was tested by carrying out
photocatalytic decomposition of p-nitrophenol on freshly prepared and aged powders. The
optical properties of the powders remained unchanged during their long-term storage.
Highly concentrated aqueous solutions (up to 100 mM/1) of semiconductor particles were
used as fluorescent biological labels.

Multilayer films containing CdSe nanoparticles were obtained.”® Particles of CdSe
measuring 1.7-2.0nm were synthesized from dimethylformamide solutions of cadmium
and selenium salts. The films containing CdSe particles were prepared by the consecutive
formation of layers on the quartz or CaF, plates. The plate surface was first covered with
layers of benzoic acid derivatives and polyvinylpyridine. A plate thus treated was placed
into a formamide solution of CdSe to form a layer containing cadmium selenide particles.
Multilayer (up to five layers) films were obtained by alternate additions of
polyvinylpyridine and cadmium selenide. Such organized semiconducting films are of
interest for the development of new types of optical fibers and nonlinear optical devices,
and can also be used as conducting films.

Semiconducting nanowires of definite diameters were fabricated using colloid solutions
of nanoparticles of metal catalysts.”®'-78 As an example, the results of controlled synthesis
of GaP nanowires with diameters of 10, 20, and 30 nm and a length exceeding 10 um can
be shown.”® The wires were fabricated by laser-generated sputtering of a solid target
consisting of GaP and gold (catalyst). A solution with gold particles was spread onto a
sample, which was put in a quartz tube. The tube was placed at the blown end of a furnace
containing a solid GaP target. The furnace was heated to 700 °C, and the target was
sputtered for 10 min by an excimer laser. The laser sputtering of a solid target was used for
the simultancous generation of nanosize metal-catalyst clusters and the reacting
semiconductor atoms, which formed the semiconducting nanowire. The size of a catalyst
nanoparticle determined the size of the resulting nanowire. As was shown in test
experiments, no semiconducting wires were formed in the absence of gold particles. The
correspondence between the sizes of nanoparticles and semiconducing nanowires allowed
the authors’ to conclude on the possibility of controlling the diameter of fabricated wires.
A similar method of controlling the diameter of nanowires was considered.”®

By considering the example of CdSe particles with sizes from 0.7 to 2 nm, the effect of
the semiconductor nanoparticle size on the bandgap of this material was studied.”®78¢ All
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the particles were formed using the methods of organometallic chemistry. Together with
cadmium and selenium, the atoms of phosphorus and phenyl and propyl groups were
present on their surface. Thus, one of the particles under study had a composition
Cd,(Se,(SePh),,(PPrs),, where Ph is phenyl and Pr is n-propyl. The atomic structure of the
particles was determined by X-ray diffraction for individual crystals. Figure 8.5 shows
the bandgap of nanoparticles synthesized and also for coarser particles of cadmium
selenide as a function of their size. As can be seen, with an increase in the nanoparticle size
the bandgap width E, of a particle approaches the E, value of the bulk CdSe samples.

New prospects in various branches of electronics were opened with the development
of one- and two-dimensional bimetallic systems.?* One of these branches is associated
with synthesizing particles of the ME, type, particularly, NbSe,.”®” Superconducting
one-dimensional NbSe, nanotubes in a mixture with nanorods of 35-100nm diameters
and a length of several hundred nanometers were prepared by thermal decomposition
of NbSe; in argon flow at 700°C. A synthesis in solution provided higher yields of
products with higher purity and a narrow size distribution.”®-7! In a dodecylamine
solution, two-dimensional plates and one-dimensional wires of NbSe, were
synthesized.”” Their precursors, NbCl; and Se, were mixed in dodecylamine in an
argon flow and then heated at 280 °C for 4h to yield a black suspension. Slow cooling
(~5°C/min) of this suspension to room temperature produced two-dimensional lamellar
structures 10-70nm thick. Rapid quenching of a solution obtained by extraction of this
suspension in hexane yielded NbSe, nanowires of a diameter of 2-25nm and a length
up to 10 pum.

Optoelectronics employs devices based on two-dimensional semiconductor
heterostructures. Combining semiconductors with different bandgaps makes it possible
to control fundamental parameters such as the bandgap width, the effective masses and
mobilities of charge carriers, the refractive index, and the electron energy
spectrum. 09775

The dynamic properties of charge carriers at the liquid—semiconductor interface are
important for photocatalysis, solar energy conversion, and photoelectrochemistry. The
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Figure 8.5 Bandgap width for CdSe nanoparticles as a function of their (a) diameter and (b) reciprocal
radius; N is the number of cadmium atoms in a particle. Dark points correspond to experimental data,
the rest of the symbols are the data of different authors for coarser particles.”
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peculiar properties of charge carriers, i.e., electrons and holes, which include their
absorption and recombination in certain nanosize semiconductor systems, were studied by
laser techniques.”? Suspensions of cadmium sulfide nanoparticles were used for initiating
the acrylonitrile polymerization. The resulting polyacrylonitrile (PAN) and the products of
its partial hydrolysis were employed as the templates which could regulate the shape of
CdS nanoparticles and composite nanowires CdS/PAN with a diameter less than 6 nm and
a length of 200 nm to 1 pim.”?

A nanosize electronic circuit breaker built of gold nanoparticles and compounds
containing redox groups was described.” As the redox group, bipyridyl groups that
entered the composition of N,N-di-(10-mercaptodecyl)-4,4’-bipyridinium dibromide were
used the synthesis of which has been described.” When gold nanoparticles were bound
with a film of bipyridinium bromide, the reduction of the bipyridine group on a gold
electrode proceeded easily and reversibly:

bipy?" + e~ = bipy'*

where bipy?" is a bipyridine group and bipy ** is a radical.

The operation of an electronic circuit breaker measuring 10 nm, which is based on the
changes in the chemical states of molecules, is illustrated in Figure 8.6 reproduced from
Ref. 796 and based on results of Ref. 795. The authors of the latter study reported that their
system corresponded to no more than 60 organic molecules and its operation required no
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Figure 8.6 [llustration of operation of an electronic switcher: (a) bipyridine group is in the
oxidized state and no current flows and (b) as a result of addition of one electron, the bipyridine
group is reduced and current flows.”®
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more than 30 electrons. When a molecule contains bipyridine in its reduced state bipy ",
a considerable tunneling current flows in the circuit nanocluster—molecule—electrode. If a
certain threshold voltage is applied to the gold electrode, the tunneling current drastically
decreases. The threshold voltage corresponds to the oxidation of bipy ™ to bipy?*. Thus,
an electrochemical switcher, the state of which is determined by the potential required for
reducing a molecule by a single electron, was created. To date, these devices operate rather
slowly and have an insufficient amplification factor. However, they can find application in
cases where amplification is of little importance, e.g., as chemical sensors for detecting
single molecules or unit chemical reactions. Moreover, based on such systems, the
memory devices for computers can be developed.”

New prospects in designing sensors and optoelectronic devices based on nanoparticles
were opened up.”®” Tt was shown that pore-free crystals of organoplatinum compounds can
reversibly takeup and evolve sulfur dioxide without breaking the crystal.”®® In other words,
the crystals breathe. Figure 8.7 illustrates the corresponding transformations.

When interacting with SO,, a crystal turns orange in a minute. The change in its color
is accompanied by the transition of square-planar platinum complexes into square-
pyramidal complexes that contain SO, as the fifth ligand. In doing so, the crystal increases
in volume by 25%, while retaining the ordered lattice structure. Yet a more interesting
result is obtained if a crystal with increased volume is exposed to air. In this case, the
crystal “breathes out” SO, and relaxes to its original, colorless, and SO,-free state. This
process can be repeated many times without breaking the crystal. In the opinion of the
authors,”” such crystals can be used as optical switchers and sulfur dioxide sensors. It is
possible that analogous compounds would reversibly interact with chlorine, carbon
dioxide, and other gases. There is good reason to believe that the substances that bind
gases in solutions will also bind them in the solid state.

Polypyrrole nanowires 200 nm thick and 13 um long were proposed to be used as pH
sensors.” A method for synthesizing polypyrrole nanowires sensitive to biomaterials,

Figure 8.7 Crystals that can reversibly adsorb SO,.777%
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based on using alumina templates, was described.’™ Polypyrrole nanowire biosensors of
controlled composition and size (200 nm), which could contain built-in electrical contacts,
incorporated quantum dots, and biosensitive molecules were suggested for detecting
biomolecules, particularly, DNA 3%

Nanoparticles of a definite stoichiometric composition and a size of 1-4 nm exhibited
unusual properties with temperature variations. Palladium clusters measuring 17 nm
behaved as compact palladium at room temperature, but demonstrated the presence of a
Coulomb barrier at 4.2K. At the same time, ligand-stabilized gold particles
Auss(PPhy),,Cly (PPh designates triphenylphosphate) measuring 1.4nm had a Coulomb
barrier at room temperature. As was shown,?? a Coulomb energy barrier for the electron
transport through a cluster can be changed by organizing clusters into the ligand-
stabilized three-dimensional structures. The length and the chemical nature of these
ligands, which are called “spacers,” change the intercluster distance and the Coulomb
barrier. The aforementioned peculiarities in the behavior of metal nanoparticles have
already found application in practice. Based on the temperature dependence of the
Coulomb barrier, a sensor for temperature variations in a range of 1-30K was developed
(Nanoway, Finland).?"

At present, considerable attention is drawn to the development of sensitive units of
sensor materials based on semiconductor oxides and heterostructures. The effect of ethanol
and nitrogen dioxide vapors on the properties of SnO, nanocrystals supported by single-
crystal silicon and tin dioxide nanocrystals doped with Ni, Pd, and Cu was studied.?®
Doped SnO, nanocrystals were synthesized by the pyrolysis of aerosols. Their average size
was 6—8 nm, according to the XRD data. The effect of the gas-molecule adsorption on the
volt—-ampere characteristics of heterostructures, which manifested itself in the changes in
the potential barrier height at the heterojunction and in the changes in tunneling processes
at the interface, was demonstrated.

A new generation of chemical sensors can be synthesized by employing nonuniform
nanosystems and unusual electronic and physicochemical properties of metal nanoparticles
entering into such systems. In these systems, the compact metal cores of nanoparticles are
surrounded by outer amorphous shells so that the electron transfer under the effect of
adsorbed gas molecules proceeds via the interacting nanoparticles bound into assemblies.
The sensor properties of nonuniform nonequilibrium nanocomposite films were discussed.®
Oxide—oxide (SnQ,-Ti0,), metal-oxide (Cu-Si0,), and metal-polymer (Cu—poly-n-
xylylene) systems were studied. The sensor activity of samples toward hydrogen, humid air,
and ammonium was determined by the conductivity changes. From our viewpoint, to obtain
new effective sensor materials, in addition to employing nonequilibrium synthetic
conditions, studies with oxide particles of different sizes should be carried out.

Many fields of nanotechnology are based on physical and chemical interactions,
involving nanoparticles of particular size and shape. In order to use the nanomaterials as
sensors and catalysts, one has to understand the peculiarities of both the synthesis and
interaction mechanism during the sensing/catalytic act.

In recent years, the interest of researchers and engineers to gas-sensitive materials has
grown substantially due to the progress in nanotechnology. This interest is primarily
connected to the promising electronic properties of nanomaterials, their size dependence,
and the possibility of controlling the material structure by using new experimental
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techniques. More and more materials and devices are produced every year with the use of
nanotechnology.?®

Nowadays, most of the commercial metal-oxide gas sensors are manufactured using the
screen printing method on small and thin ceramic substrates. The advantage of this
technique consists in the fact that the thick films of metal-oxide semiconductors are
deposited in batch processing, thus leading to small deviations of characteristics for
different sensor elements.

Despite the well-established fabrication technology, this method has a number of
drawbacks and needs to be improved. First of all, the power consumption of a screen-printed
sensor can be as high as 1W,7 which prevents us from using it in the battery-driven devices.
Another technological problem is the proper mounting of the overall hot ceramic plate to
ensure the good thermal isolation between the sensor element and the housing.

These problems promote the development of substrate technology and the extensive
research on the preparation of sensitive layers.

Nanotechnology has provided new tools for controlling the microstructure of sensitive
layers, allowing one to obtain materials with narrow grain size distributions. The studies
of thin SnO, films have shown the strong increase of sensitivity with the reduction of the
oxide particle size to the nanometer scale.’™® A systematic analysis of the dependence of
SnQ, sensitivity on grain size was reported.®

Using the low-temperature physical vapor deposition and the setup (Figure 2.5), the
gas-sensitive nanostructured thin films of lead were obtained. A careful control over the
deposition parameters such as the deposition rate, evaporation rate, and substrate
temperatures allows one to obtain condensates with the required structure, and also opens
up the possibility of chemically modifying the surface and grain boundaries.?!®3!! Ag
examples, the microstructures of two samples containing nearly the same amounts of lead
but deposited at different rates are depicted in Figure 8.8. The microstructure influences
the electrical properties; thus, only sample (b) was found to be sensitive to humidity. After
the deposition and controlled annealing, the particles can be oxidized (totally or partly) to
form a highly porous sensitive layer.
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Figure 8.8 AFM images of Pb condensates, deposited at 80K after annealing to room temperature
and exposure to the air. Scan area is 5m X 5m. (a) 34.3ML deposited at 0.05ML/sec, no
conductance onset during the deposition was observed. (b) 28.1 ML deposited at 0.20ML/sec, the
conductance onset was observed.
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Sputtering oxidation method was successfully used for preparing NO,-sensitive
nanostructured SnQ, films.®'? The high sensitivity to 5ppm of NO, at 130°C was
demonstrated by the work function measurements. Other methods based on a modified
sol—gel®!? technique as well as on the original approach that uses the mechanochemical
milling,?'* were also employed for improving the gas sensor performance of
nanostructured metal-oxide materials. Besides enhancing the characteristics of existing
gas-sensitive elements, nanotechnology also promotes the development of new types of
materials for microelectronics and sensorics.?® The typical examples are the thin polymer
and molecular films®>#'% and composite materials.?'” The cross-sensitivity of such
materials to humidity was also investigated.?™

Yet another example is the functional oxide nanobelts—a quasi-one-dimensional
nanomaterial with well-defined chemical composition, crystallographic structure, and
surface.8!®81° Such materials exhibit several important properties, in particular, gas
sensitivity.?? The synthetic method is a simple process, in which the solid starting material
is evaporated at an elevated temperature and the resultant vapor phase condenses under
definite conditions (temperature, pressure, atmosphere, substrate, etc.).

The process is carried out in a horizontal tube furnace, which consists of an alumina
tube, a rotary pump system, and a gas supply and control system. The right-hand end of
the tube is connected to a rotary pump, the carrier gas enters from the left end. The
pressure in the system is kept around 2 X 1072 Torr. Alumina substrates are placed
downstream the boat for collecting the growth products.

A very promising approach is to increase the surface area of a semiconductor by
preparing porous materials. Thus, both the SnO, and TiO, mesoporous powders, which
were fabricated by self-assembling of a surfactant followed by treatment with phosphoric
acid, and the conventional tin oxide powders with surfaces modified by mesoporous SnO,
exhibited a higher sensor performance as compared with the corresponding metal-oxide
powder materials with lower specific surface areas.’?!822

Porous silicon fabricated by electrochemical etching also exhibited a high gas
sensitivity.??® Tt was found that different electroless coatings influence the sensitivity
toward a particular gas. By using the Fast Fourier Transform analysis of the sensor signal,
it is possible to separate the drift and exclude false sensor signals.

One of the most popular nanomaterials nowadays, carbon nanotubes (CNTs), is also
used to detect gases. One of the first CN'T-based gas sensors was found to be able to detect
low concentrations of NO, and NH; gases at room temperature.?! These results initiated
the further experimental and theoretical®® investigations in this field. For instance, it was
found that CNTs can be added to the SnQ, substrate to form an NO,-sensitive material. 3%
The doping increases the sensitivity as compared with pure SnO, sensors. Another
application involves using CNTs as the cathodes in ionization-based gas sensors.®?’ In this
case, the gas is ionized in an electric field and is identified by a unique breakdown voltage.
The individual CNTs create very high electric fields near their ultrafine tips; hence, the
combined effect of several billions of CNTs should increase the overall field and accelerate
the gas breakdown process. This allows the ionization of gases to be carried out at voltages
of up to 65% lower than that in conventional ionization sensors.

Thus, nanotechnology opens up new possibilities for the production of gas-sensitive
materials of new types and also allows one to control the structure of conventional
semiconductor metal-oxide materials on the nanoscale level. New nanomaterials that



196 8. Nanoparticles in Science and Technology

appear today, such as the highly ordered arrays of metal/semiconductor core-shell
nanoparticles,?!® may be soon used in gas-sensor applications.

Experimentally, it was found that doping of SnO, with Cu enhances the sensitivity and
selectivity toward H,S. The same effect was observed for heterostructures CuO-SnQ,??8
and SnO,~CuO-Sn0,.3% This phenomenon was explained by a decrease in the barrier
height in p-CuO-n-SnO, owing to the chemical transformation of highly resistive CuO
into well-conducting Cu,S.

Humidity, which is usually present in almost all target environments for gas-sensor
applications, is known to strongly influence conductivity and sensitivity. In the presence
of water vapor, the sensitivity to CO increased,’*® while it decreased with
hydrocarbons.??!

The sensitivity of SnO, samples to CO was studied at an elevated temperature in
atmospheres with different humidity.?*

Diffuse reflectance infrared Fourier transform spectroscopy is a very productive tool
for in situ investigations of such systems.?** Using this technique, it was shown that the
hydrated proton plays the donor role, rather than the rooted hydroxyl group.?*

Among the main trends in the gas-sensor technology, the creation of sensor arrays
or “electronic noses” should be mentioned.?*" Such multisensor systems can be
fabricated on a single substrate, which can involve gas sensors of different types and,
necessarily, the signal-processing systems.?*> There are many examples of successive
production of their macroscopic prototypes, which are able to discriminate the mixtures
of gases, %83 yolatile organic compounds,?® and odors.?*' An important part in such
systems is the pattern-recognition method, which is usually realized using artificial
neural networks.?? The typical metal-oxide sensor mechanism is discussed in
review. 53

Nanotechnology with its tools for the production of clean, structurally pure, and
perfectly ordered materials is very promising for the preparation of new gas sensors with
desired characteristics. Along with this, it helps the researchers for a deeper understanding
of the sensing mechanism at the atomic level, which will undoubtedly promote rapid
progress in this field.

At the same time, the creation of new materials for the gas-sensor applications is
necessary for solving a number of basic problems of nanochemistry. Among them, the
following problems are considered to be most important:

e monitoring the size, structure, and stability of metals, semiconductors, and hybrid
nanomaterials by the controlled conditions of synthesis, in particular, with the use
of low-temperature synthesis;

e understanding the kinetics and thermodynamics of self-organization processes that
take place on the surface of nanoparticles and extending the working temperature
interval; and

e dctermination of the effect of the shape of nanoparticles, particularly, nanowires and
nanotubes of different materials on their chemiresistive properties.

The solution of these problems in combination with the search for new nanosystems
will allow the preparation of new sensor and catalytic materials.
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8.4 PHOTOCHEMISTRY AND NANOPHOTONICS

Recently, studies devoted to kinetics and dynamics of reactions involving metal
nanoparticles appeared. A photochemical reaction with participation of #-dodecanethiol-
covered silver nanoparticles dispersed in cyclohexane was studied in the picosecond time
interval ®* Figure 8.9 illustrates the photoreaction mechanism.

According to electron microscopy studies, nanoparticles Ag,SC,,H,s had an average
size of 6.2nm and resembled polyhedrons. During short-term photolysis, nanoparticles
first decomposed to finer particles (<X2 nm). An increase in the photolysis time to 9 min led,
in contrast, to coarsening of particles to 20nm. Photochemical transformations were
detected by the temporal changes in the intensity and width of the silver plasmon
absorption line (designated in Figure 8.9 by vertical heavy lines). As was found, the
absorption depended nonlinearly on the light intensity. The kinetics of photolysis of
particles was studied in a nanosecond range, and the corresponding kinetic constants were
found. The changes in the dielectric properties of the environment occurred in 0.5 nsec.
Under the effect of optic excitation, a part of alkanethiol molecules were split out in a time
(3.6 nsec) determined by the energy Ey, liberated as heat. The ratio of particles with split
out thiol groups depended on the excitation pulse energy. Within a period of 40nsec
(recombination time), the thiol-coated particles also underwent fragmentation. The
subsequent photolysis partially prevents the disintegration of nanoparticles.

In contrast to silver-based nanoparticles that undergo light-induced photochemical
reactions, for gold-based nanoparticles, shape changes are more likely under similar
conditions. For the latter particles, fragmentation is drastically suppressed in more polar
solvents or with the shortening of the alkanethiol molecular chain.?*3
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Figure 8.9 [llustration of a photoreaction involving Ag,SC,H,s nanoparticles dispersed in
cyclohexane. 3
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Silver nanoparticles were used in photochemical transformations of phenazine and
acridine.®*® When illuminated, both molecules, which were adsorbed on the surface of
silver nanoparticles, decomposed with the break of the N—C bond in a single-photon
process. The reaction rate and the degree of photodecomposition depended on the light
wavelength. When photolyzed in a short wavelength range, phenazine decomposed to
give graphite. The rate of phenazine decomposition was higher as compared with
acridine, which apparently was associated with different orientation of their molecules
on the surface of silver nanoparticles. The authors of this study,?*® have not yet found
an explanation for the decomposition of these molecules on the silver nanoparticle
surface. New bands at 543 and 619cm™!, which were close to the bands observed at the
adsorption of quinazoline on the silver surface, were revealed in the acridine spectra.®’
It was noted that the rate and the depth of the described photoreactions were unrelated
to one another. It was assumed that to be decomposed, the molecules of phenazine and
acridine should either be adsorbed on the definite surface sites or should possess
definite geometrical configurations, which would provide the participation of only a
small part of molecules.

The optical properties of gold nanoparticles measuring 2.5, 9, and 15 nm, which were
synthesized by 7 -radiolysis of KAuCl, salt in water and stabilized in polyvinyl alcohol,
were studied.®® Solutions containing 2.5 nm gold particles did not attenuate transmitted
light, while those with larger particles drastically reduced the intensity of a laser pulse with
a wavelength of 530 nm. The observed effects were attributed to the appearance of a large
number of light-scattering centers formed as a result of laser pulse-generated evaporation
of gold nanoparticles. It took several nanoseconds for the light-scattering centers to be
formed; the greater part of these centers relaxed to the initial state; at the second pulse, a
part of them degraded into small particles.

Time-resolution laser measurements were employed for studying electron—phonon
interaction in metal particles, which included gold particles measuring 2 to 120nm and
bimetallic particles containing Au, Ag, Pt, and Pd. Most of the detailed studies were
carried out for particles built of either Au cores with Ag shells or Au core with Pb shells.
All particles were synthesized by radiolysis.!>? For gold, in contrast to, e.g., silver, the time
scale of electron—phonon interaction was shown to depend on the particle size.%

Nanophotonics is a new field that studies the optical properties of objects with sizes
much smaller than the wavelength of light.

In connection with this, we mention only those studies, which considered the
possibilities of synthesizing and utilizing nanosize quantum dots, quantum wells, and
quantum wires in inorganic semiconductors.”?* The efforts of scientists were largely
concentrated on studying linear optical effects, whereas the development in the field of
nonlinear optical nanoscale phenomena has just begun.? The problem and prospects of
nanophotonics have been analyzed.?’'

One of the directions aimed at the production of cheap and renewable energy is based
on the development of organic solar cells. The use of hybrid materials offers great
possibilities in this field. Solar cells were obtained by quaternary self-organization of
various porphyrins (donors) and fullerenes Cg, and C,, (acceptors) by their clusterization
with gold nanoparticles on nanostructured tin dioxide films.?2#% The prepared
composition proved to have 45 times higher power conversion efficiency as compared
with a reference system containing both single components of porphyrin and fullerene.
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A combination of porphyrin and fullerene is considered as an ideal donor—acceptor couple,
making the acceleration of photoinduced electron transfer and the slowing of charge
recombination possible, which results in generation of long-lived charge-separated states
with a high quantum yield.?>¢-858

8.5 APPLICATIONS OF CNTs

CNTs can be used as both massive articles and miniature devices. In the first case, vast
amounts of nanotubes are used as fillers in composites, current sources, adsorbents, and
accumulators of gases. In the second case, nanotubes are used for manufacturing
various electronic devices, field electron emitters, superstable probes for microscopes,
and sensors.

Various application fields are rapidly developed, it is difficult to embrace everything;
this is why we show those examples, which, from our viewpoint, are most closely related
to nanochemistry.

Polymethylmethacrylate filled with oriented nanotubes served as a material for
fabricating strong fibers.?* Polymeric membranes filled with nanotubes were created for
detecting large neutral molecules.? Great expectations in electronics are associated with
the use of nanotubes. As was repeatedly stressed, the transition from the currently
exploited micrometer sizes (0.1-1.0 im) to nanometer sizes (1-10 nm) entails the changes
in the material properties. In nanochemistry, a single atom or molecule is the limit of
miniaturization; however, it is difficult to connect leads to such species. Hence, in
electronics, great attention is drawn to CNTs which, depending on their structure, can
exhibit conduction of either metallic or semiconductor types.?!

Methods used for synthesizing single-walled nanotubes and the potentialities of the
development of devices on their basis were considered.®? In doing so, attention was drawn
to the fact that in contrast to the traditional way, which is based on an approach from the
top downward or from large to small, the elaborate promising methods are based on an
approach from the bottom upward, or from small to large, from simple to complex.

The effect of the chemical nature of adsorbed molecules on the characteristics of
electronic devices was discussed.®® For particles of nanoscale sizes, adsorption of foreign
molecules can change their electronic properties. Yet another problem of using nanotubes
as electronic devices is connected with the noises caused by the electric current flow.5¢
The molecules adsorbed on the external surface of a carbon nanotube were supposed to be
the source of these noises. In turn, this effect can be used for the development of highly
sensitive sensors.?%°

The chemical fabrication of electronic circuits involving multiwalled nanotubes was
described.?® Carbon tubes were obtained by catalytic pyrolysis of methane.

The chemical methods of assembling structures from nanotubes have just begun to
develop. Recently, much attention was paid to the preparation of Y-shaped tubes, which was
accomplished by the pyrolysis of a mixture of gaseous nickelocene and thiophene at
1000°C.%7 The yield of tubes with a joint angle of ca. 90° and a diameter of 40nm
approached 70%. The volt—ampere characteristics of the synthesized tubes were asymmetric
with respect to the bias current. This points to the rectifying properties of the synthesized
tubes. Among the other chemical methods, these results deserve special attention. 58
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Great efforts were concentrated on the research and possible applications of emission
properties of CNTs. Nanotubes are promising as an emission material because of their high
length-to-diameter ratio, small curvature radius of the tip, and the enhanced conductivity,
heat conduction, and chemical stability. The studies dealing with field emission of tubes
still demonstrate many unsolved problems and inconsistences. To use nanotubes in the
manufacture of displays, it is necessary to reduce their cost and develop technologies for
fabrication of extended surfaces with uniform and reproducible characteristics. Work in
this direction is being carried out in many countries. The prospects of the development and
application of emission properties of nanotube-based materials were discussed.?%

Nanotubes can emit electrons at a comparatively low applied voltage. This allowed a
microwave generator to be developed based on CNTs.*”" From the viewpoint of its
developers, such systems can be used for miniaturization of mobile-telephone
communication stations and elongation of their service life. In designing telephones, one
can also use the properties of nanotubes to change the electrical characteristics under the
effect of mechanical stresses.?™

CNTs are assumed to be competitive with metal hydrides as the reliable high-capacity
systems for hydrogen storage.?”! Hydrogen has advantages over hydrocarbon fuel, because
its combustion produces only water vapors that do not contaminate air. Accumulation of
hydrogen in CNTs was discussed.?”

The sensitivity of single-walled nanotubes to gases and their ability to change their
electric resistance and thermal emf during the gas adsorption were observed.?”? Such
properties of tubes make it possible to use them as sensor materials. Based on single-
walled tubes, sensors for nitrogen dioxide, ammonium, and oxygen were proposed.’?+864
Sensors based on nanotubes are characterized by short response times and high sensitivity.
As compared with conventional solid-state oxide sensors, the sensitivity of transducers
based on nanotubes increases by several orders of magnitude. Thus, the response of such
a transducer to the presence of 0.02% NO, consisted in the increase in conductivity by
three orders of magnitude in 10sec, while the introduction of 1% NH,; decreased the
conductivity by two orders of magnitude in 2 min. To return the system to the initial state,
it had to be heated to 400 °C, while its relaxation at room temperature proceeded very
slowly. Density-functional calculations have shown that the energy of the NO,-molecule
bonding with a single-walled tube is approximately 0.9 eV, their interaction resembles
chemisorption, and the charge transfer increases the number of holes. The interaction with
ammonium represents physical adsorption. Being a Lewis base, ammonium donates
electrons to nanotubes thus decreasing the number of holes.

The use of nanotubes as gas sensors was analyzed.’” Measuring several square
micrometers, the nanotube-based sensor materials are miniature, relatively cheap, and can
be used at room temperatures. Similar to the sensors based on metal nanoparticles, the use
of CNT-based sensors is associated with the problem of selectivity that arises when
analyzing complex mixtures of gases.

For determination of the composition of liquids, the shifts of the IR spectrum lines
observed upon immersion of single-walled nanotubes into liquids were proposed for using
as the indicator. The spectral shift depends on the surface tension of liquids, which can also
be used in analysis.?”

Nanotubes have already found application as probes for microscopes. STM probes are
traditionally fabricated from tungsten or platinum; cantilevers for AFM are made of silicon
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or Si;N,. It was proposed to use nanotubes as probes.?™ By attaching a single-walled tube
to a silicon cantilever, the service life of the latter could be increased. The use in
cantilevers of chemically inert, hydrophobic, thin, and flexible CNTs allowed narrow
cavities to be analyzed and soft biological samples to be studied.

The use of hydrocarbon pyrolysis allowed a single nanotube to be grown immediately
on the microscope probe.’”” A current most promising method combines the chemical
deposition of a tube from the gas phase onto a special cartridge, which is accomplished by
catalytic pyrolysis, and the electric field-promoted transfer of the tube from the cartridge
to the probe’s tip.?”8

Single-walled CNTs were proposed for using as nanoelectrodes in electrochemical
applications.

The fabrication of tubes with carboxyl groups at their ends was described.®*®%7° Tubes
were obtained by oxidation in air at 700 °C, which allowed a probe microscope with a
high chemical sensitivity and an ability to analyze substances at the atomic and
molecular levels to be developed. Probes with amine, hydrocarbon, and biologically
active groups were obtained. In principle, various functional groups can be attached to
the carboxyl group, which makes possible the fabrication of probes with different target
functions. It was found that a probe with carboxyl groups exhibits acidic properties, a
probe with amine groups has alkaline properties, and hydrocarbon groups render
hydrophobic properties. In contrast to the probes fabricated of silicon oxide with
functional groups attached to their side surface, in nanotube-based probes, functional
groups are attached only to their ends. Moreover, an open end with a diameter of 1.4nm
contains about 20 atoms, which allows fabricating probes with single functional groups
of known structure. The tips of such probes can be used for carrying out selective
chemical reactions. Cantilevers modified with CNTs allowed the AFM resolution to be
enhanced and can be used in studying aqueous solutions, which is of special interest
when analyzing biological samples.

It seems quite natural to use nanotubes as supports for catalysts and sorbents. This idea
was brought forth virtually immediately after the discovery of nanotubes.®® Catalysts can
be obtained by filling both the internal and external surfaces of tubes. A study was carried
out with multiwalled CNTs. Ruthenium-based catalysts were prepared in the course of arc
discharge synthesis of nanotubes, which yielded multiwalled tubes with a specific area of
27 m?g. This catalyst was used in the hydrogenation of cinnamic aldehyde.®®! The yield of
hydrocinnamic alcohol was increased to 80%, while the selectivity increased from 30 to
92%. The effectiveness of different carriers in catalytic hydroformylation of propylene
was compared.?8?

The unique properties of CNTs can probably be realized in full measure within the
framework of molecular nanotechnology for the fabrication of functional devices and
structures by their assembly from atoms and molecules. Such self-reproducible assembling
should proceed in accordance with the laws of chemistry, which, for the case of interaction
of several separate atoms and molecules operate in a different way as compared with the
common chemical reactions that involve vast amounts of molecules. Different types of
probe microscopes play a definite role in solving this problem. Thus, the development of
a scanning probe microscope of the tweezers type opened up great possibilities.?®* The
tweezers’ function is performed by two gold leaflets separated by a glass layer and
furnished with tips formed by nanotubes with a diameter of 100nm. The electric field
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allows one to move small particles by jointing and opening the nanotubes. By decreasing
the tube diameter, one can handle particles measuring 1-2nm, i.e., single molecules and
tens of atoms.

For self-assembling of CNTs, it was proposed to use their solubilization in a solution of
tetraoctylammonium bromide in tetrahydrofuran (THF), followed by subjecting them to a
DC electric field.®® Under the effect of the field, the tubes self-assembled into stretched
bundles anchored to the positive electrode, thus forming a film. At a voltage ~40V, all
tubes from the suspension were deposited on the electrode, at voltages higher than 100V,
the bundles were aligned normally to the electrodes. The demonstrated method of aligning
single-walled CNTs in the electric field opens up new possibilities of achieving electric
contacts in nano and microdevices.

Studies devoted to filling tubes with different substances have shown that CNTs can be
considered as a sort of chemical reactor. Results obtained to date already allow us to reason
that chemical reactions in the internal voids of tubes differ from those occurring under
ordinary conditions. Such phenomena as crystal fusion and liquid crystallization also
differed from those observed under ordinary conditions.?®

The synthetic methods are being constantly developed and modernized. Syntheses of
tubes were accomplished under hydrothermal conditions by bombarding a mixture of
nanosize graphite and iron with hydrogen atoms.®® Nanochemistry plays the key role in
the production of tubes uniform in size and structure; their synthesis is among the current
burning problems.

8.6 NANOCHEMISTRY IN BIOLOGY AND MEDICINE

Nowadays, a new direction in nanochemistry, which is aimed at synthesizing and applying
the systems built of metal nanoparticles (mainly, gold and silver) and various biological
molecules: DNA, peptides, and oligonucleotides, is actively developed.

To be used in biology or medicine, various nanoparticles that usually possess
hydrophobic stabilizing coatings should be transferred to aqueous solutions. The most
straightforward and well-developed method is to exchange hydrophobic ligands for
hydrophilic ones. 38887888 Ordinary ligand exchange was often used for the stabilization of
nanoparticles in water. Additional advantages are offered by using stabilizing molecules
containing several groups capable of interacting with a nanoparticle.58!:88

The hydrophilic part of a stabilizer molecule should either be charged, e.g., negatively
charged carboxy groups, or have polymeric “brushes” of polyethylene glycol or dextran.?
For stabilizing nanoparticles in water, surface silanization processes were used, when the
hydrophobic ligand shell was replaced by a layer of silane molecules.?!:892

Further strategies in stabilizing nanoparticles are based on using amphiphilic polymeric
molecules.?” The hydrophobic part of an amphiphilic molecule coordinates with the
hydrophobic stabilization shell around a nanoparticle, whereas its hydrophilic part points
outward into the solution, thus facilitating water solubility. This procedure was used for
transferring Au, CoPt;, Fe,0;, and CdSe/ZnS nanoparticles to water.? The advantage of
this procedure consists in the absence of ligand exchange, which allows applying it to
virtually any particle. A certain drawback is associated with an increase in the particle
volume owing to the presence of several stabilizing layers. At the same time, the presence
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of considerable amounts of amphiphilic polymers facilitates the incorporation of various
functional groups immediately into the nanoparticle shell, thus providing its binding with
biologically active molecules.

Several methods were used for linking biomolecules to nanoparticles. The simplest
method involves adsorption of biomolecules on the surfaces of nanoparticles or their
stabilizing shells.?* However, the method of chemical bonding of biomolecules to
nanoparticles proved to be most advantageous. The resulting systems were used as sensors
for detecting molecules®**897 or labeling cells.3%88%

Nowadays, attention is focused on DNA—-Au conjugates that contain different numbers
of DNA molecules per particle. Nanoparticles with exact numbers of DNA can be
separated using gel electrophoresis.®® Other methods were developed for sorting
nanoparticles with controlled number of biomolecules.®***"! The number of DNA molecules
that can be attached to a single gold particle is determined by the size of the latter.*® The
methods of labeling cells were surveyed by several authors.**>9%

Nanocrystals and especially quantum dots can serve as convenient cell labels. They
were shown to be sufficiently biocompatible and reduce the tendency to photobleaching.*>*
Moreover, upon cell division the nanoparticles are passed to both daughter cells; and,
therefore, the label is not lost.3%>%% For example, nanocrystals were introduced into
specific cells of Xenopus embryos to follow their development.®s! Furthermore, cell
labeling method can be extended by using magnetic nanoparticles in drug delivery.®®
Drugs are immobilized on the surface of magnetic nanocrystals and the resulting
assemblies are directed by a magnetic field to the injured tissue.’”” Each nanoparticle type
has its own intrinsic properties. Semiconductors can serve as fluorescent labels, while
metals and their oxides form magnetic labels. For many biological and medical
applications, hybrid nanoparticles with different properties are a good choice. Thus, hybrid
nanoparticles combining fluorescent and magnetic properties could be obtained by the
direct growth of fluorescent CdS particles on magnetic FePt nanoparticles.” The obvious
advantage of these particles is a negligible gap between their domains, which allows
investigating the coupling between different domains of hybrid particles. No energy
transfer or tunneling is possible when nanoparticles are farther than a few nanometers
apart. Another important problem is the preparation of hybrid nanoparticles containing
more than two components. Along with the preparation of hybrid materials, much effort is
concentrated on the creation of assemblies of hybrid materials with exactly defined
structures. Some success in this direction has already been achieved.”®

Building organized assemblies involving biomolecules entails a number of
disadvantages. First, biological molecules used for binding nanoparticles also act as
spacers that create a gap between the nanoparticles. Moreover, the linkage of biomolecules
to the nanoparticles is not stiff, but rather flexible. Such flexibility suggests that
nanoparticles are not bound in rigid assemblies and the distance between nanoparticles in
an assembly can fluctuate. Additional difficulties are due to the thermal instability of
biomolecules and a possibility of their destruction in solutions.

The optical properties of aggregates of gold particles bound by DNA fragments, which
included 27 to 72 nucleotide pairs, were considered.”® Alkanethiol-modified gold particles
with diameters of ca. 15nm were used. In studying how the length of oligonucleotide chains
affects the properties of the resulting aggregates, it was shown that the chain length defines the
position of the metal plasmon peak. The sizes of nanoparticle aggregates were determined by
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a kinetic method, because their growth rate depended on the length of oligonucleotide chains
and on interparticle distances. Among the factors determining the growth rate of
nanoaggregates, the rate of binding DNA-linkers with complementary DNA on the surface of
gold nanoparticles (k) and the rate of aggregate growth (k,) are the most important. Linkers are
the untwisted segments of the double-chain DNA that binds densely packed DNA stabilized by
proteins and polyamines. Optical changes were also observed when nanostructures formed by
the two longest nucleotides linkers were annealed at temperatures below the melting point.
Thus, DNA linkers can be used for kinetic control over the aggregate growth.

Combinations of nanocrystals with biomolecules were proposed for using in new
detection schemes.”!® A synthesis of CdS/ZnS core—shell semiconductor quantum dots
with Au nanoparticles was described. The structures obtained had one quantum dot in the
center and a discrete number of Au nanocrystals (one to seven) attached to it through a
DNA.®!! The use of DNA as the scaffolding material allowed controlling the Au—quantum
dot distance and the number of gold nanocrystals around the central quantum dot. Such
systems can be used as traditional biological labels as well as for studying the interaction
between nanoparticles and quantum dots.

A positively charged complex of DNA and CdSe nanorods that exhibited high
luminescence was synthesized. The complexes could self-assemble to form either a
filamentary netline or spherical nanostructures. Filamentary nanorods of CdSe and DNA
exhibited strong linear polarized photoluminescence owing to the unidirectional
orientation of nanorods along the fibers.'> The processes of self-assembling of
DNA~-CdSe and some other nanostructures were analyzed in detail °**

Gold nanoparticles of 2 nm diameters covered with monolayers of trimethyl ammonium
were found to recognize and stabilize peptide ¢-helices.®*

A new method of incorporating biomaterials into living cells was proposed.®!> The
method is based on electrosputtering (clectrostatic spraying) of metal particles that carry
large electric charges and have high rates of sputtering. When metal particles covered with
genes were dispersed by means of elaborate equipment, they disintegrate to liquid droplets
under the effect of the external nonuniform field. The resulting gene fragments had a
charge of the same sign as the metal particles and were present at a high concentration.
Fibroblast cells of monkeys were used as the living cells; a suspension of fluorescent
protein-labeled plasmids and also plasmids with gold particles measuring 5-10nm
(plasmids are extrachromosomal formations representing closed rings of double-chain
DNA) served as the biomaterial. By using UV-fluorescence microscope, it was shown that
a plasmid suspension with gold could penetrate into the cells. Of particular importance is
the fact that a plasmid suspension that did not contain gold also penetrated into the cells
and was incorporated into its DNA. From the viewpoint of the authors,”* this deserves
most attention, because they managed to do without gold, which is traditionally used for
penetration into cells. It was noted that electrosputtering opens up new possibilities for
transfection and gene therapy.

Nanoparticles containing admixtures of gadolinium ions were proposed as a new
contrasting material to be used in magnetic resonance studies in medicine. Such particles
with a diameter of 120 nm are sufficiently small to penetrate blood vessels. They were used
in obtaining images of heart and gastrointestinal tract of rats.?'®

The possibility of using different types of quantum dots for labeling biological cells,
tissues, bacteria, and viruses was actively explored. As compared with organic dyes, these
labels exhibited higher photostability and sensitivity. However, the toxicity of quantum
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dots was reported by the example of CdSe.*>* Notwithstanding, the applications of
animal quantum dots as biolabels for diagnosing diseases were actively developed. 384912913
A one-step synthesis of water-dispersible multifunctional core—shell quantum dots
CdS:Mn/ZnS measuring 3.1nm, which was performed in water—oil emulsions, was
proposed.®!” The fluorescence, radioopacity, and photostability of such quantum dots were
studied earlier.®® These properties were attributed to the effective surface passivation by
zinc-sulfide crystals that surround the crystalline core CdS:Mn. Cadmium ions provided
radioopacity of quantum dots, while magnesium ions were responsible for the magnetic
properties. The effectiveness of CdS:Mn/ZnS quantum dots as biolabels was demonstrated
in studying brain tissues of rats.

Various thiols were actively used for stabilizing nanoparticles of different metals,
especially, gold. Recently, attention was focused on self-organization processes that affect
the chemical and catalytic properties of metal nanoparticles.?'®2 The exchange between
the protective ligand coating of a gold nanoparticle and para-substituted benzyl
hydroxyalkyl nitroxide was studied by EPR technique.®?!

The synthesis of gold nanoparticles coated with dipeptides containing thiol groups
SH—(CH,),;CO—His—Phe—OH was described.®*? By using this peptide together with
HS —(CH,);—CONH—(CH,OCH,0),—CH?, the protected gold clusters were synthesized
and then employed in the hydrolysis of esters.®® By the example of 2,4-
dinitrophenylbutanoate, a 300-fold increase in the rate of hydrolysis was observed in the
presence of nanoparticles.

Self-assembling of biological molecules into various nanoarchitecture assemblies can
assist the conversion of information contained in them into physicochemical signals. More
detailed studies of self-assembling were conducted for large molecules such as proteins,”>
oligopeptides,®® and nucleic acids.®” For small biomolecules, self-assembling of
adenosine-5"-triphosphate and a dichlorine-substituted thiocarbocyanine dye into
excitation-delocalized nanowires was described. According to TEM studies, the latter were
~10nm wide and several micrometers long.*®

Spherical polystyrene particles can also be used for labeling biomolecules. These
particles were treated with surfactants, which represented a mixture of polyethylene and
polyethylene glycols swelled in toluene. The latter solvent was removed by heating to
98°C. This process was stabilized by a surfactant that contained biomolecules and
fluorescent molecules attached to its active groups.®?

Enzymes are powerful biocatalysts in water but display much weaker activity in organic
solvents owing to poor solubility. Nanopores of nanostructured amphiphilic networks
prepared by the nanophase separation of hydrophilic and hydrophobic phases can serve as
nanoreactors, which allow using enzymes in organic solvents.”?” An enzyme is entrapped in
the hydrophilic domain, while the substrate is introduced into the hydrophobic phase. The
potentials of this method were demonstrated for the oxidative coupling of N,N-dimethyl-p-
phenylene diamine and phenol with fert-butyl hydroperoxide in hexane to yield an
indophenol dye, which was catalyzed by the network-entrapped horseradish peroxidase.

The chemical activities of solid organic drug substances and their biological activities
strongly depend on their polymorphic modification, supramolecular organization and
structural ordering, and particle size and shape. These specific features determine the
biopharmaceutical and therapeutic activities of the drug forms. Production of structure and
size-modified drug substances was realized via cryoformation of the solid-phase substance
by a metastable state obtained by low temperature condensation of their vapors on the
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cooled surface.®”® Obtaining structural modifications of drug substances was realized
using static and flow vacuum setups. Organic vapor condensation was carried out on
polished copper cube or glass tube cooled by liquid nitrogen. The samples of gabapentine
(1-aminomethyl)cyclohexaneacetic acid, moxomidine 4-chloro-N-(4,5-dihydro-1H-
imidazol-2-yl)-6-methoxy-2-methyl-5-pyrimidinamine, carvedilol 1-(9H-carbazol-4-
yloxy)-3-[[2-(2-methoxyphenoxy)ethylJamino]-2-propanol were studied. Physical and
chemical properties of cryomodified substances were studied by UV and FTIR
spectroscopy, microscopy, and by X-ray diffraction. The composition of the former
compounds and condensation products were controlled by chromatographic methods.
By using gabapentin, the formation of three different forms was established. One of them
is new, the size of particles obtained at 77K was equal to 0.5 iim. The size of the particle
increases with an increase in the condensation temperature. Minimization of particle size
during cryoformation was also found (for moxomidine and carvedilo). The modified drug
substances possess biological activities different from the former substances.

Nanostructures built of biological molecules represent supramolecular assemblies,
which can easily undergo various chemical modifications. Peptide nanotubes similar to
CNTs as regards their morphology were synthesized. The diphenylaniline-based tubes
were proposed for use in electrochemistry.!”

Mixed protective monolayers were proposed for application on metal nanoparticles,
e.g., gold, to carry out specific reactions with biological molecules such as proteins.”?

Studies directed at the elaboration of inorganic biologically compatible materials are
carried out. One of such substances is hydroxyapatite Ca,4(PO4)s(OH),. The synthesis of
hydroxyapatite crystals of different shapes and sizes was accomplished.®**%*2 In one of the
studies,” hydroxyapatite particles were obtained by the rapid mixing of solutions of
Ca(OH), and H;PO,. For analysis, the particles were sampled from the solution at different
times upon the addition of acid. In 10%sec, all particles represented nanoplates with
hydroxyapatite lattice. The analysis of experimental results revealed the appearance of a
new form, which was named two-dimensional crystalline hydroxyapatite. The
synthesized substance is a highly effective drug, which stimulates osteogenesis at the
implantation of bone tissue in living organisms.

The possibilities of application of biological molecules for identification of widely used
inorganic materials were analyzed. This was accomplished using the principles of selective
binding known in molecular biology. The use of selective binding of peptides with various
semiconductors for the development of nanocrystalline assemblies was proposed.® It was
shown that the use of nanocrystalline semiconductors allows one to extract certain
peptides, the latter being linked with high specific bonds with the surface of these
semiconductors. As substrates, five different single-crystal faces of the following
semiconductors: GaAs (100), GaAs (111) (with gallium atoms on the surface), GaAs
(111) (with arsenic atoms on the surface), InP (100), and Si (100) were chosen. It was
found that among the wide diversity of randomly chosen peptides, each substrate was
picked and selectively bonded with a definite sequence of amino acids. The resulting
nanocrystalline assemblies were examined by means of antibodies labeled with 20 nm gold
particles and also by means of transmission and fluorescence microscopes, photoelectron
spectroscopy, AFM, and STM.

Figure 8.10 demonstrates two different approaches to the formation of assemblies of
biomolecules on the surface of inorganic materials.®** The development of these approaches
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Figure 8.10 Two approaches to assembling inorganic materials into more complex structures
using biological molecules: (a) the use of complementarity of two biomolecules and (b) the use of
the interaction of a biomolecule with an inorganic material.”*

is a challenging problem in material science of the 21st century. The role of the surface in
the self-organization of biomolecules, particularly peptides, was discussed.”*> Problems of
biomimetism, the interaction of biological molecules with inorganic surfaces, and
bioengineering were surveyed.®*

The application of various nanoparticles in biology and medicine poses certain
problems. Most metal and semiconductor nanoparticles are synthesized and stabilized in
organic solvents. To use them, e.g., in biochemistry, it is necessary to transfer them into
aqueous solutions, whereas their further use in medicine requires the attachment of drugs
to them. To realize such transformations, which are additionally complicated by self-
organization of particles, attempts were undertaken to use the key—lock principle, which
was developed for enzyme reactions, on the molecular level.

In recent years, several approaches to synthesizing these materials were developed. One
approach is based on assembling the receptor—ligand-mediated groupings of building
blocks to form new multifunctional structures.®® Another approach consists in the
arrangement of ligand-modified blocks on a surface that is patterned with receptor
molecules.®3”9* The latter approach was used for the fabrication of conducting DNA-based
metallized molecular wires.?* A method for labeling of specific receptors in a cell with
ligand-modified building blocks was developed.®*”*1 Such labels most often represent
organic fluorophores.



208 8. Nanoparticles in Science and Technology

The prospects and problems of synthesizing two- and three-dimensional nanostructures
based on biological principles were discussed.**! From the viewpoint of the authors, in this
century, the strategy of synthesizing complex assemblies from simpler components will be
actively developed. Biological structures can be used as surface detectors for organizing
the linkage of large organic and inorganic blocks. In fact, this will allow one to synthesize
new materials by employing the principles developed in the course of evolution for
assembling complex functional systems.



Conclusion

The experimental results allow formulating certain general conclusions and potential
directions in studying chemical properties and reactivity of different elements in the
Periodic Table as a function of the particle size.

Nanochemistry as an important part of nanoscience is divided into several separate
directions. A traditional approach allows separate consideration of fundamental and
applied directions. However, nowadays, the progress in fundamental scientific research
virtually removes the boundaries and shortens the time between discovery of a new
phenomenon and its practical application. Fundamental studies should be aimed at solving
the definite problems of practice. At the same time, it is quite clear that concrete applied
studies are impossible without serious, in-depth, purely scientific investigations. The origi-
nation and development of nanoscience and nanochemistry as its most important component
reflects the contemporary development of natural science.?*?

Yet another peculiarity associated with the development of nanoscience and
nanochemistry, namely, their interdisciplinary character, deserves mention. The scope,
approaches, and methods used in physics, chemistry, biology, and material sciences are
closely interlinked. For such a situation, the successful development of various branches
of nanoscience as a whole and nanochemistry in particular implies the organization of
cooperation of scientists in different fields within the frames of a common problem or
program. The interdisciplinary character of nanoscience requires modernizing education
and training of scientists in a new direction that will determine the development of natural
science in the 21st century.

Turning back to nanochemistry, it should be mentioned that solution of many relevant
problems is associated with using and elaborating various physical research methods.
Thus to find how the chemical properties and reactivity depend on the sizes of particles
taking part in a reaction, it is necessary to employ methods that would allow one not only
to determine the size of particles but also to follow the dynamics of their properties in the
course of chemical reactions.

The experimental results obtained to date provide numerous concrete examples of
unusual chemical reactions that occur with the participation of atoms, clusters, and
nanoparticles for a wide range of elements in the Periodic Table. However, at present, only
few publications in which the effects of particles with different sizes on their activity were
studied under commensurable conditions are available. A certain exception is the reactions
of particles obtained by multiple separation in the gas phase, which make it possible to
follow the activity changes depending on the number of atoms.

Chemical reactions of nanoparticles with different sizes in liquid and gas phases were
scarcely studied to date over a wide temperature interval. Such experiments would allow
one to gain insight into the effect the size of a particle exerts on the periodic changes in
its chemical activity. This information in combination with high-level quantum-chemical
calculations would allow us to make a first step from fragmentary explanations on how
the number of atoms in a particle affects its activity toward the development of the
general theory that would relate the size with chemical properties. However, at present the
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experimentally feasible strategy is to consider reactions in different phases as merely
separate problems of nanochemistry.

In the present stage, which reflects the traditional approach of chemistry based on the
transition from reactions in the gas phase to those in the liquid and solid phases, the
gas-phase processes that allow one to study reactions of ligand-free particles have gained
importance. Such clusters play a special role in nanochemistry for synthesizing mono-
dispersed particles and for studying the periodicity of their properties and peculiarities of
the formation of more highly organized ensembles. Ligand-free particles are also a promising
model for studying the quantum-size properties. New methods should be developed for
synthesizing ligand-free particles and determining their structure. Such particles form the
basis for building more complex assemblies.

As a rule, ligand-free clusters are obtained in nonequilibrium, metastable states.
Elucidation of the mechanism of their synthesis would allow conducting a direct search for
stabilizing ligands, materials-precursors, and ligands-spacers that regulate the distances
between individual clusters. This would allow one to exercise control over self-organization
processes and regulate the synthesis of materials with new properties that cannot be
obtained by conventional methods.

Nonequilibrium metastable structures tend toward stabilization. Such states are realized
owing to the formation of, as great as possible, the number of stable bonds. Probably, it is
this process and the multielectron structure that determine the great number of free-energy
minimums obtained in calculations. The development of quantum-chemical methods for
analyzing and simulating ligand-free clusters is an intricate problem. Such experimental
studies require very sophisticated and expensive equipment and may involve difficulties
associated with temperature measurements.

In the liquid phase, the development of studies of chemical properties as a function of
the size of particles taking part in the reaction has just started. As compared with the gas
phase, the synthesis of metal nanoparticles in the liquid phase is a simpler and less expensive
task. At the same time, it is difficult to exercise desired control over the size of synthesized
particles, which often depends on the synthetic method.

Actually, the methods of synthesizing metal nanoparticles can be divided into ‘wet’
and “dry’. Each of them has their own advantages and drawbacks. Both the methods can
be used for the synthesis of hybrid nanomaterials, which is of special importance for com-
bining organic and inorganic compounds, preparation of symmetrical and asymmetrical
core—shell nanosystems and multicomponent one- and two-dimensional structures and
particles, which exhibit several valuable properties.

Particles with sizes from 1 to 10nm and of sufficiently narrow size distributions were
obtained. However, as already mentioned, only few studies on the effect of the particle size
on their properties are available. From our viewpoint, this is determined by two factors.
First, the works on regulating the number of atoms in particles are in a preliminary stage.
The second and most important factor is that in the liquid phase the particles as a rule
consist of metal cores and stabilizing ligand shells. Studying the reactivity of such particles
with different chemicals entails a problem of separating the effects of cores and shells. The
situation is complicated by the fact that the resulting size of a metal core depends on the
chemical properties of molecules that constitute its stabilizing shell. Moreover, the core
size defines the conditions of self-organization of stabilizing molecules. The complete
separation of effects of cores and shells and the elucidation of the peculiarities mentioned
above was therefore achieved only in few cases.
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The approaches to solving this problem are associated with synthesizing new particles
of a definite stoichiometric composition, developing methods for preparation of
particles with different sizes under commensurable conditions, and on conducting a
search for new stabilizers and ligands-spacers. The more active development of quantum-
chemical methods for assessing the effect of ligand shell on the properties of metal cores
is also necessary.

For liquid-phase reactions involving Inm particles, i.e., those that contain about
10 atoms, it is still difficult to write stoichiometric equations. This problem can be solved,
if we solve the material balance between the consumption of starting reagents and the
formation of final products. For the most part, the results of gas-phase reactions of metal
particles containing several atoms were analyzed by merely determining their relative
reactivities.

In nanochemistry, the reactions of the gas—solid kind have been increasingly gaining in
popularity. They represent catalytic or sensoric processes that occur with participation of
the solid phase on the surfaces of crystalline particles in a porous sample. Reactions in
low-temperature condensates also proceed in the solid phase, and their realization depends
on either the particle size or the cocondensate film thickness. Along with the particle size,
the processes of accommodation, migration, and stabilization of metal particles also render
substantial effects on the properties of solids. Moreover, the chemical nature of particles
interacting with the surface can change the properties of the latter, while the changes in the
conductivity form the basis for employing nanosize metal oxides as the sensor materials.

To create new materials for sensors and catalysis, nanosystems with well-developed
surfaces should be actively elaborated. These are porous structures of various shapes such
as wires and tubes, porous and doped oxides, and combinations of nanocrystals with
different biological molecules.

The development of a new direction of nanochemistry is carried out in line with the
cryochemical studies of metal particles on surfaces. By using low temperatures, the methods
for synthesizing highly ordered nanosize structures on various organic and inorganic
surfaces as well as those for incorporating metal nanoparticles into organic and polymeric
matrices were elaborated. The prospects in the development of this direction of
nanochemistry were surveyed recently.®*

On the surface of nanoparticles, the atoms that interact with them are localized in sites
with different coordination numbers usually smaller as compared with compact materials.
The shapes of deposited particles can be transformed under the effect of the surface, while
the defects that exist on the nanoparticle surface and differ in both their nature and number
can affect the migration kinetics, the aggregation, and the structure of assemblies formed.
To study such effects, it is necessary to extend the possibilities of cryonanochemical
synthesis on different surfaces. Low temperatures allow obtaining particles measuring less
than 1nm, the use of which requires extending the search for new highly effective stabilizers.
By employing such particles, the new catalysts and sensors, anticorrosion coatings and
protective films for optical devices, new drugs and dyes, and reagents for deactivation of
noxious chemical and biological compounds can be manufactured. The successful solution
of these problems requires developing new high-precision methods for analyzing the
composition and structure, based on modern experimental techniques.

The use of low temperatures opens up new possibilities in synthesizing and studying
the reactivity of condensed films with incorporated particles of metals and their oxides of
various sizes. This provides a way to new chemoresistive nanosystems. The determination
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of the relationship between the number of atoms in a particle on a surface and their
reactivity is among the most challenging problems of nanochemistry.

It is extremely important to develop new thermodynamic and kinetic models for
describing the reactivity of particles with sizes less than 1nm. The size of such particles
can be considered as a thermodynamic quantity that performs a function of the tem-
perature. The high chemical activity of nanosize metal particles allows considering
such systems as a sort of chemical nanoreactors with stored energy, which can be
liberated in an explosive process. Such systems give rise to new reactions, which cannot
be realized under ordinary conditions.

A more thorough research on the stabilization and self-assembling of atoms and small
clusters is required. To understand the stabilization processes associated with the interactions
in the core—ligand system, it is necessary to develop the production of nanoparticles in a
wide temperature range and extend the studies on the kinetics of ligand reactions with the
nanoparticle core and the process of ligand self-organization. Of great importance for
synthesizing assemblies of particles is the chemical reactivity of individual facets of
nanocrystals. Experimental and theoretical studies should give definite answers to the
questions of how the self-assembling of atoms proceeds, whether this process occurs by
progressive addition of atoms to a particle or, e.g., a tetramer is formed at the interaction
of two dimers. Moreover, it is vital to know whether the resulting assembly of particles
retains the physicochemical properties of its individual components or whether they can
change, and if so in what way. An insight into the peculiarities of self-assembling and
self-organization of small particles into coarser assemblies will open up new possibilities
for synthesizing materials with unusual properties. The least predictable chemical
phenomena can be expected in the reactions of nanoparticles constituted by several metals.

When studying nanoparticles of various elements either in the volume or on the surface,
the scientific problems are closely entangled with technological and engineering applications
of such systems. The fundamental research is directed at elucidation of relationships between
chemical and physical properties and between sizes and shapes of metallic particles. The
technological goals are associated with using nanoparticles for creating new materials with
unique optical, electrical, magnetic, mechanical, sensoric, and catalytic properties.

For technological applications of nanoparticles, the so-called problems of scaling
acquire great importance. At present, various nanosize particles with unusual properties
can be obtained only in milligram and even in nanogram amounts. Synthesizing greater
amounts of these compounds, even several grams, leads to different, often poorly reproducible
results. As a consequence, two trends are formed in nanochemistry. One of these trends is
determined by the quest for new materials and their synthesis, even if that be in small
amounts. These materials represent sensor materials and nanoelectronic devices. This
approach can be named as ‘self-sufficient nanochemistry’. The second trend is to use
nanochemistry in large-scale production of materials such as new commercial reagents,
e.g., metal oxides and catalysts based on metal nanoparticles; powders, composites,
ceramics; and hybrid, consolidated, and other new nanomaterials.

In materials comprising small-scale particles, which are obtained under nonequilibrium
conditions, the processes of relaxation, recrystallization, and homogenization that induce
changes in their physicochemical and service properties occur. The stability of crystalline
materials depends on the processes that control the increase or decrease in the sizes of
particles formed in the course of synthesizing the material.
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The size variations of particles involved in different processes are largely determined
by their chemical activity. To elucidate the peculiarities of this relationship is among the
most important problems of nanochemistry and, in our opinion, is directly related to the
problem of stability of materials used in nanotechnology. The development of fundamental
knowledge in the field of nanochemistry would allow us to gain a deeper insight into the
processes that occur in various nanomaterials during their long-term service under different
temperature conditions.

It is impossible to solve the problems of nanochemistry and study the physicochemical
properties of nanosize particles without elaborating new experimental methods for their
synthesis, as well as without new approaches to analyze their results. Procedures of extrap-
olating and analyzing the chemical activity from the top, i.e., from a compact system to a
nanoparticle, have shown little promise for nanochemistry. An approach from the bottom,
i.e., from individual atoms and molecules that form the lower limit of synthesized particles
has proved to be more promising.

In analyzing the activity of metal clusters of different sizes, it should be realized that
ligand-free particles in vacuum and ligand-stabilized particles are in fact of different
formations.

For particles obtained in the liquid phase and used under the conditions of high vacuum,
the active search for new stabilizers and spacers and the wider application of natural and
synthetic, organic and inorganic mesoporous carriers are necessary. The potentialities of
using micelles, microemulsions, and, particularly, dendrimers and polymers as nanoreactors
are far from being exhausted.

The issue of how the shape of metal nanoparticles affects their activity is still open to a
certain degree. This implies not only a transition from spherical particles to those of different
shapes, which is of certain importance, but also the activity of particles with one and the
same number of atoms but with different shapes. The simplest test is to compare the chemical
activity of particles consisting of three atoms but shaped either as triangles or linear chains.
Analyzing the activity of particles with different shapes is among the challenging problems
for both experimental and theoretical studies of ligand-free clusters. Of yet greater impor-
tance is the development of methods for controlling the size and shape of nanoparticles syn-
thesized in liquid and solid phases, when the particles are incorporated into a matrix or are
surrounded by ligands. To understand the potentials and specifics of nanochemistry, it is
necessary to extend the studies to subnanometers (less than 1nm) and single molecules.

A study of the activity of metal nanoparticles in a wide temperature interval provides
important information on the mutual effect exerted by temperature and size on the
activity. The research of ligand-free clusters has already run into a problem of the
enhanced activity of particles observed with a decrease in the temperature. For
ligand-stabilized particles, there arises a problem of how to separate the effects exerted by
the core size and by the nature of the ligand shells.

A special place in nanochemistry belongs to particles involved in the realization of
various biological processes. The major direction of nanochemistry has been transferred to
the field of nanobiology and nanomedicine. Such studies are associated with the problems
of nutrition, environmental control, health, and life interval. The use of semiconductor
quantum dots for labeling cells, tissues, bacteria, and viruses has actively developed. The
studies on the transferring of nanosystems from organic media to aqueous solutions, the
transforming of hydrophobic nanoparticles into hydrophilic ones, and using enzymes and
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other biomolecules as natural nanoreactors have gained wide acceptance. It is most important
to elaborate new methods for building assemblies involving both biomolecules and
inorganic materials. When using nanoparticles in biology and medicine, special attention
should be paid to the problems of safety because of the possible toxicity of applied mate-
rials and to the yet incompletely clear trends in the fundamental properties of particles, asso-
ciated with the decrease in their size. Nanochemistry plays the key role in realizing such
processes, solving the problems of coassembling and self-assembling, and understanding
the linkage between life sciences and material sciences.

Modern trends in the development of different directions of nanoscience allows us to
argue that the role of nanochemistry will enhance in the immediate future, and its contribution
to science and technology in the 21st century will constantly increase.
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