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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



Dedication

In memory of Rimma, my beloved wife and friend.



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
A.N. Nesmeyanov, PA. Rehbinder, and V.I. 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.
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viii Preface

I am grateful to FZ. Badaev, A.F. Batsulin, T.N. Boronina, V.E. Bochenkov, A.V. Vlasov,
E.V. Vovk, M.V. Grishechkina, I.A. Gromchenko, V.V. Zagorskii, O.V. Zagorskaya,
M. Yu. Efremov, M.V. Kiryukhin, V.S. Komarov, A.M. Kosolapov, L.A. Leenson, Yu.N. Morozov,
S.P. Mikhalev, M.A. Petrukhina, B.M. Sergeev, V.N. Solov’ev, I.G. Tarkhanova,
V.A. Timoshenko, and T.I. Shabatina for their participation in the experiments and
discussions of the results obtained. I would also like to thank Professor A.V. Nemukhin,
who wrote the Section “Theoretical Methods” and made certain valuable remarks
concerning the manuscript. I am also grateful to V.E. Bochenkov for help in preparing the
figures and the reference list, which accelerated the preparation of the manuscript.

I am also grateful to my children and grandchildren, who kindly understood my preoccu-
pation with the preparation of this book. I would like to thank all my colleagues for their
attention to my concerns with this book and their valuable help. I am grateful to all those
who took part in the preparation of this edition.

G.B. Sergeev



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, either 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, angstrom objects (2nm=10"m; 1A =10""m). 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.

ix



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 quantity 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.



