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\_ Preface

Nanoscience and nanotechnology represent one of the main directions of natural
science of the twenty-first century and are being actively and rapidly developed.
Nanoscience deals with the search and description of fundamental phenomena,
relationships, and properties typical of small-scale particles of the nanometer
size. Nanotechnology implements the achievements of nanoscience in new pro-
cesses, materials, and devices. In nanoscience and nanotechnology, the funda-
mental and applied problems are intertwined, and the latest achievements of
theoretical and experimental physics, chemistry, biology, material science, and
technology are used.

Nanoscience is a multibranch direction of natural science that combines the
features typical of living organisms and the inorganic world.

Nanochemistry forms an important part of nanotechnology, because a lot
of processes and syntheses of new materials start from atoms, molecules, clus-
ters, nanoparticles. Thus, on the one hand, chemistry and nanochemistry deal
with the initial stage on preparation of various materials and, on the other side,
for nanoparticles of different elements, unusual chemical reactions have been
observed, and products with unusual chemical properties have been synthe-
sized. The phenomena that depend on the number of particles involved in the
reaction are studied by nanochemistry.

Such phenomena associated with the dependence of the chemical activity on
the size of involved particles are referred to as the size effect. The experimental
and theoretical development of the latter determines the progress in many direc-
tions and applications of nanochemistry.

The development of nanoscience and nanotechnology and, hence, of nano-
chemistry, proceeds very rapidly. This is evidenced by the appearance of the
second and new editions of many monographs.

The monograph by professor G.B. Sergeeev was first published in Russian
in 2003; its extended English version was published by Elsevier in 2006. For the
second edition, professors Sergeev and K. Klabunde decided to join their efforts
in order to more completely reflect the state in the art in nanochemistry. This
favored considerable widening and renewal of the covered material.

Three new chapters, which deal with preparation of solvated dispersions
of metal atoms used in the synthesis of nanoparticles, the self-assembling of
nanoparticles, and the control over their size, and also a chapter on the synthesis
and properties of organic nanoparticles were added. Besides these new chapters,
new paragraphs and sections were supplemented to virtually all chapters of the
first edition. The new material constitutes about 40% of the total content.

xi



Preface

Many chapters of the first edition have not yet lost their significance as
regards both modern science and education and are fully included in the second
edition.

The book “Nanochemistry” is of interest for those who deal with problems
of both nanoscience and nanotechnology or is interested in the latter one.

In preparation of the second edition, inestimable assistance was rendered
by N.S. Merkulova, the wife of G.B. Sergeeev, to whom the latter is extremely
grateful. Likewise, K. Klabunde is indebted to his wife, Linda Klabunde, for
her valuable contributions, assistance, and patience, which allowed this Second
Edition to be completed.
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{Chapter 1 )

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 a new fundamental knowledge. As was shown
by numerous examples in physics, chemistry, and biology, a transition from mac-
rosizes to those of 1-10nm 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 determined 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 nanochem-
istry 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.>"'3 A special issue of the journal Vestnik
Moskovskogo Universiteta was devoted to the problems of nanochemistry.'*

Nanochemistry. http:/dx.doi.org/10.1016/B978-0-444-59397-9.00001-3
Copyright © 2013 Elsevier B.V. All rights reserved. 1
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The dependence of physicochemical properties on the particle size was dis-
cussed based on optical spectra,'> magnetic properties,'®!7 thermodynamics, '8
electrochemistry,!? conductivity, and electron transport.?>-2! Different equations
describing physical properties as a function of the particle size were derived
within the framework of the droplet model.22 A special issue 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
terms such 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 nanome-
ters 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 particles exhibit the size dependence
and a wide spectrum of properties. Thus, nanoparticles can be defined as enti-
ties measuring from I 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 individual parts in this nanostructure can be
determined by variations in kinetic and thermodynamic factors. Thus, nanosys-
tems 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,” and ‘“nanocom-
posites,” which designate formations built of individual, separate nanoparticles.

L2 T
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Survey of the Problem and Certain Definitions

GBLE 1.1 Classification of Particles by their Sizes

-~

(a)

U. Kreibig?

Domain |
Molecular clusters

Domain Il Domain Il

Solid-state clusters Microcrystals

Domain IV
Bulk particles

N<10
Indistinguishable
surface and volume

103<N<104
Surface-volume

102sN<10}
Surface—volume

ratio =1 ratio <1

N>10°
Surface-volume
ratio <1

(b)

K. Klabunde?

Chemistry Nanoparticles Solid-state physics
Atom N=10 N=102 N=10* N=10* N=10° Bulk matter
Diameter (nm) 1 2 3 5 7 10 >100

(c)

N. Takeo (Disperse Systems, Wiley-VCH, 1999, p. 315.)

Superfine clusters

Fine clusters

Coarse clusters

2<N<20
2R<1.1nm

internal volumes

Indistinguishable surface and

20<N<500 500<N<107
1.1 nm=<2R<3.3nm 3.3nm<2R<100nm
0.92N/N,20.5 0.52Ng/N,

(d)

G.B. Sergeev, V.E. Bochenkov (Physical Chemistry of Ultradispersed Systems:
Conference Proceedings, Moscow, 2003, pp. 24-29.)

Chemistry of

Nanochemistry

Chemistry

atoms

Number of atoms in particle

of solid-state

Single atoms 10

102 104 10

10 Bulk

10 >100

Cameler (nm) 1

—/

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 inter-
actions between particles become strong, masking the properties of individual
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particles. For every type of interaction, it is important to know how the proper-
ties 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 dif-
ficult 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
and structure—function, are supplemented by the concepts of size and self-orga-
nization, 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 10nm represent systems with
excessive energy and a high chemical activity. Particles of about | nm need vir-
tually 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.

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 nonequilib-
rium metastable states. On the one hand, this factor complicates their investiga-
tion and application in nanotechnologies aimed at the development of stable
devices. On the other, nonequilibrium 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 nanopar-
ticles, 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 par-
ticles and are most likely in nanochemistry, where irregular size—properties
dependencies prevail. The dependence of activity on the size of the particles
taking part in a reaction can be associated with the changes in the particle prop-
erties in the course of its interaction with an adsorbed reagent,2® 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 direc-
tion 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



