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Abstract. Key prerequisites for the accelerated development
of chemistry of silicones are considered in the context of the
significance of organosilicon polymers for sustainable
future. The principal trends in this field during the past
two decades are analyzed and the quantum leap that
occurred in the control of the structures and selective
synthesis of macromolecules is pointed out. The problems
of research into silicones are defined and the most promis-
ing approaches to the solution of these problems aimed at
more active involvement of such systems into various areas
of practical activity are demonstrated. The bibliography
includes 166 references.

1. Introduction

The role of silicon and its numerous derivatives in the
development of the civilization steadily increases. It is
impossible to imagine today’s life without computers and
other semiconductor devices. The modern aircraft and
spaceship industry is impracticable without organosilicon
polymers, which are suitable for use at extremely low or
high temperatures. Without silicones, many modern medi-
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cal technologies would not be possible. Numerous examples
of domestic applications of organosilicon compounds are
known. To sum up, the last third of the 20th century and the
beginning of the 21th century can be called an era of
silicones. The aim of the present review, which was written
based on the materials of the presentation at the Russian—
German Symposium ‘Chemistry Shaping the Future’, is to
analyze the prospects of the improvement of silicone-based
material properties in relation to the global idea of sustain-
able development. In the context of elaboration of new
technologies, the sustainable development is meant to
establish environmentally friendly energy- and material-
efficient industrial plants providing the total recycling of
the produced items.

In recent years, materials based on natural or semi-
synthetic polymers, which are either naturally occurring (for
example, cellulose, starch, chitin) or are derived as a result
of the minimal structural modification of native macro-
molecules (for example, esters of cellulose, chitosan, poly-
lactide, efc.), have found ever-increasing application.
However, when switching the polymer material production
to renewable resources, one should not forget about the
improvement of methods for the preparation of synthetic
macromolecules. The modern engineering cannot do with-
out polymer materials. To design such materials, chemists
have to compete with the nature. Although the superiority
of the nature in the field of biopolymer systems over state-
of-the-art research facilities is undeniable, the synthesis
methods went far ahead in the qualitative variety of new
polymer materials with unique properties. Impressive prog-
ress has been achieved in the chemistry of high-molecular-
mass compounds. Among numerous examples, silicones
should be mentioned in the first place. These organosilicon
polymeric systems, which do not occur in the nature, were
prepared only in the 20th century. As mentioned above,
these compounds play an important role in the development
of the modern civilization and have an enormous impact on
the technological progress.



636 A M Muzafarov, A V Bystrova, N G Vasilenko, G M Ignat’eva Russ. Chem. Rev. 82 (7) 635—647 (2013)

There are several objective reasons for considering the
progress particularly in the chemistry of silicones, which are
the focus of the present review. First, these polymers are
applied in almost all fields of the human activity, from
domestic chemicals and cosmetic products to the space
development and the production of solar energy.

The second, equally important reason is that the pro-
duction of silicones is still based on the environmentally
unfriendly chlorine cycle, where chlorine is generated in the
stage of the production of chlorosilanes and is removed
during their processing to polymers.

The third reason is the extensive growth of the produc-
tion volume of silicones and an increase in the number of
developed high-tech countries, which can run the full cycle
from the preparation of silicon to the production of a wide
range of organosilicon compounds. Until very recently,
there were only five such countries (including the USSR).
Now, the number of these countries has doubled and it will
grow because silicone technologies spread worldwide.

The fourth reason, which is evidently significant, is the
presence of inexhaustible resources, primarily, sources of
silicon dioxide. At the time of the first oil crisis in the early
1970s, Academician K A Andrianov, who was one of the
founders of the chemistry of silicones, reassured his co-
workers ...sand will last our time, let us work’.

Finally, the last and probably one of the most important
prerequisites is that, together with the quantitative growth,
the production of silicones is brought to a new level. Below,
we consider different aspects of this issue and make pre-
dictions about fundamental changes in this field of chem-
istry that would be expected in the nearest future.

1I1. Silicone nanostructures

Nanotechnology came into chemistry of silicones much
earlier than it became widely used. Nanotechnology has
shown efficiency in the design of particular materials with
specific properties. Thus, silicone rubbers and aerogels are
true nanomaterials that have come into use long before the
emergence of the term nanostructure.

Silicone rubber! is the most popular nanomaterial. In
the course of the creation of silicone rubber, the nanosized
filling material Aerosil was empirically found. The addition
of this filler into silicone rubber having a very low tensile
strength results in the formation of siloxane rubber. The
physico-mechanical properties of the latter are such that
this rubber can be used in such practically important fields
as medical items, cable insulation, sealing materials and so
on. The efficiency of the addition of nanosized filler
particles into this material was brought out clearly because
the tensile strength of Aerosil-filled silicone rubber increases
by almost an order of magnitude.? (For comparison, note
that, for instance, the tensile strength of carbon black-filled
rubber is only twice as high as that of natural rubber.3)

Silica aerogel is one of the most efficient nanomaterials.
Being discovered in 1931,* this material is still one of the
most efficient heat-insulation materials. It was at least half a
century ahead of its time and provided the basis for the
rapidly developing branch of industry dealing with the
design of heat-insulation materials for different purposes.

So-called MQ resins>~8 is another example. The devel-
opment of these copolymers is the story of more than half a
century. Until very recently, their molecular structure was
not known with certainty. Recent investigations showed
that a nanocomposite material is hidden under this name.’

Earlier, the qualitative term cyclolinear structure has been
used to describe such polymers (see Ref. 10, p. 328). This
term means only that macromolecules contain both linear
and cyclic moieties.

The determination of the molecular structure of homo-
polymeric systems was a difficult problem as well. For
example, a ladder-like structure was assigned to polyphe-
nylsilsesquioxanes,!! =15 while the level of structure imper-
fection of these ladders is still under study.!®-17 It should be
noted that investigations aimed at the directed (and more
labour-intensive) synthesis of perfect ladder-like structures
were initiated, and the degree of imperfection of ladder-like
polyphenylsilsesquioxanes was estimated by comparing
them with the latter structures.!$

The determination of the structures of related poly-
methyl and polyvinyl products is even a more difficult
task. In these cases, researchers usually restrict themselves
to the rough characterization of the structure. This gave rise
to the term ‘silsesquioxanes’, i.e., compounds built of SiO; s
units in a random order. In the preparation of even the
simplest linear polysiloxanes, equilibrium processes domi-
nate, resulting in the equilibration and, consequently, in the
random distribution of copolymer units along the chain.!®

II1. Development of selective synthesis methods

Organosilicon polymers are unique synthetic systems. The
synthesis of these polymers became possible due to advan-
ces in heteroorganic and polymer chemistry. These impor-
tant fields of science and practical activity are characterized
not only by a diversity of systems under consideration but
also by the accumulation of the most efficient scientific and
engineering ideas. The last quarter century has witnessed a
quantum leap in organosilicon chemistry, resulting in the
elaboration of chemical processes giving polymeric struc-
tures with high selectivity. As mentioned above, most of
silicon-containing polymers are produced in equilibrium
random processes. As a consequence, the composition of
these systems is rather well controlled, whereas the structure
of macromolecules is difficult to control. The advent of the
methods of nonequilibrium polymerization has changed
situation for the better.?%-2! This approach is not only
suitable for the polymer chain growth via the cleavage of
cyclic structures, going without interchain exchange reac-
tions, but also offers wide possibilities for the synthesis of
star-like polymers and polymer brushes.

The most substantial achievement in the chemistry of
organosilicon compounds is the use of sodium salts of
organo(alkoxy)silanes for the preparation of polymers
(Scheme 1).22.23

Scheme 1
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Being constructed as new multifunctional monomers,
these compounds little by little led to a considerable
architectural revival in the field of siloxane polymers.T

T Ealrier, sodium salts have been also used for the synthesis of polymers
with a specified structure.?* For example, these salts were widely used in
the chemistry of cage metallosiloxanes,?%-2¢ which are beyond the scope of
the present review.
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It is sodium oxy(organo)alkoxysilanes that were the first
reagents that made it possible to control the structures of
various siloxane macromolecules. These reagents can be
considered as compounds with independent functional
groups. First organosilicon dendrimers were synthesized
by successive reactions with the participation of each type
of groups taken separately (Scheme 2).27-2°

First inorganic hyperbranched polymers were synthe-
sized in a similar way (Scheme 3).3%-3! In the resulting
product (the shape of the polymer is shown by a dashed
line), a silicon atom acts as a unit; the line between the units
stands for the Si—O —Si bond; OEt groups are located at
the free ends of the bonds (for simplicity, only some of them
are shown).

Scheme 3
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In all these cases, the synthesis strategy based on the
independence of functional groups was employed, sodium
oxy groups and then alkoxy groups being involved in the
reaction. Various combinatorial possibilities of these com-
pounds have been discussed in our earlier review.3? This
approach was used, in particular, to synthesize acyclic
polymethylsilsesquioxanes, which can be called regularly
branched polymers. Later on, irregularly branched poly-

mers containing a minimum number of cyclic moieties, so-
called hyperbranched polyethoxysiloxanes, were pre-
pared.33-34

More recently, it was shown that the reverse order of the
participation of functional groups in the reaction (first
alkoxy groups and then sodium oxy groups) also results in
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the controlled formation of the polymeric structure. This
approach was used to synthesize linear polymethylsilses-
quioxanes in the form of polysodium salts (Scheme 4) 3336
and numerous comb-type polymethylsiloxanes with differ-
ent-length arms (Scheme 5).37-38

It should be noted that new synthetic strategies are not
only suitable for the preparation of linear polymethylsilses-
quioxanes but also made it possible to carry our systematic
studies on the assessment of the influence of the molecular
structure on the properties of polymers. A number of
compounds, which have an absolutely identical chemical
composition but differ both in the structure of the macro-
molecules as a whole and the structural set of individual
units, were synthesized. The range of isomeric polymers
continues to expand, resulting in a database of polymeric
model systems. An investigation and comparison of their
properties will ultimately lead to the elucidation of detailed
structure —property relationships for the most common
polymethylsiloxane polymers.

The use of the nonequilibrium polymerization of
strained hexamethylcyclotrisiloxane with the participation
of lithium initiators made yet another breakthrough in the
control of the architecture of polydimethylsiloxanes. This
method was employed to synthesize multiarm star-shaped
siloxanes and dense polymer brushes. Various approaches
were developed for the construction of dense macromole-
cules. Let us mention the ‘grafting from” technique with the
use of multicentre polylithium initiators, which were
designed due to achievements in the chemistry of organo-
silicon dendrimers (Scheme 6)3° and the synthesis based of
macromonomers (Scheme 7).40-41

Scheme 6
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In these siloxane systems, important changes in the
structure of multiarm star-shaped polymers were observed.
An increase in the number of star arms is initially accom-
panied by the transition from the coil (12 and 16 arms) to
globular (48 arms) conformation of macromolecules in
solution,3® which is manifested in fundamental changes in
the dependence of the branching factor on the molecular
mass of the polymer. A further increase in the number of

Scheme 7
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star arms (to 128) results in the formation of a mesophase
of polydimethylsiloxane chains with a melting point of
61 °C. The formation of this mesophase is caused by the
stretching and interpenetration of polydimethylsiloxane
arms in dense multiarm structures.*?> Therefore, a qualita-
tive change was found in the molecular organization of the
polymer in a block form.

The recently discovered condensation of hydridosilanes
with alkoxysilanes in the presence of catalytic amounts of
B(CsFs); (Scheme 8)43 is an important achievement from
the point of view of an increase in the selectivity of the
synthesis of molecules with a siloxane backbone. A new
promising method for the synthesis of siloxanes was devel-
oped *4~ 48 using the side reaction, which results in the
formation of the siloxane bond and is accompanied by the
release of alkane, as the main reaction. The possibility of the
introduction of different silanes into this reaction was
studied by Chojnowski er al.#° 1t appeared that the steric
effect plays an important role. Thus, the presence of bulky
groups in the alkoxy substituent and at the silicon atom
decreases the efficiency of the process and requires more
drastic conditions for its initiation.*#®

This reaction is a real alternative to the conventional
acid- and base-catalyzed nucleophilic substitution used for
the formation of the siloxane bond. This reaction can be
employed to develop new selective methods for the con-
struction of a wide range of complex siloxane structures —
linear, branched and three-demensional (Scheme 9).48

Although there are numerous methods for the formation
of the siloxane bond, the latter approach seems very
promising. Despite the occurrence of the side reaction
(metathesis),*® the level of control of the structure is rather
high, and the choice of available reagents with desired
functional groups is enormous. It should be noted that this
reaction is environmentally friendly. Thus, alkanes that are
released can be easily trapped and utilized. The only draw-
back of this reaction is that it requires an exotic catalyst,
tris(perfluorophenyl) borate. However, since modern cata-
lytic systems are rapidly put in the industry, this catalyst is
now commercially available.

Considerable progress was achieved in the last two
decades in the research on carbosilane systems. Although
the production volume of carbosilane systems is tradition-
ally smaller than that of siloxane polymers, the former
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systems are used in some high-tech fields, primarily, for the
preparation of silicon carbide fibres and highly efficient
membranes. Presently, studies of silicon carbide materials
concern primarily the specificity of their molecular organ-
ization. Investigations of the products of the known rear-
rangement of polymethylsilane into polymethylcarbo-
silane °°~32 showed that these systems are dense globular
molecular systems.>3

In the design of carbosilane membrane materials, atten-
tion was focussed on the control of the properties by the
directed changes in the structure and the expansion of their
range. Methods were developed in detail for the synthesis of
poly(vinyltrimethylsilane) (Scheme 10)>* and poly(trime-
thylsilyl)propyne, as well as of their copolymers.3>—>9

Scheme 10

The route from poly(vinyltrimethylsilane) to poly(trime-
thylsilyl)propyne was very long and took more than
30 years. However, the last decade has witnessed the prep-
aration of a series of new carbosilane polymers. These
polymers were synthesized by the polymerization of
strained silacyclobutanes and disilacyclobutanes and by
the ring-opening metathesis polymerization (ROMP).%0-61
The latter method experiences a new birth associated with
the design of new highly efficient catalysts.5>

The metathesis of carbosilane rings, which was already
known at the end of the 20th century (Scheme 11),63-%4 has
attracted attention of synthetic chemists as an efficient
method for the preparation of carbosilane polymers.%>~67
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Scheme 11
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This reaction was employed to prepare cyclolinear
carbosilane polymers containing disilacyclobutane units.®®
The ring-opening polymerization of mono- and disilacyclo-
butane derivatives afforded a series of polysiltrimethylenes
containing different substituents at the silicon atom and
polydimethylsilmethylene.®® An analysis of the permeability
coefficients of the synthesized polysilalkylenes and data on
the solubility and diffusion coefficients of different gases in
these polymers showed that these compounds are promising

for practical application as membrane materials in the
separation of gaseous hydrocarbons.

When considering the advances in the chemistry of
carbosilanes, note the progress in the research on the
hydrosilylation reaction. Taking into account the impor-
tance of this process, researchers have focussed on the
elucidation of the mechanism of the catalysis and the
development of new catalyst systems. Let us mention the
design of an efficient non-platinum catalyst as an inter-
mediate result.”%- 71

Equally important achievements were made in the tar-
geted synthesis of complex molecular structures, such as
carbosilane dendrimers and hyperbranched polymers. The
strategies for the synthesis of both types of organosilicon
polymers are based on a combination of the hydrosilylation
and the use of an organometallic reactant. Among numer-
ous original chemical schemes, the latter combination
proved to be the most efficient for the synthesis of high-
generation carbosilane dendrimers (structure 1).72-73
Important results of the studies of such dendrimers are the
discovery and establishment of the nature of the second
relaxation transition caused by the formation of the entan-
glements of dendrimer branches and the formation of a
strong physical network.76-80
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Dendrimers synthesized by the mixed carbosilane —si-
loxane method 8!~ 83 were used for the preparation of a wide
range of functional derivatives. Since these dendrimers
contain a large and exactly known number of functional
groups at the branch ends, they can be employed in the
synthesis of derivatives with an outer shell of different
nature. An important result of these studies is the conclu-
sion that the outer shell has a key effect on the properties of
dendritic macromolecules, primarily, on the glass-transition
temperature.®* Other properties of the polymers can also be
controlled by changing the outer shell. Thus, the introduc-
tion of fluorinated moieties into the outer shell of the
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dendrimers (structure 2, the points at the ends of the bond
stand for methyl groups) results in its low surface energy
responsible for the hydrophobic and oleophilic properties of
such dendrimers, i.e., the dendrimers acquire specific prop-
erties dictated by the structure of the fluorine atom and the
electronic structure of the C—F bond.83-87

Structure 2
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The fluorine atom can be present at the periphery of the
dendrimer in tris(perfluorophenyl)borate groups.’%:8% A
dendrimer with this periphery is an active polyanionic
cocatalyst for metallocenes, which are employed in the
olefin polymerization. This system is characterized by high
stability and is efficient in the reactions performed in
aliphatic hydrocarbons, as well as in a block form and in
the gas phase. The application of the strategy of spacer
elongation made it possible to synthesize carbosilane den-
drimers containing carborane clusters at the ends of the
branches,?®~2 which are widely used in medicine, catalysis
and the synthesis of liquid crystals and heat-resistant
polymers. Carbosilane dendrimers containing
hydroxyl °3~%5 and phenylphosphine °%-°7 functional groups
were synthesized.

In recent years, numerous studies were performed on the
synthesis of metal-containing catalyst systems based on
carbosilane dendrimers.?®~101 Here the structure of the
dendritic matrix carrier plays a key role because the acces-
sibility of metal centres is of great importance for the
catalytic activity of metallodendrimers. In addition, due to
the definite sizes and shapes of such macromolecules,
catalysts based on these compounds can be easily extracted
from the reaction mixture by ordinary nanofiltration.

Considerable progress was achieved also in studies of
hyperbranched carbosilane systems. It was shown that the
properties of branched systems are influenced not only by
the purely geometric factors 12 but also by the regularity of
the molecular structure organization.'3-195 Since the
chemical compositions of regular and irregular analogues

are completely identical, these studies are very important
because they provide an objective comparison of the prop-
erties of such systems.

Therefore, the control of the properties of new carbosi-
lane polymers is related to the possibility of the fine control
of their molecular structure. The employment of purely
organic systems usually does not ensure such a high level
of control. This fact should be considered as incontrover-
tible evidence for a considerable qualitative changes in the
synthesis of organosilicon polymers.

IV. Aerogels

The improvement of the processes that form the basis of the
industrial production of silicones entails considerable prog-
ress in the practical applications of organosilicon polymers.
The above-mentioned aerogels provide one of the most
striking examples.

Aerogels are porous ultralight materials derived from a
gel, in which the liquid component is completely replaced by
a gas with retention of the structure (Fig. 1). Since the
creation of first aerogels by Kistler,!¢ these materials have
attracted sustained attention from researchers because of a
complex of unique properties. They are characterized by the
record low density and low values of the heat conductivity
(~0.01 WmK~—"), dielectric constant (~1.0-2.0) and
reflectivity (~1.05), as well as by high values of the porosity
(~99%), transparency in the visible region of the spectrum
(90%) and specific surface area (1.000 m? g—1).

Structure of aerogel.

Figure 1.

Aerogels were long employed only in special fields, for
example, in space exploration, for the detection of elemen-
tary particles,'7 in catalysis,'®® in aerospace engineering
and electronics.!%°~ 11! The major shortcomings of aerogels
that prevent them from being more widely used are their
extreme brittleness and other unsatisfactory mechanical
characteristics.!'? Other disadvantages are the hydrophilic-
ity of traditional purely silica aerogels, the relatively high
cost of production and the difficulties of the preparation of
large samples because of the necessity of supercritical
drying.

In the last two decades, many approaches were proposed
for the improvement of mechanical properties of aerogels.
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They are based mainly on the introduction of additional
(most often, polymer) components. For example, Novak
et al.''3 have succeeded in increasing the tensile strength of
aerogels by the addition of polyvinylpyridine into the
reaction medium and cross-linking of the aerogel with a
small amount of CuCl,. The resulting interpenetrating
organic and inorganic networks are linked to each other
by hydrogen bonds between pyridine and free silanol groups
on the silica surface. Silica aerogels can be reinforced by
introducing a polymer precursor in the course of their
preparation.!'* The precursor forms a film, which covers
the silica backbone of the gel and is covalently bound to it.
Diisocyanate polymer cross-linking agents capable of form-
ing bonds with silanol groups on the surface of the silica
backbone were employed to prepare composite aerogels,
which showed a 300-fold increase in the tensile strength at a
three-fold increase in the density.!''> In this case, another
problem was simultaneously solved: due to high tensile
strength, composite aerogels did not require supercritical
drying and were more hydrophobic.

Similar results were obtained for epoxide !'® and styr-
ene 17 cross-linking agents. These agents were used to coat
the aerogel, which was prepared by the copolymerization of
tetramethylsiloxane with aminopropyl(triethoxy) silane
containing aminopropyl groups.

An important line for the expansion of the spectrum of
practical application of aerogels was supported by studies
on the preparation of flexible aerogels. Different-density
aerogels coated with a hexamethylene diisocyanate-based
polymer were documented.!'® Capadona er al.''8 systemati-
cally investigated the dependence of the bending modulus
on the parameters of the synthesis, which are responsible for
the density of the silica backbone (the concentration of
silanes), and the degree of cross-linking (the concentration
of diisocyanates and the temperature). It was noted that
aerogels with a density lower than 0.1 g cm—3 have certain
flexibility, their tensile strength remaining by at least an
order of magnitude higher than that of non-modified
(totally inorganic) aerogels.

Another approach to the preparation of flexible acrogels
is based on a decrease in the functionality of alkoxysilyl
precursors. The two-step acid-base-catalyzed sol—gel proc-
ess with the use of methyl(trimethoxy)silane as the precur-
sor affords flexible (the compressibility is up to 60%) and
superhydrophobic (the wetting angle is 164°) aerogels.!!®

Kanamoru et al.'?? also synthesized methylsilsesquiox-
ane aerogels based on methyl(trimethoxy)silane. A surfac-
tant was added into the reaction mixture to prevent the
phase separation; urea was added as a catalyst for the
condensation. Samples of this aerogel showed the uniaxial
compression up to 80%, and they recovered their original
shape after the removal of the load. Kanamoru et al.
explained this increase in elasticity compared with inorganic
tetraalkoxysilane-based aerogels by the following factors:
1) the lower density of the network; 2) the smaller number
of residual silanol groups favouring irreversible shrinkage;
3) the uniform distribution of methyl groups in the bulk of
the gel. All these factors, taken together, are responsible for
the recovery of the original shape after the temporary
compression.

It should be noted that the use of methyl(trialkoxy)si-
lanes instead of tetraalkoxysilanes marked the transition

from inorganic silica structures to organosilicon polyme-
thylsilsesquioxanes. This transition confirms the main ides
of the present review: an increase in both the selectivity and
the control of the chemical reactions is important not by
itself but as a means for improving the properties of
materials and simplifying methods for their preparation.
The employment of alkoxysilanes made it possible to
improve the properties of aerogels, making the latter less
brittle and more hydrophobic. These compounds, unlike
their chlorosilyl analogues, make the process totally chlor-
ide-free.

Before turning to the prospects of chloride-free methods
for the production of silicones, let us consider universal
approaches of chemistry of organosilicon compounds devel-
oped in the past decade. We lump all these methods under
the term active medium.

V. Active medium

The term ‘active medium’ is applied, in particular, to the
condensation of alkoxysilanes in acetic acid. First attempts
to perform the reaction of alkoxysilanes with acetic acid
were made as early as in 1868.12! After these experiments, in
the 20th century chemists repeatedly turned to this reaction
with different aims. The main goal was to prepare acetoxy
derivatives having different structures. These compounds
are widely used as components of cold vulcanizing systems
for sealing materials and certain binding materials. How-
ever, condensation processes in the presence of acetic acid
as the catalyst or the reactant have found little use because
the reaction involves many steps and its mechanism is
unclear.

The interest in acetic acid as a promising reactant was
renewed in the course of the development of the chemistry
of sol—gel processes. Here AcOH acts not only as the
catalyst for the main condensation reaction of alkoxy
groups with silanol groups but also serves as a reactant
providing the generation of water in the system. This factor
is particularly important for highly reactive titanium and
other metal alkoxides.

The systematic investigation of this reaction with the
participation of different organo(alkoxy)silanes showed
that a typical cascade process proceeds in the presence of
an excess of anhydrous acetic acid, resulting in the complete
conversion of alkoxysilyl groups and the formation of
siloxane products having different structures.!'??

It was shown that the following three reactions play a
key role in the multistep process (Scheme 12): the acidolysis
of alkoxysilyl groups [(reaction (1)], the esterification of
acetic acid with the resulting alcohol [reaction (2)] and the
hydrolysis of acetoxysilyl groups [reaction (3)]. The siloxane
bond can be formed in two ways [reactions (4) and (5)];
however, the contribution of the homocondensation is
insignificant.'?® Since water is generated in the slowest of
the three steps (in the reaction giving ester), this process
exhibits unique features, such as the molecular character of
water consumption and full homogeneity. Numerous
experiments with alkoxysilanes having different structures,
which gave various products, show the versatility of this
method. It can be applied on the industrial scale for the
production of rubbers and liquids, branched polymer sys-
tems, hyperbranched polymers and nanogels.
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Anhydrous acetic acid plays a key role in this procedure,
where it acts as a reactant (in the step giving ester), a
catalyst (in the acidolysis and subsequent heterofunctional
condensation of silanol and an acetoxy derivative accom-
panied by elimination of acetic acid) and a solvent ensuring
the homogeneity of the process. The term active medium
adequately reflects the multifunctionality of acetic acid in
this process.

The condensation under active medium conditions has
advantages over the commonly used hydrolytic polycon-
densation (HPC) of chlorosilanes.'?* A very important fact
is that this method is oriented towards alkoxysilanes. In
addition, the method has the following engineering benefits:

— the homogeneity provides a high level of composition
uniformity even in the case of complex multicomponent
systems;125- 126

— due to the cascade character, the process can be
performed in a one-pot fashion;

— the separation of the product does not require wash-
ing out and, consequently, does not give large volumes of
wash water, which are produced in most of HPC reactions.

Methyl acetate that is formed as a result of the con-
densation cannot be considered as a waste product since it is
a commonly used solvent. Besides, the advantages of this
method are that it requires simple apparatus and proceeds
with high selectivity. The condensation of difunctional
alkoxysilanes in an active medium can be forced to afford
either linear or cyclic compounds as the major products in
yields of up to 90% by slightly changing the reaction
conditions.!?7 In the case of highly functional systems, the
molecular mass of the resulting polymers can be controlled
rather efficiently.!?® The stabilization of the silanol groups
in the final steps plays an important role, because it
considerably decreases the risk of the gel formation.

VI. Prospects of the chloride-free synthesis of
alkoxysilanes

An analysis of the prospects of the chloride-free synthesis of
alkoxysilanes is a reasonable continuation of the present
review. The preparation of organosiloxane polymers in an
active medium is promising only if it is possible to perform
the efficient direct synthesis of alkoxysilanes. Thus, the
pathway of the development of global organosilicon indus-

try was determined for a long period of time once the
problem of the synthesis of methylchlorosilanes was suc-
cessfully solved.!?® However, growing production volumes
of silicones and a further expansion of the scope of their
practical application, along with increasing environmental
regulations, make the research on the development of
chloride-free methods for the synthesis of organosilicon
monomers quite important.

In 1946 Rochow !3° implemented the idea of the chlor-
ide-free direct synthesis of organo(alkoxy)silanes by passing
gaseous methanol over a copper silicon alloy (the ratio
Si:Cu=9:1) by analogy with the direct synthesis of
chlorosilanes. Tetramethoxysilane was obtained as the
major product. The reaction mixture contained also small
amounts of methyl(hydrido)silanes, but attempts to isolate
individual products failed. Under similar conditions, the
conversion of ethanol was only 10%;!3! the reaction gave
condensed ethyl silicates. Attempts to find an appropriate
catalyst for the selective formation of organo(alkoxy)silanes
according to this method were unsuccessful.

More recently, three- and tetramethoxysilanes were
synthesized in 48% and 40% yields, respectively, by the
reaction of methanol with a copper silicon alloy in a liquid
phase (in a suspension in the high-boiling-point solvent,
silicone oil 132).

Currently, the reactions of silicon with alcohols are
studied mainly in the liquid phase.!33- 134 Polyaromatic
oils,!33-136 alkylated aromatic compounds,'3” condensed
orthosilicates 13® and so on are used as solvents. Copper
and the following organic and inorganic copper compounds
serve as catalysts: metal copper powder, colloidal copper,
CuO, Cu(OH),, alkoxides, carboxylates, etc. These reac-
tions generally give alkenes and aldehydes as by-products
deactivating the catalyst. The introduction of reducing
additives (hydrogen, CO or monosilanes) contributes to
the stabilization of the process.!37 It should be noted that
the reaction is characterized by high and stable reaction
rate; the selectivity with respect to trialkoxysilane is higher
than 80%, the conversion of silicon reaches 70%.!3° Suzuki
and co-workers '4° found that the catalyst can be activated
by the addition of a Si—CuCl, mixture at 260 °C. This led
to the complete conversion of silicon and high selectivity
(89%) with respect to trimethoxysilane.

The search for efficient promoters, which would increase
the conversion of silicon and the selectivity and stability of
the process, is currently under-way. It appeared that in the
presence of copper(l) chloride, the main reaction pathway
leads to the formation of trialkoxysilanes.'?* Han et al.'33
used additives of an activator as a suspension of CuCl in
dibenzyltoluene at 200-—320 °C. The overall yield of
methoxysilanes reached 95%; the selectivity was 81% and
the conversion of silicon was 85%. In the presence of
alkaline catalysts (alkali metal alkoxides,!#! calcium oxide
or hydroxide 14?), the reactions give tetraalkoxysilane as the
major product.

Promoting high-boiling-point cyanide and nitrile addi-
tives, in particular, [NC(CH»).].SiY>, where x = 2-8;
Y = Alk, cyclo-Alk, Ar, ArAlk, OR (R = Me, Et, Pr?), are
employed to increase the conversion of silicon and the
selectivity of the formation of trialkoxysilane in the direct
synthesis of alkoxysilanes with the participation of ethanol
and higher alcohols. These promoters slow down the deac-
tivation of the catalyst, thus stabilizing the process.!43
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The publications cited above show that the authors and
big companies they represent have serious commercial
ambitions. Attempts to apply nanotechnology to the direct
synthesis of alkoxysilanes are documented. Thus, nanosized
(0.1-100 nm) particles of copper and its compounds were
proposed as catalyst precursors.!#* In the authors’ opinion,
the use of such particles provides a high degree of dispersion
of the catalytic sites, thus increasing the rate and selectivity
of the reaction, as well as the conversion of silicon, resulting
in a substantial decrease in the necessary amount of copper.

Ensuring of the steady-state conditions of the reaction
also contribute to the optimization of the process. The
efficiency of the addition of surfactants (fluorine derivatives
of silicones) to the reaction suspension was reported.!3¢
This leads to a decrease in the time required for the
establishment of steady-state conditions, improves the con-
trol of foaming and increases the selectivity of the reaction
and the yield of the product. This process affords trialkox-
ysilane as the major product (the ratio trialkoxysilane: te-
traalkoxysilane >9; on the average, this ratio is 15). A
similar effect was observed in the reaction with the use of
different silicone derivatives as promoters: hydrophobized
silica sol particles, polyorganosiloxanes, cyclic and
branched oligomers and polymers.!3° In the presence of
antifoaming agents, the conversion of silicon reaches
92% —94%. Two hours after the beginning of the process,
the selectivity with respect to trimethoxysilane is higher
than 85%.

To prepare ethoxy derivatives under similar conditions,
methanol was pre-added as a promoter to a suspension of
an activated catalytic system. In the beginning of the
reaction, the temperature of the reaction mixture was
lowered to 230 °C to suppress side reactions with the
participation of alcohols (dehydrogenation and dehydra-
tion). In the presence of antifoaming additives, the triethox-
ysilane : ethanol ratio in liquid products is 80:20 after
60 min; in the absence of these additives, the ratio is
~60:40.

As can be seen from the available data, the further
development of chloride-free methods for the synthesis of
tri- and tetraalkoxysilanes holds promise, and these meth-
ods should be highly competitive with conventional proc-
esses.

The above-considered examples refer to the synthesis of
alkoxysilanes other than organo(alkoxy)silanes. Hence, it
cannot be said that there is a strategic breakthrough in
chloride-free methods. However, first examples of the
chloride-free synthesis of organo(alkoxy)silanes were
described. Okamoto et al.'*>~ 147 published a series of stud-
ies on the direct synthesis of alkyl(alkoxy)silanes at elevated
pressure. The reaction of methanol with silicon in an
autoclave at 160 °C with the simultaneous addition of
ethylene into the reaction zone !4 gave methoxy(ethyl)si-
lanes with a selectivity of 26% [4% of dimethoxy(ethyl)si-
lane and 22% of trimethoxy(ethyl)silane] at the conversion
of silicon equal to 59%. In the reaction in a high-pressure
flow reactor,'#® the selectivity with respect to dimeth-
oxy(ethyl)silane increased to 30%; the yield of the target
product was 20%.

The addition of small amounts of thiophene into the
reaction mixture of metallic silicon and methanol at 380 °C,
made it possible to prepare, along with tri- and tetrame-
thoxysilanes, methyl(dimethoxy)silane with a selectivity of
22%.147 The addition of formaldehyde trimers also leads to

an increase in the selectivity of the reaction. Under similar
conditions, the use of ethanol resulted in 14% selectivity
with respect to ethyl(diethoxy)silane; the conversion of
silicon was 43%.

Different methods for the synthesis of alkyl(alkoxy)si-
lanes were covered by U.S patents: the reaction of activated
silicon with ethers in the presence of catalytic amounts of a
halogen-containing catalyst in an autoclave at 200 °C;'48
the reaction of silicon with alcohol, acetal or carboxylic
ester in the presence of a copper catalyst in a high-boiling-
point solvent for 90—100 h;'4° the reaction of tetraalkox-
ysilane with activated carbon at 250 °C in the presence of
bases (metal hydroxides, amides, alkoxides).!% In all cases,
the resulting organo(alkoxy)silanes were not isolated and
were only detected in the reaction mixture, whose composi-
tion was analyzed by GLC, NMR spectroscopy and GC-
mass spectrometry.

The available data are of no commercial interest as yet.
However, they give hope that that studies aimed at devel-
oping of chloride-free process for the production of orga-
no(alkoxy)silanes will lead to success.

VII. Processing of siloxane wastes

The waste safety and recycling of the produced items are the
next important factors in the route of bringing the produc-
tion of silicone to the platform of sustainable development.
From this point of view, silicone materials have consider-
able prospects. The silicone industry has given little atten-
tion to this aspect primarily because the production
volumes of silicones and organic polymers are non-compa-
rable. However, at all times there were prerequisites for the
solution of the problem of the silicone waste processing.
Thus, silicone rubber easily undergoes thermal catalytic
depolymerization and the siloxane bond is rather reactive
towards electrophilic and nucleophilic agents. Studies on
the thermal decomposition of silicone rubber wastes to
produce the so-called ‘silicone oil’ consisting of dimethylcy-
closiloxanes of different ring size, which are suitable for
recylcing,'31-152 can be mentioned as an illustration.
Another line of the processing is based on the chemical
decomposition of siloxane polymers to low-molecular-mass
products. In this case, the efficient contact of the reactant
with pulverized wastes is provided with the use of either
solvents or water emulsions,!>3~ 137 including in supercrit-
ical media.'8 159 An approach based on the treatment of
pulverized rubbers with a solution of tetraethoxysilane was
described;!°® however, this method is of little use for rubber
mixtures. Scientific publications on this issue are scarce due,
to a large extent, to the well-known theoretical fundamen-
tals of all methods mentioned above. However, as the
requirements for recycling become more stringent, versatile
technologies would be expected to be developed. For
example, let us mention recent reports on the utilization of
wastes in the production of organosilicon rubbers and
rubber mixtures at high temperatures (140—190 °C) using
a mixture of alkali metal hydroxide and water,!¢!- 162 as well
as on the employment of an organosilicon solvent followed
by the chemical decomposition in an alkaline medium at
50—60 °C.163.164 The latter method served as the basis for
the development of an efficient scheme for the recycling of
wastes of organosilicon rubbers giving a liquid product,
which can serve as a silicon-containing raw material for the
production, for example, of different rubber mixtures and
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compounds. The recycling of wastes of siloxane rubbers
giving the starting monomers and a filler is even more
promising.163

Therefore, versatile methods for the processing of sili-
cone materials, including filled composite materials, would
be expected to be developed in the nearest future, because
all necessary prerequisites are available for this.

VIII. Conclusion

The above brief analysis of the prospects for the develop-
ment of the chemistry of organosilicon polymers shows that
this field of research is in a very important stage of
evolution. Being objects of research in both heteroorganic
and polymer chemistry, silicones have certain highly specific
features. Thus, there are inexhaustible resources of these
materials, and efficient procedures of the recycling of their
wastes are available. Taking into account the advances of
the last years in the control of the structures and properties
of macromolecules and in the development of selective
methods of their synthesis, one would expect a break-
through in this field of chemistry with all traits of the
transition from quantitative changes to a quantum leap.
Actually, the transition to chloride-free production can
occur in the foreseeable future. As was shown above, there
are serious prerequisites to this transition, such as progress
in the direct synthesis of alkoxysilanes, which can serve as
the basis for the preparation of various organosilicon
products, from liquids to rubbers, binders, inorganic and
hybrid materials.

We also mention the bottleneck to the transition to new
environmentally more friendly methods with the participa-
tion of organosilicon systems, that is the direct synthesis of
dimethyl(dialkoxy)silanes. However, there will be no need
in chloride-free methods as applied to the available organo-
silicon products for a long time, because there is an
abundance of industrial plants in the world for the produc-
tion of organosilicon oligomers and polymers prepared
based on chlorosilanes according to the traditional process.
For technologies of tomorrow to find use and for serious
research teams to be interested in their development, the
properties of the main types of organosilicon products
should be qualitatively changed. From this point of view,
a high degree of control of the structure and, consequently,
properties of organosilicon polymers, which is considered in
the present review, is of great importance. A comparison of
these diverse problems and approaches to their solution
makes us to conclude that the joint consideration of these
problems allows one to easily reveal their relationships and
correlations. Actually, an increase in the selectivity of
chemical reactions and the advent of efficient methods for
the control of the polymeric structures!'%® would be
expected to lead to the design of new efficient materials
necessary for a significant growth in the global silicone
market. This, in turn, will ultimately stimulate the transition
to chloride-free methods for the synthesis of main mono-
mers and related polymers. Besides, these relationships also
include the possibility of the efficient regeneration of spent
materials.

Therefore, the ideology of sustainable development as
referred to the organosilicon production shows considerable
promise and would be expected to be realized in the nearest
future. The sum of internal and external factors, which
determine the vector of the development of the organo-

silicon complex as a whole, attests’ to the prospects of this
field as regards the expansion of structural diversity and an
increase in the quality of the available products, the tran-
sition to chloride-free technologies and a high degree of the
recycling of these materials. Examples which most com-
pletely correspond to the model of sustainable development
are scarce in materials science.

In conclusion, let us mention that the analysis of the
literature in the present review is not claimed to be complete
and does not include the detailed consideration of particular
aspects. Only the main trends which seem to be most
promising and which reflect the main vectors of the devel-
opment of the chemistry of silicones are considered.

This review has been written with the financial support
of the Russian Foundation for Basic Research (Project Nos.
12-03-33152 mol_a_ved, 13-03-12239 ofi_ m and 13-03-
12215 ofi_m).

References

1. M Shetts Silikonovyi Kauchuk (Silicon Rubber) (Leningrad:
Khimiya, 1975)

2. O Taikum, R Friehmelt, M Scholz Rubber World 242 35
(2010)

3. A Kato, Y Ikeda, S Kohjiya, in Polymer Composites Vol. 1
(1st Ed.) (Eds T Sabu, J Kuruvilla, K M Sant, G Koichi,
M S Sreekala) (Weinheim: Wiley-VCH, 2012) p. 515

4. S S Kistler Nature ( London) 127 741 (1931)

. US P. 2412470 (1946)

6. R H Baney, M Itoh, A Sakakibara, T Suzuki Chem. Rev. 95
1409 (1995)

7. B V Molchanov, K V Dok, K T So Plast. Massy 3 22 (1997)

8. M V Mironova, E A Tatarinova, I B Meshkov,
A M Muzafarov, V G Kulichikhin Polym. Sci., Ser. A 54 177
(2012) [Vysokomol. Soedin., Ser. A 54 371 (2012)]

9. B Arkles MRS Bull. 402 (2001)

10. K A Andrianov Polimery s Neorganicheskimi Glavnymi
Tsepyami Molekul (Polymers with Inorganic Molecule Back-
bones) (Moscow: Academy of Sciences of the USSR, 1962)

11. J F Brown, L H Vogt, A Katchman, J W Eustance,

K M Kiser, K W Krantz J. Am. Chem. Soc. 82 6194 (1960)

12. J F Brown J. Polym. Sci., Part C 183 (1963)

13. K A Andrianov, G A Kurakov, F F Sushentsova,

V A Myagkov, V A Avilov Polym. Sci. USSR 7 1637 (1965)
[Vysokomol. Soedin. 7 1637 (1965)]

14. V N Tsvetkov, K A Andrianov, Ye L Vinogradov,

V I Pakhomov, S Ye Yakushkina Polym. Sci. USSR, Ser. A
9 1 (1967) [Vysokomol. Soedin., Ser. A9 1 (1967)]

15. V E Shklover, Yu T Struchkov, N N Makarova,

K A Andrianov J. Struct. Chem. (USSR) 19 944 (1978)
[Zh. Strukt. Khim. 19 1107 (1978)]

16. C L Frye, J M Klosowski J. Am. Chem. Soc. 93 4599 (1971)

17. M A Brook, in Silicon in Organic, Organometallic, and Poly-
mer Chemistry (New York: Wiley-Interscience, 2000) p. 608

18. M Unno, A Suto, T Matsumoto Russ. Chem. Rev. 82 289
(2013)

19. M J Ziemelis, J C Saam Macromolecules 22 2111 (1989)

20. H J Holle, B R Lehnen Eur. Polym. J. 11 663 (1975)

21. S O Hammouch, G J Beinert, J G Zillox, J E Herz Polymer
36 421 (1995)

22. E A Rebrov, A M Muzafarov, A A Zhdanov Dokl. Akad.
Nauk SSSR 302 346 (1988) @

23. E A Rebrov, A M Muzafarov Heteroat. Chem. 17 514 (2006)

24. K A Andrianov Dokl. Akad. Nauk SSSR 140 1310 (1961)2

25. V A Igonin, O I Shchegolikhina, S V Lindeman,

M M Levitsky, Yu T Struchkov, A A Zhdanov
J. Organomet. Chem. 423 351 (1992)

W



A M Muzafarov, A V Bystrova, N G Vasilenko, G M Ignat’eva Russ. Chem. Rev

.82 (7) 635647 (2013) 645

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,
44.
45,
46.
47.
48.
49,
50.

51.
52.

Y A Molodtsova, K A Lyssenko, I V Blagodatskikh,

E V Matukhina, A S Peregudov, M Y Buzin, V G Vasil’ev,
D E Katsoulis, O I Shchegolikhina J. Organomet. Chem. 693
1797 (2008)

E A Rebrov, A M Muzafarov, V S Papkov, A A Zhdanov
Dokl. Akad. Nauk SSSR 309 376 (1989)

A M Muzafarov, E A Rebrov J. Polym. Sci., Part A:

Polym. Chem. 46 4935 (2008)

A M Muzafarov, E A Rebrov, in Advances in Silicon Science
Vol. 2 (Eds P R Dvornic, M J Owen) (Dordrecht: Springer
Sci. + Business Media B.V., 2009) p. 444

V'V Kazakova, V D Myakushev, T V Strelkova, N G Gvazava,
A M Muzafarov Dokl. Chem. 349 486 (1996) [Dokl. Akad.
Nauk 349 190 (1996)]

V V Kazakova, V D Myakushev, T V Strelkova,

A M Muzafarov Polym. Sci., Ser. A 41 283 (1999) [Vysokomol.
Soedin., Ser. A 41 423 (1999)]

A M Muzafarov, E A Rebrov, V S Papkov Russ. Chem. Rev.
60 807 (1991)

V V Kazakova, E A Rebrov, V D Myakushev, T V Strelkova,
A N Ogzerin, L A Ozerina, T B Chenskaya, S S Sheiko,

E Yu Sharipov, A M Muzafarov, in Silicones and Silicone-
Modified Materials (ACS Symp. Ser.) Vol. 729

(Eds S J Clarson, J J Fitzgerald, M J Owen, S D Smith)
(New York: American Chemical Society, 2000) p. 503

M Jaumann, E A Rebrov, V V Kazakova, A M Muzafarov,
W A Goedel, M Moeller Macromol. Chem. Phys. 204 1014
(2003)

M A Obrezkova, G S Rogul’, N G Vasilenko, N V Demchenko,
A M Muzafarov Dokl. Chem. 419 69 (2008) [Dokl. Akad. Nauk
419 349 (2008)]

M A Obrezkova, N G Vasilenko, V D Myakushev,

A M Muzafarov Polym. Sci., Ser. B 51457 (2009) [Vysokomol.
Soedin., Ser. B 51 2164 (2009)]

M A Obrezkova, Candidate Thesis in Chemical Sciences, The
Institute of Synthetic Polymeric Materials, Russian Academy of
Sciences, Moscow, 2009

RF P. 2440382 (2012)

N G Vasilenko, E A Rebrov, A M Muzafarov, B EBwein,

B Striegel, M Moller Macromol. Chem. Phys. 199 889 (1998)
H Shinoda, P G Miller, K Matyjaszewski Macromolecules 34
3186 (2001)

N G Vasilenko, E A Chernikova, V D Myakushev, M Moeller,
A M Muzafarov Dokl. Phys. Chem. 388 48 (2003) [Dokl. Akad.
Nauk 388 1 (2003)]

O V Novozhilov, N G Vasilenko, M I Buzin, M A Scherbina,
S N Chvalun, A M Muzafarov Russ. Chem. Bull. 60 1019
(2011) [Izv. Akad. Nauk, Ser. Khim. 994 (2011)]

D J Parks, J M Blackwell, W E Piers J. Org. Chem. 65 3090
(2000)

S Rubinsztajn, J Cella Polym. Prepr. Am. Chem. Soc.,

Div. Polym. Chem. 45 635 (2004)

Int. Appl. 2005118682 (2005)

J Chojnowski, S Rubinsztajn, J A Cella, W Fortuniak,

M Cypryk, J Kurjata, K Kazmierski Organometallics 24 6077
(2005)

US P. 7064173 (2006)

M A Brook, J B Grande, F Ganachaud Adv. Polym. Sci. 235
161 (2011)

J Chojnowski, S Rubinsztajn, W Fortuniak, J] Kurjata

J. Inorg. Organomet. Polym. Mater. 17 173 (2007)

S Yajima, J Hayashi, M Omori Chem. Lett. 4931 (1975)

S Yajima, K Okamura, J Hayashi Chem. Lett. 4 1209 (1975)

S Yajima, J Hayashi, M Omori, K Okamura Nature ( London)
261 683 (1976)

53

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

P A Storozhenko, G I Shcherbakova, A M Muzafarov,

A N Ozerin, N V Voronina, M Yu Mitrofanov,

D V Sidorov, D V Zhigalov, M Kh Blokhina, E M Gizullina,
M G Kuznetsova, M V Polyakova, G Yu Yurkov
Nanotekhnika 4 (20) 7 (2009)

B Rabinovich, BV Lebedev, L Y Tsvetkova, N S Nametkin,
S G Durgar’an, V S Khotimskiy, Y G Kiparisova Polym.
Sci. USSR, Ser. A 17 1424 (1975) [Vysokomol. Soedin., Ser. A
17 1424 (1975)]

N K Gladkova, S G Durgar’yan Polym. Sci. USSR, Ser. A
26 1642 (1984) [Vysokomol. Soedin., Ser. A 26 1642 (1984)]

S G Durgar’yan, Y P Yampolskii, N A Plate Russ. Chem.
Rev. 57 549 (1988)

D Gomes, S P Nunes, K-V Peinemann J. Membr. Sci. 246 13
(2005)

A V Volkov, D F Stamatialis, V S Khotimsky, V V Volkov,
M Wessling, N A Plate J. Membr. Sci. 281 351 (2006)

S Rangou, S Shishatskiy, V Filiz, V Abetz Eur. Polym. J. 47
723 (2011)

M R Buchmeiser, in Handbook of Ring-Opening Polymeriza-
tion (Eds P Dubois, O Coulembier, J-M Raquez) (Weinheim:
Wiley-VCH, 2009) p. 197

E Sh Finkelshtein, N V Ushakov, M L Gringolts, in Silicon
Polymer (Ser. Advances in Polymer Science) Vol. 235

(Ed. A M Muzafarov) (Heidelberg: Springer, 2010)

M L Gringol’ts, Doctoral Thesis in Chemical Sciences,
Institute of Petrochemical Synthesis, Russian Academy of
Sciences, Moscow, 2011

NV Ushakov, E Sh Finkelshtein, E B Portnykh, V M Vdovin
Bull. Acad. Sci. USSR, Div. Chem. Sci. 30 2365 (1981)

[Izv. Akad. Nauk SSSR, Ser. Khim. 2835 (1981)]

E Sh Finkelshtein, N V Ushakov, N A Pritula Russ. Chem.
Bull. 41 185 (1992) [Izv. Akad. Nauk, Ser. Khim. 223 (1992)]
K Matsumoto, H Shimazu, M Deguchi, H Yamaoka

J. Polym. Sci., Part A: Polym. Chem. 35 3207 (1997)

. K Komuro, S Toyokawa, Y Kawakami Polym. Bull. 40 715

(1998)

T A Bykova, B V Lebedev, N V Ushakov, E Sh Finkelshtein
Polym. Sci., Ser. B 42 1307 (2000)

Zh Wu, J P Papandrea, T Apple, L V Interrante
Macromolecules 37 5257 (2004)

E Sh Finkelshtein, N V Ushakov, E G Krasheninnikov,

Y P Yampolskii Russ. Chem. Bull. 53 2604 (2004) [Izv. Akad.
Nauk, Ser. Khim. 2497 (2004)]

Appl. DE 102006017588 A1(2007)

A M Tondreau, C C H Atienza, K J Weller, S A Nye,

K M Lewis, J G P Delis, P J Chirik Science 335 567 (2012)
A W van der Made, P W N M van Leeuwen J. Chem. Soc.,
Chem. Commun. 1400 (1992)

A M Muzafarov, O B Gorbatzevich, E A Rebrov,

G M Ignat’eva, T B Chenskaya, V D Myakushev,

A F Bulkin, V S Papkov Polym. Sci., Ser. A 351575 (1993)
[Vysokomol. Soedin., Ser. A 35 1867 (1993)]

J Roovers, P M Toporowski, L-L Zhou Polym. Prepr. Am.
Chem. Soc., Div. Polym. Chem. 33 182 (1992)

B V Lebedev, M V Ryabkov, E A Tatarinova, E A Rebrov,
A M Muzafarov Russ. Chem. Bull. 52 545 (2003) [Izv. Akad.
Nauk, Ser. Khim. 523 (2003)]

E A Tatarinova, E A Rebrov, V D Myakushev, I B Meshkov,
N V Demchenko, A V Bystrova, O V Lebedeva,

A M Muzafarov Russ. Chem. Bull. 53 2591 (2004) [Izv. Akad.
Nauk, Ser. Khim. 2484 (2004)]

M V Mironova, A V Semakov, A S Tereshchenko,

E A Tatarinova, E V Getmanova, A M Muzafarov,

V G Kulichikhin Polym. Sci., Ser. A 52 1156 (2010)
[Vysokomol. Soedin., Ser. A 52 1960 (2010)]



646

A M Muzafarov, A V Bystrova, N G Vasilenko, G M Ignat’eva Russ. Chem. Rev. 82 (7) 635—647 (2013)

78

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.

102.

103.

104.

105.

106.

. N N Smirnova, B V Lebedev, N M Khramova,

L Ya Tsvetkova, E A Tatarinova, V D Myakushev,

A M Muzafarov Russ. J. Phys. Chem. 78 1196 (2004)

[Zh. Fiz. Khim. 78 1369 (2004)]

N N Smirnova, O V Stepanova, T A Bykova, A V Markin,
E A Tatarinova, A M Muzafarov Russ. Chem. Bull. 56 1991
(2007) [Izv. Akad. Nauk, Ser. Khim. 1924 (2007)]

A S Tereshchenko, G S Tupitsyna, E A Tatarinova,

A V Bystrova, A M Muzafarov, N N Smirnova, A V Markin
Polym. Sci., Ser. B52 41 (2010) [Vysokomol. Soedin., Ser. B52
132 (2010)]

G M Ignat’eva, E A Rebrov, V D Myakushev, T B Chenskaya,
A M Muzafarov Polym. Sci., Ser. A 39 843 (1997)
[Vysokomol. Soedin., Ser. A 39 1271 (1997)]

C Kim, M Ryu J. Polym. Sci., Part A: Polym. Chem. 38 764
(2000)

C Kim, Y Jeong, I Jung J. Organomet. Chem. 570 9 (1998)

A M Muzafarov, N G Vasilenko, E A Tatarinova,

G M Ignat’eva, V D Myakushev, M A Obrezkova,

I B Meshkov, N V Voronina, O V Novozhilov Polym. Sci.,
Ser. C5348 (2011) [Vysokomol. Soedin., Ser. C 531217 (2011)]
K Lorenz, H Frey, B Stuehn, R Muelhaupt Macromolecules
30 6860 (1997)

A-M Caminade, C-O Turrin, P Sutra, J-P Majoral Curr.
Opin. Colloid Interface Sci. 8 282 (2003)

N A Shumilkina, V D Myakushev, E A Tatarinova,

O Gallyamov, A R Khokhlov, M I Buzin, A M Muzafarov
Dokl. Chem. 403 155 (2005) [Dokl. Akad. Nauk 403 644 (2005)]
M Mager, S Becke, H Windisch, U Denninger Angew.
Chem., Int. Ed. 40 1898 (2001)

R Roesler, BJ N Har, W E Piers Organometallics 21 4300
(2002)

R Nunez, A Gonzalez-Campo, C Vinas, F Teixidor,

R Sillanpaa, R Kivekas Organometallics 24 6351 (2005)

E J Juarez-Perez, C Vinas, F Teixidor, R Nunez
Organometallics 28 5550 (2009)

R Djeda, J Ruiz, D Astruc, R Satapathy, B P Dash,

N S Hosmane Inorg. Chem. 49 10702 (2010)

R Lorenz, H Mulhaupt, H Frey Macromolecules 28 6657
(1995)

C Kim, S Son, B Kim J. Organomet. Chem. 1 588 (1999)

E V Getmanova, T B Chenskaya, O B Gorbatsevich,

E A Rebrov, N G Vasilenko, A M Muzafarov React. Funct.
Polym. 33 289 (1997)

H J Murfee, T P S Thoms, J Greaves, B Hong Inorg. Chem.
39 5209 (2000)

R A Findeis, L H Gade J. Chem. Soc., Dalton Trans. 3952
(2002)

D Astruc, F Chardac Chem. Rev. 101 2991 (2001)

E de Jesus, J C Flores Ind. Eng. Chem. Res. 47 7968 (2008)
D Astruc, C T Ornelas, J Ruiz Acc. Chem. Res. 41 841 (2008)
P A Chase, R J M Klein Gebbink, G van Koten

J. Organomet. Chem. 689 4016 (2004)

C Drohmann, M Moller, O B Gorbatsevich, A M Muzafarov
J. Polym. Sci., Part A: Polym. Chem. 38 741 (2000)

E B Tarabukina, A A Shpyrkov, D V Potapova, E V Tarasova,
N A Shumilkina, A P Filippov, A M Muzafarov Polym.
Sci., Ser. A 47 1304 (2005) [Vysokomol. Soedin., Ser. A 472157
(2005)]

E B Tarabukina, A A Shpyrkov, D V Potapova, A P Filippov,
N A Shumilkina, A M Muzafarov Polym. Sci., Ser. A 48 974
(2006) [Vysokomol. Soedin., Ser. A 48 1655 (2006)]

E B Tarabukina, A A Shpyrkov, E V Tarasova, A I Amirova,
A P Filippov, N A Sheremet’eva, A M Muzafarov Polym.
Sci., Ser. A 51 150 (2009) [Vysokomol. Soedin., Ser. A 51 196
(2009)]

S S Kistler J. Phys. Chem. 36 52 (1932)

107.

108.
109.
110.
111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.
126.
127.

128.

129.
130.
131.
132.
133.

134.
135.
136.
137.
138.
139.
140.

141.
142.
143.
144.
145.

A'Y Barnyakov, M Y Barnyakov, K I Beloborodov,

V S Bobrovnikov, A R Buzykaev, V B Golubev, B V Gulevich,
A F Danilyuk, S A Kononov, E A Kravchenko, K A Martin,
A P Onuchin, V V Porosev, S I Serednyakov Nuclear
Instrum. Methods Phys. Res., Sect. A 639225 (2011)

G M Pajonk Catal. Today 52 3 (1999)

A C Pierre, G M Pajonk Chem Rev. 102 4243 (2002)

P J Tsou J. Non-Cryst. Solids 186 415 (1995)

S M Jones J. Sol-Gel Sci. Technol. 40 351 (2006)

K E Parmenter, F Milstein J. Non-Cryst. Solids 223 179
(1998)

B M Novak, D Auerbach, C Verrier Chem. Mater. 6 282
(1994)

N Leventis, C Sotiriou-Leventis, G Zhang,

A-M M Rawashdeh Nano Lett. 2 957 (2002)

N Leventis, A Palczer, L M C Sotiriou-Leventis J. Sol-Gel
Sci. Technol. 3599 (2005)

M A B Meador, E F Fabrizio, U F Ilhan, A Dass,

G Zhang, P Vassilaras, J C Johnston, N Leventis Chem.
Mater. 17 1085 (2005)

U F Ilhan, E F Fabrizio, L McCorkle, D A Scheiman,

A Dass, A Palczer, M A B Meador, J C Johnston, N Leventis
J. Mater. Chem. 16 3046 (2006)

L A Capadona, M A B Meador, A Alumni, E F Fabrizzio,
P Vassilaras, N Leventis Polymer 47 5754 (2006)

A V Rao, S D Bhagat, H Hirashima, G M Pajonk J. Colloid
Interface Sci. 300 279 (2006)

K Kanamori, M Aizawa, K Nakanishi, T i Hanada

J. Sol-Gel Sci. Technol. 48 172 (2008)

C Friedel, A Ladenburg Justus Liebigs Ann. Chem. 145 174
(1868)

E V Egorova, N G Vasilenko, N V Demchenko,

E A Tatarinova, A M Muzafarov Dokl. Chem. 424 15 (2009)
[Dokl. Akad. Nauk 424 200 (2009)]

E V Egorova, Candidate Thesis in Chemical Sciences, The
Institute of Synthetic Polymeric Materials, Russian Academy
of Sciences, Moscow, 2013

V M Kopylov, L M Khananashvili, O V Shkol'nik,

A G Ivanov Vysokomol. Soedin., Ser. A 37 394 (1995)
[Polym. Sci., Ser. A 37 (1995)]

RF P. 2401846 (2010)

RF P. 2427592 (2011)

A A Kalinina, Candidate Thesis in Chemical Sciences, The
Institute of Synthetic Polymeric Materials, Russian Academy
of Sciences, Moscow, 2009

S A Milenin, A A Kalinina, N V Demchenko, N G Vasilenko,
A M Muzafarov Russ. Chem. Bull. 62 (2013) (in the press)
[Izv. Akad. Nauk, Ser. Khim. 705 (2013)]

E G Rochow J. Am. Chem. Soc. 67 963 (1945)

US P. 2473260 (1949)

E G Rochow J. Am. Chem. Soc. 70 2170 (1948)

US P. 3641077 (1972)

J S Han,J H Cho, M E Lee, B R Yoo Bull. Korean Chem.
Soc. 30 683 (2009)

US P. 5362807 (1994)

US P. 3775457 (1973)

US P. 5783720 (1998)

US P. 5728858 (1998)

US P. 6680392 (2004)

US P. RE39650 (2007)

E Suzuki, T Kamata, Y Ono Bull. Chem. Soc. Jpn. 64 3445
(1991)

US P. 4323690 (1982)

RF P.2277537 (2006)

US P. 7429672 (2008)

US P. 7339068 (2008)

M Okamoto, N Watanabe, E Suzuki, Y Ono J. Organomet.
Chem. 489 12 (1995)



A M Muzafarov, A V Bystrova, N G Vasilenko, G M Ignat’eva Russ. Chem. Rev. 82 (7) 635—647 (2013)

647

146

147.

148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.

161.
162.

163.
164.

165.

166.

. M Okamoto, J-i Komai, M Uematsu, E Suzuki, Y Ono

J. Organomet. Chem. 619 235 (2001)

M Okamoto, H Abe, Y Kusama, E Suzuki, Y Ono

J. Organomet. Chem. 616 74 (2000)

US P. 4088669 (1978)

US P. 5103034 (1992)

US P. 6455721 (2002)

Int. Appl. 2009145837 (2009)

Appl. US 20090281202 (2009)

USSR P. 1623995 (1988); Byull. Izobret. (4) 1991

Int. Appl. 2002011448 (2002)

Int . Appl. 2002348407 (2002)

US P. 6172253 (2001)

JP P. 9176364 (1997)

EP P. 1057855 (2000)

Int. Appl. 2001081232 (2001)

USSR P. 952895 (1982); http://www.findpatent.ru/patent/95/
952895.html

RF P. 2110534 (1998)

M M Khasnullin, Candidate Thesis in Technical Sciences,
Kazan State Technical University, Kazan, 1998

RF P. 2412219 (2009)

D R Karimova, A G Liakumovich Prom. Proizvod. Ispol.
Elastomer. (4) 55 (2011)

A M Muzafarov, I B Meshkov, A V Bystrova,

in Proceedings of the 6th European Silicon Days, Lyon, 2012
p. 61

N W Ushakov, E Sh Finkelshtein Russ. Chem. Rev. 82 205
(2013)

a— Dokl. Chem. (Engl. Transl.)



	Introduction
	Silicone nanostructures
	Development of selective synthesis methods
	Aerogels
	Active medium
	Prospects of the chloride-free synthesis of alkoxysilanes
	Processing of siloxane wastes
	Conclusion
	References

