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The great synthetic possibilities in the chemistry of organosilicon systems and the wide variety of their properties are discussed.
The high reactivity of cyclic organosilicon systems with respect to various rearrangements and polymerisation, which gives rise
to unlimited possibilities for the synthesis of macromolecular organic derivatives of the elements, is specially considered.
The bibliography includes 222 references.
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I. INTRODUCTION

In view of the successful development of the chemistry
of organic polymers, chemists during the first half of the
20th century had great expectations, and not without
justification, from silicon as the closest analogue of
carbon. However, a more detailed investigation of the
chemistry of organosilicon compounds showed that silicon
is incapable of forming very long polymeric chains made
up of carbon atoms (analogous to polymeric carbon chains).
The idea of the formation of a polymeric chain from
alternating silicon and oxygen atoms led to the discovery
of a new class of high-molecular-weight compounds —
polymers with inorganic principal molecular chains.

K. A.Andrianov played a leading role in formulating and
developing this new field of polymer chemistry. This
branch of chemistry reached the greatest development in
his studies and those of his numerous students.

The development of the chemistry of organosilicon
polymers began in 1937 in a study by Andrianov1 where
the possibility of the formation of polymer chains from
alternating silicon and oxygen atoms was demonstrated1'2.

The research by Andrianov's school is distinguished by
an exceptionally wide range of studies and by the practical
applications of most of them. The investigations by
Andrianov and his students laid the foundations of the
chemistry of polymeric organic derivatives of the ele-
ments, which led to the discovery of the class of thermo-
stable polymers.

Polyorganosiloxanes were the first polymers meeting
the more rigorous requirements of many branches of
modern engineering. These polymers have a high thermal
stability and a high resistance to moisture, are chemically
inert, and resist the action of sunlight, oxygen, and ozone.
The chemical compositions and structures of compounds of
this class are responsible for their valuable technical
properties.

In terms of structure, polyorganosiloxanes occupy an
intermediate position between organic polymers and
silicate structures. This class of polymers has no
analogues in nature as regards composition and constitutes
a truly synthetic class.

Andrianov's research in the field of polyorganosiloxanes
enabled him to formulate and apply in subsequent investi-
gations the principle of combining in the polymer chain
elements with appreciably different electronegativities.
This idea has been reflected in a number of Andrianov's
studies in the field of polyorganosiloxanes derivatives of
the elements.

During the last 15 years Andrianov carried out funda-
mental research in the field of non-traditional and specific
structures of polymeric molecules (cyclonetwork, cyclo-
linear, ladder, spirocyclic, etc.) in addition to studies on
the classical structures of organosilicon polymers (linear
and branched). The fundamental principles of the forma-
tion of the siloxane chain as well as the chemical and
physical properties of polymers of the polyorganosiloxane
series have been described in a number of monographs 3~6

embracing the literature data up to 1964. The main prac-
tical applications of substances of this class have been
described in other monographs The aim of the
present review was to examine studies carried out in
recent years by the Soviet School of Chemists working in
the field of organic silicon chemistry and headed by
Andrianov.

Π. LINEAR AND BRANCHED POLYORGANOSILOXANES

The polymerisation reactions of cyclic organosilicon
compounds have now acquired great theoretical and
practical interest, since they provide one of the most
important ways of synthesising oligomers and high-molec-
ular-weight compounds with inorganic and organic-
inorganic molecular chains4 '5. The vast majority of
initiators employed consist of compounds whose molecules

contain one nucleophilic centre (for example, OH", /NHJ,
orRaSiO"). '

Andrianov and coworkers developed methods for syn-
thesising many-centre initiators1 7. Three-centre initia-
tors were obtained via the scheme

RSiCI3 + 3NaOSi (CH3)a OSi (CH8)a ONa -* RSi [OSi (CH,)a OSi (CH,)a ONaJ,,
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where R = CH3, C2H5, or C6H5. Four-centre initiators
were prepared by a similar reaction:

S1C14 + 4 NaOSi (CH,), OSi (CH,), ONa ->· Si [OSi (CH,)2 OSi (CHS)2 O N a ] 4 .

Polymerisation in the presence of many-centre initiators
made it possible1 7"1 9 to obtain high-molecular-weight
polymers having a branched star-shaped molecular struc-
ture:

Si [OSi (CH3)2 OSi (CH3)2 ONa]4 + n/4 [(CH,), SiO]4 -

- Na [OSi (CH,),], OSi (CH,), OSi ( Ο Η 8 ) 2 Ο χ / O S i (CH3)2 OSi (CH3)aO [Si (CH9)tO]ptla -»

-* Na [OSi (CH 8) 2]A OSi (CH,)2 OSi ( C H ^ O - 7 ' X O S i (CH3)2 OSi.(CH3)2O [Si (CH s)2O]mONa ,

i+k+l+m=n.

It was established that the order of the polymerisation
reaction remains constant (it is first order with respect
to the monomer) with increase of the number of functional
groups in the initiators from ] to 4. When two-centre
initiators are employed, there is no interaction between
the terminal functional groups and polymerisation proceeds
independently via both reaction centres. With increase of
the number of functional groups in the catalysts, there is a
gradual decrease of the rate of polymerisation owing to the
resulting steric hindrance due to adjacent side chains.
The determination of the average number of branching
centres by Kirby's method (from viscometric and light
scattering data) showed that the branching of the mole-
cules corresponds to the structure of the initial initia-
tor 2 0 ' 2 1 . The polydispersity coefficient of the polymers
obtained amounts to 1.89—2.90, which indicates the occur-
rence of interchain exchange and chain transfer reactions
at high conversions of the initial cyclic monomer21.

It is interesting that the polymerisation of trimethyl-
triphenylcyclotrisiloxane in the presence of branched
initiators does not lead to the formation of polymers with a
star-like structure2 2.

Studies on the type of change in the molecular weight
distribution on polymerisation of various organocyclo-
siloxanes established that the polymerisation of octa-
methylcyclotetrasiloxane in the presence of NaOH involves
chain transfer processes and the resulting polymer exhib-
its a high tendency towards depolymerisation. In the
polymerisation of the same monomer in the presence of
the initiator (CH3)3SiON(CH3)4 (with its subsequent elimina-
tion from the reaction sphere) a polymer is formed and
secondary processes (chain transfer, branching) are not
observed23'24. When the initiator is not removed, heating
of the polymer in vacuo from 50° to 360°C leads in this
case to depolymerisation with subsequent branching of the
macromolecules.

The ideas on the mechanism of the anionic polymerisa-
tion of organosiloxane rings are based on the hypothesis of
the formation of complexes between organocyclosiloxanes
and nucleophilic agents4. A series of studies 25~30 under-
taken to test this hypothesis established that molecular
complexes are formed between amines and cyclo-
siloxanes26"28. The lifetimes of these complexes were
established by NMR and it was found that the complexes
are of a type different from that postulated previously. An
experimental test of the possibility of the existence of com-

Si
plexes of the type NH.. .CX showed29 that the formation

^Si
of a complex involving bonding of this kind is unlikely.
The available data suggested a quasicyclic structure for
the complexes with a non-linear hydrogen bond of the type

\ /
/N\" s\

H-—O

Furthermore, it was established that in the case of amines,
in the absence of spectroscopically detectable admixtures
of water, initiation begins with a direct attack on a ring
silicon atom by the nitrogen atom 2 6 '2 7.

A special series of studies in recent years was
devoted to the investigation of polyorganosiloxanes con-
taining phenyl groups at the silicon atom. Earlier inves-
tigations demonstrated an enhanced thermal stability of
compounds of this class 31~33.

A study of the polymerisation of cis -trimethyltriphenyl-
cyclotrisiloxane established that, owing to the high reac-
tivity of the initial compound, the polymerisation reaction

[CH3 (CeH6) SiO]3 + (CH3)4 NO | S i - 0 | - H

CH 3

iCH3

SiO | - H

, / - Τ

proceeds at a high rate. The depolymerisation reaction,
leading to the formation of eight-membered and higher
methylphenylcyclosiloxanes, proceeds at a relatively low
rate and becomes appreciable only at high conversions 3 4"3 6:

CH 3

OSi

C.H.

H3C C,H6 CH 3

\κ J _ OSi
I

C,H,

- O N (CH3)4 +

( C H 3 ) 4 N - O

CHS CH 3

I I

CeHs- Si-O-Si-C e H 5

I I

ο ο
+ ι ι

H,C-Si-O-Si-CH 3 .
I I

CjH6 C,H6

The polymerisation of cis -methylphenylcyclotrisiloxane
in bulk, in the solid phase, and in solution leads to the
formation of polymers whose actual molecular weight is
appreciably lower than the molecular weight calculated
from the ratio of the initiator and the cyclic compound.
This can be accounted for by chain transfer reactions,
traces of water and alcohols acting as chain-transfer
agents. A preliminary removal from the reaction sphere
of the possible chain-transfer agents leads to an increase
of the rate of reaction almost by an order of magnitude and
to a significant increase of the molecular weight of the
resulting polymer 36.

The highest yield of the polymer (95-98%) is achieved
in the heterophase polymerisation of czs-trimethyltri-
phenylcyclotrisiloxane in hexane, which readily dissolves
the initial cyclic compound but not the resulting polymer 37.
Side reactions, which usually lead to a broadening of the
molecular weight distribution, are ruled out in this method
and the polymer formed has an exceptionally low poly-
dispersity coefficient (Mw/Mn = 1.04). Thermomechani-
cal studies and studies on the hydrodynamic properties of
polymethylphenylsiloxane showed that its chains are more
rigid than those of polydimethylsiloxane22.

One of the most promising procedures, which gives
rise to great possibilities for controlling the composition
and properties of polymers, involves the synthesis and
study of linear and branched oligomers capable of conver-
sion as a result of polymerisation and polycondensation
into high-molecular-weight compounds with specified
technical properties. A very important feature is that
the polymerisation and polycondensation processes can be
carried out directly in the finished articles.
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The preparative methods devised hitherto make it pos-
sible to obtain oligomeric methylphenylsiloxanes having a
wide range of terminal groups with different composi-
tions 38'3!\

CH, CHj

X (SiOL.-Si-X
I I

C,H6 C.H,

(X=C1, COCHS> OH, ONa etc.)

The reactions of such oligomers with monomeric tetra-
functional compounds lead to the formation of oligomeric
cross-like compounds with functional groups at the ends of
the branches:

CH,
Γ 1

Μ (OSi)/)H

L C,H6 J 4

(M=S1, Ti)

Both linear and cross-like oligomers, containing hydroxy-
groups at the ends of the branches, are capable of further
polycondensation. Polymers withiW = 10 000 and a glass
point of 35°C can be obtained from linear oligomers40.
The condensation of cross-like oligomers proceeds via
both intermolecular and intramolecular mechanisms with
formation of products having complex cyclic structures 4 ' .

The glass points of linear oligomers decrease with
increase of the molecular weight, while in the case of the
cross-like oligomers they depend little on the lengths of
the side chain but do vary significantly as a function of the
nature of the terminal functional groups42.

Cross oligomers with terminal hydroxyls exhibit the
greatest resistance to ther mo-oxidation, since on heating
they form three-dimensional structures4 3. The replace-
ment of the central silicon atom by titanium increases the
thermal stability. Branched cross-like oligomers con-
taining a certain amount of γ-trifluoropropyl groups show
the greatest lubricating capacity 4 3.

Together with the methods of synthesis of siloxane
oligomers described above, the hydrolytic condensation
method merits a more detailed study, since the syntheses
of the majority of organosilicon polymers are based on
hydrolytic condensation processes and on the condensation
of alkyl(aryl)chlorosilanes with different numbers of func-
tional groups. The method of hydrolytic condensation in
the vapour phase developed by Andrianov and coworkers4 4 '4 5

makes it possible to obtain organochloropolysiloxanes
having the composition

R R R R R

I I I I I
CI-Si-O-Si-Cl and CI—Si -O-Si—O-Si—CI ,

I I I I I
CI Cf CI CI CI

where R = C6HE or C2H5.
The cohydrolysis of these compounds with dialkyl(aryl) -

dichlorosilanes *46 yields oligomeric products having the
composition

C,H6e 5 , 6

HO [ Si—O—Si-O-SiO

CH,

\ iOH OH CH;

which were used to investigate the characteristics of
three-dimensional polycondensation. It was established
that the degree of reaction at the gel formation point and
the critical branching coefficients exceed by a factor of
1.5—2 the values calculated by Flory's statistical theory.
The explanation is that the condensation of the cohydroly-
sis products proceeds with a decrease of the number of

functional groups owing to the formation of cyclic struc-
tures in the polymer units.

A similar feature was observed44 in the condensation of
aminosilanes and hydroxysilanes via the mechanism

2C,H5Si [N (CH,),], Si (OH)2 -^ (CH3), Ν + (CH,)2 Ν

- C,HS C,H, -

—Si-0-Si-O

Ο C.H,

- H

(

Ο

In this case the degree of reaction exceeds 90% but the
resulting polymer is soluble and thermoplastic. Coatings
with an appreciable resistance to petrol and oil were
obtained on the basis of the polyphenyldimethylphenyl-
siloxane oligomers investigated, which had the general
formula

/C>H6 C,H, CH,

HO I Si—O-Si-O—Si-0 Ι Η .
I I

OH CH,

A study of polyfunctional systems, i.e. systems where
the average number of functional groups in the initial
monomers is greater than three, is of considerable
interest. In such systems the C/Si ratio is appreciably
reduced, which should lead to an enhancement of their
thermal stability. Products of the cohydrolysis of silicon
tetrachloride with dichlorodimethylsilane and chlorotri-
methylsilane can serve as examples of such systems4 8 '4 9.

It was established that the yield of the gel fraction as a
function of the number of functional groups in the initial
system can be expressed by a polynomial equation48, the
yield of insoluble products depending also (separately) on
the number of functional groups in the chlorosilanes
employed. When appropriate hydrolysis conditions have
been chosen, the above systems can give rise to soluble
products despite the large number of functional groups in
the system:

k SiCI« + m (CH,)S SiCla + η CH,SiCl, ——-•

HO

ο rCH, -, r e * ,

—Si-0 — Si-0 —L—Si-Ojn - H .

l-CHj Jm

Oligomers with the above composition form protective
coatings on metals, glass, and other materials. However,
properties suitable for practical applications are achieved
only when the average number of functional groups in the
initial system is reduced to 2.6.42

The properties of polyorganosiloxane oligomers can be
effectively modified by changing the nature of the organic
group at the silicon atom as well as the number of func -
tional groups in the initial monomers. The use of alkyl-
(aryl)halogenosilanes containing 6 — 10 carbon atoms in the
organic group attached to silicon in hydrolytic condensa-
tion reactions yielded compounds having the general
formula [RSiO(OH)]n, where η = 6 or 8 and R = i-C5H9,
CeHi3, CeHi7, orCgHig.50 These compounds condense in
steps via an intramolecular mechanism. The cohydrolysis
of higher alkyltrichlorosilanes with chloromethylsilanes
and chlorophenylsilanes involves intramolecular condensa-
tion at a temperature not less than 60-65°C.51 At lower
temperatures each compound is hydrolysed separately.

The cohydrolysis products are viscous transparent
liquids, which polymerise in the presence of nucleophilic
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III. POLYMERS WITH CYCLONETWORK MOLECULAR
STRUCTURES

The series of studies by Andrianov and coworkers
described in this section was devoted to the investigation
of a special class of polymeric compounds. This group
of polymers is distinguished by a branched and partly
cross-linked structure in which the siloxane bridges which
behave as the cross-linking elements are polymeric.
These compounds are obtained as a rule by polycondensa-
tion methods. Their synthesis makes it possible to
regulate the distribution of the various groups or atoms in
the polymer chain, which enables one to create polymers
with a specified molecular structure and to regulate the
properties of the polymers, whereas traditional hydrolytic
polycondensation methods with subsequent catalytic poly-
merisation of the hydrolysis products as a rule lead to
polymers with a non-order distribution of structural units.

The method of synthesising polyalkyl(aryl)siloxanes
from polyfunctional oligomeric blocks is of interest for the
preparation of polymers with an ordered structure 7 4" 8 0.
Trifunctional alkyl(aryl)siloxane oligomers were synthe-
sised in accordance with the scheme8 1 '8 2

3HO| — S i - 0 | H + RSiCV

R

C.H.N
RSi

Ri

OSi
I

R» ' η

OH

where R, Ri, and R2 = CH3 or C6H5 and η = 2, 6, 9, 14,
or 32. The polycondensation of such oligomers leads to
polymers with an ordered structure:

Polymers having this structure are thermoelastic and
have satisfactory dielectric parameters 6 8. The latter
property is a conseauence of the characteristic features
of the method of synthesis of the polymers from oligomeric
blocks. The polymers obtained by this procedure contain
virtually no low-molecular-weight products and the poly-
dispersity coefficient of the final product is low. The
capacity of such polymers for crystallisation on cooling
depends on the chain length between the cross-linking
points. A polymer with a chain comprising 64 siloxane
units crystallises in the temperature range between —67°
and — 72 °C. When there are 18 siloxane units between
the bridges, the polymer does not crystallise and passes
to a vitreous state .

Compounds having a similar structure and containing
polyfunctional metal atoms at the branching centres were
obtained by heterofunctional condensation reactions.
Titanodimethylsiloxane oligomers with linear and branched
structures were obtained as follows 8 3"9 0;

/CH"\ \( fH'\ 1
[(CH,), SiO]2 TiCla + 2HOJ SiO I H 2 C ' H ' N ^ [(CH,). SiO], Ti I OSi 1 OH ,

\CH,A L\ CH, Jn J.
where η = 9, 22, 34, 42, and 52, and

/fHa

TiCI4 + 4HO SiO
\CH,/«

\(73\ 1
Ti OSi OH

L \ CH,A, J 4

where η = 5, 13, 22, 25, 34, 42, 48, 52, 68, 80, or 104;

CH,·

TiCI4 + 4(CH,),Si[ OSi I OH

V CH,/n-i

C.H.N
Ti

CH;

OSi

CH

OSi

Compounds with this type of structure can also be
obtained on the basis of tetrabutoxytitanium90:

/ CH3\ 17 CH'\ 1
HO J SiO J Η + Ti (OC4H,)4 — Ti I I OS! j OH + 4C4H,OH .

VcH,/n LV OVn U

The reaction proceeds in the above direction only when
butanol i s rapdily removed from the reaction sphere;
otherwise the water formed in the reaction hydrolyses
tetrabutoxytitanium to titanium dioxide:

/CH,

C4H,OH + HO| SiO I H

/CH.

H,O + C4H,O|SlO

CH,\ l

Oligomers having the above structure can react with
the hydroxy-groups at the ends of the branches with
formation of association complexes. >s the concentra-
tion of hydroxy-groups increases (with decrease of the
length from 34 dimethylsiloxane units to 13), they are
gradually transformed from viscous liquids into gel-like
substances. The above intermolecular interaction also
leads to an increase of the packing density of the mole-
cules. Similar features were likewise noted for poly-
dimethylsiloxane oligomers with terminal dimethylphos-
phinate groups8 5 '8 6:

, C H ,

(CH,),—Si—I OSi

CH,\ CH,

Ο

(CH,),P=O (CH,),P=O

O-Si (CH,)2

, CH,

d

The activation energy for viscous flow, the density, and
the refractive index increase with decrease of the distance
between the terminal groups, which can be explained by
the intensification of the interaction between the molecular
chains with increase of the concentration of the polar
groups per unit volume.

The variation of density with the length of the dimethyl-
siloxane chain for compounds of the type

CH.

Ti I [ OSI I OH

i s of a type opposite to that observed for the compounds

TIN OS! j OSi(CH,)J

ΙΛ CH,/»-i J 4
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The formation of polymers with a cyclonetwork struc-
ture 8 9 on condensation of branched oligomers proceeds in
two stages via the formation of a soluble polymer:

K CH,\ -ι r / C H » \ "] / CHtV Γ/ C H«\ "I

o^ I OH - = r a - HOIAO Ι τι (oil I on [oki | OH -

ΟΉ.Λ 1 L \U1 \uL LUH.A J.
0

-* I HjCSICH,

. J . n O — T i -

H.CSICH, ) ,

—Ti—[OSI (CH,),,^-O-TI-

where η = 9, 18, 22, 25, 34, 42, 52, 62, 80. The
structure formation reaction is first order and the struc-
ture formation rate constant decreases with increase of
the average degree of polymerisation η in the initial
oligomer. As the cyclonetwork structure develops in the
polymer and solubility is lost, the polymer remains in the
viscoelastic state up to 350 °C.

X-Ray diffraction studies on these compounds showed91

that they are amorphous at room temperature and their
structure consists of packed bundles of dimethylsiloxane
chains analogous to the packing of the molecular chains in
poly dimethylsiloxane. On cooling, the substances crys-
tallise in the same temperature range as polydimethyl-
siloxane. It is interesting that, with increase of the
hydroxy-group content in the compounds, the rigidity of
the system rises, crystallisation is hindered, and the
polarisability and dielectric losses increase9 1.

A study of the thermal degradation of polytitanodimethyl-
siloxanes in vacuo showed that degradation with rupture
of the siloxane linkage and the formation of hexam ethyl-
cyclotrisiloxane is the rate-determining process. How-
ever, the introduction of a titanium atom into the siloxane
chain appreciably reduces the rate of degradation. The
rupture of the Si-0 bond is accompanied by the homolytic
rupture of the Si-C bond with liberation of hydrogen,
methane, and ethane93.

Compounds having a similar composition were obtained
by the heterofunctional condensation of aluminium butoxide
with difunctional oligomeric polyalkyl(aryl)siloxanesM"97.

In this case the branching centre is the aluminium
atom. The reaction proceeds in several stages:

Al (OC,H,), + 3HO [SI (CH,), O]n Η - AI-O-[Si (CH,), O]nH
\3-[SI(CH,),O]BH

(HDnO),AlOD,nAl<ODnH),

-DM-O-A1-O-DM-AI-O-DM

0 0

-D,rt-O-ll-O-Dtt-il-O-DM- ,

where D designates the dimethylsiloxane unit (CH3)2SiO.
A cross-linked polymer with a cyclonetwork structure is
formed in the final stage of the process. The gel-forma-
tion rate constant depends little on the chain length of the
initial oligomer, but amounts to 3.7 x 10"2—1.4 χ 10'2 h"1

when η for the oligomer ranges from 20 to 177 for a
formally first order of the reaction with respect to the
yield of the gel.

Thermal degradation of polymers of this type takes
place in the temperature range 275-450°C. The main
product is hexamethylcyclotrisiloxane and at 350°C
methane and ethane are formed. The activation energy
and the reaction order hardly depend on the distance
between the nodes of the network. In this case the
degradation process is a complex multistage reaction in
which one can distinguish (a) thermal polycondensation in
the initial stage, (b) random degradation of the polymer
chain with formation of low-molecular-weight cyclic
products, and (c) abstraction of organic groups from the
silicon atom 9 2 ' 9 3.

The polymers with a cyclonetwork structure examined
in this section together with linear and branched polydi-
methylsiloxanes are convenient objects for the investiga-
tion of physicochemical properties.

A series of such studies greatly extended the existing
knowledge of the nature of the siloxane chain in polymers
having different structures !

An electron micro-
scope study of polyalumino- and polytitano-dimethyl -
siloxanes showed that in both soluble and insoluble states
these polymers have a two-stage globular supermolecular
structure which is apparently of a type common to cross-
linked viscoelastic polymers9 8"1 0 1. In the course of
crystallisation the only structural form of polydimethyl-
siloxanes and polymetallodimethylsiloxanes comprises
spherolytic formations. With increase of the distance
between the metal atoms in the chain, the degree of crys-
tallinity increases 1 0 2 ' 1 0 3 together with the rate of crystal-
lisation, which approaches the rate for high-molecular -
weight polydimethylsiloxanes 10°. It is interesting that the
above relation is much more pronounced for aluminium
atoms at the nodes of the network than for titanium atoms.

The somewhat specific character of the mechanical
properties of the polymers (dependence of the modulus of
elasticity, tensile strength, and deformation on n) is
associated with the characteristics of the molecular and
supermolecular structures 1 0 2 ' 1 0 3. The degree of struc-
ture formation in polyaluminodimethylsiloxanes can also
be estimated by studying the relaxation properties. It was
found that the increase of the equilibrium stress at the end
of relaxation is faster for polymers with a low value of n.
This conclusion agrees well with data obtained in a study
of the kinetics of three-dimensional condensation and can
be expressed by the relation lgjoo = A -B lgn, where σοο
is the equilibrium stress at the end of relaxation, η the
length of the siloxane chain between the nodal aluminium
atoms, and Λ and Β are constants characterising the given
polymer.

The above relation makes it possible to investigate
polymers in those cases where the lack of solubility pre-
cludes the investigation of the polymer structure by the
usual methods loa'r°3.

IV. POLYMERS WITH CYCLOLINEAR LADDER
MOLECULAR STRUCTURES

The possibility of the existence of polymeric molecules
with a cyclolinear structure was first suggested by
Andrianov together with one of the authors of the present
review1M and was subsequently confirmed by studies dis-
cussed in detail in a monograph4. Further investigations
were directed towards finding new ways of synthesis and
also to study the possibility of obtaining polymers having
this structure, a high molecular weight, and different
compositions of the elementary units. These compounds,
which were subsequently called in the literature "ladder
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polymers", have chain units with asilsesquioxane structure
and can be represented by the general formula

- R

o?
_ R

where X = Si, Al, Ti, Sn, etc.
A high-molecular-weight polyphenylsilsesquioxane,

obtained initially by the high-temperature condensation of
the hydrolysis product of trichlorophenylsilane105, was
subsequently obtained also by the polymerisation of a
crystalline octamer1 0 6 having the composition (CeHsSiO-i.s .̂
In a series of tested polymerisation solvents (diphenyl
ether, Dowtherm, nitrobenzene, anisole, and dimethyl-
formamide) dimethylformamide proved to be best, in this
case it is possible to obtain a polymer with a specific
viscosity of 5.8. The polymer yields transparent films
with a glass point above 400 °C. The weight losses on
heating to 500°C are 1.5-3.5% and not more than 15% at
600 °Co The main polymer chain remains virtually
unchanged up to 900°C.107

The specific structure of the molecule of the cyclolinear
polyphenylsilsesquioxane in many respects determines its
unusual physical properties. Thus the optical anisotropy
of the molecules of this polymer exceeds by a factor of
tens and hundreds the analogous parameters of the linear
polymethylphenylsiloxane108. The number of monomer
units per segment calculated from the experimental data
is approximately 50, which exceeds by a factor of 10 the
corresponding value for polymethylphenylsiloxane. This
constitutes additional confirmation of the two-chain struc-
ture of the molecules of this ladder polymer. It is inter-
esting that the high rigidity of the chain has little influence

1 0 8

on the rotational mobility of the phenyl side groups It
was noted that different specimens of the ladder polyphenyl-
siloxane have appreciably different molecular rigidities.
This can be accounted for by the different proportions of
structural defects in the molecules109. The nature of the
flexibility of the ladder polymeric structure is different
from that in linear polymers. It has a microdeformation
mechanism (and not a rotational isomeric mechanism)
involving microdistortions of the valence angles in the
thermal vibrations of the atomic groups.

Appreciable differences between the structures of
ladder polyphenylsiloxanes were also observed in a study
of their hydrodynamic properties n o . The values of the
parameter a in Mark—Kuhn—Howink equation vary in the
range 0.63-1.29.

The above investigations established that, regardless
of the nature of the initial monomer, the synthesis of the
polymers leads to two types of macromolecular structures.
For each type of structure, there is a specific Mark—
Kuhn-Howink equation. An electron microscope study
on these two types of structures showed that they produce
different supermolecular structures. Polymers with
a > 1 give rise to structures of the fibrillar type and those
with a < 1 give rise to globular structures. High values
of the parameter a can be explained only by the high rigid-
ity of the macromolecules, which causes appreciable
deviations of the molecular coils from the Gaussian type
even in the region of high molecular weights. The chem-
cal properties of the ladder polyphenylsilsesquioxane are
determined by the high positive charge on the silicon atom
and the negative inductive effect of the phenyl group, which
increases the reactivity of the polymer in relation to

nucleophilic agents. A polymer with a molecular weight
of 30 000—40 000 was chosen for investigation. The reac-
tion, carried out in accordance with the scheme

C,H, C,H6
I O | O

|
C,H6 _

-Si-0

Ο
I

SiRs

 J

r C«H» -i

—Si-0

Ο

- Μ

H
O 0 6

nR,SiCl
C.H.-, ρ C.H.-,

Si—Ο — I - S i - O

i \ \ i
SiR, Jn L SiR' J

leads to oligomers with the above structure and a molecu-
lar weight of 1000-4000. U 1 » u a The ratio of units of dif-
ferent structure is statistical. Rearrangements of the
siloxane skeletons with formation of six-membered
structural fragments take place in the course of the above
reaction together with the rupture of the silsesquioxane
chain. The interaction of polyphenylsilsesquioxane with
hexamethyldisiloxane at 250-260°C n 3 leads to the
formation of oligomers of the type

[
C,H, η r C.H, η

_^_ο_ - -f ο-
OSi(CH,)Jm L O06 Jn .

The analogous reaction with octamethylcyclotetrasiloxane m

at 250°C leads to products with a viscosity smaller by a
factor of 20 than that of the initial polyphenylsilsesqui-
oxane.

A series of studies have been made on the synthetic
possibilities and properties of ladder polymers containing,
together with phenyl groups at the silicon atom, also
groups with a different composition1 1 5"1 2 9. The synthesis
and investigation of three-dimensional cyclic compounds
of the type

R R R

(where each vertex contains a silicon atom and each edge
represents a siloxane linkage) established that the intro-
duction of electron-accepting phenyl substituents into the
cage compounds is a necessary condition for their poly-
merisation, but is insufficient for their rearrangement to
cyclolinear ladder polymers.

Cohydrolysis of a mixture of various alkyl(aryl)tri-
chlorosilanes to compounds with a polycyclic structure
and subsequent anionic polymerisation established a
number of characteristics of the formation of the ladder
structure 1 1 7 ' 1 1 8. An increase of the content of aliphatic
substituents in the polycyclic systems decreases the rate
of polymerisation. This effect is more pronounced the
greater the length of the hydrocarbon chain of the alkyl
substituents.

Compounds with alkyl substituents containing not more
than three carbon atoms (regardless of the structure of the
organic group) give rise to three-dimensional structures
on polymerisation. The most favourable conditions for
the formation of a ladder polymeric molecule arise when a
double bond is introduced into the hydrocarbon chain of
the substituent in the a -position relative to the silicon
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atom. A similar effect is achieved when substituents
are introduced into the phenyl group in the β-position
relative to the silicon atom. The study of the hydro-
dynamic and dynamo-optical properties of the above poly-
mers and of poly-3-methylbut-l-enylsilasesquioxane123'124'
1 2 9 made it possible to estimate the skeletal rigidity of the
macromolecules. The thermomechanical and mechanical
properties of these polymers 1 2 0 ' 1 2 7 depend on the nature of
the surrounding groups, the film-forming capacity being
retained when the composition of the chain unit is altered.
The thermal stability of ladder polymers greatly exceeds
that of linear polyorganosiloxanes 121>126>12 .

V. POLYMERS WITH SPIROCYCLIC AND SPIROLADDER
MOLECULAR STRUCTURES

This class of polymers, which have an extremely
unusual structure of the main molecular chains, opens a
new chapter in the chemistry of organosilicon polymers,
which has been developed very vigorously in recent years
by Andrianov128.

Polymers of this group contain cyclic fragments linked
to the atom of an element forming part of two rings which
constitute the molecular chain. The structure of a spiro-
cyclic polymer can be represented schematically as
follows:

'>

where D are bifunctional fragments and Q is the spiro-
cyclic centre (a silicon or a polyvalent metal atom).

The possibility and ways of synthesising such polymers
were predicted by earlier studies 1 3 7. Thus it was noted
that, when cross-like oligomers of type E[(OSiR2)nOH]4

are condensed, polymers with a molecular network struc-
ture are formed only when the distance between the central
atom Ε and the functional group is large. The condensa-
tion of oligomers with small values of η leads to soluble
polymers, which can be accounted for by an intramolecu-
lar cyclisation reaction 1 3 6 ' 1 3 7 :

CeH5

C e H 5

OSi
I
CH.

OH Ο
\

Si Ο

CH 3

C e H 5

SiO

CH,

OSi

CH 3

C.H,

OSi

CH 3

\

The compound with η = 1 is crystalline (E = Si), while
those with η = 3 (Ε = Si or Ti) are amorphous under the
usual conditions.

This reaction also involves the formation of a soluble
polymer without hydroxy-groups. Thus the reaction
proceeds simultaneously with intermolecular condensation
and formation of polymers of the type

_[-(OSiR 2 ) n -O

The following reactions have been used to synthesise
spirocyclic polymers 1 2 8:

(1) exchange reactions:

i) xl +ECI4 ~ ^ -
)n J4
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(2) polycondensation of tetrafunctional compounds:

OH] + 3(OR)4
. \

i ) —OSi) —Ο

/ ' I N
Ν OSi I -O/

V ι / „

OSi —Ο

Ν OSi | - O

ι

(3) condensation of bifunctional compounds with tetra-
functional compounds:

II
2nHO-Si-O-Si-OH + η Ε (OR)4

| |

Γ /OSiOSiO. 1

E< >
[_ XOSiOSiO/J

For example, polyspirotitanodimethylsiloxanes were
obtained by the reaction1 3 8

x Ti (OC 4H,) 4 + 2x HO [Si (CH3)2 Ο] π Η
^OSUCH^O

^-[OSi (CH 3 ) 2 ] n Ο

where η = 2, 3, or 4 and the molecular weight reaches
2000-3500. The low degree of polycondensation can be
accounted for by the steric hindrance suffered by the
reactant molecule on approaching the functional groups of
the molecule of the polymer being formed. The spiro-
structure of the resulting polymer is stable up to 300°C,139

the spirocyclic fragments in the polymer molecules under-
going a rearrangement only at 400°C. Hydrodynamic and
optical studies on these polymers 1 2 9 demonstrated the
presence of a high degree of intramolecular order and a
high equilibrium rigidity of the macromolecules.

One of the ways of obtaining polymers with a spiro-
cyclic structure is catalytic polymerisation of organo-
spirosiloxanes. The initial spiro-compounds were
obtained by a multistage synthesis 1 3 0 ι Λp

0 ~ ι Λ

:

(C«H6)2

[HOSi(C,H 5 ) 2 ] 2 O-fSiCI 4

.Si—Ο.
Si (OH)2

(CH,), (CHJ,

(C.H,)S

Si—Ox

>

I
(C.H.),

| |
OH OH

^ O
>—SV

I
(QH5),

(C.H.)

x Si-O N ,

\Si—ι

(CH,), Si Si (CH,),

0 0 (CH,)2

— O . /O—SK

^ O — S i — θ / ^O—Si/

(C.H,)S

it) A Si

I
(CH,) 2

(CH,),S1 Si(CH,)2

The last stage proceeds with difficulty and only at
280-300°C (owing to the screening effect of the diphenyl-
cyclotrisiloxane fragments). The replacement of the
second, hydrolytic stage in the above scheme by ammonol-
ysis with ammonia makes it possible to obtain a silazane-
siloxane spiro-compound:

(C,H,)2Si Si (C e H 6 ) 2

(C.H.)

i-0

Π
—(y XNH—Si—NH/ N O-SK

Ο

(CH,)2Si

(CH,),

•» (CH·) ,
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On the other hand, when the ammonolysis is carried out
with aniline, it is possible to obtain ultimately by the
above scheme a spiro-compound with a four-member ed
silazane ring:

o/S i i - O

.H,),

, Ν χ ,0-SL
Si Si Ο
\ N / N > - S I /

I I
C.H, (QH6)2

The above syntheses were achieved in the absence of a
hydrogen chloride acceptor in the first stage. On the
other hand, in the presence of pyridine, the spiro-com-
pound is obtained in one stage:

Ri Ra Ri Ra

nvridine /Si—C

Ri R2

where Ri and R2 = CH3 or
In the course of high-temperature distillation these

compounds partly rearrange to higher spirocyclic prod
ucts:

R. R,

^Si-CK ^O—Si—O-Si-O/ XO—SK
I I I I
R; RI R« R;

It is interesting that the formation of cross-linked products
is not observed. When organospirobicyclosiloxanes are
subjected to anionic polymerisation in bulk134'135, the
growing polymer chain is involved in two competing reac -
tions (intermolecular and intramolecular interactions).
This can be represented by the scheme

— D — D -4_A
D-D-i-D-D

y \

where D are bifunctional fragments and Q are tetrafunc-
tional fragments.

The process proceeds both with formation of soluble
(pathway 2) and cross-linked products (pathway 1). The
content of the gel fraction falls as the surrounding methyl
groups are replaced by phenyl groups. When the mole-
cule of the initial compound contains exclusively phenyl
groups, the gel is not formed.

The polymerisation of the above compounds in dilute
solutions134 as a rule leads to the exhaustion of the initial
cyclic fragments.

Compounds having polymer chains containing simulta-
neously fragments with spiro- and ladder structures con-
stitute a special group of polymers. In their synthesis by
heterofunctional condensation the most favourable condi-
tions for the formation of the expected structure occur
when the initial stage of the reaction proceeds at a low
temperature in not too dilute solutions140'141:

R'

H O - S i - O -

O

HO—Si-O-
I

R -

-Si-O
I

Ο

Si-O

R' _

R'

- S i - O H
I

Ο
I

-Si-OH

R

+ SiCI4 -»

R'

- S l - O -

O

- S i - O -

R

R "

-Si-O

-Si-O

R' .

R'

-Si-O^

Ο W'

l'

,0—

X

where R = C6H5, R' = i-C4H9 or C6H5, and η = 0-2. The
length of the cyclotetrasiloxane fragment (the value of n)
affects the possibility of obtaining spiro-groups. For
η = 2 and R = R' = CeHs, it proved possible to obtain
polymers with a characteristic viscosity of 0.12—0.22
dm g"1, while for η = 0 the expected structures could not
be produced,
condensation:

These results were explained by stepwise

OH

HO Ο Ο OH
1 / C6H5 \ l
Si S I

)H Ο CBH

ζ-6^5 C 6 H S

Si—O—Si

\l
Si + 2 SiCl,

Ο

H 5 C

/Cl
i

S i — O — S -
I I

C 6 H 5 C 6 H 5

The polycyclic compound formed has the cis -structure
like the initial tetrol [C6H5Si(OH)O]4. When the resulting
polycyclic compound reacts with an equimolar amount of
the tetrol, spiro-groups are not formed owing to the cis -
conformation of the reactants.

The study of the hydrodynamic and optical properties
of polyisobutylphenylsiloxane with a spiroladder struc -
ture x 2 showed that the molecules have the properties of
fairly flexible non-fluid coils, resembling Gaussian coils
from the hydrodynamic standpoint. Such flexibility can
be accounted for by structural defects. On the other hand,
the behaviour of polymethylphenylspirosiloxane molecules
(with 8 and 16 atoms in the ring) in solution differs from
the usual behaviour of semirigid regular chains with both
small and large segments, which can be explained from
the standpoint of non-linear structures of the network

type Spirocyclic polymers with a silazane struc-
ture were synthesised by the reaction

η Si (NHR)4

VI. POLYORGANOSILAZANES

Great hopes were associated with studies on poly-
organosilazanes because there are many unsolved prob-
lems related to the synthesis, structures, and properties
of organosilicon polymers, which could not be solved
solely in relation to compounds of the siloxane series.

The reaction of organocyclosilaxanes with nucleophilic
agents is the most promising from the standpoint of poly-
mer chemistry. However, it differs appreciably from
the analogous reaction of organocyclosiloxanes. In the
first place, in contrast to organocyclosiloxanes, organo-
cyclosilazanes exhibit a greater tendency to undergo sub-
stitution reactions than addition reactions. In this
respect their properties resemble aromatic systems1 4 2 '1 4 3.
The reaction of dialkyl(aryl)cyclosilazanes with nucleo-
philic agents 1 4 4~ 1 5 4 is accompanied by the evolution of the
hydrocarbon corresponding to the organic group attached
to the silicon atom and the formation of cyclic polymers
which soften at a high temperature. When the silicon
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atom is surrounded by aliphatic groups, the reaction
proceeds as follows:

ΗΝ Ν

R R'

X
NH NH

R \ l ~/R. KOH

R # / \ N H / N R '

L SiR' Si< + RH+NH, (A)

\
\

N,

\ /
\ /

Si
/ \

R R'

[ R R' -
\ /

,NH-Siv-Si<f > N -

R'^NH-SK

/ \ •

(B)

where R = CH3 or C2H5 and R' = C2H5, C4H9, or C6Hi3. It
is interesting that compound (A) is chemically inert and
remains unchanged when acted upon by catalytic amounts
of alkali. The product (B) is formed via condensation
without ring opening and not via compound (A).

The anionic polymerisation of methylphenylcyclo-
silazanes also does not proceed via ring opening, but
involves the formation of a transition complex which
weakens the Si-C bond and not the Si-Ν bond:

H,C/

ΝΗ ΝΗ

S
VC»H» +KOH-, C · " · 7 ! Γ

I NH NH... .K+

trimethyltrinonylcyclotrisilazane does not begin up to
300°C. The influence of the groups surrounding the
silicon atom is also associated with steric effects. Bulky
groups (hexyl, octyl, and nonyl) hinder the polymerisation.

Studies on the possibility of synthesising polymers with
silazoxane chains1 5 5"1 5 9 revealed the fundamental pathways
leading to the formation of polymers of this type. The
synthesis of the polymers by the condensation method
proved to be promising157" :

RN (H) [Si (CH3)2 O ] n Si (CH3)2 NHR _ R N H , - >

-* R (Η) Ν {[Si (CH3)2 O ] n Si (CH3)2 N R } m Η ,

where R = Η or C2H5 and η = 4 - 1 0 , 11, or 40.
The polymers consist of swelling insoluble substances

with a distinct region of a viscoelastic state. A study of
the thermo-oxidative degradation of these polymers
showed160 that the introduction of a nitrogen atom into the
siloxane chain stabilises it to some extent.

The anionic polymerisation of cyclosilazoxanes con-
taining hydrogen at the nitrogen atom was unsuccessful.

The ring is opened initially at the siloxane linkages:

O-Si (CH3)2-O-Si (ΟΗ3)2

+ KOH [
CH3-1 r CH 3 n CH3

I
OSi NH SiO - S i O K

1 MM

C H 3 J 2 L C H 3 J 2 CH3 .

In the second reaction stage the polymeric chains are
ruptured at the silazane linkages:

1 1

Si-NH-Si- + KOH

I I

Ι Η

S

H 3 C SC,H6

: 1;

K-OH

I I

-Si—NHK+HO—Si—

Η Γ κ Ν Η \
X Si Si/

C,H, / '
+ C.H,

-^ NH N"K+

X
C,H/ XCH3

The subsequent reaction proceeds via the coordination
of the molecules of the initial compound to the resulting
anion, which contains the ̂ N~ fragment:

. N H N

NH
Γ
NH

CH3 , Η3Ο/

H 6 C /
\X

CH3 HO'

CH3

V CH 3

H 6C e CH3 H 5 C e CH3

\ / Η CH3 \ / Η
Si Nx I _ ,Si N

N 1 J i N
J

H C « H l i H O / X C H 3

- ^ H ' , NH<

CH3 HjCg CH3
/ CH3 \ /

NH V 1 ,Si NHX

The resulting polymers have a filamental or branched
structure. An increase in the bulk of the organic group at
the silicon atom stabilises the transition complex and
hinders its conversion into the active state. As a result,
the reaction rate falls sharply. The reaction involving

VII. POLYORGANOSILOXANE DERIVATIVES OF THE
ELEMENTS

Polymers of this class were synthesised for the first
time and investigated in detail by Andrianov's School. The
main bulk of studies in this field have been described in a
monograph4. Some of the investigations formally con-
cerned with this field were examined in the preceding sec-
tions of the present review. This section deals with
certain investigations published after the publication of
Andrianov's monograph4. Numerous studies were devoted
to polytitano-organosiloxanes. The replacement of one or
two butoxy-groups in tetrabutoxytitanium by 8-hydroxy-
quinolinato-groups makes it possible to reduce the number
of groups with which the titanium atom can interact to
three and two respectively161:

Ti(OC4H9) t Ti(OC4H9)3 +

Ti(OC4H9)2 + '/ 3Ti(OC 4H 9) 4 + C4H9OH

Hydrolysis of the tributoxy-compound with subsequent
thermal condensation leads to polymers having a metal-
loxane structure1 6 2:

2 C^Ti(OC 4 H 9 ) 3 •+ 5 H2O
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ο ο "
-Ti-0-Ti-O

Ο., Ο..
Ι 0.5 ι 0.5

where

The reaction of the above trifunctional compound with
hydroxylated polysiloxane oligomers leads to the formation
of branched oligomers 1 6 3 ' 1 6 4

:

O T i ( O C 4 H 9 ) 3
3 HO(SiO)nSi(CH3) ; O(SiO)BSi(CH 3) 3

where» = 15, 60, 98, 170, or 350 and R = CH3 or C6H5.
The resulting oligomers proved to be convenient model

compounds for the study of the dependence of physico-
chemical properties on the siloxane chain length. It is
interesting that the polydispersity coefficient of the
oligomers does not differ significantly from that of the
initial hydroxylated polyorganosiloxanes. The presence
of 8-hydroxyquinolinatotitanoxane groups intensifies the
intermolecular interaction and the packing density of the
molecules, which affect the density, activation energy for
viscous flow, and the free volume of the resulting
oligomer165. An increase in the length of the siloxane
chain in the branches has the opposite effect on the above
parameters. The competing effects of various structural
elements are observed particularly clearly in studies on
the dynamic viscosity of oligomers. It has been estab-
lished164 that the introduction of 8-hydroxyquinolinato-
titanoxane groups into polydimethylsiloxanes increases
their thermal stability and the oligomers mentioned above
are effective inhibitors of the thermo-oxidative degradation
of liquid polydimethylsiloxanes.

Polymers with an unusual structure of the main chain,
containing alternating titanium and silicon atoms, were
obtained by heterofunctional condensation166:

2/i CeH5Si (CH3) (OC aH 5) 2 + 3n CI2Ti [OSi (CH3),]2 -»

OSi(CH 3 ) 3 C,H5 OC 2 H 5 C,H5 OQH,[ I ' "" Γ " I " " I

_O—Ti Ο S i - O - T i - O — S i - O — T i

Cl CH3 OC2H, CHS CI
2n C,H6Si (CHS) (OC2H6)a + 3n CIaTi [OSi (CH3)3]

OSi(CH3)2 C,HS OC2H5 C,H, OC2H
I I I

_O-Ti Ο Si-O—Ti—Ο-
I I

Cl CH, OC2H

\ C,H6 OC2H6n

I I
O - S i - O - T i -

I I
H5 CH3 CI J n .

The resulting polymer is a viscoelastic product, which
can be readily drawn into threads. Owing to the presence
of hydrolysable groups the polymer is not resistant to
moisture.

A number of studies have been made on the synthesis
and properties of polyorganosiloxane polymers containing
phosphorus atoms in the side chains \ In contrast
to the majority of earlier studies on the nature of the
Si—Ο—Ρ linkage, the above series of investigations was
devoted to compounds containing the groups

Si—C—Ο—Ρ—, Si—C—S-P—, Si-C-O—P—.
II I) II

ο ο s
Such groups are much more resistant to hydrolysis than
the S i - O - Ρ group. Compounds of the siloxane series
containing phosphinate groups or their thio-analogues in

the methyl substituent at the silicon atom are synthesised
by the reaction

CH.n

CICH2 (CH3)2Si (OR) + NaOP-(CH,)a

II
O(S)

(CH 3) 2-Si~(OR)-
I

Γ \ 1
Η " O S , -

L CH,Jn

CH2

O-P-(CH 3 ) a

II
O(S)

~ HjC CH 3

• (CH3)2Si [OSi ] n O - S i (CH3)2

C H 2 - O - P (O) (CH3)2 C H 2 - O - P (O) (CH3)2

CH 3 CH3 "I

m CH3Si (OR)a

CH2OP (Ο) (CHS),

mHO [Si (CH,),O]nH
- (SiO)n—Si—O—

CH 3 CH2OP (O) (CH3)uJm

where η = 9, 13, 45, 75, or 130. By altering the pro-
portions of the dimethylphosphinate and dimethylsiloxane
groups, it is possible to vary the properties of the poly-
mers within wide limits.

In this section of the review it is appropriate to mention
studies dealing with methods for the synthesis of polymers
with inorganic main molecular chains, without silicon
atoms. These are primarily polyaluminomethylphos-
phonates 172~175

[ o
- P - O -

CH,

ΑΙ.—Ο

Χ

C 4 H e

where X = Cl or C4He. poly(dialkylphosphinyl)titanoxanes
{[(CH3)2P(O)O2TiO]}x,

 l 7 f f ' 1 7 f and polytitano-organophos-
phonates

178-180

OR

Ή 1

Ο Αη

OR

where R =C4H9, R' = CH3 or CH2=C(C6H5), and X = Cl,
OH, or OC2H5. A detailed study of the properties of
polytitano-organophosphinates established that their
degradation at temperatures up to 400°C involves only the
abstraction of the organic groups with retention of the
T i - O - P linkage 1 9 7>^2. it was established that these
compounds can be used as thermostabilisers to improve
the heat resistance of polyorganosiloxane varnishes and
enamels2 0 6. The introduction of an organophosphinoxy-
titanoxane group into polyorganosiloxanes increases the
resistance of the latter to thermo-oxidative degrada-
tion 2 0 2 ' 2 0 3 . These results constituted the basis for the
formation of siloxane resins with enhanced thermal
stability204'205.

Polyorganosiloxanes containing boron have been
described 81~188, Polymers with very variable composi-
tions have been studied. Polyborosiloxanes containing
silicon atoms in the main chain and at the same time sili-
con atoms behaving as the heteroelement in the hetero-
cycle were obtained by the reaction

3« SHOCH, 2n B(OH),

CH3O
( R ) ? CR) CR)

Si—O—B—O—Si—O—B—O-'Si—Ο
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where

Ο Λ
C H 2 — C H 2

C H 2 C H 2

Polymers with this composition have a high resistance to
thermo-oxidative degradation186"188.

Branched polyborodimethylsiloxanes are synthesised by
heterofunctional condensation 181~183;

Β (OCH3)3

CH;

3H | OSi

CH.

OH -» 3 CH3OH + {HO [Si (CH,)2]n}3B

where n = 9, 13, 25, 45, 74, 135, or 220,
CH3

C 4 H 9 O V „ vN /OC 4H 9y + 4H | OSi

CH:

CH,N

OH

HO | SiO

CH3

, C H ,

HO SiO

\ C H ,

_/ V

CH:

OSi
I
CH:

CH,

OSi

CH.

OH

where η = 30, 46, 76, 95, or 235, and by homofunctional
condensation184'1^:

Γ /CH3\ τ /
HO I SiO Β I

L V a v A V

CH-

Β I OSi

CH,

/ C H 3

O H + H O SiO

CH:

HO I SiO

CH:

CH,
I

OSi
I
CH·

CH;

~ B | OSi

CH

- O B

CH,
I

OSi

CH:

OH

where η = 13, 25, 46, 74, or 200.
In the last of the polymers quoted the boron content is

insignificant, and yet leads to an appreciable improvement
of thermal stability compared with polydimethylsiloxanes 1 8 9.
The resistance of the SiOB linkage to hydrolysis was
increased by the introduction of phenylaminomethyl groups
among the organic substituents surrounding the silicon
atom1 8 3:

CH 3

C H 3 / CH3

I / I
(C 2 H 5 O—Si- OSi

C H 2 \ CH 3

N H - C e H 5

CH3

CH 3

I
—OSiOC2H5 + 2H3BO3 -»

. CH a

N H - C e H 5

NHCeH5

CH2
CH,

O-Si-[O-Si (CH3).L-O-Si-O-B-O-Si- [OSi(CH3)2]n-O-Si-O-B-O

I I I I I I
CH 2 CH 2 Ο CH 3 CH2 Ο

NH

C,H8

NH NH H3CSiCH2NHCeH6

I I I
C eH 5 C eH 5 Ο

I
[Si (CH 3) 2]n

Ο

H 3 C-Si—CH 2 NHC e H 5

Ο

The reason for the increased resistance to hydrolysis is
in this case the formation of a coordinate bond between the
nitrogen atom of the phenylaminomethyl group and the
boron atom, which hinders the formation of a transition
complex with water in the hydrolysis of these compounds.
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A comparatively new development in the field of poly-
meric organosiloxane derivatives of the elements is the
synthesis of polymetallo-organosiloxanes with reactive
groups at the silicon atom, in particular vinyl groups 190~193

:

η CH 2=CHSi (OH)2ONa + MCln -^ [CH2=CHSi (OH)2O]nM ->

ϊ ί ι ° ^ ί/m {[CH2=CHSi (O) O] n M} m

where Μ = Al or Ti. The resulting polymetallovinyl-
siloxanes can copolymerise with vinyl monomers (styrene
and methyl methacrylate) and can undergo hydride addition
reactions with compounds containing the SiH group. Both
methods make it possible to vary widely the properties of
the polymers both as a result of a change in the nature and
amount of the metal introduced into the polymer and as a
result of the selection of the appropriate vinyl monomer.
The products of the addition of polytitanovinylsiloxanes to
polyorganoaluminosiloxanes proved to be very effective
components of heat-resistant adhesive compositions193.

Polymeric organosiloxane derivatives of the elements
constitutes a class of polymers differing from the majority
of organic polymers, primarily by their high heat resis-
tance. It is therefore quite natural that numerous studies
have been devoted to the thermal and thermo-oxidative
degradation of polymers of this class "8,194,201,207,208,209̂

The above series of studies established the relation
between the structure of the polymer unit, the nature of
the heteroatom, the composition of the organic group at
the silicc • '̂7rT1- a n d many other structural characteris-
tics on tt . ̂ ne nand and the thermal stability of the poly-
mer on the other.

In conclusion of this section, we shall mention a number
of studies on the synthesis and properties of polydimethyl-
carboxyatometalloxyloxanes containing metal atoms in the
main chain linked to a silicon atom via a carboxylate
group2 1 2"2 2 2.

An attempt to introduce bivalent metal atoms into the
siloxane chain was described in earlier investigations210>211

and was found to involve many difficulties. A series of
studies by Andrianov and coworkers 212>222 constitutes the most
successful attempt at the introduction of bivalent metals
into the siloxane chain, the carboxylate groups surround-
ing the metal atoms determining in many respects the
unusual properties of these polymers.

The polymers were synthesised in two ways: (a) from
the metal hydroxides:

1 / 1
χ HOOCCH2CH2Si — OSi—

CH.,/ CH3\ CH3

OSi CH2CH2COOH + χ Μ (ΟΗ)2 -

CH 3CH 3 CH.

MOOCCH2CH2Si—I OSi— I
1 \ I /
CH,\ CH,/,

CH., 1
MOOCCH2CH2Si—I OSi— I OSiCH2CH2COO - ,

CH 3

where Μ = Ca, Zn, Cd, Pb, or Co, and (b) from the metal
chlorides:

CH 3 f R
I / I

m KOOCCH2CH2Si— OSi-
I \ I
C H 3 \ CH

OSiCH2CH2COOK + mMCI2 •

CH3 / CH3

L CH 3 \ CH.

CH 3

- MOOCCHjCHjSi— OSi— OSi C H 2 C H 2 C O O - + 2 m K C l .

CH,

With increase of the distance between the metal atoms
in the polymer chain, the viscosity of the polymer rises.
Polymers with η = 20 are already rubber-like. Those
with η = 50-70 are insoluble in the usual organic solvents
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owing to the marked influence of interchain coordinate
bonds of the type

ο
I II I

-~O—Si—CH,—CH 2—C—Ο—Μ-Ο—C—CH 2—CH 2—Si 1

! II ^. I

ι X X °
Ι Λ II I

' O—Si—CH,—CH2—C—O—M—O—C—CH2—CH2—Si

The polymers become soluble when 2-3% of pyridine,
which disturbs the above interactions, is introduced into
the system. The presence of such linkages is also indi-
cated by the high yield temperatures of the polymers and
the high viscosities of the low-molecular-weight oligomer
products of this type.

An additional confirmation of the presence of coordinate
bonds in polymers of this kind has been provided by the
study of a polymer based on quadrivalent tin, where such
interactions are ruled out:

CH3
CH3

^O—Si—CH2CH2—COO—Sn-OOCCH2CH2Si—Ο

ιι
CHS

ι
CH3

The properties of this polymer differ appreciably from
those described above. Assuming the possibility of the
formation of coordinate bonds between polymetallodi-
methylsiloxane macromolecules and their influence on the
thermomechanical properties of the polymers, the metals
investigated can be arranged in the following sequence in
terms of decreasing intermolecular interaction forces due
to these linkages 2 1 7>2 1 8

: Co > Zn > Pb,Ca > Cd.
This series agrees well with the order of decreasing

coordination capacities of the metals. Studies on solu-
tions of these polymers showed that, when the metal
content is small (one atom for 30 — 100 silicon atoms), the
conformation of the polymer molecule does not differ from
that of the dimethylsiloxane polymers in solution216. It
has also been established that the nature of the metal atom
does not affect the rate of crystallisation of the polymers2 1 8,
but has an appreciable influence on the thermal degrada-
tion 2 2 2. The thermal stability of the polymer increases
with increasing basicity of the metal. These results
together with those obtained by the chromatographic anal-
ysis of the thermal degradation products make it possible
to elucidate the mechanism of the thermal decomposition
of polymers of this type.
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