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ABSTRACT: The synthesis of polysiloxanes with pend-
ant unsaturated cyclic fragments have been successfully
performed by hydrosilylation reactions of polymethyl-
hydrosiloxane with 4-vinyl-1-cyclohexene in the presence
of platinum hydrochloric acid (0.1 M solution in THF),
Karstedt’s catalyst (Pt2[(VinSiMe2)2O]3) and platinum on
the charcoal (5%). Reactions were carried out at various
temperatures with different ratios of initial compounds. It
was shown, that not all active :SiAH groups take part in
the hydrosilylation reaction. Some kinetic parameters of
reactions were studied. The synthesized oligomers were
characterized by FTIR, 1H, 13C, H,H-COSY, and C,H-corre-

lation NMR spectroscopy. Calculations using the quan-
tum-chemical semi empirical AM1 method for modeling
reactions between methyldimethoxysilane [Me(MeO)2SiH]
and 4-vinyl-1-cyclohexene were performed to evaluate
possible reaction paths. Synthesized oligomers were char-
acterized by gel-permeation chromatography, differential
scanning calorimetric, thermogravimetric, and wide-angle
X-ray analyses. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
114: 892–900, 2009
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INTRODUCTION

Polysiloxanes are of particular interest due to their
extremely low glass transition temperatures and flexi-
bility, their hydrophobic surface properties, good
thermal stability, and excellent flame retardant.1–4

In the past years, catalytic grafting of polymethyl-
hydrosiloxane (PMHS) has emerged as an alternative
route for the synthesis of new silicon-organic poly-
mers owing different properties. Low cost, easy
availability, and the presence of catalytically trans-
formable :SiAH bonds in PMHS make it very
attractive and interesting for macromolecular graft-
ing.5,6 Organic functionalization of the polymer
chain can lead to obtaining of a new polymers and
oligomers owing various physical and chemical
properties. For example, appropriative substitution
on the polysiloxanes backbone can lead to various
materials such as cross-linking agents,7,8 liquid crys-
tals,9,10 fluorescent and electro luminiscent poly-
mers,11,12 and non-linear optical materials.13

There are some information’s about hydride addi-
tion reaction of ethyldichlorosilane to 4-vinyl-1-cyclo-
hexene in the presence of Pt/C at 180�C temperature.

During this reaction hydrosilylation proceeds on the
vinyl group and the yield of obtained 2-(4-cyclohexe-
nyl)ethyldichlorosilane is about 81%14 and the reac-
tion proceeds according to Scheme 1.
Although using H2PtCl6 as a catalyst the reaction

proceeds at 100�C during 3 h with formation of
monosilyl derivatives.15,16 It was shown that the
same monosilyl derivative enter in hydrosilylation
reaction with hydroorganochlorosilane in the pres-
ence of platinum catalyst with obtaining of disilyl
derivatives in a high yield.17

Hydrosilylation reaction of 4-vinyl-1-cyclohexene
with triorganohydrosilanes in the presence of ter-
nary chelate catalysts, such as Ni, Mo, V, triphenyl-
phosphine, and triethylaluminum18 proceeds with
the vinyl group with formation of monosilyl deriva-
tives. It was shown that the yield of obtained adduct
depends on the structure of chelate catalysts and on
the nature of used metals.
Hydrosilylation is a general term used, for the

addition reaction of organic and inorganic silicon
hydrides to molecules and macromolecules contain-
ing multiple bonds. The universal character of the
process is reflected in the wide spectrum of
usable unsaturated moieties.19 Hydrosilylation is
most widely used reaction for grafting of PMHS.
Chemical functionalization of polysiloxane chains
involves preliminary introduction of side chains
with functional groups. Introduced functional
groups in side chains have ability to undergo further
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modifications. The majority of functionalized silox-
anes were designed to undergo thermally induced
cross-linking, and to cure by hydrolytic processes or
photochemically induced polymerization.4,20

A number of articles currently deal with mecha-
nistic aspects and directions of hydrosilylation proc-
esses and also with the search for new, improved, or
less expensive convenient catalysts.

In this work, grafting of PMHS via hydrosilylation
reactions with 4-vinyl-1-cyclohexene were investi-
gated in the presence of several platinum catalysts.
The rates and depths of reactions were evaluated in
all cases. The thermoreactive methylsiloxane oligom-
ers with unsaturated side fragments are interesting
products for modification of carbochain elastomers
and for obtaining of new siliconorganic rubbers.

EXPERIMENTAL PART

Materials

PMHSi (Aldrich), platinum hydrochloric acid (Aldrich),
Karstedt’s catalyst (Pt2[(VinSiMe2)2O]3)—platinum(0)-
1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex (so-
lution in PDMS), platinum on the charcoal and 4-
vinyl-1-cyclohexene (Aldrich) were used as received.
Toluene and THF was dried over and distilled from so-
dium under an atmosphere of dry nitrogen. 0.1M solu-
tion of platinum hydrochloric acid in THF was
prepared and kept under nitrogen at low temperature.

Characterization

FTIR spectra were obtained on a Nicolet Nexus 470
machine with MCTB detector. 1H, H,H COSY, 13C
NMR, and H,C-correlation NMR spectra were
recorded on a 500 MHz Bruker NMR spectrometer,
using CDCl3 as the solvent and an internal standard.
Thermogravimetric analysis (TGA) was performed
on a Perkin-Elmer TGA-7 machine at the heating
rate of 10 K/min. Differential scanning calorimetric
investigation (DSC) was performed on a Perkin
Elmer DSC-7 apparatus. Thermal transitions includ-
ing glass transition temperatures Tg were taken as
the maxima of the peaks. The heating and cooling
scanning rates were 10 K min�1.

Gel-permeation chromatographic investigation was
carried out with the use of Waters Model 6000A chro-
matograph with an R 401 differential refractometer
detector. The column set comprised 103 and 104 Å
Ultrastyragel columns. Sample concentration was
approximately 3% by weight in toluene and typical
injection volume for the siloxane was 5 lL flow rate—
1.0 ml/min standardization of the GPC was accom-
plished by the use of styrene or polydimethylsiloxane
standards with the known molecular weight. Wide-
angle X-ray diffractograms were taken on a DRON-2
(Burevestnik, Saint Petersburg, Russia) instrument.
A-CuKa was measured without a filter; the angular
velocity of the motor was x � 2 deg�min�1.

Determination of :SiAH content

The content of active :SiAH groups in oligomers
was calculated on the basis of the following reaction
(Scheme 2).
We place in a two-necked flask an exactly

weighed amount of :SiAH containing oligomer,
which should correspond to evolution of certain vol-
ume of hydrogen gas. We fit pressure-equalized
dropping funnel with 0.5 M KOH alcohol solution
onto the flask. We connect the flask with a gas
burette, which we connect with a levelling bottle at
the bottom part, by means of a silicon tube. We
allow the system to stand for 10 min. The water
level in the levelling bottle adjusts to the same level
as that in the gas burette (V1, mL) is recorded. After,
we add the 0.5 M KOH alcohol solution slowly. As
hydrogen gas evolves, the water level goes down-
ward. Thus, we need to keep the both water levels
the same as each other so that we could equalize the
pressure in the system to atmosphere. After the evo-
lution of hydrogen gas completes (around 3–5 min),
we record another 5 min later the value of the water
level in the burette (V2, ml). The difference between
V2 and V1 gives the volume of eliminated hydrogen
gas (V, ml). The :SiAH content of an oligomer is
given by the following:

�Si�H content ¼ 1000 PV=WRTðmol=100 gÞ

where P—atmospheric pressure at measurement (atm),
V—gas volume captured (mL), W—sample weight (g),
R ¼ 0.0082 (gas constant) (l � atm � mol�1 � K�1), and
T—temperature (K at measurement).21

Scheme 1 Hydride addition reaction of ethyldichlorosi-
lane to 4-vinyl-1-cyclohexene.

Scheme 2 Reaction scheme of potassium hydroxide with
hydrosilanes.
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Synthesis

Catalytic hydrosilylation reaction of PMHS with 4-
vinyl-1-cyclohexene in the presence of H2PtCl6

PMHS (0.9850 g, 0.43 mmol), 4-vinyl-1-cyclohexene
(1.6595 g, 0.0153 mol) and 5.5 mL dry toluene were
placed into the three-necked flask equipped with a
magnetic stirrer, reflux condenser, and thermocouple
in inert atmosphere. Then, the catalyst 0.1 M solu-
tion of platinum hydrochloric acid in tetrahydrofu-
ran (7 � 10-5 g per 1.0 g of PMHS) was introduced.
After the reaction completion, the solvent was par-
tially eliminated, the reaction product was precipi-
tated from toluene solution by n-hexane, and 2.4593 g
(93 %) oligomer was obtained. The hydrosilylation
reactions in the presence of other catalysts were car-
ried out according to the above-mentioned method.

RESULTS AND DISCUSSION

For synthesis of methylsiloxane oligomers with unsat-
urated cyclic fragments in the side chain, we carried
out hydrosilylation reactions of 4-vinyl-1-cyclohexene
with PMHS in the presence of platinum hydrochloric
acid (0.1 M in THF), Karstedt’s catalyst (Pt2[(VinSi-
Me2)2O]3) and platinum on the charcoal. Hydrosilyla-
tion reactions were carried out with various molar
ratios of initial compounds (1:35, 1 : 70 and 1 : 105).
From the literature17 it is known that not all active

:SiAH groups participate in hydrosilylation reac-
tions in case of stoichiometric ratio with respect to
:SiAH bonds. We have taken 4-vinyl-1-cyclohexene
in excess to achieve full hydrosilylation of PMHS.
Preliminary heating of initial compounds in the

temperature range of 40–100�C in the presence of
catalysts showed that in these conditions there is no
polymerization of 4-vinyl-1-cyclohexene, nor destruc-
tion of siloxane backbones, nor elimination of meth-
ane from methylhydrosiloxane occurred. No changes
in the NMR and FTIR spectra of initial compounds
were found.
Without solvent, the reaction proceeds vigorously

(especially in case of platinum hydrochloric acid and
Karstedt’s catalyst) and at initial stages of :SiAH
bonds conversion (� 30%) gelation takes place. To
prevent gelation and investigate kinetic parameters,
reaction were carried out in the toluene solution.
As it is seen from the structure of 4-vinyl-1-cyclo-

hexene, it has two active centres for hydride addi-
tion of hydrosilane. Thus, hydrosilylation reaction of
4-vinyl-1-cyclohexene with PMHS may proceed in
four different directions: anti-Markovnikov (A) and
Markovnikov (B) addition to vinyl group and hydro-
silylation to unsaturated bond in the cyclic fragment
in the para (C) or meta (D) position (Scheme 3).
In general, we can represent hydrosilylation of

a,x-bis(trimethylsiloxy)methylhydrosiloxane with 4-
vinyl-1-cyclohexene by the following Scheme 4.

Scheme 4 Hydrosilylation reaction of a,x-bis(trimethylsiloxy)methylhydrosiloxane with 4-vinyl-1-cyclohexene.

Scheme 3 Possible hydrosilylation reactions of hydrosilane with 4-vinyl-1-cyclohexene.

894 MUKBANIANI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Where [(a)þ(b)þ(c)þ(d)þ(f)](x) ¼ m � 35; Cat—
H2PtCl6�6H2O - 40

�C (I1), 50�C (I2) and 60�C (I) (ratio
1 : 35). 40�C (II1), 50�C (II2), 60�C (II) (ratio 1 : 70).
60�C (III) (ratio 1 : 105). 80�C (IV) (ratio 1 : 140). Cat-
Pt/C - 80�C (V1), 90�C (V2), 100�C (V) ( ratio 1 : 70).
Karstedt’s catalyst, 70�C (VI1), 80�C (VI2), 90�C�C
(VI) (ratio 1 : 70).

As one can see from Figure 1 hydrosilylation reac-
tion proceeds rapidly during the first hour and then
slows down. The synthesized oligomers are vitreous
liquid products, which are well soluble in aromatic
type organic solvents with the specific viscosity
gsp � 0.09 - 0.1. Structures and composition of the
oligomers were established by elemental and func-

tional analysis, FTIR spectra, 1H, 13C, H,H-COSY,
and C,H-correlation NMR spectral data. Some physi-
cal-chemical properties of the synthesized oligomers
are presented in Table I.
We have studied some kinetic parameters for

hydrosilylation reactions of PMHS with 4-vinyl-1-
cyclohexene in the presence of H2PtCl6 with 1 : 70
ratios of initial compounds (1 : 2 stoichiometric ratio
with respect to :SiAH bonds). From Figure 1, one
can observe dependence of changes of active :SiAH
groups on time. From Figure 1, it is evident that at
40�C hydrosilylation reaction proceeds with � 75%
conversion of active :SiAH groups, whereas at 60�C
hydrosilylation reaction proceeds with � 91% conver-
sion. Consequently, with the rise of temperature, the
conversion of active :SiAH groups increases.
Figure 2 shows dependence of reverse concentra-

tion on the time during the hydrosilylation reaction of
PMHS with 4-vinyl-1-cyclohexene. One can see that at
the initial stages, the hydrosilylation reaction is of sec-
ond order. From the literature,22–24 it is known that
hydrosilylation reactions as usual at initial stages are
of a second order in case of stoichiometric ratio
between initial compounds with respect to :SiAH
bonds. According to experimental results increasing
of concentrations of one of the initial compound does
not change reaction order. The reaction rate constants
of hydrosilylation reactions of PMHS with 4-vinyl-1-
cyclohexene at various temperatures were deter-
mined, the values are listed below: k60�C � 1.6156,
k50�C � 0.6157, and k40�C � 0.2534 l/mol�s. The reac-
tion temperature coefficient is equal to c ¼ 2,5.
From the graph of dependence of hydrosilylation

reaction rate constants’ logarithm on the reverse

Figure 1 Dependence of changes of concentration of
active :SiAH groups on the time, during hydrosilylation
reaction of a,x-bis(trimethylsiloxy)methylhydrosiloxane
with 4-vinyl-1-cyclohexene, where curve 1 represents the
values obtained at 60�C, curve 2 represents the values
obtained at 50�C and curve 3 represents the values
obtained at 40�C (H2PtCI6, ratio 1 : 70).

TABLE I
Some Physical-Chemical Properties of Synthesized Oligomers

No.
Yield,
% Catalyst

Reaction
temperature,

�C
Ratio of initial
compounds

% Changing of
active :SiAH groups gsp* Å, d1 Tg,

�C

I 85 H2PtCl6 60 1 : 35 89 0.10 9.83 �57
Ia 82 H2PtCl6 40 1 : 35 80 0.09 – –
Ib 83 H2PtCl6 50 1 : 35 82 0.09 – –
II 88 H2PtCl6 60 1 : 70 91 0.10 – –
IIa 78 H2PtCl6 40 1 : 70 75 0.09 – �55
IIb 82 H2PtCl6 50 1 : 70 83 0.09 9.82 –
III 90 H2PtCl6 60 1 : 105 92 0.10 – –
IV 91 H2PtCl6 80 1 : 140 99 0.10 – –
V 94 Pt/C 100 1 : 70 85 0.09 – –
Va 92 Pt/C 80 1 : 70 66 0.09 – –
Vb 92 Pt/C 90 1 : 70 76 0.09 – –
VI 91 Karstedt’s 90 1 : 70 87 0.09 – �58
VIa 88 Karstedt’s 70 1 : 70 80 0.09 9.82 –
VIb 88 Karstedt’s 80 1 : 70 82 0.09 – –

Tg, glass-transition temperature.
a In 1% solution of toluene, at 25�C.
b Interchain distances.
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temperature the activation energy of hydrosilyla-
tion reaction was calculated, which is equal to Eact �
16,1 kJ/mol.

We have also studied hydrosilylation reactions of
PMHS with 4-vinyl-1-cyclohexene in the presence of
platinum hydrochloric acid (0.1 M in THF) with 1 :
105 ratios of initial compounds (1 : 3 stoichiometric
ratio with respect to :SiAH bonds). In case of triple
excess of 4-vinyl-1-cyclohexene reaction proceeds
with � 92% conversion of active :SiAH bonds, this
results are close to the results in case of double
excess of 4-vinyl-1-cyclohexene. In the case of 1 : 140
ratio (1 : 4 stoichiometric ratio between initial com-
pounds with respect to :SiAH bonds) results in
99% conversion of active :SiAH bonds.

Hydrosilylation reactions of PMHS with 4-vinyl-1-
cyclohexene in the presence of platinum on the char-
coal at the same temperatures as in case of H2PtCl6
proceed with low rate and depth (� 50%). Because
of this Pt/C, we have chosen temperature range 80–
100�C. At 80�C conversion of active :SiAH bonds is
equal to 66% (oligomer V1) and at 100�C—87%
(oligomer V).

Hydrosilylation reactions of PMHS with 4-vinyl-1-
cyclohexene in the presence of Karstedt’s catalyst at
60�C proceed with high degree of conversion of
active :SiAH bonds—85% (oligomer VI), but the
activity of the catalyst is less than in case of H2PtCl6.

As we already mentioned above, during the
hydrosilylation reactions of PMHS with 4-vinyl-1-
cyclohexene, the decreases of active :SiAH groups’
concentrations with time were observed. Not all
active :SiAH groups participate in hydrosilylation
reactions in spite of the excess of 4-vinyl-1-cyclohex-
ene. Figure 3 shows the dependence of concentra-
tions of active :SiAH groups on time during
hydrosilylation reactions in the presence of different
catalysts.

Comparison was done for optimal conditions of
reactions, for H2PtCl6 and Karstedt’s catalysts it was
60�C, but for Pt/C it was 100�C, here, we want to
mention that in the presence of Pt/C at 60�C reac-
tion does not proceed. Figure 3 evidently shows the
influence of the catalysts on the reaction rate and on
conversion of active :SiAH groups. From the Fig-
ure 3, we can conclude that the activity of catalysts
for hydrosilylation reactions of PMHS with 4-vinyl-
1-cyclohexene decreases in the next rank: H2PtCl6 >
Karstedt’s catalyst > Pt/C.
Figure 4 shows FTIR spectra of oligomer I. From

the literature, it is known that hydrosilylation of 4-
vinyl-1-cyclohexene proceeds only with vinyl frag-
ment.18,25,26 In contrast to literature data,14 we have
established from FTIR spectra that hydrosilylation
of PMHS with 4-vinyl-1-cyclohexene proceeds also
with participation of unsaturated bond of cyclic
fragment. We observe absorption bands characteris-
tic for asymmetric valence oscillation of linear

Figure 2 Dependence of inverse concentration on the
time during the hydrosilylation reaction of methylhydrosi-
loxane to 4-vinyl-1-cyclohexene. Where, curve 1 is at 60�C,
curve 2 at 50�C, and curve 3 at 40�C.

Figure 3 Dependence of changes of concentration of
active :SiAH groups on the time, upon hydrosilylation
reaction of a,x-bis(trimethylsiloxy)methylhydrosiloxane
with 4-vinyl-1-cyclo-hexene, where curve 1 represents the
values obtained at 60�C with 1 : 70 ratio in the presence of
H2PtCl6, curve 2 represents the values obtained at same
conditions in the presence of Karstedt’s catalyst and curve
3 represents the values in the presence of Pt/C at 100�C.

Figure 4 FTIR spectrum of oligomer I.
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:SiAOASi: bonds at 1025 cm�1. In the 840 and
1257 cm�1 regions, we observe the absorption bands
characteristic for AOSiMe3 and :SiAMe accord-
ingly. Absorption band in the 1650 cm�1 region
characteristic for ACH¼¼CHA bonds of cyclic frag-
ment proves that reaction proceeds with substituted
vinyl group. In addition, we observe an absorption
band in the region 2165 cm�1 characteristic for un-
reacted :SiAH bonds. In the spectra, one can
observe signal in the 2846–2915 cm�1 region charac-
teristic for cyclohexane fragment, which proves that
reaction proceeds with participation of unsaturated
bond of cyclic fragment.

In Figure 5, we show 1H and H,H-Cosy NMR
spectrum of oligomer I, where one can observe sin-
glet signals for protons in :SiMe and SiMe3 groups
with chemical shifts d � 0.01 ppm and d �
0.03 ppm. In spectra, one can observe signals d �
0.45 and d � 1.2 ppm characteristic for methylene

protons accordingly in :SiCH2- and C6H9CH2- frag-
ments. This shows that reaction proceeds by partici-
pation of vinyl group. In the spectra, one can
observe signals with low intensities with chemical
shifts d � 0.8 and d � 1.35 ppm accordingly charac-
teristic for methyl protons and methine protons in
¼¼CHACH3 fragment. These two signals with low
intensities show that reaction proceeds according to
the Markovnikov rule with low degree. Signals with
chemical shifts d � 1.5, 1.7 and 2.0 ppm correspond
to methylene protons of cyclohexene. Signal with
centre of chemical shift d � 5.65 ppm corresponds to
ACH¼¼CHA methine protons of cyclic fragment. In
the spectra, one can observe multiple signals with
low intensities with the centre of chemical shifts d �
5.0 and 5.8 ppm characteristic for methylene and
methine protons of vinyl group, this proves that
hydride addition proceeds toward double bond in
the cyclic fragment.

Figure 5 1H and H,H-COSY NMR spectra of oligomer I.

Figure 6 13C and C,H-correlation NMR spectra of
oligomer I.
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13C and C,H-correlation NMR spectra of oligomer
I (Fig. 6) is in full correlation with 1H and H,H-
COSY NMR spectra of oligomer I and proves that
reaction proceeds according to anti-Markovnikov
and Markovnikov rule. In the 13C NMR spectra one
can observe signals d � 0.01 and d � 0.29 ppm char-
acteristic for carbon atoms in :SiMe and ASiMe3
fragments, signal d � 14.98 ppm for

:SiCH2A fragment, signal d � 25.68 ppm for
methine carbon in ¼¼CHACH3, also signals d �
126.91 and d � 127.32 ppm characteristic for methine
carbons of cyclic ACH¼¼CHA fragment. In the spec-
tra, one can also observe signals d � 28.94, 30.01,
30.10, 31.98, and 36.68 ppm for methine and methyl-
ene carbon atoms of cyclic fragment. C,H-correlation
NMR spectra of oligomer I is in full correlation with
1H NMR and 13C NMR spectrum data.

Determination of the ratio of the fragments
obtained from the anti-Markovnikov and Markovni-
kov rules, and also from hydride addition with dou-
ble bond of cyclic fragment, is not available, because
the spectra have complicated structure.

We have performed calculations using a quantum-
chemical semi empirical AM1 method27 for modeling
reaction between methyldimethoxysilane [Me(MeO)2-
SiH] and 4-vinyl-1-cyclohexene for full characterization
of hydride addition of PMHS to 4-vinyl-1-cyclohexene
using software Chem3D Ultra 9.0 from Cambridge
Soft. Calculations were carried out according to the
method discussed by us in our previous work.28

We have considered the hydrosilylation of [Me
(MeO)2SiH] with 4-vinyl-1-cyclohexene on vinyl
group according to anti-Markovnikov and Markov-
nikov rules and also hydrosilylation with double
bond of the cyclic fragment.

First, we have made calculations of the hydrosilyla-
tion reaction of modeling compound methyldimethox-
ysilane [Me(MeO)2SiH] with 4-vinyl-1-cyclohexene

according to the anti-Markovnikov and Markovnikov
rule. The modeling reaction proceeds according to the
following Scheme 5 with formation of compound VII
and VIII, respectively:
The distance RC-Si between the double bonded car-

bon atoms C8 or C7 and silicon was assumed 1.0 Å
longer than the bond length as expected in the prod-
uct. The change of the distance RC-Si between the
atom of silicon and the double bonded carbon atom
was about 0.05 Å. The change of energy (DH) calcu-
lated from AM1 as a function of the distance RC-Si is
presented in Figure 7 (curves 1 and 2).
We have also considered the hydrosilylation reac-

tion of modeling compound methyldimethoxysilane
[Me(MeO)2SiH] with 4-vinyl-1-cyclohexene toward
ACH¼¼CHA double bond in the cyclic fragment.
Here, we want to mention that from the literature

Scheme 5 Modeling hydrosilylation reaction of methyldimethoxysilane with 4-vinyl-1-cyclohexene according to the anti-
Markovnikov and Markovnikov rule.

Figure 7 The change of energy (DH) as a function of the
distance RC-Si between silicon and double bonded carbon
atoms in modeling hydrosilylation reaction of methyldime-
thoxysilane with 4-vinyl-1-cyclohexene according to anti-
Markovnikov rule (curve 1) and Markovnikov rule (curve 2).
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this direction is considered as not available. The
model reaction proceeds according to the following
Scheme 6 with formation of compound IX.

The curve of the change of energy (DH) calculated
from AM1 as a function of the distance RC-Si was
done according to above considered method and it
is presented in Figure 8.

It must be noted that activation energies and heats
of formation in modeling reaction of hydrosilylation
of methyldimethoxysilane to 4-vinyl-1-cyclohexene
during 2-1 addition approximately is the same.

Using the modeling reactions, we have calculated
activation energies Eact and the heats of formation
(DH) of the hydrosilylation products. One can observe
that DH monotonously decreases with decreasing dis-
tance while strengthening of newly formed bonds
takes place. Activation energies for the modeling reac-
tions were calculated from the difference of the
maxima and the initial points from Figures 7 and 8.
Table II presents activation energies and heats of for-
mations for all three directions.

Comparison of activation energies and heats of for-
mations shows that reaction may proceed according
to all three directions. Energetically most favourable
directions for modeling hydrosilylation reaction of
methyldimethoxysilane with 4-vinyl-1-cyclohexene

can be listed in descending order as follows: anti-Mar-
kovnikov rule, Markovnikov rule, and reaction with
double bond of cyclic fragment. The results of theoret-
ical calculations are in good agreement with NMR
spectral data.
The synthesized oligomers were studied by GPC

method. Figure 9 shows the molecular weight distri-
bution of oligomer III. From which it is evident that
oligomer III has bimodal molecular weight distribu-
tion. Its molecular weight is equal to: Mn � 1,36 �
104, Mx ¼ 2,51 � 104, D ¼ 1.85.
As it is obvious, the average molecular weights of

synthesized oligomers several times exceed theoreti-
cal values of molecular weights calculated in case of
full hydrosilylation. It indicates that during inter-
molecular hydrosilylation reaction branching process
also takes place.
It must be noted that oligomer III additionally was

heated for 4–5 hours at 80�C temperature and at this
time the inter-molecular hydrosilylation takes place
and in organic solvents practical insoluble polymer is
obtained. Thus, synthesized oligomers are thermoreac-
tive systems where cross-linking reactions proceeds
with participation of the catalyst remainder in system.
Synthesized oligomers were investigated by DSC

analyses. For oligomer I, there is only single endo-
thermic peak which corresponds to the glass

Scheme 6 Modeling hydrosilylation reaction of methyldi-
methoxysilane with 4-vinyl-1-cyclohexene at 1-2 position.

Figure 8 The change of energy (DH) as a function of the
distance RC-Si between silicon and carbon atoms in model-
ing hydrosilylation reaction of methyldimethoxysilane
with 4-vinyl-1-cyclohexene toward double bond in the
cyclic fragment.

Figure 9 Gel-permeation chromatographic curves of
oligomer III.

TABLE II
Heats of Formations and Activation Energies for

Modeling hydrosilylation Reaction of
Methyldimethoxysilane with 4-vinyl-1-Cyclohexene

Reaction direction

Heat of
formation,
DH kJ/mol

Activation
energy,

Eact kJ/mol

Anti-Markovnikov rule �172.0 136.7
Markovnikov rule �166.6 142.7
Hydrosilylation towards
the double bond of cyclic
fragment (1–2 addition)

�164.2 149.0
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transition temperature and is equal to Tg � �57�C.
Glass transition temperature of the oligomer I is
close to the value of glass transition temperatures of
the products of hydrosilylation reactions of PMHS
with styrene (�50�C), a-styrene (�56�C).24

We have performed wide-angle X-ray scattering
analysis for obtained oligomers. It was shown that
the oligomer I is one-phase amorphous system. Dif-
fraction patterns display two maxima. The main one
corresponds to the maximum of the interchain dis-
tance d1 whereas the second maximum corresponds
to d2, which characterizes both intramolecular and
interchain interactions.29

CONCLUSION

Hydrosilylations of a,x�bis(trimethylsiloxy)methyl-
hydrosiloxane with 4-vinyl-1-cyclohexene in the
presence of a catalyst were performed at various
temperatures and thermoreactive methylsiloxane
oligomers with unsaturated side groups in the side
chains have been obtained. It was shown that the
reaction proceeds according to anti-Markovnikov
rule, Markovnikov rule, and with double bond of
cyclic fragment.

The synthesised oligomer I was used for prepara-
tion of siliconorganic rubbers, it gives cross linked
systems during heating without addition of catalysts.
The obtained oligomer contains reactionable unsatu-
rated bonds and after addition of 3–5 mass % of sul-
phur and heating it easily gives 3D structures.
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