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ABSTRACT: The hydrosilylation reaction of �,�-bis(trim-
ethylsiloxy)methylhydridesiloxane to styrene and �-methyl-
styrene in the presence of the catalyst platinum hydrochloric
acid (a 0.1M solution in tetrahydrofuran) at a 1:35 ratio of
initial compounds at various temperatures (80–90°C) was
investigated, and methylsiloxane oligomers with aryl-sub-
stituted groups in the side chain were obtained. Complete
hydrosilylation of all active 'SiOH groups did not take
place. The hydrosilylation reaction order, activation ener-
gies. and rate constants were determined. The synthesized
oligomers were characterized by 1H, 13C, and IR spectral
data. For the full characterization of the hydride addition of
methylhydridesiloxane to styrene by the quantum-chemical
half-empiric Austin Model 1 (AM1) method for all initial,

intermediate, and final products, in the modeling of the
hydrosilylation reaction of methyldimethoxysilane to sty-
rene, the heats of formation, energy changes of the system
depending on the change of distance between 'COSi'
bonds, and the charge values on the atoms, dipole moments,
and bond orders were calculated. The synthesized oligomers
were characterized by gel permeation chromatography, dif-
ferential scanning calorimetry, thermogravimetric analysis,
and wide-angle X-ray diffraction. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 388–394, 2006
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INTRODUCTION

In the literature, there are known hydride addition
reactions of organohydridechloro(flour)silanes with
styrene in the presence of a Speier catalyst1–3 and Pt/C
(on the carbon-adsorbed platinum).4–6 There are vary-
ing opinions about the direction of hydride addition
reactions of organohydridechlorosilanes with styrene,
including that the reaction proceeds according to the
Farmer rule or according to the Markovnikov rule.
The steric and inductive effects of the displaced
groups considerably influence the reaction direction.

In the literature, it has been shown that styrene is
especially active in hydrosilylation reactions, pro-
cesses that frequently proceed at room temperature; as
catalysts, compounds of Pt, Pd, Rh, and Ni are often
used. Depending on the type of the silanes used, the
addition of hydrosilanes can occur both � , and � to
the double-bonded carbon:7,8

where R � R� � R� and R � R� � R�.

Musolf and Speier9 investigated the interaction of
phenyl alkenes with the general formula
Ph(CH2)nCHACH2 or PhCHACH(CH2)nH (where n
� 0–4) with various hydrosilanes in the presence of
H2PtCl6:

In both cases, the reaction proceeded with the forma-
tion of two products: A and B. The quantity ratio of
these products depended on the nature of the olefins
and groups attached to silicon in the hydrosilanes.

The hydrosilylation reaction of triethoxysilane to
styrene in the presence of Karstedt’s catalyst has also
been investigated.10 It was established that the reac-
tion proceeded according to two directions with the
formation � and � isomers. The ratio between prod-
ucts was about 39:61:

Chernishev et al.11 investigated the reaction abilities
of fluoroarylsilanes. They established that fluoroaryl-
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silanes formed both products of hydrosilylation, basi-
cally � isomers, and in the case of fluorodiphenyl-
silanes, identical quantities of � and � isomers were
formed. During these processes, the field effect and
steric effects played significant roles. Fluorohy-
drosilanes, in comparison with chloroderivatives,
have a higher reactionary ability.11 In case of m-nitro-
styrene, it can be reduced to aminostyrene. The re-
placement of alkyl-substituted groups by aryl groups
causes the slowing of the process rate, and the reaction
basically proceeds in the direction of reduction. In the
case of the addition of triphenylsilane, the reaction
proceeds completely in the reduction direction:12

Significant studies were carried out by Reikhsfield
and Astrakhanov.13,14 They investigated the kinetic
regularity of the hydrosilylation of different hy-
drosilanes to arylalkenes (XC6H4CHACH2) in the
presence of platinum complexes.

Researchers15,16 have carried out the hydrosilyla-
tions of chlorophenyl, phenyldicyclohexyl, butyl, and
isoamilsilane to �-methylstyrene in the presence of
H2PtCl6 � 6H2O (a 0.1M solution in tetrahydrofuran).
In all cases, addition occurred to the final carbon atom,
and monoaddition products were predominantly ob-
tained. The kinetic investigation of the hydrosilylation
reaction of phenylsilane and isoamilsilane with
�-methylstyrene at various temperatures in the pres-
ence of H2PtCl6 � 6H2O (a 0.1M solution in tetrahydro-
furan) was carried out. It was concluded that the
reaction proceeded faster when the positive charges
on the silicon atom and the electronic density of the
double bond were greater.

EXPERIMENTAL

The starting materials for the synthesis of methylarylsi-
loxane oligomers were �,�-bis(trimethylsiloxy)methyl-
hydridesiloxane styrene and �-methylstyrene.

Theinitial�,�-bis(trimethylsiloxy)methylhydridesil-
oxane with a degree of polymerization of approxi-
mately 35, styrene, and �-methylstyrene were re-
ceived from Fluka. The organic solvents were cleaned
by drying and distillation.

IR spectra of all samples were taken on an UR-20
instrument (Zeiss) from KBr pellets, whereas the 1H
and 13C-NMR spectra were taken on a Perkin-Elmer
R34 spectrometer instrument at an operating fre-
quency of 250 MHz. All spectra were obtained with
the use of CDCl3 as the solvent and internal standard.
A Perkin-Elmer DSC-2 differential scanning calorime-
ter was used for thermogravimetric analysis, and the
thermal transitions [glass-transition temperatures

(Tg’s)] were read at the maximum endothermic or
exothermic peaks. Heating and cooling scanning rates
were 10°C/min.

Gel permeation chromatography investigation was
carried out with the use of a Waters model 6000A
chromatograph with an R 401 differential refractome-
ter detector (Milford, MA, USA). The column set com-
prised 103 and 104 Å Ultrastyragel columns. The sam-
ple concentration was approximately 3 wt % in tolu-
ene, and the typical injection volume for the siloxanes
was 5 �L. Standardization of the gel permeation chro-
matograph was accomplished with the use of styrene
or polydimethylsiloxane (PDMS) standards with the
known molecular weight.

Wide-angle X-ray diffractograms were taken on a
DRON-2 instrument (Burevestnik, Saint Petersburg,
Russia). Cu K� was measured without a filter, the
angular velocity of the motor was approximately 2°/
min.

Hydrosilylation reaction of �,�-
bis(trimethylsiloxy)methylhydridesiloxane to
styrene

The hydrosilylation reaction was carried out in a
three-necked flask equipped with a tube for a catalyst
inlet, reflux condenser, inert gas carrier tube, and me-
chanical stirrer.

The reaction products [0.9768 g (0.49 mmol) �,�-
bis(trimethylsiloxy)methylhydridesiloxane and 1.5533
g (0.0149 mol) styrene] and 5.4 mL of dry toluene were
placed into the flask and thermostated in an oil bath
until a constant temperature of 90°C was reached.
Then, the catalyst [a 0.1M solution of platinum hydro-
chloric acid in tetrahydrofuran (5–9 � 10�5 g/1.0 g of
starting substance] was introduced. The percentage of
active 'SiOH was determined by the Chugaev–Cer-
evetinov method during the reaction. After the reac-
tion finished, the solvent was partially eliminated, the
reaction product was precipitated from a toluene so-
lution by n-hexane, and 2.36 g (91%) of oligomer I1

was obtained. The hydrosilylation reaction with
�-methylstyrene and styrene at various temperatures
(80 and 85°C) was carried out by the aforementioned
method.

RESULTS AND DISCUSSION

From literature, it is known that the insertion of vari-
ous heteroatoms or cyclic fragments in the linear dim-
ethylsiloxane backbone breaks the spiral structure of
the PDMS chain and changes the physicochemical
indices and thermooxidative stability of the copoly-
mers.17 The insertion of more rigid phenyl fragments
in the main PDMS backbone hinders the depolymer-
ization processes of the polymeric chain, which is
accompanied by a release of cyclic Dn-type dimethyl-
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cyclosiloxanes ([Me2SiO]n’s). Such polymers are char-
acterized by higher thermooxidative stabilities. The
increased thermooxidative stability of the copolymers
may be explained by the presence of phenyl groups
with high resistances to oxidation and with inhibiting
effects on the oxidation of methyl groups.18,19

The aim of our study was, by means of the modifi-
cation reaction of methylhydridesiloxane, the synthe-
sis of new organosilicone oligomers with various aryl
groups in a side chain. As starting materials, �,�-
trimethylsiloxymethylhydridesiloxane, styrene, and
�-methylstyrene were used.

For the purpose of the synthesis of linear organo-
silicone monomers with aryl side groups, the hydrosi-
lylation reaction of �,�-trimethylsiloxymethylhy-
dridesiloxane (degree of polymerization � 35) to sty-
rene and �-methylstyrene were studied.

Through the preliminary heating of the initial com-
pounds in the temperature range 80–90°C in the pres-
ence of the catalyst, we established that in these con-
ditions, polymerization, the elimination of hydrogen,
and other changes in the initial compounds did not
take place.

Hydrosilylation reactions at a 1:35 molar ratio in the
presence of platinum hydrochloric acid as a catalyst at
various temperatures (80, 85, and 90°C) in an abso-
lutely dry toluene solution (C (concentration of solu-
tion) � 0.15 mol/L) were studied. The course of the
reaction was observed by the decreasing amount of
active 'SiOH groups.

We established that during the hydrosilylation re-
action, all active'SiOH groups did not react. Figure
1 shows the dependence of the changes in concentra-
tion of the active 'SiOH group on time in the hy-
drosilylation reactions of �,�-bis(trimethylsiloxy)m-
ethylhydridesiloxane to styrene (80, 85, and 90°C) and
�-methylstyrene (90°C).

As shown in Figure 1, with increasing temperature
during the hydrosilylation of methylhydridesiloxane

to styrene, the conversion of active 'SiOH groups
increased from 77% (curve 4) to 95% (curve 1). In case
of �-methylstyrene, the conversion of active 'SiOH
groups at 90°C was 80%. The low depth of the hy-
drosilylation reaction may have been due to steric
effects evoked by methyl groups in �-methylstyrene.

The hydrosilylation reactions of �,�-bis(trimethylsi-
loxy)methylhydridesiloxane to styrene and �-methyl-
styrene generally proceeded according to Scheme 1, in
which [(a) �(b)](c) � m � 35; RAH (I1 � 80°C; I2

� 85°C; I � 90°C); Me (II � 90°C).
The hydrosilylation reaction mainly proceeded rap-

idly in the first hours, and then, the reaction pro-
ceeded at a low rate. Transparent oligomers with �sp
� 0.07–0.09 that were well soluble in aromatic types of
organic solvents were obtained. By functional and
elementary analysis and by IR, 1H-NMR, and 13C-
NMR spectral data, the composition and structure of
the obtained oligomers were established. Some phys-
icochemical properties and yields of synthesized oli-
gomers are presented in Table I.

In the IR spectra of the synthesized oligomers at
2160–2165 cm�1, we observed absorption bands char-
acteristic for unreacted'SiOH bonds. This indicated
that during hydrosilylation, the conversion of all ac-
tive 'SiOH groups did not take place. In the IR
spectra of the oligomers, we observed characteristic
bands for the asymmetric valence oscillation of the
linear 'SiOOOSi' bonds at 1020 cm�1 and charac-
teristic bands for'SiOMe andOSiMe3 bonds at 1275
and 840 cm�1, respectively. In the spectra, we ob-
served characteristic bands for monosubstituted ben-
zene rings in the ranges 720, 1490–1600, and 3030–
3070 cm�1. Absorption bands at 1130 and 1435 cm�1

indicated the presence of phenyl groups.
In the 1H-NMR spectra of oligomer I (Fig. 2), we

observed a singlet signal of protons in the methyl
groups in the 'SiOMe, OSiMe3 fragment with a
chemical shift of � � 0.1 and � � 0.3 ppm, and a
broadened signal of protons in the OCHOCH3 frag-
ment with a chemical shift of � � 0.8 ppm. Also, we
observed a broadened signal of methylene protons in
the 'SiOCH2O fragment with a chemical shift of �
� 1.2 ppm, which indicated that the hydride addition
reaction also proceeded according to the Markovnikov
rule. In the 1H-NMR spectra, we also observed a low-
intensity signal with the center of the chemical shift at

Scheme 1 Hydrosilylation reactions of �,�-bis(trimethylsi-
loxy)methylhydridesiloxane to styrene and �-methylsty-
rene.

Figure 1 Dependence of the changes in concentration of
active 'SiOH groups on time in the hydrosilylation reac-
tion of �,�-bis(trimethylsiloxy)methylhydridesiloxane to
styrene and �-methylstyrene, where curves 1, 2, and 4 cor-
respond to the hydride addition of methylhydridesiloxance
to styrene at 90, 85, and 80°C, respectively, and curve 3
corresponds to the hydride addition of methylhydridesilox-
ane to �-methylstyrene at 90°C.
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� � 4.3 ppm, which characterized the unreacted
'SiOH bonds. The results of the 1H-NMR spectra
together with the IR spectral data indicated the vari-
ous linked structures of the synthesized oligomers.

In the 1H-NMR spectra, we also observed a broad-
ened signal in a low field with the center of chemical
shift at � � 2.6 ppm, which was characteristic for
protons in the methylene group in the PhOCH2 frag-
ment. In the spectra, we observed a multiplet signal
characteristic of protons of the phenyl group in the
range � � 6.7–7.4 ppm. The ratio of isomers obtained
according to the Farmer and Markovnikov rules was
about 1.2:1.

In the 13C-NMR spectra of oligomer I (Fig. 3), we
observed a signal with a chemical shift at � � 21.9
ppm. which was characteristic of the carbon of the
methylene group attached with silicon ('SiOCH2O);
a signal with a chemical shift at � � 30.9 ppm, which
was characteristic of the carbon of the methylene
group in the PhOCH2 fragment; a signal at � � 29.4
ppm, which was characteristic for methine (CH)
groups in the CHOCH3 fragment; and a signal at �
� 15.2 ppm, which was referred to as the carbon of the
methyl group in the CHOCH3 fragment.

The 1H-NMR spectra of oligomer II (Fig. 4) con-
tained singlet signals of the protons of the methyl
group in the'SiOMe,OSiMe3 fragments with chem-

ical shifts of � � 0.1 and 0.3 ppm and a broadened
signal of the protons of the methylene group in the
'COCH3 fragment, with a chemical shift of � � 1.0
ppm. In this spectrum, we also observed a broadened
signal of methyl protons in theOSiOCH2O fragment
with a chemical shift of � � 1.3 ppm.

We also observed a wide signal of methyl protons in
the ACHOCH3 fragment with a chemical shift of �
� 1.3 ppm and a broadened signal with a center of �
� 3.0 ppm, which was characteristic for protons of the
CH group in the same fragment. The results of the
1H-NMR spectra indicate that the hydride addition
reaction proceeded according to the Farmer and
Markovnikov rules.

The 13C-NMR spectra of oligomer II (Fig. 5) was in
complete agreement with 1H-NMR spectral data. In
the spectra, we saw a resonance signal for the carbon
nucleus of the methylene group ('SiOCH2O) at the
silicon atom with the center of the chemical shift at �
� 34.5 ppm; a resonance signal with the center of the
chemical shift at � � 26.8 ppm, which was character-
istic for the carbon nucleus of methine groups in the
PhOCH fragment; a signal with the center at � � 25.1
ppm, which was characteristic for the methyl groups

Figure 3 13C-NMR spectrum of oligomer I.

TABLE I
Some Physicochemical Properties and Yields of Synthesized Oligomers

Oligomer
Reaction temperature

(°C) Yield (%) �sp
a

Mw � 10�3,
Mn � 10�3, and D Tg (°C)

d1
(Å)b

5% mass
losses

I1 80 91 0.07 — �65 — —
I2 85 92 0.07 — — — —
I 90 94 0.09 15.94 �50 8.52 280

5.10
3.03

II 90 91 0.07 34.21 �56 8.48 275
9.75
3.51

a In a 1% solution of toluene at 25°C.
b d1 is inter-chain distance.

Figure 2 1H-NMR spectrum of oligomer I.
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in the CHOCH3 fragment; and a signal at � � 19.6
ppm, which was characteristic for the carbon nucleus
of the methyl group in the AC(CH3)2 fragment. This
indicated that the hydride addition of methylhydride-
siloxane to �-methylstyrene proceeded by both the
Farmer and Markovnikov rules.

For the full characterization of the hydride addition
of methylhydridesiloxane to styrene by the quantum-
chemical semiempiric AM1 method20 in modeling re-
action of the hydrosilylation of methyldimethoxysi-
lane to styrene, for all of the initial, intermediate, and
final products, we calculated the heats of formation
(	Hf’s), energy changes (	H’s) of the system depend-
ing on the change of distance (R) between 'COSi'
bonds (RC–Si), and the charge values on the atoms,
dipole moments, and bond orders (Pij). The catalyst
and solvent effects were not provided for the calcula-
tions.

First, we considered the hydride addition of the mod-
eling compound methyldimethoxysilane [Me(MeO)2
SiH] to styrene according to the Farmer rule. The reac-
tion of the hydride addition by the Farmer rule pro-
ceeded according to Scheme 2 with the formation of
compound III.

In styrene, RC8–Si was taken as about 1.0 Å more
than the bond length, as expected in the product.

The change step of RC–Si between silicon and the
double-bonded carbon atom C8 was about 0.05 Å. The
dependence of 	H of the system on RC–Si is presented
in Figure 6.

As shown in Figure 6, at approximations of silicon
to carbon C8 up to RC–Si � 2.25 Å, the system energy
rose. At the same time, Pij between carbons C8 and C7
in the styrene molecule decreased from 1.922 to 1.640.
PH–Si also decreased (RSi–H � 0.888–0.693), and for the
modeling compound methyldimethoxysilane, the for-
mation of new bonds (PC–Si � 0.017–0.127 and PC–H
� 0.002–0.099) was observed. For R values up to 2.20
Å, the system energy sharply decreased, the CAC
bond passed in an ordinary COC bond (PC–C � 1.004),
and PC8–Si reached 0.861. Thus, the hydrogen was com-
pletely eliminated from silicon (PSi–H � 0.011) and
attached to carbon atom C7 (PC–H � 0.918).

With the consecutive reduction of distances, the
system energy monotonously decreased and, with
strengthening, formed new bonds. 	Hf of the hydrosi-
lylation product (	Hf � �595.4 kJ/mol) had a good
correlation with the 	Hf (	H � �601.2 kJ/mol) of
compound III obtained by the hydride addition of
methyldimethoxysilane to styrene according to the
Farmer rule. The activation energy (Eact) of the mod-
eling reaction proceeding by Farmer rule was equal to
89.6 kJ/mol.

The modeling hydrosilylation reaction of methyldi-
methoxysilane to styrene according to the Markovni-
kov rule was also considered. The modeling reaction
proceeded according to Scheme 3 with the formation
of compound IV.

In Figure 7, the dependence of 	H of the system on
RC7–Si is presented. Similarly, the aforementioned
RC7–Si was taken as about 1.0 Å more than the bond, as

Figure 4 1H-NMR spectrum of oligomer II.

Figure 5 13C-NMR spectrum of oligomer II.

Scheme 2 Modeling reaction of the hydride addition of
methyldimethoxysilane to styrene according to the Farmer
rule.

Figure 6 Dependence of 	H on RC8–Si during the modeling
of the hydride addition reaction of methyldimethoxysilane
to styrene according to the Farmer rule.
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expected in a product. The change step of RC–Si be-
tween the silicon atom and double-bonded carbon C7
was about 0.05 Å

As shown in Figure 7, at approximations of silicon
to carbon C7 up to RC–Si � 2.00 Å, the system energy
rose. At the same time, PC7–C8

in the styrene molecule
decreased from 1.894 to 1.556. PH–Si also decreased
(RSi–H � 0.877–0.669), and in methyldimethoxysilane,
the formation of new bonds (PC–Si � 0.016–0.197 and
PC–H � 0.011–0.065) was observed. For R values up to
1.95 Å, the system energy sharply decreased, the dou-
ble CAC passed in ordinary COC bond (PC–C
� 1.006), and PSi–C7 reached 0.794. Thus, the hydrogen
was completely eliminated from silicon (PSi–H � 0.019)
and attached to carbon C8 (PC–H � 0.932).

With the consecutive reduction of distances, the
system energy monotonously decreased and, with
strengthening, formed new bonds. 	Hf of the product
of hydride addition (	Hf � �448.4 kJ/mol) had a
good correlation with 	Hf (	H � �454.2 kJ/mol) of
compound IV obtained by the hydride addition of
methyldimethoxysilane to styrene according to the
Markovnikov rule. Eact of the modeling reaction pro-
ceeding by the Markovnikov rule was equal to 156.4
kJ/mol.

Thus, with the comparison of the 	Hf values of
compounds III and IV, Eact’s, and also of Figures 6
and 7 (the character of the curves of 	H and the Pij

values), we concluded that the course of modeling the
hydrosilylation reaction of methyldimethoxysilane to
styrene energetically was more favorable by the
Farmer rule, which was in agreement with the NMR
spectral data, but the difference was closely approxi-
mated (Farmer rule:Markovnikov rule � 1.2:1).

In Figure 8, the dependence of the reverse concen-
tration on the time of the hydrosilylation reaction of
methylhydridesiloxane to styrene is presented. The
hydrosilylation reaction at the initial stages was sec-
ond order. The hydrosilylation reaction rate orders
(k’s) at various temperature were calculated as k90°C
� 3.0797 � 10�2, k85°C � 2.3007 � 10�2, and k80°C
� 1.6781 � 10�2 l/mol/l s.

From the dependence of the reverse temperature on
the logarithm of the rate constants, Eact of the hydrosi-
lylation reaction was found to be approximately 66.7
kJ/mol.

The synthesized oligomers were studied by gel per-
meation chromatography. Oligomers I and II had bi-
modal molecular weight distributions. For the synthe-
sized oligomers, the average molecular masses were
determined. For oligomer I, the weight-average mo-
lecular weight (Mw) was approximately 1.59 � 104, the
number-average molecular weight (Mn) was approxi-
mately 5.17 � 103, the z-average molecular weight
(Mz) was approximately 2.913 � 104, and the polydis-
persity was 3.08. For oligomer II, Mw was approxi-
mately 3.42 � 104, Mn was approximately 9.75 � 103,
Mz was approximately 1.18 � 105, and the polydisper-
sity was 3.51.

As shown in Table I, the molecular masses we found
exceeded the calculated molecular masses by three to six
times. The increased molecular masses proved that dur-
ing the hydrosilylation reaction, branched oligomers
were obtained. The production of branching systems
may have proceeded with the participation of residual
'SiOH groups in intermolecular crosslinking reactions
with the production of 'SiOOOSi' and 'SiOSi'
bonds, which was discussed earlier.21,22

With differential scanning calorimetry, we charac-
terized the oligomers with one endothermic peak,
which corresponded to Tg. For oligomer I, Tg was
approximately �50°C, and for oligomer II, Tg was
approximately �56°C.

Thermogravimetric investigations of the synthe-
sized oligomers were carried out. For oligomers. mass
losses at 250°C were not observed, whereas the un-
blocked PDMS polymer was completely destroyed in
the temperature range 270–280°C.7 Mass losses of 5%
were observed at about 350°C; the main destruction
process proceeded from 400°C. The modification effect
induced by the insertion of aryl fragments in the dim-
ethylsiloxane chain increased the thermooxidative sta-
bility of the synthesized oligomers.
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