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Summary: The reaction of hydride polyaddition of methylhydridesiloxane and

methylhydridesiloxane-dimethylsiloxane oligomers to unsaturated carbocyclic com-

pound - tricyclodecadiene, at the various ratio of initial compounds, in the presence

of platinum hydrochloric acid has been investigated. It was shown that hydrosilyla-

tion reaction proceeds both to 1.2 and 9.10 positions and by intermolecular with

formation of branching systems. The polyorganosiloxanes with tricyclodecenyl

fragment in the side chain, completely soluble in organic solvents were synthesized.

For fully characterization of hydride addition of methylhydridesiloxane to tricyclo-

decadiene, by quantum-chemical half empiric AM1method, for all initial, intermediate

and final products, in modelling reaction of hydrosilylation of methyldimethoxysilane

to tricyclodecadiene, the heats of formations (DHf), change of energy (DH) of

the system depending on the change of distance (RC-Si) between ���C-Si��� bonds,

also the charges values (q) on the atoms, dipole moments (m) and bonds orders (Pij)

are calculated. It was concluded, that the course of hydride addition of modelling

reaction of methyldimethoxysilane to tricyclodecadiene energetically is more favour-

able by 9.10-addition. The hydride polyaddition reaction order, activation energies

and rate constants were found. The synthesized oligomers were characterized by
1H and 13C NMR, FTIR, thermogravimetry, gel permeation chromatography, differential

scanning calorimetry and wide angle X-ray methods.
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Introduction

The properties of siliconorganic polymers

depend on the structure of a macromole-

cular chain and of the nature of the surroun-

ding organic groups at silicon atom.[1]

Therefore it’s evident that effective

methods of synthesis of new type siliconor-

ganic co-polymers with complex’s valuable

properties attach a great importance. Parti-

cularly the synthesis of polyorg-anosiloxanes

with un-saturating surrounding groups at

silicon atom, for receiving of siliconorganic

rubbers[2] and for modification carbo chain

polymers[3] is very interesting.

Macromolecular grafting is a synthetic

approach that involves the functionaliza-

tion of a preformed polymer backbone

containing reactive groups with an appro-

priate reagent. There is an increasing

interest in catalytic grafting of polyhydro-

siloxane as to an alternative route for the

synthesis of organic-inorganic hybrid poly-

mers, owing to the complexities involved in

direct generation of well-defined linear

hybrid polymers.[4] Besides the process of

equilibration, the hydrosilylation process is

the most widely used method of preparing

organofunctional polymethylsiloxanes start-

ing from poly(methylhydro)siloxanes.[5,6]

From this point of view the chemical

modification reactions of poly(methylhy-

dro)siloxanes are very interesting. In lit-
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erature the modification reactions of the

linear polymethylvinylsiloxanes with cyclo-

pentadiene groups is known.[7] In this case

the synhesized polymers are characterized

with higher reaction ability for vulcaniza-

tion and thermal-oxidative stability.

From literature[8] it’s known, that elec-

trophilic addition of monomer type methyl-

hydrochlorosilanes to tricyclodecadiene in

the presence of Spier catalyst proceeds both

to 9.10 and 1.2 addition depending on the

nature and amount of organic groups at

silicone atoms, according to the following

Scheme:

Where: R¼R0 ¼R00 ¼Alk, Ar; R 6¼R0 6¼
R00 6¼Alk, Ar; R00 ¼CI.

By the authors[9] it was shown that using

in this reactions such catalysts as Rh4(CO)12
or Co2(CO)8 the hydrosilylation proceeds

selective mainly via 9,10-addition, without

obtaining isomeric adducts.

Experimental Part

Materials and Techniques

The starting materials for the synthesis of

thermo reactive comb-type methylorgano-

siloxane oligomers with functional groups

in the side chain were a,v–bis(trime-

thylsiloxy)methylhydrosiloxane and tricy-

clodecadiene.

The initial a,v–bis(trimethylsiloxy)

methylhydridesiloxane with degree of poly-

merization �m� 30, 53 and a,v–bis

(trimethylsiloxy)methylhydridesiloxane-

dimethylsiloxane oligomer with degree of

polymerization �m� 33, n� 23 tricyclode-

cadiene and catalyst H2PtCl6 were obtained

from Sigma-Aldrich and used as received.

The organic solvents were cleaned by

drying and distillation.

The organic solvents were cleaned by

drying and distillation. The purity of initial

tricyclodecadiene was controlled by its

boiling temperature and refraction indexes.

The purity of the starting compounds was

controlled by gas-liquid chromatography

‘‘LKhM-8 MD’’, (Russian model) phase

SKTF-100 (10%), the NAW chromosorb,

carrier gas He, the 2M column.

FTIR spectra were obtained on Nicolet

Nexus 470 with MCTB detector. 1H and
13C spectra were recorded on AC-250

spectrometer at 250 MHz in the solution

of deuterium solvents as solvent and

internal standard.

Thermogravimetric analysis was per-

formed on a Perkin-Elmer TGA-7 the

thermogravimetric analyser at �108C/min.

Differential scanning calorimetric analysis

was performed on a Perkin-Elmer DSC-7.

Heating and cooling scanning rates were

�5C/min.

Gel-permeation chromatography (GPC)

investigations were performed using of

Waters Model 6000A chromatograph with

an R 401 differential refractometer detec-

tor. The column set comprised 103 and 104

Å Ultrastyragel columns (Waters, USA).

Sample concentration was approximately

3% by weight in toluene; a typical injection

volume for the siloxane was 5 mL. Stan-

dardization of the GPC was accomplished

by the use of styrene or polydimethylsilox-

ane standards with the known molecular

masses.

Wide-angle X-ray diffractograms were

taken on a DRON-2 (Burevestnik, Saint-

Petersburg, Russia) instrument using

A-CuK( radiation. The values were mea-

sured without a filter, and the angular

velocity of the motor was �2 deg/min.

Hydride Addition of Methylhydrosiloxane

to Tricyclodecadiene (TCD)

The hydrosilylation was carried out in the

three-necked flask equipped with stirrer

and reflux condenser with calcium chloride

tube. The initial reagents, a,v–bis
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(trimethylsilyl)methylhydrosiloxane and

tricyclodecadiene were placed in the flask

and thermostated in an oil bath until

constant temperature was achieved. As a

catalyst 0.1 M solution of platinum hydro-

chloric acid in tetrahydrofuran (5� 10�
10�5 g per 1 g of the starting substance) was

used. The reaction was performed in the

argon atmosphere in the presence of

toluene at temperature region 60� 90 8C.
Then the reactionmixture was connected to

the vacuum (P¼ 1� 2 mmHg) and the

toluene and unreacted TCD was removed

in the temperature range 40–50 8C under

the vacuum.

Results and Discussion

In literature there is some information of

receiving tricyclodecenyl containing alkyl

siloxanes by hydrosilylation of TCD by

hydrideorganochlorosilanes in the presence

of platinum hydrochloric acid,[7] in the

presence cobalt and rhodium carbonyls.[8]

It’s known the polycondensation type

organo-inorganic copolymers with tricyclo-

decenyl groups in the chain.[9] These above

mentioned copolymers with unsaturated

fragments in the chain by practical stand-

point are very interesting systems, because

they contain unsaturated bonds, which give

us possibility to change the properties of

obtained siliconorganic elastomers in a

wide range.

Preliminary heating of initial compounds

in the temperature range of 60� 90 8C in the

presence of catalyst, showed that in these

conditions polymerization of tricyclodeca-

diene, break in siloxane backbone, or eli-

mination of methane do not take place.

Besides, there are no changes in the NMR

and FTIR spectra of TCD and methylhy-

drosiloxanes. By gas-liquid chromatogra-

phy it was established that the polymeriza-

tion of TCD in this condition does not

proceed.

For the purpose of synthesis of the linear

siliconorganic elastomers with tricyclode-

cenyl fragments in the side chain the

modification reactions of a,v-bis(trimethyl-

siloxy)methylhydrosiloxane (n� 30,53) and

a, v-bis(trimethylsiloxy)methylhydrosilox-

ane-dimethylsiloxane with TCD were stu-

died. The hydrosilylation reactions were

studied at 1:30, 1:53 and 1:25 molecular

ratio of initial compounds in the presence of

platinum hydrochloric acid as a catalyst. As

it’s seen from the molecular structure of

TCD it contains two unsaturated bonds in

1.2 and 9.10 position. From literature

data[8,9] during hydrosilylation of TCD in

case of a big amount of electro acceptoric

groups containing organochlorosilanes

(methyldichlorosilane) hydride addition at

double bond proceeds to 9.10 positions. At

a small amount of electro acceptoric groups

(in case of trimethylchlorosilane) the addi-

tion proceeds both to 1.2 and 9.10 position.

In the presence of electro donor groups (in

case of trimethylsilane) the hydrosilylation

mainly proceeds to 1.2 positions. It was

possible that in our case the reaction must

be proceeding to 1.2 positions. As it’s

known from literature the electrophilic

addition of ���Si-H bond to TCD must be

proceed with the formation of transitional

complex. The stability of the complex at

9.10 position because of steric difficulty is

lower, than the stability of the complex to

1.2 position, because of that the addition

mainly must be proceeded to 9.10 position.

In the 1H NMR spectra of hydrosilyla-

tion product II (Figure 1) one can observe

the resonance unimportant signals for

protons in unsaturated fragment at 9.10

position, and mainly unchanged multiplet

resonance signals at d¼ 5.3� 5.7 ppm, with

integral intensity �1:10. So, from 1H NMR

spectra of hydrosilylation product it’s

evident that the hydride addition mainly

proceeds at 9.10 position and about 10% in

1.2 position.

The above-mentioned conclusion is in

conformity with quantum-chemical calcu-

lation. By Quantum-chemical semi empiric

method AM1 (Austin Model) the electro-

nic characteristics: the charges on the atoms

and bonds orders were calculated. The

obtained results are presented on the

Scheme 1.
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1H NMR resonance signals of TCD,

oligomers II and III are presented in

Table 1.

As it’s seen from Scheme 1, the higher

value of the charge observed on the carbon

atoms in 1.2 and 9.10 position. This

indicates that these carbon atoms are

reactionable centres for electrophilic addi-

tion. Also, bond orders in 1.2 and 9.10 posi-

tion are characterized with higher values.

For example P1.2(p)¼ 1.9246 and P9.10(p)¼
1.9278 (where index p showed bond orders

ofp components). Because P9.10(p)>P1.2(p)

it’s possible to predict, that the addition is

more possible with participation of P9.10(p)

electrons. This conclusion does not except

the addition in 1.2 position.

The hydrosilylation reaction was studied

at the constant temperature, in the range

60� 90 8C. It was established that during

the reaction in melt condition, at beginning

stages of addition, three dimensional sys-

tems were obtained, which may be

explained by intermolecular reactions in

macro chain. For the purpose of synthesis of

soluble organosiloxanes the reaction were

carried out in absolute toluene solution

(C¼ 0.1017 mol/l). The course of the

Macromol. Symp. 2007, 247, 411–419414

Figure 1.
1H NMR spectrum of a,v-bis(trimethylsiloxy)methyltricyclodecenylsiloxane II.
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Scheme 1.

The charges on the atoms and bond orders in TDC

molecule.

Table 1.
1H NMR resonance signals of TCD and oligomers (II, III).

C–H bond H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-8 H-9 H-10

TCD (ppm) 5,95 5,95 2,20 1,67 1,67 2,22 1,40 2,17 5,50 5,50
II (ppm) 5,95 5,95 2,20 1,70 1,70 1,80 1,30 1,80 –— –—
III (ppm) 5.96 5,96 2,20 1,70 1,70 1,80 1,30 1,80 –— –—
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reaction was observed by the decrease of

the amount of active ���Si-H groups

(Figure 2).

It was shown that with the increase of

temperature the depth of hydrosilylation

increases. At 60 8C the conversion of active
���Si-H groups after 5 h is about 61%

(Figure 2, curve 4), at 90 8C the conversion

is equal to 85% (Fig. 2, curve 1). In case of

methylhydrosiloxane-dimethylsiloxane oli-

gomer the conversion of active ���Si-H

groups at 90 8C is �75%.

The hydrosilylation proceeds vigorously

at first 90–100min, after that the conversion

of active���Si-H bonds increases slightly. On

the bases of experimental investigations

it’s possible to assume that hydrosilylation

mainly proceeds with obtaining of various

linked branching systems, according to the

following Scheme 2:

Macromol. Symp. 2007, 247, 411–419 415

Figure 2.

Dependence of changes of active Si-H% groups on the time upon of hydride addition of

a,v-bis(trimethylsiloxy)methylhydrosiloxane to tricyclodecadiene, where curve 1 is at 90 8C, curve 3 is at

80 8C, curve 4 is at 70 8C and curve 5 is at 60 8C. Curve 2 corresponds to hydride addition of

a,v-bis(trimethylsiloxy)methylhydrosiloxane-dimethyl siloxane to tricyclodecadiene at 90 8C.
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Scheme 2.

Hydrosilylation reaction of a,v-bis(trimethylsiloxy)methylhydridesiloxane-dimethylsiloxane oligomer to tricy-

clodecadiene.
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Where: [(x)þ (k)þ (y)þ (z)þ (l)þ (q)]

(p)¼m� 30, n¼ 0: 90 8C(I)m� 53, 60 8C(II1);
70 8C(II2), 80 8C(II3), 90 8C (II); [(x)þ
(k)þ (y)þ (z)þ (l)þ (q)](p)¼m� 30, m�
33, n¼ 23: 90 8C (III).

It was established that with the rise of

temperature cross-linked polymers are

obtained. During hydrosilylation at 90 8C
at 85% conversion of active ���Si-H bonds

about 33–35% insoluble polymers were

obtained, this may be explained by the

secondary interchain hydrosilylation reac-

tions on the bases of catalyst in reaction

system, according to the Scheme 3:

Consequently in TCD, –CH¼CH– bond

in 1.2 position as unsaturated bond in 9.10

position is characterized with higher reac-

tion ability reference to hydrosilylation.

Therefore for reception of soluble copoly-

mers hydrosilylation reaction stopped up to

achievement 75–80% of conversion of

active ���Si-H groups. Then the reaction

mixture was connected to the vacuum

(P¼ 1� 2 mmHg) and the toluene and

un-reacted TCD was removed in the

temperature range 40–50 8C under the

vacuum up to constant weight. The synthe-

sized copolymers are transparent, opalescent

viscous products well soluble in ordinary

organic solvents with h¼ 0.07� 0.13. Some

physical-chemical properties of oligomers

are presented in Table 2.

In the FTIR spectra of synthesized oligo-

mers one can observe absorption bands

characteristic for –CH¼CH– bonds at

1600 and 3550 cm�1, the absorption bands

at 2165, 1275 and 1020 cm�1, characteristic

for ���Si-H, ���Si-Me and ���Si-O-Si��� linear

bonds accordingly.

For fully characterization of hydride

addition of methylhydridesiloxane to tricy-

clodecadiene, by quantum-chemical semi

empiric AM1 method,[9] for all initial,

intermediate and final products, in model-

ling reaction of hydrosilylation of methyl-

dimethoxysilane to tricyclodecadiene, the

heats of formations (DHf), change of energy

(DH) of the system depending on the

change of distance (RC-Si) between���C-Si���
bonds, also the charges values (q) on the

Macromol. Symp. 2007, 247, 411–419416
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Scheme 3.

Possible scheme of inter-molecular hydrosilylation reaction.

Table 2.
Physical-chemical properties of methyl(tricyclodecenyl)(hydride)siloxanes.

No Yield, % React. Temp-re 8C h�
sp Tg, 8C Mv � 10�3 P, Polydisp 5%, mass losses d1, Å

I 85 90 0.08 �1 7.8 2.6 240 9.10
I1 65 –— 0.13 þ8 82.1 21.8 300 9.33
II1 83 60 0.07 –— –— –— –— –—
II2 75 70 0.08 þ2 7.8 1.8 –— –—
II3 70 80 0.09 –— –— –— –— –—
II 67 90 0.09 þ6 10.3 2.3 270 9.33
III 70 70 0.11 �15 –— –— 250 8.63

� In 1% solution of toluene at 25 8C.
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atoms, dipole moments (m) and bonds

or-ders (Pij) are calculated.

For the beginning the modelling reac-

tion of hydride addition of [Me(MeO)2SiH]

methyldimethoxysilane to tricyclodeca-

diene to 9.10 and 1.2 direction was con-

sidered. The modelling reactions of 9.10

additions and 1.2 additions with formation

of compound IV and V proceeds according

to the following Schemes 4 and 5:

The distances between the double

bonded carbon atoms (C10, C9 and C1,

C2) and silicon atoms in tricyclodecadiene

was taken about 1.0 Å more than the bond

length, expected in a product. The change

step of distances between silicon atom and

double bonded carbon atom was �0.05 Å.

Dependence of change of energy (DH)

calculated by the AM1 method as a

function of the distance (RC-Si) between

silicon and carbon atoms are presented on

the Figure 3.

As it is seen from Figure 3, at approx-

imation of silicon to atom of carbon (C10)

up to RC10�Si ¼ 2:26 and RC1�Si ¼ 2:30 Å

distances the energy of system rises. at the

same time the bond order between double

bonded carbon atoms in a molecule of

tricyclodecadiene decreases and in model-

ling compound the process of formation of

Macromol. Symp. 2007, 247, 411–419 417

Si

OMe

Me
OMe

H +

Si

OMe

Me

OMe

1

3 4

5
6

7

8

9

10

1

3 4

5
6

7

8
9

10

2

2

IV

Si
OMeMe

MeO

1

3 4

5
6

7

9

10

(3)

(4)

Scheme 4–5.

Modelling reaction of hydrosilylation of methyldimethoxysilane [Me(MeO)2SiH] to tricyclodecadiene to 9.10 (3)

and 1.2 direction (4).

Figure 3.

Dependence of changes of energy (DH) on distances ðRC10�SiÞ between silicon and carbon atoms during of

modelling hydrosilylation reaction of methyldimethoxysilane to tricyclodecadiene. Where curve 1 corresponds

to 9.10 addition and curve 2–1.2 additions.
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new bonds (RC10�Si ¼ 0:015� 0:105 and

PC9�H ¼ 0:0006� 0:063; RC1�Si ¼ 0:0085�
0:853 and PC9�H ¼ 0:0009� 0:011) is

observed. In case of distance up to 2.21 Å

and 2.25 Å the energy of system sharply

decreases, the double C¼C bond passes in

ordinary C–C bond (PC10�C9
¼ 0:991 and

PC1�C2
¼ 0:980).

With consecutive reduction of distances

the system energy monotonously decreases

and with strengthening formed new bonds.

The heat of formation of the product IV

and V (DH¼�399.129 kJ/mol) is in a good

correlation with calculated heat of forma-

tion (DH¼�399.012 kJ/mol) of com-

pounds IV and V obtained by hydride

addition of methyldimethoxysilane to tri-

cyclodecadiene at 9.10 or 1.2 direction.

activation energy of 9.10 addition of

modelling reaction is equal to Eact¼
133.21 kJ/mol, while the activation energy

of 1.2-addition of modelling reaction is

equal to Eact¼ 218.67 kJ/mol.

Thus at comparison of the curves 1 and 2

(Figure 3), and also activation energy (the

character of curve of change of energy and

the value of bond orders) one can be

concluded, that the course of modelling

reaction of hydride addition of methyldi-

methoxysilane to tricyclodecadiene ener-

getically is more favourable by 9.10 addi-

tion, that is in agreement with NMR

spectral data.

From the dependence of reverse con-

centration of the reactant on the time is

presented. One can see that at the begin-

ning stages the hydrosilylation is the

reaction of the second order. The hydro-

silylation reaction rate constants at various

temperatures were calculated: k060C¼
1.051� 10�1, k070C¼ 1.405� 10�1, k080C¼ 1.944�
� 10�1 l/mol � s.

From the dependence of logarithm of

the hydrosilylation reaction rate constants

on the reverse temperature the activation

energy of hydrosilylation reaction of

methylhydridesiloxane to tricyclodeca-

diene was calculated �E¼ 32.3 kJ/mol.

The synthesized oligomers were studied

by GPC method and it was shown that

oligomer I had monomodal molecular

weight distribution with � Mv � 7:8� 103

and polydispersity is equal to p� 2.6.

Whence it follows, that in case of full

hydrosilylationMv does not exceed 6� 103.

Increased molecular weight once again

proved that the hydrosilylation reaction

proceeds to macromolecular interchain

hydride addition.

The oligomer I (30% toluene solution)

was heated additionally for 4–5 hours at

80–90 8C temperature interval, at this time

the value of active ���Si-H group’s decreases

from 18% up to 3%. After filtration the

toluene was removed at 40–50 8C in vacuum

(P¼ 1� 2 mmHg) up to constant mass and

transparent yellow oligomer I1 (65%) was

received, which is soluble in ordinary organic

solvents.

By GPC analysis it was shown that

during additional heating the macromole-

cular intermolecular hydride addition takes

place and oligomer I1 with Mv � 8:3� 104

and p� 21.8 were received.

The TGA analysis of methylsiloxane

oligomers containing tricyclodecenyl frag-

ments in the side chain was carried out and it

was shown that they are characterized by

higher thermal oxidative stability than tri-

methylsiloxy group blocked polydimethylsi-

loxanes. 5% mass loses for obtaining oligo-

mers II2 and III is observed in the range

290–300 8C. The main destruction process

proceeds in 350–700 8C the temperature

range, after 700 8C the mass losses did not

observed. The oligomer III is characterized

by lower thermal-oxidative stability, then

oligomer II2.

By DSC analysis it was shown that the

first temperature transition for oligomer I,

which corresponds to glass transition tem-

perature (Tg) observed at ��1 8C and for

oligomer I1 at �þ8 8C. With an increase of

amount of tricyclodecenyl fragments in

the linear siloxane chain (with an increase

of the depth of hydride addition) the Tg of

oligomers rises. For oligomer III glass

transition temperature is equal to��15 8C.
The tricyclodecenyl containing methyl-

hydridesiloxane oligomers are amorphous

one phase systems. With an increase of

amount of tricyclodecenyl fragments in

Macromol. Symp. 2007, 247, 411–419418
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dimethylsiloxane chain the value of inter-

chain distances d1 slightly raises from 8.63

Å up to 9.33 Å.

Conclusion

So the reaction of hydride polyaddition of

methylhydrosiloxane and methylhydrosi-

loxane-dimethylsiloxane oligomers to tri-

cyclodecadiene, at the various ratios of

initial compounds, in the presence of

platinum hydrochloric acid has been inves-

tigated and thermo reactive methylsiloxane

oligomers with tricyclodecenyl fragments at

silicon have been obtained.

The synthesized tricyclodecenyl and

hydride group containing methylsiloxane

oligomers are interesting products, because

they contain reactionable functional groups

which easily enter in intermolecular hydro-

silylation reaction at the expense of in

system existence platinum hydrochloric

acid that gives us possibility to use such

oligomer to prepare siliconorganic rubbers

and for modification of carbo chain elasto-

mers.
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