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SYNOPSIS 

Hydrosilylation vulcanization of addition silicone rubber catalyzed by bis ( 1,5-cycloocta- 
diene ) di-p,p'-chlorodirhodium at 150°C was studied. The course of vulcanization, rubber 
network density, and mechanical properties of the vulcanizate are discussed with respect 
to the structure and molecular weight of the reactive groups of telechelic and internal 
vinylmethylpolysiloxanes and crosslinking methyl (hydrogen ) dimethyl siloxane copolymers. 
Molecular weights of the polysiloxane components as well as the ration of unsaturated and 
Si-H groups were optimized. The results are in agreement with the theory of rubber 
elasticity of polymer networks and show wide application possibilities of the catalyst used. 

INTRODUCTION 

Silicone rubbers crosslinked by a hydrosilylation re- 
action have become increasingly important in tech- 
nical practice.'-5 Their growing popularity is mainly 
due to their excellent electroinsulating properties 
and resistance to water, weather conditions, and el- 
evated temperatures. There is a possibility of widely 
influencing the character of vulcanizates by the 
choice of the catalyst, of both the unsaturated and 
the H-components, and their mutual proportion. 

In view of these facts, in the framework of our 
systematic studies of hydrosilylation crosslink- 
ing, we have subjected these factors to a detailed 
study.6-' Recently we have found6 that the Rh ( I )  
complexes, mainly bis ( 1,5-cyclooctadiene) di-p,p'- 
chlorodirhodium, are very effective catalysts for hy- 
drosilylation crosslinking of polysiloxanes. Their 
activity is almost the same as platinum systems. 
Their main advantage is the unusually long shelf 
life of the prepared vulcanization mixture at room 
temperature and excellent catalytic properties at 
higher temperatures, and thus they are becoming 
the catalysts of choice for transfer molding appli- 
cations.' 
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The behaviour of these Rh (I)  complexes, how- 
ever, has been tested only in commercial mixtures 
containing another branched polysiloxane besides 
the unsaturated telechelic vinylpolysiloxane and the 
polyfunctional H-polysiloxane. In order to exten- 
sively test the application possibilities of the most 
promising bis ( 1,5-cyclooctadiene ) di-p,p'-chloro- 
&rhodium, the course of vulcanization, density of 
polymer network, and mechanical properties of the 
vulcanizate were studied in the present study with 
respect to the structure and molecular weight of 
polysiloxanes as well as concentration and position 
of the reactive groups of the unsaturated and cross- 
linking components. In order not to distort the re- 
sults with interfering factors, neither a filler nor a 
branched unsaturated component were added to the 
studied mixtures, and the prepared vulcanizates were 
studied from the point of view of their agreement 
with the theory of rubber elasticity. 

EXPERIMENTAL 

Materials 

Solvents (Lachema, Brno) and organosilicon 
monomers (Lachema, Kolin) were dried prior to use 
in a standard manner and then distilled in an argon 
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Table I Preparation and Properties of Vinylmethylpolysiloxane (Component A) 
~ ~~ 

Reactant" 
Mean Viscosity 

D4 rn Lewatit CH2 = CH(CH&3iO- Molecular Weight Iodine 
Denotation (g) (9) (g)  (wt %) (g  mol-') Value 

1A 1600 15 60 
2A 1600 6.7 80 
3A 1500 4 75 
4A 690 b 35 

0.73 
0.39 
0.28 
0.90" 

34,000 
57,100 
79,900 
33,200 

2.15 
1.15 
0.82 
2.65 

D4 = octamethylcyclotetrasiloxane; M;' = 1,1,3,3-tetramethyl-1,3-divinyldisiloxane. 
= 5.7 g hexamethyldisiloxane + 6 g tetramethyltetravinylcyclotetrasiloxane. 
= CHI = CH(CH3)Si(O-)2 group. 

atmosphere. Bis ( 1,5-cyclooctadiene ) di-p,p'-chlo- 
rodirhodium was prepared by the reported proce- 
dures? Lewatite ( sulphonated styrenedivinylben- 
zene resin) was dried at 95OC/2 kPa for 3 h. Mean 
viscosity molecular weights were determined by 
measuring the flow times of diluted toluene solutions 
of polymers using an Ubbelohde viscometer. They 
were calculated in the usual manner using the Mark- 
Houwink equation. Vinylmethylpolysiloxanes 
(component A )  were prepared as follows: A mixture 
of octamethylcyclotetrasiloxane, tetramethyldivi- 
nyldisiloxane or tetramethyltetravinylcyclotetrasi- 
loxane and Lewatite was equilibrated at 85°C for 2 
h, stirred intensely, and afterwards filtered off and 
demonomerized at  150°C and a pressure of 1 kPa 
for 3 h. Components B were prepared in a similar 
manner by the equilibration of octamethylcyclo- 
tetrasiloxane hexamethyldisiloxane and methyl- 
( hydrogen) polysiloxane at  100OC. The properties 
of the reaction components and of the prepared 
polymers are listed in Tables I and 11. 

Preparation of Vulcanizates and their Evaluation 

Vulcanizates were prepared by mixing A and B 
components in proportions stated below, under a 
catalytic action of Rh2 ( CsHI2) C12 solution in chlo- 
r ~ f o r m . ~  Catalyst concentration in the vulcanization 
mixture was 7 ppm reduced to rhodium. Vulcani- 
zation of test plates proceeded in a press at a tem- 
perature of 150°C for 30 min. One part of the plates 
was subjected to postvulcanization at 200°C for 4 h. 

Vulcanizates were evaluated by determining ten- 
sile strength, ductility, and hardness according to 
Czechoslovak standards CSN 62 1436 and CSN 62 
1431. In addition to mechanical properties, the con- 
centrations of extractable portions, sols, and mo- 
lecular weights of network chains, Mc,  were mea- 
sured. The initial values for calculation of these data 
were obtained by means of equilibrium swelling in 
toluene at room temperature. To calculate M, , the 
Flory-Rehner equation lo (interaction parameter 
0.465) was employed. The amount of sol was cal- 

Table I1 Preparation and Properties of Methyl(hydrogen)polysiloxanes (Component B) 

Reactant a 

Mean Viscosity 
D4 H-Polysiloxane M2 Lewatit Molecular Weight Activeb H 

Denotation (g) (€9 (g) (g)  (g  mol-') (wt 
~ 

1B 795 290 55 80 
2B 630 94.5 18.1 70 
3B 718 107 2.2 70 
4B 795 47 5 70 
5B 735 27 0.8 70 

2800 
6000 

31,000 
32,900 
47,800 

0.365 
0.184 
0.181 
0.085 
0.050 

a D4 = octamethylcyclotetrasiloxane; H-polysiloxane (CH,),+O-Si(H)(CH,)+. OSi(CH3), containing 1.6% active H average of n 
= 36; M2 = hexamethyldisiloxane. 

= hydrogen in the form of Si-H bond. 
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culated from the weight differences of test samples 
prior to swelling and after desiccation of toluene. 

RESULTS AND DISCUSSION 

Preparation of Unsaturated and Crosslinking 
Components 

The above described preparations are very simple 
and reproducible, and as seen from the data pre- 
sented in Table I, by altering the mutual proportion 
of octamethylcyclotetrasiloxane and tetramethyl- 
divinyldisiloxane, the mean molecular weight of the 
prepared telechelic polymers could be controlled ( 1A 
to 3A). Practically the same results have been 
achieved also in replacing tetramethyldivinyldisi- 
loxane by diphenyldimethyldivinyldisiloxane.ll Ac- 
cording to gel chromatographic analysis all polymers 
exhibited molecular weight distributions typical for 
equilibrated polysiloxanes and only a slight amount 
(about 10 wt % ) of volatile fractions. In a similar 
way, an unsaturated polymer containing reactive 
centres ( methylvinylsiloxy groups) in the polymer 
chain was prepared for comparison, which however, 
did not prove suitable as a component of silicone 
rubber. 

The prepared methyl ( hydrogen ) polysiloxanes 
(Table 11) also exhibited a very narrow distribution 
of molecular weights and a slight amount of volatile 
fractions. In the preparation of crosslinking com- 
ponents the total content of Si-H bonds is deter- 
mined mainly by the octamethylcyclotetrasiloxane 
to H-polysiloxane ratio whereas the mean molecular 
weight is determined chiefly by the content of hexa- 
methyldisiloxane as a terminating agent of 2B and 
3B (Table 11). In this procedure the Si-H bonds 
withstand well the presence of a strong cation at 
temperatures about 100°C which permits good 
equilibration of the prepared polymers. 

Influence of Proportion of Vinyl and Si-H 
Groups on the Sol Content and Crosslink Density 

It is obvious that the properties of the vulcanizate 
are determined by the molecular weights of the vinyl 
and crosslinking components primarily by the molar 
ratio of the reactive centres. Therefore, the influence 
of the vinyl to Si-H molar ratio on the content of 
extractable substances and crosslink density using 
components of high ( 3A + 5B),  medium (2A + 4B) 
and low ( 1A + 2B) molecular weights was studied. 
So as not to distort the results by a noncatalyzed 

reaction of the Si- H bonds high-temperature post- 
vulcanization was not performed in this case. 

Figure 1 shows the dependence of the sol content 
in the vulcanizates on the Si-H to vinyl molar ratio. 
In all cases it was found that the lowest concentra- 
tion of extractable component, indicating to a cer- 
tain extent the highest degree of crosslinking, orig- 
inates when the ratio of Si-H groups to vinyl groups 
is in the range of 2-5. Also the apparent molecular 
weight of a network chain M, is the least at the cited 
ratios (Fig. 2 ) .  

It is of interest that the dependence of both sol 
content (Fig. 1 ) and M,  (Fig. 2 ) on the ratio of re- 
active groups is more pronounced in the case of low- 
molecular components (1A + 2B) than in the case 
of high-molecular ones (3A + 5B). This might be 
accounted for by the fact that longer chains have a 
greater probability of steric hindrances thereby sup- 
pressing to a certain extent the hydrosilation for- 
mation of crosslinks. This could also be responsible 
for the relatively low content of sol when the ratio 
of Si-H groups to vinyl ones is higher than 7; a 
similar explanation has been suggested also by 
D o n t ~ o v . ~  
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30 
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1 I I I I I 
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Si-H : CH,= CH-mol .ratio 

Figure 1 
vinyl mol. ratio (for conditions see Experimental). 

Dependence of sol content on the Si-H to 
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Figure 2 Dependence of apparent molecular weight of 
network chain of the Si-H to vinyl mol. ratio (for con- 
ditions see Experimental). 

Influence of Molar Weight of Components on Sol 
Content and Vulcanizate Crosslink Density 
The influence of molar weight of the unsaturated 
and crosslinking components on the sol content and 
the crosslink density of vulcanizate was therefore 
further studied at the optimum ratio of Si-H groups 
to vinyl groups, 3.5 : 1. 

In view of the fact that our goal was to study the 
hydrosilylation crosslinking of polymers, again 
postvulcanization was not performed in order to 

prevent subsequent noncatalytic reactions of Si-H 
bonds (Table 111). A part of the samples was sub- 
jected to postvulcanization, however, which resulted 
only in a low and proportional decrease in the sol 
content and a small decrease in the weight of net- 
work chains. 

These results (Table 111) demonstrate a clear de- 
pendence of the studied factors on the molecular 
weights on both components. The sol content at the 
given mol. weight of vinyl polymer A is only slightly 
influenced by both the molecular weight and the 
concentration of Si-H groups in polymer B. On the 
other hand, when one type of polymer B is used, the 
effect of molecular weight of polymer A on the 
amount of the extractable fraction is more pro- 
nounced. A similar situation was found in the case 
of the effect of molecular weights of components A 
and B on the apparent molecular weight of network 
chains, M,. However, at a high molecular weight of 
the telechelic unsaturated component (3A), unde- 
sirably high values of both sol content and M,  are 
obtained. 

For comparison, vulcanization of mixtures 1B to 
5B and a nontelechelic unsaturated component 4A 
containing reactive groups in the polymer chain was 
carried out. In all these five cases, the values found 
for M,  and sol content were so high as to be prac- 
tically unmeasurable. It is evident that in order to 
obtain a vulcanizate of good quality, a prerequisite 
is that at least one component of the vulcanization 
mixture should be telechelic. 

Influence of Molar Weight of Components on 
Mechanical Properties of the Vulcanizate 

As for practical applications of silicone vulcanizates 
their mechanical properties are of primary impor- 
tance. We studied how these are affected by the mo- 
lar weights of the components. Again we used a 

Table TI1 
of Extractable Fraction and Apparent Molecular Weight of the Network Chain (M,)" 

Influence of Molecular Weight of Vinyl and Crosslinking Polymers on the Content 

Sol (%), Molecular Weight lo3 X M, (mol cm-'), Molecular Weight 
Component B of Component A of Component A 

(Active H, %) 34,000 57,000 79,900 34,000 57,000 79,900 
Molecular Weight 

2800 (0.365) 7 10 16 6.4 18 38 
6000 (0.189) 9 10 20 10 17 58 

31,700 (0.181) 8 9 20 8.5 13 27 

47,800 (0.050) 10 14 22 13 30 60 
32,900 (0.085) 10 14 20 13.5 28.5 53 

a Vulcanization temperature 15OoC, Si-H : vinyl groups molar ratio = 3.5 : 1. 
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Table IV 
on the Mechanical Properties of Vulcanizate" 

Influence of Molecular Weight of Vinyl and the Crosslinking Polymers 

Tensile Strength (MPa), 
Molecular Weight of Elongation, Molecular Hardness, Sh A, Molecular 

Component B Component A Weight of Component A Weight of Component A 

(Active H, %) 34,000 57,100 79,900 34,000 57,100 79,900 34,000 57,100 79,900 
Molecular Weight 

2800 (0.365) 0.52 0.45 0.18 180 250 330 28 24 12 
6000 (0.184) 0.61 0.34 0.25 120 240 360 23 22 12 

31,700 (0.181) 0.43 0.49 0.29 120 240 320 20 24 18 
32,900 (0.085) 0.37 0.47 0.32 120 240 270 20 20 12 
47,800 (0.050) 0.26 0.26 0.23 120 230 230 20 20 12 

'Vulcanization temperature 15OoC, then postvulcanization at 200OC; molar ratio Si-H : vinyl groups = 3.5 : 1. 

3.5 : 1 ratio of Si-H groups to vinyl groups. In this 
case, the samples were subjected to postvulcaniza- 
tion prior to measurement, as is usual in practice. 
When evaluating the data listed in Table IV, it 
should be mentioned that the mixtures are model 
ones that contain neither a filler nor a branched 
unsaturated component, which significantly, posi- 
tively influences the properties of hydrosilyla- 

Contrary to expectation, l5 the tensile strength of 
the vulcanizates is pronouncedly decreased with in- 
creasing molecular weight of vinyl polymer A. This 
is evident particularly in the case of polymer 3A. 
The vulcanizates mostly exhibit low strengths re- 
gardless of the crosslinking component B used. Here 
is an evident connection with the data presented in 
Table 111. The vulcanizates prepared from polymer 
3A also exhibited a disproportionately large sol con- 
tent as well as M, value. When using an unsaturated 
polymer with too long a chain, entanglements are 
likely formed. This retards the hydrosilylation re- 
action or competes with it. Higher tensile strength 
of the vulcanizates can therefore be expected in the 
region of lower and intermediate molecular weights 
of the unsaturated polymer (approximately in the 
region of 25,000 to 40,000). 

As far as the influence of molar weight of the 
crosslinking component is concerned, to achieve suf- 
ficient mechanical properties, mainly tensile 
strength, its molar weight should not be too high. 
For example, in the case of polymer 5B of molecular 
weight almost 50,000, the attained tensile strengths 
of the vulcanizate are also low, regardless of the te- 
lechelic vinyl polymer used. Therefore, the molecular 
weight of the crosslinking component should not 
exceed 30,000. On the contrary, the data presented 
in Table IV indicate that the rubbers of highest 
strength could be achieved by crosslinking a vinyl 
polymer of molecular weight 31,000 with H-polysi- 

silicone rubbers. tion 12-14 

loxane of molecular weight 6,000. Further improve- 
ment of mechanical properties may be expected as 
a result of addition of branched components, the 
effect of which is being studied in our laboratory. 
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