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POLYMERIZATION OF CYCLOSILOXANES
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The ring-opening pelymerization of cyclosiloxanes, T{R;R.)S107,, initiated by
carbanions or silanolate anions, is a Sx2 type reaction; the anions attack the silicon
and the oxygen departs from the silicon to give polysiloxanolate anions. If “living”
polymer! is used as a nucleophilic reagent, the characteristic red color of the carb-
anions disappears and colorless polysiloxanolate anions (leaving groups) are generated
as shown below:

~C~M*™ = {RRSi0Q}; — —~C—iSiRR'0;,1SiRR'O-M~ {1)

where R and R’ are alkyvl or arvl substituents, M are counter ions and n 15 the number
of siloxane units in the cyvclosiloxane. The poluvmerization scheme is similar to that of
the classical step-wise addition polymerization. Thus, if ro side reaction is involved,
the reaction should proceed smoothly to give linear high polvmers. Typical examples
are illustrated in the polvmerization of octamethylevclotetrasiloxane initiated by
living polymers3-3.

However such a mechanism is not alwavs true if one of the R groups on the
silicon is hvdrogen. Because of the weakness of the SiH bond, the leaving group in the
nucleophilic substitution reaction could be the hvdrogen rather than the oxygen.
Therefore such a side reaction may compete with the classical ring opening reaction
and the resulting polvmers could be highlyv cross-linked. This is demonstrated in the
base-catalvzed polymerization of 2,4,6,8-tetramethyicyclotetrasiloxane presented in
this paper.

RESULTS AND DISCUSSION

The polymerization of tetramethylcyclotetrasiloxane initiated by living poly-
mers was extremely fast at room temperature. The characteristic color of living
polymers disappeared and a gel fermed instantly. A vigorous evolution of colorless
gas was also observed simultaneously. The reaction was complete within a few seconds.
The rate constant of the initiation reaction was estimated to be greater than 10
I-moi—*-sec—1, which was about ro! times faster than that observed in the octamethyl-
cvclotetrasiloxane/living polymer system3.

A similar behavior was observed when sodium phenyldimethyvlsilanolate was
uszd as the catalyst. The reaction was slower when benzene was employed as solvent.
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The colorless gas was identified as methylsilane. It was stable at room temper-
ature on exposure to air, but exploded on contact with a hot flame. Intramolecular
hydride transfer as shown below was first considered as a mechanism for the formation
of methvlsilane and gel.
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The breaking of a SiH bond is competitive with the rupture of a SizO bond. The
hydride simultaneously attacks the Sip and cleaves the SiyO bond. The consequence
of this side reaction is the generation of internal silanolate anions which will eventually
lead to cross-linking.

If this mechanism is correct, then the reaction between living polvmers and
tetramethyldisiloxane should give dimethylsilane.
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The resulting silanolate reacts further to give polydimethylsiloxanolate and dimethyl-
silane.
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To test this mechanism, 10 ml of living polymer in tetrahyvdrofuran (THF) was
mixed with S ml of tetramethyldisiloxane and the evolved gas was analyzed. Gas—
liquid chromatography showed that the gas consisted of a single specizs which boiled
at about —20°. This was shown to be dimethylsilane by infrared and mass spectro-
metrv. Polydimethylsiloxane was also identified by infrared spectroscopy. The same
result was also reported by Zichy* during the preparation of this paper.

According to this mechanism, the reaction should be first order with respect
to tetramethyldisiloxane, in accordance with the equation

ADMIe,SiH, Y A = (8,18~} < Bp([S™34—IS~1)}1(MeHS1),0] . (6)

where Xj, Ay are the rate constants for reactions (4) and (s) respectively, and [S—J,, and
{57 are the concentration of living ends initially and at time # respectively.
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In the present case, the first volume reading could not be taken in less than
60 seconds. During this period, essentially all of the living ends were converted to
polydimethylsiloxanolate; rzaction {4} was complete in a fraction of a second. Thus
eqn. {6) can be reduced to

d3Me,SiH,1, dt = &pfS—],Me,HSi), 0] 7)
and

In[{F=—Vy) (F=—Ve)] = &pfS-To¢ (8

where ¢ is reaction time and V,, V', and Voo are burette readings at times o, £ and
infinity respectively.

The tesults are shown in Fig. 3. A plotof log [(F7 . — F)/(F . — V)] vs. £ gives
a straight line passing through the origin. Thus, it can be concluded that the reaction
1s first order with respect to tetramethyldisiloxane.

Based on these data, the experimental results are interpreted in terms of an
mtramolecular hydride-transfer mechanism. The base-catalvzed polymerization of
tetramethyvicyclotetrasiloxane in this svstem was postulated to be proceeding through
the following steps:

CH, CHy CH, CH, CH
(2} —C-K" & (CHHSIO), — —C—Si—0—{Si-0};~$i-H (9)
Ph Ph O-K*™ H H
CHy CHy CH;  CH, CHy CH, CH,  CH,
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Ph G-K*¥ H H Ph O H H ,
i ()
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Cffa—%i—()—{%i—()}:—%i—-}[
O-K* H j 31
CH, CH, CH, CH, CH, i,
(€} —C—Si-O—(5i—0},—8i—H = —O—Si,*—O—Sip*—H
bh mke b H H H

({ZHS (IZH, (;:Hz ch,
—(!:——5!5—0—('!55-0)=—?i—1—i -+ CH,Siy*H, ({11)
Pr O H H
CHy—Siy*—O—
(!)-K"
Reactions (b} and (cj will repeat until most of the active hydrogen is exhausted.
According to this mechanism we would expect a heavily cross-linked network polymer

having a very low content of SiH bond. This was found to be the case. The gel polymer
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contained less than 0.059% active hydrogen. {(The theoretical SiH content without
side reaction is 1.6795.)

So far we have considered only the intramolecular hydride transfer mechanism.
There is, however, also a possibility of intermolecular hydride-transfer reaction. Such
an intermolecular mechanism may also give a cross-linked polymer and methylsilane
in the base-catalyzed polymerization of tetramethylcyclotetrasiloxane.

Reactions similar to such an intermolecular hydride transfer reaction mentioned
above have been reported in some other base-catalvzed reactions. For example,
organoalkoxysilicon hydrides such as RSiH(OR), or HSi{(OR), produce RSiH; or
SiH, in the presence of a little sodium alkoxide3. With LiH and (CH,),0 at —g6°,
disilane, (SiH,).0, can ke equilibrated to silane as shown below (6):

3 (SiH,),0 — 2 SiH, + (SiH;0),SiH (x2)

The equilibration of [(CH,).HSi1,O to give (CH,),SiH, and H(CH}).SiO[Si(CH,) .01~
Si{CH,),.H in the presence of acid clay also has been observed?

In the present system, the distinction between an inter- and an intra-molecular
mechanism is rather difficult. An attempt to differentiate between them was made by
reacting living polyvmers with a mixture of [(CH,),HSi:O and [{CH,),DSij;Oata 1:1
ratio. The intramolecular mechanism should give (CHj),SiH, and (CH;),SiD, at a
ratio of 1:1, whereas the intermolecular mechanism should give (CH,),SiH,, (CH,),-
SiHD and (CH,),SiD, at a ratio of 1:2:1.

Mass spectrometric analvses showed the presence of (CH,),SiHD. The ratio of
{CH.,),SiH.,:(CH,).SiHD:(CH,).SiD, was approximately 1:1:1. This indicates that
either both inter- and intramolecular hydride transfer reactions took place con-
currently or that a SiD and SiH exchange reaction occurred in the solution.

Although the exchange reaction between SiD and SiH in the presence of a base
catalyst had not been reported, it is likelyv that the exchange may take place since
such phenomenon has been observed in the presence of an acid catalyst8. It has been
reported, however, that the opticallv active deuterosilane undergoes deuterium-—
hyvdrogen exchange with lithium aluminum hyvdride®. Thus, the use of the deuterated
tetramethyvldisiloxane does not give a conclusive result in distinguishing between the
intra- and intermolecular mechanisms. Further investigation is required.

It has been stated previously in this cemmunication that the hyvdride transfer
mechanism postulated above actually competes with the 1ing opening reaction (Sy2
mechanism) represented in reaction (1). The relative importance of these two com-
petitive mechanisms depends on the experimental conditions. For example, if n-butyl-
lithium in pentane is used as a catalvst, the latter mechanism has been found to be
more important than the former since the resulting polymer is only slightly cross-
linked and retains most of the SiH bond (about go2;)10. If silanolate or x-methylstyrene
living polymer in THF is used, the former mechanism overshadows the latter and a
heavily cross-linked polvmer is obtained.

EXPERIMENTAL

Reagends
(2)- 2,4.6,8-Tetramethylcyclotetrasiloxane and 1,1,3,3-1 eiramethvidisiloxane. Both
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the 2,4,0,5-tetramethylcyclotetrasiloxane, (CH3HSiIO);, and 1,1,3,3-tetramethyl-
disiloxane, [(CH,}.HS11.0, used in this studyv showed only a single peak on gas-liquid
chromatography. All samples were dried over calcium hydride in vacuo overnight and
the required amount of the sample was distilled in high vacuum prior to use.

(2). r,1,3,.3-Tetramethyl-1,3-dideuterodisiloxane. Deuterated tetramethyldisiloxa-
ne, {{(CH,)2D.Si},O was prepared by adding a solution of 1,1,3,3-tetramethyl-1.3-
dichlorodisiloxane, [{CH,),Cl11,SiO, in anisole to lithium aluminum deuteride in
anisole. After the reaction was complete, the solution was filtered and distilled. The
product wasisolated by preparatory gas-liquid chromatography. The infrared spectrum
showed an absorption peak at 6.3 microns due to SiD stretching. No peak was ob-
served at 4.7 microns indicating the absence of any appreciable SiH.

(3). Polymerization catalvsts. Two base catalysts were employed, z-methylstyrene
living polymer and sodium phenyldimethylsilanolate. The former was prepared in
THF at room temperature using sodium/potassium alloy as an electron donor. The
D.P. of the Ii+Ing polyvmer was about 3. The sodium phenvldimethylsilanolate was
prepared by reacting phenyldimethylsilanol with sodium metal in THF at rocom
temperature. The product was recrystallized twice from THF.

Polyanserization

The tetramethvlcyclotetrasiloxane was polymerized in THF at room temper-
ature. Ten ml of cataluvst solution was placed in an ampoule A and 8 mli of monomer in
ampoule B in the apparatus shown in Fig. 1. The apparatus was evacuated to 107> mm
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Fig. 1. Apparatus for the polymerization of {MeHS:O},.

Fig. 2. Apparatus for kinetic runs.
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Hg and sealed off at P. Stopcock S was then closed. The solutions were introduced into
C and D respectively and then mixed by shaking. A gel formed immediately with
vigorous evolution of gas. The evolved gas was collected in tube G and analyzed by
gas chromatography, infrared and mass spectrometry.

Determination of the order of reaction

The order of reactions between a-methylstyrene living polvmer and 1,1,3,3-
tetramethyldisiloxane was determined as follows: Ampoule A and ampoule B, con-
taining 8 ml of x-methylstyvrene living polvmer in THF (conc. 4.5 % 1073 mole/l) and
20 ml of 25°; solution of the disiloxane in THF, respectivelv, were connected to the
Y-shaped tube as shown in Fig. z. The system was evacuated to 10~ mm Hg and then
filled with prepurified nitrogen through S-I. The level of the mercury in the gas
burette, G, was brought to a maximum height when the pressure was equilibrated to
atrmospheric pressure.

Solutions A and B were introduced into tubes C and D respectively. The initial
reading of the burette gave the initial 1,. Stopcock S-4, was then closed and the Y-
shaped tube was removed from the vacuum system. The run was started by mixing
these two solutions and the amount of gas evolved was determined periodically. The
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Fig. 3. x-Methylstyrene living polymer plus (Me,HS1).0 in THF at 25°.
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timing was done with two electric clocks, altemnatively. The error in the burette
reading was about 0.05 ml and the timing error about 0.2 sec.
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SUMMARY

2,4,6,8-Tetramethvicyclotetrasiloxane, (CH,HSiO),, was polvmerized using
base catalysts. The reaction was verv fast. A gel formed rapidly and a vigorous
evolution of methylsilane was observed. Such a phenomenon was found to be a
general one for the base-catalyzed polymerization of (CH,HSIO),. A hydride-transfer
mechanism has bteen proposed to account for the cross-linkage and the formation of
methylsilane. Both inter- and intramclecular hyvdride-transfer mechanisms are found
to be possible.
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