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Organopolysiloxanes Containing Group IV 
Organometallic Substituents in the Side Chains 

DIETMAR SEYFERTH* and EUGENE G. ROCHOW, Deparfment of 
Chemistry, Harvard University, Cambridge, Massachusetts 

INTRODUCTION 

Physical studies of the dimethylpolysiloxanes carried out in recent years 
have indicated that there is a very low degree of intermolecular attraction 
between the polysiloxane cliains. For a complete discussion of this point 
the reader is referred to refererice (l), Chapters 6 and 7 .  For our present 
purposes i t  may suffice to say that the very low molecular cohesion of 
liquid polysiloxanes is demonstrated by their comparatively low boiling 
points, their high molar volumes, their low energies of activation of 
viscous flow, their low surface tensions, and their high compressibilities. In 
addition, the softness aiid flexibility of high molecular weight silicone rubber, 
the moderate tensile strength of all solid siloxaiie polymers, and the small 
changes in elastic rnodulus of silicone rubber with temperature give further 
indication of low molecular attraction in solid polysiloxanes. 

Previous viscornetric studies of polysiloxanes coiitaiiiing polar groups in 
the side chains seem to indicate that introduction of these groups enhances 
interchain attraction. (For the purposes of this discussion we shall define 
a “polar” group as one which is either markedly more positive or markedly 
more negative with respect to carbon than are the hydrogen atoms of a 
methyl group.) Thus an increase in the energy of activation of viscous 
flow was observed in mcthylpolysiloxanes when some of the methyl groups 
were replaced by c h l o r o n ~ e t l ~ y l , ~ ~ ~  thi~cyanomethyl,~ mercapto~nethyl,~ 
p-chloropheiiyl,6 acetoxyn~ethyl,~ or hydroxymethyP groups. Linear 
methylpolysiloxanes, the terminal silicon atoms of which bore a p-carbo- 
ethoxyethyl group, also showed a large increase in the energy of activation 
of viscous flow over the corresponding all-methyl substituted siloxanes.* 
Not enough examples have been described to permit wide generalizations 
as to the mechanism by which such polar substituents cause an enhance- 
rnent of the energy of activation of viscous flow and hence of the inter- 
molecular attraction. However, Roede13 has ascribed these greater inter- 
chain forces to  interchain dipole-dipole interactions of the C-C1 dipoles 
in the case of the cliloromethyl-substituted siloxanes. Cooper4 has ad- 
vanced a similar explanation for the enhanced intermolecular attraction 
found in polysiloxanes with thiacyanomethyl substituents. 

* Charles Lathrop Parsons Scholar, 1953-54. Present address: Dow Corning Corp., 
Midland, Michigan. 
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The siloxanes examined previous to the present study all contained polar 
substituents that are electronegative relative to  the hydrogtw of a normal 
aikyl group. It is well known that such electronegativc groups tend to 
make the carbon-silicon bond more unstable toward ionic fission (cf. 
Rochow,' pp. 19-28). This may be explained by the inductive effects 
operative within the molecule. The relative electronegativities of carbon 
and silicon are such that in a carbon-silicon bond the electron cloud should 
be denser nearer the carbon atom: 

Si - C 

Attachment of an electronegative substituent, X, to the carbon atom should 
cause the C-Si bond to become more polar in nature, hence more easily 
cleaved, since the electron-attracting effect of the carbon atom relative to  
the silicon atom will be reinforced : 

S i - C - X  

On the other hand one would predict that introduction of an electropositive 
group, Y, would lead to  the opposite effect, i.e., it would make the carbon- 
silicon bond less polar, and therefore, less subject to  cleavage, by its in- 
ductive effect which opposes that operative in an isolated carbon-silicon 
bond : 

S i - C + Y  

Consideration of the Pauling electronegativity scaleg suggests that organo- 
metallic substituent s of the nontransition metals more electropositive than 
carbon (B, Be, Al, Si, Ge, Sn, Pb, As, Sb, Te, Ga, In, Bi) would be theoret- 
ically suitable as electropositive polar groups in siloxane side chains. The 
only siloxanes containing substituents electropositive with respect to the 
normal alkyl group which have previously been employed have been cyclic 
siloxanes containing the trimethylsilylmethyl group.'O However, these 
were not investigated from the standpoint of interest in this study. We 
have therefore prepared silanes of the type MeeMCH2(Me)SiXz,'l where 
M is Si, Ge, Sn, or C, and X is a hydrolyzable group such as C1, OMe, or 
OEt. We have studied their relative ease of hydrolysis and condensation, 
and also have studied the viscosit y-temperature behavior of linear siloxanes 
obtained from the hydrolysis products by conventional equilibration 
procedures. 

HYDROLYSES 

The polymerizable silanes listed in reference (1  1) were available for this 
study. As outlined in the experimental part of this paper, two dif€erent 
methods were used to hydrolyze the silanes, according to  the hydrolyzable 
groups present. The 
results present an interesting example of the effect of steric hindrance on 
the condensation of silanols. No difXculties are encountered in the prep- 
aration of dimethylpolysiloxanes ; indeed, special techniques are required 

The products obtained are described in Table I. 
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to isolate the intermediate dirrietliSlsilariedio1 and tetramethyl-1,3-di- 
s i l o ~ a n e d i o l . ~ ~ ~ ~ ~  011 the otlier Iiaiid, complete condensation of silanols 
containing bulby substitueiits has beeii s h o ~  t i  to be quite dificult. Thus, 
iu the most extreme case, it mas deinoiistratetl that di-led-butylsilanediol 
cannot be condciist,d, even wheit very drastic conditioiis are usedI4. 
Condensation of bis(trinietl~ylsilylrite~liyl)sil~~iediol Has somewhat less 
difficult, requiring treatment with iodine and p-naphthalenesulfonic acid 
a t  the boiling point of the xylene solvent for 16 hours to effect 95% con- 
densation. l5 

The results of the hydrolysis experiments of the present study indicate 
that the ease of hydrolysis and coiideiisation in the MeaMCHz(Me)Si(OMe)2 
series increases as the central atom of tlie neopeiityl-t~pe group increases in 
size, i.e.: 

C < Si < Ge - SII 

Identical hydrolysis procedures gave the silaiiediol from the iieopentyl 
silane, the siloxaiiediol from the triniethj lsils Irnetlijl silane, and more 
highly condensed substances from the tririietliylgermylmethyl arid tri- 
rnethylstannylrnethyl silanes. Consideratioii of Fisclier-Hirshfelder models 
of the first two members of the series shows that “crowding” due to  the 
steric requirements of the three methyl groups is much greater for the 
iieopentyl group than for the tririiethjlsilylrnetliyl group, and it is very 
probable that the steric hindrance decreases as tlie size of the central atom 
of the neopeiityl-type group increases. I3ccent by Grubb indicate 
that silanol condensatioii is a biniolecular reaction of the S,2 type. The 
rates of such reactions are strongly diniiriished by tlie preseiice 011 the 
inverting atorn of bulky groups which hinder bacb-side attack by the 
attaching reagent. The results of this study are in harmony with the 
proposed mechanism. 

EQUILIBRATIONS 

For viscometric studies to  be discussed in tlie next section low molecular 
linear siloxanes of the type : 

Me,SiO+Si (Me) (It) Of,,SiMe? 

where I3 represents the Me,MCH2 group and n is 1,2,3, . . . were required. 
In all cases except one, equilibratioiis of the hydrolysis products mentioned 
above with hexamethyldisiloxaiie were carried out in isopropyl alcohol- 
water solution with a potassium hydroxide catalyst.17 The ratio of chain 
terminating, monofunctional liexamethyldisiloxane to the chain extending, 
bifunctional hydrolysis product bearing the organometallic substituent was 
so chosen that a relatively large proportion of trisiloxane (n = 1) and smaller 
amounts of higher siloxanes (n>l)  would be obtained. The equilibration 
products obtained are listed in Table 11, together with their physical 
properties. 
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TABLE I. HYDROLYSIS OF SILANES CONTAINING 

No. Silarie Wt., g. Method 

1 Me3SiC2H1(Me)SiC1z 50.0 A 

2 Me3SiC2H,(Me)Si(OMe)z 27.7 A 

3 MeSiCHs(Me)Si(OMe)z 8 0 . 0  A 

70.0 B 

4 Me3SiCH2(Me)2SiOMe 29.0 HzSO, 
method 

5 Me3GeCHz(Me)Si(OMe)z 53.6 B 

6 MelSnCH2(Me)Si(OMe)s 70.0 R 

7 Me3CCHz(Me)Si(OMe)n 89.4 B 

Composition o f  product Wt. .  g. 

[Me3SiC2II4(Me)Si0 l3 9 .  0 

[Me3SiC2H4(Me)SiO], 15.2 
IMe3SiCZH((Me)SiO], 18.0 

84% recovery of starting ma- 
terial 

[Me&5iCHt(Me)(OH)Sil~0 25.9 

[Me3SiCHz(Me)SiO], 10.0 
rMe3SiCH2 (Me) SO ] I  4 . -5 

MeaSiCHz(Me)zSi 1 2 0  13.5 

Mixture of 
[Me3GeCH2 (Me) SiO 1, 
and uncondensed ma- 
terial 

Mixture of 
[Me3SnCHz(Me)Si0 I n  
and uncondensed ma- 
terial 

Me:$2CH2(Me)Si(OH)? 5 5 . 3  

a Si, 11.93%; Sn, 49.98%. 
Culed.: 2.00 g. atom active H per mole. Found: 2.30 g. atom active H per mole. 

It is important to point out that these base-catalyzed equilibrations con- 
firm the prediction made above regarding the enhanced stability of the 
carbon-silicon bond toward reagents such as the hydroxide ion when the 
a-carbon atom bears an electropositive substituent. No cleavage products 
were detected in any of the equilibrations carried out, and the desired 
products were obtained in moderate yield, whereas bases easily cleave 
chloromethyl groupsz6 and (under more vigorous conditions) will even 
cleave methyl groups.27 

It was felt desirable to “dilute” the equilibrated products so obtained 
with additional dimethylsiloxy units in order to examine siloxanes which 
contained a smaller percentage of (Me(R)SiO) units. For this reason base- 
catalyzed equilibrations of Me3SiOSi(Me) (R)OSiMe3 compounds with 
octamethylcyclotetrasiloxane were carried out and the higher molecular 
weight oils so obtained were studied (cf. Table 111). 

VISCOSITY STUDIES AND DISCUSSION OF RESULTS 
Since the energy of activation of viscous flow is a measure of the inter- 

molecular attraction within a liquid, a study of the viscosity-temperature 
behavior of the siloxanes prepared was undertaken. 

log 7 = (EVi,,j2.303RT) + constant 

Since: 
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ORGANOMETALLIC SUBSTITUENTS IN THE SIDE CHAINS 
Mol. wt. Carbon, yo Hydrogen, Yo OH. ,370 d y  Calc. Found Calc. Found Calc. Found Calc. Found 

138-112/ 1 4405 0 YO3 480 E87 44 95 E l  98 10 06 10.02 

148-190/0.3 1 4411 0 906 - 5.51 
100-ZOO/ 1 4375 0 900 - 372 

0.175 

0.1-0 3 

127-132/0.1 Crystallized on - - 38.77 38.63 9.75 9.53 
standing 

140-170/0.1 1.4432 0.929 - 546 
170”/0.1 1.4422 585 575 

84-8”/0.7- 1.4280 0.831 - - 47.00 46.50 11.18 11.22 

90/0.45- 1.4640 1.194 - - - 29.84 - 7.11 - 5.78 

(28’) 

0.95 

95/0.2 

Notdistilled 1.4993 1.448 - - - 25.45 - 5.93 - 3. 5 i a  

M.P. 98.0- - _  48.61 48.57 10.88 10.8jb 
98.8“ 

the slope of the plot of log 7 versus 1/T will be Evisc./2.303R, hence: 

Evisc. = 2.303 X R X slope 

where R is the gas constant. We have determined the viscosities of our 
siloxanes a t  three temperatures and have calculated the energies of activa- 
tion of viscous flow by this graphic method. The results are summarized 
in Table TV and are compared with previously determined data on straight 
methylpolysiloxanes and on siloxanes containing chloromethyl groups. 
Since we have measured the kinematic viscosity in centistokes and: 

kinematic viscosity = absolute viscosity/density 

a t  the temperature of the measurement, it is apparent that our Evisc. values 
are not independent of density variations. 

Of importance in the discussion of this work are the Evisc. values and the 
actual viscosities of the siloxanes studied. A firm basis for comparison is 
provided by the MDM compounds. The higher polymer fractions are 
mixtures of siloxanes of varying molecular weight, and tlie identity of the 
constituents and their relative proportions present are not known. (Hence- 
forth the abbreviation “RI” will be used to denote the monofunctional 
Me,SiO,/, unit and “D” will represent the difunctional Me(R)SiO unit, 
where “II”  represents the group containing tlie orgaiiornetallic substituent 
which is under discussion.) Unfortunately, the E,.isc. value and the 
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TABLE I1 
LINEAR POLYSILOXANES CONT ZINING GROUP IV  ORGANOMETALLIC SUB- 

STITUENTS IN THE SIDE CHAINS 
(CH3)3Si0 [Si (CII,) (R) 0 ],Si(CH,) 

R 

(CH3)3SiCH2 
(CH,),SiCH? 
(CH,),SiCH? 
(CH3),SiCI-Ir 
(CH3)?SiCH, 
(CH&GeCH2 
(CH3),GeCHs 
(CHd3SnCH2 
(CH,)JSnCH* 
(CHi)sCCH, 
(CHd&CH? 
(CH3),SiCH*CI12 
(CH3)3SiCIT&I3? 
(CH3)3SiCI12CH2 

Boiling range 
n "C. Mm. 

2.16 
3 . 5  
1 . 0  
2 . 0  
2 . 7  
1 . 0  
1.62 
1 . 0  
1 . 9  
1 .0  
2.07 
1 .0  
1 .58  
2.75 

90-105 
> 10.5 
77-8 
93-102 

120-46 
56-8 
74-1 10 
60 

108-24 
60-4 

108-40 
70-3 
70-121 

121-95 

0 . 1  
0 . 1  

1.5-1.6 
0 . 2  
0 . 2  
0 . 3  
0 . 2  
0 . 1  
0 . 1  

0.7-0.9 
0 . -1 

0 .5-0.7 
0 . 1  

0.1-0.3 

n'," d:6 hlol. wt. 
Found Calc. Note 

1.4200 0.872( a)  486 
1.4357 0.911 674 
1.4068 0.838 313 
1.4220 0.866 '155 
1.4391 0.918 558 
1.4200 0.972 359 
1.4330 1.036 472 
1.4350 1.078 404 
1.4550 1.195 611 

1.4176 0.868 432 
1.4040 0.833 298 

1 ,4121 0.8.44 328 
1.4212 0.872 ,114 
1:4320 0.895 603 

(a) dig. (b) Acid-catalyzed equilibration, (c) Base-catalyzed equilibration. 

ANALYSES OF LINEAR POLYSILOXANES CONTAINING GROUP IV ORGANO- 

R 

(CH,),SiCH? 
(CH,),SiCH? 
(CH,),SiCH, 
(CH,) SSiCH? 
(CH,) ,SiCH, 
(CH3)3GeCH? 
(CHd3GeCHz 
( c ~ ~ , ) , s ~ ~ c ~ ~ ,  
(CH~)~SIICFI? 
(CH&CCH? 
(CH,),CCFl? 

METALLIC SUBSTITUENTS IN THE SIDE CHAINS 
(Cl i,j)2ii0 [Si (CIL) (RiO ],Si (CH,), 

Carhon, Yo Hydrogen, % 
n Calc. Found Calc. Found 

2.16 41.69 ,to . 7.5 10.02 9 .91  
3 . 5  41 .4:3 ,to. 75 9.92 8.29 
1 .0  42.81 42. .57 10.45 10.29 
2 . 0  42.24 41.77 10.20 10.02 
2 . 7  41.07 4,O. 83 10.16 9.59 
1 .0  37.41 37.54 9.14 9.33 
1.62 35.88 35.28 8.69 8 .58  
1 . 0  33 .09 32.99 8 .08  8.01 

33.35 8.12 
1 . 9  30.47 30.15 7.36 7.29 
1 . o  49.26 49.58 11.03 11.15 
2.07 51.13 50.09 10.90 10. 78 

(CH,)3SiCI€,CH? 1 0  44 67 i 4  59 10 62 10 59 

(CHd)3SiC13,CII, 2 75 1.1 82 43 62 10 37 9 97 

data. 

(CII,),SiCH,CH? 1 58 1.1 75 43 29 10 54 10 16 

It is to he noted that molecular weight determinations corroborate the analytical 

molecular weight value of the higher neopentyl-substituted siloxane also 
cannot be considered completely reliable since its infrared spectrum 
indicates the presence of uiiconderised silanol groups. Because of the 
small amount of material available, 1 1 0  attempts to obtain complete con- 
densation could he made. 
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TABLE IV 
\ ISCOSITY MEASUREMENTS 01.' SILOVANES 

(CII,),SiO [Si(CH?) (R)O]SiiCl Id)3 

n 

1 

2.16 

2 . 7  

3.5 

1 

1.62 

I 

1 .9  

1 

2.07 

1 

I .58 

2.75 

1 
2 
1 

3 
I 

Temp., "C. 

0 
2 <i 
99.9 
0 

23.2 
100.3 

0 
26.4 
99.9 
0 

26.7 
100.3 

0 
25 

100 
0 

25 
100.2 

0 
25 

100 
0 

25 
100 

0 
25 

100 
0 

25 
100 

0 
25 

100 
0 

25 
100 

0 
25 

100 

0 
99.4 

0 
09.4 

Viscosity , 
centistokes 

3.19 
2.07 
0.834 

10.29 
.; .48 
1.66 

45.97 
1.5.75 
2.60 

48.93 
19.17 
3.85 
3.69 
2.14 
0.787 
8.12 
4.22 
1.30 
3.72 
2.21 
0.831 
9.42 
4.88 
1.47 
3.33 
2.12 
0.830 

6.74 
1.67 
6.55 
3.38 
0.918 

19.30 
7.61 
1.11 

28.13 
2.86 

15.5 

111.1 

2.46 
0.70 
6.02 
1.18 

E Y L S C . .  cn l .  

2735 

3680 

5171 

5198 

3050 

3678 

3061 

3736 

2829 

4327" 

3963 

5240 

7340 

2230 
2510 

2554 

331 1 
Viscosity data on methyl siloxanes from M. J.  TIui ikr ,  I<. L. Warrick, 5 .  F. Tfyde, 

and C. C. Currie, J .  4m. Cltern. Soc., 68, 2284 (1916); on chloromethSIsiloxanes l'rorn 
J. L. Speier, ibid., 71, 2 3  (1919). 
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Coiisideriiig first the MDM cortipourtds, il caii bc WCII froiti Table IV that 
11w E,,,, values iiicwasc :IS follou 5 :  

It would appear that there is only a suiall iiicrease in the intermolecular 
attraction M hell an organic group ( i .e . ,  the neopentyl group) is replaced by an 
organometallic group of similar structure. The higher E,,,,, values of the 
trimethylgermyl- and trirnetliylst~iiiiyl-substituted siloxanes may indeed 
be due to dipole-dipole interactions of the polar metal-carbon links between 
adjacent chains, but if this is so oiie would expect the trirnetliylsilylmethyl- 
substituted siloxanes to liave a liiglier E,  value than the neopentyl- 
substituted siloxanes. IIowever, consideration of Fisctier-Hirshfelder 
models of these two siloxanes sliows that rotation about the Si-0 axis is 
more restricted iii the latter than in the trimcthylsilylmethyl-substituted 
siloxane. Therefore, an explanation for the ltiglicr E,,,, value and for the 
higher actual viscosity of the iieopeiitylsiloxaiie itlay be sought in the de- 
creased “siloxaiie-like” character of this coiiipound due to restriction of the 
rotation about the Si--0 axis. Such rnotiou, first postulated by 130th and 
Rarker,18 has been used to  explain some of the remarkable properties of the 
polysiloxanes, including the Ion 13, lsc. values of the niethylpolysiloxanes. 

More recently nuclear magnetic resonance absorption studies19Jo have 
shown that there is also considerable motion about the Si-C bond 
in methylsiloxanes even a t  very low temperatures where all motion 
in organic compouiids is fromi out. Preliminary nuclear magnetic reso- 
nance absorption studiesz1 coiifiriii that there is considerably less motion in 
the neopentyl-substituted MDJI  compound reported here, while in the 
case of the trimethylstanriylmetliyl-substituted siloxane there appears to  
be no such drastic restriction of motion. Whether this less restricted 
motion in the Me,niCIIz-substituted siloxanes (M, is Si, Ge Sn) is due 
to decreased steric interference or to some other cause must remain an 
open question a t  this time. In  any case this freer motion may well com- 
pensate for any increased polar effects as one goes down the group Si, Ge, 
Sn, with tlie result that only small dif€erences in the E,,,,, values and in the 
actual viscosities are observed. The higher energies of activation of 
viscous flow and the higher actual viscosities of the MesMCI&-substituted 
siloxanes when compared with those of the chloromethyl-substituted si- 
loxanes may possibly be explained by more restricted rotation about the 
Si-0 axis in the former, since the C-Cl bond in the latter is only slightly 
less polar than the C-Si, C-Ge and C-Sn bonds and is not surrounded 
by bulky methyl groups. 

Steric interference between daerent  molecules may also be possible and 
contribute to  the higher &is, values, but in the MDM compounds such 
effects should not be important except in the case of the P-trimethylsilyl- 
ethyl-substituted siloxane. Here the interference with intramolecular 
rotation should be less marked because the highly branched group is farther 
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out, but intermolecular interference may be greater because of the same 
reason. 

In the liiglier siloxaiies it is appareiit tliat the preseticc of several highly 
branched organometallic substituerits leads to a rapid increase in the 
actual viscosity and the energy activatioii of viscous flon. Again the two 
opposite effects, intermolecular dipole interaction arid restricted rotatioil 
about the Si-C arid Si-0 bonds (possibly caused by steric hindrance of 
the bulky substituents), may serve to explain these increases. The latter 
influence is probably the more important. 

EXPERIMENTAL 

(1) Materials 

The starting silanes have previously been described.I1 Hexamethyl- 
disiloxane (pure grade) was obtained from Dow Corning Corporation, and 
octamethylcyclotetrasiloxane from the Silicone Products Department, 
General Electric Company. Carbon and hydrogen analyses were carried 
out by Dr. S. M. Nagy and his associates, Microchemical Laboratory, 
Massachusetts Institute of Technology, arid the active hydrogen determi- 
nations by Schwarzkopf Microanalytical Laboratories, Woodside, New 
York. 

(2) Hydrolyses 

Method A .  The hydrolysis of methyl-P-trimethylsilylethyldichloro- 
silane is described as an example. 

A mixture of 100 ml. of ether arid 100 ml. of distilled water was cooled to 
So and 50 g. (0.231 mole) of methyl-fi-trimethyIsilylethyldichlorosilane was 
added slowly with vigorous stirring while the temperature was maintained 
a t  5". After the addition had been completed the reaction mixture was 
allowed to  warm up to room temperature and was then stirred vigorously 
for 10 hours. Subsequently the organic layer was separated, washed 
several times with distilled water, and dried over anhydrous sodium sulfate. 
After distillation of the ether a t  atmospheric pressure the residue was 
fractionated a t  reduced pressure through an 18-inch Vigreaux column. A 
71% yield of volatiles, 26.2 g. of liquid boiling from 141" a t  0.2 mm. to 183" 
a t  0.3 mm., was obtained. A heavy viscous residue remained in the still 
pot. That the frac- 
tion boiling a t  138-142" a t  0.175 mm. was relatively pure trimer was shown 
by: (a)  the strong band in its infrared absorption spectrum a t  9.9 p, which 
is indicative of the cyclic trimer structure, and the absence of a strong 
band a t  9.3 p, which would indicate the presence of tetraineric or higher 
cyclicsZ2; (b)  the fair agreement of the observed molar refraction using the 
calculated molecular weight of the trimer in the Lorentz equation with the 
molar refraction calculated from the bond refraction values of Vogel et aLZ3 
(found: 140.50; calc. 141.37); and (c )  the determination of the molecular 
weight by the cryoscopic method in cyclohexane solution. 

Refractionatiori gave the fractions listed in Table I. 
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Melhod B. The hydrolysis of methyl(triniethylsilylmethy1)dimethoxy- 
silane is given as an example. 
Methyl(trimethylsilylmethyl)dimethoxysilane, 70 g. (0.364 mole) was 

added slowly with vigorous stirring to  a mixture of 250 ml. of ether and 
250 ml. of distilled water to which three drops of concentrated hydrochloric 
acid had been added. After the mixture had been stirred for 12 hours, the 
ether layer was separated and dried and the ether distilled off. The residue 
was then distilled and four fractious were taken: (1) 15.4 g., b.p. 108-127" 
a t  0.1 mm.; (2) 10.5 g., b.p. 127-132" a t  0.1 mm.; (3) 10.0 g., b.p., 140- 
170" a t  0.1 mm.; (4) 4.5 g., b.p. 170" a t  0.1 mm. 

The infrared spectra of these fractions, taken in carbon disulfide solution, 
indicated that fractions (11 and (2) contained OH groups, while fractions (3) 
and (4,) did not. Fractions (1) and (2) began to crystallize after they had 
stood for four days. Attempted recrystallization from methanol or from 
20-40" petroleum ether a t  low temperatures was unsuccessful. Only oils 
could be obtained; these, wheii seeded with a crystal of the original material 
crystallized on standing overnight in an ice box. The crystals were then 
washed with a small amount of cold petroleum ether and squeezed dry under 
water pump suction with a rubber dam. The crystalline product reacted 
only slowly with Karl Fischer reagent, making the detection of the end- 
point difficult, but the substance appeared to be a silanol and probably 
bis-(trimethylsilylmethyl)dinietliyl-l,3-disiloxanediol. Determinations of 
molecular weight in cyclohexarie gave values larger than that expected for 
the diol. However it has been shoB 1 1 ~ ~  that triniethylsilaiiol and triethyl- 
silanol are associated in cycloliexane solution. For trimethylsilanol the 
association factor M\Vfor,,,~/\ZI'CTca1, varied from 1.78 a t  a concentra- 
tion of 0.0151 molal to  3.28 for a 0.1450 niolal solution. In  the disiloxane- 
diol described above the associatioii factor was found to  be 3.09 a t  a con- 
centration of 0.0443 rnolal and 3.22 for a 0.0766 molal solution. It is not 
surprising that a disiloxariediol exhibits such high association. 

The same bis(trimethylsilylmethy1)dirnethyl-l,3-disiloxanediol was con- 
densed to the cyclic trisiloxane by refluxing in the presence of dry aluminum 
oxide a t  10 mm. pressure and then distilling at  lower pressure. No OH 
absorption a t  3 p was observed in the infrared spectrum of the distillate, 
and no band indicative of tetramer a t  9.3 p appeared. 

C, 40.72; IT, 9.65; M.W., 416; ng, 1.4400, d?, 0.921. 
ANALYSIS: Culcd. for (Me3SiCI12(Me)SiO)s: C, $1.05; €3, 9.63; MW, 439. Found: 

When this method was used to hydrolyze niethylneopentyldimethoxy- 
silane, removal of the ether from the organic layer of the hydrolysis mixture 
gave a heavy oil that formed a crystal slush on cooling. This was filtered 
under suction to  yield 55.3 g. of a waxy white solid which was then washed 
with cold 20-40' petroleum ether and filtered again. The crystals so ob- 
tained were in the form of glistening white flakes. Their infrared spectrum 
in chloroform solution indicated that uncoridensed silanol groups were 
present. A portion of the crystalline product was recrystallized from a 
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mixture of chloroform and 30-60" petroleum ether and dried in vacuo to 
yield material melting 98.0-98.8" (uncorr.), which was identified as methyl- 
neopentylsilanediol. 

The other hydrolyses are summarized in Table I. 
Hydrolysis of Trimethylsilylmethyldimethylmethoxysilane. To 29 g. of 

this silane in a 250 ml. three-necked flask equipped with a stirrer, reflux 
condenser, and a dropping funnel, 20 ml. of concentrated sulfuric acid was 
slowly added. The mixture became quite hot during the addition; it 
was subsequently stirred for 15 liours a t  room temperature. A homogene- 
ous system resulted. The reaction mixture was then poured into 500 ml. 
of distilled water; the organic layer was separated, washed three times 
with water, three times with a saturated solution of sodium bicarbonate, 
and finally again with water, and was dried over Drierite. Fractional dis- 
tillation gave 13.5 g. of 1,3-bis(trimethylsilylmethy1)tetramethyldisiloxane, 
b.p. 84" a t  0.7 mm. to  88" a t  0.95 mni., a yield of 55%. 

(3) Equilibrations 

(a) Sulfuric Acid-Catalyzed Equilibration. A mixture of 257.1 g. of 
hexamethyldisiloxane, 34.5 g. of a mixture of 1.3-bis(trimethylsilylmethylj- 
dimethyl-l,3-disiloxanediol and methyl (trirnethylsilylmeth> ljcyclosiloxanes 
and 3.4 nil. of concentrated sulfuric acid was stirred a t  room temperature 
for 17 hours. The sulfuric acid remained as a separate layer throughout 
this treatment. After this period of stirring, 25 ml. of distilled water was 
added and stirring was continued for 15 minutes. The organic layer was 
then separated, washed with 5'36 sodium bicarbonate solution and with 
distilled water, and dried over Drierite. Fractional distillation of the 
organic layer gave 205 g. of hexamethyldisiloxane, 5 g. of liquid boiling 
from 75" a t  2.5 mm. to  90" a t  0.1 mm., 14.4 g. of liquid boiling from 90 to 
105" a t  0.1 mm. and a higher-boiling residue weighing 25.5 g. The infrared 
absorption spectra of the 90-105" fraction and of the residue indicated that 
some cyclic material was still present. 

(bj Potassium Hydroxide-Catalyzed Equilibrations. All potassium hy- 
droxide-catalyzed equilibrations were carried out in the following manner : 
A mixture of a hydrolysis product of Table I with hexamethyldisiloxane 
isopropyl alcohol, and potassium hydroxide dissolved in a small amount of 
water was heated under reflux for 12 to 20 hours in a one-liter, three-necked 
flask equipped with a Hirschberg stirrer, a reflux condenser, and a ther- 
mometer. After the reaction mixture had cooled to  room tempera- 
ture it was washed with three 75 ml. portions of saturated ammonium chlo- 
ride solution, dried over potassium carbonate, and fractionally distilled. 
The excess hexam ethyldisiloxane and isopropyl alcohol were distilled a t  
atmospheric pressure in some cases, a t  reduced pressure in others. The 
residue was fractionated a t  reduced pressure. The experimental data are 
listed in Table V. 

In  the case of the MDM-octamethylcyclotetrasiloxane equilibrations 
the same procedure was followed with the following slight modifications; 
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after removal of the isopropyl alcohol the residue was filtered arid the lower 
boiling siloxanes were then removed by distillation a t  reduced pressure 
(0.1 to 0.5 nim.). 'The distillation flask was 
heated to 200" on all cases. The residue that remained was used for the 
viscosity determinations. Experimeiital data are given in Table VT and 
viscosity data in Table VII. 

No boiling chips were used. 

TABLE VII 
VISCOSITY ME.+SUREMENTS OF RIDM-D, EQUILIBRATION PRODUCTS 

Viscosity 
R Mol. wt. cs. .4t "C. 'rise.. c a ~  

(CH,),SiCFI, 671 62.48 0 

( CHd 3GeCH2 766 93.73 0 

20.17 25 6271 
2.20 100 

26.72 25 7192 
2.45 

17.00 
3.14 

(CH,),CCH* 900 33.91 
16.01 
3.99 

(CH3) ~ S ~ C Z H ~  738 91.59 
26.62 
3.28 

(CH3)&KH2 974 44.37 
100 

0 

100 
0 

100 
0 

100 

25 5418 

25 4301 

25 6664 

(4) Viscosity Determinations 

Fenske viscometer tubes, Exax blue line, conforming to the specifica- 
tions of The American Society for Testing Materials,25 were used in this 
study. The visconieters were calibrated using pure methylsiloxanes of 
known viscosity a t  a given temperature. The method described in refer- 
ence (25) was used in the viscosity determinations. 

The authors are indebted to the Silicone Products Laboratory, General Electric Com- 
pany, for the octamethylcyclotetrasiloxane used in this work and for the calibration 
fluids ror the viscometers. 
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Synopsis 

In an attempt to increase the intelmolecular attraction between polyorganosiloxane 
chains and rings, polar groups have been introduced into niethyl groups attached to the 
silicon atoms. To avoid the usual weakening of the C-Si bond by negative polar sub- 
stituents, positive substituents of the type (CH3)sM iwherc M is Si, Ge, or Sn) were 
employed in this study. Cyclic trirners and extended linear polymers were prepared, 
both from the pure polar-substituted n~ouomers and fro in  niixtures of these monomers 
with octamethyltetrasiloxane. Irlternlolecular attraction w-as estimated by measuring 
viscosities and activation euergies of viscous flow. The preparations also were com- 
pared in these respects with pure dirnethylsiloxanc~s and with neopentylsiloxanes. The 
results show that intermolecular attraction is increased hy the positive polar substit- 
uents, and that the C-Si bond is rendered i i i ~ r e  stable toward 011- attack by such 
positive suhstituents than by negative. More dctailed analysis indicates that the ef- 
fects of the groups on the viscosity of the polymers depcnds on: ( I )  the dipole attraction 
of the polar groups, (2) the hulk or steric effect of the enlarged group, and ( 3 )  the effect 
of the metal M upon the ease of rotation of the niethyl groups (the characteristically free 
intramolecular motion of silicon polymers). The t,rends of these effects oppose each 
other in the C-Si-Ge-Sn series. arid so liniit the ohsr~i~vcd increase of viscosity. 

Rksu ni 6 

En vue d’augrnenter l’attraction iutermolCculaire des chairies e t  arineaux des poly- 
siloxanes organiques, ou a introduit des groupes polaires dans les groupes mkthyliques 
attachks aux atomes de siliciuin. En vue d’6vitc.r le relhchement habitriel de la liaison 
C-Si par I’introduction de substituants polaires ubgatifs, on a utilisC dans cette Ctude 
I’introduction de groupes positifs du type (CFTr),M (oil M est Si. Gr: oi l  SII). Des tri- 
mhres cycliques et  des polymhres IinCaires Ctendus ont C t C  prbparCs, tous deux aus dCpens 
de monomkres purs substitues et  au depart de mClanges de ces monomhres avec la octa- 
m6thyltCtrasiloxane. L’attraction interinolCculaire a C t C  estimee par des mesures de 
viscositCs et  d’knergies d’activation d’kcoulement visqueux. Les prkparations ont 
Cgalement C t C  comparees avec les dimCthylsiloxanes pures e t  les nCopentylsiloxanes. 
Les rCsultats montrent que I’attraction intermokulaire est accrue par les substituants 
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positifs, e t  que le lien C-Si est rendu plus stable I’tgard d’une attaque par 011- par 
ces substituants positifs que par des substituants negatifs. Une analyse plus dCtaillCe 
iriontre que les effets des groupes sur la viscositt des polymAres dependent: ( 1 )  de 
I’attraction dipolaire tfcs groupes polaires, (2) la grosseur 011 I’effet sthigue de la groupe 
augmentde, e t  (3) de I’effet du metal IL1 SUI‘ la possibilitt de rotation des groupes mCthyli- 
ques (rnobilitC intramolCculaire considdrable, caracttristique des polymbres siliconiques). 
Ces effets s’opposent les uns aux autres dam les series C-Si-Ge-Sn, et linritent ainsi les 
augmentations de viscosith. 

Zusammenfassung 

In  einem Versuch, die intermolekulare Anziehung zwischen Polyorganosiloxan-Ketten 
und -Ringen zu erhiihen, wurden polare Gruppen in Methylgruppen eingefuhrt,, die an 
Silizium-Atome gebunden sind. Urn die ubliche Schwachung der C-Si-Bindung bei 
negativen polaren Substituenten zu verhindern wurden positive Substituenten vom 
Typus (CH&M (wo M Si, Ge oder Sn ist) in dieser Untersuchung verwendet. Es 
wurden cyclische Trimere und ausgedehnte lineare Polymere hergesteut, sowohl aus den 
reinen polar-substituierten Monomeren als auch aus Mischungen dieser Monomere mit 
Octamethyltetrasiloxan. Die intermolekulare Anziehung wurde durch Messung der 
Viskositaten und Akt.ivationsenergien des viskosen Fliessens abgeschatzt. Die Pro- 
dukte wurden auch in dieser Hinsicht niit reinen Dimethylsiloxanen urtd rnit Neopentyl- 
siloxan verglichen. Die Resultate zeigen, dass die intermolekulare Attraktion durch 
die positiven polaren Substituenten erhSht wird, und dass die C-Si-Bindung gegen 
OH--Angriff durch solche positiven Substituenten bestandigcr als durch negative ge- 
macht wird. Genauere Analyse zeigt, dass die Einwirkungen der Gruppen auf die Vis- 
kositat der Polymere abhingig ist von: (1) der Dipolanziehung der polaren Gruppen, 
(2) der Massen-oder sterischen Wirkung der vergrasserten Gruppen und (3) der Ein- 
wirkung des Metals M auf die Leichtigkeit der Rotation der Methylgruppen (die 
charakteristisch freie intramolekulare Bewegung von Silikonpolymeren) . Die Rich- 
tungen dieser Einwirkungen stehen in der C-Si-Ge-Sn-Reihe gegeneinander und 
beschranken so die beobachtete Erhijhung der Viskositat. 
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