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synopsis 
Documentation and preliminary analysis of the infrared and proton nuclear mag- 

netic resonance spectra of a systematic series of poly(carborane-si1oxane)s containing 
-CBlOHloC- cages are reported. Inconsistencies in the spectra are interpreted in 
terms of complications in the syntheses. 

INTRODUCTION 

Research in the field of high-temperature elastomers has led to the 
development of carborane-siloxane polymers which have elastomeric 
properties throughout the temperature range -100°C to +5OO0C. The 
thermomechanical behavior of the linear poly (carborane-si1oxane)s which 
form the basis of the present report have recently been investigated in 
order to relate their physical tran~itions,l-~ and thermal' and oxidative4 
stabilities at high temperature, to molecular structure. Such correlations 
depend on the correct assignment of structure which is usually made 
with spectral evidence. Inconsistencies often bear on complications in 
synthesis. 

This communication presents documentation and preliminary analyses 
of the infrared spectra of the polymer films and of the high-resolution 
proton magnetic resonance spectra of the methyl-, l,l,l-trifluoropropyl- 
and phenyl-silyl groups of the polymers in solution. Inconsistencies in 
the spectra are interpreted in terms of complications in the syntheses. 

EXPERIMENTAL 

Materials 
The polymers which are discussed in this report were synthesized, 

characterized, and supplied by the Olin Corporation Research Center, 

* Present address: Bell Laboratories, Whippany, New Jersey 07981 
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New Haven, Connecticut.'~-' The structures, nomenclature, and tran- 
sitions of the polymers are shown in Table I.' The first polymer (I) was 
a crystalline 10-SiB-1 which was received as a white powder. The 
next five structures (11-VI) were 10-SiB-3 polymers. Structures I1 
and I11 were identical except for the endgroups; I11 was prepared from I1 
by end-capping with (CH&SiCl in ether solution. Both I1 and I11 had 
the appearance of candle wax. Polymer IV was a higher molecular weight 
10-SiB-3 and was a cloudy viscous gum. Polymer V was similar to I1 
with the exception that the para-carborane cage replaced the usual meta- 
carborane cage : 

A -c,o,c- 
810 HI0 

PARA 

-CBloHloC- 

META 

It was received as a brittle white wax. The last 10-SiB-3 polymer, VI, 
was a l,l,l-trifluoropropyl-substituted polymer which was similar to I1 
but with the trifluoropropyl group replacing one methyl group on each 
silicon atom in an atactic fashion. It was received as a viscous gum. 

Polymers VII (cloudy, viscous fluid) and XI (almost clear, viscous fluid) 
were reported to have regular 10-SiB-4 and 10-SiB-5 structures, respec- 
tively, and XI1 was a commercially available, linear poly(dimethy1sil- 
oxane) (SE-30, manufactured by the General Electric Company) which 
was presumably end-capped and was a clear, colorless, viscous gum. 
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TABLE I 
Nomenclature, Chemical Formulae, and Transitions of 10-SiB-x Polymers 

DESIGNATION 

1 10-518-1 

U 10-518-3 

m 10-518-3 
END-CAPPED 

5? 10-St8-3 
HIGH MW 

Y 10-508-3 
PARA 

PI 10-518-3 

FLUORlNATEO 

Xl l  10-518-4 

u 10-518-4 4 

I 10-588-4 
END-CAPPED 

n 10-SIB-5 

III 10-588-0 
S E - 3 0  

. I  

10 -68  -140  154 

I0 -68 -140* I 5 4  
-,a5 

A -70  -140 

90 35 -115 161 

A -15  <- I80  
-90 1 

A - 7 5  -135 

1 -58 -*3w 
-140 

I - 5 7  -140 

A - 5 7  -140 

A -88 -140 

-55 -125 A I58 

2637 

A = Absent. 

Polymers VIII, IX, and X were reported to be modified 10-SiB-4 struc- 
tures with 20% of the silicon atoms in the backbone having a phenyl 
substituent replacing one methyl group in an atactic fashion. Polymer 
VIII had a random placement of the phenyl-substituted silicon atoms 
along the chain, while IX and X were of the regular structure shown in 



2638 MOHADGER, ROLLER, AND GILLIIAM 

Table I. 
from IX using the proceduro which was uscd for obtaining 111. 
substituted 10-SiB-4 polymers were cloudy, viscous fluids. 

I’olymer X was an end-capped version of IX and was prepared 
Thr  phcnyl- 

Syntheses 

Polymers 11, V, and XI were synthesized by the simple room-temperature 
hydrolytic homocondensation reactions of dichloro monomers,G e.g., 

CH3 CH3 CH3 CH3 
I I I I HOH 

CH3 CH3 THF 

C1-Si-O-Si-CB~~H&-Si-O-Si-C1- I1 + HCI . I I I I (CZH5)ZO 
CHI CH3 

End-capping of I1 with (CH3)3SiCI in (CzH&O solution yielded polymer 
When the meta-carboranc of the monomer was replaced by the para- 

carborane cage, structure V was ~ b t a i n e d , ~  and when the monomcr con- 
CHs 
I 
I 

tained one additional -Si--O- linkage on both sides of the meta-car- 

CH, 

borane cage, XI was obtained. The regularity of the structures was re- 
ported to  be confirmed by NMR s t u d i ~ s . ~ - ~  Polymer VIII was made by an 
equimolar copolymerization of Cl2Si(C6H5) (CHI) with the monomer of I1 
by the reaction shown above for the synthesis of 11. The structure was 
considered to  be random.6 The structure is random in the scnsc’ that al- 
though there is on average one phcnylatrd siloxanc group per repeat unit, 
consecutive phenylated siloxane groups are expected to  occur which result in 
incorporation of both 10-SiB-3 unitsand [-Si(CH3)(C6H5)-O-ln (n = 1,2, 
3, . . .) units in the chain, as is indicated by the chemical structure of VIII 
shown in Table I. Polymer I was prepared by the bulk condensation 
of the dihydroxy monomer using tctramethylguanidinc/sulfuric acid as 
catalyst5: 

CH3 CH3 
I I 170°C 

I 
CH3 

HO-Si-CB~oHl~CSi-OH - I + H20. I catalyst 
CH3 

Polymer IV was prepared by the same procedure using the monomer 
CHa CH3 CHa CH3 

HO-Si-O-Si-CBl~H~oC-k-O-$i-OH. I I 
I 
CH3 

I I 
CH3 CH3 

Polymer VI was prepared in a manner similar to IV using the dihydroxy 
monomer which had one -CH3 group on each silicon atom replaced by 
-C2H4CF3.’ The -CzH4CF3 groups are expected to  be placed atactically 
along the chain. 
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Polymcrs VII, IX, and X werc synthcsizcd (in bulk) by an initial di- 
chloro, dihydroxy, condcnsation to give a prcpolymcr, as follows5: 

CH3 CH3 CH3 CH3 R 
I I I I 

n HO-Si-O-Si-CBloH&-Si-O-$i-OH + n Cl-Si-Cl+ 
I 
CH3 

I I I I A 
CHs CH3 CH3 CHI 

CH3 CH3 R I 1  CH3 CH3 
I I 
I I I 

&Ha CH3 CH3 

H--O-Si-O-Si-CBtoH&-Si-O-~i-O-Si- C I  C1 + nHCl 

1 AH3 CH3 
prepoly mer 

where R = -c6H5 or -CH,. The cndgroup of the prepolymer (GPC peak 
maximum -4000, n - 8) was hydrolyzed and the resulting prepolymer 
was then reacted at elevated temperatures, using tetramethylguanidine/ 
sulfuric acid as catalyst, in aromatic hydrocarbon solvents for R = -CsH5 
and in bulk for R = -CH3.5 As in the case of the other substituted poly- 
mers, the -c& group is presumably placcd atactically in thc chain. 

The poor solubility of I resulted in the polymer only being washed with 
hot xylene and water in its work-up. All the other polymer products were 
dissolved in ether, filtered, precipitated with methanol, and dried in vacuo.5 

Techniques 

All of the specimens for infrared analysis, except the 10-SiB-1 polymer, 
were cast on sodium chloride plates from 5% solutions in deuterated chloro- 
form. The films werc dried at 35°C in a vacuum oven (<2 mm Hg). The 
insoluble 10-SiB-1 polymer was fabricated into a KBr pellet. The spectra 
were generated using a Beckman IR-12 instrument. The presence of 
absorption peaks at 1625 cm-’ and 3570 cm-l in the 10-SiB-1 spectrum is 
presumably due to moisture in the KBr. 

The proton NMR spectra of the soluble polymers (all but 10-SiB-1) 
were generated using a Varian HA-100 instrument. The solutions used 
were approximately 5% (g polymer/ml solvent) in CDCb with a CHCL 
lock signal. Chemical shifts from CHCI, have been translated to the ‘‘6’’ 
scale (using a nominal shift difference between tetramethylsilane (TMS) 
and chloroform of 726 cycles). 

RESULTS AND DISCUSSION 

Infrared 

There are two main absorbing segments present in the 10-SiB polymers, 
[-Si(R) (R’)-0-1 and the carborane unit. If these groups do not inter- 
act with each other, the resultant I R  spectra would be the sum of the ab- 
sorption of individual segments. If the presence of one group perturbs 
the other, shifts in position and intensity of peaks would be expected. Due 
to overlapping of critical regions, such a distinction was not made. 
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The model compound for [-Si(R)(R')-0-1, is the polymer 10-SiB- = 
(SE-30) the major absorption bands for which have been assigned and 
tabulated in Table 11. The absorption band of 10-SiB-= around 2960 
cm-' is due to C-H stretch of the Si-CHS group. Spectra of the small 
molecules, met& and para-carborane, have also been included in Table 11. 
These paru- and meta-carboranes have a very strong band at  2600 cm-1 which 
is caused by stretch of the B-H bond. However, the characteristic ab- 
sorptions of the carborane group located between 1160 and 800 cm-1 coin- 
cide with the broad Si-0 absorption of the polysiloxane group (Table 11). 
This complicates the assignment of peaks in the 10-SiB polymers. In 
most cases, absorption due to carborane units appears as shoulders or weak 
peaks. Typically, the 10-SiB polymers have major peaks a t  2960, 2600, 
1410, 1260, 1100-1050, and 800 cm-l which have been assigned to C-H 
stretch of Si-CHs, B-H stretch of the carborane unit, -CH2 bending, 
-CH2 rocking, overlapping Si-0 and carborane bands, and the Si-C 
band, respectively (Tables I1 and 111). 

A preliminary attempt to describe the effect of structural variables on 
the spectra of the 10-SiB polymers follows. 

In-Chain Variations in the 10-SiB-x Structure (Figs. 1,2, and 3) 

Comparison of the spectra of 10-SiB-1, 10-SiB-3, 10-SiB-4, and 10-SiB-5 
shows that the ratio of G-H to B-H absorption increases as the number 
of CHa groups per repeat unit is increased. The spectra were otherwise 
similar. No daerences were detected among the low molecular weight, 
high molecular weight, end-capped, and unend-capped 10-SiB-3 samples. 

Variations in the 10-SiB-3 Structure (Figs. 1 and 2) 

Although there are major differences in the spectra of the small mole- 
cules, metu- and para-carborane (Table II), the spectra of the 10-SiB-3 
polymers containing these carborane isomers are very similar. Comparison 
of the spectrum of the 10-SiB-3 paru-polymer (V) with those of the 10-SiB-3 
meta-polymers (11, 111, IV) shows a noticeable difference in the presence 
of an intense peak at  955 cm-' for the paru-polymer. 

The spectrum of the fluorinated 10-SiB-3 polymer (VI) contains numer- 
ous additional peaks (Table 111). 

Molecular weight and type of endgroup have very little effect on the 
IR spectra of the meta-10-SiB-3 polymers (cf. 11,111, and IV). 

Variations in the 10-SiB-4 Structure (Fig. 3) 

The most pronounced differences between the spectra of the aromatic 
and nonaromatic 10-SiB-4 polymers are the presence of peaks at  3085- 
3000, 1593,1431, 1125, and 750 cm-1 which are associated with the phenyl 
group (Table 111). 
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Nuclear Magnetic Resonance 
The different types of methyl groups in the metu-10-SiB-x polymers are 

shown as follows: 
CH3 CHa CHa 

10-SiB-2: -CB1~HIoC-f!X-O-Si--O I - $  i-CBloHIoC- 

10-SiB-3: - C B l o H I c C ~ i - - 0 4 i - O ~ i - e S i - C B l d l l a C -  I 

10-SiB-4: -CBloHIoC-Si--O I 4. 1-0- 8 i-O-!3i-O-Si-CB&1oC- 

I 
a2 b2 a2 
AH3 CH3 bHa 

CH3 CH3 CH3 CH3 

I I 
a3 b3 ba a3 
CHa AH3 AH3 CH3 

CH3 CHI CH3 CHa CH3 
I 
I I I 

ar b4 ~4 b, ar 
CH3 CH3 AH3 bH3 CHa 

CH3 CH3 CHI CH3 CH3 
I 4”” I I I I 

10-SiB-5: -CBloH& i ~ - $ i - O ~ i - O S i - O ~ i - O - g i - C B l d I l a C -  

&HI bH3 CH3 CH3 CH3 CHI 
as b5 cs ~5 bs a5 

where -CBIoH&- represents the metu-carborane cage. A general pat- 
tern emerges from consideration of the NMR spectra of the polymers which 
shows that the metu-carborane cage interacts with the silyl-methyl groups 
causing a downfield shift. This deshielding effect of the metu-carborane 
cage is much greater than that of the oxygen atom and decreases with dis- 
tance from the metu-carborane cage. Thus, in the metu-10-SiB-x polymer 
series, the chemical shifts are in the order a’s > b’s > c’s, which is con- 
sistent with studies of model compounds.ll It is to be expected that the 
individual members of each of the a, b, and c groups of methyl protons have 
different chemical shifts in consequence of differences in symmetry and 
differences in distance from the electronegative centers. For example, 
although az, u3, u4, and u5 have one metu-carborane cage in their immediate 
proximity, the second metu-carborane cages are 2, 3, 4, and 5 siloxane 
groups away from the respective silylmethyl groups. Thus, the chemical 
shift within the group should have the following order: 

2, > Zx+l > Zx+2, etc. 
where Z = the chemical shift the a, b, or c silylmethyl protons in the 10- 
SiB-x polymers. In  this connection it is noteworthy that the puru-car- 
borane cage (in para-10-SiB-3) exerts a shielding effect on the methyl pro- 
tons. 

In-Chain Variations in the 10-SiB-x Structure (Figs. 4 and 5) 
The methyl proton NMR spectrum of the 10-SiB-1 polymer was not ob- 

tained because of lack of solubility. 
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The spectrum (not shown) of a sample of 10-SiB-2 shows two peaks12; 
that at  lower field is twice as intense as the other. Consideration of the 
structure shows that the ratio of u2 to b2 methyl protons is 2 to 1. There- 
fore, the stronger (downfield) signal is due to the az type methyl protons. 

The methyl proton NMR spectra of the meta-10-SiB-3 polymers (11, 
111, and IV) contain two peaks of equal intensity at 0.20 f 0.005 and 0.09 
f 0.005 ppm relative to TMS, which are assigned to the u3 and b3 methyl 
groups, respectively. Comparison of spectra of polymers 11, 111, and IV 
shows that neither end-capping nor increasing the molecular weight sig- 
nificantly affects the NMR spectra of the meta-10-SiB-3 polymers. 

The two up- 
field peaks, at 0.07 f 0.005 and 0.08 f 0.005 ppm, are assigned to the cs 
and bs methyls, respectively. The sum of their intensities is twice that 
of the a5 methyl peak, 0.20 f 0.005 ppm. 

Consideration of the structure of the 10-SiB-4 polymer (VII) shows that 
there are three dissimilar methyl groups: a4, b4, and c4. The intensity ratio 
of the u4 signal to that of remaining b4 + c4 signals is expected to be 1 : 1.5. 
The NMR spectrum of the 10-SiB-4 polymer has two major peaks at 6 = 
0.20 f 0.005 ppm and 0.09 f 0.005 ppm. There are also two smaller 
bands at  6 = 0.08 f 0.005 pprn and 0.07 f 0.005 ppm which appear as 
shoulders upfield from the center of the latter peak. The intensity ratio 
of the peak at 6 = 0.20 f 0.005 ppm, due to a protons, to that of the re- 
maining protons is 1:  1.3. The low ratio of [(b+c)/u] methyl signals indi- 
cates that the amount of c4 [-Si(CH3)2-O-] which is incorporated into 
the polymer is lower than is to be expected on a stoichiometric basis. The 
presence of an extra band indicates that a pure 10-SiB-4 structure may 
not be present. An explanation for this discrepancy should arise from 
examination of the synthetic route. 

The results of the gel permeation chromatogram on the prepolymer show 
that about eight repeat units are coupled in a 10-SiB-4 f a~h ion .~  Pre- 
polymer units are then coupled in a fashion that would yield 10-SiB-4, 
10-SiB-3, and 10-SiB-5 bridges (in the approximate ratio 2: 1 : 1) between 
the prepolymer units (see “Syntheses”). Therefore, signals due to units 
other than of 10-SiB-4 are to be expected. This structural complication 
should not affect the a: b:c ratio of methyl groups. It is therefore apparent 
that there are competitive reactions which prevent stoichiometric incorpo- 
ration of the dimethylsilyl group into the prepolymer and consequently into 
the polymer. 

The chemical shift for c4 of 10-SiB-4 (assigned to 0.07 ppm) is indistin- 
guishable from the single resonance of 10-SIB- a . 

Polymer 10-SiB-5 has three peaks in its NMR spectrum. 

Variations in the 10-SiB-3 Structure (Figs. 4 and 5)  
The totally methylated 10-SiB-3 metu-carborane polymers (11, 111, and 

Examination of the proposed structure for para-10-SiB-3 shows that 
The 

IV) have been discussed. 

there are two kinds of methyl groups, a3 and b3, in this polymer. 
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Fig. 6. 10-Sil3-4 Polymers: methyl proton NMR spectra (100 MHz). 
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methyl proton NMR spectrum has only one resolved peak around 0.04 f 
0.005 ppm. This indicates not only that a3 and ba methyl groups experience 
similar environments (the one peak detected is not a singlet, it is skewed), 
but that they are also much less deshielded than the b3 methyl groups in the 
metu-10-SiB-3 polymer and even the methyl group in poly(dimethylsi1- 
oxane) . 

The proton NMR spectrum of the fluorinated 10-SiB-3 polymer has a 
rather complex structure. The electronegative-CF3 group deshields the 
dimethylene and the methyl groups. The resonances of the methyl pro- 
tons on the silicon atoms which contain the fluorinated group, for example, 
occur a t  0.19 f 0.005 and 0.29 f 0.005 ppm which are much further down- 
field than those of the methylated 10-SiB-3 polymers. Strong splitting 
between the nonequivalent protons of the trifluoropropyl groups results 
in a very complex spectrum downfield from the two methyl peaks. 

Variations in the 10-SiB-4 Structure (Fig. 6) 

Polymer 10-SiB-4 itself has been discussed. 
To obtain random and regular structures for the phenylated polymers, 

two different synthetic routes have been employed. For the regular 10- 
SiB-44 structure, the synthetic route used for 10-SiB-4 was employed, sub- 
stituting dichloromethylphenylsilane for dichlorodimethylsilane. The 
random 10-SiB-44 was synthesized by an equimolar copolymerization 
of dichloro-10-SiB-3 monomer with dichloromethylphenylsilane in the 
presence of water.6 These polymers (VIII, IX, X) were reported to con- 
tain on average one -Si(cH3)(C6H5)-& group per repeat unk6B6 The 
phenyl group shifts the signal of the methyl group which is on the same 
silicon atom downfield: the signal at 0.34 f 0.005 ppm for the random 
polymer and 0.33 f 0.005 ppm for regular polymers (IX and X) have been 
assigned to this methyl group. This assignment agrees quite well with 
that of a model monomeric compound.ll 

Comparison of the intensity of the signals a t  0.33 ppm to signals of the 
remaining methyl groups for the “regular” polymers (IX and X), however, 
indicates that a lower than expected portion of phenylmethylsiloxane has 
been incorporated into the polymer during synthesis (as for the 10-SiB-4 
polymer). Examination of a 60 MHz spectrum (not shown) indicates that 
the ratio of -CCH5 to -CH3 in the “random” polymer fits the proposed 
stoichiometry as previously reported.6 On the other hand, for the “regular” 
polymers this ratio is about 0.8 of the value which is to be expected. 

SUMMARY 

Spectral analysis shows that the various 10-SiB-3 and the 10-SiB-5 poly- 
mers have the anticipated structures. No ambiguity in structure was to 
be expected for these and for the 10-SiB-1 polymer, since the syntheses 
involved one-step homocondensations of symmetrical difunctional mono- 
mers. 
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The random 10-SiB-44 polymer, synthesized by an equimolar one-step co- 
condensation, had the anticipated structure. On the other hand, the 
“regular” 10-SiB-4 polymers, which were made by using two consecutive 
steps, were structurally and stoichiometrically deficient. 
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