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Synopsis 
An extensive study of structure-bulk property relations for a systematic series of 

well-defined linear poly(carborane-si1oxane)s is reported. These polymers form the back- 
bone components of the most recently developed high-temperature elastomers. The 
basic structure is 

where (1) z = I, 3, 4, 5, m ;  ( 2 )  A = endgroups (reactive and inert); (3) Z = meta-, 
para-carborane (for x = 3);  (4) R = -CHI, R = -C2H&F3 (for z = 3), one in five 
R = -CCH5 with the remainder -CH, (for z = 4, randomly and regularly substituted); 
(5) molecular weight = -10,000, -50,000 (for z = 3). Thermomechanical spectra 
(-1 cps) from -180'C to 625°C to -180°C in nitrogen a t  3.6"C/min and thermo- 
gravimetric data from 25°C to 800°C in argon are presented. Physical transitions 
(To, T,, T,,,,, T,,,) are discussed, including a correlation of T, data with structure (for 
x = 1, 2, 3, 4, 5, m ) using a copolymer equation. Thermostability is also discussed in 
terms of structure. 

INTRODUCTION 
The search for high-temperature elastomers has led to the development 

and marketing of the carborane-siloxane polymers. Most of the work to 
date has involved incorporation of the 10-boron meta-carborane cage into 
a dimethylsiloxane backbone. Current and potential applications of 
these materials are claimed to be far reaching. A high-purity grade of 
one of them is available from Analabs Inc., North Haven, Connecticut, 
under the name Dexsil 300-GC (10-SiB-3, see below) for use as a liquid 
substrate for vapor-phase chromatographic columns. This system has 
been used for separating high-boiling materials such as silicone oils, poly- 
* Present address: Bell Laboratmies, Whippany, New Jersey 07981. 
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Fig. 1. 10-SiB-1: thermomechanical spectra in nitrogen ( A T / A t  = 3.6"C/min, T > 
25OC; A T / A ~  = 2"C/rnin, T < 25°C) from 130" to -180' to 625" to -180" to 25°C. 

phenyl ethers, butter triglycerides, and pesticides a t  temperatures up to 
500°C. Another material (a modified, low molecular weight 10-SIB-2) 
is being used to coat metals, glass, and fabrics. Application via xylene 
solution and air cure a t  elevated temperature results in a thin, tough film. 
Potential applications include protection of autoclave interiors, furnace 
parts, and electrical components.' Trifluoropropyl-substituted materials 
are being explored as high-temperature sealants for fuel tanks.2 
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Fig. 2. 10-SiB-3: thermomechanical spectra in nitrogen ( A T / A t  = 3.6"C/rnin, T > 
25°C; A T / A t  = 2"C/min, T < 25°C) from 130" to -1180" to 625" to -180" to 25°C. 

The 12 linear polymers which are discussed herein represent one of the 
most comprehensive series of systematically varying structures in the 
field of elastomers. Differences include in-chain variations of the poly- 
meric repeat unit as well as variations in side groups, endgroups, molecu- 
lar weight, and regularity of the repeat unit. The influences of the varia- 
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Fig. 3. 10-SiB-3 End-Capped: thermomechanical spectra in nitrogen ( A T / A t  = 
3.6"C/min, T > 25°C; A T / A t  = 2"C/min, I' < 25°C) from 130" to - 180' to 625" to 
-1180" to 25°C. 

tions in molecular structure wcrc studied thermomechanically with respect 
to their bearing upon both physical transitions and high-temperature 
thermal stability in an inert atmosphere. 

EXPERIMENTAL 

Materials 
The polymers whose mechanical spectra are reported and discussed in 

this report were synthesized, molecularly characterized, and supplied by 



HIGH-TEMPERATURE ELASTOMERS 

0.4 CPS 

2145 

0- 

NZ ATMOSPHERE 

AT/At  = 3.6OCIMIN T >25OC 

A T I A t  = 2 0 ° C I M I N  T C 25'C 

I 

- 
N a 
\ - - 
>- 
t 
0 10-1 
'3 
a 
W > 
I- 

-J 
W 

- 
a 

a 

10-2 

- 2  

I I I I I I I I 

1.0 CPS I I 
I 

~ 

0 -100 0 100 200 300 400 500 6 0 0  700 

TEMPERATURE,(OC) 
Fig. 4. 10-SiB-3 High Molecular Weight: thermomechanical spectra in nitrogen 

( A T / A t  = 3.6"C/min, T > 25°C; A T / A t  = 2"C/rnin, T < 25°C) from 130" to -1180" 
to 625" to -180" to 25°C. 

the Olin Corporation Research Center, New Haven, Connecticut. -6 

The structures, nomenclature, and transitions of these polymers are shown 
in Table I. The thermomechanical spectra which were used to deter- 
mine the transitions are shown in Figures 1-12. 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. Structure 111 was prepared 
from I1 by end-capping with (CH&SiCI in ether solution. Both I1 and 
I11 had the appearance of candle wax. Polymer IV was a higher molecu- 
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TABLE I 
Nomenclature, Chemical Formulae, and Transitions of 10-SiB Polymers 

- 
DESIGNATION 

I 10-s10-1 

II 10-SOB-3 

m I O - S I B - ~  
END-CAPPED 

m 10-510-3 
HIGH MW 

Y l o - S i B - 3  

PARA 

10-SIB-3 
FLUORINATED 

10-510-4 

10-588-4 0 
RANDOM 

IX 10-518-4 .$ 

x 10-518-4 .$ 
END-CAPPEO 

XI 1 0 - S I B - 5  

xu I O - S I B - ~  
S E - 3 0  

GPC PEAK M A X  -15,000 

not i t -o-8r-cs, ,  I !  n,o c - i+o- iN-o in  I ,  

cn, cn, cn3 cn, 
GPC PEAK MAX " 8 , 5 0 0  

GPC PEAU MAX - 24.000 

8" z 12,000 
GPC PEAK MAX - 15-20.000 
RANDOM COPOLYMER 

GPC PEAK MAX - 12-18.000 

T m  'cry% Tq Tsec Tm'Tp - 

2 6 0 %  230°C 2 5 T  - 9 O T  1.78 

40 

40 

A 

I10 

A 

A 

A 

A 

GPC PEAK MAX - 12-18.000 
MADE FROM Ix 

H A 
CH, CH, CH3 CH, cn, CH, 

GPC PEAK MAX - 20,000 

- 40 

10 - 6 8  -140 1 5 4  
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lar weight 10-SiB-3 which had been prepared by a different synthesis (see 
below) and was a cloudy viscous gum. Polymer V was similar to  11, 
with the exception that the para-carborane cage (B) replaced the usual 
metu-carborane cage (A). It was received as a brittle white wax. 

n 
-CBloHIoC- -c  oc- 

META ‘4 HI0 

P A R A  
A B 

The last 10-SiB-3 polymer, VI, was a 1 ,l, 1-trifluoropropyl-substituted 
polymer which was similar to I1 but with the trifluoropropyl group re- 
placing 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) had regular 10-SiB-4 and 10-SiB-5 structures, and XI1 was a com- 
mercially available, linear poly(dimethylsi1oxane) (SE-30, manufactured 
by the General Electric Company) which was presumably end-capped and 
was a water-white, viscous gum. 

Polymers VIII, IX, and X were modified 10-SiB-4 structures 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 Table I (see below). 
Polymer X was an end-capped version of IX and was prepared from IX 
using the procedure which was used for obtaining 111. The phenyl- 
substituted 10-SiB-4 polymers were cloudy, viscous fluids. 

Syntheses 

Polymers 11, V, and XI were synthesized by the simple room-tem- 
perature hydrolytic homocondensation reactions of dichloro mon~mers ,~  
w . 1  

CHI CH3 CHI CHI 
I 1  I I HOH 

CH3CH3 THF 

C1-Si-0-Si-CBloHloC-Si-0-Si-C1 - I1 + HCl I I (C&5)20 I 1  
CH3 CH3 

End-capping of I1 with (CH3)3SiCI in (C2H&0 solution yielded III.4 
When the metu-carborane cage of the monomer was replaced by the para- 
carborane cage, structure V was obtained14 and when the monomer con- 
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Fig. 5. 10-SB-3 Para: thermomechanical spectra in nitrogen ( A T / A t  = 3.6"C/ 
min, T > 25°C; AT/At = 2"C/min, T < 25OC) from 130' to - 180" to 625" to -180" 
to 25°C. 

tained one additional -Si-0- linkage on each side of the -CBlOH&- 
cage, XI mas obtained. The regularity of the structures was confirmed by 
NMR ~ t u d i e s . ~  Polymer VIII was made by an equimolar copolymcriza- 
tion of C12Si(C~Hs)(CH~) with the monomer of I1 by the reaction shown 
above for the synthesis of 11. The structure was considered to be random3 
in the sense that although there is on average one phenylated siloxane group 
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Fig. 6. 10-SiB-3 Fluorinated: thermomechanical spectra in nitrogen ( A T / A t  = 
3.6"C/min, T > 25'C; A T / A t  = 2"C/min, T < 25OC) from 130" to -180" to 625" to 
- 180" to 25°C. 
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per repeat unit, consecutive phenylated siloxane groups are expected to 
occur which result in incorporation of both 10-SiB-3 units and [-Si(CH3)- 
(CeRJ-O-], (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 

y 3  y 3  

Si-O-Si-CBloHIOC-Si-O-Si-O-Si-O H 

CH3 I CH3 I CH3 I 1" H 0 f l  CH3 CH3 I 
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Fig. 7. 10-SiB-4: thermomechanical spectra in nitrogen ( A T / A t  = 3.6"C/min, 

T > 25°C; A T / A t  = 2'C/rnin, T < 25'C) from 130" to -1180' to 625" to -1180" to 
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the bulk condensation of the dihydroxy monomer using tetramethylguan- 
idine/sulfuric acid as catalyst :5 

CH, CH3 I I 170’C 
HO-Si-CBuHloC- Si-OH ___+ I + HtO 

catalyst I 
CHI 

I 
CH3 

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

HO-Si-O-Si-CB~oH1&-ki-O-ki-OH. I I  
I I  
CH3 CH3 

I 1  
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 
-CzH4CF3.2 The -C2H&F3 groups are expected to be placed atactically 
along the chain. Polymers VII, IX, and X were synthesized (in bulk) 
by an initial dichloro-dihydroxy condensation to give a prepolymer, as 
shown be lo^^.^: 

R 
I 
I A  
CH3 

I I  
CH3 CH3 

I 1  
CH3 CH3 

1 CH3 CH3 R 

H O-Si-O-Si-CBloH&-~i-O-ki-O-ki- C1 + nHCl [ Lr:LI: prepolymer AH3 &Ha bH3 

where R = -CsH5; -CH3. The prepolymer (GPC peak maximum 4000, 
n-8) was hydrolyzed and then reacted a t  elevated temperatures, using 
tetramethylguanidine/sulfuric acid as catalyst, in aromatic hydrocarbon 
solvents for R = -CsHs and in bulk for R = -CH3.4,6 As in the case of the 
other substituted polymers (V and VI), the -CGH5 group is presumably 
placed atactically in the chain. 

The poor solubility of I (discussed in more detail later) resulted in the 
polymer only being washed with hot xylene and water in its work-up.6 
All the other polymer products were dissolved in ether, filtered, precipi- 
tated with methanol, and dried in vacuo.6 

Techniques 

The thermomechanical data were generated under flowing dried “Hi- 
Pure” nitrogen with the torsional braid apparatus (TBA) .7,8,9 Thermo- 
gravimetric analyses (TGA) and differential thermal analyses (DTA) 
were performed in flowing argon with a du Pont 900 series thermoanalyzer 
(the differential thermal analyses were run in a standard du Pont DSC 
cell). 
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Fig. 9. 10-SiB4 ,+: thermomechanical spectra in nitrogen ( A T j A t  = 3.6"C/min, 

!l' > 25'C; A T / N  := 2'C/min, 2' < 25°C) from 130" to -180" to 625' to -1180" t o  
25°C. 

All the polymers, except I, are soluble in benzene; specimens were pre- 
pared from 10% (weight polymer/volume solvent) solutions. Polymer I 
formed a 5% gel in xylene a t  25°C which became a slurry on refluxing 
(at about 140°C). 

Each mechanical specimen was fabricated from a glass braid which was 
presoaked in benzene (xylene for I) before being immersed in the corre- 
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sponding polymer solution or slurry (for I, refluxing under nitrogen) for 
W hr. In  the case of I, after soaking the braid in the hot slurry, ad- 
ditional hot slurry was added with a medicine dropper. The benzene/ 
polymer/glass composites were loaded into the TBA apparatus and were 
dried by heating at 2"C/min to  2OOOC in flowing, dried nitrogen. The 
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Fig. 12. 10-SIB- m, SE-30: thermomechanical spectra in nitrogen ( A T / A t  = 3.6"C/ 
min, T > 25°C; AT/At  = 2"C/min, T < 25°C) from 130" to - 180" to 625" to - 180" 
to  25°C. Thermogravimetric analysis data (insert) in argon ( A T / A ?  = 3.6"C/min). 

solution casting and thermal pretreatment to above both T ,  and T,  of 
the benzene-soluble polymers provided the basis for expecting good pene- 
tration by the polymer molecules into the braid. The slurry-cast xylene/ 
polymer I/glass composite was dried by heating a t  2"C/min to 280°C 
(undcr flowing nitrogen) in order to melt thc polymer ( T ,  = 260°C). 
After drying, the specimens were stored overnight in the apparatus under 
flowing, dried nitrogen a t  130°C. The following day, the data from 130°C 
to - 180°C to 130°C at 2"C/min were taken. The spccimens were again 
stored overnight a t  130°C. On the third day, the specimens were taken 
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Fig. 14. 10-SiB-3 Polymers: thermogravimetric analysis in argon. 



2158 ROLLER AND GILLHAM 

0 
w o  
N- 
1 
I- a 
-I 0.2 
0 w 
z 
0 
g 0.4 
0 
4 a 
IL 
c 0.6 
I 
2 
W /At = 3.6 C I  YIN. 

0.8 

1.0 
0 100 200 300 400 500 600 700 800 

TEMPERATURE,I'C) 

Fig. 15. 10-SB-2 Polymers: thermogravimetric analyses in argon. 
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Fig. 16. 10-SiB-4 Polymers: thermogravimetric analyses in argon. 

through the cycle 130°C to 625OC to 130°C a t  3.6"C/min and then from 
130°C to - 180°C to 20°C a t  2"C/min. The resulting thermomechanical 
spectra are presented in Figures 1-12. A glass transition-structure corre- 
lation which was derived from the thermomechanical spectra appears in 
Figure 13. 
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Fig. 17. 10-SB-x Polymers: correlation between molecular structures and pyrolysis 
The weight fraction volatilized by heating to 800°C is plotted vs. the number in argon. 

of siloxane linkages per repeat unit. 

Each specimen for the TGA experiments was dried from solution or gel 
(for polymer I) on the thermobalance at 2"C/min to  200°C in flowing 
argon, and then was run from 130°C to 800°C at 3.6"C/min in flowing 
argon in order to  duplicate the heating program for the mechanical work. 
The results are presented in Figures 14-16. A weight loss-structure corre- 
lation which was derived from the thermograms appears in Figure 17. 

The specimens for the DTA experiments were the "as received" polymers 
which were examined from 25" t o  590°C a t  15"C/min in flowing argon. 

RESULTS AND DISCUSSION 

Physical Transitions 

Table I summarizes the transition data for the 10-SiB-2 polymers as 
determined by TBA. 

Variations of the 10-SiB-3 Structure (II-VI) 

All the curves 
are line diagrams except that for polymer 11, for which data points are 
shown in order to  display typical scatter of the experimental data. 

For the given backbone structure (i.e., 10-SiB-3)) when the molecular 
weight is changed from about 10,000 to above 50,000, there appeared to be 
no effect (cf. I1 and IV), except for the absence of crystallinity in the high 
molecular weight polymer. There also appeared to  be no effect when the 

The thermomechanical data are shown in Figures 2-6. 
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reactive endgroups are replaced by nonreact.ive endgroups (cf. I1 and 111). 
All of the 10-SiB-3 polymers with meta-carborane and all-methyl side groups 
had glass transition temperatures (To)  a t  about - 68°C and low-temper- 
ature transitions (Tsec) a t  - 140°C (note that the low-temperature damp- 
ing peaks were accompanied by inflections in the rigidity curves). The 
two waxy polymers (I1 and 111) had melting points (T,) at +40"C. Poly- 
mers I1 and I11 crystallized a t  +lO"C, and both displayed hysteresis 
between the glassy and melt regions on cooling and subsequent heating. 
Somc of the amorphous polymers (IV, VII, IX,  and X) displayed hysteresis 
above their glass transition temperatures. Replaccment of t,he meta-car- 
borane cage with the para-carborane cage (polymer V) raised T ,  to 11O"C, 
T ,  to -35"C, T,,, to - 115"C, and Tcrys to 90°C. This may have been due 
to the effect of the less kinked nature of the molcculc on the intermolecular 
packing of the chains. The para-carborane 10-SiB-3 displayed a higher de- 
gree of thermomechanical hysteresis than did the meta-10-SiB-3 ; the separa- 
tion in the damping curve began a t  - 160°C in the glassy state, whereas in 
the rigidity curve it commenced near T,. Hysteresis would be expected 
above the glass transition temperature for semicrystalline materials, even 
with a homogeneous specimen, since t,he thermomechanical experiment 
monitors a kinetic phenomenon under a dynamic temperaturc environment 
and equilibrium is not achieved. The hysteresis obscrved in the glassy state 
is probably a property of the composite nature of the crystalline polymer/ 
braid specimen (e.g., microcracking). 

Another variation in the 10-SiB-3 structure was the replacement of one 
-CHs group on each silicon atom with -C2H4CF3 (VI). Although the 
molecular weight (-8500) of the material is somewhat low, certain trends 
in the effect of this variation were apparent. The T ,  was raised 53"C, 
from -68°C for the dimethyl polymer, to -15°C for the trifluoropropyl 
polymer. If the effect of molecular weight were to  be observed, T ,  would 
be even higher than -15°C for higher molecular weights. Above the 
glass transition temperature, a t  about 50" C, the large, broad damping 
peak corresponded to a large, broad drop in rigidity which is characteristic 
of flow. The low-temperature secondary transition had disappeared, 
or had possibly been shifted up to -90°C where i t  may have manifested 
itself as a small shoulder in the low-temperature tail of the T ,  peak. There 
was also a significant rise in damping below -100°C which diagnosed a 
further mode of submolecular motion. This rise has been observed in this 
laboratory for a 5-SIB-1 material, containing -CB5H5C- cages, similarly 
substituted with trifluoropropyl groups. l5 This relaxation may have been 
undetccted in the other polymers which have been examined herein due 
to  the low-temperature limitation (-180°C) of the apparatus and may 
have appcared in this case as the result of a general shift of the transitions 
to  higher temperatures caused by the presence of -C2H4CF3 groups. On 
the other hand, i t  may be related to  the onset of motion of the -C2H4CF, 
groups pel. se. Motion of this type has been rcported for the poly(n-alkyl- 
methacrylate) polymers with n-propyl and n-butyl groups. 



HIGH-TEMPERATURE ELASTOMERS 2161 

Polymer VI displayed hysteresis in the rigidity data that increased with 
increasing residence time at low temperatures (the turn-around time was 
not always reproducible). The phenomenon may have been a composite 
property related to  the formation of microcracks which can be caused by 
thcrmal stresses arising from differences in thermal coefficients of expan- 
sion of the two components of the composite specimen. The hysteresis 
loop closed as the temperature approached the glass transition temperature, 
indicating that a "healing" process occurred. The irreversibility may also 
have arisen from an inherent brittleness due to  the low molecular weight, 
or may be related to the freezing out of energy-absorbing submolecular 
motions which are associated with the increase in damping below - 100°C. 
It might also be of relevance that the polymer displayed unusually high ad- 
hesion to glass. It is of interest t o  note that the damping did not appear 
to reflect the irreversibility of the rigidity. This was probably due to  the 
rapid changes in molecular friction (i.e., damping) occurring in this tem- 
perature range which overshadowed the effect of microcracking. 

In-Chain Variations in the 10-SiB-x Structure 
(I, IV,  VII, X I ,  an.d XII) 

The thermomechanical data of polymers in the 10-SiB-x series, where 
2 = 1, 3, 4, 5, 03 [ m  corresponds to pure poly(dimethylsiloxane)], are 
presented in Figures 1-4, 7, 11, and 12. The corresponding glass transi- 
tion temperatures are 25", -68", -75", --88", and -125"C, respectively. 
For x = 3, 4, and 5, there was a secondary transition in the vicinity of 
-135" to -140°C. 10-SIB-1 had a T,,, a t  -9O"C, while 10-SIB-03 dis- 
played no apparent secondary transition above -180°C (this may have 
been due to the low value of the glass transition resulting in a merging of 
the large To peak and a smaller secondary peak). For x = 03 (T, = 
-4O"C), the polymer was crystalline. For x = 3 (T, = 40"C), the poly- 
mer was either amorphous (IV) or slightly crystalline (I1 and 111, see 
above). 

Figure 13 shows a plot of 1/T, versus W(1) [W(l) = weight fraction 
of -Si(CH3)z-CB~oHloC- in the polymer repeat unit].12 If the em- 
pirical copolymer equation13 

1/To = W(U/T,(l) + W(2)/T,(2) 
can be applied to  this alternating copolymer system [where the subscript 
1 refers t o  { -Si(CH3)2-CBloHloC-) and the subscript 2 refers to {-Si- 
(CH&-(3-)x], the data should fall on a straight line. The x = 3, 4, 
5, 03 data fall well on a straight line. (The value for the x = 2 point 
was determined in this l a b ~ r a t o r y ' ~  using a recently synthesized linear 
10-SIB-2 polymer of well-defined regular structure. l6 Data obtained by 
different techniques" on crosslinked polymer with overall structure 10- 
SiB-218 have been reported but do not fit the correlation as we11.12 The 
T, of 10-SiB-1 polymer deviates from the trend established for the z = 2, 
3,4,5, m polymers. The value To = -7°C extrapolated from the straight 



2162 ROLLER AND GILLHAM 

line is 32°C lower than the value To = 25°C determined mechanically 
herein and also previously reported for cured and filled 10-SiB-1.19 The 
unusually high T ,  is accompanied by a value for T,,, of -90°C which is 
high compared to values of T,,, of about - 140°C which have been obtained 
for all the other m-10-SiB-z polymers (and for several 5-SiB-z polymers 
containing -CBSHSC- cages with the carbon atoms in the nonapex meta 
position, which have also been studied in this laboratory12,20). The T, /Tg 
ratio of 1.78 (see Table I) for 10-SIB-1 is also out of line with the other 
10-SiB-z polymers and even the highly symmetrical 10-SIB- 03 [poly(di- 
methylsiloxane) ] the values for which lie in the range of 1.54-1.61. 

The relatively high glass transition temperature of 10-SiB-1 is of inter- 
est. The “ball and chain” configuration of the 10-SiB-z polymers raises 
the question as to whether the bulk solid state properties are at some de- 
creasing siloxane segment length dominated by the impingement of the 
balls on each other rather than being dominated by the linear macromo- 
lecular structure of the individual molecules. It has been suggested’2 that 
packing of carborane cages may be a major determinant of properties for 
the 10-SIB-1 polymer. 

Carrying the extrapolation of the copolymer equation one step further, 
a To of 103°C is predicted for (-Si(CH~)2-CBloHloC-). in the absence 
of any complicating factors. This value of the glass transition temper- 
ature appears to  be low when the size of the carborane cage is considered 
(comparable to the volume that would be swept out by a benzene mole- 
cule spinning on a twofold axis). The character of the Si-C (carborane) 
bond is unusual in that the energy barriers for oscillation must be low in 
spite of the large size of the carborane cage. 

It is also of interest to note that the copolymer equation which has been 
applied successfully to the 10-SiB-z series (and even more successfully 
to  a 5-SiB-z series12 from z = m to  z = 1) was proposed as being appli- 
cable to  both diluent and copolymer systems.13 However, various mix- 
tures of polymers from the 10-SiB-X series (and the 5-SiB-z series) showed 
complete immiscibility.21 The thermomechanical spectra of the mixtures 
displayed the transition temperatures of the individual components. 
This supports the notion of carborane cage aggregation which was invoked12 
to  explain the anomalous behavior of the transitions of 10-SiB-1. 

Variations of the lo-SiB-4 Structures (VII-X) 
The therniomechanical data are shown in Figures 7-10. Four 10-SiB-4 

polymers were studied : the basic 10-SiB4 (VII) all-methyl-substituted 
polymer; two 10-SiB-4 polymers (IX and X) of regular structure with 
the center silicon atom having one pendent phenyl group, one end-capped 
(X) and one with hydroxy endgroups (IX) ; one nonregularly structured 
10-SiB4 with 20% of the silicon atoms having one methyl group replaced 
by a phenyl group (VIII). 

All four materials have 
a T,,, near -140°C (a damping peak accompanied by an inflection in the 
rigidity curve). The basic 10-SiB-4 has a T ,  of -75°C (as discussed 

The transition data are presented in Table I. 
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above), and all three phenyl-substituted polymers have T ,  values a t  about 
-57°C. Replacing 10% of the pendent methyl groups with the more 
bulky phenyl group caused an increase of about 18°C in the value of the 
glass transition temperature. With respect to  the three phenylated poly- 
mers, there appeared to be nc detectable diff erenccs in the low-temperature 
thermomechanical behavior of the nonregular, the regular, and the end- 
capped regular polymers. Therefore, the nonregular structure must be a 
random copolymer and not a mixture of poly(methylphenylsi1oxane) and 
polymer 10-SiB-3 nor a block copolymer. The immiscibility of the seem- 
ingly similar 10-SIB and silicone polymers2' would lead to two independent 
glass transitions for both mixtures and block copolymers. 

Thermal Stability 
Thermogravimetric analyses (TGA) in argon for the three groups of 

polymers discussed above are shown in Figures 14, 15, and 16. 

Variations in the 10-SiB-3 Structure (11-VI) 

It can be seen that in terms of the temperature where the maximum 
rate of weight loss occurred, V was the most stable (about 610°C); 11, 
111, and IV were next (about 560"C), and VI was the least stable (about 
490°C). In terms of the final per cent weight retained a t  8OO"C, IV was 
most stable (62%); 11, 111, and V were next (5773, and VI was again 
the least stable (19yo). The high molecular weight 10-SiB-3 (IV) began 
t Q  lose weight a t  a higher temperature than did 11, 111, and VI. The 5y0 
difference in 800°C retained weight (IV versus I1 and 111) could well have 
been due to the loss of low molecular weight volatiles and not be indicative 
of the true stability of the materials, since the data were relatively parallel 
(5% spread) from 500" to  S00"C. This, of course, was not the case for 
VI, where approximately 60% by weight of the repeat unit was organic 
side groups (-C2H4CF3), compared to  approximately 27% for the totally 
methylated 11, 111, and IV. It is also of interest to  note that although 
the weight loss a t  800°C does not correspond to the weight per cent of or- 
ganic side groups, the ratio of weight losses is approximately equal to the 
ratio of organic weight fractions (i.e., 2 :  1). The equivalence of the weight 
loss by 800°C of 11, 111, and V is perplexing if weight loss is due to  the 
formation of volatile cyclics, as is the case for pure  silicone^^^-^^ and as 
might be expected from the cyclic nature of the polymerization byprod- 
u c k 3  The meta-carborane linkages cause kinks in the chain and could be 
expected to  aid cyclization relative to  para-carborane linkages where t,he co- 
linear bonds would tend to retard ring formation. 

In-Chain Variations in the 10-SiB-x Structure (I, IV, VII, XI, and XII)  

Figure 15 shows that as the length of the -Si(CH3+0- chain sequence 
increased, the final weight retained by 800°C decreased to  the limit of 
total depolymerization for pure poly(dimethylsi1oxane) (XII). It is also 
interesting to note that all of the materials containing the meta-carborane 
cage experienced the largest rate of weight loss in the range of 500-560°C. 
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(The broadness of this region for 10-SIB-1 polymer (I) made its temper- 
aturc of maximum weight loss difficult to pinpoint.) The maximum rate 
of weight loss was a t  about 475°C for the pure silicone. A plot of final 
weight retained by 800°C versus the number of -Si(CH3)2-O- groups 
per repeat unit (Fig. 17) is a straight line which extrapolates to 10% weight 
loss for 10-SiB-0 and lOOyc weight loss for 10-SiB-9.5 (and presumably 
above). This relationship, coupled with thc fact that there was only onp 
weight loss region for all of these polymers, would again seem to discount 
the cyclization mechanism which would be expected to be optimal for some 
particular siloxanc chain length as opposed to the monotonic nature of 
the data. 

Varzations zn the 10-SiB-4 Structure (VII-X) 

Figure 16 shows that a substitution of 10 mole-yc of -CsH, for -CH3 
resulted in a considerable decrease in the weight loss of VIII, IX, and X 
in comparison with totally mcthylated VII. The 5yc weight loss spread 
of the data for the three phenylatcd materials is of interest. 3Iost of 
the deviation occurred below 475"C, after which the plots became essen- 
tially parallel, with identical decreases and flat rcgions. The largest rate 
of weight loss occurred a t  approximately 550°C for VII and 530°C for the 
phenylated polymers VIII, IX, and X. The differences between VIII 
and both IX and X may be thc result of the random versus defined nature 
of the structures. Mow likely, variations among all three would be ex- 
pected to be due to differences in the molecular weight distributions re- 
sulting from different mechanisms of synthesis (VIII versus I X  and X) 
or from different amounts of low ends which remained after the work-up 
procedures. 

Differential thermal analyses (DTA) in argon and nitrogen were obtained 
a t  15"C/min for specimens of 10-SIB-1 (I) and 10-SiB-4 C$ (IX). Thesc 
polymers were studied because the mechanical data (discussed later) in- 
dicated that these matrrials were the first to  stiffen. In  the case of 10- 
SiB-1, thc only thermal event evident above room temperature was melting, 
with T,  = 250°C. Above 250"C, the plot (not shown) was virtually flat 
until 5.50"C, wherc a small broad endotherm began (this corresponded to 
the weight loss region). In  thc case 
of 10-SiB-4 4, there was no character to the plot except for a small broad 
endotherm above FiTi0"C similar to that observed with 10-SIB-1. Both 
specimens were brittle, discolored discs after the DTA runs. DTA data 
below 600°C in inert atmospheres secmed to add little to  the study of the 
thermal stability of the 10-SIB polymers. 

The endotherm peaked at 582°C. 

Thermomechanical Stability 

Variations in the 10-SiB-3 Structure (11-VI) 
The lower 

molecular weight meta-10-SiB-3 materials (I1 and 111) gave identical spectra, 
indicating that reactive versus inert endgroups play no active role in the 

The thermomechanical spectra are presented in Figurcs 2-6. 
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degradation mechanism for the temperature program of this study. On 
heating, both polymers had a damping increase near 400°C and damping 
peaks a t  570°C and 600°C and displayed catastrophic thermal stiffening 
(presumably due to crosslinking) commencing a t  560°C. The high mole- 
cular weight polymer (IV) displayed a higher degree of damping which is 
indicative of a more viscous fluid; this tends to mask the damping peaks 
seen for I1 and I11 in the reaction region. Polymer IV also cxpericncrd 
catastrophic stiffening near 555°C. The small rises in rigidity which oc- 
curred between 350°C and 550°C are more difficult to interpret and may 
have been due to weight loss commencing in this region or the increased 
effect of the rigidity of the glass braid as the polymer viscosity decreased. 
On cooling from 625"C, all three polymers appeared to act as highly cross- 
linked rubbers. After the initial 25°C of cooling (during which the rcac- 
tion may have been continuing), the rigidity curve had a positive coefficient 
of rigidity as a function of temperature until the 50-100"C rangr where the 
rigidity began to increase with decreasing temperature. This decrease 
in rigidity with dccreasing temperature (above T,) is a key feature predicted 
by the theory of ideal rubber elasticity. The corresponding vcry low 
level of damping which was experienced is also in line with the hypothesis 
of an ideally elastic rubber. The increase in damping below about 300°C 
and the increase in rigidity below 50" C indicated a very broad glass transi- 
tion region commencing about 0°C for the pyrolyzed (to 625°C) polymers. 
Previously reported has shown that crosslinked 10-SiB-2 and 10- 
SIB-1.5 display temperature-dependent elastomeric properties above T,. 

Thc fourth 10-SIB-3 polymer (V) contains the para-carborane cage in its 
backbone. The para-carborane cage might be expected to stabilize the poly- 
mer since thc less kinked nature of the molecule would render the forma- 
tion of low molecular weight cyclics more difficult (cyclic product forma- 
tion is the major mode of thermal decomposition of classical silicone poly- 
m e r ~ ~ ~ - ~ ~ ) .  This stabilization effect appeared to be active with respect 
to  weight loss (cf. the 50°C higher temprrature for the maximum rate of 
weight loss for V versus the corrrsponding temperatures for 11, 111, and 
IV). Thermomechanically, there seemed to be a little additional stability 
above 370°C for polymer V, as evidenced by a damping peak a t  610°C 
as opposed to 600°C for I1 and 111, and catastrophic stiffening starting 
near 570°C rather than 560°C. On the other hand, solubility studies in- 
dicated a lower gel temperature for the para-versus meta-carborane polymers 
(see below). With this in mind, closer examination of the relative rigidity 
curve for 10-SIB-3 para (V) revealed a small step-increase in stiffness at 
about 400°C. The corresponding meta-10-SiB-3 polymers (11, 111, and 
IV) displayed no such increase in rigidity until temperatures greater than 
500°C. On cooling from 623"C, the material behavior appeared to  be 
very much like that of 11, 111, and IV. The rigidity curves of 11, 111, 
IV, and V are virtually superimposable from 570°C to 625°C to - 180°C. 

The last of the 10-SiB-3 polymers to  be considered is VI, which has one 
methyl group on each silicon atom replaced by a l,l,l-trifluoropropyl 
group. This polymer, having a larger organic content than the other 
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10-SiB-3 polymers, would be expected to bc less thermally stable due to 
the breakdown of the organic side groups. The confirmation of this with 
respect to  TGA has been discussed. The same conclusion can be drawn 
from thc thcrmomechanical spcctra. A damping pcak a t  490"C, accom- 
pariicd by thc onset of catastrophic stiffening, occurred at approximately 
480°C. The first from 480°C 
to 510°C and thc sccond from 510°C to 625°C. Thc onset of the sccond 
stage corresponded to a 515°C minimum in the damping. On cooling, the 
rigidity of the pyrolyzed polymer rose to a high, flat level and the damping 
dropped to a low, relatively constant lcvcl. This is thc behavior of a highly 
crosslinked resin, and these featurrs are prominent even though SO% of 
the weight of thc original polymer, as monitored by TGA, is lost by 550°C. 

Othcr experiments havc shownz5 that reducing the rate of temperature 
rise to 2.&3.0°C/min results in material behavior (after pyrolysis) of 11, 
111, IV, and V, basically similar to that of VI presented here (at 3.6"C/ 
min), which is indicative of a lack of elastomcric behavior. 

After the thcrmomcchanical experiments, all the 10-SiB-3 specimens 
were water-white, stiff rods (the individual fibers of the support braid wcrc 
visiblc), cxccpt the fluorinated polymer which had blackened somewhat 
and was opaque. 

The stiffening appeared to  be two-staged. 

In-Chain Vanations in the 10-SiB-x Structure 
( I ,  11,111, I V ,  VI I ,  X I ,  and X I I )  

The thermomechanical spectra are presented in Figures 1, 2-4, 7, 11, 
and 12. A priori, the thcrmomcchanical stability might be expected to be 
a monotonically varying function from z = 1 to ~t: = m (or some approxi- 
mation of ; cf. z = 10 for TGA data), as was seen for the weight loss 
data (at 800°C). 

Polymer I experienced an increase in rigidity commcncing a t  380°C 
which was accompanied by a broad, flat damping peak. A more cata- 
strophic increase in rigidity began a t  about 545" C with a corresponding 
damping peak (550°C). At 580"C, the rate of stiffening increased again. 
On cooling from 625"C, the material displayed properties that arc common 
to highly crosslinked resins (high, flat rigidity-temperature curve and low 
damping). Again, it is necessary to repeat that the nature of the partic- 
ular 10-SIB-1 polymer is such that the purity of the material (with re- 
spect to  catalyst residue and other forcign matter, not as related to poly- 
mer structure) is uncertain. Catalyst residues and other foreign matter 
can, a t  elevated temperatures, initiate polymer degradation via depoly- 
merization, chain stiffening, or crosslinking. This may or may not have 
occurred in the vicinity of 380°C for polymer I. 

Polymers 11, 111, and IV were discussed above in considering the 10- 
SiB-3 series. The important features which are pertinent to the 10-SiB-x 
series are: (1) the small increase in rigidity near 510°C; (2) thc cata- 
strophic increase in rigidity above 560"c, and (3) the elastomeric character 
of the material on cooling from 625°C. 

Analysis of the data shows that this is not the case. 
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Polymer VII, 10-SiB-4, had high-temperature thermal properties that 
appeared to  be similar to  those of 11, 111, and IV. There were two high- 
temperature damping peaks a t  530°C and 570°C (570°C and 600°C for I1 
and 111) which would indicate a lower threshold temperature for thermal 
reaction. The rigidity began to increase significantly above 530°C and 
then catastrophically a t  560°C. On cooling from 625"C, the material 
behaved as a highly crosslinked resin, in contrast to the crosslinked elasto- 
mers from the 10-SiB-3 series (11,111, and IV). 

Polymer XI,  10-SiB-5, displayed features basic to others in thc series 
(11, 111, IV, and VII). There were, again, two high-temperature damping 
peaks a t  515°C and 565°C. The rigidity correspondingly experienced an 
increase near 510°C and then the typical catastrophic stiffening a t  560°C. 
On cooling, X I  was like I and VII, a highly crosslinked resin. 

The last material in this series, XII ,  10-SiB- m, is a commercial, un- 
vulcanized gum silicone rubber (SE-30). The TGA data showed that, 
by about 600"C, the polymer had completely depolymerized (to form vola- 
tile low molecular weight cyclics). The high-temperature thermome- 
chanical behavior of XI1 reflected this. The rigidity remained at  a constant 
low level until 400°C where a gentle upward slope began corresponding 
to  the onset of catastrophic weight loss. At  550"C, where less than 10% 
of the polymer remained, the rigidity began to  rise more rapidly. When 
the amount of material on the braid becomes small enough, the period of 
oscillation (P)  should reflect more the properties of the glass braid sub- 
strate. 

The damping was high at  room temperature and above for polymer XII,  
by virtue of the high molecular weight of the material (>l,OOO,OOO), and 
therefore masked any peaks due to  the reactions associated with depoly- 
merization. The damping began to  decrease at  about 450"C, which cor- 
responded to  a 35% total weight loss. This decrease was probably related 
to  the decrease in viscous character of the material corresponding to  the 
decrease in molecular weight as a result of depolymerization. At 550°C, 
the damping leveled off. On cooling from 625"C, the rigidity was very 
low relative to both the glassy state of XI1 and the other materials stud- 
ied, and was absolutely flat. The damping fell off to  a constant but rela- 
tively high level compared to  the other materials ( l /n  = 0.013 for XII,  
compared to  0.004 for several of the others). The braid, after being re- 
moved from the TBA, was clean and flexible, like an unused braid. The 
other specimens were colorless, clear, stiff rods as discussed for the 10-SiB-3 
series, except for I (10-SiB-1) which remained clear but had darkened to  
black-brown along its length. 

The data for polymer XI1 (Fig. 12) are of special interest since they pro- 
vide information on how the composite responds to  weight loss and on the 
temperature dependence of the glass braid substrate itself after thermal treat- 
ment to  625°C. The low degree of mechanical response to  weight losses 
in excess of 50% for fluid polymers points out the need to  correlate TBA 
data with the results of TGA and other techniques. On the other hand, 
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the high rigidity level displayed by all the polymers discussed (except XII)  
is indeed a polymer or resin property. On cooling from 625°C after 
pyrolysis thc damping does, to  some extent, reflect the properties of the 
supporting glass, but this is a monot,onic decrease with decreasing tempcr- 
ature to  a flat level below about 400°C. The lower damping level observed 
for most polymers and the elastomeric effect observed in various 10-SiB-3 
polymers after pyrolysis must be attributed to  the polymers themselves. 

Thermomechanically, thc 10-SIB-z polymers (I, 11, 111, IV, VII, XI, 
and XII)  do tend to  follow tho stability trend determined by TGA, with 
the exception of 10-SiB-1 which is mechanically the least stable. 

The low weight loss observed for 10-SiB-1 may be related to  a chain 
scission which would generate active species and not lead to  t.he formation 
of cyclic volatiles but rather to  the propagation of crosslinks. This scission 
and subsequent stiffening may be the result of catalyst residue impurities 
(see discussion above). 

In  the J: = 3 polymers, (11, 111, and IV), an optimum is reached which 
brings the threshold of mechanical stability to  approximately 560"C, which 
is a temperature region at  which all the materials discussed thus far (except 
VI), and those still to  be discussed, displayed a stiffening mechanism. It 
would appear that this is the limit of mechanical stability. The z = 4 
(VII) and z = 5 (XI) polymers each appear to  crosslink a t  lower tem- 
peratures; due to  its total weight loss, XI1 (z = a) is, of course, not 
thermomechanically stable. A solubility test was run on 11, 111, IV, V, 
VII, IX, XI, and XII .  The experiment was to  heat the eight weighed 
specimens of the polymers, held in uncoated DTA pans in the DSC oven, 
a t  3.6"C/min to  500°C under flowing argon and then to  cool quickly. The 
pans with the previously heated polymers were weighed (the retained 
weights were in close agreement with the TGA results) and then placed 
in a large amount of benzene and left overnight to  dissolve or swell. They 
were then dried in a vacuum oven at  45°C overnight and weighed again. 
All the meta-10-SiB-3 (11,111, and IV) samples dissolved, leaving a t  most a 
2.5% swelled residue. 10-SiB-4 (VII) swelled to  the point of leaving about 
17% of the postheating weight behind after extraction. 10-SIB-5 (XI) 
retained approximately 10% of its post heating weight after extraction. 
10-SiB-4 4 (IX) appeared as several fragmented pieces of a disc that had 
not adhered to  the pan, indicating, by the well-defined shape and low ad- 
hesion, a high degree of crosslinking. Another heating cycle, t o  425"C, 
was performed on 10-SiB-4 4, and 35% was found to  remain after extrac- 
tion. The 10-SiB- 0, (XII) retained less than 5% of its postheating weight, 
indicating that only a very small degree of crosslinking side reactions oc- 
curred during the depolymerization process. Para-lO-SiB-3(V) retained 
29% of its postheating wight  after extraction, indicating a lower degree 
of stability, with respect to  crosslinlting, than any of the totally methylated 
meta-10-SiB-z polymers. After heating to  only 425"C, thc para-10-SiB-3 
retained 7% of its postheating weight after extraction. 
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Variations in the 10-SiB-4 Structure (VII-X) 

Mechanical data related to  these polymers are shown in Figures 7-10. 
10-SiB-4 (VII) was discussed above. The important features of the data 
for VII are that stiffening commenced between 500°C and 530°C and csta- 
strophic stiffening occurred near 570°C. The other polymers (VIII, IX, 
and X) displayed differences in damping that would be expected to  be 
related to  differences in molecular weight or molecular weight distribution 
(see discussion under TGA results). The damping data for IX relative to  
that for VIII and X was what might be expected if there was an energy- 
dissipating phenomenon occurring such as vaporization of low molecular 
weight material, as seen (for IX) by TGA, which is characterized by such 
a phenomenon. The 530°C damping peak which was apparent for I X  
and X appeared as a shoulder for VIII. The 430°C peak in the spectra 
for VIII and X appeared as a skewed decrease in damping for IX.  The 
rigidity curves for VIII, IX, and X were identical in shape, if not magnitude 
(geometry dependence of specimens). The rigidity curve was flat until 
430"C, when a sharp rise began. At 550"C, a second stage of stiffening 
began. On cooling from 625"C, the materials all displayed behavior typical 
of highly crosslinked resins. The 430°C rise in rigidity, resulting from 
either chain stiffening or crosslinking, lends some understanding to  the lower 
total weight loss of the 10-SiB-4 4 (VIII, IX, and X) polymers as compared 
to  that of the 10-SiB-4 (VII) polymer. A crosslinked material would be 
expected to  lose less weight than a linear material of similar chemical struc- 
ture, since several bond breakages, rather than one, are necessary to  free 
a low molecular weight species. This same effect seems to  have been oper- 
ative, with respect t o  weight loss, in the cases of 10-SiB-3 para (V) and 
10-SIB-1 (I). Although the thermomechanical spectra of the end-capped 
and unend-capped 10-SiB-4 polymers (IX and X) were similar, a solubility 
study on preheated specimens (3.6"C/min in nitrogen to  400°C) showed 
that more crosslinking occurred with the hydroxy-terminated polymer. 
The ratio of the gelled fractions was about 3/1. 

A recently published review on carborane polymers26 reports a mech- 
anism of crosslinking for the modified, low molecular weight phenylated 
10-SiB-2 polymer which was alluded to  in the introduction of this report. 
The polymer has the structure 

HO- [-S~(CH~)~--CBIOH~OC--S~ (CH3)2-O-Si (C6HS) (CH,)-O-] =H 

It is reported that simple heat curing results in the cleavage of phenyl 
groups, by the acidic protons of the Si-OH moieties, which leads to  a net- 
work based on Si-0-Si crosslinks. This mechanism could account for 
the increased insolubility of the hydroxy-terminated (IX) over the tri- 
methylsilyl-terminated (X) 10-SiB-4 4 polymers which occurred on heating. 

The incorporation of a fraction of 10-SiB-4 4 into a 10-SiB-3 polymer 
is ~ l a n n e d . ~  This could lead to  a product that could be thermally cured 



2170 ROLLER AND GILLI-TAM 

to about 475°C in nitrogen and which could contain crosslinks that would 
be expected to  be thermally stable and evolve to  better high-temperature 
elastomeric products. 

SUMMARY AND CONCLUSIONS 
This report on the physical and stability properties of the poly(car- 

borane-si1oxane)s listed in Table I has yielded much information about the 
nature of these materials. 

Most of the polymers behave classically with respect to  the glass transi- 
tion and melting point. In the 10-SiB-z series, the glass transition tcm- 
peratures behave according to  the copolymer composition-glass transition 
relationship : 

1/T, = W(l)/Tj?(l) + W(2)/T,(2). 
10-SiB-1 is an exception, and a theory of carborane cage association was 
proposed to explain this. Ghss transitions were found to  increase as the 
result of adding the bulky phenyl side groups, which decrease chain flexi- 
bility; as the result of replacing the kinked meta-carborane linkage with 
the colinear para-carboranc linkage, which allows closer intermolecular 
packing; and as the result of adding bulky and polar trifluoropropyl side 
groups, which presumably increase both chain stiffness and intermolecular 
bonding. The fact that endgroups and molecular weight had no effect 
on the value of the glass transit,ion temperature was as would be expected 
for "high" polymers. 

The finding t,hat a random versus a regular repeat unit had no effect 
on the value of the glass transition temperature of the amorphous 10-SiB-4 
4 polymers indicates that their properties are determined primarily by 
intramolecular factors and not by intermolecular effects dependent on the 
relatively small phenyl groups (relative to  the size of the repeat unit in 
VIII, IX, and X).27 The relatively constant ratio T,/Tg, for all the semi- 
crystalline polymers except 10-SiB-1, points t o  a common relationship 
between structure and glass transition and between structure and melting 
point. The peculiarity of 10-SIB-1 may again be due to  cage association. 
The effect of high molecular weight resulting in an amorphous rather than 
a semicrystalline polymer was akin to  the behavior of paraffin waxes as 
the chain length is increased. 

There was a secondary transition at  - 135°C to - 140°C in all the totally 
met,hylatcd meta-carborane polymers (cf. - 115" C for thc para-carborane 
sample), except 10-SiB-1, which had T,,, = -90°C. The underlying 
relaxation is not easily correlated to  any particular submolecular mot'ion 
which is common to all the repeat units. Thc temperature region of these 
relaxations is too high to  be associated with motion of the methyl group.28 
It may be related to  the -Si-0-Si- linkage or to  the meta-carborane- 
to-silicon linkage. Similarly located peaks have been reported'2 for 5- 
SiB-z polymers incorporating a -CBSH&- cage where the carbon 
atoms occupy equatorial meta positions. The - 180°C secondary transi- 
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tion for the trifluorpropyl-substituted 10-SiB-3 polymer correlates well 
with the low-temperature transitions in n-butyl and n-propyl methacrylate 
polymers, indicating that its origin most probably lies in the motion of the 
rather large trifluoropropyl group. 

The thermal stability correlations for the polymers were not as clearcut 
as correlations of physical transitions, but certain trends were apparent. 
Differential thermal analysis of the polymers in inert atmosphere (argon 
or nitrogen) gave no indication of reactions occurring up to  about 550°C. 
Thermogravimetric analysis indicated a linear increase in weight lost by 
800°C with z in the 10-SiB-s series. This would minimize the probability 
of a cyclization mechanism for weight loss which has been well documented 
for poly(dimethyl~iloxane).~~-~~ As expected, the pure silicone lost all of 
its weight by 600°C. All the meta-carborane polymers except the fluori- 
nated one had a major weight loss region near 550°C. The fluorinated 
polymer had lost 40% of its weight by 500°C. The end-groups appeared 
to have no effect within the 10-SiB-3 series. The higher molecular weight 
10-SiB-3 polymer lost less weight than its lower molecular weight counter- 
part, perhaps because it contained a low proportion of low molecular weight 
volatiles; and t.he trifluoropropyl polymer lost about twice as much weight 
as did the methylated ones (it had twice the organic content) by 800°C. 
The para-carborane 10-SiB-3 appeared to  be more stable than the corre- 
sponding meta-polymer, since the major weight loss region was 50°C higher, 
but it experienced the same total weight loss by 800°C as the meta-polymer, 
in apparent contradiction to a cyclization mechanism. In the 10-SiB-4 
series, the phenylated polymers lost about one half the weight of the totally 
methylated polymer by 800°C. 

Thermomechanical studies amplified the TGA data. Poly(dimethy1- 
siloxane) did indeed not stiffen as it lost all of its weight. The lack of 
crosslinking was confirmed by solubility studies. The para-10-SiB-3 was 
interpreted to  crosslink lightly near 400°C which was confirmed by a sol- 
ubility study. The phenylated 10-SiB-4 polymers all experienced a sharp 
increase in rigidity at 430°C; 10-SiB-1 began to  stiffen a t  380°C. In the 
10-SiB-z series, all but 10-SIB-1 did not stiffen until above 500"C, and 
meta-10-SiB-3 remained the most soluble after heating to 500°C. On this 
basis, and also from consideration of the thermomechanical behavior which 
resulted from heating the polymers to  625°C and from the observation 
that all the carborane polymers experienced a mode of stiffening near 560°C 
where meta-10-SiB-3 began a catastrophic stiffening, the methylated 10- 
SiB-3 was estimated to be the most stable. The high-temperature limit 
(in nitrogen a t  3.6"C/min) for all the carborane polymers studied to date 
appears to  be 560°C. In general, the materials which experienced less 
weight loss than 10-SiB-3 also experienced some mode of crosslinking or 
stiffening below 500°C (para-10-SiB-3, 10-SiB-1, and the three 10-SIB-4 
polymers). 

Studies on the oxidative stability of these materials are now in progress 
and future reports are planned. 



2172 ROLLER AND GILLHAM 

The financial support of the Chemistry Branch of the Office of Naval Research 
(N00014-67-A-0151-0024, NR 356-504) is appreciated. Appreciation is also extend to 
Dr. J. F. Sieckhaus and his colleagues of the Olin Research Center, New Haven, Con- 
necticut, for providing the polymers which formed the basis for this study. Technical 
discussions with them were most helpful. 

References 
1. Carborane Polymers Stable a t  High Temperature, CBEN, 49 (12), 47 (March 22 

2. R. N .  Scott, K. 0. Knollmueller, H. Hooks, Jr., and J. F. Sieckhaus, Technical 

3. K. 0. Knollmueller, R. N. Scott, H. Kwasnik, and J. F. Sieckhaus, J .  Polym. Sci. 

4. J. F. Sieckhaus, private communication, October 5, 1971. Documented in refer- 

5. J. F. Sieckhaus and K. 0. Knollmueller, unpublished results. Documented in ref- 

6. J. F. Sieckhaus, lett.er to M. B. Roller dated July 27, 1971. Documented in ref- 

7. A. F. Lewis and J. K. Gillham, J .  Appl. Polym. Sci., 6,422 (1962). 
8. J. K. Gillham and M. B. Roller, Polym. Eng. Sci., 11 (4), 295 (1971). 
9. J. K. Gillham, Encyclopedia of Polymer Science and TecSnologV, Vol. 14, H. F. 

Mark, N. G. Gaylord, and N. M. Bikales, Eds, Interscience, New York, 1971, p. 76. 
10. N .  G. McCrum, B. E. Read, and G. Williams, Anelastic and Dielectric Efects in  

Polymeric Solids, Wiley, New York, 1967. 
11. J. D. Ferry, Viscoelastic Properties of Polymers, 2nd ed., Wiley, New York, 1970, 

12. M. B. Roller and J. K. Gillham, J .  Appl. Polym. Sci., 16,3095 (1972). 
13. T. G. Fox, Bull. Amer. Phys. SOC., 1 ,  123 (1950). 
14. L. A. Wood, J .  Polym. Sci., 28, 319 (1958). 
15. J. K. Gillham, M. B. Roller, and C. K. Schoff, unpublished results. 
16. J. H. Kawakami, letter to J. K. Gillham dated August 11, 1972. 
17. L. H. Sperling, S. L. Cooper, and A. V. Tobolsky, J .  Appl. Polym. Sci., 10, 1725 

(1966). 
18. H. J. Dietrich, R. P. Alexander, T. L. Heying, H. Kwasnik, C. 0. Obenland, and 

H. .4. Schroeder, Technical Report No. 45, Office of Naval Research, Contract Nonr 
3395(00), 1970. 

19. E. J. Zaganiaris, L. H. Sperling, and A. V. Tobolsky, J .  Macromol. Sci.-Chem., A1 
(6) 111 (1967). 

20. M. B. Roller and J. K. Gillham, J .  Appl. Polym. Sci., 16,3073 (1972). 
21. M. B. Roller and J. K. Gillham, J .  Appl. Polym. Sci., 16, 3105 (1972). 
22. W. Noll, Chemistry and Technology of Silicones, Academic Press, New York, 1968, 

23. L. Reich and S. S. Stivala, Elements of Polymer Degradation, McGraw-Hill, New 

24. T. N .  Balykova and V. V. Rode, Russwn Chem. Rev., 38 (No. 4), 306 (1969). 
25. M. B. Roller, Ph.1). Thesis, Department of Chemical Engineering, Princeton 

University, 1972. 
26. H. A. Schroeder, Preprints, Division of Polymer Chemistry, Amw. Chem. SOC., 13, 

764 (1972); Technical Report No. 50, Office of Naval Research, Contract Nonr N00014- 

1971). 

Report No. 49, Office of Naval Research, Contract Nonr N00014-7-C-0003,1971. 

A - i ,  9, 1071 (1971). 

ence 25. 

erence 25. 

erencr 25. 

pp. 478-480. 

p. 234. 

York, 1971, p. 302. 

71-C-0003, 1972. 
27. J. It .  Martin and J. K. Gillham, J .  Appl. Polym. Sci., 16,2091 (1972). 
28. A. Hiltner, E. Baer, J. R. Martin, and J. K. Gillham, Preprints, Division of Poly- 

mer Chemistry, Amer. Chem. SOC., 13, 1141 (1972). 

Received October 12,1972 
Revised November 27,1972 


