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A study of oxidative 1nstan;11ty versus molecular structure for
a systematic savies of well dafined linear uoly(ca“Loran«-s1Loxann)s
115 veported. These volymers fornm the backbone conponsints o‘ the most

rac ently developed rlgh temperature elastomers. The basie structure
ls ] . -
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where 1) x=1,3,%,5,%; 2} Asend-groups (reactive and inert); 3) Z-meta-~,
para-cdrborane {for x=3); 4) Rs~CHs, K= ~CsH,CFy (for x=3); one in five
R=~CsHs with the remainder -CH; (for x=u); 5 molecular weight = ~ 10,

'909,,%58,000 (for %®=3). Thermomechanical spectra in air (vl eps) fron

130°C+625°C+130°C at 3, 6°C/win, thermogravimetric data from 25°2C+600°C

in air (3,6°C/min) and differential thermal data from 257Cov450°C in
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. air (18°C/min) are presented. Thermo-oxidative stability ls discussed
{ in terms of structure and broad catagories of behavior are defined.
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i? A study of oxidative instability versus molecular st :cture

e .

e for a systematic series of well defined linear poly(carb.s: ane~

fﬁ siloxane)s is reported. These polymers form the backboae components
25

B+ .'g ' .

14 of the most recently developed high temperature elastom:rs. The
iﬁ basic structure is:

é -"

A

| R R

‘5? A= Si -~ 2 ~{Si - 0}—| A

i CH, CHy  Jx |"

¥ where 1) » = 1, 3, 4, 5, »; 2) A = end-groups (reactive and inert};
11

ig 3) Z = meta~para-carborane (for x = 3); 4) R = ~CH3, R = -C,H4CF;
L@ (for x = 3); one in five R = ~Cg¢ls with the remainder -CH; (for x =

PR
SRt

i
b

4); 5) molecular weight = ~10,000, 50,000 (for x = 3). Thermo~

N,

mechanical spectra in air (nl Eps) from 130°C =+ 625°C -+ 130°C at

g 1
¥

3.6°C/min, thermogravimetric data from 25°C -+ 800°C in air (3.6°C/
. min) and differential thermal data from 25°C -+ ~ 450°C in air (15°C/
min) are presented. Thermo-oxidative stability is discussed in terms

of structure and hroad catagories of behavior are defined.
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THTRCDUCTTON

Yecently the thormomechanical properties  of a
systematic series of linear poly(carborane=siloxane)s
containina icosohedral =CB;¢H,¢C= cagas were reported(?1),
™he report included physical properties of the materials
(melting, crystallization, glass and qlassy state secondary
transitions) as deotermined hy torsional bhraid analysis (TBA
). Tt 2lso reporteri a hiqh degree of thermal stability (in
nitroqen and argon) as detected by TBA , thermogravimet: ic
analysis (TGA ) and Aifferential thermal analysis (DTA ).
The data 1indicated that in nitrogen, at a heating rate of

T 6 dea C/Min, several of these materials did not crosslink
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or lose -appreciable weight until temperatures greater than
500deg.C Fxpanding upon the  previous  Teport,  this
communication -discusses the thermo-oxidative stahility of
the linear polymers in mechanical (:h? TBA ) and thermal (by

DTA and T3) ) terms.
FYPERTMPITAL

‘aterials: The structures of the systematic series of
linear carhorane~siloxane polymers studisd harein are shown
in Table *.

Technigues: The thermomechanical sprctra (Fiqures 1-3)
were determined hy torsional braid anmalysis({ 2,3,4 ). The
spectra, in flowing air, cover the temperature ranqe of 130
to 625 to *20deq.C at a programming rate of 3,6deg.C/¥in-
The specimens wera solution-cast , glass hraid/polymer
composites- 211 of tha specimens, except 10-SiR=1, were
prepared by drying (in ritrogen at 2 deoq C/¥in to 200deg.C)
a hraid soaked in a 10 percent ( q polymer/ ml solvent )
solution of polymer in honzene. The 10~5iB=1 material was
virtually insoluble in refluxing xylene, The 10-SiB=-1
specimen was prepared from a 5 percent slurry in refluxing
xylene and vas dried in nitroqen to 280d2g.C at 2
deq.C/Min

The TGA curves (¥Figures 1-3) wvere generated on a




du Pont 950 ¢hermoqravimetric analyzer The specimens were
cast from the same solutions used to make the mechanical
specimens and were run at 3.6 deg.C/Min. About 75mg of
solvtion were used for each run. Larger specimen weights (
about 120mg solution ) gave somewhat different results ,
which will be discussed later.

The DTA curves (Fiqures U=6) were generated on a
du Pont 200 thermoanalyzer. The specimens were bulk
oolymers taken as received, The heatina rate was
18deqg. C/¥in.

Tn all the experiments, bottled inhalator air was used
( ann bottle for all the mechanical work and one for all the
™34 and DTA work ). The air was specified at 10 parts per

million moisture.
¥RSULTS AWD DTSCUSSILON

The J0=SiB=¥ series: This series includes polymers
TotVVTIT,.XT and XTT of Table 9 The TGA data and the TBRA
rcdtive rigidity data dre in Figure 1; the DTA data are in
*iqure U.

The 10=-8iB=X T™CGA data indicate that, w#with the exception
of pure silicone { 10-SiB=e ,LXUT }),these materials are
thermoqravimetrically stable. The onset of weight loss was

about Wodea. ¢ for all thase polymern. Above 13504eq C all
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the carhorane polymers started to gain weight and «t #ubout
575 deq € all Lut 10-SiB=1 lost weight again, The latter
temperature corresponds to the only region of veight loss
for these materials in an inert atmosphere (1). The curves
for YV and VTT were different when larger samples wvere used
( ahout *20ma)- Tn each case the increase in weigh* above
380 deg.C did not occur, although all other features
remained intact. Tt is of interest to note that there
appears to be no simple relationship between the degree of
weight loss hy 200 deg.C and the number of siloxane linkages
per repeat unit. A linear relationship was found for the
weiqht 1loss by P00 deq.C in argon(1). 10=5iB=~1 seems the
most oxidatively stahle when examined via TGA

The 10-SiP=-¥ DT2 data revealed the melting point for
10=SiR=" as a sharp endotherm, 211 the 10-SiB=X polyners
began to enter hroad exothermic peaks in the range of 22°% to
280 dea.C With the exception of 10-SiB-u4, the first peak
occurra~d at higher temperatures when more siloxane aroups
vere in the repeat unit. A further sharp well defined
exotherm was present between 390 ani 425 deq.C; again the
peak temperatures increased with siloxane content, The data
was bhouncvy and not reproducihle ahove approximately 430
ey C (this part is not shown) indicating a violénf

reaction
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The *0=-SiR=-X TBA relative rigiditv curves are in Fiqgure
1. All of the carborane~containing polymers experienced a
mode of stiffening near 300 deg.C. The 10-SiB=-1, 3, 4 and 5
polymers‘commenced stiffening at 200, 290, 290 and 270 deq:.C
respectively, The 70~-SiB~3, U4 and 5 polymers gave virtually
identical stiffening plots from 300 to about 400 deq.C,
vhile 10-SiB~1 was shifted somewhat to higher temperatures (
about ?5 deq.C ), Examining the data from the point of view
of the inflection point of the riaidity rise, all the
carborane polymers had this point at abhout 360 deg.C. Pure
silicone was considerahly more stable from an
oxidative-mechanical point of view since it began to stiffen
at ahout 250 deq € and had an inflection temperature of
ahbout 405 deg.C~. The rigidity decreased ahove 400. deqg.C for
all the carhorane polymers &and ahove 540 deq,C it increased
again. mhe maximum in the rigidity curve could indicate
that there was a scission reaction competing successfully
vith the stiffening reaction or that the new material formed
during the initial stiffening process was experiencing a
physical transition (eegs Tq) - ™n the other hand, the
pure silicone experienced only a one stage stiffening
process. The temperature for the raximum in rigidity for
the carbhorane polvmers saems to correspond to the

temperatures of the final sharp #xotherm seen by DTh in all
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cases except 10-SiB=-1. This would indicate that a reactive
softening mechanism is more likely than a physical one (
e q. ™g). On cooling from 675 deq,C; all the carborane
polymers appeared to have hroad glass transitions between
400 and 500 deqg.C {The rigidity level, after curing to 625
deq-C, was dependent upon the fraction of polymer on %he
braid (braid loading) )}« This type of behavior has been

reported  for other carbhorane-siloxane polymer systems which

‘contained hoth B,, and B, cages (5). The 10-SiB-X polymers

hegan to stiffen at about the same temperature as the
5«48iR=-1 polymer previcusly reported (5), hut at a lower
temperature than the ©-SiB-1, 20 mole percent 10-SiB-"
copolymer discussed therein (the higher temperature of
oxidative Jeyrsdation for the B,,/Bs copnlymer may have been
due to the presence of catalyst residue ferric ion
impurities acting as oxidative stablizers ), Pure silicone
appsars the most oxidatively stable by hoth DTA and TB2
studies.

The 10-8iB-3 series: This series includes polvmers IT
-V7 of Table 4. The 762 Adata and the TBA data are in Fiqure
2; the DTa data are in Figure 5.

The 0-SiP-2 TG} data indicate that all the methylated
materials have a hiah deqree of thermoqravimetric stahility

and experienced the same multistep procass <een in tu=




10-SiB=X series. The more organic fluorinated polymer {VI)
did lose more than twice as much weight as the the totally
methylated polymers, with the first major weight loss region
occurring near 350 d«q.C. As in the 10-SiB~X series, all
the methylated materials commenced weight loss at about 300
deg.C, T™he 10-SiR=2 para polymer had a final weiqht loss
that wvas less than that for the meta=carhorane polymers and
the second stage of weight loss occurred about 40 deqg.C
higher- s before, the second stage weight loss in air for
70-SiR=3 pars .ccurred at about the same temperature as the
sinqle stuc« i weight loss in argon(®), The different weight
loss lovels for TV versus TV and TYT is most probhably due to
different molecular weiqht distributions (1). The ?10-SiR-3
para appears to he the most oxidatively stable of the
10=SiP=3 polvmers when stuiied by TGA , although the first
temperature reagion of major weight loss vas higher for the
flnorinat2d polymer,

The 10=5iB-2 D*! data are very much lika those for the
1N=SiB=X Qerios; Tén ™Tm's of T1, ¥TT and V were revealed b
sharp endotherms at 47, 47, and 10f 4deq ¢, corresopnding
well to the reported values("). A two~stagqe process
commer.ciny between 225 and 250 dea C, except for the
fluorinated polymer vhich entered an exotherm at about 200

d~3.C, was indicated for all polvmers. "he first staqe of




the exotherm for the fluorinated material was flatter than
for the other 10-5iB-3 polymers, and the’ second exotherm
peaked at U440 rather than 39C tc 410 deg.C. The more
organic fluorinated material appears more oxidatively stable
when examined bv DTR,

The 70-5iR=2 TBA data are almost identical in form ¢to
those of the 10-5iB=X series, excert for VT ( the
fluorinated polymer). All the methylated polymers
exoerience the initial stiffening at about 220 dego. C and a
maximum near 400 deq.C., The fluorinated polymer was similar
gxcept that the line of increase of riqidity was shifted to
higher temperatures by about 25 deq.C and the maximum was at
about 430 deq.C. Al)l the methylated materials experienced a
decrease in riqgidity after the maximum and then stiffenad
aqain, The para-carhorane polymer expecienced the second
stiffening about 40 deq.C higher (as with the second weight
loss) . The fluorinated polymer experienced two maxima
indicating a three staged stiffening/softening process. all
the materials again displayed a Tg region in the 400 to %00
deg.C range on cooling from 62% deq.C, as seen for the
10=-SiB-~¥ series- A rankina of thermomechanical oxidative
stability is difficult to define within this series,

The 10-SiB=-4 series: This series includ2s polymers VIT,

S S et e e e s W et 8 b s A0 ot B e

Y and { (VIT) was not studied oxidatively ), The T3A data
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and the TBA data are in Pigure 2; the DTA data are in Fiqure
6+

The 10~SiB-4 T3A data indicate a relatively high degree
of thermogravimetric oxidative stabilitv. The phenylated
polymers (TX and X ) displayed small total weight losses by
800 deq C, with the differences betheen them presumably
heing due to Aifferences in molecular weiaqht distributions
and/or workupe The phenvlated materials displayed a major
mode of weight loss commencina at 350 deq.C rather than 300
daq ¢ for *0-Sim=4. 3ll three polymers displayed a weight
gain ( 250 dea.C for VIT, and 420 deq. C for IX and X ) and
the phrnylatad polymers. displayed a hroader region of weight
gain. “nly the totally methylated 10-SiR-4 experienced the
second mode of weight loss common to the methylated polvmers
Aiscuss2d abhove. Tn this series, the phenylated polyrers
are the most thermoqravimetrically stable in air, .

The 410-SiB=-t p™2 data amplify the T3A results. Whereas
the nethylated *0-FiB~-4 entered an exothermic region at
ahout 2¢0 deg,C . the phenylated polymers IY¥ and X entered
such a reqion at 300 and 290 deq € respectively, The
exotherms themselves reflected the less abrupt nature of the
weight 1loss for ¢the phenylated polymers. The exothermic
peaks for the methylated 10-SiB-U polymer were sharp, while

those of the phenylated polymers ware hroad and diffuse.
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The DTA data indicate high stability for the phenylated
versus the totally methylated 10-SiB-4 polymers, both from
the point of view of the onset of the oxidative exotherm and
of the sharpness of the reaction reqgion.

The 10-SiB-4 TRA data in Figure 3 include the plot of
the 10-SiB=w ;urve for comparison. The following ranking
can bhe established for the three classes of materials in
this fiqure. The phenylated carboranse-siloxane polymers and
the pure silicone are significantly more stabhle than the
totally methylated 10-5iB=~4 ' when monitored
thermoﬁachanically in air. nNther interesting features are
the 10 deq.C difference in the onset of catastrophic
stiffenind of the  end-capped versus non-end~capped
phaenvlated polymers ( the end-capped reacts first as was
datected wvia DTA ), and the non=sottening of the phenvlated
polvmers above 400 deq.Ca This sacond feature 1is of
interest since the twon-stage stiffening process was still
evident. This stiffening is also complemaptary to the hroad
reaction peak detected hy DTA The phenylatnd materials
apnear to be more hiqghlv crosslinked than the other polymers
( in all series ) after the first stiffeninq process. This
is apparent since all the other riqidity curves Adisplayed
vary nearly the same value for relative rigidity at their

respective maxima reqardless of their brail loadingq, This
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excess crosslink density may be due to the 430 deq.C
stiffening ohserved thermally ( in nitrogen ) at the same

programming rate (1), but not obsefved for the methyla;ed
polymers. On the other hand, the second staqge of stiffening
in all the polymers occurred near the temperatufe Eeqion
(530 to 570 deq.C ) of catastrophic stiffening in nitrogen

(*)-

, ]
Yone of the carborane polymsr damping plots' are shown

hecause the data did no more than reflect the information
derived from the rididity plots, Tn qeneéal terms each
dampin§ curve displayed a damping peak cérresbondinq té each
stage of the multistaged stiffening raﬁiono an cooling from
675 deq-C a larqe drop in damping occurr2d at about uob
deg. C The overall damping hehavior was similar to that in
air of the 5=8iB=% polymers previously reported (5);
Several of the materials which began to stiffen below 300
deq,C displayed a damping peak at ‘the onset of stiffeniéq
and another ore in the reqgion of catastrophic stiffening,
The others displayed only one peak corresponding to the
first reaction reqion. Both types displayed furfger peaks
at higher temperatures corresponding to the stiffeniﬁq

during later stages of reaction

CONCLUS' ™S

The thermo=-oxidative studies dicnssed above, indicate




H ¥
: that the poly(carborane-siloxane)s 1listed in Table 1 fall
\ into two c«lasses of thermo-mechanical deqradation, The
first’ cldss, 1is composed of all the totally methylated

carborane polymers (I-VLT and XT), and is defined by the 280
' to' 300 deqg C temperature <Tegion for the onset of
stiffening- ° The second class, defined by a 350 deq.C onset
o% stif?eninq; is composed of pure silicone and the
phenylated polymers.  Examination of the TGA data for pure

\ . N
silicon~ would discount any advantage derived from the

) ' ‘increased temperature of onset of stiffening, while the TGA

data for the phenylated' materials would indicate a hiqgh
'deqfee of reiative utility, The two-step nature of the TBA
! data for all of the carhorane polymers indicated that the

response of the polymers in air was a combination of purely

1 '
oxidative and puraly thermal events that could he separated

H

upon eQamiﬁatiBn of previously reported thermomechanical
dat; (1 The rather close grouping of the curves into the
two reaction reqgions has prompted the authors to consider
' isothermal oxidative studies to bhetter define the close
ranking of the materials in ceach class and to determine
§ hH
activation eneraies for the stiffenina process.
‘Tt is of‘ interest to note that with respect to
the;momechanicél‘ stahility, the incorporation of carborane
cages into siloxane hackhones decreases the threshold of

i
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oxidative stiffening. FRelated work reported recently in the
Russian literature (6) indicted that the incorporation of
mecarhorane cages into polyamido hackbones resulted in the
formation of BzN3; upon long=-term exposure to air at 230-250
leq-C. The oxidative attack of the carborane cage helow 350
deq.-C lealing to crosslinks appears reasonable. The nature
of the stiffening processes for the pure silicone (one step)
versus the carborane polymers (multistep) and the transition
behavior of the oxidatively cured materials (Tg>»625 deg.C
for the silicone:;Tqg=800-500 deq.C for the carborane
polymefs) further indicate that the carbhorane cage itself
has some direct effect on the oxidation process, Puture
work tn determine the chemical structure of the pyrolytic
products of oxidation is planned in order to provide a

better understanding of the degradation mec ianism,
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Table *

-

Piqure - Torsional
10=Sipr=X polymers in
Piqure ?- Torsional

10-SiR=3 volymers in

15

TABLE CABTIONS

Structure and designation of 10-SiB polymers.

FYGURE CAPTTONS

braid and thermogravimetric analyses of
air.
braid and thermogravimetric analyses of

air-

Fiqure 2 Torsional braid and thermoqravimetric analyses of
10-SiB~4 polymers in air-

Piqure U pDifferential thermal analysis of 10=-SiB=X
polymers in air

Piqure 5. Differential thermal analysis of 10=-SiB-3
polymers in air.,

Piqure 6 Differential thermal analysis of  10=-SiB-y
polymers in air.
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TABLE I
DESIGNATION STRUCTURE
' Hy GHy
10~5iB-1 HO--§i=CBg HyoC-$i-0H
CH, CHy
) fHs GHs My G
10-5iB-3 HO--5i0-5i-CBq H, C-5i-0-Si-0-1-H
My hy CHy Lhy

{7 3xyLene * 0-15-0.20 di/g
GPC PEAK. MAX ~10-12,000

' GHy [CHy Criy GHy GHy §Hs
10-5i8-3 CHy=5i-015i-0"Si-CB)gH;q C-5i-0-Si-0 s--cn3
END-CAPPED CHy [CHg CHy CHy CHy cu,

(MyyLene * 015 -0.20 disg

MADE FROM XU
‘ CHy CHy CHy CHy
10-5i8-3 . HOTSi0-Si-CBigH oC-Si-0-5i-0TH
HIGH Mw CHy CHy CHy CH,
(Mlxveene * 065 divg
MW ~ 50-100,000

[ CHy CHy ¢ty CHy
/ \ 1
10-5i8-3 uo--gi-o-Ii—c\o.c——si-o-fi-o H
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