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Thermosets and ceramic chars were prepared
and characterized from a diacetylene—siloxane—
carborane polymer, DSCS, and a diacetylene—
siloxane polymer, DS. The goal was to incorpor-
ate the known thermo-oxidative stability found
in the siloxane—carborane elastomers into high-
performance thermosets and ceramic chars. The
DSCS thermoset had excellent thermo-oxidative
stability as determined by a low weight loss and
tough residue after annealing for 100 h in air at
300°C, but it had a low glass transition
temperature (94°C). The DS thermoset did not
undergo a glass transition below 350C and had
a low weight loss on thermo-oxidative aging, but
the residue was quite brittle. Two random
copolymers were made to optimize the thermo-
oxidative stability and toughness of the DSCS
thermoset and the higher glass transition of the
DS thermoset. Significantly, the 50:50 DSCS/DS
random copolymer when cured to a thermoset
did not undergo a glass transition below 350C,
yet retained much of the strength, toughness and
thermo-oxidative stability of the DSCS thermo-
set. Heat treatment of the poly-DSCS to elevated
temperatures resulted in a ceramic material
with improved properties relative to the ceramic
derived from poly-DS. Both polymers had
similar char yields to 800°C, but the poly-DSCS
solidified to a 15% denser ceramic. Copyright
© 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

It is well known that the incorporation of a
carborane polyhedral structure into the backbone
of a siloxane elastomer significantly increases
thermo-oxidative stability:* Inorganic polymer
elastomers of this type can be formulated with use
temperatures of 30TC. An analogous thermoset is
needed for high-performance composite applica-
tions. Current high-performance organic thermo-
sets either fall short on thermo-oxidative stability or
hydrolytic stability, or are extremely difficult to
process. All are more brittle than desired.

Siloxane and carborane—siloxane polymers have
also been touted as precursors to silicon oxycarbide
ceramics: Advantages of using polymer precursors
include easier purification of starting materials,
atomic-level homogeneity, viscosity adjustments
which open up many processing routes, and
generally lower processing temperatufds. addi-
tion, ceramic morphologies can be achieved which
cannot be produced by conventional processing.

In this study, we started with a simple siloxane—
carborane elastomer, with proven thermo-oxidative
stability, and added the ability to crosslink by the
addition of a diacetylene group to the repeat unit. A
high crosslink density would be expected to
increase the glass transition temperature and
pyrolysis yield substantially. The repeat unit
consisted of diacetylene—siloxane—carborane—si-
loxane (DSCS, Scheme 1). A baseline resin without
the carborane unit was synthesized to create a
material with just a diacetylene-siloxane repeat
unit (DS). Carborane was incorporated to various
extents in random copolymers of DS and DSCS.
The synthesis and chemical characterization of the
materials described herein have been disclose
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ties of the cured thermosets are discussed as well as
preliminary results on the pyrolysis of these
materials to 800C.
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Schemel Synthesiof poly(diacetylene-siloxanepoly(diacetylene-carborane-siloxarez)dcopolymers.
EXPERIMENTAL borane (B) was addeddropwise to the reaction

Detailsof the synthesiandchemicalcharacteriza-
tion havebeenreported®™’ The synthesiss a two-
step,one-potreaction(Schemel) adaptedfrom a
previouslyreportedsynthesisof poly(silyldiacety-
lenes)® Hexachlorobutadienewas treated with
4 equiv of n-butyllithium in solution to generate
1,4-dilithio-1,3-butdiene. Either dichlorosiloxane
(A) or 1,7-bis(chlorotetraméyldisilioxy)-m-car-
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mixture to generatethe desireddiacetylene—silox-
anepolymer (DS) or diacetylene—silgane—carbor-
ane polymer (DSCS). Randomcopolymerswere
madeby addingthe appropriateratio of A andB to
the reaction mixture. In this study, copolymers:
werepreparedvith A/B ratiosof 90:10and50:50.
Typically broad molecular weight distributions
with weight-averagemolecular weights of ca
10000 were obtained®

Appl. Organometal Chem.14, 253-260(2000)
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Figure 1 DSC scansshowing cure exothermsfor diacety-
lene—carborane-silore polymers. Increasedcarboranecon-
tent decreasegeactivity, pushing cure exothermsto higher
temperatures.

Thermosetspecimenswere preparedin either
aluminumplanchetsor moldswith 0.5in x 2.5in
(1.3cm x 5.3cm) cavities. Molds were treated
with a tetrafluoroethylene(TFE) solids mold
releaseagent,MS-122N. Polymerswere softened
by heating to 100°C, weighed into the mold,
degassedor 2 h undervacuumat 110°C andthen
curedin atubefurnaceunderargonsequentiallyfor
2hat150°C,5h at200°C,5h at250°C and12h
at 300°C. Samplescuredto this level are termed
‘thermosets’. Some sampleswere postcuredand
thenpyrolyzedin argonat400,500,600and800°C
for 6h at each temperature and are termed
‘ceramics’. After thethermoseture,samplesvere
sandedto removethe meniscuswith 280-, 340-,
400-, and 600-grit papers.Sampleswere stored
underdesiccant.

The cure was monitoredby FTIR spectroscopy
using a Nicolet Magna 750 FTIR spectrophot-
ometer. Thermosetscured to 300°C were char-
acterizedby dynamicmechanicameasurementsn
a Bohlin VOR rheometerusing rectangularspeci-
mensin torsion.Measurementa/eremadeat 10 Hz
and a heatingrate of 4 °C min~*. Glasstransition
temperaturesvereobtainedrom themaximaof the
loss spectra.Moduli, strengthsand failure strains
weremeasuredh flexureonaninstron1135tensile
testeraccordingto ASTM D790 with a 16:1 span-
to-thicknesgatio.

Furtherannealingto 800°C was followed with
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density, modulus and char yield measurements.
Densitieswere measuredy a buoyancytechnique
(ASTM D792). Moduli were measuredat room
temperaturén aflexuralgeometryusinga Dynastat
mechanical tester at 10Hz. Thermogravimetric
analysesverecarriedouton solid samplesof about
10mg underdry argonor air usinga Perkin-Elmer
TGA7. A Perkin-Elmer DSC7 was used for
calorimetric measurements.Scan rates were
10°Cmin~* underanitrogenpurge.Linearthermal
expansion coefficients were measuredusing a
Perkin-ElmerTMA7 with expansionprobe under
4mN force and heatedat 2.5°C min~*. Thermo-
oxidative aging was carried out in a Blue M
circulating ovenfor 100-hdwells at either 316 or
343°C. Wide-angle X-ray measurementsvere
obtainedusing a Rigaku RU200 12kW rotating-
anode generator with a Copper target (Cuk,
radiation). Data on solid sampleswere collected
in the 620 geometryon scansfrom 10° to 90°.

RESULTS AND DISCUSSION

Characterization of cure

DSC studiesindicated a well-defined broad cure
exotherm beginning at about 175°C with a
maximum of 295°C for DS (Fig. 1). Addition of
the carboraneunit to the backboneshifted the
polymercure exothermgo highertemperaturegy
about10°C for 90:10DSCS/DScopolymer,40°C
for 50:50copolymer,and50°C for DSCS.Thecure
cycle was designedso that reactionwould occur
slowly at the 200 and 250°C dwells and be
completedduring the dwell at 300°C. IR spectra
clearly showthe diacetyleneC=C stretchingbands
(2071cm™Y) in the uncuredpolymer. After 5h at
250°C thesebandshad mostly disappearedn all
polymers.After the 300°C dwell the diacetylene
bands were absent from the FTIR spectrum,
indicating completereaction.Weak bandsat 2142
and1886cm ™ werepresengfterdwellsat250and
300°C indicating the ene-yne and butatriene
structures,respectively’'* After a 6-h dwell at
400°C under argon these peaks disappeared,
suggestinga loss of this structure.In analogous
poly[(dimethylsilylene)-diaetylenes], Corriu,
through *3C NMR studies, observedthe loss of
theene-yneandbutatrienestructuresy 400°C and
noted the shift from sp to spf carbon or from
polyeneto polyacenestructures,

Appl. Organometal Chem.14, 253-260(2000)
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Table 1 Propertieof diacetylene—siloxane—carboratigeermosets

Highest Glass Therma?
annealing transition Modulus Strength Failurestrain expansion
Polymer temp.(°C) temp.(°C) (MPa) (MPa) (%) (x10°%°C)
DS 300 >300 1900+ 22 24.1+2.2 1.28+0.16 131
90:10 300 >300 1920+ 97 31.0+5.6 1.784+0.48 143
50:50 300 >300 1710+ 100 37.1+55 3.1+0.80 129
DSCS 300 94 1430+ 50 40.0+0.6° 6.1+ 0.46 186°

2 Strengthandstrainareyield strainsfor DSCS;failure occursbeyond10% strain.

b Linear thermalexpansiorcoefficientat 200°C.
¢ Rubberystate.

Mechanical and thermal properties

The flexural modulus,strengthand failure proper-
ties of the polymerscuredto 300°C are summar-
ized in Table 1. The modulus of the highly
crosslinkedDS polymer was low comparedwith
mosthigh-temperatre thermosetsprobablydueto
the flexible siloxane linkage. The polymer was
brittle with a strengthandfailure strainof 24 MPa
and 1.3%, respectively. The slightly decreased
crosslinkdensityof 90:10copolymerwasrevealed
in a slightly higher failure strain, though the
materialhadaboutthe samemodulusandwasstill
quite brittle. The 50:50 thermosethad a slightly
decreasethodulusbutasignificantlyhigherfailure
strainanda strengthof 37 MPa.DSCShadaneven
lower modulus but was still tougher, showing a
yield point at around6% strainandfailing beyond
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Figure 2 Variation of flexural properties with thermoset
composition.
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10% strain. The systematicvariation in flexural
propertiess easilyseenin Fig. 2.

Dynamic mechanicalspectrarevealedthat the
DSCsSthermosethada glasstransitiontemperature
around94°C and that the 50:50, 90:10 and DS
thermosetddid not show a glasstransition below
350°C (Fig. 3). Forall sampleshestoragemodulus
wasquitetemperature-dependeintthe glassystate
and did not plateauon cooling, evento —100°C.
This suggestghat the single siloxanerepeatunit,
despitethe rigid, highly crosslinkedsurroundings,
retained significant flexibility down to the glass
transitionof a siloxanehomopolymer.

The moduli and strengthsfor this family of
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Figure 3 Dynamicmechanicakpectraof hybrid thermosets.
The storagemodulus(G’) is shownfor all the polymers.Only
DSCSexhibitsa glasstransitionbelow350°C, whichis shown
in both storageandlossmodulus.
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thermosetswere low comparedwith other high-
temperaturghermosetsuchasphthalonitrilesand
polyimides!®*2Typical valuesfor thesematerials
were strengthsof 80MPa, moduli of 4000MPa
(roughly twice the valuesfor 50:50copolymerand
DSCS) and failure strainsof less than 2%. The
highermoduliandstrengthf the otherthermosets
arisefrom their rigid backboneswhereasn these
hybrid polymers there are flexible siloxane se-
guenceswhich are constrainedoy bulky crosslink
sites. In situations where the lower modulusis
tolerable,the higherfailure strainsof the 50:50 or
DSCS thermosetsmay be an advantage.The
presenceof the siloxane linkages also resultsin
anomalouslyhigh linear thermal expansioncoeffi-
cientsfor materialswith suchhigh glasstransition
temperaturegTable1).

The variation in propertiesbetweenDS, DSCS
andtheintermediatecopolymerss in line with the
variation in composition of structure. The DS
thermosets highly crosslinkedwith thediacetylene
groupsreactingto form stiff bulky crosslinkswith
extendedconjugationTheonly sourceof flexibility
shouldbe the short (Si—O-Si)backbonesequence
betweerrigid crosslinksites.In the DSCSthermo-
sets,the carboranecagesare unreactiveat the cure
temperatureandtheflexible sequencéetweerthe
rigid crosslink sitesis the much larger carborane
cage surrounded by siloxanes, (SiOSi—
CB1oH1cC—Si0Si).The crosslinkdensityis effec-
tively half that of DS and a much lower glass
transition is observed.The 90:10 thermosetcon-
tains only 10% of the longer, more flexible
carborane-containingequenceand was expected
to havemechanicalpropertiesvery similar to DS.
The goal for this copolymerwasto evaluatethe
effectivenessof a small percentageof carborane
moiety in improving the thermo-oxidativestability
of the DS material. The 50:50 thermosetwas
synthesizedas a compromisebetweenthe tough-
nessof DSCSwith the low (94 °C) glasstransition
temperatureandthe high glasstransitiontempera-
ture of DS. The 50:50thermosetvasmuchtougher
thanthe DS or 90:10thermoset&nddid not havea
glasstransitiontemperaturédelow 300°C, indicat-
ing thatit may be possibleto add more toughness
by synthesizingt0:600r 30:70copolymerantil the
glasstransitionbeginsto decreaseThesepolymers
would beexpectedo havepropertiedbetweerthose
of the 50:50thermosetindDSCS(Fig. 2) andthus
modulusandstrengthwould notimprovemuchbut
toughnessand failure strain could increasesig-
nificantly. Optimumpropertiesanbeestimatedor
variouscompositionsrom Fig. 2.
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Thermal and thermo-oxidative
stability of thermosets

Much work has been done on the thermal and
thermo-oxidativestability of poly(siloxane-carbor-
ane) elastomers:? Characterizationfocused on
TGA andthermalmechanicaktudiesin air or inert
atmospheresThe poly(siloxane-carborze) elasto-
mers were typically composedof m-carborane
moieties separatedby one, two, three or four
dimethylsiloxyl units. Regardles®f the length of
the siloxanesequencel GA studiesin inert atmos-
phereshowedverylittle weightlossbelow500°C,
and 100°C improvementover poly(dimethylsilox-
ane).Whenheatedo highertemperature$700°C)
theweightlosswasproportionalto thelengthof the
dimethylsiloxanesequencesilt is believedthis is
due to stabilizationfrom the carboranenuclei on
neighboringmethyl groups this stabilizationbeing
less effective on methyl groupsfurthestfrom the
carborane unit in the longer dimethylsiloxane
sequencesln air, the shapeof the TGA curves
was influencedby the formation of the oxides of
silicon and boron. Evidence of oxidation was
observedas low as 300°C. At high temperatures
(700°C) the weightlosswasagainproportionalto
the dimethylsiloxanesequencédength. The impor-
tanceof the oxidationin poly(siloxane-carb@ne)
elastomersvas studiedby following the stiffening
of the polymerswith oxidativeaging®? Significant
embrittlementoccurred correspondingo the onset
of oxidationasobservedn the TGA.

In light of the previouswork, poly(diacetylene-
carborane-siloxangjolymerswould beexpectedo
havevery little weightlossin inert atmosphereto
500°C and possiblyto showsignsof oxidation at
300°C. The high crosslinkdensityshouldresultin
low weightlosseson inert pyrolysisto 700°C.

TGA scansat 1 °C min~* underargonwererun
for both DS and DSCSthermosetsBoth materials
had under 2% weight loss to 400°C, under 7%
weightlossto 500°C, andunder20%weightlossat
700°C. Theresultswerecloseto thoseobtainedon
largersamplesannealedinderargonfor 6 h eachat
400,500,600and800°C asshownin Table2. TGA
scansin air did not show significant oxidation
below400°C, thereforeamoreextensivestudywas
undertakerwith dwells at elevatedtemperatures.

TGA experimentson 300°C-curedthermosets
consistedof 6-h dwells in argonat 340, 370 and
400°C (Fig. 4A). Weightlossesf lessthan2 wt%
were observedin all polymers after the 370°C
dwell, andlessthan4 wt% after400°C. Theweight
loss curves for DS and 90:10 copolymer were

Appl. Organometal Chem.14, 253-260(2000)
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Table 2 Annealingof diacetylene—siloxane—carborapelymers

Annealingtemperative

Polymer

400°C

500°C 600°C 800°C

DS E (MPa)
Density (g/cm )
Charyield (%)
E (MPa)
Density(g/cc)
Charyield (%)

DSCS

1650

1380

1870
1.033
89.9
1560
1.025
90.2

11100
1.175
84.9
11700
1.157
84.1

1.549
80.9

1.089
97.3

1.783
81.4

1.062
97.1
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Figure 4 TGA scanf four thermosetsvith 6-hourdwellsat
340, 370 and 400°C. (A) in argon: weight loss is low.
Surprisingly,rateof weightlossat 400°C is highestfor DSCS.
This may be dueto lowestinherentcrosslinkdensityor lowest
rate of thermally induced crosslinking to counter other
degradationreactions.(B) In air: the sampleswith the least
carboraneyainthe mostweightat 340°C with the exceptionof
the 50:50copolymer(seetext). At highertemperature®S and
the 90:10 thermosetlose weight while the 50:50 and DSCS
thermosetslowly gainweight.
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parallel after an initial loss at and below 340°C.
The higherinitial weightlossfor 90:10thermoset
may have been an artifact due to moisture
absorptionor it could have beendue to a lower
polymer molecularweight resultingin significant
uncrosslinked end-groups with lower thermal
stability (polymer molecularweightswere 5 000—
10000g mol™). Most significantin this seriesof
experimentswas the much higher rate of weight
loss for DSCS at 400°C. The weight loss rate
would beincreasedy chainscissionandreversion
reactions, and diminished by subsequentcross-
linking reactions.t is possiblethat for DSCSthe
secondarycrosslinkingwasreducedrelative to the
otherpolymers Anotherpossibilityis thatthelower
crosslinkdensityof DSCSallowedlargerfragments
to leaveduringdegradationln this setof polymers,
the 50:50thermosetappearedo representhe best
compromisebetweenthe improved thermal stabi-
lity due to increased carborane content and
decreasedhermal stability dueto lower crosslink
density,whenannealedn aninert atmosphere.
The samesampleswere then run under air, in
which casetherewereinitial increasesn weightof
2.3,1.5and0.8wt% for DS, 90:10copolymerand
DSCSfor the 6-h isothermaldwell at 340°C (Fig.
4B). For these three thermosetsthe oxidative
weightincreasavasleastfor the samplecontaining
the mostcarboraneAfter theinitial increasethere
wereslightly slopedplateausvherea slow weight
gain occurredin thesethree thermosets.On the
dwell at 370°C, DS and 90:10 copolymer lost
weight, whereasDSCS continuedto gain weight.
Theresultsmayindicatethatanoxide surfacdayer
wasformedthatwasrelatively stableat 340°C for
all polymersandstableat 370and400°C for only
the samplescontaining the most carborane.The
50:50thermosetppearedo be ananomalyin that
it had the highestweight gain during the 340°C
dwell and the second-highestarboranecontent.
Closer inspection revealed that the onset of

Appl. Organometal Chem.14, 253-260(2000)
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oxidative weight gain was betweenthat of 90:10
thermosetand DSCS, as expected. The higher
plateawaluecouldhavebeendueto alower rateof
reversion and chain scissionreactionsin 50:50
copolymer.In inert annealingthe 50:50 material
hadthelowestweightloss.Longer-terntestingin a
circulating ovenfor 100h at either 300 or 343°C
resultedin small weight losses(less than 4 wt%)
and crackedand brittle residuesfor DS and 90:10
thermosetForthe 300°C anneakhe 50:50samples
had severaldeepsurfacecracksbut remainedvery
toughand DSCSsampleshad no obvioussignsof
oxidative degradation.

Pyrolysis

The starting polymer, DS, was a semicrystalline
materialwith multiple melting peaksthat is fully
melted by 75°C. The 90:10 copolymerhad very
similar melting behavior exceptthat the crystal-
linity wasvery much depressedby the incorpora-
tion of the carboraneunits. The DSCSand 50:50
polymerswereviscoudliquids atroomtemperature.
Therefore unlike the poly[(dimethylsiljene)diace-
tylene]s and other diacetylenes,these materials
were in the melt state when crosslinked.Wide-
angle X-ray scatteringfrom the curedthermosets
revealedbnly diffuse X-ray peaksjncludingalow-
anglepeakcommonlyobservedn siloxaneelasto-
mers. These peaks sharpenedand shifted only
slightly on annealingfrom 300 to 800°C. More
definitive assignmentsof these peaks may be
possibleafter annealingio highertemperatures.

Changedrom 300to 800°C arebetterfollowed
by densityandmoduluschangesasshownin Table
2 for DSandDSCS.Between300and400°C there
were significantmodulusdecrease$or both poly-
mers.Thesemayreflectthechangesn the natureof
the crosslinksfrom ene-ynestructurego polyacene
structuresobservedby IR. Furtherinert annealing
of bothpolymersto 500°C resultedn weightlosses
of about 7% and resultedin density decreases.
Surprisingly therewerecorrespondingncreasesn
modulus.Heatingto 600°C resultedin densifica-
tion andthe startof a sharprise in modulus.Both
polymers had similar moduli, densitiesand char
yields. A major differencemay havebeenstarting
to occur by 800°C, in that DSCShad reacheda
much higher densitythanthe materialscontaining
lesscarborane A more detailedstudy of this and
further pyrolysisto 1400°C is underway.

Copyright© 2000JohnWiley & Sons,Ltd.

CONCLUSIONS

A family of poly(carborane-siloxandiacetylenes)
were characterized as thermosets and chars.
Thermosetswere cured by heatingto 300°C, at
which point the backbonediacetylenegroupshad
completelyreactedAt this point, DSCShadaglass
transitionof 94 °C andDS andthe 90:10and50:50
copolymersdid not undergo a glass transition
below 350°C. The modulus and strength were
low comparedwith other high-performanceher-
mosets.This is not surprising,given the dimethyl-
siloxanesequencem thepolymerbackboneDSCS
and50:50copolymerhadhigh failure strains.This
is notablefor the 50:50 thermosetwhich did not
showa glasstransitionto 350°C. The thermosets
also showed anomalously high linear thermal
expansioncoefficientsfor polymeric glasseswith
such high glass transitions. The polymers had
exceptionaweightretentionon annealingn either
inert or oxidative environmentsAfter 100h in air
at 316°C, DS and 90:10 thermosetswere brittle
whereasDSCS and 50:50 were tough. Increased
carboranecontentimproved integrity after oxida-
tive annealingbut also decreasedhe glasstransi-
tion of thethermosetThe50:50thermosetvasnear
the optimal for this family of materials;however,
more toughnessmay be gained by increasing
carboranecontent beyond 50:50 until the glass
transition beginsto decreaseDS and DSCS had
charyieldsgreatethan80%afterinertannealingo
800°C, but the carborane-containinghar attained
muchhigherdensity.
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