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A high temperature polyolefin, synthesized cationically
from norbornadiene {bicvals~-{2,2,1)-heptadisne~2,51, was
studied thermomachanieally with respset to physical tranzi-
tions and stability in nitvogen. The glass trensiticn was

. found to be 220°C, thz highest xnown for a purely hydrosarbon
AN additicn polymer. The thermomechanical technique of Torsional
Brazid Analysis, Thermogwavimetric Analysis, Differential
Thermal Analysis, Infrared studies, and solubility studies :
were used to iLavastigate the sequential events of the glass 4 3
transition and degradation. The nolymer is of particulan . s
interest in beiny a high temperatuvye plastic which should ' :
be processible at high speads in an inert atmosphere, but

the presence of tertiary hydrogen atoms would confer auto-
oxidative properties.
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ABSTRACT

A high temperature polyolefin, synthesized cationically
from norbornadiene fbicycls-(z,2,1)-heptadiene~2,5}, was

studied thermomechanically with respect to physical transitions

win st e i

and stability in nitrogen. The glass transition was found to
bz 320°C, the highest known for a purely hydrocarbon addition
polymer. The thermumechanical technique of Torsional Braid
Analysis, Thermogravimetric Analysis, Differential Thermal A
Analysis, Infrared studies, aud solubility studies were used ;
to investigate the sequential events of the glass transition and
degradation. - The polyrer is of particular interest in being a
high temperature plastic which should be processible at high

speeds in an inert atmosphere, but the presence of tertiary
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hydrogen atoms would confer auto-oxidative properties. ;
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THERNMNIMFCHANYCAL RPHRVYOS® OF A
PCLY (NOPBOFNADYEER®) .

M. B. ®oller and J.K. Gillham
Polvmer Materials Program
Department of Chemical Engineering
princeton University
Princeton, Vevw Jersey 08540

and J.P Yenredy
Institue of Polymer Science
The "niversity of Akron
Akron, Yhio 44325

TNTRODUCTTON

The cationic polymerization of norhornadiene
fhicyclo= {2,2,1)-hentadiene=2,5 (T below) 1 has been reported
to lead to predominantly structure IV(1,2). UV,IR and HMNR
studies corroborated this expectation (1,2)- The cationic
reaction mechanism which was proposed involves a
transannular rearranqgement (T7 =» T7T) of ¢the electrons of
the initially formed addition intermediate (Y¥T), prior to
addtion of another nortornadiene monomer (I) (1,2),

@+ @—»f@ S é@e]
S

b4

9,2 enchainment was excluded for steric reasons, The
mechanism was not sterecospecific and therefore the product
was atactic and amorphous [ which was confirmed by X-ray
examination (1,2) ) However, an examination of models would
lead one to expect honds Joining repeat units to be
equatorial to equatorial. The three dimentional caqge
structure in the polymer would confer a high deqree of chain
stiffness and therefore a high glass transition. The
presence of a hiahly strained and substituted cyclopropane
ring in the cage structure cast some doubt on how thermally
stahle the polymer might be, while the presence of tertiary
hydrogens vould be expected to lead to oxidative
instabilities.

The present report presents a preliminary examination
of this polymer's thermomechanical behavior and thermal
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stahilitv. The techniques used were: Torsional Braid
Analyvsis (TBA) for the thermomechanical spectra (3,4,5):
Differential Thermal Analysis (DTA), "to monitor heat
effects; Thermogravimetric Analysis (TGA), to study weight
loss; Infrared Analysis (IR) to "monitor chemical changes;
and solubility studies ¢to further examine thermal effects
via crosslinkings All the studies vere carried out with a
heating rate of 2 deq,C/Min with the exception of DTA
(/\T//\t = 20 deq.C/Min), and all were performed in a dried
nitrogen atmosphere (TSA was also studied in air).
SYNTHESIS

Norhornadiene (bicyclo(2,%42,1)~hepta=2,5-diene ] monomer
(Matheson, Colman and Bell) was distilled before use. Gas
chromatoqraphic analysis indicated greater than 98 percent
purity and the presence of four or five minor impurities .

Polymerizations were carried out in a dry box in
stirred glass reactors using a published procedure (1) The
catalyst, alurinium chloride, was dissolved in ethyl
chloride (2.5 percent) and was added slowly (1=-2ml every 2-3
min.) to the reactor, The reactor containead a homogeneous
solution of norbornadiene (19.8q) in ethyl chloride (130rl)
at =127 deq.Ce The temperature of the reaction medium
increased to no higher than =125,5 deq.C during the course
of the svnthesis (>1 hour) . Polymerization started
immediately after catalyst introduction. The reaction was
terminated by introducing precooled nepropanole The product
was vashed thoroughly with methanol, filtered and dried
under nitrogen at S0deq.C. The vyield was 2.50g or 12,5
percent.s The material was soluble in toluene, benzene,
ether and carhon tetrachloride, Its number average
molecular weight (fn via vapor phase osmometry) was 9850,
indicating a dearee of polymerization of about 100,
fn=14970 and fw/An=3,73 by qel permeation chromatoqgraphy,
vhen treated as rolystyrene,

EXPEFIMENTAL

The thermomnechanical data were determined throughout
the range ~180 to ¢500 deg.C by the technique of torsional
braid analysis .which uses a modified torsional pendulum
operating at about 1 cps. The Torsional Braid Analyzer is a
free hanging torsional pendulum with the specimen consisting
of a multifilamented ( 3600) qlass braid impregnated with
the sample polvymer. The specimen is fabricated jip sity by
removing solvent from a braid that has been soaked in a
polymer solution before mounting, The specimen for the
pendulum was rade usina a 10 percent (wt,/vol,) solution of
the polymer in benzene and a glass braid support, Solvent
was rewoved from the composite specimen by heating
(2 32q,C/Min) to 200 deg.C and cooling, Attached to the
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lower clamp is a polarizer disc, the inertial mass, which
wvhen coupled with another polarizer over a photocell, acts
also as a "linear-vith-angle® ¢transducer to convert the
mechanical oscillations into electrical signals (5), The
mechanical oscillations and the analogue signals approximate :
damped sina waves. The mechanical parameters are deduced :
from the character of the analogue signals, Por isotropic,
homogeneous specimens subject ¢to small stains, G' = K
(1/P°), where G*' is the in-phase elastic modulus, P = the
period of oscillation and K is a constant dependent upon H
geometry; the logarithmic decrement, a measure of the ratio :
of energy dissipated to maximum energy stored on mechanical o
deformation is defined as: 2\ = log(A,/A,;) = Log(A,/A )eee = :
log(A_/A,,,)s Due to composite nature, the small size and :
the iEteau ar geometry of the specimens, the work discussed

herein is presented in terms of the Relative Rigidity, = :
(1/p%), replacing G', The logarithmic decrement ©\) is ;
presented as the mechanical damping index, = 1/n, where n is
the number of oscillations between two fixed but arhitrary
houndary amplitudes (e. g- A;/A; = 20; taken constant over
any thermomechanical expeffﬂent): 1/n is ~ directly
proportional ¢to the logarithmic decrement (A = i/n
logTAj/As4n V-

The” "TGA'S wvere performed usina a 4u Pont 950
Thermoqravimetric Analyzer in nitrogen and air. The DTA vas
run on a Mettler Thermoanalyzer at 20 deq.C/Min in
nitrogen

The TR study was performed on a single film enclosed
betvween two Y¥aCl crystals held together, 'The holder, salt
plates and film were suspended in the TBA oven , in a
nitrogen atmosphere, and were heated at 2 deg.C/NMin to
various "quench points" at which time they were removed from
the oven to a nitrogen chamher held at room temperature,
without exposure to air The quenched specimen was examined
at room temperature by a grating infrared spectrophotometer,
Perkin=Elmer PModel 237B, at 1low scan and normal slit
opening The specimen was returned to the nitrogen quench
stream and purged before reintroduction to the oven at <the
quench point, after which the oven temperature was taken at
? deq C/Min to the next quench point. The gquench points
were taken as significant temperatures in the E
thermomechanical spectrum,

The solubility studies wvere performed in a manner
similar to the TR studies, except ¢that separate €£ilm
specimens were used, each taken at 2 deq.C/Min from room
temperature to its quench point. The behavior of the
thermally treated films in excess bhenzene was observed
visually
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THERMAL ANALYSES (TGA, DTA) .
A sample of the solution used to fabriiate the TBA :
specimen was examined on a du Pont 950 Thermogravimetric
Analyzer with the same drying and run cvcle as that used in
the thermomechanical works After drying at room temperature
in nitrogen for 15 min, and then heating at 2 deq.C/Min to
200 deq.C, the specimen vas cooled to rtoom temperature and
run at 2 deq,C/Min to 500 deg.C. The thermogram obtained
vas essentially the same as those ottained in runs made on
the dry, povdered specimen (as recieved). The thermogram
shown in Piq,1 shows a small, slow weight loss starting at
250 deqsC which reached 6 percent by 370 deq.C (in
nitrogen). At about 410 deq.C the specimen started to lose
veight rapidly; by S00 deq.C the rate of loss had diminished
and the specimen had been reduced to about 29 percent of
its original weights The initial 6 percent weight loss need
not have been degradative if the molecular weight
distribution included appreciable amounts of 1low molecular
weight species, Monomer, dimer and trimer, would have
normal boiling points in the range of 100 deqg,C to 350 deq.C
(6)¢ A low molecular weight tail is apparent in the GPEC
curve (Pig. 2). The 1larqe weight 1loss in the 420 to
460 d2q.C range is due to polymer pyrolysis, In air , there
was an initial weight gqain beginning at 150 deq.C leading to
a maximum veight of 102‘'percent of the original at 240 deg.C
and a return to 100 percent by 275 deq.Cs The presence of
th2 weight maximum was due to the competitive effects of
addition of oxygen (presumably to the formation " .of
hydroperoxides at the tertiary hydrogen sites) and the
removal of both low molecular weight oligomers and of 1low
molecular decomposition products. Just above 280 deg.C
there was an increase in the rate of oxidative weiqht 1loss
preceding a reqion of moderating rate. At about 425 deq,C
there was another increase in rate of loss which y
approximately corresponds to the thermal deqradation noted
in nitrogen, The specimen was completely oxidized by 500
dea.C and left no residue,
: The DTA'S vere performed in two stages. The dry powvder
was first taken at 2 deq.C/Min to 200 deq.C (to simulate the
drvying step in the TBA analysis) and then, after cooling,
was taken at 20 deq.C/Min to 500 deq.Ce In the vicinity of
300 deq.C an endothermic dip typical of the glass transition
temperature wvas evident, The exact position of the glass
transition temperature was difficult to determine. At
420 deqeC a large exotherm began, The data vere somewhat
ambiguous due to large baseline drift and therefore are not
showne The 4important point 4is that at 20deg.C/Nin, the
glass transition temperature and the degradation processes
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. were distinquishable.

THERMOMECHANTCAL AFNALYSIS

The thermomechanical behavior of the polymer in dried
niy “cgen vas determined over the range =180 to 500 deg.C.
The =180 to 350 deqsC curves in Piqure 3 show the initial
behavior of the specimen after it .1ad been preheated to 200
deqsC ( at 2 deqeC/Min) in crder to remove the benzene
solvent, The experiment was preceeded by cooling to <180
deq oL ( -at 2 deag.C/Min ). The cooling and subseguent
reheating data wvere not absolutely reproducible, although
the damping peak positions and the curve shapes were
similet. Only the reheating data are showun. In the 1low
temperature reqion, there were multiple damping peaks with
Gistinct maxixa at =60 and =140 deq.C which were accompanied
b changes in slope of the rigidity curve, At 225 deq.C
tuave was a small shoulder in the broad glass transition
darping peak tiiat is also accompanied by a drop in modulus,
"he gqlass transition (Tq) is characterized by a large drop
in rigidity and a large damping maximum at 320 deq.Ce. The
DTA study previcusly cited indicated an endothermic shift in
this reqion 'which 1is typical of Tqe, The glass transition
temperature region was found to be more pronounced( sharper
loss peak and sharper tegqion of rigidity decrease ) after
heating to 350 de=q.C as shown by the cooling curves in
Piqure 3. The heating of ¢the polymer to 350 deg.C
simplified the pre=Tq regqion by eliminating the damping
shoulder and drop in modulus in the 200-250 deq.C
temperature ranqge. Later studies, requiring the casting of
films, showed that ¢the polymer 4is a poor film former;
heating above Tq probably improved the polymer coating on
the braiq, A nev specimen was dried ¢to 350 degeC in
nitrogen and then data was taken from 350 to =180 to 500
deqeC ( Piqure 4, curves 1 )¢ The data indicated that the
low temperature transitions (unlike the previous specimen,
the data vere reversible on cooling ‘rom 350 deg.C and
subsequent reheating) wvere not due to the formation of a
poor film coating on the braide On heating above 350 deg.C,
the rigidity began tc¢ increase at about 370 deg.C ,
displayed a srall maximum at 415 deqs.C and then a large
sigmeidal rise between 435 and 470 deg.C; after which it
decreased slightly to 500 deqesCe The 435 deq.C increase in
rigidity was accompanied by a damping peak at 453 deg.C
after vhich the damping decreased sharply, The stiffening
reactions vere also detected as a large exotherm by DTA
(described above). Visual examination of the cooled
pyrolyzed specimen indicated that the polymer wasg converted
into a smooth , glossy, black and opaque coating on the
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braid Curve 2, Figqure 4 represents the cooling behavior of
another specimen after drying to 400 deq.C (2 deqg.C/Min ).
rote ¢that the glass transition shifted up 7 deg.C to 327
deq.C and the damping peak is narrover and less intense than
for the previous specimen - The increase in Tqg and decrease
in damping peak heiqht are ¢typical of the effect of
increasing crosslink density in a given polymeric system
(7 rarrowing of the d2vring peak is not typical , but is
reasonahle since some of *he veak skewness may have been due
to reactions occurring above Tqg.

SOLUBILYTY STUDY

2 study was under::*sn to determine the temperature
reqion to which .2 film of <the polymer must he heated
(/\T/7Z\¢t = ? dea.C/"in ) in order to become insolublized by
chemical reactions (eq., crosslinking or chain stiffening ).
seven solutions were prepared in small vials. The benzene
in the solutions was removed at reduced pressure (23 in.Hg)
ovarnight over the samples at 50 deq. C . One specimen was
kept as a control The other dried solutions were suspended
in the TBA oven and taken, one at a time, at 2 deg.C/Min
from room temperature to various quench temperatures in
nitrogen., The quench temperatures were room temperature (
control }, 100, 180, 260, 3720, 360, and U000 deq-C: These
temperatures correspond to significant points on either the
TBA, DTA, or TGA plots. After quenching , excess henzene
vas added to the vial and after a day's standing they were
compared to each other and to the control solution. The
spacimens were virtually unaffected until ¢the 180 deq,C
specimen though soluhle, hadi bequn to vyellow, The vyellow
color of the solutions intensified vithout the formation of
visible qel for specimens heated up to 360 deq.C, A small
amount of swelled ge® vas evident in the 360 deq,C specimen,
indicating that chemical crosslinking or chain stiffening
occurred above Tqg ( as represented by the 320 deg.C
specimen). A major portion of the 400 deq.C specimen was
gqelled and a brownish char was visible. The soluble portion
of the 400 dea.C specimen dis;iayed the same Adegree of
vellowness as the 300 deg.C specimen. The exact
concentrations of the solutions were not determined.

INPRARED STUDY

A qualitative infrared study vas undertaken so as to
correlate changes monitored hy other techniques with
chemical changes as revealed by the TP spectrum- A £ilm of
the polymer, formed bhy predrying from a henzene solution

At A BTt B R

L

AR ATt s A S Asantyedd  rs b dnehid eton

i 31



slowly so as to prevent buhbling before drying at reduced
pressure {23 in. Hq at 50 deqsC ), vas placed betveen tvo
vwacl plates which were held together in an aluminum holder.
An T® spectrum was run before any heat treatment ( the TR
spectrum in Piqure 5 and the NMR spectrum in Pigure 6 are
presented for identification purposes and were not generated
in this laboratory; they were provided by the ESSN Research
and Enyineering Company, L.inden, N.Je)os The scan
corresponded well vith the spectrum presented earlier
; (reference 1 and Piqure 5)» (The band at 6,15 microns is
: water from XBr, and appears only in confunction with the 2.8
¥ mieron band.) The specimen was placed in the TBA oven and
heated at ? deq.C/Min, in nitrogen, to several quench
points: 100, 180, 260, 320, 370, 440, and 500 deg.C, Each
§ TR scan was made after heating from the previous quench
£

3
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point to the new one. There were no apparent changes in the

3 scans until 440 deq C vhen the 3050 cm ! band, the 72775 cm!

- £ shoulder, the 1730 cm !band, the 1300 cm band and the €00

3 cm® band decreased siqnificantly relative to the 2925 cm’!
band. Several bands in the 1200 to 850 cm @6 region also
seemed less intense- A nev band appeared in the 1600 cm_‘
reqion indicating possible unsaturation(®). The 800 cm !
peak has heen attrihuted to the ?2,6=disuhstituted
novtricyclene structure(9,10,11), The changes observed for
the 440 deq.C quench point would tend to indicate a major
breakdown in the origional nortricyclene structure, but the
larqe peak remaining in the 292% cm ! reqion suggests that a
hydrocarbon structure still remains. The 500 deq.C sample
scan displayed an almost total disappearance of all but the
most prominant of the original peaks which were rendered
veak.

CCNCLUSICYS

The thermomechanical spectra of the olefinic polymer,
poly (bicyclo~ (2,2,1)=heptadiene~2,5) or poly(norbornadiene),
indicate a glass transition temperature of 320 deg.C. This
is the highest known Tug for a linear, soluble and fusible
hydrocarbon polymer, It is also notevorthy ¢that this
polymer is formed without the evolution of volatile
by-products ( as with condensation polymers ) and that
utilizing suitable heating rates. the glass transition and

_subsequent degradation reactions can be separated. The
onset of deqradation at temparatures just above Tq is not
unusual for high temperature plastics. At Tqg the diffusive
processes characteristic of the polymeric material increase
hy orders of magnitude and consequently the conditions are
much more favo-able for initiating and sustaining chemical
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reaction (5,12).

The presence of low  temperature glassy state
relaxations indicate that there is some mechanism of enerqy
dissipation active at these 1lovw temperatures. Yet, the
types of submolecular motions ( crankshaft, rotations,
oscillations ) which are normally thought of as the origin
of these reloxations are difficult to imagine with such a
structure. This supports the notion that the more complex
and stiffer a backhone structure, the broader and wore
complex the relaxation spectra (12),

Tt is also of interest that here is a high temperature
polymer vhich sould be processible at high speeds, but since
it contains - many tertiary hydrogen atoms in its structure,
should also be amenable to autoroxidative deqradation. In
other words, poly(norbornadiene) is a npotential high
temperature plastic that due to its own structutal features,
should deqrade entirely under 1long term exposure to the
atmosphere:
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Piqure 3. Thermomechanical spectra of

poly(norbornadiene) in nitrogen from =180 to 350 to 25 degq,.C
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deg C/Min to 200 dag.C.

Pigure 4. Thermomechanical spectra of
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Curve 2 is the cooling curve from 400 deg.C of a similarly
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Fiqure 5- Tnfrared spectrum of poly(norbornadiene).

Pigqure 6. WHR spectrum (100%eqHz2) of
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