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Poly(perf1uoroether) Oxadiazole Elastomer System 
Cured with Terephthalonitrile Oxide 

ROBERT E. COCHOY, Air Force Materials Laboratory (AFSC), Wright- 
Patterson AFB, Ohio 45433 

Synopsis 

The terpolymerization of N,N’-terephthalonitrile oxide (TPNO), 1,3,5-tricyanobenzene, and 
oligomeric perfluoroalkylene dinitriles derived from the oligomerization of tetrafluoroethylene 
oxide yields poly(perfluoroether)-1,2,4-oxadiazole polymers which are soluble in Freon TF and 
bear pendent nitrile groups as curing sites. The polymerization is a two-step, ambient-tempera- 
ture reaction. Several different perfluoroether dinitriles are shown to polymerize using this pro- 
cedure. The syntheses and certain structure/property relationships of the polymers are dis- 
cussed. Increasing the chain length of the perfluoroalkylene oxide dinitriles results in polymers 
which range from paraffin-like solids through tough elastomers and, finally, to tacky gums. 
Tough, crepe elastomer gum with a Tg of -64°C may be obtained in yields of 60-70%. The po- 
ly(perflu0roether) oxadiazoles may be milled with additional TPNO and press cured a t  95°C 
(200°F). compression set, 
tensile strength, per cent elongation a t  break, set a t  break, and Shore A hardness. Thermal sta- 
bility, moisture stability, and low-temperature flexibility data are also presented for the cured 
elastomeric polymer. 

The following physical properties of the cured polymers are given: 

INTRODUCTION 

Polymer chemists have recognized for some time the value of incorporating 
poly(perfluoroalky1ene oxide) units (1) 

T O C F - I F T  Y = F, or CF, 

1 

into elastomer systems in order to obtain low temperature flexibility (low 
Tg ), thermo-oxidative stability, and fuel or oil resistance in the resulting elas- 
tomers. However, the same lack of chemical reactivity that imparts thermo- 
oxidative stability to an elastomer gum containing units of polymer 1 also 
precludes curing the elastomer gum into a useful elastomeric material such as 
a hydraulic seal. 

Poly(perfluor0ether) diacid fluorides (referred to as EDAF’s in this paper) 
are readily prepared1,2 as shown on page 1036: 

1035 
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1036 COCHOY 

0 0 
II II 

F-C-(CF,),-C-F + CsF. + (m + n + B)CF,-CF--Y 

a n  EDAF Y = F, or CF, 

The EDAF’s are easily converted to the corresponding dinitriles (2).3 Pre- 
vious workers4 have shown that these dinitriles (2, Y = CF3) oligomerize with 
terephthalonitrile oxide (TPNO) to yield polymers (3) containing the 1,2,4- 
oxadiazole linkage: 

poly(perf1uoroether) oxadiazole (31 Y = F or CF: 

Since polymer 3 contains no chemically reactive “handles” along the back- 
bone of the polymer, it cannot readily be cured into a useful elastomeric ma- 
terial. 

This report describes an approach for preparing polymeric gums similar to 
structure 3 (Y = F) but containing nitrile cure sites along the polymer back- 
bone. This report also describes the curing of these gums with additional 
TPNO as a crosslinking agent and the physical properties of the resulting 
elastomers. 

RESULTS AND DISCUSSION 

Tables I through IV summarize the results obtained with this elastomer 
system. Table I summarizes the experimental procedure and results for a se- 
ries of polymerization runs with 5-EDAF, 8-EDAF, and 9-EDAF dinitriles (2; 
Y = F; m + n = 3,6, and 7, respectively). Table I1 gives the physical proper- 
ties of the cured elastomers derived from this same series of polymerization 
runs in order to compare the synthesis of the polymer gum and the physical 
properties of the cured polymer. Tables I11 and IV present moisture stabili- 
ty  and thermal stability data for a representative elastomer gum (from run F) 
press cured with 3% TPNO. 

N,N-Terephthalonitrile dioxide (TPNO) has been shown to cure ethylenic 
and acetylenic polymers5 as well as saturated nitrile polymers.6 The curing 
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1040 COCHOY 

reaction occurs a t  moderate temperature via a 1,3-cycloaddition reaction 
without the elimination of volatile by-products. The reaction is unaffected 
by the presence of moisture or air. Both the thermal stability of the 1,2,4- 
oxadiazole linkage that results from the reaction of TPNO and an arylnitrile 
group as well as certain synthetic considerations suggest that a pendent aryl- 
nitrile group be incorporated as a crosslinking site for TPNO in the predomi- 
nantly poly(perfluor0ether) oxadiazole chain. 

Aromatic nitriles undergo 1,3-cycloaddition reactions with nitrile oxides, 
whereas aliphatic nitriles react readily only when they bear electron-with- 
drawing ~ubs t i tuents .~  These results suggest that an arylnitrile bearing ad- 
ditional electron-withdrawing nitrile groups should be more reactive to 
TPNO than the parent mononitrile. In order to successfully incorporate an 
aromatic trinitrile into the growing EDAF dinitrile/TPNO polymer chain, 
two of the three nitrile groups must possess reactivity (toward a nitrile oxide 
group) comparable to that of the EDAF dinitrile. The third nitrile group, 
however, must be considerably less reactive to a nitrile oxide group than the 
other two nitrile groups in order to prevent crosslinking or gelling during the 
polymerization. 

The termonomer, 1,3,5-tricyanobenzene, meets these requirements. Pre- 
sumably, the first nitrile group of 1,3,5-tricyanobenzene, being strongly acti- 
vated by the electron withdrawing effect of the two other nitrile groups, com- 
petes favorably with the EDAF dinitrile oligomer for reaction with TPNO a t  
ambient temperatures. In a stepwise addition process, the second nitrile 
group, still activated by one free nitrile group, also reacts with TPNO and the 
EDAF dinitrile oligomer at ambient temperature to form 4: 

Rf = perfluoroether linkage 
X = 1,2,4uxdiazole linkage 

This process effectively chain extends the growing EDAF dinitrile/TPNO 
polymer chain and, simultaneously, inserts a pendent arylnitrile group into 
the polymer for subsequent crosslinking with TPNO. The lower reactivity of 
the third nitrile group toward TPNO or the growing EDAF dinitrile/TPNO 
polymer is due presumably to the fact that the two oxadiazole rings on the ar- 
ylnitrile (4) do not sufficiently activate the nitrile to undergo the 1,3-addition 
reaction to any appreciable extent a t  ambient temperature. When the poly- 
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TABLE I11 
Moisture Stability a t  165"F, 100% Relative Humiditya 

Tensile 
Elapsed strength a t  

200% elonga- Set a t  Shore A time, Ultimate tensile 
days strength, psi % Elongation tion, psi break, % hardness 

0 1025 (1350) 490 (680) - 0 (10)  55-60 (45) 
3 1060 (1168) 516 (560) 136 (148) 27 (29) 56 (58) 
7 776 (1270) 414 (612) 148 (168) 25 (28) 43 (45) 

30 712 (1052) 440 (520) 308 (288) 27 (27) 43  (46) 
18 720 (-) 532 (-) 148 (-) 26(-) 44(-) 

60 840 (-j 460 (-) 316 (-) 26 (-) 4 8 ( 4 6 )  

aTest specimens ( two per determination averaged) were cut  from gum prepared in 
Values in run F cured with 3% TPNO. 

parentheses are test values for unpostcured samples. 
Specimens were postcured 24 hr a t  400°F. 

TABLE IV 
Thermal Stability a t  400°F in Aira 

Elapsed Ultimate % Shore A Set a t  Cumulative 
time, days tensile, psi Elongation hardness break, % weight loss, % 

0 1025 490 55-60 0 - 

3 810 390 60 10  0.544 
7 575 320 40-45 0 0.987 

14  490 340 40 0 1.322 
30 344 255 35 0 2.27 
60 340 155 45  0 5.66 

a Two specimens (two per determination averaged) were cut  from unfilled gum pre- 
pared in run F cured with 3% TPNO. Specimens were postcured 24 hours @ 400°F 
prior t o  testing. 

merization is carried out a t  ambient temperatures, i t  is therefore possible to 
prevent gelling of the polymer and to prepare high yields of Freon TF-soluble 
polymer gum. The polymerization forms, in most cases, a tough, crepe gum. 
However, some branching of the polymer chain is probably occurring. 

The polymerization is carried out in a two-step, two-phase reaction where- 
by a solution of the EDAF dinitrile in Freon TF solvent (trichlorotrifluo- 
roethane) containing suspended TPNO and 1,3,5-tricyanobenzene is initially 
stirred at  ambient temperature for several days. During this oligomerization 
stage, the EDAF dinitrile polymerizes with the TPNO and builds up molecu- 
lar weight. The 1,3,5-tricyanobenzene is essentially insoluble in this reaction 
medium and is not incorporated into the polymer to any great extent (oligom- 
erizations run with and without the 1,3,5-tricyanobenzene give polymers of 
qualitatively similar viscosities). During the oligomerization reaction, the 
greater solubility of the EDAF dinitrile over the TPNO in the Freon TF 
would result in a much greater concentration of EDAF dinitrile over that of 
TPNO in solution. This difference in concentration should result in a ni- 
trile-end-capped oligomer. The fact that the final polymer gum (run' B, 
Table 11) failed to cure without adding TPNO suggests that the oligomers are 
not end capped in nitrile oxide groups. 

The second step or chain extension step of the polymerization is effected 
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by addition of methylene chloride to the Freon TF suspension. The meth- 
ylene chloride is miscible with the Freon TF and brings the 1,3,5-tricyano- 
benzene into solution. By bringing the trinitrile into solution, its concentra- 
tion is increased and two of the three nitrile groups may add TPNO followed 
by the EDAF dinitrile oligomer. The chain extension reaction is allowed to 
proceed for several days at  ambient temperature. The suspension is then fil- 
tered and the clear polymer solution is treated with additional methylene 
chloride to precipitate the polymer. If the chain extension reaction is run at  
temperatures higher than ambient or is run at  ambient temperature for peri- 
ods of time exceeding four days, some gellation usually occurs, making the fil- 
tration exceedingly difficult. 

The precipitated polymer is then redissolved in fresh Freon TF and repre- 
cipitated with methylene chloride. The fractionated polymer is obtained in 
60-70% yield (based on the EDAF dinitrile taken) after drying at  110OC. 

The two-step, heterogeneous nature of the reaction medium offers certain 
advantages over more conventional solution polymerizations. First, the 
EDAF dinitrile/TPNO oligomerization time may be varied before the trini- 
trile is brought into solution. This should, in theory, modify the density of 
crosslinking sites in the resulting elastomer gum. Second, the heterogeneous 
nature of the reaction makes exact stoichiometry of the ingredients unneces- 
sary. A disadvantage of the procedure lies in the fact that TPNO homopoly- 
merizes to form a polyfuroxan (5) or polyoxazoxime (6) in competition with 
the EDAF dinitrile/TPNO oligomerization. It is reported that the homopo- 
lymerization of TPNO at  ambient temperature and in solution is most likely 
to form 5% 

5 

6 

Undoubtedly, blocks of the TPNO homopolymer are incorporated into the 
polymer chain to some extent. The TPNO homopolymer (5) has been shown 
to be stable to 260°C and stable to alcoholic potassium hydroxide at  reflux 
temperature.s 

It is evident from runs E through G that a variation in the length of the 
perfluoroether chain (5-EDAF through 9-EDAF) results in significant differ- 
ences, both in the appearance of the polymer gum and in the physical proper- 
ties of the cured elastomers. The polymer from the 5-EDAF dinitrile is a 
solid, parafin-like material which, when cured, exhibits a high degree of 
strength and also a high tensile set (plastic deformation). The 8-EDAF dini- 
trile polymer gives, in most cases, a tough elastomeric gum which, when 
cured, results in a tough elastomer possessing a low tensile set. The 9-EDAF 
dinitrile polymer is initially a tacky gum which solidifies upon standing long 
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periods of time. When cured, the 9-EDAF dinitrile polymer is rather weak 
but possesses a low tensile set. The wide variation in physical properties of 
these three polymers as well as the low TR-10 measurementg (temperature at  
which a stretched frozen sample of rubber retracts 10% when warmed) of 
-73OF observed for the 8-EDAF dinitrile elastomer demonstrates the flexi- 
bility that the perfluoroether chain imparts to the backbone of the polymer. 

An important variable in the polymerization reaction appears to be the pu- 
rity of the TPNO used. High-purity TPNO made from high-purity tere- 
phthalhydroximoyl chloride appears to be less reactive (more stable) than 
TPNO of lower purity. The greater stability of pure TPNO over impure 
TPNO has been recognized in other work a t  these l a b ~ r a t o r i e s . ~ ~  In poly- 
merization runs A through K, TPNO of lower purity was used. This TPNO 
was prepared from terephthalhydroximoyl chloride which was purified by 
precipitation from ether solution by hexane. In polymerization runs L 
through R, the TPNO used was quite pure and was prepared from terephth- 
alhydroximoyl chloride recrystallized from toluene. However, both the qual- 
ity of the polymers prepared with this pure TPNO and the physical proper- 
ties of the cured elastomers from these polymers were definitely inferior to 
those of polymers and elastomers prepared with a less pure variety of TPNO 
(runs A through K). Since several batches of both the pure and impure tere- 
phthalhydroximoyl chloride were prepared and converted to TPNO, it ap- 
pears that this is not merely a spurious observation. Moreover, increasing 
the reaction time from a total of seven days to a total of ten days to counter- 
act the lack of reactivity of the pure TPNO does not appear to improve the 
quality of polymer. 

The 1,3,5-tricyanobenzene incorporated into the polymer appears to de- 
crease when the amount charged is decreased. In comparing runs G and H 
(Table I), it is apparent that decreasing the trinitrile concentration from 24 
mole-% to 7 mole-% produces a much more “soupy” polymer. However, in 
runs Q and R, where the trinitrile was increased from the normally charged 
24 mole-% to 42 mole-%, low yields of high molecular weight polymer were ob- 
tained. When compared to other runs with 8-EDAF dinitrile, little differ- 
ence in properties of the cured elastomer from runs Q and R was observed. 

In the case where a small amount of methylene chloride was initially 
present in the polymerization suspension (run N) to effect a gradual incorpo- 
ration of the trinitrile during oligomerization, the polymer crosslinked in the 
pot. Other solvents or mixed solvent systems for the polymerization were 
not investigated. 

Increasing the amount of TPNO curing agent from 3% to 5% or 6% ap- 
peared to offer little advantage in terms of better physical properties and it 
increased the tendency for scorching (premature curing). 

The cured elastomer held up quite well to the 60-day humidity test (Table 
111). Most of the degradation in physical properties occurred in the first few 
days of the test with a leveling off of the degradation thereafter. The un- 
postcured samples appeared to hold up better than the postcured samples. 

The cured elastomer did not hold up well to long-term aging at  400°F in air 
(Table IV) considering that the cured elastomer showed no weight loss up to 
270°C (517’F) on TGA analysis. It has been reported that 3,5-bis(perfluo- 
roalkyl ether) 1,2,4-oxadiazole model compounds derived from TPNO ther- 
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maily degrade to form large amounts of perfluoronitrile compounds in either 
an air or a nitrogen atmosphere. These resuits led to the conclusion that 
degradation was occurring by thermal decomposition of the oxadiazole units 
rather than by oxidative attack on the aromatic ring.1° 

The cured elastomer derived from 8-EDAF dinitrile exhibited high com- 
pression set values (see Table 11) at  325'F, 350'F, and 400'F, even when the 
samples were postcured at  these temperatures prior to the testing. The poor 
compression set resistancemay be due to the mobility under pressure of the 
long, linear, highly flexible perfluoroether chains located between the cross- 
linking sites. 

EXPERIMENTAL 

General 

The poly(perfluor0ether) diacid fluorides (EDAF's) were prepared by 
PCR, Inc., Gainesville, Florida, from tetrafluoroethylene oxide] according to 
pbublished procedures.lJ The EDAF dinitriles were prepared in high yield 
from the diacid flrides by amidation and dehydration with phosphorus pent- 
oxide.3 The 5-EDAF, 8-EDAF, and 9-EDAF dinitriles (2; Y = F; m + n = 3, 
6, and 7, respectively) used in this study were prepared and characterized by 
PCR, Inc. 

Melting points were obtained on a Buchi melting point apparatus (oil bath) 
and are uncorrected. Infrared spectra were recorded on a Perkin-Elmer 
Model 337 infrared spectrophotometer. The mass spectrum of 1,3,5-tricy- 
anobenzene was obtained on a du Pont Model 21-490 mass spectrometer 
modified with a chemical ionization source. Microanalyses were performed 
by the Air Force Materials Laboratory Analytical Branch, Wright-Patterson 
AFB, Ohio. 

The Freon TF (du Pont trichlorotrifluoroethane) and methylene chloride 
solvents used ,for the polymerizations were dried over anhydrous magnesium 
sulfate prior to use. 

Terephthalhydroximoyl Chloride 

The terephthalhydroximoyl chloride, precursor to TPNO, was prepared ac- 
cording to the procedure of LaRochelle.12 

It is necessary to run the reaction in an efficient fume hood. Terephthal- 
dioxime (13.2 g, 0.08 mole, mp 226-229OC) and 675 ml8N HC1 were placed in 
a 2-liter, three-neck flask equipped with an efficient mechanical stirrer, ther- 
mometer, fritted glass gas inlet tube leading well below the surface of the liq- 
uid, and a gas outlet tube leading to a bubbler. With stirring and with nitro- 
gen gas being bubbled slowly through the suspension, the reaction mixture 
was cooled to 0°C in an ice/salt bath. Chlorine gas was then bubbled slowly 
through the vigorously stirring suspension for 6 hr. Foaming can be con- 
trolled, if necessary, by addition of several milliliters of ether. A t  the end of 
the 6-hr chlorination, the ice-salt bath was removed and nitrogen was again 
bubbled through the suspension while it was allowed to warm to ambient 
temperature. The crude material was filtered, washed with water, and air 
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dried overnight. The material was then taken up in 200 ml ether and dried 
with anhydrous magnesium sulfate. After filtering and evaporating the ether 
solution to dryness, there remained 16.7 g of slightly off-white solid, mp 
174-177OC. The solid was again taken up in ether and precipitated with hex- 
ane to yield 14.8 g (80%) of crude, off-white terephthalhydroximoyl chloride, 
mp 178-180OC. Material prepared in this manner was converted to TPNO 
and used in polymer runs A through K. 

Much purer terephthalhydroximoyl chloride (mp 188-190OC) was prepared 
by recrystallizing the crude material from toluene (1 g/100 ml). The white 
terephthalhydroximoyl chloride purified in this manner was converted to 
TPNO and was used in polymer runs L through R. 

2.52; N, 12.02; CI, 30.38. 
ANAL. Calcd for CsHeN202C12: C, 41.23; H, 2.60; N, 12.02; C1, 30.43. Found: C, 41.24; H, 

N,N'-Terephthalonitrile Dioxide (TPN0)12 

To a 300-ml, three-neck, round-bottom flask equipped with a magnetic 
stirrer, a thermometer, and a 125-ml dropping funnel topped with a drying 
tube were added triethylamine (6.1 g, 60 mmoles) and ether (150 ml). The 
solution was cooled to -5°C in an icelsalt bath, and a solution of terephth- 
alhydroximoyl chloride (4.7 g, 20 mmoles) in ether (75 ml) was added drop- 
wise at -5°C with rapid stirring over a period of 20 min. The resulting white 
suspension was stirred an additional 40 minutes a t  -5°C. Cold distilled 
water (30 ml) was then added, and the suspension was stirred an additional 
20 min at  0" to -5°C and was then filtered on a sintered glass filter. The 
nearly white solid was washed thoroughly on the filter with cold distilled 
water (3 X 25 ml) and cold ether (3 X 25 ml) and was then dried in a vacuum 
desiccator for 21/4 hr (0.7 mm) to yield 3.1 g (95%) of nearly white, fluffy tere- 
phthalonitrile oxide (TPNO). Caution! The dry material decomposed ex- 
plosively when heated to 155°C in air, as reported elsewhere.8 

Infrared spectrum (CHC13): urnax 2300(s), 1360(s), 1105(s), 1015(w), 830(w) 
cm-l. The infrared spectrum exhibited no absorption attributable to poly- 
meric forms of TPN0.8 

ANAL. Calcd for CsHdN202: C, 60.00; H, 2.53; N, 17.48. Found: C, 59.70; H, 2.38; N, 17.41. 

1,3,5-Tricyano benzene 
The 1,3,5-tricyanobenzene, mp 257.5-258.5OC (lit.13 254-258OC) was pre- 

pared by treating trime~arnide'~ with thionyl chloride in DMF according to 
the procedure of Bailey et al.I3 urnax 
3075(m), 2250(m), 91O(s), 720(w), 670(s) cm-'. Mass spectrum: parent peak 
mle 153. 

Infrared spectrum (mixed mull): 

ANAL. Calcd for CgH3N:j: C, 70.59; H, 1.96; N, 27.45. Found: C, 70.20; H, 1.71; N, 27.42. 

Poly( perfluoroether) Oxadiazole Elastomer Gum 

The procedure listed is for run I in Tables I and 11. Runs C through P 
used this same general procedure with variations as listed in Table I. 

To a dry 250-ml indented, single-neck, round-bottom flask equipped with a 
magnetic stirring bar were added N,N'-terephthalonitrile oxide (TPNO, 2.36 
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g, 14.7 mmoles) and 1,3,5-tricyanobenzene (0.551 g, 3.6 mmoles) along with 
Freon T F  solvent (50 ml). A solution of 8-EDAF dinitrile [NC- 
CF2(0CF2CF2),-O-(CF~)5-O-(CF2CF20),-CF2CN, m + n = 6, 12.84 g, 11.35 
mmoles] in Freon T F  solvent (20 ml) was added all at once to the TPNO/trin- 
itrile suspension. The flask was capped with a vacuum adapter, and, with 
stirring, the flask was alternately evacuated (to 300 mm) and flushed with dry 
nitrogen. The flask was then sealed off, disconnected from the nitrogen line, 
and then allowed to stir a t  ambient temperature for four days. Forty millili- 
ters methylene chloride was then added to the suspension and stirring was 
continued for an additional three days. Freon TF, 30 ml, was then added 
and the suspension was filtered on a Buchner funnel, giving a clear polymer 
solution. The clear solution was concentrated a t  ambient temperature in 
uucuo and the polymer was precipitated by the addition of methylene chlo- 
ride. The supernatant liquid was decanted and the precipitated polymer was 
redissolved in Freon TF solvent (50 ml) and reprecipitated with methylene 
chloride (110 ml). After again decanting the supernatant liquid, the polymer 
was dried for 20 min a t  120' in an air oven and for 1% hr at  115'/1.0 mm. 
The tough, pale-yellow gum (10.8 g, 70%) showed an inherent viscosity of 0.22 
dl/g in hexafluoroisopropanol at  25.0"C (gum from run J gave an inherent 
viscosity value of 0.29 dl/g) and is proposed to be of the following general 
structure: 

where R, = 

-CF,(0CF,CF2),-0-(CF,),~0-(CF2CF20),-CF2--, m + n = 6 
-C=N 

and X =  1 \ 
0, .,c- 

N 
and a = a small proportion of polymer chain. 

The infrared spectrum (film cast from Freon TF) shows urnax 1610, 1550, 
1460, 1330, 1250-1110, 990, 960, 900, 880, and 860 cm-l. A portion of the 
gum was further dried at  180°C/0.1 mm for 6 hr to provide a sample for Tg 
determination and elemental analysis. The polymer gum shows a Tg of 
-64'C with a possible T ,  at 33'C (polymer gum from run J shows a Tg of 
-57°C and no T,). The calculated values for the following elemental analy- 
sis are based on the incorporation of one trinitrile group for every seven 8- 
EDAF dinitrile groups in the polymer chain. 

ANAL. Calcd for 7:1:8 EDAF dinitri1e:trinitrile:TPNO polymer composition: C, 28.28; H, 
0.38; N, 4.95. Found (run I): C, 27.99; H, 0.41; N, 4.54. Found (run J): C, 27.74; H, 0.35; N, 
5.43. Found (run L): C, 27.36; H, 0.19; N, 4.81. 

The gum prepared in run I was blended with 3% (w/w) TPNO on a labora- 
tory micromill and then press cured 20 min at  200'F to give the physical 
properties shown in Table 11. A sample of the cured sheet of elastomer was 
suspended in the following hydraulic fluids at  the indicated temperatures for 
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72 hr with the following volume change being measured: 
5606, volume change +5.6%; 350°F in MIL-H-83282, volume change -1.6%. 

showed no weight loss up to 27OOC and 6% weight loss at  300°C. 

275°F in MIL-H- 

A TGA analysis (3OC/min in air) of a cured sample of gum from run C 

The author gratefully acknowledges the assistance of Mr. J. K. Sieron (Elastomers and Coat- 
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