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were measured as a function of temperature (Figure 2). The 
data show that  a t  high mechanical stresses, plastic deforma- 
tion takes place in these polymers far below their glass-tran- 
sition temperatures. For example, the film elongation a t  break 
for polymer 4 a t  300 "C, 80 O C  below T,, is 6096, and the tensile 
strength a t  this temperature has decreased by a factor of about 
3. The results indicate that when these polymers are to be used 
as load bearing materials their use temperatures lie signifi- 
cantly below their respective T,  or T,, a phenomena which 
is not always appreciated in the application of these polymers 
for use as structural materials. 

Under mild tensile stresses as required for dynamic me- 
chanical testing (Figure 3 and Figure 10, ref 5) the mechanical 
performance of films is as expected relatively constant up to  
the glass transition temperature. Above T ,  mechanical losses 
become pronounced as effected in a drop in Young's modulus 
from 2-5 X 1O1O to  less than lo7 dyn/cm2. This behavior is 
typical for noncrystalline, linear high polymers. Mechanical 
losses of low amptitude are observed in polyquinolines be- 
tween 100 and 150 "C (Figure 3 and Figure 10, ref 5). While 
the nature of these losses is presently not understood, we have 
observed these peaks also in polyimides, polyquinoxalines, 
polyphenylene ethers, and poly-as -triazines, and they are 
apparently common to  most aromatic polymers. 

In Table I1 are listed dynamic mechanical data  for four 
different polyquinolines. I t  is noted that  Young's modulus 

decreases from 4.8 X 1 O l o  dyn/cm2 for the more rigid polymer 
4 to 1.9 X 1 O l o  dyn/cm2 for polymer 14 which contains an ad- 
ditional flexibilizing diphenyl ether linkage between the 
quinoline groups. The effect of annealing films above T ,  on 
Young's modulus was shown for polymer 11 (Table 11). A film 
sample which was annealed a t  280 O C  for 2 h followed by 
cooling at a rate of 0.5 OC/min had a Young's modulus of 6.1 
X 1 O l o  dyn/cm2 as compared to  the value of 2.3 X 1O1O for the 
original film sample. Both samples were essentially x-ray 
amorphous and the threefold increase in modulus was at-  
tributed to ordering of the amorphous material. 
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ABSTRACT: Thermally stable aromatic polymers have been cross-linked by employing the cyclotrimerization of 
aryl cyanates as the curing reaction. Biscyanato prepolymers of a phenylated polyphenylene and a polyphenylquino- 
line were synthesized by the reaction of cyanogen bromide with the corresponding hydroxyl end-capped oligomers. 
Thermal treatment of these prepolymers afforded a three-dimensional network structure with cyanurate ring struc- 
tures at the cross-linking site. The cured polymers showed an increase of Tg over that of the corresponding biscyana- 
to prepolymers. These values of T, did not exceed those of the parent polymers because of the copolymer effect in- 
duced by the presence of the cyanurate structures. These materials were insoluble and showed thermal stabilities 
characteristic of the parent polymer systems, although initial weight losses of 4-8% above 400 "C were shown to be 
caused by the loss of cyanuric acid from the cross-linking sites. Hydrolytic stabilities of these materials were very 
good in acidic or basic aqueous media, but complete degradation of the cross-linking structures occurred in a strongly 
basic, swelling solvent medium. 

The processability of thermally stable aromatic polymers 
is often quite limited because of the high values of T ,  usually 
exhibited by these po1ymers.l The incorporation of flexible 
structures in the polymer chain makes processing more 
amenable by lowering the T,. However, this modification also 
lowers the use temperature well below the thermal capability 
of the polymer as defined by the degradation temperature. 

The softening point of a polymer (T,) can be raised or 
eliminated by the formation of a network structure. However, 
there is no general method for introducing cross-links in the 
relatively inert, totally aromatic or heterocyclic polymer 
during or after fabrication. Ideally, a cross-linking reaction 
which is suitable for thermally stable polymers must produce 
a thermally stable link which is hydrolytically stable, and 
compatible with the polymer system. Also, it should proceed 
quantitatively, produce no volatiles, and occur under thermal 
or catalytic conditions, but not in storage. A reaction which 
approaches these requirements is the cyclotrimerization of 
aryl cyanates. 

Although cyanates have been synthesized by several dif- 
ferent methods,2 the most convenient route3 involves treating 
a phenol 1 and a cyanogen halide 2 with the stoichiometric 
amount of triethylamine to afford a quantitative yield of the 
aryl cyanate 3 (Scheme I). Although alkyl cyanates readily 
undergo rearrangement to  the corresponding alkyl isocyan- 
ates, 3 is stable2 and is isolable by distillation or crystallization. 

Quantitative yields of trisaryl-s-triazine (aryl cyanurate) 
(4) have been obtained from the cyclotrimerization of 3.2-4 
The reaction is promoted by heat, protonic acids, Lewis acids, 
and  base^,^,^^^ and can be carried out in a number of solvents 
or neat.6 The trimerization of cyanates is highly selective when 
compared with other cyclotrimerization reactions in which 
chain polymerization and dimerization compete as side re- 
actions6 The  phenyl cyanurate 4 (Ar = Ph)  has been re- 
ported7-* to  be relatively chemically inert. 

The cyanate cyclotrimerization reaction has been employed 
as a polymer forming r e a ~ t i o n . ~  The gradual heating of bulk 
biscyanates 6 to 250 "C with a zinc chloride catalyst afforded 
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Scheme I 

Ar-OH + XCN 3 Ar-OCN 
1 2 3 

Ar-NCO 

Ar 1 I 
a, X =C1 
b, X = B r  

OAr 0 
4 

high molecular weight, insoluble. and infusible, network 
polymeric materials 7. These polymers showed no weight 
losses up to  400 OC where rapid and complete decomposition 
beganlo  
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Cyanate cyclotrimerization a t  400 OC also has been used to  
cross-link the polyquinoxaline 8 which was prepared from the 
corresponding hydroxyl substituted polymer by treatment 
with cyanogen chloride (2a) and triethylamine.ll In the cured 
polymer, no Tg could be detected and i t  was insoluble in m- 
cresol and concentrated sulfuric acid. 

r f i 1  

8 

Fiberglass laminates prepared using the biscyanate derived 
from bisphenol-A show high thermostability including good 
mechanical properties and excellent electrical resistance a t  
elevated temperatures, and excellent chemical resistance.12 

Results and Discussion 
The applicability of cross-linking by aryl cyanate of cyclo- 

trimerization to  a wide variety of thermally stable polymers 
was demonstrated in this study by the synthesis and subse- 
quent cross-linking of phenylated polyphenylene and poly- 
phenylquinoline prepolymers. The only restriction placed 
upon the type of polymer system which may be utilized is the 
ease with which hydroxyl groups, which are converted to  the 
cyanate moiety, can be incorporated into the appropriate 
prepolymer. Phenylated p ~ l y p h e n y l e n e s ' ~ - ' ~  and poly- 
phenylquinolines16J7 are both very thermally stable and the 
methods of their syntheses facilitate the incorporation of the 
necessary hydroxyl functions. 

Phenylene Prepolymers. The addition of a monofunc- 
tional acetylene, m-hydroxyethynylbenzenels (9), to  the po- 
lymerization reaction of p-diethynylbenzene (10) and the 
oxybistetracyclone 11 served to  limit the average molecular 

weight of the polymer by terminating the growing chains with 
an  aryl hydroxyl group (Scheme 11). 

A bishydroxyphenylene trimer 12a was prepared in quan- 
titative yield by the reaction of 11 with 2 equiv of 9 using the 
polymerization conditions for this polymer system: toluene 
solution 200 "C, 24 h. The stoichiometry of the reactants al- 
lowed the formation of only one product, isolated as a mixture 
of three isomers due to  meta-para catenation in the rings 
generated by the Diels-Alder r e a ~ t i 0 n . l ~  The elemental 
analysis (Table I) was consistent with the structure 12a (n = 
0). The  infrared spectrum contained a band a t  3610 cm-l at-  
tributed to  unassociated hydroxyl groups in addition to the 
absorptions characteristic of the parent polyphenylene. 

The biscyanato prepolymer 13a was prepared in quanti- 
tative yield by the reaction of 12a with a 25% excess of cy- 
anogen bromide (2b) in acetone solution. The infrared spec- 
trum contained no band due to hydroxyl groups and a strong 
absorption appeared a t  2280 cm-l due to  the terminal cyanate 
groups. The  elemental analysis was consistent for the biscy- 
anato prepolymer 13;. 

A similar procedure, using a 5:6:2 mol ratio of 10:11:9, af- 
forded a second bishydroxy prepolymer 12b, A?, = 4000 
(Table I). A weak free hydroxyl absorption was present in the 
infrared spectrum a t  3610 cm-'. The  reaction of 12b with 
excess cyanogen bromide (2b) in chloroform solution resulted 
in the biscyanato phenylene prepolymer 13b which contained 
a cyanate absorption a t  2270 cm-l in the infrared spectrum. 

Phenylquinoline Prepolymers. The synthesis of poly- 
pheny lq~ ino l ines l~  by the condensation of 4,4'-diacetyldi- 
phenyl ether (14) with 4,4'-diamino-3,3'-dibenzoyldiphenyl 
ether (15) is readily adapted to the synthesis of hydroxyl end 
capped prepolymers by the addition of p -hydroxyacetophe- 
none (16) t o  the polymerization reaction. A bishydroxy pre- 
polymer (17a) with a relatively short chain length was pre- 
pared from a 1:2:2 mol ratio of 14:15:16 which was converted 
to  the biscyanato phenylquinoline prepolymer 18a by treat- 
ment with excess 2b in chloroform solution (Scheme 111). Al- 
though the statistical molecular weight of 18a should be 1249, 
the  method of isolation of the bishydroxy prepolymer ap- 
parently preferentially isolated only the higher molecular 
weight species of the cyanate derivative 18a having an M, of 
2900 (n = 4) (Table I). The elemental analysis of this material 
was consistent with a molecular weight higher than statisti- 
cally expected. The  presence of the cyanate moiety was con- 
firmed by the 2240,2265, and 2285 cm-l absorptions in the 
infrared spectrum, and the resonance a t  108.5 ppm for the 
cyanate carbon in the 13C NMR spectrum (Table 11). 

The reaction of 14,15, and 16 in a 10:11:2 mol ratio, followed 
by cyanation with 2b in chloroform, resulted in the biscyanato 
phenylquinoline prepolymer 18b, &f, = 6800 (n = 10-11) 
(Table I) containing the characteristic cyanate absorptions 
in the infrared spectrum. The  elemental analysis was consis- 
tant  with a chain length of n = 10-11. The molecular weight 
of 18b was sufficiently large to  allow clear, tough films to be 
cast from chloroform solution. 

Thermal Analysis of the Prepolymers. Thermal analyses 
of the biscyanato prepolymers 13 and 18 by differential 
scanning calorimetry (DSC) were performed in order to  de- 
termine the temperature a t  which the cyanate end groups 
underwent thermally initiated cyclotrimerization to  form the 
cyanurate cross-linking unit. The  results of this study are 
summarized in Table 111, and a representative DSC scan of 
13a is shown in Figure 1. 

The molecular weight differences between 13a and 13b and 
18a and 18b gave rise to the differences in the T ,  observed for 
the prepolymers before cyclotrimerization since T, depends 
upon an, a t  least in the lower molecular weight range.lg The 
difference in the temperature a t  which the exothermic peak 
occurred was also dependent upon the molecular weights of 
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Scheme I1 
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the  two classes of prepolymer in that  the cyclotrimerization 
of the smaller prepolymer occurred -100 O C  lower than the 
higher molecular weight prepolymer. This effect is related to  
the differences in the polymer chain mobility at various 

temperatures, as indicated by the value of T,, since three cy- 
anate end groups must come together for the reaction to occur. 
The  temperature a t  which the exothermic peak reached a 
maximum was somewhat lower for the phenylquinolines 18 

Table I 
hepolymers 

Elemental Anal. (Ca1cd)b Mol wt,a z,, 
n (Ca1cd)b %C %H %N 

Phenylene 
12a 0 89.92 5.73 

(963.1 2)  (89.73) (5.23) 

(4375.16) (92.24) (5.21) 

(101 3.14) (87.72) (4.78) (2.76) 

(4425.18) (91.73) (5.10) (0.63) 

12b 4 4000 91.98 5.20 

13a 0 87.52 4.82 2.70 

13b 4 91.98 5.26 0.38 

Phenylquinoline 
18a 4 2900 83.52 4.37 5.87 

(3021.48) (84.27 ) (4.34) (5.56) 

(6565.62- (84.88 and (4.39 and (5.10 and 
7156.31) 84.93) 4.39) 5.09) 

18b 10-11 6800 84.96 4.46 5.00 

aVapor pressure osmometry. bcalculated using: C,,H,,O, + (C,,H,,O), for 12. C,,H,,0,N2 + (C6,H,,0), for 13. 
C44H26N403 + (C42H26N202),  for 18' 
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Scheme I11 
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than for the phenylenes 13 of similar molecular weight. This 
may be due to  a small catalytic effect caused by the basic 
phenylquinoline units. The higher density of cyanate end 
groups which underwent cyclotrimerization resulted in a 
larger peak area observed for the exothermic transitions of 13a 
and 18a relative to 13b and 18b. 

Repeating the DSC scans of these now cured samples under 
identical conditions showed no exothermic transitions but T ,  
of the cross-linked material had increased relative to  the T ,  
of the prepolymers (vide infra). 

Cross-Linking Conditions. Samples of the prepolymers 
were cross-linked by the thermal cyclotrimerization of the 
terminal cyanate groups to form three-dimensional, cyanu- 
rate-linked network structures (Schemes I1 and 111). Generally 
the prepolymers were heated to a temperature well above the 
onset temperature of the exothermic transitions, but not 
necessarily as high as the transition maxima (Table 111). Lower 
temperatures and longer reaction times (e.g., 6 h a t  200 "C for 
13a) resulted in incoinplete reaction as indicated by an exo- 
thermic transition in the DSC thermogram of the resulting 
material. 

Both of the phenylene prepolymers 13a and 13b were able 
to  flow during the initial heating and formed hard, tough 
amber "buttons" of the polymers 19a and 19b respectively a t  

the bottom of the ampules. Polymer 19a was more brittle due 
to  the higher cross-link density in this sample. Voids in the 
prepolymer powder prior to the reaction resulted in a hon- 
eycomb structure in the interior of the button since no pres- 
sure was applied during the processing step. 

Neither of the two phenylquinoline prepolymers 20 showed 
any tendency to  flow during the initial heating period. In 
contrast to  the polyphenylenes, the parent polyphenylqui- 
noline17~*0 has some crystalline character ( T ,  448 "C) and a 
T ,  of 266 "C. Viscous flow of a similar polyphenylquinoline'6 
occurs a t  430 "C only under high pressure. 

A film of the biscyanato phenylquinoline prepolymer 18b 
cast from chloroform solution was also cross-linked by thermal 
treatment under similar conditions to afford a transparent, 
tough amber film. The cyanate absorptions a t  2240,2260, and 
2280 cm-' disappeared in the infrared spectrum (Figure 2) ,  
and the film was insoluble in chloroform. 

Characterization of the Cured Polymers. The increase 
in the value of T ,  with the degree of cross-linking can be used 
to measure the relative extent of the cross-linking reaction. 
The  curing conditions employed resulted in the maximum 
T,'s recorded for the cured materials indicating that the 
maximum degree of cross-linking detectable by the increase 
in the T ,  had been obtained under the curing conditions. 
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Table I1 
Carbon-1 3 Spectra of Biscyanato Phenylquinoline Prepolymer 18a 

Chemical Chemical Chemical Chemical 
C No. shiftaj b C No. shiftarb C No. shiftaj b C No. shiftapb 

1 155.1 7 132.1 1 3  128.7 1 9  153.4e 
2 122.9 8 145.8 14  134.7 20 115.5 
3 148.3 9 126.4 1 5  127.7d 21 153.4 
4 112.4 10 138.0 16 126.7d 22 108.5 
5 154.5 11 129.3C 17 158.1 
6 119.2 12  129.3C 18 154.3e 
UChloroform solution, TMS internal standard. bChemica1 shift values assigned by comparison with assignments for parent 

polymer (S. 0. Norris and J. K .  Stille, Macromolecules, in press) and phenylcyanate (R. Radeglia, W. Storek, G. Engelhardt, 
F. Ritschl, E. Lippmaa, T .Pehk,  M. Mazi, and D. Martin, Org. Magn. Reson., 5 ,  419 (1973)). Coverlapping peaks. dAssign- 
ments may be reversed. e Assignments may be reversed. 

Table I11 
Thermal Transitions of the Biscyanato Prepolymers and the Cross-Linked Polymers 

Elemental Anal. (Ca1cd)c Cured Tg,a,b Curing conditions Range of 
Tg,a,b exotherm,a 

Prepolymer C C (max) Temp, "C Time, min polymer . " C  %C %H %N 
13a 136 180-370 

13b 272 325-450 
(300-310) 

(400-410) 

18a 183  215-360 

18b 240 300-435 
(270-275) 

(390-400) 

~ 

150 to  300 90 19a 216 87.05 

350 120 19b 305 91.74 

350 120 19cd 294 

(87.72)  

(91.73) 

150 to  300 60 20a 260 83.24 

200 to  350 40 20b 265 84.79 
then 300 30 (83.55) 

then 350 80 (84.88) 

4.87 2.94 
(4.78) (2.76) 
5.05 0.40 

(5.10) (0.78) 

4.19 5.80 
(4.27) (6.09) 
4.24 5.03 

(4.39) (5 .12)  

aMeasured by DSC, heating rate 20 "Cimin, nitrogen atmosphere. bParent polyphenylene T ,  = 327 "C. Parent polyphenyl- 
quinoline T ,  = 266 "C. CCalculated using molecular formulas in Table I, footnote b .  dCured in the presence of 1.8 wt % p -  
toluenesulfonic acid. 

A sample of the biscyanato phenylene prepolymer 13b 
which was polymerized in the  presence of 1.8 weight percent 
of p-toluenesulfonic acid as a catalyst showed no increase in 
the T ,  of the resulting polymeric material 19c indicating that 
no significant increase in the  degree of cross-linking resulted 
from the  presence of an  acid catalyst under these condi- 
tions. 

Values of T ,  higher than observed for the parent polymer 
systems were not realized because of the copolymerization 
effect21 induced by the cyanurate ring structures. In the ab- 
sence of the  copolymer effect, the T,'s of the cross-linked 
phenylene polymers 19 should occur a t  temperatures above 
327 "C, the T ,  measured for the parent polymer. Since 19a has 
a higher cross-link density than 19b, the  T, of 19a should be 
higher than 19b. An analogous situation should exist for the 
phenylquinoline polymers 20a and 20b whose parent poly- 
rner17s20 has a T ,  of 266 "C. These trends, however, were not 
observed experimentally. The values of T ,  for the phenylene 
polymers 19 were both lower than 327 "C and their order was 
reversed from that predicted solely on the  basis of polymer 
chain immobilization during cross-linking. The experimental 
results are consistent with a reduction of the  T ,  by the co- 
polymer effect which should be greater in 19a than in 19b 
because of the differences in the cross-link density. The ob- 
served values of T ,  for the phenylquinoline polymers 20a and 

20b can be accounted for by a similar explanation although 
the magnitude of the effect was much smaller. Apparently the 
cyanurate cross-linking structures were less compatible with 
the  phenylene segments than with the  phenylquinoline seg- 
ments, perhaps because of the heterocyclic structure of the 
latter. 

Thermogravimetric analyses in both air and nitrogen at- 
mospheres were conducted on all four polymer samples (Table 
IV). The  effect of the  cyanurate cross-link structures was to  
reduce the thermal stability by causing the initial weight loss 
to occur a t  400 "C. This change was especially evident in the 
highly cross-linked samples, such as 19a (Figure 3), where an 
initial weight loss of 4-8% was observed in both air and ni- 
trogen. However, after this initial loss, the materials behaved 
much as the  parent polymers.13J7 

The  long-term thermal stabilities of the polymer samples, 
measured at 300 "C over a 100-h period (Table IV), were quite 
good with only the highly cross-linked phenylene polymer 19a 
having a significant weight loss of 6% under these conditions. 
Except for 19a which turned from amber to black, there was 
little color change in the samples used in these analyses. 

In order t o  determine the identity of the volatile products 
responsible for the initial weight losses observed in the TGA's, 
the highly cross-linked phenylene polymer 19a was pyrolyzed 
in vacuo a t  400-425 "C, and the resulting pyrolyzate was 
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Figure 1. DSC thermogram of the biscyanato phenylene prepolymer 
13a (nitrogen, heating rate = 20 OC/min). 

b 

, 1 
I I I I I I 

Figure 2. Infrared spectra of phenylquinoline films: (a) biscyanato 
phenylquinoline prepolymer 18b before thermal treatment; (b) 
cross-linked phenylquinoline polymer film 20b. 

2500 cm-' 2 000 cm-1 

fractionated into gaseous and solid phases (a t  room temper- 
ature). Although complex mass spectra were obtained due to  
the mixture of components, some of the more abundant 
species were identified. The  gas sample contained hydrogen 
cyanide and benzene, while the solid fraction consisted of 
mainly cyanuric acid (21 ), resulting from the complete ester 
cleavage of the triarylcyanurate cross-linking structures. At 

OH 
I 

21 

the pyrolysis temperatures, 21 would degrade to  cyanic acid 
(HO-CEN) which would again cyclize upon cooling. Hy- 
drogen cyanide also resulted from the degradation of the 
cross-linking structures. The  loss of some pendent phenyls13 
accounted for the presence of benzene in the gas sample. 
Triphenylcyanurate (4, Ar = Ph)  was also pyrolyzed under 
similar conditions. Mass spectrometric analysis of the gaseous 
portion revealed only fragmentation products of triphenyl 
cyanurate. No fragmentation pattern characteristic of phenol 
was observed and no hydrogen cyanide was present. The oc- 
currence of carbon oxides, which have been reportedlo to  be 
the major volatile pyrolysis products of 4, could not be es- 
tablished by the technique used. 

Two important factors in the evaluation of these cross- 
linked polymeric materials which may place limitations upon 
the used environment are the amount of the soluble fraction 
and the stability of the cyanate cross-link structure toward 
acidic and basic media. 

The percent soluble fraction (Table V) was determined by 
extracting the phenylene polymers 19 with benzene and the 
phenylquinoline polymers 20 with chloroform for 24 h in a 
Soxhlet extractor. The percents of the soluble fraction as a 
result of degradation were also determined in the same man- 
ner following the treatment of each sample with 1 N aqueous 
sulfuric acid and 1 N aqueous potassium hydroxide for 100 h 
a t  room temperature. 

Little swelling was observed for the highly cross-linked 
polymers 19a and 20a, and the percents sol were quite low 
because of the high probability of reaction during the cross- 
linking process. The polymer samples with a lower cross-link 
density, 19b and 20b, swelled several times their original size 
and a substantial weight fraction of the material was soluble. 

No catastrophic degradation by hydrolysis of the esterlike 
cyanurate linkage (which would tend to  increase the percent 
sol as branch points were broken) was observed after pro- 
longed contact with acid or base in a nonswelling solvent. 

Treatment of the phenylene polymer 19b with a strong base 
in a swelling medium led to the complete solubilization of the 
polymer after only 48 h a t  room temperature. Thus, when 19b 
in benzene was stirred for 48 h with 5 N aqueous potassium 
hydroxide and 25 wt % of tetrabutylammonium hydroxide, 
the polymer became completely soluble in the benzene layer. 
Precipitation into ethanol afforded an off-white material with 
an infrared spectrum characteristic of the phenylene chain 
segments and a hydroxyl absorption a t  3680 cm-', indicative 
of hydrolysis to the hydroxy prepolymer. 

Table IV 
Thermogravimetric Analyses of Polymers of 19 and 20 

Air Nitrogen Isothermal 

Initial break, O C Initial break, C % wt loss aging,b 
Polymer (% wt IossQ) Major break, C (% wt IossQ) Major break, C at 800 C % wt loss 

19a 400 527 400 550 25 6 

1 19b 
(7 1 

535  545 29 
(8)  

20a 

20b 

380 510  400 530 

510 540 
(5  1 ( 4 )  

25 1 

33 1 

QPercent weight loss at  the temperature of the major break. bkothermal aging, 100 h at 300 " C  in anatmosphere of circu- 
lating air. 
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Figure 3. Thermogravimetric analysis of the phenylene polymer 19a. 

Table V 
Percent Sol in the Cured Polymers 19 and 20  

Percent solb after Percent solb 
100 h in 1 N after 100 h in 1 N 

Percent sola H,SO, (as)  (A%c) KOH (as )  (A%c) 
~ 

Phenylened 
19a 3 6 (+3) 7 (+4)  

20a 9 8 (-1) 8 (-1) 

19b 38 40 (+2)  42 (+4)  

Phenylquinolinee 

20b 27 24 (-3) 25 (-2) 

by Soxhlet extraction for 24 h after contact with acidic or 
basic media. CDifference in absolute percentage sol from 
control sample. dExtracted with benzene. eExtracted with 
chloroform. 

UDetermined by Soxhlet extraction for 24 h. b Determined 

No noticeable swelling occurred when the cross-linked 
phenylquinoline film of 20b was placed in chloroform for 48 
h at room temperature. 

Experimental Section 
A Hewlett-Packard Mecrolab Vapor Pressure Osmometer Model 

3!1A was used to determine the number average molecular weights 
M, of the prepolymers at  37 "C using a benzil standard in benzene, 
tetrahydrofuran, or chloroform solution. 

Thermal transitions were measured using a Differential Scanning 
Calorimetry cell attachment for a DuPont 900 Differential Thermal 
Analyzer under a nitrogen atmosphere at  a heating rate of 20 "C/min. 
The 950 Thermogravimetric Analyzer attachment was used isother- 
mally in circulating air or at  a heating rate of 5 "C/min under circu- 
lating air or nitrogen atmospheres. 

Bishydroxy Phenylene Prepolymer (n = 0) (12a). In a 100 ml 
glass ampule was placed 3.64 g (4.65 mmol) of the oxybistetrscyclonez2 
11 (mp 271-272 "C, lit.15 270 "C), 1.10 g (9.32 mmol) of freshly distilled 
m-hydroxyethynylbenzenels (9) [bp 57-63 "C (2-3 mm) [lit.lS bp 
105-120 "C (16 mm)]: 'H NMR 6 3.08 (s, 1 H), 6.32 (broad s, 1 H), and 
6.6-7.2 ppm (m, 4 H); ir (neat) 3100-3600 (OH), 3300 (=C-H), and 
2120 cm-' (C=C).], and 40 ml of toluene. After three freeze-thaw 
cycles, the ampule was sealed in uacuo. The ampule was placed in a 
temperature-regulated, 600-ml Paar reactor containing 100 ml of 
toluene to equalize the pressure in the ampule. After 20 h at  190 "C, 
the reaction mixture was cooled to room temperature and precipitated 
into 800 ml of Skelly B to afford 4.43 g (4.60 mmol, 98.9%) of 12a as 
an amorphous white powder: ir (CC4) 3610 cm-' (OH). The elemental 
analysis is listed in Table I. 

Biscyanato Phenylene Prepolymer (n = 0) (13a). To a solution 
of 1.345 g (1.397 mmol) of 12a and 0.369 g (3.48 mmol) of cyanogen 
bromide (2b) in 20 ml of acetone at  0 "C under a nitrogen atmosphere 
was added dropwise a solution of 0.314 g (3.10 mmol) of triethylamine 
in 10 ml of acetone. After 1 h, the reaction mixture was filtered and 
precipitated into water to afford 1.311 g (1.294 mmol, 92.63%) of 13a 
as an amorphous white powder: ir (CCL) 2280 cm-I (OC=N). The 
elemental analysis is listed in Table I and an exothermic reaction with 

a maximum at 300-310 "C was observed by DSC (Table 111) (Figure 
1). 

Bishydroxy Phenylene Prepolymer (n = 4) (12b). A solution 
containing 0.2527 g (2.139 mmol) of m-hydroxyethynylbenzene'8 (9), 
4.0243 g (6.4171 mmol) of the oxybistetracyclonezZ 11, and 0.6747 g 
(5.348 mmol) of p-diethynylben~ene~~ (10) in 50 ml of toluene was 
degassed by three freeze-thaw cycles and sealed in a 100-ml glass 
ampule. The ampule was placed in a temperature-regulated, 600-ml 
Paar reactor containing 100 ml of toluene to equalize the pressure in 
the ampule. After 24 h at 200 "C, the solution was precipitated into 
Skelly B to afford 5.432 g (97.14%) of 12b as an amorphous white 
powder: ir (CC4) 3610 cm-' (OH). The elemental analysis is listed 
in Table I and an A?" of 4000 (Table I) was determined by vapor 
pressure osmometry (VPO) in benzene. 

Biscyanato Phenylene Prepolymer (n = 4) (13b). To a stirred 
solution of 5.63 g of 12b and 0.394 g (3.72 mmol) of cyanogen bromide 
(2b) in 40 ml of chloroform at 0 "C under nitrogen was slowly added 
0.372 g (3.68 mmol) of triethylamine in 5 ml of chloroform. After 1 h, 
the reaction mixture was filtered and precipitated into 95% ethanol 
to afford 5.46 g of 13b as an amorphous white powder: ir (CC14) 2270 
cm-' (OCsN). The elemental analysis is listed in Table I and the 
DSC thermogram indicated an exothermic maximum a t  400-410 "C 
(Table 111). 

Bishydroxy Phenylquinoline Prepolymer (n = 4) (17a). A so- 
lution of 4.0846 g (10.000 mmol) of 4,4'-diamino-3,3'-dibenzoyldi- 
phenyl ether17 (151, 1.2714 g (5.000 mmol) of 4,4'-diacetyldiphenyI 
ether17 ( la) ,  and 1.3615 g (10.000 mmol) of p-hydroxyacetophenone 
(16) (Aldrich) in the polymerization solvent prepared from 14 g of 
phosphorus pentoxide and 60 ml of distilled rn-cresol was heated for 
20 h at 125 "C under a nitrogen atmosphere. The reaction mixture was 
precipitated into 10% triethylamine in 95% ethanol to afford 3.0 g 
(50%) of the bishydroxy prepolymer 17a which was reprecipitated 
from chloroform solution into Skelly B: ir (CHCl3) 3600 cm-1 
(OH). 

Biscyanato Phenylquinoline Prepolymer (n = 4) (18a). To a 
solution of 2.45 g of 17a and 0.656 g (6.19 mmol) of cyanogen bromide 
(2b) in 40 ml of chloroform at 0 "C under nitrogen was slowly added 
0.609 g (6.03 mmol) of triethylamine in 5 ml of chloroform. After 
stirring for 1 h, the reaction mixture was precipitated into methanol 
to afford 2.41 g of 18a as an amorphous white powder: ir (CHC13) 2240, 
2265, and 2285 cm-' (OCTN). The 13C NMR spectral data are listed 
in Table 11, and the elemental analysis is listed in Table I. A Mn of 
2900 (Table I) was determined in tetrahydrofuran by VPO and the 
DSC thermogram contained an exothermic maximum at 270-275 "C 
(Table 111). 

Bishydroxy Phenylquinoline Prepolymer (n = 10-11) (17b). 
A solution of 8.9861 g (22.000 mmol) of 4,4'-diamino-3,3'-dibenzoyl- 
diphenyl ether17 (15) and 5.0858 g (20.000 mmol) of 4,4'-diacetyldi- 
phenyl ether17 (14) in the polymerization solvent prepared from 34 
g of phosphorus pentoxide and 100 ml of distilled rn-cresol was heated 
at 125 "C for 6 h. A solution of 0.5446 g (4.000 mmol) of p-hydroxy- 
acetophenone (16) (Aldrich) in 20 ml of m-cresol was then added and 
the heating was continued for an additional 11 h. The reaction mixture 
was precipitated into 10% triethylamine in 95% ethanol. The pre- 
cipitate was collected, continuously extracted with 95% ethanol for 
24 h, and reprecipitated in 95% ethanol from a chloroform solution 
to afford 10.0 g (76.7%) of 17b as a white, fibrous material: ir (CHC13) 
3600 cm-' (OH). 

Biscyanato Phenylquinoline Prepolymer (n = 10-1 1) (lab). 
To a solution of 5.07 g of 17b and 0.438 g (4.13 mmol) of cyanogen 
bromide (2b) in 75 ml of chloroform at 0 "C under nitrogen was slowly 
added 0.407 g (4.03 mmol) of triethylamine in 10 ml of chloroform. 
After 1 h, the solution was filtered and precipitated into 95% ethanol 
to afford 4.97 g of 18b as a white fibrous material: ir (CHC13) 2240, 
2260,2280 cm-I (OCEN) (Figure 2). An A?, of 6800 (Table I)  was 
determined by VPO in chloroform solution and the DSC indicated 
an exothermic reaction maximum at 390-400 "C (Table 111). The el- 
emental analysis is listed in Table I. 

Thermal Cross-Linking Reactions. The biscyanato prepolymers 
13 and 18 were placed in glass ampules and flushed with nitrogen at  
least three times by evacuating the ampule and refilling with nitrogen. 
The ampules were sealed under a nitrogen atmosphere and heated 
in a Wood's metal bath according to the conditions listed in Table 111. 
The ampules were then broken and the polymeric material removed. 
The elemental analyses are listed in Table 111. The T,'s of these 
samples, obtained by DSC, are listed in Table 111, and the TGA's are 
summarized in Table IV. 

A film, cast from a 10 wt % solution of 18b in chloroform and dried 
in vacuo at  120 "C for 24 h, was placed in an ampoule under nitrogen 
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and thermally cross-linked as described previously. The ir is shown 
in Figure 2. 

Acid-Catalyzed Cross-Linking Reaction. A solution of 0.318 g 
of the biscyanato phenylene prepolymer 13b and 0.0058 g of p-tolu- 
enesulfonic acid in 4 ml of 20% ether in benzene was placed in a glass 
ampule, freeze dried, flushed with nitrogen, and sealed. The cross- 
linking reaction was carried out by heating the ampoule at  350 "C for 
2 h. The T ,  (Table 111) was measured by DSC. 

Pyrolysis of the Phenylene Polymer 19a. The phenylene polymer 
19a was pyrolyzed in a glass apparatus consisting of three side arms 
connected to a horizontal tube. The sample, 900 mg of 19a, was in- 
troduced into the first side arm and the system was evacuated and 
sealed. The sample tube was then placed in a Wood's metal bath at  
200 "C and the temperature was increased to 400 "C over a 20-min 
period while the second side arm, consisting of a mass spectrometer 
sample bulb, was cooled to dry ice temperature. After 45 min at  
400-425 "C the apparatus was returned to room temperature while 
the third side arm, a break-seal tube with a fitting for the mass spec- 
trometer gas inlet system, was cooled in liquid nitrogen and was sealed 
off from the remaining apparatus. The gas and solid samples thus 
obtained were analyzed by mass spectroscopy. 

Gas sample: mle  (re1 intensityz4) benzene 73 (62) and hydrogen 
cyanide 27 (100). Major unidentified peaks distinguishable from an 
air sample occurred at: 91 (44), 71 (78), and 56 (31). 

Solid sample: m/e  (re1 intensityz4) cyanuric acid 129 (12), 86 (2), 
56 (2), and 43 (100). No other major peaks (>5) distinguishable from 
an air sample were observed. 

Pyrolysis of Triphenylcyanurate (4, Ar = Ph). Triphenyl cy- 
anurate (4, Ar = Ph) was pyrolyzed in a glass apparatus consisting of 
a break-seal tube fitted with a ground glass fitting compatible with 
the mass spectrometer gas inlet system. Compound 4 (Ar = Ph) was 
placed in the tube which was then evacuated and sealed. The sample 
tube was then placed in a Wood's metal bath at  200 "C and heated to 
400-425 "C for 1 h. The tube was allowed to cool before it was fitted 
to the mass spectrometer. The break-seal was broken and the mass 
spectral analysis of the volatile products revealed only fragments of 
phenyl cyanurate: mass spectrum m/e  (re1 intensityz4) 162 (37) 
CBHbN202,131 (3) CBHSNO, 93 (100) CsH50, and 78 (6) C&s. No 
peak at  m/e  65 characteristic of phenol degradation. 

Solubility and Hydrolytic Stability Studies. The polymer 
samples were weighed in coarse fritted glass filters which had been 
brought to constant weight. The filters were then placed into a Soxhlet 
extraction apparatus and continuously extracted for 24 hr with ben- 
zene or chloroform. The filters were placed in an oven at  100 "C for 
12 h, then heated at  130 "C in vacuo for 12-h periods until constant 
weights were achieved (generally after 24 h). The percents sol were 
determined from the weights of the residues and the initial weights 
and are listed in Table V. 

The polymer samples were weighed into test tubes that had been 
dried at  100 "C for several hours, and 5 ml of 1 N aqueous sulfuric acid 
or 5 ml of 1 N aqueous potassium hydroxide were added. After 100 
h at room temperature, the polymer samples were collected in coarse 

fritted glass filters that were at  constant weight. The samples were 
allowed to soak in water for 1-2 h then washed with 95% ethanol. The 
percents sol phase were determined as previously described and the 
results are reported in Table V. 

The phenylene polymer 19b, 0.4036 g, was placed in 10 ml of ben- 
zene, and 5 ml of 5 N aqueous potassium hydroxide and 100 mg of 
tetrabutylammonium hydrogen sulfate were added. After 48 h at room 
temperature, the benzene phase was homogeneous. The organic phase 
was separated and precipitated in 95% ethanol to afford an off-white 
powder which was dried in vacuo at  120 OC: ir (CHC1:J 3680 cm-' 
(OH) and aromatic features. 
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ABSTRACT: l-Aza-2-keto~2.3]paracyclophane has been synthesized by two routes and has been polymerized with 
sodium hydride to poly(imino-1,4-phenylene-1,2-ethanediyl-l,4-phenylenemethylenecarbonyl). 

Ring-opening anionic polymerization has been widely 
used to polymerize heterocycles to  linear, high molecular 
weight polymers, often with low polydispersity. Such polymers 
invariably have aliphatic backbones. We wish to report the 
preparation of a polyamide containing aromatic rings in the 
backbone by ring-opening anionic polymerization of 1-aza- 

2-keto[2.3]paracyclophane (1). The lactam 1 was synthesized 
by Beckmann rearrangement of the oxime of l-keto[2.2]par- 
acyclophane2 using sulfuric acid in dioxane. The preferred 
method of synthesis, however, was h-7 the reaction of l-keto- 
[2.2]paracyclophane with hydrazoi .cid (Schmidt reaction). 
T h e  Schmidt reaction can also be carried out on 1, l -di-  


