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INTRODUCTION

Along with the developments in the aerospace industry and other advanced

technology came an increased demand for new materials that could withstand

severe environmental conditions. The greatest emphasis has been placed on the

development of materials capable of withstanding temperatures up to 355‘C

for periods up to 400 hr, or temperatures up to 530%C for 80 hr. These
demands for thermal stability might appear to be outside the capabilities
of an organic material, yet there is good evidence that specially synthe-
sized organic polymers, particularly those that are composed entirely

of aromatic rings or aromatic rings linked by stable connecting groups,
would serve the necessary functions of a structural material and at the
same time be thermally stable.

Step-growth polymerizations offer the more attractive means of synthesis

ke s eamtican ikl

of such stable rigid chain polymers, particularly those polymerizations that
produce aromatic rings as the polymer—-forming reaction. Linear rigid

chain macromolecules generally exhibit greater mechanical strength and
higher phase transition temperatures than the more flexible chain polymers. —
Most of the polymers with highly rigid recurring units in the chain, however,‘
are either crystalline, or have high melting (softening) temperatures and

are insoluble in suitable solvents as a result of ring (particularly aromatic

ring), spiro, or ladder structures in the main chain. Polymers which owe

their rigidity to a high percentage of aromatic units offer unique opportunities

for studying the relationship between the molecular motion of chains and :

their effect on the thermal and solution properties. In the absence of

appreciable intramolecular chain attraction--such as hydrogen bonding--the

internal rotations of chain segments are greatly restricted and can be

correlated with phase transitions, relaxations and conformation in solution.
A polymer with a high use-temperature is defined by two variables of

thermal performance: 1) A threshold temperature at which the polvmer loses




its mechanical strength under an external applied load of specified mag.itude.
2) A threshold temperature corresponding to the occurance of chemical chan-
ge= in the structure of the polymer accompanied by corresponding changes
in properties. The first variable requires a material with a high glass
transition temperature, a high crystalline temperature combined with a
relatively high degree of crystallinity, or a three dimensional network
structure. In orde. to achieve melt processability, the synthesis of an
uncross-linked material with relatively low transition temperatures is
necessary. Subsequently these transition temperatures can be raised by
some chemical means after processing to give a more rigid chain or a three-
deminsional network structure. An alternate approach to this problem is
to process the polymer in the amorphous state in which a moderately high
glass transition temperature (e.g., 250-350°C) is obtained and then develop
crystallinity during processing or subsequent annealing to raise the use tem-
perature (e.g., Tm = 450-550°C) to the limit of thermal performance as
defined by the second variable.
POLYPHENYLENES
Background

The 4 + 2 cycloaddition reaction of diacetylenes with bisdiene monomers
containing two cyclopentadienone groups has been demonstrated to afford
high molecular weight polyphenylenes.l—lo In the polymerization reaction

of a biscyclopentadienone, a new benzene ring containing pendent phenyl

groups is formed with the loss of carbon monoxide. The unusually high solu-
bility of these polyphenylenes can be attributed to either pendent phenvl
substitution or to the presence of some meta-catenation which can occur in
the newly formed benzene ring as a result of the orientation in the cyclo-
addition reaction. Both could be considered to render the polymer amorphous
and thus account for the good solubility.

9
Under the polymerization conditions, it has been shown that approximately
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half of the phenylated phenvlene rings formed as a result of the Diels-
Alder reaction provide meta-catenation. Light scattering measurements
in fractionated polymer la give a mean-square radius of gyration which
supports this degree of meta-catenation. The magnitude of the second
virial coefficient is verv small and indicates that the expansion coeffi-
cient is nearly unity. Furthermore, there is very little dependency of
the intrinsic viscosity on the solvent.

A comparison (Table 1) of polymers (ig, aP) containing different de-
grees of p- vs m-catenation shows that an increased amount of p-catenation
increases the solution viscosity as a result of greater rod like characrter.

TABLE 1

Intrinsic Viscosities of 1

Ph Ph  Ph
—~O-O
Ph  Ph Ph
Polymer 1 Mn [n](disg)
la. Ar = 44,000 0.68

O O S

These phenylated polyphenylenes obtained from the 1,4-cycloaddition
reaction of biscyclopentadienones with bisacetylenes have properties which
are quite different from those of the unsubstituted polyphenylenes prepared
by other methodss. The phenylated polyphenylene in which the phenylated
rings have a 1:1 para- to meta-catenation ratio, and have number-average

molecular weights of 20,000-100,000 are light yellow, amorphous, and




completely soluble fn common organic solvents (benzene, chloroform, tetra-
hydrofuran, etc.) in concentrations up to ten weight percent. By contrast,
those polyphenylenes prepared either from benzene by a Friedel-Crafts reac-
tion under oxidative conditions or by the l,4~polymerizétion of 1,3-cyclo-
hexadiene followed by dehydrogenation are brown to black, crystalline and
insoluble. Because of these differences in physical properties of the two
kinds of polyphenylenes, the synthesis of an unphenylated polyphenylene by
a Diels-Alder route was of particular Interest.
Unsubstituted Polyphenylenes
The reaction of 5,5'-p-phenylenebis-2-pyrone (2) with both m- and p-

diethynyl benzene affordzd unsubstituted polyphenylenes 411,12 a

e

nd 5. The
newly formed benzene ring obtained from the & + 2 cycloaddition followed
by the loss of carbon dioxide is >95% para in this case. Thus unsubstituted
polyphenylencs with known degrees of p- and m-catenation are obtained (Fig 1).
Poly(p-phenylene) Qﬁ) is a yellow, crystalline, insoluble polymer of
unknown molecular weight. It precipitates as a powder in the course of the
polymerization reaction which is run at 230°. Polyphenylene 3, which con-
tains a m-phenylene group every fourth phenylene unit, is also yellow, crys-
talline, and insoluble. This polymer, however, deposits as a film on the
walls of the ampoule during the course of the polymerization reaction; some
powder precinitates also. Possibly the m-phenylene unit provides enough
flexibility in the polvmer chatn to give added solubility, allowing the
polymer to achiéve & higher molenular weight before separating, and thereby

producing a coherent tilm. Folgphenylene 5 was also synthesized by the
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reaction of p-diethynylbenzene with 5,5'-m~phenylenebis-2-pyrone (3) and
the  vathesis of this pyrone allowed the preparation of a polyphenvlene :?
ntaining alternate p- and m-phenvlen¢ rings.

Polymerizations with 5,5'-m-phenylene-2-pyrone. The synthesis of

s, ' =m~phenvlenebis-2-pyrone was achieved in a manner analogous to that pr
- . , 12 )

viously reported feu the corresponding p-isomer . The synthesis of cis,

cis-2, "-diethoxv-1,3-divinylbenzene was accomplished by the base catalyze

addition of ecthanol to m-diethynylbenzene. The reaction of this vinyl eth

with trichloropropenvl ethvl ether afforded a condensation product which

was hvdrolyzed to yield 1,3-bis-(5,5'-dichloropenta-2,4~-dienal-2-)benzene.

Cviivzation to the pyrone was accomplished with refluxing acetic acid.

HC=C CZCH  g0H EtOCH=CH CH=CHOE!
——
E+ONa

I)CBCZCH-CHCHOEH
2) H,0

O Q. O
.O O HOAC

3

~

The polycondensation nf.g with m-dicthynvlbenzene as well as that of
3 with p-divrhyvnvlbenzene werce carried out under a varietv of reaction
e
conditions to give the same polyvphenylene Qé).

As in the preparation of polv(p-phenvlene), the polvmerizations were



performed in 1,2-dichlorvethane and in 1,2,4-trichlorobenzene at high
temperatures (230°0) . However, incomplete solubility of the meta bis

pyrone 3 was observed and therefore the polymerization reaction was ot a

~
homogeneous system. Two other solvents were found to completely dissolve
this reactant, even at rvom temperature: 1,1,2 2-tetrachloroethance and

N-methyl pyrrolidinone. Since the tetrachloroethane readily decomposes at
the polymerization temperature and cannot be used at [ts bc* emperature
(146°C) to produce a high molecular weight polymer (intense R carbonyl
absorption), the N-methyl pyrrolidinone was found to be the best solvent
in which to carry out the polymerization. In addition, it was also observed
that the polymer prepared in this solvent in nearly quantitative yield
no longer shows a pvrone carbonyl absorption.

In the preparation of polymers‘g in various solvents and‘g in N-
methvl pyrrolidinone, the formation of a dark brown film coating the walls
of the glass polymerization tube was observed. This film, which was electro-
static, was insoluble and showed essentially no absorption corresponding to
the functional groups in the monomers. The fact that a film was formed
during the polymerization presumes the presence of a polymer with a higher
molecular weight than that observed for the poly(R—phenylene).12 The rest
of the reaction product consisted of a yellow-brown precipitate. The ratio
of yields between film and powder varied considerably with the nature of
the solvent and the polymerization temperature but, in all cases, the over-
all yields ere quantitative.

When prepcred in other solvents, polymer é‘was a yellow-brown powder.
The 1,2,4-trichlorobenzene soluble portion (45%) of polymer 2, prepared in
this same solvent, had an intrinsic viscosity of 0.09 dl/g. However, no

additional information about the chain length could be obtained from the

the infra-red study.
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The infra-red spectrum of polymer’é showed two strong absorptions at

785 and 820 Cm—l characteristic of the C-H out of plane deformations of the
meta and para phenylene moiety respectively. The same observations were
made at 785 and 840 cm—l for polymer_g. It is interesting to compare the
fequency for the C-H out of plane deformation of the para phenyleune groups
with the polyv(p-phenylene) and observe the shift to higher wavenumbers with

9,14,15 However, estimation of the

decreasing degree of para phenylation.
amount of m-versus p-catenation in the polymer by comparing the infra-red
spectrum of the polymer with that of standard mixtures of m— and p-~terphenyl
was not possible because the bands broaden and shift in the polymer spectrum
causing an overlap of the CH deformation bands.

A very strong absorption near 895 cm_1 due to the CH deformation of
the isolated hvdrogen in meta-substituted benzene was also observed for
these new polyphenylenes.

The Xmax (refl.) of the polyphenylenes containing some degree of meta

catenation were found in the range of 304 to 325 nm. Since the presence of

meta catenation impedes the conjugation of more than four phenylene groups
(polymer.§) or three phenylene units (polymer_é),l6 it was not possible

to compare these values with those of the poly(R—phenylene)12 and thereby

obtain additional information about the molecular weight of these polymers
using Kuhn's root law.

All these polymers were found to be highly crystalline showing repro-
ducible d spacings at 4.7, 3.85 and 3.2 A for polymer 3 and at 4.8, 4.3,
3.8 and 3.25 A for polymer 6. A film of polymer 3 showed an additional
diffraction at 7.5 A.

As expected, the new polyphenylenes showed excellent thermal stability.

The TGA of a film of polvmer 35 showed breaks at 500°C in nitrogen with




a welght loss of 102 at 640°C and 50% at 86G0°C and complete decomposition
at 485°C in air. The TCGA of the powder sample of polymerfz prepared in

a better vieid in 1,2,4-trichlorobenzene, showed a break at 580°C in nitro-
gen with a weight loss of 107 at 620°C and 227 at 800°C and a break at 480°
in air. Pulymer‘é with approximately 507 meta catenation showed a break

at 575° in nitrogen with a weight loss of 25% at 800°C while complete
decamposition occurred at 550° in air.

The effect of p-catenation in these polyphenylenes is evidenced in the
crystalline transition temperatures. Poly(p-phenylene) has the highest
crystalline transition temperature, evidently above its decomposition tem-
perature. Increasing the portion of m-units lowers Tm. The glass transi-
tion temperatures in these highly crystalline materials were observed on
amorphous materials prepared by heating samples above Tm and then quenching
in liquid nitrogen.

Reactions of 4- and 6-Phenyl Pyrone. Although polyphenylenes contain-

ing alternating m- and p-phenylene rings apparently are more soluble than
polyphenylenes having fewer m—units in the chain, their low solubility
precludes fabrication from solution. To improve the solubility of unsub-
stituted polyphenylenes to the extent exhibited by the phenylated polyphen-
ylenes, the synthesis of a polymer containing all mcatenation would be
desirable. Since molecular orbital calculations showed18 that the Diels-
Alder reaction of either 4-phenyl-2-pyrone or 6-phenyl-2-pyrone with phenyl-
acetylene would yield predominately mterphenyl, the syntheses of these
pyrones was undertaken to study the suitability of these types of dienes

in polymerization.

19,20 The

The synthesis of 4-phenyl-2-pyrone has been described.
condensation of cinnamaldehyde with chloroketene dimethylacetal affords

Z-chloru-3,4-dthydro-2,2-dimethoxy-4-phenylpyrone (7) which i{s treated
-
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with sodium ethoxide to afford pyrone 8.
H H Cl OCH;,

O
CI OCH, / v
7\ ;Q 76[}; 44/0
v o ' f 28 o
H H NoOCH

DMSO 25;24hr
2 2JH,0, 0’

too

The Diels-Alder reaction of 4-phenyl-2-pyrone (8) with phenyl acet-
ylene gave both p~ and m-terphenyl in a 1:2 ratio. Unfortunately, only
a 697 yield was obtained, making this synthesis unsuitable as a polymer
forming reaction.
The synthesis of 6-phenylpyrone 9 was accomplished bv modification of
. 12,21,23 .
literature procedures. The reaction of acetophenone with 1,1,3-

trichloro~3-ethoxypropene afforded 5,5-dichioro-2,4-pentadienophenone, which

was cyclized by heating in acetic acid. The model reaction of_2 with phenyl-

CHsCOCH; + Cl,C=CH-CHCI(OEt) s C6H5-|C|-CH=CH-CH=CCI2

o}
_HOAc | @_@

acetylene yielded (34%Z) both o- and m—terphonyts in a 5.4:1 ratio. A

similar direction of addition (5:1) is obtained in the reaction of 4,5,6-
24

triphenylpyrone.

Polymerization of 4- and 6-Phenvlpvrones with Bismaleimides. Since

N-substituted maleimides are more reactive dienophiiles in 4 + 2 cvcloadditions
involving a-pyrones, polymerization reactions of 4- and 6-pheny1byrones with

a series of bis%aleimides were carried out to afford polyimides having the
bicvclo[2.2.2]oct-7-ene unit in the chain. In this polywerization, the sto-

ichiometry of diene to dienophile unit is 1:2, since the initial Diels-

Alder intermediate adduct loses carbon dioxide to generate a new diene.
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These polymers differ from related polyimideszs—zgin that they have
only one substituent (phenyl) in the bicyclooctene segment. The stereo-
chemistry of these reactions (exo-exo vs endo-endo) has not yet been deter-
mined. Other workzg'31 indicates that pvrones substituted in the 6-position
give cycloaddition products opposite from that pradicted by maximum orbital
overlap.

Although optimum polymerization conditions have not yet been determined,
polymers having intrinsic viscosities (DMSO, 25°C) of 0.22, 0.49, and 0.50
have been obtained for the polymers {ii;p. Films cast from N-methyl pyroli-~
done solutions of polymers %l? and ;l; were yellow, transparent, and had
glass transition temperatures (Tg's) (differential scanning calorimetry,
nitrogen atmosphere) of 325°C and 315°C, respectively. An intense endotherm

4 occurred immediately above the Tg's in both cases, even after isothermally
aging at 200°C for forty minutes, which may be due to the cross-linking dis-
cussed below. The film of the ether-linked polymer (Llf) was considerably
tougher than that of the brittle p-phenylene linked polymer (l&p). The
polymers are soluble in N-methyl pyrolidone, dimethyl sulfoxide, and dimethvl

formamide.

Considerable difficulty was encountered with gelation occurring late

|
| 11
f
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in the polymerization reactions of monomernz. Possibly this is due to
cross—-iinking by grafting of a terminal 1,3-cyclohexadiene with one of the
bridging olefins in the bicyclooctene polymer backbone (l}). Gelation has
not been a problem in polymerizations employing 5-phenylpyrone Qg); a
phenylsubstituent on one carbon of the bridging olefin apparently sterically
hinders the approach of any diene terminus.
Reaction of 3,4-diphenylthiophene~1,l-dioxide

Because of the reactivity of cyclopentadienones substituted only in
the 3~ and 4- positions, the use of suitable cyclopentadienone monomers
for the synthesis of polymers bearing minimal phenyl substitution is not
feasible. Thus, the model reaction of 3,4-diphenylthiophene-1,1-dioxide
with phenylacetylene was explored.

The major product of the reaction of 3,4-diphenylthiophene-1,1-
dioxide with phenylacetylene was not 1,2,4-triphenylbenzene Qi}), as expected,
but an isomer, l1-phenyl-4-(l-phenylethenyl)naphthalene (29)31. The identity

of L} ultimately was established by an independent synthesis.

oh Ph\c,cri2
S Ph
 cmen —— 0@
Ph  Ph A g
13

12 13

When 2,5-dideuterio-3,4-diphenylthiophene-1,1~-dioxide was employed
in this reaction, (E)-3-deuterio-l-phenyl-4-(2-deuterio-l-phenylethenylnaph-
thalene) 14 was produced, verifying that the l-phenylethenyl moiety orig-
inated from the thiophene dioxide. The nearly exclusive formation of the
E-isomer requires three consecutive concerted orbital symmetry-controlled

31
reactions as shown.

12

i
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SO,
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Cheletropic
Elimination: Ph
Disrctatory 14

Further exploration of this reaction for the synthesis of polyphenylenes
containing minimal phenyl substitution was abandoned.
POLYAMDE832’33

Aromatic polyamides containing aryl ether or aryl sulfone links have
increased chain flexibility and lower glass transition temperatures than
those of crystalline polyaramides in which these groups are absent. Aromatic
polyamides containing both aryl sulfone and aryl ether links between amide
groups obtained by the polyamidation reaction of 4,4'-[sulfonylbis(p-phenylene-
oxy) Jdianiline with isophthaloyl or terephthaloyl chlorides, for example, are
amorphous.BA These polyaramides have glass transition temperatures of 230 and
260°, respectively, and show excellent mechanical properties. Polyaramides
of this general structure are of interest since they offer the possibility
of facile processability, especially be melt techniques; in addition they should
possess the superior thermal stability displayed by the crystalline polyara-
mides.35

The synthesis of 4,4'~[sulfonylbis(p-phenyleneoxy) Jdibenzoic acid glg)

was accomplished by reaction of the potassium salt of methyl p-oxybenzoate

and 4,4'-dichlorodiphenylsulfone, followed by hvdrolysis of the resulting

|
|
|
|
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diester. Diacid Lg was converted to the diacid chloride, 4,4'-[sulfonyl-

bis(p-phenyleneoxy) ]dibenzoic chloride (16) with thionyl chloride.

. C—\_/ © NMP , KF
——————p
2 O_@_COQCH’ o SO ¢! 175 —185°
H,O
crgoco@»o@so,@o@—co,c H —d———
. SOCl,
HOCOOO@SO, o COH —
15
o, P
/c@o @ SO; o-@c\
16 ]
o~

The polycondensation reaction of the diacid chloride (16) with various

aromatic diamines (LZ) in N-methylpyrrolidone containing propylene oxide as

an acid acceptor36’37 afforded a series of polyaramides (18). 1In the reaction
P~

o] o)

16 + NH—-Ar—NH m—» {-@-o-@ao@o-@-&'w-m«-'é
~ 2 ? CHCH=CH, ! Lo
Y © 18 oo

Ar = a. p—CH B
e. CH
2

b, m—CH,

O
O

@.@

of lé with 4,4'-diaminodiphenylether (ng), various acid acceptors (Table 2)

were added. Propylene oxide afforded the highest molecular wieght polymer as




measured by inherent viscosity.
Polyamides (kgi:g) (Table 3), obtained by reaction in NMP in the pre-
sence of propylene oxide, were completely soluble in sulfuric acid, DMF and
NMP, but only the polymers with more flexible chains were soluble in m-
cresol. The polyamides were largely amorphous with glass transition tempera-
tures near 250°C, typical of polyaromatics containing p-phenylene ether and
sulfone links. ‘’olyamides prepared from the more rigid diamines, {23, c, 8

-~

were partially crystalline.

TABLE 2

POLYCONDENSATION REACTION OF DIACID CHLORIDE 16 WITH
4 ,4'-DIAMINODIPHENYLETHER (lzg)a

b

Solvent (25 ml) Acid Acceptor ninh
NMP propylene oxide (1.5 ml) 1.96

Ca0 (0.190 g) 1.48

Et3N (2 ml) 1.19

DMAC - 0.80

Ca0 (0.190 g) 0.83

HMPA - 1.18
Et3N (2 ml) 1.25

3Monomer concentration: 0.26 molar (9.7 wtZ). 1Initial reaction
temperature = -30°C.

In DMF at 25°C.

b
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TABLE 3
POLYAMIDES }8a-g FROM DIACID CHLORIDE 16 AND
AROMATIC DIAMINES lJa-g.
a Solubility® Tgd
Pao i 14
¢ lyamlde ,«Lﬁ ninh DMF or NMP _@-Cresol DSC TMA Tm
a 1.18° s i 260° 280¢ 4s0f
b 0.97 vs Vs 245 255 -
c l.19b s i - -~ _8
d 1.96 vs s 260 250 -
255
e 0.71 vs vs 250 255 -
260
f 0.78 vs s
g 1.55 vs s 260€ - 375

3pMF at 25°C.
b, . °
967% HZSOA at 25°C,.
vs=very soluble; s=difficulty soluble; i=insoluble.

dObtained on a du Pont 990 Thermal Analyzer with a differential scanning
calorimeter and a 943 Thermomecharical Analy:zer.

eTg observed only after heating the sample above Tm and quenching in liquid
nitrogen.

ch = 310°C.

EUnable to observe Tg due to partial crystallinity. Tm is above Td (470°C).

The solution polycondensation of terephthaloyl chloride with p-phenylene-
diamine or the homopolymerization of p~thionylaminobenzoyl chloride, affords

38
high modulus, thermally stable polvamides Aromatic polvamides also have

been obtained by the direct polycondensation reaction of aromatic dicarboxvlic

acids with aromatic diamines catalyzed by triphenvlphosphite in NMP-pvridine

39

v chloride at 100°C.’ Trimellitic anhvdride reacts

solution containing ~




with 4,4'-diaminodiphenylmethane in the presence of triphenylphosphite at 200-
210°C, in NMP to form a polyamide—imide.ao

Because of the desirability of a direct synthesis of polyaramides from
the acid and amine, a polyamidation reaction catalyzed by triphenylphosphite
prepared in situ from phenol and phosphorous trichloride in the presence of
excess pyridine was developed.33 The proposed mechanism39 for this polyconden-

sation reaction requires a mixed anhydride.

P
CbHSOH + PC|3 ‘25—_:{63'(—:* (C6H50)3P PyHC!
X OCyH
o @ 6s
RCOH .« (CoHsOlp —TYLNMP o . RNH,
H-P-O-C-R
/\

——> RCONHR’ + C6H5OH + (C6H50)2POH
Since pyridine is not a good solvent fcr polyaramides, but is necessary

for catalyst formation, the polycondensation of p-aminobenzoic acid (p-ABA)
depends both on the concentration of monomer and the amount of pyridine. For
a 0.4 molar concentration of monomer the necessary minimum amount of pyridine
is 20% (1:4 v/v, pyridine/NMP Table 4). Table 5 shows the effect of monomer
concentration in this polycondensation reaction; the highest viscosity is ob-
tained at a monomer concentration of 0.40 molar (11%). Optimum conditions for
the polycondensation reaction between isophthalic acid and aromatic diamines
were obtained under the same conditions but with 50% pyridine (Table 6). In
each case the temperature of the reaction was increased slowly from 80-90°C
(2 hr) to 100-105°C, where it %as held for 4 hr. Temperatures higher than

100-105°C, did not improve the viscosity.

17




TABLE 4

Effect of Pyridine in the Poly ondensation Reaction of E~ABAa

Pyridine NMP n hb
ml (%) ml in ‘
30(60%) 20 1.05 :
20 (40% 30 1.00
10(20%) 40 1. 64 !
1
5(10%) 45 1.18 ]
ai
:
¥Monomer con. 0.4 molar; 4wt % LiCl. i
b o i
H2804 at 25°C. !
]
TABLE 5 1
The Effect of Monomer Concentration on the 1
Polycondensation Reaction of p-ABA3 f
i E— 4
b 1
Solvent Monomer Concentration "nh !
ml mole/1l (wt?%) i
——— — —_ e [ "
1
60 0.33 (9) 1.39 1
|
50 0.40 (11) 1.64 3
40 0.50 (14) 1.45
NMP/Py = 40/10 (vol), 4 wt % LiCl added. 1
bHZSO, at 25°C.
4




TABLE 6

Effect of Pyridire in the Polycondensation Reaction of
Isophthalic Acid with Q—Phenylenediamine.a

Pvridine NMP i hb
ml (/%) ml n
20 (507%) 20 1.11
15(37.5%) 25 0.89
10 (25%) 30 0.72

IMonomer conc = 0.5 molar in NMP-Pyridine with 4 wt % LiCl added.

by S0, at 25°C.
24

5 The positive influence of 3-47 lithium chloride in polycondensation reac-
tion for aromatic polyamides is well-known in many c:ases.38’39’41'é‘2 In these
reactions, low viscosities were obtained without lithium chloride, since early
3 precipitation of the polymer occurred. Polymers from isophthalic acid and
amines EZf and {Z§ as well as the polymers from terephthalic acid (Table 7)
are lower molecular weight, since they precipitated from the reaction solution
as a result of their rigid structure.

Thus, polyamidation can be carriedout simply by forming triphenylphosphite

in situ. It is not necessary to isolate this catalyst since the pyridine

T ae

hydrochloride by-product apparently does not affect the reaction. The success
of this reaction in t-~ synthesis of high molecular weight polymers requires,

however, that the polyamides have good solubility in the solvent svstem.

19
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TABLE 7

Synthesis ol Aromatic Polyamides by Means of
Triphenylphosphite Prepared in situ

Diamine }J Dicarboxylic ninhb
o Acid .

a isophthalic 1.11

¢ 0.35

d 0.89

e 0.96

24 0.48

d terephthalic 0.24

e 0.3

N, - -CO,H 1.69

a[Honomer] = 0.4 molar; solvent-NMP/Py=20/20 (v/v) for all experiments, exc

with p-aminobenzoic acid, for which 40/10 was used; temperature=2 hr at 8(
and 4 hr at 100-105°C; monomer/PCl3/phenol=l mole/1 mole/3 mole + 6% exces

4 wt % LiCl added.

b
H,s0, at 25°C.
< -

POLYQUINOLINES
Background
. . 43 :
The Friedlander reaction, is a base catalyzed condensation of an
aromatic o-aminc aldehvde or ketone with a k~tomethvlene compound. For ex:
the reaction of o-aminobenzaldehyvde with acetaldehyde affords a high vield

quinolinc. This reaction has been utilized, in fact to obtain aromatic

CHO ,C|>
NH,




polymers.aa The base catalyzed reaction of a bis-o-aminoaldehyde and a series
of bisacetylaromatics vielded a series of low molecular weight polyanthrazo-
lines. Although these polymers showed good thermal stability, they were low
molecular weicht materials and were soluble only in strong acids.
In our early work in these polymerization reactions, three important
facts concerning the polymerization reaction and the polymers emerged%o’l3’as’46
1. The aldehyde function of the aminoaldehyde was not suitable, since
it underwent side reactions and high molecular weight polymers were not

obtained. Arvl ketone groups in place of the aldehyde gave high molecular

weight materials.

2. Base catalysis was not suitable, but high molecular weight polymers
could be obtained by acid catalyvsis.

3. Phenyl substitution on the polyanthrazolines, polviscanthrazolines

and polyquinolines greatly improved the solubility of these materials,

and the phenvl group was conveniently introduced through the o-benzoyl

group in place of the aldehyde moiety.

The phenvlated polyanthrazolines and polyisocanthra-olines that were

synthesized had high Tg's and Tm's, but were very difficultly soluble in

, 46
common organic solvents. A much more interesting class of materials,

47- .
the polyquinolines, 7-49 could be obtained by the Friedlander reaction.

27—
Monomer Syntheses 7-29
Three quinoline-~forming monomers have been inexpensively synthesized
in high vields by relatively simple reaction pathways (Figures 2 and 3).

In the reaction sequence, TFigur. 2, high yvields are obtained in each step

and monomer of high purityv could be obtained by recrvstallization. The cvceli-

zation reaction of phenvlacetonitrile with a bisnitroarvl to vield a bisbenz-

isoxazole followed bv hvdrogenation has proven to be a good methed for the
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L ; ) 50
synthesis of 20 (Figure 3). An A-B monomer, 217" also has been synthesized
by similar reaction sequence. A large number of diacetyl and diphenylacetyl
monomers are either available commercially or are described in the literature.

T
il C—_COHS 21
A~

48,49
Polymerization Reactions °’

Representative polymerization reactions of the bisaminobenzoylaryl monomers
(19 and 20) with the diacetyl and diphenacetyl monomers (22 and 23) to give
~ L4 L R
polymers containing quinoline units in the main chain are shown in Figure 4;
the homopolymerization of the A-B monomer also is shown. Optimum polymerization
rates and molecular weights were obtained initially either in mixtures of m-
cresol and polyphosphoric acid or m-cresol and the reaction product of m-cresol

48,49 ) 31

and phosphorous pentoxide. The reaction product was shown by P nmr to

consist of an equimolar mixture of the mono- and di-m-cresol esters of phos-

phoric acid, as the stoichiometry suggests.

i ®
OH

Both esters were independently synthesized, and although mixtures of the
monoester and m-cresol were marginally effective as a polymerization medium,
the diester with m-cresol effected the polymerization at about the same rate
as the m-cresol phosphorous pentoxide reaction mixture (Fig 5). One added
advantage of the independently svnthesized (and purified) diester was that
much higher molecular weights could be obtained. The upper degpree of polym-
erization attainable in the phosphorous pentoxide m-cresol reaction mixture
appears to be 320, possibly as a result of some side reaction with one or more

of the monomer functional groups. Acid catalvzed cvelotrimerization has been
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as

49 .
suggested as a reaction which would not only consume ketomethylene groups

but also wuuld lead to branching. Thus, number average molecular welghts in
excess of 300,000 can be obtained, corresponding to an extent of reaction
of ~99.97%.

Solution Properties

Polyquinolines are soluble in acidic solvents such as m-cresol, polar
solvents such as N-methylpvyrolidone, and chlorinated hydrocarbons such as
tetrachloroethane and chloroform, although the highly phenylated (R = C6H5)
polyvmers tended to crystallize from chloroform on prolonged standing. Clear
tough, flexible films could be cast from 15-30 weight percent solutions of the
polymers, and fibers can be wet spun from these solutions. Surprisingly, the
Mark-Houwink relationship obtained on fractionated samples of polymer Zﬁ,

(R = H, Ar = 4,4'-diphenyl ether) from osmotic pressure and viscosity measure-
ments in chloroform showed a value of @ of approximately 0.5‘:8 indicating

the ability of the chain to take a tighter coil in solution than might have
been predicted.51 Under these conditions (CHC13, 20°C) the low second virial
coefficient (7 x 10_7 cc-mole/gramz) and Huggins constant of 0.6 indicate a
random flight configuration. Similar sutdies on polymer Z; (R = H, Ar =
4,4'~-diphenyl ether) revealed a larger value of @, 0.66.

For rod-like polvamides that form liquid crystalline solutions, unusually
high molecular weight values obtained by light scattering have been reported52
that have been attributed53 to association of the polymers in the amide solvent.
Our low @ values could be due to associ.tion at the concentra-ions of the chlo-
roform solutions used for measurement. However, it has been shown53 that in
the case of poly(l,4-benzamide) @ 1s 1.7 in the molecular weight range below

12,000, but at molecular welghts above this, @ {s about 1, indicating that the

chains are bending.




Gel permeation chromatography of polymer 25 (R = H, Ar = 4,4'-diphenyl
ether) provided a number average molecular weight (ﬁn) of 51,600 and weight
average molecular weight (ﬁw) of 193,000 (based on polystyrene standards),
in reasonable agreement with the ﬁn value of 40,500 calculated by the Mark-
Houwink equation for the sample. The dispersity of this polymer sample
(M,/M ) is 3.75.

Polymer gg, obtained from the A-B monomer, Z} was soluble only in strong
acids, but could be wet spun directly from the polymerization solution into
me thanol.

Phase Transition Temperatures, Thermal St2b§%ity and
Thermomechanical Properties.5 ’

The thermal behavior of the polyquinolines is strongly affected by the
thermal history. The polymers are composed not only of two phases, one crystal-
line, the other noncrystaliine, but also within the noncrystalline phase there
apparently exists multiple subphases, which in their glass transition inter-
val, exhibit distinct first order transition behavior. All the polyquinolines,
with one exception, exhibit a rather low degree (20%) of crystallinity; poly-
quinoline Zf from the A-B monomer shows the highest degree of crystallinity
(607). Preliminary X-ray data»L show the correct repeat distance for the re-
curring unit, but “‘ber samples of higher crystallinity will have to be obtained
before a complete analysis can be done. Formation of the subphases in these
pulymers has been observed in the solid state, even under ambient conditions
several hundreds of degrees below their glass transition temperatures.

The transition temperatures of this class of polymers (Table 8) met
the requirements for melt processability in which the polymer is fabricated
in the amorphous state above its glass transition temperature (250-350°C)
and then anncaled to develop crvstallinity and raise the use temperature (Tm =
450-550°C) to the limit of thermal performance as defined by the onset of ther-

al decomposition (TGA 520-580°C). Unfortunately, a high degree of crvstallinity

4
Thanks to Professor 1. Lando, Case Western University,
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is not developed in these more flexible phenyl substituted polyquinolines.

The greater the chain rigidity, the higher the glass transition temper-
ature. The difference between the glass transition temperatures (ATg =
42+3°C) of the series of the more heavily substituted polyquinolines (zi:f)
and those in which the 3-phenyl substitution is absent (%2:5) was attributed55
to restricted rotation in the chain. 1In particular, substitution of phenyl for
hydrogen should hinder rotation of the 2-phenylene unit.

Carbon-13 spin-lattice relaxation mechanisms are generally dominated by
dipole-dipole interaction with neighboring nuclei, modulated by molecular
motion. Because carbon atoms a and espec ly b in 23c and %25 have ident-
ical near neighbors, spin lattice relaxation time (Tl) can be related to molec-
ular motion and thus chain mobility in solution. Tl measurements on solutions
of polyquinolines gép and %éf by the inversion recovery method, 180°-t-90°
pulse sequence, show a greater chain mobility for géf and Eéc in agreement with

the higher Tg for 25c in the solid.56

25¢ 25¢
-t ~S

The effect of structure on the melting points was less pronounced; the
relative constancy of the Tm of structurally different polyquinolines, with
the exception of polymer 29, is probably due to their low degree of crystal-
linity and crystal perfection.

The polyquinolines showed outstanding thermal stability in an inert atmos-

phere as well as in air. Generallv, isothermal ageing of the polyquinelines

showed no weight loss in air after 100 hr at 300°C. This excellent stability

30




. o . . 7
is not surprising, since quinoline itself has been reported to have the

highest decomposition temperature of anv ot the aromatic rings.

Under mild tensile stresses required for dvnamic mechanical testing
(Fig 6) the mechanical performance of films is as expected relarively
constant up to the glass transition temperature. Above Tg mechanical losses

; ' . 10
become pronounced as shown by a drop in Ycung's modulus from 2-5 x 10
7 2 , .

to less than 10 dynes/cm . This behavior is typical for noncrvstalline,
linear high polymers. Mechanical losses of low amplitude are observed in
polyquinolines between 100° and 150°C. Since the decomposition temperature of

10 7
to 10

24¢c was above 510°C and thevYoung's modulus decreased from 2 x 10
above Tg, melt extrusion through a large bore capillary at 430°C to afford
a fiber with a diameter of 1 mm was possible. Stability of the material
toward crosslinking under the extrusion conditions was indicated by cetention
of chloroform solubility. Due to a high melt viscosity, extrusion of fibers
of finer denier was not possible. This fiber was then drawn at 270-280°C under
mild tension, and the X-ray diffraction patterns of the stretched and un-
stretched polymer fibers showed an increase 1in crystallinity after drawing.
Young's modulus (Table 9) decreases from 4.8 x lOLO dynes/cm2 for the more
riglid polyanthrazoline polymer to 1.9 x 1010 dynes/cm2 for polymer ng which
contains an additional flexibilizing diphenyl ether linkage between the gquino-
line groups. The effect of annealing films above Tg on Young's modulus was
shown for polymer ng (Table 9). A film sample which was annealed at 280° for
2 hr followed by cooling at a rate of 0.5°C/min had a Young's modulus of 6.1 x
1010 dynes/cm2 as compared to a value of 2.3 x 1010 for the original film sam-
ple.

In a preliminary run, polyquinoline aif was spun from a NMP dope con-

EN
taining 12% solids at 150°C into concurrent nitrogen at 240°C. The relativelv

<
Courtesy Dr. J.J. Kleinshuster and R.S. Irwin, Ploneering Research, Du Pont.
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low percent elongation did not allow draw ratios greater than about 2, an
drawn tiber, unfortunately, did not show appreciable crystallinity. Tena
md modull of only 3 gpd and 45 gpd, respectively, were obtained, but opt
spinning and drawing conditions were not attained. As indicated (Fig 6)
oriented rilm of ﬁéf from chloroform has high mocdulus, modest tensile str
and low elongation combined with good dielectric properties (Table 10).
gen and water vapor permabilities are relatively high. The thermal stabi
is excellent. A life in air of about 10 vears aiL 200°C can be obtained b
extrapolation of the Arrhenius data for isothermal aging. These times re
sent {ilm failure, and are exceptionally good.
CROSSLINKING POLYPHENYLENES AND POLYQUINOLINES
"ntroduction

The major structural modifications of the polyphenylenes and polyqui
that improve their solubility and processability are the addition of pend
phenv] groups and the introduction of flexible linkages, such as ether, o
me ta-phenylene groups, into the polvmer backbone. In general, these struct
modific-ations give the polymer a relatively low softening temperature whi
aids in fabrication; however, these modifications restrict the structural
remperature to a value well below the thermal capabilities of the svstem.

The sccond approach to the synthesis of polvmers that can be melt
processed at relatively low temperatures requires a non-crystalline mater
with a low Tg that can be thermallv cross-linked atfter or during fabricat
to provide a use temperature that is limited onlyv by the thermal decompos
temperature. The cross-linking reaction can be effected through the svnt
of monomers which incorporate the reactive site into the backbone of the
matic heterocyelic polyvmer. After or during fabrication, the reactive fu

can be thermally {nduced to provide stable cross-links. Alternativelv an




] TABLE 10

PROPERTIES OF UNORIENTED FILIﬁ SAMPLE
OF POLYQUINOLINE 25§
S~

Thickness (mil)

M;ah 10.5% CHCly 30°C;
Density (grcc!

X—ray

Tg (°C)

Electrical

Dielectric Strength (Kv/mil)
Volume Resistivity (ohm - cm/mil)
Dielectric Constant

Dissipation Factor

Thermal Stability

TGA (5% wt.loss)

Film Failure (Air aging)

03-04
1.59

1174
Amorphous
266

7.8

25 x10°
2.6/2.5010210°H2)
0.017/0.005 (102103Hz)

525°C (air)
630°C (N,)

2hrs ot 450°C

20 hrs ot 350°C

1 days a1 300°C
6 months a1 250°C

>10 years at 200°C”

1 *Extrapolated from Arrhenius-type plot

Permeability

Oz(cc/IOO in2 - 24h - atm per mill 278

v

Water Vapor (g/100 in2 - 24 hr -44 mm per mil) 9.4

+ Courtesy Dr. R. Angelo, Plastic Products Department, Du Pont




additive can be dispersed in the polymer at some stage before processing and

then thermally processed to cross-link the fabricated polymer. The ideal
additive should meet the following requirements: 1) Produce a reactive inter-
mediate between 250-400°C or lower. 2) Produce a reactive intermediate

that will react with aromatic nuclei such that a thermally stab.e cross-link
will be formed. 3) Produce a reactive intermediate without excessive genera-
tion of highly volatile materials. 4) Have a high enough molecular welght
such that it, its fragments or by-products will not come out of the polymer
throughout the curing process. 5) Be compatible with the polymer such that
it will be molecularly dispersed throughout. 6) Have some solubility in com-
mon organic solvents and be stable enough at room temperature to be shipped and
handled safely.

When the cross-linking agent is incorporated into the polyemr backbone,
only requirement 1-3 must be met. If only a small percentage of the cross-
linking agent is needed (<5%), the generation of a gas or other highly vola-
tile materials may be tolerated provided bubbles or voids are not formed.

Aryl Cyanate Cyclotrimerization

One class of reactions that meets all these requirerents is the cyclic
trimerization reaction of triply bonded atoms.

One of the most reactive classes of compounds with respect to the
cvelic trimerization is the aryl cyanates. Quantitative ylelds of trisaryl-
s~triazines (aryl cvanurates) have buen obtained from the cyclotrimerization

58-60 - .
of arvl cyvanate. ’ The reaction is promoted by heat, protonic acids, Lewis

, 58,61,62 . .
acids, and bases,” "7 and can be carried out in a number of solvents or

62 . .
neat ., The trimerization of cvanates is highly selective when compared to

other cyclot*rimerization reactions in which chain polvmerization and dimerization

36




ArO\rNYOAr
ArOH <4 ClCi ___Eﬂﬂi___. ArOCN —m—— Ff:::)N
h OAr
; . 62 63,64
compete as side reactions. Phenyl cyanurate has been reported to
be relatively chemically inert., The cvanate cyclotrimerization reaction has

’

been emploved as a polymer forming reaction6 and a crosslinking reaction
for polvquinoxalines.

Fiberglass laminates prepared using the biscyanate derived from bisphenol-
E A show high thermostability including good mechanical properties and excellent
electrical resistance at elevated temperatures, as well as excellent chemical
resistance.

The applicability of cross-linking by aryl cyanate cyclotrimerization to
a wide variety of thermally stable polymers was carried out by the synthesis
and subsequent crosslinking of phenylated polyphenylene and polyphenylquino-
line prepo]ymers.69 The only restriction placed upon the type of pelymer sys-
é tem that may be utilized is the ease with which hydroxyl groups, which are
converted to the cyanate moiety, can be incorporated into the appropriate pre-
polymer.

The addition of a monofunctional acetylene, m-hydroxyethynylbenzene to the
polymerization reaction ot p-diethynylbenzene and the oxybistetracyclone

served to limit the average molecular welght of the polymer by terminating

L the growing chains with an aryl hydroxyl group (Figure 7). The phenolic groups
were converted to cyvanate ends by reaction with excess cyanogen bromide in
the presence of triethyvlamine.
The svathesis of polyphenylquinolines by the condensation of 4,4'-
l diacetyldiphenyl ether with 4,4'-diamino-3,3'-dibenzoyldiphenyl ether 1is

readily adapted to the synthesis of hydroxyl end-capped prepolymers by the
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Cyanate Crosslinking of Polyphenylenes
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addition of p-hydroxyacetophenone to the polymerization reaction. 7Two bis-
hvdroxy prepolymers with a relatively short chain length were prepared and
converted to the biscyanato phenylquinoline prepolymers by treatment with
excess cyanogen bromide in chloroform solution (Figure 8).

Different glass transition temperatures were observed for the cyanate
end-capped prepolymers, depending on the molecular weights. (Figure 7 and
8) The temperature at which the cyclotrimerization took place (exotherm) in-
creased with increasing molecular weight, suggesting that shorter polymer
chains were more mobile and contained a higher relative concentration of cya-
nate ends, thus increasing the probability of a termolecular collision. The
maximum in the exotherms ranged from 270-400°, but curing could be effected at
lover temperatures. Cyclotrimerization did not take place below the Tg of any
given sample. Generally the reaction could be carried out at 250-300° for 0.5-
1 hr; lower temperatures required longer reaction times. Films of the higher
molecular weight polyquinoline could be cured to afford a tough, transparent
yellow film.

The cured polymers showed an increase of the apparent Tg over those of the
corresponding biscyanato prepolymers. These values of Tg did not exceed those
of the parent polymers because of the copolymer effect70 induced by the pre-
sence 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° were shown to be caused by the loss
of cyanuric acid from the cross-linking sites. Hydrolytic stability of these
materials were very good in acidic or basic aqueous media, but complete degra-
dation of the cross-linking structures occurred in a strongly basic, swelling
solvent medium.

Thus, although the cyanate group provides an effective reaction site for
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Cyanate Crosslinking of Polyquinolines
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cross—-linking, the product c¢yanurate is not as thermally stable as the parent
polymers, it hydrolyzes in a solvent that is a good solvent for the parent
polymer and therefore will swell the resin, and it tends to lower the apparent
Tg as a result ot the copolymer effect. Measurements to examine the flow char-
acteristics of these polymers under load at elevated temperatures were not

made .
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