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ABSTRACT: 2,2'-Dicyano-4,4'-diaminobiphenyl (DCB) has been synthesized from 2,2'-diiodo-4,4'-
diaminobiphenyl and copper (I) cyanide. The initial polymerizations of this monomer with commer-
cial dianhydrides in various solvents afforded insoluble materials. In order to improve the solubility,
the random copolymerizations with a comonomer, 2,2"-bis(trifluoromethyl)-4,4'-diaminobiphenyl
(PFMB), were carried out. Several copolymers, soluble in phenolic solvents, were obtained. Intrinsic
viscosities ranged from 3.58 to 4.62 dL/g. The fiber with the highest tensile strength (17.9 g/d)
was prepared from a copolymer obtained from a 1:9 molar ratio of DCB : PFMB.

Introduction

Aromatic polyimides are known for their excel-
lent chemical and solvent resistance and their out-
standing thermal stability."” Because of this unusual
combination of properties, they are widely used in
high temperature films, coatings, adhesives, and
molded parts. Recently, aromatic polyimides have
been under extensive development for composites,
thin films, and microelectronics due to their dimen-
sional stability and dielectric properties.” 7 This
combination of properties, however, makes them
essentially impossible to fabricate. Thus, they must
be processed in the form of their soluble polyamic
acid (PAA) precursors, which are subsequently imi-
dized in situ. Although this procedure is acceptable
for the formation of thin films and coatings, the
fabrication of fibers is complicated by the degree
of imidization. The PAA solutions are also unstable
and must be stored and handled with care.

The objective of this research was to prepare sol-
uble polyimides containing pendant cyano groups.
It was postulated that such polymers could be spun
into fibers that would display outstanding proper-
ties due to their strong intermolecular interactions.
This work began with the synthesis of the diamine
monomer, 2,2'-dicyano-4,4'-diaminobiphenyl (DCB).
The initial polymerizations of this monomer with
a variety of dianhydrides afforded insoluble mate-
rial. The insolubility displayed by the DCB-based
homopolyimides prevented them from being used
to prepare fibers. Thus, means were sought to make
them soluble. Harris and Lanier® reviewed approa-

ches to attain solubility in polyimides while main-
taining their desirable high performance characteri-
stics. The three principal ways to increase their
solubility are: (1) the incorporation of flexible or
non-symmetrical linkages;*!° (2) the introduction of
large polar or nonpolar substituents along the poly-
mer backbone;*'"'?? and (3) random copolymeriza-
tion of two dianhydrides or two diamines. The ran-
dom copolymerization approach was pursued in this
work because chain rigidity did not have to be sac-
rified to achieve solubility. The comonomer to be
investigated was 2,2"-bis(trifluoromethyl)-4,4'-diami-
nobiphenyl (PFMB). Thus, a series of copolymers
were prepared. Any soluble copolymers obtained
were spun into fibers and their properties were
evaluated.

Experimental

Instrumentation. Infrared (IR) spectra were ob-
tained with a Beckman FT-2100 Fourier transform
spectrophotometer. Solid samples were imbedded
in KBr disks. The IR spectra of the polymers were
obtained directly from their films. 'H-NMR spectra
were measured at 200 MHz on a Varian Gemini-200
spectrometer. Elemental analyses were perform-
ed by Gailbraith Laboratories, Knoxville, TN. All
melting points were determined on a Mel-Temp
melting point apparatus and were uncorrected.
HPLC analyses (Waters system) were performed
using a MicroPak CH-18 column (30 mmX4 mm)
in 70/30 (v./v.) acetonitrile/H,O with a diode array
detector. Intrinsic viscosities were determined with
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a Cannon-Ubbelohde viscometer. DSC analyses
were performed in nitrogen with a heating rate of
20 C/min using a DuPont Model 9900 thermal anal-
yzer. TGA analyses were obtained in nitrogen and
in air with a DuPont Model 951 thermogravimetric
analyzer with a heating rate of 10 C/min. TMA
analyses were performed in nitrogen using a heat-
ing rate of 10 C/min and a stress of 1 MPa with
a Dupont Model 2940 thermal mechanical analyzer.
Mechanical properties were determined in air using
a strain rate of 8X10°* s! and a 22 mm long
drawn fiber at 25 C on a Rheometrics solid state
analyzer RSA 1L

Reagents. 3,3',4,4'-Benzophenonetetracarboxylic
dianhydride (BTDA) (Chriskev Co.) was heated at
190 T under reduced pressure overnight. prior to
use. 3,3'4,4'-Biphenyltetra-carboxylic dianhydride
(BPDA) (Chriskev Co.) was heated at 190 C under
reduced pressure overnight. Ccpper (I) cyanide, 99
+% (Aldrich Chemical Co.) was used as received.
4,4'-Diaminodiphenyl ether (ODA) was sublimed
under reduced pressure before use. 3,3',4,4"-Diphe-
nylsulfonetetracarboxylic dianhydride (DSDA) (Mil-
liken Chemical Co.) was heated at 150 T under
reduced pressure overnight. 2,2'-Hexafluoroisopro-
pylidine bis(phthalic anhydride) (6FDA) (Hoechst
Celanese Corp.) was heated at 150 C under reduced
pressure overnight. 1-Iodo-3-nitrobenzene (Ald-
rich Chemical Co.) was used as received. 4,4'-Oxy-
diphthalic anhydride (ODPA) (Chriskev Co.) was
heated at 150 C under reduced pressure overnight.
Pyromellitic dianhydride (PMDA) (Chriskev Co.)
was sublimed under reduced pressure.

Solvents, p-Chlorophenol (Aldrich Chemical Co.)
was distilled under reduced pressure. m-Cresol
(Aldrich Chemical Co.) was distilled over P,Os un-
der reduced pressure. N,N-Dimethylacetamide
(DMAc) (Aldrich Chemical Co) was distilled over
P,0; under reduced pressure. N,N-Dimethylforma-
mide (DMF) was distilled under reduced pressure.
4-Methoxyphenol (Aldrich Chemical Co.) was distil-
led under reduced pressure. N-Methyl-2-pyrrolidi-
none (NMP) (Aldrich Chemical Co.) was distilled
over P;Os under reduced pressure prior to use.

Monomer Syntheses. Preparation of 3,3'-
Dibromoazoxybenzene (3): A three-necked, 1-L,
round-bottomed flask was equipped with a mechan-
ical stirrer, condenser and a nitrogen adaptor. Un-
der nitrogen the flask was charged with ethanol
(308 mL) and NaOH (106 g, 2.65 mol) and heated
at 70 C until most of the NaOH was dissolved.
Ethylene glycol (332 mL) and 1-bromo-3-nitroben-
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zene (50.0 g, 0.248 mol) were added, and the reac-
tion mixture was heated at reflux for 2 h. The
warm mixture was added to 2 L of ice water and
stirred for 30 min. The brown solid was collected
by filtration, and washed with 5 L of water. After
the brown solid was dissolved in acetone, the solu-
tion was dried over MgSO, and decolorized with
charcoal. The solvent was removed under reduced
pressure, and the residue was recrystallized and
dried at 50 T under reduced pressure to afford
37.0 g (77%) of a yellow powder: mp 114~115 T;
IR (KBr) 1417 (N=N stretching) and 1264 cm '
(N-O stretching); 'H-NMR (CDCly) & 7.2~8.5 ppm
(m, 8H, aromatic).

Preparation of 2,2'-Dibromo-4,4'-diaminobi-
phenyl (5): After the azoxy compound 3 (24.15 g,
0.6224 mol) was dissolved in tetrahydrofuran (150
mL), glacial acetic acid (210 mL) was added. Zinc
dust (16.8 g) was then slowly added. The addition
was regulated so that the resulting exotherm did
not heat the mixture above 40 C. After the addition
of zinc, 85% phosphoric acid (30 mL) was added
slowly over 20 min so that the mixture remained
below 55 . After stirring for 30 min, the reaction
mixture lightened to a pale yellow. It was then di-
luted with 450 mL of water and extracted twice
with 225 mL of CH,Cl,. After the zinc solids in
the organic phase were removed by filtration, the
liquid was added dropwise to 90 mL of concentra-
ted HCl at —5 . The addition took 30 min, during
which time the mixture was maintained below 0
C. The white paste was collected by filtration, wa-
shed with CH,Cl, and then dissolved in 1500 mL
of warm water. The solution was filtered, and the
clear filtrate was neutralized with ammonium hyd-
roxide to precipitate the product. The crude pro-
duct was sublimed under reduced pressure to yield
115 g (50%) of white needles: mp 151~152 C (lit."”
4 150~151.5 C); IR (KBr) 34153308 (NH,), 1227
(C-Br bending) and 660 cm ' (C-Br stretching); 'H-
NMR (CDCly) & 3.7 (s, 4H, NH,) and 6.6~7.0 ppm
(m, 6H, aromatic).

Preparation of 3,3'-Diiodoazoxybenzene 4):
The crude product was recrystallized from acetone,
and dried at 50 T under reduced pressure to afford
785 g (87%) of yellow powder: mp 118~119 C;
IR (KBr) 1412 (N=N stretching) and 1294 cm '
(N-O stretching); 'H-NMR (CDCly) & 7.1~8.7 ppm
(m, 8H, aromatic).

Preparation of 2,2'-Diiodo-4,4'-diaminobiphe-
nyl (6): The crude product was purified by recrys-
tallization from toluene to yield 15.1 g (52%) of pale
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needles: mp 170~171 T (lit.”® 167~ 168 T, lit*® 169
©); IR (KBr) 3411, 3305 (NH,), 1227 (C-1 bending)
and 643 cm™! (C-I stretching); 'H-NMR (CDCly) &
3.7 (s, 4H, NH;) and 6.7~6.9 ppm (m, 6H, aromatic).

Preparation of 2,2'-Dicyano-4,4'-diaminobiphe-
nyl (7): To a 100 mL, three-necked, round-bottom
flask -equipped with a mechanical stirrer, a reflux
condenser, and a nitrogen inlet were added 2,2'-
diiodo-4,4-diaminobiphenyl (5.00 g, 0.0115 mol), cu-
prous cyanide (3.71 g, 0.0414 mol) and NMP (115
mL). The reaction mixture was heated at reflux
for 4 h. The reaction was mildly exothermic. The
hot, dark reaction mixture was poured into a warm
solution of sodium cyanide (741 g) in water (22
mL). The resulting gray precipitate was collected
by filtration, washed twice with 10% aqueous so-
dium cyanide, and dried at 100 T under reduced
pressure. The solid was recrystallized from metha-
nol to yield 1.9 g (70%) of yellow needles: mp 295~
296 C; IR (KBr) 3476, 3377 (NH,) and 2222 c¢m '
(C=N); 'H-NMR (acetone-ds) & 54 (s, 4H, NH,)
and 7.0~7.3 ppm (m, 6H, aromatic).

Anal. Caled for CiyHyN,: C, 71.78%; H, 4.30%;
N, 23.92%.

Found: C, 7144%; H, 4.55%; N, 23.57%.

Homopolymerization. Typical One-Step Poly-
merization Procedure: To a 50 mL, four-neck, re-
sin kettle equipped with an overhead stirrer and
a nitrogen inlet were added 2,2’-dicyano-4,4'-diami-
nobiphenyl (DCB) (0.500 g, 2.13 mmol) and p-chlo-
rophenol (7.8 mL). After the DCB was dissolved
completely, 3,3'.4,4"-biphenyltetracarboxylic dianhy-
dride (BPDA) (0.6279 g, 2.134 mmol) was added
(solids content 10% w/w). The reaction mixture was
stirred for 3 h at 45 C and then heated gradually
under nitrogen to 210 C. Isoquinoline (10 drops)
was added at 190 C. The mixture was stirred and
heated at 210 C for an additional 12 h. The water
liberated by the polycondensation was removed by
distillation. The polymer was isolated by precipita-
tion in methanol with stirring. The precipitate that
formed was collected by filtration, washed with me-
thanol and agitated in methanol in a blender. The
polyimide was collected by filtration and dried un-
der reduced pressure at 9 C for 24 h.

Typical Two-Step Polymerization Procedure:
BPDA (0.6279 g, 2.134 mmol) was added to a stirred
solution of DCB (0.4999 g, 2.134 mmol) in NMP
(solids content 10% w/w) under nitrogen at room
temperature. After the solution was stirred for 24
h, pyridine (0.36 mL, 4.5 mmol) and acetic anhyd-
ride (0.42 mL, 4.5 mmol) were added. The resulting
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Figure 1. A schematic illustration of a dry-jet wet
spinning apparatus.

solution was stirred for an additional 24 h at room
temperature.

Typical Copolymerization: A four-necked, 50
mL, resin kettle equipped with an overhead stirrer
and a nitrogen inlet was purged with dry nitrogen
and charged with DCB (0.1000 g, 0.4269 mmol),
PFMB (1.2303 g, 3.8420 mmol) and p-chlorophenol
(23.38 g, 17.8 mL). After the solids had dissolved
completely, BPDA (1.2560 g, 4.2689 mmol) was add-
ed. The mixture was stirred for 3 h at 38 C, and
then heated gradually to 210 . Isoquinoline (10
drops) was added at 190 C. The mixture was stir-
red and heated at 210 T under nitrogen for 12
h. The water liberated by the polycondensation was
removed by distillation. A portion of the solution
was used for fiber spinning. The remainder was
diluted with p-chlorophenol (30 mL) and then pour-
ed into 700 mL of methanol with stiefinge#he pre-
cipitate that formed was collected by filtration, wa-
shed with methanol and agitated in methanol in
a blender. The polyimide was collected by filtration
and dried under reduced pressure at 90 C for 24
h.

Fiber Spinning and Drawing Processes. Iso-
tropic p-chlorophenol solutions were spun into poly-
imide fibers using a dry-jet wet spinning apparatus.
A schematic drawing of the spinning apparatus is
shown in Figure 1. The polyimide dope, which con-
tained 7~10% (w/w) solids and was obtained di-
rectly from the polymerization, was placed in the
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Scheme 1
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bomb. After the bomb was heated to 60~110 C
to afford a homogeneous solutior, pressure was ap-
plied to the piston to force the dope solution th-
rough the spinneret. The speed of the piston move-
ment was controlled by an Instron testing machine.
The fibers were coagulated in a 1:1 mixture of wa-
ter and ethanol and then taken up on a wheel. The
speed of the take-up wheel was controlled by a
variable-speed motor. The fibers were immersed
in ethanol for 3 h in order to extract residue p-
chlorophenol. The fibers were then dried under re-
duced pressure at 150 C for 5 h and then drawn
to a draw ratio of 6.0 to 8.0 at 420—460 C.

Results and Discussion

Monomer Syntheses. The synthesis of 2,2"-di-
cyano-4,4’-diaminobiphenyl (DCB) (7) was carried
out according to Scheme I. Thus, 3,3'-diiodoazoxy-
benzene (4) was obtained in 87% yield from 3-iodo-
1-nitrobenzene (2). Compound 4 was reduced to
2,2'-diiodo-4,4'-diaminobipheny! (6) by the descri-
bed procedure.® Compound 6 was converted to
DCB (7) by treatment with copper (I) cyanide. This
reaction involves complexation of copper with the
aryl halide prior to displacement. Excess aqueous
sodium cyanide was used to destroy the complex
and liberate the nitrile.!” The yield of 7 from 2,2'-
dibromo-4,4’-diaminobiphenyl (5), which was prepa-
red by a similar route to that used for 6, was low
(<30%) compared to that from 6 (70%). The HPLC
chromatograph and UV spectrurn of 7 is shown in
Figure 2. The 'H-NMR spectrum of 7 is also shown
in Figure 3. The IR spectrum of 7 is shown in
Figure 4. The 22’-bis(trifluoromethyl)-4,4"-diamino-
biphenyl(PFMB) was synthesized from 2-bromo-5-
nitrobenzotrifluoride by the described procedure."
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Figure 2. HPLC chromatograph and UV spectrum of
DCB (7).
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Figure 3. 'H-NMR spectrum (acetone-ds) of DCB (7).

~

Polymer Syntheses and Properties. Polymer-
ization of DCB and Aromatic Dianhydrides: DCB
(7) was polymerized with several aromatic dianhy-
drides, i.e., BPDA (8), BTDA (9), ODPA (10), 6FDA
(11), and DSDA (12). The polymerizations were
carried out by the one-step method in m-cresol,
NMP, p-chlorophenol, and p-methoxyphenol, contai-
ning a catalytic amount of isoquinoline. The solids
concentration ranged from 5 to 10% (w/w) (Scheme
ID). The solvents were heated at reflux so that the
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Figure 4. IR spectrum (KBr) of DCB (7).

PAAs spontaneously cyclized to the corresponding
polyimides (13~17). The water of imidization was
allowed to be distilled frora the reaction mixtures.
These conditions had been used previously for suc-
cessful polymerizations of PFMB with 3,6-diphenyl-
pyromellitic dianhydride™ and with BPDA."*% In
the polymerizations with DCB, however, polymers
13~15 and 17 were precipitated within a few mi-
nutes after the addition of isoquinoline (Table I).
The solubility of polyimides is usually related to

Table 1. Polymerization of DCB

of Cyano-Substituted Polyimides. I

Scheme 11
0 9
Pog [ . g
VARNVARN ANOA
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7 + O\C/ \C/O N\C/Iu‘\)q
" | i G
o ) N o o dn
8-12 13-17
Q
8 9 10
CF3 Q
c $
11 12

chain flexibility?! and the size and polarity of pen-
dent groups.®® As the flexibility of the polymer
backbone increases, the solubility generally increa-
ses. Large or bulky groups result in loosely packed
chains and, thus, decrease intermolecular interac-
tions. Large polar groups normally enhance poly-
mer-solvent interactions. In the case of the DCB-
based polyimides, the small cyano groups most li-
kely did not hinder chain packing and, in fact, pro-
bably increased the degree of intermolecular inte-
ractions.

The only DCB-based polyimide that remained in
solution was polymer 16, which was prepared from
6FDA (11). 6FDA-derived polyimides are in gen-
eral quite soluble.” The intrinsic viscosity of poly-
imide 16, however, was only 1.17 dL/g. Thus, DCB
was not as reactive as PFMB, which afforded poly-

with Aromatic Dianhydrides (DA)

Monomer [nJe
Polyimide DA Solvent Concentration Method ( d}], J9)

(Wt%) g
13a BPDA m-cresol 10 One-step P
13b BPDA NMP 10 One-step IP
13c¢ BPDA NMP 5 One-step 1P

13d BPDA NMP 10 Thermal Film
13e BPDA NMP 10 Chemical 1P
13f BPDA p-chlorophenol 10 One-step IP
13g BPDA p-methoxyphenol 10 One-step P
13h BPDA DMF 10 Chemical IP
14 BTDA m-cresol 10 One-step P
15 ODPA m-cresol 10 One-step IP

16 6FDA m-cresol 10 One-step 1.17
17a DSDA m-cresol 10 One-step 1P
17b DSDA NMP 10 One-step iP

“ Intrinsic viscosity determined in m-cresol at 30 C.
" Insoluble precipitate.

Korea Polym. J.. Vol. 3, No. 2, 1995
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Table II. Thermal Propertics of Polyimides 13

and 16
. TGA® DSC
Polyimide -
N Air 7, T,
13 606 596 ND? ND
16 537 522 ND ND

¢ Temperature at which 5% weight loss occurred with
a heating rate of 10 T/min.
®Could not be detected with DSC.

110
1 T T=IInoommmeeee N
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\
oo ﬁ
\
\
\
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-
=
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10 T T Y
[ 200 400 600

Temperature (C)

Figure 5. TGA themograms of polyimides 13d obtai-
ned in nitrogen and in air with a heating rate of 10
‘C/min.

mers with intrinsic viscosities as high as 1.99 dL/g
in polymerizations with 6FDA (11) under similar
conditions.’® Since cyano groups are very strong
electron-withdrawing substituents,”® the decreased
reactivity may be ascribed tc electronic effects.
DCB was also polymerized with the dianhydrides
using the two-step method. In this procedure the
monomers were polymerized in NMP at room tem-
perature for 24 h to afford PAAs before being cycli-
zed by chemical and thermal methods to the corre-
sponding polyimides (Table I). A polyimide film (13
d) prepared by the thermal imidization of the PAA
obtained from DCB and BPDA was very brittle, in-
dicating that the molecular weight of the starting
PAA was not high® The low molecular weight was
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Figure 6. TGA themograms of polyimides 16 obtained
in nitrogen and in air with a heating rate of 10 C/min.
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most likely due to the low reactivity of DCB. The
polyimides 13 and 16 displayed excellent ther-
mooxidative and thermal stabilities (Table II). Their
thermogravimetric analysis (TGA) thermograms,
which were obtained with a heating rate of 10 C
/min, showed 5% weight losses at 537~606 C in
nitrogen and 522~596 C in air (Figures 5 and 6).
The glass transition temperatures (7,s) of the poly-
imides were not detected with DSC analysis.
Copolymerization of DCB and PFMB with

Korea Polym. J., Vol. 3, No. 2, 1995
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Table III. Copolymerization of DCB and PFMB with BPDA

Molar Ratio Monomer .
Copolyimide of Monomers Solvent Concentration (gE} )
DCB PFMB (wt%) s
19a 1 9 m-cresol 10 HS
1 9 p-chlorophenol 10 4.62
19b 2 8 p-chlorophenol 9 4.20
19¢ 3 7 m-cresol 10 IP
3 7 p-chlorophenol 8 4.09
19d 4 6 p-chlorophenol 8 3.64
19e 5 5 p-chlorophenol 7 3.58¢
19f 6 4 p-chlorophenol 8 P
“ Intrinsic viscosity determined in p-chlorophenol at 60 T.
" Homogeneous solution. This sample was not subjected to fiber spinning
“Insoluble precipitate.
“Intrinsic viscosity determined in p-chlorophenol at 30 C.
Table IV. Thermal Properties of DCB/PFMB/BPDA Copolyimides
o Molar Ratio of Monomers TGA“ ™A
Copolyimide
DCB PFMB N, Air T, CTE*
19a 1 9 601 599 251 19
19b 2 8 603 602 272 1.2
19c 3 7 604 603 274 1.0
19d 4 6 607 605 274 1.0
19e 5 5 607 606 277 0.9

“ Temperature at which 5% weight loss occurred with a heating rate of 10 C/min.

* Temperature at which a change in slope of a plot of fiber dimensional change versus temperature occurred
with a heating rate of 10 C/min and a stress of 1 Mpa.

“ Coefficient of thermal expansion (X10 ®* C '). The CTE values were determined as the mean between 50

and 200 C.
“Could not be detected with DSC.

BPDA: DCB was copolymerized with various
amount of PFMB (18) and BPDA (8) in m-cresol
and in p-chlorophenol heated at reflux (Scheme III).
Both solvents contained a catalytic amount of iso-
quinoline. The solids concentration was varied from
8 to 10% (w/w) (Table III). Copolyimide 19a remain-
ed in solution throughout its preparation in both
m-cresol and p-chlorophenol. Copolyimide 19c,
however, which was prepared from a 3:7 molar
ratio of DCB : PFMB, was precipitated shortly after
the addition of isoquinoline in m-cresol. This
copolyimide remained in solution when it was pre-
pared in p-chlorophenol. Copolyimides 19d and
19e also remained in p-chlorophenol during their
preparation. However, copolyimide 19f, which was
prepared from a 6:4 molar ratio of DCB : PFMB,
was precipitated in p-chlorophenol. The intrinsic
viscosities of copolyimides 19a-e ranged from 3.58

Korea Polym. J., Vol. 3, No. 2, 1995

to 462 dL/g in p-chlorophenol at 30 C and 60 C
(Table III).

The copolymers 19a-e displayed excellent ther-
mal and thermooxidative stabilities (Table IV).
Their TGA thermograms, which were obtained with
a heating rate of 10 C/min, showed 5% weight loss-
es in nitrogen between 601 and 607 C and in air
between 599 and 606 C (Figures 7 and 8). As
shown in Table IV, the copolymers’ thermal and
thermooxidative stabilities increased as their DCB
(7) content increased. The T,s of the copolyimides
were impossible to be detected with DSC. Thus,
TMA of as-spun fibers was used to determine 7,’s
and linear coefficients of thermal expansion (CTE).
In this procedure a single fiber was mounted be-
tween two vertical clamps and a 1 MPa stress was
applied. The elongation of the sample as a function
of temperature was then recorded (Figure 9). The
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Figure 7. TGA themograms of copolyimides 19a~e
obtained in nitrogen with a heating rate of 10 C/min.
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Figure 8. TGA themograms of copolyimides 19a~e
obtained in air with a heating rate of 10 C/min.

CTE values were taken as the mean slope of this
plot between 50 and 200 C. The T,’s were taken
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Figure 9. TMA thermograms of copolyimides 19a~e

obtained in nitrogen with a heating rate of 10 T and
an applied stress of 1 MPa.

as the onset temperature at which a dramatic
change in slope occurred. The copolymers’ 7,'s in-
creased as their DCB content increased (Table IV).
It is postulated that the 7, increase was in part
due to the fact that the polar cyano groups enhan-
ced the copolymers’ intermolecular interactions.®
Since the trifluoromethyl group is larger than the
cyano group,”* it can disrupt chain packing more
effectively. Thus, copolyimides having higher molar
rat‘'o of PFMB (18) contents would also be expect-
ed to have more free volume and, thus, a lower
T..
CTE coefficients, which are associated with the
rigidity and linearity of a polymer chain®* can
also provide information on molecular packing. The
CTE values for 19a~e were between 0.9X10 °
and 1.9X10 ° T ' (Table IV). The CTE coefficients
increased as the copolymers’ PFMB content in-
creased. This results indicate that the incorporation
of PFMB in the copolymers resulted in more free
volume in the matrix.

Polymer solubility can also be related to molecu-
lar packing. In general, the copolymers became
more soluble as their PFMB content increased.
This effect could also be seen with homopolymers.
The homopolymer of DCB and BPDA was insoluble
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Table V. Preparation and Properties of Fibers of 19

Dope Drawing Fi a

Copolyimide Temp. Temp. Drgw Denier ibers

) ) ratio T/E/M
19a 60 420 7.0 10.14 17.89/2.28/785
19b 110 420 8.0 15.40 11.89/1.70/699
19¢ 80 430 6.5 13.25 10.80/1.48/729
19d 80 430 6.0 10.45 14.40/1.77/813
19e 80 440 6.0 10.02 12.25/1.60/765

«T=Tenacity (g/d); E=Elongation (%); M=Modulus (g/d).

in phenolic solvents, while the homopolymer of
PFMB and BPDA was soluble in m-cresol.”

The copolyimides 19a~e were spun into fibers
directly from their p-chlorophenol polymerization
mixtures using a dry-jet wet spinning process (Ta-
ble V). The fibers were coagulated in a 1:1 mix-
ture of water and ethanol. The fibers were dried
under reduced pressure at 150 C, annealed at 420
T to 460 T, and then drawn to draw ratios of 6.0
to 80 (Table V). The fibers' load and elongation
at break were measured on a Rheometrics solid
state analyzer RSA II. A strain rate of 8X10 ' s !
and a sample length of 22 mm were used. The
tensile strength was calculated from the load at
break and the fiber's denier. The elongation at
break was also obtained from the stress-strain
curve. The initial modulus was calculated from the
initial slope of stress-strain curve and the denier
of the fiber. The tensile strengths of the fibers were
between 10.80 g/d and 17.89 g/d (Table V). The
highest tensile strength (17.89 g/d) was obtained
with the fiber of 19a.
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