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ABSTRACT: Two different series of copolymers were prepared in one step by the reaction of
2,2'-dicyano-4,4’-diaminobiphenyl (DCB) with diamines. Two comonomers, 3,3'-dimethyl-4,4’-diami-
nobiphenyl (OTOL) and 4,4'-diaminodiphenyl ether (ODA) were used. Several copolymers were
obtained that were soluble in phenolic solvent. In the first series the intrinsic viscosities of the
copolymers ranged from 4.66 to 6.72 dL/g. The copolymers were spun into fibers directly from
their polymerization mixtures using dry-jet wet spinning process. The tensile strengths of the
fibers were between 1194 and 12.23 g/d and their moduli were between 780 and 877 g/d. In
the second copolymerization study, the intrinsic viscosities of the copolymers were between 2.18
and 4.02 dL/g. Fibers of the copolymers displayed tensile strengths as high as 9.1 g/d and moduli

as high as 230 g/d.

Introduction

Although aromatic polyimides are known for their
outstanding thermal stability and their excellent me-
chanical and electrical properties,'” their appli-
cations have been limited. This is due to their insol-
ubility which, combined with their high transition
temperatures, makes them extremely difficult to fab-
ricate. In fact, these polymers are processed in the
form of their polyamic acid (PAA) precusors, which
are then thermally or chemically converted to the
imide structure. Although this procedure is accept-
able for the formation of thin films and coatings,
the fabrication of fibers is complicated by the de-
gree of imidization, The PAA solutions are thermal-
ly and hydrolytically unstable and must be stored
and handled with care.

We have already reported on the synthesis and
characterization of copolyimides derived from 2.2'-
dicyano-4,4'-diaminobiphenyl (DCB) in a previous
paper.” In that paper DCB had been copolymerized
with various amount of 2,2"-bis(trifluoromethyl)-4,4'-
diaminobiphenyl (PFMB) and 3,3’ 4,4"-biphenyltetra-
carboxylic dianhydride (BPDA) in m-cresol and in
p-chlorophenol heated at reflex. Those copolyimides
had been spun into fibers directly from their p-ch-
lorophenol polymerization mixtures using a dry-jet
wet spinning process. Those fibers had shown ex-
cellent mechanical properties.

The objective of this research was also to prepare
soluble copolyimides containing pendent cyano
groups. Since the insolubility displayed by the DCB-
based homopolyimides had prevented them from
being used to prepare fibers in previous paper,? this
paper deals with another approach to improve the
solubility of cyano-substituted polyimide. The ran-
dom copolymerization approach was pursued in this
work because chain rigidity did not have to be sac-
rified to achieve solubility. The comonomers to be
investigated were 3,3'-dimethyl-4,4'-diaminobiphe-
nyl (OTOL) and 4,4’-diaminodiphenyl ether (ODA).
Thus, two different series of copolymers were pre-
pared. Any soluble copolymers obtained were spun
into fibers and their properties were evaluated.

Experimental

Instrumentation. Intrinsic viscosities were de-
termined with Cannon-Ubbelohde No. 150 and 200
viscometers. Flow times were recorded for p-chlo-
rophenol solutions with polymer concentrations of
approximately 0.5 g/dL at 30+ 0.1 € and 60% 0.1
C. Differential scanning calorimetry (DSC) were
performed in nitrogen with a heating rate of 20
C/min using a DuPont Model 9,900 thermal analy-
zer equipped with a differential scanning calorime-
try cell. Thermogravimetric analysis (TGA) were
obtained in nitrogen and in air with a DuPont Mo-
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del 951 thermogravimetric analyzer with a heating
rate of 10 /min. Thermomechanical analysis
(TMA) were performed in nitrogen using a heating
rate of 10 C/min and various stress levels with
a Dupont Model 2940 thermal mechanical analyzer
equipped with a thermal mechanical probe. Mechan-
ical properties were determined in air using a st
rain rate of 8X10"* s ! and a 22 mm long drawn
fiber at 25 C on a Rheometrics solid state analyzer
RSA 1L

Materials. The dianhydride 3,3'.4,4"-biphenylte-
tra-carboxylic dianhydride (BPDA) was obtained
from the Chriskev Corporation. The BPDA was
heated at 190 T under reduced pressure overnight
prior to use. The 3,3'-dimethyl-4,4’-diaminobiphenyl
(OTOL) was obtained from Aldrich Chemical Com-
pany. The OTOL was recrystallized twice from
ethanol after neutralization with sodium hydroxide.
The 4,4'-diaminodiphenyl ether (ODA) was subli-
med under reduced pressure prior use. The 2,2'-
dicyano-4,4'-diaminabiphenyl (DCB) had been syn-
thesized from the reaction of 2,2'-diiodo-4,4'-diami-
nobiphenyl and copper (I) cvanide® The p-chloro-
phenol was obtained from Aldrich Chemical Com-
pany and distilled under reduced pressure prior
to use.

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 (0.3000 g, 1.281 mmol),
OTOL (0.6344 g, 2988 mmol) and p-chlorophenol
(31.9 mL). After the solids were dissolved comple-
tely, BPDA (1.2560 g, 4.2689 mmol) was added. The
mixture was stirred 3 h at 45 C, and then heated
gradually to 210 C. Isoquinoline (10 drops) was ad-
ded at 200 C. The mixture was stirred and heated
at 210 C under nitrogen for 12 h. The water libera-
ted by the polycondensation was removed by distil-
lation. A portion of the solution was used for fiber
spinning. The remainder was diluted with p-chloro-
phenol (30 mL) and then poured into 700 mL of
methanol with stirring. The precipitate that formed
was collected by filtration, washed with methanol
and agitated in methanol in a blender. The poly-
imide was collected by filtration and dried under
reduced pressure at 90 C for 24 h.

Fiber Spinning and Drawing Processes.
Polyimide fibers were obtained from isotropic p-chlo-
rophenol solufions using a dry-jet wet spinning.
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-
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Figure 1. A schematic illustration of a dry-jet wet
spinning apparatus.

rectly from the polymerization, was placed in the
bomb. After the bomb was heated to 60~110 C
to afford a homogeneous solution, pressure was ap-
plied to the piston to force the dope solution
through the spinneret. The speed of the piston
movement was controlled by an Instron testing ma-
chine. The fibers were coagulated in a 1: 1 mixture
of water and ethanol and then taken up on a wheel.
The speed of the take-up wheel was controlied 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 80 at 420~460 C.

Results and Discussion

Polymer Syntheses and Properties. Copoly-
merization of DCB and OTOL with BPDA: In
another attempt to increase the solubility of DCB-
based polyimides, copolyimides 4a~d were pre-
pared according to Scheme L. The values for x and
y shown in Scheme [ represent the feed ratios of
2,2'-dicyano-4.4'-diaminobiphenyl (DCB) (1) to 3,3'-
dimethyl-4,4’-diaminobiphenyl (OTOL) (2) used in
the copolymerizations. Copolyimides 4a~c¢ remain-
ed in solution throughout the polvmerizations. How-
ever, copolyimide 4d, which was prepared from an
equal molar mixture of DCB and OTOL, was pre-
cipitated immediately after the addition of iso-
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Figure 2. Molecular simulation results with OTOL-ba-
sed polyimides.

quinoline.

In these copolymers the improvement in solubil-
ity resulted from the two methyl groups in the 3-
and 3'-positions of the OTOL moiety. These substi-
tutents strongly affect the conformation of a poly-
imide chain causing the substituted phenyl and
imide rings to deviate considerably from coplana-
rity. Although this effect was detected recently with
UV/Vis absorption experiments,®a molecular model-
ing simulation was conducted using Polygraf 3.1.
The simulation showed that the torsional angle be-
tween the substituted phenyl and imide rings in
the minimun energy conformation is 78° (Figure
2). It is to be noted that the torsional angle between
an unsubstituted phenyl and an imide ring is 41°.

The polymerization solutions of copolyimides 4
a~c were very viscous. In fact, they could not be
stirred when their solid concentrations were 10%
(w/w). Therefore, the copolymerizations were car-
ried out with 7~8% (w/w) solid concentrations.
The intrinsic viscosities of copolymers in p-chloro-
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Table 1. Copolymerization of DCB and OTOL with

BPDA
Molar ratio Monomer
Copolyimide °f Monomers concentration  [n1*
DCB OTOL (wt%) (dL/g)
4a 2 8 7 6.72
4b 3 7 8 5.68
4c 4 6 8 4.66
4d 5 5 9 P

¢ Intrinsic viscosity determined in p-chlorophenol at 60 T.
* Insoluble precipitate.

Table II. Thermal Properties of DCB/OTOL/
BPDA Copolyimides

Molar ratio
. .. of Monomers TGA“ T™MA
Copolyimide :
DCB OTOL N, Air T CTEC
4a 2 8 600 518 299 05
4b 3 7 607 522 291 06
4c 4 6 610 554 289 0.7

¢ 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 occur-
red with a heating rate of 10 T/min and a stress of
1 MPa.

* Coefficient of thermal expansion (X10 * T"'). The
CTE values were determined as the mean between
50 and 200 T.

“Could not be detedted with DSC.

phenol at 60 C ranged from 4.66 dL/g to 6.72 dL/g
(Table I).

The copolymers displayed excellent thermal and
thermooxidative stabilities (Table II). Their TGA
thermograms, which were obtained with a heating
rate of 10 C/min, showed 5% weight losses in air
between 518 and 554 C and in nitrogen between
600 and 610 C (Figures 3 and 4). As shown in Table
II, the thermal and thermooxidative stabilities of
copolymers increased as their DCB content increa-
sed. As with copolyimides prepared from DCB and
2,2'-bis(trifluoromethyl)-4,4'-diaminobiphenyl
(PFMB).? the T,s of the copolymers were impossible
to be detected with DSC. Thus, TMA of as-spun
fibers was used to determine their 7,s and their
CTEs. In order to relieve any stress that was incor-
porated in the fibers during the fiber processing,
all the as-spun fibers were annealed at 200 C for
24 h under reduced pressure prior to testing. TMA
thermograms of the fibers, which were obtained
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Figure 3. TGA themograms of copolyimides 4a~c
obtained in nitrogen with a heating rate of 10 C/min.
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Figure 4. TGA themograms of copolyimides 4a~c¢
obtained in air with a heating rate of 10 C/min.

with a heating rate of 10 C/min and a stress of
1 MPa, showed changes in slope, i.e., T}s, in nitro-
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Figure 5. TMA thermograms of copolyimides 4a~c

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

Table III. Preparation and Properties of Fibers
of 4

.. Dope Drawing . Fibers’
Copolyimide Temp. Temp.” Draw Denier ——————
(0 (©) ratio T/E/M
4a 80 420 40 240 11.94/1.36/877
4b 80 420 60 12.85 12.23/1.48/826
4c 80 420 60 270 12.20/1.56/780

“T=Tensile strength (g/d); E=Elongation (%); M=Mo-
dulus (g/d).

gen between 289 and 299 C (Figure 5). The copoly-
mers’ T,s increased as their OTOL content increa-
sed (Table II).

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 4a~c were between 0.5X10 ® and
0.7X10 ® C ! (Table II). The CTE coefficients de-
creased as the copolymers’ OTOL content increa-
sed. These results along with the T, results suggest
that the copolyimides having higher OTOL content
were more closely packed. The increase in packing
density may be associated with the facile rotation
about the bipheny!l linkage in the OTOL moiety.

Korea Polym. J.,, Vol. 3, No. 2. 1995
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Table 1V. Copolymerization of DCB and ODA with

BPDA
Molar ratio
. of monomers . Monomey

Copolymide =~ "> Concentration [n]*
DCB ODA (wt%) (dL/g)
6a 1 9 10 2.18
6b 2 8 10 4.02
6¢ 3 7 10¢ 297
6d 4 6 10 3.26
6e 5 5 10 P

“ Intrinsic viscosity determined in p-chlorophenol at 60 C.
* Intrinsic viscosity determined in p-chlorophenol at 30 C.
“Insoluble precipitate.

“This sample was not subjected to fiber spinning.

The copolyimides 4a~c¢ were spun into fibers
directly from their p-chlorophenol polymerization
mixtures using a dry-jet wet spinning process (Ta-
ble III). The fibers were coagulated in 2 1:1 mix-
ture of water and ethanol. The fibers were dried
under reduced pressure at 150 C, annealed at 420
C, and then drawn to draw ratios of 4.0 to 6.0 (Ta-
ble III). The fibers’ load and elongation at break
were measured on a Rheometrics solid state analy-
zer RSA II. A strain rate of 3X10 *s ' and a sam-
ple length of 22 mm were used. The tensile
strength was calculated from the load at break and
the fiber denier. The elongation at break was also
obtained from the stress-strain curve. The initial
modulus was calculated from the imtial slope of
the stress-strain curve and the denier of the fiber.
The tensile strengths of the fibers were between
1194 g/d and 1223 g/d (Table III). The moduli
were between 780 and 877 g/d.

Copolymerization of DCB and ODA with BPDA:
In the second attempt to increase the solubility of
DCB-based polyimides, DCB was copolymerized
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Table V. Thermal Properties of DCB/ODA/BPDA

Copolyimides
Molar ratio
C_OD%W- of monomers TGA" DSC TMA
imide
DCB ODA N, Air T T, T; CTE!

6a 1 9 596 576 255 NDr 285 33
6b 2 8 597 587 257 ND 235 40
6¢ 3 7 599 593 260 ND 295 29
6d 4 6 600 593 266 ND 274 3.0

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

* Half height in baselin shift on DSC thermogram obtained
with a heating rate of 20 C/min.

“ Temperature at wich 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.

4 Coefficient of thermal expansion (X 107° C!). The CTE
values were determined as the mean between 50 and
200 C.

“Could not be detected with DSC.

with various amounts of ODA (5) and BPDA (3)
in p-chlorophenol heated at reflux (Scheme II). The
values for x and y shown in Scheme II represent
the molar feed ratios of DCB (1) to ODA (5) used
in the copolymerizations. The polymerization mix-
tures were clear immediately after BPDA was ad-
ded to the solution of DCB and ODA. After 5 min,
the polymerization mixtures became turbid. This
turbidity remained for 2 h even though the temper-
ature was raised to 210 C. However, the polymeri-
zation mixtures of copolyimides 6a~d cleared after
this time and stayed clear throughout the remain-
der of the polymerizations. Only the polymerization
mixture of copolymer 6e remained turbid at 210
'C for 12 h. In this manner a series of soluble co-
polyimides (6a~d) was prepared (Table IV).

In these copolymers the improvement in solubil-
ity is due to the ether linkage between the two
phenyl rings of the ODA moiety. In ODA (5) the
angle of the ether linkage is about 120°, and the
angle between the aromatic rings in the preferred
conformation is about 20~30°. Thus, this unit im-
parts considerable flexibility to a polymer backbone,
which can lead to improved solubility. The copoly-
mers’ intrinsic viscosities in p-chlorophenol at 60

120°
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Figure 6. TGA themograms of copolyimides 6a~d
obtained in nitrogen with a heating rate of 10 C/min.
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Figure 7. TGA themograms of copolyimides 6a~d
obtained in air with a heating rate of 10 C/min.

C and 30 T ranged from 2.18 dL/g to 4.02 dL/g
(Table IV).
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Figure 8. DSC thermograms of copolyimides 6a~d
obtained in nitrogen with a heating rate of 20 C/min.

The copolymers 6a~d displayed excellent ther-
mal and thermooxidative stabilities (Table V). Their
TGA thermograms, which were obtained with a
heating rate of 10 C/min, showed 5% weight losses
in nitrogen between 596 and 600 C and in air be-
tween 576 and 598 C (Figures 6 and 7). As shown
in Table V, their thermal and thermooxidative sta-
bilities increased as their DCB (1) content increa-
sed. DSC was used to determine the copolymers’
T,s. DSC thermograms were obtained with a heat-
ing rate of 20 ‘C/min, after the samples were heat-
ed to 350 C and then rapidly quenched (Figure
8). The T,s of the copolyimides 6a~d ranged from
255 C to 266 C (Table V). The T,s increased as
their DCB content increased (Table V). It is postu-
lated that the 7, increase was in part due to the
fact that the polar cyano groups enhanced the
copolymers’ intermolecular interactions.” Since
ODA is more flexible than DCB, it can disrupt
chain packing more effectively. Thus, copolyimides
having higher molar ratio of ODA (5) contents
would also be expected to have more free volume
and, thus, a lower T,.

TMA of as-spun fibers and films was also used
to determine the T.s and CTEs. As-spun fibers of
copolyimides 6b and 6d and thin copolyimide films
6a and 6¢ were used. The TMA thermograms,

Korea Polym. J., Vol. 3, No. 2, 1995
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Figure 9. TMA thermograms of copolyimides 6a~d
obtained in nitrogen with a heating rate of 10 C/min
and an applied stress of 1 MPa.

Table VI. Preparation and Properties of Fibers

6
. Dope Drawing Fiber”
Copolymide Temp. Temp. raw
© () ratio T/E/M
6b 60 300 5.0 9.10/—/230
6d 60 300 3.0 5.20/— /100

¢ T=Tensile strength (g/d); E=Elongation (%); M=Mo-
dulus (g/d).

which were obtained with a heating rate of 10 C
/min and an applied stress of 1 MPa, showed dra-
matic changes in slope in nitrogen between 235 C
and 295 C (Figure 9). The T,s of copolyimide film
6a and 6¢ were higher than those of the fibers
of copolyimides 6b and 6d. This may be partially
due to differences in chain packing that occurred
during their processing.

The CTE values for 6a~d were between 2.9X
107% and 4.0X 1075 T~! (Table V). The CTE values
for fibers were higher than those for films. The

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

CTE coefficients obtained from fibers and films in-
creased as the copolymers’ ODA content increased.
This is direct evidence that that incorporation of
ODA in the copolymers resulted in more free
volume in the matrix.

The copolyimides 6b and 6d were spun into fi-
bers directly from their p-chlorophenol polymeriza-
tion mixtures using a dry-jet wet spinning process
(Table VI). The fibers were coagulated in a 1:1
mixture of water and ethanol. The fibers were
dried under reduced pressure at 150 C, annealed
at 300 C and then drawn to draw ratios of 3.0 to
5.0 (Table V). The tensile strengths of the fibers
of 6b and 6d were 9.1 g/d and 5.2 g/d. The moduli
were 230 and 100 g/d, respectively. These low val-
ues can be ascribed to the flexible unit of ODA
in the copolyimides.
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