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ABSTRACT: A series of fluorine-containing copolyimides were synthesized by three
different orders of addition of monomers. The fluorine-containing copolyimides were
prepared by the reaction of 4,4’-diaminodiphenylmethane (DDM) with 2,2'-bis(3,4-
dicarboxyphenyl) hexafluoropropane dianhydride (6FDA), and pyromellitic dianhy-
dride (PMDA). The synthesis reactions of the copoly(amic acid)s (PA) were carried out
by three different orders of addition of the monomers with different molar ratios of
6FDA to PMDA. The viscosity of the PA solution obtained by DDM—(6FDA+PMDA),
that is, 6FDA and PMDA added simultaneously to DDM in N-methyl-2-pyrrolidinone
(NMP), was higher than the other two addition orders (i.e., DDM-6FDA-PMDA and
DDM-PMDA-6FDA). The viscosity decreased as the relative amount of 6FDA to
PMDA increased. The copolyimides formed by different addition orders but the same
6FDA-to-PMDA molar ratios contained different properties, such as dielectric constant,
moisture absorption, contact angle, and optical transparency. All of these copolyimides
were insoluble in common organic solvents, such as NMP and tetrahydrofuran. Ther-
mogravimetric analysis showed that the onset temperature of 8% weight loss decreased
slightly as [6FDA] : [PMDA] increased. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77:
3252-3258, 2000
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INTRODUCTION

Polyimides play an important role in modern,
very large scale integrated circuit manufacturing
and packaging. They possess a combination of
properties, such as thermal stability, step cover-
age, processability, and resistivity, that are not
available from other organic or inorganic materi-
als.’ Thus, polyimides are used increasingly by

Correspondence to: T.-M. Ko (chekotm@nus.edu.sg).

Journal of Applied Polymer Science, Vol. 77, 3252-3258 (2000)
© 2000 John Wiley & Sons, Inc.

3252

the electronic industry as the interlayer dielec-
trics, passivation, and protective coatings in the
integrated circuit fabrication. However, the com-
mercially available polyimides have some disad-
vantages, such as low optical transparency, high
dielectric constant, and high moisture absorption.
Considerable attention has been devoted to the
preparation of fluorine-containing polyimides be-
cause of their unique properties and high temper-
ature performance. The incorporation of fluorine
into the polyimide structures has been explored
intensively in the past decade in order to fine-
tune several properties for a particular interest.
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Many new fluorine-containing monomers have
been used to prepare new fluorinated polyim-
ides.?™® In addition, most work has concentrated
on the incorporation of hexafluoroisopropylidene
moieties (6F) into the polyimide structures, be-
cause significant property enhancements have
been realized with the 6F functional groups,
whereas other fluorinated monomers are not com-
mercially available and are relatively difficult
and expensive to synthesize. Fluorine incorpora-
tion has been found to generally lower the dielec-
tric constant and moisture absorption so that de-
sirable changes to optical properties and thermal
stability are achieved in some cases. However,
these new types of fluorinated polyimides gener-
ally have problems for interlayer insulation, such
as poor solvent resistance and delamination be-
tween polyimide layers.

In order to remedy the disadvantages and to
retain the advantages, copolymerization of poly-
imides was investigated. Several copolyimides
were prepared by random, block, and alternating
copolymerization techniques using either a di-
amine and two different dianhydrides or a dianhy-
dride and two different diamines.'®2! However,
most researchers only utilized a single order of
addition of the monomers in the copolymerization
reactions when they prepared for the different
series of fluorine-containing copolyimides. Ac-
cording to Lee and coworkers,??23 the microstruc-
tures of the reaction products could be very com-
plicated because of the differences in reactivity
between organic diamines and siloxane diamines
and different reaction schemes used for the poly-
condensation reactions of these monomers. In co-
polymerization reactions, the orders of addition of
the monomers are in fact very important. In this
study, fluorinated copolyimides were synthesized
with different additional orders and different rel-
ative amounts of 6FDA and PMDA. In addition,
the properties of these copolyimides were investi-
gated.

MATERIALS AND METHODS

Syntheses of Homopolyimides and Copolyimides

Figure 1 illustrates the chemical structures of the
monomers that were used in the syntheses of the
homopolyimides and copolyimides. Pyromellitic
dianhydride (PMDA; 1,2,4,5-benzenetetracar-
boxylic anhydride) obtained from the Shanghai
Chemical Reagents Purchasing Station was sub-
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Figure 1 The chemical structures of (a) 4,4’-diami-
nodiphenylmethane (DDM), (b) 2,2'-bis(3,4-dicarboxy-
phenyl) hexafluoropropane dianhydride (6FDA), and (c)
pyromellitic dianhydride (PMDA).

limed before use. 2,2'-Bis(3,4-dicarboxyphenyl)
hexafluoropropane (6FDA) and 4,4'-diaminodi-
phenylmethane (DDM; 4,4'-methylenedianiline)
obtained from the Aldrich Chemical Company
(Milwaukee, WI) were used without further puri-
fication. N-methyl-2-pyrrolidinone (NMP) ob-
tained from the BASF Company (Carrollton, TX)
was also used without purification.

The poly(amic acid)s (PA) were prepared in a
three-necked flask with vigorous agitation by a
magnetic stirring bar. For the homopolyimides,
0.0104 mol of the dianhydride (either PMDA or
6FDA) was added to 40 mL of NMP solution con-
taining 0.0100 mol of DDM. For the copolyimides,
three different addition orders were selected to
form three different series of copolyimides:

1. DDM-6FDA-PMDA: A calculated amount
of 6FDA was added to a solution of DDM in



3254 REN ET AL.

NMP and was reacted for 1 h. Afterward, a
calculated amount of PMDA was added.

2. DDM—(6FDA+PMDA): Calculated amounts
of 6FDA and PMDA were added simulta-
neously to a solution of DDM in NMP.

3. DDM-PMDA-6FDA: A calculated amount
of PMDA was added to a solution of DDM in
NMP and was reacted for 1 h. Afterward, a
calculated amount of 6FDA was added.

In the copolymerization reactions, the relative
amounts of 6FDA and PMDA were not constant but
the molar ratios of the total amounts of dianhy-
drides ([PMDA] + [6FDA]) to the diamine ([DDM])
were fixed at 1.04 : 1.00. The temperature was held
at 30°C for 6 h in all cases. Thermal imidization was
carried out by casting the PA solutions onto the
glass plates and placing them in a vacuum oven.
Then they were heated at 80°C for 3 h and sequen-
tially heated at 100, 120, 150, and 200°C for 1 h in
each heating step. Finally, the samples were cured
at 300°C for 1 h in a convection oven under N, flow.
The films synthesized were tough, transparent, and
yellowish in appearance.

Measurements of Properties

Intrinsic viscosity measurement was performed
to determine the relative molecular weights of PA
in NMP solutions at a concentration of 0.5 g/dL. A
Cannon-Ubbelohde viscometer was used at a bath
temperature of 30°C. Fourier transform infrared
(FTIR) spectra were collected with a Perkin-
Elmer 1700 IR spectrometer (Norwalk, CT). Ther-
mogravimetric diagrams were obtained with a
thermogravimetric analyzer (Model 1090; Du-
Pont, Wilmington, DE) at a heating rate of 10°C/
min in N,. The dielectric constants of the polyim-
ide films were obtained by measuring their capac-
itances with GenRad Precision RLC Digibridge
Model 1689 (Concord, MA), equipped with
2.54-cm circular gold electrodes mounted in a
brass dielectric cell at 25°C, 1 kHz, and 50% rel-
ative humidity.3

The optical transparency of the films was mea-
sured by Shanghai No. 3 Optical Instruments
WGW Photoelectricity Diaphanometer with CIE
Standard Illumination Source C. In the water
absorption tests, the polyimide films were cut into
20 X 20-mm samples. The samples were dried at
105°C for 1 h and weighed. Afterward, they were
kept in deionized distilled water at 25°C for 24 h
and weighed again. Contact angle was measured
using Xie-He CA-A contact angle instrument with

doubly deionized distilled water as the reference
liquid. The solubility of polyimides was tested by
immersing 2 wt % of the films in solvents and
stored in small capped glass vials for 1 day.

RESULTS AND DISCUSSION

The viscosity of the PA solutions is affected by the
purity of the monomers and solvents, tempera-
ture, and moisture content. Bower and Frost?*
found that the order of addition of the monomers
was an important factor for the extent of polymer-
ization. Addition of a diamine to a PMDA solution
produced a lower molecular weight PA solution
than when it was prepared in the reverse order of
addition. However, Volksen and Cotts?® stated
that monomer concentration and addition se-
quence had no effect on the molecular weight of
the PA solutions when they were prepared from
highly purified PMDA and 4,4’-oxydianiline in
freshly distilled NMP with the exclusion of atmo-
spheric moisture.'® Lee et al.?*?? concluded that
the microstructures of the resulting products
were different when different orders of addition
were used for the polycondensation reactions of
DDM with 6FDA and PMDA, because of the
structural differences of 6FDA and PMDA. In co-
polymerization, the order of addition of the mono-
mers and comonomers is very important because
there is a significant difference in the reactivity
between 6FDA and PMDA. The number-averaged
molecular weights of the copolymers and the ex-
tents of copolymerization reactions are mainly
dependent on the molar ratios of diamines and
dianhydrides existent at the instants of the co-
polycondensation reactions. Because the different
orders of addition of the monomers give rise to
different diamine-to-dianhydride molar ratios for
the same reaction time, the extents of reactions as
well as the molecular weights and microstruc-
tures of the copolyimides in the corresponding
systems are thus different.

In this study, DDM was reacted with different
quantities of dianhydrides (6FDA and/or PMDA)
in the first hour. Consequently, the extents of
polymerization and side reactions were different,
and the molecular chains would have different
binding patterns and terminal groups in each
case. As a result, the different nature of the mo-
lecular chains formed in the first hour would lead
eventually to differences in the overall extents of
reactions and molecular weights.?® As shown in
Figure 2, the intrinsic viscosities of PA solutions
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Figure 2 Effect of the molar ratio of 6FDA to DDM
on the viscosity of the copoly(amic acid)s. Since
([6FDA]+[PMDA])/[DDM] = 1.04 for all cases, the mo-
lar ratio of 6FDA to DDM was inversely proportional to
the molar ratio of PMDA to DDM. Therefore, an in-
crease of [6FDA]/[DDM] equivalently represents an in-
crease of [6FDA]/[PMDA].

obtained by different addition orders were differ-
ent. The intrinsic viscosities of the PA solutions of
DDM—(6FDA+PMDA) were higher than those of
the other two series of copolyimides. Because the
molar ratios of diamines to dianhydrides in
DDM—(6FDA+PMDA) were much closer to 1 : 1
than those of the other two series when the syn-
thesis reactions began, the copolymerization in
DDM—(6FDA+PMDA) could proceed to yield com-
paratively high-molecular-weight PA solutions,
and the side reactions were relatively suppressed.
Moreover, in all cases, the intrinsic viscosity de-
creased with the increase of the molar ratio of
6FDA to PMDA. The influences of 6FDA’s molec-
ular-chain structure on the copolymerization re-
actions as well as the molecular weights and vis-
cosities of the resulting copolymers are still under
investigation.

The PA was imidized via the conventional ther-
mal route. A final curing temperature of 300°C
was necessary for the removal of residual solvents
and to ensure complete cyclization. Complete cy-
clodehydration by thermal imidization method
was confirmed by the appearance of the charac-
teristic imide-related IR absorption bands in
1770-1780 and 1710-1735 cm™ ! as well as the
disappearance of the amic acid band at 1535
cm ! FTIR also was used to characterize the
structures of the copolyimides. In Figure 3, there
is a new band centered at 1258 cm ! that could be
attributed to the —CF; moiety in the copolyimides.
It is clear that 6FDA was incorporated into the
polymers.

The thermal properties of homopolyimides and
copolyimides were studied by thermogravimetric
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DDM-(30%6FDA+70%PMDA)
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Figure 3 FTIR spectra of the DDM-PMDA homopoly-
imide and various fluorine-containing copolyimides.

analysis (TGA). In Figure 4, the initial weight
losses from 25 to 130°C were due to solvent evap-
oration. The onset temperatures of 8% weight loss
for DDM-PMDA, DDM-20%6FDA-80%PMDA,
DDM-40%6FDA-60%PMDA, and DDM-6FDA
were 564, 559, 549, and 542°C, respectively.
Therefore, the DDM-PMDA homopolyimide film
indicated higher thermal stability than all of the
fluorine-containing homopolyimides and copoly-
imide films. In addition, the onset temperature of
8% weight loss decreased slightly as the molar
ratio of 6FDA to PMDA increased.
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Figure 4 Thermogravimetric spectra for (a) DDM—
PMDA, (b) DDM-20%6FDA-80%PMDA, (¢) DDM-
40%6FDA-60%PMDA, and (d) DDM-6FDA.
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Figure 5 Effect of the molar ratio of 6FDA to DDM on
the dielectric constant of the copolyimides. Since
([6FDA]+[PMDA])/[DDM] = 1.04 for all cases, the mo-
lar ratio of 6FDA to DDM was inversely proportional to
the molar ratio of PMDA to DDM. Therefore, an in-
crease of [6FDA]/[DDM] equivalently represents an in-
crease of [6FDA]/[PMDA].

The dielectric constant of the homopolyimide
prepared from PMDA and DDM was found to be
3.83 and that of 6FDA and DDM was 2.68. Figure
5 shows the dielectric constants of the three series
of copolyimides. The copolyimides of different ad-
dition orders gave rise to different dielectric con-
stants, even though they were produced from the
same molar ratios of 6FDA to PMDA. The dielec-
tric constants of DDM—(6FDA+PMDA) copolyim-
ides were the highest in the three different series
of copolyimides. Because the dielectric constant is
dependent on the polarizability of the medium, it
is affected by the molecular weight, microstruc-
ture, and physical state of the material. In these
experiments, the different addition orders would
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Figure 6 Effect of the molar ratio of 6FDA to DDM
on the contact angle of the copolyimides. Since
([6FDA]+[PMDA])/[DDM] = 1.04 for all cases, the mo-
lar ratio of 6FDA to DDM was inversely proportional to
the molar ratio of PMDA to DDM. Therefore, an in-
crease of [6FDA]/[DDM] equivalently represents an in-
crease of [6FDA]/[PMDA].
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Figure 7 Effect of the molar ratio of 6FDA to DDM on
the water absorption of the copolyimides. Since
([6FDA]+[PMDA])/[DDM] = 1.04 for all cases, the mo-
lar ratio of 6FDA to DDM was inversely proportional to
the molar ratio of PMDA to DDM. Therefore, an in-
crease of [6FDA]/[DDM] equivalently represents an in-
crease of [6FDA]/[PMDA].

produce copolyimides of very different microstruc-
tures and segmental sequences. In the DDM-
(6FDA+PMDA) series of copolyimides, 6FDA and
PMDA were well mixed before they were added
simultaneously into the DDM solutions. As a re-
sult, 6FDA segments in DDM—-(6FDA+PMDA)
were much more randomly distributed in the co-
polyimide molecular chains than in DDM-6FDA—
PMDA and DDM-PMDA-6FDA, because in the
latter two systems DDM was reacted with either
6FDA or PMDA alone for an hour before the other
component was added. Because of the different
microstructures formed by the different addition
orders, the copolyimides would have different di-
electric constants even though they were pro-
duced from the same 6FDA-PMDA molar ratios.
Furthermore, Figure 5 shows that the dielectric
constants of all copolyimides decreased as [6FDA]
: [PMDA] increased. This confirmed that incorpo-
ration of fluorine-containing groups, such as
—C(CF3), in polyimides would result in a decrease
in the dielectric constant.

It is important for the electronics industry that
the insulating polymers possess low water ab-
sorption rates and low moisture contents. The
contact angle and moisture content of the DDM-—
PMDA homopolyimide were 52.5° and 3.33%, re-
spectively. However, the contact angle and mois-
ture content of DDM—-6FDA homopolyimide were
80° and 0.72%, respectively. As shown in Figure
6, the DDM—(6FDA+PMDA) copolyimide films, in
which the 6FDA segments were much more ran-
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Figure 8 Effect of the molar ratio of 6FDA to DDM on
the optical transparency of the copolyimides. Since
([6FDA]+[PMDA])/[DDM] = 1.04 for all cases, the mo-
lar ratio of 6FDA to DDM was inversely proportional to
the molar ratio of PMDA to DDM. Therefore, an in-
crease of [6FDA]/[DDM] equivalently represents an in-
crease of [6FDA]/[PMDA].
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domly distributed than in DDM-6FDA-PMDA
and DDM-PMDA-6FDA copolyimide films, ex-
hibited the highest contact angles or hydrophobic-
ity, equivalently. Furthermore, the contact angle
increased as the molar ratio of 6FDA to PMDA
increased. Consequently, Figure 7 shows that
DDM—(6FDA+PMDA) copolyimides had lower
moisture contents than the other two series of
copolyimides; and, the moisture content also de-
creased as the molar ratio of 6FDA to PMDA
increased. These results could be attributed to the
fluorine-containing moieties, such as —C(CFjy),
present in these polymers. The incorporation of
hydrophobic —C(CF;), groups caused a decrease of
the electronic density of the —CO carbonyl groups,
which are highly hydrophilic. In addition, the
electronic density of the carbonyl groups would
have been decreased more in the DDM-
(6FDA+PMDA) copolyimides because the fluo-
rine-containing moieties were more randomly
bonded in the copolyimide backbones compared to
the other two series.

Figure 8 shows the optical transparency of the
copolyimide films. It increased as [6FDA] :
[PMDA] increased and the DDM-6FDA ho-
mopolyimide film indicated the highest optical
transparency value of 76.6% because the
—C(CF3), moieties could separate the chro-
mophores and cut off the interactions between the
electronic conjugates. Thus, the optical transpar-
ency of DDM—(6FDA+PMDA) copolyimide films
was higher than those of the other two series,
because the much randomly distributed —C(CF3),

moieties in the DDM—(6FDA+PMDA) copolyim-
ide backbones would separate the chromophores
and cut off the electronic conjugate interactions
more effectively than the other two series.

In the solubility test, it was found that all
homopolyimides and copolyimides were insoluble
in the common organic solvents, such as NMP and
THF (tetrahydrofuran) as phase separation was
clearly observed and the solid homopolyimide and
copolyimide films were basically intact.

CONCLUSIONS

Two homopolyimides and three series of fluorine-
containing copolyimides were prepared. The or-
der of addition of the monomers as well as the
molar ratio of 6FDA to PMDA affected the PA
synthesis reactions. The PA solutions obtained
from DDM—(6FDA+PMDA) showed the highest
viscosities, and the viscosity decreased with the
increase of the molar ratio of 6FDA to PMDA. The
different series of copolyimide films obtained from
different addition orders of the monomers con-
tained different properties. The DDM-PMDA-
6FDA copolyimides had the lowest dielectric con-
stants. However, the DDM—-(6FDA+PMDA) co-
polyimides indicated the highest contact angles,
optical transparency, and the lowest moisture
contents. The properties of these copolyimides
also changed with the relative molar ratios of
6FDA and PMDA. All of the copolyimides exhib-
ited excellent solvent resistance. TGA results
showed that they all possessed excellent thermal
stability and the onset temperature for decompo-
sition decreased slightly as the molar ratio of
6FDA to PMDA increased.
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