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ABSTRACT: A series of new poly(benzimidazopyrro-
lone amide) (PPA) copolymers were synthesized by a
two-step procedure, which was the solution polyconden-
sation of a novel pyridine-containing tetraamine with var-
ious aromatic dianhydrides at a room temperature and
cyclization of the resulting prepolymers at a high temper-
ature, respectively. The resulting prepolymers from the
solution polycondensation, that is, poly(amide amino
acid)s (PAAAs), had inherent viscosities of 0.82–0.91 dL/
g; then, tough and flexible PPA films could be success-
fully prepared by the casting of the PAAA solutions onto
a glass substrate followed by thermal curing with a pro-

gram temperature procedure up to 3508C. The obtained
PPA films exhibited not only excellent thermal properties
with onset decomposition temperatures in the range 502–
5218C, glass-transition temperatures in the range 299–
3378C, and residual weight retentions at 7008C in air of
29.1–34.8% but also good mechanical properties with ten-
sile strengths of 102.1–115.9 MPa and elongations at break
of 6.8–7.4%. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci
109: 3369–3375, 2008
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INTRODUCTION

Polybenzimidazopyrrolones, abbreviated as polypyr-
rolones, have been known as promising high-tem-
perature heteroaromatic polymer materials because
of their outstanding thermal and chemical stabilities,
which are derived from their rigid and multiaro-
matic structures; however, their rigid semiladder
structures also cause their poor processability and
flexibility, which greatly limits their practical appli-
cation in advanced technologies.1–7 Therefore, some
efforts to improve the processability and flexibility
of polypyrrolones, including the polycondensation of
biphenyl or bridged biphenyl dianhydrides with aro-
matic tetraamines to yield semiladder structures4–6,8

and the incorporation of imide or imidazole seg-
ments into the polymer backbone to produce linear
poly(benzimidazopyrrolone imide)s,4,9–12 have been
made; these studies have found that copolymers con-
sisting of pyrrolone and imide segments resulted in,
to some extent, an improvement in the processability

without the sacrifice of thermal and mechanical
properties. However, the poor processability and
flexibility of polypyrrolones is still an unanswered
problem. Compared with polyimides, polyamides
exhibit better flexibility. Thus, it is reasonable to
expect that a copolymer consisting of pyrrolone and
acylamide segments should exhibit more flexibility
and processability than one consisting of pyrrolone
and imide segments.

Recently, polypyrrolones were found to have a
preponderance when applied as functional materials,
such as membranes for gas or fluid separation13,14

and conducting materials.15 However, the develop-
ment of polypyrrolones has been greatly restricted
because of the limitation of their infusibility on the
basis of commercially available tetraamine monomer,
which is the most important component in polypyr-
rolone synthesis. Therefore, the design and synthesis
of new types of tetraamine monomers will play an im-
portant role in the modification of traditional polypyr-
rolones; for example, Koros and Walker16 and Vora
and Menczel17 synthesized 3,30,4,40-tetraamine hexa-
fluoroisophenylene biphenyl by different procedures.
Polypyrrolones derived from 3,30,4,40-tetraamine hexa-
fluoroisophenylene biphenyl and various dianhy-
drides exhibited good thermal resistance and process-
ability and high gas permeation and permselectivity.
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In other words, the synthesis of a new tetraamine
monomer should one focus for the development of
polypyrrolones and corresponding materials.

Considering the incorporation of flexible acyla-
mide groups, which could improve the processabil-
ity and flexibility of polymers18 and the pyridine
ring, which should have contributions to thermal
stability, on the basis of its symmetry and aromatic-
ity, and solubility from its polarity,19–23 we success-
fully synthesized a novel tetraamine monomer con-
taining an acylamide group [��C(O)��NH��] and a
pyridine ring: 2,6-bis[(m,p-diaminophenyl)carboxami-
do]pyridine (BPTA). In this study, the corresponding
poly(benzimidazopyrrolone amide) (PPA) copoly-
mers were prepared by the polycondensation of the
resulting tetraamine monomer, BPTA, with commer-
cially aromatic dianhydrides, and tough, flexible
PPA films were obtained by the casting of the pre-
polymer solution on a glass substrate followed by a
thermal curing program. The BPTA and related
intermediates and the PPA copolymers and films
were characterized by means of 1H-NMR, 13C-NMR,
and Fourier transform infrared (FTIR; KBr plate)
spectroscopy; elemental analysis; differential scan-
ning calorimetry (DSC); thermogravimetric analysis
(TGA); and wide-angle X-ray diffraction methods,
meanwhile, the mechanical properties and dielectric
constants of the resulting PPA films were measured
on an Instron 1122 testing instrument and an Agilent
4291B instrument, respectively.

EXPERIMENTAL

Materials

2,6-Pyridinedicarboxyl chloride (TCI), 2-nitro-p-phen-
ylenediamine (TCI), hydrazine monohydrate (80%,
Tianjin Chemical Reagents Corp., China), and Pd/C
(10%, TCI) were used as received. 4,40-Oxydiphthalic
anhydride (ODPA; Shanghai Nanxiang Chemical
Co., China), 3,30,4,40-benzophenonetetracarboxylic
dianhydride (BTDA; Beijing Chemical Reagents
Corp., China), and 4,40-(hexafluoroisopropylidene)-
diphthalic anhydride (6FDA; Aldrich) were recrystal-
lized from acetic anhydride before use. N,N-Dime-
thylformamide (DMF) and N-methyl-2-pyrrolidone
(NMP) were purified by distillation under reduce
pressure over calcium hydride and stored over 4-Å
molecular sieves. All other solvents were obtained
from various commercial sources and were used
without further purification.

Measurements

1H-NMR (300 MHz) and 13C-NMR (300 MHz) spec-
tra were measured on a Mercury Plus 400 spectrom-
eter with tetramethylsilane as the internal reference.

FTIR spectra of the monomer and intermediates
were obtained on a Micolet NEXUS 670 spectrometer
(KBr disks). Elemental analyses were determined
with a PerkinElmer model 2400 CHN analyzer. DSC
analyses were performed on a PerkinElmer DSC 7
differential scanning calorimeter at a heating rate of
208C/min under flowing nitrogen. The glass-transi-
tion temperature (Tg) was taken as the midpoint of
the inflection observed on the curve of heat capacity
versus temperature. The melting points were mea-
sured by the DSC method. TGA was conducted with
a TA Instruments TGA 2050 instrument, and experi-
ments were carried out on approximately 10-mg
samples under a controlled flux of air at a heating
rate of 208C/min. Wide-angle X-ray diffraction
measurements were performed at 258C on a Siemens
Kristalloflex D5000 X-ray diffractometer, with nickel-
filtered Cu Ka radiation (k 5 1.5418 Å), operating at
40 kV and 30 mA. The mechanical properties were
measured on an Instron 1122 testing instrument with
100 3 5 mm2 specimens in accordance with GB
1040-79 at a drawing rate of 50 mm/min. The dielec-
tric constants were determined on an Agilent 4291B
instrument with 25 lm thick specimens at frequen-
cies of 1 and 10 MHz at room temperature. We
measured water uptake by weighing the changes of
a sample (30 3 30 mm2) before and after immersion
in water at 258C for 24 h.

Synthesis of the tetraamine monomer

Synthesis of 2,6-bis[(m-nitro-p-aminophenyl)
carboxamido]pyridine (BPNA)

In a 250-mL flask equipped with a mechanical stirrer
and a dropping funnel, 24.50 g (0.16 mol) of 2-nitro-
p-phenylenediamine and 8.10 g (0.08 mol) of triethyl-
amine were dissolved in 100 mL of dry DMF. 2,6-
Pyridinedicarboxyl chloride (16.32 g, 0.08 mol), dis-
solved in 20 mL of dry DMF, was then added drop-
wise to the reaction mixture over a period of 2 h.
After the reaction was allowed to continue for 6 h,
the reaction mixture was poured into 400 mL of
water. The precipitate was filtered, dried, and recrys-
tallized from DMF–H2O, and 12.65 g of BPNA was
obtained (yield 5 36.2%, mp >3008C).

IR (KBr, cm21): 3366, 3229 (N��H); 1667 (C¼¼O);
1534 (��NO2). 1H-NMR (DMSO-d6, d, ppm): 11.04 (s,
2H, ��NH��C(O)��), 8.78 (s, 2H), 8.36–8.30 (d, J 5
8.4 Hz, 2H), 8.08–8.03 (dd, J 5 5.7 Hz, 1H), 7.40–7.37
(d, J 5 9.3 Hz, 2H), 7.15–7.11 (d, J 5 9.3 Hz, 2H),
4.47 (s, 4H). 13C-NMR (DMSO-d6, d, ppm): 160.97,
149.66, 140.25, 138.27, 137.79, 128.67, 128.09, 127.34,
113.44, 110.28.

ANAL. Calcd for (C19H15N7O6)n (437.37)n: C,
52.18%; H, 3.46%; N, 22.42%. Found: C, 52.39%; H,
3.37%; N, 22.34%.
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Synthesis of BPTA

In a 250-mL flask equipped with a dropping funnel
and a reflux condenser, 4.37 g (0.01 mol) of BPNA,
0.40 g of Pd/C (10%), and 80 mL of tetrahydrofuran
were added. After the mixture was heated to reflux-
ing temperature, 10 mL of hydrazine monohydrate
(80%) was added dropwise over a period of 2 h, and
the reaction mixture was refluxed for additional 6 h.
The catalyst was filtered off, and 100 mL of distilled
water was added to the filtrate, which was then held
for 72 h. When the precipitate was filtered, 2.95 g of
BPTA was obtained (yield 5 78.2%, mp 5 1638C).

IR (KBr, cm21): 3365, 3224 (N��H); 1667 (C¼¼O).
1H-NMR (DMSO-d6, d, ppm): 10.69 (s, 2H,
��NH��C(O)��), 8.33–8.30 (d, J 5 8.7 Hz, 2H, H9),
8.25–8.20 (dd, J 5 6.3 Hz, 1H, H10), 7.09 (s, 2H, H5),
6.86–6.83 (d, J 5 8.1 Hz, 2H, H2), 6.56–6.53 (d, J 5
8.1 Hz, 2H, H3), 4.55 (s, 8H, ��NH2).

13C-NMR
(DMSO-d6, d, ppm): 161.56 (C7), 150.13 (C8), 140.06
(C10), 135.68 (C6), 132.85 (C1), 128.93 (C4), 125.18
(C9), 114.71 (C2), 112.00 (C3), 109.50 (C5).

ANAL. Calcd for (C19H19N7O2)n (377.40)n: C,
60.47%; H, 5.07%; N, 25.98%. Found: C, 60.52%; H,
4.88%; N, 26.04%.

Synthesis of the PPA copolymers

The PPA copolymers were synthesized via a two-
step, low-temperature solution polycondensation
procedure, which used the precursor, poly(amide
amino acid) (PAAA). The representative polymeriza-
tion procedure can be illustrated by the preparation
of PPA-1, as follows.

In a 50-mL, three-necked flask equipped with a
mechanical stirrer, a dropping funnel, a dry nitrogen
inlet, and a thermometer, 1.1322 g (3.0 mmol) of
BPTA was stirred to dissolve in 15 mL of dry NMP,
which was then cooled with an ice–salt bath and
maintained at 2108C. After 0.9306 g (3.0 mmol) of
ODPA, dissolved in 10 mL of dry NMP, was added
dropwise to the mixture with stirring over a period
of 1 h, the reaction mixture was stirred for 3 h at

2108C and for 12 h at room temperature to yield a
viscous brown PAAA solution, which was then fil-
tered. The PPA-1 film was obtained by the casting of
the filtrate on a plane glass substrate, followed by
thermal curing via the following conditions: 808C for
3 h, 1208C for 1 h, 1508C for 1 h, 2008C for 1 h,
2508C for 1 h, 3208C for 1 h, and 3508C for 1 h.

PPA-2 (BPTA/BTDA) and PPA-3 (BPTA/6FDA)
were prepared according to the same procedure.

RESULTS AND DISCUSSION

Composition and structure of the tetraamine
monomer BPTA

The tetraamine monomer containing acylamide
bonds and the pyridine moiety, BPTA, was synthe-
sized via a two-step synthetic route, as shown in
Scheme 1. First, 2,6-pyridinedicarboxyl chloride was
reacted with 2-nitro-p-phenylenediamine to offer the
dinitro–diamino compound BPNA, as reported by
Kumar et al.24 Then, the tetraamine BPTA was
obtained by the reduction of the dinitro–diamino
compound BPNA with hydrazine monohydrate cata-
lyzed by Pd/C. The yield of the intermediate dinitro
compound BPNA, 36%, was low, which might have
been the composite results of the low activity of 2,6-
pyridinedicarboxyl chloride; the existence of two
active amino groups, although their activities were
different; and the good solubility of BPNA in DMF;
however, it was higher than that reported by Kumar
et al.24 The new tetraamine monomer BPTA was sta-
ble in atmosphere at room temperature, and its pu-
rity was good enough for polymerization with com-
mercial aromatic dianhydride monomers to prepare
polypyrrolones. The detailed characterizations of the
tetraamine monomer BPTA and the dinitro–diamino
compound BPNA were done by elemental analyses
and FTIR and NMR methods, and the related data
presented in the Experimental section unambigu-
ously supported the structure shown in Scheme 1.
Figure 1 presents the 1H-NMR and 13C-NMR spectra
of tetraamine BPTA, in which all the signals could
be ascribed to the protons and carbons of BPTA,
respectively. That is, the new tetraamine monomer
BPTA was successfully synthesized, and its chemical
structure was clearly identified.

Preparation of the PPAs and related reactions

The PPAs were prepared by the thermal cyclization
of the PAAAs by polycondensation of the resulting
tetraamine monomer BPTA with aromatic dianhy-
drides in NMP at a low temperature, as shown in
Scheme 2. The polycondensation reaction of BPTA
with aromatic dianhydrides was strongly affected by
the stoichiometry and the addition velocity of the

Scheme 1 Synthesis of the tetraamine monomer BPTA.
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monomers. In our cases, aromatic dianhydride
monomers were selected to add to the NMP solution
containing BPTA, and the addition time was con-
trolled within 1 h. If dianhydride monomers were
superfluous or the addition velocity was too fast, the
reaction mixture was easily gelled. Therefore, an
exact molar ratio of dianhydride and tetraamine
very close to 1.0 and a low addition velocity were
required to obtain a PAAA solution with a suitable
viscosity; then, tough, flexible PPA films could be
prepared by the casting of the PAAA solution onto a

glass substrate followed by thermal curing with the
temperature program as follows: 808C for 3 h, 1208C
for 1 h, 1508C for 1 h, 2008C for 1 h, 2508C for 1 h,
3208C for 1 h, and 3508C for 1 h.

The inherent viscosities of the resulting PAAAs,
which were measured by an Ubbelohde viscometer
with 0.5 g/dL of an N,N-dimethylacetamide (DMAc)
solution at 308C, ranged from 0.82 to 0.91 dL/g
(Table I). Strong, tough, and flexible PPA films were
obtained by the casting of the PAAA solutions onto
the glass substrate followed by thermal curing with
a final temperature of 3508C. FTIR spectroscopy tech-
nology was used to monitor the curing progress,
and Figure 2 compares the FTIR spectra of PPA-1’s
thermally cured at different temperatures. According
to the variations of the FTIR spectra presented in
Figure 2, the characteristic absorptions of the imide
ring (1780 and 1725 cm21) were observed when the
curing temperature was lower than 1508C, which
indicated that poly(amino imide) was the major
product. When the curing temperature reached
2008C, the absorption band at 1780 cm21 disap-
peared, and new absorption bands at 1756 and 1600
cm21 appeared, which were assigned to the charac-
teristic absorptions of the stretching vibration of
C¼¼O in benzimidazole groups.25 A gradual change
for the absorption band at 1470 cm21, which should
have been the characteristic absorption of C¼¼N in
polypyrrolone groups, occurred from 150 to 3508C.
The absorption bands at 1756, 1600, and 1470 cm21

did not disappear when the curing temperature
reached 3508C, which indicated the formation of the

Figure 1 1H-NMR and 13C-NMR spectra of the tetra-
amine BPTA (300 MHz, DMSO-d6).

Scheme 2 Synthesis of the PPA copolymers.
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polypyrrolones. Obviously, when the curing temper-
ature was low, thermal cyclization based on the car-
boxyl group with the ��NH in the acylamide first
occurred, and then, a second thermal cyclization
based on C¼¼O in the imide group with the a
��NH2 in the aromatic rings occurred with further
increases in the curing temperature. In other words,
there were two thermal cyclizations to form the pol-
ypyrrolone unit in the PPA chain.

Thermal properties of the PPA films

The thermal properties of the resulting PPA films
were investigated by DSC and TGA methods. Figure
3 shows the TGA curves of these copolymers, and
the data that express their thermal properties,
including Tg, onset decomposition temperature (Td),
temperature at 5% weight loss (T5), and residual
weight retention (Rw) at 7008C in air, are listed in
Table II. According to Table II, the Td values ranged
from 502 to 5218C,whereas the T5 valueswere all higher
than 4808C for the resulting copolymer films; mean-
while, the Td values of the resulting copolymer films
based on different aromatic dianhydrides decreased

in the following order: ODPA > BTDA > 6FDA. The
PPA-1 film based on ODPA exhibited the highest Td

value of 5218C, and PPA-3 based on 6FDA exhibited
the lowest Td value of 5028C. The Td values of the
resulting copolymer films over 5008C indicated a
high thermal stability, which was mainly attributed
to the rigidity resulting from multiaromatic struc-
tures and the rigid symmetrical pyridine rings. Also,
Rw at 7008C in air was in the range 29.1–34.8%, and
the cause of low Rw was the presence of brittle acyla-
mide bonds in the copolymer backbone, which were
easily broken at high temperatures, which led to fast
weight loss.

Figure 4 shows the DSC curves of these copoly-
mers, and the Tg values of the resulting PPA films
determined by DSC ranged from 299 to 3378C. PPA-
2 from the ketone-type dianhydride BTDA exhibited
the highest Tg value, and PPA-1 from the ether-type
dianhydride ODPA exhibited the lowest one; this
order was consistent with the results reported by Liu
et al.7 Although the Tg values of these polymers were
lower than those of the polypyrrolones (Tg 5 300–
3828C) reported by Liu et al.,7 they were higher than
that of commercial polyimides, for example, Ultem
1000 (Tg 5 2178C),26 and pyridine-containing aro-
matic polyamides (Tg < 2308C).18 The strong intra-
molecular interactions, rigidity, and multiaromatic
structures derived from the polypyrrolone sections
in the copolymer made the Tg values of the PPA
copolymers higher than that of polyimides and poly-
amides, whereas the flexible polyamide sections

TABLE I
Inherent Viscosity (ginh) of the PAAAs and Quality of

the PPA films

PAAA hinh (dL/g)a PPAs Film qualityb

PAAA-1 0.91 PPA-1 T and F
PAAA-2 0.87 PPA-2 T and F
PAAA-3 0.82 PPA-3 T and F

a Measured with a 0.5-g/dL DMAc solution at 308C
b F 5 flexible; T 5 tough.

Figure 2 FTIR spectra of PPA-1 thermally cured at differ-
ent temperatures.

Figure 3 TGA curves of the PPA films.

TABLE II
Thermal Properties of the PPA Films

PPA film Tg (8C)
a Td (8C) T5 (8C) Rw (%)b

PPA-1 299 521 482 34.8
PPA-2 337 510 480 30.5
PPA-3 329 502 482 29.1

a As measured by DSC.
b At 7008C in air.
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caused their Tg values to be lower than that of pure
polypyrrolones.

Aggregate structures of the PPA films

The X-ray diffraction patterns of the PPA films are
illustrated in Figure 5. According to the wide-angle
X-ray diffraction patterns, all of these copolymer
films had amorphism aggregate structures with
slight crystalline natures; the reason might be that
the flexible polyamide sections were suitable to form
microcrystalline polypyrrolone sections. Conse-
quently, the resulting PPA films exhibited good ther-
mal properties and were translucent to a certain
extent.

Mechanical properties of the PPA films

As described previously, high-quality PPA films
were prepared by the casting of PAAA solutions
onto glass plates followed by thermal curing accord-
ing to the temperature program as follows: 808C for
3 h, 1208C for 1 h, 1508C for 1 h, 2008C for 1 h,
2508C for 1 h, 3208C for 1 h, and 3508C for 1 h. The
tensile strength and modulus values of the resulting
PPA films are summarized in Table III. Table III
shows that the PPA films had tensile strengths of
102.1–115.9 MPa, tensile moduli of 1.46–1.92 GPa,
and elongations at break of 6.8–7.4%, which indi-
cated that the PPA films were strong and tough poly-

meric materials. The tensile modulus of PPA-3,
derived from BPTA and fluorinated aromatic dia-
nhydride 6FDA, was almost 0.5 GPa lower than
those of PPA-1 and PPA-2. Obviously, the high fluo-
rine concentration in the copolymer backbone was
responsible for this reduction in tensile modulus.

Dielectric properties of the PPA films

The dielectric properties of these pyridine-containing
PPA films were detected at frequencies of 1 and 10
MHz at 258C, as shown in Table III. The dielectric
constants of these PPA films at 1 and 10 MHz were
in the range 3.13–3.34 and 3.03–3.22, respectively,
and the dielectric dissipation factors were in the
range 7.4–8.5 3 1023 and 7.9–8.4 3 1023, respec-
tively. For each copolymer, the dielectric constant at
1 MHz was higher than that at 10 MHz. This varia-
tion was attributed to the frequency dependence of
the polarization mechanisms, which comprised the
dielectric constant. Among the three PPA films,
PPA-3 exhibited the lowest dielectric constant, which
was explained by the presence of CF3 groups in the
polymer backbone.

Figure 4 DSC curves of the PPA films.

Figure 5 Wide-angle X-ray diffraction patterns of the
PPAs.

TABLE III
Mechanical and Dielectric Properties of the PPA Films

PPA
filma

Mechanical
propertyb Dielectric property

Water
uptake (%)

TS
(MPa)

TM
(GPa) E (%)

Dielectric constant
at 1 MHz

Dielectric dissipation
factor at 1 MHz

Dielectric constant
at 10 MHz

Dielectric dissipation
factor at 10 MHz

PPA-1 107.4 1.88 7.4 3.29 8.5 3 1023 3.22 7.9 3 1023 0.85
PPA-2 115.9 1.92 6.8 3.34 7.4 3 1023 3.20 8.1 3 1023 0.86
PPA-3 102.1 1.46 7.0 3.13 7.9 3 1023 3.03 8.4 3 1023 0.57

a The thickness of the measured specimens was 25 lm.
b E 5 elongation at break; TM 5 tensile modulus; TS 5 tensile strength.
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Hydrophobic properties of the PPA films

The water uptake of these PPAs was investigated
(see Table III). The results indicate that these PPAs
exhibited a low water uptake of 0.57–0.86%, which
presented the negative influence of the moisture
from the surrounding environment on the dielectric
properties. PPA-3 exhibited the lowest water uptake
among the PPAs, and the reason was the introduc-
tion of the hydrophobic trifluoromethyl groups in
the polymer backbone. Compared with polyamides,
the resulting copolymers showed low water uptake.
The reason was the contribution of the hydrophobic
multiaromatic structures in the repeat units of the
copolymers.

CONCLUSIONS

A series of new PPA copolymers were synthesized
with a novel pyridine-containing tetraamine and
various aromatic dianhydrides by two-step methods.
The precursors, PAAAs with inherent viscosities in
the range 0.82–0.91 dL/g, were first obtained by a
low-temperature solution polycondensation proce-
dure; then, tough and flexible PPA films were pre-
pared by the casting of the PAAA solutions onto
glass substrates followed by thermal curing via a
programmed temperature procedure up to 3508C.
The PPA films exhibited excellent thermal properties
with Td’s in the range 502–5218C, Tg’s in the range
299–3378C, and Rw’s at 7008C in air of 29.1–34.8%
and also exhibited good mechanical properties with
tensile strengths of 102.1–115.9 MPa and elongations
at break of 6.8–7.4%. The dielectric constants of the
copolymer films were found in the range 3.13–3.34
and 3.03–3.22 at 1 and 10 MHz, respectively.
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