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Poly(arylene benzimidazole)s as novel
high-performance polymers

Guanjun Chang1, Junxiao Yang1, Yawen Huang1, Ke Cao1 and Lin Zhang2

Series of novel poly(arylene benzimidazole)s (PABIs) was obtained by condensation polymerization of aromatic bifluorides with

the monomers of di(benzimidazolyl)benzenes (synthesized by reaction of the isomeric phthalic acids with o-phenylenediamine)

via a C–N coupling reaction. The structures of this series of polymers were characterized by Fourier transform infrared, proton

nuclear magnetic resonance (1H NMR) spectroscopy and elemental analysis, and the results showed good agreement with the

proposed structures. These synthesized polymers exhibited relatively high glass-transition temperatures (Tg4240 1C), good

thermal stability with high decomposition temperatures (Td4450 1C) and excellent solubility in organic solvents. On the atomic

scale, the molecular simulation results indicated that the PABI polymers exhibited a zigzag molecular chain structure with a

high free volume fraction due to the different linkage modes of the monomers in the polymerization process. On the macro

level, the PABI polymers possessed high tensile strength with good toughness; the mechanical behavior of the PABI polymers

indicates that they can be considered a new class of high-performance polymers.
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INTRODUCTION

Along with the ever-increasing demand in recent decades for high-
performance materials in industries such as aerospace, machinery and
electronics, significant progress has been achieved in the development
of heat-resistant high-performance polymers, and these high-perfor-
mance heterocyclic materials, such as polyimide, polybenzimidazole
(PBI) and polypyrrolone, have been widely applied.1–6 In particular,
as a type of heat-resistant high-performance polymer, PBI has been
developed into a high-performance fiber, a special high-temperature
adhesive, a monolithic material and a high-performance film, and it is
the best choice for use in special environments and severe conditions
because of its outstanding properties, such as thermal stability,
chemical stability and resistance against acid and alkali.7–12

However, there are three issues that currently hinder the application
of PBI. First, 3,30,4,40-tetraaminobiphenyl, one of the monomers
required for the preparation of PBI, is expensive; thus, the preparation
cost of PBI is also relatively high. Second, the solubility of PBI is poor,
and it can only be prepared into a monolithic material by means of
hot pressing. Third, the impact resistance of PBI is poor, and thus, it
is impractical to use PBI to form shapes with sharp angles. To address
the above-mentioned problems, much research has been dedicated
to understanding the structural variation of PBI polymers to control
and improve their properties.13–18 One such effort involves the

substitution of the potentially reactive N–H site in benzimidazole by
functional groups,7,19–24 thereby enabling a C–N coupling reaction
with activated halides at the appropriate temperature.25–27 In
addition, to improve the processability of PBI, the ether, sulfone
and other functional groups in PBI polymers can be modified to
lower the thermo-oxidative stability but increase the solubility and
flexibility of PBI, which allows further processing and modification
(cross-linking and sulfonation to high ion-exchange capacity) of PBI
and enables the production of films with good mechanical
properties.28,29 However, chemical modification of PBI will also
increase the costs associated with it.

As the H atoms on the 1-N atoms in the PBI molecular chains
feature certain activities, our aim herein is to use the C–N coupling
reaction to synthesize a series of poly(arylene benzimidazole)s (PABIs)
as the basis of new structural polymers. The polymers synthesized are
expected to have improved solubility in organic solvents while
maintaining good thermal stability and high tensile strength with
good toughness.

EXPERIMENTAL PROCEDURE

Primary materials and measurements
Isomeric phthalic acids and o-phenylenediamine (or its derivants) were

purchased from Daikin Fine Chemical Laboratory, LTD, Tokyo, Japan. The
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traditional PBI with sulfone group (PSBI) was synthesized in our laboratory

using 3,30-diaminobenzidine with 4,40-dicarboxydiphenyl sulfone, with

Mn¼ 25 600 and Mw¼ 78 500. The remaining materials and reagents were

obtained from different commercial sources and used without further

purification.

Fourier transform infrared (FTIR) spectra were recorded using a Thermo

Nicolet 6700 FTIR spectrometer (Boston, MA, USA). The elemental analysis

characterization technique was performed using a Vario EL III apparatus

(Elementar, Bonn, Germany). Proton nuclear magnetic resonance (1H NMR)

measurements were performed using a Bruker AVANCE 500 MHz NMR

spectrometer (Brook, Switzerland), with a solution of dimethyl sulfoxide

(DMSO)-d6. The molecular weights and molecular-weight distributions were

estimated by gel permeation chromatography on a Wyatt DAWN HELEOS

instrument (Santa Barbara, CA, USA), using dimethylformamide as an eluent

at a testing temperature of 50 1C. The glass-transition temperature was

determined by analyzing differential scanning calorimetry curves, which were

collected at a rate of 10 1C min�1 under flowing nitrogen gas. The thermo-

gravimetric analysis characterization technique was performed on a Mettler TC

10A instrument (Zurich, Switzerland), at a heating rate of 10 1C min�1 under

nitrogen atmosphere. The mechanical properties were determined using a

universal testing machine at a tensile rate of 1 mm min�1.

Molecular simulations
The structures of the PABI polymers were determined using the Amorphous

Cell Module of the Materials Studio program (MS, version 4.4, Accelrys

Software Inc., San Diego, CA, USA). The polymer-consistent force field

approach was selected. The time step in all of the simulations was 1 fs. The

smart minimizer method with 5000 iterations was used to achieve the initial

lowest energy structures of the PABI. Next, the dynamic module Discover was

run to achieve molecular equilibration, with a running dynamic of 50 ps in the

NVT (constant volume and temperature) ensemble. Using the Amorphous

Cell Module, molecular dynamic simulations for PABI, 1000 ps in duration,

were then performed under periodic boundary conditions. The simulation

process was performed at room temperature (298 K), setting the degree of

polymerization to N¼ 15 of poly(arylene benzimidazole)s (PABI) for the

simulation process. The density of PABI is P¼ 1.2 g cm�3. The optimized

structure of the polymer was obtained through the simulation processes

described above.

Synthesis of di(benzimidazolyl)benzenes
A 50-ml, three-neck, round-bottomed flask equipped with a magnetic stirrer, a

water-cooled condenser and an argon inlet and outlet was charged with a

mixture of 1,2-phenylenediamine (or its derivants) (0.0084 mol), isomeric

phthalic acid (0.004 mol) and 16 ml polyphosphoric acid. The temperature was

slowly raised to 200 1C, and the reaction mixture was heated for 6 h. The

resulting solution was allowed to slowly cool to room temperature and was

subsequently poured into cold water. Next, the solution was dropped into a

15% NaOH solution and neutralized to pH¼ 8. After the solution was filtered

through Celite, it was washed with water and dried. The obtained crude

product was twice recrystallized and dried in vacuum at 60 1C. The typical

synthetic procedure of di(benzimidazolyl)benzenes is shown in Scheme 1. The

structures of the di(benzimidazolyl)benzenes were characterized by means of

FTIR and 1H NMR spectroscopy and by elemental analysis, and the

characterization results indicated agreement with the proposed structure. As

an example, the 1H NMR spectroscopy results of di(benzimidazolyl)benzene

sulfone (BIS) are shown in Figure 1 (DMSO-d6).

General procedure for the synthesis of PABI
A 50-ml, three-necked, round-bottom flask equipped with a magnetic stirrer, a

water-cooled condenser and an argon inlet and outlet was filled with a mixture

of di(benzimidazolyl)benzenes (0.004 mol), aromatic bifluorides (0.004 mol)

and anhydrous potassium carbonate (0.008 mol) in 10 ml of sulfolane and 5 ml

of chlorobenzene. The reaction mixture was heated to azeotrope off the

resulting water with the chlorobenzene. The chlorobenzene was then removed,

and the reaction mixture was heated to 230–240 1C for 6–12 h. Next, the

reaction mixture was cooled, and the solution was poured into water to

precipitate out the polymer. Finally, the polymer was collected by filtration and

dried in vacuum at 100 1C for 8 h.

P1: Yield: 95%; 1H NMR d: 8.31(d,4H,ArH), 8.15(d,4H,ArH),

8.01(d,4H,ArH), 7.55(d,4H,ArH), 7.64(d,4H,ArH) and 7.26(t,4H,ArH); IR

spectra (KBr pellet): 3043 cm�1 (Ar–H), 1623 cm�1 (C¼N) and 1170 cm�1

(C–O–C); MS (EI): 616.08; Analytical calculated (Anal. calcd) for

C38H24N4O3S(616.08): C 74.03, H 3.90, O 7.79 and N 9.09; found: C 74.18,

H 3.59, O 7.66 and N 9.15.

P2: Yield: 92%; 1H NMR d: 8.41(d,8H,ArH), 8.20(d,8H,ArH),

7.65(d,4H,ArH) and 7.25(t,4H,ArH); IR spectra (KBr pellet): 3047 cm�1

(Ar–H), 1625 cm�1(C¼N) and 1156 cm�1 (C–S–C); MS (EI): 664.10; Anal.

calcd for C38H24N4O4S2(664.10): C 68.67, H 3.62, O 9.64 and N 8.43; found: C

68.33, H 3.88, O 9.91 and N 8.03.

P3: Yield: 91%; 1H NMR d: 8.38(d,4H,ArH), 8.32(d,4H,ArH),

8.15(d,4H,ArH), 8.10(d,4H,ArH), 7.63(d,4H,ArH) and 7.24(t,4H,ArH); IR

spectra (KBr pellet): 3047 cm�1 (Ar–H), 1677 cm�1 (C¼O) and 1621 cm�1

(C¼N); MS (EI): 628.03; Anal. calcd for C39H24N4O3S (628.03): C 74.52,

H 3.82, O 7.64 and N 8.92; found: C 74.21, H 4.02, O 7.83 and N 9.01.

P4: Yield: 90%; 1H NMR d: 8.30(d,4H,ArH), 8.16(d,4H,ArH),

8.00(d,4H,ArH), 7.63(d,4H,ArH), 7.57(d,2H,ArH), 7.51(s,2H,ArH),

7.05(d,2H,ArH) and 2.34(t,6H,CH3); IR spectra (KBr pellet): 3033 cm�1

(Ar–H), 2923 cm�1 (�CH3), 1622 cm�1 (C¼N) and 1164 cm�1 (C–O–C);
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Scheme 1 Synthesis of di(benzimidazolyl)benzenes.
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Figure 1 The 1H NMR of di(benzimidazolyl)benzene sulfone.
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MS (EI): 644.15; Anal. calcd for C40H28N4O3S (644.15): C 74.53, H 4.35,

O 7.45 and N 8.70; found: C 74.14, H 4.55, O 7.75 and N 8.36.

P5: Yield: 97%; 1H NMR d: 8.41(d,8H,ArH), 8.21(d,8H,ArH),

7.57(d,2H,ArH), 7.49(s,2H,ArH), 7.05(d,2H,ArH) and 2.37(t,6H,CH3); IR

spectra (KBr pellet):3036 cm�1 (Ar–H), 2927 cm�1 (�CH3), 1629 cm�1

(C¼N) and 1153 cm�1 (C–S–C); MS (EI):692.11; Anal. calcd for

C40H28N4O4S2 (692.11): C 69.36, H 4.05, O 9.25 and N 8.09; found: C

69.03, H 4.35, O 9.45 and N 8.03.

P6: Yield: 96%; 1H NMR d: 8.37(d,4H,ArH), 8.34(d,4H,ArH),

8.17(d,4H,ArH), 8.11(d,4H,ArH), 7.55(d,2H,ArH), 7.46(s,2H,ArH),

7.03(d,2H,ArH) and 2.35(t,6H,CH3); IR spectra (KBr pellet): 3037 cm�1

(Ar–H), 2931 cm�1 (�CH3), 1686 cm�1 (C¼O) and 1630 cm�1 (C¼N);

MS (EI): 656.05; Anal. calcd for C41H28N4O3S (656.05):C 75.00, H 4.27, O 7.31

and N 8.54; found: C 74.90, H 4.57, O 7.41 and N 8.24.

P7: Yield: 89%; 1H NMR d: 8.21(d,4H,ArH), 8.14(d,4H,ArH),

8.01(d,4H,ArH), 7.54(d,4H,ArH), 7.64(d,4H,ArH) and 7.27(t,4H,ArH); IR

spectra (KBr pellet): 3063 cm�1 (Ar–H), 1702 cm�1 (C¼O), 1627 cm�1

(C¼N) and 1169 cm�1 (C–O–C); MS(EI): 580.09; Anal. calcd for

C39H24N4O2 (580.09): C 80.69, H 4.14, O 5.52 and N 9.65; found: C 80.53,

H 4.33, O 5.58 and N 9.35.

P8: Yield: 95%; 1H NMR d: 8.40(d,4H,ArH), 8.27(d,4H,ArH),

8.21(d,4H,ArH), 8.16(d,4H,ArH), 7.70(d,4H,ArH) and 7.27(t,4H,ArH); IR

spectra (KBr pellet): 3057 cm�1 (Ar–H), 1674 cm�1 (C¼O), 1624 cm�1

(C¼N) and 1158 cm�1 (C–S–C); MS (EI): 628.12; Anal. calcd for

C39H24N4O3S (628.12): C 74.52, H 3.82, O 7.64 and N 8.92; found: C

74.62, H 3.88, O 7.71 and N 8.52.

P9: Yield: 86%; 1H NMR d: 8.35(d,8H,ArH), 8.14(d,8H,ArH),

7.63(d,4H,ArH) and 7.26(t,4H,ArH); IR spectra (KBr pellet): 3056 cm�1

(Ar–H), 1669 cm�1 (C¼O) and 1631 cm�1 (C¼N); MS (EI): 592.16; Anal.

calcd for C40H24N4O2 (592.16): C 81.08, H 4.05, O 5.41 and N 9.46; found: C

80.93, H 4.22, O 5.51 and N 9.51.

P10: Yield: 95%; 1H NMR d: 8.31(d,4H,ArH), 8.15(d,4H,ArH),

8.00(d,4H,ArH), 7.54(d,4H,ArH), 7.59(d,2H,ArH), 7.45(s,2H,ArH),

7.03(d,2H,ArH) and 2.35(t,6H,CH3); IR spectra (KBr pellet): 3048 cm�1

(Ar–H), 2925 cm�1 (�CH3), 1701 cm�1 (C¼O), 1628 cm�1 (C¼N) and

1169 cm�1 (C–O–C); MS (EI): 608.21; Anal. calcd for C41H28N4O2 (608.21): C

80.92, H 4.61, O 5.26 and N 9.21; found: C 80.72, H 4.43, O 5.13 and N 9.56.

P11: Yield: 92%; 1H NMR d: 8.42(d,4H,ArH), 8.35(d,4H,ArH),

8.21(d,4H,ArH), 8.10(d,4H,ArH), 7.57(d,2H,ArH), 7.50(s,2H,ArH),

7.05(d,2H,ArH) and 2.34(t,6H,CH3); IR spectra (KBr pellet): 3057 cm�1 (Ar–

H), 2921 cm�1 (�CH3), 1671 cm�1 (C¼O), 1622 cm�1 (C¼N) and

1160 cm�1 (C–S–C); MS (EI): 656.07; Anal. calcd for C41H28N4O3S (656.07):

C 75.00, H 4.27, O 7.31 and N 8.54; found: C 75.07, H 4.39, O 7.54 and N 8.18.

P12: Yield: 89%; 1H NMR d: 8.40(d,8H,ArH), 8.19(d,8H,ArH),

7.58(d,4H,ArH), 7.50(d,2H,ArH), 7.06(d,2H,ArH) and 2.36(t,6H,CH3); IR

spectra (KBr pellet):3066 cm�1 (Ar–H), 2923 cm�1 (�CH3), 1664 cm�1

(C¼O) and 1624 cm�1(C¼N); MS (EI): 620.09; Anal. calcd for

C42H28N4O2 (620.09): C 81.29, H 4.52, O 5.16 and N 9.03; found:C 81.17,

H 4.77, O 5.32 and N 8.81.

RESULTS AND DISCUSSIONS

Synthesis of PABI
In the preparation of poly(phthalazinone ether ketone), both NH and
OH groups are present in the monomers, with the NH group
behaving as a phenolic OH group in the aromatic nucleophilic
displacement reaction (Scheme 2).30 In this paper, we were surprised

to find that the NH group in di(benzimidazolyl)benzenes also
undergoes a C–N coupling reaction with activated halides in the
presence of anhydrous potassium carbonate. Herein, a series of novel
PABIs have been obtained by condensation polymerization of
aromatic bifluorides with di(benzimidazolyl)benzenes via a C–N
coupling reaction (Scheme 3).

Structurally, the synthesized PABI is obviously different from the
traditional PBI. The micro conformation of the P2 and the traditional
PSBI obtained from molecular simulation, as shown in Figure 2,
indicate that PSBI is rigid and rod-like and that P2 has a zigzag
molecular chain structure due to the different linkage modes of the
monomer in the polymerization process. Compared with traditional
PSBI, the different structure of PABI leads to different physical and
chemical properties. All of the polymers synthesized were character-
ized by FTIR and 1H NMR spectroscopy and by the elemental analysis
technique, with the characterization results exhibiting good agree-
ment with the proposed structure. As an example, the 1H NMR
spectrum of P9 is shown in Figure 3 (DMSO-d6).

The molecular weights of the reprecipitated polymers were
measured by gel permeation chromatography (calibrated by poly-
styrene standards). The Mn values were in the range of 8100–25 300,
and the Mw values were in the range of 22 500–98 000. The
polydispersity index varied from 2.77 to 5.33 (Table 1).

Thermal properties of PABI
Compared with the molecular chain structure of PBI, the different
molecular chain structures of PABI clearly influenced the packing of
the molecular chain, the intermolecular distance and the intermole-
cular force, thereby resulting in different thermal properties. To explain
such differences on the microscale, two typical polymers, shown in
Figure 2, were selected in this study, and their respective cohesive
energy densities (CEDs) were calculated by molecular simulation using
the Amorphous Cell Module in Material Studio Software. The
simulation produced CED values of 0.5872� 108 and 1.0560�
108 cal/103 for P2 and PSBI, respectively. Although PABI featured
comparatively weak intermolecular forces, these polymers still pos-
sessed high glass-transition temperatures (Table 2). Typical differential
scanning calorimetry traces obtained under nitrogen atmosphere are
shown in Figure 4 for polymers P2, P3, P5 and P7; the absence of a
melting temperature suggests amorphous polymer structures. The Tgs
of PABI were lower than that of PBI (up to X300 1C), which correlated
with the elimination of hydrogen bonding after the N-substitution.
The methyl group clearly hindered chain packing and reduced the level
of ordering, thus contributing to the flexibility of the polymer;
compared with P2, P5 exhibited a lower Tg. The presence of a kinked
ether group, which is known to induce loose chain packing in the
backbone of polymers, led to a significant increase in the flexibility of
the polymers, thus resulting in a lower Tg for P7.

Regarding their rigid skeletal structures, all of the PABI polymers
exhibited high thermal stability with high decomposition tempera-
tures (Table 2). Typical thermogravimetry (TG) traces obtained in
nitrogen are shown in Figure 5 for the polymers P2, P3, P5 and P7. As
evaluated by the 5% weight-loss point of the TG curves, the polymers
were found to be thermally stable up to 460–550 1C. The 50% weight
losses of the polymers occurred at over 800 1C for PABI in nitrogen.
Compared with PABI with methyl groups, the thermal stability of
PABI with no methyl groups was superior. Char yield is a simple and
important measurement that correlates with the ability to sustain
combustion. The maximum char yield at 800 1C in nitrogen was
obtained for polymer P4 (68%), and the minimum was obtained for
polymer P5 (54%).
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Solubility of PABI
At one time, PBI was considered to be the most promising polymer
for special applications in the automotive, aircraft and spacecraft
industries because of its outstanding physical properties. However, the
relatively poor solubility of PBI limits its further application. We
expected the prepared PABI to exhibit good solubility and to have the
ability to dissolve in polar organic solvents. Simulations of the soluble
properties for P2 and PSBI were performed to verify our expectations.
After dynamic equilibration, the CED was determined using the
last 500 ps of the trajectory files. The Flory–Huggins interaction
parameter, w, is given by Equation (1):

w¼ Z � DEmix

RT
ð1Þ

where Z is the coordination number (taken to be six for the cubic
lattice model), R is the molar gas constant (cal mol�1) and T is the
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Figure 2 Three-dimensional stereostructures of P2 and PSBI. A full color

version of this figure is available at Polymer Journal online.
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Table 1 Molecular-weight polydispersity index of PABIa

Polymer code Mn Mw Mw/Mn Yield (%)

P1 19500 78900 4.04 89

P2 23500 96700 4.11 96

P3 12300 65600 5.33 91

P4 22800 89600 3.92 95

P5 20700 98000 4.73 92

P6 15200 46900 3.08 89

P7 15600 64500 4.13 90

P8 25300 82000 3.24 88

P9 8100 22500 2.77 84

P10 11300 36900 3.26 89

P11 13500 42300 3.13 87

P12 8700 23000 2.64 81

Abbreviation: PABI, poly(arylene benzimidazole).
aThe soluble fraction in dimethylformamide calibrated by gel permeation chromatography
polystyrene standards.
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temperature (in Kelvin) at which the simulation was performed. The
energy of mixing, DEmix, required to calculate w was calculated using
Equation (2):

DEmix¼FP
Ecoh

V

� �
P

þFS
Ecoh

V

� �
S

� Ecoh

V

� �
mix

ð2Þ

In the above equation, the subscripts P, S and mix represent the CED
values by considering the identity: CED�(Ecoh/V). The symbols Fp

and Fs represent the volume fractions of the polymer and the solvent,
respectively. Using the calculated value of the mixing energy for the
polymer and the solvent, w was calculated from Equation (1). As an
example, the w values for P2 and traditional PSBI determined in
different solvents are listed in Table 3. P2 can dissolve in most polar
organic solvents, whereas PSBI cannot dissolve in any of the solvents
considered. The above simulation results agree well with the experi-
mental results. The polymer solubility was qualitatively determined by
the dissolution of 5 mg of solid polymers in 1 ml of organic solvent at
room temperature and 50 1C (see Table 4). P2 was found to be easily
soluble in high polar solvents, such as dimethylacetamide, N-methyl-
2-pyrrolidone and dimethylformamide, whereas it was found to be

partially soluble in common organic solvents, such as DMSO and
chloroform. All of the synthesized polymers showed improved
solubility compared with traditional PSBI.

Condensed state and mechanical properties of PABI
The wide-angle X-ray diffraction patterns of four typical PABI polymers
over the 2y range of 5–301 are shown in Figure 6. Despite the presence
of the rigid benzimidazolyl group, all of the polymers revealed
essentially amorphous patterns. Obviously, the zigzag polymer chains
hindered chain packing and reduced the level of ordering, thus leading
to the amorphous nature of the PABI polymers. The amorphous nature
of these polymers was also reflected in their good solubility.

Table 2 Thermal behavior of PABI

Polymer code T5
a T10

b T30
c Char yield at 800 1Cd Tg (1C)e

P1 526 561 611 56 280

P2 525 560 646 62 321

P3 500 527 645 65 301

P4 477 519 710 68 264

P5 466 498 552 54 310

P6 502 540 609 59 276

P7 432 525 615 60 269

P8 481 523 600 61 281

P9 501 531 659 66 279

P10 462 524 682 67 261

P11 429 582 627 63 240

P12 430 583 625 62 274

Abbreviation: PABI, poly(arylene benzimidazole).
aT5¼ temperature of 5% weight loss.
bT10¼ temperature of 10% weight loss.
cT30¼ temperature of 50% weight loss.
dThe remaining of the polymer at 600 1C.
eFrom the second heating traces of differential scanning calorimetry measurements conducted
with a heating rate of 10 1C min�1 in nitrogen.

Figure 4 Differential scanning calorimetry curves of PABIs. A full color

version of this figure is available at Polymer Journal online.

Figure 5 TG curves of PABIs. A full color version of this figure is available

at Polymer Journal online.

Table 3 Flory–Huggins interaction parameter, w, for P2/solvent and

PSBI/solvent

DMF DMAc NMP DMSO CHCl3

P2 0.2733 0.2167 0.0987 0.1594 0.6542

PSBI 0.7856 0.9751 0.5789 0.9652 1.3748

Abbreviations: CHCl3, chloroform; DMAc, dimethylacetamide; DMF, dimethylformamide; DMSO,
dimethyl sulfoxide; NMP, N-methyl-2-pyrrolidone; PABI, poly(arylene benzimidazole).

Table 4 Solubility of PABI

Polymer code DMF DMAc NMP DMSO CHCl3 THF

P1 þ þ þ þ þ þ þ � þ þ � �
P2 þ þ þ þ þ þ þ þ þ þ � �
P3 þ þ þ þ þ þ þ � þ � � �
P4 þ þ þ þ þ þ þ � þ þ þ þ
P5 þ þ þ þ þ þ þ þ þ þ � �
P6 þ þ þ þ þ þ þ þ þ þ þ þ
P7 þ þ þ þ þ þ þ � þ � þ �
P8 þ þ þ þ þ þ þ � þ þ þ �
P9 þ þ þ þ þ þ þ þ þ � � �
P10 þ þ þ þ þ þ þ � þ þ þ þ
P11 þ þ þ þ þ þ þ þ þ þ þ þ
P12 þ þ þ þ þ þ þ þ þ þ þ þ

Abbreviations: CHCl3, chloroform; DMAc, dimethylacetamide; DMF, dimethylformamide; DMSO,
dimethyl sulfoxide; NMP, N-methyl-2-pyrrolidone; PABI, poly(arylene benzimidazole); THF,
tetrahydrofuran.
þ þ , solid polymer was completely dissolved at room temperature; þ �, solid polymer was
completely dissolved at 50 1C; � �, solid polymer could swell at 50 1C.
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To confirm the amorphous structure, molecular simulations of the
degree of order for the PABI polymer chains on the molecular level
were performed. Taking P2, P3, P5 and P7 as examples, under three-
dimensional periodic boundary conditions, the radial distribution
function31,32 of each of the polymers was calculated by the Forcite
module in the Material Studio software package (Figure 7). No
obvious peaks in the degree of order were found for r44 Å, which
demonstrates that the synthesized PABI polymers lack long range
order and are of amorphous structure, which agrees well with the
experimental results in this paper.

The extremely rigid polymer chains and relatively closely packing of
traditional PBI lead to its poor toughness, which prevents it from
being used to form objects with sharp angles. The PABI polymers
synthesized in this study were expected to be tougher than the
traditional PBI polymers. To verify this improved toughness in theory,
molecular simulations of the microstructures for P2 and PSBI were
performed using the amorphous cell modules of the Material Studio
program. By optimizing without imposing limits on the variations of
the cell, an ontology model whose density approached the real density
of the polymer was generated. Figure 8 shows the calculated results of
the molecular conformation and packing of P2 and PSBI under three-
dimensional periodic boundary conditions by means of the Connolly
surface method. The density, fraction of free volume (FFV), radius of
gyration and d-spacing of the polymers that are listed in Table 5 were
determined using the calculations described above.

In Figure 8, the blue area in the cell represents the free volume (Vf),
and the other areas in the cell represent the occupied volume (Vo) of
the sample. The FFV is a simple and important measurement that is
correlated with the primary physical properties of a polymer
(Equation (3)).

FFV¼ Vf

VoþVf
ð3Þ

By comparing the FFV of P2 and PSBI (Figure 8), P2 was found to
exhibit a relatively high free volume occupancy ratio and a low density,
with the ‘gap’ between its molecular chains being comparatively larger
than that of PSBI. Compared with PSBI, P2 possesses relatively better
flexibility, which was verified by the experimental results. The stress–
strain curves of P2 and PSBI are shown in Figure 9. The experimental
results indicated that both P2 and PSBI possess high tensile strength, and
P2 exhibited a relatively higher elongation at break (15.5%); in other
words, P2 exhibited better toughness than the traditional PSBI. With
regard to structure, all of the PABI polymers, such as P2, exhibit similar
chemical structures, of which the molecular main chains exhibit a ‘Z’-
shaped structure. Regarding mechanical performance, all of the PABI
polymers possess high elongation while maintaining high tensile strength.

CONCLUSION

A series of novel PABIs have been obtained by condensation polymer-
ization of aromatic bifluorides with di(benzimidazolyl)benzenes via a C–
N coupling reaction. The synthesized PABI polymers exhibited high
glass-transition temperatures (Tg4240 1C), good thermal stability with
high decomposition temperatures (Td4450 1C) and excellent solubility
in organic solvents such as dimethylacetamide, N-methyl-2-pyrrolidone
and dimethylformamide; this solubility enables the PABI polymers to be
shaped into the required shape from their solutions instead of by the hot
pressing and sintering steps that are used for the traditional PBI. In

Figure 6 Wide-angle X-ray diffraction curves of PABI. A full color version of

this figure is available at Polymer Journal online.

Figure 7 All atomic radial distribution function of P2, P3, P5 and P7.

Figure 8 The simulated morphology of P2 and PSBI. A full color version of this figure is available at Polymer Journal online.
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addition, the PABI polymers exhibited good mechanical behavior with
improved toughness and thus can be used both in applications in
various high-tech fields and to form shapes with sharp corners. Another
major advantage over the traditional PBI polymers is that inexpensive
monomers can be used instead of the expensive 3,30,4,40-tetraaminobi-
phenyl monomer to produce PABI polymers.
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Table 5 The microstructural parameters of P2 and PSBI

d-spacinga (Å) Density (g cm�3) FFV (%) Radius of gyration

P2 6.2 1.2332 23.69 26.10

PSBI 5.3 1.3820 19.88 27.56

Abbreviations: FFV, fraction of free volume; PSBI, polybenzimidazole with sulfone group.
aThe average spacing between the polymer chains.

Figure 9 Stress–strain curves of P2 and PSBI.
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