
Effect of molecular rigidity and hydrogen bond interaction
on mechanical properties of polyimide fibers

Yan Feng, Long Bo Luo, Jieyang Huang, Ke Li, Baoying Li, Huina Wang, Xiangyang Liu
State Key Laboratory of Polymer Material and Engineering, College of Polymer Science and Engineering, Sichuan University,
Chengdu 610065, People’s Republic of China
Correspondence to: X. Liu (E - mail: lxy6912@sina.com)

ABSTRACT: Six kinds of polyimide (PI) fibers with different molecular rigidity and hydrogen bond interactions were designed and

prepared in order to investigate the relationship between structure and mechanical properties. The rigidity, aggregation structure,

fracture morphology, hydrogen bond, and charge transfer (CT) interactions were investigated in detail. Conformational rigidity of six

PI fibers were simulated and measured by D-values of energy barrier and bottom in potential energy curves of PI units. Rigid rod-

like PI macromolecules tend to pack in order and show better mechanical properties. However, with the increase of D-values, fracture

mechanisms change from ductile fracture to brittle fracture. Brittle fracture resulting from high conformational rigidity is adverse to

improvement of mechanical properties of PI fibers. Besides, strength of hydrogen bond and CT interactions are characterized by

infrared spectroscopy and ultraviolet absorption spectra, respectively. The results indicate that higher interactions lead to higher ten-

sile strength and initial modulus. Finally, PI fibers, which possess moderate conformational rigidity and strong hydrogen bond inter-

actions, exhibit highest tensile strength (1.82 GPa) and initial modulus (85.7 GPa) in six kinds of PI fibers. VC 2016 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2016, 133, 43677.
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INTRODUCTION

Polyimide (PI) fibers play a critical role in high-performance

fibers production since 1960s due to their excellent thermal stabil-

ity, chemical resistance, filter efficiency, radiation resistance, and

low dielectric constant.1 These advantages of PI fibers are attrib-

uted to high bond energy, strong intermolecular interactions, and

conjugated effect of PI molecules, which leads to potential appli-

cation of PI fibers in filter, fire-proofing, microelectronics, atomic

energy, and astronautics industry.2 Compared with other high-

performance fibers, PI fibers are mainly used as high temperature

filter material. Tensile strength of 0.5 GPa is enough for PI fibers

in this area. However, many researchers hope to use PI fibers in

advanced composite materials due to their excellent radiation

resistance and high thermal properties.3–6 Tensile strength of

fibers used in advanced composite materials should be above 2.5

GPa at least. For example, tensile strength of Kevlar is about 2.9

GPa. However, it is difficult for PI fibers.7,8 For instance, Park and

Farris had prepared pyromellitic dianhydride/4,40-oxydianiline

(PMDA/ODA) PI fibers with the tensile strength of 0.399 GPa and

initial modulus of 5.2 GPa.9 In addition, as commercial PI fibers,

the tensile strength of P84, whose application majored in thermal

filter field, was only 0.53 GPa.9 Thus, as high performance fibers,

the mechanical properties of PI fibers need to be highly enhanced.

To improve the mechanical properties of PI fibers, molecular

design of PI molecule has been focused in the past decades.

Many researchers have demonstrated that PI fibers with more

rigid backbones lead to more excellent mechanical properties.

As an alternative approach, benzimidazole units are introduced

into the PI main chain by many researchers in recent

years.4–6,8,10–23 For example, in our previous work, a series of

copolyimide (co-PI) fibers containing benzimidazole moieties in

the PI main chains were prepared. When the diamine ratio of

2-(4-aminophenyl)-5-aminobenzimidazole were 70%, the tensile

strength reached 1.53 GPa, which were almost three times over

PMDA/ODA PI fibers.10,11 Yin et al. prepared a series of rigid-

rod co-polyimide (co-PI) fibers containing benzimidazole and

benzoxazole moieties with 2-(4-aminophenyl)-5-aminobenzimi-

dazole (BIA), 5-amino-2-(4-aminobenzene) benzoxazole (BOA),

and BPDA. The optimum tensile strength and modulus of co-PI

Additional Supporting Information may be found in the online version of this article.
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fibers are as high as 1.74 and 74.4 GPa at the BIA/BOA molar

ratio of 7/3.17 Dong et al. prepared a type of PI fiber based on

2,20-bis(trifluoromethyl)-4,40-diaminobiphenyl (TFMB), 2-(4-

aminophenyl)-5-aminobenzimidazole (BIA) and BPDA, showing

a tensile strength of 2.15 GPa with a modulus of 105 GPa.4 Con-

sequently, PI fibers containing benzimidazole units have the

potential to become representative of PI fibers with high strength

and modulus for enhancement of intermolecular interactions.24

As we know, except for intermolecular interactions, conforma-

tional rigidity is the most important factor for high performance

polymer fibers. Poly[(benzo1,2-d:5,4-d0bisoxazole-2,6-diyl)-1,4-

phenylene] (PBO) is one of typical rigid-rod ordered polymers,

whose tensile strength and modulus are as high as 5.6 GPa and

352 GPa, respectively.24 However, there is no systematic study on

the effect of intermolecular interactions and rigidity on the aggre-

gation structure and mechanical properties of PI fibers.

In this study, six kinds of homo PIs with different molecular

rigidity and hydrogen bond interactions were designed and pre-

pared by wet spinning method. Rigidity of molecule was meas-

ured by D-values of energy barrier and bottom in potential

energy curves of PI units. The relationships of mechanical prop-

erties with rigidity, intermolecular interactions, and aggregation

structure of PI fibers were investigated. It was found that PI

fibers, which possess moderate conformational rigidity and

strong hydrogen bond interactions, exhibit highest tensile

strength and initial modulus in six kinds of PI fibers.

EXPERIMENTAL

Materials

N-Methyl-2-pyrrolidone (NMP) was obtained from Puyang MYJ

Technology Co., Ltd., China. and was distilled under reduced pres-

sure before use. 4,4-Oxydianiline (ODA) was obtained from

Changshou Chemical Company, China. 4-Amino-N-(4-amino-

phenyl) benzamide (DABA), p-phenylenediamine (PDA), 2-(4-

aminophenyl)-5(6)-aminobenzoxazole (BOA), 2-(4-amino-

phenyl)-5(6)-aminobenzimidazole (PABZ), 2-(3-amino-

phenyl)-5(6)-aminobenzimidazole (MABZ), and 3,30,4,40-

biphenyltetracarboxylic dianhydride (BPDA) were obtained

from Changzhou Sunlight Medical Raw Material Co., Ltd.,

China. BPDA was dried at 200 8C in an oven for 10 h. The

structures of the monomers are shown in Scheme 1.

Synthesis of Polyamide Acid

Polyamide acid (PAA) solutions were prepared by stirring equi-

molar amounts of dianhydride and diamine in NMP under a

nitrogen atmosphere at room temperature for 50 h. The solid

contents of BPDA/ODA, BPDA/PDA, BPDA/DABA, BPDA/

BOA, BPDA/PABZ, and BPDA/MABZ PAA solutions were 10%,

10%, 10%, 12%, 12%, and 12%, respectively.

Preparation of PAA and PI Fibers

The PAA solutions were filtered and degassed at reduced pressure

for 24 h prior to use. PAA fibers were prepared by wet-spinning.

Detailed spinning routes have been described previously.8 In the

second stage, the PI fibers were obtained by thermal imidization

of PAA fibers without tension during the heating at 6–8 8C/min

to 420 8C for 10 min. Scheme 2 shows the synthetic process and

the chemical structure of the PIs.

Characterization

Mechanical properties of PAA and PI fibers were tested on

YG001A-1 Fiber Electronic Strength Tester with a strain rate of

5 mm/min. The fixture span of fiber tests was set as 20 mm. The

intrinsic viscosity of PAA solution was measured with an ubbe-

lohde viscometer in 0.5 dL/g NMP at 30 8C. One-dimensional

Wide angel X-ray diffraction (1D-WAXD) patterns of PI fibers

were measured with a Philips X’Pert PRO MPD. X-ray diffraction

measurements were taken from reflection mode at room temper-

ature, using Ni-filtered Cu Ka radiation operated at 40 kV 3 40

mA. Two-dimensional wide angel X-ray diffraction (2D-WAXD)

patterns of the fibers were collected on a Bruker D8 Discover

with VÅNTEC-500 detectors with patented Mikrogap. Attenuated

total reflection infrared spectroscopy-Fourier transform infrared

(ATR-FTIR) spectra of PI fibers were measured at a Nicolet

Magna 650 spectroscope in the range 4000–400 cm21. The fre-

quency scale was internally calibrated with a reference helium–

neon laser to an accuracy of 0.2 cm21. Fractured morphologies

of the fibers were observed on a JEOL JSM-5900LV scanning

electron microscope (SEM). Dynamic mechanical analysis

Scheme 1. The structures of one dianhydride and six kinds of diamides.

Scheme 2. The synthetic process and the chemical structure of the PIs.
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(DMA) was carried out on a TA Q800 instrument under N2

atmosphere with a heating rate of 10�C/min from 40 to 550�C,

and the load frequency was 1 Hz. UV/vis transmission spectros-

copy was measured at a UV-1800PC Spectrophotometer in the

range 200–800 nm. Potential energy curve of torsion was calcu-

lated by molecular dynamics simulation with Materials Studio

4.0 software to measure the rigidity of PI repeat unit. The dihe-

dral angle W selected to be simulated is shown in Scheme 3.

Highest occupied molecular orbital (HOMO) energy level and

lowest unoccupied molecular orbital (LUMO) energy level were

calculated with Gaussian 03 base on density functional theory

(DFT).

RESULTS AND DISCUSSION

Chemical Structure

The ATR-FTIR results of six kinds of PI fibers are shown in Figure

1. All the PI fibers exhibit characteristic peaks at around

1380 cm21 (the stretching of CAN vs CAN), 1720 cm21 (the

asymmetric stretching of the imide carbonyls vs C@O) and

1780 cm21 (the symmetric stretching of the imide carbonyls vs

C@O), respectively.15 The absence of peaks near 1650 and

1550 cm21 indicates that polyamic acid has disappeared after cur-

ing.13 These results indicate that PI fibers were successfully pre-

pared. Besides, in ATR-FTIR spectrum of BPDA/ODA PI fibers,

stretching vibration peak of AOA is observed at 1240 cm21.25 In

ATR-FTIR spectrum of BPDA/DABA PI fibers, stretching vibra-

tion absorption of amide carbonyl locates at 1660 cm21, indicat-

ing the existence of amide bonds.12 In ATR-FTIR spectrum of

BPDA/BOA PI fibers, peaks at 1560 cm21 and 1480 cm21 wave-

number correspond to stretching vibration peak of benzoxazole,

and the peak at 925 cm21 wavenumber is attributed to bending

vibration absorption of OAC@N.26 In ATR-FTIR spectra of

BPDA/PABZ and BPDA/MABZ PI fibers, characteristic peaks at

1478 cm21 and 1450 cm21 wavenumber confirm the structure of

benzimidazole.26 In ATR-FTIR spectra of BPDA/DABA, BPDA/

MABZ, and BPDA/PABZ PI fibers, a broad peak ranging from

3000 cm21 to 3500 cm21 is observed, indicating the formation of

hydrogen bond interactions derived from NAH of amide bond

and benzimidazole.3 Peak of ANHA shifts toward lower wave-

number with enhancement of strength of hydrogen bond interac-

tions. Compared with BPDA/DABA, peak of ANHA in spectrum

of BPDA/PABZ shifts 26 cm21 wavenumber, from 3369 cm21 to

3343 cm21. Compared with BPDA/PABZ, peak of ANHA in

spectrum of BPDA/MABZ shifts 6 cm21 wavenumber, from

3343 cm21 to 3337 cm21. So the order of strength of hydrogen

bond interactions is BPDA/DABA<BPDA/PABZ<BPDA/

MABZ.

Intrinsic Viscosity and Mechanical Properties of PAA Fibers

Generally, mechanical properties of PI fibers are influenced by

intrinsic viscosity, physical defect, imidization degree, rigidity of

molecular chains, interactions between molecular chains, and

aggregation structure.

Gel permeation chromatography (GPC) is a direct method to

determine the molecular weight of PAA,27,28 while the intrinsic

viscosity of polyamic acid is a simple and effective method to

characterize the molecular weight indirectly. In this article, we

choose intrinsic viscosity of polyamic acid to compare the molec-

ular weight. The intrinsic viscosities of six different PAA fibers are

shown in Supporting Information Table S1. The intrinsic viscos-

ities of BPDA/PDA, BPDA/BOA, and BPDA/PABZ PAA solution

are 2.4 dL/g–2.6 dL/g, lower than that of BPDA/ODA, BPDA/

DABA, and BPDA/MABZ PAA solution. Moreover, the tensile

strength of six PAA fibers is nearly the same, as shown in Sup-

porting Information Table s1. Those results indicate that molecu-

lar weight and techniques of spinning should make little

contribution to the difference in mechanical properties.

The Fracture Morphologies

The fracture morphologies of six PI fibers were studied by SEM,

as shown in Figure 2. The cross-sections of six kinds of PI fibers

are round and voids-free, indicating that there is no obvious

physical defect harming the mechanical properties of PI fibers.

As the imidization degrees of six kinds of PI fibers can be calcu-

lated to be above 98% from the ATR-FTIR results, imidization

degree makes no contribution to the difference in mechanical

properties. In summary, the difference in mechanical properties

is not caused by intrinsic viscosity, physical defect, or imidiza-

tion degree. For the aggregation structure is also affected by

rigidity of molecular chains and interactions between molecular

chains, the difference in mechanical properties is brought by

distinction in rigidity of molecular chains and interactions

between molecular chains.

Macromolecular Chain Rigidity

Among six kinds of PI fibers, the main chain of BPDA/ODA is

a flexible molecular chain. BPDA/DABA contains amide bond,

so that there are strong interactions between molecular chains.

The main chain of BPDA/PDA is a typical rigid-rod molecular

chain. The main chains of BPDA/BOA and BPDA/PABZ are

both rigid molecular chains and the difference is that there are

strong interactions between BPDA/PABZ molecular chains

brought by imidazole. The main chain of MABZ/BPDA is a

flexible molecular chain with strong interactions for its meta-

position structure.

Potential energy curves of torsion of six PI units at 300 K were

simulated with Materials Studio 4.0 software. D-value of energy

barrier and bottom in potential energy curve is calculated to

measure the conformational rigidity,29,30 as shown in Figure 3.

The larger the D-value is, the more energy molecular chains

needed when rotating from one potential bottom to another.

Scheme 3. The dihedral angle W rotated in six kinds of PI unit.
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The more difficultly molecular chains rotate, the more rigid the

molecular chains are. D-values of energy barrier and bottom can

be clearly seen in Figure 3. Therefore the order of rigidity of six

PI fibers is BPDA/PDA>BPDA/PABZ>BPDA/BOA>BPDA/

DABA>BPDA/ODA>BPDA/MABZ.

Glass-Transition Temperature

DMA curves are shown in Figure 4. The glass-transition tempera-

ture (Tg) values are regarded as the peak temperature in the inter-

nal loss factor (tan d) curves.18–23 For BPDA/ODA, BPDA/BOA,

BPDA/PDA, BPDA/DABA, BPDA/PABZ, and BPDA/MABZ PI

Figure 1. ATR-FTIR spectra of (A) BPDA/ODA; (B) BPDA/DABA; (C) BPDA/PDA; (D) BPDA/BOA; (E) BPDA/MABZ; (F) BPDA/PABZ PI fibers.
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fibers, Tgs are 284, 292, 325, 335, 370, and 408 8C In classical poly-

mer physics, high Tg represents high rigidity and strong chain–

chain interactions.31 The increasing Tg values of BPDA/ODA,

BPDA/BOA, and BPDA/PDA PI fibers confirm the order of rigid-

ity in molecular simulations. In BPDA/PABZ PI molecules,

ANHA replaces the position of benzoxazole AOA in BPDA/BOA

Figure 2. Fracture morphology of (A) BPDA/ODA; (B) BPDA/DABA; (C) BPDA/PDA; (D) BPDA/MABZ; (E) BPDA/BOA; (F)BPDA/PABZ PI fibers.

Figure 3. Potential energy curves of W in (a) BPDA/ODA; (b) BPDA/DABA; (c) BPDA/PDA; (d) BPDA/MABZ; (e) BPDA/BOA; (f) BPDA/PABZ PI units.
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systems, and the results of molecular simulations also show that

the two systems share similar rigidity. Therefore, the Tg gap of

78 8C indicates strong hydrogen bond interactions brought by

ANHA. Similarly, Tg of BPDA/DABA fibers is 51 8C higher than

BPDA/ODA fibers, as a result of strong hydrogen bond interac-

tions brought by amide bond. Besides, the flexible BPDA/MABZ

PI fibers show highest Tg, reflecting that hydrogen bond interac-

tions between molecular chains are the strongest. These results are

in accordance with the order of strength of hydrogen bond proved

by ATR-FTIR well. Moreover, as we know, the intensity of the

tan d at Tg is an evaluation of the energy-damping characteristic

of a material, which is influenced by rigidity and crystallinity. As

indicated in Figure 4, the tan d values of flexible PI fibers (BPDA/

MABZ, BPDA/MABZ, and BPDA/DABA) are larger than rigid PI

fibers (BPDA/PABZ, BPDA/BOA, and BPDA/PDA). This also sug-

gests a hindered rotation of PI chains arising from the rigidity of

PI molecules, in accordance with the increasing Tgs.

Charge Transfer Interactions

UV/vis transmission spectroscopic measurements were employed

to characterize charge transfer (CT) interactions, as shown in

Figure 5. The cut-off wavelength is defined as the wavelength at

which the transmittance is lower than 1%. The values of cut-off

wavelength of BPDA/ODA, BPDA/DABA, BPDA/PDA, BPDA/

MABZ, BPDA/BOA, and BPDA/PABZ are 408, 423, 414, 426, 416,

and 443 nm, respectively. The values of cut-off wavelength are

closely related to the CT interactions and the higher values of cut-

off wavelength indicate stronger CT interactions.32

BPDA/PABZ and BPDA/BOA PI fibers show similar chemical

structure and conformational rigidity. However, cut-off wave-

length of the former is much higher than that of the latter. To

further research, interactions between molecular chains of

BPDA/PABZ and BPDA/BOA PI fibers are selected to be studied

by molecular simulation.

For the two kinds of repeat units, the highest occupied molecu-

lar orbital (HOMO) is mainly located on PABZ and BOA,

whereas the lowest unoccupied molecular orbital (LUMO) is

mainly located on BPDA. PABZ and BOA act as electron-donor

and BPDA acts as electron-acceptor. As clearly illustrated in

Supporting Information Table s2, the calculated HOMO and

LUMO energy levels in the ground-state optimized geometry

are found to be 25.68 eV and 22.39 eV for BPDA/PABZ and

25.90 eV and 22.40 eV for BPDA/BOA. By comparing the

HOMO energy, the increase in the values (25.68 eV>25.90

eV) could indicate the stronger electron donating effect and the

larger degree of p-conjugation spread between molecules.33 In

contrast, the LUMO energy levels are nearly the same. The

increase in HOMO energy level effectively leads to a relatively

narrow band gap in BPDA/PABZ (3.29 eV), indicating stronger

CT interactions exist between PABZ/BPDA molecular chains.

Mechanical Properties

The mechanical properties of six kinds of PI fibers are tested and

shown in Table I. The flexible BPDA/ODA PI fibers show the low-

est tensile strength and initial modulus. The tensile strength and

modulus of BPDA/BOA PI fibers are higher than that of BPDA/

PDA PI fibers, though the rigidity of BPDA/PDA is larger than

BPDA/BOA. Therefore, PI fibers with moderate rigid can reach

better mechanical properties. When the AOA group in BPDA/

ODA is replaced with ACONHA group, the tensile strength of

BPDA/DABA PI fibers increases from 0.51 GPa to 0.85 GPa. Obvi-

ously, this is due to the strong hydrogen bond interactions

between BPDA/DABA molecular chains brought by amide bond.

Figure 4. The DMA curves of six kinds of PI fibers. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. The UV/vis transmission spectra of six kinds of PI films after

annealing at 380 8C. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. Tensile Strength, Initial Modulus, and Elongation of Six Kinds of

PI Fibers

Sample
Tensile
strength (GPa)

Initial
modulus (GPa) Elongation (%)

BPDA/ODA 0.51 17.7 18.1

BPDA/DABA 0.85 44.7 6.8

BPDA/PDA 1.02 64.1 1.7

BPDA/BOA 1.72 82.4 4.8

BPDA/MABZ 0.74 33.3 12.6

BPDA/PABZ 1.82 85.7 4.2
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Similarly, the tensile strength and modulus of BPDA/PABZ PI

fibers are higher than BPDA/BOA PI fibers because of the strong

hydrogen bond interactions brought by benzimidazole. However,

the BPDA/MABZ PI fibers with meta-position benzimidazole

groups show lower values of tensile strength and modulus than

other kinds of rigid PI fibers (BPDA/PDA, BPDA/BOA, and

BPDA/PABZ) though the hydrogen bond interactions between

molecular chains are the strongest. Therefore, PI fibers without

rigidity cannot reach good mechanical properties though there are

strong hydrogen bond interactions. Among six kinds of PI fibers,

tensile strength and modulus of BPDA/PABZ are the highest,

which can reach 1.81 GPa and 85.7 GPa. Therefore, PI fibers with

moderate rigid and strong interactions between molecular chains

can reach best mechanical properties.

Performance of Fibers

From the above results and discussion, conformational rigidity

and hydrogen bond interactions have an important effect on

mechanical properties. Mechanical properties of PI fibers are

significantly affected by aggregation structure of macromolecu-

lar chains. Therefore, we should further investigate the influence

of conformational rigidity and hydrogen bond interactions on

aggregation structure. Aggregation structure includes crystallin-

ity and degree of orientation.

1D and 2D WAXD were used to characterize the aggregation

structure of six different PI fibers, as shown in Figures 6 and 7.

All the diffraction peaks were deconvoluted and fitted with

Gaussian broadening functions on a single baseline to estimate

the central peak positions. In the equatorial directions from Fig-

ure 6, BPDA/PDA, BPDA/BOA, and BPDA/PABZ PI fibers,

whose backbones are rigid rod-like, exhibit strong crystalline

diffraction peaks. However, BPDA/ODA and BPDA/MABZ PI

fibers whose backbones are flexible chain are amorphous. These

results are in accordance with the reports that rigid rod-like PI

macromolecules tend to pack in order.34,35

Crystallization is related to the ordered arrangement of molecu-

lar chains, so crystallinity is used to evaluate packing order

degree of molecular chains. In 1D-WAXD, crystallinity is calcu-

lated with the formula, Xc 5 Ac/(Ac 1 Aa).36 In this formula, Xc

is crystallinity; Ac is crystalline peak area; Aa is amorphous peak

area. The crystallinities of six different PI fibers are illustrated

in Table II. PI fibers with rigid rod-like chains possess higher

crystallinities than PI fibers whose backbones are flexible. How-

ever, crystallinity of BPDA/PDA PI fibers is 28%, lower than

that of BPDA/BOA (32%) PI fibers, though rigidity of BPDA/

PDA PI fibers is higher. Therefore, moderate rigidity is benefi-

cial for PI molecular chains to pack in order and crystallize. PI

fibers with moderate rigidity show better mechanical properties.

Comparing BPDA/PABZ PI fibers with its similar rigidity sys-

tem (BPDA/BOA PI fibers), we find that the former shows

lower crystallinities. It indicates that hydrogen bond interactions

will inhibit crystallization.

After curve fitting of 1D-WAXD patterns, every center of peak

is located, and interplanar spacing “d” of BPDA/BOA and

BPDA/PABZ PI fibers are calculated with Bragg Formula

(2dsin h 5 k), as illustrated in Table III.

In the diffraction patterns of BPDA/BOA PI fibers, strong peaks

are observed at 14.728, 17.238, 21.988, and 23.798, while a weak

peak appears at 27.678. Based on indexing analysis of molecular

simulations by Zhuang Yongbin, the peak at 14.728 (6.01 Å),

which attributes to crystal face (002), is derived from “side to

side” stacking.37 Besides, the interplanar spacing of 6.01 Å is

similar to interplanar spacing of copoly(benzobisoxazole) imides

Figure 6. The 1D-WAXD patterns and curve fittings of (a) BPDA/ODA; (b) BPDA/DABA; (c) BPDA/PDA; (d) BPDA/MABZ; (e) BPDA/PABZ; (f)BPDA/

BOA PI fibers. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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“side to side” stacking.38 The peak at 21.988 (4.04 Å) is derived

from “face to face” stacking of imide ring or benzoxazole ring,

and the interplanar spacing of 4.04 Å is similar to interplanar

spacing of “p–p” stacking.35

In the diffraction patterns of BPDA/PABZ PI fibers, strong peak

at 15.018 (5.88 Å) corresponds to “side to side” stacking of

BPDA/BOA PI fibers. Li et al. demonstrated that interplanar

spacing of poly(p-phenylene benzobisimidazole) order stacking

is 5.5 Å, and the value is close to 5.88 Å,39 indicating that peak

at 15.018 is derived from “side to side” stacking of benzimida-

zole ring. Besides, peak at 24.638 (3.61 Å) is derived from

“p–p” stacking of PI. Both “side to side” stacking and “p–p”

stacking interplanar spacings in BPDA/PABZ PI fibers are less

than that in BPDA/BOA PI fibers, indicating that hydrogen

bond interactions may influence molecular packing and lead to

a small interplanar spacing.

In the meridional direction, three diffraction arcs are observed

in the 2D-WAXD pattern of BPDA/BOA PI fibers, while two

diffraction arcs are observed in the 2D-WAXD pattern of

BPDA/PABZ PI fibers. In the 2D-WAXD pattern of BPDA/

PABZ PI pattern, diffraction arcs at 148–158 are lighter than

Figure 7. 2D-WAXD patterns of (A) BPDA/ODA; (B) BPDA/DABA; (C) BPDA/PDA; (D) BPDA/MABZ; (E) BPDA/BOA; (F) BPDA/PABZ PI fibers.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Results of Crystallinity, <cos2w>hkl and f2 in Crystalline Region

of Six Kinds of PI Fibers

Sample Crystallinity <cos2w> f2

BPDA/ODA 0 0.70 0.55

BPDA/DABA 7 0.79 0.68

BPDA/PDA 28 0.83 0.75

BPDA/BOA 32 0.85 0.77

BPDA/MABZ 0 0.77 0.66

BPDA/PABZ 24 0.86 0.79

Table III. 1D-Wide Angle X-ray Diffraction Position (2h) and d-Spacing

in WAXD Patterns of BPDA/BOA and BPDA/PABZ

Sample 2h (8) d (Å)

BPDA/PABZ 15.01 5.88

24.63 3.61

23.76 (amorphous halo) 3.74

BPDA/BOA 14.72 6.01

17.23 5.14

21.98 4.04

27.67 3.22

23.79 (amorphous halo) 3.74
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diffraction arcs at 228–258, indicating that “side to side” stack-

ing are more ordered than “p–p” stacking, and the results are

in accordance with 1D-WAXD patterns. In both 2D-WAXD pat-

terns of BPDA/BOA and BPDA/PABZ PI fibers, the sixth layer

lines in the equatorial direction are the brightest. Besides, their

corresponding interplanar spacing are both near 7.2 Å, and the

similar values suggest the c axis lengths in the unit cells of

BPDA/BOA and BPDA/PABZ PI fibers are consistent.

For crystal face (hkl), the degree of orientation in crystalline

region can be assessed with <cos2w>hkl, which is calculated

with the formula12 hcos 2wihkl5

Ð p
2

0
I wð Þcos x2wsin wdw
Ð p

2

0
I wð Þsin wdw

. In this

formula, w represents azimuthal angle, and I(w) represents

scanning intensity at w angle.

In common, f2 is defined as Herman’s orientation function, and

determined with Herman Formula f25
3hcos x2wi21

2
.40 <cos2w>hkl

and f2 of six PI fibers are shown in Table II.

The rigid rod-like PI fibers (BPDA/PDA, BPDA/BOA, BPDA/

PABZ) exhibit higher degree of orientation in crystalline region

than the flexible PI (BPDA/ODA, BPDA/MABZ) fibers. There-

fore, the rigid rod-like PI fibers possess better mechanical prop-

erties. PI fibers with strong hydrogen bond interactions (BPDA/

PABZ) possess the highest degree of orientation in crystalline

region which is 79%, so strong hydrogen bond interactions can

make molecular chains pack more densely and possess higher

degree of orientation in crystalline region, and then lead to

higher tensile strength and initial modulus.

CONCLUSIONS

Rigidity of molecular chains and hydrogen bond interactions

determine aggregation structure by affecting CT interactions,

degree of orientation, and crystallization. Aggregation struc-

ture finally determines the mechanical properties of PI fibers.

Six kinds of PI fibers with different conformational rigidity

and interactions are prepared. D-values of energy barrier and

bottom in potential energy curves of PI units are calculated to

measure the rigidity of molecular chains. When D-value is less

than 28, PI fibers show low conformational rigidity and amor-

phous structure, leading to poor mechanical properties. When

D-value increases, PI molecules chains with moderate rigidity

tend to pack in order and show better mechanical properties.

However, when D-value increases to more than 40, the BPDA/

PDA PI fibers exhibit high conformational rigidity and crys-

talline structure. High rigidity leads to difficult molecular

chains rotating and fracture mechanisms change from ductile

fracture to brittle fracture, which leads to poor mechanical

properties. Besides, stronger hydrogen bond interactions can

make molecular chains pack more densely and possess higher

degree of orientation in crystalline region, and then lead to

higher tensile strength and initial modulus. Finally, PI fibers,

which possess moderate conformational rigidity and strong

hydrogen bond interactions, exhibit highest mechanical

properties.
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