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ABSTRACT: High-strength and high-toughness nanofib-
ers were made from polyimide 6F-PI through electrospin-
ning. The 6F-PI had a backbone made up with 3,30,4,
40-biphenyl-tetracarboxylic dianhydride and 2,2-bis[4-(4-
aminophenoxy)phenyl]-hexafluoro-propane residues. Elec-
trospun 6F-PI precursor nanofibers were collected in the
form of aligned fiber sheet on the rim of a rotating disc.
Heating process converted the precursor fiber sheets to 6F-
PI nanofiber sheets. Gel permeation chromatography and
Ostwald Viscometer were used to determine the molecular
weight and the molecular weight distribution of the 6F-PI
precursor, i.e., the 6F-polyamic acid. Scanning electron mi-
croscopy, infrared spectroscopy, X-ray scattering, tensile
testing, dynamic mechanical analysis, thermogravimetric
analysis, and differential scanning calorimetry were
employed to characterize the surface morphology, thermal
stability, and mechanical properties of the 6F-PI nanofiber

sheets. Experimental results show that the nanofibers were
well aligned in the sheets with fiber diameters ranging
from 50 to 300 nm. The nanofiber sheets were stable to
over 450�C, with a glass transition at 265.2�C. The uniaxial
tension test showed that the 6F-PI nanofiber sheets had
superior mechanical properties. The ultimate tensile
strength, modulus, toughness, and elongation to break of
the 6F-PI nanofiber sheets are respectively, 308 6 14 MPa,
2.08 6 0.25 GPa, 365 6 20 MPa, and 202 6 7%. It is
expected that electrospun PI nanofibers with such high
toughness and high ultimate tensile strength can find
applications in high-performance textiles and composites,
for example. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci
116: 1581–1586, 2010
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INTRODUCTION

Polyimides form a well-known class of polymer
materials with excellent thermal behavior and me-
chanical properties and very good chemical resist-
ance and electrical properties. Because of these
outstanding properties, polyimides have found
extensive applications as fibers,1–4 films,5–8 coat-
ings,9–11 photoresists,12–15 and composites,16–20 for
many years. Ultra-thin polyimide fibers can be made
with nanometer scale diameters by means of electro-
spinning.21–23 It was found that the electrospun polyi-
mide nanofibers had remarkably better mechanical
properties than those made of other polymer, such as
polyacrylonitrile (PAN), nylon, Nomex, polylactide

(PLA), and the like. For instance, the mats of partially
aligned polyimide nanofibers based on 4,40-Biphenyl-
tetracarboxylic dianhydride (BPDA)/p-phenylenedi-
amine (PPA) had an average tensile strength of 660
MPa, Young’s modulus of 16 GPa, and 5% elongation
to break21; however, the constituent single polyimide
nanofibers had an average tensile strength of 1.7 GPa,
Young’s modulus of 80 GPa and 3% elongation to
break.22 To enhance their compliance, polyimide co-
polymer nanofibers were produced based on BPDA/
BPA/ODA (mole ratio ¼ 100/40/60). The resulting
copolymer nanofibers had an average strength of 1.1
GPa, Young’s modulus of 15 GPa, and an elongation
to break about 20%, measured on a belt of aligned
nanofibers.23 Although the improved elongation to
break of the polyimide copolymer nanofibers was
almost fourfold higher than that of the BPDA/PPA
polyimide nanofibers reported previously,21,23 the
absolute magnitude is still relatively low by compari-
son with many polymer fibers. In view of strain
energy and solid mechanics, lower elongation corre-
sponds to lower toughness and impact resistance.
Therefore, in this work, we developed an experi-

mental scheme to synthesize a novel polyimide with
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a flexible diamine, 2,2-bis[4-(4-aminophenoxy)phe-
nyl]hexafluoropropane (6F-BAPP) as one of the
monomers, which was usually used to synthesize
organosoluble polyimides or low dielectric constant
polyimides because of its flexibility.24–26 The resulting
polyimide nanofibers have both high strength and
high elongation to break. As the three-sp3 elements
(2O, 1C) that form sp3 bonds exist on the polymer
backbone, which separates the rigidity of the aro-
matic rings, the resulting polyimide with the flexible
diamine residue was expected to increase the nano-
fiber elongation. As expected, the nanofiber sheets
made from the flexible polyimide had an elongation-
to-break over 200%, which is 40-fold the strain of
BPDA/PPA polyimide nanofiber sheets reported in
the literature.21 The corresponding tensile strength is
beyond 300 MPa and the toughness is over 360 MPa.

EXPERIMENTAL

Materials

N,N-dimethyl acetamide (DMAc) (Jinwei Chem Co.,
Shanghai, China) was distilled over P2O5 under
reduced pressure. BPDA (Jida Plastic Products Co.,
Hebei, China) was purified by sublimation before
use. 6F-BAPP was synthesized described as previous
work.27 Dodecylethyldimethylammonium bromide
(DEDAB, 98%, Aldrich) was used as received.

Synthesis of PI precursor 6F-PAA

Equi-molar amounts of BPDA (2.9423 g, 0.01 mol),
6F-BAPP (5.1846 g, 0.01 mol), and 73.0 g DMAc
were mixed in a 250 mL four-necked flask equipped

with a mechanical stirrer, thermometer, nitrogen
inlet, and outlet, followed by intense mechanical stir-
ring at 0–1�C for 48 h. The equation of the polycon-
densation was schematized as shown in Figure 1.
The concentration of the as-synthesized polyamic
acid (6F-PAA) in DMAc was 10% by weight. The
mixture resulted in a highly viscous polymer solu-
tion. The intrinsic viscosity of the 6F-PAA was meas-
ured to be 5.40 dL/g in DMAc.

Fabrication of aligned nanofiber sheets

The electrospinning process was performed on a so-
lution of the above precursor in DMAc. A small
amount of DEDAB was added to increase the electri-
cal conductivity of the solution for electrospinning.
The parameters of the solution adopted for electro-
spinning were listed in Table I. The average electri-
cal field was on the order of 200 kV/m, which was
triggered by introducing a 50 kV electrical potential
into a 25 cm gap from the spinneret to a drum-
shaped collector (with diameter around 0.28 m),
which rotated at a preset speed. The as-electrospun
6F-PAA nanofibers were collected as a sheet of
aligned nanofibers on the rotation drum.

Imidization of nanofiber sheets

Imidization of the nanofiber sheets was implemented
within a tubular glass reactor at temperatures rang-
ing from room temperature to 250�C, in vacuum.
This process follows the protocol: (1) holding at
100�C in vacuum for 2 h to remove the residual sol-
vent; (2) heating up to 160�C at a rate of 10�C/min
and annealing for 15 min; (3) heating up to 200�C at a
rate of 5�C/min and annealing for 15 min; (4) heating
up to 250�C at a rate of 3�C/min and annealing for
60 min to complete the imidization process.

Characterization

Infrared spectra of the PAA and PI nanofiber sheet
samples were recorded by using a Bruker Tensor 27
spectrophotometer in the transmission mode. Wide-
angle X-ray diffraction was carried out using a BEDE
D1 system with Cu-a radiation. Images of the nano-
fibers and the nanofiber sheets were captured by
using a Quanta 200 scanning electron microscope
(SEM). Mechanical properties of the PI nanofiber
sheets were characterized through uniaxial tension

Figure 1 Reaction equations of polycondensation and
imidization of the polymers.

TABLE I
Parameters of the Solution for Electrospinning

Sample
Concentration

of 6F-PAA (wt %)
Concentration

of DEMAB (wt %)
Viscosity
(Pa.s)

Electrical
conductivity (lS/cm)

Solution for electrospinning 3.0 0.12 5.92 51.0
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tests on an electromechanical universal testing
machine (Model: CMT-8102, SANS company). All the
tension tests were performed under the displace-
ment-control mode at the constant cross-head speed
of 5 mm/min. The samples for tensile testing were
2 mm in width and 60 mm in length. The thickness of
the sample was calculated based on the sample
weight and density of corresponding PI. For example,
the weight of a piece of the PI nanofiber sheet of 60 �
10 mm2 was 12.8 mg and the density of the PI was
1.39 g/cm3, which was determined from the weight
and volume of the corresponding film. The thickness
of the aligned 6F-PI nanofiber sheet was 15.3 lm.

Thermal stability analysis of the nanofibers was
carried out on a thermogravimetric analyzer WRT-3P
(Shanghai) at a heating rate of 10�C/min in air. Dif-
ferential scanning calorimetric (DSC) measurement
was conducted on the nanofiber sheet sample, using
a Netzsch DSC 200F3, in standard aluminum pans,
with a heating and cooling rate of 10�C/min. The
dynamic mechanical analysis (DMA) of the nanofiber
sheets was performed using a Perkin–Elmer Pyris di-
amond DMA at a heating rate of 3�C/min in nitro-
gen. The frequency and amplitude utilized for the
characterization were respectively, 1 Hz and 20 lm;
and the fiber alignment direction in the sample was
along the stretching direction. The storage modulus
(E0), loss modulus (E00), and loss tangent (tand) of the
nanofiber sheets were recorded in the temperature
range from 20 to 350�C. Intrinsic viscosity of the 6F-
PI precursor, 6F-PAA, was measured using an Ost-
wald Viscometer, and the solvent was DMAc, at
25�C. Gel permeation chromatography was carried

out using a Waters 1515 system with a polystyrene
standard for calibration. The viscosity and electrical
conductivity of the concentrated 6F-PAA-solution in
DMAc were measured respectively, using a NDJ-8S
digital viscometer (Shanghai Precision and Scientific
Instrument Co) and a DDS-11D conductivity meter
(Shanghai Precision and Scientific Instrument Co).

RESULTS AND DISCUSSIONS

Synthesis of 6F-PI precursor

BPDA is a highly active dianhydide and 6F-BAPP is
a highly active diamine. As a result, the polyconden-
sation between dianhydride and diamine is rapid in
an aprotic solvent such as DMAc. However, a higher
reactivity, for a polymerization, often means a lower
molecular weight and a broader molecular-weight
distribution. To form a polymer product with a high
molecular weight and a narrow molecular-weight
distribution, the polycondensation of BPDA and 6F-
BAPP was performed at a lower temperature from 0
to 1�C, for 48 h. The polymerization resulted in a
highly viscous 6F-PAA solution in DMAc. To
enhance the reaction, intense mechanical stirring is
needed due to the high viscosity of the reaction mix-
ture. The intrinsic viscosity, molecular weight, and
molecular weight distribution of the as-synthesized
polyamic acids were listed in Table II. The high mo-
lecular weight of 8.3 � 105 Dalton and the narrow
molecular weight distribution is desirable for pro-
ducing high performance nanofibers.

Formation of aligned 6F-PI nanofiber sheets

Aligned nanofiber sheets were fabricated with aid of
a rotating disc or drum that served as the fiber col-
lector.21,23,28 In this study, the 6F-PAA nanofibers
were assembled at the rim of a disc rotating at a sur-
face speed of 24 m/s. Figure 2 shows the alignment

TABLE II
Intrinsic Viscosity, Molecular Weight, and Molecular

Weight Distribution of 6-F-PAA

Sample [g](dL/g) Mw Mn Mw/Mn

6F-PAA 5.40 8.3 � 105 5.2 � 105 1.6

Figure 2 Typical SEM images of aligned 6F-PI nanofiber sheet: low magnification (A) and high magnification (B).
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of fiber along the rotating direction. The alignment
degree of the nanofibers in sheets is about 85%,
determined by counting the fraction of fibers with
almost the same stretching direction in the SEM
image. Though the fiber diameter was in the range
from 50 to 300 nm, most of diameters were in the
range of 150–250 nm. The PI nanofibers were formed
from the above precursor nanofibers by imidization
at high temperature, as described in Section 2. IR
spectra showed that the imidization of 6F-PAA was
almost completed at 200�C (Fig. 3). A small peak at
1850 cm�1 was detected, which can be attributed to
the stretching vibrations of C¼¼O in an anhydride
group ACOAOACOA, which was formed as one of
the end groups of a polymer molecule in the course
of imidization due to an inner reaction of adjacent
carboxy and amido groups. This is the reverse reac-
tion of polycondensation between dianhydride and
diamine. Upon heating to 250�C, the small peak dis-
appeared, due to a further reaction between the end
groups.

Thermal properties of 6F-PI nanofibers

Although flexible diamine residues were involved,
the 6F-PI molecules still sustain a high thermal sta-
bility. The thermogravimetric analyses of the electro-
spun 6F-PI nanofiber sheets are shown in Figure 4.
It was found that the 6F-PI nanofiber samples
obtained at imidization temperature of 250�C had a
thermal stability temperature beyond 450�C, and the
glass transition temperature of the 6F-PI nanofibers
did not decrease, either. Figure 5 shows a DSC heat-
ing diagram for a typical nanofiber sheet sample.
The glass transition temperature is 265.2�C, but no
clear crystallization or melting signals are detected
on the DSC curve, below the decomposition temper-
ature of 450�C. The DMA behavior of a typical 6F-PI
nanofiber sheet is illustrated in Figure 6. The strong
and sharp peak on Curve 2 indicates that the 6F-PI
nanofiber sheet, imidized at 250�C, had a prominent
a transition around 262�C, which is correlated to the
Tg of 6F-PI nanofibers. The storage modulus
decreased gradually from 3.5 to 2.0 GPa in the tem-
perature range from 50 to 250�C, and decreased
abruptly from 2.0 to � 15 MPa at � 260�C (curve 1).

Figure 3 FT-IR spectra of typical 6F-PI and 6F-PAA.

Figure 4 TGA curve of a typical 6F-PI nanofiber sheet.

Figure 5 DSC curve of a typical aligned 6F-PI nanofiber
sheet.

Figure 6 Tan(d) curves of typical electrospun PI nano-
fiber belts with different imidization temperature.
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According to the above DSC analysis and the
dynamic mechanical behavior of the 6F-PI nanofiber
sheet, we conclude that the polymer in the nanofib-
ers is amorphous. This is further confirmed by X-ray
diffractions (Fig. 7). An amorphous halo was
observed at a scattering angle of 2y ¼ 16�.

Mechanical properties of 6F-PI nanofiber sheets

The tensile test results are tabulated in Table III.
Typical stress–strain curves are shown in Figure 8.
The tensile behavior of the aligned nanofiber sheet is
quite different from that previously reported by the
present authors.21,23 The 6F-PI nanofiber sheet has a
yield at the strain of � 10%, then hardened with the
increase of stress as the stretching increased, to a
strain of up to 200%. Such a tensile behavior is un-
usual for a PI fiber sample. The high molecular
weight and flexible backbone structure of the 6F-PI
might be responsible for such a high strain and long
hardening stage. Due to the ultra-high elongation to
break, the 6F-PI nanofiber sheet has a toughness of
365 MPa, which is an unusual high value among the
previously reported textile polyimide fibers and elec-
trospun polyimide nanofibers.

CONCLUSIONS

High strength and high toughness sheets of aligned
nanofibers were produced from 6F-PI (based on
BPDA/6F-BAPP) by electrospinning. The flexible
diamine 6F-BAPP residues decreased the rigidity of
the 6F-PI backbone and its crystallinity. The 6F-PI
was in the amorphous state after electrospinning
according to the analyses based on DSC, DMA, and
X-ray diffraction. Meanwhile, the toughness of the
nanofiber sheet was as much as 365 MPa, among the
highest of common polymer materials. The nanofiber
sheets have excellent thermal stability, with the Tg

beyond 265�C and decomposition temperature at
450�C. Such nanofibers have a promising future in
making heat-resistant filters, and impact-resistant
protective clothes, for example.
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