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Thermal and electrical properties of polyimide/PANI
nanofiber composites prepared via in situ polymerization

ASEEL A. KAREEM*

Department of Physics, College of Science, University of Baghdad, Iraq

Polyimide/polyaniline nanofiber composites were prepared by in situ polymerization with various weight percentages of
polyaniline (PANI) nanofibers. X-ray diffraction (XRD) and Fourier transform infrared spectra (FT-IR), proved the successful
preparation of PANI nanofiber composite films. In addition, thermal stability of PI/PANI nanofiber composites was superior
relative to PI, having 10 % gravimetric loss in the range of 623 °C to 671 °C and glass transition temperature of 289 °C to
297 °C. Furthermore, the values of the loss tangent tand and AC conductivity oac of the nanocomposite films were notably
higher than those of pure polyimide. The addition of 5 wt.% to 15 wt.% PANI nanofiber filler enhanced the activation energy

of PI composites from 0.37 eV to 0.34 eV.
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1. Introduction

Polyimides (PI), as a kind of high-performance
engineering polymers, have been widely used in
many advanced technology fields due to their ex-
cellent thermal stability, outstanding mechanical
properties and low dielectric constants [1]. In re-
cent years, conducting polymers containing con-
jugating 7t-electron systems, such as polyaniline
(PANI), polythiophene, and polypyrrole, have been
widely studied. PANI has attracted special atten-
tion because of its easy polymerization, high yield
at low cost, relatively high conductivities, redox re-
versibility, and environmental stability [2]. These
properties provide its wide applications in bat-
teries, molecular electronic devices, photoelectric
cells, light emitting diodes, electromagnetic shield-
ing and biosensors [3]. Moreover, the PANI of
nanometer sizes (<100 nm) provides larger sur-
face areas and smaller dimensions compared with
their bulky counterparts, which permits enhanced
interactions with the surrounding polymer ma-
trices [4]. PANI nanofibers can be prepared by
rapid mixing — a simple and fast method that
presents the advantage of not using organic solvent.
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However, applications of PANI have been lim-
ited due to its low solubility in common or-
ganic solvents and its difficult processability [5].
This drawback can be overcome by the dispersion
and formation of a conductive network of PANI
nanofibers within conventional polymers, follow-
ing different approaches such as melt blending by
extrusion, solution/dispersion, in situ polymeriza-
tion, and electrochemical polymerization [6]. In
this work, the electrical and thermal properties
of prepared PI/PANI composite films by in situ
polymerization have been studied. X-ray diffrac-
tion (XRD) and Fourier transform infrared spectra
(FT-IR) were used to prove the successful prepara-
tion of PANI nanofiber composite films.

2. Experimental

The polyimide was prepared using two different
monomers: pyromellitic dianhydride (PMDA) and
p-phenylene diamine (PDA), commercially avail-
able from Sigma-Aldrich. 2 g (10 mmol) PDA and
40 mL NMP were placed in a flask and stirred for
30 min. 2 g (10 mmol) PMDA was then added
to the solution in partition and stirred overnight
at room temperature to prepare an approximately
20 % poly(amic acid) (PAA) solution.

© 2018. This is an open access article distributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 3.0 License.


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.materialsscience.pwr.wroc.pl/

284 ASEEL A.

KAREEM

1 M HCl solution (89.06 mL) was prepared. The
solution was divided into two parts labeled (a) and
(b). The temperature of the solution was adjusted
to 40 °C by use of a water bath. Aniline monomer
(7.67 g) was dissolved in the part (a) of acidic so-
lution and 14.67 g of ammonium persulfate (APS)
oxidant was similarly dissolved in the part (b). The
two solutions were mixed rapidly and the tempera-
ture was kept at 40 °C for 3 h.

In order to improve the removal of moisture and
free dopant acid, the PANI nanofibers were washed
repeatedly in a solution of water and acetone until
4 pH. Then, the sample was dried under vacuum in
an oven at 80 °C for 10 h.

The nanocomposite films were prepared by
thermal imidization of the PI/PANI nanofibers cast
films. PANI nanofibers with different weight per-
centages 5 wt.%, 10 wt.% and 15 wt.% were added
to the PAA solution and stirred at room temperature
until a homogeneous solution was obtained; the re-
sulting product was filtered, followed by storage in
air at 80 °C for 1 h. For thermal curing of the PI, the
cast composite films were heat-treated at 200 °C for
3 h followed by 300 °C for 2 h.

The thermal stability of the composites was
evaluated by using a thermogravimetric analyzer
(TGA) type: LINSEIS Simultaneous Thermal An-
alyzer (STA PT1000). The samples were heated
using platinum crucibles from 0 °C to 900 °C at
a heating rate of 10 °C/min under nitrogen at-
mosphere. Dielectric parameters were measured
by using LCR meter model (HP- 4275) at fixed
frequency of 100 kHz.

3. Results and discussion

The prepared composite films were character-
ized by XRD. Fig. 1 shows the XRD patterns of the
polyimide/PANI nanofiber composite films with
various percentages of PANI nanofiber.

As is clearly seen in Fig. la, there is a peak
at 20 = 22° in the diffractogram of the polyimide
and the non-Gaussian distribution pattern reveals
a semi-crystalline structure polymer [7]. This peak
has also been present in the all diffractograms of
the polyimide composite films.

As the loading of PANI nanofibers increased in
the PAA precursor (curves b to d), the peaks shoul-
der heights at 20 = 22° also increased, suggesting
that this could be due to the formation of PANI
nanofiber chain and increase of PANI nanofibers
content in the polyimide matrix [3, 8].
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Fig. 1. XRD patterns of (a) pure polyimide and the
polyimide composite films with (b) 5 wt.%, (c)
10 wt.% and (d) 15 wt.% PANI nanofibers.

The FT-IR spectra of the prepared poly-
imide/PANI nanofiber composite films, with
different percentages of PANI nanofiber, are
depicted in Fig. 2.

The characteristic absorption bands of the imide
groups near 1780 cm~!, 1720 cm~! and 1390 cm ™!
were observed in the FT-IR spectra of the prepared
samples after thermal imidization of the poly(amic
acid)/PANI nanofiber precursor. Meanwhile, the
characteristic absorption of the amide carbonyl at
1650 cm~! did not appear in the spectra, indicating
that the imidization reaction was complete [9].

The characteristic vibration bands of PANI
at 1570 cm™' and 1490 cm™' can be associ-
ated with C=N and C=C stretching vibrations of
quinone and benzene rings, respectively. As the
content of PANI nanofibers increased, the inten-
sity of C=C band gradually became stronger in
the FT-IR spectra of the polyimide/PANI nanofiber
composite films [10].

Thermal stability of pure PI, PI/PANI nanofiber
composite films with different wt.% (5 wt.%,
10 wt.% and 15 wt.%) of PANI nanofiber content
was examined by TGA. Table 1 shows the initial
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Fig. 2. Representative Fourier transform infrared
(FT-IR) spectra of pure polyimide and its com-
posite films with various percentages of PANI
nanofibers.

decomposition temperature (Tp), at 10 % weight
loss (T1p), and maximum decomposition tempera-
ture (Thax). As shown in Fig. 3, the major step of
weight loss for PI occurs above 550 °C. This behav-
ior agrees with the literature [11]. The T occurs at
552 °C, Ty around 581 °C, and Ty, of 615 °C has
been observed [11, 12]. In PI/PANI nanofiber com-
posites, 5 wt.% addition of PANI nanofibers into
PI matrix resulted in improved thermal properties
(Top =573 °C, T1p = 623 °C, and Tax = 678 °C).
PI/PANI nanofibers with 10 wt.% filler content in
the polymer matrix have better thermal properties
compared to PI with 5 wt.% PANI nanofiber. Con-
sequently, 15 wt.% PI/PANI nanofibers showed fur-
ther increase in stability, which would be beneficial
for electronic devices [13, 14].

100~

80

60~

Weight [%]

PI/15 wt.% PANI nanofiber composite

<<<<<<< PI/10 wt.% PANI nanofiber composite
--------- PI/5 wt.% PANI nanofiber composite
Pure PI

0 ZE)O 460 6(‘)0 80’0
Temperature [°C]|

Fig. 3. TGA curves of pure PI and its composite films
with various percentages of PANI nanofibers ob-
tained at a heating rate of 10 °C/min in N».

Fig. 4 shows the loss tangent (tand) of PI/PANI
nanofiber composites with different percentages of
PANI nanofibers, which attain the highest values
at Tg of 289 °C and 297 °C. The highest values
of tand and Tg for 15 wt.% PANI nanofiber sug-
gest an increase in chain stiffness with filler load-
ing. Furthermore, the values of tand and Tg of the
nanocomposite films are notably higher than for
pure polyimide. In summary, the PANI nanofibers
are promising candidates for fabricating high per-
formance polyimide nanocomposites [10, 15].
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Fig. 4. Variation of loss tangent (tand) with temperature

for pure polyimide and its composite films with
various percentages of PANI nanofibers.

Fig. 5 shows the dependence of AC conduc-
tivity on temperature at different percentages of
PANI nanofibers. The oac increases when tem-
perature increases from 25 °C to 105 °C. The in-
crease in electrical conductivity of polyimide/PANI
nanofiber composites may result from the increased
chain ordering by annealing effect. Similar result
has been reported reported by Al-Ajaj et al. [11].

The shape of the curves in Fig. 5 indicates that
the relationship between Ino and 1000/T is almost
linear. This indicates that the AC conductivity of
the composites follows Arrhenius equation:

o =ooexp(Ea/kT) (1)
where k is the Boltzmann constant, T is the tem-
perature and Ea is the conduction activation energy

which represents the minimum energy needed to
overcome the potential barrier.
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Table 1. Thermal analysis data of pure PI and its composite films with various percentages of PANI nanofibers.

Polymer T, [°C] Ty [°C] Tio [°C] Timax [°C]
PI 238 552 581 615
PI/5 wt.% PANI nanofiber composite 289 573 623 678
PI/10 wt.% PANI nanofiber composite 292 594 644 696
PI/15 wt.% PANI nanofiber composite 297 598 671 778

Table 2. Electrical activation energy values for pure polyimide and its composite films with various percentages

of PANI nanofibers.
Sample Activation energy [eV]
Pure polyimide 0.47
PI/5 wt.% PANI nanofiber composite 0.37
P1/10 wt.% PANI nanofiber composite 0.35
PI/15 wt.% PANI nanofiber composite 0.34
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Fig. 5. Variation of In of AC conductivity with 1000/T
for pure polyimide and its composite films with
various percentages of PANI nanofibers.

Table 2 includes the values of Ea obtained from
the variation of oac as a function of weight per-
centage of PANI nanofibers.

It can be seen that Ea values decrease from
0.37 eV to 0.34 eV as the weight percentages of
PANI nanofibers increase, indicating that the en-
ergy gap of the nanocomposite becomes narrower
due to creation of localized electrons states by heat-
ing, and thus electrons tunneling and hoping take
place from the valence energy band to the conduc-
tion energy band [13, 16].

of corresponding nanocomposites. The improve-
ment of conductivity in polyaniline nanofibers
based polyimide resulted from inclusion of con-
ducting polyaniline nanofibers into polyimide [16].

4. Conclusions

The structural, thermal and AC electrical prop-
erties of a set of nanocomposites from polyimide
as a matrix and PANI nanofibers as a filler pre-
pared by in situ polymerization were investigated
as a function weight percentage of PANI nanofibers
of 5 wt.%, 10 wt.% and 15 wt.%. It was found
that the successful preparation of polyimide/PANI
nanofiber composites was confirmed by XRD and
FT-IR studies. The PANI nanofiber addition in-
creased the thermal stability of PI composites. The
addition of 15 % PANI nanofibers to the PI resulted
in higher, by about 59 °C, Tg values of the compos-
ites. Higher tand and Tg values of 15 wt.% PANI
nanofiber composite films suggest an increase in
chain stiffness with filler loading. The values of
tand and oac of the nanocomposite films were no-
tably higher than those of pure polyimide. The ad-
dition PANI nanofibers as a filler enhanced the ac-
tivation energy of PI composites.
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