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ABSTRACT: Thermal characteristics of chemically synthesized polyemeraldine base
have been experimentally investigated using differential scanning calorimetry and
thermogravimetric analysis (TGA), UV-visible, and Fourier transform IR techniques,
respectively. Results of the TGA measurements have revealed that the chemically
synthesized emeraldine base is thermally stable upto about 400°C. The effect of tem-
perature on time taken for crosslinking in the polyemeraldine base has also been
studied. Analysis of reaction kinetics of crosslinking in polyemeraldine base reveals
that a pseudo first-order thermodynamic reaction occurs in this conducting polymer.
© 2000 John Wiley & Sons, Inc. J Appl Polym Sci 75: 149–155, 2000
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INTRODUCTION

Recent years have seen increased interest in the
research and development of conducting poly-
mers. This has been attributed to the many tech-
nological applications of conducting polyanilines
such as solid-state light-weight rechargeable bat-
teries, electrochromic displays, solid-state elec-
tronic devices, and sensors.1–2 Among the various
organic conducting polymers, polyaniline has at-
tracted the maximum attention because of its
high electrical conductivity and interesting redox
properties associated with the presence of a nitro-
gen heteroatom in the main polymeric backbone

wherein the lone pair of heteroatom is in conju-
gation with the p electrons of the polymeric
chain.3 The commercial utilization of conducting
polyaniline has been closely linked with the ther-
mal, electrical, and environmental stability of
this organic electronic material.4–6

Many reports on electrochemical stability and
thermal degradation of conducting polyanilines
have recently been published.7–16 Yue et al. have
shown that the sulphonation of polyaniline re-
sults in increased thermal stability of the parent
polyaniline.7 Rodrigue et al. have reported the
results of their interesting photoelectronic and
spectroscopic studies on the oxygen exposure de-
pendence and thermal treatment of electronic
structure of polyaniline.8 Lacroix and Diaz12 have
proposed that thermal decomposition of polyani-
line occurs in two stages. The first stage is attrib-
uted to the loss of moisture whereas the second
stage is associated with the breakdown of poly-
mer backbone. Patil et al. have proposed a three-
step sequence for the thermal degradation of
doped polyaniline.15 Noeh et al. have shown that
the emeraldine base of polyaniline is stable up to
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about 500°C.17 Fossong et al. have observed an
increase in the crystallinity in the polyemeraldine
base when its temperature is increased to
150°C.18

In this paper, we report the results of our ther-
mal studies undertaken on the chemically synthe-
sized polyemeraldine base using differential scan-
ning calorimetric (DSC), thermal gravimetric
analysis (TGA), UV-visible, and Fourier trans-
form IR (FTIR) techniques, respectively. At-
tempts have also been made to delineate the re-
action kinetics of thermal processes like
crosslinking and thermal degradation of the poly-
meric backbone of the polyemeraldine base.

EXPERIMENTAL

Polyaniline was chemically synthesized by oxida-
tive polymerization of aniline using ammonium
perdisulphate as an oxidant. Distilled aniline
(0.2M) was dissolved in 300 mL of 1.0M HCl pre-
cooled at 5°C. Oxidant was gradually added to
this solution at 1.0 mL/min. The dark green pre-
cipitate resulting from this reaction was washed
repeatedly with 1M HCl until the green color
disappeared. This precipitate was further ex-
tracted with tetrahydrofuran using a soxhlet ex-
tractor and was dried under dynamic vacuum.

The thermal characterization was performed
using a Perkin-Elmer DSC-7. The measurements
were conducted up to 500°C at a heating rate of
20°C/min in inert (nitrogen) atmosphere. Kinetic
calculations were performed using the kinetic
software available with the Perkin-Elmer DSC-7.

For thermogravimetry studies, the Mettlar (TA
3000) system was used. Ten milligrams of sample
was heated at a rate of 15°C/min and the TGA
thermogram was recorded up to 800°C in nitrogen
atmosphere. UV-visible spectra on different an-
nealed samples of the emeraldine base were re-
corded using a Shimadzu (Model 160 A) spectro-
photometer. FTIR measurements on annealed
and unannealed samples of emeraldine base were
conducted on a Nicolet FTIR (Model 510 P). The
results of the electrical conductivity measure-
ments carried out using the four-point probe
method indicate the value of the electrical conduc-
tivity of undoped polyaniline (polyemeraldine
base) as 3.27 3 10210 S/cm.

RESULTS AND DISCUSSION

A DSC thermogram (Figure 1) obtained for a
chemically synthesized polyemeraldine base sam-
ple shows an endothermic peak at 100°C and an
exothermic peak at 250°C. The peak seen at
100°C is attributed to the loss of water. The 250°C
exothermic peak may arise either due to the poly-
mer chain degradation or to the interchain
crosslinking. To confirm the phenomenon of
crosslinking, detailed TGA studies on the chemi-
cally synthesized polyemeraldine base have been
performed. A typical TGA thermogram obtained
for the polyemeraldine base has been shown in
Figure 2. It can be seen (Fig. 2) that about 4%
weight loss occurs between 30 and 125°C whereas
the weight loss of 3% is found between 125 and
400°C. As soon as the sample crosses 400°C, there
is a tremendous weight loss of about 35%. Such a
weight loss can be attributed to the degradation of

Figure 1 A DSC thermogram of chemically prepared
polyemeraldine base.

Figure 2 A TGA thermogram obtained for a chemi-
cally prepared polyemeraldine base.
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polyemeraldine base. The small weight loss ob-
served in the temperature range of 125–400°C
can be assigned to crosslinking of chains in the
polyemeraldine base. In the light of these results,
it can be inferred that polyemeraldine remains
thermally stable up to about 400°C. To further
confirm the hypothesis of crosslinking, the poly-
emeraldine base was heated at 300°C in a vac-
uum oven for about 50 min after which a DSC
thermogram was recorded. Interestingly, the re-
sulting DSC thermogram showed the absence of
the 250°C exothermic peak, suggesting that the
crosslinking in the polyemeraldine base has been
completed.

To experimentally investigate the structural
changes resulting from crosslinking, we have per-
formed the UV-visible studies on the chemically
synthesized polyemeraldine base when it is an-
nealed in vacuum oven at 250°C for different du-
rations of time. Typical electronic absorption
spectra recorded in the N-methyl pyrrolidone
(NMP) solution on some of the annealed (5, 20,
and 50 min) samples of the polyemeraldine have
been shown in Figure 3. It can be seen that there
is a dramatic decrease in the peak intensity
around 630 nm associated with the n 2 p* tran-
sition. Besides this, a new peak begins to develop
after about 700 nm. This new peak has been at-
tributed to the free carrier absorption in the
doped polyemeraldine film. The doping of the
polyemeraldine base occurs due to the thermal
deprotonation of its aromatic ring in the polymer
chain crosslinking it to the imine nitrogen. The
proportion of the tertiary nitrogen atoms in-

creases with the degree of crosslinking. It appears
that this thermal deprotonation is likely to dope
some of the imine nitrogen in the polyemeraldine
base chain resulting in the observed free carrier
absorption (Fig. 3). The observed decrease in the
value of the electrical conductivity coupled with
the decreased insolubility of the annealed poly-
emeraldine base sample is consistent with these
results. The tentative structure of the un-
crosslinked and crosslinked (doped) emeraldine
base has been shown in Figure 4. In the light of
these results, it can be concluded that the inter-
chain crosslinking (Fig. 5) in the annealed poly-
emeraldine base results in the increased dimen-
sionality (from one to two/three). Such a type of
thermal crosslinking has also been investigated
by Rodrigue et al. using XPS technique.8

Results of the FTIR measurements undertaken
on unannealed (curve a) and 250°C annealed (50
min, curve b) samples of chemically prepared
polyemeraldine base under vacuum have been

Figure 3 UV-visible spectra obtained in NMP solu-
tion on different 250°C annealed (curve a, 5 min; curve
b, 20 min; curve c, 50 min) samples of a chemically
prepared polyemeraldine base.

Figure 4 Tentative structure of a chemically pre-
pared crosslinked polyemeraldine base.

Figure 5 FTIR spectra of a unannealed and annealed
chemically synthesized polyemeraldine base.
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Figure 6 Reaction kinetics of crosslinking in a chemically prepared polyemeraldine
base.

Figure 7 Percentage of crosslinking as a function of time at various temperatures in
chemically synthesized polyemeraldine base.
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shown in Figure 5. The 1500 and 1300 cm21 vi-
bration bands have been associated with the
CAC (benzenoid ring) and CON group of tertiary
nitrogen in the structure of the polyemeraldine
base (Fig. 5). It is envisaged that the imine nitro-
gen atoms in polyemeraldine get linked to the
carbon atoms of benzene ring (Fig. 4) resulting in
the increase in the tertiary nitrogen atoms in the
polyemeraldine chain. This is likely to result in
the increase in the relative proportion of the ben-
zenoid ring as compared to the quinoid ring as a

function of extent of crosslinking brought by ther-
mal annealing. This will lead to further increase
in the relative ratio of CON and CAN groups in
the crosslinked polyemeraldine base. These re-
sults are in agreement with the observed decrease
in the relative peak area of the 1500 and 1300
cm21 peaks (Fig. 5) with increased annealing
time indicating the higher dimensionality in the
polyemeraldine base as indicated earlier.

It is significant to note that Wei et al.20 have
recently reported the crosslinking in polyaniline
and observed a pronounced redox peak at 0.5 V vs
Standard Calomel Electrode (SCE) after anneal-
ing the emeraldine base at 300°C. This redox
peak has been associated with the oxidative deg-
radation of polyaniline.21

The results of the kinetic studies undertaken
on the chemically synthesized polyemeraldine
base have been shown in Figure 6. The area under
the curve from 145 to 290°C has been chosen for
the study of kinetics of crosslinking. The percent-
age of crosslinking plotted as a function of time at
various temperatures (Fig. 7) indicates that the
rate of crosslinking is faster at higher tempera-
tures. Time taken for the 90% crosslinking of

Table I Effect of Temperature (°C) on
Crosslinking Time (s) for 90% Conversion of a
Chemically Synthesized Polyemeraldine Base

Temperature (°C)
Time Taken for 90% Conversion

(s)

125 30,000
150 9840
175 4440
200 2057
225 1028
250 343

Figure 8 Arrhenius plot obtained for crosslinking in a chemically synthesized poly-
emeraldine base.
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polyemeraldine base at different temperatures
has been computed. These results (Table I) reveal
that the crosslinking is a temperature-dependent
kinetic phenomenon. The increase in annealing
temperature leads to the increased rate of
crosslinking. The analysis of the Arrhenius plot
(Fig. 8) obtained in the temperature range of 145–
290°C yields the values of the kinetic parameters
associated with crosslinking. Using the peak in-
tegration method associated with crosslinking,
the order of crosslinking process has been found
to be 1.61, suggesting that it follows the pseudo
first-order kinetics having an enthalpy change of
468.3 J/g and an energy of activation as 52.2
KJ/mole.

A heavy weight loss (.35%) observed after
400°C as seen in the TGA thermogram indicates
the degradation of the chemically synthesized
polyemeraldine base. The degradation kinetics
has been investigated over the temperature range
of 400–500°C. The plot of log of percentage weight
loss vs the increase in temperature (Fig. 9) yields
a straight line, suggesting that the thermal deg-
radation of the chemically synthesized polyemer-
aldine base follows the first order kinetics.

CONCLUSIONS

It has been shown that thermal degradation in
chemically prepared polyemeraldine base occurs
in three steps. The annealing (250°C) of the poly-
emeraldine base has been shown to result in the
crosslinking of the polymer chains. The observed
large weight loss (35%) soon after 400°C signals
the initiation of thermal degradation in the poly-
emeraldine base. The detailed reaction kinetics of
crosslinking in polyemeraldine base suggests that
it follows the pseudo first-order kinetics whereas
the thermal degradation follows first-order kinet-
ics. Results of structural studies conducted using
UV-visible and FTIR studies indicate the change
in dimensionality in the crosslinked polyemeral-
dine.
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Figure 9 Log (%) of degradation obtained as a function of temperature for a polyem-
eraldine base.
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