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ABSTRACT: Electrically conductive polyaniline (PANI) and its blend with polycarbonate
(PC) was prepared by one-step emulsion polymerization technique in which sodium
lauryl sulfate (SLS) acts as surfactant and as a protonating agent for the resulting
polymer. The prepared PANI and its blends were characterized by density, percentage
of water absorption, and electrical conductivity. PANI–PC blend exhibits a conductivity
value of 4.70 3 1022 S/cm (PANI–PC1) and 5.68 3 1025 S/cm (PANI–PC3) with a
change in dopant from p-toluene sulfonic acid (TSA) to SLS, respectively. By using a
more general method, which takes into account the presence of disorder of the second
kind in polymers proposed by Hosemann, crystal size (^N&) and lattice strain (g in %)
values were estimated. The variation of conductivity in doped PANI and PANI–PC
blend has been explained on the basis of these microcrystalline parameters. TGA
thermograms of PANI and PANI-PC blend show three-step degradation behavior.
Thermal stability of PANI was improved after blending with PC. © 2001 John Wiley &
Sons, Inc. J Appl Polym Sci 82: 383–388, 2001
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INTRODUCTION

Polyaniline (PANI), one of the oldest conducting
polymers, is under extensive study even today be-
cause of its high environmental stability, low cost,
and simple synthesizing procedures.1–3 It has po-
tential applications in light-emitting diodes (LED),
batteries, electromagnetic shielding, gas sensors,
and antistatic and anticorrosion agents.4–9 The con-
ductivity of PANI is very much dependent on the
protonating agent and protonation level and varies
from 10212 to 10 S/cm between undoped and doped
states.10 PANI doped with inorganic anions such as
Cl21 or ClO4

21 will give good conductivity, but

readily undergoes partial undoping when immersed
in water due to the migration of the anion out of the
polymer network.11 The solubility and stability of
PANI can be improved by using functionalized pro-
tonic acids such as dodecylbenzene sulfonic acid
(DBSA),12,13 dodecyl sulfuric acid (DSA),14 sulfosal-
icylic acid (SSA),15 camphor sulfonic acid (CSA),16

p-toluene sulfonic acid (TSA),17 and phosphoric acid
esters.18–20 The processibility of polyaniline can be
improved by preparation of composites with com-
mercial polymers. Ruckenstein and Yang21,22 re-
ported a method for the preparation of PANI com-
posites with polystyrene and poly(alkyl methacry-
late). Recently, Jeon et al.23 prepared polyaniline–
polycarbonate (PANI–PC) composites by using
DBSA as surfactant and dopant. The above articles
do not deal with the structural–property relation-
ship of PANI and its blend/composite in detail.

The objective is to produce a conductive blend
that maintains the mechanical properties, the
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processibility, and the thermal stability of con-
ventional polymers, together with the electrical
properties of conducting PANI. In this article, we
have attempted to prepare PANI and its blend
with polycarbonate (PC) in chloroform by one-
step emulsion polymerization technique. The en-
gineering plastic PC has been selected as a poly-
mer matrix for its good mechanical strength and
good dimensional and thermal stability. We have
also tried to prepare PANI and its blend by using
benzoyl peroxide (BPO) as an initiator. Some of
its physical, electrical, and thermal properties are
reported. The variation of electrical conductivity
with microcrystalline parameters was carried out
by wide-angle X-ray scattering (WAXS) studies.

EXPERIMENTAL

Materials

Aniline was vacuum distilled under nitrogen
prior to use. Reagent-grade sodium lauryl sulfate
(SLS), TSA, chloroform, ammonium persulfate
(APS), and BPO (E. Merck, India) were used as
purchased. PC (density, 1.2 g/cc3 and conductivity
. 10212 S/cm) was obtained from M/s. G.E. Plas-
tics, India.

Preparation of PANI

Emulsion polymerization of aniline in chloroform
was carried out by using SLS, which was em-
ployed as surfactant and also as a dopant. Poly-
merization was initiated by the addition of an
aqueous solution of APS (aniline-to-APS molar
ratio 1 : 1) over a period of 30 min to avoid exo-
thermic reaction. The reaction was carried out at
room temperature, because below room tempera-
ture the viscosity was high. The emulsion was
stirred for 24 h and the polymerization was ter-
minated by pouring the resulting highly viscous
emulsion into acetone. The dark-green powder
was extensively washed with 2–3 L of distilled
water to remove excess dopant and APS. Finally,
it was washed with acetone to remove water. The
powder was dried in a desiccator for 48 h. The
obtained PANI was soluble in chloroform.

The prepared PANI was characterized by elec-
tronic absorption spectra on Shimadzu UV/Visi-
ble spectrophotometer in chloroform solvent. The
emeraldine salt form exhibits three distinct ab-
sorption peaks: an absorption peak at 350 nm
corresponding to a p–p* transition of the benze-

noid ring and two absorption peaks at 430 and
820 nm which can be assigned to the polaron band
transitions.24

Preparation of PANI–PC Blend

The PANI–PC blends were prepared by starting
from an emulsion in which an aqueous solution of
SLS constitutes the continuous phase and a chlo-
roform solution of aniline and PC constitutes the
dispersed phase. In a typical experiment, 5.25 g of
PC was dissolved in 100 mL of chloroform in a
500-mL flask with 2.3 mL (0.25M) aniline. To
this, 50 mL of aqueous solution containing 2.88 g
(0.2M) of SLS was added dropwise with stirring.
Then, 100 mL of 0.25M p-toluene sulfonic acid/
SLS aqueous solution containing 5.7 g (0.25M) of
APS were introduced dropwise with stirring to
polymerize the aniline and dope the PANI-PC
blend. The emulsion was stirred for 24 h at room
temperature. The polymerization was terminated
by pouring the resulting highly viscous emulsion
into acetone. The dark-green powder was exten-
sively washed with 2–3 L of distilled water to
remove excess of dopant and APS. Finally, it was
washed with acetone to remove water. The pow-
der was dried in a desiccator for 48 h. The above
procedure is similar to the one that is reported in
the literature.21 The sample codes used for pre-
pared PANI and PANI-PC blends are given in
Table I.

FTIR spectra of PANI-PC blend was recorded
by using a Perkin–Elmer Model 2000 FTIR in-
strument employing the KBr pellet technique.
The IR spectra of the PANI–PC blend shows two
absorption peaks: one at 1776 cm21 is due to
carbonyl-stretching region of PC and another at
1770 cm21 is caused by the hydrogen bonding
betweenOCAO of PC andONH of PANI (shown
in Scheme 1).25

Table I Sample Code for PANI and PANI-PC
(35/65) Blends

Sample Code Composition Oxidant Dopant

PANI 100/0 APS SLS
PANI1 100/0 BPO SLS
PANI-PC1 35/65 APS p-TSA
PANI-PC2 35/65 BPO p-TSA
PANI-PC3 35/65 APS SLS
PANI-PC4 35/65 BPO SLS

APS, ammonium persulfate; SLS, sodium lauryl sulfate;
BPO, benzoyl peroxide; p-TSA, p-toluene sulfonic acid.
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Characterization

Physical properties, such as density and percent-
age of water absorption, were measured as per
ASTM D792-86 and ASTM D570, respectively.
The powder was shaped into a disk (2.5 cm diam-
eter 3 0.1 cm thick) at an applied pressure of 120
MPa at room temperature. The standard four-
probe method was employed to measure the elec-
trical conductivity of the disks. The TGA thermo-
grams were obtained by using a DuPont 2000
thermal analyzer from ambient to 800°C at a
scanning rate of 10°C/min in air atmosphere.

X-ray Recording and Profile Analysis

X-ray diffraction data on powder samples were
collected on a STOE/STADIP X-ray powder dif-
fractometer with germanium monochromated
CuKa (l 5 1.5406 Å) radiation in a transmission
mode, using a curved position sensitive detector
(CPSD) in the 2u range from 5 to 53° at step sizes
of 0.03°. The trial and error indexing program
(TREOR)26 was used in determining the unit cell
parameters. All these samples belong to the or-
thorhombic system and the lattice parameters are
a 5 8.566, b 5 8.566, and c 5 23.169 in Å. X-ray
diffractograms of all the samples are given in
Figure 1(a–d). It is evident from Figure 1(a–d)
that there is a broadening which arises due to two
main factors. According to Warren,27 these are
due to a decrease in (i) crystal size (N) and a
increase in (ii) strain (lattice disorder) (g in %)
present in the samples.

We have estimated these parameters by simu-
lating the profile by employing the procedure de-
scribed earlier28–32 and by using Bragg reflection
at 2u 5 24.9°. The following equations have been
used to simulate X-ray reflection:

I~s! 5 IN21~s! 1 I9N~s! (1)

where

IN~s! 5 2 3 ReS~1 2 IN11!

~1 2 I! 1
Iv

d~1 2 I!2

3 $IN~N~1 2 I! 1 1! 2 1%D21

(2)

where

v 5 2ia2s 1 d and I 5 I1~s!

5 exp~2a2s2 1 ids!; a2 5 v2/2 (3)

Also,

I9N~s! 5
2aN

D~p!1/2 exp~iDs!~1 2 aNs$2D~aNs!

1 i~p!1/2exp~2aN
2 s2!%! (4)

with aN
2 5 Nv2/2, where v is the standard devi-

ation of the nearest neighbor probability function,
D(aNs) is the Dawson’s integral or the error func-
tion with complex argument and can be com-
puted. ^N& is the number of unit cells counted in a
direction perpendicular to the (hkl) Bragg plane,

Figure 1 Wide-angle X-ray scattering patterns for
the samples (a) PANI, (b) PANI–PC1, (c) PANI–PC2,
and (d) PANI–PC3.

Scheme 1 Hydrogen bond between PANI and PC.
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d is the spacing of the (hkl) planes, Re refers to
the real part of the expression, s is sinu/l, l is the
wavelength of X-rays used, a is related to the
standard deviation v of lattice distribution func-
tion, and D is the crystal size (5^N&dhkl). IN9(s) is
the modified intensity for the probability peak
centered at D.

For the sake of completeness we have repro-
duced in Figure 2(a, b), the simulated and exper-
imental profiles for the samples (a) PANI–PC1
and (b) PANI–PC3. In fact, the goodness of the fit
was , 2% in all the samples.

RESULTS AND DISCUSSION

The measured properties such as density, per-
centage of water absorption, and electrical con-
ductivity values are presented in Table II. From
Table II, it is evident that the density and per-
centage of water absorption are high for PANI
when compared to PANI–PC blends. This is due
to the density percent water absorption of PC
being less than that of PANI.

PANI–PC blends were prepared by using dif-
ferent dopant and oxidant combinations. From
Table II, it can be noted that changes are ob-
served in density and percentage of water absorp-
tion for all PANI–PC blends. PANI–PC blend pre-
pared by using APS and p-TSA as an oxidant and
dopant, respectively, shows maximum conductiv-
ity (PANI–PC1), whereas conductivity has a low
value for APS and SLS combination (PANI–PC3).
This is due to poor doping power of SLS compared
to p-TSA. PANI was not formed when BPO and
SLS were used as oxidant and dopant, respec-
tively. This may be due to the poor oxidation
power of BPO at room temperature.

The X-ray equatorial recordings in Figure 1,
which consist of one intense broad reflection at
24.9°, categorically suggest that the diffraction is by
an amorphous polymer and is almost equivalent to
the insulating emeraldine base state observed in
PANI.33–35 Earlier, computation of crystal size in
PANI was carried out by using the Scherrer equa-
tion and it has been stated that the value ranges
from 30 to 70 Å. It is also mentioned that these
values are a crude estimation, as other effects have
not been considered. Table III gives the various
microcrystalline parameters such as crystal size
(^N&), smallest crystal unit (p), crystal size distribu-
tion (a), lattice strain (g), and enthalpy (a*). In this
study, we have estimated both crystal size (^N&) and
lattice strain (g in %) by using a more general Hose-
mann’s paracrystalline method,36 which takes into
account the presence of disorder of a second kind. In
fact, broadening of reflections arises mainly due to
these two effects. The crystal size value in the
present case is on the order of 28 Å [5^N&dhkl]. It is
also observed that these crystal-size and lattice-
strain values change with dopants and oxidants

Table II Density, % of Water Absorption, and
Electrical Conductivity Values of PANI and
PANI-PC (35/65) Blends

Sample
Code

Density
(g/cc3)

Water
Absorption

(%)
Conductivity

(S/cm)

PANI 1.354 3.931 1.60 3 1022

PANI1a — — —
PANI-PC1 1.188 2.667 4.70 3 1022

PANI-PC2 1.177 2.266 2.72 3 1022

PANI-PC3 1.198 2.643 5.68 3 1025

PANI-PC4b — — —

a Does not form PANI.
b Does not form PANI-PC blend.

Figure 2 Experimental and simulated X-ray profile
for the samples (a) PANI–PC1 and (b) PANI–PC3.
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and hence the conductivity. From Figure 3, it is
observed that a relatively high conductivity is ob-
served in a blend having less crystal size and lattice
strain values. This is consistent with earlier obser-
vations33–35 that the doped PANI has intrinsic in-
chain conductivity. The lower conductivity reflects
the presence of increased localization of charges and
hence leads to changes in crystal-size values. In
fact, variation of crystallinity both parallel and per-
pendicular to polymer chain direction leads to delo-
calization of charges and hence affects the conduc-
tivity values. Essentially this implies that with in-
crease in regions of disorder in the polymer
network, the conductivity associated with a free ion
increases because of lower potential barrier.

It is evident from Table III that the enthalpy (a*)
values are , 0.32 and hence the parameter ^N&
corresponds to the crystal size.36 Also, a* remains
constant for all the PANI–PC blends, indicating
that the energy required for the formation of poly-
mer network does not vary with the nature of do-
pant and oxidant. This minimum value of a* indi-
cates the phase stabilization of PANI–PC blends.

Thermal degradation characteristic behavior of
PANI and PANI–PC blends were also studied and
are given in Tables IV and V. PANI shows a
three-step thermal degradation process in the
temperature range 60–160, 160–345, and 345–
660°C for moisture loss, dopant loss, and main-
chain degradation of PANI, respectively.37,38

PANI–PC blends with different dopant and oxi-
dant combinations also show three-step weight
loss. The first step weight loss occurs in the range
95–400°C due to moisture and dopant loss; the
second step in the range 320–500°C is due to
PANI degradation. The third step is due to PC
degradation and is in the range 500–750°C.

The relative thermal stability of the PANI and
PANI–PC blends were evaluated by comparing
decomposition temperatures at various percent-
age weight loss and are presented in Table V.
From Table V, it was observed that the initial
thermal stability of PANI is enhanced after
blending with PC. This is due to the (i) hydrogen
bond formation between ONH of PANI and

Table III The Microcrystalline Parameters of PANI and PANI-PC (35/65) Blends Using Bragg
Reflection Observed at 2u 5 24.9°

Sample Code ^N& p a g in % a*

PANI 8.0 6 0.1 4.20 0.263 7.5 6 0.1 0.21
PANI-PC1 6.4 6 0.1 3.74 0.385 9.4 6 0.1 0.24
PANI-PC2 7.5 6 0.1 4.11 0.295 8.3 6 0.1 0.23
PANI-PC3 9.5 6 0.1 9.28 4.983 10.4 6 0.1 0.32

Figure 3 Variation of electrical conductivity with
crystal size observed in PANI and PANI–PC blends.

Table IV Data Obtained from TGA
Thermogram of PANI and PANI-PC
(35/65) Blends

Sample Code

Degradation Temperature Range (°C)

First Step Second Step Third Step

PANI 60–160 160–345 345–660
PANI-PC1 110–325 325–500 500–750
PANI-PC2 100–320 320–500 500–710
PANI-PC3 95–400 400–500 500–700
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OCAO of PC and (ii) the thermal stability of PC
is very much higher compared to PANI.

CONCLUSION

The following conclusions can be drawn from the
aforesaid study. (i) Better conductivity was ob-
served for p-TSA-doped PANI–PC blend com-
pared to SLS doped blend. The reason for which a
change is attributed to the increase of disorder in
polymer network and this has been quantified in
terms of microcrystalline parameters computed
by using WAXS data. (ii) The thermal stability of
PANI was improved after blending with PC. This
was due to chemical interaction (hydrogen bond
formation) between PANI and PC.
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EMR-I-SPS).
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Table V Characteristic Transition
Temperatures Obtained from TGA Thermogram
of PANI and PANI-PC (35/65) Blends

Sample
Code

T0

(°C)
T10

(°C)
T20

(°C)
T50

(°C)
Tmax

(°C)

PANI 60 95 260 450 660
PANI-PC1 100 250 425 515 750
PANI-PC2 100 330 430 535 710
PANI-PC3 100 270 430 530 700
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