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ABSTRACT: Polyaniline (PANI) was doped with five novel dopants, 3-pentadecylphe-
nylphosphoric acid (PDPPA), pentadecylphenyl(bis)phosphoric acid [PDP(bis)PA],
monocardanylphosphoric acid (MCPA), dicardanylphosphoric acid (DCPA), and phos-
phorylated cashew nut shell liquid prepolymer (PCNSL) and the doping behavior was
studied. All dopants were synthesized from inexpensive naturally existing monomers
[obtained from cashew nut shell liquid (CNSL)] having a long hydrophobic hydrocarbon
side chain in the meta position of the aromatic ring. These dopants can act as plasti-
cizing cum protonating agents for PANI so that free-standing films of PANI could be
prepared by both thermal processing and solution processing techniques. Protonation
was performed either by mechanical mixing of emeraldine base and the dopant or by an
in situ doping emulsion polymerization route using xylene or chloroform as the solvent.
Further, conductive flexible blends of the protonated PANI with poly(vinyl chloride)
(PVC) were also prepared and studied for their conductivity and related properties. The
PANI–PDPPA complex obtained by the in situ doping emulsion polymerization route
exhibited an exceptionally high degree of crystalline order and orientation. A maximum
conductivity value of 1.8 S cm21 was obtained for a PANI–PDPPA film hot-pressed at
120°C. On the other hand, dopants based on cardanol having an unsaturated side chain
gave only lower values. This was understood to be due the capability of the saturated
analog to contribute to the ordered arrangement of PANI, thus improving the crystal-
linity. The conductivity values further decreased when bulky/oligomeric dopants such
as PCNSL were used. The thermoplastic blends with PVC exhibited an exceptionally
low-level percolation threshold because of the plasticizing nature of the dopants. The
doped polymers and blends were characterized by FTIR and UV-visible spectroscopic
methods, four-probe conductivity measurements, XRD, SEM, TGA, and DSC. © 2001
John Wiley & Sons, Inc. J Appl Polym Sci 80: 1354–1367, 2001
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INTRODUCTION

Since the discovery of conducting polyacetylene
films in 1977,1 there has been substantial inter-
est in scientific and engineering communities in

understanding intrinsically conductive poly-
mers (ICPs) and finding applications for their
unique properties.2 The most common ICPs of
current interest are polyaniline, polypyrrole,
polythiophene, polyacetylene, poly(p-phenylene),
and poly(p-phenylene sulfide). Since the back-
bone of these polymers contains conjugated dou-
ble bonds, they exhibit extraordinary electronic
properties such as a low ionization potential
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and a high electron affinity and, as a result, can
be easily reduced or oxidized. These polymers
undergo “doping” upon exposure to a protonic
acid and become electrically conductive.3 Unfor-
tunately, these polymers are highly intractable
and infusible because of their highly aromatic
nature, interchain hydrogen bondings, and
charge delocalization effects. So, one of the
main present research areas, of both scientific
and industrial importance, has been to develop
electrically conductive polymers which are fus-
ible or soluble in common solvents. Over the
last decade, significant progress has been made
in the processing of ICPs into coatings and
films.

Polyaniline (PANI), the most promising con-
ductive polymer, has been the subject of intense
investigations during the last two decades be-
cause of its straightforward polymerization and
desirable electrical, electrochemical, and optical
properties coupled with excellent environmental
stablity.4–6 Being inexpensive and relatively sim-
ple to synthesize, it has immense industrial po-
tential for a number of applications such as in
static films for transparent packaging of elec-
tronic components, electromagnetic shielding, re-
chargeable batteries, light-emitting diodes, non-
linear optical devices, sensors for medicine and
pharmaceutics, and membranes for the separa-
tion of gas mixtures.7–9

However, PANI is highly intractable because of
its aromatic nature, interchain hydrogen bond-
ing, and charge delocalization effects.10 Among
the methods to improve the melt and solution
processability of PANI, covalent substitution such
as ring substitution11–13 and N-alkylation14–16

and protonation with functionalized protonic ac-
ids such as dodecylbenzene sulfonic acid,17,18

camphor sulfonic acid,19 phosphoric acid es-
ters,20–24 or phosphonic acids25 merit mention.
The use of specific functionalized protonic acid
dopants render the high solubility of PANI into
particular common solvents19 and allow the prep-
aration of solution-cast26 or melt-processable
blends with a low percolation limit.27,28 But ac-
cording Laaska et al.,29 the selection of an appro-
priate solvent is of crucial importance for electri-
cal conductivity of solution-cast PANI films. For
example, PANI protonated with camphor sulfonic
acid, in selected solvents, such as m-cresol, induce
extended coil conformation of PANI chains which
facilitate polaron delocalization and crystalliza-
tion of the polymer upon casting.29 From the in-

dustrial point of view, the fabrication of a ther-
mally processable conducting polymer would be
preferable because it is easier and much
cheaper. Thermally processable PANI has re-
cently been fabricated using aliphatc and aro-
matic diesters of phosphoric acid as protonating
agents,20 –24,29 where the two hydrophobic
groups introduced to PANI with each dopant
ion lead to its plastification. In a previous com-
munication,30 we showed that protonation of
PANI with a dopant, 3-pentadecylphenylphos-
phoric acid, induces melt and solution process-
ability to PANI.

To improve the mechanical properties of PANI,
one of the methods still in the development stage
is the blending of it with conventional polymers
because there is an increasing demand for poly-
meric materials that can be processed using con-
ventional melt-processing techniques, whose elec-
trical conductivity can be tailored for a given ap-
plication and that have attractive mechanical and
other properties31 of the two components, that is,
high electrical conductivities of PANI together
with the physical and mechanical properties of
the matrix polymer. The applications include
electrostatic dissipation (ESD), static discharge,
and electromagnetic interference shielding (EMI).
The required conductivity levels are approxi-
mately 1025 to 1029 S cm21 for ESD and greater
than 1 S cm21 for EMI. Several conductive com-
posites of PANI with vinyl polymers such as poly-
styrene,32 poly(alkyl methacrylates),33–36 poly(vi-
nyl chloride) (PVC),20,21,37–40 and poly(ethylene-
co-vinyl acetate)41 were reported in the literature.
There exists a great demand for flexible, conduc-
tive plastic films fabricated on the basis of plas-
ticized PVC.

This article presents the results of studies on
the doping behavior of a series of phosphoric acid
derivatives of 3-pentadecylphenol (hydrogenated
cardanol) and 3-pentadecadienylphenol (carda-
nol) such as 3-pentadecylphenylphosphoric acid
(PDPPA) (1), 3-pentadecylphenyl(bis)phosphoric
acid [PDP(bis)PA] (2), monocardanylphosphoric
acid (MCPA) (3), dicardanylphosphoric acid
(DCPA), and phosphorylated cashewnut shell
liquid prepolymer (PCNSL) on PANI. Further,
conductive flexible blends of the protonated
PANI with PVC were also prepared and studied
for their conductivity and related properties.
The conductive blends exhibited a compara-
tively low percolation threshold and a high
transparency:
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EXPERIMENTAL

Preparation of Poly(emeraldine base)

PANI was synthesized chemically according to
the method of MacDiarmid et al.42 The neutral
base form of PANI was obtained by dedoping the
PANI–salt in a 3 wt % ammonia solution for 3 h,
then washing with acetone and drying in a vac-
uum for 8 h at 60°C.

Synthesis of PDPPA

PDPPA was synthesized by the reaction of 1 mol
of 3-pentadecyl phenol (hydrogenated cardanol)
and 1 mol of POCl3 in the presence of AlCl3.43 The
product, phosphorodichloridate, obtained was
then hydrolyzed with diluted HCl and then puri-
fied by column chromatography over silica gel
(100–200 mesh). The phosphorous content anal-
ysis is in agreement with the proposed structure.

Synthesis of MCPA

MCPA was synthesized by a similar procedure as
that of PDPPA.

Synthesis of PDP(bis)PA

PDP(bis)PA was synthesized by the reaction of 2
mol of 3-pentadecyl phenol and 1 mol of POCl3 in
the presence of AlCl3. The product obtained was
then hydrolyzed with diluted HCl and then puri-
fied by column chromatography over silica gel
(100–200 mesh). The phosphorous content anal-

ysis indicates the presence of 15–20% of the mo-
noester.

Synthesis of DCPA

DCPA was synthesized by a similar procedure as
that of PDP(bis)PA.

Synthesis of PCNSL

PCNSL was synthesized by phosphorylating pre-
heated CNSL with o-phosphoric acid at 175 6 5°C
for 4 h according to a patented process.44

Preparation of PANI–Dopant Complex

Emulsion Polymerization

Doping of PANI was carried out by the in situ
doping emulsion polymerization of aniline in the
presence of the dopant PDPPA (1:1 molar ratio of
aniline and the dopant) or PDP(bis)PA (1:0.75
molar ratio of aniline and the dopant) in xylene as
the solvent according to the procedure of Oster-
holm et al.18 Polymerization was initiated by
the addition of ammonium peroxy disulfate,
(NH4)2S2O8, in distilled water which was added
over a period of 30 min to avoid heating of the
reaction mixture. The emulsion was then kept
under stirring for 24 h and the polymerization
was terminated by pouring the resulting highly
viscous emulsion into 750 mL of acetone, causing
the doped PANI complex to precipitate. The dark
green powder was then recovered, filtered, and
extensively washed with acetone and distilled wa-
ter in order to remove the unreacted dopant and
trace amounts of inorganic by-products present.
Finally, the powder was dried in a vacuum oven
for 48 h at 55°C. Polymerization was carried out
at room temperature in order to avoid the precip-
itation of anilinium phosphate. The aniline-to-
oxidant molar ratio was 1:1. The aniline monomer
concentration was 0.05 mol/L.

The polymers obtained by this emulsion poly-
merization method are hereinafter referred to as
PANI–PDPPA 1 and PANI–PDP(bis)PA 1. The
protonated complexes obtained were converted to
the emeraldine base form by treatment with a 3
wt % ammonia solution for 3 h, then washed with
acetone and dried in a vacuum for 8 h at 60°C.

Mechanical Mixing

Emeraldine base (synthesized by the aqueous po-
lymerization method) of an inherent viscosity 1.2
dL g21 (measured at room temperature in concen-
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trated sulfuric acid) was mixed with the dopant
PDPPA, PDP(bis)PA, MCPA, DCPA, or PCNSL in
a molar ratio of 0.5 dopant to the polymer repeat
unit PhN, using an agate mortar and pestle at
room temperature to obtain PANI–PDPPA 2, PA-
NI–PDP(bis)PA 2, PANI–MCPA 2, PANI–DCPA
2, or PANI–PCNSL 2, respectively. Different mo-
lar ratios of the PANI–dopant combination were
prepared to determine the plastification thresh-
old.

Characterization Methods

The inherent viscosities of PANI and PANI–do-
pant systems were determined in 0.1% w/w solu-
tions in concentrated H2SO4 using an Ubbelohde
viscometer at 25°C. The phosphorus content was
determined by the stannous chloride method.45

FTIR spectra were recorded on a Nicolet IMPACT
400 D spectrophotometer. The UV-visible spec-
trum was taken in a Shimadzu UV-2100 spectro-
photometer. Conductivity was measured on
pressed pellets by the four-probe method. The
XRD pattern was recorded on a Rigaku Geiger–
Flex D/MAX series using CuKa radiation. SEM
was recorded using a JEOL JSM-35 scanning mi-
croscope. TG thermograms were recorded on a
DuPont thermogravimetric analyzer 951 at-
tached to a thermal analyst 200. DSC thermo-
grams were taken on a differential scanning cal-
orimeter 2010 attached to a thermal analyst
2100.

RESULTS AND DISCUSSION

General Observations

As reported in the case of the PANI–dodecyl ben-
zene sulfonic acid system,18 PDPPA and PDP-
(bis)PA were also found to act as emulsifying cum
protonating agents for PANI. The hydrophobic–
hydrophilic nature of these dopants permits it to
act as an emulsifying cum protonating agent. The
in situ doping emulsion-polymerized PANI–PD-
PPA 1 and PANI–PDP(bis)PA 1 typically had the
composition PANI(PDPPA)0.2 and PANI(PDP-
(bis)PA)0.19, respectively, as determined from the
observed weight differences between the as-poly-
merized complex and the corresponding reduced
emeraldine base and also by the phosphorous con-
tent estimation. [It should be noted here that
because of the extremely bulky nature of PDP-
(bis)PA, and also due to the precipitation of ani-

linium phosphate, we are took a 1:0.75 molar
ratio of aniline and PDP(bis)PA for the emulsion
polymerization.] This indicates that some depro-
tonation occurred during the washing procedure
of the PANI–ester complex. PANI is almost fully
protonated at this level for PANI–PDPPA 1 as
PDPPA has two hydrogens for protonation, but
the protonation level is comparatively less for PA-
NI–PDP(bis)PA 1. Protonation of PANI with PD-
PPA and PDP(bis)PA results in a heavily plasti-
cized mixture which can be thermally processed
to give free-standing films.

Solubility Studies

A number of interesting observations were made
on doping PANI with PDPPA and PDP(bis)PA: As
reported in the cases of doping PANI with func-
tionalized dopants, the protonated PANI becomes
soluble in nonpolar or weakly polar organic sol-
vents such as xylene, chloroform, and tetrahydro-
furan (THF). Thin films of the doped polymer
could be easily prepared by the solution-casting
method from these solvents. It should be pointed
out here that the solubility theory of Heeger and
others16–19,26,27 was criticized by Wessling46,47 in
that conductive polymers cannot form true solu-
tions. In the case of the PANI–PDPPA 2 system,
we got transparent and clear solutions, the for-
mation of which is aided by the surfactant-type
counterions of the bulky phosphoric acid moieties
located at the particle surface with their unpolar
tail directed to the outside, inducing PANI to
behave as a random coil, enabling solubilty. Table
I indicates the solubility of PANI–PDPPA 2 (1:0.5
molar ratio) and PANI–PDP(bis)PA 2 (1:0.5 molar
ratio) in some of the organic solvents and the
conductivity of the films cast from the correspond-
ing solutions. The solubility of the complex in
nonpolar or weakly polar organic solvents can be
explained on the basis of the solvation effects of
the long hydrophobic alkyl side chain of the do-
pant. There is no considerable change for the sol-
ubility of each system from different solvents.

Viscosity Studies

The inherent viscosity of emeraldine base synthe-
sized by aqueous polymerization was found to be
1.2 dL g21, whereas those obtained for PANI–
PDPPA 1 and PANI–PDP(bis)PA 1 were 0.85 and
0.88 dL g21, respectively, and for the correspond-
ing PANI bases, 1.25 and 1.31 dL g21, respec-
tively. Aqueous polymerization of aniline is gen-
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erally carried out at 0°C to obtain the maximum
molecular weight.42 But the complexes PANI–P-
DPPA 1 and PANI–PDP(bis)PA 1 synthesized by
the in situ doping emulsion polymerization route
could not be carried out at 0°C because anilinium
phosphate precipitates at this temperature. So,
polymerization was carried out at ambient tem-
perature and this could be the reason why the
higher viscosity expected of an emulsion polymer-
ization was not obtained. But the inherent viscos-
ity values of the PANI base synthesized by the
emulsion polymerization method significantly ex-
ceeded the viscosities normally observed for the
PANI base polymerized in aqueous solutions. The
value is slightly increased for PANI–PDP(bis)PA
1 because of the bulky nature of the dopant,
where the use of bulky PDP(bis)PA as a counte-
rion increases the chain separation between ad-
jacent PANI chains and, consequently, decreases
the interchain interactions. An increased solubil-
ity of the growing chains in the emulsion is thus
to be expected, leading to the observed increase in
viscosity.18

In the case of the systems PANI–PDPPA 2 and
the PANI–PDP(bis)PA 2, the plasticized PANI
exhibits rheological parameters characteristic of
a Bingham-type liquid with the apparent viscos-
ity decreasing with increase of the ester content.
The plastification threshold was found to occur at
ester/PANI molar ratios of 0.3 and 0.15 for PANI–
PDPPA 2 and the PANI–PDP(bis)PA 2, respec-
tively. It was, however, noted that the emulsion-
polymerized PANI–PDPPA 1 is not thermally
processable because the molar ratio of aniline and
PDPPA is 1:0.2. But PANI–PDP(bis)PA 1 is ther-
mally processable, even though the film obtained
by the hot-pressing method is very brittle.

Spectroscopic Investigations

The FTIR spectra taken for PANI–PDPPA and
PANI–PDP(bis)PA complexes have features char-
acteristic of the protonated state. The band at
1160 cm21, assigned to QAN–B, B–NH—B, or
the C–H bending coupled to the carbon backbone
of emeraldine base, shifts to 1128 cm21 for PANI–
PDPPA 1 and to 1135 cm21 for PANI–PDP(bis)PA
1 on protonation. Upon protonation, a very broad
absorption appears at 3450 cm21 (O—H stretch)
and the 3285 cm21 band (N—H stretch) of poly-
(emeraldine base) shifts downward to 3230 cm21.

Similarly, the bands corresponding to the qui-
noid (NAQAN), 1593 cm21, and benzenoid (N—
B—N), 1506 cm21, ring-stretching modes of
polyemeraldine base are shifted toward lower fre-
quencies, namely, 1566 and 1480 cm21, respec-
tively, for PANI–PDPPA and to 1573 and 1490
cm21, respectively, for PANI–PDP(bis)PA. This
1590/1490-cm21 band intensity ratio is compara-
tively smaller for the PANI–PDP(bis)PA and it
shows that the degree of protonation is compara-
tively less for the diester protonated PANI be-
cause of the bulky nature of the dopant, which
hinders its easy diffusion into the polymer back-
bone. Also, for the protonated samples, new ab-
sorptions appear at about 880 and 810 cm21. The
PAO stretching mode occurring at 1248 cm21 is
superimposed on the B—B—B stretching of PANI
occurring at 1238 cm21. Also, the features char-
acteristic of the dopant were also present.

Figure 1(a) shows the UV-visible spectrum of
PANI–PDPPA and the PANI–PDP(bis)PA com-
plexes in the solvents THF, chloroform, and xy-
lene. Figure 1(b) shows the UV-visible spectrum
of PANI–PDPPA and the PANI–PDP(bis)PA com-
plexes in m-cresol. The spectrum gives strong ev-

Table I Percentage of Solubility of PANI–PDPPA 2 and PANI–PDP(bis)PA 2 in Some of the Organic
Solvents and the Conductivity of the Films Cast from the Corresponding Solutions

Polymer Solvent % Solubility
Conductivity

(S cm21)

PANI(PDPPA)0.5 Chloroform 2–3 0.39
Xylene 2–3 0.82
Tetrahydrofuran 2 0.19
m-Cresol 2 1.25

PANI(PDP(bis)PA)0.5 Chloroform 6–7 0.021
Xylene 6–7 0.055
Tetrahydrofuran 6 0.08
m-Cresol 5 0.13
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idence for the protonation of PANI as seen from
the bands at about 444 and 801 nm in these
solvents, where the spectrum is almost the same
for both PANI–PDPPA and PANI–PDP(bis)PA.
For for PANI–PDPPA in m-cresol, a sharp pol-
aronic peak at about 444 nm and a broad band
extending beyond 1500 nm occurs. But the peaks
characteristic of a localized polaron at about 900
nm were present. The thin film of PANI–PDPPA
cast from m-cresol exhibited a conductivity of 2.1
S cm21. But the UV-visible spectrum of PANI–
PDP(bis)PA in m-cresol exhibited spectral fea-
tures resembling those characteristic of a local-
ized polaron at about 900 nm and a less intense

broad band extending beyond 1500 nm. The film
of PANI–PDP(bis)PA cast from m-cresol exhibited
a conductivity value of 8.2 3 1022 S cm21 and this
indicates that PDPPA in m-cresol succeeded in
partially changing the conformation of the PANI
chains to the extended coil confirmation, but PD-
P(bis)PA showed a weak effect because of its ex-
tremely high bulky nature even though PDP-
(bis)PA succeeded to make PANI highly soluble in
almost all the weakly polar or nonpolar solvents.
The IR and UV-visible spectra of the other PANI–
dopant complexes also showed similar behavior.

Conductivity Studies

The conductivity values were measured on
pressed pellets for the powder samples by the
four-probe method. PANI–PDPPA 1 gave a higher
conductivity value of 6.1 3 1021 S cm2 compared
to PANI–PDP(bis)PA 1 (5.1 3 1022 S cm21) and
these values are higher than are those of the
mechanically mixed samples PANI–PDPPA 2 of a
1:0.5 molar ratio (2.41 3 1021 S cm21) and PANI–
PDP(bis)PA 2 of a 1:0.5 molar ratio (2.1 3 1022).
[Detailed studies were conducted only on the PA-
NI–PDPPA and PANI–PDP(bis)PA systems.] The
higher conductivity value of the emulsion-poly-
merized samples compared to that of the mechan-
ically mixed samples may be due to the more
homogeneous protonation of PANI achieved by
the emulsion technique. Table I indicates the sol-
ubility of PANI–PDPPA 2 (1:0.5 molar ratio) and
PANI–PDP(bis)PA 2 (1:0.5 molar ratio) in some of
the organic solvents and the conductivity of the
films cast from the corresponding solutions. (The
solubilities of the other PANI–dopant complexes
did not differ much and, hence, are not shown
here.) The conductivity value is comparatively
lower for the solution-cast films of PANI–PDP-
(bis)PA 2 because of the bulky nature of the do-
pant, which hinders its easy diffusion into the
polymer backbone. For each dopant system, there
is no considerable change for the conductivity of
films cast from different solvents, except for PA-
NI–PDPPA in m-cresol, where the conductivity
value is 2.1 S cm21 (increase of one order of mag-
nitude), indicating the secondary doping effect.

Figure 2 represents a plot of the ln of the nor-
malized resistance versus T21/4 for PANI–PDPPA
2 (1:0.5), which shows that the ln of the normal-
ized resistance is proportional to T21/4 in the tem-
perature range 150–50 K, which is indicative of
three-dimensional variable range hopping con-
duction. Normalized resistance on pressed pel-

Figure 1 (a) UV-vis spectra of PANI–PDPPA in (a1)
xylene, (b1) THF, and (c1) chloroform and PANI–PDP-
(bis)PA in (a2) xylene, (b2) THF, and (c1) chlorroform.
(b) UV-vis spectra of (d1) PANI–PDPPA in m-cresol
and (d2) PANI–PDP(bis)PA in m-cresol.
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lets, measured in the temperature range 300–50
K, is shown in the inset of Figure 2. The data are
analyzed in the Mott’s variable range hopping
conduction in three dimensions in the tempera-
ture range 150–50 K.

Doping of PANI with the dopants PDPPA, PD-
P(bis)PA, MCPA, DCPA, and PCNSL results in a
heavily plasticized mixture so that free-standing
flexible films could be prepared by the hot-press-
ing method. Figure 3(a) represents the conductiv-
ity against the temperature of pressing for PANI–
PDPPA 2 (1:0.3 molar ratio) and PANI–PDP-
(bis)PA 2 (1:0.3 molar ratio). A maximum
conductivity value of 1.8 S cm21 was obtained for
the PANI–PDPPA 2 film pressed at 120°C, and
for the PANI–PDP(bis)PA 2 film at 120°C, the
conductivity value is 6.1 3 1021 S cm21. Both
polymers are thermally stable to 200°C for pre-
paring highly conducting films by melt process-
ing. The comparatively low value of conductivity
for these phosphate ester systems in comparison
to other PANI–phosphate ester 20–25 systems may
be due to the bulky nature of the dopant species
which hinders its easy diffusion into the polymer
backbone,48 and in the PANI–PDPPA system, due
to the divalent nature of the phosphate ions, there
is also a possibility of crosslinking between the
chains or intrachain sharing of the same dopant
species which results in a hindrance to electron
transport.48 Figure 3(b) represents the conductiv-
ity against the temperature of pressing for PANI–
MCPA (1:0.3 molar ratio) and PANI–DCPA (1:0.3

molar ratio). But the conductivity values are less
for PANI–MCPA, PANI–DCPA, and PANI–PC-
NSL when compared to PANI–PDPPA and PAN-
I–PDP(bis)PA because the crystallinity of proton-
ated PANI is less when doped with the dopants
synthesized from unsaturated cardanol than from
the dopants synthesized from hydrogenated car-
danol.

Morphology and Crystallinity

This difference in the behavior between the me-
chanically mixed sample and the emulsion-poly-
merized sample could also be observed in the
cases of morphology and crystallinity as well. The
PANI–PDPPA 1 synthesized by the emulsion po-
lymerization route showed an exceptionally high
degree of crystalline order and orientation. The
X-ray analysis shown in Figure 4 suggests that
PANI–PDPPA 1 is highly crystalline compared to
PANI–PDP(bis)PA 1. An ordered structure occurs
in the case of PANI–PDPPA 1, but PANI–PDP-
(bis)PA 1 is less crystalline in nature because of
the extremely bulky nature of the dopant which
hinders its easy diffusion into the polymer back-
bone. The emulsion-polymerized PANI–PDPPA is
highly crystalline in nature and this can be un-
derstood on the basis of a more homogeneous
protonation of PANI by the emulsion polymeriza-
tion route. The crystalline structure of PDPPA
was retained in the case of the mechanically
mixed PANI–PDPPA samples, whereas the peaks

Figure 2 Plot of ln resistance versus T21/4 of PANI–PDPPA 2. The normalized
resistance–temperature plot is shown in the inset.
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due to PDPPA were not observed in the case of the
emulsion-polymerized samples. The X-ray diffrac-
tion of PANI–MCPA 2, PANI–DCPA 2, and PA-
NI–PCNSL 2 showed that they are less crystal-
line in nature than is the PANI–PDPPA 2 com-
plex. The presence of the unsaturated side chain
might possibly be the reason the for the low crys-
tallinity of the dopants. The bulky and oligomeric
nature of PCNSL might further decrease the crys-
tallinity and conductivity.

Scanning electron micrographs of PANI–PD-
PPA 2 and PANI–PDP(bis)PA 2 above the plasti-
fication threshold and PANI–PDPPA film at
120°C are shown in Figure 5. Also, it indicates

that the nonplasticized samples consist of loosely
packed distinguishable grains. Above the plasti-
fication threshold, the PANI grains are smooth,
swollen, and continuous in nature which upon hot
pressing gives free-standing films. Laaska et al.22

also reported similar results with PANI–phos-
phate diester systems. The morphology of the
other PANI–dopant complexes were similar in
nature.

It is also interesting here to note that PANI–
PDPPA II (1:1 molar ratio) prepared by the me-
chanical-mixing method when sheared on a glass
plate exhibited birefringence when observed un-
der a polarized light microscope. It is possible

Figure 3 (a) Conductivity versus pressing temperature for films of (a) PANI–PDPPA
2 (1: 0.3 molar ratio) and (b) PANI–PDP(bis)PA 2 (1: 0.3 molar ratio). (b) Conductivity
versus pressing temperature for (a) PANI– MCPA 2, (b) PANI–DCPA 2, and (c)
PANI–PCNSL 2.
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that cooperation of the stiff polymer chain and the
flexible side chains of the dopant which acts as
the bound solvent can induce liquid crystallini-
ty.49

Thermal Studies

The emulsion-polymerized PANI–dopant com-
plexes and the mechanically mixed samples differ
very much in their thermal stabilities. Figure 6(a)
represents the TG thermograms of PANI base,
PANI–PDPPA 1, PANI–PDP(bis)PA 1, PANI–P-
DPPA 2, PANI–PDP(bis)PA 2, pure PDPPA, and
pure PDP(bis)PA heated at 20°C/min in a nitro-
gen atmosphere. In the case of pure PDPPA, a
small weight loss of 5% occurs between 80 and
150°C due to the loss of water molecules from the
phosphate ester because phosphate esters are
known to form strong intramolecular hydrogen
bonds. The decomposition of PDPPA starts at
about 250°C. The three PANI thermograms also
exhibited a small weight loss (2–5%) below 150°C,
due to the loss of water and low molecular weight
oligomers. In the case of PANI–PDPPA 1, the
decomposition starts at 280°C. But in the case of
PANI–PDPPA 2, there is a two-stage decomposi-
tion starting at 240 and 350°C. The first decom-
position is due to the loss of an excess of PDPPA
and the second one is due to the loss of bound

PDPPA. It should be noted that the emulsion-
polymerized PANI–PDPPA complex is more ther-
mally stable than is the other reported for proton-
ated PANIs. As there is no excess of the dopant in
the emulsion-polymerized PANI–PDPPA, a sin-
gle-stage decomposition was observed. Figure 6(b)
represents the TG thermogram of PANI–PCNSL
(1:0.3 molar ratio) compared with that of PANI
base and PANI–PDPPA 2. The thermal stability
is exceptionally higher for this protonated PANI
system than that of other mineral acid and func-
tionalized acid-doped PANI. This could possibly
be due to the oligomeric nature of the dopant and
higher P content of the dopant, PCNSL.

In Figure 7, DSC thermograms of (a) PANI
base, (b) PANI– PDPPA 1 by the emulsion poly-
merization route, (c) mechanically mixed PANI–
PDPPA 2, and (d) pure PDPPA in the atmosphere
of nitrogen heated at 20°C/min to 500 0C are
shown. The DSC curve of the pure PDPPA shows
one endotherm at 70°C (due to the melting of
PDPPA) and another endotherm at 120°C (due to
the loss of water molecules corresponding to the
small weight loss observed in the TGA. Phosphate
esters can undergo dehydration at higher temper-
atures with the loss of water molecules). The ther-
mograms of PANI and doped PANIs show an en-
dotherm between 20 and 170dC corresponding to
the small weight loss in TGA which is explained
as due to the loss of water and oligomers. In the
case of PANI–PDPPA 1, an endotherm below
120°C is observed and this is due to the loss of
water molecules. The endotherm at about 300°C
is due to the loss of bound dopant. The mechani-
cally mixed sample (PANI–PDPPA 2) exhibits en-
dotherms at 70 and 120°C, a broad exothermic
peak which starts around 140°C and reaches a
maximum around 170°C, and a double peak en-
dotherm at about 260°C. The endothermic peaks
occurring at 70°C correspond to the melting of the
excess of the dopant. This double-peak endotherm
is in agreement with the TGA results and it is not
observed in the case of PANI–PDPPA 1 where
there is no excess of the dopant. The reactions are
irreversible, since in the second run, peaks are
not observed.

Blends of Plasticized PANI with PVC

Highly conducting composites of PANI and PVC
were prepared by mechanical mixing at room
temperature for an extended period of time to
achieve optimum homogeneity. Various PANI-
(PDPPA)0.5/PVC ratios were used. Then, thin

Figure 4 XRD patterns of (a) emeraldine base, (b)
PANI–PDPPA 1, and (c) PANIPDP(bis)PA 1.
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films of an approximate thickness of about 0.2
mm were prepared by the hot-pressing method at
160°C for 20 min (only PDPPA was studied here
as this dopant gave the maximum conductivity
values). This method results in good mixing of
plasticized PANI and PVC because the plastifica-
tion of PANI strongly facilitates the mixing of the
components of the blend, and as a result, a lower
percolation threshold of 5 wt % of PANI is ob-
tained for the polyblend of PANI–PDPPA–PVC,
that is, the dispersion of PANI grains in the PVC
matrix was considerably enhanced by the pres-

ence of the plasticizers, which apparently loos-
ened the PANI grain–grain adhesion forces. The
SEM indicates a good mixing of PANI and PVC. It
is to be explained as being due to the flexible side
chains which plasticize the PANI. Actually, the
incorporation of flexible side chains to the rigid-
rod backbone remarkably improves the solubility
and lowers the melting or softening points for the
stiff polymers.50 In the case of these blends, the
long side chains of the dopants could even induce
molecular miscibility of the two rigid polymers.
The flexible side chains acting like “bound sol-

Figure 5 SEM photographs of (a) PANI–PDPPA 2, (b) PANI–PDP(bis)PA 2, and (c)
PANI(PDPPA)0.3 film at 120°C.

MELT/SOLUTION PROCESSABLE POLYANILINE 1363



vent” induce the miscibility of rigid backbones in
common solvents and also induce the distortion of
aromatic rings in the backbone with an increase
in the flexibility.50

The blending was performed also by a solution-
mixing method where a 2 wt % solution of PAN-
I(PDPPA)0.5 was mixed with a 10 wt % solution of
PVC in THF to obtain various PANI(PDPPA)0.5/
PVC ratios. Thin films of approximate 0.2-nm
thickness were prepared by solution-casting tech-
niques. Earlier patents on the preparation of
melt-processable conducting thermoplastic blends
used the dry mixing of a functionalized dopant
protonated an electrically conducting PANI com-
plex with the thermoplastic polymer, and a pro-
cess of heat treatment of the blends before the
processing to reduce the percolation threshold

was practiced.51–54 Shacklette et al.55 also re-
ported the melt-mixing of protonated PANI and a
thermoplastic polymer in a Brabender mixer in
the presence of a plasticizer to make conducting
polymer blends with a low percolation threshold.
In the present case, a multifunctional dopant hav-
ing the properties of plasticization, solubilization,
and protonation was used is to facilitate the loos-
ening of the grain–grain adhesion forces and,
hence, blends with a very low percolation thresh-
old were obtained. Figure 8 indicates the log con-
ductivity versus the content of PANI in both the
mechanically mixed one and in the solution-
mixed one. The percolation threshold occurs at
about a 5 wt % of PANI content. A conductivity

Figure 7 (a) DSC thermograms of (a) PANI base, (b)
PANI–PDPPA 1, (c) PANI–PDPPA 2, and (d) pure PD-
PPA. (b) DSC thermograms of (a) pure PDP(bis)PA, (b)
PANI–PDP(bis)PA 2, and (c) PANI–PDP(bis)PA 1.

Figure 6 (a) TG thermograms of (a) PANI base, (b)
PANI–PDPPA 1, (c) PANI–PDP(bis)PA 1, (d) PANI–
PDPPA 2, (e) PANI–PDP(bis)PA 2, (f) pure PDPPA,
and (g) pure PDP(bis)PA heated at 20°C/min in a ni-
trogen atmosphere. (b) TG thermograms of (a) PANI
base, (b) PANI–PCNSL, and (d) PANI–PDPPA 2.
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value of 2.5 3 1022 S cm21 occurs for a melt-
processable film having a 30 wt % PANI content,
whereas for the solution-mixed film with a 30 wt
% PANI contact, the conductivity value is 3.8
3 1023 S cm21. This indicates that the melt-
processing method is more favorable in the case of
blends of this plasticized PANI.

Figure 9 represents the TGA thermograms for
PANI–PDPPA–PVC blends of different composi-
tions. The composites are thermally stable to
250°C. Figure 10 represents the DSC thermo-
grams of PANI–PDPPA–PVC blends. The misci-
bility of polymer blends is commonly ascertained
through Tg measurements. The Tg increases with
increasing PANI content in the blend and this

increase with the PANI content is taken to indi-
cate the miscibility as reported by Ong et al.56

Therefore, the DSC of different compositions of
PANI is taken to indicate the miscibility.

CONCLUSIONS

The dopants, PDPPA, PDP(bis)PA, MCPA, DCPA,
and PCNSL, derived from an inexpensive natu-
rally existing biomonomer, CNSL, are found to
act as very good plasticizing cum protonating
agents for PANI. Among these dopants, PDPPA,
having a long saturated hydrocarbon side chain,
was found to give a maximun conductivity of 1.8 S
cm21. On the other hand, dopants based on car-
danol having an unsaturated side chain gave only
lower values. This was understood to be due to
the capability of the saturated analog to contrib-
ute to the ordered arrangement of PANI, thus
improving the crystallinity. It is also interesting
to note that the conductivity values decreased
when bulky/oligomeric dopants such as PCNSL
were used. The blend of protonated PANI doped
with PDPPA and PVC exhibited a low percolation
threshold. Because of the high surface-to-volume
ratio, these blends can be suggested for potential
applications.

The authors would like to thank Prof. S. Hedge, Indian
Institute of Science, Bangalore, for providing the facil-
ities for the low-temperature conductivity measure-
ments. Thanks are also due to Dr. Peter Koshy, RRL,
for the SEM measurements and to Dr. Vijay Nair,
Director, RRL, for encouragement and support.

Figure 8 Log conductivity versus PANI content for
PANI–PDPPA–PVC polyblend films prepared (a) by
melt-processing method and (b) by solution-mixing
method.

Figure 9 TG thermograms of (a) PVC itself and PA-
NI–PDPPA–PVC polyblend films with (b)10 wt % of
PANI, (c) 20 wt % of PANI, and (d) 30 wt % of PANI.

Figure 10 DSC thermograms of (a) PVC itself and
PANI–PDPPA–PVC polyblend with (b) 10 wt %, (c) 20
wt %, and (d) 30 wt % of PANI.
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