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ABSTRACT: Polyaniline (PANI) salts doped with organic
sulfonic acids (methanesulfonicacid, p-toluenesulphonic acid,
and dodecylbenzenesulphonic acid) were first synthesized
by using solid-state polymerization method. The polymers
were characterized by Fourier transform infrared (FTIR)
spectra, ultraviolet-visible spectrometry, X-ray diffraction,
cyclic voltammetry, scanning electron microscopy, transmis-
sion electron microscopy, and conductivity measurements. It
was found that PANI doped with p-toluenesulphonic acid is
formed in conductive emeraldine oxidation state, and dis-
played higher doping level and cyrstallinity. On the contrary,
PANI doped with dodecylbenzenesulphonic acid was lower

at doping level and highly amorphous. In accordance with
these results, the conductivity and electrochemical acitivity
was also found to be higher in p-toluenesulphonic acid-
doped PANI, and these properties were opposite in the
case of dodecylbenzenesulphonic acid. The results also
revealed that the morphology of dodecylbenzenesulphonic
acid-doped PANI was remarkably different from other PANI
salts. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105: 576–584,
2007
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INTRODUCTION

Among conducting polymers, studies on polyaniline
(PANI) have been very attractive and interesting
because of its high conductivity, good redox revers-
ibility and stability in aqueous solutions and air for
its applications and in electrochromic displays, elec-
trocatalysis, rechargeable batteries, and sensors.1–7

PANI can be synthesized by either chemically or
electrochemically oxidative polymerization as a bulk
powder or film. Many papers dealing with the syn-
thesis of PANI have been published.8–10 The classical
chemical synthesis of PANI is carried out in solution
using aniline, an oxidant, and a strong doping acid
with either aqueous or organic solvents.11 Since the
liquid monomer aniline forms solid salts with dop-
ing acids, room-temperature solid-state polymeriza-
tion of aniline is possible using a solid anilinium salt
as the precursor. Gong et al. have reported solid
state synthesis of PANI doped with H4SiW12O40

under �208C by furbishing in mortar,12 and Kaner

and coworkers have reported solvent-free mechano-
chemical route to PANI in which the reaction is
induced by ball-milling an anilinium salt and an oxi-
dant under ambient conditions.13,14 Solid-state syn-
thesis method is, however, advantageous; the reac-
tant molecule is put in order in solid-state synthesis
reaction and the reaction happens on the surface of
reactant molecule only, and this will bring some spe-
cial properties of PANI material. In this report,
attempt was made to understand the relations
between dopant and characteristics of solid-state
synthesized PANI by varying the protonation media
[methanesulphonic acid (MeSA), p-toluenesulphonic
acid, and dodecylbenzenesulphonic acid]. We want
to focus here on how the oxidation state, doping
level, cyrstallinity, electrochemical activity, morphol-
ogy, and conductivity of the solid-state synthesized
PANI change by varying the organic sulfonic acids
to illuminate the relations between molecular struc-
ture, molecular size, and acidity constants (pKa) of
these organic sulfonic acids and physicochemical
characteristics of PANI salts. Thus, in a systematic
approach, a comparison of the characteristics of
PANI salts was done by Fourier transform infrared
(FTIR) spectra, ultraviolet-visible (UV–vis) spectrom-
etry, X-ray diffraction, cyclic voltammetry (CV),
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and conductivity mea-
surements. The results were discussed with respect to
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possible correlations between physicochemical char-
acteristics of polymers and the identity of the dopant
being present during the solid-state polymerization.

EXPERIMENTAL

Synthesis

Aniline and ammonium peroxydisulfate (APS) of an-
alytical-reagent grade were obtained from Xi’an
Chemical Reagent Company (China). Methyl sulfonic
acid, p-toluene sulfonic acid, and dodecylbenzenesul-
phonic acid were obtained from Acros Organics. An-
iline was purified by distillation. All other chemicals
and solvents were used as received without further
purification.

A typical solid-state polymerization procedure
was as followed:15 1 mL of distilled water and 1.44 g
MeSA were put in the mortar, they were grinded to
mix each other, and then freshly distilled 1 mL of
aniline was added dropwise. After grounding the
reactant about 10 min, the mixture became white
paste; 2.2 g of APS was added by further grounding
for 30 min until the color of solid changed to black
green. The greenish black powder was washed with
ethylether, ethanol, and distilled water, respectively,
until the filtrate was colorless, and then the powder
dried under vacuum at 508C for 48 h.

PANI salts with dodecylbenzenesulphonic acid
(PANI-DBSA) and p-toluene sulfonic acid (PANI-p-
TSA) as dopant were synthesized in the similar manner.

Characterization

FTIR spectra of the polymers were obtained by using
a BRUKERQEUINOX-55 FTIR spectrometer (Billerica,
MA) (frequency range 3500–400 cm�1). UV–vis spec-
tra of the polymer solution in m-cresol were recorded
by using HITACHI-U3010 double beam spectropho-
tometer (Tokyo, Japan) in the range of 300–900 nm.
The X-ray diffraction studies were performed on a
D/Max 2400 X-ray diffractometer (Tokyo, Japan) by
using CuKa radiation source (l ¼ 0.15418 nm). The
scan range (2y) was 108–708. The CV was performed
with a CHI 660A Electrochemical Workstation (CH
Instruments, USA) in a conventional three-electrode
cell; the working electrode was a PANI film electrode
prepared by casting the DMF solution of respective
PANI salts on platinium electrode. The reference elec-
trode was SCE, and the counter electrode was a 1 cm2

area Pt flag. SEM images of the polymers were
observed with a Leo1430VP microscope operating at
20 kV, after the polymers were gold-coated. The TEM
studies of the polymer were carried out in a TEM ap-
paratus (Hitachi, H-600). The electrical conductivity
measurements were made on 1-cm-diameter pellets of
the samples at 258C, using a SDY-IV four-probe
instrument.

RESULTS AND DISCUSSION

IR spectroscopy studies

Figure 1 shows the FTIR spectra of PANI salts syn-
thesized by solid-state synthesis method; the bands
assignments are summarized in Table I. The charac-
teristic bands at � 2916–2949 cm�1 can be assigned
to the stretching vibration methyl (��CH3) group.
The two bands appearing at � 1565–1569 cm�1 and
� 1487–1497 cm�1 can be ascribed to the stretching
vibration of quinoid and benzenoid ring, respec-
tively. The bands at � 1297–1301 cm�1 can be
assigned to the C��N mode, while the bands at
� 1121–1140 cm�1 were the characteristic bands of
stretching vibration of quinoid. The bands appearing
at � 798–814 cm�1 were attributed to an aromatic
C��H out-of-plane bending vibration.15–17 The pres-
ence of ��SO3

� group was confirmed by the appear-
ance of bands around � 567–588, � 1005–1008, and
� 1031–1039 cm�1 in all spectra of PANI salts.16–18

The presence of vibration band of the dopant ion
and other characteristic bands confirmed that the
PANI salts contain the conducting emeraldine salt
phase.

The presence of bands at � 1565–1569 cm�1 and
� 1487–1490 cm�1 clearly showed that the polymer
was composed of amine and imine units. Further, it
gave support to an earlier prediction of the presence
of different oxidation states of the polymer. The rela-
tive intensities of these bands points toward the oxi-
dation state of the polymer.19 A comparison of the
relative intensity of quinoid to benzenoid ring
modes (I�1565–1569/I�1487–1490) showed the highest ra-
tio of � 1.0 in p-TSA compared to DBSA and MeSA

Figure 1 FTIR spectra of (a) PANI-DBSA, (b) PANI-
MeSA, (c) PANI-p-TSA.
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(Table II), which indicated that the emeraldine (half-
oxidized form) type structure was predominant in
PANI-p-TSA, and reduced phase were predominant
in PANI-DBSA and PANI-MeSA.

It has already been reported that the higher pH
value of the reaction medium and oxidant concentra-
tion will lead to higher oxidation state of PANI.20

Therefore, it was reasonably deduced that the differ-
ent oxidation state of these PANI salts were resulted
from different pH value. Another considerable effect
on the oxidation state of these PANI salts may be
the different molecular size of each acid in solid-
state polymerization, which led to separation of oxi-
dant (APS) from monomer (aniline salt); this would
in turn cause different oxidant concentration.

In this case, all the dopants studied (Table III)
were in the same mole (0.015 mol); the pH value
may be different with pKa values of organic sulfonic
acids and the small amount of water in reaction me-
dium. Among the dopants, based on the pKa values
given in Table III, p-TSA was the most basic (the
acid strength is decreased, as the pKa value is
increased). However, the pH value of reaction me-
dium also related to the solubility of these organic
acids in water, which led to different [Hþ]. It is well
known from the literature that the water solubility
of these organic sulfonic acids decreased in the
order: MeSA > p-TSA > DBSA; this meant that most
strong acidic medium occurred in the case of MeSA.
As a result, the strong acidity and smaller molecular

size of MeSA would favor the formation reduction
state of PANI during the oxidative polymerization.
But for p-TSA, the lower acidity than that of MeSA
would cause the more oxidative state of PANI; this
may be because emeraldine type structure is pre-
dominant in PANI-p-TSA. In contrast with other or-
ganic sulfonic acids, DBSA has larger molecular size
and lower solubility in water for its longer alkyl
chain length. The lower water solubility would lead
to lower the [Hþ], which would favor the formation
oxidation state of PANI, but the separation of oxi-
dant (APS) from monomer (aniline salt) would be
caused by steric hindrance of longer alkyl chain
length of DBSA, which was also of benefit for reduc-
tion state of PANI during the oxidative polymeriza-
tion. As the result of two opposite effects, the rela-
tive intensity of quinoid to benzenoid ring modes of
PANI-DBSA showed between that of PANI-p-TSA
and PANI-MeSA.

UV–vis spectroscopy studies

Figure 2 represents the UV–vis absorption spectra of
PANI salts synthesized by solid-state synthesis
method, in m-cresol solution. These PANI salts
showed three characteristic absorption peaks at

TABLE II
Relative Intensity of Quinoid to Benzenoid

Ringmodes of the PANI Salts

Sample I�1565–1569/I�1487–1490

PANI-DBSA 0.92
PANI-MeSA 0.90
PANI-p-TSA 1.0

TABLE III
Acidity Constants (pKa) of Acids Used

in Present Study18, 21,22

Type of acid Abbreviation
Acidity

constant (pKa)

methanesulphonic acid MeSA �1.8
p-toluenesulphonic acid p-TSA 1.7
dodecylbenzenesulphonic acid DBSA �6.0

Figure 2 UV–vis spectra of (a) PANI-DBSA, (b) PANI-
MeSA, (c) PANI-p-TSA.

TABLE I
Band Wavenumber and Assignments of the PANI Salts

Band position (cm�1)

AssignmentaPANI-DBSA PANI-MeSA PANI-p-TSA

578 588 567 nS¼¼O
798 801 814 gCH
1005 – 1008 dCH, nS¼¼O
1031 1039 1032 gC-CH3, nS¼¼O
1121 1140 1121 dCH
1297 1301 1301 nCN
1490 1487 1490 nCC
1566 1565 1569 nCC þ nQN
2916 2920 2949 nCH3

3228 3221 3228 nNH2
þ, NHþ, nNH

a Q denotes quinoid units of the polymers; n, stretching
mode; d, bending mode; g, deformation mode.
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� 336–342, � 405–424, and � 821–830 nm (Table IV).
The absorption peak at � 336–342 nm can be
ascribed to p–p* transition of the benzenoid rings,
whereas the peaks at 405–424 and 821–830 nm can
be attributed to polaron–p* transition and p–polaron
transition, respectively23–25; furthermore, the peaks
at � 405–424 and � 820–830 nm were related to
doping level and formation of polaron.25 Based on
the previous research that the extent of doping can
roughly be estimated from the absorption spectra of
the PANI, in which the ratio of absorbances at 821–
830 nm and 336–342 nm indicated the doping level
of PANI,26–28 it was found that the intensity ratio
(A821–830/A336–342) was smallest in PANI-DBSA,
which meant that the doping level of PANI-DBSA
was lower than that of PANI-p-TSA and PANI-
MeSA. This difference may result from bigger molec-
ular size, especially the longer alkyl chain length
that of DBSA. In solid-state synthesis method, the
doping level of PANI depends on the ability of dop-
ant to penetrate into the polymer chain. The bigger
the steric hindrance dopant has, the lower the dop-
ing degree of PANI is. In addition, relative intensity
of quinoid to benzenoid ring modes showed the
smaller ratio of 0.92 in PANI-DBSA. This implied
that there is a smaller portion of the quinoid struc-
tural units in PANI-DBSA molecular chains; there-
fore, the doping level decreased with the decrease of
the oxidation degree of the PANI.

XRD analysis

The X-ray diffraction patterns for the PANI powder
obtained through solid-state synthesis method doping
with different organic sulfonic acid are shown in Figure
3. The detailed data are presented in Table V. The Bragg

diffraction peaks of 2y � 9.58(d � 9.302 Å), � 198(d �
4.633–4.648 Å), and 258(d � 3.504–3.531 Å) can be found
in the X-ray diffraction patterns of the PANI-MeSA and
PANI-p-TSA, while two peaks centered at 2y � 19.908(d
� 4.458 Å) and �25.168(d � 3.537 Å) were observed in
the case of PANI-DBSA.

The peak at lowest angle [2y � 9.58(d � 9.302 Å)]
was considered to be the distance between two
stacks in the 2D stacking arrangement of polymer
chains with intervening dopant ions between
stacks,29 and the peak centered at 2y � 19.08–19.908
may be ascribed to periodicity parallel to the poly-
mer chain, while the peaks at 2y � 25.16–25.408 may
be caused by the periodicity perpendicular to the
polymer chain.30 The peak at 2y � 25.16–25.408 also
represented the characteristic distance between the
ring planes of benzene rings in adjacent chains or
the close-contact interchain distance.31,32 It was dis-
cernible from the figure and table that the peak of 2y
� 25.16–25.408 was weaker than that of 2y � 19.08–
19.908 in PANI salts, which was similar to that of
less doped emeradine salt.33 To contrast with other
PANI salts, the peak of 2y � 19.908 was stronger
than that of 2y � 25.168 in PANI-DBSA, and PANI-
DBSA exhibited a broad amorphous peak. Further, the

TABLE IV
The Assignments of UV–vis Absorption

Peaks of POT Salts

Polymer

Wave length of absorption peak

A820–830/
A336–342

p–p*

transition
polaron–p*

transition
p–polaron
transition

PANI- p-TSA 336 nm 416 nm 830 nm 1.40
PANI-MeSA 342 nm 424 nm 821 nm 1.22
PANI- DBSA 338 nm 405 nm 820 nm 0.95

Figure 3 XRD patterns of (a) PANI-DBSA, (b) PANI-
MeSA, (c) PANI-p-TSA.

TABLE V
XRD Data of PANI Salts

2y(intensity)

PANI-DBSA d (Å) PANI-MeSA d (Å) PANI- p-TSA d (Å)
– – 9.508 (w) 9.302 9.508 (w) 9.302

19.908 (s) 4.458 19.088 (m) 4.648 19.148 (s) 4.633
25.168 (w) 3.537 25.408 (m) 3.504 25.208 (m) 3.531

s, strong; w, weak; m, medium.
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d-space corresponding to the peak at 2y � 25.16–25.408
was in the order of PANI-MeSA > PANI- p-TSA >
PANI- DBSA. These differences did offer some infer-
ences with regard to the effects of these organic sul-
fonic acids on the structural aspects of PANI. Gener-
ally, the crystallinity of PANI increases with the dop-
ing level, such an effect can be explained by the fact
that the insertion of doping anions between polymer
chains makes the polymer structure more rigid and
favors the crystalline state,33,34 for PANI-DBSA, the
lower doping degree of DBSA in PANI and longer
alkyl tail of DBSA would make PANI more amor-
phous with higher interplanar or interchain distance

(3.5–3.6 Å). In the case of PANI-MeSA and PANI-p-
TSA, higher doping level and smaller molecular size
was of benefit for the close-packed arrangement of
chains with improved crystallinity.

Cyclic voltammetry

The redox properties of the PANI salts were investi-
gated with CV. Figure 4 showed the CVs of the
polymer films on Pt in 1 mol/L H2SO4. Three redox
couples are observed in the CVs of PANI-MeSA,
PANI-p-TSA, and PANI-DBSA. The anodic and
cathodic potentials are listed in Table VI. In the

Figure 4 Cyclic voltammograms of (a) PANI-DBSA, (b) PANI-MeSA, (c) PANI-p-TSA in 1 mol/L H2SO4 solution scan
rate: 50 mV/s.

TABLE VI
The Redox Potentials of PANI Salts

Sample

I (first redox peak) II (intermediate peaks) III (second redox peak)

Epa/V Epc/V Epa/V Epc/V Epa/V Epc/V

PANI-DBSA 0.25 0.04 0.54 0.41 0.73 0.64
PANI-MeSA 0.25 0.12 0.52 0.45 0.73 0.62
PANI- p-TSA 0.21 0.07 0.48 0.40 0.68 0.60
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positive sweep, the first redox peak (at � 0.21–0.25 V)
was well known as the formation of radical cations
(polaronic emeraldine)35 and the second redox couple
at � 0.68–0.73 V was the formation of diradical dica-
tions (represented by the resonance structures: bipo-
laronic pernigraniline and protonated quinonedii-
mine)36 through the oxidation of PANI salts. The in-
termediate peaks of relatively low intensity was
absorbed between 0.48 and 0.54 V; these peaks were
associated to the degradation of PANI salts.37 One
can see that the first anodic peaks were relatively
sharp in CVs of PANI-MeSA and PANI-p-TSA. How-
ever, a broad first anodic peak was absorbed in the
CV of PANI-DBSA. It is reported that the charge
transfer becomes slower at longer oxidation times as
can be seen from the increase in peak width at half
height for first anodic peak,18 so the broad first an-
odic peak in PANI-DBSA indicated that the PANI-
DBSA had lower charge transferability.

Comparing with each other, some differences were
observed in the redox peak potentials of PANI salts.
Generally, the size of the counter anion plays an im-
portant role in the redox processes of PANI; the
larger size of the acid anion increases the inter chain
distance in the polymer membranes, resulting in a
decrease in the electrical conductivity and an increase
in the oxidation potential.38 But in this study, the size
of the acid anion alone cannot explain the electro-
chemical behavior of PANI-MeSA. If the size of the

acid anion is the only controlling factor, then, com-
pared with others, the first redox potential of PANI
should shift to lower potential in the presence of
MeSA, which was not so. This indicated that the
interaction of the acid anion with PANI must be in
the concern. Aromatic anions with delocalized p-elec-
trons are likely to influence the p-conjugated polymer
distinctly,22 this may be the reason of the first redox
potential of PANI shifted to lower potential in PANI-
p-TSA than in PANI-MeSA with the p-electron deloc-
alization between PANI and p-TSA, which favors for
the higher charge transferring along the polymer
chain. In the case PANI-DBSA, the longer interchain
distance was presumably related to a lower interchain
conductivity, and the role of p-electron delocalization
between DBSA and PANI was not strong as the steric
hindrance of longer alkyl chain tail, which caused the
lower charge transferring by lower conductivity. Con-
sequently, this increased the peak width at half height
for first anodic peak. The lower reduction potential
(Epc ¼ 0.04 V) that occurred in first redox process in
PANI-DBSA also indicated lower charge transferring
in reduction process.38 This was well in accordance
with the results described earlier.

Morphology

Figure 5 showed the SEM images of the PANI salts.
As can be seen from Figure 5, PANI particles were

Figure 5 SEM images of (a) PANI-DBSA (original magnification ¼ �30,000), (b) PANI-MeSA (original magnification ¼
�8000), (c) PANI-p-TSA(original magnification ¼ �50,000).
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irregularly shaped and aggregated. The particles were
spherically shaped with comparatively smoother par-
ticle surface in PANI-p-TSA and PANI-MeSA, but
their high tendency to aggregate hindered the record-
ing of SEM images with perfectly spherical particles
[Fig. 5(b,c)]. A comparison indicated that PANI-DBSA
had remarkably different micromorphology. The par-
ticles were highly aggregated with lamellar structure,
and the particle surface showed a fibrillar morphol-
ogy, as shown in Figure 5(a), but no network was
clearly observed.

TEM image [Fig. 6(a)] further proved that the fibril
structure was really existence and the fibrils were at
the submicrometer scale in the length PANI-DBSA.
TEM images [Fig. 6(a,b)] also showed that the par-
ticles were actually spherically shaped in PANI-p-
TSA, and these particles were at the nanoscale. This
difference may be explained by the interaction
between dopant and polymer chain. Among these
organic sulfonic acids, for its longer alkyl tail, the
DBSA doped in PANI increased the polymer chain
interaction more stronger than other two organic

Figure 6 TEM images of (a) PANI-DBSA (original magnification ¼ �150000), (b) PANI-MeSA (original magnification ¼
�100000), (c) PANI-p-TSA (original magnification ¼ �100000).
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sulfonic acids by secondary bonding (Van der Waals
interaction), which may cause the high aggregation
with lamellar structure in PANI-DBSA, since if the
bond (secondary bonding) is too weak, it may ener-
getically be more favorable to render macroscopic
phase separation of particles. This may be the reason
for less aggregation occurring in PANI-p-TSA and
PANI-MeSA. For fibrillar morphology of PANI-
DBSA, the possible reason may be the higher coiling
tendency of longer alkyl tail of the DBSA with PANI
chains, except the strong secondary bonding effect of
alkyl tail of the DBSA. This would cause the coiling
of polymer chain with DBSA and the intercoiling of
alkyl tail of the DBSA, and this would favor the for-
mation of fibrillar morphology in PANI-DBSA.

Yield and conductivity

The yield and conductivity of PANI salts obtained
by solid-state polymerization are listed in Table VII.
As far as the yield was concerned, PANI-MeSA
had yield slightly lower than the others; this may
be caused by smaller molecular weight. Even in
the higher doping level, the produced PANI would
be in slightly lower yield in MeSA; this was also
the reason that yield of PANI was still high in the
case of DBSA because of bigger molecular weight
of DBSA.

From Table VII, one can see that the conductivity
of PANI synthesized in p-TSA was the largest and
that in DBSA is the smallest in these PANI salts. It is
reported that the conductivity of PANI depends on
the degree of doping, oxidation state, particle mor-
phology, crystallinity, interor intrachain interactions,
molecular weight, etc.39–41; that is, the conductivity
of PANI increases with the increasing of doping
degree and crystallinity, and the higher relative in-
tensity of quinoid to benzenoid ring modes to that
of doped anions in PANI will also bring a higher
electrical conductivity of PANI. On the basis of these
considerations, the differences in conductivity of
these PANI salts could be explained by the results of
IR spectra, UV–vis spectra, XRD analysis, and CV
studies. These results showed that the emeraldine
(half-oxidized form) type structure was predominant
in PANI-p-TSA, and PANI-p-TSA had higher doping
level and crstallinity. These could be the possible
reasons for the higher conductivity of PANI-p-TSA,

while lowest doping level and crystallinity resulted
in the lower conductivity of PANI-DBSA.

CONCLUSIONS

PANI salts were synthesized by solid-state polymer-
ization in different protonation media (MeSA, p-tol-
uenesulphonic acid, and dodecylbenzenesulphonic
acid). It was found that the dopants, such as methyl
sulfonic acid, p-toluene sulfonic acid, and dodecyl-
benzenesulphonic acid, have different doping effect
on physicochemical characteristics of PANI. Spectro-
scopic studies showed that highest ratio of the rela-
tive intensities of the quinoid to benzenoid unit in
doped PANI and leucoemeraldine phase was formed
predominantly in other PANI salts. These results
were further supported by conductivity measure-
ments and CV. A comparison indicated that among
these PANI salts, p-TSA-doped PANI displayed
higher doping level, crystallinity, eltrochemical activ-
ity, and conductivity, whereas the DBSA had the op-
posite effects on these properties of PANI. Morphol-
ogy studies revealed that the fibril structured par-
ticles at the submicrometer scale in the length
existed in PANI- DBSA, while PANI-p-TSA and
PANI-MeSA were actually composed of fine par-
ticles at the nanoscale. These results indicated that
the doping effect mainly depend on characteristics
of organic sulfonic acids: different molecular struc-
ture, molecular size, acidity constants (pKa), and sol-
ubility in water. In addition, the characteristics of
solid-state polymerization method, in which the
reaction happens only on the surface of reactant
molecule, would also affect the physicochemical
properties of PANI salts. All these factors resulted in
different characteristics of PANI salts in solid-state
polymerization.
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