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Anilinium 5-sulfosalicylate was prepared and characterized by elemental analysis, and FTIR and
NMR spectroscopies. It was polymerized in an aqueous solution using ammonium peroxydisulfate
as an oxidant. The precipitated polyaniline 5-sulfosalicylate exhibited high thermal stability and
conductivity of 0.13 S cm−1. Its mass-average molar mass and polydispersity index were determined
by gel-permeation chromatography as 22,900 g mol−1 and 2.7, respectively. Elemental analysis and
FTIR spectroscopy study of polyaniline 5-sulfosalicylate revealed the doping level and the oxidation
state between emeraldine and protoemeraldine salt while corresponding studies of the polyaniline
base indicate a small extent of the covalent bonding of 5-sulfosalicylate anions to polyaniline chains.
c© 2010 Institute of Chemistry, Slovak Academy of Sciences
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Introduction

Polyaniline (PANI) has been one of the most ex-
tensively studied conducting polymers for the past two
decades because of its unique set of electronic proper-
ties, good environmental stability, ease of preparation
by chemical and electrochemical oxidative polymeriza-
tion of aniline and its salts, and versatile applicability
in various areas such as batteries, non-linear optics,
sensors, catalysts, anti-corrosive coatings, and shield-
ing of electromagnetic interference (Gospodinova &
Terlemezyan, 1998). PANI has a variety of redox and
acid-base forms (Stejskal et al., 1996), with quite
different optical, magnetic, and electrical properties.
The most important form of PANI is green emeral-
dine salt which reaches the conductivity of about 1–
10 S cm−1 for granular PANI powders (Stejskal &

Gilbert, 2002), ∼ 102 S cm−1 for PANI powders with
nanospherical morphology (Ha & Jang, 2005), and
∼ 103 S cm−1 for PANI films (Lee et al., 2006). It
contains, depending on the synthesis route and iso-
lation procedure, various proportions of diamagnetic
[(—B—NH+——Q——NH+—)n(—B—NH—)2n](A−)2n
and paramagnetic [(—B—NH+.—B—NH—)n](A−)n
units; in preceding formulae B, Q, and A− denote
a benzenoid ring, quinonoid ring, and a dopant an-
ion, respectively. Oxidative polymerization of aniline
in aqueous solutions of strong acids (pH < 2.0) at
room temperature is a typical method for the prepa-
ration of the conducting PANI emeraldine salt (Ste-
jskal et al., 2008; Stejskal & Gilbert, 2002). The most
frequently used oxidant is ammonium peroxydisulfate
(APS) because of its high oxidation power and excel-
lent solubility.
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In numerous oxidative polymerization experiments
with “equimolar” quantities of commercially available
aniline and the corresponding acid, without the knowl-
edge of their exact purity, there is up to a few sur-
plus percent of aniline or acid. This leads to signifi-
cant differences in the initial pH of the oxidative poly-
merization process, known to have a crucial impact
on the polymerization mechanism, and molecular and
supramolecular structure of PANI (Ćirić-Marjanović
et al., 2006a, 2007, 2008a, 2008b, 2008c, 2009a, 2009b;
Konyushenko et al., 2006, 2010; Trchová et al., 2006;
Stejskal et al., 2006, 2009; Janošević et al., 2008).
Since the initial pH of the reaction mixture was usu-
ally not recorded, this variation of the initial pH could
be the major reason for pronounced irreproducibility
of the most of already published results in the field of
PANI research noticed by MacDiarmid et al. (2001)
in the well known statement “–there are as many dif-
ferent types of polyaniline as there are people who
make it!” Therefore, it can be expected that polymer-
ization of purified aniline salts would provide more
reproducible results. It should also be stressed that
the handling of solid aniline salts is much less haz-
ardous than the handling of liquid aniline. Finally, be-
cause the anilinium cation is much less oxidizable than
nonprotonated aniline molecule (Ćirić-Marjanović et
al., 2006a), crystalline aniline salts are much more re-
sistant against oxidative degradation by atmospheric
oxygen during the storage compared to liquid aniline.
However, oxidative chemical polymerization of com-
mercially available aniline salts such as hydrochlo-
ride and sulfate gives PANI salts which are almost
insoluble in common solvents. The lack of solubil-
ity limits the processability of ordinary PANI emeral-
dine salts, and these unprocessable products usually
must be transformed by a dedoping-redoping proce-
dure to more processable PANI doped with function-
alized acids. Many attempts to synthesize processable
PANI salts by the oxidation of aniline with perox-
ydisulfate in the presence of various functionalized
acids have failed because hydrogen sulfate, formed as a
by-product during the polymerization [n C6H5NH2 +
n S2O

2−
8 → (—C6H4NH—)n + 2n HSO−

4 ], was incor-
porated into the PANI structure instead of a function-
alized dopant anion, especially in the case of aniline
and weak acids salts (Stejskal et al., 2004). That is
why the quest for an aniline salt with functionalized
acid which could be directly oxidized with APS to the
processable conducting PANI emeraldine salt presents
a challenge.
PANI properties depend not only on the oxida-

tion state and the degree of protonation, but also
on the nature of the dopant anions. It was re-
ported that PANI solubility, crystallinity, thermal
stability, electrochemical stability at higher poten-
tials, and anticorrosive properties improve using 5-
sulfosalicylic acid (SSA) as a dopant (Trivedi &
Dhawan, 1993; Raghunathan et al., 1996; Tawde et

al., 2002; Ćirić-Marjanović et al., 2006b). Conducting
PANI 5-sulfosalicylate (PANI.SSA) has been success-
fully prepared by chemical and electrochemical oxida-
tion of aniline in the presence of SSA (Janošević et al.,
2008; Trivedi & Dhawan, 1993; Raghunathan et al.,
1996; Ćirić-Marjanović et al., 2006b, 2007) using the
mole ratio [SSA]/[aniline] in the broad range from 0.25
to 10.0. PANI.SSA nanotubes and nanorods were syn-
thesized using the ratio [SSA]/[aniline] = 0.25, while
granular PANI.SSA was obtained at [SSA]/[aniline] ≥
0.5 (Janošević et al., 2008). Anilinium 5-sulfosalicylate
(ANI.SSA) looks as a promising monomer for effi-
cient one-pot synthesis of a processable PANI salt with
functionalized acid mainly because SSA, like all simi-
lar sulfonic acids (camphorsulfonic acid, etc.), is an ex-
cellent proton donor (pKa1 < 1) which can form a sta-
ble salt with PANI. Because the SSA anion is more oxi-
dizable than the anilinium cation (Ćirić-Marjanović et
al., 2007), some SSA covalent bonding to PANI chains,
besides the ordinary ionic interactions, is expected.
This covalent bonding could improve the solubility
of PANI.SSA in polar solvents. In addition, the well
known undesirable hydrolysis of the PANI emeraldine
salt can be suppressed by the carboxylic acid group
of SSA. This means that the SSA anion has inherent
buffer properties and, consequently, that PANI.SSA is
more stable toward basic environment than ordinary
PANI emeraldine salts. It is known that various sub-
stituted phenols act as excellent “secondary dopants”
(MacDiarmid & Epstein, 1995). It follows that SSA,
as a phenolic compound substituted with sulfonic and
carboxylic acid groups, also shows a useful secondary
doping effect.
In the present work, ANI.SSA was prepared, char-

acterized by elemental analysis, FTIR and NMR spec-
troscopies (1H and 13C), and used as a monomer
for oxidative polymerization with APS. Obtained
polymer, PANI.SSA, was characterized by elemental
analysis, gel-permeation chromatography (GPC), con-
ductivity measurements, thermogravimetric analysis
(TGA), and FTIR spectroscopy.

Experimental

Aniline was distilled under reduced pressure and
stored under argon prior to use. APS, SSA dihydrate,
propan-2-ol, ethanol, diethyl ether, and acetone were
of analytical grade and were used as received from
Centrohem (Serbia).
Monomer ANI.SSA was synthesized by slow addi-

tion of aniline (9.0 g) to the solution of SSA dihydrate
(25.0 g) in propan-2-ol (50.0 g) under stirring. The
obtained precipitate of ANI.SSA was filtered, washed
with diethyl ether and air-dried. Crude ANI.SSA was
purified by recrystallization from ethanol. White crys-
talline powder was obtained.
Chemical oxidative polymerization of ANI.SSA

was carried out by the addition of an oxidant solu-
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Table 1. Elemental analysis data, yield and melting point (M.p.) of ANI.SSA

wi(calc.)/% Yield (%)

wi(found)/% M.p. (◦C)
Compound Formula Mr

C H N S O

ANI.SSA C13H13NO6S 311.31 50.16
49.92

4.21
4.24

4.50
4.54

10.30
10.53

30.83
30.77

76.6
226–228

tion (2.5 mmol of APS in 5 mL of distilled water) to
the monomer solution containing 2 mmol of ANI.SSA
dissolved in 15 mL of distilled water (pH 1.90). The
reaction mixture was stirred at room temperature for
36 h. The precipitated dark green product was filtered
and washed with 10 mL of aqueous 1 M SSA, and
then with 25 mL of acetone and 25 mL of diethyl
ether. Obtained PANI.SSA was dried in vacuum at
room temperature for 3 h. Protonated polymer was
deprotonated with an excess of 0.5 M NaOH for 1 h
and the resulting PANI base was separated on a fil-
ter, washed with distilled water, and dried in vacuum
at room temperature for 3 h. The yield of PANI was
82.2 %.

1H and 13C nuclear magnetic resonance (NMR)
spectra of ANI.SSA were recorded at 200/50 MHz
with tetramethylsilane (TMS) as an internal stan-
dard on a Varian “Gemini 200” spectrometer (USA)
in D2O. Chemical shifts are expressed downfield from
TMS. Infrared spectra of ANI.SSA and PANI.SSA
powdered samples dispersed in KBr pellets were
recorded in the range of 400–4000 cm−1 using a
Perkin–Elmer FT-IR 1725X Spectrometer (USA).
Molecular masses of PANI.SSA were assessed by gel
permeation chromatography using a 500 × 8 mm
Labio GM 1000 column (Czech Republic) operat-
ing with N-methyl-2-pyrrolidone and calibrated with
polystyrene standards using toluene as an internal
standard and spectrophotometric detection at the
wavelength of 290 nm. Samples for GPC measure-
ments were prepared by dissolving 10 mg of poly-
meric sample in 5 mL of N-methyl-2-pyrrolidone con-
taining 100 mg of triethanolamine to deprotonate
the sample and to improve its solubility. Mobile
phase, N-methyl-2-pyrrolidone, contained 0.5 % LiBr
to prevent aggregation. Flow rate was 1 mL min−1.
For conductivity measurements, PANI.SSA samples
were pressed into pellets, 10 mm in diameter and
1 mm thick, under the pressure of 124 MPa using
a hydraulic pellet press. The conductivity was mea-
sured between stainless pistons at room temperature
by means of an ac bridge (Waynne Kerr Universal
Bridge B 224, United Kingdom) at the fixed fre-
quency of 1.5 kHz. During the measurement, pres-
sure was maintained at the mentioned value. Ther-
mal analysis was carried out in air using a TA In-
struments Model SDT 2960 thermoanalytical device

(USA), with the flow rate of 90 mL min−1 and the
heating rate of 15◦C min−1 from room temperature
to 800◦C.

Results and discussion

ANI.SSA characterization

The determined elemental composition (wi(found)
/%, Table 1) of the synthesized ANI.SSA (Fig. 1) is in
excellent agreement with that calculated (wi(calc.)/%,
Table 1) from the expected compound formula
(C13H13NO6S, Table 1) thus indicating high purity
of the synthesized ANI.SSA. Molecular structure of
ANI.SSA (Fig. 1) was confirmed by spectral data (Ta-
ble 2).
Sulfonic acid salt form of ANI.SSA (Fig. 1) is in

accordance with the well-known acidic properties of
SSA (pKa(SO3H) < 1, pKa(COOH) ∼ 2.85, pKa(OH) ∼
13.4) (Butler & Bates, 1976), and the fact that SSA
can release its sulfonic acid hydrogen to Lewis base ni-
trogen atoms forming 1 : 1 molecular adducts in gen-
eral (Smith et al., 2004, 2005). ANI.SSA behaves as
a weak acid (pKa(COOH) ∼ 2.85, pKa(C6H5NH+3 ) ∼ 4.6,
pKa(OH) ∼ 13.4) and partially dissociates in aque-
ous solutions (Fig. 1). Acidity of an ANI.SSA aque-
ous solution depends on the ANI.SSA concentration
([ANI.SSA]). Since [H+] = [ANI.SSA−] (Fig. 1), acid-
ity can be predicted by solving the equation [H+]2 +
Ka(COOH)[H+] – Ka(COOH)[ANI.SSA] = 0. Experimen-
tally determined pH of the ANI.SSA solution (1.90) is
in excellent agreement with the theoretically predicted
value (1.89) for the applied ANI.SSA concentration
(0.133 M).

PANI.SSA characterization

Based on the elemental analysis data of PANI.SSA,
empirical formula of PANI.SSA was determined:
[C6H5N]0.39+(SSA−)0.324(HSO−

4 )0.066(H2O)0.35 (Ta-
ble 3), where [C6H5N]0.39+ denotes the partialy posi-
tively charged unit of the PANI chain and SSA− de-
notes the 5-sulfosalicylate anion. This indicates a sig-
nificantly higher extent of SSA− incorporation, com-
pared with hydrogen sulfate, in PANI.SSA. The av-
erage charge of C6H5N unit (0.39) in PANI.SSA indi-
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Table 2. Spectral data of ANI.SSA

Compound Spectral data

ANI.SSA IR: ν̃/cm−1: 3404 (ν(O—H)), 2998 (ν(N—H+ in —NH+3 )/ν(O–H)), 2593 (—NH
+
3 overtone), 1669 (ν(C——O)), 1608

(ring ν(C——C)/asym. —NH
+
3 def. vib.), 1589 (ring ν(C——C)), 1519 (ring ν(C——C)/sym. —NH

+
3 def. vib.), 1493,

1477, and 1434 (ring ν(C——C)), 1353 and 1198 (O—H def. vib. and C—O stretch. combination in phenol), 1173
(asym. ν(—SO−

3 ) sulfonic acid salt), 1125 (δ(C—H)), 1082 (ν(C—COOH)), 1030 (sym. ν(—SO−
3 ) sulfonic acid

salt), 885, 835, and 804 (γ(C—H) in SSA), 743 and 688 (γ(C—H) in C6H5NH
+
3 ), 664 (γ/δ (SSA benzene ring)),

595 (γ (SSA benzene ring), γ(OH), δ(SO2))
1H NMR (D2O), δ: 7.07 (d, 1H, HC(3) in SSA), 7.37–7.59 (m, 5H, in C6H5NH

+
3 ), 7.88 (d, 1H, HC(4) in SSA), 8.26

(s, 1H, HC(6) in SSA)
13C NMR (D2O), δ: 116.9 (C(3) in SSA), 122.0 (C(1) in SSA), 127.5–128.3 (6C in C6H5NH

+
3 ), 129.2 (C(6) in SSA),

131.6 (C(5) in SSA), 133.0 (C(4) in SSA), 161.4 (C(2) in SSA)

Table 3. Elemental analysis data and empirical formulae of PANI.SSA salt and the corresponding PANI base

wi(found)/%
Polymer product Formula

C H N S O

PANI.SSA [C6H5N]0.39+(SSA−)0.324(HSO−
4 )0.066(H2O)0.35 54.94 4.30 7.75 6.92 26.09

PANI base [C6H4.5N](SSA)0.026(H2O)0.274 74.12 5.22 13.97 0.83 5.86

NH3 SO3

OH

COOH

NH2 SO3H

OH

COOH

SSA ANI.SSA

+

1
2

3

4
5

6
1

2

3

4

5

6

NH3 SO3

OH

COO

H +

ANI.SSA

Fig. 1. Formation of ANI.SSA and its partial dissociation in an aqueous solution.

cates an oxidation state lower than that of the emeral-
dine polycation [(—C6H4NH—C6H4NH+

.—)n] which
has the average charge of 0.5 for the C6H5N unit,
and higher than that of the protoemeraldine polyca-
tion [(—C6H4NH—)3n(—C6H4NH+

.—)n] which has
the average charge of 0.25 for the C6H5N unit.
Sulfur content in the PANI base indicates a small
extent of sulfosalicylate covalent bonding to PANI
(∼ 1 SSA per 40 aniline units, Table 3).
Gel permeation chromatography revealed one large

peak corresponding to higher molar mass and one
small peak belonging to shorter oligomeric chains
(Fig. 2). The mass-average and number-average mo-
lar masses, Mw and Mn, were calculated to amount to
22,900 g mol−1 and 8,490 g mol−1, respectively, while
molar mass approaches the maximum value of about
100,000 g mol−1. Polydispersity index is 2.7.
PANI.SSA shows low solubility in ethanol, ace-

tone, acetonitrile and tetrahydrofurane. However,
PANI.SSA was found to be soluble in dimethyl
sulfoxide, N,N-dimethylformamide and N-methyl-2-
pyrrolidone. The maximum solubility of 9.8 g L−1 was
observed in dimethyl sulfoxide.

Conductivity of green PANI.SSA powder was
found to be 0.13 S cm−1. This value is by one order
of magnitude higher than that reported for the PANI
base doped with SSA (Palaniappan et al., 2004), and
of the same magnitude as that found for PANI synthe-
sized by the oxidative polymerization of aniline with
APS in an aqueous medium in the presence of a large
surplus of SSA ([SSA]/[aniline] = 10, σ = 0.2 S cm−1,
Trivedi & Dhawan, 1993).
Thermal stability of PANI.SSA in air was studied

by thermogravimetric analysis (TGA, Fig. 3a) and dif-
ferential thermal analysis (DTA, Fig. 3b). The first
mass loss from 30◦C to about 240◦C observed on the
TGA curve, and an endothermic peak at around 50◦C
present on the DTA curve correspond to the release
of residual water. Mass loss in the temperature range
from about 240◦C to 650◦C was attributed to the re-
lease of SSA and sulfuric acid from the PANI matrix,
followed by progressive degradation and decomposi-
tion of the PANI backbone. It should be noted that
the onset of decomposition in a nitrogen stream at
around 200–225◦C was first observed by Neoh et al.
(1995) for PANI.SSA prepared by doping of the PANI
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Fig. 2. Gel permeation chromatogram of PANI.SSA (a) and corresponding molar mass distribution (b).

Fig. 3. TGA (a) and DTA (b) curve for PANI.SSA recorded in
air stream.

base with SSA. This indicates higher thermal stabil-
ity of PANI.SSA synthesized by oxidative polymeriza-
tion of ANI.SSA with peroxydisulfate in comparison
with PANI.SSA prepared by the standard dedoping-
redoping procedure. DTA curve of PANI.SSA exhibits
an exothermic peak with the maximum at 300◦C at-
tributable to the thermal oxidative degradation and
combustion of the oligoaniline fraction in PANI.SSA.
Exothermic DTA peak with the maximum at 400◦C
and a shoulder at 460◦C are both attributable to high
molecular masses PANI chains showing a combustion
process splitted into two phases.

Fig. 4. FTIR spectra of (a) ANI.SSA, (b) PANI base, and (c)
PANI.SSA.

FTIR spectrum of PANI.SSA (Fig. 4) shows char-
acteristic peaks of the PANI emeraldine salt at
1572 cm−1 (quinonoid (Q) ring stretching), 1483
cm−1 (benzenoid (B) ring stretching), 1305 cm−1

(the C—N stretching of secondary aromatic amine),
1245 cm−1 (the C—N+. stretching), 1145 cm−1 (the
B—NH+——Q a stretching), and a band at 807 cm−1

(aromatic C—H out-of-plane deformation vibration
of 1,4-disubstituted benzene ring, γ(C—H), in linear
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 + 2(x + y + z) H+ + 2(x + y + z) SSA- + (14x + 10y + 8z) NH4HSO4 + 2z NH4SSA

HO

Fig. 5. Formation of functionalized emeraldine salt of PANI.SSA by oxidation of ANI.SSA with APS.

PANI backbone) (Janošević et al., 2008). The broad
band observed at about 3460 cm−1 corresponds to the
N—H stretching vibration of a secondary amine in the
PANI backbone. The presence of SSA anions in PANI-
SSA samples is confirmed by the characteristic bands
observed at 1670 cm−1 (C——O stretching in COOH),
881 cm−1 (γ(C—H) vibrations of 1,2,4-trisubstituted
SSA ring), and 662 cm−1 (in-plane bending and/or
out-of-plane bending of SSA ring). The bands at 1031
cm−1 (symmetric stretching of SO−

3 group in SSA and
HSO−

4 anions) and 594 cm
−1 (out-of-plane bending of

SSA ring/δ(SO2) in SSA and HSO
−
4 anions) are at-

tributable to both SSA and HSO−
4 anions. Asymmet-

ric stretching of the SO−
3 group in SSA and HSO

−
4

anions contribute to the strong band at 1145 cm−1.
The coexistence of both SSA monovalent anions and
hydrogen sulfate anions in PANI.SSA is a consequence
of complete one-proton dissociation of the correspond-
ing strong acids, SSA and sulfuric acid (formed as
a by-product during polymerization), and suppressed
second-proton dissociation of both acids, pKa2 (SSA)
= 2.85 and pKa2 (H2SO4) = 2.0, at the end of the
polymerization process when the reaction mixture be-
came highly acidic, pH of about 1.5.
FTIR spectrum of the PANI base (Fig. 4) shows

characteristic peaks of the PANI emeraldine base at
1590 cm−1 (quinonoid (Q) ring stretching), 1502 cm−1

(benzenoid (B) ring stretching), 1381 cm−1 (the C—N
stretching in QBtQ unit, Bt denotes a trans-benzenoid
unit), 1307 cm−1 (the C—N stretching in QBcQ,
QBB, and BBQ units, Bc denotes a cis-benzenoid
unit), 1162 cm−1 (the N——Q——N stretching), and a
band at 831 cm−1 (aromatic C—H out-of-plane de-
formation vibration of 1,4-disubstituted benzene ring,
γ(C—H), in linear PANI backbone) (Trchová et al.,

2006; Janošević et al., 2008). Bands of SSA anions are
still present in the FTIR spectrum of the PANI base,
although weakened and slightly shifted (1690 cm−1,
1035 cm−1, 660 cm−1, and 591 cm−1) in comparison
with the corresponding bands in PANI.SSA. The ex-
istence of SSA in the PANI base can be explained
by a certain extent of covalent bonding between SSA
and the PANI backbone. The observed shifting of the
SSA bands is due to the fact that the SSA covalently
bonded to the PANI base chain exists in a dianion
form because of the deprotonaton of both the sulfonic
and the carboxylic acid groups of SSA upon the de-
doping of PANI.SSA.
Taking into account PANI.SSA characterization

data, as well as previously reported finding (Ćirić-
Marjanović et al., 2007) that couplings between the
growing PANI chain and SSA mainly comprise reac-
tions between C2, C3, C5, and C6 positions of the
aniline unit in the PANI backbone and C3 position of
SSA, the structure of PANI.SSA has been proposed
(Fig. 5).

Conclusions

Anilinium 5-sulfosalicylate was synthesized for the
first time by simple and scalable neutralization of
5-sulfosalicylic acid with aniline in a propan-2-ol
medium, and polymerized in an aqueous solution us-
ing ammonium peroxydisulfate as an oxidant. Precip-
itated polyaniline 5-sulfosalicylate shows the doping
level of 0.39 monovalent dopant anions (SSA and hy-
drogen sulfate) per an aniline unit indicating thus an
oxidation state between the emeraldine and protoe-
meraldine salts. Polyaniline 5-sulfosalicylate is con-
ducting (0.13 S cm−1) and thermally stable up to
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about 240◦C. Its mass-average and number-average
molar masses and polydispersity index were deter-
mined by gel-permeation chromatography to amount
to 22,900 g mol−1, 8,490 g mol−1, and 2.7, re-
spectively. Elemental analysis and the FTIR spec-
troscopy study of polyaniline 5-sulfosalicylate indicate
prevalent incorporation of 5-sulfosalicylate anions into
polyaniline 5-sulfosalicylate chains compared with hy-
drogen sulfate anions which are formed by peroxy-
disulfate reduction. A small extent of 5-sulfosalicylate
anions covalent bonding to polyaniline chains was
found by elemental analysis and FTIR spectroscopy
of the corresponding polyaniline base. The present
study has proved the advantageous use of anilinium
5-sulfosalicylate, which can be easily prepared on in-
dustrial scale in high yields and stored without decom-
position in the air at room temperature, in an efficient
one-pot synthesis of functionalized, thermally stable,
conducting polyaniline 5-sulfosalicylate.
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