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ABSTRACT: Strongly adherent poly(aniline-co-o-toluidine)
coatings were synthesized on low-carbon-steel substrates
by the electrochemical copolymerization of aniline with
o-toluidine with sodium tartrate as the supporting electro-
lyte. These coatings were characterized with cyclic voltam-
metry, ultraviolet–visible absorption spectroscopy, Fourier
transform infrared spectroscopy, nuclear magnetic reso-
nance spectroscopy, and scanning electron microscopy.
The formation of the copolymer with the mixture of mono-
mers in the aqueous sodium tartrate solution was ascer-
tained by a critical comparison of the results obtained
from the polymerizations of the individual monomers,
aniline and o-toluidine. The optical absorption spectrum of
the copolymer was drastically different from the spectra
of the respective homopolymers, polyaniline and poly(o-to-

luidine). The extent of the corrosion protection offered
by poly(aniline-co-o-toluidine) coatings to low-carbon steel
was investigated in aqueous 3% NaCl solutions by open-
circuit-potential measurements and a potentiodynamic
polarization technique. The results of the potentiodynamic
polarization measurements showed that the poly(aniline-
co-o-toluidine) coatings provided more effective corrosion
protection to low-carbon steel than the respective homo-
polymers. The corrosion rate depended on the feed ratio
of o-toluidine used for the synthesis of the copolymer
coatings. � 2006 Wiley Periodicals, Inc. J Appl Polym Sci 103:
1868–1878, 2007
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INTRODUCTION

During last 2 decades and even now, conducting
polymers continue to be the focus of active research
in many technological areas, such as rechargeable
batteries,1,2 sensors,3,4 electromagnetic interference
shielding,5,6 electrochromic display devices,7,8 smart
windows,9 molecular devices,10 energy-storage sys-
tems,11 and membrane gas separation,12 because of
their remarkable physical attributes. The use of con-
ducting polymers as advanced coating materials for
the corrosion protection of oxidizable metals has
become one of the most exciting new research fields
in recent times.13–19 Mengoli et al.20 were the first
to examine the protective behavior of polyaniline (PANI)
on stainless steel, and then in 1985, DeBerry21 showed
that electrochemically synthesized PANI acts as a

corrosion-protection layer on stainless steel in 1M
H2SO4. Since then, several research groups22–26 have
systematically investigated the electrochemical syn-
theses of various conducting polymers on oxidizable
metals for corrosion protection. The common feature
of these investigations is that the electrochemical
synthesis of conducting polymer coatings on oxidiza-
ble metals is preceded by the dissolution of the base
metal at a potential lower than the oxidation poten-
tial of the monomer. Thus, the oxidation of the metal
appears as a simultaneous and competitive oxidation
process at potentials adequate for the formation of
the polymer. Hence, a successful electrochemical
synthesis of conducting polymer coatings on oxidiza-
ble metals demands a careful choice of the solvent
and/or supporting electrolyte and the establishment
of electrochemical parameters that will strongly pas-
sivate the metal without impeding the electropoly-
merization process.

Among the conducting polymers, PANI and poly-
pyrrole are the most promising conducting polymers
for the corrosion protection of metals. The extent of
the use of these conducting polymers is limited
by the exclusivity of the monomers that are essential
for their synthesis.27,28 To overcome this limitation,
different synthesis approaches have been attempted.
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The first approach involves the synthesis of substi-
tuted conducting polymer coatings on oxidizable
metals to explore the possibility of using them as
alternatives to their parent polymers for corrosion
protection. We have developed appropriate electro-
chemical polymerization procedures to synthesize
strongly adherent poly(o-anisidine),29,30 poly(o-tolui-
dine) (POT),31,32 poly(2,5-dimethoxyaniline),33 and
poly(2,5-dimethylaniline)34 coatings on substrates of
low-carbon steel (LCS) and copper (Cu). These coat-
ings have a remarkable ability to protect LCS and
Cu against corrosion.

The second approach involves the formation of
bilayer coatings that consist either of a top coat of a
conducting polymer on the layer of another conduct-
ing polymer or a top layer of a conducting polymer
on a metallic coating such as nickel. Recently, Tuken
and his research group35–38 extensively studied the
electrochemical synthesis of PANI and polypyrrole
coatings on nickel-plated mild steel and Cu sub-
strates from aqueous media. They investigated the
corrosion behavior of these coatings through immer-
sion tests performed in different corrosive media
and recorded electrochemical impedance spectra at
different exposure times.

The third approach involves the use of copoly-
merization to prepare new polymers with inbuilt,
tailor-made properties suitable for the application.
Recently, Bereket et al.39 reported the electrochemi-
cal synthesis of poly(aniline-co-2-anisidine) films on
stainless steel in a tetrabutylammonium perchlorate/
acetonitrile solution containing perchloric acid. They
investigated the corrosion properties of these co-
polymer coatings in a 0.5M hydrochloric acid (HCl)
solution by a potentiodynamic technique, open-cir-
cuit-potential measurements, and electrochemical im-
pedance spectroscopy. They found that PANI, poly
(2-anisidine), and poly(aniline-co-2-anisidine) films
have a corrosion-protection effect for 304 stainless
steel in an aggressive medium of a 0.5 HCl solution.
However, the durability of the poly(aniline-2-anisi-
dine) films is limited to 3 h.

In the work reported in this article, we have at-
tempted to synthesize strongly adherent poly(ani-
line-co-o-toluidine) (PAOT) coatings on LCS sub-
strates from aqueous media with cyclic voltammetry
and evaluated the performance of these copolymer
coatings against the corrosion of steel in aqueous 3%
NaCl. To the best of our knowledge, there are no
reports in the literature dealing with the direct depo-
sition of PAOT coatings on LCS from aqueous
media.

The objectives of this study are (1) to report new
findings on the electrochemical copolymerization of
aniline with o-toluidine on LCS from aqueous media;
(2) to find a potentially good, low-cost, and easily
available electrolyte for the electrochemical synthesis

of strongly adherent PAOT coatings on LCS sub-
strates; (3) to characterize these coatings with electro-
chemical and spectroscopic techniques; and (4) to
evaluate the performance of these copolymer coat-
ings against the corrosion of steel in aqueous 3%
NaCl.

Recently, we have shown that the electrochemical
polymerization of o-anisidine in an aqueous tartrate
solution results in the deposition of uniform and
strongly adherent poly(o-anisidine) coatings on LCS
substrates.30 These coatings exhibit excellent corro-
sion-protection properties, and poly(o-anisidine) has
been found to be the most promising coating mate-
rial for the corrosion protection of LCS in aqueous
3% NaCl. In view of its ability to passivate the LCS
substrate without preventing monomer oxidation,
sodium tartrate was chosen as the supporting elec-
trolyte for the electrochemical copolymerization of
aniline with o-toluidine on LCS.

EXPERIMENTAL

Materials

The monomers, aniline and o-toluidine, were doubly
distilled before being used for the synthesis of the
homopolymer and copolymer coatings. In this study,
an aqueous sodium tartrate solution was used as the
supporting electrolyte.

The chemical composition (by wt %) of the LCS
used in this study was 0.03% C, 0.026% S, 0.01% P,
0.002% Si, 0.04% Ni, 0.002% Mo, 0.16% Mn, 0.093%
Cu, and 99.64% Fe. The LCS substrates (� 10 � 15
� 0.5 mm3) were polished with a series of emery
papers, and this was followed by thorough rinsing
in acetone and double-distilled water and drying
in air. Before any experiment, the substrates were
treated as described and freshly used with no fur-
ther storage.

Synthesis of the PANI, POT, and PAOT
copolymer coatings

The PANI, POT, and PAOT copolymer coatings were
synthesized on LCS substrates with cyclic voltamme-
try. To synthesize the PANI and POT homopolymer
coatings, the concentrations of the respective mono-
mer and the sodium tartrate were kept constant at
0.2M each. For the electrochemical copolymerization,
a mixture of aniline and o-toluidine with a total con-
centration of 0.2M was used in a 0.2M aqueous
tartrate solution. We carried out the copolymer syn-
thesis experiments with o-toluidine feed ratios of 0.1,
0.3, 0.5, 0.7, and 0.9 by taking o-toluidine/(aniline
þ o-toluidine) ratios of 10 : 90, 30 : 70, 50 : 50, 70 : 30,
and 90 : 10, respectively. we abbreviated the synthe-
sized copolymer coatings by taking into considera-
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tion the o-toluidine feed ratio used for the synthesis.
For example, the copolymer coating synthesized with
an o-toluidine feed ratio of 0.5 was abbreviated
PAOT5.

The electrochemical polymerization was carried
out in a single-compartment, three-electrode cell with
LCS as the working electrode (1.5 cm2), platinum as
the counter electrode, and a saturated calomel elec-
trode (SCE) as the reference electrode. The cyclic vol-
tammetry conditions were maintained with a Parstat
2363-1 (EG and G, Princeton Applied Research, Prince-
ton, NJ) controlled by PerkinElmer Instruments 2000
PowerSuite software (supplied by EG and G, Prince-
ton Applied Research). The synthesis was carried
out by continuous cycling of the electrode potential
between �500 and 1500 mV at a potential scanning
rate of 20 mV/s. After 10 cycles, the working elec-
trode was removed from the electrolyte, rinsed with
double-distilled water, and dried in air.

Characterization of the coatings

The PANI, POT, and PAOT coatings were character-
ized with cyclic voltammetry, ultraviolet–visible
(UV–vis) absorption spectroscopy, Fourier transform
infrared (FTIR) spectroscopy, nuclear magnetic reso-
nance (NMR) spectroscopy, and scanning electron
microscopy (SEM). The FTIR transmission spectra of
the homopolymer and copolymer coatings were re-
corded in a horizontally attenuated total reflectance
mode in the spectral range of 4000–400 cm�1 with a
PerkinElmer 1600 series II spectrometer. The UV–vis
absorption spectroscopy study was carried out ex situ
in the wavelength range of 300–1100 nm with a
microprocessor-controlled, double-beam UV–vis spec-
trophotometer (model U 2000, Hitachi, Tokyo, Japan).
SEM was employed to characterize the surface mor-
phology with a Leica (United Kingdom) Cambridge
440 microscope. The 1H-NMR spectra were obtained
on a Bruker DSX-300 solid-state NMR spectrometer
operating at 300 MHz. The measurements were car-
ried out in dimethyl sulfoxide-d6 (DMSO-d6) solu-
tions at the ambient temperature.

Study of the corrosion-protection performance
of the coatings

The corrosion-protection performance study was per-
formed at room temperature in aqueous solutions of
3% NaCl with open-circuit-potential measurements
and a potentiodynamic polarization technique. For
these measurements, a Teflon holder was used to
encase the polymer-coated LCS substrates so as to
leave an area of � 0.4 cm2 exposed to the solution.
The polarization resistance measurements were per-
formed by the potential being swept between �250
and 250 mV from the open circuit potential at a

scanning rate of 2 mV/s.40 Before polarization, the
substrates were immersed into the solution, and the
open circuit potential was monitored until a constant
value was reached. The Tafel slopes of the anodic
(ba) and cathodic (bb) parts of the polarization curve
were obtained. The corrosion current density [Icorr
(A/cm2)] was calculated with the Stern–Geary equa-
tion41 and was converted into the corrosion rate
(CR) in millimeters per year as follows42:

CRðmm=yrÞ ¼ 3:268� 103Icorr
EW

r

where EW is the equivalent weight of LCS (g) and r
is the density of LCS (g/cm3). All the measurements
were repeated at least four times, and good reprodu-
cibility of the results was observed.

RESULTS AND DISCUSSION

Electrochemical synthesis of the PANI
and POT homopolymer and PAOT copolymer
coatings on LCS

The cyclic voltammograms of the first scans recorded
during the syntheses of the PANI and POT homo-
polymer and PAOT5 copolymer coatings on the LCS
substrate from aqueous tartrate solutions are shown
in Figure 1. The first positive cycle of these voltam-
mograms is characterized by three anodic peaks (A,
B, and C). During the reverse cycle, the anodic
current density decreases rapidly, and a negligibly
small current density can be seen till the end of the
cycle. These cyclic voltammograms are qualitatively
similar to those reported by Wankhede et al.,30 who

Figure 1 Cyclic voltammograms of the first scans recorded
during the syntheses of (a) PANI, (b) POT, and (c) PAOT5
copolymer coatings on LCS substrates.

1870 PAWAR, SAINKAR, AND PATIL

Journal of Applied Polymer Science DOI 10.1002/app



investigated the electrochemical polymerization of
o-anisidine on LCS in aqueous tartrate solutions.

Anodic peak A is attributed to the dissolution of
the LCS electrode surface. In the potential range of
�500 to �207 mV, the LCS electrode is reactive and
undergoes anodic dissolution, which produces Fe2þ

ions in its vicinity. These ions interact with the
tartrate counterions of the electrolyte to form insolu-
ble iron(II) tartrate (FeC4H4O6), which adheres to
the electrode surface, thereby forming an iron tar-
trate film. This interphase is produced according to
the following two reactions30:

Fe ! Fe2þ þ 2e�

Fe2þ þ ðC4H4O6Þ2� ! FeC4H4O6

Oxidation peak B corresponds to the oxidation of the
monomer(s) and formation of radical cations, which
are rapidly consumed in subsequent reactions to
yield dimers, trimers, tetramers, and so forth. Anodic
peak C is assigned to the oxidation of the tartrate
electrolyte.

A careful examination of these cyclic voltammo-
grams leads to the following conclusions. First, the
area of anodic peak A differs significantly, depend-
ing on the monomer(s) present in the electrolyte,
and it follows the order of o-toluidine > (aniline þ
o-toluidine) > aniline.

As discussed earlier, anodic peak A is related to
the passivation process of the LCS substrate. During
this process, the dissolution of the electrode surface
takes place, and the passive interphase is formed on
the electrode surface. Because of this process, a
certain charge is required to start the electrochemical
polymerization process. The amount of the passiva-
tion charge depends on the experimental conditions
employed, such as the nature of the substrate, the
supporting electrolyte, the solvent, the pH of the elec-
trolyte, the synthesis temperature, and the applied
current density. It is thought that the monomer (e.g.,
aniline or o-toluidine) present in the electrolyte solu-
tion does not influence the passivation process.
Obviously, it is expected that the passivation charge
required to start the electrochemical polymerization
process of the conducting polymer under identical
experimental conditions should be the same, regard-
less of the type of monomer present in the elec-
trolyte solution. However, the experimental results
show that the area of anodic peak A differs signifi-
cantly, depending on the monomer(s) present in the
electrolyte. This suggests that the type of monomer
present in the electrolyte solution affects the passiva-
tion process of the LCS electrode. Moreover, when
the feed concentration of o-toluidine in the comono-
mer feed is varied, the area of peak A shows system-
atic variation. The variation of the area of peak A

as a function of the concentration of o-toluidine in
the comonomer feed is shown in Figure 2. The area
of peak A decreases with the decrease in the concen-
tration of o-toluidine in the comonomer feed. o-Tolu-
idine is a substituted derivative of aniline with an
electron-donating methyl (��CH3) group substituted
at the ortho position. Thus, o-toluidine is more reac-
tive than aniline in electrophilic substitution reac-
tions because of the electron-donating effect.43 There-
fore, the results of the cyclic voltammetry may be
attributed to the reactivity of o-toluidine being higher
than that of aniline during the electrochemical co-
polymerization of aniline with o-toluidine.

Second, the current density of oxidation peak B of
the combined monomers (aniline and o-toluidine) is
higher than the oxidation current density of the re-
spective individual monomers aniline and o-tolui-
dine. This suggests that aniline and o-toluidine are
simultaneously oxidized to generate the respective
cation radicals. There can be two possibilities for fur-
ther reactions. First, these cation radicals undergo
self-polymerization, which results in the formation
of respective homopolymers, that is, PANI and POT.
In such a case, the subsequent scans of the cyclic
voltammogram recorded during the electrochemical
copolymerization of aniline and o-toluidine should
bear a resemblance to the voltammogram scans of
the homopolymers, PANI and POT. On the other
hand, the reactivities of the generated cation radicals
favor a cross reaction between them, which would
result in a new intermediate consisting of aniline
and o-toluidine units. In such a case, the cyclic
voltammograms of the subsequent scans recorded
during the electrochemical copolymerization of
aniline and o-toluidine should be different than the

Figure 2 Variation of the area of peak A as a function of
the feed ratio of o-toluidine.
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voltammograms observed for the formation of the
homopolymers, that is, PANI and POT.

The cyclic voltammograms of the second scans
recorded during the syntheses of the PANI and POT
homopolymer and PAOT5 copolymer coatings on
the LCS substrate from aqueous tartrate solutions
are shown in Figure 3. These voltammograms indi-
cate that anodic peak A, corresponding to the disso-
lution of LCS, cannot be observed, but the rest of the
characteristics are similar to those of the first scan.
Moreover, the current densities corresponding to the
oxidation peaks increase during the second scan,
and this indicates the growth of the conducting poly-
mer coating. The cyclic voltammogram of the second
scan [Fig. 3(c)] recorded during the electrochemical
copolymerization of aniline with o-toluidine is quali-
tatively similar to those obtained for the individual
homopolymerization. However, the current densities
corresponding to anodic peaks B and C are consider-
ably higher than those observed during the individ-
ual homopolymerization. These observations strongly
suggest that the electrochemical copolymerization of
aniline with o-toluidine on LCS in an aqueous tar-
trate solution generates true copolymer coatings rather
than a mixture of the corresponding homopolymers.

Voltammograms of the subsequent scans identical
to those of the second scan were obtained up to the
third scan. After the third scan, the current density
corresponding to the anodic peaks decreases gradu-
ally with the number of scans, and the cyclic voltam-
mograms do not show well-defined redox peaks.
A typical cyclic voltammogram of the tenth scan
recorded during the syntheses of PANI, POT, and
PAOT5 coatings on the LCS substrate are shown in
Figure 4.

The FTIR spectra of the PANI and POT homopoly-
mer and PAOT5 copolymer coatings on LCS are
shown in Figure 5. The characteristic bands in the
FTIR spectrum of PANI [Fig. 5(a)] are assigned as
follows44–47: the broad band at �3354 cm�1 is due to
the N��H stretching mode, the C¼¼N and C¼¼C
stretching mode for the quinoid and benzoid rings
occurs at 1596 and 1511 cm�1, the band at � 1303
cm�1 can be assigned to the C��N stretching mode
for benzoid rings, and the bands between 800 and
700 cm�1 reveal the occurrence of 1–3-substitutions.

The FTIR spectrum of POT [Fig. 5(b)] is similar to
the spectrum of PANI, except for a band that
appears at � 1111 cm�1. This band is attributed to
the ��CH3 rocking mode.

The FTIR spectrum of the PAOT5 copolymer coat-
ing on LCS [Fig. 5(c)] is presented in Figure 5(c). The
most striking feature of the spectrum of PAOT5 is
that it exhibits a greater similarity to the spectrum of
POT. Moreover, the intensity of the band at � 1111
cm�1 corresponding to the ��CH3 rocking mode in-
creases as the amount of o-toluidine in the comono-
mer feed increases. These observations indicate a
high number of the o-toluidine units in the composi-
tion of PAOT5. This shows qualitatively a higher
reactivity for o-toluidine than for aniline in the elec-
trochemical copolymerization.

To establish that PAOT5 is a copolymer rather
than a mixture of homopolymers PANI and POT, these
polymers were further characterized with 1H-NMR
spectroscopy. The 1H-NMR spectra of PANI, POT,
and PAOT5, recorded in DMSO-d6, are shown in
Figure 6. The 1H-NMR spectrum of POT [Fig. 6(a)] is
characterized by the presence of three main sig-
nals.43,48 The signals in the region of 6.8–7.4 ppm are

Figure 3 Cyclic voltammograms of the second scans recorded
during the syntheses of (a) PANI, (b) POT, and (c) PAOT5 co-
polymer coatings on LCS substrates.

Figure 4 Cyclic voltammograms of the tenth scans re-
corded during the syntheses of (a) PANI, (b) POT, and (c)
PAOT5 copolymer coatings on LCS substrates.
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due to the protons of the aromatic rings. The reso-
nances in the region of 1.8–2.1 ppm are attributed to
the methyl protons of the quinoid ring, and those in
the region of 1.1–1.3 ppm are due to the methyl pro-
tons of the benzoid ring. The 1H-NMR spectrum of
PANI [Fig. 6(b)] shows the presence of signals in the
region of 6.5–7.8 ppm, which are assigned to the
protons of the aromatic rings. The spectrum of PANI
does not show the signal in the region of 1.8–2.1
ppm corresponding to the methyl protons.

The 1H-NMR spectrum of the PAOT5 copolymer
[Fig. 6(c)] has essentially the same characteristics as
that of POT. This spectrum is characterized by three
main signals that exactly correspond to the three
types of protons on the copolymer chains. As can be

seen in Figure 6(c), this spectrum exhibits the signals
in a wide range from 6.2 to 7.8 ppm, which are
attributed to the aromatic protons on the aniline and
o-toluidine units. The resonance peaks from 1.92 and
2.20 ppm are assigned to the protons of the methyl
groups on the quinoid ring. The two strongest peaks
at 2.39 and 3.28 ppm are due to protons of dimethyl
sulfoxide (DMSO) and water in DMSO, respectively.
Additionally, two negligibly small signals at 5.2 and
5.8 ppm are assigned to the ��NH�� linkages. This
indicates the formation of a high-molecular-weight
PAOT5 copolymer. The actual o-toluidine/aniline
ratio in the copolymer can be approximately calcu-
lated from the area ratio of the o-toluidine aromatic
proton peak to the aniline aromatic proton peak. The
actual o-toluidine/aniline molar ratio calculated by
this method is �1.6 for the PAOT5 copolymer. This
suggests that in the resulting copolymer, there are
more o-toluidine units than aniline units. This sup-
ports a higher reactivity of o-toluidine versus aniline
in the copolymerization and is reflected in the cyclic
voltammetry and FTIR spectroscopy results. This
observation is in agreement with the results reported
by Wei et al.48 These authors synthesized PAOT and

Figure 5 FTIR spectra of (a) PANI, (b) POT, and (c)
PAOT5 copolymer coatings synthesized on LCS substrates
with cyclic voltammetry.

Figure 6 1H-NMR spectra of (a) PANI, (b) POT, and (c)
PAOT5 recorded in DMSO-d6 at 300 MHz.

POLY(ANILINE-co-o-TOLUIDINE) COATINGS 1873

Journal of Applied Polymer Science DOI 10.1002/app



poly(aniline-co-m-toluidine) copolymers by chemical
polymerization with sodium persulfate as an oxidant
in aqueous 1M HCl solutions. They reported that
o-toluidine had higher reactivity than aniline in the
copolymerization process. Thus, the 1H-NMR spec-
troscopy study confirms that aniline and o-toluidine
are indeed able to copolymerize on LCS in an aque-
ous tartrate medium, and in the resulting PAOT5
copolymer, there are more o-toluidine units than ani-
line units.

The optical absorption spectra of the PANI and
POT homopolymer and PAOT5 copolymer coatings
are shown in Figure 7. The spectral characteristics of
the PAOT5 copolymer are remarkably different from
those of the individual homopolymers PANI and
POT.

The optical absorption spectrum of the PANI coat-
ing synthesized on LCS [Fig. 7(a)] shows a high
value of the absorbance between 600 and 800 nm
with a weak shoulder at �740 nm. This shoulder
peak at 740 nm is attributed to the formation of the
emeraldine salt (ES) form of PANI in the coating.49

The higher value of the absorbance between 600 and
740 nm may be due to the formation of some species
with other oxidation states. Thus, the optical absorp-

tion spectroscopy reveals the formation of the ES
form along with some other oxidation-state species.

The optical absorption spectrum of the POT coat-
ing [Fig. 7(b)] shows broad peaks at about 560 and
720 nm. The peak at 560 nm is attributed to the pres-
ence of the pernigraniline base (PB) form of POT. PB
is the fully oxidized form of POT and is insulating
in nature.49 The shoulder at � 720 nm is a signature
of the ES form of POT. The simultaneous appearance
of 540 and 720 nm reveals the formation of a mixed
phase of PB and ES forms of POT.

The optical absorption spectrum of the PAOT5
copolymer coating [Fig. 7(c)] shows a well-defined
peak at � 540 nm, and it is attributed to the forma-
tion of the PB form of PAOT5.

The surface morphologies of PANI and POT homo-
polymer and PAOT5 copolymer coatings synthesized
on LCS were characterized with SEM. The surface
morphology of the PANI coating [Fig. 8(a)] is rough
and is characterized by the presence of pores in the
coating. The surface morphology of the POT coating
[Fig. 8(b)] is relatively uniform and featureless. The
SEM image of the copolymer PAOT5 coating synthe-
sized on LCS is shown in Figure 8(c). It clearly
reveals that the copolymer PAOT5 coating is rela-
tively uniform, featureless, and pore-free.

Corrosion-protection performance
of the PAOT copolymer coating

The open-circuit-potential/time curves recorded in
aqueous 3% NaCl for PANI-, POT-, and PAOT5-
coated LCS are presented in Figure 9. In this figure,
�710 mV stands for the corrosion potential (Ecorr) of
uncoated LCS. The initial open-circuit-potential values
measured for PANI-, POT-, and PAOT5-coated LCS
are �420, �349, and �333 mV versus SCE and are
more positive than that of uncoated steel. In the early
stages of the immersion, the open circuit potential in
each case decreases rapidly, and this may be due to
the initiation of the water uptake process through the
pores in the coating toward the substrate surface.
However, these values are more positive than that of
uncoated steel.

The open circuit potential of PAOT5-coated LCS
remains almost constant for longer periods (� 30 h),
and its potential value is more noble with respect to
the open-circuit value of the uncoated LCS and
homopolymer-coated LCS. During this immersion
period, the PAOT5 coating exhibits barrier behavior
by limiting the diffusion of the corrosive species
toward the underlying steel substrate. This behavior
is attributed to the corrosion-protection effect for the
LCS caused by the PAOT5 copolymer coating.

The porosity in the coating strongly governs the
anticorrosive behavior of the coatings; therefore, the
determination of the porosity in the coating is essen-

Figure 7 Optical absorption spectra of (a) PANI, (b) POT,
and (c) PAOT5 copolymer coatings synthesized on LCS
with cyclic voltammetry (the spectra were recorded ex situ
in DMSO solutions).
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tial to estimate the overall corrosion resistance of the
coated substrate. The porosity in PANI, POT, and
PAOT5 coatings on LCS substrates was determined
from potentiodynamic polarization measurements.
The potentiodynamic polarization curve of uncoated
LCS recorded in aqueous 3% NaCl is shown in
Figure 10, and the curves for PANI-coated LCS,
POT-coated LCS, and PAOT5-coated LCS (10 cycles)
are shown in Figure 11. The values of Ecorr, Icorr,
Tafel constants ba and bc, the polarization resistance
(Rp), and CR obtained from these curves are given in
Table I. The porosity of the coatings was calculated
with the following relation:50

P ¼ Rps

Rpc
10�

�
jDEcorr j

ba

�

where P is the total porosity, Rps is the polarization
resistance of bare LCS, Rpc is the measured polariza-
tion resistance of coated LCS, DEcorr is the difference
between the corrosion potentials, and ba is the an-
odic Tafel slope for the bare LCS substrate. The

Figure 10 Potentiodynamic polarization curves for un-
coated LCS recorded in aqueous 3% NaCl solutions.

Figure 8 SEM images of LCS coated with (a) PANI, (b)
POT, and (c) PAOT5.

Figure 9 Open-circuit-potential/time curve recorded for
(a) PANI-coated LCS, (b) POT-coated LCS, and (c) PAOT5-
coated LCS in aqueous 3% NaCl. The continuous line
represents the open circuit potential of uncoated LCS.

POLY(ANILINE-co-o-TOLUIDINE) COATINGS 1875

Journal of Applied Polymer Science DOI 10.1002/app



porosity in the PANI, POT, and PAOT5 copolymer
coatings was found to be � 1.7 � 10�1, 3.0 � 10�3,
and 2.0 � 10�4 %, respectively. The significantly
lower values of the porosity in the PAOT5 copoly-
mer coatings versus those of the respective homopoly-
mer coatings permit substantial improvement of the
corrosion resistance by hindering the access of the
electrolyte to the stainless steel substrates.

An analysis of these potentiodynamic polarization
curves shows a positive shift in Ecorr and a substan-
tial reduction in Icorr of LCS due to the PANI, POT,
and PAOT5coatings, and this indicates the corro-
sion-resistant character of PANI, POT, and PAOT5.
The shift in Ecorr depends on the coating and de-
creases in the order of PAOT5 > POT > PANI. This

implies that the PAOT5 copolymer coating provides
effective protection for LCS against corrosion in
aqueous 3% NaCl in comparison with those of the
corresponding homopolymers.

Icorr decreases from 17.79 mA/cm2 for uncoated
LCS to 6.26, 1.50, and 0.41 mA/cm2 for PANI-, POT-,
and PAOT5-coated LCS, respectively. The CR values
of PANI-, POT-, and PAOT5-coated LCS are � 0.07,
0.01, and 0.004 mm/year, which are � 3, 20, and
50 times lower than that observed for uncoated LCS.
The protection efficiency (PE) was calculated as
follows:

PE% ¼ Rpc � Rp

Rpc

� �
� 100

where Rp is the polarization resistance of uncoated
LCS. The PEs for PANI, POT, and the PAOT5
copolymer calculated from potentiodynamic polar-
ization data are � 69, 85, and 96%, respectively.
These results reveal that the PAOT5 copolymer effec-
tively protects LCS and improves the corrosion PE
with respect to that offered by the corresponding
homopolymers.

To investigate the influence of the o-toluidine
concentration in the comonomer feed on the corro-
sion-protection properties of the PAOT copolymer
coatings, we synthesized coatings with o-toluidine
feed ratios of 0.1, 0.3, 0.5, 0.7, and 0.9, and the poten-
tiodynamic polarization measurements were per-
formed in aqueous 3% NaCl solutions. The depend-
ence of the positive shift in Ecorr (DEcorr) on the feed
ratio of o-toluidine is shown in Figure 12. DEcorr

increases with the feed ratio of o-toluidine and attains
a maximum value of 386 mV at a 0.5 feed ratio. With a
further increase in the feed ratio of o-toluidine to 0.7,
DEcorr decreases to 334 mV, and beyond this, it does
not show any significant variation in DEcorr.

The variation of the CR as a function of the feed
ratio of o-toluidine is also shown in Figure 12. The
initial value of CR decreases significantly when the
feed ratio of o-toluidine increases and is lowest
(� 50 times lower than that of uncoated LCS) for the
feed ratio of 0.5. With a further increase in the feed

Figure 11 Potentiodynamic polarization curves for (a)
PANI-coated LCS, (b) POT-coated LCS, and (c) PAOT5-
coated LCS recorded in aqueous 3% NaCl solutions.

TABLE I
Results of the Potentiodynamic Polarization Measurements

Sample Ecorr (mV) Icorr (mA/cm2) ba (mV/dec) bc (mV/dec) Rp (O/cm
2) CR (mm/yr) P (%)

Bare LCS �710 17.79 91.20 270.38 1,664.57 0.20 —
PANI �506 6.26 95.94 438.47 5,456.94 0.07 0.17
POT �375 1.49 43.81 342.34 11,281.28 0.01 0.003
PAOT1 �512 2.74 110.0 297.73 12,743.40 0.03 0.088
PAOT3 �402 0.686 77.05 330.25 39,534.10 0.007 0.001
PAOT5 �329 0.4187 47.61 231.81 40,963.77 0.004 0.0002
PAOT7 �376 0.486 61.79 260.45 44,579.41 0.005 0.0008
PAOT9 �368 0.6292 120.5 277.01 57,953.11 0.007 0.0005
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ratio of o-toluidine, CR increases slowly, and with a
feed ratio of 1, CR is 0.015 mm/yr. Thus, more effec-
tive protection of LCS against corrosion in 3% NaCl
can be achieved by the copolymer coatings synthe-
sized with a feed ratio of o-toluidine of 0.5.

CONCLUSIONS

Strongly adherent PAOT coatings were successfully
synthesized on LCS substrates from aqueous tartrate
solutions with cyclic voltammetry. The performance
of the PAOT coatings as protective coatings against
the corrosion of LCS in aqueous 3% NaCl solutions
was investigated with open-circuit-potential mea-
surements and a potentiodynamic polarization tech-
nique. The following main findings resulted from
this investigation:

• The results clearly show that an aqueous sodium
tartrate solution is a suitable medium for the
electrochemical copolymerization of aniline with
o-toluidine on LCS.

• The FTIR and 1H-NMR spectroscopy studies
reveal that the copolymerization of aniline and
o-toluidine takes place on LCS in aqueous
tartrate solutions, and in the resulting PAOT
copolymer, there are more o-toluidine units than
aniline units.

• The porosity in the coating has been estimated
with the potentiodynamic polarization measure-
ments, and the porosity values are significantly
lower for the PAOT coatings than for the re-
spective homopolymers, that is, PANI and POT.
The copolymer coatings are more compact and
strongly adherent to LCS.

• The potentiodynamic polarization and open-
circuit measurements reveal that the PAOT coat-
ings effectively protect LCS and have higher

corrosion PEs than those offered by the corre-
sponding homopolymers.

• The protection of LCS against corrosion in 3%
NaCl by the copolymer coatings can be achieved
more effectively when the synthesis is carried
out with a feed ratio of o-toluidine of 0.5.

The authors gratefully acknowledge the NMR Research
Center of the Indian Institute of Science (Bangalore, India)
for its help in recording the NMR spectra.
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