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KEYWORDS Abstract The aim of this study was to protect stainless steel against corrosion via poly (indole-co-
Stainless steel; aniline) with the help of titanium dioxide pre-coating. Different monomer ratios (1:1 and 1:9) were
Polymer; applied in order to determine the suitable chain composition to synthesize the copolymer in lithium
Electrochemical impedance perchlorate containing acctonitrile. The structures, morphologics, clectrochemical properties and
spectroscopy (EIS) corrosion resistances of the mono and multi-layer coatings were investigated by Fourier-

transform infrared spectra, scanning clectron microscope, energy dispersive X-ray spectrometer,
clectrochemical impedance spectroscopy and anodic polarization. Furthermore the geometric struc-
ture and clectronic properties of indole, aniline, and indole-co-aniline (dimmer) molecules have been
investigated by quantum calculations. The results indicated that corrosion protection of copolymers
was increased via titanium dioxide pre-coating. The 1:1 copolymer coating showed better corrosion
prevention than 1:9 coating. The correlation was determined between experimental and theoretical
parameters.

© 2017 The Authors. Production and hosting by Elsevier B.V. on behalfl of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recently, new methods have been developed about polymer coating

for corrosion protection due to enhancements in the coating perfor-

* Corresponding author. Fax: +90 482 213 40 04. mance (Sathiyanarayanan et al., 2007; Lenz et al., 2003; Toprak
Doslii et al., 2013; Baldissera and Ferreira, 2012; Sheng and
Ohtsuka, 2012; Gonzalez et al., 2013; Mathew and Predeep, 2012;
Ozyilmaz et al., 2013; Lu et al., 2010). Among these, titanium dioxide
(Ti0,) pre-coating is a favourable treatment, because titanium dioxide
is one of the most significant transition metal oxides and has excellent
chemical stability in both acidic and alkaline solutions. TiO, pre-
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coating can operate with several methods but the sol-gel technique has
some advantages, such as low processing temperature, homogeneity
and low cost (Chen et al., 2007; Seyedjamali and Pirisedigh, 2011a,b;
Kierys et al., 2013). Therefore, sol-gel oxide films have a wide range
of applications, such as the optically functional materials, microelec-
tronics, and photo-electronics industry, and corrosion protection. In
particular, the corrosion performance of organic films has been
improved by application ol TiO, (Qing et al., 2016; Wang et al.,
2015; Dogru Mert, 2016; Pagotto et al., 2016).

The corrosion performance can be enhanced not only by TiO; sol-
gel pre-coating but also by polymer synthesis technique, which is really
very important in this field. The electrochemical technique is the most
preferred one since it has several advantages, such as enabling the con-
trol of different thicknesses of coating, easy preparation of the mono-
mer solutions and the use of the desired monomer concentration.
Electrochemical polymerizations of many organic substances, espe-
cially including indole, aniline and their derivatives have been studied
extensively (Ozyilmaz et al., 2005, 2007; Li et al., 1997; Khaled, 2008;
Pandey, 1999; Homma et al., 2012; Narayanasamy and Rajendran,
2010; Ozyilmaz and Ozyilmaz, 2006; Yalcinkaya et al., 2010). These
polymers have chemical stability and physical stability at the large
range of pH and conductivity. For this reason, these polymers are
widely used for corrosion protection and also in many fields such as
rechargeable batteries, diodes, transistors, and sensors (Baibarac
et al., 2009; Tansug et al., 2007).

In this study, TiO,/poly (indole-co-aniline) multilayer was synthe-
sized with different monomer ratios (1:1 and 1:9) on AISI 304 stainless
steel (SS) in 0.15 M lithium perchlorate (LiClO4) containing acetoni-
trile. The corrosion test was obtained with electrochemical impedance
spectroscopy (EIS) and anodic polarization curves in 3.5% NaCl solu-
tion. The electrodes were characterized by attenuated total reflectance
Fourier-transform infrared spectra (ATR-FTIR), scanning electron
microscope (SEM) and energy dispersive X-ray spectrometer (EDX).
Furthermore, the geometric structure and electronic properties ol
molecules have been investigated by DFT method using B3LYP level
and 6-311+ +G (d,p) basis set in gas and acetonitrile phases. The
quantum calculations were employed and theoretical parameters as
energy of the highest occupied molecular orbital (Exomo), energy of
the lowest unoccupied molecular orbital (Eyyme) between LUMO
and HOMO and Mulliken charges on the backbone atoms, absolute
electronegativity (), absolute hardness () and the [raction of electrons
transferred from the molecule to metal atom (AN).

2. Experimental

2.1. Chemicals and apparatus

The indole (In, for synthesis, 99% purity), aniline (An, for syn-
thesis, 99% purity), acetonitrile (ACN, 99.9% purity contains
0.02% water), ethanol (99.9% purity contains 0.1% water)
and nitric acid (65% ISO-for analyses) were purchased from
Merck Chemicals Company. Titanium butyrate (for synthesis,
97% purity), acrylic acid (99% purity anhydrous) and lithium
perchlorate (LiClO4 99.99% trace metal basis) which have
high purity grades were acquired from Fluka Chemicals Com-
pany. Electrochemical measurements were carried out by a
conventional three-electrode system. The AISI 304 SS elec-
trode was used as working electrode. The chemical composi-
tion (wt.%) of SS electrode was 0.057 C, 0.320 Si, 1.900 Mn,
0.038 P, 0.335 S, 17.900 Cr, 8.150 Ni, 0.170 Cu, 0.090 Mo,
71.040 Fe. The SS electrode had a surface area of 0.785 cm?.
The platinum sheet and Ag/AgCl (3 M KCI) electrode were
used as a counter electrode (with 2 em?® surface area) and ref-
erence electrode, respectively. Before each experiment, the SS
electrode was mechanically ground with abrasive paper (1200

grade) and cleaned as immersed 1n a 1:1 acetone: ethanol mix-
ture was risen water. Electrochemical measurements were car-
ried out by a conventional three-electrode system. The
electrochemical experiments were performed with CHI 604D
electrochemical analyser. The copolymer coatings were synthe-
sized in LiClO4 (0.15 M) + ACN 50 mL solution with mono-
mers. Indole and aniline monomer ratios used (1:1 and 1:9).

2.2. Preparing of TiO; pre-coating

The TiO, film was coated on the electrode surface by sol-gel
technique. The sol-gel method for the preparation of TiO; film
has been reported in the literature (Toprak Doslii et al., 2013;
Li-qun et al., 2007). TiO, sol was prepared by hydrolysis of
titanium butyrate (Ti(OC4Hy)s). One millilitre of titanium
butyrate, and 0.8 mL of acrylic acid were stirred with 8.2 mL
of ethanol and then the solution was kept for 10 min. After
that, the mixture was added to a solution made up | mL of
nitric acid and 39 mL of distilled water solution at 343 K.
Composition of nitric acid solution was calculated 0.361 M.
It waited a water bath for 3 h at 343 K. TiO, films were pre-
pared by dipping the stainless steel in the sol-gel solution for
5 min. The films on stainless steel were prepared through dip-
ping in the TiO; sol-gel solution. This film was kept at room
temperature for one day to be dried under atmospheric
conditions.

2.3. Electrochemical synthesis of copolymers

All electrochemical syntheses were attained by a cyclic voltam-
metry technique with the potential range between 0.00 and
1.80 V (vs. Ag/AeCl) and, a scan rate of 50 mVs ' The
copolymer coatings were synthesized in LiClO,4 (0.15 M)
+ ACN 50 mL solution with monomers. Two different mono-
mer ratios of indole and aniline were used for 0.1 M monomer
by cyclic voltammetry technique for the synthesis of copolymer
steps. After electropolymerization, all coated electrodes were
washed distilled water and were dried.

2.4. Characterization of films

The chemical structure of the copolymer was analysed by
attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectrophotometer (Nicolet iS10 FT-IR system).
For this purpose, the polymer films were not peeled from the
coating surface mechanically. The copolymer films were used
directly.

The surface morphologies of copolymer electrodes were
studied by scanning electron microscopy (SEM) on LEO 440
microscopes.

The chemical composition of the SS and SS/TiO, surface
was investigated by energy dispersive X-ray spectrometer
(EDX), a part of SEM device.

2.5. Corrosion performance

The corrosion studies of all electrodes were carried out in 3.5%
NaCl solution by electrochemical impedance spectroscopy.
The corrosion studies were carried out by a conventional
three-electrode system. The platinum sheet was used as a
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counter electrode. The Ag/AgCl (3 M KCl) electrode was used
reference electrode. EIS measurements were recorded at the
open-circuit potential (E,,) in the frequency range from 10°
to 1073 Hz using the amplitude of 7mV vs. Ag/AgCl. Z-
View?2 software was generally used to perform EIS data fitting
to an electric equivalent circuit model. Z-View?2 fitting soltware
was used for the analysis [rom the EIS data. The anodic polar-
ization curves were recorded as a function of electrode poten-
tial in the anodic direction from the E,, to 0.8 V vs. Ag/AgCl
at a constant sweep rate of 4 mV s~

2.6. Theoretical study

Tt is expected conformity between quantum calculation and
experimental studies. Electronic parameters in quantum calcu-
lation enable to figure out structure, binding shape, and bind-
ing point of molecule. In accordance with this information,
explanation can be made about stability of molecule and
adherent on surface.

The quantum theoretical calculations were carried out
using density functional theory (DFT) with 6-311+ + G (d.p)
basis set in gas and ACN phases for all atoms with the Gaus-
sian 09 program. Some electronic properties such as energy of
the highest occupied molecular orbital (Egomo), energy of the
lowest unoccupied molecular orbital (£ ymo). energy gap
(AE) between LUMO and HOMO and Mulliken charges on
the backbone atoms, absolute electronegativity (), absolute
hardness (#) and the fraction of electrons transferred from
the molecule to metal atom (AN) were determined. The opti-
mized molecular structures and HOMO and LUMO surfaces
were visualized using Gauss View.

3. Results and discussion

3.1. Electrochemical synthesis

The electrochemical behaviour of SS and SS/TiO, was investi-
gated in LiClO4 + ACN by cyclic voltammetry technique
(Fig. 1). There was not any significant electrochemical process
occurred on SS electrode in 0.00-1.35 V potential range. After
1.35V, the current density increased rapidly, possibly due to
degradation of the passive film on the stainless steel surface
(Tiiken et al., 2004). The maximum peak current density was
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Fig. 1  The cyclic voltammograms of SS and SS/TiO; in LiClO,

(0.15 M) + ACN solution; scan rate was 50 mV/s.

3.1 mAcm ™2 In Fig. 1, the current density was less than
0.00 mA c¢m 2 until 1.00 V for SS/TiO, electrode. After this
potential, current density increased probably due to degrada-
tion of TiO; layer. In Fig. 1, SS/TiO- has higher stability than
SS in the potential range of 1.00-1.80 V. Sol-gel method made
it possible to have a good-quality TiO, film coated on SS
electrode.

The electrochemical synthesis of copolymer films on SS and
SS/Ti0, is given in Fig. 2. Two different monomer ratios (1:1
and 1:9) were obtained for this purpose. In indole and aniline
(1:1) containing solution, the anodic current density increased
at 1.40 V in the first cyclic, as expected in the literature
(Ozyilmaz et al., 2013; Ozyilmaz et al., 2005). Furthermore,
the onset of the current density shifted to the lower potential
with increasing cycle numbers (Fig. 2). This result can be asso-
ciated with the formation of a thin copolymer layer that is syn-
thesized in the first cycle with catalysed film growth (Toprak
Doslii et al., 2013). The anodic and cathodic current density
peaks showed that the copolymer film could cover the surface
successfully (Fig. 2). In indole and aniline (1:9) containing
solution, monomer oxidation potential was 1.00 V for the first
forward scan. It may illustrate with higher aniline ratio in
polymerization solution. It shifted to 1.40 V in the following
scans. The anodic current density decreased between Ist and
2nd cycle, and it increased by increasing cycle numbers. The
cathodic current increased at 0.90 V in the backward scan.
In voltammogram of SS/TiO2/P(In-co-An)(1:9) the shift from
nonconducting leucoemeraldine (LE) form to conducting
emeraldine (EM) form was determined between 0.20 and
1.20 V in the forward scan (Ozyilmaz et al., 2010). The ia (ano-
dic current density)/ic (cathodic current density) ~ 1, and the
lowest separation between the anodic and cathodic peaks were
detected as a result of reversible redox behaviour.

3.2. Characterization of films

The ATR-FTIR spectra showed that the several characteristic
peaks were still maintained for each copolymer, which proved
that the copolymers were successfully synthesized on stainless
steel and TiO, coated stainless steel. The FT-IR spectra of
two copolymers prepared from solutions containing indole
and aniline on SS and SS/TiO, were recorded in the range of
1800650 cm ™" in Fig. 3. The band at 1566 cm™' was due to
deformation and stretching vibrations of N—H bond
(Zhijiang and Guang, 2010; Talbi et al., 1997), which showed
that indole did not polymerize through nitrogen. The peaks
at 1500 em™" and 1600 cm™' correspond to —C=C—stretch-
ing of reduced and oxidized form of pyrrole rings and benzene
rings in indole unit, in all synthesized polymers (Sanli Asik
et al, 2010). Stretching of —C—N— has been observed
between 1450 and 1495cm™' in the copolymer spectra
(Tuken et al., 2004). The peak of pyrrole ring stretching
appeared at 1319 cm ' (Dogru Mert et al., 2011). The peak
at 1300 cm ™' was due to —C—H stretching in plane deforma-
tion of pyrrole ring (Dogru Mert et al., 2011). The peak at
almost 1100 cm™" was owing to —C—C—H out of plane
stretching, which formed during protonation (Baibarac et al.,
2009). This peak appeared in copolymers on both surfaces
(SS and SS/Ti0,). The peak at nearly 741 em ! was assigned
to benzene ring vibration (Talbi et al., 1997). In addition,
peaks of C—H stretching were seen between 850 and
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Fig. 2  The synthesis voltammograms of SS/P(In-co-An)(1:1), SS/P(In-co-An)(1:9), SS/TiO,/P(In-co-An)(1:1) and SS/TiO,/P(In-co-An)

(1:9) in LiClOy4 (0.15 M) + ACN solution; scan rate was 50 mV/s.

650 cm ™" in the spectra of copolymers (Talbi and Billaud,
1998). The characteristic peaks at about 1625 and 1588 cm™"
correspond to the —C—C— stretching vibration in aniline
units (Oh and Kim, 2012). The —C—C— bond presents both
N=Q=N ring and N—B—N ring. B and Q refer to the ben-
zenoid rings and the quinonoid rings, respectively (Jamadade
et al., 2010; Zhou et al., 2007; Tang et al., 2000). These results
exhibited that there were still N—H bonds in indole units along
the copolymer backbone which implies that copolymerization
of indole and aniline occurred between C; of indole units
and N atom of aniline units (Koleli et al., 2002).

The surface images of all copolymer films are presented in
Fig. 4. Copolymers were synthesized on the electrode directly
by electrochemical technique. The morphology of copolymer
films was deeply affected by two factors as monomer ratio
and TiO, pre-coating. The morphology of SS/P(In-co-An)
(1:1) film showed that the surface was fully covered. The film
was frequently stacked, layered and like bark (Fig. 4). The
morphology of SS/P(In-co-An)(1:9) copolymer indicated fre-
quently stacked, layered and long strips, while the surface
was [ully covered (Fig. 4). This implied that, the morphology
of the copolymers deals with the monomer ratio. In addition
the size of structures in copolymer on TiO, coated SS was

much smaller than in copolymer on SS. The SS/TiO,/
P(In-co-An)(1:1) named copolymer on the surface of TiO,
was observed as compact and very regular polymer molecules.
The formed f{ilms on the surface of TiO, were composed of
closely-packed and very small molecules. This indicates that
the morphology of the synthesized copolymer on SS/TiO,
was different from SS. As a result of SEM images, the proper-
ties of the copolymer have changed by altering monomer
ratios. Besides, morphology and adherence of the copolymer
showed significant changes with changes on the surface of
synthesis.

Fig. 5 presents those EDX measurements of SS (a) and
SS/TiO, (b) electrode surface. The composition of SS alloy is
given in Fig. 5a. There was not any Ti peak detected As seen
in Fig. Sa. Fig. 5b exhibited composition of TiO, coated SS
surface. Ti and O peaks proved that SS surface was coated
by TiO-.

3.3. Corrosion performance

The corrosion behaviour of the uncoated stainless steel (SS),
copolymer coated SS electrodes (SS/P(In-co-An)(1:1), SS/P
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Fig. 3 The FT-IR spectra of SS/P(In-co-An)(1:1) (a), SS/P(In-co-An)(1:9) (b), SS/TiO,/P(In-co-An)(1:1) (c) and SS/TiO,/P(In-co-An)
(1:9) (d).

Fig. 4 The SEM micrographs of SS/P(In-co-An)(1:1), SS/P(In-co-An)(1:9), SS/TiO>/P(In-co-An)(1:1) and SS/TiO»/P(In-co-An)(1:1).

respectively). The reason for 24 h and 144 h immersion times
was that the corrosion behaviour of electrodes in 3.5% NaCl
solution was compared between short time (24 h) and
long-time (144 h). The equivalent circuit diagram for EIS

(In-co-An)(1:9)) and multilayer coatings (SS/TiO,/P(In-co-An)
(1:1), SS/TiO,/P(In-co-An)(1:9)) was investigated in 3.5%
NaCl solution by electrochemical impedance spectroscopy
(EIS) after 24 h and 144 h immersion times (Figs. 6 and 7,
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Fig. 5 The EDX spectra of SS (a) and SS/TiO; (b) Toprak Doslii et al., 2013.

measurements is given inset in Fig. 6. In this equivalent circuit
R;, R, and CPE represent the solution resistance, polarization
resistance and constant phase element, respectively. The calcu-
lated parameters attained from equivalent circuit fitting analy-
sis for all electrodes are given in Table 1.

EIS behaviour of the examined specimens is interpreted
based on three distinctive frequency ranges, i.e. a first fre-
quency region is between 10~ Hz and 10° Hz, an intermediate
region is between 10” and 10° Hz, and a third region is between
10* and 10° Hz, as also widely reported (Osorio et al., 2009,
2011; Rosalbino et al., 2012, 2009). At high-to-medium fre-
quency region a first time constant is commonly observed.
At low frequency region (i.e. between 10~ Hz and 10° Hz), a
second time constant predominantly occurs (Osorio et al.,
2009, 201 1; Rosalbino et al., 2012, 2009). Into proposed equiv-
alent circuit a CPE is commonly correlated with inhomogene-
ity, roughness, adsorption of species on surface, and reactivity
on surface of the sample (Gonzalez et al., 2013; Talbi et al.,
1997; Ozyilmaz et al., 2010; Zhijiang and Guang, 2010;
Koleli et al., 2002). In this context, CPE = [C (; (omega))
n] — | represents the impedance of a phase element, where C
is capacitance; j is the current (imaginary number: —1 0.5);
and (omega) is the angular frequency and —1 <n <1, as
widely reported (Osorio et al., 2009, 2011; Rosalbino et al.,
2012, 2009).

In Fig. 6 single semicircle shaped curves were detected. The
R}, value of §S, SS/P(In-co-An)(1:1), S§/P(In-co-An)(1:9), SS/
TiO,/P(In-co-An)(1:1) and SS/TiO,/P(In-co-An)(1:9) was
determined as 16,313, 19,000, 18,000, 24,700, and
23,200 Q em?, respectively. The calculated CPE data of SS,
SS/P(In-co-An)(1:1), SS/P(In-co-An)(1:9), SS/TiO,/P(In-co-

An)(1:1), and SS/TiOy/P(In-co-An)(1:9) was 236.5, 163.6,
159.3, 70.2, and 159.1 pF cm™2, respectively. The higher polar-
ization resistance and the lower constant phase element values
indicated that copolymer films had barrier effect on SS elec-
trode (Dogru Mert et al., 2011). There exists a number of other
references concerning other distinctive system/alloys, which
have stated that a decrease in CPE with increase in polariza-
tion resistance (charge transfer) induces to the corrosion resis-
tance has been improved (Osorio et al., 2009, 201 1; Rosalbino
et al., 2012, 2009; Liu et al., 2015; Peixoto et al., 2016). How-
ever, the SS/TiO,/P(In-co-An)(1:1) had the higher R, value
and lower CPE value than other copolymer coatings. It may
be due to strong adherent and less porosity than the other syn-
thesized copolymer film.

After 144 h immersion time, the R, values for SS, SS/P(In-
co-An)(1:1), SS/P(In-co-An)(1:9), SS/TiO,/P(In-co-An)(1:1),
and SS/Ti0,/P(In-co-An)(1:9) were found to be 3500, 15,500,
14,800, 18,800, and 16,500, respectively. As can be seen in
Table 1, the polarization resistance decreased when immersion
time increased as a result of corrosive effect of chloride ions
during immersion. However, another important parameter is
CPE; it increased with increasing immersion time. The CPE
of SS, SS/P(In-co-An)(1:1), SS/P(In-co-An)(1:9), SS/TiO,/P
(In-co-An)(1:1), and SS/TiO,/P(In-co-An)(1:9) was 500.0,
179.1, 227.1, 140.0, and 167.6 uF cm’z, respectively. The
decrease in polarization resistance and increase in CPE value
during immersion time, showed the decrease in barrier effect
of copolymers due to absorbed water in corrosive solutions
(Toprak Doslii et al., 2013; Ozyilmaz et al., 2005). Even so,
the synthesized copolymer film on TiO; coated stainless steel
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Fig. 6  EIS results of SS(Q), SS/P(In-co-An)(1:1)(T1), SS/P(In-co-An)(1:9)(V), SS/TiO,/P(In-co-An)(1:1)(M), SS/TiOQ,/P(In-co-An)(1:9)
(VW) after 24 h immersion time. (The equivalent circuit was given inset.)

surface had more resistance against corrosion than the synthe-
sized copolymer f{ilm on the bare electrode surface.

Based on the impedance parameters of the examined
specimens shown in Table 1, independently of the immersion
period considered, the highest Rp is that of the SS/TiO,/
P(In-co-An)(1:1)  coating sample. This is [followed
by the SS/TiO,/P(In-co-An)(1:1), SS/P(In-co-An)(l:1) and
SS/P(In-co-An)(1:9), respectively. The lowest Rp measured is
that of the substrate (i.e. SS sample), as expected. Considering
an immersion time of 24 h, indistinctively of the considered
coating, a corrosion resistance is attained. Besides, indistinc-
tively of 24 h or 144 h, the aforementioned corrosion resistance
trend 1s maintained.

Additionally, the behaviour against corrosion of coatings
has also been researched via the anodic polarization measure-
ments. The anodic polarization curves were used to compare
stability, efficiencies and physical barrier properties of elec-
trodes under polarized conditions (Yalcimmkaya et al., 2008a,
b; Dogru Mert and Yazicl, 2011). These curves are given in

Fig. 8. The corrosion potential of SS, SS/P(In-co-An)(1:1),
SS/P(In-co-An)(1:9), SS/T10,/P(In-co-An)(1:1), and SS/T10,/
P(In-co-An)(1:9) was 0.08, 0.22, 0.16, 0.29, and 0.27 V, respec-
tively. It was clearly seen that copolymer coated electrodes had
noble potential when TiO, was used as pre-coating. Further-
more, as seen in Fig. 8 that the copolymer synthesized on
SS/T10, had lower current densities than the others and the
most protective coating was SS/TiO,/P(In-co-An)(1:1). The
situation revealed was that the physical barrier property of
the copolymer on TiO; coated surface had increased. In addi-
tion, the copolymer on the SS/TiO, surface showed better sta-
bility at higher potentials. These results were in parallel with
EIS measurements.

3.4. Theoretical study

The polymerization mechanism of indole, aniline and their
derivatives was studied with the help of spectroscopic and the-
oretical calculations (Yurtsever and Yurtsever, 2002).



(W) after 144 h immersion time.

Researchers (Yurtsever and Yurtsever, 2002; Koleli and
Diindar, 2008) declared that indole is polymerized on 1-3 posi-
tions, 3-6 positions, 2-3 positions and 3-3, 2-2 couplings. The
aniline is polymerized with N bridge; most forms of polyani-
line are one of the three states or physical mixtures of these
components. Leucoemeraldine (LE) is the fully reduced state.
Pernigraniline (PE) is the fully oxidized state with imine links
instead of amine links. The emeraldine form of polyaniline,
often referred to as emeraldine base (EB), is neutral, and il
doped it 1s called emeraldine salt (ES), with the imine nitrogen
protonated by an acid. Protonation helps to delocalize the
otherwise trapped diiminoquinone-diaminobenzene state.

In this study, theoretical calculations were operated due to
given detailed information about polymerization mechanism.
The calculations of indole, aniline, and indole-co-aniline were
performed for the gas phase of molecule and the acetonitrile
phases. The Mulliken charges on the backbone atoms, the
highest occupied molecular orbital (Eyome), energy of the
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Fig. 7 EIS results of SS(O), SS/P(In-co-An)(1:1)([7), SS/P(In-co-An)(1:9}(V). SS,TiO»/P(In-co-An)(1:1)(M), SS/TiO,/P(In-co-An)(1:9)

lowest unoccupied molecular orbital (Ep umoe), energy gap
(AE) between LUMO and HOMO, dipole moment, etc., were
determined and are given in Table 2. According to the Mul-
liken charges of indole and aniline, polymerization may occur
over positions 3-6 of indole molecule and over the nitrogen
and para-position of aniline (Fig. 9). Kéleli and Diindar
(Kéleli and Diindar, 2008) suggested that polymerization of
indole-aniline occurs over the nitrogen atom and the para-
position of the aniline ring. They discussed three possibilities
to obtain the structure of the copolymer. In all cases, which-
ever mechanism is considered, it leads to the same product
and further electron transfer steps lead to the polymerization
of these species. The reacting predisposition of molecules is
associated with their frontier molecular orbitals, the HOMO
and LUMO. Higher HOMO energy (Enomo) of the molecule
means a higher electron donating ability to appropriate accep-
tor molecules with low energy empty molecular orbital (Arslan
et al., 2009; Ghailane et al., 2013). The calculated Egonmo in
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Table 1 Electrochemical parameters for electrodes corresponding to the EIS data obtained in 3.5% NaCl solution after 24 h and
144 h immersion times.
Electrode t/h R,/Q cm’ CPE/uF ecm 2 n chi-squared
SS 24 16,313 236.5 0.75 14103
144 3500 500.0 0.72 20x 103
SS/TiO, 24 31,889 150.6 0.85 1.8 %103
144 19,972 151.3 0.82 1.6 % 10 3
SS/P(In-co-An)(1:1) 24 19,000 163.6 0.73 29 x 10 °
144 15,500 179.1 0.80 49x10 °?
SS/TiO,/P(In-co-An)(1:1) 24 24,700 70.2 0.86 72%x 103
144 18,800 140.0 0.77 28 x 103
SS/P(In-co-An)(1:9) 24 18,000 159.3 0.80 2.7 x 103
144 14,800 227.1 0.76 32x 103
SS/Ti0,/P(In-co-An)(1:9) 24 23,200 159.1 0.88 1.7 % 107
144 16,500 167.6 0.88 92 x 103
0 1 1 1 L 1 1 1
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Fig. 8
P(In-co-An)(1:9)(

) after 144 h immersion time.

Polarization plots of SS(===), SS/P(In-co-An)(1:1)(—), SS/P(In-co-An)(1:9)(——), SS/Ti0,/P(In-co-An)(1:1)(——), SS/TiO,/

Table 2 The calculated quantum parameters for monomers and dimer molecules in gas and ACN phases.

Indole Aniline In-co-ani

Gas ACN Gas ACN Gas ACN
Enomol/eV —5.801 —5.935 —5.781 —5.909 —5.085 —5.167
Erumo/eV —0.619 —0.776 —0.365 —0.522 —0.809 —0.882
p/Debye 2.132 2.973 1.592 2.076 1.974 2.764
x/eV 3.210 3.356 3.073 3.216 2.947 3.025
nleV 2.591 2.800 2.708 2.694 2.138 2.143
AN 0.731 0.651 0.725 0.702 0.948 0.927

gas phase were —5.801, —5.781 and —5.085 eV, for indole, ani-
line and indole-co-aniline respectively. The values were signif-
icantly changed in ACN phase, —5.935, —5.909 and
—5.167 eV, respectively. The LUMO energy (ELumo) indicates

the electron accepting ability of the molecules, the lowest its
value the higher the capability of accepting electrons. The
gap energy between the frontier orbitals (AE) is the important
factor in describing the molecular activity, so when the gap
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Fig. 9 Mulliken charge values of indole (a), aniline (b) and indole-co-aniline (¢) in gas and ACN phases.

energy decreased, the adsorption ability is improved (Ghailane
et al., 2013) because the energy to remove an electron from the
last occupied orbital will be low (Gece and Bilgic¢, 2009). The
minimum E; o and AE were determined for indole-co-
aniline in Table 2. The high dipole moment of molecules in

ACN phase, probably indicates strong dipole-dipole interac-
tions between solvated molecule and metallic surface, so more
adherent coatings may occur. According to the literature,
absolute electronegativity (y), absolute hardness (y) and the
fraction of electrons transferred from the molecule to metal
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HOMO

9

LUMO

Fig. 10 HOMO and LUMO orbitals of indole (a), aniline (b) and indole-co-aniline (c) in gas and ACN phases.

atom (AN) imply the interaction between metal and molecules.
The highest y and # values were determined for indole and the
highest AN value was determined for indole-co-aniline Fig. 10.

4. Conclusion

The copolymer films based on indole and aniline with two different
monomer feed ratios were synthesized on stainless steel (SS) and
TiO; coated stainless steel. It was found that TiO; coating was neces-
sary for a good-quality copolymer film synthesis. The synthesized
copolymers on SS/TiO, exhibited better barrier eflect because TiO,
coating exhibited significant physical barrier behaviour on SS. In addi-
tion, the indole-aniline copolymer that was prepared at 1:1 ratio was
determined more stable against corrosion. As a result, the best barrier
elfect was detected for TiO, pre-coated copolymer (P(In-co-An)(1:1))
due to high resistance and low CPE values, even after 144 h immersion
time. Experimental and theoretical experiments indicate that, polymer-
ization of indole-aniline occurs over the nitrogen atom and the para-
position of the aniline ring. The y, # and AN values were signalled
and the polymer stability may be improved with increasing indole
monomer ratio.

This study showed that, this new multilayer coating will find wide
application areas due to high corrosion resistance and characteristic
chemical and physical properties.
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