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dsorption of  benzimidazole,  2-methylbenzimidazole —and 2-
Aaminobenzimidazole on mild steel in 3.5% NaCl solution was studied

using density function theory (DFT) calculations. In this regard, charge
transfer resistance (R.) and double layer capacitance (C,) obtained by
electrochemical impedance spectroscopy (EIS) were used to calculate surface
coverage and to build prediction models. When prediction models were only
based on quantum chemical parameters of imidazoles, the most effective
parameters were frontier orbital energies meaning that dominant mechanism of
adsorption was chemisorption. However, models based on imidazoles and iron
quantum chemical parameters revealed that the most effective parameter is
dipole moment meaning that dominant mechanism of adsorption is
physisorption. Prediction models based on inhibitor-Fe(OH),(H,0),; and
inhibitor-Fe(OH);(H,0); systems presented dipole moment and electron
donating power as the most effective parameters for OR and OC based
calculations, respectively. Such a behavior could be attributed to chemical
interaction of inhibitors with Fe(OH),(H,0), and Fe(OH);(H,0); on the mild
steel surface resulting in a porous thick layer which could not effectively block
the surface but could decrease double layer capacitance. Prog. Color Colorants
Coat. 8 (2015), 283-294 © Institute for Color Science and Technology.

1. Introduction

Many studies have been done to evaluate inhibition
efficiencies of different inhibitors for a variety of

media and substrates. Because of environmental
legislation, the use of inhibitors is limited to safe
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compounds. Most imidazole derivatives are non-toxic
and they exhibit a wide variety of pharmacological
properties including antitumor activity.

Imidazole derivatives are of particular interest as
corrosion inhibitor for Cu, Fe, Zn metal and alloys in
acidic media. However, very few investigations have
been carried out on corrosion inhibition performance of
imidazoles in neutral conditions [1].

Quantum chemistry as a pure computational science
has been used by many researchers in corrosion field to
evaluate quantum structure—activity relationships
(QSAR) of organic inhibitors. Generally, corrosion
inhibition efficiency or surface coverage as a function
of quantum chemical parameters is studied to build a
prediction model. Different methods like weight loss
[2, 3], DC polarization [4-6], and EIS [6-10] or average
of their combination [11-15] have been used by
researches to get valuable information for QSAR
studies. Generally, researches consider resistance
element or corrosion rate in order to study QSAR.

A glance at recorded capacitance and resistance
data in literatures reveals that the obtained surface
coverage via capacitance and resistance are not equal in
many cases [16-19]. The most frequently used
parameters to study QSAR are frontier orbital energies,
dipole moment and electronic charge on active sites
[20]. However, some authors tend to use other
parameters like polarizability, molecular connectivity
index, volume and surface area of the molecule, total
negative charges, core-core repulsion and binding
energy to metal cluster for QSAR study [21-27].
Different calculation techniques have been developed
from pure mathematical to semiempirical methods.
Density function theory (DFT) method based on
Becke’s hybrid exchange functional (B3) combined
with the LYP correlation functional (B3LYP) has
shown the best result and it has been widely used in
literatures [28-31]. Linear [32] and non-linear [33, 34]
regressions have been used by researchers to find a

mathematical models for QSAR study.

The present paper intends to study adsorption of
some imidazole derivatives in terms of quantum
chemical parameters. In this regard, charge transfer
resistance and double layer capacitance extracted from
electrochemical measurement are used to evaluate
surface coverage of mild steel by imidazoles. Then, the
calculated surface coverages are modeled with
prediction models based on quantum chemical
parameters to study QSAR. In the present study, we
chose highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies,
dipole moment and electronic charges at active sites,
N1 and N3 according to Figure 1, to evaluate QSAR.
Also, non-linear regression was performed to build
prediction models.

2. Experimental

2.1. Materials and sample preparation

Synthetic grades of three imidazole derivatives
benzimidazole (BIM), 2-methyl-
benzimidazole (MBIM) and 2-aminobenzimidazole
(ABIM) were obtained from Merck and used without
further purification. Test solutions were prepared in

including

four different concentrations of imidazole derivatives
in 3.5% NaCl solution. The concentrations under study
were 107,107, 10 and 10™ M.

Mild steel samples were polished with a magnetic
polisher to remove mill-scale of the surface, followed
by degreasing with xylene and acetone. Surface
roughness in the range of 1-5 microns peak-to-valley
was measured using Elcometer 223. An area of 1 cm’
of samples was exposed to the electrolyte whilst other
areas of the plates were sealed with beeswax-
colophony mixture.

N N N
b, )—CH H—NH,
N \ *.“

|
a H b H ¢ H

Figure 1: Structure of the studied compounds: (1) BIM, (2) MBIM (3) ABIM.
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2.2. Electrochemical impedance spectroscopy
measurement

Each specimen was immersed in 100 ml of prepared
electrolytes at 30 °C and electrochemical impedance
spectroscopy (EIS) was carried out using Autolab
PGSTATI12 after 24 hours
implemented at open circuit potential in the frequency
range of 10°-10" Hz with 10 mV perturbation.
Reference electrode and counter electrode were silver—

immersion. EIS was

silver chloride and platinum (1x1 cm?), respectively.

2.3. Quantum chemical calculation

Quantum chemical calculations were performed using
Gaussian 03W. B3LYP version of DFT was used with
6-311G basis set. Calculations were carried out on a
PC computer equipped with AMD Athlon 64 X2 dual
3800 IGB RAM. Linear
dependency among quantum chemical parameters was

core  processor and
studied using NCSS 2007. Also, non-linear regression

was performed to build prediction models.

3. Results and Discussion
3.1. Extracted parameters of EIS

All impedance spectra were measured at the respective
corrosion potential. The EIS records of this work have
been reported in the previous published work [35]. The
EIS results were analyzed in terms of the equivalent
circuit shown in Figure 2.

Generally, this circuit falls into the classic parallel
capacitor and resistor combination. FRA software
(version 4.9) of Autolab was used for impedance data
analysis. The electrical elements in this figure are R,
R., and CPEy which represent electrolyte resistance,
charge transfer resistance at metal electrolyte interface
of double
respectively. The effective double layer capacitance

and constant phase element layer,

Rs

was calculated according to the following equation
[36]:

]
_(YpRy) !

C
di R

(1

ct

In Eq. 1, C,; represents effective double layer
capacitance, Y, the magnitude of admittance of CPE, n
the exponential term and R, the charge transfer
resistance.

Surface coverage (6) of the mild steel samples
immersed in test electrolytes was calculated by charge
transfer resistance (R.) and double layer capacitance
(C4) according to the following equations.

R

b = 1-( ") @)
ct,i
C,.

0o =1-(—") (3)
dLb

In Eq. 2 and 3, R, and R.; are charge transfer
resistance of sample immersed in Blank solution and
solution containing inhibitor, respectively. Similarly,
Cup and Cy; represent double layer capacitance of
sample immersed in Blank solution and solution
containing inhibitor, respectively. Typical Bode and
Nyquist diagrams after fitting with electrical model
(Figure 2) are presented in Figure 3a and Figure 3b.

The calculated surface coverages are listed in Table
1. Extended discussion on the extract of circuit
elements from EIS data is avoided here as can be found
in references [37, 38].

CPEy,

R

ct

Figure 2: Electrical circuit model used to fit EIS results.
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Figure 3: The Nyquist (a) and Bode (b) diagrams resulted from fitting of EIS results for mild steel samples immersed for
1 day at 30°C in 3.5% NaCl in presence of 0.01 M BIM: Extracted elements from fitting are Rct=1550.9
Ohm.cm2, Y0dI=1.96x10-5 Q-1.cm-2, ndI=0.711.

Table 1: Surface coverages, 6r and 8¢, calculated by charge transfer resistance (R.:) and double layer capacitance (Cg)
for the different test solutions including: BIM, MBIM, ABIM and Blank.

Inhibitor R
Test Solutions ) ORr(%)
Concentration (Qcm”)
10°M 1550.9 4.73x10° 43.38 90.12
10° M 1218.1 2.17x10° 27.91 54.60
BIM
10*M 1111.0 2.93x10° 20.96 38.89
10°M 947.4 4.36x10° 7.31 8.99
102 M 1579.4 3.13x10°6 44.40 93.46
10° M 1314.4 1.97x107° 33.19 58.97
MBIM
10*M 1083.4 2.92x10° 18.95 39.11
10° M 987.1 4.20x10° 11.04 12.37
102 M 1743.8 3.00x10° 49.64 93.73
10° M 1338.1 1.65x107 34.37 65.55
ABIM
10*M 1195.7 2.62x10° 26.56 45.21
10°M 1013.9 4.13x10° 13.39 13.86
Blank - 878.1 4.79x10° - -

Oc values are superior to Oy values as depicted in surface blocking while surface coverage based on
Table 1. Surface coverage based on resistance capacitance represents the ability of adsorbed inhibitors
represents ability of the adsorbed inhibitors to increase to reduce double layer capacity through accumulation
charge transfer resistance and reduce corrosion through on the surface and replacement with water molecules.
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It has been reported that inhibition -efficiencies
calculated by weight loss, polarization or EIS (6g) are
equal to surface coverage [39-41]. It seems that at least
for mild steel immersed in 3.5% NaCl and inhibited by
imidazoles, this is not true and more than expected
imidazoles are adsorbed on the surface. In other words,
for this case study imidazoles are poor blocking agents,
despite their adsorption on the surface. Hence, taking
inhibition efficiency equal to surface coverage may
lead to erroneous results in adsorption isotherm studies.

The big difference between Oz and 6 could be
related to orientation of inhibitor molecules at the
interface and adsorption of the inhibitors on the porous
structure of corrosion products. Orientation of inhibitor
molecules at the interface is influential on the surface
blocking. Imidazoles may adsorb on the surface, but
without parallel orientation to the surface they could
not serve as effective blocking agents. Similar
difference between 0 and 0¢ has been reported in acid
solution in the presence of surfactants [42]. On the
other hand, according to the Pourbaix diagram of Fe, at
neutral condition, corrosion products as ferric and
ferrous hydroxides could be formed. Adsorption of the
inhibitors on the porous structure of corrosion products
may not lead to an efficient surface blocking.

Based on capacitance and resistance values of
corroding mild steel at different concentrations of
inhibitors, Temkin isotherm (Eq. 4) was found to be the
best fitting isotherm. Extended discussion on finding
the best fitting isotherm is avoided here as it can be
found in references [43-47].

0

Cinh AG ads
exp(- ) = exp(fb) “4)
55.5 RT

In equation 4, C;,, represents the concentration of
inhibitor, AG’, the standard free energy of adsorption,
T the absolute
temperature, 6 the surface coverage and f “surface

R the wuniversal gas constant,

heterogeneity” parameter. Calculated standard free
energy of adsorption and surface heterogeneity
parameter corresponding to each imidazole derivative
are presented in Table 2.

3.2. Quantum chemical calculations

As surface heterogeneity is included in the prediction
models, a mean value should be calculated for the
surface heterogeneity parameters listed in Table 2. The
harmonic mean values of surface heterogeneity
parameters are 8.8 and 20.2 for Temkin isotherms
obtained by 6 and 6, respectively.

Before attempt to build prediction models, it needs
to be clarified which compound at the mild steel
surface could interact with imidazole derivatives. Also,
it is quite necessary to determine which quantum
chemical parameters and how many quantum chemical
parameters could be involved in prediction model.

Ferrous and ferric aqua-hydroxy complexes are
probable to exist on Fe surface, according to Pourbiax
diagram of iron at neutral pH. Therefore, zero valent
Fe, Fe(OH),(H,0),, Fe(OH);(H,0); as possible species
are selected for QSAR studies. Frontier orbital energies
of iron and its complexes and quantum chemical
parameters of imidazole derivatives including frontier
orbital energies, dipole moment and charge on possible
active adsorption sites (N1 and N3) are presented in
Table 3.

Table 2: Standard free energy of adsorption and surface heterogeneity parameter obtained from Temkin isotherm.

Imidazole AGY 42 AGa”
. . i £
Derivatives (KJmol™) (KJmol™)
BIM -41.26 -43.07 8.9 20
MBIM -41.69 -44.04 8.7 20.7
ABIM -42.61 -45.95 8.9 19.8

* The reported items are calculated by capacitance data
® The reported items are calculated by resistance data
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Table 3: Quantum chemical parameters extracted by DFT/B3LYP/6-311G method for imidazole derivatives and Fe

species on the mild steel surface.

Chemical
Enomo(eV) Erumo(eV) p (debye) | N1 (charge) N3 (charge)
Compound

-0.234 -0.025

MBIM -0.229 -0.020
ABIM -0.201 -0.001

Fe’ -0.203 -0.147
Fe(OH);(H,0); -0.183 -0.042
Fe(OH),(H,0), -0.080 -0.022

The interaction between imidazole derivatives and
iron or its corrosion products are defined in terms of
electron donating and accepting power. Electron
donating power (Don) of an imidazole derivative is
inversely proportional to energy difference between
HOMO of the imidazole derivative and LUMO of iron
species (Eq. 5). The lower the energy difference
between the HOMO of the imidazole derivative and the
LUMO of iron species, the higher would be the
electron donating power and the stronger would be
bonding. On the other hand, electron-accepting power
(Acc) of an imidazole derivative is inversely
proportional to energy difference between HOMO of
the iron species and LUMO of the imidazole derivative
(Eq. 6). The lower the energy difference between the
HOMO of the iron species and the LUMO of the
imidazole derivative, the higher would be the electron
accepting power which results in stronger back

bonding.
1
Don = (5)
E, ungo (iron species) - Eyoyo (inhibitor)
1
Acc = ——— : — (6)
E| ymo (inhibitor) - E ;4,4 (iron species)
Optimized structures of complex between

benzimidazole and Fe(OH),(H,0), and benzimidazole
and Fe(OH);(H,0); are presented in Figure 4. In this
figure one water molecule is replaced by one
benzoimidazole molecule.

Two different approaches are provided here for
QSAR studies which are based on quantum chemical
parameters of inhibitor alone and quantum chemical

288 Prog. Color Colorants Coat. 8 (2015), 283-294

3.676 -0.800 -0.361
3.695 -0.831 -0.368
4.766 -0.867 -0.411

parameters of inhibitor interacting with iron species.

The largest linear independent set of the quantum
chemical parameters was evaluated by “Variable
Selection for Multivariate Regression” module of
NCSS 2007. This module uses McHenry’s select
algorithm to seek a subset that provides a maximum
value of R-Square. This algorithm begins by fitting the
full model with all candidate variables. In order to
evaluate the model, no linear dependency may exist in
the data. A linear dependency occurs when one
variable is a weighted average of the rest. For example,
if one variable is the total of several others, it cannot be
included in the candidate pool.

Initially five quantum chemical parameters
including Eyomo, ELumo, dipole moment and charge on
N1 and N3 were considered for QSAR study of
inhibitor alone system. The largest possible set of the
quantum chemical parameters is based on Eyowmo,
ELumo and dipole moment. Incorporation of charge on
N1 and N3 in prediction models results in linear
dependency. Similarly, five quantum chemical
parameters including Don, Acec, dipole moment and
charge on N1 and N3 were considered for QSAR study
of inhibitor interacting with iron species. The largest
possible set of the quantum chemical parameters was
based on Don, Acc and dipole moment. Incorporation
of charge on N1 and N3 in prediction models resulted
in linear dependency. Consequently, two sets of
independent three parameters were used to build
prediction models. Regarding to two sets of
independent three parameters and two set of
experimental data (C, and R.) to calculate surface
coverage (6 and 6.), four combination modes could be
considered to build prediction models. These prediction
models are presented in Table 4.
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Figure 4: Optimized structure of complex between benzimidazole and Fe(OH)2(H20)s (a) and the complex between

benzimidazole and Fe(OH)3(H20)s (b).

Table 4: Possible three parametric prediction models based on Temkin isotherm.

inhibitor alone

exp(f.0y) = C,, .(AE om0 T B-E ymo TC-1)

exp(f.0.) = Cip -(AEyopmo T BEymo TC-W)

The calculated coefficients of the prediction models
are listed in Table 5. Also, in Table 5 calculated
adsorption free energies and Average Relative Error
(ARE) of each model are listed to compare the
prediction models. ARE is calculated by Eq. 7.

AG® . (pre)- AG’, , (exp) o
AGOads (exp) !

1
ARE = -3,
n

In Eq. 7, AGOads(pre) represents the standard free
energy of adsorption calculated by prediction models,
AG’4(exp) the standard free energy of adsorption
calculated by experimental results and n the number of
predicted free energies of each system.

inhibitor-iron species interaction

exp(f.0;) = C. , .(A.Don + B.Acc +C.p)

exp(f.0.) = C, ;, .(A.Don + B.Acc + C.p)

According to Table 5, when inhibitor alone was
considered for QSAR calculations, the most effective
parameter with 6z and 6. based calculations was
Erumo, which has the highest absolute values of
coefficients, 1.9x107 and 2.8x107, compared to Eyomo
and p. Therefore, the value of E ymo had the greatest
impact on inhibition efficiency. In addition, the
absolute values of the coefficient of Eyomo, 8.2%10°
and 8.5x10°, were higher than p, 8.2x10° and 2.7x10°,
which suggests that chemical interaction of inhibitor
with mild steel surface is dominant.

Prog. Color Colorants Coat. 8 (2015), 283-294 289



Mahdavian et al

Table 5: The extracted coefficients of the prediction models for surface coverage after linear regression along with
predicted standard free energies of adsorption and ARE of each model.

Surface
Chemical
coverage
Compound
based on
inhibitor 8.2x10°  1.9x107 = 8.2x10°
alone Ca 8.5x10°  2.8x107  -2.0x10°
inhibitor & R 9.8x10*  -4.6x10°  5.7x10°
Fe’ Cy 25x10°  3.9x10°  -1.3x10°
inhibitor & R, 1.8x10°  -5.6x10°  8.8x10°
Fe(OH);(H,0); Ca 6.0x10°  -1.1x10°  -5.9x10°
inhibitor & Ry -3.8x10°  -1.1x10°  1.2x10°
Fe(OH),(H20)4 Ca 5.4x10° -2.8x10*  -4.7x10°

AGOads(pre) AGOads(pre) AGoads(pre)
(KJmol™) (KJmol™) (KJmol™)
BIM MBIM ABIM
-43.72 -44.27 -46.95
0.030238
-43.43 -43.83 -44.12
-43.79 -44.32 -46.97
0.011743
-41.77 -42.46 -42.38
-43.75 -44.29 -46.96
0.009678
-41.53 -42.30 -42.33
-43.71 -44.25 -46.91
0.014003
-41.97 -42.65 -42.75

The influence of dipole moment on corrosion
inhibition is not fully understood. Some authors
showed increase of dipole moment led to decrease of
inhibition and vice versa [48-52]. In order to support
the results, a few of these authors claim that lower
values of dipole moment will favor accumulation of the
inhibitor in the surface layer. In contrast, some authors
showed increase of dipole moment led to increase of
inhibition and vice versa [53-58], which could be
related to dipole-dipole interaction of molecules and
metal surface.

Considering all parameters remaining constant,
increase of inhibitor dipole moment resulted in increase
of Or and decrease of O¢ (Table 5a). Distinct impact of
dipole moment on 8 and 6. could be attributed to their
different nature. The value of 6; is an indication of
surface blocking through adsorption of inhibitors. The
polar mild steel surface interacts with polar inhibitors,
so it seems to be reasonable for higher surface
blocking, 6, with more polar inhibitors. On the other
hand, polarity of the inhibitors affects the dielectric
constant so that with increase of dipole moment, the
dielectric constant increases. Surface coverage, which
is calculated by double layer capacitance decline, is
greatly influenced by dielectric constant of the
inhibitors replacing water molecules with dielectric
constant of 78 [59]. Hence, with increase of dipole

290 Prog. Color Colorants Coat. 8(2015), 283-294

moment of inhibitor molecules the calculated surface
coverage based on capacitance, 0, decreases.

According to Table 5, the prediction models based
on quantum chemical parameters of the inhibitors-Fe’
reveal that the most effective parameter with 6 and 6.
based calculations is u, meaning that the major
interaction of the molecules with the bare mild steel
surface is physical.

The prediction models for surface coverage based
on resistance and capacitance values are also listed in
Table 5 for Fe(OH),(H,0), and Fe(OH);(H,0);. Dipole
moment is the most significant parameter affecting 6y
values, meaning the interaction of inhibitors with
corrosion products on mild steel surface is physical
when surface coverage is a measure of surface
blocking. However, the most significant parameter on
Oc values is electron donating power (Don), which
means that the interaction of inhibitors with mild steel
surface is chemical when surface coverage is a measure
of decrease in double layer capacitance. Such a decline
in double layer capacitance could be connected to
double layer dielectric constant descent and double
layer thickness increase. In the other words, inhibitors
could chemically interact with Fe(OH),(H,0), and
Fe(OH);3;(H,0); on the mild steel surface resulting in a
porous thick layer which could not effectively block
double layer

the surface but could decrease
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capacitance. The same impact of dipole moment on 6
and 6 as discussed on inhibitor alone and inhibitor-Fe’
QSAR calculations can be observed for inhibitor-
Fe(OH),(H,0), and inhibitor-Fe(OH);(H,0); QSAR
calculations.

Calculated standard free energies of adsorption
based on prediction models showed good correlation
with standard free energies of adsorption calculated by
experimental surface coverage (Table 2). When
inhibitor alone was considered for QSAR calculations,
the ARE was about 0.0302 while with consideration of
recipient side, ARE decreased to below 0.015 which
indicated better correlation of standard free energy of
adsorption calculated by experimental data and
prediction models.

4. Conclusions
The results obtained by quantum chemical calculations
on adsorption of imidazole derivatives on mild steel in
3.5 wt. % NaCl solution can be summarized as follow:
1. Inhibition efficiencies calculated by change
transfer resistance were generally lower than ones
calculated by double layer capacitance. In other words,
imidazoles adsorbed more than expected from increase
of charge transfer resistance.
2. When prediction models were based on quantum
parameters of imidazoles only, the most effective
parameter were frontier orbital energies meaning that
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