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Abstract

Inhibition efficiencies of three amine derivatives (Diethylenetriamine (I), Triethylenetetramine
(I), and Pentaethylenehexamine (III)) have been studied on corrosion of carbon steel using
density functional theory (DFT) method in gas phase. Quantum chemical parameters such as
EHOMO (highest occupied molecular orbital energy), ELUMO (lowest unoccupied molecular
orbital energy), hardness (1), polarizability (a), dipole moment (u), electrophilicityindex ()
totalnegative charges on atoms (TNC) and molecular volume (MV) have been calculated at
the B3LYP level of theory with 6-311++G ** basis set. Moreover, adsorption behavior of the
inhibitor molecules on Fe (110) surface has been analyzed using molecular dynamics simulation.
The binding strength of the concerned inhibitor molecules on Fe (110) surface follows the order
HI>II>1, which is in good agreement with the experimentally determined inhibition efficiencies.
In consistent with experimental data, theoretical results showed that the order of inhibition
efficiency is Pentaethylenehexamine (III)>Triethylenetetramine (II)>Diethylenetriamine
(D). This study has shown that DFT along with MD can be successfully be used as a reliable
approach to screen organic corrosion inhibitors prior to experimental validation.

Key words: Corrosion, Inhibition efficiencies, Quantum Chemical Parameters, Molecular

Dynamics Simulation, Carbon Steel.

Introduction aqueous corrosive surroundings [1, 2].
Corrosion is defined as the degradation Corrosion of mild steel is a major concern
of a metal either by direct chemical or for a long time due to frequent use of mild

electrochemical reaction in contact with steels in various industrial divisions. The
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protection of metal surfaces against corrosion
is an important industrial and scientific topic.
Several classes of organic compounds are
widely used as corrosion inhibitors for metals
in acid environments [3]. Evaluation of
corrosion inhibitors for mild steel is important
for both theoretical and industrial point of
views for the last decades; quantum chemistry
has become an effective way in studying the
relationship between the inhibitor molecular
properties and structure with inhibition
efficiencies.

In the Quantum chemical methods, several
factors and quantum chemical parameters
are checked to study the corrosion inhibitive
potentials of inhibitors. From the 1970s,
successful research has been carried out in the
field of corrosion inhibition using different
computational approaches [4-8]. However,
quantum chemistry computing methods are
computationally expensive and are usually
only applied to systems containing no more
than 100 atoms or small molecules. It is not
practical to model large systems containing
dozens of metal atoms and hundreds of
solvent molecules. Molecular dynamics (MD)

simulation has been another effective tool

often used to study the interaction of inhibitors
with the metal surface [9-12].

Migahed et al. [13] have recently reported
experimentally inhibition efficiencies of some
amine derivatives for carbon steel corrosion
in cooling water systems. Herein, inhibition
effects of three amine derivatives(Fig. 1) have
been investigated on corrosion of carbon steel
using some quantum chemical parameters
such as EHOMO (highest occupied molecular
orbital energy), ELUMO (lowest unoccupied
molecular orbital energy), hardness (1),
polarizability (o), total negative charges on
atoms (TNC), molecular volume (MV), dipole
moment (u«) and electrophilicity (®). This
study displays a good correlation between
the theoretical and experimental data which
confirms the reliability of the quantum
chemical methods for studying the inhibition
of corrosion of metal surfaces.

Also, Molecular dynamics simulation which
has been proven to be efficient in the evaluation
of the interaction of organic compounds with
metal, was used to analyze the adsorption
energies of amine compounds upon the Fe
(110) surface.
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Figure 1. Optimized structures of studied amines.

Quantum chemical calculations and
dynamic simulations
Quantum  chemical calculations  were

performed for three amines as corrosion
inhibitors using the density functional theory
(DFT) method at the hybrid functional B3LYP
level of theory with

6-311++G** basis set [ 14-16] by the Gaussian
[17].

carried out on

03 series of programs Frequency

calculations were also
optimized geometries to find out the nature
of the stationary point on the potential energy
surface. The theoretical parameters were

calculated in gas phase.

Molecular properties, in relation to the
reactivity of the compounds, were estimated
following the Koopmans’s theorem relating
the energy of the HOMO (E,)) and the LUMO
(E,) [18].

Global hardness (77) measures the resistance
of an atom to a charge transfer [19]; it is
calculated using the equation (1):

n=>(EL— Ey) (1)

Electronegativity y is the measure of the
power of an atom or group of atoms to attract
electrons to it when chemically combined with

another atom [20], it can be expressed with the

equation (2):
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(2)

Global electrophilicity index (w), has been

1
X =—5(EL+En)

proposed by Parr et al is the measure of the
electrophilic tendency of a molecule [21]; it is
can be obtained from the definitions of global
hardness and the electronegativity as follows:

2

W= (3)
This was proposed as a measure of the
electrophilic power of a molecule. A good
nucleophile is characterized by low value of
w; while a good electrophile is characterized
by high value @ [22]. The higher value ofo,
the higher capacity of the molecule to accept
electrons. During the interaction of the
inhibitor molecule with bulk metal, electrons
flow from the lower electronegativity molecule
to the higher electronegativity metal until the
chemical potential becomes equalized. The
fraction of the transferred electron, AN, was
stated through the equation (4):

AN — Xm—Xi
2(Mm+my)

4

[13%2]
1

Where the indices “m” and “i” refer to metal
atom and inhibitor molecule, respectively
and where y_ and y, represent the absolute
electronegativity of iron and the inhibitor
molecule, respectively; n_ and mn, state the
absolute hardness of iron and the inhibitor
molecule, respectively. The theoretical values
of x_and n_ were employed 7 eV.mol" and 0
eV.mol-1 for bulk iron, respectively by means

of an approximation for a metallic bulk I =

A, because they are softer than the neutral
metallic atoms [23, 24].

Actually, the value of 7.0 eV corresponds to
the free electron gas Fermi energy of iron
in the free electron gas model. Where the
electron—electron interaction is neglected,
and the use of this value as y . conceptually
wrong [25, 26]. Therefore, some researchers
demonstrated that the work functions (¢_) of
a metal surface is an appropriate measure of
its electronegativity and should be used in the

estimation of AN[27, 28] , as follows:

AN — Pm—Xi
2(Mm+mi)

)

The surface energy of Fe planes is, typical for
bece transition metals, in the order of E(110)
< E(100) < E(111) [29], thus the most stable
plane would be Fe(110). Herein, in this study
we had chosen Fe (1 1 0) surface among other
optional Fe surfaces. Where the ¢ m value
obtained from DFT calculations is 4.82 eV
for Fe (110) surfaces [30]. The electric dipole
polarizability (a) is a measurement of the
linear response of the electron density in the
presence of an infinitesimal electric field F and

it descript a second order variation in energy:

o= ( d%E )
- 02F 4 82Fy,

The polarizability (a) is calculated as the mean

(6)

a,b=x,y,z

value and express through the equation (7):

(7)

It was discovered that polarizabilities are

a=2(ay +ay +a)

inversely proportional to the third power of
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the hardness values [31, 32]. On the basis of
this fact, the minimum polarizability principle
(MPP) has been suggested [33], with respect
to this point, ‘the natural direction of evolution
of any system is towards a state of minimum
polarizability’. This principle is also applied
for chemical reactions and it is deduced that
in chemical reactions, the most stable species
(reactants or products) have the lowest sum
of oé [34]. A theoretical proof of such a
principle does not exist. Molecular dynamics
simulation (MD simulation) is a technique
which is popular to studies of interaction
between inhibitor and the concerned metal
surfaces. The interaction between an inhibitor
and iron (Fe) surface is investigated by MD
simulation using the Forcite module of the
Materials Studio 6.0 software developed by
Accelrys Inc [35]. As earlier observed for Fe
[29], the most stable plane would be Fe(110).
Herein, in this study we had chosen Fe (1 1 0)
surface among other optional Fe surfaces for
simulation.

The interaction between Fe (110) surface
and inhibitor molecules is carried out in a
simulation box (37.23x37.23x72.11A) with
periodic boundary conditions. A vacuums
lab of 50A height is kept over the Fe (110)
surface. Non-bonding, van der Waals and
electrostatic interactions were set as atom-
based summations using the Ewald summation
method with a cutoff radius of 15.50A.Using

twenty layers of iron atoms gives a sufficient

depth that the inhibitor molecules will only be
involved in non-bond interactions with iron
atoms in the layers of the surface, without
unreasonably increasing the calculation time.
During the simulation process all the atoms in
the Fe (110) surface were fixed and inhibitors
are allowed to interact with the metal surface
freely. The interaction of inhibitors on the Fe
(110) surface is then simulated by COMPASS
force field. The MD simulation is performed
at 298.0 K under canonical ensemble (NVT)
using a time step of 1.0 f's and a simulation
time of 100 ps. the geometry of the system
was optimized such that the total energy of the
system was at a local minimum with respect
to potential energy. Then, the dynamic process
was carried out until the entire system reached
equilibrium, at which both the temperature
and the energy of the system were balanced.
The interaction energy between the metal
and the inhibitors was then considered as the
difference between when the adsorption occurs
between the surface and adsorbed inhibitor
molecule, the energy of the new system is
expressed as (E,_,) and the sum of the total
energy of the surface without the inhibitor and
the energy of the inhibitor without the surface.
(Ey + E.,) resulted in the equation[35];
E, =E (Fe-X) ~ (Ex + EFe) (8)

Result and discussion
The

investigated via analysis of the frontier

global molecular reactivity was
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molecular orbitals (FMO) in terms of

interaction between the frontier orbitals,
involving the HOMO and the LUMO [36].
EHOMO describes the electron donating
ability of the molecule. Therefore, inhibitors
with high values of EHOMO have a tendency
to donate electrons to an appropriate acceptor
with a low empty molecular orbital energy. On
the other hand, the energy of LUMO indicates
the ability of the molecule to accept electrons.

The lower value of E the more probable it

LUMO?

is that the molecule accepts electrons.

The inhibition efficiency increases with

the enhancement of E

HOMO
E.omo values

values. High
indicate that the molecule
has a tendency to donate electrons to the
appropriate acceptor molecules with a low-
energy empty molecular orbital. The lower

value of E

Lumo Suggests the molecule easily

accepts electrons from the donor molecules
[37]. Table 1 presents the calculated values
of E oo and E o for the studied three

amine in gas phase. Based on the increasing
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value of E the order for the variation of

HOMO?
inhibition efficiencies of the studied inhibitors
1s consistent with the order obtained from
experimental data (IIT > II > I)[13]. The trend

obtained for E is compatible well with

LUMO?
the trend in the experimentally determined
inhibition efficiency.

Absolute hardness is a very significant
parameter when discussing molecular
reactivity and stability. Soft molecules indicate
more reactivity than hard ones because they
can donate electrons without difficulty. Hence,
inhibitors with the least values of global
hardness are expected to be well corrosion
inhibitors for bulk metals. On the basis of
Wang et al. investigation[38], adsorption of
inhibitor onto a metallic surface occurs at the
part of the molecule which has the greatest
softness and lowest hardness. Moreover,
Table 1 present the calculated values of n for
the chosen amines in gas phase. The results
exhibit that III and II have the least hardness

values compared to I, respectively.

Table 1. Quantum chemical parameters of the studied amines in gas phase calculated at B3LYP/6311++G** level.

Enomo  Erumo n X AN a MV 17 w TNC
(ev) (ev) (ev) (ev) (e) (a.uw)  (cm*/mol) (Debye) (ev) (e)
gas m -6.12 -0.438 2.84 3.281 0.270 185.8  228.1 3.510 1.894  -6.13
11 -6.15 -0.414 286 3.282 0.268 1154 136.7 3.340 1.878  -4.08
I -6.20 -0.390 290 3.301 0.261 80.3 107.8 2.930 1.877  -3.07

The electronegativity expresses the tendency
of an atom in a molecule to attract electrons
toward it. Since good inhibitors are usually

those which are capable of donating electrons

to the metallic surface, so we are expected that
the electronegativity values will decrease with
the enhancement of inhibitive efficiencies. In

addition, the values of y for the present system
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are accumulated in Table 1. The trend in the y
values for the mentioned inhibitors show III
has the lowest value of electronegativity. This
effect increases its adsorption on the mild steel
surface and therefore enhances its corrosion
inhibition efficiency when compared to I and
I, respectively.

The calculated electrophilicity values for
each one inhibitor are included in Table 1.
Data in Table 1shows that the electrophilicity
index of the inhibitor molecules follow the
trend: IIT >II> I. The calculated high value of
electrophilicity index (®) for I1I shows that this
molecule behaves as a strong electrophile than
IT and I which confirms its high capacity to
accept electrons. Thus, unoccupied d orbitals
of Fe atom can accept electrons from inhibitor
molecule to form a coordinate bond. Also the
inhibitor molecule can accept electrons from
Fe atom with its anti-bonding orbitals to form
back-donating bond. These donation and back-
donation processes strengthen the adsorption
of IIT onto the mild steel surface.

The number of electrons transferred (AN) for
species were also calculated and tabulated
in Table 1. The positive number of electrons
transferred (AN) exhibits that the molecules
operate as an electron donor, while a negative
number of electrons transferred (AN) indicates
that the molecules have activity as electron
acceptors[39]. Thus all the species in the
current system act as electron donors. In the

case of corrosion inhibitors, a higher AN

implies a very large tendency to interact with
the metal surface (i.e., a greater tendency to
adsorb on the metal surface). Values of AN
for species show that III has the highest AN
value. As can be seen, AN values are strongly
compatible with experimental inhibition
efficiencies. Thus, the highest fraction of
electrons transferred is closely associated with
the best inhibitor (IIT), while the least fraction
is connected with the inhibitor that has the
least inhibition efficiency (I).

Polarizability (a) is the ability for a molecule
to be polarized and this is well reactivity
indicators [34]. The higher values of the
polarizability facilitate the strong adsorption
process of corrosion inhibitors onto metal
surface and hence, high inhibition efficiency.
Polarizability is the ratio of induced dipole
moment to the intensity of the electric field.
The induced dipole moment is proportional to
polarizability [37]. Some struggles have been
made to connect the polarizability of corrosion
inhibitors to their inhibition efficiency. The
polarizabilities were evaluated using Eq. (7)
and reported in Table 1 for three amines. As
can be seen, the trend for the variation of
polarizability follows: III >II>I. These data
reveal that the trend of increasing inhibition
efficiencies of the inhibitors with respect to
enhancement of polarizability is consistent
well with the order of the experimental %
inhibition efficiencies results (III>11>1).

The dipole moment (u) is another important
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electronic parameter that results from non-
uniform distribution of charges on the various
atoms in the molecule. The energy of the
deformability increases with the increase in p,
making the molecule easier to adsorb at the
Fe surface. The high value of dipolemoment
probably enhances the adsorption on the metal
surface[40], In the current work, the results
seemingly support this viewpoint, III has a
higher value of the dipole moment than II and
[.Molecular volume (MV) illustrates possible
metal surface coverage by the inhibitor. The
compound that has large MV value has the
highest surface coverage and hence might give
a very large protection to the metal surface.
The inhibition efficiency speeds up as the
volume of the molecules increases due to the
enhancement of the contact area between the
molecule and the surface. A comparison of the
MYV values across structures emphasize the
order III > II > I. The trend in the MV values
is compatible well with the experimentally
determined inhibition efficiencies.The
active sites of the inhibitor molecule can be
determined by accounting natural atomic
charge.

It is proven that charges are important in many
different types of chemical reactions and the
physical as well as chemical properties of
compound [4]. The partial charges on the
individual atoms in a molecule also indicate
the reactive centers for a particular inhibitor.

The atoms with the highest negative charge

are considered to have the highest tendency
to donate electrons to the metal surface. Thus,
the inhibitor is likely to interact with the
metal surface through such atoms. For this
purpose, natural bond orbital (NBO) analysis
was performed. Net atomic charges have been
obtained using the natural population analysis
(NPA). The atomic charges on the atoms of the
chosen amines in gas phase are summarized
in Table 2. The most favorable sites for the
interaction with the metal surface for species
were N heteroatoms; because these atoms
have a larger negative charge, which suggests
that those active centers with excess charges
could act as a nucleophilic group. The binding
capability of the metal on the inhibitor depends
strongly on the electronic charge of the active
site [41]. Each inhibitor molecule was allowed
to interact with the Fe metal at the atom that
has the highest negative charge.

Another parameter that was considered is the
total negative charge (TNC) that can give
us valuable information about the reactive
behavior of the studied inhibitors. It is obtained
by summing up all the negative charges within
a molecule [3, 42]. Summation of the total
negative charges on atoms over the skeleton
of the molecule (TNC) is collected in Table
1. The calculations exhibited that the inhibitor
with the highest inhibition efficiency has the
highest TNC value which agrees well with the
experimental observations.

As it can be seen from the atomic charges in
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Table 1, the total number of charge centers
(negative) was generated for the amine
derivatives. The negative charge centers could
donate electrons to the Fe atoms for generation
of coordinate bonds while the positive charge
centers can accept electrons from 3d orbitals
of the Fe atom to form feedback bonds,
thus further strengthening the interaction of
inhibitor and Fe surface. The high inhibition
efficiency of III and I can be emerged from

their high number of charged centers of 16

and 10, respectively. This was confirmed by
calculating TNC, where the more active sites
the molecule has, the higher TNC and the
higher inhibition efficiency.Many corrosion
inhibition studies nowadays contain the use of
molecular dynamics simulation as an important
tool in understanding the interaction between
adsorbate-metal surface [4, 43-45]. It has been
reported that the more negative the adsorption
energies, the stronger the adsorbate-metal

interaction [46].

Table 2. The calculated atomic NBO (Natural bond orbital) charges (q) for selected atoms for the III,

IT and I inhibitorsin gas phase.

11 q 1 q 1 q
N 1 0.6755 N 1 -0.8458 N 1 -0.8457
H 2 0.3360 H 2 0.3529 H 2 0.3527
C 3 201701  H 3 0.3443 H 3 0.3443
H 4 0.1915 C 4 -0.1811 C 4 -0.1811
H 5 0.1465 H 5 0.1895 H 5 0.1892
C 6 201609 H 6 0.1461 H 6 0.1457
H 7 0.1912 € 7 -0.1732 G -0.1734
H 8 0.1457 H 8 0.1916 H 8 0.1917
N 9 06724 H 9 0.1466 H 9 0.1467
H 10 0.3365 N 10 -0.6740 N 10 -0.6756
c 11 01699  H 11 0.3356 H 11 0.3347
H 12 0.1455 C 12 -0.1702 C 12 -0.1734
H 13 0.1915 H 13 0.1457 H 13 0.1467
C 14 0.1703  H 14 0.1918 H 14 0.1917
H 15 0.1462 C 15 -0.1701 C 15 -0.1810
H 16 0.1919 H 16 0.1457 H 16 0.1458
N 17 0.6740  H 17 0.1918 H 17 0.1892
H 18 0.3354 N 18 -0.6740 N 18 -0.8457
Cc19 01732 H 19 0.3356 H 19 0.3527
H 20 0.1916 C 20 -0.1731 H 20 0.3443
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0.1467
-0.1811
0.1459
0.1894
-0.8456
0.3443
0.3528
-0.1745
0.1883
0.1538
-0.1736
0.1496
0.1956
-0.6784
0.3445
-0.1763
0.1470
0.1905
-0.1817
0.1466
0.1896
-0.8462
0.3532
0.3446
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23
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0.1916
0.1466
-0.1811
0.1461
0.1895
-0.8458
0.3443
0.3529

In this study, three selected inhibitors (I, [l and molecules and iron surface were depicted in

IIT) have been placed on the Fe (1 1 0) surface Fig. 2. The calculated interaction energy

to find out the most favorable adsorption sites obtained from molecular dynamics simulation

along with their suitable configuration. The were presented in Table 3.

best adsorption configurations for the inhibitor
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Figure 2. Equilibrium adsorption configurations of inhibitors I, II and III on Fe (1 1 0) surface
obtained by molecular dynamics simulations.

Table 3. The interaction energy obtained from MD simulation for adsorption of inhibitors on Fe (1 1 0) surface.

system Einteraction (kcal/mol)
Fe+III -245.589
Fe+II -161.981
Fe+l -110.815

As it can be seen from figure 2, inhibitor adsorption configurations ensure that the
molecules have a flat or parallel orientation iron surface can be maximally covered by

with respect to the iron surface. The parallel the investigated inhibitor molecules. It is
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evident that values of E,_ are negative for
three inhibitors implying that the adsorption
on mild steel surface is spontaneous. Also,
from a thermodynamic point of view, the
more stable system has the lowest energy
state. Therefore, we expect that the more
stable formed complex has the lower values
of E_. It is clear from Table 3, that III gave
the maximum negative adsorption energy.
Therefore, III is expected to exhibit greater
inhibition abilities as compared to II and
I. The obtained interaction energy values
have good linear correlation with inhibition
efficiency. Both results (the interaction energy
and the bond distances), confirm that III has
a stronger adsorption on the metal surface.
Accordingly, the classification of these three
inhibitors based on the theoretical study is
in quite a good agreement with the reported

experimental corrosion inhibition efficiencies.

Conclusion

The results of DFT and MD simulations cal-
culations on three amine derivatives (Diethyl-
enetriamine (I), Triethylenetetramine (II), and
Pentaethylenehexamine (III)) corrosion inhib-
itors have been presented in gas phase. Both
theoretical and experimental results show that
the order of inhibition efficiency is Pentaeth-
ylenehexamine  (III)>Triethylenetetramine
(Il)>Diethylenetriamine (I). The experimen-

tal inhibition efficiencies are closely related

to the quantum chemical parameters such as

EHOMO, n, ELUMO, yx, TNC, MV, dipole
moment (p ), electrophilicity index (®) , o and
AN. It is also found that the calculated mo-
lecular parameters are all in good agreement
with the experimental inhibition efficiency,
confirming the reliability of quantum chemi-
cal method employed herein. Quantum chemi-
cal calculations reveal that III as an inhibitor
has the highest tendency to adsorb strongly
onto the metal surface. Molecular dynamics
simulation results reveal that interaction en-
ergy values of the three inhibitor compounds
with the Fe(110)surface obey the order III >
IT > I, in accordance with the experimental in-
hibition efficiency. This study has shown that
DFT along with MD can be successfully can
be used as a reliable approach to screen organ-
ic corrosion inhibitors prior to experimental

validation.

References

[1] E.E. Ebenso, D.A. Isabirye, N.O. Eddy,
International Journal of Molecular Sciences,
11, 2473(2010).

[2] M. Bouayed, H. Rabaa, A. Srhiri, J.Y.
Saillard, A.B. Bachir, A.L. Beuze, Corrosion
Science, 41, 501(1998).

[3] M.S. Masoud, M.K. Awad, M.A. Shaker,
M.M.T. El-Tahawy, Corrosion Science, 52,
2387(2010).

[4] S. Xia, M. Qiu, L. Yu, F. Liu, H. Zhao,
Corrosion Science, 50, 2021(2008).

[5] S.K. Saha, A. Dutta, P. Ghosh, D. Sukul,



M. H. Ghorbani et al., J. Appl. Chem. Res., 11, 1, 7-20 (2017) 19

P. Banerjee, Physical Chemistry Chemical
Physics, 17, 5679(2015)

[6]A. Liu, X. Ren, J. Zhang, C. Wang, P. Yang,
J. Zhang, M. An, D. Higgins, Q. Li, G. Wu,
RSC Advances, 4, 40606(2014).

[7] D.B. Hmamou, R. Salghi, A. Zarrouk,
H. Zarrok, R. Touzani, B. Hammouti, A. El
Assyry, Journal of Environmental Chemical
Engineering, 3, 2031(2015).

[8] M. Dehdab, M. Shahraki, S.M. Habibi-
Khorassani, Amino Acids (2015).

[9] T.P. Swiler, R.E. Lochman, Acta Materialia,
48, 4419(2000).
[10]K.F.Khaled,A.M.El-Sherik, International
Journal of Electrochemical Science, 8, 10022
(2013).

[11] A. Kornherr, S.A. French, A.A. Sokol,
C.R.A. Catlow, S. Hansal, W.E.G. Hansal,
J.O. Besenhard, H. Kronberger, G.E. Nauer,
G. Zifterer, Chemical Physics Letters, 393,
107 (2004).

[12] A. Kornherr, S. Hansal, W.E.G. Hansal,
J.0O. Besenhard, H. Kronberger, G.E. Nauer,
G. Zifferer, The Journal of Chemical Physics,
119, 9719 (2003).

[13] M.A. Migahed, A.A. Attia, R.E. Habib,
RSC Advances, 5, 57254 (2015).

[14] A.D. Becke, Physical Review A, 38, 3098
(1988).

[15] A.D. Becke, The Journal of Chemical
Physics, 98, 5648 (1993).

[16] C. Lee, W. Yang, R.G. Parr, Physical
Review B, 37, 785 (1988).

[17] M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G. Scalmani, V. Barone, B. Mennucci, G. A.
Petersson, H. Nakatsuji, M. Caricato, X. Li,
H. P. Hratchian, A. F. Izmaylov, J. Bloino,
G. Zheng, J. L. Sonnenberg, M. Hada, M.
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, J. Montgomery, J. A., J. E.
Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R.
Kobayashi, J. Normand, K. Raghavachari, A.
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,
M. Cossi, N. Rega, N. J. Millam, M. Klene, J.
E. Knox, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O.
Yazyev, A. J. Austin, R. Cammi, C. Pomellj,
J. W. Ochterski, R. L. Martin, K. Morokuma,
V. G. Zakrzewski, G. A. Voth, P. Salvador, J.
J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J.
Cioslowski, D. J. Fox, Gaussian 09, Revision
A.02, Gaussian, Inc., Wallingford, CT, (2009).
[18] C.-G. Zhan, J.A. Nichols, D.A. Dixon,
The Journal of Physical Chemistry A, 107,
4184 (2003).

[19] R.G. Parr, W. Yang, Density Functional
Theory of Atoms and Molecules, (Oxford
University Press, Oxford) (1989).

[20] Mahendra Yadav, Sushil Kumar, Indra
Bahadur,
Journal of Electrochemical Scince,9, 6529
(2014).

D. Ramjugernath, [International



20

[21] R.G. Parr, L.v. Szentpaly, S. Liu, Journal
of the American Chemical Society, 121, 1922
(1999).

[22] A.T. Maynard, M. Huang, W.G. Rice,
D.G. Covell, Proceedings of the National
Academy of Sciences of the United States of
America, 95, 11578 (1998).

[23] R.G. Pearson, Inorganic chemistry, 27,
734 (1988).

[24] K.F. Khaled, Electrochimica Acta, 55,
6523 (2010).

[25] N. Kovacevi¢, A. Kokalj, The Journal of
Physical Chemistry C, 115, 24189 (2011).
[26] M. Yadav, D. Behera, S. Kumar, R.R.
Sinha,/ndustrial & Engineering Chemistry
Research, 52,6318(2013).

[27] LB. Obot, D.D. Macdonald, Z.M. Gasem,
Density functional theory (DFT) as a powerful
tool for designing new organic corrosion
inhibitors. Part 1: An overview, Corrosion
Science.

[28] A. Kokalj, Electrochimica Acta, 56, 745
(2010).

[29] J.-M. Zhang, D.-D. Wang, K.-W. Xu,
Applied Surface Science, 252, 8217 (2006).
[30] A. Kokalj, Chemical Physics, 393, 1
(2012).

[31]J. Zevallos, A. Toro-Labbé, Journal of the
Chilean Chemical Society, 48, 39 (2003).

[32] T.K. Ghanty, S.K. Ghosh, Journal of
Physical Chemistry, 97, 4951 (1993).

[33] PK. Chattaraj, S. Sengupta, Journal of
Physical Chemistry, 100, 16126 (1996).

M. H. Ghorbani et al., J. Appl. Chem. Res., 11, 1, 7-20 (2017)

[34] U. Hohm, Journal of Physical Chemistry
A, 104, 8418 (2000).

[35] Materials Studio 6.1 ManualAccelrys,
Inc., San Diego, CA, (2007).

[36] K. Fukui, Angewandte Chemie
International Edition in English, 21, 801
(1982).

[37] E.E. Ebenso, T. Arslan, F. Kandemirli,
N. Caner, 1. Love, International Journal of
Quantum Chemistry, 110, 1003 (2010).

[38] H. Wang, X. Wang, H. Wang, L. Wang, A.
Liu, Journal of Molecular Modeling, 13, 147
(2007).

[39] E. El Ashry, A. El Nemr, S. Ragab, Journal
of Molecular Modeling, 18, 1173 (2012).

[40] X.L1,S.Deng, H. Fu, T. Li, Electrochimica
Acta, 54, 4089 (2009).

[41] S.E. Nataraja, T.V. Venkatesha, H.C.
Tandon, B.S. Shylesha, Corrosion Science,
53,4109 (2011).

[42] S.E. Nataraja, T.V. Venkatesha, H.C.
Tandon, Corrosion Science, 60, 214 (2012).
[43] Y. Tang, X. Yang, W. Yang, Y. Chen, R.
Wan, Corrosion Science, 52, 242 (2010).

[44] Y. Tang, L. Yao, C. Kong, W. Yang, Y.
Chen, Corrosion Science, 53, 2046 (2011).
[45]L.Feng, H. Yang, F. Wang, Electrochimica
Acta, 58,427 (2011).
[46] K.F. Khaled,
Electrochem, 41, 423 (2011).

Journal  ofApplied



