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Abstract

The current study discusses the possibility of using dinitrobis(N-benzyl benzimidazole)
copper(ll) (Alpha-Cu and Beta-Cu) and dichlorobis(N-benzyl benzimidazole) nickel(I1) (Ni)
complexes as corrosion inhibitors using Density Function Theory (DFT). The research proposed
using the above-mentioned complexes to inhibit the corrosion induced by aggressive ions and/or
Acidithiobacillus ferrooxidans bacteria (A. ferrooxidans). Total Electron Density (TED) and
Mulliken charges were calculated to determine the adsorption active sites on the studied
molecules. HOMO, LUMO, dipole moment, energy gap, and other characteristics were also
employed to compare the efficiency of the proposed inhibitors by Gaussian 09 program.
Docking calculations were utilized to assess the inhibition of A. ferrooxidans based on binding
energy (Eb). DFT results indicated that both complexes have good inhibition efficiency
according to the studied parameters and adsorption properties in both media. Further, an
experimental part was included to supplement the theoretical one, using the polarization method
at 10 ppm and 35°C. The order of efficiency was Alpha-Cu> Beta-Cu>Ni according to the
theoretical and experimental parts.
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1. Introduction

Corrosion is a natural phenomenon, in which the metal is converted into more stable (less
energy) compounds such as oxides, hydroxides, sulfides, or carbonates. This process can be
done by chemical and/or electrochemical reactions of the metals with their environment. One
of the most important metals is iron or steel, which react with oxygen and water in the
environment to form hydrated iron oxides, also known as rust, which is chemically identical
to the original ore composition [1-4].

Corrosion is easy to be seen on chemical and petrochemical equipment, which is one
of the biggest problems in this industry. To prevent or decrease corrosion, different
techniques, such as coating, cathodic protection, and corrosion inhibitors, have been utilized
[5—-7]. Corrosion inhibitors are chemicals with different chemical structures and inhibition
mechanisms that significantly reduce corrosion rates when used in small amounts.

Inorganic inhibitors are widely used because of their high performance and ease of
synthesis. Most vitamin B complexes, dyes, enzymes, antibiotics, alkaloids, amino acids,
and drugs contain heterocyclic compounds with substituents other than carbon. The five-
membered oxadiazole is highly reliable for various industrial applications [8—13]. Inorganic
compounds are found to have a significant advantage in corrosion inhibition, which was due
to their role in limiting corrosion under various corrosive conditions. A protective coating is
produced on the metal surface, and these molecules are particularly efficient in preventing
corrosion caused by water.

Ligands that contain heteroatoms such as phosphorus, sulfur, nitrogen, and oxygen are
found in most known inorganic inhibitors. One or more functional groups containing one or
more heteroatoms are commonly found in potent organic inhibitors [4, 5, 15].

Depending on the active sites, the inhibition efficiency is related to O, N, S, and P
atoms. In an acidic medium, S and N-containing inhibitors are commonly used. Furthermore,
compared to molecules containing only one of these heteroatoms, molecules containing
nitrogen and sulfur can afford an excellent inhibition efficiency [16]. The electron density
and polarizability of the functional group determine the strength of the adsorption bond [17].
The current research aims to investigate the corrosion inhibition efficiency of two metal
complexes, dinitrobis(N-benzyl benzimidazole)copper(ll), and dichlorobis(N-benzyl
benzimidazole)nickel(l1) [18], using density functional theory principles (DFT). In both
complexes, the central metal ion is coordinated with two moieties of N-benzyl benzimidazole
and two chloride ions in the case of Ni(ll) complex, and two nitrate ions in the case of Cu(ll)
complex. The theoretical inhibition efficiency is directly correlated to some quantum
chemical parameters dealt with in the current study. Last but not least, docking calculations
are also used to investigate the possibility of corrosion inhibition caused by specific
microorganisms.
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2. Calculations models

The current study employed three software applications. A hybrid function of Becke three-
parameters Lee, Yang, and Parr were used in the quantum chemical computations (B3LYP)
by Gaussian 09. In addition, to correct electrical characteristics and geometries for
complexes, the LanL2DZ basis set produces equivalent findings [19, 20], which was done
in a vacuum [21-23]. The docking calculations were performed using the Molecular
Graphics Laboratory (MGL). The program simulated protein—ligand interactions as well as
other biomolecular systems. These simulations predicted the involvement of the studied
compounds in inhibiting bacterial corrosion. The bacteria Acidithiobacillus ferrooxidans
was chosen for its corrosive effect and iron atom dissolution [24]. The selected bacteria’s
protein structure (3f9s) was retrieved from RCSB [25]. The ADT tool in Molecular Graphics
Laboratory was used to evaluate the structures of both the protein and the inhibitors [26].
The Autodock was performed by the Discovery Studio Visualizer (DSV) program [25] to
determine the molecule’s root.

3. Results and Discussion

3.1. Inhibition parameters

We employed the LanL2DZ basis set, which gives natural electrical characteristics and
geometries for complicated structures in the ground state (Figure 1) [27]. The cupper element
Is considered with electrons in two directions (alpha and beta). The calculations were made
in a vacuum [28, 29]. Limit orbital theory was used to predict the inhibitor-metal surface
interaction [30]. The FMO provides significant evidence for stability via the difference in
orbital energy as E=E, umo—Enomo. High Exomo Values of the inhibitor molecule suggest a
predisposition for giving electrons. The ability of a molecule to receive an electron is
measured by its LUMO energy (ELumo). The energy gap (E=ELumo—Enomo), dipole moment
(n), electronegativity (y), ionization potential (IP), electron affinity (EA), and global softness
(S) are all connected to the inhibitory efficiency of the examined compounds (Table 1 and
Table 2). The inhibitor’s effectiveness improves when the energy gap between orbital
borders (E) decreases [31].

Koopman’s [32] theory links the ionization potential and electron affinity to negative
HOMO and LUMO energies. The ionization potential of a neutral atom is the energy
required to remove one electron. The low ionization energy indicates a good efficiency of
the studied inhibitor. Electron affinity (EA) is the energy generated by a neutral atom upon
gaining an electron. The less stable system is the more efficient the inhibition. Hardness (1)
Is the second derivative of E, which measures both stability and reactivity [33].
Electronegativity is an atom’s capacity to pull shared electrons to its side. Low
electronegativity suggests a significant efficiency of the inhibitor. S refers to the inverse of
global hardness (1), which determines the stability and reactivity of molecules [34]. Parr’s
global electrophilicity index (y) measures a molecule’s stabilization energy after receiving
more electrons. Good inhibitors have a low global electrophilicity index. Figure 2 compares
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the best inhibitors depending on the measured parameters. The studied parameters were
calculated using equations (1-6):
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Figure 3 compares the studied parameters of the studied complexes. Depending on the
results of Enomo, ELumo, AE, u, IE, EA, %, 1, S and o parameters, all the studied complexes
could be used as inhibitors, and the order of efficiency was Alpha-Cu > Beta-Cu > Ni.
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Figure 1. Optimized structures of Ni and Cu complexes.
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Figure 2. The relationship of inhibitors with the studied parameters.
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Figure 3. Comparison of studied parameters of the studied complexes.

Table 1. DFT estimated characteristics of inhibitor molecules in vacuum at equilibrium geometries.

Inhibitors Exomo (eV) ELumo (eV) AEHromo-Lumo (eV) 1 (Debye)
Alpha-Cu -5.025 -3.422 1.603 18.244
Beta-Cu —5.094 -3.450 1.644 18.244

Ni -5.313 -3.277 2.0362 9.250
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Table 2. DFT computed parameters for inhibitor molecules in vacuum.

Inhibitors IE (eV) EA (eV) 1 (eV) n (eV) S (eV) w (eV)
Alpha-Cu 5.025 3.422 4.223 0.801 1.247 11.126
Beta-Cu 5.094 3.450 4.272 0.822 1.2162 11.101
Ni 5.313 3.277 4.295 1.018 0.982 9.062

3.2. Molecule Orbitals (HOMO-LUMO)

Figure 4 shows the geometries optimization of investigated compounds in the gas phase,
including LUMO and HOMO density distributions. Red refers to high electron density,
whereas green shows low electron density [37]. The high electron density area donates
electrons to the metal surface, whereas the low electron density area accepts electrons [38].
So the location of these two sectors is crucial. Cu-complex possesses a high electron density
near the receptor site, which is facilitated by oxygen atoms and double bonds. While the Ni-
complex appears to be equivalent in terms of receptors and donors, since Cl, O, and Ni are
all active sites.
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Figure 4. Orbital density distributions of studied complexes.

3.3. Adsorption sites

The electron density of the donor atom affects the strength of the adsorption bond. Total
electron density (TED) is referring to the electron density of a molecule. In Figure 5, the O,
N, and Cl atoms and some parts of the double bond are highlighted in red, indicating potential
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electrophilic attack sites. Whereas, the vyellow highlighted areas have moderate
electronegativity. The blue area is the optimum positive area for receiving electrons from
the donors [39].
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Figure 5. TED map of the studied complexes.

The local reactivity of complexes was investigated using the Mulliken charges
population analysis (nucleophilic and electrophilic centers). As a result, high-charge
molecule areas are softer than low-charge ones. So, while determining reactivity, the electron
density is vital. Chemical adsorption, the interactions between the adsorbent and adsorbate
can be electrons shared or orbitals.

Proven charges influence the physicochemical properties of compound reactions
[40, 41]. As a result, the site of the nucleophilic attack will be where the positive charge
value is most significant. The positive charge determines the electrophilic attack location.
Thus, in the most reactive compound (Cu-complex), electrophilic attack prefers Cu, N, H,
and C, while in the Ni-complex, it prefers N, C, and H. The green and red colors represent
the positive and negative charges, respectively. The decrease in color intensity indicates a
decrease in electrophilicity of nucleophilicity. The most reactive sites for the nucleophilic
attack that can donate electrons to Cu and Ni complexes are found at the atoms O, C, and N
for Cu-complex, and Ni, CI, C, and N for Ni-complex (Figure 6).
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Figure 6. Mulliken charge of the studied complexes.

3.4. Docking studies

Docking studies estimate how a molecule will align with another when they are bonded
together to create a stable complex. The binding or association affinity between two
molecules can be predicted by their preferred orientation. The chosen complexes (Cu and
Ni) were examined as inhibitors of the corrosive bacteria Acidithiobacillus ferrooxidans
(A. ferrooxidans). Hydrogen ions, an electron receptor, induce the rusting caused by
A. ferrooxidans [42].

Binding energy (Ey) reflects the affinity of complexes to the receptor, whereas ligand
efficiency (Lg) is defined as the binding energy per atom of ligand for the receptor protein
(Figure 7) [43, 44]. According to the E, value, both Cu (E,=—4.93 kcal/mol), and Ni
(Ep=—7.43 kcal/mol) complexes are possible to hinder A. ferrooxidans bacteria (Table 3).
The favored binding sites on the receptor are 1 for Cu-complex, and 9 for Ni-complex. In
general, Ni complex showed inhibitory activity in bacterial media more than Cu complex.

Table 3. Binding energy and ligand efficiency of studied complexes.

Comp. Eb (kcal/mol) Le Eb range Best site number

Cu -4.93 —-0.12 —-2.4910-4.93
Ni —7.43 -0.21 —6.09 to —7.43 9
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Figure 7. A. ferrooxidans receptor interactions with the complexes.

3.5. Experimentally confirmation

Inhibitors were prepared at a concentration of 10 ppm. The stainless steel was used as the
protective alloy. At a controlled laboratory temperature, the inhibition efficiency was
evaluated for the concentration at 35°C. The polarization curves were extrapolated using the
extrapolation method. Table 4 shows the correlation between ., and inhibition
efficiency %IE, which was calculated using the following equation:

WIE = 'é)orro_ loorr 100 (7)

ICOI’I’
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where i, and i are the corrosion rate without and with inhibitors, respectively [41]. The
corrosion medium used is HCl at 0.1 M. According to %IE, the inhibition efficiency of Cu-
complex is larger than Ni-complex. The Scanning Electron Microscope (SEM) image
showed that the inhibitor Cu-complex was distributed on the surface of the stainless steel
used in the experiment (Figure 8).

Table 4. The current of corrosive media without and with inhibitors.

Inhibitors Icorr (HA°Cm_2) IE% Blank icorr (uA-cm‘Z)
Cu-complex 5-102 88.3
_ 4.31-10°
Ni-complex 11-10? 74.4

Angstroms advanced

AIS2200C SEI WD =171 200 kV X 18D 300w

Figure 8. SEM image of Cu-complex on the stainless steel.

4. Conclusions

In the current study, the activity of Cu and Ni complexes in the ground state as corrosion
inhibitors was investigated using DFT (B3LYP) computations using LanL2DZ. The
efficiency of the studied inhibitors was investigated in both ionic and bacterial media. The
results revealed an excellent inhibition efficiency for Cu-complex in the ionic medium,
which was better than Ni-complex. While in bacterial medium, docking study revealed an
excellent inhibition efficiency for Ni-complex, as it was better than Cu-complex. In general,
DFT results indicated that the inhibition efficiency was good in both complexes according
to the studied parameters and adsorption properties (TED and Mulliken charge). Finally, the
polarization results proved that the Cu-complex (%IE=88.3%) is more active than the Ni-
complex (%IE=74.4).
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