J. Appl. Sci. Envir. Stud. 4 (2) (2021) 393-405

Journal of Applied Science and Environmental Studies
JASES
http://revues.imist.ma/index.php?journal=jases

JOURNAL OF APPLIED SCIENCES
AND ENVIRONMENTAL STUDIES

Original Paper

THEORETICAL STUDY OF 2-METHYL BENZOAZOLE AND ITS
DERIVATIVES AS CORROSION INHIBITORS ON ALUMINIUM METAL
SURFACE

A. M. AYUBA", T. A. NYIJIME
Department of Pure and Industrial Chemistry, Faculty of Physical Sciences, Bayero University, Kano, Nigeria

* Corresponding author. E-mail address: ayubaabdullahi@buk.edu.ng

Received 16 February 2021; Revised 06 July 2021, Accepted 30 August 2021

Keywords Abstract
Electronic properties  Corrosion inhibition efficiency potentials of 2-methyl benzoazole and its
Binding energy derivatives on Aluminium metal were studied through the evaluation of

Molecular dynamics  thejr quantum chemical parameters and molecular dynamics simulations

Quatum parameters  annroaches. Quantum chemical parameters were used to calculate the

Local reactivity electronic properties of the inhibitor molecules in order to correlate their
inhibition with their molecular structure. The quantum chemical parameters
include : Enomo (Highest occupied molecular orbital energy), ELumo
(Lowest unoccupied molecular orbital energy), energy gap (AE), dipole
moment (p), global hardness (n), global softness (o), the absolute
electronegativity () and the fractions of electrons transferred (AN) from
the molecules to the metal. Furthermore, the local reactivity of the
molecules was analyzed through the Fukui functions and found to be
located on the molecule’s heteroatoms (sulphur, oxygen, nitrogem and
selenium). The molecular dynamic simulation results showed that the
adsorption energy is low, negative and within the threshold of physical
adsorption mechanism. The order of inhibition efficiency of the studied 2-
methyl benzoazole and its derivatives on Aluminium metal is 2-MBT>2-
MBS>2-MBI>2-MBX>2-MBA.

1. Introduction

Corrosion inhibition is a popular method used in minimizing, preventing and protecting corrosion
of metal surfaces subjected to deleterious corrosive environments including acidic, alkaline among
others [1-2]. Based on their physical, chemical and aesthetic properties, many metals have found
industrial applications involving chemical materials, petrochemical installments, paper industries,
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pollution control settings, hydrometallurgy and petroleum industries, ships and aerospace
manufacture among others [3]. Aluminium is one of the most abundant metals on earth and has
find lots of industrial applications. This metal is known to resist corrosive environments to some
extent due to the thin film of protective oxide it possesses which is usually depleted when it is in
contact with severe corrosive agents, and therefore the need to protect this metal from corrosive
destruction. By adding small concentration of inhibitors to corrosive environments, the extent of
the reaction of this metal with the corrosive media is greatly minimized [4-8]. These inhibitors are
established to reduce the corrosion rate of aluminium through a mechanism believed to involve
either changing the anodic or cathodic reaction, reducing diffusion rate of reactants onto the metal
surface or forming a protecting layer on the metal surface [9].

Experimental techniques have been used to explain the inhibition mechanism, but they are often
time consuming and expensive and therefore, the need to search for alternative methods. The
advancement in computer software and hardware engineering has provided powerful use of
theoretical modeling techniques which successfully correlate the inhibition efficiency of the
inhibitors with their molecular structure and properties [10-15]. In most situations, parameters
connected with the electronic and the chemical structure of the molecule act simultaneously on the
inhibitor efficiency and therefore difficult to decide which parameter plays the most important role
in increasing the inhibitor efficiency [16-18]. Adsorption characteristics of these inhibitors depend
on several factors including the nature and number of potential adsorption sites present in the
inhibitor molecule. Different attempts are made to link the corrosion inhibitor efficiency with a
number of structural parameters of these molecules [19-23]. For this reason, organic compounds
which have similar structures were chosen in this investigation. It is assumed that, the influence of
the chemical structure will be very similar and the influence of the electronic structure can be
clearly investigated.

The choice of these compounds based on molecular structure considerations, i.e. these are organic
substances with almost similar chemical structure, is expected to help in establishing the
differences in the inhibition properties mainly due to the difference in electronic structure of these
compounds.

This work is aimed at theoretically studying the inhibition efficiency of 2-methyl benzoazole and
its derivatives (Figure 1) and to correlate these efficiencies with the quantum chemical parameters
of the investigated compounds. The calculated quantum chemical parameters are the highest
occupied molecular orbital (EHomo), lowest unoccupied molecular orbital (ELumo), separation
energy (AE), dipole moment (u), and those parameters that give valuable information about the
reactive behaviour such as the electronegativity (), the ionization potential (1), the hardness (n),
the softness (o), and the fraction of electrons transferred from the inhibitor molecule to the metal
surface (AN). Furthermore, the interaction energies of the investigated inhibitors on the aluminum
surface were also evaluated to be able to correlate them with that reported by Al-Mayouf et al.
[59] who studied experimentally the inhibition efficiences of these compounds (2-
methylbenzoazole and its derivatives) on 304SS.

000~

2-methylbenzoazole 2-methylbenzoxazole  2-methylbenzoimidazole 2-methylbenzoselenazole  2-methylbenzothiazole
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Figure 1. Molecular Structures of 2-methyl benzoazole derivatives

2. Experimantal Details

All the geometries of the 2-methyl benzoazole and its derivatives were fully optimized using the
B3LYP method within the framework of density functional theory (DFT), electronic structure
programs, DMol® as contained in the Materials Studio 7.0 software (Accelrys, Inc.) [24-25].
Following the geometry optimizations, analytical frequency calculations were performed at the
DFT/6-311G (d, p) level using standard procedures to obtain the thermochemical properties. All
these calculations were carried out on a HP Pavilion personal computer with an installed Material
studio program package [26]. These calculations have been widely used to study reaction
mechanisms [27] and have also been proved to be a very powerful tool for studying inhibition of
the corrosion of metals [28-29]. Recently, density functional theory (DFT) has been used to
analyze the characteristics of the inhibitor/metal surface mechanisms and to describe the structural
nature of the inhibitor in the corrosion inhibition process [30].

For closed-shell molecules, ionization potential (IP) and electron affinity (EA) can be expressed in
terms of Enomo (highest occupied molecular orbital energy) and ErLumo (lowest unoccupied
molecular orbital energy) using equations (1) and (2) respectively [31]:

IP = -Enomo (1)

EA =-ELumo (2)

Calculated values of IP and EA were used to determine the values of the absolute electronegativity
x, the global hardness (n) and the global softness (o) using equations (3), (4) and (5) [32]:

_ UP+EA) _ Erumo+EHOMO 3)
2 2
n= (IP—ZEA) — ELUMO;EHOMO (4)
The global softness (o) is the inverse of the global hardness [32].
o=1M (5)

However, for a reaction of two systems with different electronegativities, the electronic flow occur
from the molecule with the lower electronegativity (the organic inhibitor) towards that of a higher
value (metallic surface) till both chemical potentials are equal [33]. Therefore, the fraction of
electrons transferred (AN) from the inhibitor molecule to the metallic atoms was calculated
according to Pearson electronegativity scale using equation (6) [34]:

AN = XAl Xinh (6)

2(n 0+ 1)
Where yar and yxjnn denote the absolute electronegativity of aluminium and the inhibitor molecule,
respectively, and nar and minn denote the absolute hardness of aluminium and the inhibitor
molecule respectively. To calculate the fraction of electrons transferred, a theoretical value for the
electronegativity of bulk aluminium was used, yai = 5.60 eV [35], and a global hardness of nai =0,
by assuming that for a metallic bulk IP = EA, because they are softer than the neutral metallic
atoms [36-37]. The reactive sites on the inhibitor molecules were analyzed through evaluation of
their Fukui indices [38]. The Fukui indices are measures of chemical reactivity, as well as an
indicative of the reactive regions and the nucleophilic and electrophilic behaviour of the molecule.
Regions of a molecule where the Fukui function is large are chemically softer than regions where
the Fukui function is small, and by invoking the hard and soft acids and bases (HSAB) principle in
a local sense, one may establish the behaviour of the different sites with respect to hard or soft
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reagents. The Fukui function f(r) is defined as the first derivative of the electronic density q(r)
with respect to the number of electrons N at constant external potential v(r). Thus, using a scheme
of finite difference approximations from Mulliken population analysis of atoms in the 2-methyl
benzoazole and its derivatives, depending on the direction of electron transfer from equation (7)
for nucleophilic attack and (8) for nucleophilic attack [39-42]:

fi = Qev+n-qkn (7

fik = Qe@)-9kv-1) (8)

Where gk is the gross charge of atom k in the molecule, i.e., the electron density at a point r in
space around the molecule. N corresponds to the number of electrons in the molecule. N + 1
corresponds to an anion, with an electron added to the LUMO of the neutral molecule; N - 1
corresponds to the cation with an electron removed from the HOMO of the neutral molecule. All
calculations were done at the ground state geometries [37].

Molecular dynamics (MD) simulation of the interaction between a single molecule and the Al
surface was performed using Forcite quench MD in Material Studio (MS) Modeling 7.0 software
to sample many different low-energy minima and to determine the global energy minimum [36]
[41-42]. Calculations were performed on a 9 x 7 supercell using the condensed-phase optimized
molecular potentials for atomistic simulation studies (COMPASS) force field and the Smart
algorithm. Al (1 1 0) surface used is the most densely packed and also the most stable [40-44].
The Al crystal was cleaved along the (1 1 0) plane. The Al slab built for the docking process was
significantly larger than the inhibitor molecules in order to avoid edge effects during docking.
Temperature was fixed at 350 K, with NVE ensemble, with time step of 1fs and simulation time of
5 ps. The system was quenched every 250 steps with the Al (1 1 0) surface atoms constrained.
Optimized structure of each inhibitor molecule was used for the simulation. Adsorption of a single
2-methyl benzoazole derivatives onto the Al (1 1 0) surface provides access to the adsorption
energetics and its effect on the inhibition efficiency each molecule. Thus, the adsorption (Eads) and
binding (Eninding) energies between the inhibitor molecules and Al (1 1 0) surface was calculated
using equation (9) [40-44]:

EBinding = -Eads = Ecomplex - (Einnipitor™ Ear surface) (9)

Where Ecomplex is the total energy of the Al surface and inhibitor, Eaisurface is the energy of the Al
surface without the inhibitor, and Einnibitor iS the energy of the inhibitor without the Al surface.

3. Results and Discussion

3.1 Quantum chemical parameters

Quantum chemical parameters and simulation molecular dynamics were performed to determine
the electronic structures of the molecules of the 2-methyl benzoazole and its derivatives in order to
establish the active sites as well as local reactivities of the molecules.

Figures 1 shows the geometric optimized structure, the total electron density, highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of 2-methyl
benzoazole (2-MBA, the reference molecule), whereas Figures 2 shows similar structures of 2-
methyl benzoselenazole (2-MBS), Figure 3, 2-methyl benzothiazole (2-MBT), Figure 4, 2-methyl
benzoxazole (2-MBX) and Figure 5, 2-methyl benzoimidazole (2-MBI) respectively. The electron
density is saturated all around each molecule; which facilitate flat-lying adsorption orientations of
the molecules [45]. The regions of high HOMO density are the sites at which electrophiles attack
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and represent the active centers, with the outmost ability to bond to the metal surface, whereas the
LUMO orbital are accept the electrons in the p- or d-orbital of the metal using antibonding orbitals
to form feedback bonds [45-47]. It can be observed that the HOMO orbital for 2-methyl
benzoselenazole (2-MBS) and 2-methyl benzothiazole (2-MBT) is saturated around the selenium
and amine functional group, whereas for 2-methyl benzoazole (reference molecule), 2-methyl
benzoxazole (2-MBX) and 2-methyl benzoimidazole (2-MBI) the HOMO orbitals are saturated on
the nitrogen, oxygen, sulfur atoms respectively while the LUMO orbital is around the carbonyl
atoms. The trend of HOMO-LUMO locations is common to all 2-methyl benzoazole and its
derivatives which could lead to high similarities in their adsorption characteristics.

(@) (b) (©) (d)
Figures 1. Structural and electronic properties of 2-methyl benzoazole (2-MBA) (a) Optimized
geometry (b) Total electron density (c) Highest occupied molecular orbital (d) Lowest unoccupied
molecular orbital (reference molecule)

(b) (c) (d)

Figures 2. Structure and electronic properties of 2-methyl benzoselenazole (2-MBS) (a)
Optimized geometry (b) Total electron density (c) Highest occupied molecular orbital (d) Lowest
unoccupied molecular orbital

R

(a) (b) (©) (d)
Figures 3. Structure and electronic properties of 2-methyl benzothiazole (2-MBT) (a) Optimized
geometry (b) Total electron density (c) Highest occupied molecular orbital (d) Lowest unoccupied
molecular orbital.
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(a) (b) (©) (d)
Figures 4. Structure and Electronic Properties of 2-methyl benzoxazole (2-MBX) (a) Optimized
Geometry (b) Total Electron Density (c) Highest Occupied Molecular Orbital (d) Lowest
Unoccupied Molecular Orbital

(b)
Figures 5. Structure and electronic properties of 2-methyl benzoimidazole (2-MBI) (a) Optimized
geometry (b) Total electron density (c) Highest occupied molecular orbital (d) Lowest unoccupied
molecular orbital

(d)

Some other quantum chemical parameters related to the molecular and electronic structures of the
most stable conformation of the molecules after geometric optimizations are presented in Table 1.
High values of Enomo indicate the disposition of the molecule to donate electrons to an
appropriate acceptor with vacant molecular orbitals, whereas low values of AE will favor good
inhibition efficiencies, because the energy to remove an electron from the last occupied orbital
will be minimized [46-47]. The reference molecule (2-methyl benzoazole) has least value of AE
relative to its derivatives. The obtained values presented in Table 1 showed that all the molecules
have comparable Exomo values, which is not very surprising because the functional groups that
comprise the HOMO are similar. Higher values of dipole moment are usually characterized to be
associated with good inhibition properties [48-51]. The dipole moment calculated for all the
molecules are relatively close, with the reference molecule having the lowest value while the
direction of their dipoles is similar and they are projected to the molecular plane. The direction of
dipole can be understood by considering the electrostatic potential, which discerns electron density
rich regions centered on the carbon, amine indicating the preferred zone for electrophilic attack.
Dipole moments are substantially enhanced for both inhibitors on going from the gaseous to the
aqueous phase, indicating an increase in the stability of the inhibitors due to the interaction with
water [52]. Considering all these factors, a clear trend was observed for the studied molecules in
respect of increase in EHomo Vvalues, decrease in AE values and decrease in dipole moment.

Similarly, some other electronic and structural quantum chemical parameters of the studied
inhibitors are also presented in Table 1. These include their; ionization potential, electron affinity,
absolute (global) hardness, global softness, absolute electronegativities and fraction of electron
transferred respectively. The number of electrons transferred from the molecule to metal AN, was
calculated, where aluminium is considered as Lewis acid according to hard-soft acid and bases
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(HSAB) concept [52]. The difference in electronegativity between the inhibitor and the aluminium
drives the electron transfer, and the sum of the hardness parameters acts as a resistance. If AN is
less than 3.6, inhibition efficiency increases with increasing values of the electron donating ability
of the molecules, while values of AN greater than 3.6 indicate a decrease in inhibition efficiency
with increase in electron donating ability of the inhibitor [53-55]. The earlier case is found to be
applicable to all the studied molecules since their AN values are all less than 3.6.

Table 1. Computed Quantum Chemical Parameters (Electronic and Structural) of the Studied
Inhibitor Molecules

Inhibitors

Properties 2-MBA 2-MBS 2-MBT 2-MBX 2-MBI
HOMO (at orbital number) 35 96 78 70 70

LUMO (at orbital number) 36 97 79 71 71

Eromo (eV) -5.686  -6.553 -6.704 -6.697 -6.338
ELumo (eV) -0.499  -1.342 -1.248 -0.999 -0.700
AE (eV) 5.187 5211 5.456 5.698 5.638
Dipole moment (debye) 3.018 3.380 3. 620 3.438 3.283
lonization potential (1) (eV) 5.686 6.553 6.704 6.697 6.338
Electron affinity (A) (eV) 0.499 1.342 1.248 0.999 0.700
Global hardness (n) 2.594 2. 606 2.728 2.849 2.819
Global softness (o) 0.386 0.384 0.367 0.351 0.355
Absolute electronegativity (y) 3.093 3.948 3.976 3.848 3.519

Fraction of electrons transferred (AN)  0.483 0.317 0.298 0.307 0.369

3.2 Local reactivity (Fukui indices) determination

The local reactivity of each molecule was analyzed by means of the Fukui indices (FI) to assess
reactive centers in terms of their nucleophilic and electrophilic behaviours. This is to distinguish
each part of the molecule on the basis of its distinct chemical behaviour due to different functional
groups or substituents. The f* is a measure of reactivity relating to nucleophilic attack or tendency
of the molecule to attract electrons, whereas, f measures reactivity with respect to electrophilic
attack of the molecule to release electrons. The values obtained for 2-methyl benzoazole and its
derivatives were summarized in Table 2. In the nucleophilic (f*), 2-methyl benzoazole (2-MBA)
have its highest Mulliken and Hirshfeld charges on C(6), C(9) atom, 2-methyl benzoselenazole (2-
MBS), have it on Se(1) and C(2) atom, 2-methyl benzothiazole (2-MBT) have its own on S(1),
C(2) and N(3), 2-methyl benzoxazole (2-MBX) has its own on C(2, 9, 6) and 2-methyl
benzoimidazole (MBI) has its own on C(6, 9) respectively. While for the electrophilic (), 2-
methyl benzoazole (2-MBA) have its highest Mulliken charge on C(3, 8) and Hirshfeld charge on
C(3, 8), 2-methyl benzoselenazole (2-MBS) on Se(1) and C(9), 2-methyl benzothiazole (2-MBT)
on S(1), C(9, 6) and S(1), 2-methyl benzoxazole (2-MBX) on C(2, 4, 8), 2-methyl benzoimidazole
(2-MBI) have on N(2), C(8). The similarities in quantum chemical parameters show that the
adsorption strengths of the molecules would be mostly determined by molecular size parameters
rather than electronic structure parameters alone [55].
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Table 2. Calculated Fukui Indices for the Studied Inhibitor Molecules

Nucleophilic (f*)

Electrophilic ()

Mulliken Hirshfield Mulliken Hirshfield
Molecule Atom Value Atom Value Atom Value Atom Value
2-methyl benzoazole C(6) 0.156 C(6) 0.128 C(3) 0.150 C(3) 0.145
(2-MBA) C(9) 0.148 C(8) 0.096 C(8) 0.084 C(8) 0.093
2methylbenzoselenazole Se(1) 0.229  Se(1) 0.197 Se(1) 0.349 Se(1) 0.322
(2-MBS) C(2) 0.125 C(2) 0.121 C(9) 0.081 C(9) 0.083
2-methyl benzothiazole S(1) 0.173 S(1) 0.155 S(1) 0.173 S(1) 0.246
(2-MBT) C(2)0.131 C(2) 0.125 C(6) 0.103 C(6) 0.106
N(3) 0.079 N(3) 0.089 C(9) 0.111 C(9) 0.113
2-methyl benzoxazole C(2) 0.125 C(2) 0.113 C(2) 0.094 C(2) 0.085
(2-MBX) C(6) 0.138 C(6) 0.105 C(4) 0.125 C(4) 0.102
C(9) 0.117 C(9)0.114 C(8) 0.086 C(8) 0.141
2-methylbenzoimidazole C(6) 0.154 C(6) 0.127 N(2) 0.090 N(2) 0.094
(2-MBI) C(9) 0.147 C(9) 0.124 C(8) 0.095 C(8) 0.113

3.3 Molecular dynamics simulations

Adsorption of each inhibitor molecule on the aluminium metal surface was performed at a
molecular level by molecular simulation dynamics method using Forcite quench molecular
dynamics. This is to display many different low energy configurations and to identify the low
energy minima. Figures 6 shows representative snapshots of the side view of the lowest energy
adsorption configurations for single molecule of 2-methyl benzoazole (2-MBA) and its derivatives
respectively on the Al (110) surface from the simulations processes. Each molecule can be seen to
maintain flat lying adsorption orientation on the Al surface, as expected from the delocalization of
the electron density all around the molecules. This orientation maximizes contact with the metal
surface and hence auguments their degree of surface coverage. This parallel adsorption orientation
also facilitates interaction of « - electrons of the hetero-atoms (Se, S and N) in the molecules with
the aluminium metal surface. A detailed analysis of the adsorbed molecules on Al (110) showing
the soft epitaxial adsorption mechanism with accommodation of the molecular backbone in
characteristic epitaxial grooves on the aluminium metal surface are showed in Figures 6. The
adsorption reveals a very clear trend in the adsorption configuration in which polarizable atoms
along the molecular backbone appear to align with vacant sites on the face-centered cubic lattice
on top of the aluminium metal surface. Such epitaxial adsorption configuration, which is
associated with a minimum free energy of adsorption, has also been reported for some compounds
and this accounts for the stable adsorption structures [45-56].
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2-MBA 2-MBX 2-MBI 2-MBS 2-MBT
Figures 6. Side view snap shot of the adsorbed single a) 2-MBA b) 2-MBX c) 2-MBI d) 2-MBS
e) 2-MBI molecules on Aluminium (110) surface

To quantitatively appraise the interactions between each molecule and the aluminium surface, the
adsorption energies (Eags) and binding energies (Ening) Were calculated. A negative value of Eags
corresponds to a stable adsorption structure. The total energies were calculated by averaging the
energies of the five most stable (lowest) representative adsorption configurations and the results
were presented in Table 6. The obtained Eags values; -60.63+2.9x10° kcal/mol for MBI, -
59.42+1.1x10°° kcal/mol for MBX, -58.72+4.4x107 kcal/mol for MBA, -60.63+2.4x10 kcal/mol
for MBS and -71.02+3.1x107 kcal/mol for MBT were all negative and of relatively low
magnitude, suggesting stable adsorption structures [58]. This low affinity of the inhibitors for the
aluminium surface may account for the experimentally relatively low corrosion inhibition efficacy
of the molecules reported by Al-Mayouf et al. [59]. However, the magnitudes of the calculated
binding energies were all less than 100 kcal mol™ (Table 3). This is despite the fact that the
simulations did not take into consideration the specific covalent interactions between the
molecules and the aluminium surface. This value has been reported to be in the range of
physisorptive interactions [48, 55, 61]. It has also been reported that the more positive the binding
energy of the inhibitor-metal surface is, the better the adsorption of the inhibitor onto the metal
surface and subsequently the higher the inhibition efficiency [46, 52, 57-58].

Table 3. Calculated adsorption parameters for the interaction of the studied molecules with the
Al(110) surface using Forcite guench dynamics

Molecules Ecomp kcal/mol  Emnkcal/mol  Eakcal/mol  Eadskcal/mol  Esinkcal/mol
2-MBI 47.41+3.7x 10 108.04+2.9 x10° 0.00+0.00 -60.63+2.9x10° 60.61+2.9x10°
2-MBX -20.95+6.8x10"°  38.47+1.1x10°  0.00+0.00 -59.42+1.1x10° 59.42+1.1x10°
2-MBA -48.36+7.0x10°  10.36+4.4x10%  0.00+0.00 -58.72+4.4x102 58.72+4.4x10?
2-MBS 47.41+9.9x10"°  108.04+2.4x10°  0.00+0.00 -60.63+2.4x10° 60.63+2.4x10°
2-MBT 49.34+5.4x10%  121.05+3.1x10%  0.00+0.00 -71.02+3.1x10? 71.02+3.1x10%

Conclusion
The following main conclusions are drawn from the present study:

>Quantum chemical parameters associated with the electronic structures of the inhibitor
molecules showed that their inhibiting potentials follow the order: 2-MBT>2-MBX>2-MBS>2-
MBI>2-MBA.

>The local reactivities through Fukui indices showed that the point of association of the inhibitor
molecules with the aluminium surface is through their heteroatoms of nitrogen, oxygen, sulfur or
selenium respectively.

>The calculated adsorption/binding energy values obtained were negative and low, signifying
low adsorption and inhibition with a proposed mechanism of physical adsorption.
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>Molecular dynamic simulations of a single inhibitor molecule on aluminium surface show the
order of inhibition efficiency: 2-MBT>2-MBS>2-MBI>2-MBX>2-MBA.
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