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Density functional theory (DFT) was carried out in order to establish which of the two forms of 2-
mercaptobenzimidazole (2-MBI) (designated as 2-MBIthione and 2-MBiIthiol) is actually responsible
for the performance of 2-MBI as effective corrosion inhibitor for mild steel, copper, and aluminum. In
this regard, geometrical parameters, electronic densities, global reactivity descriptors, electrostatic
potential surfaces, and Mulliken charges on active atoms of the two tautomeric forms of 2-MBI on Fe
(110), Cu (111) and Al (111) surfaces were computed and compared. The results indicate that the
thione form of 2-MBI has the most reactive centers, has the highest electron donor capacity, lowest
energy gap, highest fraction of electron transfered to the metal surfaces, carries a negative charge on its
S atom and should be the most stable on the metal surfaces under investigation. According to
molecular dynamics (MD) simulations the binding energy of the thione form of 2-MBI (2-MBlthione)
on the metal surfaces follow the order: Fe (110) > Cu (111) > Al (111). This result indicates the
effective inhibition of 2-MBI on steel corrosion when compared to aluminium and copper. This study
has provided an important insight that will assist in designing novel and effective inhibitors based on
2-mercaptobenzimidazole scaffold for the control of both abiotic and microbially- influenced corrosion
(MIC) for metals and alloys.
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1. INTRODUCTION

The study of material corrosion process and the adsorption mechanism of organic inhibitors on
metal and alloys is an important area of research which has theoretical and practical relevance in
academic and industrial environments [1]. Many efficient corrosion inhibitors are organic compounds
rich in hetero-atoms such as nitrogen, oxygen, sulfur and w-bonds. It has been reported that organic
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inhibitors bearing both nitrogen and sulphur atoms on the same molecular structure are more effective
than inhibitors having only nitrogen atom [2]. It is generally accepted that corrosion inhibition
efficiency of organic compounds is related to their adsorption properties [3-5]. The adsorption of these
molecules depend mainly on certain physicochemical properties of the inhibitor molecule such as,
functional groups, steric factor, aromaticity, electron density at the donor atoms, p-orbital character of
donating electrons, electronic structure of the molecules and the strength of interaction between the
inhibitor and the metal surface [6-8].

Density functional theory (DFT) has become an attractive theoretical method, because it gives
exact, basic, and vital parameters for small and even complex molecules at lower cost [9]. Moreover
by applying DFT methodology, we can understand reactivity behavior in terms of hard and soft
acid/base (HSAB) theory which can provide a systematic way for analyzing and predicting
inhibitor/surface interaction [10]. However, it has been observed that it is difficult to acquire all the
necessary information about the binding strength between organic inhibitor and bulk metal surface
which is pertinent in estimating inhibitor performance using DFT only [11].

The above deficiency can be solved by using molecular dynamic simulations, which in recent
times have been used to study the interaction between corrosion inhibitors and metal surfaces [12-14].
MD simulations gives information at the molecular level on the adsorption of the inhibitor molecules
on corroding metal surfaces. Furthermore, vital information on the conformation of inhibitors adsorbed
onto metal surfaces and the interaction energy between them can be readily obtained [15]. Thus, MD
simulations methodology can provide powerful insights into the design of inhibitor systems with
superior properties and differences in inhibition efficiency among homologues inhibitors (inhibitors
bearing similar structures) can be systematically explained.

Benzimidazoles form a family of well known corrosion inhibitors for different metals and
alloys in different aqueous environments [16, 17]. They consist of benzene and imidazole rings. One of
the most important derivatives of this family is 2-mercaptobenzimidazole (2-MBI). Its corrosion
inhibition potentials on metals and alloys has been documented [18, 19]. DFT studies on the
interaction between benzimidazole with Fe (110), Cu (111) and Al (111) has been reported [20]. In the
same vein, density functional theory study of imidazole, benzimidazole and 2-mercaptobenzimidazole
adsorption onto Cu (111) surface has recently been reported [21]. It was concluded from the studies
that the preferred adsorption mode of 2-mercaptobenzimidazole on Cu (111) is when the neutral form
of the inhibitor is parallel to the metal surface. However, information on the actual tautomeric form of
2-mercaptobenzimidazole (2-MBI) responsible for the adsorption and the mechanism of its interaction
on different metals has not been investigated to be best of our knowledge. This is the main objective of
the present study.

2. COMPUTATIONAL DETAILS

All geometry optimizations and quantum chemical calculations were performed using density
functional theory (DFT). The Becke’s Three Parameter Hybrid Functional using the Lee-Yang-Parr
correlation functional theory (B3LYP, [22]) was selected for the calculations. Calculations were done
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using the 6-31G (d,p) basis set in the gas phase. Molecular properties estimated include the highest
occupied molecular orbital (HOMO) energies, lowest unoccupied molecular orbital (LUMO) energies
and other molecular properties derived from HOMO and LUMO energies. All optimization
calculations were done using the Gaussian 03 program [23].

MD simulations of the interaction between inhibitor molecules and the metal surfaces was
carried out using Materials Studio 6.0 (from Accelrys Inc) [24, 25]. To construct the interaction model,
the Fe, Cu and Al cells were optimized, followed by a four-step model construction: (i) cleaving the
surface along different planes, then relaxing the surface; (ii) building the 2D surface into a super cell;
(iii) and adding a vacuum slab above the metal surfaces to build a 3D cell, and setting the vacuum
thickness as 30A° ; (iv) then placing the energy minimized inhibitor molecule onto a proper position
on the surface, and ensuring that the whole molecule is inside the vacuum slab — this position, called
initial position, is relatively arbitrary, and several initial positions are required when calculating the
averaged interaction energies. Calculations were carried out, using the COMPASS force field and the
Smart algorithm, in a simulation box with lattice parameters of 29.78 x 24.82 x 28.18; 23.00 x 23.00
x 38.43; 25.77 x 25.77 x 39.43 all in Angstrom (A°) for Fe (110); Cu(111); and Al (111) respectively,
with a super cell (9 x 9) containing the Fe, Cu and Al surfaces. After constructing the 3D interaction
models, dynamics simulations was performed. First, the model was equilibrated in NVT ensemble (i.e.
canonical ensemble) at 298.0 K with a time step of 0.1 fs and a simulation time of 50 ps. 50
production runs were performed on the low potential energy frames with NVT ensemble at 298.0 K
using Nose thermostat. We have neglected solvent and charge effects in all our simulations and
performed the calculations at the metal/vacuum interface. Although this is clearly an
oversimplification of the factual situation, it is adequate and has been used by many researchers in
illustrating the differences in the adsorption behaviour of organic molecules on metal surfaces and to
rationalize experimental findings [26, 27].

The binding energy of 2MBI thione and 2MBI thiol molecules on the metal surface was
estimated following the equation [28]:

Ebinding = Etotal — (Esurface *Emot ) (1)

where Eoa IS the total energy of the surface and inhibitor, Egyrace i the energy of the surface
without the inhibitor molecule, and En is the energy of the inhibitor molecule without the surface.
Studies have shown that the adsorption energy of the inhibitors on the metal surface correlates with the
inhibition efficiency exhibited by inhibitors [29].

3. RESULTS AND DISCUSSION

3.1. Tautomeric and optimized geometrical structures of 2-MBI

2-mercaptobenzimidazole (2-MBI) may exist as 2-MBI thione and 2-MBI thiol tautomers as
shown in Scheme 1. It has been reported that 2-MBI exists predominantly in the thione form in the
solid and in polar solvents such as ethanol, water, and dimethyl sulfoxide [30]. One of the driving
forces favouring the 2-MBI thione tautomeric form is believed to be that the N-H bond forms a
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stronger hydrogen bond with the solvent or another 2-MBI molecule than the S-H bond [30]. As an
imidazole-thiol, 2-MBI has two N atoms and one S atom and they can synergistically or individually
contribute to its binding to metals surfaces. The conversion from one tautomeric form to another of 2-
MBI is important from the point of view of structural chemistry.
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Scheme 1. (a) The thiol and (b) thione forms of 2-MBI

Table 1. Selected bond lengths (in angstroms) and bond angles (in degrees) of 2-MBI thione and 2-
MBI thiol forms of 2-mercaptobenzimidazole (2-MBI) calculated using B3LYP/6-31G (d,p)

level.
Parameters 2-MBI thione 2-MBI thiol Exp[31]
C1-C7 1.389 1.388 1.389
C2-C4 1.390 1.399 1.391
C2-N9 1.389 1.392 1.389
C8-N7 1.376 1.378 -
C8-N9 1.376 1.307 1.365
C8-S10 1.666 1.769 1.684
N7-C8-S10 127.70 120.14 -
N9-C8-S10 127.70 125.92 127.21
C1-N7-C8 111.60 106.52 111.01
C2-C4-N9 132.60 129.75 132.02
C2-C4-C6 117.27 118.01 116.32

B3LYP/6-31G(d,p) calculations were performed on the two tautomeric forms of 2-MBI.
Calculated geometric parameters are listed in Table 1 along with the experimental data. The
crystallography study [31], shows that the thione form is predominantly present. According to
published data by Ravikumar et al, [31], 2-MBI thione molecule is bisected by the crystallographic
mirror plane with atoms C8-S10 lying in this plane. The C8-S10 bond length of 1.684 A°, determined
experimentally possesses 58% SCF m-bond character [31]. This value of bond length is confirmed
theoretically in the case of 2-MBI thione which is closer to the experimental result than the 2-MBI
thiol form (Table 1). The bond lengths and bond angles obtained experimentally for 2-MBI agree well
with those computed using DFT, but the slight differences in bond lengths and angles between the two
forms of 2-MBI may be attributed to the migration of hydrogen atom and the delocalization of electron
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density during the tautomeric formation. However, the molecules are largely planar.

3.2. Frontier molecular orbitals and global reactivity indices
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Figure 1. (a) Optimized structure, HOMO and LUMO orbitals of 2-MBI thione; (b) optimized
structure, HOMO and LUMO orbitals of 2-MBI thiol.
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In order to understand the different bonding abilities of the two forms of 2-MBI onto a metal
surface at the atomic level, quantum chemical calculations was employed to obtained some electronic
properties and orbital information. The optimized structure, HOMO and LUMO orbitals of 2-MBI
tautomers are shown in Figs. 1(a) and (b). Similarly, the calculated quantum chemical properties for
the most stable conformations of 2-MBI thione and 2-MBI thiol calculated using B3LYP/6-31G (d,p)
level is presented in Table 2. According to frontier molecular orbital theory (FMO) of chemical
reactivity, the formation of a transition state is due to an interaction between frontier orbitals (HOMO
and LUMO) of reacting species [32]. The energy of HOMO and LUMO is often associated with the
electron donating ability and electron accepting ability. The organics does not only donate electrons to
the unoccupied d- orbital of the metal ion (in case of transition metal) but can also accept electrons
from the d-orbital of the metal (in case of transition metal) leading to the formation of a feed-back
bond [33]. Thus, the binding ability of organics to the metal surface increases with increase in energy
of the HOMO and decrease in the value of energy of the LUMO. The energy gap, AE, is an important
parameter which indicates the reactivity tendency of organics towards the metal surface [34]. As AE
decreases, the reactivity of the molecule increases leading to an increase in adsorption onto a metal
surface. A molecule with low energy gap is more polarizable and is generally associated with high
chemical reactivity and low Kinetic stability. Thus, AE, has been used in literature to characterize the
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binding ability of organics to the metal surface. [35]. The dipole moment (x in Debye) is another
important reactivity parameter than has been frequently used to understand the distribution of charges
on the atoms in a molecule. The high value of dipole moment has been reported to increase the
adsorption between an organics and a metal surface [36].

Table 2. Calculated quantum chemical properties for the most stable conformations of 2-MBI thione
and 2-MBI thiol calculated using B3LYP/6-31G (d,p) level.

Properties 2-MBI thione 2-MBI thiol
Total Energy (Ha) -778.09 -778.06
Exomo (EV) -5.46 -5.83
ELumo (EV) -0.84 -0.37

AE (eV) 4.62 5.46

u (D) 4.75 2.25

As can been seen in Table 2, the total energy of the thione form is slightly lower than that of
the thiol form which indicates that 2-MBI thione is more stable than 2-MBI thiol. Also from Table 2,
2-MBI thione has a higher Eyomo and a lower Eqomo than 2-MBI thiol which indicate that the electron
donating and accepting ability of 2-MBI thione is higher than that of 2-MBI thiol. The lower value of
energy gap, AE, computed for 2-MBI thione corresponds to a more stable adsorption layers of the
organics on the metal surface. The higher value of the dipole moment as computed in Table 2 for 2-
MBI thione, confirms its higher adsorption ability to the metal surface than the 2-MBI. This is because
the volume of the molecule and its contact area to the metal surface increases with higher dipole
moment.

The HOMO and LUMO orbitals of 2-MBI thione and 2-MBI thiol forms of 2-MBI are also
presented in Fig 1. From the molecular orbital distribution it can be seen that the HOMO and LUMO
orbitals are localized on the whole structure but with a higher lobe around the S atom in 2-MBI thione
than in 2-MBI thiol form. This shows the importance of S atom in the bonding ability of 2-
mercaptobenzimidazole (2-MBI) on the metal surface.

3.3. Mulliken population distribution and molecular electrostatic potential surfaces

Mulliken population distribution is commonly used in quantum chemical calculations to
establish the active centers of organic molecule responsible for interaction with metals. It has been
documented that the more negative the atomic charges of the adsorbed center, the more easily the atom
donates its electron to the unoccupied orbital of the metal [37]. The molecular electrostatic potential,
MEP, is related to the electron density and is a very useful descriptor in determining the sites for
electrophilic and nucleophilic reactions as well as hydrogen bonding interactions [38].

Figs. 2 (a) and (b) show the Mulliken charge distributions and the molecular electrostatic
potential map of 2-MBI thione and 2-MBI thiol ( red=negative charge and blue = positive charge). It is
clear from Figs. 2(a) and (b) that the two N atoms carries high negative charges whereas some ring
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carbon atoms (benzo carbons) carries substantial negative charges. The biggest difference is that
whereas the S atom of the 2-MBI thione carries a negative charge, the S atom of the 2-MBI thiol
carries a positive charge. This make the 2-MBI thiol unstable and less reactive when compared with 2-
MBI thione. To predict reactive sites for electrophilic and neucleophilic attack, the MEP at the
B3LYP/6-31G(d,p) optimized geometry was plotted. The negative (red and yellow) regions are related
to electrophilic centers whereas the positive (blue) regions to nucleophilic centers. As can be seen from
Fig. 2, that the two molecules has many possible reactive centers. Negative charges are located over
the two N atoms, the C atoms of the benzene rings and much more at the S atom. However, the S atom
of the 2-MBI thione carries more negative charges (more red colour) when compared to 2-MBI thiol
which carries positive charges (blue colour). Thus, the negative charge on the S atom present in 2-
MBI thione is the primary reason why its interaction with the metal surface is expected to dominate
over that of 2-MBI thiol.
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Figure 2. (a) Charge distribution and electrostatic potential map of 2-MBI thione; (b) Charge
distribution and electrostatic potential map of 2-MBI thiol.

3.4. Molecular dynamic simulations

Recently, molecular dynamics (MD) simulations are performed to study the interaction of
several corrosion inhibitors with metal surfaces [39, 40]. Results obtained from those studies indicate
that molecular dynamics simulations can provide insights into the design of inhibitor systems with



Int. J. Electrochem. Sci., Vol. 9, 2014 2374

superior properties, and the interaction energy between organic molecule and metal surface given by
molecular dynamics simulations can interpret the difference of inhibition efficiency between organic
inhibitors. In order to understand the adsorption mechanism of interaction of 2-MBI thione, the most
stable form of 2-mercaptobenzimidazole with iron, aluminium and copper metals, MD simulations was
carried out.
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Figure 3. Energy fluctuation curves for the equilibrium adsorption of 2-MBI thione on (a) Fe (110)
(b) Cu (111) and (c) Al (111) surfaces.
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The simulation studies were design to predict the binding strength of 2-MBI thione with Fe,
Cu and Al surfaces in order to determine the adsorption strength of the molecule on these different
metals. 2-MBI thione has several potential binding sites as revealed in the quantum chemical
calculation earlier discussed. The active sites include the S atom, the two N atoms and several =n-
electrons. These atoms and ©-Systems can bind to the metal surfaces. Thus 2-mercaptobenzimidazole
can act as corrosion inhibitor. MD simulations were performed to study the adsorption behaviour of 2-
MBI thione on Fe (110), Cu (111), and Al (111) surfaces. When the energy of the systems containing
2-MBI thione adsorbed on Fe (110), Cu (111), and Al (111) reaches equilibrium (Figs. 3), the values of
Etotal, Esurface and Emoi Were subsequently evaluated from single point energy calculations. The Epinging
between Fe (110), Cu (111) and Al (111) surfaces with 2-MBI thione can be obtained according to
Equ.(1). The close contacts between the molecules and the metal surfaces as well as the best
equilibrium adsorption configuration for the compounds are depicted in Fig. 4. The calculated Einteraction
and Epinging Values for the different systems are given in Table 3.
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Figure 4. Equilibrium adsorption configurations of 2-MBI thione on (a) Fe (110) (b) Cu (111) and
(c) Al (111) surfaces obtained by molecular dynamics simulations.

Table 3. Interaction and binding energies of 2-MBI thione adsorbed on Fe (110), Cu (111) and Al

(111) surfaces.

SyStemS Einteraction (k\] m0|_1) Ebinding (k\] m0|_1)
Fe (110) + 2-MBI thione -191.84 191.84

Cu (111) + 2-MBI thione | -126.03 126.03

Al (111) + 2-MBl thione | -71.95 71.95

It can be seen that the 2-MBI thione adsorbed on the metal surfaces with a flat orientation. The
formation of the flat orientation can be ascribed to the relatively equal distribution of populations of
HOMO and LUMO on the whole molecules. This ensures high adsorption strength and interaction
energy which makes 2-MBI efficient corrosion inhibitor for the metals.
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Results obtained from Table 3 shows that the interaction energy between 2-MBI thione and the
three metal surfaces were all highly negative and therefore spontaneous adsorption is expected. It has
been documented that the more negative the interaction energy between an organic molecule with a
metal surface is, the stronger is the binding energy and the more stable is the interaction [41, 42]. Itis
thus clear from this study that 2-MBI thione is more stable on the three metal surfaces. The binding
strength of 2-MBI thione with the different metal surfaces follows the order: Fe > Cu > Al. The
adsorption mechanism of 2-mercaptobenzimidazole (2-MBI) with the different metal surfaces studied
can be attributed to the strong interaction between the S atom, two N atoms and several m-electrons.
These atoms can offer electron densities to the unoccupied-orbitals of Fe, Cu, and Al to form
coordinate bonds, and the anti-bonding orbitals of zm-electrons in the imidazole and benzene moiety
present in 2-MBI can also accept the electrons from the empty-orbitals of the metals to form feedback
bonds. This interaction is stronger for Fe than Cu and Al.

4. CONCLUSIONS

Density functional theory (DFT) and molecular dynamics (MD) simulations have successfully
been used to gain some insights into chemical reactivity and mechanism of corrosion inhibition of 2-
mercaptobenzimidazole (2-MBI) on Fe, Cu, and Al surfaces at the molecular level. DFT results show
that the thione form of 2-MBI designated as 2-MBI thione is more reactive and stable than the 2-MBI
thiol form. The active reaction sites of 2-MBI thione with the metal surfaces are S atom, the two N
atoms on the imidazole moiety and the n-electrons on the system. MD simulation showed that 2-MBI
thione binds spontaneously to the three metal surfaces investigated. This study has provided an
important insight that will assist in designing novel and effective inhibitors based on 2-
mercaptobenzimidazole derivatives.
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