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Abstract

The substituent effects of electron-donating and -withdrawing on the efficiency of corrosion
inhibition of benzimidazole and its derivatives have been studied by density functional theory
DFT and Magller—Plesset perturbation theory MP2 calculations at aqueous medium. For this
investigation, the corrosion inhibition efficiencies of the protonated and non-protonated
spesies of benzimidazole and its derivatives were correlated with molecular electronic
properties: high occupied molecular orbital (HOMO) and low unoccuppied molecular orbital
(LUMO) energies, ionization potential, electron affinity, electronegativity and fraction number
of electron transfer. The dipole moment and interaction energy represent the total surface
coverage and the strength of the adsorption of inhibitors on the metal surface. Natural bond
orbital NBO analysis in term of the second order interaction energies were used to study the
contributions of the active sites of inhibitors toward corrosion inhibition performances. The
ionization potential of the inhibitors has a strong influence on the efficiency of corrosion
inhibitors. It was found that the MP2 method accurately predicted the ionization potential
while the DFT failed to mimic the ionization potential of the experimental results. The linear
correlation was shown between electronic properties and corrosion inhibition efficiency.
Electron donating substituents increase the corrosion inhibition efficiency, whereas electron
withdrawing substituents give the opposite effect. The NH, substituent contributes highest,
whereas NO, provides the weakest contribution to the corrosion inhibition efficiency for both
non-protonated and protonated species of inhibitors. The second order interaction energy
indicated that heteroatom at imidazole position was the main center of electron donating and
they received simultaneously significant amount of electron back donation from the metal.
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1. Introduction

The potential of benzimidazole and its derivatives as corrosion inhibitors has been widely
reported, both in experimental [1-4] and theoretical studies [5-7]. Khaled studied the
effect of substituents on the corrosion inhibition efficiency of benzimidazole, namely, 2-
aminobenzimidazole, 2-(2-pyridyl) benzimidazole, 2-aminomethylbenzimidazole, 2-
hydroxybenzimidazole using electrochemical impedance spectroscopy (EIS) on iron
surfaces in 1 M HCI solutions. The study showed that the corrosion inhibition efficiency of
benzimidazole increased with the presence of amine groups [8]. Aljourani et al. studied
corrosion inhibition of 2-benzimidazole derivatives, namely, 2-mercaptobenzimidazole, 2-
methylbenzimidazole on mild steel derivatives in 1 M HCI solution. Addition of
substituent in benzimidazole leads to a better corrosion inhibition efficiency than
benzimidazole with no substituent [9]. In more detail the effect of the difference
substituent types: 2-methylbenzimidazole (2-CHs-Bl), 2-hydroxymethylbenzimidazole (2-
CH,OH-BI), 2-mminobenzimidazole (2-NH,-Bl), 2-mercaptobenzimidazole (2-SH-BI),
5(6)-nitrobenzimidazole (5(6)-NO,-Bl), 5(6)-carboxybenzimidazole (5(6)-COOH-BI) and
2-benzimidazolylacetonitrile (2-CH,CN-BI), to corrosion inhibition efficiency was studied
by Popova etal. in mild steel in 1 M HCI solution using gravimetric and polarization
techniques. Popova et al. shows the order of corrosion inhibition efficiency is 5(6)-NO,-
Bl < Bl < 2-CH3;-BI < 5(6)-COOH-BI < 2-CH,0H-BI < 2-NH,-BI < 2-CH,CN-BI < 2-SH-
Bl [10].

In addition to experimental studies, many theoretical studies have also been carried
out. Obot et al. used a density functional calculation at B3LYP/6-311G++(d,p) level of
theory to predict the substituent effect on benzimidazole corrosion inhibition performance
[11]. The most relevant electronic parameters for corrosion inhibition ability can be
explained systematically by these theoretical studies. In addition, theoretical study is able
to explain in detail the mechanism of inhibition of corrosion by inhibitors. Corrosion
inhibition efficiency from theoretical calculations also shows positive correlation with
experimental studies. Zhang et al combined experimental and theoretical studies to study 2-
(4-pyridyl)-benzimidazole, benzimidazole and pyridine corrosion inhibition against mild
steel in 1.0 M HCI. A combination of weight loss, electrochemical measurements, DFT
and MD simulations shows that substituent groups increase molecular inhibition ability
[12]. Singh studied the effect of substituent on the efficiency of corrosion inhibitors of
benzimidazole derivatives for J55 steel in 3.5wt% NaCl solution by combining
experimental studies, DFT method and molecular dynamics simulation. A good correlation
between electronic parameters and the efficiency of corrosion inhibitors is successfully
presented [13].

In this report, the substituent effect on the corrosion inhibition performance of
benzimidazole derivatives was studied using the ab initio MP2 and DFT methods. The
substituent effect study is important due to the addition of substituents changes the
structure and density of electrons which will certainly affect the strength of the interaction
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of benzoimidazole and metal. Secondly, the difference in substituent polarity also affects
the solubility of bezimidazole which certainly affects its corrosion inhibition performance.
Thirdly, many benzimidazole derivatives have successfully synthesized but not all have
been tested experimentally as corrosion inhibitors. Therefore, molecular modeling will
certainly help experimental research. In this study, the electron donating and withdrawing
effect is presented in the correlations between molecular electronic parameters and
corrosion inhibition efficiency. The second order interaction energy from natural bond
orbital NBO analysis are used to show the contribution of each atom from the substituent
active sites to increase the corrosion inhibition efficiency. The back donation effect from
metals to inhibitors is also presented showing details of the interaction between inhibitors
and metal surfaces.

2. Computational method

The optimized geometry of benzimidazole and its derivatives was calculated using density
functional theory (DFT) and ab initio MP2. All calculations of the geometry parameters
and intrinsic properties of benzimidazole and its derivatives were carried out using
Gaussian 09 software [14]. The 6-311G (d,p) basis function was chosen for geometry
optimization and electronic properties calculation of inhibitors whereas the combination of
LanL2DZ ECP and 6-311G(d,p) was applied for determining the interaction energies and
the second order interaction energy. Corrosion predominantly occurs in agueous medium
so the solvent effect was added using a polarized continuum model (PCM). Optimization
of geometry inhibitors was not carried out on aqueous systems because it has a small effect
on structural parameters and electronic energy [15-19].

The value of corrosion inhibition efficiency (IEueor.%) was theoretically determined
according to the previously published equation [6, 29]. Theoretically the calculation of
ionization potential (1) and electron affinity (A) uses the Koopman theorem [21].
Koopman’s theorem explains the relationship between ionization potential (1), electron
affinity (A), electronegativity (y), Enomo and E_umo €nergy as the following formula:

| = —Enomo (1)

A=—-E_umo (2)
_1+A

y= 1A ®

The Pearson method describes the technique of calculating fraction of electron
transfer (AN) between inhibitor molecules and metal surfaces. According to Pearson, when
systems with different electronegativity come into contact, electrons will flow from low-
electronegativity systems to systems with high electronegativity. This electron flow stops
when the chemical potential of the two systems is the same. To calculate fraction of
electron transfer, the value of the theoretical electronegativity of iron used is 7 eV [21] and
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assumed | = A then the global hardness of Fe = 0 [22]. The AN is calculated based on
Equation (4).

AN = Xre — Xinb (4)
z(nFe +ninb)
For the studied molecules, the interaction energy can be calculated as follows:
AE = Epeg) — (Ere + Eg)) (5)

Here, Er.g Was the complex energy, Eg. the energy of metal salts and Eg, the energy
of benzimidazole and its derivatives [23].

The electron donation intensity from the active side of the atom inhibitor was studied
further using Natural Population Analysis (NBO) in terms of the second order interaction
energy (E2). E2 describes the intensity of each electron donor between the Lewis Donor (i)
and non-Lewis Acceptor NBO (j). E2 associated with i—j delocalization can be estimated
as follows [24]:

F(i, J)
E2=qi——~ 6
q Py (6)
Here, qi is the donor orbital occupancy, &, € are diagonal elements (orbital energies),
and F(i,j) are off-diagonal elements, respectively, associated with the NBO Fock matrix.

3. Results and discussion

Addition of substituents to the benzimidazole framework is depicted in Scheme 1. Electron
donating groups (CH3, NH,, C,H,, OH, CH,OH, OCH5) and withdrawing groups (COOH,
COOCHS3;, NO,) are added to the carbon position in the imidazole part. As a consequence
of using the DFT and MP2 methods, it is necessary to determine the accuracy of the
method to assess the target system. Accuracy of theoretical calculations was tested through
comparison of theoretical geometry parameters with X-ray structures of imidazole
compounds. Experimental studies of imidazole structures were obtained from previous
publication [25]. The good suitability between the structural parameters of the theoretical
calculation and the experimental data is shown in Table 1. The relatively small difference
in bond lengths and binding angles averaging 0.01 A and 1.5° between theoretical and
experimental studies indicated that DFT/6-311G(d,p) and MP2/6-311G(d,p) showed high

accuracy for the studied systems.
N
%R
N

Scheme 1. R = CH3, NH,, C2H2, OH, CHZOH, OCHg, H, COOH, COOCHg and NOz.
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Table 1. Comparison of theoretical and experimental studies of imidazole geometrical parameters
calculated using DFT/6-311G(d,p) and MP2/6-311G(d,p).

Distance DFT (A) MP2(A) Exp(A) Angle DFT (&) MP2 Exp

N1-C2 1.3720 1.3710 1.347 C2-N1-C5 107.7108 107.7664 107.40
N1-C5 1.3823 1.3818 1.370 N3-C2-N1  110.8038  110.8429 111.46
N1-H1 1.0096 1.0096 0.870 C2-N3-C4  105.8083  105.7353 105.02
N3-C2 1.3190 1.3190 1.327 C5-C4-N3  110.7803  110.8699 109.89
N3-C4 1.3787 1.3776 1.384 C4-C5-N1 104.8966  104.7853 106.22
C4-C5 1.3703 1.3710 1.356 N3-C2-C21 125.8661  126.1455 125.50
C2-C21 1.4951 1.4969 1.487 N1-C2-C21 123.3300 123.0115 123.03

The electronic quantum parameters and corrosion inhibition efficiency of non-
protonated and protonated benzimidazole and its derivatives in agueous medium have been
studied (Table 2, Table 3, Table 4 and Table 5). Experimental studies of corrosion
inhibition efficiency of benzimidazole compounds on mild steel showed an efficiency
value of 73.10% measured using the gravimetric and EIS methods [9]. Theoretical
corrosion inhibition efficiency was calculated based on the previously published equation
[6]. Quantum parameters present the electronic properties of molecules so that they can be
used to predict which compounds are more efficient as corrosion inhibitors. The
substituent effect on electronic properties can be seen in Tabel 2, 3, 4 and 5. They showed
that there are small differences in the value of electronic parameters between protonated
and non-protonated species of benzilmidozole in aqueous medium. The corrosive
inhibition performance trend remains the same in terms of the influence of the electron
donating and withdrawing groups. The addition of electron donor groups has a better effect
on the ability to inhibit corrosion than the addition of electron withdrawal groups. The
addition of NH, as electron donor group increases efficiency by 5%, whereas the addition
of NO, decreases inhibition efficiency by 5%. The influence of substituents (CH3z and NH,)
on the performance inhibition of benzilmidazole and its derivatives in aqueous medium
was studied using gravimetric and electrochemical techniques have been reported by
Popova et al. [27]. The study shows that the trend of inhibition performance follows BI-
NH, > BI-CHs.

The corrosion inhibition performance trend of benzilmidazole is related to the energy
values of HOMO and LUMO on inhibitor molecules. The HOMO energy (Enomo) Shows
the nature of the molecule to donate electrons, while LUMO energy (E_uymo) shows the
nature of the molecule to receive electrons [28]. The bigger the Enomo, the stronger an
organic inhibitor attach to the metal surfaces. Thus, those molecular inhibitors have high
anti-corrosion efficiency. The value of Enomo for NH, based on DFT/6-311G(d,p) is
—5.6341 eV greater than NO, —6.9389 eV. The presence of nitro substituents reduces the
reactivity of the benzene ring thus causing a weak bond of benzene ring with metal [26].
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The same trend is also found in the results of the MP2 method. Furthermore, this is
confirmed by Figure 1 which shows a linear HOMO energy correlation and inhibition of
efficiency in aqueous phase, r? = 0.9889. This linear correlation trend is similar to that in a
previous theoretical report [27].

Table 2. The electronic parameters of non-protonated benzimidazole and its derivatives calculated using
B3LYP/6-311G(d,p) level of theory in aqueous medium.

Substituent EnomoeV  ELumo eV I eV AeV XeV AN IEtheor.
H —6.4809 —-0.7970 6.4809 0.797 3.6389  0.5913  73.8000
CH3 —6.3204 -0.7388 6.3204 0.7388 3.5296  0.6217 75.6276
NH, —-5.6341 -0.2880 5.6341 0.288 2.9610  0.7554  83.4427
C.H, —6.1694 -1.5478 6.1694 1.5478 3.8586  0.6797 77.3471
OH —6.159 —0.4879 6.159 0.4879 3.3234  0.6482  77.4655
CH,OH —6.3182 -0.7045 6.3182 0.7045 3.5113  0.6214  75.6527
OCHj; -6.1158 -0.4874 6.1158 0.4874 3.3016  0.6570  77.9575
CHO —6.7267 —-2.4030 6.7267 2.4030 45648 05632 71.0010
COOH —-6.7204 -2.0351 6.7204 2.0351 43777 05596 70.4391
COOCH; —6.6913 -1.9587 6.6913 1.9587 43250  0.5652  70.7705
NO, —6.9389 -3.1856 6.9389 3.1856 5.0622  0.5162 67.6562

Table 3. The electronic parameters of protonated benzimidazole and its derivatives calculated using
B3LYP/6-311G(d,p) level of theory in aqueous medium.

Substituent Enomo eV ELumo eV | eV AeV XeV AN IEtheor.
H —7.4338 -1.9897 7.4338 1.9896 47117 0.4203  73.8000
CH3 —7.3062 -1.8732 7.3062 1.8732 4.5897 0.4436  75.0669
NH, —6.7609 -1.1265 6.7609 1.1265 3.9437  0.5424  80.4806
C,H, —7.1541 -2.6732 7.1541 2.6732 4.9136 0.4655 76.5770
OH —7.2140 -1.4432 7.2140 1.4432 4.3286 0.4629  75.9827
CH,OH —7.335 —-1.8193 7.3351 1.8193 45772 0.4392  74.7806
OCHjs —7.1438 -1.4375 7.1438 1.4375 4.2906 0.4747  76.6797
CHO —7.6703 -3.6177 7.6703 3.6177 5.6440 0.3345  71.4524
COOH ~7.9533 3.4278 7.9533  -3.4278 22627  0.4162  68.6430
COOCH; —7.6183 -3.2416 7.6183 -3.2416 5.4300 0.3587  71.9684

NO, —7.8518 —-4.3010 7.8518 4.3010 6.0764 0.2600  69.6506
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Table 4. The electronic parameters of non-protonated benzimidazole and its derivatives calculated using
MP2/6-311G (d,p) level of theory in aqueous medium.

Substituent Enomo eV ELumo eV | eV AeV XeV AN 1Etheor.
8.4508

H —-8.4508 2.9952 (8.47)* —2.9952 2.7278 0.3732 73.8100
8.2698

CHs —-8.2698 3.0501 (8.24)% -3.0501 2.6098 0.3878  75.3806
7.7754

NH, —7.7754 3.4855 (7.91)* —3.4855 2.1449 0.4311 79.6982

C,oH» —8.0083 2.1801 8.0083 -2.1801 2.9141 0.4010 77.6643

OH -8.251 3.3138 8.251 -3.3138 2.4686 0.3918  75.5448

CH,OH -8.2984 3.0811 8.2984 -3.0811 2.6086 0.3859  75.1308

OCH; —-8.2059 3.3103 8.2059 -3.3103 2.4478 0.3952  75.9386

CHO -8.3172 1.3845 8.3172 —1.3845 3.4663 0.3642  74.9667

COOH -8.7204 8.7204 8.7204 -8.7204 3.3778 0.3401  70.7583
8.6831

COOCH; -8.6831 1.7138 (8.41)* -1.7138 3.4846 0.3381  71.5885

NO, -9.0034 0.4596 9.0034 —0.4596 4.2719 0.2882  68.6559

*experimental data [29]

Table 5. The electronic parameters of protonated benzimidazole and its derivatives calculated using
MP2/6-311G (d,p) level of theory in aqueous medium.

Substituent Enomo eV ELumo eV | eV AeV XeV AN 1Etheor.
H -9.4080 2.0258 9.4080 —-2.0258 3.6910 0.2893  73.8100
CHjs -9.2548 2.1306 9.2548 —2.1306 3.5621 0.3019  75.0119
NH, -8.8940 2.7967 8.8940 —2.7967 3.0486 0.3379  77.8427
CzH; —-9.0080 1.1426 9.0080 -1.1426 3.9327 0.3021  76.9482
OH -9.2924 2.5546 9.2924 —2.5546 3.3689 0.3064  74.7173
CH,OH -9.3033 2.1684 9.3033 —2.1684 3.5674 0.2992  74.6319
OCHjs —-9.2355 2.5478 9.2355 -2.5478 3.3438 0.3102 75.1634
CHO —-9.5680 0.1662 9.5680 —0.1662 4.7009 0.2361  72.5547
COOH -9.5682 0.37334 9.5682 -0.3733 4.5974 0.2416  72.5531
COOCH; —-9.6004 0.4272 9.6004 —0.4272 4.5866 0.2406  72.3006

NO; —9.8687 —0.7518 9.8687 0.7518 5.3103 0.1853  70.1957




Int. J. Corros. Scale Inhib., 2019, 8, no. 3, 673—688 680

The ionization potential (I) can be used to measure the reactivity of atoms or
molecules. High ionization potential values indicate molecules have high reactivity while
low ionization potential values indicate molecules have low reactivity [26, 27]. Tables 2
and 3 also show an increase in ionization potential which follows the increasing trend of
Enomo. The value of ionization potential of NH, substituent calculated using DFT/6-
311G(d,p) is 5.6341 eV which is lower than the ionization potential value for NO,,
—6.9389 eV. This is again predicted that NH, will have a higher anti-corrosion efficiency
than NO, substituted benzimidazole. This trend is also found for the results of MP2
calculations. However, the ionization potential value must agree with the experimental
results. Experimental ionization potential of benzimidazole is 8.47 eV [30]. This means
benzimidazole and its derivatives will have HOMO energy in the range of +8 eV. The
results of the DFT method show that the ionization potential value of 2.0 eV lower than the
experimental data. Based on these findings, the application of the DFT method in
measuring corrosion inhibition performance needs to be reviewed because DFT fails to
replicate experiments, especially important electronic parameters such as ionization
potential. Therefore, the MP2 calculation gives much better results especially in the
accuracy of the calculation of ionization potential.

Small values of electronegativity cause molecules to easily reach electronic
equilibrium so that molecules become more reactive. The high value of electronegativity
shows the opposite [28]. Table 1 shows the order of increase in the value of NH, < OCH; <
OH < CH; < CH,OH < CH; < CHO < H < COOCH; < COOH < NO,. The
electronegativity value of NH, substituted benzimidazole is 2.1449 eV, lower than the
electronegativity value of NO,, 4.2719 eV. Based on this electronegativity data, it can be
predicted that NH,-substituted benzimidazole has a higher anti-corrosion efficiency than
nitro substituents.

According to Lukovits [20] electron transfer will occur from the inhibitor to the
surface of the metal and vice versa if AN is positive and the value is less than 3.6. Table 1
and 3 presents the value of the number of electrons transferred (AN). The presence of
donor electron substituents increases the efficiency of corrosion inhibition because the
number of electron transfers to the metal surface increases. The value of AN indicates that
NH, substituent is the best corrosion inhibitor because it has the highest electron transfer
capability, whereas NO, shows the lowest electron transfer capability. Thus, the NO,
substituent has the least inhibition efficiency. Figure 1 shows the positive correlation
between the electrons transferred and corrosion inhibition efficacy in aqueous phase. The
positive correlation between electrons transferred and corrosion inhibition efficiencies has
a linearity of r’=0.9705. This value of AN is directly proportional to HOMO energy,
ionization potential and electronegativity.
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Figure 1. Correlation between corrosion inhibition efficiency (I1Eeor.) and molecular
electronic parameters such as Enomo, fraction of electron transfer, electronegativity and
second order interaction energy.

In order to further study the interactions between inhibitors and metal, a geometry
optimization was carried out for monocluster Fe and benzilimidazole and its derivatives.
The level of molecular adsorption that occurs on the surface of Fe is represented by
measuring the interaction energy between Fe and benzilmidazole. The interaction energy is
related to the strength of the adsorption of molecules on the metal surface. The interaction
energy between ferrous metal (Fe) and benzilmidazole is calculated as the energy
difference between the complex and its monomer [23]. The interaction mode between Fe
and benzilimidazole involves the interaction between nitrogen and carbon benzilmidazole
with Fe. The easy protonated benzilmidazole and its derivatives to undergo electron
delocalized make them are able to transfer more electrons to the vacant Fe orbitals. Thus,
the interaction energies of protonated benzilmidazole with Fe were slightly stronger
compared to neutral benzimidazole molecules (Table 6).
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Table 6. Calculated dipole moment (Debye) and interaction energies AE (kcal-mol™) of benzimidazole
and its derivatives calculated by DFT/B3LYP combined LANL2DZ and 6-311G(d,p) level of theory.

Dipole Moment (Debye) AE (kcal-mol™)
Substituent
Non-protonated Protonated Non-protonated Protonated
H 4.7284 6.9000 —23.9392 —25.8600
CH3 4.9454 6.1907 —24.6030 —-25.2283
NH; 6.3884 8.7368 -23.1831 —-23.4735
C.H, 4.6200 4.7247 -23.2096 —24.8827
OH 3.2045 6.1197 -22.8138 —23.6552
CH,OH 4.6231 6.1075 —-24.0956 —24.7780
OCHj; 3.3896 5.1170 —24.4886 —-23.1985
CHO 7.3633 2.3363 -23.8017 —22.5196
COOH 6.1858 2.0063 —23.7472 —23.9356
COOCH; 6.5769 1.7258 —-23.7519 —-23.8630
NO; 6.9190 4.3523 —24.1753 —-24.0253

Table 6 shows the moment dipole of neutral and protonated benzilmidazole and its
derivatives. The greater the dipole moment, the stronger intra-molecular interactions that
lead to the formation of strong adsorbed layers on the surface of metal. The dipole moment
can be used to predict the total surface coverage of benzilmidazole and its derivatives on
Fe surface. Molecules with a high dipole moment will exhibit large surface coverage when
the molecules are absorbed on the metal surface [30]. This results in increased efficiency of
corrosion inhibition of these molecules. The sequence of rising dipole moments from
protonated benzilmidazole follows the trend of increasing the corrosion inhibition
efficiency of these compounds.

Figure 2. Schematic interaction of donor and back donation electron receptor between
nonprotonated and protonated inhibitors and metal.
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Table 7. Selected second order interaction energy E2 (kcal-mol™) of non-protonated benzimidazole and
its derivatives.

Maximum Donation

Substituents NBO E2 Back Donation NBO E2
Donor (i) — Acceptor (j) kcal-‘mol™  Donor (i) — Acceptor (j) kcal-mol™
H LP(1)N7 — LP*(4)Fel6 29.78 LP*(3)Fel6 — RY*(1)N7 0.80
LP(1)N9 — LP*(5)Fel6 6.26 LP*(2)Fel6 — RY*(2)N9 0.77
CzHs LP(1)N7 — LP*(4)Fe20 30.83 LP*(3)Fe20 — RY*(1)N7 0.50
LP(1)N9 — LP*(5)Fe20 6.26 LP*(3)Fe20 — RY*(2)N9 0.72
COOH LP(1)N7 — LP*(4)Fel9 27.04 LP*(3)Fel9 — RY*(1)N7 0.63
LP(1)N9 — LP*( 5)Fel9 6.37 LP*(3)Fel9 — RY*(2)N9 0.58
OCHjs LP(1)N7 — LP*(4)Fe20 30.93 LP*(2)Fe20 — BD*(1)N7-H16 0.55
LP(2)Fe20 — RY*(2)N9 0.50 LP*(2)Fel9 — RY*(1)N9 0.52
COOCH; LP(1)N7 — LP*(4)Fe22 27.38 LP*(3)Fe22 — RY*(1)N7 0.62
LP(1)N9 — LP*(5)Fe22 6.37 LP*(3)Fe22 — RY*(2)N9 0.60
CH3 LP(1)N7 — LP*(4)Fel9 29.38 LP*(2)Fel9 — BD*(1)N7-H15 0.68
LP(1)N9 — LP*(5)Fel9 6.36 LP*(3)Fel9 — RY*(2)N9 0.61
NH, LP(1)N7 — LP*(4)Fel8 32.95 LP*(3)Fel8 — RY*(1)N7 0.62
LP(1)N9 — LP*(5)Fe18 5.94 LP*(4)Fel8 — RY*(5)N9 0.72
OH LP(1) N7 — LP*(4)Fel7 32.19 Less than threshold
LP (3)Fel7 — RY*(1)N7 0.70 Less than threshold
NO, LP(1)N5 — LP*(4)Fel8 24.12 LP*(3)Fel8 — RY*(1)N5 0.59
LP(1)N2 — LP*(5)Fel8 5.62 LP*(4)Fel8 — RY*(5)N2 0.65
CH,OH LP(1) N7 — LP*(4)Fe20 28.68 Less than threshold
LP(2)Fe20 — RY*( 2)N9 0.60 Less than threshold

The effect of substituent in terms of the intensity of the donor electron is studied
further using the second-order interaction energy (E2) trend based on the natural bond
orbitals (NBO) analysis [24]. The E2 energies of the non-protonated and protonated
benzilmidazole and its derivatives obtained from the NBO analysis are depicted in Tables 7
and 8. The E2 shows the contribution of each inhibitor atoms in interacting with the metal
surface. For benzilmidazole, the contribution of carbon is smaller than the nitrogen, so the
discussion will focus on the ability of nitrogen to donate electrons (Figure 2). The NBO
analysis shows differences in the ability of electron donors between non-protonated and
protonated nitrogen in inhibitors. The E2 trend for non-protonated benzilmidazole and its
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derivatives shows the strong influence of nitrogen heteroatom N7 on the inhibitory
performance. In contrast, nitrogen N9 indicates weak electron donor ability. It shows that
the protonated nitrogen is preferred under agueous conditions.

Table 8. Selected second order interaction energy E2 (kcal-mol™?) of protonated benzimidazole and its

derivatives
Donation NBO E2 Back Donation NBO E2
Substituents
Donor (i) — Acceptor (j) kcal-mol™ Donor (i) — Acceptor (j) kcal-mol™

H LP(1)N7 — LP*(4)Fel6 18.02 LP*(3)Fel7 — RY*(1)N7 0.51
LP 1)N9 — LP*(5)Fel6 25.48 LP*(3)Fel7 — RY*(1)N9 0.60
C,H, LP(1)N7 — LP*(4)Fe20 22.20 LP*(3)Fe20 — RY*(1)N7 0.51
LP(1)N9 — LP*(5)Fe20 24.85 LP*(3)Fe20 — RY*(2)N9 0.55
COOH LP(1)N7 — LP*(4)Fel9 20.12 LP*(3)Fel9 — RY*(1)N7 0.52
LP(1)N9 — LP*(5)Fel9 26.54 LP*(2)Fel9 — RY*(1)N9 0.60
CHjs LP(1)N7 — LP*(4)Fel9 20.35 LP*(3)Fel9 — RY*(1)N7 0.52
LP(1)N9 — LP*(5)Fel9 24.91 LP*(2)Fel9 — RY*(1)N9 0.61
COOCH; LP(1)N7 — LP*(4)Fe22 20.19 LP*(3)Fe22 — RY*(1)N7 0.52
LP(1)N9 — LP*(5)Fe22 26.28 LP*(2)Fe22 — RY*(1)N9 0.62
OCH; LP (1)N7 — LP*(4)Fe20 18.52 LP*(3)Fe20 — RY*(1)N7 0.52
LP (1)N9 — LP*(5)Fe20 26.00 LP*(2)Fe20 — RY*(1)N9 0.62
NH; LP(1)N7 — LP*(4)Fe22 20.54 LP*(3)Fel8 — RY*(1)N7 0.69
LP(1)N9 — LP*(5)Fe22 26.82 LP*(2)Fel8 — RY*(1)N9 0.50

OH LP(1)N7 — LP*(5)Fel7 20.18 Less than threshold

LP(2)N9 — LP*(4)Fel7 24.18 Less than threshold
NO, LP(1)N5 — LP*(4)Fel8 17.39 LP*(2)Fel8 — RY*(1)N2 0.60
LP(1)N2 — LP*(5)Fel8 27.23 LP*(3)Fel8 — RY*(1)N5 0.51

CH,OH LP (1)N7 — LP*(4)Fe20 21.14 Less than threshold

LP (1)N9 — LP*(5)Fe20 23.13 Less than threshold

Further studies are directed at the protonated conditions of both nitrogen atoms from
benzimidazole and their derivatives. An E2 analysis for protonated benzimidazole shows
that both nitrogen atoms, N7 and N9, contribute almost equally in terms of donating
electrons. Table 6 indicates that N9 has just slightly higher contribution than N7 in
donating electrons to the iron surface. It can be explained by the optimal delocalization of
electrons on the N7=C8=N9 side of benzimidazole which makes it easier for the two
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nitrogen atoms to donate their electrons to the metal surface [23]. In addition to donating
electrons, nitrogen atoms also receive electron back donation from iron, even though their
E2 value is small. Table 5 and 6 show that the NH, substituent has the highest E2 values,
the trend of E2 value can be used to explain why the addition of NH, in benzimidazole
increases the inhibitory ability of its corrosion. This trend of E2 shows a positive
correlation (r’ = 0.813) with corrosion inhibition efficiency as shown in Figure 1. Thus, it
can be concluded that the results of the second-order interaction energies value are in
accordance with the electronic parameters.

Conclusion

Density functional theory DFT and Meller—Plesset perturbation theory MP2 was applied to
examine the effect of electron-donating and withdrawing subtituents on the efficiency of
corrosion inhibition of non-protonated and protonated benzilmidazole and its derivatives.
The electron donating substituents CH;, NH,, C,H,, OH, CH,OH, OCHjs, increase the
corrosion inhibition efficiency of benzimidazole and electron withdrawing substituents,
COOH, COOCHs;, NO,, giving the opposite effect. The prediction results of corrosion
inhibition efficiency agree with the experiment. The HOMO energy indicates NH, is able
to donate electrons with the highest intensity compared to other substituents, while NO,
gives the least electron transfer to the metal surface. This trend is followed by other
intrinsic properties such as LUMO energy, electronic affinity, electronegativity, fraction of
electron transfer, ionization potential calculated using both the DFT and MP2 approaches,
although DFT fails to follow the ionization potential of the experimental results. The
positive correlation between corrosion inhibition efficiency and intrinsic properties is
clearly seen. Furthermore, the second order interaction energy predicts the nitrogen active
side of benzimidazole and its derivatives play significant role during adsorption processes
at metal surfaces.
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