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The relationships between corrosion inhibition performance of three kinds of benzimidazole inhibitors
compounds and their molecular electronic properties have been investigated using quantum chemistry
method. Quantum parameters such as highest occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO), energy gap between HOMO & LUMO and Mulliken charges have been
calculated at the level of DFT/B3LYP with various basic sets 6-31+G(d), 6-31+G(d,p) and 6-
311+G(d,p). Quantum calculation results were discussed by using linear regression analysis method
which found inhibition efficiency had a good linear relationship with HOMO energy, energy gap and
total charge of substituent group R3. Among three basic sets, 6-311+G(d,p) can provide more accurate
calculation results. It was found the theoretical data were well accorded with reported experimental
results. Finally, the study may be helpful to design and discover some new homologous inhibitors with
good performance.
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1. INTRODUCTION

To protect metal surface against corrosion, an effective method is to reasonably apply corrosion
inhibitors in acid medium [1-3]. Nowadays corrosion inhibitors, as a protection technique, are widely
used in petroleum, chemical industry, construction and so on. Some organic molecules containing
some functional atoms or groups such as nitrogen, oxygen or sulphur will have a good inhibition
effect[4-7]. Among these various inhibitors, benzimidazole and its derivatives[8-10] as corrosion
inhibitors are arousing more attention owing to their special molecular structural with a five-membered
ring containing nitrogen, where the ring connected with different substituent group. The inhibition
performances of some different organic compounds, such as benzimidazole, 2-methylbenzimidazole
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and 2-mercaptobenzimidazole have been investigated for mild steel in acid solution through some
experimental methods [11].

The use of quantum chemical method is a good way to study the fundamental properties of
molecular structure and their performance. This method is widely used to discuss the relationship
between the structure and performance of corrosion inhibitors and studying corrosion inhibition at
micro level [12-15]. Some related theoretical research was investigated for these benzimidazole
inhibitors [16], but the detailed relationship between the quantum structural parameters and inhibition
efficiency of these inhibitors were not fully investigated yet. The aim of this research will calculate the
most relevant quantum parameters, explore their relationship with inhibition efficiency, and most
importantly, based on structure-activity relationship studies then design some new homologous
inhibitors with better inhibition performance. Hence, some quantum parameters are calculated, such as
the highest occupied molecular orbital energy (Enomo), the lowest unoccupied molecular orbital
energy (ELumo), energy gap (AE), the Mulliken charge distributions and so on. Based on these
theoretical calculations, results are discussed using linear regression analysis method in order to find
out which parameters may have a good linear relationship with inhibition efficiency, which will
provide some useful information to design and discover new homologous benzimidazole inhibitors
with better efficiency.

Table 1. Abbreviations and molecular structure of the studied inhibitors

Inhibitor Conformation Abbreviation

Benzimidazole C[\> M1

2-Methylbenzimidazole C[\% M2
2-Mercaptobenzimidazole C[\% M3

2. CALCULATION METHODS

To search the optimized structures and calculate the quantum parameters of the inhibitors, DFT
(density functional theory) methods were used in the study [17,18]. Calculations were performed at the
DFT level using three basis sets, 6-31+G(d), 6-31G+(d,p) and 6-31+G(d,p) with B3LYP functional
[19,20]. Making sure all the structures are optimized and verified without imaginative frequencies,
after that we calculated these molecular parameters, namely the highest occupied molecular orbital
energy (Enpomo), the lowest unoccupied molecular orbital energy (ELumo), energy gap (AE= E umo -
Enomo), and Mulliken charge distribution, etc. In addition, as for the effect of solvent, the theoretical
model was considered via PCM [21], using a dielectric constant of 78.5 for water [22]. All the
calculations were carried out by using the Gaussian09 software [23] on a personal computer.
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3. RESULTS AND DISCUSSION
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Figure 1. The molecular schematic of inhibitor

The chemical structures and the atomic or group numbering scheme of inhibitor are presented
in Fig.1. After using 6-31+G(d), 6-31+G(d,p) and 6-311+G(d,p) DFT methods, structural parameters
such as Epomo, ELumo, AE=Enomo-ELumo, and mulliken charges of some atoms or groups have been
calculated and shown in Table 2, where R1, R2 represent the ring shown in Fig.1 and R3 is a various
substituent. Qnz and Q. refer to net charge of N1 and N2; Qg1 and Qg refers to net charge of ring R1
and R2; and Qgg refers to the charge of R3.

Table 2. Calculated quantum chemical parameters of the studied inhibitors

Method Inhibitor | Exomo | ELumo | AE Qn1 Qn2 Qminz) | Qre Qr2 Qrs IEX
B3LYP/6- M1 -6.368 | -0.762 | -5.606 | -0.499 | -0.61 | -1.109 -0.791 | 1.129 | 0.242 |52.2
31+G(d) M2 -6.204 | -0.626 | -5.578 | -0.524 | -0.639 | -1.163 -0.989 1.944 | -0.051 |57.1

M3 -6.095 | -0.735 | -5.361 | -0.426 | -0.576 | -1.002 -1.196 1917 |0.177 | 88.8
B3LYP/6- | M1 6.395 | -0.762 | -5.633 | -0.487 | -0.448 | -0935 | -058 |06 | 0188 |522
31G+(d’p) M2 -6.232 | -0.653 | -5.578 | -0.497 | -0.452 | -0.949 -0.832 1.03 0.169 | 57.1

M3 -6.095 | -0.762 | -5.334 | -0.403 | -0.395 | -0.798 -1.008 | 1.13 0.227 | 88.8
B3LYP/6- | M1 6.449 | 0.844 | 5606 | 0.331 | -0.267 | -0.598 | -0.841 | 0953 | 0.179 | 52.2
31+G(d’p) M2 -6.286 | -0.708 | -5.578 | -0.297 | -0.241 | -0.538 -0.856 1301 | 0.047 |57.1

M3 -6.150 | -0.816 | -5.334 | -0.245 | -0.184 | -0.429 -0.843 | 2.041 | -0.353 | 88.8

a Experimental values from Ref.[11] the inhibition efficiency (IE) for the corrosion of mild steel tested
in 1M HCI solution with addition of 250 ppm of various inhibitors.
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3.1 Correlation between molecular orbital energies and inhibition efficiency

According to the frontier molecular orbital theory [24], the interaction between reactants only
happens in frontier molecular orbitals. In order to know the adsorption process of inhibitor we should
take the HOMO and LUMO orbitals into consideration. The frontier orbitals of HOMO and LUMO of
each inhibitor are shown in Fig.2, from which we can find that the three inhibitors have the same
activity centers. The HOMO is largely located on the benzene ring (R1) and imidazole ring (R2). But
the LUMO is spread more evenly on each molecule. The HOMO distribution is planar and makes the
molecule be adsorbed on the metal surface perfectly, because it is easy for the empty orbital of metal to
accept the electron provided by inhibitors.

Using linear fitting with corrosion inhibition efficiency (IE) and frontier orbital energy, we get
these parameters such as regression equations and multiple correlation coefficients by using various
basis sets, 6-31+G(d), 6-31G+(d,p) and 6-31+G(d,p). All these parameters are displayed in Table 3.
The best correlation is observed with HOMO-LUMO energy gap no matter what the basis set is. That
means lower absolute value of energy gap will give good inhibition efficiency because the energy
needs to remove an electron from the frontier orbital (HOMO) will be lower than these higher energy

gap [25].

inhibitor

Figure 2. The frontier molecule orbital density distribution of three inhibitors after optimization using
DFT B3LYP/6-31+G(d,p) method

Hence it is easy for the metal atom to accept the electron from the HOMO orbital of inhibitor
with lower absolute energy gap. Another better correlation is observed with HOMO energy. From
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Table 3, we can find that the inhibitor with lower absolute value of energy gap often has a higher
HOMO energy which infers that the electron of HOMO may have higher activity. Higher HOMO
energy indicates that the inhibitor has a tendency to provide electron to the metallic surface atom and
the inhibition efficiency will increase too.

Table 3. The regression equations of corrosion inhibition efficiency and their frontier orbital energy

Method Variable  Regression equation Multiple R R Square
B3LYP/6-  Epomo IE=848.627+125.772* Enomo (1)  0.8699 0.7567
31+G(d)

ELumo IE =25.067-57.889* ELumo (2) 0.2098 0.0440

AE IE =882.979+148.132*AE (3) 0.9998 0.9996
B3LYP/6-  Ejomo IE =809.428+119.121* Ejomo~ (4) 09005 0.8108
31G+(d,p)

ELUMO IE =-23.177-122.936* ELUMO (5) 0.3894 0.1516

AE IE =753.683+124.687*AE (6) 0.9988 0.9975
B3LYP/6-  Epomo IE =817.565+119.386* Exomo ~ (7)  0.8996 0.8092
311+G(d,p)

ELUMO IE =21.843-55.985* ELUMO (8) 0.2024 0.0409

AE IE =796.887+132.738*AE (9) 0.9996 0.9991

3.2 Correlation between Mulliken charge and inhibition efficiency

Correlations are also investigated between the experimental corrosion inhibition parameters
and the Mulliken charges of various atoms and groups by using various basic sets. We make the
analysis on linear regression of net charges, such as Qniv Qn2v Qi+n2) + Qriv Qre and Qgrs. The
charge of N1 correlates best by using three methods. With the basic set changing from 6-31+G(d) to 6-
311+G(d,p), the calculation accuracy increases. All the correlations are improved and group R3 seems
to do the best with R=0.9932. This means the substituent chargeability play a critical influence on
inhibition performance when inhibitor molecule with the same primary structure.

To further investigate which part of the inhibitor plays an important role on the efficiency
during the surface adsorption, molecular electrostatic potential surface are calculated using DFT
B3LYP/6-311+G(d,p) method. From Figure 3 it is easy to see that the negative charge centers mainly
on the benzene ring and the imidazole ring atoms (N2). As for inhibitor C, there is a little negative
charge on substituent —SH. Hence, we can infer that when the inhibitor adsorb on a surface benzene
ring and imidazole ring (especially N2 atom) play a mainly role, but substituents also play a synergistic
role which explains why the charge of R3 correlates best with inhibition efficiency.
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Table 4. The regression equations of corrosion inhibition efficiency and different net charges

Method Variable

Regression equation

Multiple R

R Square

5405

B3LYP/6-  Qu: IE=241.621+363.536* Qu;  (10) 0.9317 0.8681
v g, IE=382.069+519.511* Qu,  (11) 0.8245 0.6798
QniN2) IE=303.211+217.329* Qmi+nz)  (12) 0.8963 0.8034
Qrt IE=85.439+38.426* Qry (13) 05345 0.2857
Qro IE=24.669+24.869* Qry (14) 05795 0.3358
Qrs IE=63.086+24.025* Qgg (15) 0.1861 0.0346
B3LYP/6-  Om IE=239.645+375.513* Qu ___ (16) 0.9758 0.9521
31G+AR) - o, IE=330.911+613.615* Qy,  (17) 0.9827 0.9656
Quusny  |E=274.353+233.020% Quunzy  (18) 0.9785 0.9575
QOrt IE=98.995+77.495% Qg (19) 0.6967 0.4853
Qro IE=18.322+51.860* Qgy (20) 0.7350 0.5403
Qrs IE=-51.705+604.823* Qs (1) 0.9001 0.8103
B3LYP/6-  Om IE=104.331+440.885* Q. (22) 0.9611 0.9238
311+G[dp) o, IE=172.000+459.784* Qx,  (23) 0.9825 0.9652
Quusny  IES183.707+225573* Quungy  (24) 09727 0.9462
Qrt IE=77.235+74.510% Qs (25) 0.9842 0.9686
Qro IE=15.810+35.080* Qg, (26) 0.9811 0.9625
Qrs IE=63.018-71.231* Qrs 27) 0.9932 0.9864

M1

Figure 3. The molecular electrostatic potential surface of three inhibitors (using DFT B3LYP/6-
311+G(d,p) method) with isopotential value of 0.8 a.u. Negative regions are shown in red,
positive in blue

M3
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3.3 Prediction of the efficiency of some new inhibitors

Table 5. Structure of some kinds of homologous inhibitors

“Inhibitors  Conformations  Inhibitors ~ Conformations

M4 C[\>_ M9 @E\y

M5 @QJ M10 j@@
M6 C[\}O/ M11 CD

M7 @W M12 L
M8 C[W M13 ﬁ@[\}

Table 6. Calculated quantum chemical parameters and prediction of inhibition efficiency for
homologous inhibitors

Inhibitor HOMO/ev LUMO/ev  AE/ev  Qgs Prediction of inhibition efficiency Average
IE=817.565+119.386*Eomo  |IE=796.887+132.738*AE  IE=63.018-71.231*QRs
M4 -6.193 -0.571 -5.622  -0.015 78.21 50.58 64.09 64.29
M5 -6.318 -0.715 -5.603  0.108 63.28 53.18 55.33 57.26
M6 -6.138 -0.565 -5.573  0.048 84.77 57.12 59.60 67.16
M7 -6.405 -0.869 -5.535 0.071 52.90 62.14 57.96 57.67
M8 -6.322 -0.777 -5.545  -0.097 62.81 60.91 69.93 64.55
M9 -6.042 -0.764 -5.278  -0.389 96.23 96.28 90.73 94.41
M10 -6.294 -0.783 -5.511  -0.085 66.15 65.32 69.07 66.85
M11 -6.367 -0.799 -5.568  0.269 57.43 57.74 43.86 53.01
M12 -6.132 -0.820 -5.312  -0.218 85.49 91.83 78.55 85.29
M13 -6.000 -0.756 -5.244  -0.300 101.25 100.75 84.39 95.46

From previous study we found that the main structure of these inhibitors played an important
role on the inhibition efficiency. In order to play a better performance the main structure should
contain R1 and R2. So we can design some other homologous corrosion inhibitors just change some
substituent group of R1 and R2 (Table 6), then obtain their quantum chemical parameters using
B3LYP/6-311G(d,p) method and predict their inhibition efficiency using the formula (7), (9) and (27)
(presented in Table 3 and Table 4).

It is easy to find from table 6 that M9 and M13 have a better performance. In order to illustrate
why these inhibitors have a better performance, the fraction of electrons transferred from inhibitors to
metal (AN) such as iron have been calculated and it has the following format [26-30]: AN=(yre-
Xinh)/2(MEet1inn ), Where yre and yinn represent the absolute electro-negativity of iron and the inhibitor
respectively, nre and ninn represent the absolute hardness of iron and the inhibitor. As for inhibitor, (y)
and global hardness () [31] are calculated as: y=(I1+A4)/2 , n=(I-A)/2. ionization potential (I) and
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electron affinity (A) are related to the energy of HOMO and LUMO orbitals where: 1=- Eyomo and A=-
ErLumo.[26]. As for iron, we use a theoretical value, yr.=7.0ev/mol and #r=0 ev/mol according to
assumption that as for a metallic bulk, I=A, because they are softer than neutral metallic atoms [31].
Hence, we calculated all the fraction of electrons transferred from inhibitor to the iron surface (AN).
According to some research [26,27], the values of AN indicate inhibition performance results from
electrons donation. Some study [27] suggested that if AN<3.6, the inhibition efficiency increased with
enhancing electron donation ability on a metal surface. From Table 7, it is very easy to find that M9
and M13 have more electrons transferred to iron surface, so they have better corrosion performance
which is also consistent with the results in Table 6.

Table 7. The fraction of electrons transferred from inhibitor to the iron surface (AN).

Inhibitor | HOMO/ev | LUMO/ev | AE/ev X n AN

M1 -6.449 -0.844 -5.606 3.6465 | 2.8025 | 0.59831
M2 -6.286 -0.708 -5.578 3.497 2.789 0.62800
M3 -6.150 -0.816 -5.334 3.483 2.667 0.65936
M4 -6.193 -0.571 -5.622 3.382 2.811 0.64354
M5 -6.318 -0.715 -5.603 3.5165 | 2.8015 | 0.62172
M6 -6.138 -0.565 -5.573 3.3515 | 2.7865 | 0.65467
M7 -6.405 -0.869 -5.535 3.637 2.768 0.60748
M8 -6.322 -0.777 -5.545 3.5495 | 2.7725 | 0.62227
M9 -6.042 -0.764 -5.278 3.403 2.639 0.68151
M10 -6.294 -0.783 -5.511 3.5385 | 2.7555 | 0.62811
M11 -6.367 -0.799 -5.568 3.583 2.784 0.61369
M12 -6.132 -0.82 -5.312 3.476 2.656 0.66340
M13 -6.000 -0.756 -5.244 3.378 2.622 0.69069

4. CONCLUSIONS

Through quantum chemical calculations at the DFT level using three basis sets, 6-31+G(d), 6-
31G+(d,p) and 6-311+G(d,p) with B3LYP functional for three kinds of benzimidazole inhibitors
compounds, some quantum parameters such as highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO), energy gap between HOMO & LUMO and Mulliken charges
have been obtained. The relationship between the corrosion inhibitor efficiency and chemical quantum
parameters are discussed by using linear regression analysis. The results show that the inhibition
efficiency enhances with the increase of Eqomo and AE, and the efficiency correlates best with AE. We
calculate the Mulliken charges with different basic sets and the results show that correlation seems best
with basic set 6-311+G(d,p) which may provide more accurate calculation result. All the correlations
are improved using basic set 6-311+G(d,p) and charges of group R3 seems to do the best correlation
with R=0.9932. This means the substituent charge ability may play a critical influence on inhibition
performance when inhibitor molecule with the same primary structure.
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Based on this information, we have attempted to design some new homologous molecules,
calculate their quantum chemical structure parameters and predict their performance. It is hope the
testing will help to design some inhibitor molecules with good performance.
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