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Abstract  The aim of the current study was to perform Density Functional Theory calculations in order to 
investigate the corrosion inhibition capabilities of selected molecules on metal surfaces. The study focused on five 2-
[(benzimidazolyl)methylthio]imidazole derivatives as potential corrosion inhibitors. Geometric optimization studies 
of the molecules was performed using the B3LYP/6-31+G(d,p) level of theory. Subsequently, several electronic 
properties, such as Frontier Molecular Orbital (FMO) energies (HUMO, LUMO), energy band gap (ΔE), dipole 
moment (μD), electronegativity (χ), softness (S), chemical hardness (η) and fraction of electrons transferred to the 
metal surface (ΔN) were analyzed. The FMO analysis provides information on the electron donation and 
backdonation processes occurring between the inhibitors and the metal surfaces. Based on Gibbs free energy (ΔG) 
calculation, all studied molecules exhibited thermodynamic stability (ΔG < 0). Among them, 1-BZ-H and 2-BZ-CH₃ 
showed the highest EHOMO energies and ∆N values, indicating strong electron-donating abilities and efficient 
adsorption on the metal. In contrast, 3-BZ-NO₂ showed the smallest band gap and largest dipole moment, reflecting 
its high reactivity due to electron backdonation and polarization effects. The molecules 4-BZ-Cl and 5-BZ-CF₃ 
showed moderate inhibitory activity, which is in accordance with their intermediate electronic properties. 
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1. Introduction 

Metal corrosion is a universal problem that affects both 
industrial infrastructures and domestic equipment. It 
results from a natural and spontaneous process of 
degradation of metals and metal alloys under the influence 
of their environment, leading to considerable economic 
losses and environmental risks. Corrosion represents a 
specific problem in the manufacturing, transportation and 
energy production sectors. Metallic equipment (pipes, 
cables, electrical installations, tanks, buildings, marine 
structures…) are extremely sensitive to corrosion. The use 
of inhibitors becomes essential to extend their service life. 
Therefore, it is crucial to design effective and sustainable 
strategies for the prevention and control of the corrosion 
phenomenon. Several methods are used to mitigate 
corrosion, including the use of chemical inhibitors [1,2,3] 
on the surface of materials, which remains one of the most 
widespread and cost-effective approaches. These 
processes are based on the formation of a protective film 
on the metal surface, thus limiting the access of corrosive 
agents such as dissolved oxygen, chloride ions or 

industrial acids [4]. Among chemical corrosion inhibitors, 
inorganic one, such as chromates and phosphates, can 
have significant adverse effects on human health and 
environment (water, soil and air) [5,6]. Organic 
compounds containing heteroatoms such as nitrogen, 
oxygen and sulfur, as well as conjugated systems 
(aromatic rings, π double bonds), have a high adsorption 
capacity on metal surfaces via chemisorption or 
physisorption interactions [7,8]. Nitrogen and sulfur 
heterocyclic compounds are valuable due to the high 
electron density associated to Nitrogen and Sulfur atoms, 
which favors their interaction with the vacant orbitals of 
transition metals. Among these compounds, 
benzimidazole and imidazole derivatives are considered as 
nontoxic compounds and have been studied and 
recognized as corrosion inhibitors. This family of 
compounds is distinguished by their effectiveness, as they 
can act as electron donors while ensuring stability of the 
adsorbed film thanks to the electronic delocalization of 
their aromatic nuclei [9,10,11,12,13].  

Quantum-chemical calculations have established 
themselves as an essential tool for the study of reaction 
mechanisms and, in particular, corrosion inhibition. 
Functional Theory (DFT) allows to calculate molecular 
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properties such as the highest occupied molecular orbital 
energy (EHOMO), the lowest unoccupied molecular orbital 
(ELUMO), dipole moment (µD), electronegativity (χ), and 
hardness (η) and analyze their correlation with the 
corrosion inhibition efficiency. DFT help to provide 
accurate fundamental parameters at low cost, even for 
complex molecules. It therefore constitutes a bridge 
between certain classical empirical concepts and quantum 
mechanics, and represents a powerful technique for 
probing the adsorption of inhibitors on metals and 
analyzing experimental data [14,15,16,17].  

The aim of the study was to perform Density Functional 
Theory calculations in order to investigate the corrosion 
inhibition capabilities of five molecules of the 2-
[(benzimidazolyl)methylthio] imidazole family molecules 
on metal surfaces. These hybrid molecules belong 
simultaneously to the benzimidazole and imidazole 
families. Their structure results from the fusion of these 
two heterocyclic rings, linked by a methylthio bridge  

(–CH₂–S–). This architecture gives them electronic 
richness and functional diversity likely to enhance their 
adsorption capacity on metal surfaces, making them 
promising candidates as corrosion inhibitors. 

In this study, molecular properties such as reactivity 
and stability were established through the calculation of 
descriptors such as energy gap (ΔE), chemical hardness 
(η), dipole moment (µD), the fraction of electrons 
transferred from the inhibitor molecule to the metallic 
atom (ΔN), and chemical softness (S). 

2. Materials and Methods  

2.1. Chemicals  
The chemicals structures studied are presented in Table 

1. They were synthesized on a laboratory scale. The 
details of the chemicals and the synthesis steps are 
presented in a previous paper [18]. 

Table 1. chemical structures of compounds 

Inhibitor name Structure Abréviatio
n 

Molecular Mass (MM) 
(g/mol)) 

2-[(1H-benzimidazol-2-yl)methylthio]-4,5-diphenyl-1H-imidazole: 

 
 

1-BZ-H 382.13 
 

2-[(5'-methyl-1H-benzimidazol-2-yl)methylthio]-4,5-diphenyl-1H-imidazole: 

 

2-BZ-CH3 
396.14 

 

2-[(5'-nitro-1H-benzimidazol-2-yl)methylthio]-4,5-diphenyl-1H-imidazole: 

 

3-BZ-NO2 
427.11 

 

2-[(5'-chloro-1H-benzimidazol-2-yl)methylthio]-4,5-diphenyl-1H-imidazole: 

 
 

4-BZ-Cl 416.00 
 

2-[(5'-trifluoromethyl-1H-benzimidazol-2-yl)methylthio]-4,5-diphenyl-1H-
imidazole: 

 

5-BZ-CF3 450.11 

 

2.2. Quantum Chemical Calculation 
All the quantum chemical calculations have been 

performed at the B3LYP/6-31+G (d,p) level of theory, 
using Gaussian 09 [19]. This method of calculation has 
been extensively used to study the effectiveness of 
corrosion inhibitors and their electronic properties [20]. 
Before the study of properties of inhibitors, the molecules 
were optimized (geometrical) by the Density Functional 
Theory [16] using functional (B3LYP) [21]. The chemical 
and optimized structures of the compounds studied are 
given in Figure 1. 

 

From Frontier Molecular Orbital (FMO) calculation, 
the energy of the highest occupied molecular orbital     
(EHOMO), lowest unoccupied molecular orbital (ELUMO), 
and the energy gap ( ΔE LUMO HOMOE E= − ) were 
obtained to elucidate inhibition mechanisms. Additional 
descriptors were calculated, such as ionization potential  
(I = – HOMOE ), electron affinity (A = LUMOE− ), chemical 
potential (μ, Eq. 1), global hardness (η, Eq. 2), softness (S, 
Eq. 3), electronegativity (χ = – μ) and dipole moment (μD). 
The fraction of electrons transferred from inhibitors 
molecules to the copper surface for example was 
calculated (ΔN, Eq. 4). 
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where χCu and χinb are the absolute electronegativity of 
copper and the inhibitor molecule, respectively; ηCu and 
ηinh are the absolute hardness of copper and the inhibitor 
molecule, respectively.  

In order to calculate (∆N), the theoretical value for the 
electronegativity of bulk copper was χCu = 4.48 eV/mol 
and the absolute hardness is ηCu = 0 eV/mol (for a metallic 
bulk I = A), because they are softer than neutral metallic 
atoms [22]. These parameters remain essential to 
determine the properties and effectiveness of corrosion 
inhibiting molecules [23,24]. 

3. Results and Discussion 

Calculations of chemical descriptors (Table 2) by the 
quantum method on benzimidazole derivatives in the gas 
phase were carried out on the optimized structures of the 
studied molecules represented in Figure 1 as previously 
reported in one of our recent publications [25]. The 
calculated values of Gibbs free energy (ΔG) correspond to 
the thermodynamic stability of isolated molecules in the 
gas phase. Thus, negative ΔG values indicate that the 
optimized molecular structures are stable and their 
formation from constituent atoms is spontaneous under 
(B3LYP/6-31+G(d,p) theoretical level). Here, ΔG reflects 
the intrinsic energy stability of each inhibitor molecule, 
providing a useful descriptor of its relative reactivity and 
stability prior to adsorption process. 

From Table 2, the thermodynamic results show that 
NO₂ and CF₃ give the most stable systems with ΔG = -
29.08 Kcal/mol and ΔG = -28.70 Kcal/mol, resp. These 
compounds are followed by the 5-BZ-CF3 (ΔG= -27.99 
Kcal/mol), 2-BZ-CH3 (ΔG= -27.79 Kcal/mol) and 1-BZ-H 
(ΔG= -27.51 Kcal/mol). It should be noted that the 

observed thermodynamic stability is not directly or 
exclusively correlated with the electron-donating character 
of the substituent. Other factors, such as mesomeric or 
resonance effects on the conjugated NO₂ system, may also 
contribute to their stabilization [26,27].  

Figure 2 shows the HOMO and LUMO plots of the 
optimized molecules. Table 2 also presents the values of 
the electronic parameters obtained (EHOMO, ELUMO and ΔE). 
EHOMO (Highest Occupied Molecular Orbital) reflects the 
ability of a compound to donate electrons to the metallic 
surface, thereby favoring the formation of chemical bonds 
with the vacant orbitals of the metal. The higher the 
energy (less negative), the easier the electron donation.  
Conversely, ELUMO (Lowest Unoccupied Molecular 
Orbital) indicates the ability of the molecule to accept 
electrons from the metallic surface (back-donation), thus 
enhancing the stability of the adsorption process.  

The results show that the compounds 2-BZ-CH₃ has the 
highest EHOMO (-5.84 eV), indicating a high electronic 
donation capacity of this compound and therefore a good 
adsorption ability on the metal surface. A classification 
taking into account the capacity to donate electrons, we 
note 2-BZ-CH3 ˃ 1-BZ-H ˃ 4-BZ-Cl ˃ 5-BZ-CF3 ˃ 3-BZ-
NO₂. According to ELUMO values, 3-BZ-NO₂ has the 
lowest ability to accept electrons from the metallic surface 
(ELUMO = −2.37 eV), therefore an important retro-donation 
favoring a more stable bond. A classification taking into 
account the capacity to receive electrons, we note that 2-
BZ-CH3 ˃ 1-BZ-H ˃ 4-BZ-Cl ˃ 5-BZ-CF3 ˃ 3-BZ-NO₂. 
The energy gap (the difference between these two energy 
levels) provides information on the overall reactivity: a 
lower gap corresponds to a more polarizable molecule, 
and therefore one more prone to interact with the metal 
[28,29]. Table 2 show that the compounds can be 
classified in the following order of reactivity and 
polarization: 3-BZ-NO₂ ˃ 2-BZ-CH3 ˃ 1-BZ-H ˃ 4-BZ-Cl 
˃ 5-BZ-CF3. 3-BZ-NO₂ presents the smallest energy gap 
(ΔE= 3.77 eV). It is the most reactive and the most 
polarizable molecule, and therefore the most likely to 
interact with the metal and thus, the best potential 
inhibitor. The compounds 4-BZ-Cl and 5-BZ-CF₃ have the 
highest gap energies, resulting in low reactivity and 
therefore lower inhibitory efficacy. In contrast, the 
donating compounds 2-BZ-CH₃ and 1-BZ-H have a 
moderately reduced ΔE (4.35 eV and 4.37 eV resp.), 
indicating an intermediate stabilizing effect. 

Table 2. Quantum-chemical parameters for the neutral form of the inhibitors obtained with the DFT at B3LYP/6-31 + G(d,p) level of theory 

Quantum-chemical parameters 1-BZ-H 2-BZ-CH3 3-BZ-NO2 4-BZ-Cl 5-BZ-CF3 
Free enthalpy ΔG total (Kcal/mol) -27.51 -27.79 -29.08 -27.99 -28.70 

EHOMO (eV) -5.87 -5.84 -6.14 -5.98 -6.04 
ELUMO (eV) -1.50 -1.49 -2.37 -1.58 -1.62 

Energy gap (ΔE) (eV) 4.37 4.35 3.77 4.40 4.42 
Dipole moment (μD) (D) 6.45 6.08 21.90 8.90 10.39 

Electronegativity (χ) 3.68 3.66 4.25 3.78 3.83 
Hardness (η) (eV) 2.18 2.17 1.88 2.20 2.21 

Electronic affinity (AE) (eV) 1.50 1.49 2.37 1.58 1.62 
Chemical potential (μ) (eV) -3.68 -3.66 -4.25 -3.78 -3.83 

Fraction of electrons transferred (ΔN) 0.18 0.19 0.06 0.16 0.15 
Ionization potential (I) (eV) 5.86 5.84 6.14 5.98 6.04 
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Figure 1. Optimized structure of benzimidazole and their derivatives using Gaussian 09 at B3LYP/6 31+G(d,p) level of theory 

 

Figure 2. Frontier molecular orbitals (FMO) of benzimidazole and their derivatives using Gaussian 09, on B3LYP/6-31+G(d,p) as level of theory 

From the dipole moment analysis, 3-BZ-NO₂ exhibits 
the highest dipole moment (21.90 D), indicating the high 
possibility of adsorption on the metal surface. The 
inhibitor interacts strongly with the metal surface by 
donating electron pairs of nitrogen and sulfur atoms to 
metal’s vacant d-orbitals. That lead to the formation of a 
stable protective film to prevents corrosion [28,30]. 
However, the dipole moment alone is not sufficient to 
predict the inhibition efficiency of a molecule. A 
comparative analysis shows that 3-BZ-NO₂ has a high 
potential for surface interaction due to its low energy gap, 
which favors polarization and possible back-donation 
effects. Compounds 1-BZ-H (6.45 D) and 2-BZ-CH₃ (6.08 
D), with intermediate dipole moments, are expected to 
adsorb mainly through electron donation because of their 
relatively high EHOMO values. The compounds 4-BZ-Cl 
(8.90 D) and 5-BZ-CF₃ (10.39 D), with intermediate 
polarity, are less favorable candidates for adsorption due 
to their large band gap energies 4.40 eV and 4.42 eV, 
respectively. This suggests less reactivity and weaker 
electron exchange with the metal surface.  

The fraction of transferred electrons (ΔN) is an 
important parameter in the study of the interaction 
between the inhibitor and the metal surface. Positive value 
of ΔN indicates net electron transfer from the inhibitor 
molecule to the metal. This transfer promotes the 
formation of coordination bonds and therefore stable 
adsorption on the metal surface. The higher the ΔN value, 
the greater the electron donation capacity and therefore the 

inhibitory potential. ΔN values < 3.6 indicate a tendency 
for molecules to donate electrons to the metal surface. In 
this case, inhibition efficiency increases with the 
inhibitors' ability to donate electrons to the metal 
[31,32,33,34]. In this context, DFT calculation using 
metallic slabs such as Cu (111), or Fe (110) have been 
widely used to describe adsorption mechanisms, 
adsorption energies, and charge transfer phenomena 
between inhibitors and metal surfaces [35,36,37]. These 
computational approaches provide detailed insights into 
inhibitor–surface interactions at the atomic scale, 
clarifying adsorption process. Several studies have shown 
that benzimidazole derivatives exhibit strong bond 
(chemisorption) on Fe (110) and Cu (111) surfaces, in 
agreement with high inhibition activities [36,37]. The 
DFT results confirm that electron donation from 
heteroatoms (N, S) to vacant metal orbitals enhances 
charge transfer and surface protection [37]. From Table 2, 
ΔN values obtained are positive and smaller than 3.6. This 
places this family of compounds in the category of 
inhibitors that act by net electron transfer to the metal 
surface. Several studies on corrosion inhibitors show a 
correlation between experimental inhibition efficiencies 
and the fraction of electrons transferred [31,38]. However, 
it has also has been demonstrated that no strict or linear 
relationship exists between increasing ΔN values and 
inhibition efficiency [38]. The positive ΔN values of 1-
BZ-H and 2-BZ-CH₃, as well as the high EHOMO values, 
indicate strong electron donor properties supporting a 
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chemisorption mechanism (coordination with the d 
orbitals of copper). In contrast, 3-BZ-NO₂, with its low ΔE 
and high dipole moment, exhibits significant polarization 
favoring physisorption and back-donation interactions. 
These results show importance of the key electronic 
parameters (EHOMO, ΔE, ΔN, μD) governing inhibitor–
metal interactions. The use of explicit surface models in 
future work will help validate and refine these theoretical 
predictions. 

Future work will focus on Adsorption Locator 
simulations using COSMO-RS solvation method to 
provide solvent-corrected under realistic corrosion 
conditions of quantum descriptors (EHOMO, ΔE, ΔN, μD), 
PDOS and adsorption energies (Eads) of inhibitor on Cu 
(111) and Fe(110) surfaces. studies will clarify the roles of 
N and S atoms in adsorption process. The adsorption 
Gibbs free energy (ΔGads) will quantify the spontaneity 
and the bond strength between the molecule and the metal 
surface and refine understanding of inhibitor–metal 
interactions. Overall, these approaches to enhance 
prediction of adsorption stability and inhibition 
performance of benzimidazole derivatives. 

4. Conclusion 

From DFT quantum chemical calculations at B3LYP/6-
31+G(d,p) theory level, a correlation between key 
parameters from the electronic structure of functionalized 
2-[(benzimidazolyl)methylthio]imidazole derivatives and 
their potential as metal corrosion inhibitor could be 
established. According to theoretical data, 2-
[(benzimidazolyl)methylthio]imidazole derivatives are 
stable in the gas phase with negative Gibbs free energy. 
The two most stable thermodynamically are 3-BZ-NO₂ 
(ΔG = -29.08 Kcal/mol) and 5-BZ-CF₃ (ΔG = -28.70 
Kcal/mol). From FMO calculations, the compound 3-BZ-
NO₂ has the lowest ELUMO and the smallest gap energy, 
showing reactivity and backdonation capacity. 
Furthermore, the compounds 1-BZ-H and 2-BZ-CH₃ 
exhibit the highest EHOMO, suggesting electron donation 
from the inhibitor molecule to the metal. From the dipole 
moment calculation, the compound 3-BZ-NO₂ has the 
highest value (21.90 D), that ascribe a strong molecular 
polarity, responsible of adsorption on the metal surface. 4-
BZ-Cl and 5-BZ-CF₃ suggest moderate inhibition 
efficiency due to their relatively large band gap. Although 
the present study focused on the gas phase electronic 
properties of the inhibitors, it is well recognized that the 
adsorption of inhibitor molecules onto a metallic surface is 
the key step governing corrosion protection. Therefore, 
understanding and modeling the inhibitor–metal interface 
represents an essential complement to quantum chemical 
analysis in the gas. 
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