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Abstract- Quantum chemical calculations via B3LYP/6-31G(d.p) level were carried out on 
2,4,5-triphenyl-4,5-dihydro-1H-imidazole (P1) and 2-(4,5-diphenyl-4,5-dihydro-1H-
imidazol-2-yl)phenol (P2) which were used as corrosion inhibitors for carbon steel in acidic 
media. The parameters like HOMO and LUMO energies, energy band gap, dipole moment, 
chemical potential (μ), chemical hardness (ղ) and global nucleophilicity (ɷ) were calculated 
and argued in relation to the observed inhibitory efficiency for the studied compounds. Also, 
the effect of hydroxyl group substituent on the operation of corrosion inhibition of 
Triphenylimidazole derivatives was observed. 

Keywords- Triphenylimidazole derivatives, Corrosion Inhibition, Molecular Descriptors, 
Carbon Steel, DFT 
 

1. INTRODUCTION  

The use of mild steel in several industries as one of the major ingredients in the 
production of pipes for construction works has gained a global attention. It was considered to 
be very imperative in any construction projects like conduits, bridges, construction of 
buildings and weighty automobiles [1-4]. The widely preferred use of mild steel by 
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researchers and in industries is a function of its fairly low cost and high mechanical strength 
[5]. Conversely, mild steel get rusted effortlessly in wet and acidic environments which were 
activated by acid wash, engraving and/or prickling of metal surface [6]. 

Several literatures have revealed many important activities of imidazole derivatives such 
as anti-corrosion activity [7], antimicrobial activity [8-16], anti-inflammatory [17-21] etc. 
Also, imidazole and its derivatives as essential class of heterocyclic compounds displays a 
wide range of activities which made many scientists over the years to uphold their desire in 
the use of sulphur and nitrogen-containing heterocyclic compounds [22]. More so, Debus et 
al., in 1858 first reported the synthesis of imidazole from diketone, an aldehyde and 
ammonia; nevertheless, in 1840, several imidazole derivatives through other means had been 
discovered and reported as well [23,24].  

 

 
 

Fig. 1. Schematic and optimized structures with labeling of the studied compounds [7] 
 
Moreover, the use of quantum chemical calculation in the study of corrosion inhibition 

has now gained a global attention amidst scientists [25]. This had been attributed to the 
highly significant role it played in explicating the electronic structure and reactivity of 
compounds [26]. Although, there were other methods used in computational chemistry, but 
density functional theory (DFT) has turned to a very efficient technique in building new 
measures for justifying, predicting and understanding chemical processes [27]. Nowadays, 
quantum chemical calculation via density functional theory helps to identify the corrosion 
inhibitory descriptors by relating the experimental facts to calculated molecular descriptors 
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like HOMO energy, LUMO energy, band gap energy, dipole moment, charges on every 
heteroatoms etc. [28-32].  

Therefore, the major aim of this paper is to use quantum chemical calculations via density 
functional theory (DFT) method to probe the corrosion inhibiting competence of derivatives 
of Triphenylimidazole compounds against the corrosion of carbon steel as it has been 
experimentally established by Mouhsine et al., 2017 [7] to be efficient as corrosion inhibiting 
agents.  Thus, two molecular compounds (2,4,5-triphenyl-4,5-dihydro-1H-imidazole [P1] and 
2-(4,5-diphenyl-4,5-dihydro-1H-imidazol-2-yl)phenol) [P2] ) were observed in this research 
work as displayed in Figure 1. 

 
2. COMPUTATIONAL DETAILS  

The studied compounds were subjected to theoretical calculation with the use of density 
functional theory with B3LYP functional via 6–31G** basis set. The calculated molecules 
were first optimized in gas phase and then optimized in water. Over the years, density 
functional theory has gained a greater popularity and this can be attributed to its efficient 
approximation of molecular descriptors linked to molecular reactivity [33].  Therefore, DFT 
calculations offer theoretical evidence for qualitative chemical observation such as chemical 
hardness (η), electronegativity (χ), global electrophilicity index (ω), local reacitivity index, 
softness (s), electron affinity and ionization potential are all defined in terms of the HOMO 
and the LUMO energies which was related to Koopmans’ theorem [34] and the estimation 
were carried out using equation:   Chemical potential and electronegativity are related as:  

χ = −µ = �𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿
�
𝑣𝑣(𝑟𝑟)

= 1
2

(𝐼𝐼𝐼𝐼 + 𝐼𝐼𝐸𝐸) =  −1
2

(𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 +  𝐼𝐼𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿)                                 (1) 

Chemical hardness (ƞ): this defines the resistance of a molecule to a charge transfer and this 
can be calculated using the equation:  

ƞ = �𝛿𝛿
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(𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 −  𝐼𝐼𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿)                                              (2)    

Global electrophilicity (𝝎𝝎): this defines the electrophilic propensity of a molecule and it can 
be calculated using the equation:  

𝝎𝝎 = 𝜇𝜇
2

2ƞ
                                                                                                                         (3) 

Number of electrons transfer (ΔN) can be calculated using:   

ΔN = 𝜒𝜒𝐹𝐹𝐹𝐹−𝜒𝜒𝑖𝑖𝑖𝑖ℎ
2(𝜂𝜂𝐹𝐹𝐹𝐹+𝜂𝜂𝑖𝑖𝑖𝑖ℎ)  [35, 36]                                                                                           (4) 

Where 𝛘𝛘Fe and 𝛘𝛘inh means the absolute electronegativity of metal (Fe) and the inhibitor 
molecule respectively as well as ղFe and ղinh signify absolute hardness of metal (Fe) and the 
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inhibitor molecule respectively. Also, the chosen values for 𝛘𝛘Fe and ղFe are 7 eVmol-1 and 0 
eVmol-1 respectively [37].  

Moreover, the Local reactivity index explains the reactivity of definite molecular atom in 
connection to the adhesion of an organic inhibitor to a precise metallic surface. 
Also, the disparity in electron density for a nucleophile f+

(r) and f-
(r) as the Funki functions can 

be calculated by the determinate variances calculation [38]; 

fk
+ 

(r) = qkN+1(r) – qkN(r)  (for nucleopilic attack)                                    (5) 
fk= qkN(r) – qkN-1(r)     (for electrophilic attack)                                             (6) 

Where qkN+1(r),  qkN(r) as well as qkN-1(r) are the electronic densities of anionic, neutral 
and cationic species respectively. 
 

3. RESULTS AND DISCUSSION 

3.1. Molecular descriptors 

As reported in this work, several pertinent quantum chemical descriptors obtained from 
the studied molecules which include the HOMO energy, the LUMO energy, the band gap, 
dipole moment, the chemical hardness (η), chemical potential, global nucleophilicity, area, 
volume, log P, molecular weight, Ovality, electron transfer, polar surface area, heteroatom, 
polarization, HBA and HBD were listed in Table 1 and 2. 
 

Table 1. Selected molecular descriptors obtained by B3LYP/6-31G** 
 

 
HOMO LUMO BG DM (Debye) CH CP GN AREA VOL 

P1 -6.05 -0.97 5.08 3.04 2.54 -3.51 2.43 344.52 330.92 

P2 -6.03 -0.95 5.08 2.69 2.54 -3.49 2.40 350.52 337.43 
 
 

Table 2. Selected molecular descriptors obtained by B3LYP/6-31G** (Continuation) 
 
LOGP MW OVALITY ΔN PSA HET POL HBA HBD %IE 
2.72 298.389 1.49 0.68 18.71 -1.145 67.02 1 0 92.3 

1.64 314.388 1.50 0.69 34.38 -1.737 67.54 2 1 97.1 
 

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) are very noteworthy descriptors for the prediction of the effectiveness of a 
chemical varieties. HOMO is usually known to be linked with the capability of a molecular 
compound to donate electron to the neighboring molecules. Also, increasing HOMO energy 
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brings about increasing inhibition efficiency [39]. Therefore, the calculated HOMO energies 
for compound P1 and P2 were -6.05eV and -6.03eV respectively. As shown in Table 1, P2 
with highest HOMO energy proved to have highest inhibition efficiency.  So, as reported by 
Chandrabhan et al., 2016, the inhibitor molecules with electron donating group, displays 
reasonably higher inhibition efficiency. Thus, the adsorption of inhibiting molecule on the 
surface of the metal could be expedited through the existence of apposite functional groups 
[40,41]. Therefore, in Table 2, inhibition efficiencies could be ordered as P2>P1; this could 
be accredited to higher electron donating tendency of –OH group, that also improved its 
knack to bequeath charges to the surface of the metal during the adsorption process [42]. 
Figure 2 showed the HOMO and LUMO orbitals overlay for the studied compounds. 

More so, lowest unoccupied molecular orbital energy with lower value revealed that the 
studied molecular compound has the ability to receive electrons from the neighboring 
compound that has the ability to donate [43]. The calculated LUMO energy value was -
0.97eV for P1 and -0.95eV for P2; this showed that P1 with lowest LUMO value will be 
readily available to receive electron from d-orbital of disintegrating steel. The band gap 
energy (ELUMO – EHOMO) presented facts about the general reactivity of molecular 
compounds. Also as reported by Eddy, 2010, the lower the band gap energy, the better the 
reactivity of a molecular compounds [44]. Therefore, as shown in Table 1, P1 and P2 have 
the same band gap energy. 

 
 P1 P2 P1+(N1) P2+(N1) 

HOMO 

   
 

LUMO 

 
   

 
Fig. 2. The HOMO and LUMO orbitals overlay for the studied compounds 

  
Furthermore, another vital electronic descriptor (Dipole moment), which was observed to 

be resulted from non-uniformed sharing of electronic charges on several atoms in the 
molecular compound [45] showed no correlation with the observed inhibition efficiency, 
since the molecule with high inhibitor and high dipole moment will be suitable to form strong 
dipole–dipole interactions with the surface of iron, which will then lead to firm adsorption on 
the iron surface [46]. Also, estimation of the centres of adsorption of inhibitors could be 
achieved via apposite descriptors such as mulliken population analysis which was used in the 
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calculation of charge distribution density over the molecule. The charge density on N1 and 
N2 were -0.550e and -0.595e respectively for P1 and for P2, N1(-0.529), N2(-0.623) and 
O1(-0.585). More so, according to Breke et al., 2002, it was reported that the more negatively 
charged a heteroatom is, the more tendency for it to be adsorbed on the metallic surface [47]; 
so, imidazole in this studied compound is most likely site for adsorption. In addition, as 
shown in Table 1 and 2, Chemical potential, area, volume, molecular weight, ovality, PSA, 
polarizability, HBA and HBD increased as the %IE increased while global nucleophilicity 
and log P showed an inverse correlation with the observed %IE (i.e. decreasing with 
increasing% IE). 

In addition, the amount of electrons transmitted (ΔN) described the tendency of a 
molecular compound to bequeath electrons; and as it was reported by Gomez et al., 2006 that 
the higher the amount of electrons transmitted, the higher the tendency of a compound to give 
electrons to the neighboring molecular compound that lack electron [48]. Thus, higher 
predilection of an anti-corrosive molecule to relate with the surface of the metal is a function 
of a higher amount of electrons transmitted (ΔN) [49]. Also, according to Lukovits et al., 
2001, if ΔN < 3.6, the molecular compounds may be presumed to retain charge transfer 
capacity towards the surface of the metal [50]. Therefore, the ΔN values obtained for the 
studied inhibitors showed their inclination to bequeath electrons to the metal surface. 

  
3.2. Molecular properties of protonated P1 and P2 

In this research, P1 and P2 were protonated in aqueous medium at B3LYP/6-31G** 
level. The protonation site which brought about lower molecular energy were found on N1 
for both molecules as shown in Figure 1, though, there was opportunity of adding another 
proton at N2 in both  P1 and P2,  nevertheless lowermost energy molecular structures 
acquired were put into consideration (Table 3). The bond length (N1-C1, C2-N2 and C3-N1) 
calculated for P1+(N1) were 1.474Å, 1.474Å and 1.328Å compared to 1.470Å, 1.471 Å and 
1.288 Å for P1. This revealed that N1-C1, C2-N2 and C3-N1 for P1+(N1) were elongated and 
this made it to experience bond localization.  

  
Table 3. Energies and Selected Geometries of the Neutral and Protonated Species 

 
Inhibitor HOMO 

(eV) 
LUMO 
(eV) 

∆E 
(eV) 

Energy (au) N1-C1 
(Å) 

C1-C2 
(Å) 

C2-N2 
(Å) 

N2-C3 
(Å) 

C3-N1 
(Å) 

P1 -6.05 -0.97 5.08 -920.621276 1.470 1.581 1.471 1.398 1.288 

P1+(N1) -6.55 -1.60 4.95 -921.098881 1.474 1.574 1.474 1.328 1.328 

P2 -6.03 -0.95 5.08 -995.846450 1.467 1.581 1.481 1.420 1.283 

P2+(N1) -6.48 -1.66 4.82 -996.326180 1.472 1.571 1.470 1.327 1.337 
P1+(N1) and P2+(N1): Protonated Molecule P1 and P2 
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Nevertheless, in protonation, C1-C2 and N2-C3 for P1+(N1) were shortened when compared 
to neutral (P1). Also, for P2+(N1), the calculated N1-C1 and C3-N1 bond lengths were 
1.472Å and 1.337Å respectively. More so, it was noted that these were elongated in 
comparison to neutral inhibitor (P2). 

According to Semire et al., 2013, it was observed that the role played by calculated 
dihedral angle which shows the planarity of molecules cannot be toiled with in adsorption of 
inhibitor on the surface of metals [51]. In this study, it was observed that both neutral and 
protonated corrosion inhibitors tend towards planarity, although the neutral species tends 
toward planarity at C16C3N1C1 than the protonated, while it was slightly distorted than 
protonated species at C16C3N2C2. The calculated dihedral angle for P1, P1+(N1), P2 and 
P2+(N1) were -178.14o (C16C3N1C1),-167.45o(C16C3N2C2), 175.74o (C16C3N1C1), -
175.74o(C16C3N2C2), -176.63o (C16C3N1C1), -172.17o(C16C3N2C2), -175.72o (C16C3N1C1), -
174.72o(C16C3N2C2) respectively. More so, the energy for the studied molecules were 
calculated and reported as shown in Table 3. 
 

Table 4. Fukui Indices for Nucleophilic and Electrophilic Attacks for Inhibitor P1 
 

ATOM PN+1(r) PN-1 (r) PN(r) 𝒇𝒇𝒌𝒌+ 𝒇𝒇𝒌𝒌− 
C1 0.008 -0.025 0.003 0.005 0.028 
C2 -0.003 -0.009 0.000 -0.003 0.009 
C3 0.438 0.516 0.441 -0.003 -0.075 
C4 0.081 0.142 0.11 -0.029 -0.032 
C5 -0.165 -0.098 -0.13 -0.035 -0.032 
C6 -0.066 -0.115 -0.088 0.022 0.027 
C7 -0.081 -0.085 -0.09 0.009 -0.005 
C8 -0.071 -0.117 -0.093 0.022 0.024 
C9 -0.106 -0.101 -0.118 0.012 -0.017 
C10 0.097 0.153 0.124 -0.027 -0.029 
C11 -0.113 -0.099 -0.121 0.008 -0.022 
C12 -0.075 -0.115 -0.097 0.022 0.018 
C13 -0.082 -0.074 -0.091 0.009 -0.017 
C14 -0.070 -0.116 -0.093 0.023 0.023 
C15 -0.148 -0.086 -0.120 -0.028 -0.034 
C16 0.013 0.108 0.065 -0.052 -0.043 
C17 -0.177 -0.086 -0.107 -0.070 -0.021 
C18 -0.194 -0.093 -0.115 -0.079 -0.022 
C19 -0.095 -0.106 -0.083 -0.012 0.023 
C20 -0.108 -0.114 -0.094 -0.014 0.020 
C21 -0.172 -0.063 -0.077 -0.095 -0.014 
N1 -0.685 -0.385 -0.550 -0.135 -0.165 
N2 -0.654 -0.494 -0.595 -0.059 -0.101 
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Moreover, Figure 2 showed frontier molecular orbital (HOMO, HOMO-1, LUMO and 
LUMO+1) for P1, P1+ (N1), P2 and P2+ (N1) respectively. The study of electronic features of 
protonated compounds exposed modifications in chemical properties, for example, ability of 
the inhibitors to donate electron to the metal. Thus, the calculated HOMO of the protonated 
compounds (P1+(N1) and P2+(N1)) is lower than the neutral molecules (P1 and P2), and this 
revealed that protonation reduced the ability of P1+(N1) and P2+(N1) to donate electron.  
 

Table 5. Fukui Indices for Nucleophilic and Electrophilic Attacks for Inhibitor P2 
 

ATOM PN+1(r) PN-1 (r) PN(r) 𝑓𝑓𝑘𝑘+ 𝑓𝑓𝑘𝑘− 
C1 0.004 0.006 0.000 0.004 -0.006 
C2 -0.022 -0.004 -0.014 -0.008 -0.010 
C3 0.389 0.375 0.414 -0.025 0.039 
C4 0.076 0.119 0.103 -0.027 -0.016 
C5 -0.172 -0.099 -0.135 -0.037 -0.036 
C6 -0.066 -0.111 -0.089 0.023 0.022 
C7 -0.08 -0.097 -0.089 0.009 0.008 
C8 -0.072 -0.113 -0.093 0.021 0.020 
C9 -0.103 -0.125 -0.114 0.011 0.011 
C10 0.125 0.158 0.146 -0.021 -0.012 
C11 -0.118 -0.136 -0.125 0.007 0.011 
C12 -0.075 -0.116 -0.096 0.021 0.020 
C13 -0.081 -0.098 -0.09 0.009 0.008 
C14 -0.072 -0.118 -0.093 0.021 0.025 
C15 -0.152 -0.093 -0.125 -0.027 -0.032 
C16 0.003 0.137 0.071 -0.068 -0.066 
C17 0.288 0.328 0.281 0.007 -0.047 
C18 -0.224 -0.069 -0.126 -0.098 -0.057 
C19 -0.094 0.013 -0.095 0.001 -0.108 
C20 -0.158 -0.011 -0.104 -0.054 -0.093 
C21 -0.166 -0.045 -0.077 -0.089 -0.032 
N1 -0.663 -0.443 -0.529 -0.134 -0.086 
N2 -0.662 -0.61 -0.623 -0.039 -0.013 
O1 -0.630 -0.435 -0.585 -0.045 -0.150 

 
However, protonated molecules have lower LUMO energy than the neutral molecule and 

this showed that protonation increased the ability of the inhibitors to accept electron from the 
d-orbital of the metal [52]. More so, lower band gaps together with structural steadiness 
should support the adsorption of protonated molecules on the surface of metal. Thus, it is 
proposed that there will be adsorption of more protonated molecules on the surface of metal 
at low concentrations. Nevertheless, desorption of the protonated would be swift from metal 
surface due to charge repulsion at high concentrations and molecular distortion of the 
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molecules from planarity; this accelerates the adsorption of non-protonated molecules on the 
surface of metal at equilibrium [51]. 

 
3.3. Local Reactivity Descriptors 

Fukui functions apprise the centers where nucleophilic (𝑓𝑓𝑘𝑘+), electrophilic (𝑓𝑓𝑘𝑘−) and radical 
reactions have the highest probability to occur in a molecular compound. Equation 5 and 6 
were the different approaches used in achieving the Fukui functions for the atoms in the 
molecule which were susceptible to electrophilic and nucleophilic attacks respectively [53]. 
Moreover, as shown in Table 4 and 5, the site that have highest𝑓𝑓𝑘𝑘+,  reveal the site that will 
possibly have nucleophilic attack whereas the site that have highest 𝑓𝑓𝑘𝑘− also show the site that 
may be open to electrophilic attack. Therefore, the preferred site for nucleophilic and 
electrophilic attacks were C14 (0.023) and C1 (0.028) for P1, while for P2, the utmost value 
for 𝑓𝑓𝑘𝑘+ was found on C6 with 0.023, and for 𝑓𝑓𝑘𝑘− is found on C3 with 0.039.4.  

 

4. CONCLUSION 

In this work, several descriptors (EHOMO, ELUMO, ΔEHOMO-LUMO (energy gap), chemical 
hardness (η), chemical potential (μ), the fraction of electron transferred (ΔN) and (ω)) were 
obtained using Density Functional theory via B3LYP/6-31G** method in water for 
Triphenylimidazole derivatives. Several descriptors like Chemical potential, area, volume, 
molecular weight, ovality, PSA, polarizability, HBA and HBD increases as the % IE increase 
while only global nucleophilicity and log P decreases with increasing% IE. More so, the 
protonated molecules offered lower band gap and greater stability than the neutral molecules. 
Thus, low band gaps together with structural steadiness should help the adsorption of 
protonated species on the surface of metal. 
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