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Abstract. Density Functional Theory (DFT) method was used to study the corrosion 
inhibition characteristics of 2-phenylimidazo[1,2-a]pyridine (2PIP) and  2-(m-methoxy-
phenyl)imidazo[1,2-a]pyrimidine (2MPIP) on mild steel. Quantum chemical parameters 
such as highest occupied molecular orbital energy (EHOMO), lowest unoccupied molecular 
orbital energy (ELUMO), the energy gap, chemical hardness, softness, dipole moment, abso-
lute electronegativity, electrophilicity index and the fraction of electron transferred were 
calculated and correlated to inhibition efficiency of the studied molecules. Low energy 
band gaps coupled with structural stabilities should favour the adsorption of protonated 
molecules on metal surface at low concentrations and before the adsorption equilibrium.  
However, at high concentrations and towards equilibrium desorption of the protonated 
would be rapid due charge repulsion and molecular distortion from planarity which would 
facilitate the adsorption of neutral molecules on metal surface at equilibrium.

Keywords: 2-phenylimidazo[1,2-a]pyridine,  2-(m-methoxyphenyl) imidazo[1,2-a]
pyrimidine, corrosion inhibitors, molecular indices, protonation, DFT

Introduction
Corrosion of mild steel has been a major concern in industry because it resulted 

into huge economic losses and environmental pollution. The use of organic molecules 
as inhibitors to protect/prevent metal from corrosion in acidic media has attracted the 
interest of researchers (Bentiss et al., 2009; Obot et al., 2009; Shukla & Quraishi, 2009; 
Zhang et al., 2012; Wang, 2001; Popova et al., 2003; Khaled, 2003; Musa et al., 2010; 
Su & Iroh, 1999; Morad & El-Dean, 2006; Bouklah et al., 2006; Mahdavian & Ashhari, 
2010; Ebenso et al., 2010; Li et al., 2009; Benabdellah et al., 2011; Elayyachy et al., 2011; 
Zarrouk et al., 2010; Zarrok et al, 2011). Among organic molecules that have been used 
as corrosion inhibitors, the most effective are molecules containing π- electron either in 
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triple bond or conjugated double bond and heteroatom such as nitrogen, oxygen, phos-
phorous and sulphur (Masoud et al., 2010; Ju et al., 2008; Döner et al., 2011; Chen et 
al., 2011). The inhibitory efficiency is closely related to the inhibitor adsorption ability, 
the molecular properties, molecular planarity and nature of the interaction between the 
p-orbital of inhibitors with the d-orbital of iron (Sastry, 1998; Cruz et al., 2001; Bentis 
et al., 2009; Cruz et al., 2001). The organic compounds that serve as excellent corrosion 
inhibitors are those which can donate electrons to unoccupied d-orbital of metal surface 
during coordinate covalent bonds formation as well accept free electrons from the metal 
surface by using their anti-bonding orbital to form feedback bonds. 

Quantum chemical methods have been veritable tools in determining the molecular 
structure as well as elucidating the electronic structure and reactivity (Kraka & Crem-
er, 2000). Therefore, it has become a popular practice to carry out quantum chemical 
calculations in corrosion inhibition studies. Among other methods, Density functional 
theory (DFT) (Parr & Yang, 1989) has been a very useful method in developing new 
criteria for rationalizing, predicting and understanding chemical processes. Many of 
chemical concepts which are now widely used as descriptors of chemical reactivity 
include electronegativity, chemical hardness, softness quantities Mullikan charges and 
Fukui function (Cohen, 1996; Awad, 2004; Parr & Yang, 1984; Pearson, 1963; Gece, 
2008; Udhayakala et al., 2012a; 2012b; Arshadi et al., 2004). Recently, quantum chemical 
calculations have been used to study the inhibition mechanism of organic molecules on 
metal (Lashkari & Arshadi, 2004; Jamalizadeh et al., 2008; 2009; Henriquez-Roman et 
al., 2005; Gece & Bilgic, 2010; Rodriguez-Valdez et al., 2004; Blajiev & Hubin, 2004).

Recently, 2-phenylimidazo[1,2-a]pyridine (2PIP) and  2-(m-methoxyphenyl) imida-
zo[1,2-a]pyrimidine (2MPIP) were used  as corrosion inhibitors of mild steel in 1.0 M 
hydrochloric acid solution. Weight loss, potentiodynamic polarization and electrochem-
ical impedance spectroscopy techniques were employed in the study (Ghazoui et al., 
2012). Therefore, the objective of the present work is to extend the study of the inhibitive 
properties of 2-phenylimidazo[1,2-a]pyridine and 2-(m-methoxyphenyl) imidazo[1,2-a]
pyrimidine using DFT calculations to look for parameters to characterize the inhibition 
property of inhibitors, which will be helpful to gain insight into the mechanism of the 
corrosion inhibition (Fig. 1).  

Computational method
Density functional theory, Becke’s (1993) three-parameter hybrid functional, employ-

ing the Lee et al. (1988) correlation functional B3LYP) with 6–31G* basis, set was used 
for the geometry optimization in order to explore correlation between theoretical and 
experimental results as implemented in Spartan 06 software package. DFT has been a 
veritable method to describe the structural nature of the inhibitor in the corrosion process 
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as well as analysing the inhibitor-surface interaction mechanism. DFT is very useful 
in providing chemical descriptors such as chemical hardness (η), electronegativity (χ), 
softness (S), electrophilicity index (ω) and local Fukui function indices.

Zhou & Navangul (1990) reported the principle of maximum hardness (absolute 
hardness) η, for an N-electron system with total energy E and η are defined as:

(1)
                      
In the formula IE is the vertical ionization energy which is approximated as -EHOMO 

and EA for the vertical electron affinity as -ELUMO (Koopmans, 1934). The global softness 
is the inverse of chemical hardness  . The electron affinity can also be used in 
combination with ionization energy to give electronic chemical potential μ, negative 
of electron affinity (-χ) defined by Parr and Pearson (Zhou & Navangul, 1990), as the 
characteristic of electronegativity of molecules:  

(2)

The global electrophilicity index ω was introduced by Parr et al. (1999); this is cal-
culated using the electronic chemical potential μ and chemical hardness η as

3 
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Fig. 1. The molecular structure of (a) 2-phenylimidazo[1,2-a]pyridine and (b)  2-(m-
methoxyphenyl) imidazo[1,2-a]pyrimidine 
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According to the definition this index measures the propensity of a species to accept 
electrons. Domingo et al. (2002) proposed that the high nucleophilicity and electrophilic-
ity of heterocycles corresponds to opposite extremes of the scale of global reactivity 
indexes. A good, more reactive, nucleophile is characterized by a lower value of μ, ω 
and in opposite a good electrophile is characterized by a high value of μ, ω. 

When considering the interaction of Fe and inhibitor, electrons will flow from lower 
χ of inhibitor to higher χ of iron metal until equilibrium is reached (i.e., μ(Fe) = μ(in-
hibitor)). The fraction of transferred electrons (ΔN) from inhibitor to Fe is given as: 

(4)

The theoretical values for electronegativity (χFe) and global chemical hardness (ηFe) 
of bulk iron are given as 0 and 7.0 eV respectively; these values are used to compute 
number of electrons transfer (Yang & Parr, 1985). The local reactivity is evaluated by 
using Fukui function which can be calculated using the finite difference approximation 
as follows (Yang & Parr, 1985):  

f+ = qk (N+1) – qk (N)   for nucleophilic attack
f- = qk (N) – qk (N-1)   for electrophilic attack

where qk (N), qk (N+1) and qk (N-1) are the electronic population of the atom k in neutral, 
anionic and cationic species.

Results and discussion
Molecular reactivity 
The frontier molecular orbital and Fukui functions were used to analyse the reactiv-

ity of the studied molecules. The highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) are related to the electron donating and 
accepting ability of a molecule.  Molecules with high EHOMO would have better tendency 
to donate electrons to acceptor molecules with low ELUMO. Increase in EHOMO values fa-
cilitate adsorption; thus enhance the inhibition efficiency. Therefore, the binding ability 
of the inhibitor to the metal surface should increase with increasing of the HOMO and 
decreasing of the LUMO energy values (Udhayakala et al., 2012a; 2012b). However, 
in this study 2MPIP with lower EHOMO (-5.65 eV) and ELUMO (-1.57 eV) presented better 
inhibitory efficiency as compared to 2PIP (EHOMO -5.56 eV and ELUMO = -1.06 eV). This 
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agreed with the trend observed in DFT study on Methylene blue dye, Crystal violet dye 
and Indigo blue dye corrosion inhibition efficiency (%IE) (Oguike et al., 2013).  

 	 Another important parameter to measure reactivity of the inhibitor molecule 
towards the adsorption on the metallic surface is the energy gap, ΔE (ΔE = ELUMO–EHOMO); 
decreasing in ΔE of the molecule leads to increasing in the %IE of the molecule because 
lesser/lower energy would be required to remove an electron from the last occupied or-
bital. A molecule with a low energy gap is usually more polarisable with high chemical 
activity, low kinetic stability and high softness value (Fleming, 1976); thus 2MPIP with 
low ΔE value (4.08 eV), higher dipole moment (5.65 Debye) and high softness (0.490) 
has better performance as a corrosion inhibitor (Ghazoui et al., 2012).  

Table 1. Calculated molecular parameters at B3LYP/6-31G*
Parameters 2PIP 2MPIP
ET (N) (au) -610.912763 -741.470226

ET (N+1) (au) -610.897409 -741.471840
ET (N-1) (au) -610.653169 -741.209485
EHOMO (eV) -5.56 -5.65
ELUOMO (eV) -1.06 -1.57

EHOMO -ELUMO(eV) 4.50 4.08
Dipole moment (Debye) 3.13 5.65

Η 2.25 2.04
Χ 3.31 3.61
S 0.444 0.490
ω 2.435 3.194

ΔN 0.820 0.831
*Inhibition efficiency (%IE) 95.30 98.80

*Inhibition efficiency was taken from (Ghazoui et al., 2012)

The global parameters such as chemical hardness (𝜂), chemical potential (𝜇) and 
electronegativity (𝜒) were calculated as shown in Table 1. The chemical hardness and 
softness are important properties to measure the molecular stability and reactivity. A hard 
molecule has a large energy gap and a soft molecule has a small energy gap. The inhibitor 
with the least value of global chemical hardness (i.e., the highest value of global softness) 
is expected to have the highest ability to donate electrons; thus high inhibition efficiency 
(Udhayakala et al., 2012a; 2012b; Lukovits et al., 2001). Therefore, the 2MPIP with 
low 𝜂 value of 2.04 eV as compared to 2.25 eV for 2PIP has highest %IE. On the other 
hand, electronegativity denotes electron-accepting ability of a molecule shows that the 
electron-donating capability of 2MPIP molecule is higher than that of 2PIP. The number 
of electrons transferred during the adsorption (Δ𝑁) for 2PIP and 2MPIP are 0.820 and 
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0.831 respectively. According to Lukovits, if Δ𝑁 < 3.6 the inhibition efficiency increases 
with increasing electron-donating capacity on metal surface (Lukovits et al., 2001), the 
ΔN values correlate strongly with experimental inhibition efficiencies.

Mulliken population analysis is mostly used for the calculation of the charge dis-
tribution over the whole molecule which has been a useful parameter to estimate the 
adsorption centres of inhibitors. The Mulliken charges on N1 and N2 for 2PIP are -0.486 
and -0.578e respectively. For 2MPIP, Mulliken charges on N1, N2, N2 and O1 are 
-0.483, -0.555, -0.457 and -0.511e respectively (Table 2). It is generally agreed that the 
more negatively charged a heteroatom, the more it can be adsorbed on the metal surface 
(Breket et al., 2002); therefore zones containing N and O are most probable sizes for 
adsorption of the inhibitor on the metal surface. 

In addition, Fukui functions revealed the local site for either electrophilic or nucleop-
hilic attack on the molecules (Table 2). The 𝑓− measures reactivity of an atom with respect 

Table 2. Fukui indices for nucleophilic and electrophilic attacks on 2PIP and 2MPIP

                                2PIP                                            2MPIP
atom qkN qkN+1 qkN-1 fk

+ fk
- atom qkN qkN+1 qkN-1 fk

+ fk
-

C1 0.546 0.534 0.585 -0.012 -0.039 C1 0.690 0.658 0.732 -0.032 -0.042
C2 -0.179 -0.250 -0.169 -0.071 -0.010 C3 0.042 -0.008 0.075 -0.050 -0.033
C3 -0.123 -0.143 -0.087 -0.020 -0.036 C4 -0.198 -0.188 -0.189 0.010 -0.009
C4 -0.186 -0.185 -0.176 0.001 -0.010 C5 0.098 -0.013 0.117 -0.111 -0.019
C5 0.073 -0.021 0.103 -0.094 -0.030 C6 -0.016 0.039 0.069 0.055 -0.085
C6 -0.023 -0.048 0.092 -0.025 -0.115 C7 0.186 0.162 0.197 -0.024 -0.011
C7 0.173 0.151 0.198 -0.022 -0.025 C8 0.098 0.088 0.093 -0.010 0.005
C8 0.102 0.082 0.098 -0.020 0.004 C9 -0.178 -0.194 -0.117 -0.016 -0.061
C9 -0.171 -0.193 -0.135 -0.022 -0.036 C10 -0.135 -0.138 -0.122 -0.003 -0.013
C10 -0.133 -0.135 -0.123 -0.002 -0.010 C11 -0.168 -0.202 -0.118 -0.034 -0.050
C11 -0.126 -0.164 -0.095 -0.038 -0.031 C12 0.376 0.361 0.398 -0.015 -0.022
C12 -0.139 -0.141 -0.130 -0.002 -0.009 C13 -0.257 -0.279 -0.228 -0.022 -0.029
C13 -0.178 -0.194 -0.150 -0.016 -0.028 N1 -0.463 -0.444 -0.478 0.019 0.015
N1 -0.486 -0.458 -0.505 0.028 0.019 N2 -0.555 -0.610 -0.534 -0.055 -0.021
N2 -0.578 -0.628 -0.535 -0.050 -0.043 N3 -0.457 -0.559 -0.433 -0.102 -0.024
H2 0.157 0.077 0.218 -0.080 -0.061 H3 0.153 0.064 0.208 -0.089 -0.055
H3 0.142 0.061 0.212 -0.081 -0.070 H4 0.154 0.067 0.208 -0.087 -0.054
H4 0.145 0.066 0.211 -0.079 -0.066 H5 0.173 0.089 0.217 -0.084 -0.044
H5 0.164 0.088 0.223 -0.076 -0.059 H6 0.159 0.101 0.216 -0.058 -0.057
H6 0.158 0.103 0.237 -0.055 -0.079 H9 0.165 0.134 0.230 -0.031 -0.065
H9 0.161 0.122 0.204 -0.039 -0.043 H10 0.133 0.083 0.202 -0.050 -0.069
H10 0.129 0.071 0.189 -0.058 -0.060 H11 0.137 0.082 0.213 -0.055 -0.076
H11 0.127 0.062 0.193 -0.065 -0.066 H13 0.126 0.095 0.161 -0.031 -0.035
H12 0.126 0.068 0.185 -0.058 -0.059 O1 -0.511 -0.528 -0.459 -0.017 -0.052
H13 0.118 0.077 0.158 -0.041 -0.040 C14 -0.211 -0.192 -0.245 0.019 0.034

H14a 0.149 0.137 0.184 -0.012 -0.035
H14b 0.170 0.133 0.221 -0.037 -0.051
H14c 0.149 0.137 0.184 -0.012 -0.035
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to electrophilic attack (i.e. the characteristic of the molecule to donate electrons) and 𝑓+ 
measures reactivity related to nucleophilic attack (i.e., the propensity of the molecule 
to accept electrons). The local reactivity of 2PIP by mean of condensed Fukui functions 
showed that the most probable site for nucleophilic and electrophilic attack was on the 
same atom, N1.  C6 and C14 atoms were most probably sites for nucleophilic and elec-
trophilic attack for 2MPIP respectively (Table 2). 

Molecular properties of protonated 2PIP and 2MPIP
The corrosion of a metal and chemical inhibitory process usually occurs in acidic 

medium; therefore protonation of the studied molecules was performed to deepen our 
understanding on corrosion inhibitory processes involving the studied molecules. The pro-
tonation sites that led to low molecular energy were on N1 and N2 for 2PIP (i.e. 2PIPH+, 
N2 and 2PIPH+  N1, N2) and N2 and N3 for 2MPIP (2MPIPH+, N2 and 2MPIP2H++, N2, 
N3); although in 2MPIP there is a possibility of adding three protons to the molecule 
but lowest energy structures obtained are considered (Table 3). The calculated N1-C6 
and N2-C7 bond lengths were 1.393 and 1.391Å for 2PIPH+ (N2) and 1.436 and 1.488Å 
for 2PIP2H++ (N1, N2) as compared to 1.375 and 1.371Å for 2PIP, respectively. These 
bonds were 1.390Å for 2MPIPH+ (N2) and 1.382 and 1.412Å for 2MPIP2H++ (N2, N3) 
compared to 1.372 and 1.370Å for neutral 2MPIP. This showed N1-C6 and N2-C7 bonds 
were elongated, thus experienced bond localization. However, C6-C7 and C7-C8 bonds 
were shortened in protonated as compared to neutral inhibitors.

Table 3. Selected bond length (Å) for 2PIP and 2MPIP

EHOMO ELUMO ΔE η S C1-N2 N1-C6 N2-C7 C6-C7 C7-C8

2PIP -5.56 -1.06 4.50 2.25 0.44 1.327 1.375 1.371 1.390 1.470
2PIPH+

(N2)
-9.85 -5.56 4.29 2.15 0.47 1.357 1.393 1.391 1.371 1.461

2PIP2H++

(N1,N2)
-13.45 -11.93 1.52 0.76 1.32 1.314 1.436 1.488 1.359 1.444

2MPIP -5.65 -1.57 4.08 2.04 0.49 1.322 1.372 1.370 1.391 1.470
2MPIPH+

(N2)
-9.18 -6.08 3.10 1.55 0.65 1.351 1.390 1.390 1.376 1.458

2MPIP2H++ (N2,N3) -12.26 -11.00 1.26 0.63 1.59 1.333 1.382 1.412 1.386 1.438

Planarity of molecules is an important parameter to be considered in adsorption of 
inhibitor on metal surface. For neutral molecules, a complete planarity is observed in 
contrast to the protonated forms, suggesting that the neutral molecules have greater ca-
pability of corrosion inhibition.  For instance, N2C7C8C9 and N2C7C8C13 bond angles 
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Fig. 2. Optimized geometries of first and second protonation of 2PIP 
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were -29.10º and 151.20º in 2PIPH+ (N2), -23.46º and 157.68º in 2PIP2H++ (N1,N2), 
26.06º and -154.28º in 2MPIPH+ (N2) and -16.36º and 164.44º in 2MPIP2H++ (N2,N3) 
as compared to 0.00º and 180.00º in both 2PIP and 2MPIP. However, the calculations 
show that more stable structures were obtained when protonation occurred at N2, this 
resulted into 70.36 kcal/mol energy difference between 2PIPH+ (N2) and 2PIPH+ (N1) 
moieties (Fig. 2). Second protonation at N1 (i.e. 2PIP2H++ (N1,N2)) further reduced the 
energy by 62.06 kcal/mol as compared 2PIPH+ (N2).  The first protonation of 2MPIP 
at N2 resulted in lower energy by 10.72 kcal/mol compared to the protonation at N3 
(Fig. 3). The stable structure for second protonation occurred at N2 and N3 (2MPIP2H++ 
(N2,N3)). This brought about reduction of energy by 69.09 kcal/mol and 69.41 as com-
pared to 2MPIP2H++ (N1,N2) and 2MPIP2H++ (N1,N3) respectively (Fig. 4); thus the 
proton addition was preferred at amine nitrogen rather than the benzimidazole nitrogen. 

Molecular properties of the protonated
The frontier molecular orbital maps comprising of HOMO, HOMO-1, LUMO and 

LUMO+1 for the neutral and protonated molecules were displayed in Fig. 5. The analysis 
of electronic properties of the protonated molecules revealed changes in chemical proper-
ties such as electron-donating capability of the inhibitors to the metal. The EHOMO-ELUMO, 

Fig. 4. Optimized geometries of 2H++ protonation of 2MPIP
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respectively. The EHOMO-EHOMO-1 or ELUMO-ELUMO+1 decreases or increases with increase in 

number of protons for protonation (Fig. 5). Low energy gaps coupled with structural 

stabilities should favour the adsorption of protonated species on metal surface. Therefore, it is 

suggested that at low concentrations and before the equilibrium more of protonated species 

will be adsorbed on the metal surface. However, at high concentrations and towards 

equilibrium desorption of the protonated would be rapid from metal surface due charge 

repulsion and molecular distortion of the molecules from planarity; this facilitates the 

adsorption of neutral molecules on metal surface at equilibrium.   
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ΔE of the neutral, single protonation and double protonation were 4.50, 4.29 and 1.52 
eV for 2PIP, 2PIPH+ and 2PIP2H++ and 4.08, 3.10 and 1.26 eV for 2MPIP, 2MPIPH+ and 
2MPIP2H++ respectively. The EHOMO-EHOMO-1 or ELUMO-ELUMO+1 decreases or increases with 
increase in number of protons for protonation (Fig. 5). Low energy gaps coupled with 
structural stabilities should favour the adsorption of protonated species on metal surface. 
Therefore, it is suggested that at low concentrations and before the equilibrium more of 
protonated species will be adsorbed on the metal surface. However, at high concentra-
tions and towards equilibrium desorption of the protonated would be rapid from metal 
surface due charge repulsion and molecular distortion of the molecules from planarity; 
this facilitates the adsorption of neutral molecules on metal surface at equilibrium.  

Conclusions
(1) The electronic and molecular properties calculated for 2-phenylimidazo[1,2-a]

pyridine and 2-(m-methoxyphenyl)imidazo[1,2-a]pyrimidine using DFT method corre-
lated with the inhibitory capability of the studied molecules.
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(2)  The chemical hardness, electronegativity, energy band gap and the fraction of 
electron transferred confirms that the inhibition efficiency in the order 2MPIP > 2PIP; (2) 
Complete planarity of neutral molecules in contrast to the protonated forms suggested 
that the neutral molecules have greater capability of corrosion inhibition.

(3) The protonated species presented lower band gap and higher stability than the 
neutral molecules. Therefore, low energy gaps coupled with structural stabilities should 
favour the adsorption of protonated species on metal surface; it is suggested that at low 
concentrations and before the adsorption equilibrium is reached more of protonated 
species will be adsorbed on the metal surface. 

(4)  The proton addition is preferred at amine nitrogen rather than the benzimidazole 
nitrogen. 
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