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Abstract

Computational simulations of the corrosion inhibition potentials of four imidazophenanthroline derivatives were carried
out using Density Functional Theory (DFT) with B3LYP/6-31G* method. It was shown that the predictive corrosion
inhibition potentials increase in the order 2-methyl-1H-imidazo[4,5-f][ 1,10]phenanthroline (MIP) < 3-(1H-imidazo [4, 5-f][1,
10] phenanthrolin-2-yl) phenol (IPP) <2-(2-methoxyphenyl)-1H-imidazo [4, 5-f] [1, 10] phenanthroline (MPIP) <4-methoxy-
2-(3H-phenanthro [9, 10-d] imidazol-2-yl) phenol (MPP). The anticorrosion potentials were predicted using the quantum
chemical parameters like energy gap (AE), energy of highest occupied molecular orbital (E,,., ,), energy of lowest unoccupied
molecular orbital (E ) ionization potential (I), electron affinity (A), polarizability (o), global hardness (1), global softness
(0), electronegativity (X) and polar surface area (PSA). Corrosion inhibition potentials increase with increasing E, .,
polarizability, global softness and polar surface area (PSA), and decreasing energy gap (AE), E ,,,and global hardness.
Also, the sites of likely electrophilic attack were located on nitrogen and oxygen atoms as shown by high negative
Mulliken charges of these atoms. This implied that the metal surface atoms could be bonded to these inhibitors through
nitrogen and oxygen atoms. From the results, 4-methoxy-2-(3H-phenanthro [9, 10-d] imidazol-2-yl) phenol (MPP) showed
the highest E ., polarizability, PSA, and the lowest AE, E hence the greatest potential of inhibiting corrosion of

metals in aqueous solutions.
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Introduction

Corrosion is the deterioration of the properties of a
material as a result of its interaction with its environment
[1]. This process is electrochemical and more often
than not spontaneous due to the intrinsic tendency of
materials to return to their natural states. In the
presence of corroding environment that is commonly
used by construction companies, materials composing
of aluminium and mild steel tend to get oxidised, thereby
losing their characteristic malleability and ductility. This
mechanical failure has always led to the collapse of
important constructions like bridges, oil pipes, refineries,
buildings among others [2]. Therefore, it is crucial to
forestall and prevent this destructive process.
Various corrosion prevention methods have been
widely used without compromising environmental health
while ensuring cost effectiveness. The use of organic

heterocyclic compounds and substances extracted
from different plant parts as corrosion inhibitors has
been recently adopted [2-14]. Molecules with
heteroatoms like nitrogen, sulphur and oxygen have
been reported to possess corrosion inhibition properties
[6,15]. When added to corroding environment in small
quantities, these molecules have the tendency of being
adsorbed on metal surfaces, thereby preventing the
cathodic or anodic process and, hence, retarding the
rate of corrosion [ 16]. One of such molecules is imidazo
[4, SF][1, 10] phenanthroline derivatives [7, 17, 18].
Researches have been conducted and reported on
the synthesis and complexation of imidazo [4, 5-F]
[1, 10] phenanthroline derivatives [19, 20]. Further
researches have been conducted on the corrosion
inhibition properties of 2-(6-methylpyridin-2-yl) oxazolo
[5, 4-F] [1, 10] phenanthroline. It was reported that
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the molecules showed excellent corrosion inhibition
properties towards mild steel in 0.5M H,S0, and the
active sites of adsorption were the nitrogen and oxygen
atoms of the molecule [7]. In addition, anticorrosion
potentials of 2-mesityl-1H-imidazo [4, 5-F] [1, 10]
phenanthroline have been reported using experimental
and computational methods, and both methods showed
a good agreement [18]. These anticorrosion potentials
of imidazo [4, 5-F] [1, 10] phenanthroline derivatives
are as a result of their molecular properties. Also, the
presence of nonbonding and m-electron active sites
makes the inhibitors susceptible to electrophilic attack
[18,20].

Computational methods have been recently
employed to model the molecular properties of organic,
inorganic and condensed matter [5-8, 17, 21-26].
Researchers have correlated these molecular properties
to the corrosion inhibition properties of such molecules
[9, 23, 27, 28]. One of such computational methods is
Density Functional Theory (DFT) that models the
ground state electronic properties of a system as a
function of its electron density. One of the advantages
of these computational methods over experimental
methods is that data collected and analysed
experimentally are prone to statistical error, which is
absent in computational techniques [23].

Therefore, this work aims at the computational
studies of the corrosion inhibition potentials of four
derivatives of imidazo [4, 5-F] [1, 10] phenanthroline
(Figures 1-4) using DFT method to simulate the
molecular and electronic properties of these
compounds.

Computational details

Computational simulation of the molecular properties
of imidazo [4, 5-F] [1, 10] phenanthroline derivatives
were carried out using Density Functional Theory
(DFT) in Spartan 10 programme package [29]. Full
geometry optimization was carried out on the
equilibrium geometry of the four molecules athybrid
Becke-3-Lee-Yang-Parr exchange-correlation
functional method with double zeta 6-31G(d) basis
set[B3LYP/6-31G(d)] level of theory. Figures 8, 9, 13
and 17 show the B3LYP optimized structures of MIP,
IPP, MPIP and MPP respectively. DFT has proven to
be a powerful method of calculating the ground state
molecular properties of a molecule with a good
accuracy. Also, this method is adopted to simulate the
molecular properties, reactivity and selectivity of an
N-electron system using such quantum chemical
parameters as energy gap (AE), global hardness (1)),
global softness (o), ionization energy (I) and electron
affinity (A).
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Figure 2. IPP: 3-(1H-
imidazol [4, 5-f] [1, 10]
phenanthrolin-2-yl0 phenol.

Figure 1. MIP: 2-methyl-1H-
midazol; 4, 5-f] [1, 10]
phenanthroline.
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Figure 3. MPIP: 2-2(2-
methoxy phenly)-1H-
imidazol [4, 5-f] [1, 10]
phenanthroline.

Figure 4. MPP: 4-methoxy-
2-(3H-phenanthro [9, 10-d]
imidazol-2-yl) phenol.

Results and discussion

It has been reported that the corrosion inhibition
potential of a molecule is related to its electronic
properties [15] which can be deduced from its quantum
chemical parameters such as energy gap (AE=E_ -
E, omo)» global hardness and global softness [7, 17, 30].
These parameters are reported in Table 1.

The energy gap is a vital index of stability of a
system. The wider the energy gap, the more stable a
molecule is, hence, the less its reactivity [23]. It is the
difference between the energies of highest occupied
molecular orbital (E, ) and the lowest unoccupied
molecular orbitals (E ) [18].

The ability of an inhibitor to donate electrons into
the low-lying vacant orbitals of a metal is a function of
its ionization potential (I) which is related to the energy

of highest occupied molecular orbital, E, ., by the
expression:
I= - EHOMO ’ (1)
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Figure 7. Mulliken charge population analysis of MIP. Figure 8. B3LYP optimized structure of MIP.
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Figure 11. LUMO Plot of IPP. Figure 12. Mulliken charge population
analysis of IPP.
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Figure 13. B3LYP Optimized Structure
of MPIP.

Figure 17. B3LYP Optimized Structure
of MPP.

Figure 19. LUMO plot of MPP.
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Figure 16. Mulliken charge population
analysis of IPP.

Figure 18. HOMO plot of MPP
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Figure 20. Mulliken charge population
analysis of MPP.

53



54 Journal of Science Research Vol. 14

Also, the electron affinity (A) of an inhibitor is
related to the energy of lowest unoccupied molecular
orbital, E |, and it indicates the tendency of the
inhibitor to accept electrons.

A=-FE

LUMO : (2)

As the energy gap (AE) of inhibitors decreases, there
is a corresponding increase in their reactivity, hence,
an increase in the predictive corrosion inhibition
potential. This band gap is related to / and A by the

expression:

AE=1-4 NE))

Another parameter related to I and A is the global
hardness () [31]. This parameter is used to predict
the reactivity of a molecule and it is the reluctance of
a system to release electrons. It originates from Lewis
theory and the theory of Hard and Soft Acid and Base
(HSAB). n is defined as the second derivative of
electronic energy (E) with respect to number of
electrons (N) at constant external potential (v, )):

- S5°E
SN?

n=)(I-4) (9

This equation can otherwise be written in terms of
E and E as:

HOMO LUMO

..(4)

1= Y (ELomo — Exomo) . (6)

Global softness (o) is the half of the reciprocal of global
softness and it is another index of chemical reactivity
[27]:

(N

Electronegativity, ¥, is a descriptor of the direction
of electron flow between a metal and an inhibitor until
the same chemical potential is attained between the
two, and the parameter is used to calculate AN ( number
of transferred electrons) [32]. It is related to / and A4,

hence E,  , and E = of a molecule by the
expression:
x =)+ A) - (8)
X = _1/2(EHOMO+ ELUMO) -9

Mulliken atomic charge is an indicator of charge
distribution on the atoms of a molecule. The greater
the magnitude of the negative charges on atoms, the
greater the ease of electron donation by the atom to
unoccupied orbitals of a metal [6]. This charge
population analysis also gives an indication of the
reactivity of the molecule. The Mulliken charge
population analysis of MIP, IPP, MPIP and MPP are
shown in Figures 7, 12, 16 and 20 respectively. The
oxygen and nitrogen atoms show high magnitude of
negative charges and are thus the most predictive sites
of adsorption by metals [11, 18].

Table 1. Quantum chemical parameters of MIP, IPP, MPIP and MPP using DFT at B3LYP/6-31G(d) level of theory.

Quantum Chemical MIP IPP MPIP MPP
Parameters

Energy aq (a.u.) -758.58 -1025.54 -1064.84 -1140.14
Energy (a.u.) -758.55 -1025.51 -1064.82 -1140.04
Enomo -5.69 -5.60 -5.37 -5.35
ELumo -1.25 -1.44 -1.27 -1.49

AE (eV) 4.44 4.16 4.10 3.86
Ionisation Potential (I) 5.69 5.60 5.37 5.35
Electron Affinity (A) 1.25 1.44 1.27 1.49
Polarizability (o) 59.31 65.27 66.85 67.44
PSA (A%) 34.40 52.65 35.75 53.96
Area (A%) 246.37 315.79 333.76 341.38
Volume (A%) 234.05 306.67 326.05 342.36
Weight (amu) 234.26 312.33 326.36 342.36
H 2.22 2.08 2.05 1.93

)y 0.23 0.24 0.24 0.26

X 3.47 3.52 3.32 3.42




Polarizability is the parameter that determines the
readiness of the electron cloud of a system to be
distorted in a weak applied electric field due to
asymmetric molecular charge distribution. It is often
observed that polarizability increases with increasing
molecular size. Table 1 shows that as the molecular
size is increasing in the order MIP<IPP<MPIP<MPP,
so also the polarizability increases in the same order.
This order provides an indication of the trend of
increasing adsorptive properties and corrosion inhibition
potentials of the molecules.

The molecular size of a system, as well as the
effective surface coverage, is described by such
parameters as the polar surface area (PSA), area,
molecular volume and weight. Polar Surface Area is
the sum over all polar atoms (e.g. N, O, S and P)
including attached hydrogen atoms in a given system
[33]. All these parameters determine how effectively
an inhibitor can be adsorbed on a metal surface and
isolate the metal from corroding environment. As the
magnitude of these molecular parameters increases,
so also the likely anticorrosion potentials of the
molecules increase [34-36].

Figures 5, 10, 14 and 18 show the HOMO density
distribution indicating that the electron cloud was
dispersed over the molecules due to the presence of
heteroatoms and m-electrons all over the molecules
and show the points susceptible to electrophilic attack.
However, Figures 6, 11, 15 and 19 show the LUMO
density distributions which are the regions susceptible
to nucleophilic attack.

Conclusion

1.  MIP, IPP, MPIP and MPP possess corrosion
inhibition potentials as can be deduced from their
quantum chemical parameters.

2. Corrosion inhibition potential is in the order
MIP<IPP<MPIP<MPP.

3. MPP therefore has the least global hardness,
smallest energy gap and the greatest global sofiness,
hence the greatest corrosion inhibition potential.
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