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and M4 were predicted to have enhanced inhibition efficiency.

Corrosion
Chloroquine
Density functional theory

Inhibition efficiency

GRAPHICAL ABSTRACT

* Corresponding author's E-mail address: btogunyemi@yahoo.com


http://www.ajchem-a.com/
http://www.ajchem-a.com/
https://crossmark.crossref.org/dialog/?doi=10.33945/SAMI/AJCA.2020.4.10

Theoretical Investigation to Corrosion Inhibition...

486

Introduction

Protection of metal surfaces from
corrosion is a very active and important
industrial and scientific field of research.
Metals are exposed to acids, bases and brine
solution in different ways and for many
reasons. For example, acid solutions are
commonly utilized acidizing,
industrial cleaning, and acid pickling [1-3].
One important means to prevent this
corrosion against deterioration of metal is
through the use of inhibitor [4-5]. The
effectiveness of inhibitors has been associated
with the electronic structure as well as their

spatial orientation. Most effective and efficient

in oil-well

inhibitors have z~bonds and heteroatoms (P,
S, N and 0) with lone pair electrons can inhibit
the corrosion of metal in aqueous acid
solutions [6,7]. The toxic nature of inorganic
and organic inhibitors in the environment
[7,8] is leading to search for other
environmental friendly inhibitors such as
green inhibitors. Green corrosion inhibitors
which include plant extracts and drugs [10-
14] are more environmental friendly. They
are biodegradable and characterised as non-
harmful molecular structure that is free of
heavy metals.
reported the use of extracts from plants as
effective biocides to tackle bio-corrosion [15-
17]. The use of drugs including, sulphur drugs,
antimalarial drugs, antibacterial, antiviral,
antifungal, antineoplastic and analgesic drugs
as inhibitors of metal corrosion in various

Several literatures have

environments has been reported [13-18].
Despite all these, research into better organic
inhibitor is still on going.

Apart from its medicinal application as
antimalarial drug, the role of chloroquine as
corrosion inhibitor of metal has been
experimentally reported at different
environment [19-20]. Adejoro et al. [20]
studied the efficiency of chloroquine (N*-(7-
Chloroquinolin-4-yl)-N?,N!-diethylpentane-
1,4-diamine) as inhibitor against corrosion of

aluminium in 1M HCI solution experimentally
and theoretically. The experimental work

provides valuable information on the
corrosion inhibition efficiency of the
chloroquine N#-(7-Chloroquinolin-4-yl)-

N1,Ni-diethylpentane-1,4-diamine. However,
a total understanding of the inhibitory
properties of other derivatives remains
uncertain. Experimental tools are helpful in
explaining the mechanism of inhibition, but it
is often time consuming and expensive. This
factor can be investigated using quantum
chemical methods so as to give
understanding into the quantum chemical
descriptors and the interaction between
synthesized/hypothetical
metal surface [9]. The effectiveness of
corrosion inhibitors is closely linked to

inhibitors and

quantum chemical descriptors: molecular
volume, softness chemical hardness,
electronegativity, = fraction = (AN) and
electrophilicity index (w) dipole moments,
surface of the molecule, and electronic
parameters: Eunomo (the highest occupied
molecular orbital of energy); Eiumo (lowest
unoccupied molecular orbitals of energy) and
energy gap (Ev.umo-Enomo) calculated from the
DFT approach. Thus, the continuous advances
in hardware and software has made
methods powerful tool for
assessing the corrosion inhibition efficiency

theoretical

and quite a numbers of quantum chemical
modelling methods have been established to
relate the inhibitory effectiveness of organic
inhibitors with their molecular properties
[21-23]. Therefore, the aim of this research
study is to extend the study of the inhibitory
properties of chloroquine drug to their
derivatives (as shown in Figure 1) using
quantum mechanical approach. This approach
will probe molecular reactivity descriptors
that characterize their inhibitory properties
and further their
structures and reactivity toward prediction of
their corrosion inhibition efficiency.

elucidate electronic
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N#-(7-Chloroquinolin-4-yl)-N?,N1-
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N#-(7-Chloroquinolin-8-amino-4-yl)-N?,N!-
diethylpentane-1,4 diamine (Ms)

Figure 1. Structure of chloroquine derivatives

Experimental

Computational methodology

Quantum chemical calculations were carried
out using the Spartan’ 14 V 1.1.4. The full
optimization started from determining the most
stable conformer using the molecular
mechanics force fields (MMFF). The results from
the MMFF were further re-optimized without
any constraint using the density functional
theory (DFT) with B3LYP functional methods
and 6-311G(d) basis set. In accordance with the
approach of Hohenberg and Kohn, 1964; Kohn
and Sham, 1965 [24-25], DFT with 6-311G(d)
basis set has turned out to be an important tool
in modern quantum chemistry because of its
flexibility that guarantee reliable theoretical
results and its ability to add correlation effect at
areduced computational cost.

The adsorption sites of the inhibiting
molecules were predicted using frontier
molecular orbitals; (HOMO and LUMO) while
the energies of the highest occupied and lowest
unoccupied molecular orbitals (Enomo and
Erumo) of the inhibiting molecules are related to

the electron affinity (EA) and ionization

Cl
OH
N4-(7-Chloroquinolin-8-ol-4-yl)-N1,N1-
diethylpentane-1,4 diamine (M)

Cl
NH,
N#-(5-bromo-7-Chloroquinolin-8-amino-4-yl)-
N1,NI-diethylpentane-1,4-diamine (M4)

potential (IP) respectively using Koopman’s
theorem [26] as shown in equations 1 and 2.

IP = - Enomo (1)
EA=-Eiumo (2)

The hardness (77) and the electronegativity
() of the inhibiting molecules were calculated
according to Parr and Pearson, 1983 [27].

e’ I-A

n=-1= (55 w=—- (3)
O I+A

2= 1= (5 v =—— (4)

Furthermore, the softness of the inhibiting
molecules which is expressed as the inverse of
the hardness value was calculated according to
Chirico and Gramatica, 2012 [28].

o=- (5)

These reactivity descriptors have proven to
be helpful in the theory of chemical reactivity.
When two systems, the Fe and the inhibitor, are
in contact with each other, electrons from the
system with lower electronegativity (inhibitor)
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flows to the system with
electronegativity (Fe) until the

potential is equal. The number of electron

higher
chemical

transferred (AN) is therefore estimated using
equation 6 [26].

Fe — yinh

= Taape= i ©

inh and yre represent electronegativities of
the inhibiting molecule and the metal
respectively while 7 and 7. represent the
hardness of the inhibiting molecule and metal
respectively. The theoretical value of yre (7
eV/mole) and 7. (0 eV/mole) according to Parr
et al, (1999) [29] were used to calculate the
number of transferred electrons. The value of
back donation of charges was calculated using
the following expression:

AE Back- donation = % (7)

The electrophilicity index of the entire
molecule which is given in the equation 8,
measures the stabilization energy and the
tendency of chemical species to obtain addition
charge from AN the environment [29].

= (8)

Results and discussion

DFT is one of the most powerful tools in
quantum chemistry. It is the shooting star in
theoretical modelling. The structures of the
studied chloroquine derivatives are presented
in Figure 1. It is apparent in Figure 1 that the
studied
amino group. The frontier molecular orbital
structures of the optimised chloroquine
derivatives using DFT/B3LYP/6-311G(d) are
displayed in (Figure 2a-d). Suggested
quantum chemical parameters that may be
responsible for the inhibition efficiency of the
investigated molecules as obtained from the
calculations are: Enomo, Eiumo, Separation

chloroquine derivatives contain

energy AE, dipole moment (x), Log P,

solvation energy (Esov), Ovality, Electron
Affinity (EA), lonization Potential (IP), global
electrophilicity (w), softness (o), chemical
hardness (7), electronegativity (y), total
energy of electron transfer AN and
polarizability.

The Enomo is associated with the electron
donating ability of an inhibitor. The increase
in the value of Exnomo indicate that the inhibitor
as higher tendency to donate electrons to the
corresponding energy molecular
orbital. Therefore, the effectiveness of an
inhibitor can be improved by enhancing the
transferring process. In Table 1, it is clear that
the Enomo values for investigated inhibitors
decrease in the order; M3>Ms>M;>M,. The
highest value of Euomo (-5.51 eV) for M;,
indicates the best inhibitor which gives
electrons to the corresponding empty d-orbital
of the metal ion. inhibiting
molecules does not only donate electrons to
the empty d-orbital of the metal ion but
electrons are also accepted from the d-orbital
of the metal. This process leads to formation
of the feedback bond. Thus ELymo indicates the
ability of an inhibitor to accept electrons from
the metal ion which would definitely improve
the adsorption and inhibition efficiency of the
inhibiting molecule on the metal surface [30].
The Eiwmo for M;-M, follow the order:
Ms>M1>M;>My, indicating that the M3 has a
better tendency to accept electrons from the
corresponding the metal ion. The energy
difference (AE) between the HOMO and LUMO
of a molecule connects the reactivity of an
inhibitor with adsorption on the surface of the

lower

However,

metal. A decrease in the AE value of inhibitors
reactivity between the
inhibiting molecule and the metal ion and thus
increases the binding ability on the metal
surface.

increases the

This increase in binding ability could lead
to an increase in inhibition efficiency (%IE) of
the inhibitor since the energy required to
remove the electron from the last occupied
orbital will be low.
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Table 1. Quantum chemical reactivity descriptors of some chloroquine derivatives M1-My
estimated with DFT/B3LYP/6-311G(d)

Parameter M, M, M; My
Exomo (€V) -5.80 581 551 -5.54
Erumo (eV) -1.91 -1.96 -1.72 -1.97
AE (eV) 3.89 3.86 3.79 3.58
o (eV) 0.513 0.518 0.526 0.559
7 (eV) 1.95 1.93 1.90 1.79
AN 0.81 0.81 0.89 0.91
Logp 3.73 3.34 2.92 3.75
Ovality 1.54 1.55 1.56 1.58
PSA (A2) 20.84 38.16 43.47 41.81
o 68.60 69.17 69.49 71.03
Esorv (€V) -22.47 -26.89 -26.09 -20.26
IP (V) 5.80 5.81 5.51 5.54
EA (eV) 1.80 1.96 1.72 1.97
7 (eV) 3.86 3.89 3.62 3.76
0] -3.82 -3.92 -3.45 -3.95
V (A3) 346.90 352.86 357.59 376.05
Area (A?) 368.20 375.51 380.04 399.31
DM (debye) 4.59 5.72 3.43 2.93
AEback-donation -0.97 -0.97 -0.91 -0.94
M.W. (amu) 319.880 335.879 334.895 413.791

Note: n=chemical hardness, & =polarizability, PSA=polar surface area, w=global electrophilicity
index, AE=energy difference, y=electronegativity, o=softness, AN=Electron transfer, Esolv=
solvation energy, V=Volume, M.W=Molecular Weight and DM= dipole moment

Figure 2. Frontier molecular orbital
structures of Mi-Ms  using
DFT/B3LYP/6-311G(d)

M2
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The value of AE for the four molecules
(Table 1) decreased in the following order:
Ms>M3>M>>M;. Based on this order, it is
assumed that Ms has the least energy
difference, higher reactivity and therefore
inhibit better than other molecules. The
ability of an inhibitor to bind to the surface
of the metal enhanced as the energy of
HOMO increased and energy of LUMO
reduced. In an attempt to further evaluate
the molecular reactivity and stability of the
inhibitors, the absolute hardness and
softness which are the quantum reactivity
descriptors were determined. The absolute
softness and hardness are related to softand
hard solutions through the theory of acid
and base. Chemical hardness indicated the
resistance to deformation or polarization of
the electron cloud of molecules, atoms or ion
with minor perturbations of the chemical
reaction. The absolute hardness for the four
molecules was reduced in the following
order: Ms<M3z<M,<M1. M4 with the lowest
hardness value (1.79 eV) compared with
other compounds had the lowest AE while
M1 with the highest hardness value had the
highest AE. The softness followed a reverse
trend of hardness values: Mi<M;<M3z<Mg.
This result was consistent with the general
belief that hard molecules should have large
AE and a soft molecule should have small AE
[5]. Therefore, M3z and M. are expected to
have higher inhibition efficiency than that of
the M: and M; since the lowest global
hardness value (ie. the highest global
softness) was likely the highest inhibition
efficiency.

Electronegativity is associated with the
tendency of an atom in a molecule to attract
the shared pair of electron to itself. The
order of electronegativity values of studies
molecules (Table 1) is as follow:
M3<M4<M;i<M,. Also, the electronegativity
difference between the inhibitor and the
metal follows the order of M;>Mi>Ms>Ma.

Following the Sanderson’s principle of
electronegativity equalization, M, with a
low electronegativity difference and
electronegativity gets to
quickly and therefore low reactivity is
expected, which, in turn, indicates low
inhibition efficiency [31]. The Dipole
Moment () of inhibiting molecules predicts
the direction of the corrosion inhibition
process. It gives information about the
polarity in the bond of a molecule and
distribution of electrons in the molecules
[9]. The high value in dipole moment of
inhibitors tends to increase their adsorption
on the surface of a metal to provide better

equalization

inhibition. The u of the studied molecules is
observed in the following order:
My>M1>M3>M,. Although,
inconsistency with the use of xto predict the
direction of a corrosion inhibition reaction
in literatures; however, it is well known that

there is

adsorption of polar compounds with high u
on the surface of the metal should enhance
inhibition efficiency. The trend in
polarizability of the studied molecules
follows the order: M4>M3>M;>M; indicating
that M4 might be having better inhibition
efficiency. The inhibition efficiencies of the
studied molecules with respect to
polarizability could therefore be in the
following order: Ms>M3>M,>M;.

The number of electrons transferred
(AN) in a molecule is related to the ability of
a molecule to donate electrons to the metals
surface. The AN values for the four studied
molecules ranges from 0.81-0.91. Higher
value of AN indicates greater tendency to
donate electrons to the electron deficient
site and consequently, greater tendency to
interact and adsorb on the metal surface. AN
in the
following order: M4s>M3>M; =Mi. The largest

for molecules Mi-My increases
proportion of electron transferred (AN) is
associated with molecule M4 (0.91), while
the lowest proportion is associated with M,

Copyright © 2020 by SPC (Sami Publishing Company)+ is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.
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(0.81) and M (0.81) respectively and hence
the lowest inhibition efficiency. In a simple
model of charge transfer for donation and
back donation of charges [32], an electronic
back donation process can occur as a result of
the interaction between the inhibiting
molecule and the surface of a metal. Back
donation charges results from Table 1 shows
that electronic back donation process can take
place during the process of interaction
between the studied molecules and metal ions
since their values (-0.91 to -0.97 e) are less
than zero. The charges transferred to the
molecule, are energetically favoured when
17>0 and AEgack-donation<0. Therefore, M3 and
M4 could be more energetically favoured
than M; and M;. The resultis consistence the
concept that state that if both charge
transfer (i.e. to the molecule and back-
donation processes from the molecule)
occur, the change in energy is directly
proportional to the hardness of the molecule
in equation 2.6. Global electrophilicity index
(w) provides information on the
nucleophilicity and electrophilicity nature
of inhibiting molecule. Inhibitor with a high
electrophilic index act as electrophile while
low electrophilicity act as nucleophile. The
electrophilicity values (Table 1) of the
studied molecules are such that
Ms>Mo>M1>Ms.

It was also found that the values of log P
are closely related to the
inhibition efficiencies of the investigated
chloroquine derivatives. Eddy and Ebenso
(2010) [33], reported that
responsible for the  hydrophobicity
(property of a molecule to repel water) of a
molecule. Hydrophobicity will
when the solubility of the molecule in water

corrosion

log P is

increase

decreases. In corrosion studies,
hydrophobicity can be related to the process
at which oxide/hydroxide layer which
retards the corrosion process are formed on
the surface of the metal. The results

obtained for log P showed that the inhibition

efficiencies of the investigated chloroquine
derivatives are likely to increase in the
following order M3z;>M;>M;>M4. Molecular
volume and weight are quantum parameters
that determine molecular size and effective
coverage. These invariably
determine how effective a molecule can be
adsorbed on and cover metal surface,
thereby isolating it from the corroding
environment. The Molecular volume and
weight absolute hardness for the four
studied molecules increases in the following
order: My>M3>M;>M;. As the value of this
parameter increases, so also the likely
inhibition potentials of the
molecules increase [12].

surface

corrosion

Conclusion

The molecular reactivity descriptors of
four chloroquine derivatives were probed in
order to elucidate their electronic structures,
reactivity and predict their efficiency toward
inhibition
mechanical method. The result obtained from
DFT at B3LYP/6-311G(d,p) basis set suggests
a correlation between electronic structures
and quantum parameters of four chloroquine
derivatives and their inhibition efficiency
toward corrosion process. It was found that
the correlations are useful in designing
chloroquine
substituents capable donating electrons to the
surface of the metal. M3 and M4 are expected
to have the highest inhibition efficiency due to
their high Enomo, AN and lowest AE values
which would allow effective electron transfer

corrosion using  quantum

inhibitors with suitable

and thus a better performance as corrosion
inhibitor.
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