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ABSTRACT
In many studies published in recent years, corrosion scientists proved that various drug molecules can
exhibit high inhibition performance against the corrosion of metal surfaces and alloys. This study
presents the adsorption behaviour and inhibition mechanism of Omeprazole and Tinidazole on steel
surface in gas phase and aqueous acidic conditions using quantum chemical calculations and
molecular dynamics simulations. Well-known quantum chemical parameters such as EHOMO, ELUMO,
energy gaps, dipole moment, global hardness, softness, electrophilicity, electrodonating power,
electroaccepting power and the fraction of electron transfer, were calculated to understand the
corrosion inhibition properties and interactions with the steel surface of the studied molecules. Fukui
indices analysis was performed to identify the local reactivities of the molecules. Additionally, Monte
Carlo simulations were used to determine the optimal adsorption configuration of the inhibitors onto
a Fe (1 1 0) surface. The study’s findings provide valuable insights into preventing corrosion of steel
surfaces in aqueous acidic environments. The theoretical data obtained was evaluated in terms of
Maximum Hardness, Minimum Polarizability and Minimum Electrophilicity Principles.
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1. Introduction

In today’s world, preventing metallic corrosion is a crucial
issue as metals and alloys are widely used in various industrial
applications. Iron and its alloys are particularly important in
mechanical industries. In many industrial processes, acid sol-
utions are used for techniques such as acid cleaning, acid pick-
ling and acid descaling. However, these acid solutions can
cause serious corrosion on metallic surfaces, leading to signifi-
cant economic losses for industries. Therefore, preventing cor-
rosion has become a top priority, especially in protecting
metallic surfaces from acid-induced corrosion. One effective
technique for corrosion inhibition is the use of inhibitors,
which are low-cost, efficient and easy to apply. Generally,
organic compounds with heteroatoms (N, O, S and P), aro-
matic rings, π conjugated systems and conjugated aliphatic
bonds are considered effective inhibitors [1–3]. Here, we can
mention from some published studies as example to the cor-
rosion inhibitor including heteroatoms. Banerjee and
coworkers [4] noted that 2-(2-hydroxybenzylideneamino)
phenol and its alkyl/acyl substituted compounds are effective
corrosion inhibitors for mild steel in corrosive 1 molL−1 HCl
medium. Same author [5] showed that two newly synthesised
diazomethine functionalised long-chain consisting organic
molecules, namely (3E)-N-((E)-2-(octadecylimino)ethylide-
ne)octadecan-1-amine (ODE) and (3E)-N-((E)-2-

(dodecylimino)ethylidene)dodecan-1-amine (DDE) can be
used as efficient surface protective lubricant additive. These
type inhibitors can adhere to metallic surfaces through phys-
ical adsorption (electrostatic interactions) or chemical adsorp-
tion (coordination bond) and protect against corrosion.
Physical adsorption occurs when charged inhibitor molecules
are attracted to charged metallic surfaces, while chemical
adsorption involves the formation of coordinate bonds
between inhibitor molecules and metals. These adsorption
processes create a uniform film on the metallic surface, pre-
venting aggressive acid attacks. However, further research is
needed to fully understand the surface phenomenon and fac-
tors that determine the strength of interaction. This investi-
gation aims to provide a detailed explanation of the
adsorption process and the contributing factors that control
it [6–10].

In the past, inhibitive action performance was determined
by weight loss measurements, potentiodynamic polarisation
and electrochemical impedance spectroscopy [11]. However,
these experimental techniques are expensive, time-consuming
and sometimes unable to reveal inhibition mechanisms. With
advancements in software and hardware related to
computational support systems, computer-aided simulation
has become a powerful and easy tool for investigating complex
corrosion processes and predicting inhibition efficiency well in
advance [12,13]. Proper theoretical modelling and
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corresponding quantum chemical calculations are particularly
efficient in exploring the relationship between the molecular
properties of inhibitors and their corrosion inhibition efficien-
cies. The corrosion inhibition capability of molecules can be
determined by various factors, such as the frontier molecular
orbital energies, energy gap, dipole moment, global hardness,
softness and the fraction of electron transfer from the inhibi-
tors’molecules to the metallic surface. There are several advan-
tages of using computational support systems and computer-
aided simulations for investigating complex corrosion pro-
cesses [14]:

. Cost-effective: Computational simulations are generally
more cost effective than traditional experimental
techniques.

. Time-efficient: Simulation techniques are often faster than
experimental techniques, allowing for more rapid analysis
of complex systems.

. Accessibility: Simulation techniques are accessible to
researchers regardless of their geographic location or access
to expensive laboratory equipment.

. Prediction: Simulation techniques can predict the perform-
ance of corrosion inhibitors before they are tested exper-
imentally, reducing the number of experiments needed.

. Mechanism exploration: Simulations can help explore the
underlying mechanisms of corrosion and corrosion inhi-
bition, providing a better understanding of the system
being studied.

. Molecular properties: Simulations can reveal the relation-
ship between the molecular properties of inhibitors and
their corrosion inhibition efficiencies, providing insights
into the design of new inhibitors.

. Versatility: Simulations can be applied to a wide range of
corrosion systems, making them a versatile tool for cor-
rosion research.

The main goal of the present study is to investigate the cor-
rosion inhibition capabilities of Omeprazole (OMP) and Tinida-
zole (TND) molecules with the help of quantum chemical
calculations andMCsimulations.The agreementwithpreviously
published experimental research [15] of the theoretical studies
will be checked and thanks to chemical reactivity analysis
made about for these molecules will shed light on future studies
on the design of new inhibitor systems. In the papers recently
published, it is seen thatmanydrugmolecules also act as an effec-
tive corrosion inhibitor. For that reason, we selected OMP and
TND chemical systems for theoretically analysis.

2. Computational details

2.1. Quantum chemical assessment

Chemical reactivity analysis is the predicting how atomic or
molecular systems will behave under what conditions. In cor-
rosion inhibition researchers, chemical reactivity analysis of
the studied inhibitor systems is among the most important
parts of the research because effective corrosion inhibitors
are the chemical systems with high reactivity. For the chemical
reactivity analysis of the studied corrosion inhibitor, DFT

computations and Conceptual DFT based reactivity descrip-
tors are widely considered. Density functional theory (DFT)
is a widely used computational method for investigating the
electronic structure and properties of molecules, materials
and surfaces. In recent years, it has been increasingly applied
to the field of corrosion inhibition, which is the process of pre-
venting or reducing the corrosion of metals and alloys in var-
ious environments. Corrosion inhibition is important for a
wide range of industries, including oil and gas, automotive,
aerospace and construction. DFT calculations can provide
valuable information about the electronic and structural prop-
erties of inhibitor molecules and their interactions with metal
surfaces. The inhibition efficiency of a molecule can be related
to its electronic structure, such as the frontier molecular orbi-
tals, energy gap and charge distribution. DFT calculations can
also predict the adsorption energy and geometry of inhibitor
molecules on metal surfaces, which are important factors in
determining their inhibition efficiency. By using DFT calcu-
lations, researchers can screen a large number of inhibitor can-
didates in a relatively short time, which is a cost-effective and
time-saving approach compared to traditional experimental
methods. In addition, DFT calculations can provide insights
into the mechanisms of corrosion inhibition and help to
design new and more effective inhibitors [16].

In this investigation, all calculations were performed using
density functional theory (DFT) methods including always the
GD3 correction for dispersion [17]. Three optimisations were
done using single valance polarisation (SVP) [18], triple-ζ
valance polarisation (TZVP) [19] and valance triple-ζ polaris-
ation (def2-TZVP) [20] basis sets having Becke, 3-parameter
Lee, Yang and Par (B3LYP) [21], long-range corrected func-
tional Coulomb attenuating Becke, 3-parameter Lee, Yang
and Par (CAM-B3LYP) [22,23] and (ωB97XD) [24] range sep-
arated hybrid functional including dispersion respectively. The
effect of aqueous solvent was taken into account implicitly in
the framework of the integral equation formalism (IEF) ver-
sion of the polarisable continuum model (PCM)[20] with a
dielectric constant of e = 78.36 and a refractive index of n =
1.33. Geometry optimisations were performed using equili-
brium solvation for the respective state (S0). Frequency calcu-
lations were performed for each optimised structure in order
to recheck the stability of the geometries both in gas and
water. All calculations are done using the Gaussian09 [25] pro-
gramme suite. Conceptual Density Functional Theory math-
ematically introduces the chemical potential (µ),
electronegativity (χ), hardness (η), softness (σ) as [26]:

m = −x = ∂E
∂N

[ ]
n(r)

(1)

h = ∂2E
∂N2

[ ]
n(r)

(2)

s = 1/h (3)

In the given mathematical relations, E and N are the total
electronic energy and total number of the electrons of the
selected chemical systems, respectively. v(r) given as subscript
represents the constant external potential. If one applies the
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finite differences approach to the relations presented above, for
the calculations of the aforementioned quantum chemical
descriptors, we reach to the equations based on ionisation
energy and electron affinity of chemical systems.

x = − EN+1 − EN−1

2
= (EN−1 − EN)+ (EN − EN+1)

2

= I + A
2

(4)

h = EN+1 − 2EN + EN−1 = I − A (5)

First (ω1) and second (ω2) electrophilicity indices are calcu-
lated from the following relations [27,28].

v1 = x2/2h (6)

v2 = I.A/I − A (7)

For the estimation of the electron transfer amount from
inhibitor to metal surface (ΔN) and metal-inhibitor interaction
energy (Δψ), the following equations have been derived con-
sidering the equalisation processes regarding to the hardness
and electronegativity [29,30].

DN = fFe − xInh
2(hFe + hinh)

(8)

Dc = − (fFe − xInh)
2

4(hFe + hinh)
(9)

Here, χinh and ηinh denote the electronegativity and hard-
ness of the inhibitor molecules. ηFe = 0 eV and ϕFe(110) = 4.82
eV were applied to determine the (ΔN) and Δψ, correspond-
ingly. ϕFe(110) is the work function calculated for Fe (110)
surface.

2.2. Fukui indices

Fukui indices are a set of theoretical parameters used in chem-
istry, especially in the field of organic chemistry, to predict and
describe the reactivity of molecules. They are named after
Kenichi Fukui, a Japanese chemist who was awarded the
Nobel Prize in Chemistry in 1981 for his work on the theory
of chemical reactions. Fukui indices are derived from the con-
cept of the frontier molecular orbitals, which are the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of a molecule. The HOMO
and LUMO are important because they are involved in chemi-
cal reactions, and the energy difference between them, known
as the HOMO–LUMO gap, is related to the reactivity of the
molecule. The Fukui indices are calculated based on the
changes in the electron density that occur when a molecule
undergoes a small perturbation, such as the addition or
removal of an electron. The two main Fukui indices are the
nucleophilic Fukui function (f−) and the electrophilic Fukui
function (f+), which describe the reactivity of a molecule
towards nucleophiles and electrophiles, respectively. The
nucleophilic Fukui function describes the propensity of a mol-
ecule to donate electrons, while the electrophilic Fukui func-
tion describes the propensity of a molecule to accept

electrons. These indices are useful for predicting the site of
electrophilic or nucleophilic attack in a chemical reaction.

Additionally, Fukui indices were also used to identify the
molecules’ locations for accepting and donating electrons.
Additionally, Fukui functions with Mulliken population evalu-
ation (NPA) was used to determine the local reactivity regions
of the compounds under study [31,32].

Nucleophilic attack � f+k = Pk(N + 1)− Pk(N) (10)

Electrophilic attack � f−k = Pk(N)− Pk(N − 1) (11)

Herein, Pk(N), Pk(N−1) and Pk(N + 1) denote the neutral,
cationic and anionic Mulliken populations of the molecules.

2.3. Monte Carlo simulations

Monte Carlo (MC) simulations are a computational technique
used to model complex systems with a large number of inter-
acting particles. In the field of corrosion inhibition, MC simu-
lations are employed to study the interaction between inhibitor
molecules and metal surfaces. In MC simulations, the behav-
iour of a system is modelled using random numbers and prob-
abilities. The simulation starts with a random configuration of
the system, and then successive random changes are made to
the system. At each step, the probability of accepting the
change is calculated based on the energy of the system before
and after the change. By repeating these steps many times, the
simulation samples the configuration space of the system, and
statistical properties can be calculated [33,34].

In the context of corrosion inhibition, MC simulations can
be used to study the adsorption of inhibitor molecules on
metal surfaces. The simulation can calculate the free energy
change of the adsorption process, which is related to the inhi-
bition efficiency of the molecule. The simulation can also pro-
vide information about the orientation and conformation of
the inhibitor molecules on the surface, as well as the distri-
bution of the molecules in the solvent. MC simulations are a
useful tool for predicting the corrosion inhibition efficiency
of new inhibitor molecules, without the need for costly and
time-consuming experimental studies. The simulations can
be used to screen large libraries of potential inhibitors, and
identify promising candidates for further study.

In this particular study, the Monte Carlo simulation
method was employed to investigate the synergistic effect of
two compounds on the adsorption behaviour onto the surface
of mild steel. The simulation was carried out using the
Materials Studio 2017 software, which includes an adsorption
locator module. The simulation system was optimised using
the COMPASS [35] forcefield, and a Fe (1 1 0) surface was con-
structed with a 30 Å edge and enlarged to create a supercell
(12 × 12). The inhibitors were then introduced into the simu-
lation system in the presence of 186 water molecules, 4H3O

+

ions, and 4Cl− ions. The adsorption energies of the inhibitors
onto the surface of iron were calculated and analysed to ident-
ify the most stable adsorbed configuration of the studied mol-
ecules on the surface of the iron. The higher negative
adsorption energy values indicated the most stable configur-
ation of the inhibitors on the iron surface.

1634 S. KAYA ET AL.



2.4. In silico approaches for environmental toxicity and
solubility analysis

In silico approaches can be used to predict the environmental
toxicity and solubility of corrosion inhibitors. These
approaches involve the use of chemical databases and model-
ling environments to simulate the behaviour of the inhibitors
in the environment and predict their potential impact on the
ecosystem. One such tool is the Chemical Database with Mod-
elling Environment (CDME) website, which provides a plat-
form for predicting the properties of chemicals including
corrosion inhibitors. The website provides access to a range
of predictive models that can be used to estimate the physico-
chemical and toxicological properties of chemicals, including
solubility and environmental toxicity. For example, the
CDME website can be used to predict the solubility of cor-
rosion inhibitors in water or other solvents based on their mol-
ecular structure. The website uses predictive models based on
quantitative structure–property relationships (QSPRs) to esti-
mate solubility based on a range of molecular descriptors such
as molecular weight, polar surface area, and hydrogen bond
donors and acceptors. Similarly, the CDME website can be
used to predict the environmental toxicity of corrosion inhibi-
tors based on their chemical structure. The website provides
access to a range of predictive models that can estimate the
toxicity of chemicals to different organisms, including fish,
algae and bacteria. These models use a range of molecular
descriptors and toxicological endpoints to predict the potential
impact of chemicals on the environment.

3. Results and discussion

3.1. Comparative experimental studies between two
studied inhibitors

Al-Nami et al. [15] recently conducted wet chemical exper-
iments to investigate the corrosion inhibition effect of Helicure
drugs (OMP and TND) on mild steel surfaces in 1M HCl sol-
ution. In the experimental studies, authors used weight loss
and Potentiodynamic polarisation (PP) methods because
they are widely preferred in experimental corrosion inhibition
studies. Table 1 shows the molecular structures, names and
abbreviations of OMP and TND (Helicure drugs). The results
showed that the inhibitors were highly effective in inhibiting
corrosion, with a maximum protection efficiency of 85.8%
observed in the presence of 300 ppm OMP + TND during
polarisation. The AFM roughness data indicated that the
adsorption of OMP + TND on the mild steel surface led to
the formation of a protective layer, resulting in a smoother sur-
face and inhibition of corrosive ion attack. However, the
authors were unable to fully explain the relative inhibition
order of the two inhibitors, which was based on the presence
of heteroatoms and aromatic rings. To better understand the
inhibition mechanism and explain the trend in inhibition
efficiency, the present study employed quantum chemical cal-
culations and Monte Carlo simulations. The study also
included a correlation analysis between observed molecular
parameters and experimentally obtained inhibition efficiency
outcomes.

3.1.1. DFT
In corrosion inhibition, DFT calculations are used to study the
adsorption of inhibitor molecules onto the metal surface. The
adsorption energy of the inhibitor molecule onto the metal
surface is a key factor in determining its effectiveness as a cor-
rosion inhibitor. The higher the adsorption energy, the stron-
ger the bond between the inhibitor and the metal surface, and
the better the protection against corrosion. DFT calculations
can also provide information on the electronic properties of
the inhibitor molecules, such as the distribution of electron
density and the electronic structure of the inhibitor-metal
interface. This information can be used to understand the
mechanism of inhibition and to design more effective inhibi-
tors. Herein, DFT methods were utilised in the calculations,
with the GD3 correction for dispersion always included.
Optimisation was done using three basis sets: single valance
polarisation (SVP), triple-ζ valance polarisation (TZVP) and
valance triple-ζ polarisation (def2-TZVP), with the B3LYP,
CAM-B3LYP and ωB97XD functionals, respectively. The aqu-
eous solvent effect was considered implicitly using the integral
equation formalism (IEF) version of the polarisable continuum
model (PCM) with a dielectric constant of e = 78.36 and a
refractive index of n = 1.33. Geometry optimisations were per-
formed using equilibrium solvation for the respective state
(S0), and frequency calculations were performed to verify the
stability of the geometries both in gas and in water. All calcu-
lations were performed using the Gaussian09 programme
suite.

The Figure 1 provided shows the calculation results for the
adsorption energies of two inhibitors, OMP and TIN, using
three different Density Functional Theory (DFT) methods:
B3LYP with single valence polarisation (SVP) basis set,
CAM-B3LYP with triple-ζ valence polarisation (TZVP) basis
set, and wB97XD with valence triple-ζ polarisation (def2-
TZVP) basis set in the gas phase. While DFT calculations
are often used to study molecules in solution, it is also impor-
tant to consider the gas-phase geometry of molecules. This is
because the gas-phase geometry represents the idealised struc-
ture of a molecule, in the absence of solvent effects or intermo-
lecular interactions. Studying DFT-optimised structures in the
gas phase allows researchers to gain insights into the intrinsic
properties of chemical compounds, without the confounding
effects of solvent or intermolecular interactions. For example,
gas-phase geometry optimisations can provide information
about the stability and reactivity of molecules, as well as the
nature of the electronic transitions that occur in chemical
reactions.

In addition, gas-phase geometry optimisations are impor-
tant for benchmarking different computational methods and
for comparing theoretical predictions with experimental
results. By comparing the gas-phase geometries of molecules
with experimental data, researchers can assess the accuracy
of their computational methods and make improvements to
their models.

Table 2 provides energetic parameters and quantum chemi-
cal descriptors for the Omeprazole (OMP) compound, calcu-
lated using different DFT methods in both gas and solvent
(water) phases. The physio-chemical properties studied
include optimisation energy, polarisability, dipole moment,
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HOMO (highest occupied molecular orbital), LUMO (lowest
unoccupied molecular orbital), ionisation potential (I), elec-
tron affinity (A), chemical hardness (η), chemical softness
(ζ), electro-negativity (χ), chemical potential (μ) and electro-
philicity index (ω). The results show that the energetic par-
ameters and quantum chemical descriptors are different for
different DFT methods and between the gas and solvent
phases. In general, the CAM-B3LYP/TZVP method produces
the most stable optimisation energy for both the gas and sol-
vent phases, while the ωB97XD/Def2-TZVP method produces
the least stable optimisation energy. The quantum chemical

descriptors include the HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital)
energies (in eV), which are important in understanding the
reactivity and stability of the molecule. The HOMO–LUMO
gap (ΔeV) is the energy difference between the HOMO and
LUMO levels. The Ionisation Potential (I) (in eV) is the energy
required to remove an electron from the molecule, while the
Electron Affinity (A) (in eV) is the energy released when an
electron is added to the molecule. The Chemical Hardness
(η) (in eV) is a measure of the resistance of the molecule to
changes in electron density. The Chemical Softness (σ) (in

Table 1. Molecular structures, names and abbreviations of studied inhibitors (Helicure drug).

Figure 1. (Colour online) Optimised structures of the studied inhibitor molecules in the gas phase.
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eV) is the reciprocal of the Chemical Hardness and indicates
the ease with which the molecule can be polarised. Electrone-
gativity (χ) (in eV) is a measure of the ability of an atom to
attract electrons to itself in a chemical bond. The Chemical
Potential (μ) (in eV) is the derivative of the energy with respect
to the number of electrons in the molecule. Finally, the Elec-
trophilicity Index (ω) is a measure of the reactivity of the mol-
ecule towards electron-rich species. Table 2 analysed that the
polarisability and dipole moment increase in the solvent
phase compared to the gas phase, indicating an increase in
the molecule’s ability to interact with other molecules in the
solvent. The HOMO–LUMO energy gap decreases in the sol-
vent phase, suggesting that the molecule’s reactivity increases
in the solvent. The ionisation potential (I) and electron
affinity (A) show opposite trends between the gas and solvent
phases, indicating that the OMP molecule is more likely to
gain an electron in the gas phase, while it is more likely to
lose an electron in the solvent phase. The chemical hardness
(η) and softness (ζ) show that OMP is a relatively hard mol-
ecule, meaning that it is less likely to undergo chemical reac-
tions, and it requires more energy to excite an electron from
the HOMO to the LUMO. The electro-negativity (χ) and
chemical potential (μ) indicate that OMP has a relatively
high electron-attracting ability and a low electron-donating
ability. Finally, the electrophilicity index (ω) shows that
OMP is a moderate electrophile, meaning that it can accept
electrons from nucleophiles to form new chemical bonds.

Table 3 presents the energetic parameters and quantum
chemical descriptors for the Tinidazole compound calculated
using three different Density Functional Theory (DFT)
methods, namely B3LYP/SVP, CAM-B3LYP/TZVP and
ωB97XD/Def2-TZVP, in both gas and water solvent phases.
The following discussion elaborates on the findings presented
in the table. The optimisation energy of the Tinidazole mol-
ecule is the lowest in the gas phase, as indicated by the negative
values of the optimisation energy in all three DFT methods.
However, the presence of the water solvent leads to a slight
increase in the optimisation energy, indicating that the mol-
ecule is less stable in the solvent phase than in the gas phase.
The polarisability of the molecule is higher in the solvent
phase than in the gas phase for all DFT methods, indicating

that the presence of water enhances the ability of the molecule
to polarise. Similarly, the dipole moment of the molecule
increases in the presence of water, indicating that the molecule
is more polar in the solvent phase.

The HOMO–LUMO energy gap (ΔE) is an important
descriptor of the molecule’s reactivity. A smaller ΔE value indi-
cates that the molecule is more susceptible to undergo chemi-
cal reactions. In the present case, all DFT methods predict a
smaller ΔE value in the solvent phase than in the gas phase,
suggesting that the molecule is more reactive in water than
in the gas phase. The ionisation potential (I) and electron
affinity (A) of the molecule indicate its ability to donate and
accept electrons, respectively. All three DFT methods predict
that the ionisation potential is higher in the solvent phase
than in the gas phase, indicating that the molecule is less likely
to donate electrons in the presence of water. On the other
hand, the electron affinity is higher in the solvent phase than
in the gas phase, indicating that the molecule is more likely
to accept electrons in the presence of water. The chemical
hardness (η) and softness (ζ) of the molecule provide infor-
mation about its stability and reactivity, respectively. The η
value is lower in the solvent phase than in the gas phase, indi-
cating that the molecule is less stable in the presence of water.
The ζ value is higher in the solvent phase than in the gas phase,
indicating that the molecule is more reactive in water. The
electronegativity (χ) and chemical potential (μ) of the molecule
indicate its ability to attract and donate electrons, respectively.
The χ and μ values are higher in the solvent phase than in the
gas phase, indicating that the molecule has a higher affinity for
electrons and is more likely to donate electrons in the presence
of water. Finally, the electrophilicity index (ω) of the molecule
provides information about its ability to act as an electrophile
in a chemical reaction. All three DFT methods predict a higher
ω value in the solvent phase than in the gas phase, indicating
that the molecule is more likely to act as an electrophile in
water than in the gas phase. In summary, the presence of
water affects the physiochemical properties of the Tinidazole
molecule, making it less stable and more reactive. The results
also show that the choice of the DFT method affects the values
of the calculated parameters, highlighting the importance of
selecting an appropriate method for accurate predictions.

Table 2. Energetic Parameters and quantum chemical descriptors for Omeprazole compound by using different DFT methods in both gas and in solvent (water).

OMP B3LYP/SVP CAM-B3LYP/TZVP ωB97XD/Def2-TZVP

Property gas water gas water gas water

Optimisation energy (a.u.) −1446.475 −1446.493 −1447.183 −1447.205 −1447.389 −1447.409
Polarisability (a.u.) 250.380 322.519 254.091 333.069 260.892 345.372
Dipole Moment (Debye) 1.846 2.593 2.390 3.378 1.949 3.431
HUMO (eV) −5.779 −5.934 −7.321 −7.471 −7.757 −7.929
LUMO (eV) −1.111 −1.285 −0.052 −0.071 −0.733 −0.496
HOMO–LUMO Gap 4.668 4.649 7.269 7.4 7.024 7.433
Ionisation Potential (I) 5.779 5.934 7.321 7.471 7.757 7.929
Electron Affinity (A) 1.111 1.285 0.052 0.071 0.733 0.496
Chemical Hardness (η) 4.668 4.649 7.269 7.4 7.024 7.433
Softness (σ) 0.214 0.215 0.138 0.135 0.142 0.135
Electronegativity (χ) 3.445 3.6095 3.6865 3.771 4.245 4.2125
Chemical Potential (µ) −3.445 −3.6095 −3.6865 −3.771 −4.245 −4.2125
First Electrophilicity Index (ω1) 1.271 1.401 0.935 0.961 1.283 1.194
Second Electrophilicity Index (ω2) 1.375 1.640 0.052 0.072 0.809 0.529
ΔN 0.147 0.130 0.078 0.071 0.041 0.041
Δψ −0.101 −0.079 −0.044 −0.037 −0.012 −0.012
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3.2. Fukui indices

Fukui indices are used to study the reactivity of molecules
towards different electrophilic and nucleophilic attacks [36–
40]. In the context of corrosion inhibition, Fukui indices can
provide insight into the inhibitory mechanism of a compound.
For example, if a molecule has a high positive Fukui index
value at the site of a reactive group, it indicates a high potential
for nucleophilic attack at that site. In the case of corrosion
inhibition, this could mean that the molecule is able to interact
with the metal surface through electrostatic interactions, form-
ing a protective layer and inhibiting further corrosion. On the
other hand, if a molecule has a high negative Fukui index value
at the site of a reactive group, it indicates a high potential for
the electrophilic attack at that site. In the context of corrosion
inhibition, this could mean that the molecule is able to donate
electrons to the metal surface, thereby reducing the rate of oxi-
dation and corrosion. Additionally, Fukui indices were also
used to identify the molecules’ locations for accepting and
donating electrons. Additionally, Fukui functions with Mulli-
ken population evaluation (NPA) were used to determine
the local reactivity regions of the compounds under study
using equations (10) and (11).

The Table 4 shows the order of reactive sites of the Omepra-
zole compound using different DFT/B3LYP/SVP methods in
gas and solvent (water). The Fukui indices were calculated
for each reactive site, and they were classified into three cat-
egories: f +, f − and f 0. The Fukui index measures the sensitivity
of a molecule’s electronic structure to changes in its electronic
state. It can help predict which sites in a molecule are most
likely to react with other molecules or undergo chemical trans-
formations. In the case of corrosion inhibition, knowing the
order of reactive sites can help identify which sites are most
likely to react with corrosive agents and which sites are most
effective in inhibiting the corrosion process. In the table, the
Omeprazole compound has 40 reactive sites, which are labelled
from 1S to 40H. The Fukui indices were calculated using the
B3LYP/SVP method in gas and water solvent. The results
show that the order of reactive sites varies depending on the
method and solvent used. For example, in the gas phase, site
17C has the highest f +value of 0.053, followed by site 34H
with a value of 0.056. In water, site 17C still has the highest f

+value, but it increased to 0.097. Site 39H has the second-high-
est f + value in water with a value of 0.049. On the other hand,
site 8C has the lowest f − value in gas and water, indicating that

Table 3. Energetic Parameters and quantum chemical descriptors for Tinidazole compound by using different DFT methods in both gas and in solvent (water).

TND B3LYP/SVP CAM-B3LYP/TZVP ωB97XD/Def2-TZVP

Property gas water gas water gas water

Optimisation energy (a.u.) −1175.209 −1175.228 −1175.830 −1175.853 −1175.990 −1176.010
Polarisability (a.u.) 134.976 176.932 143.261 191.808 145.004 194.998
Dipole Moment (Debye) 5.220 7.066 5.497 7.702 5.045 7.172
HUMO (eV) −6.951 −7.07 −8.591 −8.713 −9.057 −9.172
LUMO (eV) −2.432 −2.638 −0.413 −1.641 −0.62 −0.848
HOMO–LUMO Gap 4.519 4.432 8.178 7.072 8.437 8.324
Ionisation Potential (I) 6.951 7.07 8.591 8.713 9.057 9.172
Electron Affinity (A) 2.432 2.638 0.413 1.641 0.62 0.848
Chemical Hardness(η) 4.519 4.432 8.178 7.072 8.437 8.324
Softness (σ) 0.221 0.226 0.122 0.141 0.119 0.120
Electronegativity (χ) 4.6915 4.854 4.502 5.177 4.8385 5.01
Chemical Potential (µ) −4.6915 −4.854 −4.502 −5.177 −4.8385 −5.01
First Electrophilicity Index (ω1) 2.435 2.658 1.239 1.895 1.387 1.508
Second Electrophilicity Index (ω2) 3.741 4.208 0.434 2.022 0.666 0.934
ΔN 0.014 −0.004 0.019 −0.025 −0.001 −0.011
Δψ −0.001 0.000 −0.003 −0.005 0.000 −0.001

Table 4. Order of reactive sites (Fukui indices) of compound Omeprazole by using
different DFT/B3LYP/SVP methods in both gas and in solvent (water).

Inhibitor B3LYP/SVP B3LYP/SVP

-OMP Gas Water

f + f − f 0 f + f − f 0

1S 0.055 0.044 0.049 0.046 0.062 0.054
2O 0.008 0.009 0.008 0.002 0.007 0.004
3O 0.082 0.045 0.063 0.052 0.043 0.047
4O 0.062 0.015 0.039 0.082 0.011 0.047
5N 0.003 0.005 0.004 0.008 0.010 0.009
6N 0.033 0.034 0.034 0.036 0.046 0.041
7N 0.006 0.023 0.014 0.006 0.028 0.017
8C −0.010 0.009 −0.001 −0.008 0.012 0.002
9C 0.010 0.033 0.021 0.004 0.045 0.024
10C 0.007 0.005 0.006 0.008 0.020 0.014
11C 0.039 0.037 0.038 0.068 0.058 0.063
12C 0.020 0.004 0.012 0.030 0.010 0.020
13C 0.017 0.032 0.025 0.005 0.031 0.018
14C 0.023 −0.007 0.008 0.053 0.001 0.027
15C 0.007 0.028 0.017 0.005 0.037 0.021
16C −0.007 −0.011 −0.009 −0.002 −0.006 −0.004
17C 0.053 0.045 0.049 0.097 0.051 0.074
18C 0.024 0.026 0.025 0.010 0.036 0.023
19C 0.035 0.051 0.043 0.058 0.061 0.060
20C 0.017 0.019 0.018 0.035 0.016 0.026
21C 0.035 0.018 0.027 0.060 0.025 0.042
22C −0.005 −0.010 −0.008 0.000 −0.003 −0.001
23C −0.014 −0.024 −0.019 −0.002 −0.009 −0.005
24C −0.037 −0.021 −0.029 −0.028 −0.008 −0.018
25H 0.030 0.034 0.032 0.024 0.043 0.033
26H 0.030 0.037 0.034 0.025 0.044 0.034
27H 0.026 0.024 0.025 0.026 0.022 0.024
28H −0.004 0.013 0.005 0.005 0.018 0.011
29H 0.027 0.034 0.031 0.006 0.018 0.012
30H 0.018 0.029 0.024 0.007 0.025 0.016
31H 0.047 0.039 0.043 0.049 0.025 0.037
32H 0.032 0.050 0.041 0.007 0.032 0.020
33H 0.051 0.045 0.048 0.046 0.033 0.040
34H 0.056 0.048 0.052 0.052 0.028 0.040
35H 0.020 0.033 0.027 0.004 0.018 0.011
36H 0.026 0.041 0.033 0.005 0.025 0.015
37H 0.022 0.035 0.028 0.004 0.023 0.014
38H 0.022 0.034 0.028 0.002 0.011 0.007
39H 0.005 0.014 0.010 0.002 0.010 0.006
40H 0.012 0.018 0.015 0.002 0.010 0.006
41H 0.036 0.016 0.026 0.040 0.010 0.025
42H 0.044 0.030 0.037 0.030 0.009 0.019
43H 0.037 0.017 0.027 0.040 0.010 0.025
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it is the least likely to react with other molecules. The results
also show that the f − values of the different sites are generally
low, which suggests that Omeprazole is not likely to undergo
nucleophilic attacks.

Table 5 shows the order of reactive sites, as determined by
the Fukui indices, for the compound Omeprazole using differ-
ent DFT/CAM-B3LYP/TZVP methods in both gas and water
solvent. The compound Omeprazole consists of 40 atoms,
including carbon, hydrogen, oxygen, nitrogen and sulphur.
The table lists the different atoms in Omeprazole, labelled 1S
through 40H, and the calculated values of the Fukui indices
for each atom using two different DFT/CAM-B3LYP/TZVP
methods, one in the gas phase and the other in a water solvent.
The Fukui indices indicate the relative susceptibility of each
atom to nucleophilic or electrophilic attack. A positive value
indicates that the atom is more susceptible to electrophilic
attack, whereas a negative value indicates that the atom is
more susceptible to nucleophilic attack. A value of zero
means that the atom is neither more susceptible to

nucleophilic nor electrophilic attack. The table shows that
the order of reactive sites varies depending on the method
used and whether the calculation is done in gas or water sol-
vent. For example, for the gas phase calculation, the most reac-
tive site is the 17C atom, while in a water solvent, it is the 21C
atom. Similarly, the least reactive site in the gas phase is 16C,
while in a water solvent, it is 24C.

Table 6 shows the order of reactive sites (Fukui indices) of
Omeprazole inhibitor using different DFT/ωB97XD/def2-
TZVP methods in both gas and solvent (water) phases. In
gas phase, the order of reactive sites for Omeprazole is 4O >
17C > 39H > 33H > 34H > 1S > 3O > 11C > 14C > 21C > 19C >
6N > 25H > 26H > 31H > 2O > 13C > 20C > 29H > 7N > 15C >
10C > 5N > 30H > 38H > 37H > 36H > 35H > 22C > 9C > 12C
> 16C > 18C > 28H > 8C > 23C > 27H > 24C. This means that
the most reactive sites are the oxygen atom at position 4
(4O), followed by the carbon atom at position 17 (17C), and
hydrogen atoms at positions 39 (39H), 33 (33H) and 34
(34H). In the water phase, the order of reactive sites for

Table 5. Order of reactive sites (Fukui indices) of compound Omeprazole by using
different DFT/CAM-B3LYP/TZVP methods in both gas and in solvent (water).

Inhibitor CAM-B3LYP/TZVP CAM-B3LYP/TZVP

-OMP Gas Water

f + f − f 0 f + f − f 0

1S 0.047 0.063 0.055 0.028 0.107 0.067
2O 0.006 0.014 0.010 0.001 0.008 0.004
3O 0.055 0.053 0.054 0.029 0.051 0.040
4O 0.086 0.015 0.051 0.105 0.010 0.057
5N 0.020 0.003 0.011 0.032 0.015 0.024
6N 0.033 0.016 0.025 0.032 0.040 0.036
7N −0.004 0.025 0.010 0.003 0.032 0.017
8C −0.022 0.025 0.001 −0.010 0.033 0.012
9C 0.002 0.036 0.019 0.001 0.035 0.018
10C 0.006 0.002 0.004 0.004 0.032 0.018
11C 0.043 0.038 0.040 0.056 0.073 0.065
12C 0.006 0.005 0.006 0.004 0.006 0.005
13C 0.010 0.037 0.024 0.001 0.020 0.010
14C 0.062 −0.012 0.025 0.102 0.000 0.051
15C −0.006 0.021 0.008 0.002 0.044 0.023
16C −0.009 −0.009 −0.009 0.001 −0.001 0.000
17C 0.080 0.043 0.061 0.125 0.046 0.085
18C 0.011 0.028 0.020 0.003 0.030 0.017
19C 0.044 0.061 0.052 0.057 0.070 0.064
20C 0.044 0.016 0.030 0.074 0.021 0.048
21C 0.037 0.003 0.020 0.069 0.017 0.043
22C 0.006 0.005 0.006 0.001 0.006 0.004
23C −0.008 −0.024 −0.016 0.000 −0.004 −0.002
24C −0.027 −0.012 −0.020 −0.015 −0.003 −0.009
25H 0.019 0.030 0.025 0.016 0.039 0.028
26H 0.023 0.039 0.031 0.015 0.039 0.027
27H 0.032 0.023 0.028 0.023 0.021 0.022
28H −0.015 0.010 −0.003 0.002 0.013 0.007
29H 0.021 0.032 0.026 0.003 0.013 0.008
30H 0.010 0.035 0.023 0.003 0.023 0.013
31H 0.056 0.033 0.045 0.040 0.015 0.027
32H 0.020 0.052 0.036 0.002 0.021 0.012
33H 0.064 0.041 0.053 0.041 0.024 0.032
34H 0.067 0.044 0.056 0.050 0.019 0.034
35H 0.010 0.028 0.019 0.001 0.011 0.006
36H 0.014 0.037 0.025 0.001 0.016 0.009
37H 0.012 0.033 0.022 0.001 0.018 0.010
38H 0.015 0.035 0.025 0.001 0.008 0.004
39H −0.001 0.013 0.006 0.001 0.007 0.004
40H 0.009 0.017 0.013 0.001 0.007 0.004
41H 0.038 0.011 0.025 0.036 0.006 0.021
42H 0.043 0.024 0.034 0.024 0.005 0.015
43H 0.039 0.012 0.026 0.036 0.006 0.021

Table 6. Order of reactive sites (Fukui indices) of compound Omeprazole by using
different DFT/ωB97XD/def2-TZVP methods in both gas and in solvent (water).

Inhibitor ωB97XD/def2-TZVP ωB97XD/def2-TZVP

-OMP Gas Water

f + f − f 0 f + f − f 0

1S 0.048 0.070 0.059 0.027 0.087 0.057
2O 0.007 0.012 0.009 0.001 0.003 0.002
3O 0.053 0.054 0.054 0.030 0.045 0.037
4O 0.096 0.021 0.059 0.115 0.020 0.068
5N 0.026 0.012 0.019 0.036 0.035 0.035
6N 0.038 0.027 0.033 0.035 0.054 0.045
7N −0.007 0.015 0.004 0.002 0.006 0.004
8C −0.012 0.006 −0.003 −0.006 −0.006 −0.006
9C −0.008 0.029 0.011 −0.003 −0.002 −0.003
10C 0.003 0.011 0.007 0.003 0.014 0.008
11C 0.052 0.063 0.057 0.063 0.133 0.098
12C 0.016 −0.007 0.005 0.019 −0.014 0.003
13C 0.007 0.020 0.013 0.001 0.002 0.001
14C 0.066 −0.004 0.031 0.108 0.008 0.058
15C −0.005 0.015 0.005 0.003 0.011 0.007
16C −0.008 −0.015 −0.012 −0.001 −0.006 −0.003
17C 0.075 0.060 0.067 0.114 0.115 0.115
18C 0.011 0.029 0.020 0.003 0.009 0.006
19C 0.037 0.079 0.058 0.047 0.153 0.100
20C 0.046 0.013 0.029 0.076 0.033 0.054
21C 0.040 0.008 0.024 0.071 0.043 0.057
22C 0.003 0.002 0.002 0.000 0.001 0.000
23C −0.006 −0.014 −0.010 0.000 −0.001 −0.001
24C −0.039 −0.020 −0.029 −0.029 −0.012 −0.020
25H 0.018 0.031 0.025 0.017 0.032 0.025
26H 0.022 0.038 0.030 0.014 0.030 0.022
27H 0.031 0.028 0.030 0.021 0.027 0.024
28H −0.017 0.002 −0.008 0.002 0.008 0.005
29H 0.021 0.030 0.026 0.003 0.006 0.004
30H 0.009 0.028 0.019 0.003 0.009 0.006
31H 0.054 0.039 0.047 0.036 0.026 0.031
32H 0.019 0.041 0.030 0.002 0.006 0.004
33H 0.062 0.048 0.055 0.038 0.040 0.039
34H 0.064 0.049 0.057 0.044 0.032 0.038
35H 0.010 0.022 0.016 0.001 0.003 0.002
36H 0.013 0.030 0.021 0.002 0.005 0.003
37H 0.011 0.026 0.019 0.002 0.005 0.003
38H 0.015 0.028 0.021 0.001 0.002 0.002
39H −0.003 0.005 0.001 0.001 0.002 0.001
40H 0.008 0.012 0.010 0.001 0.002 0.001
41H 0.039 0.014 0.026 0.037 0.012 0.025
42H 0.045 0.028 0.037 0.024 0.010 0.017
43H 0.038 0.014 0.026 0.037 0.012 0.025
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Omeprazole is 17C > 19C > 39H > 14C > 4O > 31H > 11C >
21C > 1S > 33H > 3O > 6N > 25H > 26H > 20C > 29H > 5N >
7N > 15C > 30H > 10C > 37H > 38H > 35H > 36H > 2O > 13C
> 22C > 9C > 12C > 16C > 18C > 28H > 8C > 23C > 27H > 24C.
The order of reactivity changes significantly in the water phase,
with carbon atoms at positions 17 (17C) and 19 (19C) being
the most reactive sites, followed by hydrogen atoms at pos-
itions 39 (39H) and carbon atom at position 14 (14C). The
oxygen atom at position 4 (4O), which was the most reactive
site in the gas phase, has dropped to the fifth position in the
water phase. Overall, the change in order of reactive sites in
water can be attributed to the solvation effects, which influence
the molecular geometry and electron density distribution. The
solvent molecules interact with the inhibitor, leading to
changes in the electronic properties of the molecule and alter-
ing the reactivity of certain sites. These findings can be useful
for designing and optimising Omeprazole-based drugs for bet-
ter efficacy and specificity.

Table 7 shows the order of reactive sites (Fukui indices) of
the compound Tinidazole using different DFT/B3LYP/SVP
methods in both gas and solvent (water). The table contains
the results for each atom in the molecule, labelled as 1S to
29H. From the table, it can be observed that the Fukui indices
for each atom differ based on the DFT/B3LYP/SVP method
used and whether it was in the gas or water phase. The table
shows that the order of reactive sites varies depending on
the DFT method and the phase (gas or water) used. However,
some general trends can be observed. In both gas and water
phases, the most reactive site is the 13th carbon atom, followed
by the 4th and 5th oxygen atoms. The least reactive sites are the

9th and 10th carbon atoms. The values of the Fukui indices
also differ significantly between the gas and water phases,
with the values generally being larger in the water phase.
This difference can be attributed to the polar nature of
water, which can affect the electronic structure of the molecule
and alter the reactivity of the reactive sites. For example, atoms
2O, 3O and 4O have positive f + values, indicating that they are
potential electrophilic attack sites. At the same time, atoms 1S
and 8N have negative f − values, indicating they are potential
nucleophilic attack sites.

Table 8 shows the order of reactive sites (Fukui indices) of
compound Tinidazole using different DFT/CAM-B3LYP/
TZVP methods in both gas and solvent (water). The table
includes the inhibitor, the DFT method, the solvent (gas or
water), and the values of the Fukui indices for each reactive
site of the molecule. In general, the values of the Fukui indices
show that the most reactive sites in the molecule are the oxy-
gen atoms (2O, 3O, 4O and 5O) and the carbon atom (13C)
with the highest values of f + and f −. The sulphur atom (1S)
and nitrogen atoms (6N, 7N and 8N) also show significant
reactivity, particularly in the gas phase. The effect of the sol-
vent on the reactivity of the molecule is also apparent from
the table. In general, the values of the Fukui indices are
lower in water compared to the gas phase, indicating that
the molecule is less reactive in the solvent. However, there
are some exceptions to this trend, particularly for the carbon
atoms (12C, 13C, 15C and 16C) and hydrogen atoms (17H,
18H, 19H, 20H, 26H, 27H, 28H and 29H), which show higher
values of f + and f − in water. Overall, Table 8 provides valuable
information about the reactivity of different sites in the

Table 7. Order of reactive sites (Fukui indices) of compound Tinidazole by using
different DFT/B3LYP/SVP methods in both gas and in solvent (water).

Inhibitor B3LYP/SVP B3LYP/SVP

–TIN Gas Water

f + f − f 0 f + f − f 0

1S −0.014 −0.003 −0.008 −0.008 −0.002 −0.005
2O 0.035 0.020 0.027 0.017 0.009 0.013
3O 0.021 −0.010 0.006 0.016 0.003 0.010
4O 0.099 0.189 0.144 0.101 0.211 0.156
5O 0.086 0.179 0.133 0.082 0.192 0.137
6N 0.014 0.016 0.015 0.009 0.012 0.010
7N 0.058 0.031 0.044 0.059 0.026 0.043
8N −0.010 0.064 0.027 −0.003 0.084 0.041
9C −0.011 −0.030 −0.020 −0.004 −0.013 −0.008
10C −0.031 −0.031 −0.031 −0.022 −0.026 −0.024
11C −0.005 −0.004 −0.004 0.000 0.000 0.000
12C 0.065 0.056 0.060 0.096 0.062 0.079
13C 0.111 0.000 0.055 0.152 0.020 0.086
14C −0.006 −0.004 −0.005 −0.001 −0.001 −0.001
15C 0.090 0.108 0.099 0.131 0.139 0.135
16C −0.008 −0.014 −0.011 0.002 −0.003 −0.001
17H 0.015 0.007 0.011 0.018 0.020 0.019
18H 0.046 0.048 0.047 0.025 0.022 0.023
19H 0.037 0.043 0.040 0.032 0.028 0.030
20H 0.044 0.031 0.038 0.039 0.035 0.037
21H 0.018 0.006 0.012 0.008 0.004 0.006
22H 0.029 0.021 0.025 0.010 0.005 0.007
23H 0.033 0.027 0.030 0.006 0.003 0.005
24H 0.017 0.015 0.016 0.005 0.003 0.004
25H 0.010 0.007 0.009 0.005 0.003 0.004
26H 0.083 0.081 0.082 0.078 0.073 0.076
27H 0.050 0.043 0.047 0.045 0.026 0.036
28H 0.065 0.055 0.060 0.058 0.035 0.046
29H 0.055 0.049 0.052 0.045 0.029 0.037

Table 8. Order of reactive sites (Fukui indices) of compound Tinidazole by using
different DFT/ CAM-B3LYP/TZVP methods in both gas and in solvent (water).

Inhibitor CAM-B3LYP/TZVP CAM-B3LYP/TZVP

–TIN Gas Water

f + f − f 0 f + f − f 0

1S −0.013 −0.001 −0.007 −0.012 −0.001 −0.007
2O 0.022 0.022 0.022 0.012 0.009 0.011
3O −0.009 −0.007 −0.008 0.008 0.005 0.007
4O 0.109 0.209 0.159 0.104 0.236 0.170
5O 0.100 0.201 0.150 0.084 0.216 0.150
6N 0.019 0.030 0.024 0.017 0.026 0.021
7N 0.069 0.017 0.043 0.081 0.024 0.052
8N 0.006 0.101 0.053 0.020 0.125 0.073
9C −0.027 −0.046 −0.037 −0.004 −0.011 −0.007
10C −0.018 −0.034 −0.026 −0.019 −0.045 −0.032
11C 0.008 0.007 0.007 0.005 0.002 0.004
12C 0.049 0.045 0.047 0.075 0.047 0.061
13C 0.142 −0.050 0.046 0.181 −0.020 0.080
14C 0.002 0.001 0.002 0.001 0.001 0.001
15C 0.090 0.140 0.115 0.126 0.166 0.146
16C 0.025 0.000 0.013 0.032 0.008 0.020
17H 0.012 0.002 0.007 0.016 0.019 0.018
18H 0.047 0.050 0.049 0.020 0.017 0.019
19H 0.028 0.038 0.033 0.024 0.020 0.022
20H 0.036 0.028 0.032 0.032 0.033 0.033
21H 0.006 −0.001 0.003 0.004 0.002 0.003
22H 0.019 0.018 0.018 0.005 0.003 0.004
23H 0.026 0.024 0.025 0.003 0.002 0.003
24H 0.011 0.012 0.012 0.003 0.002 0.002
25H 0.003 0.004 0.004 0.002 0.002 0.002
26H 0.078 0.070 0.074 0.060 0.050 0.055
27H 0.051 0.037 0.044 0.037 0.018 0.028
28H 0.062 0.047 0.055 0.048 0.025 0.036
29H 0.045 0.038 0.042 0.034 0.018 0.026
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Tinidazole molecule and how this reactivity is affected by the
solvent environment. These insights can be useful in predict-
ing the behaviour of the molecule in different chemical reac-
tions and in the design of new drugs based on Tinidazole.

Table 9 shows the order of reactive sites (Fukui indices) of
Tinidazole compound using different DFT/ωB97XD/def2-
TZVP methods in both gas and in solvent (water). The com-
pounds are labelled from 1S to 29H. The values of the Fukui
indices for each reactive site are given in columns corre-
sponding to the gas and water phase calculations. The posi-
tive values of the Fukui indices indicate nucleophilic sites,
while negative values indicate electrophilic sites. In general,
the most reactive site in Tinidazole is site 4O, followed by
site 5O and site 13C. These sites are nucleophilic and can
attack electrophiles. The least reactive site is site 2O, which
is electrophilic and can be attacked by nucleophiles. The
effect of solvent is observed in some sites, such as site 4O,
where the Fukui index is higher in water than in the gas
phase. This indicates that the site is more nucleophilic in
water than in the gas phase. On the other hand, some
sites, such as site 13C, show a decrease in the Fukui index
in water compared to the gas phase, indicating that the site
is less nucleophilic in water.

Therefore, we observed that in addition to their significance
in predicting the effectiveness of corrosion inhibitors, Fukui
indices can also be used to determine the electrophilic and
nucleophilic sites in these inhibitors. The Fukui indices can
be used to determine these regions by calculating the electro-
philic and nucleophilic reactivity indices (ω+ and ω−). These
indices describe the change in electronic density upon addition

or removal of an electron from the molecule, and are related to
the HOMO and LUMO energies. A high value of the electro-
philic reactivity index (ω+) indicates that a particular region of
the molecule is more likely to accept electrons, making it an
electrophilic site. Conversely, a high value of the nucleophilic
reactivity index (ω−) indicates that a particular region of the
molecule is more likely to donate electrons, making it a nucleo-
philic site. In the context of corrosion inhibitors, the electro-
philic and nucleophilic sites of the inhibitor molecule can
play an important role in the inhibition mechanism. For
example, the nucleophilic sites on the inhibitor molecule
may interact with metal ions or other reactive species in the
corrosion process, while the electrophilic sites may interact
with the metal surface to form a protective layer. Overall, the
Fukui indices provide a useful tool for understanding the reac-
tivity of corrosion inhibitors and designing new inhibitors
with specific electrophilic and nucleophilic properties.

3.3. Monte Carlo simulation

Monte Carlo simulation is a computational technique used to
model and simulate complex physical and chemical systems. In
the context of corrosion inhibition, Monte Carlo simulations
can be used to study the adsorption behaviours of inhibitors
on metal surfaces [41–43]. In this study, the authors aim to
investigate the protective performance of expired Helicure
drugs towards the dissolution of mild steel in 1M HCl medium
using both theoretical and experimental approaches. The
authors have used Monte Carlo simulations to examine the
adsorption of inhibitor molecules on the Fe (1 1 0) surface
in the presence of water molecules, 4H3O

+ and 4Cl− ions.
The authors have focused on two inhibitors, namely TND
and OMP, and have investigated their synergetic effect on
the Fe (1 1 0) surface in the presence of 4H3O

+, 4Cl− ions
and 186 H2O molecules. The results of the simulations have
been presented in Figure 2, which shows the most stable
low-energy adsorption of the studied inhibitors on the Fe (1
1 0) surface. The synergetic effect of TND and OMP has also
been observed, indicating a better protective performance of
the combination of these inhibitors on the mild steel surface.
The adsorption energies of the inhibitors onto the surface of
iron were calculated and analysed to identify the most stable
adsorbed configuration of the studied molecules on the surface
of the iron. The higher negative adsorption energy values indi-
cated the most stable configuration of the inhibitors on the
iron surface. It is well-known that Monte Carlo simulation
provides mechanistic insights regarding to adsorption on
metal surfaces of molecular systems. It is seen from Figure 2
that inhibitor molecules inhibitor molecules are positioned
to interact strongly with the metal surface the heteroatoms
in their structures. Figure 3 presents a schematic adsorption
mechanism of interaction with the metal surface of TID and
OMP molecules.

The use of expired drugs as inhibitors is a great idea to pro-
tect and valorise those compounds. Then, the prediction of
their efficiency theoretically is a smart and economical tool
to evaluate their inhibition performance. Therefore, the
adsorption energy values can facilitate the ranking of inhibitor
products. Table 10 provides the adsorption energies for the

Table 9. Order of reactive sites (Fukui indices) of compound Tinidazole by using
different DFT/ωB97XD/def2-TZVP methods in both gas and in solvent (water).

Inhibitor ωB97XD/def2-TZVP ωB97XD/def2-TZVP

–TIN Gas Water

f + f − f 0 f + f − f 0

1S −0.015 −0.008 0.749 −0.014 −0.005 −0.009
2O 0.022 0.022 −0.488 0.011 0.008 0.010
3O −0.009 −0.005 −0.467 0.006 0.005 0.006
4O 0.101 0.208 −0.394 0.096 0.233 0.164
5O 0.096 0.201 −0.441 0.080 0.214 0.147
6N 0.039 0.031 −0.039 0.037 0.024 0.031
7N 0.084 0.020 −0.258 0.094 0.027 0.060
8N −0.001 0.101 0.444 0.012 0.126 0.069
9C −0.036 −0.044 −0.243 −0.009 −0.014 −0.012
10C −0.023 −0.031 −0.211 −0.025 −0.042 −0.034
11C 0.003 0.004 −0.191 0.002 0.001 0.001
12C 0.059 0.051 0.231 0.087 0.056 0.072
13C 0.160 −0.033 0.131 0.198 −0.005 0.097
14C −0.006 −0.006 −0.387 −0.001 −0.001 −0.001
15C 0.082 0.137 −0.092 0.116 0.164 0.140
16C 0.013 −0.006 −0.413 0.019 0.001 0.010
17H 0.012 0.002 0.183 0.016 0.022 0.019
18H 0.043 0.046 0.144 0.018 0.015 0.016
19H 0.032 0.038 0.181 0.027 0.020 0.023
20H 0.039 0.030 0.181 0.033 0.034 0.033
21H 0.007 −0.001 0.143 0.004 0.003 0.004
22H 0.020 0.018 0.137 0.005 0.004 0.004
23H 0.025 0.023 0.134 0.003 0.002 0.003
24H 0.011 0.012 0.147 0.003 0.002 0.002
25H 0.004 0.004 0.154 0.002 0.002 0.002
26H 0.078 0.068 0.174 0.058 0.047 0.053
27H 0.053 0.038 0.186 0.040 0.019 0.029
28H 0.061 0.044 0.145 0.047 0.023 0.035
29H 0.044 0.038 0.162 0.033 0.018 0.025
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studied inhibitors, TND and OMP, on Fe (1 1 0) surface
obtained using Monte Carlo simulation. The units used for
the adsorption energies are kcal/mol. The table contains
three systems: Fe (1 1 0)/TND, Fe (1 1 0)/OMP and Fe (1 1
0)/OMP. Adsorption energy is an important parameter in
determining the effectiveness of a corrosion inhibitor. The
adsorption energy is defined as the amount of energy released
when a molecule is adsorbed on a surface. In the case of cor-
rosion inhibition, the adsorption energy indicates how
strongly the inhibitor molecule interacts with the metal sur-
face, forming a protective layer that inhibits the corrosion pro-
cess. The value obtained for the system TND on Fe (1 1 0)

surface is −7162.29 kcal/mol. The value obtained for the sys-
tem OMP on Fe (1 1 0) surface is −3431.69 kcal/mol. The
value obtained for the system TND +OMP on Fe (1 1 0) sur-
face is −7194.89 kcal/mol. From the results in Table 2, it can be
observed that the adsorption energies for TND and OMP are
quite different. TND has a significantly higher adsorption
energy of −7162.29 kcal/mol compared to OMP, which has
adsorption energy of −3431.69 kcal/mol. This indicates that
TND is a more effective inhibitor than OMP, as it forms a
stronger protective layer on the metal surface. Furthermore,
the adsorption energy of TND +OMP on the Fe (1 1 0) surface
is higher (−7194.89 kcal/mol) compared to the adsorption

Figure 2. (Colour online) The most stable low energy configuration for the adsorption of studied products on Fe (1 1 0) surface obtained using the Monte Carlo
simulation.
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energy of OMP and TND alone. This suggests that the syner-
gistic effect enhances the adsorption of TND +OMP on the
metal surface, leading to better corrosion inhibition. Addition-
ally, for the Fe (1 1 0)/TND system, the adsorption energy is
−32.78 kcal/mol. This indicates that the TND inhibitor mol-
ecule strongly interacts with the Fe (1 1 0) surface in the pres-
ence of water molecules. Similarly, for the Fe (110)/OMP
system, the adsorption energy is −6.91 kcal/mol, which indi-
cates a moderate interaction between the OMP inhibitor and
the iron surface. Interestingly, for the Fe (1 1 0)/TND +
OMP system, the adsorption energy is −31.68 kcal/mol,
which is higher than that of the Fe (1 1 0)/TND system. This
implies that the TND +OMPmolecule interacts more strongly
with the iron surface in the absence of water molecules. This
observation suggests that the presence of water molecules
may affect the orientation and interaction strength of the
inhibitor molecules with the iron surface [10]. From this result,
we can predict that the inhibition efficiency values are
increased in the sequence: TND +OMP > TND >OMP > the
synergetic effect of TND and OMP compounds decrease the
corrosion rate more than TND and OMP only resulted in a
large coverage filled by the two inhibitors. In all studied sys-
tems, the adsorption energies of the inhibitor molecules are
higher than that of H2O molecules. This explains the possi-
bility of the gradual substitution of water molecules from the
surface of iron as a result of the formation of a stable and
strong layer that can protect the iron from corrosion in an
acid medium. These findings are important in understanding
the mechanism of corrosion inhibition and can be used in

the design of more effective inhibitors for the protection of
metal surfaces.

3.3.1. Electronic structure rules
Chemical hardness [44,45] concept represents the represents
the resistance against the polarisation. It is well-known that
there is an inverse correlation between hardness and polarisa-
bility parameters. The electronic structure rule reflecting the
link between hardness and chemical stability is Maximum
Hardness Principle [46–48]. This electronic structure rule pro-
posed by Pearson in 1990s states that the stable chemical sys-
tems at equilibrium state tend to reach to maximum value of
the chemical hardness. Namely the chemical hardness is a
measure of the stability. For that reason, hard molecules can-
not exhibit good corrosion inhibition performance. The
obtained corrosion inhibition ranking via the computed
chemical hardness values is TND >OMP. This order is compa-
tible with both experimental data and the data derived from
Monte Carlo Simulation calculations. Chattaraj’s Minimum
Polarisability Principle [49] states the minimisation of the
polarisability in the stable states. This rule has been introduced
in the light of the inverse correlation between hardness and
polarisability. Minimum Polarisability Principle predict that
OMP is more effective inhibitor than that of TND but this pre-
diction is not in good agreement with the experimental study
performed. Another electronic structure rule used in the
chemical reactivity analysis of the compounds is Minimum
Electrophilicity Principle [50,51]. According to Minimum
Electrophilicity Principle, ‘in exothermic reactions, the sum
of the electrophilicity indexes of the products should be

Figure 3. (Colour online) A schematic adsorption mechanism of interaction with the metal surface of TID and OMP molecules.

Table 10. Adsorption energies for the studied inhibitor on Fe (1 1 0) surface
obtained using the Monte Carlo simulation (all units in kcal/mol).

Systems
Adsorption energy

Inhibitor
Adsorption energy

Water

Fe(1 1 0)/TND −7162.29 −32.78
Fe(1 1 0)/OMP −3431.69 −06.91
Fe(1 1 0)/TND + OMP −7194.89 −31.68

Table 11. In silico values of Log (IGC50) and Log P by online chemical data
website.

Inhibitors Log (IGC50) in Log(mmol/L) Log P in Log(mol/L)

TND −0.14 −2.3
OMP −0.54 −3.4
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smaller than that of the reactant.’ From this information, it can
be said that Minimum Electrophilicity Principle implies the
minimisation of the electrophilicity index in stable state and
conformations. Both first and second electrophilicity indexes
calculated for OMP is smaller than that of TND. Namely,
Minimum Electrophilicity Principle states that OMP is more
stable than TND. Because reactive molecules are good cor-
rosion inhibitors, the corrosion inhibition efficiency ranking
obtained through Minimum Electrophilicity Principle is
TND >OMP. This order supports the experimental data and
calculated adsorption energies. In general, corrosion scientists
don’t consider Minimum Electrophilicity Principle in the
theoretical part of their studies. Here, we report that electronic
structure principles or rules should be used in such corrosion
studies.

3.4. Toxicity and solubility assessment

In the field of corrosion inhibition, it is essential to investigate
the toxicity and solubility of the inhibitors used. Toxicity is
measured in terms of the concentration required to provide
a 50% inhibitory growth of species (usually in water), which
is represented by the Log (IGC50) value. On the other hand,
the Log P value is a measure of lipophilicity, which is calcu-
lated as the logarithm of the octanol–water partition coeffi-
cient. A positive Log P value indicates lipophilicity, while a
negative value indicates higher solubility in water. The results
of toxicity and solubility tests are often presented in tables.
Table 11, for instance, regroups the toxicity and solubility
results of a study conducted by Y. Samar et al. on the inhibitive
effect of expired helicure drugs on mild steel corrosion in
hydrochloric acid solution. The experiment was conducted
at a concentration range between 50 and 300 ppm. The Log
P values obtained from the study are negative, indicating
that the Helicure drugs have good solubility in acidic media.
This means that they are likely to dissolve well in hydrochloric
acid solution, which is an important factor to consider in cor-
rosion inhibition studies. The IGC50 values obtained from the
study are less than the concentration used in the experimental
part, indicating that these inhibitors are environmentally
friendly products at the studied concentration range. This is
because they do not have a toxic effect on the aquatic species
used in toxicity tests, such as Tetrahymena pyriformis or Daph-
nia magna.

4. Conclusion

In conclusion, the study provides a detailed investigation into
the adsorption behaviour and inhibition mechanism of Ome-
prazole and Tinidazole on metallic surfaces in aqueous acidic
conditions. The use of quantum chemical calculations and
MC simulations allowed for a thorough understanding of the
inhibitors’ properties and interactions with the steel surface.
Fukui indices analysis provided insight into the inhibitors’
reactive sites, while Monte Carlo simulations determined the
optimal adsorption configuration of the inhibitors onto the
steel surface. The results showed that TND is a more effective
inhibitor than OMP, as it forms a stronger protective layer on
the metal surface. The synergistic effect of TND +OMP was

also found to enhance the adsorption on the metal surface,
leading to better corrosion inhibition. The interaction strength
between the inhibitors and the Fe (1 1 0) surface was found to
be affected by the presence of water molecules. The study pro-
vides important insights into the mechanism of corrosion inhi-
bition and can be used in the design of more effective
inhibitors for the protection of metal surfaces in acid med-
iums. The IGC50 values obtained from the study showed
that the inhibitors are environmentally friendly products at
the concentration range tested, since they did not have a
toxic effect on the aquatic species used in the toxicity tests.
These findings are valuable in determining the suitability of
OMP and TND (helicure drugs) as corrosion inhibitors and
highlight the importance of considering the toxicity and solu-
bility of inhibitors in corrosion inhibition studies [52,53].
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