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Abstract: The development of corrosion inhibitors with outstanding performance is a never-ending
and complex process engaged in by researchers, engineers and practitioners. The computational
assessment of organic corrosion inhibitors’ performance is a crucial step towards the design of new
task-specific materials. Herein, the electronic features, adsorption characteristics and bonding mecha-
nisms of two pyridine oximes, namely 2-pyridylaldoxime (2POH) and 3-pyridylaldoxime (3POH),
with the iron surface were investigated using molecular dynamics (MD), and self-consistent-charge
density-functional tight-binding (SCC-DFTB) simulations. SCC-DFTB simulations revealed that the
3POH molecule can form covalent bonds with iron atoms in its neutral and protonated states, while
the 2POH molecule can only bond with iron through its protonated form, resulting in interaction
energies of −2.534, −2.007, −1.897, and −0.007 eV for 3POH, 3POH+, 2POH+, and 2POH, respec-
tively. Projected density of states (PDOSs) analysis of pyridines–Fe(110) interactions indicated that
pyridine molecules were chemically adsorbed on the iron surface. Quantum chemical calculations
(QCCs) revealed that the energy gap and Hard and Soft Acids and Bases (HSAB) principles were
efficient in predicting the bonding trend of the molecules investigated with an iron surface. 3POH
had the lowest energy gap of 1.706 eV, followed by 3POH+ (2.806 eV), 2POH+ (3.121 eV), and 2POH
(3.431 eV). In the presence of a simulated solution, MD simulation showed that the neutral and
protonated forms of molecules exhibited a parallel adsorption mode on an iron surface. The excellent
adsorption properties and corrosion inhibition performance of 3POH may be attributed to its low
stability compared to 2POH molecules.

Keywords: pyridine; oxime; DFT; SCC-DFTB; computational methods; corrosion inhibitor; adsorption;
density of states
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1. Introduction

Pyridines are one of the most prevalent heterocyclic structural scaffolds and have
a broad spectrum of applications in different fields such as pharmaceuticals, organic
synthesis, dyes, additives, agrochemicals, and materials science, among others [1,2]. This
unique aromatic ring forms the core of many pesticides, drugs, and natural products such
as alkaloids, coenzymes, and vitamins [3,4]. Driven by the demands of these various
applications, numerous synthesis approaches have been developed along with traditional
amine and carbonyl condensation processes [5,6]. Another interesting field where these
heterocyclic compounds have a wide range of applications is the corrosion mitigation of
metals in different corrosive mediums [7–11].

Pyridine derivatives are a viable option for inhibiting corrosion of iron alloys, copper,
and aluminum [12]. The importance of these heterocycles in corrosion inhibition studies
comes from their electron-rich structures and the presence of several active sites. It is
well-documented that organic corrosion inhibitors act by adsorption on metal surfaces,
forming a protective barrier that prevents further corrosion [13]. The molecular structure
of the corrosion inhibitor is one of the factors that has a great influence on the effectiveness
of the adsorption process. Organic compounds containing heteroatoms such as O, N, and
S, and/or functional groups such as methyl, methoxy, dimethylamine, and aromatic rings,
etc., act as excellent corrosion inhibitors [12,14–16]. These heteroatoms and functional
groups constitute the main bonding sites with metallic materials through transfer of their
non-bonding and π-electrons into the vacant d-orbitals of the metallic surface.

Numerous experimental studies have been conducted to assess the corrosion inhibi-
tion performance of pyridine derivatives. Despite their enduring importance in providing
essential information about inhibition efficiency and general corrosion protection mech-
anisms, experimental studies are time and resource intensive, and are unable to reveal
insights into the direct interactions between molecules and metal surfaces. In an attempt
to overcome this limitation, researchers have proposed several computational approaches
such as quantum chemical calculations and molecular dynamics simulations to assess the
reactivity of individual compounds and their interactions with metallic surfaces [17–19].
In this regards, Ansari et al. [20] have reported experimental and quantum chemical
studies on two pyridine derivatives for N80 steel in 15 wt.% HCl. The two compounds,
namely 2-amino-6-(2,4-dihydroxyphenyl)-4-(4-methoxyphenyl)nicotinonitrile (ADP) and
2-amino-4-(4-methoxyphenyl)-6-phenylnicotinonitrile (AMP) had corrosion inhibition ef-
ficiencies of 90% and 86% at 200 mg/L, respectively. In addition to electrochemical and
surface characterization techniques, the authors reported quantum chemical calculations for
neutral and protonated molecules. They concluded that ADP had a higher highest occupied
molecular orbital energy compared to AMP because of its electron donor hydroxyl group on
the phenyl ring. The authors also reported that the ADP had a lower energy gap value, sug-
gesting its strong ability to be adsorbed into the metal surface. Quantum chemical studies
of protonated molecules revealed that protonated molecules had a higher electron donating
tendency compared to neutral ones. The same research team have conducted another study
on three pyridines, namely 2-amino-6-methoxy-4-(4-methoxylphenyl) pyridine-3,5-dicarbonitrile
(PC-1), 2-amino-6-methoxy-4-(4-methylphenyl) pyridine-3,5-dicarbonitrile (PC-2), and 2-amino-6-
methoxy-4-phenylpyridine-3,5-dicarbonitrile (PC-3) for mild steel in 1.0 mol/L HCl [21].
The authors attributed the fact that PC-1 had the highest inhibition performance to it having
the lowest energy gap and the highest global softness. More recently, Berisha [22] studied
the corrosion inhibition properties of pyridine, 2-amino-5-chloropyridine, 2-amino-3,5-
dichloropyridine, and 2-amino-3-benzyloxypyridine using experimental density-functional
theory and molecular dynamics simulation for mild steel in perchloric acid solution. The
author reported that the inhibition efficiency of the investigated pyridines increased from
27% for pyridine, to 68% for the 2-amino-5-chloropyridine at 0.05 mol/L. From theoretical
studies, the author concluded that the tested pyridines had widespread reactive sites that
promoted pyridines’ adsorption into the mild steel surface, which adsorption was found
to be in a flat-lying manner on the Fe(110) surface as revealed by molecular dynamics
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simulation. These investigations and others [14–16] provided useful insights into the ability
of pyridine derivatives to inhibit metal corrosion in different mediums. However, the
theoretical approach based on the reactivity of individual molecules has been found to be
limited in predicting the corrosion inhibition performance and adsorption characteristics of
compounds on metals [23,24]. Molecular dynamics, on the other hand, are one of the recent
computational methods most widely used to simulate inhibitor-metal interactions [25].
One of the main advantages of molecular dynamics simulation is its ability to model
inhibitor adsorption on metal surfaces in the presence of a simulated corrosive solution,
which can provide interesting knowledge about the inhibitor’s adsorption configuration
and its adsorption competitiveness. Nevertheless, despite the advanced progress made to
develop more reliable force fields, this approximated molecular mechanics (MM) method
is limited by some drawbacks such as an inability to simulate fundamentally quantum
processes such as bond-formation and bond-breaking upon adsorption of molecules on
metal surfaces [26,27].

Ab initio computational methods are emerging as an advanced set of tools for the
analysis of the adsorption characteristics of corrosion inhibitors on metal surfaces [28,29].
For instance, ab initio DFT simulation of inhibitor–metal interactions can reveal deeper in-
sights into stable adsorption geometries, bonding mechanisms, and the adsorption strength
and electronic properties of interacting species, which are inaccessible from the above-
mentioned computational methods [28,29]. Given the large size of many chemical systems,
continuous efforts have been made to develop approximated methods to reduce computa-
tional complexity. The self-consistent-charge density-functional tight-binding (SCC-DFTB)
is a density-functional theory (DFT)-based approximated method [27]. It is an approxima-
tion that assumes a second-order expansion of the Kohn–Sham Density Functional Theory
and its accuracy in predicting structural and electronic properties is similar to ab initio
calculations, but it is ∼100–1000 times faster and also suitable for large systems [27,30,31].
Therefore, implementation of this computational method along with molecular dynamics
simulation would be ideal to comprehensively investigate the reactivity and adsorption
characteristics of corrosion inhibitors from different theoretical perspectives.

Two pyridine oxime derivatives, namely 2-pyridylaldoxime (2POH) and 3-pyridylaldoxime
(3POH), have been previously reported as corrosion inhibitors for carbon steel in 1.0 mol/L
HCl solutions [32]. Authors have found that tested oximes exhibited excellent corrosion
inhibition properties with inhibition efficiencies of 79% and 94% for 2POH and 3POH,
respectively. Electrochemical measurements revealed that the addition of both compounds
to HCl solution led to a significant decrease in double-layer capacitance as well as to
a reduction in both anodic and cathodic corrosion reactions, suggesting that the tested
pyridine oximes were effectively adsorbed on the carbon steel surface.

Motivated by the lack of a comprehensive investigation covering electronic and re-
activity features and the similar lack of investigation on the underlying bonding mech-
anisms of the investigated pyridine oximes on carbon steel surfaces, the present study
reports the computational assessment of 2-pyridylaldoxime (2POH) and 3-pyridylaldoxime
(3POH) through molecular dynamics (MD) and self-consistent-charge density-functional
tight-binding (SCC-DFTB) simulations. QCCs were carried out to investigate the structural
and electronic properties of the investigated pyridine oximes, however they are reported
as complementary studies. MD simulation was performed to acquire insights into the
adsorption configuration of molecules on an iron surface in the absence and presence of
corrosive particles. Furthermore, SCC-DFTB simulations of inhibitor–iron interactions
were conducted to evaluate the most stable adsorption geometries and interaction energies.
The underlying bonding mechanisms were assessed through projected density of states
analysis. All investigations were carried out on neutral and protonated pyridine oximes.
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2. Results and Discussion
2.1. SCC-DFTB Simulations
2.1.1. Geometries and Energies

SCC-DFTB simulations are a highly powerful and accurate theoretical tool for the
atomic characterization of interfaces. The utilization of this semi-empirical method is
also assured by the fact that, being a suitable for a particular task, it results in physically
meaningful results with excellent accuracy [27]. In order to analysis the adsorption mecha-
nism of pyridine oximes on a carbon steel surface, the adsorption geometries of neutral
and protonated molecules on Fe(110) surface were optimized by SCC-DFTB simulation as
shown in Figures 1 and 2.
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Inhibitor molecules can be adsorbed on the iron surface through physical and/or
chemical interactions. An interatomic distance within the sum of the covalent radii of
interacting atoms mainly indicates a chemical bonding, while physical interactions usually
occur at interatomic distances beyond 3 Å. Looking at optimized adsorption geometries of
neutral molecules, one can notice that 2POH and 3POH have a very different adsorption
mode on a Fe(110) surface. The 2POH molecule (Figure 1a) approaches the iron surface but
with a long adsorption distance, therefore no chemical bonding is formed. The molecule
is stabilized in a parallel orientation to the surface, which might lead to the formation of
physical interactions between the N atoms and iron surface. However, in contrast to 2POH,
it can be observed that the 3POH molecule (Figure 2a) is stabilized in a nearly vertical
adsorption mode on the Fe(110) surface, with the formation of three bonds with iron atoms.
C(4) and C(7) form bonds with Fe atoms with distances of 2.049 Å and 2.27 Å, respectively,
while the O(13)-Fe distance is 2.022 Å. For protonated molecules, the bonding situation is
totally different for the 2POH+ molecule (Figure 1b). In this case, the 2POH+ molecule is
parallelly stabilized on the Fe(110) surface through formation of two bonds, Fe-C(6) and
Fe-N(8) with length distances of 2.267 Å and 2.087 Å, respectively. In the case of the 3POH+



Molecules 2023, 28, 3545 6 of 16

molecule (Figure 2b), it is the adsorption mode that is different compared with the neutral
one, with the formation of only two Fe-C(2) and Fe-C(3) bonds in a planar disposition on
the metal surface. It can be inferred from these results that the 3POH molecule has a higher
affinity to iron atoms in its neutral and protonated forms, while the 2POH tends to bond
with iron atoms only through its protonated form.

To aquire basic information about the nature of the bonds formed between pyridine
oximes and iron atoms, the sum of the covalent radii of interacting atoms can be compared
with the bond distance [33]. It has been reported that the sum of the covalent radii for Fe-C
(rC + rFe), Fe-N (rN + rFe) and Fe-O (rO + rFe) are 2.08, 2.07 and 1.98 Å, respectively [34]. By
comparison with the calculated bond distances, one can notice that Fe-C, Fe-O and Fe-N
bond lengths are all within the sum of the corresponding covalent radii, suggesting that
pyridine oxime molecules might have strong chemical interactions with the iron surface.

The adsorption strength of pyridine oximes on the iron surface can be characterized
by the interaction energies analyzed from the optimized adsorption geometries. As shown
in Table 1, the neutral form of the 3POH molecule exhibits the highest magnitude of
interaction energy, reinforcing the fact that it makes the strongest contribution to the
adsorption of the 3POH compound and it is followed by its protonated form. Both neutral
and protonated forms of 3POH have a strong negative interaction energy of −2.534 and
−2.007 eV, respectively, attributable to their thermodynamically favorable adsorption
properties and affinity to iron atoms [33,35]. In the case of the 2POH compound, although
the neutral molecule has a favorable adsorption ability on a Fe(110) surface as evidenced
by its negative interaction energy, it is just −0.007 eV because of the long adsorption
distance and absence of chemical bonds. However, the protonated form seems to be
more thermodynamically stable than its neutral counterpart, with an interaction energy of
−1.897 eV. Together, these results suggest that the 3POH compound would have strong
adsorption characteristics and affinity to iron atoms compared with 2POH. This conforms
to the previously reported experimental results, which showed that 3POH had the highest
corrosion inhibition performance; it had an inhibition efficiency of 94% that outperformed
the 2POH compound by 15%. Given the reported results, it can be concluded that the
molecules investigated are principally adsorbing on the iron surface through chemical
and van der Waals dispersion interactions. Long-range weak dispersion interactions play
a very important role in the interaction of molecules with different surfaces [36]. These
interactions can compete with chemical interactions, which involve the sharing or transfer
of electrons between functional groups on the pyridine molecules and the iron surface.
However, at an experimental level, interactions between pyridine molecules and iron
surface are certainly more complicated, and other interactions such as coulomb interactions
would also contribute to the adsorption strength of inhibitor molecules on the surface,
particularly protonated molecules in the presence of intermediate species such as pre-
adsorbed chlorides [37–39]. Additionally, aldoxime is known for its electron-withdrawing
effect; it can withdraw electrons from the pyridine ring, thus decreasing its electron density.
This effect would be more pronounced when the aldoxime is at position 2, because its
electron-withdrawing effect will be higher, therefore limiting the ability of the pyridine ring
to coordinate with iron atoms. It can, therefore, be suggested that substitution of pyridine
ring by electron withdrawing groups should not be carried out at position 2. An analysis
of optimized adsorption geometries via projected density of states would reveal useful
information about the bonding mechanisms.

2.1.2. Projected Density of States

The electronic structure of the optimized adsorption geometries of pyridine oximes
on a Fe(110) surface was investigated by plotting the density of states projected on s and
p orbitals of the molecules and 3d orbitals of the metallic fragment for both neutral and
protonated forms of 3POH and the protonated form of 2POH. The changes in spectral
shapes of PDOS prior and after the adsorption of pyridine oximes on a Fe(110) surface
can be indicative of their bonding with iron atoms. Figure 3 illustrates the PDOS plots of
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molecules in their isolated states (7 Å above the top iron layer), while Figure 4 shows the
PDOSs of neutral and protonated forms of 2POH and 3POH adsorbed on the iron surface
along, with those of iron orbitals.

Table 1. Interaction energies of neutral and protonated pyridine oximes adsorbed on a Fe(110) surface
obtained by SCC-DFTB simulations (in eV).

Molecule Interaction Energy

2POH −0.007
2POH+ −1.897
3POH −2.534

3POH+ −2.007
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From the results depicted in Figure 3, it can be seen that before the adsorption process,
sharp and intense peaks are observed in PDOS plots at various energy levels. A large
part of these peaks lies within the −5/5 eV energy range, where the 3d bands of iron are
localized [40]. This would favor the direct overlap between s and p orbitals of molecules
with vacant d-orbitals of iron atoms. It should be noted that the obtained energy range of
iron is consistent with several previous studies on the adsorption of organic molecules on
iron surface [41,42]. The PDOS plots of the optimized adsorption structures (Figure 4) have
broadened molecular peaks and most of those peaks shown before adsorption disappear.
Additionally, one can notice a slight shift in energy to lower values after adsorption. This
behavior is likely ascribed to hybridization interactions [40]. The inhibitors’ molecular
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orbitals will likely hybridize with metal d-states forming hybrid orbitals through the charge
transfer process, which leads to significant modifications of PDOS peaks with severe
changes and redistribution within them [43,44]. Therefore, it would be fair to state that
pyridine oxime molecules, particularly 3POH molecules and the protonated form of 2POH,
are chemically adsorbed on the iron surface, which is the main reason behind their corrosion
inhibition performance [43].

2.2. Molecular Dynamics Simulation

Molecular dynamics simulation is a powerful way to analyze the adsorption of
molecules on metal surfaces at a molecular level, which can further improve our the-
oretical insights and help to explain experimental performance [45]. These simulations,
which are based on classical mechanics principles, can simulate the movement of atoms
and molecules over time considering all contributing interactions between the molecules,
the surface, and any other factors [46]. In corrosion studies, analyzing the trajectories of
simulated inhibitor-metal systems in presence of a simulated solvent can provide use-
ful insights into the molecular mechanisms that govern inhibitors’ adsorption, there-
fore providing additional knowledge to design new organic compounds with improved
anti-corrosion properties.

In this section, MD simulations were conducted to identify the most stable adsorp-
tion configurations of pyridine oximes on the Fe(110) surface in absence and presence
of water molecules, chlorides, and hydronium ions at 303 K. The optimized adsorption
configurations obtained by MD simulations for neutral and protonated pyridine molecules
in aqueous states are illustrated in Figure 5. The vacuum state results are represented in
Figure 6. It can be noticed from the adsorption configuration of both neutral and protonated
forms that pyridine molecules exhibit a nearly parallel adsorption mode on the iron surface.
When the molecule approaches the metal surface, it can experience electron exchange with
the metal’s atoms by electron donation to its vacant orbitals or electron back donation
to the anti-bonding orbitals of the molecule. The parallel adsorption mode can further
maximize this adsorption process. In the presence of protonated molecules, the adsorption
configuration seems to not be affected, maintaining the same parallel adsorption orientation
on the Fe(110) surface. By inspecting the adsorption configuration of pyridine molecules
in a vacuum (Figure 6), it is difficult to assess the difference in the interaction strength of
molecules in aqueous and vacuum states given the similarity of the adsorption modes.

It is well-documented that classical molecular dynamics often overestimate the ad-
sorption energy between a molecule and a metal surface due to some drawbacks related to
used force fields such as the lack of electronic polarization effects and quantum-mechanical
effects [44,47]. However, for the sake of comparison, it would be beneficial to calculate
the adsorption energies of neutral and protonated pyridine oximes on a Fe(110) surface in
vacuum and aqueous states. Table 2 lists the adsorption energies of neutral and protonated
molecules of 2POH and 3POH compounds on a Fe(110) surface. Not surprisingly, it can
be stated that the 3POH compound presents the highest adsorption strength in its neutral
and protonated forms. The lower adsorption energies in the case of 2POH are attributed
to its low affinity to iron surface. Additionally, it might also be because of its tendency to
create non-bonding interactions with iron atoms such as van der Waals and electrostatic
interactions. On the one hand, one can notice that the adsorption strength of the protonated
3POH molecule is slightly lower than its neutral counterparts. On the other hand, the
interaction energies of pyridine molecules in a vacuum state are more negative than those
in an aqueous state, as shown by the results in Table 2. In presence of a solution, water
molecules and other particles can compete with the pyridine molecules for adsorption
sites on the iron surface through the formation of hydrogen bonds with the molecule itself,
therefore weakening the molecule–iron interactions. The results from MD simulation seem
to support the conclusions arrived at from SCC-DFTB simulations.
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Table 2. Adsorption energies of neutral and protonated pyridine oximes adsorbed on Fe(110) surface
obtained by MD simulation (in eV).

Molecule
Adsorption Energy

Vacuum State Aqueous State

2POH −10.258 −8.124
2POH+ −11.867 −11.047
3POH −14.688 −13.745

3POH+ −12.744 −11.655

2.3. Molecular Electrostatic Potential

Molecular electrostatic potential (MEP) is a very useful visualization tool which is used
to predict the reactivity of molecules [48]. In this case, the electron density is represented
in the form of a color-coded map, making its polarization visible. A region with high
electron density is mapped in red or orange, while a region with a low electron density is
represented by blue areas [49]. In corrosion inhibition studies, these MEP maps can provide
further insights into the electrophilic and nucleophilic behavior of molecules. The MEP
maps of the 2POH and 3POH molecules are represented in Figure 7. By comparison, it can
be seen that the pyridine moiety of 3POH is represented by a wide orange area around it,
while it is only concentrated on the N atom of the 2POH molecule. In contrast, the -N-OH
group of the 2POH molecule shows a very high electron density compared to that of the
3POH molecule. These high electron density areas of pyridine oximes are the potential
binding sites with the iron surface, and therefore the main contributor to their corrosion
inhibition performance [50].
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3. Computational Details
3.1. SCC-DFTB Simulation

The SCC-DFTB method is an approximation that assumes a second-order expansion
of the Kohn–Sham Density Functional Theory. The SCC-DFTB approach has been bench-
marked against DFT for organic-transition metal systems in several previous studies [51–54].
Its accuracy in predicting structural and electronic properties is similar to that of first-principles
calculations, but it is faster, particularly for large systems. Herein, the inhibitor–iron interac-
tions were fully optimized by the spin-polarized SCC-DFTB method, including dispersion
interaction with Slater–Koster trans3d using the DFTB+ code [55]. The generalized gradient
approximation (GGA) within its PBE formulation was used for the electron exchange and
correlation [56]. The adsorption systems were fully optimized using a SCC tolerance of 10−8

au, thermal smearing (Methfessel-Paxton smearing distribution function), and Broyden
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mixing scheme. Meanwhile, the bulk lattice parameters’ optimization was carried out using
a (8 × 8 × 8) k-point grid using ab initio DFT and SCC-DFTB for confirmation of suitability
of the used model. The ab initio DFT calculations were performed at GGA/RPBE level
using CASTEP [57] code implemented in Materials Studio software 7.0 [58] to calculate
lattice parameters. The iron crystal and simulation box used are shown in Figure 8. The
optimization of bulk lattice parameters reproduced values of 2.884 Å (SCC-DFTB) and
2.857 Å (GGA/RPBE), which are close to the experimental value of 2.862 Å, confirming
the accuracy of the selected parameters. The electronic energy of pyridine-Fe(110) surface
was converged on (2 × 2 × 1) k-point grid. The adsorption models were generated by
constructing Fe(110) iron surface consisting of a (3 × 3) supercell and a vacuum spacing of
20 Å along the z-direction separating periodic image in each direction. Then, neutral and
protonated forms of molecules were placed on the top side of the slab and all atoms were
allowed to relax except the two bottom-most atomic layers. A surface coverage of 1/9 ML
was used for all simulations. SCC-DFTB optimization of standalone molecules was carried
out by constructing a cubic box of 30 Å in size. The interaction energy was used as a main
parameter to estimate the adsorption strength of molecules, which is calculated according
to the following equation:

Einter = Emol/surf − (Emol + Esurf) (1)

where Emol, Esurf, and Emol/surf denote the total energies of isolated molecules, Fe(110) iron
surface, and molecule/Fe(110) adsorption systems.
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3.2. Molecular Dynamics Simulation

Molecular dynamics simulation can be used to aquire information about how strong
the interaction of inhibitor molecules with the iron surface in presence of a simulated
solution is [59]. To this end, an iron surface was constructed from a (110)-cleaved iron
unit cell, extended to a (7 × 7) supercell and then placed in contact with a solvent layer
consisting of one inhibitor molecule and 491 water molecules, 9 H3O+ and 9 Cl−. After
the initial optimization of the constructed simulation boxes via Smart Minimizer protocol,
the MD equilibrium process was carried out for 5000 ps in canonical ensemble (NVT)
using COMPASSIII force field [60]. Furthermore, the summations techniques of Ewald
and atom-based cut-off were used to treat non-bonded electrostatic and van der Waals
interactions, respectively. The velocity Verlet integration scheme using a time step of 1 fs
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was used to solve the motion equation of Newton [61]. The temperature was controlled
by a Nosé–Hoover thermostat at 303 K [62]. All MD simulations were carried out using a
Forcite module implemented in Materials Studio software 7.0 [58]. The adsorption ener-
gies of molecules on Fe(110) surface were calculated from MD simulation by determining
single-point energies of the complex adsorption system (Etotal), the metal surface with-
out and with solution (Esurface; Esurface+solution), the inhibitor molecule without and with
solution (Emolecule; Emolecule+solution), and the solution energy (Esolution) as follows:

Vacuum state : Eads = Etotal − (Esurface + Emolecule) (2)

Aqueous state :
Eads = Etotal − (Esurface+solution + Emolecule+solution) + Esolution

(3)

3.3. Quantum Chemical Calculations

Quantum chemical calculations were carried out to investigate the reactivity of indi-
vidual inhibitor molecules. Full geometry optimizations of tested compounds were carried
out using the density-functional theory (DFT), GGA functional and DNP basis set [56]
using DMol3 code [63,64]. Computed quantum chemical parameters include the energy
of the highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied
molecular orbital (ELUMO), the energy band gap (∆Eg), and the fraction of transferred
electrons (∆N) among others. These quantum chemical reactivity indices are calculated via
the following relationships as previously reported in the literature [65]:

Energy gap : ∆Eg = ELUMO − EHOMO (4)

Electronegativity and chemical potential : χ = − µ = −ELUMO + EHOMO

2
(5)

Hardness : η =
ELUMO − EHOMO

2
(6)

Softness : σ =
1
η

(7)

Electrophilicity index : ω =
µ2

2η
(8)

Nucleophilicity index : ε =
1
ω

(9)

Fraction of transferred electron : ∆N =
χmetal − χmol

2(ηmetal + ηmol)
=

Φ − χmol
2ηmol

(10)

where ΦFe = 4.82 eV, and the value of the total hardness ηFe of iron is taken to be zero.
Molecular electrostatic potential maps were calculated by DFT using B3LYB functional

and 6-311G basis set using Gaussian 09W software [66] and visualized by GaussView
6.0 [67].

Fukui function indices were analyzed according to Hirshfeld population analysis
using the following equations [68]:

f+k = qk(N + 1)− qk(N) (11)

f−k = qk(N)− qk(N − 1) (12)
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∆ f (k) = f+k − f−k (13)

where, qk (N + 1), qk (N), and qk (N − 1) are the electron densities on atom k corresponding
to N + 1, N and N − 1 electrons systems, respectively.

Quantum chemical calculation and local reactivity results and discussion are repre-
sented in Supplementary Material.

4. Conclusions

In the present work, adsorption characteristics and bonding mechanisms of two pyri-
dine oximes, namely 2-pyridylaldoxime (2POH) and 3-pyridylaldoxime (3POH), on a
Fe(110) surface were investigated using quantum chemical calculations, molecular dy-
namics simulations and SCC-DFTB simulations. Atomistic simulations by SCC-DFTB
revealed that the 3POH compound had a strong affinity to iron atoms through its neutral
and protonated forms, whereas only the protonated form of the 2POH compound showed
bonding ability with the iron surface. The order of the DFTB-calculated interaction ener-
gies successfully predicted the experimental corrosion inhibition performance of pyridine
oxime, with 3POH having the strongest negative interaction energy of −2.534 eV, and
2POH (−0.007 eV) having the lowest. Quantum chemical calculations suggested that the
bonding characteristics of the investigated molecules may be attributed to the difference in
the chemical stability of the molecules according to energy gap values and the Hard and
Soft Acids and Bases (HSAB) principle. Molecular dynamics simulation indicated that all
neutral and protonated forms of pyridine oximes can exhibit a nearly flat adsorption mode
on the metal surface in the absence and presence of a simulated solution. Computational
insights from the present work could be useful knowledge-based information for the further
design of pyridine-based corrosion inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28083545/s1. Figure S1. DFT-optimized molecular
structures (a,d), HOMO (b,e) and LUMO (c,f) maps of neutral pyridine oxime molecules obtained
by DFT/GGA method. Figure S2. DFT-optimized molecular structures (a,d), HOMO (b,e) and
LUMO (c,f) maps of protonated pyridine oxime molecules obtained by DFT/GGA method. Figure S3.
Fukui function indices of neutral and protonated pyridine oximes obtained by DFT/GGA method;
(a) 2POH, (b) 3POH, (c) 2POH+, and 3POH+. Table S1. Quantum chemical parameters of neutral
and protonated pyridine oximes calculated using DFT/GGA method. References [69–79] are cited in
Supplementary Materials.
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39. Yüce, A.O.; Solmaz, R.; Kardaş, G. Investigation of Inhibition Effect of Rhodanine-N-Acetic Acid on Mild Steel Corrosion in HCl
Solution. Mater. Chem. Phys. 2012, 131, 615–620. [CrossRef]

40. Kumar, D.; Jain, V.; Rai, B. Unravelling the Mechanisms of Corrosion Inhibition of Iron by Henna Extract: A Density Functional
Theory Study. Corros. Sci. 2018, 142, 102–109. [CrossRef]

41. El-Haitout, B.; Selatnia, I.; Lgaz, H.; Al-Hadeethi, M.R.; Lee, H.-S.; Chaouiki, A.; Ko, Y.G.; Ali, I.H.; Salghi, R. Exploring
the Feasibility of New Eco-Friendly Heterocyclic Compounds for Establishing Efficient Corrosion Protection for N80 Steel
in a Simulated Oil Well Acidizing Environment: From Molecular-Level Prediction to Experimental Validation. Colloids Surf.
Physicochem. Eng. Asp. 2023, 656, 130372. [CrossRef]

42. Lgaz, H.; Lee, H. Facile Preparation of New Hydrazone Compounds and Their Application for Long-Term Corrosion Inhibition
of N80 Steel in 15% HCl: An Experimental Study Combined with DFTB Calculations. J. Mol. Liq. 2022, 347, 117952. [CrossRef]

43. Abbasi, A.; Abdelrasoul, A.; Sardroodi, J.J. Adsorption of CO and NO Molecules on Al, P and Si Embedded MoS2 Nanosheets
Investigated by DFT Calculations. Adsorption 2019, 25, 1001–1017. [CrossRef]

44. Kruczek, J.; Chiu, S.-W.; Varma, S.; Jakobsson, E.; Pandit, S.A. Interactions of Monovalent and Divalent Cations at Palmitoyl-
Oleoyl-Phosphatidylcholine Interface. Langmuir 2019, 35, 10522–10532. [CrossRef] [PubMed]

45. Xie, S.-W.; Liu, Z.; Han, G.-C.; Li, W.; Liu, J.; Chen, Z. Molecular Dynamics Simulation of Inhibition Mechanism of 3,5-Dibromo
Salicylaldehyde Schiff’s Base. Comput. Theor. Chem. 2015, 1063, 50–62. [CrossRef]

46. Lgaz, H.; Chaouiki, A.; Lamouri, R.; Salghi, R.; Lee, H.-S. Computational Methods of Corrosion Inhibition Assessment. In
Sustainable Corrosion Inhibitors I: Fundamentals, Methodologies, and Industrial Applications; ACS Symposium Series; American
Chemical Society: Washington, DC, USA, 2021; Volume 1403, pp. 87–109. ISBN 978-0-8412-9790-6.

47. Hammes-Schiffer, S. Quantum Effects in Complex Systems: Summarizing Remarks. Faraday Discuss. 2020, 221, 582–588. [CrossRef]
48. Suresh, C.H.; Remya, G.S.; Anjalikrishna, P.K. Molecular Electrostatic Potential Analysis: A Powerful Tool to Interpret and Predict

Chemical Reactivity. WIREs Comput. Mol. Sci. 2022, 12, e1601. [CrossRef]
49. Bayoumy, A.M.; Ibrahim, M.; Omar, A. Mapping Molecular Electrostatic Potential (MESP) for Fulleropyrrolidine and Its

Derivatives. Opt. Quantum Electron. 2020, 52, 346. [CrossRef]
50. Oyeneyin, O.E.; Ojo, N.D.; Ipinloju, N.; James, A.C.; Agbaffa, E.B. Investigation of Corrosion Inhibition Potentials of Some

Aminopyridine Schiff Bases Using Density Functional Theory and Monte Carlo Simulation. Chem. Afr. 2022, 5, 319–332. [CrossRef]
51. Zheng, G.; Witek, H.A.; Bobadova-Parvanova, P.; Irle, S.; Musaev, D.G.; Prabhakar, R.; Morokuma, K.; Lundberg, M.; Elstner, M.;

Köhler, C. Parameter Calibration of Transition-Metal Elements for the Spin-Polarized Self-Consistent-Charge Density-Functional
Tight-Binding (DFTB) Method: Sc, Ti, Fe, Co, and Ni. J. Chem. Theory Comput. 2007, 3, 1349–1367. [CrossRef]

52. Bai, J.; Liu, X.; Guo, W.; Lei, T.; Teng, B.; Xiang, H.; Wen, X. An Efficient Way to Model Complex Iron Carbides: A Benchmark
Study of DFTB2 against DFT. J. Phys. Chem. A 2023, 127, 2071–2080. [CrossRef]

53. Liu, C.; Batista, E.R.; Aguirre, N.F.; Yang, P.; Cawkwell, M.J.; Jakubikova, E. SCC-DFTB Parameters for Fe–C Interactions. J. Phys.
Chem. A 2020, 124, 9674–9682. [CrossRef]

https://doi.org/10.1016/j.cplett.2006.10.080
https://doi.org/10.1021/jp070071l
https://doi.org/10.1016/j.corsci.2021.109939
https://doi.org/10.1016/j.corsci.2022.110443
https://doi.org/10.1103/PhysRevB.58.7260
https://doi.org/10.1557/PROC-491-91
https://doi.org/10.1016/j.corsci.2020.108724
https://doi.org/10.1039/b801115j
https://www.ncbi.nlm.nih.gov/pubmed/18478144
https://doi.org/10.1002/slct.201700844
https://doi.org/10.1016/j.cplett.2012.07.018
https://doi.org/10.1016/j.corsci.2013.11.001
https://doi.org/10.1016/j.corsci.2010.06.001
https://doi.org/10.1016/j.matchemphys.2011.10.026
https://doi.org/10.1016/j.corsci.2018.07.011
https://doi.org/10.1016/j.colsurfa.2022.130372
https://doi.org/10.1016/j.molliq.2021.117952
https://doi.org/10.1007/s10450-019-00121-6
https://doi.org/10.1021/acs.langmuir.9b01275
https://www.ncbi.nlm.nih.gov/pubmed/31337218
https://doi.org/10.1016/j.comptc.2015.04.003
https://doi.org/10.1039/C9FD00097F
https://doi.org/10.1002/wcms.1601
https://doi.org/10.1007/s11082-020-02467-6
https://doi.org/10.1007/s42250-021-00304-1
https://doi.org/10.1021/ct600312f
https://doi.org/10.1021/acs.jpca.2c06805
https://doi.org/10.1021/acs.jpca.0c08202


Molecules 2023, 28, 3545 16 of 16

54. Liu, H.; Seifert, G.; Di Valentin, C. An Efficient Way to Model Complex Magnetite: Assessment of SCC-DFTB against DFT. J. Chem.
Phys. 2019, 150, 094703. [CrossRef] [PubMed]

55. Hourahine, B.; Aradi, B.; Blum, V.; Bonafé, F.; Buccheri, A.; Camacho, C.; Cevallos, C.; Deshaye, M.; Dumitrică, T.; Dominguez, A.
DFTB+, a Software Package for Efficient Approximate Density Functional Theory Based Atomistic Simulations. J. Chem. Phys.
2020, 152, 124101. [CrossRef]

56. Grimme, S. Semiempirical GGA-Type Density Functional Constructed with a Long-Range Dispersion Correction. J. Comput.
Chem. 2006, 27, 1787–1799. [CrossRef] [PubMed]

57. Clark, S.J.; Segall, M.D.; Pickard, C.J.; Hasnip, P.J.; Probert, M.I.; Refson, K.; Payne, M.C. First Principles Methods Using CASTEP.
Z. Krist.-Cryst. Mater. 2005, 220, 567–570. [CrossRef]

58. BIOVIA Dassault Systèmes. Materials Studio, Version 7.0; San Diego, CA, USA, 2012. Available online: https://www.3ds.com/
products-services/biovia/products/molecular-modeling-simulation/biovia-materials-studio/ (accessed on 13 March 2023).

59. Ebenso, E.E.; Verma, C.; Olasunkanmi, L.O.; Akpan, E.D.; Verma, D.K.; Lgaz, H.; Guo, L.; Kaya, S.; Quraishi, M.A. Molecular
Modelling of Compounds Used for Corrosion Inhibition Studies: A Review. Phys. Chem. Chem. Phys. 2021, 23, 19987–20027.
[CrossRef] [PubMed]

60. Sun, H. COMPASS: An Ab Initio Force-Field Optimized for Condensed-Phase Applications Overview with Details on Alkane
and Benzene Compounds. J. Phys. Chem. B 1998, 102, 7338–7364. [CrossRef]

61. Paterlini, M.G.; Ferguson, D.M. Constant Temperature Simulations Using the Langevin Equation with Velocity Verlet Integration.
Chem. Phys. 1998, 236, 243–252. [CrossRef]

62. Evans, D.J.; Holian, B.L. The Nose–Hoover Thermostat. J. Chem. Phys. 1985, 83, 4069–4074. [CrossRef]
63. Delley, B. An All-electron Numerical Method for Solving the Local Density Functional for Polyatomic Molecules. J. Chem. Phys.

1990, 92, 508–517. [CrossRef]
64. Delley, B. From Molecules to Solids with the DMol 3 Approach. J. Chem. Phys. 2000, 113, 7756–7764. [CrossRef]
65. Ansari, A.; Ou-Ani, O.; Oucheikh, L.; Youssefi, Y.; Chebabe, D.; Oubair, A.; Znini, M. Experimental, Theoretical Modeling and

Optimization of Inhibitive Action of Ocimum Basilicum Essential Oil as Green Corrosion Inhibitor for C38 Steel in 0.5 MH 2 SO 4
Medium. Chem. Afr. 2022, 5, 37–55. [CrossRef]

66. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H. Gaussian 09, Revision A.02; Gaussian, Inc.: Wallingford, CT, USA, 2016.

67. Dennington, R.; Keith, T.A.; Millam, J.M. GaussView 6.0. 16; Semichem Inc.: Shawnee Mission, KS, USA, 2016.
68. Fukui, K. The Role of Frontier Orbitals in Chemical Reactions (Nobel Lecture). Angew. Chem. Int. Ed. Engl. 1982, 21, 801–809.

[CrossRef]
69. Saha, S.K.; Murmu, M.; Murmu, N.C.; Banerjee, P. Evaluating Electronic Structure of Quinazolinone and Pyrimidinone Molecules

for Its Corrosion Inhibition Effectiveness on Target Specific Mild Steel in the Acidic Medium: A Combined DFT and MD
Simulation Study. J. Mol. Liq. 2016, 224, 629–638. [CrossRef]

70. Saha, S.K.; Murmu, M.; Murmu, N.C.; Banerjee, P. Benzothiazolylhydrazine Azomethine Derivatives for Efficient Corrosion
Inhibition of Mild Steel in Acidic Environment: Integrated Experimental and Density Functional Theory Cum Molecular
Dynamics Simulation Approach. J. Mol. Liq. 2022, 364, 120033. [CrossRef]

71. Isin, D.O.; Karakus, N. Quantum Chemical Study on the Inhibition Efficiencies of Some Sym-Triazines as Inhibitors for Mild Steel
in Acidic Medium. J. Taiwan Inst. Chem. Eng. 2015, 50, 306–313. [CrossRef]

72. Saha, S.K.; Murmu, M.; Murmu, N.C.; Obot, I.B.; Banerjee, P. Molecular Level Insights for the Corrosion Inhibition Effectiveness
of Three Amine Derivatives on the Carbon Steel Surface in the Adverse Medium: A Combined Density Functional Theory and
Molecular Dynamics Simulation Study. Surf. Interfaces 2018, 10, 65–73. [CrossRef]

73. Islam, N.; Kaya, S. Conceptual Density Functional Theory and Its Application in the Chemical Domain; CRC Press: Boca Raton, FL,
USA, 2018; ISBN 978-1-351-36024-1.

74. Pearson, R.G. Hard and Soft Acids and Bases. J. Am. Chem. Soc. 1963, 85, 3533–3539. [CrossRef]
75. Kokalj, A. On the HSAB Based Estimate of Charge Transfer between Adsorbates and Metal Surfaces. Chem. Phys. 2012, 393, 1–12.

[CrossRef]
76. Saha, S.K.; Dutta, A.; Ghosh, P.; Sukul, D.; Banerjee, P. Novel Schiff-Base Molecules as Efficient Corrosion Inhibitors for Mild Steel

Surface in 1 M HCl Medium: Experimental and Theoretical Approach. Phys. Chem. Chem. Phys. 2016, 18, 17898–17911. [CrossRef]
77. Makedonas, C.; Mitsopoulou, C.A. An Investigation of the Reactivity of [(Diimine)(Dithiolato)M] Complexes Using the Fukui

Functions Concept. Eur. J. Inorg. Chem. 2006, 2006, 590–598. [CrossRef]
78. Thanikaivelan, P.; Padmanabhan, J.; Subramanian, V.; Ramasami, T. Chemical Reactivity and Selectivity Using Fukui Functions:

Basis Set and Population Scheme Dependence in the Framework of B3LYP Theory. Theor. Chem. Acc. 2002, 107, 326–335.
[CrossRef]

79. Morell, C.; Grand, A.; Toro-Labbé, A. New Dual Descriptor for Chemical Reactivity. J. Phys. Chem. A 2005, 109, 205–212.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1063/1.5085190
https://www.ncbi.nlm.nih.gov/pubmed/30849917
https://doi.org/10.1063/1.5143190
https://doi.org/10.1002/jcc.20495
https://www.ncbi.nlm.nih.gov/pubmed/16955487
https://doi.org/10.1524/zkri.220.5.567.65075
https://www.3ds.com/products-services/biovia/products/molecular-modeling-simulation/biovia-materials-studio/
https://www.3ds.com/products-services/biovia/products/molecular-modeling-simulation/biovia-materials-studio/
https://doi.org/10.1039/D1CP00244A
https://www.ncbi.nlm.nih.gov/pubmed/34254097
https://doi.org/10.1021/jp980939v
https://doi.org/10.1016/S0301-0104(98)00214-6
https://doi.org/10.1063/1.449071
https://doi.org/10.1063/1.458452
https://doi.org/10.1063/1.1316015
https://doi.org/10.1007/s42250-021-00289-x
https://doi.org/10.1002/anie.198208013
https://doi.org/10.1016/j.molliq.2016.09.110
https://doi.org/10.1016/j.molliq.2022.120033
https://doi.org/10.1016/j.jtice.2014.12.035
https://doi.org/10.1016/j.surfin.2017.11.007
https://doi.org/10.1021/ja00905a001
https://doi.org/10.1016/j.chemphys.2011.10.021
https://doi.org/10.1039/C6CP01993E
https://doi.org/10.1002/ejic.200500664
https://doi.org/10.1007/s00214-002-0352-z
https://doi.org/10.1021/jp046577a
https://www.ncbi.nlm.nih.gov/pubmed/16839107

	Introduction 
	Results and Discussion 
	SCC-DFTB Simulations 
	Geometries and Energies 
	Projected Density of States 

	Molecular Dynamics Simulation 
	Molecular Electrostatic Potential 

	Computational Details 
	SCC-DFTB Simulation 
	Molecular Dynamics Simulation 
	Quantum Chemical Calculations 

	Conclusions 
	References

