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Abstract :In modern times, the corrosion
industries are intensively determined in the
exploitation of ecofriendly inhibitors to
substitute existing ones that are relatively
toxic. Large number of organic compounds has
been investigated as corrosion inhibitors.
However, only a few Pyridyl derivatives have
been investigated as corrosion inhibitors. This
study employs Density Functional Theory
(DFT) at the B3LYP/6-31G(d) level to evaluate
the corrosion inhibition potential of eleven
pyridyl- benzaldehyde derivatives. Quantum
chemical parameters, including frontier
molecular orbitals (HOMO, LUMO), global
reactivity  descriptors  (electronegativity,
hardness, softness), and local reactivity indices
(Fukui functions), were computed to elucidate
the adsorption mechanisms and inhibition
efficiency. Results reveal that structural
modifications, particularly the position of
nitrogen in the pyridine ring and methoxy
substituents on benzaldehyde, critically
influence electronic properties. Molecules 9,
10, and 11 exhibited superior corrosion
inhibition potential due to their high HOMO
energies (-5.18 to -5.06 eV), low LUMO
energies (-1.62 to -1.36 eV), and favorable
electron transfer capabilities (AN = -1.075 to -
1.123). Fukui indices identified nitrogen and
oxygen atoms as active sites for donor-
acceptor interactions with metal surfaces.
Additionally, dipole moments (5.08-5.80
Debye) and molecular volume/area trends
further corroborated enhanced adsorption for
these  derivatives.  This  computational
approach provides a predictive framework for
designing  eco-friendly, high-performance
corrosion inhibitors, emphasizing the role of
heteroatom positioning and substituent effects
in optimizing molecular reactivity.
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1.0 Introduction

Corrosion is a natural and inevitable process
that affects virtually every sector reliant on
metals, including transportation, construction,
manufacturing, and energy (Roberge, 2008). It
refers to the gradual degradation of materials—
particularly metals—through chemical
interactions with their environment. Beyond
aesthetic deterioration, corrosion presents a
profound structural risk that compromises
functionality, safety, and the lifespan of
materials (Koch et al., 2016). Catastrophic
failures of infrastructure such as pipelines,
industrial equipment, and bridges have often
been traced to unchecked corrosion.
Consequently, the development of effective,
non-toxic, and eco-friendly  corrosion
inhibitors has become a central focus in
materials science and engineering, aimed at
enhancing industrial ~ sustainability —and
reducing ecological impact (Vermaetal., 2020;
Ogunyemi et al., 2020).

Corrosion typically proceeds via
electrochemical processes, especially in
agueous environments. Metals like iron and
steel undergo oxidation at the anode, releasing
electrons that travel to the cathode, where
reduction  reactions occur—resulting in
corrosion products such as rust (iron oxide).
The presence of aggressive ions like chloride
(CI'), common in marine environments,
accelerates these reactions. While protective
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coatings and cathodic protection are
conventional countermeasures (Tezdogan and
Demirel, 2014), corrosion inhibitors—
compounds that reduce the corrosion rate when
introduced into the corrosive environment—
are among the most versatile and cost-effective
solutions (Ogunyemi et al., 2020; Shwetha et
al., 2024).

Organic compounds containing heteroatoms
such as nitrogen, oxygen, and sulfur have
shown great promise as corrosion inhibitors
(Brycki et al., 2018; Shwetha et al., 2024;
Chandra, 2023). These compounds adsorb onto
metal surfaces to form protective layers that
hinder the access of corrosive species. Lone
pair electrons or m-electrons in these molecules
often interact strongly with active sites on the
metal (Mahmoud et al., 2024; Afshari et al.,
2023; Setti et al., 2025; Baharin et al., 2024).
Pyridine-based derivatives, in particular, are of
great interest due to the coordinating ability of
the nitrogen atom, which enhances their
binding affinity to metal surfaces. Their
effectiveness is largely governed by molecular
structure, which influences  adsorption
behavior and inhibitor film stability (Espinoza-
Véazquez et al., 2019; Okewale and Adebayo,
2020).

Modifying the molecular structure of these
organic compounds—such as changing the
position of functional groups or introducing
new substituents—is a well-established
strategy for improving inhibition efficiency
(Liu et al., 2024; Al-Baghdadia et al., 2025).
For heterocyclic compounds like pyridine,
repositioning the nitrogen atom or introducing
electron-donating groups (e.g., methoxy
substituents) can significantly alter electronic
distributions, thereby influencing how the
molecule interacts with metal surfaces
(Chaouiki et al., 2022; Malik et al., 2025).
However, despite the extensive research on
organic corrosion inhibitors, only a limited
number of pyridyl derivatives—particularly
pyridyl-benzaldehyde compounds—have been
studied for corrosion inhibition. This represents

a significant gap in knowledge, especially
regarding how structural modifications like
nitrogen  repositioning and  methoxy
substitution influence inhibition performance.
To address this gap, the present study
investigates the corrosion inhibition properties
of eleven pyridyl-benzaldehyde derivatives
using Density Functional Theory (DFT).
Specifically, it evaluates how repositioning of
the nitrogen atom within the pyridine ring and
variation in methoxy substitution on the
benzaldehyde moiety affect the electronic
structure, adsorption behavior, and overall
inhibition efficiency of the molecules.
Computational methods such as DFT and
Monte Carlo simulations have become
indispensable tools in this domain. They enable
accurate evaluation of quantum chemical
parameters and prediction of adsorption
behavior and inhibition performance (Lgaz et
al.,, 2025; Ayuba et al., 2023). DFT, in
particular, offers deep insights into molecular
reactivity by computing electronic structure
descriptors such as frontier molecular orbitals
and local reactivity indices (Obot et al., 2015).
Monte Carlo simulations complement these
calculations by modeling the dynamic
interaction of inhibitor molecules with metal
surfaces, identifying energetically favorable
adsorption configurations. By combining these
techniques, this study seeks to establish a
robust theoretical framework for the rational
design of eco-friendly, high-performance
corrosion inhibitors. The outcomes have broad
implications for materials science, engineering
applications, and sustainable industrial
practices.
2.0 Materials and Methods
Molecular modeling techniques have emerged
as a formidable alternative for interpreting
experimental data, especially when it comes to
predicting the properties of new materials that
align with industrial needs. In this work, all
calculation was executed using quantum
chemical methods within version 2.4 of the
Spartan 14 package, focusing on an isolated
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gaseous system maintained at a temperature of
298.15K and a pressure of 1 atmosphere.
Ground-state geometry optimization and
energy calculations for the ten Pyridyl-
Benzaldehyde Derivatives of were performed
using DFT/B3LYP (Becke et al., 1993; Lee et
al., 1988) with the 6-31G(d) basis set (Yang et
al., 1998). During optimization, all bond
angles, dihedral angles, and bond lengths were
unconstrained, ensuring that real vibrational
frequencies were achieved. The energy levels
of the molecular orbitals, specifically Exomo
and ELumo, were computed to identify key
adsorption sites. These molecular frontier
orbitals (HOMO and LUMO) are instrumental
in predicting how the studied organic inhibitors
interact with metal surfaces.
Moreover, the ionization potential (IP) and
electron affinity (EA) of all the studied
inhibitors were derived from the HOMO and
LUMO energies using Koopman’s theorem
(Pearson et al., 1988), as shown in the
following equations:

IP = —Eyomo (1)

EA = —Epymo (2)
The absolute hardness and electronegativity
(x) values of the studied molecules were
calculated using the formular below.
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The softness (S), which is the inverse of
hardness, was determined through:

§= (5)

1
n

These  quantum  parameters  (hardness
electronegativity, and softness) are critical in
assessing the chemical reactivity of the organic
inhibitors.

When a metal makes contact with an organic
molecule, electrons flow between the two
systems until their chemical potentials align.
The number of transferred electrons (AN) was
calculated as reported in the work of Parr et al.,
(1983):

AN — XFe—Xinh 6
2(MFet+Ninn) ( )

where ypeand y;.nrepresent the absolute
electronegativities of iron (Fe) and organic
inhibitor  respectively.  while  ng.and
Ninnrepresent their hardness. For iron,
theoretical values of yz. =7 eV/mole and
Nre = 0 eV /mole (Ogunyemi, et al., 2020)
were u employed to estimate the electron
transfer.

The back-donation charges which is a crucial
parameter for understanding charge
redistribution, was calculated using equation
2 given below,

AE (Back - donation) = % (6b)
Additionally, the electrophilicity index (®) of
each molecular inhibitors was evaluated
through the following equation (Parr et al.,
1999):

2

U

2 (7)

A lower p and o indicate a more reactive
nucleophile, while higher values suggest an
active electrophile.

The Pyridyl-Benzaldehyde Derivatives (Table
1) were theoretically investigated for their
corrosion inhibition  efficiency  using
DFT/B3LYP/6-31G*. Table 1 displayed the
molecular structures, optimized structures and
the names of each of the studied inhibitors. The
geometric  structures of the Pyridyl-
Benzaldehyde Derivatives presented shows
that nitrogen is present at different position of
the pyrindene and methoxy group at different
position on benzaldehyde structure.
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Table 1: Structures and names Pyridyl Derivatives of Benzaldehyde studied

S/IN  Molecular structure of Optimized structures Name
the Pyridyl Derivatives
of Benzaldehyde

1 N\
— ‘ 2-[(pyridine-4-
° S I yl)methoxy]benzaldehyde
@
. ¢
2 N\
o \/@ 2-((pyridine-2-yl)methoxy)-
N\ ¢ Y 3-methoxylbenzaldehyde
/ ¢
<

2-[(pyridine-3-yl)methoxy)
-3-methoxybenzaldehyde

(9
¢
[

4 A
o = 2-[(pyridine-4-yl)methoxy)
\ /' -3-methoxybenzaldehyde
/ ©
5 A
N\ _y - 2-[(pyridine-3-yl)methoxy)
g -4-methoxybenzaldehyde

6 A
J 2-[(pyridine-4-yl)methoxy)
-4-methoxybenzaldehyde
7 A
o 2-[(pyridine-2-yl)methoxy)
/ -5-methoxybenzaldehyde
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11

2-[(pyridine-3-yl)methoxy)
-5-methoxybenzaldehyde

2-[(pyridine-4-yl)methoxy)

-5-methoxybenzaldehyde

2-[(pyridine-2-yl)methoxy)
-6-methoxybenzaldehyde

2-[(pyridine-3-yl)methoxy)
-6-methoxybenzaldehyde

3.0. Results and Discussion

3.1 Quantum Parameters

Tables 2 and 3 present the calculated quantum
chemical parameters for the eleven investigated
molecules, divided into two groups for clarity:
Molecules 1 to 6 and Molecules 7 to 11,
respectively. These parameters were derived using
Density Functional Theory (DFT) calculations and
include important descriptors such as the energies
of the Highest Occupied Molecular Orbital
(EHOMO) and the Lowest Unoccupied Molecular
Orbital (ELUMO), energy gap (AE), ionization
potential (1), electron affinity (A), electronegativity
(%), global hardness (n), global softness (S),
electrophilicity index (o), dipole moment (p), and
polarizability (o). These descriptors are critical in
assessing the chemical reactivity and potential
inhibitory behavior of the molecules.

The HOMO energy indicates the molecule’s ability
to donate electrons, while the LUMO energy
reflects its ability to accept electrons. A lower

energy gap generally corresponds to higher
chemical reactivity and better interaction with the
metal surface. Other parameters such as
electronegativity, hardness, and softness provide
insight into the molecule’s stability and
polarizability, which influence its adsorption
behavior. The electrophilicity index reflects the
stabilization energy upon gaining electrons, and the
dipole moment and polarizability offer information
on molecular orientation and electron cloud
distortion in an external field, which are relevant to
the molecule’s performance in corrosion inhibition.
Together, these data provide a comprehensive basis
for evaluating the suitability of the molecules as
corrosion inhibitors.

The results and interpretation of the
computational analysis for the eleven
molecules are discussed in terms of their
energy profiles, electronic properties, solvation
tendencies, and potential reactivity.



Applied Sciences, Computing and Energy, 2025, 2(2), 299-322 304
Table 2: Calculated Quantum chemical parameters for molecules 1 to 6
Molecular Molecule Molecule Molecule Molecule Molecule Molecule

Parameters 1 2 3 4 5 6
Energy -2460.77 -2115.69 -2460.77 -4574.46 -2040.49 -5034.05
Esolv (ka/mol) -44.1 -49.59 -45.41 -47.06 -43.65 -43.86
Enowmo (eV) -5.88 -5.56 -5.88 -5.89 -5.72 -5.97
ELumo (eV) -1.76 -1.35 -1.81 -1.83 -1.53 -1.88
DM (debye) 3.24 4.33 2.71 2.68 3.93 1.51
AE (eV) 4.12 4.21 4.07 4.06 4.19 4.09
Area 426.87 441.02 428.87 433.58 433.22 446.94
V 413.01 426.43 413.3 417.77 417.9 431.11
ovality 1.59 1.61 1.6 1.6 1.6 1.62
PSA 29.145 36.125 29.257 29.207 29.226 29.004
LogP 2.24 1.4 2.24 251 2.55 2.38
polarizability 73.9 74.97 73.94 74.3 74.28 75.38
IP 5.88 5.56 5.88 5.89 5.72 5.97
EA 1.76 1.35 1.81 1.83 1.53 1.88
S(ev?) 0.485 0.475 0.491 0.493 0.477 0.489
n (V) 2.06 2.105 2.035 2.03 2.095 2.045
X 3.82 3.455 3.845 3.86 3.625 3.925
AN -0.74346  -0.92402 -0.70416 -0.69883 -0.84207 -0.60764
AE(Back- -0.33  -0.15375 -0.39625 -0.40125 -0.22375 -0.5575
Donation)
w -0.22806  -0.05474 -0.32669 -0.33368 -0.11049 -0.63349

Molecule 1 exhibited a relatively low energy
value of -2460.77, suggesting good structural
stability. Its solvation energy of -44.1 kJ/mol
indicates a moderate affinity for aqueous
media. With a HOMO-LUMO energy gap of
4.12 eV, it is moderately reactive, while its
dipole moment of 3.24 D reflects a balanced
polarity. The logP value of 2.24 suggests
favorable  lipophilicity =~ for ~ membrane
permeability, and its electronegativity of 3.82
reveals a strong electron-withdrawing nature.
The softness value of 0.485 eV and AN of -
0.743 indicate that Molecule 1 can accept
electrons, marking it as electrophilic.

In comparison, Molecule 2 showed slightly
lower stability with an energy of -2115.69 but
demonstrated better aqueous solvation at -
49.59 kJ/mol. It has a slightly larger energy gap

of 4.21 eV, indicating it is less reactive than
Molecule 1. Its dipole moment is higher at 4.33
D, suggesting increased polarity, and with a
logP of 1.4, it is more hydrophilic. Its
electronegativity, at 3.455, is slightly lower,
and the electron back-donation energy is mildly
negative, pointing to a modest ability to share
electrons.

Molecule 3 shared the same total energy as
Molecule 1 but had a slightly smaller HOMO-
LUMO gap of 4.07 eV, implying greater
reactivity. Its dipole moment was lower at 2.71
D, denoting reduced polarity. Electronegativity
remained comparable at 3.845, while the

electrophilicity index ® was moderately
negative, suggesting it maintains an
electrophilic character.
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Molecule 4 displayed the highest stability
among the first four molecules, with an energy
of -4574.46. The energy gap of 4.06 eV points
to reactivity similar to the others. Its dipole
moment was relatively low at 2.68 D,
suggesting  limited polarity, while an
electronegativity of 3.86 and a AN of -0.6988
further support its electron-accepting nature.
The electrophilicity index was strongly
negative, confirming its tendency to act as an
electrophile.

Molecule 5, although less stable at -2040.49,
had a high dipole moment of 3.93 D and a logP
of 2.55, which could enhance its bioavailability

305

and membrane permeation. Its energy gap of
4.19 eV suggests it is slightly less reactive. It
also had a moderate electronegativity of 3.625
and an appreciable electron-accepting capacity
with a AN of -0.842.

Molecule 6 demonstrated the highest overall
stability with an energy of -5034.05 and a
moderate energy gap of 4.09 eV. Its dipole
moment was notably low at 1.51 D, indicating
low polarity. A logP of 2.38 suggests moderate
lipophilicity, and its electrophilicity index was
the most negative among all, reflecting a strong
tendency to act as an electrophile.

Table 2: Calculated Quantum chemical parameters for molecules 7 to 11

Molecular Molecule 7 Molecule 8 Molecule 9 Molecule 10 Molecule 11
Parameters
Energy -2500.09 -2575.27 -4248.83 -1714.86 -1790.07
Esolv (ka/mo) -40.79 -47.42 -41.64 -49.45 -55.98
Ernowmo (eV) -5.8 -5.65 -5.18 -5.09 -5.06
ELumo (eV) -1.57 -1.45 -1.42 -1.37 -1.36
DM (debye) 35 3.87 5.8 5.48 5.08
AE (eV) 4.23 4.20 3.76 3.72 3.71
Area ( 446.78 456.52 469.75 469.23 478.9
V 431.25 440.07 453.48 453.52 462.31
ovality 1.62 1.63 1.65 1.64 1.66
PSA 29.048 36.007 30.416 30.494 37.446
LogP 2.42 1.27 1.83 1.87 0.72
polarizability 75.36 76.08 77.32 77.27 77.96
IP 5.8 5.65 5.18 5.09 5.06
EA 1.57 1.45 1.62 1.3 1.18
S(ev?) 0.472813 0.47619 0.561798 0.527704 0.515464
1 (eV) 2.115 2.1 1.78 1.895 1.94
X 3.685 3.55 3.4 3.195 3.12
AN -0.79376 -0.86056 -1.075 -1.12598 -1.1234
AE(Back- -0.2875 -0.2225 0.0775 0.04875 0.0025
Donation)
w -0.17944 -0.11156 -0.01413 -0.00595 -1.6E-05

Note: s=softness, w=global electrophilicity index, AE = energy difference, y=electronegativity,
n = hardness, AN=Electron transfer, V=Volume, M.W=Molecular Weight and DM= dipole
moment, Hbd count = Hydrogen bond donor count, Hba count = Hydrogen bond acceptor count
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Molecule 7 had an energy of -2500.09 and the
largest HOMO-LUMO gap of 4.23 eV,
indicating the lowest reactivity. Its dipole
moment of 3.5 D reflects a moderate polar
character. With an electronegativity of 3.685
and a mildly negative electrophilicity index, it
shows reduced tendencies toward electrophilic
interactions.

Molecule 8 was slightly more stable than
Molecule 7, with an energy of -2575.27 and a
solvation energy of -47.42, denoting good
aqueous affinity. The energy gap of 4.20 eV
suggests low reactivity. It had a dipole moment
of 3.87 D and a logP of 1.27, indicating greater
hydrophilicity. The electrophilicity index was
only mildly negative.

Molecule 9 exhibited a relatively low energy of
-4248.83 and a smaller energy gap of 3.76 eV,
making it more reactive than most. Its dipole
moment was the highest among all at 5.8 D,
implying strong polarity and potential for
biological interaction. Its electronegativity of
3.4 is comparatively lower, and its
electrophilicity index was only slightly
negative, bordering on neutral.

The results and interpretation of the
computational analysis for the eleven
molecules are discussed in terms of their
energy profiles, electronic properties, solvation
tendencies, and potential reactivity. Molecule 1
exhibited a relatively low energy value of -
2460.77, suggesting good structural stability.
Its solvation energy of -44.1 kJ/mol indicates a
moderate affinity for aqueous media. With a
HOMO-LUMO energy gap of 4.12 eV, it is
moderately reactive, while its dipole moment
of 3.24 D reflects a balanced polarity. The logP
value of 2.24 suggests favorable lipophilicity
for ~membrane permeability, and its
electronegativity of 3.82 reveals a strong
electron-withdrawing nature. The softness
value of 0.485 eV and AN of -0.743 indicate
that Molecule 1 can accept electrons, marking
it as electrophilic.

In comparison, Molecule 2 showed slightly
lower stability with an energy of -2115.69 but

demonstrated better aqueous solvation at -
49.59 kJ/mol. It has a slightly larger energy gap
of 4.21 eV, indicating it is less reactive than
Molecule 1. Its dipole moment is higher at 4.33
D, suggesting increased polarity, and with a
logP of 1.4, it is more hydrophilic. Its
electronegativity, at 3.455, is slightly lower,
and the electron back-donation energy is mildly
negative, pointing to a modest ability to share
electrons.
Molecule 3 shared the same total energy as
Molecule 1 but had a slightly smaller HOMO-
LUMO gap of 4.07 eV, implying greater
reactivity. Its dipole moment was lower at 2.71
D, denoting reduced polarity. Electronegativity
remained comparable at 3.845, while the
electrophilicity index ® was moderately
negative, suggesting it maintains an
electrophilic character.
Molecule 4 displayed the highest stability
among the first four molecules, with an energy
of -4574.46. The energy gap of 4.06 eV points
to reactivity similar to the others. Its dipole
moment was relatively low at 2.68 D,
suggesting  limited polarity, while an
electronegativity of 3.86 and a AN of -0.6988
further support its electron-accepting nature.
The electrophilicity index was strongly
negative, confirming its tendency to act as an
electrophile.
Molecule 5, although less stable at -2040.49,
had a high dipole moment of 3.93 D and a logP
of 2.55, which could enhance its bioavailability
and membrane permeation. Its energy gap of
4.19 eV suggests it is slightly less reactive. It
also had a moderate electronegativity of 3.625
and an appreciable electron-accepting capacity
with a AN of -0.842.
Molecule 6 demonstrated the highest overall
stability with an energy of -5034.05 and a
moderate energy gap of 4.09 eV. Its dipole
moment was notably low at 1.51 D, indicating
low polarity. A logP of 2.38 suggests moderate
lipophilicity, and its electrophilicity index was
the most negative among all, reflecting a strong
tendency to act as an electrophile.
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Molecule 7 had an energy of -2500.09 and the
largest HOMO-LUMO gap of 4.23 eV,
indicating the lowest reactivity. Its dipole
moment of 3.5 D reflects a moderate polar
character. With an electronegativity of 3.685
and a mildly negative electrophilicity index, it
shows reduced tendencies toward electrophilic
interactions.

Molecule 8 was slightly more stable than
Molecule 7, with an energy of -2575.27 and a
solvation energy of -47.42, denoting good
aqueous affinity. The energy gap of 4.20 eV
suggests low reactivity. It had a dipole moment
of 3.87 D and a logP of 1.27, indicating greater
hydrophilicity. The electrophilicity index was
only mildly negative.

Molecule 9 exhibited a relatively low energy of
-4248.83 and a smaller energy gap of 3.76 eV,
making it more reactive than most. Its dipole
moment was the highest among all at 5.8 D,
implying strong polarity and potential for
biological interaction. Its electronegativity of
3.4 is comparatively lower, and its
electrophilicity index was only slightly
negative, bordering on neutral.

Molecule 10 showed even more reactivity with
an energy gap of 3.72 eV and a high dipole
moment of 5.48 D. With a logP of 1.87, it is
moderately hydrophilic, and its electrophilicity
index was close to zero, indicating minimal
electrophilic character.

Molecule 11 had the lowest HOMO-LUMO
energy gap of 3.71 eV, marking it as the most
reactive of all. Its energy was -1790.07, and it
had a high dipole moment of 5.08 D. With a
logP of 0.72, it is quite hydrophilic, which
could limit membrane permeability. The
electrophilicity index was nearly zero,
implying a negligible tendency to participate in
electrophilic interactions.

In summary, Molecule 6 was the most stable,
while Molecule 11 was the most reactive.
Molecule 9 stood out for its high polarity, and
Molecule 11 also had the best solvation energy.
Molecule 6 showed the strongest electrophilic
character, whereas Molecule 7 was the least

reactive due to its wide energy gap. Molecule 5
demonstrated a favorable balance between
lipophilicity,  polarity, and  solvation,
suggesting promising drug-like characteristics.

3.2 Influence of molecular structure and
calculated properties

The eleven molecules studied exhibit structural
variations that significantly influence their
electronic properties, stability, solubility, and
reactivity. Each compound contains different
functional groups, molecular sizes, and
heteroatoms, which contribute to their distinct
physicochemical characteristics.

Molecule 1 has a relatively compact structure
with a balanced distribution of electron-
donating and electron-withdrawing groups. Its
moderate dipole moment and HOMO-LUMO
gap reflect this balance, while its moderate
solvation energy indicates average water
affinity. Molecule 2, structurally similar but
slightly less conjugated, shows reduced
stability and increased solubility, which is
consistent with its higher polarity and lower
logP value.

Molecule 3 is structurally closer to Molecule 1
but differs in the positioning of functional
groups, resulting in a slightly lower energy gap
and dipole moment. This suggests greater
reactivity and less polarity. Molecule 4 is
structurally more extended with additional
electron-withdrawing moieties, which explains
its high stability and moderate polarity,
supported by its lower dipole moment and
substantial electronegativity.

Molecule 5 contains bulkier substituents and
possibly aromatic rings, contributing to its
enhanced lipophilicity (logP = 2.55) and higher
dipole moment. These structural features also
relate to its good balance between reactivity
and solubility. Molecule 6, which displayed the
highest stability, is likely the largest or most
conjugated compound in the series. Its low
dipole  moment and high  negative
electrophilicity index point to a symmetrical or
less polar structure with strong electron-
accepting ability.
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Molecule 7, with the widest HOMO-LUMO
gap and relatively moderate dipole moment,
likely possesses a saturated or rigid structure
that resists electronic transitions, accounting
for its low reactivity. Molecule 8, closely
related in structure to Molecule 7, includes
more polar groups, as evidenced by its higher
dipole moment and lower logP, indicating
better water solubility.

Molecule 9 stands out due to its highly polar
structure, possibly featuring multiple polar or
charged functional groups, consistent with its
highest dipole moment and strong solvation
energy. lts relatively low energy gap makes it
more reactive, suggesting that its polar
structure does not compromise its chemical
responsiveness.

Molecule 10 and Molecule 11 are structurally
similar but increasingly polar. Molecule 10's
high dipole moment and low energy gap
suggest a flexible or highly conjugated system,
facilitating electronic transitions. Molecule 11,
with the lowest HOMO-LUMO gap and high
dipole moment, is likely the most reactive and
hydrophilic, implying the presence of strongly
polar groups or zwitterionic features. Its
structure supports both excellent solubility and
chemical activity, although its low logP may
hinder membrane permeability.

In summary, the structural differences among
the molecules directly influence their
electronic  characteristics and  solubility
profiles. Molecules with more conjugation and
electron-withdrawing groups tend to be more
stable (e.g., Molecule 6), while those with polar
functional groups show enhanced solubility
and dipole moments (e.g., Molecule 9 and 11).
The reactivity, as judged by HOMO-LUMO
gaps, correlates inversely with stability and
directly with the extent of conjugation and
electron delocalization in the molecular
structures.

3.3 Prediction of Corrosion
properties

The evaluation of the eleven molecules as
corrosion inhibitors can be effectively guided

inhibition

by their structural features and quantum
chemical parameters such as HOMO and
LUMO energies, energy gap (AE), dipole
moment, global hardness (1), global softness
(o), electronegativity (), electrophilicity index
(o), and solvation energy. These properties
relate to the ability of molecules to adsorb onto
metal surfaces and protect them from corrosive
agents.

A good corrosion inhibitor typically possesses
a high HOMO energy, which implies a strong
electron-donating ability to the metal surface,
and a low LUMO energy, which enhances the
ability to accept electrons from the metal,
facilitating back-donation interactions. A
smaller HOMO-LUMO gap indicates higher
reactivity and ease of interaction with the
metal. A high dipole moment often correlates
with good adsorption and surface coverage,
especially in polar media. Furthermore, higher
electronegativity and electrophilicity index
suggest a stronger tendency to accept electrons,
which is favorable for adsorption on anodic
sites.

Among the eleven molecules analyzed:
Molecule 11 emerges as the most promising
corrosion inhibitor due to its lowest HOMO-
LUMO gap, indicating high reactivity and ease
of electronic transition. It also has a high dipole
moment, suggesting strong polarity and
effective interaction with metal surfaces. Its
high solvation energy indicates excellent
solubility, which facilitates its transport to the
metal  surface.  Moreover, the high
electrophilicity index suggests strong electron-
accepting potential, ideal for interacting with
the electron-rich regions on metal surfaces.
Molecule 6 also shows excellent potential due
to its high stability, high electrophilicity, and
low dipole moment, which suggest a
symmetrical structure capable of forming
stable surface complexes. It has the lowest
energy, indicating strong thermodynamic
favorability for surface adsorption and
inhibitor-metal complex formation.
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Molecule 5 exhibits a good balance between
lipophilicity (logP), reactivity, and dipole
moment, making it a strong candidate,
particularly in mixed-phase environments
where both aqueous and oily phases are
present. Its relatively high HOMO energy
indicates a strong electron-donating capacity,
important for bonding with the metal surface.
Molecule 9 stands out for its strong polarity and
high solvation energy, which suggest excellent
solubility and dispersion in  aqueous
environments. Its moderate HOMO-LUMO
gap and high dipole moment favor strong
adsorption and interaction with the metal
surface, particularly in acidic or marine
environments.

Molecules 7 and 8, although structurally stable,
exhibit wider HOMO-LUMO gaps and lower
reactivity, which may hinder their performance
as inhibitors due to less effective adsorption.
However, their good dipole moments and
solubility properties still make them viable in
less aggressive environments.

Molecule 1 and Molecule 3 show moderate
suitability as inhibitors, with average
reactivity, dipole moments, and
electrophilicity. Their structural simplicity may
limit strong interactions with the metal surface,
but they may still offer baseline protection.
Molecule 2 and Molecule 4, though having
some beneficial parameters such as polarity
and solubility, generally show lower electron-
donating capacity and higher energy gaps,
making them less effective than others.
Molecule 10, with high dipole moment and
moderate energy gap, might show intermediate
performance. Its strong polarity could enhance
adsorption, but its overall stability and
reactivity are not as favorable as Molecules 6
or11.

In conclusion, Molecules 11, 6, 5, and 9 rank
highest in suitability as corrosion inhibitors due
to their favorable combination of electronic
properties, solubility, and structural features.
Molecules 1, 3, and 10 could serve as moderate
inhibitors, while Molecules 2, 4, 7, and 8 are

less suitable based on the analyzed quantum
chemical and structural parameters.
The low AE value for molecule 9, 10 and 11
among the eleven molecules predict that
molecule 9, 10 and 11 would enhance higher
adsorption and enhanced inhibition efficiency
than other molecules and at the same time
molecule 9 will have higher adsorption and
enhanced inhibition efficiency than molecules
10 and 11.
Further evaluation of the stability and reactivity
of an inhibitor in order to predict the adsorption
and inhibition efficiency of the studied
molecules were determined using chemical
hardness, softness and electronegativity which
are reactivity indices defined as derivatives of
electronic energy (E) with respect to number of
electrons (N) at a constant external potential
t(r). Chemical stability is closely associated
with chemical hardness and hard molecules are
less reactive (the Principle of Maximum
Hardness (PMH). The absolute hardness and
softness reactivity descriptors are associated
with the description of hard and soft solutions
through the theory of acid and base (Kabanda,
et al., 2012). Pearson divided ions and
molecules into four categories: hard acids, hard
bases, soft acids and soft bases, and showed
that species from the same categories prefer to
react between themselves (the Hard and Soft
Acid/Base (HSAB) Principle. Hard molecules,
atoms or ions will resist the deformation of
electron clouds in an atom, molecules or ions
with minor perturbations of the chemical
reaction.
The values of the absolute hardness for
molecules 1 to molecule 11 are -3.82 eV
(Molecule 1), -3.46 eV (molecule 2), -3.85 eV
(molecule 3), -3.86 eV (molecule 4), -3.63 eV
(molecule 5), -.93 eV (Molecule 6), -3.69 eV
(molecule 7), -3.55 eV (molecule 8), -3.40 eV
(molecule 9) and -3.19 eV (molecule 10) and -
3.12 ev (molecule 11) respectively. This result
shows that molecules 10 and 11 has low
hardness value than other molecules.
Molecules 10 and 11 with low hardness values
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compared to other molecules shows low band
gap and also has high inhibition efficiency.
The softness values for molecules 1 to
molecule 5 are -0.26 eV (Molecule 1), -0.29 eV
(molecule 2), -0.26 eV (molecule 3), -0.26 eV
(molecule 4), -0.28 eV (molecule 5), -0.25 eV
(Molecule 6), -0.27 eV (molecule 7), -0.28 eV
(molecule 8), -0.29 eV (molecule 9) and -0.31
eV (molecule 10) and -0.3 eV (molecule 11)
respectively. This result shows that molecules
10 and 11 have low softness value than other
molecules. This is consistent with the general
belief that hard molecules should have large
energy gap (Egbedi et al., 2011). It therefore
expected also, that molecule 9 and molecule 10
should have higher inhibition efficiency than
other molecules. These results are expected
since the AE for the five molecules follow the
same trend with hardness values. The
inhibition efficiency of these molecules using
these parameters: AE, hardness and softness
cannot be theoretically predicted. Although,
better adsorption or enhanced inhibition
efficiency can be predicted using the ability of
an inhibitor to bind to the metallic surface as
the EHomo increased and Erumo reduced (as the
case of molecule 2), but these parameters are
also not enough to ascertain their inhibition
efficiency. Hence other parameter like
electronegativity need consideration.
Electronegativity is another parameter that is
associated with the tendency of an atom in a
molecule to attract the shared pair of electrons
to itself. The order of electronegativity values
of studied molecules (Table 1) is as follows:
1.32 eV (Molecule 1), 0.62 eV (molecule 2),
1.59 eV (molecule 3), 1.61 eV (molecule 4),
0.89 eV (molecule 5), 2.23 eV (Molecule 6),
1.15 eV (molecule 7), 0.89 eV (molecule 8), -
0.31 eV (molecule 9) and -0.195 eV (molecule
10) and -0.01ev (molecule 11) respectively.
Also, the electronegativity difference between
the inhibitor and the metal follows the order of
Molecule 9 > Molecule 11. Following the
Sanderson’s principle of electronegativity
equalization, Molecule 1 with a low

electronegativity difference gets to
equalization quickly and therefore low
reactivity is expected, which, in turn, indicate
that the molecule has low inhibition efficiency
(Udhayakala, et al., 2012).

The Dipole Moment (DM) of inhibiting
molecules predicts the direction of the
corrosion inhibition process. It is defined as the
product of the magnitude of the separated
charge and the separation distance. It provides
information on the bond’s polarity and electron
distribution in a molecule (Ebenso et al., 2010).
The high value in dipole moment of inhibitors
tends to increase their adsorption on the
metallic surface to provide better inhibition.
The deformability energy increases as the
dipole moment dipole moment increases. This
gives organic inhibitors easier adsorption to the
metallic surface. The dipole moment of the
studied molecules is observed in the following
order: Molecule 9 > molecule 10 > molecule 2
> molecule 5 > molecule 8. Molecule 7 >
molecule 1 > molecule 3 > molecule 4 >
molecule 6. Therefore, it is expected that
molecules 9, 10 and 11 with dipole moments of
5.80, 5.48 and 5.08 Debye respectively should
adsorb easily on the surface of the metal than
other molecules since adsorption of polar
compounds with higher dipole moment
enhances inhibition efficiency.

The trend in polarizability of the studied
molecules follows the order: Molecule 11 >
molecule 9 > molecule 10 > molecule 8 >
molecule 6. Molecule 7 > molecule 2 >
molecule 4 > molecule 5 > molecule 3 >
molecule 1 indicating that Molecules 11, 10
and 9 might be having better inhibition
efficiency than other molecules.

The electrons transferred (AN) in a molecule
predict the ability of a molecule to donate
electrons to the metal surface. AN with higher
value indicates greater tendency to donate
electrons to the electron deficient site and
consequently, greater tendency to interact and
adsorb on the metallic surface. The AN values
for molecules 1 to molecule 11 ranges from -
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1.13 to - 0.608. Organic molecules with lowest
AN give the least inhibition efficiency
(Udhayakala, et al., 2012; Ogunyemi, et al.,
2020). This means that more transferred
electrons (AN) is associated with molecule 9,
10 and 11 which are molecules with a better
inhibition efficiency more than other
molecules. It should also be noted that
electrons can be transferred back to the
inhibiting molecules from the metal through
the process called electronic back donation.
The Back donation charges -0.675 and -0.797
e from Table 1 shows that electronic back
donation process can take place during the
process of interaction between the molecules 1-
8 and metal ions since their values are less than

HOMO

Molecule 1

Molecule 2

Molecule 3

Molecule 4

zero. The charges transferred to the molecule
are energetically favoured when #>0 and
AEback-donation< 0. Therefore, Molecule 3-5
could be more energetically favoured to
transfer electrons back to itself than Molecule
1 and 2. The result is consistent with the
concept that states that if both charge transfer
occurs (i.e. to the molecule and process of
reverse donation processes from the molecule),
the energy changes directly proportional to the
hardness of the molecule. The frontier
molecular  orbital  density  distribution
examination of the studied Pyridyl Derivatives
of Benzaldehyde (Fig. 1) shows that electron
density distribution on HOMO and LUMO.
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Global electrophilicity index (w) provides
information on the nucleophilicity and
electrophilicity nature of inhibiting molecules.
Inhibitors with a high electrophilic index act as
electrophile, while low electrophilicity act as
nucleophile. The electrophilicity values (Table
1) of the studied molecule 1 to molecule 11 are:
molecule 1 (-0.23), molecule 2 (-0.055),
molecule 3 (-0.33), molecule 4 (-0.33) and
molecule 5 (-0.11), molecule 6 (-0.63),
molecule 7 (-0.18), molecule 8 (-0.11),
molecule 9 (-0.014) and molecule 10 (-0.006)
and molecule 11 (-0.000016)

The log P which gives information about the
hydrophobicity of organic molecules can be
related to how effective Pyridyl Derivatives of
Benzaldehyde  will  inhibit  corrosion.
Hydrophobicity increases when there is a
decrease in the solubility. When studying
corrosion, hydrophobicity can be associated
with the formation of an oxide/hydroxide layer,
which retards the corrosion process on the
metal surface. The value of Log P for molecule
1 (2.24), molecule 2 (1.40), molecule 3 (2.24),
molecule 4 (2.51) and molecule 5 (2.55),
molecule 6 (2.38), molecule 7 (2.42), molecule
8 (1.27), molecule 9 (1.83) and molecule 10
(1.87) and molecule 11 (0.72) confirmed that
molecule 11 possesses higher inhibition
efficiency than other molecules.

Weight and volume of the studied molecules
which measure the molecular size and
effectiveness of the molecular coverage on the
metal surface were also considered. As these
parameters increase in value, also, the
corrosion inhibition potentials of the molecules
increase (Quraishiet al., 2010). The values of
the area and volume of molecule 9, 10and 11
are more than other molecules. Thus molecule
9, 10 and 11 are predicted to cover and adsorb
more on the surface of a metal than other
molecules.

Solvation energy measures the energy change
when a molecule is solvated. More negative
values indicate better solubility. In our dataset,
solvation energies range from -55.98 to -40.79.

Interestingly, there is no clear trend between
solvation energy and experimental values,
indicating that solubility alone does not
significantly influence the effectiveness of
these ligands.

3.2. Local Reactivity Descriptors

Tables 4 to 7 present the Fukui indices,
including f+, f—, and f0, for specific atoms
within eleven different molecules, which are
valuable in Density Functional Theory for
predicting reactive sites. The f+(r) index
indicates sites most susceptible to nucleophilic
attack, suggesting potential for electrophilic
attack on the metal surface during corrosion,
with  higher values indicating greater
susceptibility. Conversely, f—(r) indicates sites
prone to electrophilic attack, suggesting
potential for electron donation to the metal
surface, a key aspect of inhibitor adsorption,
where higher values denote a greater tendency
for electron donation. The fO(r) index relates to
radical attack susceptibility, which, while
relevant in some corrosion mechanisms, is
often less critical than nucleophilic and
electrophilic interactions for initial inhibitor
adsorption. For effective corrosion inhibition,
molecules should ideally possess atoms with
high f— values, facilitating electron donation to
the metal surface and forming a coordinate
bond, which is the initial step in protection.
Additionally, atoms with high f+ values can
indicate potential interaction with electron-rich
sites or a strong ability to accept electrons from
the metal under specific conditions. Beyond
local reactivity, the overall molecular
characteristics such as size, planarity,
aromaticity, and the number of adsorption sites
also influence inhibitory effectiveness.

Analyzing the first three molecules as
examples, Molecule 1 shows relatively high f-
values on several carbon and hydrogen atoms,
indicating potential electron donation sites,
while oxygen O3 has a notable f+ value,
suggesting susceptibility to nucleophilic attack,
and nitrogen N1 exhibits a moderate f— value

that could contribute to adsorption.
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Table 4: Fukui Indices for Nucleophilic and Electrophilic Attacks for Inhibitor moleculel-3

Molecule 1 Molecule 2 Molecule 3
Atoms  fif fi  Bfe(r) Atoms  fif fi Afir)  Atoms  fif fi — Bf(r)
C1 0.027 0.005 0.022 C1 0.028 0.122 -0.094 C1 0.028 0.122 -0.094
H2 0.076 0.072 0.004 H2 0.077  -0.069 0.146 H2 0.077 -0.069 0.146
C2 0.025 0.049 -0.024 C2 0.025 0.191 -0.166 C2 0.025 0.191 -0.166
H4 0.062 0.073 -0.011 H4 0.061 -0.065 0.126 H4 0.061 -0.065 0.126
C3 0.041 0.029 0.012 C3 0.042 0.094 -0.052 C3 0.042 0.094 -0.052
C4 0.054 0.052 0.002 C4 0.053 0.012 0.041 C4 0.053 0.012 0.041
C5 0.003 -0.01 0.013 C5 0.003 0.272 -0.269 C5 0.003 0.272  -0.269
C6 0.094 0.029 0.065 C6 0.053 0.064 -0.011 C6 0.053 0.064 -0.011
H8 0.072 0.059 0.013 H8 0.071 -0.07 0.141 H8 0.071 -0.07 0.141
o1 0.032 0.005 0.027 o1 0.039 0.03 0.009 o1 0.039 0.03 0.009
C7 -0.025 -0.021 -0.004 C7 -0.034 -0.012 -0.022 C7 -0.034 -0.012 -0.022
H1 0.034 0.022 0.012 H1 0.041 -0.06 0.101 H1 0.041 -0.06 0.101
H7 0.018 0.031 -0.013 H7 0.016  -0.046 0.062 H7 0.016 -0.046 0.062
C8 0.016 0.005 0.011 C8 -0.001 0.251 -0.252 C8 -0.001 0.251  -0.252
C9 0.011 0.004 0.007 C9 0.01 0.103 -0.093 C9 0.01 0.103  -0.093
H6 0.019 0.012 0.007 H6 0.022 -0.084 0.106 H6 0.022 -0.084 0.106
C10 0.009 0.026 -0.017 C10 0.007 0.135 -0.128 C10 0.007 0.135 -0.128
H11 0.041 0.047 -0.006 H11 0.045 -0.079 0.124 H11 0.045 -0.079 0.124
Cl1 0.015 0.005 0.01 C11 0.02 0.075 -0.055 Ci11 0.02 0.075  -0.055
C12 0.021 0.016 0.005 N1 0.045 0.093 -0.048 N1 0.045 0.093 -0.048
H13 0.049 0.047 0.002 C13 0.022  -0.033 0.055 C13 0.022 -0.033 0.055
N1 0.023 0.031 -0.008 H12 0.026  -0.064 0.09 H12 0.026 -0.064 0.09
Cl4 0.022 0.103 -0.081 Cl4 0.023  -0.056 0.079 C14 0.023 -0.056 0.079
H9 0.03 0.081 -0.051 H9 0.032 0.001 0.031 H9 0.032 0.001 0.031
02 0.05 0.115 -0.065 02 0.054 0.243 -0.189 02 0.054 0.243 -0.189
H5 0.05 0.05 0 H5 0.052 -0.052 0.104 H5 0.052 -0.052 0.104
03 0.074 0.008 0.066 03 0.07 0.027 0.043 03 0.07 0.027  0.043
C13 -0.047 -0.029 -0.018 C12 -0.046 0.086 -0.132 C12 -0.046 0.086  -0.132
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H3 0.048 0.024 0.024 H3 0.048 -0.036 0.084 H3 0.048 -0.036 0.084
H10 0.049 0.087 0.012 H10 0.048 -0.035 0.083 H10 0.048 -0.035 0.083
H12 0.049 0.024 0.025 H13 0.047  -0.035 0.082 H13 0.047 -0.035 0.082

Table 5: Fukui Indices for Nucleophilic and Electrophilic Attacks for Inhibitor molecules 4 to 6

Molecule 4 Molecule 5 Molecule 6

Atoms fi fi Afi(r)  Atoms fi fi ~ Afi(r)  Atoms fi fi Afi (1)
C1 0.06 0.154  -0.094 C1 0.063 0.155 -0.092 C1 0.035 0.105 -0.07
H2 0.074  -0.075 0.149 H2 0.075 -0.076  0.151 C2 0.037 0.166 -0.129
C2 0.024 0.12 -0.096 C2 0.024 0.114 -0.09 C3 0.029 0.137 -0.108
C3 0.026 0.129 -0.103 C3 0.027 0.13 -0.103 H3 0.067 -0.069 0.136
H3 0.054  -0.078 0.132 H3 0.056 -0.079 0.135 C4 0.051 0.031 0.02
C4 0.03 -0.003 0.033 C4 0.03 -0.008 0.038 C5 0.023 0.246 -0.223
C5 0.05 0.282 -0.232 C5 0.051 0.281 -0.23 C6 0.047 0.081 -0.034
C6 0.012 0.046  -0.034 C6 0.013 0.042 -0.029 H8 0.059 -0.068 0.127
H8 0.06 -0.066 0.126 H8 0.061 -0.067 0.128 o1 0.078 0.005 0.073
o1 0.043 0.01 0.033 o1 0.045 0.015 0.03 C7 -0.053 0.042 -0.095
C7 -0.037 -0.018 -0.019 C7 -0.042 -0.009 -0.033 H1 0.046 -0.04 0.086
H1 0.041 -0.038 0.079 H1 0.036 -0.049 0.085 H7 0.047 -0.039  0.086
H7 0.036 -0.046  0.082 H7 0.038 -0.045 0.083 C8 0.005 0.064 -0.059
C8 -0.005 0.252 -0.257 C8 -0.004 0.262 -0.266 C9 0.004 0.115 -0.111
C9 0.007 0.133  -0.126 C9 0.003 0.115 -0.112 H6 -0.009 -0.089 0.08
H6 0.01 -0.078 0.088 H6 0.023 -0.08 0.103 C10 0.007 0.149 -0.142
C10 0.006 0.132 -0.126 C10 0.016 0.041 -0.025 H11 0.028 -0.073 0.101
H11 0.039 -0.075 0.114 H11 0.041 -0.05 0.091 Ci11 0.009 0.172 -0.163
Cl1 0.018 0.079 -0.061 N1 0.042 0.126 -0.084 C15 0.008 0.035 -0.027
N1 0.039 0.109 -0.07 C15 0.016 0.056 -0.04 N1 0.004 0.051 -0.047
C13 0.021 -0.029 0.05 C13 0.003 0.101 -0.098 Cl4 0.024 -0.067  0.091
H12 0.031 -0.059 0.09 H12 0.024 -0.08 0.104 H9 0.045 0.005 0.04
Cl4 0.025 -0.074 0.099 Cl4 0.025 -0.08 0.105 02 0.064 0.236 -0.172
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H9 0.049 -0.01 0.059 H9 0.051 -0.011 0.062 H5 0.035 -0.076  0.111
02 0.085 0.228 -0.143 02 0.085 0225 -0.14 H14 0.032 -0.055  0.087
HS 0.047  -0.049 0.096 03 0.067 0.085  0.032 H15 0.077 -0.065 0.142
03 0.066  0.037  0.029 C12 -0.045 0.087 -0.132 03 0.091 0.027  0.064
C12 -0.044 0.086 -0.13 H4 0.039 -0.032 0.071 Ci12 -0.052  0.09 -0.142
H4 0.039 -0.082 0.071 H10 0.051  -0.033 0.084 H2 0.049 -0.04 0.089
H10 0.051  -0.032 0.083 H13 0.039 -0.032 0.071 H4 0.061 -0.033  0.094

H13 0.038  -0.031 0.069 H14 0.042 -0.049 0.091 H10 0.049  -0.04 0.089

Table 6: Fukui Indices for Nucleophilic and Electrophilic Attacks for Inhibitor molecules 7 to 9

Molecule 7 Molecule 8 Molecule 9
Atoms  fif fi  AfG) Atoms  fiF fi ~ Afi(r) Atoms fi fi D)
C1 -0.001 0.104 -0.105 C1 0.036 0.104 -0.068 C1 0.047 0.171 -0.124
Cc2 0 0.167 -0.167 C2 0.036 0.161 -0.125 C2 0.006 0.177 -0.171
C3 0 0.142 -0.142 C3 0.029 0.141 -0.112 C3 0.054 0.136  -0.082
H3 0 -0.07 0.07 H3 0.068 -0.072 0.14 H3 0.066 -0.071 0.137
C4 0 0.03 -0.03 C4 0.049 0.026  0.023 C4 0.018 0.033 -0.015
C5 0 0.246  -0.246 C5 0.022 0.245 -0.223 C5 0.022 0.283 -0.261
C6 0 0.082 -0.082 C6 0.048 0.078 -0.03 C6 0.029 0.01 0.019
H8 0 -0.069 0.069 H8 0.059 -0.069 0.128 O1 0.017 0.036 -0.019
o1 0 0.012 -0.012 o1 0.078 0.017 0.061 C7 -0.023 0.036  -0.059
C7 0 -0.017 0.017 C7 -0.061 -0.01 -0.051 H1 0.032 -0.05 0.082
H1 0 -0.047 0.047 H1 0.045 -0.051 0.096 H7 0.031 -0.07 0.101
H7 0 -0.041 0.041 H7 0.045 -0.046 0.091 C8 0.027 0.067 -0.04
C8 0 0.24 -0.24 C8 -0.007 0.243 -0.25 C9 0.024 0.104 -0.08
C9 0 0.117 -0.117 C9 0.001 0112 -0.111 H6 0.03 -0.098 0.128
H6 0 -0.084 0.084 H6 0.014 -0.084 0.098 C10 0.01 0.115 -0.105
C10 0 0.131 -0.131 C10 0.013 0.036  -0.023 H11 0.05 -0.082 0.132
H11 0 -0.079 0.079 H11 0.032 -0.053 0.085 C12 0.021 0.174 -0.153
Cl1 0 0.072 -0.072 N1 0.025 0.114 -0.089 Ci13 0.029 0029 O
N1 0 0.098 -0.098 C13 0.013 0.052 -0.039 N1 0.03 0.011  0.019
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C16 -0.001 -0.029 0.028 Cl6 0.001 0.096 -0.095 C14 0.019 -0.039 0.058

Cl4 0 -0.067 0.067 Cl4 0.024 -0.072 0.096 H9 0.036  0.013 0.023
H9 0 -0.002 0.002 H9 0.044 -0.003 0.047 02 0.03 0.267  -0.237
02 0.001 0.237 -0.236 02 0.064 0.233 -0.169 H15 0.064 -0.057 0.121
H5 0 -0.052 0.052 H15 0.077 -0.066 0.143 H12 0.059 -0.065 0.124
H15 0 -0.065 0.065 03 0.091 0.027 0.064 H5 0.065 -0.068 0.133
03 0 0.028 -0.028 C12 -0.051 0.089 -0.14 03 0.064 0.026 0.038
C12 0 0.089 -0.089 H2 0.048 -0.039 0.087 Cl1 -0.044 0.085 -0.129
H2 0 -0.039 0.039 H4 0.06 -0.033 0.093 H2 0.04 -0.03 0.07
H4 0 -0.032 0.032 H10 0.048 -0.039 0.087 H4 0.04 -0.029  0.069
H10 0 -0.04 0.04 H18 0.014 -0.084 0.098 H8 0.048 -0.03 0.078
H18 0 -0.063 0.063 H12 0.032 -0.052 0.084 H10 0.06 -0.085 0.145

Table 7: Fukui Indices for Nucleophilic and Electrophilic Attacks for Inhibitor molecules 7 to 9

Molecule 10 Molecule 11
Atoms fi fi Afp(r)  Atoms fi fi Afy(r)
C1 0.051 0.015 0.036 Cl 0.044 0.018 0.026
C2 0.004 0.046 -0.042 C2 0.004 0.052 -0.048
C3 0.051 0.003 0.048 C3 0.05 0.003 0.047
H3 0.066 0.059 0.007 H3 0.063 0.071 -0.008
C4 0.02 0.055 -0.035 C4 0.018 0.062 -0.044
C5 0.016 -0.007 0.023 C5 0.02 -0.007 0.027
C6 0.03 0.048 -0.018 C6 0.028 0.051 -0.023
o1 0.046 0.012 0.034 01 0.015 0.013 0.002
C7 -0.019 -0.014 -0.005 C7 -0.018 -0.028 0.01
H1 0.02 0.008 0.012 H1 0.025 0.008 0.017
H7 0.05 0.047 0.003 H7 0.029 0.041 -0.012
Cs8 -0.018 -0.01 -0.008 C8 0.008 0.011 -0.003
C9 0.005 0.017 -0.012 C9 0.011 0.003 0.008
H6 0.035 0.034 0.001 H6 0.049 0.027 0.022
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C10 0.006 -0.003 0.009 C10 0.025 0.014 0.011
H11 0.051 0.045 0.006 H11 0.065 0.041 0.024
12 0.019 0.022 -0.003 N2 0.08 0.034 0.046
N1 0.056 0.034 0.022 C16 0.025 0.012 0.013
C15 0.019 0.007 0.012 C15 0.01 0.004 0.006
Cl4 0.022 0.096 -0.074 Cl4 0.02 0.104 -0.084
H9 0.054 0.09 -0.036 HO 0.037 0.094 -0.057
02 0.061 0.104 -0.043 02 0.033 0.11 -0.077
H15 0.065 0.082 -0.017 H15 0.062 0.089 -0.027
H5 0.068 0.067 0.001 H5 0.062 0.072 -0.01
03 0.053 0.002 0.051 03 0.061 0.001 0.06
C11 -0.041 -0.033 -0.008 cl1 -0.042 -0.034 -0.008
H2 0.038 0.03 0.008 H2 0.04 0.032 0.008
H4 0.035 0.03 0.005 H4 0.038 0.031 0.007
H8 0.048 0.041 0.007 H8 0.045 0.043 0.002
H10 0.057 0.05 0.007 H13 0.031 -0.007 0.038
H13 0.036 0.02 0.016 H14 0.062 0.035 0.027
B e
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Molecule 2 displays very high f— values on
carbon atoms C5 and C8, as well as oxygen O2,
alongside a significant f— on nitrogen N1,
suggesting strong electron-donating
capabilities, particularly from the heteroatoms.
Molecule 3 exhibits similar high f— values on
C5, C8, and 02, and a comparable f—on N1 to
Molecule 2, implying potentially similar
corrosion inhibition properties based on local
reactivity.

Generally, molecules with high f— values on
heteroatoms like oxygen and nitrogen are
considered good corrosion inhibitor candidates
due to their lone pairs of electrons readily
interacting  with  the metal surface.
Furthermore, molecules with delocalized
electron systems, such as aromatic rings, can
facilitate  adsorption through m-electron
interactions, which can be inferred from f-
values on the ring carbon atoms. The presence
of multiple atoms with significant f— values in
a molecule can also enhance adsorption
strength and stability.

Based on a preliminary review, Molecules 2, 3,
4, 5, 6, 8 and 9 appear to be promising
inhibitors due to high f— values on heteroatoms
and/or conjugated carbon atoms, indicating
strong electron donation potential. However, it
is crucial to consider that Fukui functions
describe local atomic reactivity, and a thorough
evaluation of a molecule's inhibition potential
requires  examining  global  reactivity
descriptors like HOMO and LUMO energies,
the energy gap, electronegativity, hardness, and
softness, as well as computational studies of
adsorption energy, steric effects, and solubility
in the corrosive environment for a more
complete prediction of their effectiveness.

the Fukui function data not only agrees with the
global reactivity parameters but also reinforces
the structure—activity trends previously
identified. Together, these descriptors confirm
that Molecules 2, 3, 4, 5, 6, 8, and 9 show
strong potential as corrosion inhibitors due to
favorable electron-donating centers,
conjugated frameworks, moderate energy gaps,

and appropriate global chemical reactivity
indicators. This consistency between local and
global descriptors provides robust justification
for their evaluation as effective corrosion
inhibitors.
40  Conclusion
The study investigated the quantum chemical
parameters, structural features, and Fukui
functions of eleven different molecules to
assess their potential as corrosion inhibitors.
Detailed computational analyses were carried
out using Density Functional Theory to
calculate frontier molecular orbital energies,
electronegativity, chemical hardness and
softness, dipole moments, polarizability, and
thermodynamic stability. These parameters
were correlated with molecular structure
features such as size, planarity, aromaticity,
and the presence of electron-donating
heteroatoms like oxygen and nitrogen.
The findings revealed that molecules with
higher HOMO energies and lower energy gaps
possess a stronger ability to donate electrons to
the metal surface, which is essential for
forming  protective  adsorption  layers.
Molecules 2, 3, 4, 5, 6, 8, and 9 consistently
exhibited favorable quantum chemical profiles,
including moderate to high softness, suitable
electronegativity, and relatively high dipole
moments. These characteristics suggest high
reactivity and potential for strong interaction
with the metal surface.
Analysis of the Fukui functions further
supported these results by identifying key
atoms in the molecular structures that are likely
active centers for interaction. Molecules
showing high f  values on heteroatoms or
conjugated carbon atoms aligned well with
global parameters, reinforcing their capability
to serve as efficient corrosion inhibitors.
Additionally, the presence of delocalized =-
electron systems and polar functionalities
enhances their adsorption through both donor—
acceptor interactions and w-bonding.
In conclusion, the combined data from
quantum chemical descriptors and Fukui
5%
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indices strongly indicate that Molecules 2, 3, 4,
5 6, 8, and 9 have promising inhibition
properties. Their structures support electron
donation and adsorption efficiency, critical for
corrosion protection. It is recommended that
these molecules be considered for further
experimental validation in corrosion inhibition
studies, particularly under various
environmental conditions. Future work may
involve molecular dynamics simulations,
adsorption energy calculations on metallic
surfaces, and experimental electrochemical
studies to validate the theoretical predictions
and assess real-world effectiveness.
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