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Abstract: The corrosion of Aluminum is a critical issue in various industrial applications. Using computational
methods, this study theoretically investigated the corrosion inhibition properties of two chalcone derivatives. The aim
was to understand the molecular mechanisms underlying the inhibitory effect of chalcone derivatives on aluminum
corrosion. Density functional theory calculations and molecular dynamics simulations were employed to predict the
adsorption behavior and electronic properties associated with the interaction between chalcone derivatives and
aluminum surfaces. The binding strength of the inhibitor molecules on aluminum surfaces is of the order HNP > HPP,
which agrees with the experimentally determined inhibition efficiencies. Considering those mentioned above, our
method will be helpful for rapid quantum chemical calculations and molecular dynamics simulation prediction of a
potential inhibitor from many similar inhibitors and then for their logical synthesis for application in corrosion
inhibition via a wet chemical synthetic route.
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1. Introduction environments but stable in neutral ones. The primary
factors contributing to aluminum corrosion include
exposure to moisture, oxygen, and aggressive
environments such as acids, alkaline solutions, and
water 8. Corrosion of Aluminum can result in significant
economic losses, particularly in industries where
Aluminum is a critical component, such as aerospace,
automotive, construction, and marine applications ’.
Effective corrosion inhibition strategies can help extend
the lifespan of aluminum structures and reduce
maintenance costs. Corrosion often necessitates the
replacement of aluminum components, which
contributes to environmental waste and increased
energy consumption in manufacturing 8. Implementing
corrosion inhibitors can help promote sustainability by
extending the service life of aluminum products.
Chalcones are one of the most significant classes of
flavonoids in the kingdom of plants °. They possess a
large number of replaceable hydrogen atoms, which
provides them with a broad range of biological activity

Corrosion is a natural process involving the
deterioration of materials, especially metals, due to their
environmental reaction. Aluminum is a widely used
metal with various applications due to its unique
strength, flexibility, formability, workability, and good
thermal and electrical conductivity. They find
widespread application in the industrial sector,
particularly in aviation, aerospace, automotive, military
hardware,  shipbuilding, batteries, and home
appliances °. Their excellent mechanical and physical
qualities make them desirable materials, including their
weight-to-high  strength  ratio, strong machining
properties, recyclability, current harvester, and
corrosion resistance 2°. The development of a thin layer
oxide coating is the source of aluminum resistance. But,
this layer is not a strong enough barrier for reasonably
long-term corrosion prevention. This is because
Aluminum can react as an acid or a base, meaning that
its oxide coating is soluble in alkaline and acidic
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and derivatives, including antibacterial, anti-
inflammatory, anti-cancer, anti-inflammatory,
antimalarial, antiallergic, antioxidant, antiinfective,
anti-influenza, and anti-protozoal properties °*2.
However, they are still being used and shown to be
effective as aluminum corrosion inhibitors in acidic
environments. Chalcone derivatives have gained
attention as potential corrosion inhibitors due to their
favorable properties and ability to adsorb onto metal
surfaces and form protective layers *°. Chalcone
derivatives are often considered environmentally
friendly corrosion inhibitors. They are organic
compounds that can be synthesized using the green
chemistry principle, reducing the environmental impact
of corrosion inhibition . Fouda et al. ** used four
independent techniques (potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS),
electrochemical frequency modulation (EFM), and
weight loss measurements) to study the corrosion
inhibition of Aluminum, in which the methods gave
similar results. The aluminum metal corrosion was
investigated in 0.5M HCI using some Chalcone
derivatives as inhibitors. They found that the inhibitors
were weakly adsorbed on the metal surface through a
one-step process. Number of adsorption sites, charge
density, molecular size, heat of hydrogenation, and
formation of metallic complexes were the established
factors controlling the corrosion inhibition of these
chalcones. Chalcone derivatives typically exhibit low
toxicity, making them suitable for various industrial
applications where safety and environmental concerns
are paramount . Chalcone derivatives can also be
combined with other corrosion inhibitors to achieve
synergistic effects, enhancing their overall performance
in corrosion protection *6. Density Functional Theory
(DFT) and Molecular Dynamics (MD) Simulations play
crucial roles in predicting and understanding the
behavior of corrosion inhibitors at the molecular level.
This is so because it has been discovered that there are
significant relationships between specific semi-
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empirical characteristics and the corrosion inhibition
efficiency of most substances ’. Recent research has
examined the relationship between several corrosion
inhibitors and metal surfaces using molecular dynamics
simulations to compare many inhibitors' theoretical and
practical effectiveness 1824,

Determining which parameter has the most influence on
raising the inhibitor efficiency might be challenging
because factors related to the molecule's electrical and
chemical structures frequently affect it
simultaneously 2*%’. Because of this, the investigation's
target substances were similar-structured organic
compounds. The influence of the electrical structure is
expected to be better studied, and the impact of the
chemical structure is expected to be pretty similar. New
organic corrosion inhibitors must continually be
developed despite abundant organic
molecules %%, Studying the relationships between
adsorption and corrosion inhibition is crucial because
the adsorption of organic inhibitors on the surface of
Aluminum can significantly alter its ability to resist
corrosion %8, Numerous factors, such as the kind and
quantity of possible adsorption sites inside the inhibitor
molecule, influence the adsorption properties of these
inhibitors. There have been several attempts to correlate
the efficacy of these compounds' corrosion inhibitors
with several structural characteristics %4 These
compounds were selected based on molecular structural
considerations; that is, they are organic substances with
nearly identical chemical structures, and the primary
reason for the variations in their inhibitory activities
ought to be their disparate electronic structures. This
study aims to investigate the corrosion inhibition of
Aluminum by chalcone derivatives to provide an
understanding of the underlying chemical and physical
processes. The optimized chemical structures of the two
chalcone derivatives namely 3-(4-hydroxyphenyl)-1-
phenylprop-2-en-1-one (HPP) and 4-hydroxyphenyl)-1-
(4-nitrophenyl) prop-2-en-1-one (HNP) are
shown in Figure 1.
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Figure 1. Optimized Chemical Structures of chalcone derivatives

2. Computational Details

Density functional theory (DFT) is a widely used
computational method in quantum chemistry and solid-
state physics for predicting the electronic structure and

properties of molecules and materials. DFT is based on
the concept that the total energy of a system is a function
of the electron density. Chemdraw Ultra 7.0 was used to
create sketches of the relevant inhibitor compounds. In
order to improve the geometry of the molecules'
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structures and reduce their torsional and conformational
energy, geometry optimization was applied to all the
molecules in the sketches. This was accomplished with
the help of Accelrys Material Studio 7.0's DMol3
geometry optimization task. The improved structures
were kept for future use in quantum calculations of
some structural and electrical properties ’. The
electronic structure of the chalcone derivatives was
evaluated to determine the active sites' local and global
reactivities of the molecules. These included analyzing
the distribution of frontier molecular orbitals, Enowmo,
ELumo, and other quantum chemical parameters were
studied investigate their corrosion inhibition
performances. Local reactive site parameters of the
chalcone derivatives have been analyzed through the
Fukui indices. The chemical potential p of a substance
is expressed as 121719,

%= =~ COV() ()

According to Parr and Yang *°, the second derivative of
E concerning N at a fixed v(r) is the definition of
hardness (n) in the context of DFT.
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Using equation (11) and the predetermined values for x
and 7, the quantity of electrons that were transported
from the inhibitor molecule to the surface of the Al
metal was estimated.
XxAl—xinh)

AN =

2(nAl+ninh) (11)

yal and yinn Stand for the absolute hardness of the
aluminum metal and the inhibitor molecule,
respectively, and na and nmm for the absolute
electronegativity of the metal and inhibitor molecule,
respectively. By assuming that for a metallic bulk,
I = A, theoretical assumptions included the bulk
aluminum electronegativity of yai=5.6 €V and its global
hardness nai = 0 3. The second-order Fukui function is
a powerful tool for identifying and characterizing
electrophilic and nucleophilic sites in molecules. The
second-order Fukui function, often denoted as f?,
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represents the electronic density change at a specific
atomic site when one electron is added (f*) or removed
(f) from the system while keeping the total number of
electrons constant.

F* (Nucleophilic Fukui Function): It describes the
susceptibility of an atom to act as a nucleophile,
indicating the tendency to donate electrons or
participate in electron-rich reactions.

F (Electrophilic Fukui Function): It describes the
susceptibility of an atom to act as a nucleophile,
indicating the tendency to donate electrons or
participate in electron-deficient reactions 2%,

2.1. Molecular Dynamic Simulations

The AI(1 1 0) surface, the most stable atom-for-atom,
was utilized to mimic every chemical complex. The
FORCITE tools included in BIOVIA Material Studio
7.0 were used to run the simulation. In a simulation box
measuring 17 by 12 by 28, computations were carried
out using the COMPASS force field and Smart
algorithm to model a representative surface region. At a
fractional depth of 3.0 A, the aluminum crystal was split
along the (1 1 0) plane. The bottom layers' geometry was
constrained before the surfaces were optimized and
expanded into a 5 x 5 supercell to avoid edge effects by
appropriately fitting the investigated molecule. By
maintaining the temperature at 350K, a compromise was
achieved between a system with excessive Kinetic
energy, in which the molecule desorbs from the surface,
and a system with inadequate kinetic energy, in which
the molecule cannot travel across the surface. With a
simulation length of 5 ps and a time step of 1 fs, the
temperature was set using the NVE (microcanonical)
ensemble. The system was set up to quench every 250
steps, allowing for a maximum of 20 quench cycle
combinations. FORCITE optimized the architectures of
the molecules and surfaces to obtain the different
interactions of the molecules with the surfaces. The Al
(1 1 0) surface generated for the simulations was big
enough to fit it and suitably tuned to avoid ghost
molecule edge effects that might interfere with the
calculations 2%, The adsorption energy between each
inhibitor and the Al(1 1 0) surface was calculated using
the relationship displayed in equation (16).

EAdsorption = Etotal - (Einhibitor + EAI surface) (16)

Where EAdsorption denotes the energy of adsorption,
Etotal denotes the combined energy of the molecule and
the AI(1 1 0) surface, Einhibitor denotes the energy of
the chemical complex alone, and EAI surface denotes
the energy of the Al (1 1 0) surface alone.

The binding energy of the compound on the Al(1 1 0)
surface is given by equation (17):

Ebinding =- EAdsorption (17)
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3. Results and Discussion

3.1. Molecular Dynamics Simulation

The adsorption behavior of two inhibitory compounds
on aluminum metal (110) surfaces was investigated
using molecular dynamics simulation incorporated in
Material Studio. The top and side views of the
molecules in their lowest energy forms on the Al(1 1 0)
metal surface are shown in Figure 2. It could be
observed that the molecule’s benzenoid structure gives
the molecules a flat-lying orientation on the metal
surface and that most of their atoms have good surface
interaction. The equilibrium configuration of the two
inhibitors adsorbed on the Al (110) metal surface

Top view of HNP
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suggests that both chalcone compounds can adsorb on
Al through the alkyl chain, phenyl ring, and
heteroatoms, which are almost perpendicular to the
surface. Table 1 presents the values of the two inhibitors'
interaction and binding energies on the Al (110) metal
surface. It is evident that all the binding energies were
positive. The larger the threshold value of binding
energy, the easier the inhibitor adsorbs on the surface
and the more effective. According to experiment
findings, HNP has higher inhibitor efficiency since its
binding energy is higher than that of HPP. This result is
consistent with the experimentally determined
value %1214,

Side view of HNP
Figure 2. Al(1 1 0) Metal Surface configuration of adsorbed HPP and HNP molecules

Table 1. The two inhibitor’s interaction and binding energy on the Al(110) metal surface.

Inhibitor EAl-inhibitor (KJ/mol)
HPP -87.953+0.0
HNP -63.756+0.0

3.2 Equilibrium geometry structure

A molecule's lowest-energy configuration is called the
"equilibrium geometry structure”. The parameters for
optimum bond length bond angle are shown in Table 2.
To reduce the potential energy, atoms are spaced apart
as much as possible. Bond lengths are usually at
equilibrium when they are at the minimum of the
potential energy curve for that specific bond.
Additionally, angles between joined atoms are tuned to
match the lowest possible energy state. It is evident from
Table 2 that the bond length of C3-O4 in the HPP ring is
2.807 nm, longer than the common C-C single bond in
(C4-Cy, Cs-Cs, C7-Cg, Co-Cao, C11-C12, C13-C14, C15-Ci6)

Ebinding (KJ/mol)
55.473+0.0
55.825+0.0

with variable comparable bond distance, and O4-Cs is
2.384 nm, longer than all of the C-C double in (C>-Cs,
Ce-C7, Cg-Co, Ci12-Cuz, C14-C15) which also have a
comparable bond distance. The average bond distance
indicates the conjugation has occurred at the hydroxyl
unit of the phenyl ring. This conjugation action results
in the development of a rigid planar structure in the
corresponding HPP ring, which restricts the rotation of
C-0 in the phenyl rings following this restriction. Since
one of the benzene rings in HPP (Figure 1) is joined to
a hydroxyl group, it may be concluded that the lengths
of all the C-C bonds fall between 1.348 and 1.456,
providing ample evidence of the conjugation effect.
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Table 2 clearly shows that the range of 1.355-1.464, the HNP ring. Table 2 illustrates that the total bond
smaller than the distance between C-O bonds, angles of HNP and HPP molecules are from 118.965 to
encompasses all C—C single and double bonds. Average 127.4570. These angles are closer together, up to 1200,
bonds' tendency to form longer indicates conjugation of which causes their atoms to be sp2 hybridized 2628,

Table 2. Bond length (A), and bond angle (°) of inhibitor molecules in their optimal neutral form.

Geometry parameters HPP HNP
Bond length
Ci-C 1.456 1.464
C2-Cs 1.348 1.355
C3-O4 2.808 2.820
04-Cs 2.384 2.378
Cs-Co 1.400 1.402
Ce-C7 1.388 1.386
C7-Cs 1.398 1.395
Cg-Cy 1.397 1.393
Co-C1o 1.395 1.393
C10-Cia 5.326 -
Cu-Cp2 1.401 -
C12-Ci3 1.394 -
C13-Cus 1.399 -
Cu-Css 1.388 1.404
Ci15-Cis 1.381 1.390
Ci6-C17 3.623 1.399
Ci7- Oss - 1.388
Cis-Cio - 1.380
Bond angle
C1-C2-C3 120.659 118.965
C3-C4-04 57.873 57.815
Cs-Cs-Cy 120.969 121.221
Cs-C7-Cs 119.660 119.019
C7-Cg-Cy 119.893 121.085
Cs-Co-C1o 120.360 119.248
C2-Cs-Cus 127.457 -

C3-C11-Cr2 124.387 -
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3.3 Frontier Orbital Energies

Given that elements about molecules' electrical and
chemical  structures  sometimes  affect them
simultaneously, it may be difficult to pinpoint which
parameter has the most significant impact on increasing
the inhibitor efficiency. Figure 3 depicts the orbitals of
the HOMO and LUMO of the two molecules. The
hetero atoms nitrogen, oxygen, and hydroxyl are all
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present in the functional group of the Chalcone
derivatives, and they all contribute significantly to the
suppression of metal corrosion. The phenylprop
functional group is where the HOMO orbitals are
discovered to be located in HPP, whereas the hydroxyl
and nitro groups were found in HPN. The benzene -
bonds were the center of the LUMO orbitals of every
molecule under study 121426,

HPP
HOMO ORBITALS

HPP

LUMO ORBITALS

HNP

Figure 3. Orbitals of HOMO and LUMO of HPP and HNP molecules

The analysis of these molecules yields assessments of
the  following quantum chemical properties:
electronegativity (y), dipole moment (u), energy gap
(AE), global hardness, global softness, global
electrophilicity index (), nucleophilicity (g), energy of
back donation (AEb-d), fraction of electron(s) (AN)
transferred from the molecule to the metal (N), Exomo
and ELumo. These quantum characteristics reveal the
metal inhibition potentials of the inhibitor
compounds "'’. The determined parameters are
presented in Table 3. The highest-energy molecular
orbital (Enomo), denotes the area of a molecule rich in
electrons. Increasing values of Enomo indicate that the
inhibitor molecules have a solid inclination to transfer
electrons to the suitable acceptor molecule, which
possesses an empty molecular orbital. The lowest-
energy unoccupied molecular orbital (ELumo) is orbital
to which electrons are most likely to be added during
chemical reactions and indicates the electron-poor
region of a molecule. Decreasing values of E_umo
signify the probability that a molecule would accept an
electron increases . Relative energies of the HOMO
and LUMO can be used to determine the reactivity of a

molecule (energy gap). A small HOMO-LUMO gap can
reveal a molecule's vulnerability to different reactions,
including electrophilic or nucleophilic attack, and is
frequently linked to greater chemical reactivity . It can
be inferred from the relative energies of its LUMO and
HOMO that the inhibitory potential of the molecules is
of the order: HNP> HPP 2! Electronegativity
measures an atom's relative propensity to draw shared
electrons in a covalent link. The studied inhibitor
molecules' electronegativity is of the order HNP> HPP.
The polarity of a molecule is expressed as a dipole
moment. In our study, the dipole moment follows the
order HNP> HPP, demonstrating that HNP is more
effective at donating electrons than HPP since it has the
largest charge separation, the lowest stability, and the
highest reactivity . lonization energy is needed to
extract an electron from an atom or an ion. The
ionization energy and electron affinity are correlated.
The ionization energy and electron affinity of the
present study are of the order HNP>HPP, which is in
good agreement with the experimentally determined
values. Global softness and hardness are utilized to shed
light on the stability and reactivity of molecules.
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Resistance to electron transport and stability are implied
by high global hardness. Reactivity and a propensity for
electron transport are implied by low global hardness.

Table 3. Calculated quantum chemical parameters of the studied molecules.

Properties

Enomo (eV)
ELumo (eV)
AE (eV)
u (Debye)
IE (eV)
AE V

x (eV)
n(eV)
c(eV)?!
o (eV)
e(eV)?

AEpq (V)
AN

CosAr(A?)
CosVol(A3)

A molecule’s reactivity can be inferred from the global
electrophilicity index (). It is more probable for a
molecule to behave as a strong electrophile if its
electrophilicity index is high “°. A molecule with a low
o value is less likely to engage in nucleophilic assault
processes 8. The present study's global electrophilicity
index (w) follows the order: HNP>HPP. A chemical
species, usually an ion or molecule, can give up two
electrons and create a new covalent bond with an
electrophilic (electron-deficient) species known as
nucleophilicity (g). High nucleophilicity species are
highly reactive and willing to release electrons when
reacting chemically. Low nucleophilicity species are
less reactive and eager to contribute electrons to
chemical processes. It is evident from Table 3 that HPP
is more reactive than the HNP molecule. The energy of
back donation (AE b-d) is a parameter that
characterizes the transfer of electron density from a
metal center to a ligand. When the AE_b-d number is
positive, energy is needed for back donation. When back
donation occurs, energy is liberated, according to a
negative AE b-d value. As can be observed from
Table 3, the energy of back donation is all negative,

T. A. Nyijime et al.
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The values obtained for this study also agree with the
experimentally determined values 14,

HPP HNP
-6.019 -6.206
-2.307 -3.687
-3.712 -2.529
2.110 2.310
6.019 6.206
2.307 3.687
4.163 4.947
1.856 1.259
0.539 0.794
4.669 9.719
0.214 0.103
-0.464 -0.316
0.387 0.259
259.14 289.65
261.14 292.83

suggesting the molecules exhibit a covalent
character “%2, The difference in electron density
between the molecule and the metal center during the
formation of a complex or reaction is measured by AN.
Electrons are moved from the molecule to the metal
when the AN is positive. When there is a negative AN,
electrons move from the metal to the molecule. This
implies that the metal center donates electron density
back to the molecule, forming a coordination link where
the metal donates electrons “*. The obtained AN values
for the studied molecules are all positive, suggesting
that all the inhibitor molecules' electrons are transferred
to the metal surface. This result is similar to Nyijime and
lorhuna's 3.

A molecule’s effective volume during its interactions
with a solvent is measured by its CosVol. Greater
volume and length of contact between the solute
molecule and the solvent are indicated by larger CosVol
values. Small CosVol values suggest a more limited or
compact interaction between the solute molecule and
the solvent “+%5, CosAr measures a molecule's effective
surface area exposed to a solvent. It displays the region
of interaction between the solvent and the solute.
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Greater CosAr values imply a more extensive surface
area of the solute molecule in contact with the solvent.
Reduced CosAr values suggest that the solute molecule
is interacting with the solvent through a reduced
exposed surface area. With rising values of CosAr and

Table 4. Analysed Molecules Fukui indices.

Nucleophilic attack (f*)

Compound Atom Milliken
HPP 04 0.146
HNP O13 0.208

3.4 Fukui Function

The tendency of an atom or molecular site to receive
electrons grows with the system's electron density, and
this tendency is represented by the nucleophilic Fukui
function f* A high positive f* value indicates a site that
readily takes in electrons. The inclination of an atom or
molecular site to donate electrons when the electrophilic
Fukui function, f represents the electron density drops™
An electron-donating site with a high positive f~ value
has the potential to be nucleophilic, which means it can
attack electrophiles *6#7. It can be seen from Table 4 that
the oxygen (O) atom acts in both molecules as either an
electrophile or a nucleophilic attack. Since oxygen has
the highest value among all other atoms in the molecule.
The graphical representation of the second Fukui
function and the computed values are presented and
tabulated in Figure 4a-b and Table 5, respectively. A
molecule's reaction to the addition or subtraction of two
electrons is connected to the Second Fukui Function.

Hirshfield
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CosVol, it was discovered that the inhibitors' efficiency
in inhibiting growth increased *. The inhibition
performances of chalcone derivatives were similar to
those obtained by %1426,

Electrophilic Attack (f)

Milliken Hirshfield
0.133 0.073 0.066
0.191 0.166 0.160

When two electrons are added to a particular site, the
electron density rises, as shown by positive 2 values.
This indicates that the location is electrophilic, meaning
it tends to take electrons. The electron density at the
location falls when two electrons are removed,
according to negative f2 values 3%, This suggests an
electron-donating inclination, which makes the location
nucleophilic. As can be observed from Table 5, 96.55%
of the electrons in the HPP molecule are positive, while
3.55% are negative, which suggests the tendency of
electrophilicity is higher than nucleophilicity. In the
HNP molecule, 77.42% are positive, while 22.58% are
negative. Fukui Function plots (Figures 4a-b)
graphically display the Second Fukui Function
f2. Negative values denote nucleophilic sites, whereas
positive values suggest electrophilic sites. As shown
in Figure 4a-b, the ratio of electrophilic site attacks is
higher compared to nucleophilic site attacks 2.

0,06 -
0,05
0,04
0,03
0,02

QN

N Q) D\

S N B O D

NN AN A AR N A AN B O

Figure 4a. Second Fukui Function plot for HPP molecule
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0,15
0,1
0,05

f2 0

-0,05

T
Figure 4b. Second Fukui Function plot for HNP molecule

Table 5. Second Fukui function percentage of the inhibitor Molecules.

Molecule

HPP
HNP

4, Conclusion

The structure and stability of the corrosive solutions and
the interactions between Aluminum and the chalcone
derivatives were examined using simulation and
theoretical calculations. The outcomes demonstrate that
using chalcone derivatives can greatly slow down
aluminum  corrosion. The primary mechanism
responsible for inhibiting corrosion is the adsorption of
chalcone derivatives onto the aluminum surface, which
develops an adsorbate-substrate complex. Moreover,
HNP was a more promising inhibitor than HPP on the
aluminum surface due to its high adsorption and binding
stability, which agrees with the experimentally
determined value. This can result from variations in the
heteroatom kinds and molecular sizes found in the
various compounds. Considering the aforementioned,
our method will be helpful for rapid quantum chemical
calculations and molecular dynamics simulation
prediction of a potential inhibitor from many similar
inhibitors and for their logical synthesis for application
in corrosion inhibition via a wet chemical synthetic
route.
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