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ABSTRACT

Article info:

This study evaluates the corrosion inhibition potential of three molecules—TPP,
TBP, and TFP—Dby analyzing their electronic properties and interaction energies
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with aluminum surfaces (Al (111), Al (110), and Al (100)). Key electronic
parameters such as the Energy of Highest Occupied Molecular Orbital (E-
HOMO), Energy of Lowest Unoccupied Molecular Orbital (E-LUMO), Ionization
Energy (IE), Electron Affinity (AE), and Energy Gap (AEg) reveal that TPP is the
most effective electron donor, followed by TFP and TBP, which is a stronger
electron acceptor. Kinetic and potential energy simulations indicate that TBP
exhibits the most negative potential energy values, particularly on Al (100),
suggesting the strongest interaction with the aluminum surfaces and superior
inhibition performance. In contrast, TFP shows stronger interaction with Al
(100) but weaker binding on Al (110) and Al (111), while TPP displays the
weakest interaction overall. Kinetic energy results indicate that TBP induces the
highest molecular movement on Al (100), reflecting more dynamic interactions,
whereas TFP induces moderate energy levels with less variation across surfaces.
The potential energy values, all negative, suggest attractive interactions
between the inhibitors and the aluminum surfaces. TBP exhibits the most
negative values, followed by TFP and TPP, indicating that TBP likely forms the
strongest bonds with aluminum. These findings suggest that TBP is the most
effective corrosion inhibitor, especially for Al (100), while TFP and TPP show
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Introduction

luminum, a widely used lightweight

metal, plays a crucial role in various
industries, including aerospace,
automotive, construction, and
electronics [1-4]. Despite its inherent
resistance to corrosion, aluminum is still
susceptible to corrosion under certain
conditions, such as exposure to chloride ions,
acidic environments, and high humidity [5].
Metals of the group, including aluminum,
gallium, indium, and thallium, exhibit varying
behaviors towards corrosion in acidic
environments [6]. Aluminum is highly reactive
but forms a protective oxide layer (Al;03) that
shields it from further corrosion in mild acidic
conditions. However, in stronger acids, the
oxide layer can be dissolved, leading to
increased corrosion. This vulnerability poses
significant challenges in maintaining the metal's
physical properties and extends its life-span [7].
As a result, the development of effective
corrosion inhibitors has become an essential
area of research on the aluminum and other
metals of importance. The phosphorus atom in
triphenylphosphine (TPP) has a lone pair of
electrons, which could coordinate with metal
ions on the surface of aluminum. This could, in
theory, form a protective barrier on the metal
surface, preventing further corrosion by
blocking the interaction between the metal and
corrosive agents (e.g., oxygen, water, and acidic
species). Phosphine compounds are sometimes
known to form thin phosphide layers on metal
surfaces, which could help passivate the surface
[8]. Triphenylphosphine (TPP) and its
derivatives are organophosphines a versatile
organic phosphorus compound with a wide
range of applications, especially in organic
synthesis and as a ligand in coordination
chemistry [9,10]. Triphenylphosphine's
function as an inhibitor is primarily due to its
ability to interact with other molecules via its
phosphorus atom. The phosphorus center can
act as a nucleophile, donating its lone pair of
electrons to electrophilic species, such as metal
ions, transition states, or other reactive centers
in biological or chemical systems [11,12]. The
relationship  between  Triphenylphosphine
(TPP), Tris-(4-bromo-phenyl)-phosphine
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(TBP), and Tris-(4-fluorophenyl)-phosphine
(TFP) lies in how the electron-withdrawing
substituents (bromine and fluorine) affect the
electron density on the phosphorus atom,
enhancing its ability to interact with and adsorb
onto metal surfaces. The more electrophilic
phosphorus becomes, the stronger its bond
with the metal, improving the corrosion
inhibition efficiency. Of these compounds, Tris-
(4-fluorophenyl)-phosphine (TFP) is expected
to exhibit the highest corrosion resistance due
to the combined effects of strong electron-
withdrawing fluorine atoms and the enhanced
ability to form a durable and stable protective
layer on the metal surface. These molecules
possess unique electronic properties, making it
attractive molecules for corrosion inhibition.
Previous studies on the corrosion inhibition of
aluminum have not focused on comparing the
studied molecules on the surface of aluminum
metal. The effectiveness of these inhibitors is
often evaluated by their ability to reduce
corrosion rates in aggressive environments,
especially in the presence of chloride ions.
However, the comparison of TPP, TBP, and TFP
on the surface of aluminum metal has not been
explored using computational methods such as
DFT and molecular dynamics simulations. In
case  of  Triphenylphosphine, previous
experimental studies have demonstrated its
potential as a corrosion inhibitor for various
metals, including mild steel, copper, and
aluminum. These studies generally observe that
TPP may act by adsorbing onto the metal
surface through both electrostatic and chemical
interactions, possibly by forming complexes
with metal cations or creating a physical barrier
to corrosive species. These existing studies are

largely experimental, relying on
electrochemical techniques such as
potentiodynamic polarization, weight loss
measurements, and surface characterization

methods like scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy
(XPS). While these techniques provide valuable
insights into the macroscopic effects of the
inhibitor, they fall short of explaining the
microscopic and atomic-level interactions that
underpin the corrosion inhibition process.
Furthermore, these experimental methods are
often time-consuming and may require
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sophisticated equipment’s that are not readily
available in all laboratories. Moreover,
experimental studies often face challenges in
controlling environmental variables such as

temperature, humidity, and electrolyte
concentration, which can introduce
inconsistencies in the results. The
interpretation of these results is further

complicated by the difficulty in directly
observing the adsorption process and the
formation of protective films. In addition, the
influence of the chemical structure of the
relationship  between  Triphenylphosphine
(TPP), Tris-(4-bromo-phenyl)-phosphine
(TBP), and Tris-(4-fluorophenyl)-phosphine
(TFP) on inhibition efficiency are not fully
explored, or compare on the aluminum metal.
To overcome these limitations, computational
methods, such as Density Functional Theory
(DFT) and molecular dynamics simulations,
offer a promising alternative. These techniques
can provide a more detailed understanding of
the molecular interactions between TPP and its
derivatives and the aluminum surface, allowing
researchers to explore a wide range of
conditions in silico before conducting expensive
and time-consuming experiments. The aim of
this study is to examine the molecular
interactions and adsorption mechanisms,
focusing on the adsorption process of TPP, TBP,
and TFP molecules on aluminum surfaces. It
aims to determine whether physisorption or
chemisorption occurs. The study calculated the
energy profile of the adsorption process,
including adsorption energy (AE) and the
interaction energy between TPP, TBP, TFP, and
aluminum atoms. Using DFT (Density

&
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Tris-(4-Fluorophenyl)phosphine
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Functional Theory) or molecular simulations,
the most stable configurations of TPP on the
aluminum  surface will be predicted.
Furthermore, the TPP effect on the
electrochemical potential of the aluminum
surface will be analyzed, exploring how it may
reduce the surface's susceptibility to corrosion.
Molecular dynamics simulations will be
employed to predict TPP's behavior at the
atomic level, focusing on its interaction with the
aluminum surface and the surrounding
environment over time. Moreover, this study

aims to compare the efficacy of
triphenylphosphine  with  other = known
corrosion inhibitors, and it also tries to

compare the binding energies and extent of
inhibition of TPP with those of other inhibitors
to identify whether TPP outperforms others in
terms of corrosion prevention efficiency. The
structure in Scheme 1 present the molecules
studied in this study.

Methods
Density functional theory

The method use in this study is similar to the
methods used by [13,14] in line with the
extended Koopman's theorem, which help to
elucidate the initial electron distribution and
local reactivity, particularly the Fukui function
f(r), via ab-initio quantum chemistry methods
[15-17]. Prior to calculate the stable
geometries, the molecules were designed using
ChemDraw Ultra 7.0.3 by Cambridge Software
[18]. The result obtained was subjected to
Equations (1-14) to obtain the local and global
parameters of the molecules.

Br

Tris-(4-Fluorophenyl)phosphine

Scheme 1: Structure of the molecules and its derivatives.
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IE: Ionization energy (eV) IE = —Enomo (1)
AE: Electron affinity (eV) AE=—Eiumo  (2)

AEg: Energy gap (eV) AE;= Erumo—Enomo  (3)

X: absolute electronegativity (eV)
_IE+AE__ (Egomo+t Erumo) (4)
2 2
1: global hardness (eV) n = IE_ZAE =
ELumo—E
( LUMOZ HOMO) (5)
o: global softness (eV)! o= % =
2
" Enomo- ELumo (6)
2
w: global electrophilicity index (eV)w = ;—n =
XZ
2 (7)

u:  chemical potential (Debye)p X -
%(IE + AE) = %(ELUMO‘i‘EHOMO)
(8)

@: nucleophilicity(eV)1le = % (8)

AEp.a: Energy of back donationAE,_; = —g =

1
E(EHOMO — Erumo) (9)
AN: Fraction of electron(s) transfer AN =

xXMe—xInh.
2(B@Me+0BInh) (10)

fk)r = qk(N +1) —qk(N) (for
nucleophilic attack) (11)

f(k): = qk(N)— qgk(N — 1)(for electrophilic
attack) (12)

f(k)o = qk(NH);qk(N_l) (for radical attack)
(13)

af(k) = frf-= f?

Where, the absolute hardness (ninh) and
absolute electronegativity (xinh) of the
inhibitor molecule are similar to those of
aluminum. Theoretically, the global hardness of

(Fukui function) (14)
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aluminum surfaces is 0 eV, and the
electronegativity of aluminum is xAl = 5.6 eV,
assuming that metallic bulk has a higher
density compared to neutral metallic atoms
[19-23]. The difference between nucleophilic
and electrophilic local Fukui functions is
defined by the Fukui second function (f2), also
known as the dual descriptor Af(k). These
functions, which are derived from the Fukui
behavior of atoms, indicate whether a molecule
is more likely to undergo electrophilic or
nucleophilic attacks [24,25]. Specifically, if f2(r)
> 0, the site k is more likely to be attacked
nucleophile, while if f2(r) < 0, it is more prone
to electrophilic attack. Thus, f2(r) acts as a
selectivity index for identifying the nature of
the attacks. In this context, N represents the
total number of electrons in the molecule, while
N+1 denotes an anion formed by adding an
electron to the Lowest Unoccupied Molecular
Orbital (LUMO) of the neutral molecule, and N-
1 signifies a cation formed by removing an
electron from the Highest Occupied Molecular
Orbital (HOMO) of the neutral molecule. The
variable gk represents the net charge of atom k
within the molecule, reflecting the electron
density at a specific point r in space
surrounding the molecule. The initial ground
state geometry was utilized as the reference
point for all subsequent calculations. Employing
an atomic charge partitioning method, such as
Mulliken population analysis outlined in
Equations, these functions were concentrated
on the nuclei of the atoms [26,27].

Molecular dynamic simulations

To replicate the behaviour of the TPP and its
derivatives molecule on Al (110) surfaces, a
quench adsorption method with high stability
was used. This simulation was carried out using
the FORCITE tool package within BIOVIA
Materials Studio 8.0 (Accelrys, Inc.), utilizing
the COMPASS force field and the Smart
algorithm approach in a simulation box of 174 x
124 x 28A to represent a typical surface area
[28]. The Al crystals were modelled with (110)
planes at a fractional depth of 3.0 A, with the
bottom layers fixed to reduce edge effects from
molecular sizes before surface optimization. A
3x3 super-cell was created by extending the
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surfaces. To balance the kinetic energy, a
temperature of 350 K was maintained,
preventing excessive desorption or hindered
molecular movement across the surface
[11,19,29]. The simulation was run for 5 ps
with a time step of 1 fs, using the NVT (micro-
canonical) ensemble to regulate temperature.
Quenching was performed every 250 steps over
5000 cycles to ensure the statistical accuracy of
the energy values on the aluminium crystal
surfaces. The FORCITE tool was used to
determine the lowest energy interactions
between the molecules and Al (110) surfaces
through geometry optimization [30-35].
Equations (15-16) were utilized to calculate the
adsorption and binding energies of the
Acridine, and its derivative-aluminium surface.

Ea = Er - (Ei + Es) (15)

Eg=-Ea (16)
Where, Ex is the adsorption energy, Er is the
combined energy of the molecule and the iron
surface, Es is the energy of the iron surface, E; is
the energy of the inhibitor molecule without the
iron surface and Eg is the binding energy [36].

Results
Density functional theory

Table 1 provides important electronic
properties related to the corrosion inhibition
strength of the three molecules: TPP, TBP, and
TFP. These properties offer significant insights
into their potential interactions with the metal
surface, especially in terms of electron transfer
and adsorption, which provide inhibition
efficiency on the surfaces.

Energy of Highest Occupied Molecular Orbital (E-
HOMO) and Energy of Lowest Unoccupied
Molecular Orbital (E-LUMO)

The molecule's capacity to give or receive
electrons can be inferred from its HOMO and
LUMO energies. According to Boulhaoua et al.
[5], TPP has the greatest HOMO energy (-5.75
eV) of the three molecules generated from TPP,
indicating that it is the most probable molecule
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to transfer electrons to the metal surface, hence
preventing corrosion on the surfaces. TPP may
take electrons from the metal surface during
the inhibition process since it has the greatest
LUMO energy (-0.51 eV). On the other hand,
TBP appears to be less successful in electron
donation and may not interact more efficiently
on the metal surface than TPP or TFP, as
evidenced by its lowest HOMO energy (-6.19
eV) and LUMO energy (-1.13 eV).

lonization energy (1) and electron affinity (A)

A compound's oxidation and reduction
potential can be used to show its anticorrosion
ability. This is predicated on the compound's
electron affinity (A) and ionization potential (I).
Because it is quickly oxidized, a molecule with a
low I value serves as an excellent electron
donor [23]. TPP is simpler to ionize than TBP
(6.19 eV), which has a higher ionization energy
value, since it has a lower ionization energy
(5.75 eV). TPP's electron affinity is the lowest at
0.51 eV, meaning it is less likely to receive
electrons than TBP (1.13 eV). This might
indicate that TPP functions largely as a donor,
whereas TBP may be more of an acceptor of
electrons [25,26].

Energy Gap (AEg)

A molecule's stability can be inferred from the
energy difference between its HOMO and
LUMO. A molecule that has a greater energy gap
is more stable and has a lower potential to
interact with the metal surface [1-3,27]. TFP is
projected to be the least reactive due to its
largest energy gap (5.28 eV) [10]. Because they
can more easily engage in electron donation or
back donation, TPP and TBP appear to be more
reactive and effective at inhibiting corrosion, as
evidenced by their slightly smaller energy gaps
(5.24 eV and 5.06 eV, respectively) [23].

Electronegativity (x)

TBP has the highest electronegativity (3.66
eV) of the three molecules, indicating that it has
a stronger tendency to accept electrons from
the metal surface. This ability boosts the
molecule's capacity to form stable bonds with
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the metal, preventing the metal from
undergoing further oxidation or corrosion. This
ability to accept electrons from the metal
surface is especially important in the context of
corrosion inhibition. A greater electronegativity
denotes a stronger electron-accepting capacity,
which is essential for corrosion inhibition,
according to John et al. and Al-Joborry et al
[35,36]. By removing electrons from the metal
surface in this situation, TBP may create a
strong bond and lessen the metal's
susceptibility to corrosive substances. Because
it stabilizes the metal surface by decreasing its
reactivity, its electron-accepting properties may
improve its capacity to prevent corrosion.
Compared to TBP, TPP and TFP are less able to
receive electrons due to their lower
electronegativity values (2.62 eV for TPP and
2.53 eV for TBP). Accordingly, the metal surface
is less likely to be stabilized by TPP and TFP's
contact through electron acceptance, even if
they may still interact with the metal. They
therefore play a more dependent role in
inhibiting  corrosion  through  different
processes, such as electron donation (for TPP)
as opposed to electron uptake (for TBP).

Hardness (1)

A higher hardness indicates that the molecule
is less likely to give or take electrons readily,
indicating that it is more stable and less
susceptible to reactive interactions. The
molecule's capacity to interact with the metal
surface may be impacted by its stability when it
comes to corrosion inhibition. Of the three
compounds, TFP is the most stable and has the
highest global hardness (2.64 eV). Higher
hardness compounds are often less reactive,
which means they are less likely to donate or
receive electrons, as suggested in [32-35].
Because of its decreased reactivity, TFP may be
less effective in inhibiting corrosion because it
is less able to establish robust contacts with the
metal surface. TFP is stable, however its
capacity to block may be limited by its lack of
reactivity with the metal surface. In this
instance, the higher reactivity of TPP and TBP
indicates that these molecules are better able to
form bonds with the metal surface, improving
their ability to inhibit corrosion. Softer

Journal of Engineering in Industrial Research

molecules are more likely to interact with metal
surfaces because they are more likely to either
donate or accept electrons, depending on the
needs of the surface.

Softness (o) and Electrophilicity Index (w)

The softness (o) indicates how easily a
molecule can accept electrons, and the
electrophilicity index (w) reflects the
molecule's ability to accept electrons [37]. TBP
has the highest softness (0.3953 eV-1),
suggesting that it is more reactive and can more
easily interact with the metal surface [1-5,37-
40]. Its higher electrophilicity index (2.6473
eV) further supports electrophilicty result
indicating that it is a strong electron acceptor.
TPP (0.3816 eV! and 1.8696 eV) and TFP
(0.3788 eVl and 2.0876 eV) are less
electrophilic, suggesting less reactivity in
accepting electrons according to Madkour and
Elshamy and Ayuba et al. [41,42].

Nucleophilicity (<)

Nucleophilicity measures the tendency of a
molecule to donate electrons to an electrophile
[17,37]. TPP has the highest nucleophilicity
(0.5349), suggesting that, it will be the most
effective in donating electrons to the metal
surface, supporting its role as an anodic
inhibitor [43,44]. TFP (0.4790) and TBP
(0.3777) have lower nucleophilicity, with TBP
being the least effective in this regard [30,45].

Energy of back donation (AEb-d)

Back Donation Energy (AEb-d) is the energy
released when a metal center, usually a
transition metal, donates electrons from its
filled d-orbitals into the empty w* (anti-
bonding) orbitals of a ligand. This process is
commonly called the back-donation process
and is crucial for stabilizing the metal-ligand
complex. AEb-d is a key component of metal-
ligand interactions, and the stability of the
metal-ligand complex can be impacted by an
inhibitor that interacts with the metal center in
a way that either enhances or interferes with
the back donation of electrons. In contrast, a
lower AEb-d would indicate weaker back
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donation, destabilizing the metal-ligand
interaction and possibly making the complex
more susceptible to inhibition. TFP has the
most negative AEb-d (-0.6600), suggesting a
stronger back donation, according to Belghiti et
al. and Nyijime et al. [37,47]. A higher AEb-d
indicates a more stable metal-ligand interaction
because the metal center can donate more
electron density into the ligand, which could
improve  catalysis or the complex's
effectiveness.

Fraction of electron transfer (ANFe)

The proportion of electron transfer that takes
place in a coordination complex between the
metal center and the ligand or substrate is
denoted as ANFe (proportion of Electron
Transfer). It measures the amount of electron
density that is moved from the metal center to
the ligand when the complex is formed or
activated. Following TPP (-0.6550) and TBP (-
0.6325), this percentage can be affected by the
ligand, metal, and environmental factors [17].

2025, Volume 6, Issue 1

The amount of electron transfer from the
inhibitor to the metal is shown by the
percentage of electron transfer (ANAIl) [44-50].
TPP has the greatest electron transfer

percentage (0.4713), indicating the most
efficient contact with the metal surface.

Figure 1 displays the LUMO Map which
indicates the regions of a molecule most likely
to accept electrons from the metal surface,
these highlight the molecules potential as an
electron acceptor. Electron density distribution
reveals how electrons are spatially distributed
across the molecule, influencing its reactivity
and interaction with the metal. Likewise, the
optimized geometry of the molecule in this
figure provides the most stable molecular
arrangement, crucial for understanding how the
inhibitor interacts with the metal surface
during corrosion inhibition. The local ionization
potential which represents the molecule’s
ability to lose electrons locally and aids in
identifying the sites most likely to donate
electrons during the corrosion process is
presented in the figure.

Table 1: Global energies of the inhibitor molecules

Energy TPP TBP TFP
E-HOMO -5.75 -6.19 -5.96
E-LUMO -0.51 -1.13 -0.68
IE: Ionization energy (eV) IE 5.75 6.19 5.96
AE: Electron affinity (eV) 0.51 1.13 0.68
AEg: Energy gap (eV) AEg 5.24 5.06 5.28
X: absolute electronegativity (eV) 3.13 3.66 3.32
1n: global hardness (eV) 2.62 2.53 2.64
o: global softness (eV)-1 0.3816 0.3953 0.3788
w: global electrophilicity index (eV 1.8696 2.6473 2.0876
e:nucleophilicity 0.5349 0.3777 0.4790
AEb-d: Energy of back donation -0.6550 -0.6325 -0.6600
Dipole 1.42 0.69 0.07
ANFe: Fraction of electron(s) transfer 0.4713 0.3834 0.4318
Table 2: Forcite dynamic energy of the molecule after simulation
TPP Al(111) Al(110 Al(100)
Total Kinetic Energy 21.057+0.01 20.741+0.02 22.836+0.4
Total Potential Energy -27.439+0.01 -20.479%0.02 -22.261+0.4
TBP
Total Kinetic Energy 23.472%0.0 20.503%0.5 31.879+0.1
Total Potential Energy -50.995+0.0 -41.843+0.5 -42.330+0.1
TFP
Total Kinetic Energy 26.233+0.0 24.214+0.5 27.232+1.1
Total Potential Energy -35.2225+0.0 -30.222+0.5 -45.225+1.1
TPP TBP TFP




2025, Volume 6, Issue 1

Journal of Engineering in Industrial Research

Electron densi

LUMO Ma

Local Ionisation potential

Figure 1: The short form of the molecules presenting LUMO Map, electron density, and local ionization
potential.
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Dynamic simulation

Forcite is a molecular simulation tool that
calculates molecular properties using force-
field methods. A force field is a set of equations
and parameters that describe the potential
energy of a system based on the positions of
atoms. In dynamic simulations, the movement
of atoms over time is tracked, and their
interactions are evaluated [51]. The term
"dynamic energy" encompasses several energy
contributions within a molecular system such
as Kinetic Energy: which is associated with the
motion of atoms or molecules (for example, in
the context of corrosion inhibition on metal
surfaces). Potential energy includes energy
from interactions between atoms (such as
bonds, angles, and dihedrals), non-bonded
interactions (like van der Waals forces and
electrostatics), and other contributions like
solvation energy [17,47,52-54]. Dynamic

keal mol!
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energy simulations can track how energy
changes as reactants convert to products. This
helps identify activation energies and assess the
feasibility of a reaction at a given temperature.
For larger molecules, tracking dynamic energy
can reveal how energy is distributed during
conformational changes (such as
folding/unfolding or ligand binding). The
energy fluctuations during these processes
provide information about the stability or
instability of various conformations [55]. The
result of the potential and kinetic energy of the
molecules TPP, TBP, and TFP are presented in
Figures 2 and 3.

Figures 2 and 3 depict the potential energy
and Kkinetic energy of the studied molecules,
respectively. Figures 4 and 5 are the binding
energy and the adsorption energy of the
molecules on the surface of the used metal,
respectively.

E(Tp)-TPP

E(Tp)}TER

E(Tp}TFP

Figure 2: Total potential energy in kcal/mol on the surface of different Als.

E(Tk)-TPP

E(TK)-TBP

E(Tk)-TFP
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Figure 3: Total kinetic energy in kcal/mol on the surface of different Als.

The kinetic energy is relatively lower for
Al(110) and Al(100) compared to Al(111), with
values of 20.741 %+ 0.02 and 22.836 * 0.4,
respectively, in comparison to 21.057 £ 0.01 for
Al(111). This suggests that the motion
(vibration, rotation, translation) of molecules is
slightly more restrained on certain on the
surfaces [55]. The kinetic energy is notably
higher for Al(100) (31.879 # 0.1) compared to
Al(111) (23.472 = 0.0) and Al(110) (20.503 *
0.5). This indicate that the TBP molecule
promotes greater atomic or molecular
movement on Al(100), potentially due to
different interactions with the surface [5,28,56-
59]. The kinetic energy for Al(100) (27.232 +
1.1) is comparable to that of Al(111) (26.233 +
0.0), but lower for Al(110) (24.214 #* 0.5). This
suggests that TFP have a more uniform impact
on the kinetic energy across the aluminium
surfaces but with less variability compared to
TBP [50]. The potential energy values are
negative across all surfaces, indicating an
attractive interaction between the inhibitor and
the aluminium surfaces. The most negative
value is on Al (111) (-27.439 £ 0.01), followed
by Al(100) (-22.261 * 0.4) and Al(110) (-20.479
* 0.02). This suggests that TPP interacts most
favourably with the Al (111) surface, promoting
stronger adhesion [37,47]. The potential energy
is more negative for all surfaces compared to
TPP, with values of -50.995 + 0.0 (Al (111)), -
41.843 + 0.5 (Al (110)), and -42.330 + 0.1
(AI(100)). This suggests that TBP creates
stronger attractive interactions with the
aluminium surfaces, potentially indicating

better  corrosion  inhibition  properties
according to Nyijime et al. and lorhuna et al
[37,60]. The potential energy values for TFP are
also negative, but somewhat less negative than
TBP, with values of -35.2225 + 0.0 (Al (111)), -
30.222 + 0.5 (Al(110)), and -45.225 + 1.1
(Al(100)). Interestingly, TFP shows the most
negative potential energy for the Al(100)
surface, indicating stronger interactions with
this orientation compared to Al(110) and
Al(111). From the result of the kinetic and
potential energy of the molecules presented in
Table 3, TPP causes relatively less movement,
especially on Al(110) and Al(100) surfaces.

TBP induces the highest kinetic energy,
particularly on the Al(100) surface, which
indicate effective inhibition. TFP induces a
moderate Kkinetic energy level across the
surfaces, with the least variation compared to
TBP. Meanwhile, the results show a clear trend
in the strength of interactions between the
inhibitors and the aluminum surfaces. TBP
consistently has the most negative potential
energy, suggesting it forms the strongest bonds
with the aluminum surfaces and thus may be
the most effective inhibitor. TFP's potential
energy is lower on Al(100), suggesting stronger
inhibition on this surface compared to the
others, while TPP has the least negative
potential energy, indicating weaker interactions
with the aluminium surfaces [61].

Figure 4 and 5 present the graphical binding
energies and adsorption energies of the
molecules on the surfaces of the aluminum use
in the study, respectively.

Table 3: Energies of the surface interactions between the molecules and aluminium surfaces

TPP Al(111) Al(110 Al(100)
Binding 59.2590+0.01 48.8887+0.02 54.6998+0.4
Adsorption -59.2590+0.01 -48.8887+0.02 -54.6998+0.4
TBP
Binding 83.681+0.0 65.664+0.5 75.521+0.1
Adsorption -83.681+0.0 -65.664+0.5 -75.521+0.1
TFP
Binding 72.280+0.0 46.061+0.5 60.238+1.1
Adsorption -72.280+0.0 -46.061+0.5 -60.238+1.1
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Figure 4: Binding energies of the molecules.
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Figure 5: Adsorption energies of the molecules.

Based on the data presented in Table 2 for
different surfaces of aluminium (Al(111),
Al(110), Al(100)), the binding energies for the
three molecules (TPP, TBP, and TFP) has a
binding energy of 59.2590 (*0.01) kcal/(mol),
which is stronger than 48.8887(+0.02)
kcal/(mol) on Al(110). TBP on Al(111) has a
binding energy of 83.681 (%0.0), the highest
among all the molecules. While TFP on Al(111)
has a binding energy of 2.280(+0.0) kcal/(mol).
The trend in this result suggests that higher
binding energy is generally associated with
stronger attachment of the molecule to the
surface, which can enhance the molecule's
ability to resist corrosion by creating a more
durable protective layer on the metal.:
Adsorption energy represents the energy

released when a molecule attaches to a surface
[37]. Negative adsorption energy indicates a
favourable interaction, where the molecule
adheres strongly to the metal surface. For
corrosion protection, molecules that exhibit
high negative adsorption energy (more
exothermic adsorption) tend to form a stable,
protective layer that can reduce metal oxidation
and corrosion. TPP has a -59.2590(+0.01)
kcal/(mol) adsorption energy on Al(111),
which is a strong adsorption compared to -
48.8887 (+0.02) kcal/(mol) on Al(110). TBP
shows a strong negative adsorption energy of -
83.681(+0.0) kcal/(mol) on Al(111), which is
more exothermic than TPP, suggesting a highly
stable protective layer.
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Figure 6: The pictorial representation of the simulation of triphenylphosphine (TPP).
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Figure 7: The graphical representation of the dynamic energies of the molecules ion the surfaces.

TFP shows a negative adsorption energy of -
72.280 (#0.0) kcal/(mol) on Al(111), also
suggesting a strong adsorption as the result of
the simulation is presented in Figure 6.

The dynamic energies of the molecule is
illustrated in Figure 7 which shows different
energies of the molecule.

Conclusion

To sum up, this study highlights the corrosion
inhibition potential of TPP, TBP, and TFP by
evaluating their electronic properties and
interaction energies with aluminum surfaces
(Al(111), Al(110), and Al(100)). TPP exhibits
the highest ability to donate electrons, with
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favorable HOMO/LUMO energies, low
ionization energy, and high nucleophilicity,
making it the most effective electron donor and
a promising corrosion inhibitor. TBP, while
more electronegative and softer, shows
stronger attractive interactions with the
aluminum surfaces, particularly on Al(100),
indicating its potential as a corrosion inhibitor,
although it is less effective at donating electrons
compared to TPP. TFP shows moderate
corrosion inhibition ability, with its ability for
back donation and moderate nucleophilicity,
but its larger energy gap and lower
electrophilicity reduce its overall reactivity.
Kinetic energy after simulations reveal that TBP
induces the highest kinetic energy, particularly
on Al(100), suggesting strong molecular
movement and effective inhibition. TPP causes
less movement, especially on AI(110) and
Al(100), while TFP has a more uniform impact
across the surfaces. Overall, TBP exhibits the
strongest interactions with the aluminum
surfaces, as seconded by TFP and TPP. This
suggests that TBP may offer the most robust
corrosion protection. These findings
underscore the importance of electron donation
and molecular interaction strength in
determining the effectiveness of corrosion
inhibitors.
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