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Derleme

(074
Makale Tarihgesi: Korozyon, c¢evresel kimyasal reaksiyonlarla malzemelerin bozulmasi
S§E3|t?;lilﬁi-ﬁgi'§%§j nedeniyle ¢esitli endiistrilerde 6nemli zorluklar dogurmaktadir. Bu ¢aligma,
Online Yayl-l’lla.nm.ai 15.01.2025 korozyon mekanizmalarmin anlagilmasinda ve etkili korozyon inhibitorlerinin

gelistirilmesinde  Yogunluk Fonksiyonel Teorisinin (DFT) &nemini
vurgulamistir. Rol molekiilleri, korozyon dnleme performanslarimi belirlemek

Anahtar Kelimeler: amactyla DFT analizi yoluyla arastirilan 1,2-dihidroksibenzen, m-guaiakol,
Korozyon . . . - . . e .. o

inhibisyon katesin, gualfenesm,. gemen otu ve tiztimdeki gallik asittir. Enerjl arahgli(AE),
DFT mutlak elektronegatiflik (), sertlik (n), yanmusaklik () ve dipol momenti dahil

olmak {izere temel parametreler, verimliliklerini arastirmak igin analiz edildi.
Katesin, en diisiik AE'si ile, yiiksek inhibisyon performansina isaret eden
gelismis elektron bagislama yetenekleri sergiledi. Katesin, en diisiik AE’si ile,
yiiksek inhibisyon performansmna isaret eden geligmis elektron verme
yetenekleri sergiledi. Ek olarak, Elektrokimyasal Impedans Spektroskopisi bu
bilegiklerin korozyona karsi koruma verimliligini dogruladi. DFT’nin
hesaplama talepleri ve dogru degisim-korelasyon fonksiyonlarma duyulan
ihtiyagc gibi sinirlamalarina ragmen, hesaplama metodolojilerindeki
ilerlemeler ve deneysel verilerle entegrasyon, tahmin giiclinii arttirabilir. Bu
calisma, korozyona dayanikli malzemelerin tasarimma rehberlik etmede
DFT’nin 6nemini vurgulamakta ve teorik modelleri gelistirmek ve tahminleri
dogrulamak i¢in disiplinler arasi is birligine duyulan ihtiyaci vurgulamaktadir.

DFT Approach in Corrosion Research

Reviews ABSTRACT

Article History: Corrosion, degradation of materials due to environmental chemical reactions,
ii‘;zgeegj (ﬁ'gigggi poses significant challenges across various industries. This study emphasized
Published online: 15.01.2025 the importance of Density Functional Theory (DFT) in understanding

corrosion mechanisms and developing effective corrosion inhibitors. The role
molecules were 1,2-dihydroxybenzene, m-guaiacol, catechin, guaifenesin,

Keywords:

Corrosion fenugreek and gallic acid in grape which were investigated via DFT analysis
Inhibition in order to determine their corrosion inhibition performance. Key parameters,
DFT including the energy gap (AE), absolute electronegativity (y), hardness (n),

softness (), and dipole moment, were analyzed to investigate their efficiency.
Catechin, with its lowest AE, demonstrated enhanced electron-donating
capabilities, indicating high inhibition performance. Additionally,
electrochemical impedance spectroscopy confirmed corrosion protection
efficiency for these compounds. Despite the limitations of DFT, such as
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computational demands and the need for accurate exchange-correlation
functionals, advancements in computational methodologies and integration
with experimental data can enhance its predictive power. This study highlights
the importance of DFT in guiding the design of corrosion-resistant materials
and emphasizes the need for interdisciplinary collaboration to refine
theoretical models and validate predictions.

To Cite: Aksaray G., Mert ME., Mert BD. Korozyon Arastirmalarinda DFT Yaklasimi. Osmaniye Korkut Ata Universitesi
Fen Bilimleri Enstitiisti Dergisi 2025; 8(1): 472-489.

1. Introduction

Corrosion refers to the deterioration of materials, particularly metals, through chemical interactions with
their surrounding environment (Rahal et al., 2024). This process generally occurs when metal surfaces
react with corrosive agents like oxygen, moisture, acids, or salts, resulting in the formation of unwanted
compounds such as oxides, hydroxides, or salts (Yiice et al., 2016; Palaniappan et al., 2019). Corrosion
can occur through a variety of mechanisms, including chemical reactions, electrochemical processes,
and physical degradation. Corrosion represents a common problem in numerous industries (Holla et al.,
2024). In the aviation sector, for instance, aircraft components are routinely exposed to harsh
environmental conditions, including humidity, salt, and elevated temperatures, which induce corrosion
in structural materials like aluminum alloys. Similarly, in the automotive industry, road salt, moisture,
and chemical pollutants accelerate the corrosion of vehicle parts. In the oil and gas industry, pipelines,
storage tanks, and offshore platforms are particularly vulnerable to corrosion due to the corrosive nature
of the transported fluids; if not adequately managed, this can result in expensive maintenance, repairs,
and even catastrophic failures (Ma et al., 2020; Bobby et al., 2022; Edraki et al., 2024). In infrastructure,
corrosion of steel reinforcement in concrete structures can compromise the integrity of bridges, buildings
and highways, posing significant safety risks to building occupants and the public. In critical industries
such as nuclear energy production and healthcare, corrosion-related failures can lead to serious
consequences such as environmental pollution, loss of life and economic repercussions (Mert et al.,
2014; Altunay and Kaya, 2017; Alfalah et al., 2023). Combating corrosion is essential not only to extend
the lifespan and maintain the performance of materials, but also to ensure the safety and reliability of
infrastructure and industrial operations. Understanding the mechanisms and factors that influence
corrosion is crucial for developing effective prevention and mitigation strategies to combat the harmful
effects of corrosion and ensure the longevity and durability of materials in various applications (Anadabe
et al., 2020). Corrosion processes represent a complex chain of events mediated by chemical reactions
and electrochemical events. Chemical reactions involve the interaction of surface metal atoms with
surrounding environmental molecules, leading to chemical transformations (Emmanuel, 2024). When a
metal surface comes into contact with water and oxygen, it can trigger chemical reactions that result in
the formation of metal oxides and hydroxides. These reactions contribute to the formation of a passive
oxide layer on the metal surface and can initiate further corrosion processes. Electrochemical events
occur at the metal-surface-electrolyte interface. These events are redox reactions that occur on the metal
surface, involving the transfer of electrons between electrodes (Mert et al., 2014; Sundaram et al., 2021).

Oxygen molecules present on the metal surface can react with electrons from metal ions in the electrolyte
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to form oxygen ions, thereby accelerating corrosion on the metal surface. The mechanisms of material
degradation involve a range of chemical and physical changes occurring on the metal surface,
influencing the progression of corrosion. For example, local corrosion mechanisms such as pitting
corrosion can lead to the formation and deepening of micro-pits on the metal surface, significantly
reducing the durability of the material. Local differences in corrosion rates between anodic and cathodic
zones further add to the complexity of corrosion processes and further complicate material degradation

mechanisms (Farahati et al., 2020).

2. Material and Method

2.1. Applications of DFT in Corrosion Studies

Density Functional Theory (DFT) is widely used to understand corrosion mechanisms because it
provides atomic-level information about the complex nature of chemical reactions and surface
interactions that govern corrosion processes. DFT effectively predicts the energetics and kinetics of
corrosion-related events, allowing researchers to uncover the fundamental principles that drive corrosion
processes, such as metal dissolution, adsorption of corrosive species, and formation of corrosion
products (Ansari et al., 2013; Doslii et al., 2018; Bouhouche et al., 2024). DFT calculations allow us to
identify the basic reaction pathways, intermediate species, and surface structures involved in corrosion
processes, as well as draw conclusions about the mechanisms that cause material degradation. These
data on corrosion mechanisms can be used to build targeted corrosion prevention and mitigation
technigues (Adil Mahraz et al., 2024).

DFT enables the prediction of various physical and chemical properties through quantum mechanical
approaches to accurately describe the electronic structure of materials. This approach, based on the
Hohenberg-Kohn theorem (1964) and Kohn-Sham equations (1965), allows efficient calculation of
electronic energies and forces and provides the basis for the study of a variety of phenomena, from
molecular bonding and chemical reactions to material properties such as electronic band structures,
magnetic behavior and physical properties (Rindt et al., 2015). Additionally, DFT calculations can
provide valuable information for the design of next-generation corrosion-resistant materials by
elucidating the mechanisms by which specific alloying elements, surface treatments, or protective
coatings reduce corrosion. The integration of DFT with experimental techniques enables a
comprehensive approach to materials design, where theoretical predictions can be verified and improved
through experimental validation.

The first step to grasping DFT is to have a solid understanding of the basic ideas of quantum mechanics
which form the basis of its calculations. Quantum mechanics elucidates the behavior of particles at
atomic and subatomic scales, furnishing a theoretical framework for comprehending the electronic
structures of atoms and molecules. At the core of quantum mechanics lies the principle of wave-particle
duality, asserting that particles like electrons exhibit both wave-like and particle-like characteristics.

This duality finds expression in Schrédinger's wave equation, delineating the wavefunction of a particle
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and providing probabilistic insights into its position, momentum, and energy. In the context of DFT, the
electronic configuration of atoms and molecules is delineated by the electronic density-a foundational
measure representing the likelihood of finding an electron at a specific point in space. According to
Hohenberg-Kohn theorem, a system's ground-state energy is uniquely determined by its electronic
density, forming the basis for DFT's development. The Kohn-Sham equations, derived from this
theorem, serve as the cornerstone of DFT computations, facilitating the determination of a system's
electronic energy through the resolution of a set of self-consistent equations (Li et al., 2021; Wang et
al., 2024).

DFT computations entail approximating the exchange-correlation energy, which accommodates
electron-electron interactions beyond the mean-field approximation of Hartree-Fock theory. Various
exchange-correlation functionals have been formulated to approximate this energy term, each with its
own merits and demerits. Commonly employed functionals encompass the local density approximation
(LDA), generalized gradient approximation (GGA), and hybrid functionals amalgamating a fraction of
Hartree-Fock exchange. These functionals enable DFT computations to accurately depict the electronic
structures of atoms and molecules across diverse systems, from simple diatomic molecules to intricate
materials (Gholamhosseinzadeh et al., 2019). Overall, quantum mechanics concepts provide a
theoretical basis for DFT computations, allowing researchers to investigate the electronic structures and
characteristics of materials with high precision and efficiency.

The Kohn-Sham equations constitute the central mathematical framework of DFT, providing a
methodology to ascertain a system's electronic density. Essentially, the Kohn-Sham formalism
represents a reformulation of the many-body Schrodinger equation elucidating the behavior of a system
of interacting electrons. These equations disassemble the system's total electronic energy into distinct
contributions from non-interacting electrons traversing an effective potential. This effective potential
encompasses both the external potential attributable to the nuclei and any supplementary potentials
stemming from electron-electron interactions. The self-consistent field (SCF) technique used in DFT
computations systematically solves the Kohn-Sham equations to determine the system's electronic
density (Wang et al., 2024). The process commences with an initial estimation of the electronic density,
typically derived from a rudimentary model or prior computation. Subsequently, the Kohn-Sham
equations are self-consistently solved to procure a new electronic density, which in turn updates the
effective potential. This iterative procedure persists until the electronic density converges to a stable
solution, signifying that the calculated electronic structure accurately mirrors the system's ground state.
Through this iterative self-consistent field approach, DFT computations can efficiently and precisely
determine the electronic density and associated properties of an extensive array of materials and
molecular systems. DFT computations rely on a suite of approximations and methodologies to render
them computationally tractable for practical applications. The exchange-correlation functional is a key
approximation that extends Hartree-Fock theory's mean-field approximation to electron-electron

interactions (Mohammed et al., 2024). Various exchange-correlation functionals, such as the local
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density approximation (LDA) and generalized gradient approximation (GGA), have been devised to
approximate this energy term. These functionals simplify the exact exchange-correlation energy,
facilitating efficient DFT computations while still furnishing accurate depictions of electronic structure
and properties. Another critical approximation in DFT computations is spatial discretization, entailing
the division of the system into a finite grid or set of basis functions. This discretization enables the
efficient numerical solution of the Kohn-Sham equations, as it converts the continuous problem of
solving differential equations into a discrete set of algebraic equations. Diverse numerical techniques,
including plane-wave basis sets, Gaussian basis sets, and grid-based methods, can be employed for this
purpose, each harboring its own advantages and limitations. Additionally, the selection of basis set and
grid parameters can significantly influence the accuracy and efficiency of DFT computations,
necessitating meticulous deliberation and optimization. Parallelization and algorithmic optimizations
play a important role in rendering DFT computations computationally viable for large-scale systems.
Parallel computing techniques, such as parallelization across multiple processors or nodes, enable DFT
computations to be executed concurrently, substantially reducing computation times for intricate
systems. Furthermore, algorithmic optimizations, encompassing efficient matrix diagonalization
algorithms and iterative solution methods, aid in enhancing the scalability and efficiency of DFT
computations. These optimizations take advantage of advances in computer hardware and software to
enable the modeling of increasingly large and complex systems using DFT (Certik et al., 2024; Feng et
al., 2024; Martinez et al., 2024).

The B3LYP 6-311G(d,p) methodology, a widely employed DFT approach, is highly esteemed for its
precision in characterizing the electronic structure and attributes of molecules and materials (Ugi, 2024).
This method amalgamates a hybrid exchange-correlation functional with a basis set renowned for its
adaptability and dependability, rendering it apt for an extensive array of applications across chemistry,
physics, and materials science. Within computational chemistry, B3LYP 6-311G (d,p) finds frequent
utilization in scrutinizing molecular systems, encompassing inquiries into molecular geometries,
vibrational frequencies, electronic spectra, and reaction mechanisms. Its convenient treatment of
exchange and correlation phenomena renders it adept at projecting precise electronic energies and
geometries of molecules, thus furnishing invaluable insights into their chemical conduct. Furthermore,
B3LYP 6-311G (d,p) holds significant utility in the domain of corrosion inhibition research, which
endeavors to alleviate the deleterious consequences of corrosion on metal surfaces. Corrosion inhibitors,
chemical compounds introduced into corrosive environments, exhibit efficacy in curtailing corrosion
rates by fostering the formation of a protective layer atop metal surfaces. A thorough understanding of
the molecular interactions between corrosion inhibitors and metal surfaces is critical for the development
and improvement of effective inhibitor compounds (Thakur et al., 2024). DFT, especially techniques
like B3LYP 6-311G(d,p), furnishes a potent tool for delving into the adsorption behavior of corrosion
inhibitors on metal surfaces at a molecular level (Al-Nami, 2020). By simulating the electronic structure

and energetics of inhibitor-metal interactions, researchers can elucidate the mechanisms underpinning
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corrosion inhibition and refine their efficacy. This computational paradigm complements experimental
methodologies by furnishing intricate insights into the fundamental processes governing corrosion
inhibition. For example, researchers leverage B3LYP 6-311G(d,p) computations to prognosticate the
adsorption energies, geometries, and electronic characteristics of inhibitor molecules on metal surfaces
(Narang et al., 2023). Through comparisons between computational outcomes and experimental
findings, they can authenticate theoretical constructs and gain deeper insights into the structure-activity
relationships dictating inhibitor efficacy. Furthermore, DFT computations serve in identifying key
chemical features that contribute to inhibitor efficiency, hence directing the scientific design of new
corrosion inhibitors with increased properties. In essence, B3LYP 6-311G (d,p) appears as an important
computational tool for understanding corrosion inhibition mechanisms and developing effective
inhibitor chemicals (Kumar et al., 2021). By harnessing the predictive capabilities of DFT, researchers
can expedite the exploration and refinement of corrosion inhibitors possessing superior performance and

resilience, thereby catalyzing advancements in materials science and engineering.

3. Results and Discussion

3.1. Restrictions of DFT

While DFT offers important insights into corrosion processes, several restrictions temper its application
in this field. Computational demands limit the size of systems that can be effectively studied,
constraining its utility for large-scale corrosion scenarios. Additionally, the accuracy of DFT
calculations hinges on the selection of exchange-correlation functionals, which may struggle to capture
certain aspects of corrosion, such as metal dissolution, with precision. Addressing solvation effects,
inherent in electrolyte environments where corrosion occurs, poses another challenge, often
necessitating computationally intensive methods (Mert et al., 2011). Moreover, the static nature of DFT
calculations may overlook dynamic processes inherent in corrosion, such as ion diffusion and surface
fluctuations. Describing surface reconstruction and defects accurately within the DFT framework
requires sophisticated methodologies and careful consideration of surface structures. Furthermore, while
DFT insights are invaluable, experimental validation remains essential, albeit challenging, particularly
for complex corrosion processes. Despite these limitations, DFT remains a vital tool for understanding
corrosion mechanisms and guiding the design of corrosion-resistant materials, especially when

integrated with experimental and complementary computational approaches.

3.2. Enhancing DFT Methodologies for Corrosion Studies

To overcome the limitations of DFT in corrosion studies, several strategies can be employed. One
approach involves advancing computational methodologies to enhance the efficiency and accuracy of
DFT calculations for larger systems. This may entail the development of more sophisticated exchange-
correlation functionals tailored specifically for corrosion processes, potentially incorporating empirical

data or machine learning techniques to improve predictive capabilities (Sirivastava et al., 2017).
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Additionally, efforts to incorporate solvent effects into DFT simulations through continuum solvent
models or explicit solvation treatments could better mimic realistic electrolyte environments and their
impact on corrosion behavior. Furthermore, advancements in computational hardware and
parallelization techniques can help alleviate the computational burden associated with large-scale
corrosion simulations, enabling the study of more complex systems over longer timescales. Dynamic
aspects of corrosion phenomena, such as ion diffusion and surface kinetics, could be addressed through
the integration of DFT with molecular dynamics or kinetic Monte Carlo methods, allowing for a more
comprehensive understanding of corrosion processes. Additionally, the development of multiscale
modeling approaches that seamlessly integrate atomistic DFT simulations with mesoscale or continuum-
level models could bridge the gap between molecular-scale insights and macroscopic corrosion
behavior. Experimentally validated computational models and databases specifically tailored for
corrosion studies could serve as valuable resources for benchmarking and refining DFT methodologies.
Collaborative efforts between experimentalists and computational scientists are essential for validating
DFT predictions against experimental data, identifying discrepancies, and refining theoretical models to
better capture the intricacies of corrosion processes (Manssouri et al., 2021). By addressing these
challenges and adopting a multidisciplinary approach, researchers can enhance the predictive power of

DFT in corrosion studies and accelerate the development of corrosion-resistant materials and coatings.

3.3. Integrating Experimental Data with DFT for Corrosion Studies
According to obtained previous studies, the quantum theoretical data and experimental findings were

combined and summarized for some aromatic compounds (Aksaray et al., 2023).

Figure 1. The HOMO (Highest Occupied Molecular Orbital) (a), LUMO (Lowest Unoccupied Molecular
Orbital) (b) and Mulliken charges (c) of 1,2-Dihydroxybenzene
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In the theoretical investigation outlined in this study, a quantum theoretical approach was employed to
conduct structural analyses of all molecules, yielding critical insights into their electronic properties.
Figures 1-3 depict essential parameters, including the highest occupied molecular orbital (Ewomo),
energy of the lowest unoccupied molecular orbital (ELumo), energy gap (AE) between LUMO and
HOMO, and Mulliken charges on the backbone atoms. These analyses are fundamental in understanding
the inhibition performance of inhibitor molecules, with particular emphasis on the gap between HOMO
and LUMO energy (AE), which plays a significant role in stability. Additionally, absolute
electronegativity (y), absolute hardness (n), and absolute softness () values were calculated, providing
insights into the molecules' electronic structures and reactivity. The comparison of these parameters

among the molecules reveals valuable information regarding their potential as corrosion inhibitors.

Figure 2. The HOMO (a), LUMO (b) and Mulliken charges (c) of m-Guaiacol

For instance, molecules with lower AE values, such as catechin, exhibit enhanced electron-donating
capabilities, suggesting their potential as effective corrosion inhibitors. Moreover, the minimum y and
n values observed for catechin further support its potential efficacy as a corrosion inhibitor. The analysis
also highlights the importance of dipole moment, with catechin exhibiting the highest dipole moment
among the molecules studied, indicative of its potential for enhanced adsorption onto metal surfaces.
Overall, the integration of experimental data with DFT calculations provides valuable insights into the
electronic properties and corrosion inhibition potential of molecules, contributing to the development of

effective corrosion mitigation strategies in materials science and engineering.
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Figure 3. The HOMO (a), LUMO (b) and Mulliken charges (c) of Catechin

Table 1. The DFT parameters of all molecules and inhibition efficiency (IE) for 168h

Molecules E HOMO E LUMO AE X n 0 Dipole IE
(eV) (eV) (eVv) (eV) (eV) (eV) moment (%)
(Debye)
1,2-Dihydroxybenzene  -6.781 -0.777 6.003  3.779 3.002 0.333 2.926
m-Guaiacol -6.679 -0.739 5.941  3.709 2.970 0.337 2.814 99.1
Catechin -5.843 -0.750 5.093  3.296 2.546 0.393 3.944
Guaifenesin -6.035 -0.525 5,510  3.280 2.755 0.363 4.228 94.7

In Table 1, the parameters were calculated according to Equations (1)-(5).

A= - ELumo 1)
I= - Enomo )
y=1+A2 3)
n=1-Al2 (4)
8§=1/n (5)

According to the findings presented in Table 1, the molecule catechin exhibits the lowest energy gap
(AE) among the studied compounds, suggesting a higher propensity to donate electrons. This
characteristic indicates its potential as an electron donor to the metal surface, thus acting as a corrosion
inhibitor. Such molecules, often referred to as “n-donor” or “electron-rich” inhibitors, can form
protective coatings on metal surfaces by donating electrons, thereby slowing down oxidation and
corrosion processes. Additionally, in DFT analysis, parameters such as absolute electronegativity (y),
absolute hardness (n), and absolute softness (d) offer valuable insights into a molecule's corrosion
inhibition properties. Lower values of y and n, as observed for catechin, are indicative of increased
inhibition effectiveness, as these molecules tend to behave as soft bases interacting with the soft acid
metal surface. Furthermore, the dipole moment, another significant parameter, correlates with corrosion
inhibition efficiency. Molecules with larger dipole moments, such as catechin, possess greater polarity

and can interact more effectively with metal surface charges, thereby enhancing their adsorption onto
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the metal surface. Thus, the maximum dipole moment observed for catechin underscores its potential as
an effective corrosion inhibitor.

The electrochemical impedance spectroscopy data were investigated over a 168-hour immersion period
in 0.5 M HCI, both with and without the presence of the studied molecules (as listed in Table 1). To
conduct a thorough analysis and establish correlations between molecular structure and electrochemical
performance, the experimental findings were juxtaposed with quantum theoretical properties. The
results indicated a corrosion protection efficiency of approximately 95-99% after 48 and 168 hours,
respectively.

In another study (Aksaray et al., 2023), for Guaifenesin, the inhibition efficiency was observed to be
76.61% after 1 hour, 81.9% after 24 hours, 88.26% after 48 hours, 88.57% after 96 hours, and 94.66%
after 168 hours of exposure.

N(e)} "‘?‘J’

Figure 4. The HOMO (a), LUMO (b) and Mulliken charges (c) of Guaifenesin

Figure 4 depicted that a significant HOMO is present on the phenyl group and a substantial LUMO is
observed on the alcohol group, enhancing the molecules’ adsorption capacity. The calculated HOMO
and LUMO values were -6.035 eV and -0.525 eV, respectively, aligning with literature findings.
Notably, the determined energy gap (AE) was approximately 5.51 eV, consistent with reported values
for Tiazofurin drug, Linagliptin, and chemically modified expired Dapsone drug, which were
approximately 4 eV, 2.774 eV, and 3.39-3.36 eV, respectively (Singh et al., 2019; Pour-Ali and Hejazi,
2022; Iroha et al., 2023) The calculated dipole moment was 4.228 Debye, suggesting potential
enhancement in inhibition due to dipole-dipole interactions between molecules and metal surfaces.

Mulliken charges on oxygen atoms were found to be -0.521, -0.476, -0.355, and -0.347 atomic units,
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indicating that molecule adsorption likely occurs predominantly from these regions onto the positively
charged mild steel surface in acidic media.

H(B.Q)
HR. 48> 4
He.a) N
(e.48y> C(:

cf D
H(2.189)

Figure 5. The Mulliken charges (a); HOMO (b) and LUMO (c) of active ingredient of Fenugreek

Figure 5 illustrated that large HOMO on the whole molecule and large LUMO on the carboxylic acid
which improved molecules' capacity for adsorption. The obtained HOMO and LUMO values were -6.34
and -1.22 eV, respectively. The dipole moment was 3.3096 Debye. Due to dipole-dipole interactions
between molecules and metal surfaces, the increased dipole moment may result in an increase in
inhibition (Aksaray et al., 2023).

Figure 6 illustrated that large HOMO on the phenyl group and large LUMO on the alcohol group
improved molecules’ capacity for adsorption. The obtained HOMO and LUMO values were -6.71 and
-1.70 eV, respectively. The dipole moment was 2.3579 Debye. Due to dipole-dipole interactions
between molecules and metal surfaces, the increased dipole moment may result in an increase in
inhibition (Aksaray et al., 2023).

Table 2 gives the DFT parameters of some molecules in the literature.
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Figure 6. The Mulliken charges (a); HOMO (b) and LUMO (c) of gallic acid in grape

Table 2. The DFT parameters of some molecules in literature

Dipole
E Homo E Lumo AE n 5
Molecules moment References
(eV) (eV) (eV) (eV) (eV) (eV) (Debye)
Imidazole -6.560 -0.510 6.050 - - - -
Purine -7.250 -1.700 5.500 - - - - Saraswat et al.
Adenine -6.340 -0.990 5.350 - - - - (2020)
BAP -6.360 -1.190 5.170 - - - -
PASP -5.467 -1.756 3.891 3.702 1946 0.514 3.521 Chen et al. (2021)
THA-OCH3 -5.990 -1.470 4.520 3.730 2.260 0.442 3.651 Verma et al
THA-H -6.160 -1.660 4.500 3.910 2250 0.444 3.651 (2021) '
THA-Br -6.320 -1.920 4.400 4120 2220 0.454 3.651
TTA 5211  -0.807 4404 3009 2220 0451  3.680 Da{ggjzgt) al.
Epi-gallocatechin- i Berrissoul et al.
3-gallate 5.864 1.393 4.471 3.628 2.235  0.447 4.590 (2022)
QMHC -5.986 -1.986 4.000 3.986 2.000 0.209 -
BQMT -5.469 -1.659 3.810 3.564 1905 0.330 - El Faydy et al.
QMHCH?* -10.996 -8.408 2.588 9.702 1.294 -1.886 - (2022)
BOQMTH,?* -10.408 -7.929 2.479 9.168 1.239 -1.754 -
AMP1 -5.370 - 0.007 5.362 2.688 2.681 0.187 3.575 Moumeni et al.
AMP2 -5.393 —-0.082 5.310 2.737 2.655 0.188 3.470 (2023)
EDMP -6.580 -1.090 5.490 3.840 2.740 - - Wang et al.
DTBP -5.920 -0.040 5.880 2980 1.470 - - (2024)

A comparative analysis of the DFT parameters from Table 1 and the literature values from Table 2

highlights the relationship between molecular electronic properties and their corrosion inhibition

efficiency. The molecules in Table 1, such as 1,2-dihydroxybenzene and guaifenesin, show inhibition

efficiencies strongly influenced by the HOMO-LUMO energy gap (AE) and dipole moments. For

example, 1,2-dihydroxybenzene, with a AE of 6.003 eV and a dipole moment of 2.926 Debye,
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demonstrates a higher inhibition efficiency (99.1%) compared to molecules like catechin, which has a
AE 0f 5.093 eV and a higher dipole moment (3.944 Debye).

In contrast, the literature values from Table 2 suggest that molecules such as imidazole and its
derivatives also exhibit relatively high AE values (6.050 eV for imidazole), indicating stability and
moderate inhibition potential. However, PASP, with a significantly lower AE (3.891 eV) and a dipole
moment of 3.521 Debye, correlates with a more effective adsorption onto the metal surface, as supported
by the literature (Chen et al., 2021). Similarly, molecules like TTA and epi-gallocatechin-3-gallate show
intermediate AE values of 4.404 eV and 4.471 eV, respectively, which also suggest moderate inhibition
performance, reflecting their ability to stabilize interactions on metal surfaces.

Molecules from the literature with lower AE values, such as QMHC derivatives (AE ~4.000 eV), show
variations in dipole moments, with larger values correlating with better molecular polarity and hence
better surface adsorption properties. This trend is consistent with the dipole moment of guaifenesin from
Table 1, which, despite its moderate AE (5.510 eV), exhibits a relatively high dipole moment (4.228
Debye), contributing to an inhibition efficiency of 94.7%. Therefore, the comparative analysis reveals
that both the AE and dipole moment play crucial roles in determining corrosion inhibition efficiency,
with a clear trend toward higher dipole moments enhancing surface interaction and thus improving

inhibitor performance.

4. Conclusion
This study underscored the critical role of DFT in elucidating corrosion mechanisms and guiding the

development of corrosion inhibition strategies. Through a comprehensive analysis of molecular
structures and electronic properties, informed by both theoretical DFT calculations and experimental
data, valuable insights into the corrosion inhibition potential of aromatic compounds have been gained.
The investigation revealed that molecules with lower energy gaps (AE), such as catechin, exhibit
enhanced electron-donating capabilities, suggesting their efficacy as corrosion inhibitors. Additionally,
parameters such as absolute electronegativity (), absolute hardness (n), and absolute softness (8) offer
valuable insights into the corrosion inhibition properties of molecules, with lower y and n_values
indicating increased inhibition effectiveness. The dipole moment, another significant parameter,
correlates with corrosion inhibition efficiency, with molecules possessing larger dipole moments
showing enhanced adsorption onto metal surfaces. Furthermore, electrochemical impedance
spectroscopy data demonstrated substantial corrosion protection efficiency for the studied molecules,
further validating their potential as corrosion inhibitors.

Despite the significant contributions of DFT to corrosion studies, several limitations must be addressed
to enhance its utility in this field. Computational demands and the selection of exchange-correlation
functionals remain challenges, particularly for large-scale corrosion scenarios. Additionally, accurately
describing dynamic processes such as ion diffusion and surface fluctuations within the DFT framework

requires further refinement. Collaborative efforts between experimentalists and computational scientists
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are essential for validating DFT predictions and refining theoretical models to better capture the
intricacies of corrosion processes.

Moving forward, advancements in computational methodologies, including the development of tailored
exchange-correlation functionals and the incorporation of solvent effects, hold promise for overcoming
these limitations and enhancing the predictive power of DFT in corrosion studies. Integration with
experimental data and complementary computational approaches will further facilitate the development
of corrosion-resistant materials and coatings, contributing to advancements in materials science and

engineering.
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