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Abstract

This study presents a theoretical investigation of the adsorption and electronic struc-
ture of two imidazole derivatives, 4-(1,4,5-triphenylimidazol-2-yl)-aniline (M1) and N,N-
dimethyl-4-(1,4,5-triphenylimidazol-2-yl)-aniline (M2), on an Fe(100) surface. A combined
computational approach, employing Density Functional Theory for molecular reactiv-
ity, Density-Functional Tight-Binding for surface interactions, and Molecular Dynamics
(MD) simulations for binding stability, was utilized to provide a comprehensive analysis.
Quantum-—chemical calculations indicate that both inhibitors exhibit strong donor charac-
teristics, with M2 consistently demonstrating greater potential. This enhanced performance
is attributed to the strong electron-donating nature and increased structural planarity con-
ferred by the dimethylamine group in M2, which results in a lower HOMO-LUMO energy
gap and higher chemical reactivity. Analysis of the inhibitor-surface interaction confirmed
a strong electron donor-acceptor mechanism, indicative of stable chemical bond formation
and a predominant chemisorption process. MD simulations revealed that both molecules
form stable adsorption layers on the iron surface, suggesting initial adsorption behavior.

Keywords: adsorption; imidazole; iron surface; inhibitor; corrosion; DFT; DFTB

1. Introduction

Corrosion is an electrochemical process in which metals react with oxygen and other
environmental agents [1]. Many industrial systems are composed of metallic surfaces
and are particularly vulnerable to corrosion [2]. This process has a significant negative
impact on the industries worldwide, leading to estimated annual economic losses of
approximately $2.5 trillion USD, equivalent to about 3.4% of the global Gross Domestic
Product [3]. To address this issue, some prevention and control strategies against corrosion
have been developed [1]. These include coatings, cathodic protection, anodic protection,
corrosion inhibitors, and material selection [4,5]. However, in recent years, the use of
corrosion inhibitors has emerged as one of the most effective strategies for mitigating
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oxidation of metallic surfaces [6]. Corrosion inhibitors are substances added to metallic
materials at low concentrations to slow or prevent corrosion [7]. A wide range of inhibitors
exists, encompassing both inorganic and organic compounds [6]. Among them, organic
imidazole-derived molecules have demonstrated outstanding performance, maintaining
high efficiency even at low concentrations and under aggressive corrosive conditions [8-10].
Their effectiveness stems from the presence of free electron pairs and 7-electrons in their
structure, which promote their strong adsorption onto metallic surfaces such as iron [11,12].
Furthermore, these compounds are inexpensive, low-toxicity, and easy to synthesize,
making them promising candidates for sustainable corrosion protection.

Computational approaches have played a central role in elucidating the mechanisms of
inhibition by imidazole derivatives, providing insight into these interactions at the atomic
and molecular levels. Density Functional Theory (DFT) [13,14] is a powerful method for
this, enabling precise calculations of electronic structure, including key quantum-chemical
parameters that aid in predicting an inhibitor’s reactivity and its interaction with a metal
surface. A central concept in this field is the frontier molecular orbital (FMO) theory,
which correlates a molecule’s inhibiting efficiency with the energies of its highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). A smaller
HOMO-LUMO energy gap (AE) suggests higher chemical reactivity and a greater tendency
toward electron transfer, resulting in improved inhibition performance [15]. The adsorption
of the inhibitor molecule onto the metal surface is the primary mechanism of corrosion
inhibition, which can be characterized as either physisorption (weak physical attraction)
or chemisorption (strong chemical bond formation) [16]. For example, studies employing
Quantum ESPRESSO have analyzed the adsorption energies of imidazole (IM) and methyl-
imidazole (Me-IM) on metallic surfaces in parallel, perpendicular, and oblique orientations.
These studies revealed that the parallel orientation yields the highest adsorption energy,
indicating a stronger interaction [17]. In 2023, first-principles simulations combined with
the tight-binding Density Functional Theory (DFTB) [18,19] were used to investigate the
interaction mechanism and corrosion-inhibition performance of a new benzimidazole-based
epoxy resin. The adsorption energy between the molecule and the surface was calculated
considering parallel and perpendicular orientations. The results revealed the formation of
covalent bonds in the parallel position, whereas no bond formation was observed in the
perpendicular configuration. The DFTB method is a valuable alternative to conventional
DEFT for large systems, as it is 2-3 orders of magnitude faster while maintaining comparable
accuracy [19].

Although DFTB has demonstrated efficacy in characterizing molecular interactions, the
rational design of high-performance inhibitors is impeded by the pronounced sensitivity
of adsorption energies to molecular orientation and the dynamic nature of the metal—
organic interface [9,20,21]. The present study addresses these challenges by implementing
an integrated multiscale computational framework that connects quantum—chemical reac-
tivity analysis with large-scale surface modeling. This approach is exemplified through
a comparative investigation of two strategically substituted triphenylimidazole derivatives:
M1 and M2 (see Figure 1). Systematic mapping of the orientation-dependent adsorption
landscape on the highly reactive Fe(100) surface, combined with validation of stability
via time-resolved MD simulations, establishes a definitive link between subtle functional
group modifications and macroscale inhibition performance. The findings identify M2
as a superior candidate for industrial steel protection and establish a robust, predictive
workflow essential to the accelerated development of next-generation, sustainable, and
precision-engineered corrosion inhibitors.
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Figure 1. Chemical structures of the studied triphenylimidazole derivatives: (a) M1 and (b) M2.

2. Methods
2.1. DFT Calculations

Theoretical calculations were performed using DFT, employing the M06 functional [22]
and the 6-31G(d,p) basis set [23], as implemented in the Gaussian 16 computational
code [24]. The M06 functional was selected for its proven robust performance in de-
scribing systems involving organometallic chemistry and non-covalent interactions, which
are crucial to the inhibitor’s adsorption onto the metal surface. At the same time, the
6-31G(d,p) basis set is a split-valence double-zeta set that offers a suitable balance between
accuracy and computational cost for molecules of this size. The inclusion of polarization
functions (d,p) is essential, as they provide the necessary flexibility to accurately describe
chemical bonds. All molecular calculations for M1 and M2 were performed in water using
the Integral Equation Formalism Polarized Continuum Model (IEF-PCM) [25-27]. This
solvent was specifically chosen to accurately simulate the aqueous environments in which
industrial corrosion inhibition processes occur, ensuring results are physically relevant to
experimental conditions [28]. Conformational analysis was performed using the rotation of
the aromatic rings, the primary amine, and the dimethylamine. Molecular structures and
vibrational frequencies were optimized to model a chemical structure and thus ensure that
the global minimum stationary points were found. Finally, the minimum energy structure
was selected.

The energy and electronic density plots of the FMOs (specifically the HOMO, LUMO,
and AE) and the molecular electrostatic potential (MEP) were obtained at the same level
of theory.

To provide a deeper understanding of the molecular reactivity, key parameters were
calculated using conceptual DFT. We obtained the energies of the cation (Ey,_1), anion
(ENOH)/ and neutral (E No) species, also in a water solvent environment. The obtained
parameters include ionization potential (I), electron affinity (A), chemical hardness (),
electrophilicity index (w), electrodonating power (w ™), and electroaccepting power (w™).
The equations used for these calculations are as follows [29-33]:

I=(Eng-1— Eny). (1)
A= (En, — Eng+1), ()
n=(I-4), ®)
I+ A7
Y= ST AY @)
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To further validate the accuracy of the electronic structure analysis and the resulting
conceptual DFT (CDFT) descriptors, additional geometry optimization and single-point
calculations were conducted at the M06/6-311G(d,p), M06-2X/6-31G(d,p), and M06-2X/6-
311G(d,p) levels of theory. As indicated in the Supplementary Materials (Tables S1 and S2),
transitioning to a triple-zeta basis set and employing the M06-2X functional, which im-
proves the treatment of non-covalent interactions, resulted in minimal changes in absolute
descriptor values. These findings confirm that the selected level of theory is appropriate
for describing the comparative inhibition potential of these systems.

2.2. DFTB Calculations

The adsorption mechanism was initially explored using the Density Functional Tight
Binding (DFTB) method, as implemented in the DFTB+ code (version 22.2) [19]. A cluster of
448 iron atoms was created with a Body-Centered Cubic (BCC) crystal structure and a Miller
index of (100). The cluster was built as an (8 x 8 x 7) supercell with a 50 A void height. This
construction was performed using the Visualization for Electronic and Structural Analysis
(VESTA) [34] and DFTB+ programs. For the optimization of the BCC iron surface and
the molecule-iron interactions, a 1 x 1 x 1 Monkhorst—Pack k-point grid was used in the
Brillouin zone. The mio-1-1 [35-37] was employed to describe the organic components of
the system (C, H, and N interactions), as it is a standard, widely validated parameterization
for organic and biological molecules. For the iron atoms and their interactions with the
inhibitor molecules, the trans3d-0-1 [38] parameter set was chosen. This set is specifically
designed for modeling first-row transition metals in organometallic and biological contexts,
making this combination particularly suitable for describing the hybrid metal-organic
interface central to this study. The molecule—surface interactions were described using the
corresponding mixed Slater-Koster files available in DFTB+.

The Fe(100) surface was selected because it is considered one of the most stable
and representative iron surface orientations in theoretical studies of corrosion inhibition
[39-43]. To accurately capture the most favorable adsorption configuration and identify the
global energy minimum, it is essential to explore multiple adsorption sites and molecular
orientations. The adsorption energy (Eadsorpti0n> and charge density difference Ap(r) were
calculated using DFTB+ with the following equations [11,44]:

Ebinding = Etotal — (Esurf/zce + Emolecule)l @)
Eadsorption = _Ebindingr 8)
Ao(r) = protar (1) — [Psurface () + Pmotecute (1)1, )

The charge density difference Ap(r) visualization was done using Visual Molecular
Dynamics (VMD) [45].

2.3. SIESTA Calculations

The lowest energy adsorption configurations identified from the DFTB calculations
were subsequently used as initial structures for periodic spin polarized DFT relaxations
with the SIESTA code [46,47]. Owing to the higher computational cost of the SIESTA
calculations, the full Fe slab used in the DFTB+ calculations was reduced, and only the four
upper Fe layers closest to the adsorbed inhibitor were retained.
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During the geometry optimization, the two bottom Fe layers were kept fixed to
preserve the bulk like structure of the substrate, whereas the two upper Fe layers and the
inhibitor molecule were fully relaxed.

The calculations were performed using the GGA-PBE [48] exchange correlation func-
tional and a DZP [49] numerical atomic orbital basis set. The Fe(100)-inhibitor systems were
described using a 20.287 x 20.287 x 35.000 A3 simulation cell, a1 x 1 x 1 Monkhorst-Pack
k-point grid, a real space mesh cutoff of 250 Ry, a PAO energy shift of 50 meV, and a PAO
split norm of 0.15. Geometry relaxations were carried out until a maximum force tolerance
of 0.05 eV A~ was reached. The SIESTA-relaxed structures were then used to calculate
BSSE-corrected adsorption energies using the counterpoise approach, in which the energies
of the frozen slab and frozen molecule in the adsorbed geometry were computed with and
without ghost orbitals, using the same simulation cell and numerical parameters as the full
adsorbed system.

The BSSE-corrected adsorption energy was calculated according to:

BSSE—
E,gds o = Eap — EA,relaxed - EB,relaxed + AEBssE, (10)

where A represents the Fe(100) slab, B the inhibitor molecule, and AEpgsg was ob-
tained using the counterpoise approach with frozen fragments and ghost orbitals in the
adsorbed geometry.

Charge density difference analyses were additionally carried out using the relaxed
structures obtained from SIESTA calculations. The corresponding results are included in
the Supplementary Materials.

2.4. Molecular Dynamics Simulations with MACE

Molecular dynamics simulations were performed to evaluate the short-time stability
of the adsorbed inhibitor configurations on Fe(100). The initial structures were taken from
the adsorption configurations obtained from the DFTB structural search. The simulations
were carried out using the MACE [50,51] machine-learning interatomic potential through
the Atomic Simulation Environment (ASE) [52]. Specifically, the MACE-MH-1 foundation
model was used with the OMAT_PBE head, running on a CUDA device with single-
precision arithmetic.

MACE is an equivariant message-passing neural-network interatomic potential de-
signed to provide fast and accurate energies and forces. Recent studies have shown that
MACE foundation models can reproduce DFT-level trends for a broad range of molecular
and condensed-phase systems, including metallic, organic, and hybrid interfaces, support-
ing their applicability for exploratory molecular dynamics simulations of metal-organic
adsorption systems [53-55].

The MD simulations were performed in the NVT ensemble using a Langevin thermo-
stat at 300 K. A time step of 1.0 fs was used, and each trajectory was propagated for 500 ps.
The Langevin friction coefficient was set to 0.005 fs~!. The bottom Fe layer was fixed during
the simulations, while the remaining atoms were allowed to evolve dynamically. Initial
velocities were assigned according to a Maxwell-Boltzmann distribution at 300 K. Energy
and temperature data were recorded every 50 steps, and trajectory frames were written
every 50 steps. The MD workflow was implemented using ASE, which provides Python
version 3.9 tools for setting up, steering, and analyzing atomistic simulations.

3. Results and Discussion

A conformational analysis with various rotations was performed, as shown in Figure 2.
The molecular structures of both inhibitors were optimized in the ground state using DFT
at the M06/6-31G(d,p) level of theory in aqueous phase. Table 1 shows the dihedral angles
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(°) of the molecular geometries and their energies. A vibrational frequency analysis was
performed to confirm that the optimized structures correspond to a true minimum, with
no imaginary frequencies. This confirms the preferred molecular geometry under the
specific conditions of the study. The conformational analysis of M1 and M2 revealed that
several conformers exhibit very similar energies, differing by less than 0.05 eV, as shown
in Table 1. This indicates that they are nearly isoenergetic, suggesting a certain degree
of conformational flexibility. Therefore, multiple conformations may coexist under the
studied conditions. Additionally, we present structural parameters of the lowest-energy

structures (bond lengths, bond angles, and dihedral angles) for inhibitors M1 and M2 in
Table 2.

Figure 2. Optimized molecular geometries for M1 and M2, calculated at the M06/6-31G(d,p) level
of calculation in aqueous phase. Nitrogen atoms are shown in blue, carbon atoms in dark gray, and
hydrogen atoms in light gray.

Table 1. Conformational analysis of M1 and M2: Angles and Energy of the optimized structures.

M1
Conformer Dihedral Definition Angle Initial (°) Angle End (°) Energy (eV)
D1 C3-N2-C4-C13 —15.63 65.40 —32,788.260
D2 C11-C12-C2C1 145.30 55.56 —32,788.260
D3 C9-C10-C1-N1 —62.57 25.27 —32,788.260
D4 N1-C3-C5-C7 —61.15 —24.82 —32,788.208
D5 C14-C6-N3-H2 —20.91 —23.77 —32,788.259

M2
D1 C3-N2-C4-C13 —42.29 64.74 —34,925.610
D3 C9-C10-C1-N1 —62.62 25.15 —34,925.610
D4 N1-C3-C5-C7 —54.32 —23.90 —34,925.565
D6 C11-C12-C2-N2 147.03 —122.18 —34,925.610
D7 H1-C16-N3-C15 90.82 4.59 —34,925.610
D8 C14-C6-N3-C16 10.39 10.43 —34,925.610
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Table 2. Comparison of structural parameters, including bond lengths, bond angles, and dihedral
angles, for the optimized M1 and M2 molecules.

M1 M2
Parameters Angles (°) Angles (°)
C6—N3—-H1 116.07 -
H1-N3-H2 112.62 -
C6—N3—-C15 - 119.80
C15—-N3-C16 - 119.64
C9—-C10-C1-N1 25.26 25.15
Cl1-C12—-C2-C1 55.52 54.36
C3—N2-C4—-C13 65.36 64.70
N1-C3-C5-C7 28.79 27.82
C14—-C6—N3—H2 23.19 -
C14—-C6—N3-C16 - 4.57
H1-C16—N3-C15 - 10.39

The minimum energy structures of both inhibitors are largely similar, but there is
a significant structural difference in the environment surrounding the N3 atom, due
to their substituents; M1 has an amine group, and M2 has a dimethylamine group.
The amine group in M1 exhibits a pyramidal geometry with the C6 fragment, as ob-
served in (C6-N3-H1 = 116.07° and H1-N3-H2 = 112.62°). It also shows appreciable tor-
sion at C6 (C14-C6-N3-H2 = 23.19°), which reduces conjugation. The dimethylamine
group in M2 exhibits near planarity, with angles close to 120° (C6-N3-C15 = 119.80° and
C15-N3-C16 = 119.64°) and torsions close to 0-10° (C14-C6-N3-C16 = 4.57° and H1-C16-
N3-C15 =10.39°). In other words, M2 exhibits higher planarity and conjugation at the N3
atom than M1. The increased planarity of M2 allows greater orbital overlap with the metal
surface, favoring the formation of a more compact and stable protective film. Consequently,
M2 is expected to exhibit a slightly more favorable adsorption behavior than M1 [56].

The complete XYZ coordinates of M1 and M2 are provided in the Supplementary Materials.

Analysis of the electron density distributions of the HOMO, LUMO, and FMOs of the
studied compounds allows identification of electron-donor and electron-acceptor regions,
corresponding to nucleophilic and electrophilic sites, respectively. This information is
crucial for determining the viability of the inhibition process [20]. Figure 3 depicts the
FMOs of the two corrosion inhibitors, along with their energy levels and respective AE.

As observed in both compounds, the electron density of the HOMO is distributed
throughout the inhibitor, with a predominant concentration near the nitrogen heteroatoms
and the aromatic rings. This suggests that both molecules can donate electrons to the
metal surface. In contrast, the LUMO electron density is delocalized over both molecules,
indicating a capacity to accept electrons from the metallic surface [57]. The exception is the
methyl groups, which do not contribute to the electron-accepting regions. The HOMO and
LUMO energy levels and their AE are also shown in Figure 3. The inhibitor M2 has a higher
HOMO energy (—5.275 eV) than M1 (—5.447 eV). Higher HOMO energy indicates a greater
tendency to donate electrons, while a low LUMO energy indicates a stronger capacity to
accept electrons. The calculated LUMO energies for M1 (—0.743 eV) and M2 (—0.736 eV) are
highly similar, differing by only 0.007 eV. This similarity demonstrates that the structural
modification from a primary amine to a dimethylamine substituent exerts minimal influence
on electron-accepting capacity. The stability of the LUMO energy level is attributed to its
localization over the shared 7-conjugated framework, specifically the triphenylimidazole
core, which is largely unaffected by substituents at the C2 position. These findings indicate
that, although electron-donating properties are significantly influenced by functionalization,
electron-accepting behavior is primarily governed by the core scaffold.
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Figure 3. Spatial distribution of FMO (HOMO and LUMO), energy levels, and calculated AE for M1
and M2.

This suggests a stronger interaction between the heterocycle’s 7 electrons and the
vacant d orbitals of the iron surface atoms [58]. The AE is another important parameter
for inhibitor efficiency; as lower values correspond to greater reactivity and, consequently,
enhanced inhibition performance [59,60]. In this study, M2 exhibits a lower AE of 4.539 eV
than M1, 4.704 eV, which is consistent with the electronic influence of the dimethylamine
substituent [9]. This smaller AE indicates that M2 is more reactive and serves as a superior
corrosion inhibitor [61].

MEP was used to identify reactive sites for electrophilic and nucleophilic attack by
mapping the electron density distribution within the molecules [62], as shown in Figure 4.
Regions of negative potential (red) correspond to electron-rich areas, while regions of
positive potential (blue) indicate electron-deficient sites and electron acceptors [63]. As
shown in Figure 4, electron-rich regions are primarily located around the nitrogen atoms
of the imidazole in both molecules. In contrast, electron-deficient regions are mainly
associated with the hydrogen atoms. A notable difference between the two systems is that
M2 exhibits a more intense and broader negative potential, particularly around the —NMe,
group, suggesting a higher local electron density around the substituent region, which may
favor interactions with the metal surface.

MEP

+0.05

Figure 4. MEP of M1 and M2 inhibitor; the color code thresholds are red —0.05 and blue +0.05.
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The chemical reactivity parameters are presented in Table 3. Chemical hardness (),
electrophilicity index (w), electrodonating power (w ™), and electroaccepting power (w™)
are key parameters for understanding the interaction of the inhibitors with the metal
surface [64].

Table 3. Global reactivity descriptors and quantum chemical parameters for M1 and M2 were
calculated using Conceptual Density Functional Theory (CDFT) at the M06/6-31G(d,p) level of
theory, employing water as the solvent medium to simulate a realistic aqueous environment.

Parameters (eV) M1 M2
i 4.124 3.969
w 1.175 1.155
w™ 4.164 4.070
wt 1.051 1.046

Chemical hardness represents the resistance that chemical systems present to in-
tramolecular charge transfer [65]. Low chemical hardness values indicate high chemical
reactivity, attributed to strong interactions between the molecule and the metal surface,
thereby increasing its efficiency as a corrosion inhibitor. Inhibitor M2 has a lower hardness
3.969 eV and exhibits a dimethylamine group on a benzene ring, in contrast to inhibitor
M1, which has a value of 4.124 eV and contains an amine as a substituent. The electronic
influence of the substituent contributes to higher molecular reactivity [20].

The electrophilicity index (w) of a molecule is an important indicator of its efficiency
as a corrosion inhibitor [66]. The electrophilicity index provides information about the
energetic stabilization that occurs when a molecule acquires an additional charge from its
environment. The high value of this index suggests greater stabilization capacity of the
molecule [67]. M1 shows a slightly higher electrophilicity index than M2.

Electrodonating power (w ™) measures a molecule’s tendency to donate charge. The
lower the electrodonating power, the greater the molecule’s ability to donate electrons [33].
Inhibitor M2 exhibits a slightly lower electrodonating power value 4.070 eV than M1,
consistent with its enhanced donor character. The electroaccepting power (w™) measures
a molecule’s tendency to accept a charge. A higher value of this parameter denotes a greater
capacity of the molecule to accept electrons [33]. Inhibitors M1 and M2 have similar elec-
troaccepting power (1.051 eV and 1.046 eV, respectively) despite their different substituents.

The minimal difference in the corresponding electroaccepting powers (w*) between M1
and M2 suggests that the structural modification from a primary amine to a dimethylamine
substituent has a negligible impact on the molecules’ ability to accept electrons. This
stability indicates that the core triphenylimidazole scaffold intrinsically determines the
electron-accepting behavior. In general, while electron-donating groups (EDGs), such as
those studied here, tend to increase molecular electron density and may slightly raise the
LUMO energy, the introduction of electron-withdrawing substituents would be required to
significantly lower the LUMO energy and enhance the electron-accepting capacity (w™).

The studied molecules exhibit both electron-donating and electron-accepting inter-
actions with the metal surface, mainly associated with the nitrogen atoms and aromatic
rings. Overall, the electronic descriptors suggest slightly more favorable adsorption-related
properties for M2.

Calculations using the DFTB method have proven highly efficient for simulating
interactions between inhibitor molecules and the metal surface [18]. Typically, studies of
adsorption energy have been conducted by placing the molecules perpendicular or parallel
to the metal surface [5,68]. The aim was to identify the minimum-energy adsorption
configuration. Figure 5 shows different positions in which the molecule was placed on the
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metal surface (every 45°). The total energy for inhibitors M1 and M2 in these positions
is presented in Table 4. The relative energies (AE) were referenced to the lowest-energy
configuration for each molecule individually. The relative orientation angle was defined
with respect to the surface plane using selected reference atoms; therefore, it should be
considered an approximate descriptor, given the molecule’s non-planar nature.

0° 45° 90°

270° 315° 360°

Figure 5. Schematic representation of the molecular orientation mapping (rotated at 45° intervals)
relative to the Fe(100) surface for adsorption site evaluation, performed using the DFTB method with
the mio-1-1 and trans3d-0-1 parameter sets, as implemented in DFTB+.

Table 4. Total system energies in eV calculated as a function of molecular orientation angle on the

Fe(100) surface.
M1 M2
Location Energy AE Energy AE

0° —20,296.148 1.269 —20,430.806 0.153
45° —20,295.811 1.605 —20,430.959 0.000
90° —20,296.116 1.301 —20,429.789 1.170
135° —20,295.214 2.203 —20,430.882 0.078
180° —20,296.456 0.961 —20,430.352 0.607
225° —20,296.559 0.858 —20,430.746 0.213
270° —20,292.435 4.982 —20,426.408 4.551
315° —20,295.433 1.984 —20,429.773 1.187
360° —20,297.417 0.000 —20,429.477 1.482
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According to the results, the minimum-energy state for M1 occurs when the molecule
is parallel to the surface (360°), whereas for M2 it occurs at 45°. Full geometry optimiza-
tions on the surface allow the system to relax and inherently account for conformational
changes upon adsorption. Both inhibitors have proven to be good candidates for corrosion
inhibition, as they adsorb onto the iron surface after optimization, thereby enhancing their
interaction with the surface.

The adsorption energy (E,z), a critical parameter for distinguishing between ph-
ysisorption and chemisorption, was calculated to evaluate the inhibitor-surface interac-
tion. Weak van der Waals interactions characterize physisorption forces, with energies
typically >0.3 eV [69]. In contrast, chemisorption involves the formation of strong chemi-
cal bonds, with energies typically 1-3 eV for single organic molecules on metal surfaces.
In this study, the calculated adsorption energies for M1 and M2 were —12.673 eV and
—12.912 eV, respectively.

Although these values indicate a strong interaction between the inhibitors and the
Fe(100) surface, their unusually large magnitude suggests that the adsorption strength may
be overestimated at the DFTB level. Therefore, DFTB calculations were primarily used
to identify favorable adsorption configurations, while the final quantitative adsorption
energies were obtained from subsequent SIESTA calculations.

Starting from the lowest energy adsorption configurations obtained with DFTB, ad-
ditional spin polarized DFT relaxations were carried out using SIESTA. After this refine-
ment, the overall adsorption motifs were preserved, although some local variations in
the molecule-surface geometry were observed (see Supplementary Material). This in-
dicates that the DFTB calculations provided suitable initial adsorption configurations,
while the SIESTA calculations offered a more reliable quantitative description of the ad-
sorption energetics. The uncorrected SIESTA adsorption energies were —7.371 eV for M1
and —7.533 eV for M2. After applying the BSSE corrections of +3.525 eV and +3.677 eV,
respectively, the final BSSE-corrected adsorption energies were —3.846 eV for M1 and
—3.856 eV for M2. These corrected values are considerably smaller in magnitude than the
original DFTB estimates, providing a more conservative quantitative description of the
molecule-surface interaction.

Table 5 compares the adsorption energies obtained using DFTB and SIESTA calcula-
tions. The considerably higher adsorption energies predicted by DFTB may be associated
with the approximate nature of the semi-empirical parameterization and the method’s
limitations in quantitatively describing charge transfer and metal-organic interactions
on transition metal surfaces. Therefore, DFTB was primarily employed to identify favor-
able adsorption configurations, while SIESTA calculations were used for the quantitative
evaluation of adsorption energies.

Table 5. Comparative adsorption energies obtained from DFTB and SIESTA calculations for M1 and
M2 adsorbed on Fe(100). All values are given in eV.

Method M1 (eV) M2 (eV)

DFTB —12.673 —12.912
SIESTA (uncorrected) —7.371 —7.533
SIESTA+BSSE —3.846 —3.856

The slightly more negative adsorption energy obtained for M2 indicates a slightly more
favorable interaction with the Fe(100) surface compared with M1. Although the difference
between BSSE-corrected adsorption energies is small, this trend is consistent with the
electronic-structure analysis discussed above, where M2 exhibits a higher HOMO energy,
a smaller HOMO-LUMO gap. Thus, the refined SIESTA results suggest a slightly better
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interaction of M2 with the Fe(100) surface, while avoiding the overestimation associated
with the direct DFTB adsorption energies.

A reasonable agreement was observed between the adsorption geometries obtained
using DFTB+ and SIESTA, with the overall molecule-surface adsorption configurations
remaining preserved after DFT refinement (see Supplementary Material). Although some
local variations were observed in selected interatomic distances, no major structural re-
arrangements occurred. These results support the use of the DFTB+ geometries for the
structural characterization and charge density difference calculations discussed below,
while the SIESTA calculations were primarily employed for the quantitative evaluation of
adsorption energies.

In Figure 6, the bond distances of inhibitors M1 and M2 to the atoms closest to
the iron surface are shown. Selected principal interatomic distances are additionally
summarized in Supplementary Table S5 for clarity. The C-Fe distance is 4.14 A, obtained as
the algebraic sum of the van der Waals radii of carbon (1.70 A [70]) and iron (2.44 A [71]).
The shorter distances observed for M1 and M2 are consistent with significant molecule—
surface interactions, allowing effective orbital overlap between the 7 electrons of the
aromatic ring and the d orbitals of the iron atoms [39].

M2

Figure 6. Optimized adsorption configurations and principal interatomic distances (in A) between M1
and M2 inhibitors and Fe(100) surface atoms, calculated using the DFTB method with the mio-1-1 and
trans3d-0-1 parameter sets, as implemented in DFTB+. Selected numerical values are summarized in
Supplementary Table S5.

The van der Waals radius of the hydrogen atom is 1.20 A [57]; therefore, the expected
H---Fe interaction distance is 3.64 A. However, the H---Fe distance obtained for M1 is
2.455 A, and in M2 is 1.867 A and 1.815 A, which suggests a significant C-H.--Fe interaction.
The sum of the van der Waals radius of nitrogen (1.55 A [57]) and Fe is 3.99 A; the values
obtained for inhibitors M1 and M2 are less than 3.050 A and 3.605 A, respectively, which is
consistent with a relevant contribution of chemisorptive interactions [39].

Most atoms of the inhibitors participate in interactions with the metal surface. The only
atoms that do not participate in the interaction are those of the benzene ring, which becomes
oriented perpendicular to the surface after optimization. These results indicate that both
M1 and M2 interact favorably with the Fe(100) surface, with adsorption characteristics
consistent with significant chemisorptive contributions.

To validate the claim of chemisorption, a charge density difference analysis was per-
formed, as shown in Figure 7. The regions of electron density enrichment are colored
purple, whereas the regions of electron density loss are colored light blue. These charge
redistribution regions are mainly located between the inhibitors M1 and M2 and the iron
surface. The electron transfer occurs between the 7 electrons of the heterocyclic com-
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pound and the vacant “d” orbitals of the metal surface atoms. These results are consistent
with charge redistribution at the molecule-surface interface and support the presence of
significant electronic interactions between the inhibitors and the Fe(100) surface [17].

3D view Top view

9 O 9 9 9 9 9 9
Q9 9 O

M2

D222

Figure 7. Charge density difference maps (Ag(r)) for M1 and M2 adsorbed on the Fe(100) surface,
obtained using the DFTB method with the mio-1-1 and trans3d-0-1 parameter sets. Purple regions
indicate electron density enrichment, while light blue regions indicate electron density depletion.

Molecular dynamics simulations were performed to investigate the interactions be-
tween the inhibitors and the Fe(100) surface. The stability of the adsorption configurations
was evaluated as a function of time and temperature. Figure 8 presents the evolution of the
total potential energy for each inhibitor during the 500 ps simulations, showing relatively
stable thermal and energetic behavior throughout the simulation.
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Figure 8. Temporal evolution of potential energy during the MD simulations of M1 and M2 on the
Fe(100) surface at 300 K.
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Additionally, Figure 9 shows the time evolution of representative N—Fe and C—Fe
interatomic distances during the MD simulations. The absence of large-distance fluctuations
or progressive separation from the surface further supports the persistence of the adsorbed
configurations over the simulated timescale. These results suggest that the systems reached
thermal and structural equilibrium during the simulated timescale.

M1 M2

N1-Fe227 N1-Fe220

< ‘1 | <
] i (il 8
1.84 : . T - )
100 200 300 400 500 0 100 200 300 400 500
. Time (ps)
Time (ps)
C5-Fe235 C5-Fe229

34

Distance (A)
Distance (A)

1.8+

2.0+
0

100 200 300 400 500 0 100 200 300 400 500

Time (ps) Time (ps)
Figure 9. Time evolution of representative N—Fe and C—Fe interatomic distances during the MD
simulations of M1 and M2 adsorbed on the Fe(100) surface.

Both molecules remained adsorbed during the simulations, indicating stable adsorp-
tion behavior over the short simulation timescale investigated in this work. In the case of
M2, a slight reorientation of one aromatic ring interacting with the surface was observed
at the beginning of the simulation; however, the molecule maintained a stable adsorption
configuration afterward (see Supplementary Material). Nevertheless, the present MD
simulations capture only short-term dynamical behavior and do not allow conclusions
about long-term adsorption stability or macroscopic corrosion-inhibition performance.

4. Conclusions

The analysis of FMO (HOMO and LUMO), AE, MEP, and chemical reactivity pa-
rameters consistently indicates that both M1 and M2 molecules are promising corrosion
inhibitors. The findings reveal that M2, which is substituted with a dimethylamine group,
exhibits slightly better inhibition performance than M1, which contains a primary amine.
This enhanced performance is attributed to the dimethylamine group (—NMe;y), which
acts as a more potent electron donor due to the combined inductive and resonance effects
of its methyl groups. The lower AE of M2 (4.539 eV) compared to M1 (4.704 eV) further
confirms its higher chemical reactivity and superior electron-transfer capability, suggesting
somewhat improved inhibition performance.

Adsorption energy calculations, along with interatomic distance analysis and charge
density difference maps, indicate significant interactions between the inhibitor molecules
and the Fe(100) surface. The corrected adsorption energies (—3.846 eV for M1 and —3.856 eV
for M2), combined with the short molecule-surface distances and the observed charge
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redistribution, suggest that the adsorption mechanism involves a significant chemisorptive
contribution associated with electron donor—acceptor interactions between the inhibitors
and the metal surface. Although some local geometric differences were observed be-
tween the DFTB+ and SIESTA-optimized structures, the overall adsorption configurations
remained unchanged after DFT refinement.

Furthermore, molecular dynamics simulations showed that both inhibitors, M1 and
M2, remained adsorbed on the iron surface at 300 K throughout the simulation, maintain-
ing stable molecule-surface interactions over the simulated timescale. The stabilization
of the potential energy profiles, together with the relatively stable N—Fe and C—Fe inter-
atomic distances observed during the simulations, supports the persistence of the adsorbed
configurations under the studied conditions. However, the present molecular dynamics sim-
ulations only capture short-term dynamic behavior and therefore do not allow conclusions
about long-term adsorption stability or macroscopic corrosion inhibition performance.

This study suggests that M2 may exhibit improved inhibition performance com-
pared with M1, mainly due to the electronic and structural effects associated with the
dimethylamine substituent. The calculated electronic descriptors, adsorption behavior, and
molecular dynamics simulations consistently indicate somewhat stronger molecule-surface
interactions for M2. These findings provide useful theoretical insight into the design of
corrosion inhibitors for iron surfaces and may contribute to the future development of
related anti-corrosion materials.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/0rg7020021/s1, Figure S1: Structural comparison of M1 with different
levels of theory (M06/6-31G(d,p), M06/6-311G(d,p), M06-2X/6-31G(d,p) and M06-2X/6-311G(d,p));
Figure S2: Structural comparison of M2 with different levels of theory (M06/6-31G(d,p), M06/6-
311G(d,p), M06-2X/6-31G(d,p) and M06-2X/6-311G(d,p)); Table S1: Global reactivity descriptors
of M1 obtained using different functionals and basis sets; Table S2: Global reactivity descriptors
of M1 obtained using different functionals and basis sets; Table S3: XYZ coordinates of the M1
inhibitor optimized with M06/6-31G(d,p) using water as solvent; Table S4: XYZ coordinates of
the M2 inhibitor optimized with M06/6-31G(d,p) using water as solvent; Figure S3: Optimized
adsorption configurations and principal interatomic distances (in A) between M1 and M2 inhibitors
and Fe(100) surface atoms, calculated using SIESTA; Table S5: Comparison of selected atom-surface
interaction distances obtained from DFTB and DFT calculations for M1 and M2 adsorbed on Fe(100).

Author Contributions: Conceptualization, A.N.-M., ].PP.-B., RS.-R., T.D.-M,, S.5.-A., N.AS.-B,,
D.G.-M. and ].B.-L.; Formal Analysis, A.N.-M., ] PP-B., RS.-R., T.D.-M,, S.5.-A., N.A.S.-B., D.G.-M.
and J.B.-L.; Investigation, A.N.-M., ].P.P.-B., D.G.-M. and ].B.-L.; Methodology, A.N.-M., ].PP-B,,
RS.-R, TD.-M,, S.S.-A., N.AS.-B., D.G.-M. and ].B.-L.; Supervision, ].P.P.-B. and ].B.-L.; Writing—
Original Draft, AN.-M., ] PP-B., D.G.-M. and ].B.-L.; Writing—Review and Editing, R.S.-R., T.D.-M.,
S5.5.-A.,N.AS.-B,, D.G.-M. and ].B.-L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no funding.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request. Structural comparisons obtained using different levels
of theory, global reactivity descriptors calculated with different functionals and basis sets, optimized
XYZ coordinates of the inhibitors, and comparisons of selected atom—surface interaction distances
obtained using different computational methods are included in the Supplementary Material.

Acknowledgments: The authors express their sincere gratitude to Rodrigo Dominguez of CIMAV for
his valuable technical assistance. We also thank Luis Angel Sanchez Castillo of UAS for his advice
and support in preparing the figures for the manuscript. Andrea Navarrete-Mosquera acknowledges
the support of a fellowship grant N° 4031868 from SECIHTI (México). Jestis Baldenebro-Lépez, Rody

https:/ /doi.org/10.3390/0rg7020021


https://www.mdpi.com/article/10.3390/org7020021/s1
https://www.mdpi.com/article/10.3390/org7020021/s1
https://doi.org/10.3390/org7020021

Organics 2026, 7, 21 16 of 19

Soto-Rojo, Tomés Delgado-Montiel, Samuel Soto-Acosta, and Manuel Luque-Romaén are affiliated
researchers at the Universidad Auténoma de Sinaloa; Juan Pedro Palomares-Bdez and Nora Aydee
Sénchez-Bojorge are affiliated researchers at the Universidad Auténoma de Chihuahua; Daniel
Glossman-Mitnik is an affiliated researcher at the Centro de Investigacion en Materiales Avanzados
(CIMAV) and a member of the Sistema Nacional de Investigadoras e Investigadores (SNII) of the
Secretaria de Ciencia, Humanidades, Tecnologia e Innovacién (SECIHTI), México. The authors
gratefully acknowledge the computing time granted by LANCAD and SECIHTI on the supercomputer
Miztli at DGTIC UNAM.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

M1 4-(1,4,5-triphenylimidazol-2-yl)-aniline
M2 N,N-dimethyl-4-(1,4,5-triphenylimidazol-2-yl)-aniline
M Imidazole

Me-IM Methyl-imidazole

DFT Density Functional Theory

DFTB+ Density-Functional Tight-Binding

MD Molecular Dynamics

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
AE HOMO-LUMO energy gap

FMO Frontier molecular orbital

MEP Molecular electrostatic potential

IEF-PCM  Integral Equation Formalism Polarized Continuum Model
BCC Body-Centered Cubic
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