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lonic liquids (ILs) have recently attracted significant attention in many domains, particularly as potential
corrosion inhibitors owing to their outstanding properties, including low vapor pressure, high thermal
and chemical stability, and the ability to be tailored for specific applications. Their effectiveness results
mainly from their ability to strongly interact with metal surfaces, often via electrostatic and chemical
interactions, thereby forming a protective barrier against corrosion. This study investigated three ionic
liquids (ILs), namely, 3-(5-ethoxy-5-oxopentyl)-1-phenethyl-1H-imidazol-3-ium bromide ([5E50-Imid]
Br), 3-(6-ethoxy-6-oxohexyl)-1-phenethyl-1H-imidazol-3-ium bromide ([6E60-Imid] Br), and 3-(4-
acetoxybutyl)-1-phenethyl-1H-imidazol-3-ium bromide ([4AB-Imid] Br). This study aimed to assess the
ILs" ability and efficiency to prevent mineral corrosion to understand the underlying mechanisms, as well

as to identify the appropriate materials and timing prior to their experimental application. Density
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Accepted 2nd April 2025 functional theory (DFT) was used to predict the electronic properties and reactivity of the molecules

under investigation. Furthermore, molecular dynamics (MD) simulations were used to model the atomic—

DOI: 10.1039/d5ra010979 scale interactions between the ILs and metallic surfaces, offering in-depth insights into the adsorption
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1. Introduction

The search for effective methods to inhibit corrosion has led to
the development of various strategies, wherein corrosion
inhibitors play a key role. Among various corrosion inhibitors,
ionic liquids (ILs), which are molten salts at ambient temper-
ature, have attracted growing interest because of their distinc-
tive properties, including low vapor pressure, excellent thermal
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mechanisms and interactions responsible for corrosion inhibitions.

stability, and the ability to dissolve a broad spectrum of
chemical substances. These features make ILs especially effec-
tive at preventing corrosion by forming a stable protective layer
at the metal-electrolyte interface."™

Despite the high potential of ILs as corrosion inhibitors,*™*°
a more thorough understanding of the atomic and electronic
mechanisms underlying their effectiveness is still required to
optimize their application in real-world scenarios.*

Predicting the results of electrochemical corrosion-
inhibition tests is crucial for optimizing material protection,
reducing costs, and saving time in developing effective solu-
tions. Such predictions allow a rapid identification of the most
efficient inhibitors, helping adjust their concentration and
tailor treatments to specific conditions of use while minimizing
the number of physical tests required. This approach also helps
estimate the long-term durability of materials and provide
guidance on how to extend their lifespan and better plan
maintenance. Furthermore, it facilitates the design of new
materials and inhibitors, ensures compliance with environ-
mental and safety regulations, and contribute to a deeper
understanding of corrosion mechanisms. Thus, predicting
electrochemical test results is an essential tool for developing
more economical, sustainable, and industry-specific solutions.

Significant progress has been made in corrosion-inhibition
technologies using IL structures in recent years. However, to
date, most studies have focused on the efficiency of these
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systems only under experimental conditions. The novelty of our
work lies in the application of imidazolium-based ILs in theo-
retical studies based on density functional theory (DFT) and
molecular dynamics (MD). These studies were conducted to
explore the atomic-scale interactions between ILs and metallic
surfaces and to predict the behavior of these systems under
conditions. Furthermore, this study proposes
a combined approach using DFT and MD simulations to
examine the corrosion-inhibition mechanisms of three deriva-
tives of ILs: 3-(5-ethoxy-5-oxopentyl)-1-phenethyl-1H-imidazol-3-
ium bromide ([SE50-Imid] Br), 3-(6-ethoxy-6-oxohexyl)-1-phe-
nethyl-1H-imidazol-3-ium bromide TA11 ([6E60-Imid] Br) and
3-(4-acetoxybutyl)-1-phenethyl-1H-imidazol-3-ium bromide
([4AB-Imid] Br)."> We aimed to predict the experimental test
outcomes by providing a detailed description of the metallic
surface structure in the presence of the ILs, their atomic-level
interactions,* and the associated thermodynamic and kinetic
processes. The theoretical results obtained will not only
enhance the understanding of interactions between ILs and
metals but also guide the design of more effective ILs for
corrosion inhibition.* Thus, this study represents a crucial step
toward the development of innovative solutions for combating
corrosion while strengthening the theoretical foundations for
the application of ILs as a means of protecting metallic mate-
rials from degradation.*

various

2. Experimental section

2.1. Chemical synthesis and characterization

The alkyl halides ethyl 5-bromopentanoate, ethyl 6-bromohex-
anoate, and/or 4-bromobutyl acetate (1.1 eq) were introduced
into a solution of 1-phenethyl-1H-imidazol (1 eq) in toluene.
The mixture was then irradiated for 20 min in a sealed vessel at
80 °C using a CEM microwave. The reaction was considered
complete when the initially clear, homogeneous mixture of 1-
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phenethyl-1H-imidazol and alkyl halide in toluene transformed
into an oily phase.” The product was extracted with ethyl
acetate. Subsequently, the IL was dried under reduced pressure.
The ILs examined are illustrated in Fig. 1.

2.2. Theoretical details

It is well-known that conceptual density functional theory
(CDFT)Y is a useful tool for analyzing the global and local
chemical reactivities of molecules with the help of chemical
concepts like the chemical potential (u), electronegativity (x),
hardness (n), softness (o), electrophilicity () and nucleophi-
licity (¢). In the theory, chemical potential and hardness are
defined as first and second derivatives concerning the number
of electrons (N) of total electronic energy (E) at a constant
external potential. While electronegativity is defined as the
negative of the chemical potential, softness is presented as the
multiplicative inverse of the hardness. Considering the finite
differences approach, Parr and Pearson presented the following
equations based on the ground-state ionization energy (I) and
electron affinities (A) of chemical species to calculate the
aforementioned quantum chemical parameters.”

OE I+ 4
— l aZ_E _I-4 ()
T2, T 2
o=1/n (3)

Considering the Koopmans® theorem introduced in the
1930s, the negative values of HOMO and LUMO are approxi-
mately equal to the ionization energy and electron affinity in the
ground state, whereby the formulas given above turn into the
following equations:
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Fig. 1 Synthesis reaction of ILs bromide.
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The electrophilicity index (w) formulated by Parr, Szentpaly,
and Liu® provides important evidence of the electrophilic
powers of molecular systems. It is based on the electronegativity
and hardness values of the related system. Chattaraj presented
the nucleophilicity index (¢) as the multiplicative inverse of the
electrophilicity index.

w=x2n = 2y (7)
e= 1w (8)

in corrosion studies, it is important to predict the electron-
donating (w—) and electron-accepting (w+) powers of the
related compounds. Gazquez and coworkers® suggested that
w— and w+ depend on the ionization energy and electron
affinity of the system:

w" =T+ 342161 — A)) (9)

w™ = QI+ A6 — A)) (10)

The fraction of electrons transferred and metal-inhibitor
interaction energy equations derived from electronegativity
equalization and hardness equalization principles are given
below:**

¢M — Xinh
AN = ——————— 11
2(0n + Minn) =
(P — Xinn)
AYy = ——— " 12
d/ 4(nM + ninh) ( )

It is well-known that the fraction of electrons transferred
(AN) and the metal-inhibitor interaction energy (Ay) provide
significant insights into the corrosion-inhibition performances
of molecules and the power of the interaction between the
inhibitor and metal surface. Here, the variables are defined as
follows:

Xinh: the electronegativity of the inhibitor, ny: the hardness
of the metal surface, and 7n;,;: the hardness of the inhibitor. It
should be noted that yM = 0 assumes that for a metallic bulk I
= A, and the work function value for the Fe (110) surface is
4.82 eV.

All B3LYP computations at the 6311 G (df, pd) basis set were
performed utilizing the GO9W package. The C-PCM (conducted
polarized continuum model) solvent model employed the water-
phase simulations. The pictorial representations were prepared
using the Gaussview 6.0.16 package.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

MD simulation studies can provide important insights into
the interactions between inhibitor molecules and metal
surfaces. To get further insights at the atomic scale, molecular
dynamics (MD) calculations were carried out under solvation
conditions using a solution composition of 100 H,O + 3 CI™ +
3H;0" + Br~. The simulation was performed in a box with
dimensions of 25 A x 25 A x 94 A, comprising 8 Fe (110) layers
with 11 x 11 Fe atoms per face and 80 A as a vacuum region.
The temperature of the studied systems was fixed at 298 K using
the Andersen thermostat. For the simulation time, 250 ps was
selected with 1 fs as the time step. All calculations were con-
ducted under periodic boundary conditions and employing
COMPASS as a force field. Ewald and atom-based summation
methods were used to compute the electrostatic and van der
Waals interactions, respectively. Eqn (13) was used to calculate
the adsorption energy regarding the interaction process.*

Eads = Etotal - (Esolution+metal + Einhibitor) (13)
in this equation, Ei., stands for the total energy of the system.
Esolution+metal Tepresents the total energy of the system without
any inhibitor molecule, and Ejnibitor iS the energy of the
inhibitor molecule.

3. Results and discussion

3.1. Characterization of the ILs

3.1.1. 3-(5-Ethoxy-5-oxopentyl)-1-phenethyl-1H-imidazol-3-
ium bromide ([5E50-Imid] Br). FT-IR, cm : 747 (C-H, CH,),
1030 (C-0), 1154 (C-N), 1561 (C=N), 1725 (C=0), and 2910
and 3090 (Ar-H). 1H NMR (400 MHz, CDCL,): 6y = 1.18 (3H,
CH3), 1.48 (quint, 2H, CH,), 1.85 (quint, 2H, CH,), 2.29 (t, 2H,
CH,), 3.19 (t, 2H, CH,), 4.04 (qd, 2H, CH3), 4.24 (t, 2H, CH,),
7.30-7.57 (d, 2H, Ar-H), 7.05-7.47 (m, 5H, Ar-H), and 9.97 (s,
1H, Ar-H); 13C NMR (100 MHz, CDCL;): 6c = 14.2 (CH3), 21.6
(CH,), 29.9 (CH,), 33.1 (CH,), 36.4 (CH,), 49.56 (CH,), 51.0
(CH,), 60.5 (CH,), 121.9 (CH), 122.5 (CH), 127.3 (CH), 128.8
(CH), 128.9 (CH), 135.8 (C), 136.5 (CH), and 172.9 (CO); found:
C, 56.81, H, 6.55, N, 7.42%. Caled. for C,5H,:BrN,0,, C, 56.70,
H, 6.61, N, 7.35%.

3.1.2. 3-(6-Ethoxy-6-oxohexyl)-1-phenethyl-1H-imidazol-3-
ium bromide TA11 ([6E60-Imid] Br). FT-IR, cm™": 751 (C-H,
CH,), 1097 (C-0), 1154 (C-N), 1561 (C=N), 1725 (C=0), and
2910 and 3090 (Ar-H). 1H NMR (400 MHz, CDCl;): 6y = 1.15
(3H, CHj,), 1.18 (quint, 2H, CH,), 1.53 (quint, 2H, CH,), 1.76
(quint, 2H, CH,), 2.19 (t, 2H, CH,), 2.2 (t, 2H, CH,), 3.12 (t, 2H,
CH,), 4.02 (qd, 2H, CH3), 4.17 (t, 2H, CH,), 7.28-7.55 (d, 2H, Ar-
H), 7.01-7.45 (m, 5H, Ar-H), and 9.91 (s, 1H, Ar-H); 13C NMR
(100 MHz, CDCly): ¢ = 14.2 (CH3), 23.9 (CH,), 25.3 (CH,), 29.8
(CH,), 33.6 (CH,), 36.3 (CH,), 49.6 (CH,), 50.9 (CH,), 60.3 (CH,),
121.9 (CH), 122.6 (CH), 127.3 (CH), 128.8 (CH), 128.9 (CH), 135.8
(C), 136.5 (CH), and 173.3 (CO); found: C, 57.80, H, 6.79, N,
7.15%. Caled. for C,oH,,BrN,0,, C, 57.72, H, 6.88, N, 7.09%.

3.1.3. 3-(4-Acetoxybutyl)-1-phenethyl-1H-imidazol-3-ium
bromide ([4AB-Imid] Br). FT-IR, cm ™ ': 747 (C-H, CH,), 1154 (C-
N), 1238 (C-0), 1561 (C=N), 1725 (C=0), and 2910 and 3080
(Ar-H). 1H NMR (400 MHz, CDCL): 6;; = 1.16 (quint, 2H, CH,),

RSC Adv, 2025, 15, 12645-12652 | 12647
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1.84 (3H, CH3), 2.17 (quint, 2H, CH2), 3.17 (t, 2H, CH,), 4.00 (t,
2H, CH,), 4.17 (qd, 2H, CH3), 4.56 (t, 2H, CH,), 7.15-7.43 (d, 2H,
Ar-H), 7.09-7.34 (m, 5H, Ar-H), 9.92 (s, 1H, Ar-H); 13C NMR
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Fig. 2 'H NMR, *C NMR, and DEPT-135 NMR spectra of the studied
ILs.
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(100 MHz, CDCl;): é¢ = 20.9 (CH3), 25.1 (CH,), 26.9 (CH,), 36.3
(CH,), 49.3 (CH2), 50.9 (CH,), 63.2 (CH,), 122.1 (CH), 122.6
(CH), 127.3 (CH), 128.8 (CH), 128.9 (CH), 135.8 (C), 136.5 (CH),
and 171.1 (C); found: C, 55.66, H, 6.25, N, 7.70%. Calcd. for
C,,H,3BrN,0,, C, 55.59, H, 6.31, N, 7.63%.

The 'H NMR, *C NMR, and DEPT-135NMR spectra of the
studied ILs are shown in Fig. 2.

3.2. Theoretical study

3.2.1. DFT study. FMO analysis provides significant infor-
mation for evaluation of the corrosion-inhibition capability of
potential molecular systems; whereby higher HOMO and lower
LUMO energies imply the electron-donating and electron-
accepting capabilities of a molecular system, respectively. The
predicted corrosion-inhibition efficiency ranking in light of the
calculated frontier orbital energies was [6E60-Imid] Br > [5E50-
Imid] Br > [4AB-Imid] Br. Chemical hardness* represents the
resistance against the electron cloud polarization of molecules.
Two important electronic structure principles are proposed in
the literature about the hardness concept. One of them is the
famous hard and soft acid-base principle of Pearson, and the
other is the maximum hardness principle,> which states that
“there seems to be a rule of nature that molecules arrange
themselves so as to be as hard as possible” and suggests that the
hardness is a measure of stability. Ghanty and Ghosh* reported
a remarkable correlation between softness and polarizability,
stating that softness is proportional to the cube root of polar-
izability. Chemical compounds with high polarizability values
give electrons easily to metal surfaces and thus act as effective
corrosion inhibitors. The minimum polarizability principle*®
states that in a stable state, polarizability is minimized. Within
the framework of calculated polarizability values, the inhibition
efficiency order of the molecules studied here can be given as
[6E60-Imid] Br > [5E50-Imid] Br > [4AB-Imid] Br. Electronega-
tivity*” measures the electron-withdrawal powers of chemical
species, while electrophilicity reflects the electron-accepting
tendency of electron-rich species of chemical species. It
should be noted that an effective corrosion inhibitor should
have low electronegativity and low electrophilicity values. If so,
with the help of the calculated electronegativity and electro-
philicity index values, one can write the corrosion-inhibition
efficiency order of our studied molecules as: [6E60-Imid] Br >
[5E50-Imid] Br > [4AB-Imid] Br (Table 1). The principles of the
electron-accepting power and electron-donating power impar-
ted to science by Gazquez and coworkers can help corrosion
scientists to predict molecules' electron-donating and electron-
accepting capabilities. Here, the electron-accepting power value
of the [6E60-Imid] Br molecule was lower than that of the other
molecules. For that reason, the mentioned molecule had
a higher corrosion-inhibition performance compared to the
others. The fraction of electrons transferred from the inhibitor
molecule to the metal surface is an essential indicator of the
corrosion-inhibition efficiencies of molecules. For AN > 0, the
direction of electron transfer is from the inhibitor to the metal
surface. Higher values of AN belong to effective corrosion
inhibitors. On the other hand, the metal-inhibitor interaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Quantum chemical parameters of ionic liquid (IL) compounds at the B3LYP/6-311G (df,pd) level
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Gas Water

TA10 TA11 TA12 TA10 TA11 TA12
HOMO(-1) —5.0009 —4.9683 —5.1963 —6.3528 —6.3544 —6.3577
LUMO (-A) —1.2174 —1.1080 —1.3791 —0.9821 —0.9622 —0.9823
AE (L-H) 3.7835 3.8602 3.8172 5.3707 5.3922 5.3753
u —3.1092 —3.0382 —3.2877 —3.6674 —3.6583 —3.6700
n 1.8917 1.9301 1.9086 2.6854 2.6961 2.6877
w 2.5551 2.3912 2.8316 2.5043 2.4819 2.5057
w" 1.2369 1.1133 1.4263 1.0063 0.9898 1.0066
W 4.3461 4.1515 4.7140 4.6737 4.6481 4.6766
AN 0.4522 0.4616 0.4014 0.2146 0.2154 0.2139
Ay —0.3868 —0.4112 —0.3076 —0.1237 —0.1251 —0.1230
D (Debye) 10.7552 10.4880 12.7259 20.2189 18.7976 22.0674
o (au) 243.5890 257.1933 231.3780 295.8327 311.1317 280.8333

[4AB-Imid] Br

[6E60-Imid] Br

[SE5O-Imid] Br

[4AB-Imid] Br
9
@ ¥
‘i ?
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9

4 »

[6E60-Imid] Br

‘ 9
®
"9 Y
? @ "

[SE50-Imid] Br
ba’y
SRS
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MEP

Fig. 3 Optimized structures, HOMO and LUMO (iso value: 0.02), and MEP (iso value: 0.0004) plots of the IL compounds at the B3LYP/6-311G

(df,pd) level in the water phase.
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energy also gives valuable information about the corrosion-
inhibition performances of inhibitor molecules. As the metal-
inhibitor interaction energy becomes negative, the corrosion-
inhibition efficiency increases. Based on the calculated AN
and Ay values presented in Table 1, the corrosion-inhibition
efficiency ranking of the studied molecules can be given as:
[6E60-Imid] Br > [5E50-Imid] Br > [4AB-Imid] Br. Here, it should
be stated that the reactivity tendency of the compounds slightly
differed, which means that the additional -CH, group or -O-C=
O group position on the main chain of the compounds had
a negligible effect on their chemical reactivity behavior (Fig. 3).
The nucleophilic and electrophilic attack regions of all the
compounds were predicted to be similar to each other; partic-
ularly, there was no calculated HOMO or LUMO density on the
main -CH, chain and -O-C=0 (ester) groups. HOMO, as an
indicator of the nucleophilic attack site, was extended on the
imidazol ring. In contrast, LUMO, a sign of the electrophilic
attack site, was spread over the phenyl group. Moreover, MEP
graphs exhibited possible electronic attack regions for the
molecular system. In the MEP plots, electron charge density is
given by the color scale depending on the electrostatic potential
on the molecular surface: red denotes the electron-rich region
having the most negative electrostatic potential, and blue
expresses the electron-poor region having the most positive
electrostatic potential.>® From Fig. 3, it could be seen that
mainly Br~ ions and, partially, oxygen atoms were determined
as the electron-rich sites for all the compounds. Furthermore,

[SE5SO-Imid] Br @ Fel10 [6E60O-Imid] Br @ Fe110

View Article Online

Paper

the -CH, groups neighboring the nitrogen atoms of the imi-
dazol ring were defined as partially electron-poor sites as indi-
cated by their moderate size blue color.

Elhachmia et al.*® utilized the same study of two molecules
([OB-IM+, C17], [OE-IM+, CI7]), which have similar structures to
our inhibitors but differ in terms of their alkyl chain length. The
results from the DFT calculations in their paper are generally
comparable to our study. This research demonstrated the ability
to donate energy, and showed that the AN and Ay values
increased as the alkyl chain length increased. Therefore, the
predicted ranking for the corrosion-inhibition efficiency based
on the calculated properties was reported to be: [OB-IM+, Cl | >
[OE-IM+, Cl™]. This aligned with the experimental results, which
showed values of 96.3 and 95.9 for [OB-IM+, Cl"] and [OE-IM+,
Cl7], respectively. This is also related to what we refer to in our
study, a means of providing a theoretical prediction of the
experimental results one could expect from the products to be
tested.

3.2.2. Molecular dynamic calculations. = Molecular
dynamics simulations can provide valuable insights into the
adsorption behavior of inhibitor molecules. Generally, adsorp-
tion and binding energies, critical indicators of corrosion-
inhibition efficiency, that show more negative values indicate
better performance. Fig. 4 illustrates the most stable adsorption
modes for the examined inhibitors in our study, with the results
aligning well with the experimental data, while the adsorption
energies are listed in Table 2.

[4AB-Imid] Br @ Fel10

¢
Ly

-
.0
00000000000 )0000000000

Fig. 4 Top and side views of the equilibrium adsorption geometries of the examined inhibitors on the Fe (110) surface after the MD process.
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Table 2 Adsorption and binding energies (Kcal mol™) of the investi-
gated inhibitors

Molecules Eags Eginding
[5E50-Imid] Br —195.970 195.970
[6E60—Imid] Br —230.106 230.106
[4AB-Imid] Br —191.418 191.418

Table 2 presents the adsorption energy values regarding the
interactions between the studied inhibitor molecules and the Fe
(110) metal surface. It is important to note that binding energy
is the negative of adsorption energy. The reason for selecting
the Fe (110) surface in the calculations was its stable structure.
It is well-known that the MD simulation approach is an essen-
tial tool for obtaining the most stable adsorption mode of
metal-inhibitor interactions. Fig. 4 depicts the equilibrium
adsorption geometries of the examined inhibitors on the Fe
(110) surface after the MD process. Considering the calculated
adsorption and binding energies, the corrosion-inhibition
performances of the molecules can be easily compared.
Notably, more negative adsorption energy values indicate
excellent and effective corrosion inhibitors.>*?° Here, the
calculated adsorption energy values regarding the interactions
with the Fe (110) surface of [6E60-Imid] Br, [5E50-Imid] Br, and
[4AB-Imid] Br were 195.970, —230.106, and
—191.418 kecal mol ', respectively. This is what was also found
in the inhibitors [OE"IM", C1"] and [OB-IM+, C1 ],?® which gave
high negative adsorption energy values with the surface of the
Fe (110) metal, which was appropriate for experimental values
that indicated a high corrosion-inhibition efficacy. We can see
that our inhibitors had slightly higher adsorption energy values
compared with [OE-IM+, Cl"] and [OB-IM+, Cl™]; hence, we can
say that our compounds are more stable and therefore can have
a larger inhibitor efficiency. Thus, finally, it can be noted that
the results of DFT calculations and MDS studies could be good
predictions for conducting future experiments.

4. Conclusion

The inhibition mechanisms of ILs, namely, [SE50-Imid] Br,
[6E60-Imid] Br, and 3 [4AB-Imid] Br, were detailed, highlighting
the atomic and electronic interactions underlying their effec-
tiveness. The analysis of their adsorption energies and ther-
modynamic and kinetic properties revealed the significant
potential of these ILs in preventing corrosion. Theoretical
results can guide future experimental studies aimed at vali-
dating the predictions and identifying the optimal conditions to
maximize the effectiveness of ILs as corrosion inhibitors.

In conclusion, this study provides a solid foundation for the
development of innovative solutions against corrosion while
emphasizing the importance of theoretical approaches in
designing new, more effective materials and inhibitors.
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