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In this study, 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole, a novel
heterocyclic compound derived from 1,3,4-oxadiazole, is synthesised and thoroughly
characterised. Mass spectrometry, FTIR-ATR spectroscopy, 'H-NMR, and *C-NMR were used
for structural elucidation. This compound's ability to inhibit corrosion in C38 steel in 1 M
hydrochloric acid was examined using both stationary (potentiodynamic polarisation) and non-
stationary (electrochemical impedance spectroscopy, EIS) electrochemical techniques. The
inhibitor considerably decreased the corrosion current density, as shown by the Tafel polarisation
curves, and its effectiveness improved with increasing concentration. Nyquist plots supported
these results by showing that charge transfer resistance increased with immersion time, indicating
stable surface adsorption and efficient protection. Monte Carlo (MC) and Molecular Dynamics
(MD) simulations were performed on the Fe(110) surface in the presence of a simulated acidic
aqueous environment in order to obtain molecular-level understanding of the inhibitor's
adsorption behaviour. These simulations supported the high inhibition efficiency observed in
experiments by confirming strong adsorption energies and stable conformations of the inhibitor
on the metallic surface. Moreover, molecular docking studies revealed the compound's multi-
target binding affinities, which frequently outperformed reference ligands and indicated the
possibility of wider biological applications. Although hepatotoxicity was noted as a possible
concern that required additional biological validation, in silico ADME and toxicity profiling
showed generally positive pharmacokinetic properties. This multidisciplinary strategy, which
combines computational modelling, pharmacological profiling, and experimental
electrochemistry, highlights the potential of this benzimidazole—oxadiazole derivative as a dual-
purpose corrosion inhibitor and bioactive candidate.
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1. Introduction

Cyclic organic compounds with at least one heteroatom are known as heterocyclic compounds and can be used in several
fields.!* Although many heterocyclic rings contain other heteroatoms, the most common ones are nitrogen, oxygen, and
sulphur. Because they are involved in a variety of conditions, heterocyclic compounds are regarded as one of the
fundamental classes of organic compounds and are utilised in many biological fields.* In the fields of medicinal chemistry,
pesticides, polymer science, and materials science.’ Oxadiazoles five-membered heterocycles made up of two carbon atoms,
two nitrogen atoms, and one oxygen atom are receiving a lot of attention. There are various regioisomeric forms of
oxadiazole rings.® Several commercially available compounds contain 1,3,4-oxadiazole, including zibotentan, an
experimental anti-cancer drug, furamizol, an antibacterial agent, and raltegravir, an HIV integrase inhibitor that is effective

against HIV-14.7° (Fig 1).
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Fig 1. Structure of Raltegravir, Zibotentan and Furamizol.

There are numerous pharmacological uses for 1,3,4-Oxadiazole. Researchers have been creating new compounds with
the 1,3,4-oxadiazole core for a number of years. These compounds have shown a wide range of biological activity, including
anti-inflammatory properties,!®!* analgesic properties,'* anti-depressive properties,'>!® anticancer properties,'”!® anti-
diabetic properties,'*? antibacterial properties,?'2* antifungal properties,?*?> and antiviral properties.?*?’ In order to assess
the possible antitubercular, antioxidant/enzyme regulatory, and antifungal properties of 2-methyl-5-(2-methyl-1H-
benzimidazol-5-yl)-1,3,4-oxadiazole, in silico methods,?® molecular docking analyses,?*! and ADME/toxicity prediction
were used.” In addition to speeding up the process of finding promising candidates, this combined approach provides
insightful information about the pharmacokinetic characteristics and molecular interactions of these candidates with
biological targets.

The bioactivity of 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole is determined by the presence of the
nitrogen atom in the heterocyclic molecular segment. 3233

2. Materials and Methods
2.1 Reagents and instruments

All solvents and reagents were obtained from Sigma Aldrich and were used without any further modification. Thin-layer
chromatography (TLC) was performed using aluminum sheets coated with Merck 60 F254 silica gel (0.2 mm thickness) to

monitor the progress of the reactions. For detection, a UV-visible lamp was employed, with wavelengths set to 254 and 365
nm. The melting points of the synthesized compounds were determined using a Kofler bench, and the values were not
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converted into degrees Celsius. FTIR spectra were recorded using a SHIMADZU FT-IR 8400S spectrometer with a total
reflection crystal diamond (ATR) accessory, covering a range of 500-4000 cm'. The Fourier transform JNM-ECZ500/S1
FT NMR SYSTEM (JEOL) at the Centre National pour la Recherche Scientifique et Technique (CNRST) in Rabat was
used for the NMR measurements, with a proton frequency of 500 MHz and a carbon frequency of 125 MHz. The solvent
used for NMR analysis was DMSO-ds, with chemical shifts reported at 2.5 ppm for 'H NMR and 39.7 ppm for '*C NMR.
The Ultimate 3000-Exactive plus THERMO quadrupole-Orbitrap instrument, also available at CNRST, was employed for
high-resolution mass spectrometry, equipped with a collision cell.

2.1.1.  Synthesis of 2-methyl-1H-benzimidazole-carboxylic acid (2)

A solution of 3,4-diaminobenzoic acid (1) (40 mmol) in concentrated hydrochloric acid (30 ml) was mixed with glacial
acetic acid (60 mmol). For six hours, the reaction mixture was heated until it refluxed. Following cooling, 25% ammonia
was added to the reaction medium to bring its pH down to 4. The resulting precipitate was then filtered and recrystallised
from ethanol as a brown powder’*38. Solid brown; 85%; > 300°C, '"H NMR(500MHz,DMSO-ds,ppm): 2.56(s,3H,CH3),
7.16(d.1H,CHar), 7.56(s,1H,CHar), 7.87(d,1H,CHar), 10.49(s,1H,NH), 11.00(s,1H,OH), '3C NMR (125MHz,DMSO-ds,
ppm) : 160.60(C=0), 155.32(C=N), 146.80(Car), 136.44(Car), 127.83(Car), 127.30(Car), 116.84(Car), 115.10(Car),
19.10(CH3), IR-ATR (cm™): 3225 uN-H, 2962-3218 vO-H, 1712 vC=0, 1625 vC=N, MS(ESI): m/z = 177 [M+H]"

2.1.2. Synthesis of ethyl 2-methyl-1H-benzimidazole-5-carboxylate (3)

To get ethyl 2-methyl-1H-benzimidazole-5-carboxylate (3), 7 mmol After adding 8 ml of thionyl chloride at 0°C to 30
ml of absolute ethanol, 2-methyl-1H-benzimidazole-5-carboxylic acid (2) was allowed to reflux for 24 hours. Following
the termination of the reaction, a 10% NaHCOs3 solution was used to neutralise the mixture to a pH of 7. A buff-colored
powder 3° was produced by filtering and recrystallising the precipitate from ethanol. Solid chamois; 79%; 170-172°C, 'H
NMR(500MHz,DMSO-ds,ppm): 1.30(t,3H,CHs;), 2.56(s,3H,CHs), 4.27(q,2H,CH>), 7.24(s.1H,CHar), 7.56(d,1H,CHar),
8.00(d,1H,CHar), 11.00(s,1H,NH), !3C NMR (125MHz,DMSO-ds, ppm) : 162.86(C=0), 156.66(C=N), 148.35(Car),
135.52(Car), 126.44(Car), 124.14(Car), 116.41(Car), 114.79(Car), 69.00(CHz), 19.84(CHs), 19.10(CH3), IR-ATR (cm™):
3321 uN-H, 1718 vC=0, 1632 vC=N, MS(ESI): m/z =205 [M+H]"

2.1.3. Synthesis of 2-methyl-1H-benzimidazole-5-carbohydrazide (4)

Ethyl 2-methyl-1H-benzimidazole-5-carboxylate (3) (7 mmol) and hydrazine hydrate (10 ml) were mixed for 18 hours
at room temperature in order to prepare 2-methyl-1H-benzimidazole-5-carbohydrazide (4). The solid was recrystallised
from ethanol as a brown powder “ after the reaction mixture was concentrated and repeatedly triturated with methanol to
eliminate excess hydrazine hydrate. Solid brown; 80%; 260-262°C, 'H NMR(500MHz,DMSO-ds,ppm): 2.74(s,3H,CH3),
4.86(s,2H,NH>), 7.37(s.1H,CHar), 7.54(d,1H,CHar), 7.86(d,1H,CHar), 9.28(s,1H,NH), 10.20(s,IH,NH), '3C NMR
(125MHz,DMSO-ds, ppm): 168.22(C=0), 152.67(C=N), 149.33(Car), 135.29(Car), 130.30(Car), 129.85(Car),
117.42(Car), 116.06(Car), 18.91(CH3), IR-ATR (cm™): 3331 vN-H, 3212 vN-H, 3101-3192 vNH>, 1675 vC=0, 1596
vC=N, MS(ESI): m/z = 191 [M+H]"

2.1.4.  Synthesis of 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole (5)

After dissolving 3 mmol of acetic acid in 15 ml of phosphoryl trichloride, adding 3 mmol of 2-methyl-1H-benzimidazole-
5-carbohydrazide (4), and heating the reaction mixture at reflux for 6 hours, the reaction is complete. The precipitate that
formed was filtered and recrystallised from ethanol #! after the reaction was stopped and the mixture was neutralised with
25% ammonia until pH = 7. Solid beige; 93%; 223-225°C, 'H NMR(500MHz,DMSO-ds,ppm): 2.51(s,3H,CHs),
2.56(s,3H,CH3), 7.16(d.1H,CHar), 7.57(s,1H,CHar), 7.87(d,1H,CHar), 11.00(s,1H,NH), 3C NMR (125MHz,DMSO-ds,
ppm) : 169.06(C=N), 168.20(C=N), 155.32(C=N), 135.52(Car), 132.98(Car), 130.08(Car), 121.62(Car), 115.51(Car),
114.79(Car), 19.84(CHs), 19.10(CH3), IR-ATR (cm™): 3149 vN-H, 1633 vC=N, 1286 vC-H, MS(ESI): m/z = 215 [M+H]"

2.2. Experimental conditions

The steel used for the tests was composed of 0.009% cobalt, 0.680% manganese, 0.230% silicon, 0.077% chromium,
0.059% nickel, 0.0160% sulfur, 0.011% titanium, 0.370% carbon, and 98.39% iron. To prepare the C38 steel (SC38 = 1.77
cm?) for testing, SiC paper of grades 180, 600, and 1200 was utilized for polishing, followed by rinsing with distilled water,
ultrasonic cleaning with ethanol, and drying. The efficiency of inhibitor adsorption was found to be influenced by the surface
preparation, as roughness affects the process. The inhibitor molecule was used in this study at concentrations ranging from
2.5 x 107 to 2.5 x 10™* M, dissolved in 80 mL of 1 M HCI at ambient temperature. Electrochemical measurements,
including Electrochemical Impedance Spectroscopy (EIS) and Potentiodynamic Polarization (PDP), were carried out using
the VMP3 potentiostat connected to EC-Lab software. The measurement system consisted of three electrodes: a Saturated
Calomel Electrode (SCE) as the reference, a platinum wire as the auxiliary electrode, and C38 steel as the working electrode.
Stable electrochemical testing conditions were ensured by potential stabilization, with EIS data collected over a frequency
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range of 100 kHz to 10 mHz. For the PDP polarization curves, the applied potential was varied continuously at a rate of 0.5
mV/s within a potential window of £250 mV.

2.3. Simulation-Based Methods and Molecular Modeling Approaches

To comprehensively investigate the interaction mechanisms between organic inhibitors and metallic surfaces in
corrosive environments, a combination of quantum chemical calculations, molecular docking, and classical simulation
techniques was employed. Molecular optimization of the inhibitor structures was performed using Gaussian 09 *2, with
GaussView 6 serving as the graphical interface for visualization and preparation. Protein structures were retrieved from the
Protein Data Bank (PDB) **, and reference ligands were obtained from PubChem . Molecular docking was conducted
using AutoDock Tools ** in conjunction with AutoDock Vina 4, enabling the prediction of ligand-receptor affinities and
binding conformations. Docking preparations and PDBQT file generation were facilitated by Discovery Studio, which,
along with Maestro Schrodinger, was also used for advanced visualization and analysis. To extend the scope of static
docking results and capture the dynamic behavior of the inhibitor in realistic environments, Molecular Dynamics (MD) and
Monte Carlo (MC) simulations were performed. These complementary computational techniques enabled a detailed
evaluation of adsorption properties, energetics, and intramolecular interactions, particularly in the presence of solvated ions
representative of acidic media. Among various crystallographic configurations of iron, the Fe (110) surface was selected
for its stability and relevance to corrosion studies. The surface was extended into a supercell to maximize the area available
for interaction, and a simulation box with dimensions 30.18 x 42.42 x 45.57 A3 and periodic boundary conditions was
defined. A vacuum layer of 15 A was incorporated above the metallic slab to eliminate inter-image interactions. The
modeled system included one inhibitor molecule (AM02), 15 hydronium ions (H30%), 15 chloride ions (CI7), and 163 water
molecules (H,0), reproducing a realistic acidic aqueous environment. The MD simulations were carried out under an NVT
ensemble, with the Andersen thermostat regulating the system's temperature. Simulations were conducted at two
temperatures (203 K and 343 K) using the COMPASS force field, a 1 fs timestep, and a total simulation duration of 50 ps.
The interaction and binding energies were calculated using the following equations:

E int = E complex - (E_inh + E Fe+163H,0+15CI"+15H;0%) 1)
E bind = -E int 2)

3. Results and Discussion

3.1.  Synthesis of 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole (5)

By using the Phillips method **3#to condense 3,4-diaminobenzoic acid (OPDA) with acetic acid in hydrochloric acid,
2-Methyl-1H-benzimidazole-5-carboxylic acid (2) was produced in a good yield. Our working strategy involved the
esterification of 2-methyl-1H-benzimidazole-5-carboxylic acid (2), which involves activating the carboxylic acid at reflux
for 24 hours * using ethanol and thionyl chloride. After that, hydrazine hydrate is applied to the esterified product (3) for
eighteen hours at room temperature. Following treatment, an 80% yield of 2-methyl-1H-benzimidazole-5-carbohydrazide
40 (4) is produced. The process of reacting 2-methyl-1H-benzimidazole-5-carbohydrazide (4) with acetic acid in the presence
of phosphoryl trichloride at reflux was selected to produce 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole
(5). Following ammonia neutralisation of the reaction mixture to a pH of neutral, a precipitate is created, filtered, and
recrystallised from ethanol *' (Scheme 1).
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Scheme 1. Synthesis of 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole
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Two singlets with three methyl protons each at 2.51 and 2.56 ppm, a deshielded signal from the benzimidazole proton
at 11.00 ppm, and clusters with aromatic protons between 7.16 and 7.87 ppm are all visible in the compound's '"H NMR
spectrum. In the compound's *C NMR spectrum, the methyl carbons are responsible for two signals at 19.10 and 19.84
ppm, the C=N bonds for three signals at 169.06, 168.20, and 155.32 ppm, and the aromatic carbons for signals at 135.52,
132.98, 130.08, 121.62, 115.51 and 114.79 ppm. Three bands are visible in the spectrum: the N-H of benzimidazole at 3149
cm’!, the C=N bond at 1633 cm™', and the C-H bond of methyl at 1286 cm’!.

A molecular peak associated with the molecular ion m/z = 215[M+H]" can be seen in the mass spectrum captured in (ESI).

3.2. ADME/Toxicity Analysis and Molecular Docking Study

3.2.1. ADME Properties Predicted by pKCSM

The pKCSM prediction platform was employed to perform an in silico ADME (Absorption, Distribution, Metabolism,
and Excretion) analysis to evaluate the pharmacokinetic properties of the designed compound. This computational approach
estimates essential drug-like properties that influence how a molecule behaves within a biological system. The ADME
predictions provide an early assessment of the compound's potential as a drug candidate by highlighting its oral
bioavailability, tissue distribution, metabolic stability, and clearance.

According to the ADME profile, the compound demonstrates good intestinal absorption, acceptable CaCO; permeability,
and favorable oral bioavailability. It also reduces the likelihood of drug-drug interactions since, despite being a substrate
for P-glycoprotein, it does not inhibit the transporter. However, the compound shows poor permeability through the Central
Nervous System (CNS) and Blood-Brain Barrier (BBB), which could mitigate central side effects for non-neuroactive drugs.
The metabolism prediction indicates minimal interaction with key CYP450 enzymes, thereby decreasing the risk of
metabolic issues. Additionally, the compound exhibits a balanced pharmacokinetic profile, supported by moderate total
clearance and non-OCT2-mediated renal excretion.

Regarding the toxicity profile, the compound is generally safe. It does not pose a risk for cardiotoxicity via hERG
inhibition and is not mutagenic. In animal models, it exhibits low acute oral toxicity and shows no potential for skin
sensitization. However, hepatotoxicity was predicted, warranting caution and further in vitro/in vivo testing. Its
environmental compatibility is also favorable, as evidenced by its low ecological toxicity (Table 1S, and Table 28 sce
supplementary data).

3.2.2. Prediction of Biological Interactions via Molecular Docking

The molecular docking study aimed to evaluate the binding affinity of the designed ligand to three physiologically
relevant target proteins: antitubercular, antioxidant/enzymatic regulation, and antifungal targets. The results were compared
with standard reference ligands known to be active against these targets (Table 1).

When docked with InhA (PDB: 4YZK), an important enzyme in Mycobacterium tuberculosis, the ligand exhibited a
binding affinity of -5.1 kcal/mol for antitubercular activity, surpassing the reference drug isoniazid, which had a binding
affinity of -4.1 kcal/mol. This suggests that the ligand could possess superior or more competitive inhibitory activity against
InhA.

For antioxidant and enzymatic regulation, the ligand showed a significantly higher binding affinity of -6.8 kcal/mol with
Tyrosinase (PDB: 2Y9X), compared to the reference compound Kojic acid (-5.3 kcal/mol). This enhanced binding indicates
that the ligand may form stronger hydrogen bonds or hydrophobic interactions at the active site, potentially leading to more
effective inhibition of tyrosinase. In terms of antifungal activity, the ligand outperformed the established antifungal drug
Fluconazole, which had a docking score of -7.4 kcal/mol, achieving a score of -7.8 kcal/mol with Lanosterol 14a-
demethylase (CYP51) (PDB: SEQB). This suggests that the ligand may be a potent inhibitor of fungal CYP51, a key enzyme
in the biosynthesis of fungal membranes. Across all tested targets, the ligand demonstrated favorable binding energies, often
outperforming the reference drugs. These findings imply that the ligand could have broad-spectrum therapeutic potential
and warrants further investigation, including biological validation and ADMET profiling.

Table 1. Comparative Docking Affinities of the Ligand and Reference Ligands for Different Therapeutic Activities

Biological Activity Target Protein PDB ID Ligand Binding Affinity (kcal/mol)
Antitubercular InhA (Mycobacterium tuberculosis) 4YZK Isoniazid -4.1
Ligand -5.1
Antioxidant / Enzymatic Regulation Tyrosinase 2Y9X Kojic Acid -5.3
Ligand -6.8
Antifungal Lanosterol 14a-demethylase (CYPS1) SEQB Fluconazole -7.4

Ligand -7.8
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Fig. 4. 2D and 3D interaction profiles of our ligand and reference Fluconazole with the active sites of the protein
Lanosterol 14a-demethylase (CYP51) (SEQB).

In the active sites of three therapeutic targets, the interaction profiles show the precise binding modes of the designed
ligand in comparison to reference compounds. The ligand exhibits a more extensive interaction network than isoniazid
within the InhA enzyme (PDB: 4YZK) by establishing a number of non-covalent interactions, including van der Waals
forces, conventional hydrogen bonds, n—r stacking, and alkyl interactions. Tyrosinase (PDB: 2Y9X) has a more complex
and possibly stable binding conformation than Kojic acid because the ligand shows other bonding types, such as carbon—
hydrogen bonds, m-anion interactions, and even some unfavourable donor—donor contacts. The ligand exhibits strong n—
sigma interactions, hydrogen bonds, and hydrophobic contacts when bound to Lanosterol 14a-demethylase (CYP51, PDB:
5EQB), which contributes to its increased affinity over fluconazole. The ligand's potential in a variety of therapeutic
domains is strengthened by these molecular interactions, which facilitate its efficient engagement with various protein
targets.
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3.3. Corrosion inhibitory activity for C38 steel in hydrochloric acid (1M HCI)
3.3.1. Potentiodynamic polarization (PPD) curves

To better understand the kinetics of cathodic and anodic corrosion reactions, Tafel diagrams were examined #’. Following
a 30-minute immersion in an acidic medium (1M HCI) at 298 K, Fig. 5 displays the potentiodynamic polarisation curves of
C38 steel with and without varying concentrations of 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole. The
Tafel slope *® is used to calculate the electrochemical parameters of C38 steel without and with varying concentrations of
51, including corrosion potential (Ecorr), corrosion current density (icorr), cathodic Tafel constant (Bc), and inhibitory
efficiency (WPPD (%)) (Table 2).

When varying concentrations of the inhibitor molecule are added to the corrosive solution, the corrosion potential slightly
shifts towards more negative values in comparison to the control (1M HCI). Furthermore, the cathodic slopes change to
correspondingly lower values. As a result, corrosion currents decrease, which in turn indicates a decrease in corrosion rates
4950 The cathodic Tafel lines and cathodic slopes for 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole are
nearly parallel and roughly constant, respectively (Fig. 5 and Table 2). This suggests that the tested inhibitor molecule !
has no effect on the cathodic reactions of the electrode corrosion mechanisms of C38 steel. Equations 1 and 2 also show the
electrochemical reactions of C38 steel in an acid solution (1M HCI), which correspond to the cathodic (hydrogen reduction)
and anodic (iron dissolution) reactions. Equation 3 was used to calculate the inhibitory efficiency.

2H" +2¢ < H, €))
Fe <> Fe* +2¢ 2
0 L (3)
Nepp (%0) = (1-—)x100
)

The corrosion current densities without and with varying concentrations of the tested inhibitor (2-methyl-5-(2-methyl-
1H-benzimidazol-5-yl)-1,3,4-oxadiazole) are denoted by ip and iim, respectively. As the concentration of the inhibitor
molecule (2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole) in the corrosive solution increases, the cathodic
corrosion current densities decrease significantly. This suggests that the cathodic reactions > can also be impacted by the
2-methyl-5-(2-methyl-1H-benzimidazol-5-y1)-1,3,4-oxadiazole used. As can be seen in Table 2, at 2.5 x 10 Mol/L of (2-
methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole) investigated in the corrosive solution, the corrosion current
densities drop and reach extremely low values of the order of 11.4 pA cm™. This suggests that the 2-methyl-5-(2-methyl-
1H-benzimidazol-5-yl)-1,3,4-oxadiazole is 520.1 pA cm? in comparison to the control (1M HCI). A thorough examination
of Table 2 reveals that as the concentration of the inhibitor molecule under test increases, the corrosion current densities
decrease. However, the inhibitory efficiencies rise as the concentration of 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-
1,3,4-oxadiazole increases. At an ideal concentration of 2.5x10** Mol/L, the inhibitory efficiencies reach a maximum value
of the order of 97.81%. This suggests that 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole is an effective
inhibitor. It contains an aromatic ring and two heterocyclic rings that carry the following heteroatoms: oxygen and nitrogen.
These heteroatoms adsorb on the metal surface in a parallel and plane fashion, forming a protective film on the steel
electrode's surface.>® 3

2
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Fig 5. Potentiodynamic polarization curves of C38 steel in the absence and presence of the tested inhibitor (2-methyl-5-
(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole) at different concentrations in 1M HCI solution at 298 K.
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Table 2. Different electrochemical parameters of C38 steel in the absence and presence of the tested inhibitor (2-methyl-5-
(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole) at different concentrations in 1M HCI at 298 K.

Concentration icorr -Ecorr Ba - Be EI
(Mol/L) (uA.cm™) (mV /SCE) (mV) (mV) (%)

Blank 520.1 460.7 128.4 142.2 -
2.5.10° 96.3 509.7 138.5 140.0 81.48
5.10° 72.6 509.9 95.6 126.6 86.04
7.5.10° 59.7 526.6 213.0 154.3 88.52
10 27.4 487.8 79.7 118.1 94.73
2.5.10* 11.4 483.7 68.4 101.3 97.81

3.3.2. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was used to investigate the interaction and impact of the tested inhibitor
(2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole) on the electrode surface of C38 steel in a corrosive
environment, in order to validate the results previously obtained using potentiodynamic polarisation curves. Furthermore,
EIS was employed to assess corrosion resistance and comprehend the organic inhibitor's adsorption mechanisms in both the
uninhibited and inhibited aggressive solutions 3. Fig. 6 displays the Nyquist diagrams of C38 steel following a 30-minute
immersion in 1M HCI at 298 K, both with and without varying concentrations of 2-methyl-5-(2-methyl-1H-benzimidazol-
5-yl)-1,3,4-oxadiazole. When compared to the control capacitive loop (without inhibitor), the diameter of the capacitive
loops increases with increasing concentration, according to the Nyquist diagrams of the SIE in the corrosive solution with
and without varying concentrations of 2-methyl-5-(2-methyl-1H-benzimidazol-5-y1)-1,3,4-oxadiazole *°. Additionally, the
charge transfer resistance and low-frequency scattering associated with the adsorption of the organic inhibitor molecule 2-
methyl-5-(2-methyl-1H-benzimidazol-5-yl1)-1,3,4-oxadiazole on the metal surface at the metal/solution interface 7 cause
the shape and size of Nyquist diagrams to change when varying concentrations of the inhibitor molecule are added to the
aggressive medium. This shows that the CI ion attack has been halted and that the protective layer that has formed is firmly
attached to the metal surface. This implies that C38 steel in an acidic medium exhibits a very high resistance to varying
concentrations of the investigated molecule, and that the inhibitory efficiency rises as the concentration of 2-methyl-5-(2-
methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole increases. Due to the adhesion of the tested organic molecule and the
creation of hydrogen and covalent bonds between the C38 steel surface and the lone pairs of heteroatoms (nitrogen and
oxygen) as well as the double bonds of aromatic rings °*%, these results can be explained. The various electrochemical
parameters that were taken from the Nyquist diagrams that were simulated using an equivalent electrical circuit (EEC) with
and without varying concentrations of 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole (Fig. 3) are listed in
Table 3. Furthermore, the solution resistance (Rs), charge transfer resistance (Rct), and constant phase element (CPE) make
up the majority of the EEC. Equations 4 and 5 ® were then used to determine the inhibitor 2-methyl-5-(2-methyl-1H-
benzimidazol-5-yl)-1,3,4-oxadiazole's double layer capacity (Cdl) and inhibitory efficiency (nSIE (%)). Due to the complete
adsorption of 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole and the development of a protective film on
the steel surface, this result indicates that 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole is the best
inhibitor tested. Furthermore, potentiodynamic polarisation is confirmed by the results of the electrochemical impedance
spectroscopy method. Furthermore, these findings are consistent with those of other researchers who have published their
findings in the literature -2,

Cpy = Yo" @
)

RO

Nsie (%) = (1 - =% x 100
Rct

With R%; and R are respectively the charge transfer resistance in the absence and presence of different concentrations

of the tested inhibitor (2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole). In addition, Yo, ®m and n present
respectively the angular frequency, the CPE amplitude and the exponent.

Table 3. Different electrochemical parameters of C38 steel in the absence and presence of the studied inhibitor (2-methyl-
5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole) at different concentrations in 1M HCI solution at 298 K.

Concentration Ry R R;3 Q2 ny Qs n; Rt 1IE

(Mol/L) (Q.cm?) (Qem?)  (Qem?)  (e? F.cm?) (e3. F.cm?) Q.cm® %

Blank 4.22 36.5 - 0.323 0.83 - - 47.83 -
2.5.10°3 5.61 22.31 227 0.739 0.72 0.225 0.88 24931 80.81
5.10° 6.64 25.65 353.5 0.908 0.66 0.257 0.85 379.15 87.38
7.5.10° 6.68 31.46 450.6 0.867 0.65 0.271 0.84 482.06 90.08
104 5.681 698 79.98 0.057 0.88 0.518 0.69 77798 93.85

2.5.10* 6.331 63.86 1 058 0.289 0.79 0.034 0.88 1121.86 95.74
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Fig 6. Nyquist diagrams of C38 steel in the absence and presence of the tested inhibitor (2-methyl-5-(2-methyl-1H-
benzimidazol-5-yl)-1,3,4-oxadiazole) at different concentrations in 1M HCIl solution at 298 K and the equivalent electrical

3.3.3. Time effect

circuit.

785

An effective method for evaluating the corrosion inhibition process by the impact of time (long-term immersion) is
electrochemical impedance spectroscopy. The purpose of these experiments is to see how the phenomena at the metal
substrate interface change over the course of 2, 4, 6, 8, 16, and 24 hours of immersion. The evolution of the impedance
diagrams at various immersion times in 1 M HCI with and without the inhibitor 2-methyl-5-(2-methyl-1H-benzimidazol-5-
yI)-1,3,4-oxadiazole at 2.5 x 10* M is depicted in Fig. 7 and Fig. 8 below. These figures show that after six hours, the
charge transfer resistance rises as the immersion time increases. Furthermore, this behaviour suggests that the protective
film's resistance has increased for up to 24 hours. As a result, the immersion period improves the film's protective qualities
on the steel surface. Furthermore, a very long immersion period is likely to cause the developed passive film to dissolve.
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Fig. 7. The evolution of impedance diagrams at Fig. 8. The evolution of impedance diagrams at different
different immersion times in 1 M HCl in the absence of immersion times in 1 M HCI in the presence of the inhibitor 2-
the inhibitor 2-methyl-5-(2-methyl-1H-benzimidazol- methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole

5-yl)-1,3,4-oxadiazole at 2.5 x 10-4 M.

at2.5x 10 M.
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Table 4. The evolution of impedance diagrams at different immersion times in 1 M HCI in the absence and presence of the
inhibitor 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole at 2.5 x 10 M.

Temps d’immersion R, R, R; Q: n, Qs m R 1IE
(Q.cm?) (Q.cm?) (Q.cm?) (e3. F.cm?) (e3. F.cm?) (Q.cm?) %
Blank

2 3.146 56.84 - 0.344 0.8 - - 56.84 -

4 3.255 72.51 - 0.344 0.8 - - 72.51 -

6 3.642 96.07 - 0.347 0.8 - - 96.07 -

8 3.102 124.9 - 0.331 0.8 - - 124.9 -

16 11.16 115 - 0.268 0.8 - - 115 -

24 3.444 65.28 33.85 0.232 0.9 5.294 0.8 99.11 -

La molécule 5f

2 11.09 2717.2 90.05 0.122 0.8 0.648 0.9 367.25 84.52
4 8.262 162 3473 0.200 0.9 0.170 0.8 509.3 85.76
6 3.238 342 484.9 0.147 0.8 0.028 0.9 826.9 88.38
8 2.847 353.9 958.9 0.049 0.9 0.062 0.9 1312.8 90.48
16 6.478 534.8 429.5 0.133 0.8 0.055 0.9 964.3 88.07
24 8.368 551.2 66.54 0.018 0.8 0.287 0.9 617.74 83.95

3.4 Monte Carlo simulation, MD results, Fukui Indices, and MEP

3.4.1 Monte Carlo simulation, and MD results

The Monte Carlo simulation results (Table 5), and (Fig. 9) reveal valuable insights into the adsorption behavior of the
inhibitor on the Fe (110) surface. The total energy of the system is -899.031 kJ/mol, indicating overall thermodynamic
stability. The adsorption energy is highly negative at approximately -4160 kJ/mol, suggesting a strong exothermic
interaction between the inhibitor and the metallic surface, which implies a highly favorable adsorption process. The rigid
adsorption energy is recorded at -961.852 kJ/mol, representing the energy associated with adsorption without any structural
relaxation of the inhibitor. This value reflects the contribution of non-covalent interactions such as electrostatic and van der
Waals forces. The deformation energy of approximately -3200 kJ/mol highlights the significant structural adjustments
undergone by the inhibitor during adsorption. This indicates that chemisorption may be involved, where the molecule adapts
its conformation to form stable bonds with the surface. Finally, the energy per adsorption site values for specific groups
MBO (-126.515), water (-20.608), and hydronium/chloride ions (-13.738) demonstrate that the inhibitor contributes most
substantially to the total adsorption energy, confirming its high affinity and effectiveness as a corrosion inhibitor in acidic
environments.
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Fig. 9. Comparative Adsorption Behavior of an Organic Inhibitor on Fe(110) Surface at 273 K and 328 K: Molecular
Dynamics vs. Monte Carlo Simulations
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The Molecular Dynamics (MD) results (Table 6), and (Fig. 9) at 298 K and 328 K provide additional insights into the
system's thermodynamic and structural behavior under dynamic conditions. At 298 K, the interaction energy is negative (-
71.217 kJ/mol), indicating a spontaneous and favorable binding of the inhibitor, whereas at 328 K the interaction becomes
slightly positive (52.861 kJ/mol), reflecting a possible reduction in binding strength due to increased thermal agitation.
Interestingly, the binding energy transitions from positive (71.217 kJ/mol) to negative (-52.861 kJ/mol) as temperature
increases, supporting the idea of weakened adsorption at higher temperatures. At both temperatures, the molecule adsorbs
in a planar conformation, forming stable interactions with the metallic substrate. The MD simulations reveal temperature-
dependent solvent structuring, where water molecules form ordered layers at lower temperatures and become increasingly
disordered at 328 K, suggesting thermal destabilization of the solvation shell. Monte Carlo simulations capture
thermodynamically favorable configurations, showing consistent surface attachment regardless of temperature. The
combination of these static and dynamic methods highlights how temperature influences adsorption strength, molecular
conformation, and solvent organization, offering a comprehensive understanding of the inhibitor’s performance and its
potential application in corrosion protection under varying environmental conditions.

Table 5. Monte Carlo simulation results

Structures Total energy Adsorption energy  Rigid adsorption ~ Deformation MBO : H20: H30+etCl-:
energy energy dEad/dNi dEad/dNi dEad/dNi
Fe (110) -899.031 -4.16E+03 -961.852 -3.20E+03 -126.515 -20.608 -13.738

Table 6. Molecular Dynamic results

T(K) 298 328
Ecomplixe(Kj/mol) -67859.382 -67645.617
Ere+1631120+150+15130+(Kj/mol) -67888.604 -67803.35
MBO(Kj/mol) 100.439 104.872
Emleraclion (K_]/I'IlOl) -7 1 2 1 7 52861
Ebpinding (Kj/mol) 71.217 -52.861

3.4.2 Fukui indices, and Molecular Electrostatic Potential (MEP)

Local reactivity is a widely used method to identify active sites within an inhibitor molecule. In this study, Fukui
functions were applied to determine optimal adsorption sites in the optimized structure of the MBO molecule. The following
equations were used to calculate the nucleophilic (f’k) and electrophilic (f*k) Fukui indices:

Ji =a(N+1)—q(N) Q)
Je =q(N)=q(N-1) (7

The analysis of dual descriptors enables the identification of the most reactive atomic sites within the molecule by
indicating their propensity for electrophilic or nucleophilic attack. In the plotted data (Fig. 10), positive values denote sites
likely to undergo nucleophilic attack, whereas negative values suggest susceptibility to electrophilic attack. Notably, the
carbon atom C2 exhibits the highest positive dual descriptor value (+0.46), designating it as the principal site for
nucleophilic interaction. Other atoms showing significant nucleophilic character include N13 (+0.45), N14 (+0.44), N18
(+0.39), C3 (+0.30), and C10 (+0.28). Additionally, C5 (+0.19), C20 (+0.24), and N19 (+0.23) also demonstrate moderate
reactivity toward nucleophilic species. Conversely, O16 stands out with a strongly negative value (-0.26), identifying it as
the most electrophilic site, potentially vulnerable to nucleophilic attack. Other atoms such as H8 (—0.22) and H21 to H26,
although less reactive, also exhibit slight negative values, consistent with their expected low chemical reactivity. The
remaining atoms display values closer to zero, indicating limited reactive behavior. This detailed mapping of reactive centers
is essential for predicting molecular behavior in chemical reactions and supports the rational design of compounds in fields
such as medicinal chemistry and catalysis. The data are grounded in conceptual density functional theory (DFT), which
provides a robust theoretical basis for interpreting site-specific reactivity through dual descriptors.

0.4 Nucleophilic
attack

03

0.2

0.1

' Wores !iOM Jo oo A

0.2 \

-0.3

Dual descriptors

Fig. 10. Dual Descriptor Analysis of Frontier Molecular Orbitals: Identification of Nucleophilic and Electrophilic
Reactive Sites
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The reactivity profile of the studied molecule was assessed through a combination of dual descriptor analysis and
molecular electrostatic potential (MEP) mapping, providing complementary insights into its electronic structure (Fig. 11).
The dual descriptor analysis, grounded in conceptual density functional theory (DFT), revealed that carbon atom C2
possesses the highest positive value (+0.46), identifying it as the primary site susceptible to nucleophilic attack. Additional
nucleophilic centers include N13 (+0.45), N14 (+0.44), and N18 (+0.39), while O16 exhibited the most negative value (—
0.26), suggesting its role as a potential site for electrophilic interaction. These theoretical findings are corroborated by the
MEP map, which visualizes the spatial distribution of the molecule’s electrostatic potential. The red region, indicating a
zone of high electron density, is localized around the oxygen atom, reinforcing its electrophilic nature as predicted.
Conversely, blue regions appear on the periphery, particularly near electron-deficient hydrogen atoms, aligning with areas
of positive electrostatic potential and potential nucleophilic susceptibility. The green to white gradient over the hydrocarbon
backbone suggests regions of lower reactivity. Together, these analyses provide a coherent depiction of the molecule's
reactive landscape, enabling a deeper understanding of its potential behavior in electrophilic and nucleophilic environments
an essential step in rational drug design and molecular interaction prediction.

£l e

Fig. 11. Molecular Electrostatic Potential (MEP) Map of the Inhibitor Molecule (blue: nitrogen, red: oxygen, gray:
carbon, white: hydrogen)

4. Conclusion

This study uses spectroscopic techniques like 'H NMR, *C NMR, FTIR-ATR, and mass spectrometry to synthesise and
fully characterise 2-methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole, a novel heterocyclic compound derived
from 1,3,4-oxadiazole. Both stationary and non-stationary electrochemical techniques were used to examine the compound's
physicochemical behaviour as a possible corrosion inhibitor for C38 steel in 1 M hydrochloric acid (HCI). The inhibitor
dramatically lowers corrosion current densities as concentration rises, according to the stationary technique based on
potentiodynamic polarisation (Tafel diagrams). At an ideal concentration of 2.5 x 10™* mol/L, inhibition efficiencies reach
a maximum of 97.81%. These results were validated by the non-stationary approach, which was assessed using
electrochemical impedance spectroscopy (EIS): The adsorption of the organic molecule on the steel surface and the creation
of a protective film resulted in increased charge transfer resistance, as demonstrated by Nyquist diagrams, which also
showed an increase in the diameter of the capacitive loops with increasing inhibitor concentrations. Effective surface
coverage and a diffusion-controlled process are further supported by the observed changes in Nyquist plot size and shape,
especially at low frequencies. The stability and persistence of the inhibitor on the metal surface were further confirmed by
time-dependent EIS measurements, which showed a favourable increase in charge transfer resistance with extended
immersion (up to 6 hours). The adsorption behaviour of the inhibitor molecule on the Fe(110) crystallographic plane in an
acidic aqueous environment was assessed using Monte Carlo (MC) and Molecular Dynamics (MD) simulations in order to
deepen and validate the experimental findings. Using the COMPASS force field in an NVT ensemble, the MD simulations
demonstrated robust and stable inhibitor adsorption, with the development of a compact adsorption layer and advantageous
interaction energies at both low and high temperatures. The inhibitor-metal complex's thermodynamic stability was further
validated by the MC calculations, which produced extremely negative total and adsorption energies that point to a
spontaneous and energetically advantageous process. These theoretical findings support the idea of chemisorption and the
development of a protective molecular barrier on the steel surface because they are in perfect agreement with the
electrochemical data. Additionally, molecular docking studies demonstrated the molecule's high affinity for binding to a
variety of biological targets, indicating the possibility of multi-target pharmacological action. These interactions were
varied, consistent, and frequently better than those of common reference medications. Favourable oral bioavailability, high
intestinal absorption, minimal risk of cytochrome-mediated metabolism and transporter interactions, and non-mutagenicity



A. Atifetal. /Current Chemistry Letters 14 (2025) 789
were all revealed by complementary ADME/toxicity predictions. Crucially, the compound did not exhibit any acute
systemic toxic effects or the anticipated cardiotoxic effects. The suggestion of possible hepatotoxicity, however, emphasises
the necessity of additional biological confirmation prior to any pharmacological advancement. For the development of 2-
methyl-5-(2-methyl-1H-benzimidazol-5-yl)-1,3,4-oxadiazole as a dual-purpose material with promising corrosion
inhibition and bioactivity profiles, this integrative study combining synthetic chemistry, electrochemical evaluation,
molecular simulations (MD and MC), and in silico pharmacokinetics/toxicity offers a strong framework.
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