Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Effect of three substituted dihydroimidazole
corrosion inhibitors on carbon steel surfaces:
experimental and theoretical studies of inhibition
and adsorption performance

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 39807

A. Marzag,® M. El Faydy,? Daniil R. Bazanov, &2 ¢ Natalia A. Lozinskaya, ¢
M. Maatallah,® G. Kaichouh,?® M. Allali, ¢ L. Bazzi," A. Dafali® and A. Zarrouk @ *2

Corrosion resistance and adsorption attributes of three synthesized dihydroimidazoles, namely (4R,5S)-
2.4,5-tris(3,4,5-trimethoxyphenyl)-4,5-dihydro-1H-imidazole  (TMPI),  (4R,5S)-2,4,5-tris(4-(methylthio)
phenyl)-4,5-dihydro-1H-imidazole (MSPI), and (4S,5R)-2,4,5-tri(thiophen-2-yl)-4,5-dihydro-1H-imidazole
(TTPI), were scrutinized for carbon steel in 1 M HCl employing a combination of analytical techniques,
including instrumental, alongside computational methods.
Electrochemical experiments revealed that the effectiveness of corrosion inhibition is influenced by the

electrochemical and quantum
substituted dihydroimidazoles’ concentration and structure. The inhibition efficiency reached remarkable
levels: 98.53% for TTPI, 98.59% for TMPI, and 99.12% for MSPI at 0.001 M. The Tafel polarization method
indicated that these synthesized dihydroimidazoles function as mixed-type inhibitors. The adsorption
process of synthesized dihydroimidazoles adheres to the Langmuir adsorption isotherm. Various
analytical techniques, including scanning electron microscopy (SEM),

spectroscopy (EDS), contact angle, atomic force microscopy (AFM), and X-ray diffraction analysis (XRD),

energy-dispersive  X-ray

confirmed that substituted dihydroimidazoles form a protective layer that inhibits carbon steel

dissolution. Furthermore, molecular dynamics (MD) was utilized to investigate the adsorption behavior of
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Accepted 10th October 2025 substituted dihydroimidazoles on the Fe (110) surface, determining the entanglement order of their
interaction. The radial distribution function (RDF) revealed that corrosion inhibitors employ a complex

DOI: 10.1039/d5ra03853g adsorption mechanism on metal surfaces, primarily driven by chemical processes and supplemented by
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1. Introduction

The deterioration of carbon steel due to corrosion has become
a significant issue, attracting the attention of many researchers
in recent years. This is largely due to the considerable
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environmental harm it causes, the decline of industrial equip-
ment, and the substantial economic losses it incurs. Global
estimates suggest that corrosion-related economic impacts
range from 3% to 6% of the world's gross domestic product
annually." In numerous industrial sectors, carbon steel is
preferred for its exceptional mechanical properties, widespread
availability, and versatility in equipment production.> Hydro-
chloric acid (HCI) is significant in various treatments such as
hydrometallurgical, steel pickling, and mineral and chemical
processes.®* When steel is exposed to these acidic conditions, it
undergoes substantial corrosion-induced degradation, which
negatively impacts the performance and lifespan of industrial
equipment. This situation highlights the pressing need to
develop effective corrosion mitigation strategies.*®> Among the
various corrosion prevention methods, corrosion inhibitors
have gained prominence.®® This is attributed to their numerous
advantages, including low consumption rates, established
technological frameworks, simple application procedures, and
cost-effectiveness.>'® Corrosion inhibitors are generally divided
into two main categories based on their chemical makeup:
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traditional inorganic inhibitors and synthetic organic inhibi-
tors. Key commercial inorganic inhibitors, including chro-
mates, phosphates, nitrates, and molybdates, are suitable for
use in near-neutral environments.'>*> These inhibitors are
known for their long-lasting corrosion prevention at high
temperatures and are economically viable. However, their high
toxicity to ecosystems and lack of biodegradability have led to
their prohibition.”® Consequently, there has been a growing
emphasis on the use of organic inhibitors in research. Organic
corrosion inhibitors, particularly N-heterocyclic compounds,
have become widely adopted.'** These compounds are well-
suited for acidic conditions due to their remarkable stability
and durability. They function by forming a protective layer
through the movement of the m electron cloud towards N
atoms, creating a coordinating effect.’® Their versatile nature
allows them to be tailored to various corrosion environments,
enhancing adsorption and mitigating issues related to surface
roughness, overuse, or environmental factors that might impact
the performance of traditional inhibitors.””*° The effectiveness
of these molecules is determined by their functional groups.

Imidazole analogs, a crucial category of N-heterocyclic
compounds, are widely utilized in pharmaceuticals and envi-
ronmentally friendly agricultural chemicals.** The imidazole
scaffold structure is present in many natural compounds, such as
histamine, histidine, purine, and nucleic acids, which are known
for their low environmental toxicity.>* Furthermore, research has
shown that imidazoles are effective in preventing metal
*527 Jrajri et al. explored the use of two imidazoles,
abbreviated as TOIE and TFM]I, as corrosion inhibitors for carbon
steel in molar HCI through various experimental and empirical
methods. Their findings indicated that imidazoles function as
strong inhibitors due to the high electron density in the nitrogen
atoms, achieving corrosion resistance of 94.9% for TOIE and
89.2% for TFMI at 0.001 M under 303 K.?® In contrast, Prashanth
et al. employed both practical and computational methods to
examine the substituted effect of OH, NH,, and OCH; groups in
three imidazoles abbreviated (IM1), (IM2), and (IM3) in acidizing
mild steel in 1/2 M HCI. They found that the greater inhibition
efficiency of IM1 with a more electron-donating group (OH) has
more absorption capability on the mild steel surface compared to
IM2 with OCH; and IM3 with NH, groups.” Another study
carried out by El-Haddad et al. considered the effectiveness of
imidazole and methylimidazole for pure aluminum corrosion in
0.5 M HCI using various techniques. They deduced that methyl-
imidazole exhibits a performance of 76% at 18 x 10> M at 30 ©
C.%° Substituted imidazoles are recommended for creating novel
corrosion inhibitors owing to the many synthesis techniques
accessible and their unique structural interactions, which allow
vast applications in applied chemistry.

The main novelty of our study lies in synthesizing three new
substituted  dihydroimidazoles:  (4R,5S)-2,4,5-tris(3,4,5-tri-
methoxyphenyl)-4,5-dihydro-1H-imidazole (TMPI), (4R,5S)-
2,4,5-tris(4-(methylthio)phenyl)-4,5-dihydro-1H-imidazole
(MSPI), and (4S,5R)-2,4,5-tri(thiophen-2-yl)-4,5-dihydro-1H-
imidazole (TTPI), along with their characterization using spec-
troscopic methods. They were synthesized from substituted
aldehydes and ammonia in two simple steps under mild

corrosion.
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conditions. The effectiveness of these dihydroimidazoles as
corrosion inhibitors for carbon steel in 1 M HCI was initially
evaluated through electrochemical tests. Additionally, surface
morphology analyses with and without the inhibitors were
performed using SEM-EDS, XRD, AFM, and contact angle
measurements. Structure-activity relationships were explored
through MD, DFT, and MC studies. Although many studies have
focused on dihydroimidazole-based inhibitors, their efficiency
in preventing steel corrosion has been limited.”>** In contrast,
our derivatives achieved inhibition efficiencies of up to 99%,
exceeding most of those cited in previous studies under similar
conditions. This significant improvement results from our
innovative molecular design that enhances active sites,
aromaticity, and electron density, thereby increasing adsorp-
tion capacity and surface coverage on the carbon steel substrate.

2. Experimental

2.1. Material and corrosive solution

Carbon steel strips with an area of 1 cm® were employed for
electrochemical analysis. The chemical composition of steel is
as follows: 0.370% carbon (C), 0.230% silicon (Si), 0.680%
manganese (Mn), 0.016% sulphur (S), 0.077% chromium (Cr),
0.011% titanium (Ti), 0.059% nickel (Ni), 0.009% cobalt (Co),
0.160% copper (Cu), with the remainder being iron (Fe). The
samples underwent polishing with emery sheets of grades 180,
400, 1000, and 1200. Furthermore, they were thoroughly rinsed
in distilled water multiple times and stored in a desiccator.
Meanwhile, the corrosive solution, 1 M HCI, was prepared by
diluting reagent-grade hydrochloric acid (37% Merck) with
distilled water.

2.2. Dihydroimidazoles synthesis

Dihydroimidazoles were synthesized from the corresponding
aldehydes via a one-step procedure, as described previously.**
Briefly, 5 g of the appropriate aldehyde (3,4,5-tri-
methoxybenzaldehyde, 4-((methylthio)benzaldehyde, or
thiophene-2-carbaldehyde) was added to a solution of ammonia
in tetrahydrofuran (for the trimethoxy and methylthio deriva-
tives) or to 25% aqueous ammonia (for the thiophene deriva-
tive). The reaction mixtures were stirred at room temperature
for 48 h. For the trimethoxy and methylthio derivatives, the
solvent was removed under reduced pressure; for the thiophene
derivative, the intermediate was isolated by filtration using
a Schott filter. The crude diazapentaene intermediates were
dissolved in THF (50 mL), and potassium tert-butoxide (2-3 g)
was added. Upon disappearance of the intense blue or violet
color, the reaction mixtures were diluted with water to a total
volume of 500 mL and stirred for 24 h in open beakers at
ambient temperature. The resulting precipitates were collected
by filtration through a Schott filter and washed with a small
amount of petroleum ether or cold diethyl ether to remove
residual aldehyde. Structures were confirmed by NMR spec-
troscopy, and their spectra are merged in the SI file (Table 1 and
Fig. S1-S9). The products were used in corrosion testing without
further purification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Nomenclature, acronyms, molecular structure, and NMR data of the dihydroimidazoles

'H NMR 3C NMR
Name (acronym) Molecular structure Yield (400 MHz, CDCl3) dppm (101 MHz, CDCl3) dppm
0
(0} 0
. 7.21 (s, 2H), 6.12 (s, 4H
(4R,5S)-2,4,5-tris(3.4.5- . 554 g 1Hg §43% Hg 164.6, 153.3, 152.6, 134.5,
trimethoxyphenyl)-4,5-dihydro- N” NH 88% yo1 (S’ OH), 3.69 (s, )’ 125.3, 105.2, 104.5, 75.0,
1H-imidazole (TMPI) 363 (S’ 12H) ’ 66.6, 61.0, 60.8, 56.4, 56.0
. )
0 -
s
— 0
(0] o) O\ /
s
7.82 (d, ] = 7.9 Hz, 2H),
. . 7.29-7.24 (m, 2H
(4R,5S)-2,4,5-tris(4-(methylthio) 6.92(d ]_(r;l’gHZ)’ 4H), 6.82 163.8, 142.5, 136.3, 135.5,
phenyl)-4,5-dihydro-1H-imidazole ~NZ TNH 85% (('1]7’8 ;HZ 4H’) T 127.6, 127.2, 125.8, 125.2,
MSPI AP ’ ’ 15.6, 14.7
( ) 5.30 (s, 2H), 2.52 (s, 3H), ’
RO
S
—S /
S\ A
7.52(d,J = 3.7 Hz, 1H), 7.50
(d,J = 5.0 Hz, 1H),
o 712 (t,J = 4.4 Hz,1H),7.07  159.0, 141.6, 132.5, 129.2
4S,5R)-2.4.5-tri(thiophen-2-yl)- ’ N ’ ’ ’ ’
(45,5R) ri(thiophen-2-yl) 85% (d, ] = 5.0 Hz, 2H), 127.9, 127.2, 125.9, 125.0,

4,5-dihydro-1H-imidazole (TTPI)

Due to their heterocyclic ring structure containing nitrogen
atoms that readily protonate in hydrochloric acid, the studied
dihydroimidazoles exhibit high solubility in HCl. Consequently,
the dihydroimidazoles were directly dissolved in 1 M HCI to
prepare stock solutions at a concentration of 10~ M. These
stock solutions were then serially diluted with 1 M HCI to
achieve the desired concentration range, traveling from 10™* M
t0 10 °M

2.3. Electrochemical analysis

An electrochemical examination was achieved utilizing a three-
electrode structure connected to a potentiostat (PGZ 100). The
system comprised a carbon steel electrode (1 cm?) as the
working electrode, a platinum electrode as the auxiliary elec-
trode, and a saturated calomel electrode (SCE) as the reference
electrode. The electrolyte solution was 1 M HCI dissolved in
deionized water. To earn a stable open circuit potential (OCP),
the working electrode was submerged in each corrosive solution

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

6.81 (t,/ = 4.3 Hz, 2H), 6.75
(d,J = 3.5 Hz, 2H),
5.60 (s, 2H)

124.4, 77.0, 76.6, 76.3, 66.3

for 1800 seconds prior to each test. PDP measurements were
recorded between —800 and —100 mV/OCP at a sweep rate of 0.5
mVs ™. EIS was conducted over a frequency range from 10 mHz
to 100 kHz with a 10 mV perturbation. EIS data analysis was
carried out utilizing ZView software. The corrosion potential
(Ecorr), corrosion current density (i.o.r), and various resistances
were derived from the PDP curve utilizing Origin software
(Origin Lab). The inhibition efficiencies obtained from PDP (7,
(%)) and EIS (nimp (%)) measurements are determined as
below:*

0 fcorr — lgpty 0
mp(%) = (< ) 100 = 1o (1)

where i and 725 (pA em2) denote the corrosion current
densities under dihydroimidazole's influence and in its
absence, respectively.

R, — Ry
nimp(iyo) = ( 5 5

p

) x 100 )
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where R, and R)» (Q ¢cm?) denote polarization resistances under
dihydroimidazole's influence and in its absence, respectively.

2.4. Surface analysis

After 6 hours of immersion, the carbon steel specimens treated
with the various dihydroimidazole compounds were carefully
dried and subjected to surface characterization. Scanning
electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDS, JEOL JSM-IT-100 Scientific) and
atomic force microscopy (AFM, Bruker Dimension Icon) were
employed to examine the surface morphology and elemental
distribution. Crystalline structure analysis was performed using
an Empyrean X-ray diffractometer. Additionally, the surface
hydrophobicity was evaluated via contact angle measurements
using a Dataphysics OCA 50.

We would like to emphasize that the electrochemical and
surface analysis results of the uninhibited solution in this study
are identical to those reported in our previous publication. This
is because we conducted the experiments under identical
conditions and using the same equipment.*

2.5. Quantum chemical calculations

The results of our experimental studies indicate that the TMPI,
MSPI, and TTPI have notable effectiveness as corrosion inhib-
itors, suggesting that they have a strong interaction with the
carbon steel surface. However, to truly understand the
phenomena at the molecular scale and elucidate the adsorption
processes of these molecules on the metallic iron surface,
a detailed analysis of their electronic and structural properties
is essential. Thus, the present theoretical research is based on
the theory of the density functional (DFT) in order to examine
the characteristics of the three dihydroimidazoles TMPI, MSPI,
and TTPI The aim is to validate and interpret the experimental
results by establishing a correlation between the molecular
structure of the compounds and their inhibition efficiency. We
have sought to determine the most stable configurations of
these dihydroimidazoles, both in the neutral and protonated
forms. For this, their geometries have been optimized using the
hybrid functional B3LYP and the 6-311G(d.p) basic set,* with
the Gaussian09 software.*® The absence of imaginary frequen-
cies has been confirmed by a frequency calculation, which
guarantees the stability of the structures obtained. The
protonated forms were also examined in order to evaluate the
impact of the charge and the geometry on their adsorption and
their interaction with the Fe(110) surface.

We then explored the key electronic properties of TMPI,
MSPI, and TTPI, which play an essential role in their interaction
with metal surfaces. Based on the results of quantum calcula-
tions, we analyzed several chemical reactivity parameters based
on the energies of the frontier molecular orbitals, the highest
occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO, respectively). These parameters have provided us
with a detailed vision of the electronic properties and the
reactivity of the molecules studied. The main parameters,
calculated following the equations described in the literature,*®
are the energy gap (AE = Erymo - Euomo), the ionization
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potential (), and the electron affinity (4), which are indicators of
the tendency of molecules to lose or gain electrons. The global
hardness (1) and the softness (¢) measure the resistance of the
molecule to changing its electronic distribution. Absolute
electronegativity (x) and the fraction of electrons transferred
(AN) are essential parameters to estimate the capacity of elec-
tron transfer between the molecule and the carbon steel
surface. The global electrophilicity (w) evaluates the tendency of
the molecule to receive electrons. And also, the electron back-
donation energy (AEpack-donation)-

We also evaluated the molecular electrostatic potential
(MEP) to identify the region most likely to react within mole-
cules and deepen our understanding of their function as elec-
tron donors or acceptors. To evaluate the possible interactions
with the metal, we examined the local reactive sites for each k
atom using dual Fukui descriptor ;%,%” dual local softness (Ady),
and dual local philicity (Awy).*®

2.6. Ab initio DFT simulations

To better understand the adsorption mechanism, we studied
the interactions of our organic compounds on the Fe(110)
surface using the spin-polarized density functional theory
(DFT), via the CASTEP program (Cambridge sequential total
energy program).®*>*® The exchange-correlation energy has been
described by the generalized gradient approximation (GGA)
parameterized with the PBE functional, while the dispersion
effects, such as van der Waals interactions, have been taken into
account thanks to the DFT-D method from Grimme. The
geometric optimization was carried out using the BFGS algo-
rithm, applying strict convergence criteria for displacement.
Force and total energy (with tolerances of 1.0 x 10~> eV per
atom and 0.03 eV A™?). The core electrons have been replaced by
Vanderbilt ultrasoft pseudopotentials, thus simplifying the
calculations while maintaining accuracy. For adsorption
systems, a model of Fe-inhibitor was constructed using an
Fe(110) surface comprising a 6 x 6. These choices make it
possible to ensure an accurate description of the electronic and
structural properties of the system.

2.7. Monte Carlo and molecular dynamics simulation details

MC and MD simulations of the adsorption of the three di-
hydroimidazoles (TMPI, MSPI, and TTPI) on the surface of
carbon steel were carried out using the Materials Studio** soft-
ware. To model this interaction, we used the COMPASS III force
field (Condensed phase Optimized Molecular Potentials for
Atomistic Simulation Studies),** which is particularly suitable
for condensed phase studies. The carbon steel surface was
represented by the crystalline plane (110), and a supercell of
dimensions 10 x 10 was created with a vacuum space of 30 A
with periodic boundary conditions to avoid interactions
between the periodic images. In order to determine the most
stable and spontaneous configuration of the inhibitory mole-
cules on the surface of Fe(110), we took into account the effects
of the solvent by integrating 250 water molecules into the
system. To imitate the real conditions of a corrosive medium,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the simulation cell was completed with 5 hydronium ions
(H;0") and 5 chloride ions (CI).

MD calculations were performed using the NVT set. A time
step of 1 fs was chosen, with a total simulation duration of 1000
ps. The system temperature was maintained at 303 K and
regulated using Andersen's thermostat, which allows efficient
temperature control while preserving the dynamic properties of
the system. The interaction energy (Emteraction) Detween the
molecules and the Fe(110) surface was calculated to evaluate the
stability of the adsorption according to the following equation:**

(3)

Einteraction = Etotal — E(Fe110-H,0-H,0-Cl) — Einhibitor

3. Results and discussion

3.1. Polarization technique

Fig. 1 illustrates the polarization diagrams for carbon steel
immersed in 1 M HCI with varying concentrations of di-
hydroimidazoles at 303 K. As shown, these dihydroimidazoles
inhibit both anodic and cathodic reactions, indicating that they
prevent the anodic breakdown of carbon steel and slow down
hydrogen liberation in cathodic areas.** The Tafel lines of the

View Article Online
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cathodic branches display similar features after introducing
dihydroimidazoles and remain parallel to the reference solu-
tion, suggesting that the hydrogen reduction reaction primarily
occurs via the charge transfer mechanism.** However, the
anodic curves of carbon steel in 1 M HCl with dihydroimidazole
molecules show no effect at potentials above —280 mV/SCE,
where significant steel breakdown occurs, leading to the
desorption of the inhibiting layer. In this case, the desorption
rate of the dihydroimidazoles surpasses their adsorption rate.*
Additionally, Fig. 1 demonstrates that both anodic and cathodic
curves are impeded after adding dihydroimidazole molecules to
the aggressive solution. These molecules reduce the i .., and
their effectiveness increases with higher concentrations.
However, polarization plots indicated that introducing the three
dihydroimidazoles led to only minor alterations in the corro-
sion potential (E.o), with shifts not surpassing 28 mV/SCE.
Specifically, the TMPI inhibitor caused a slight anodic shift,
the MSPI resulted in a minor cathodic shift, and TTPI showed
no notable change in E.,,. From an electrochemical perspec-
tive, such minimal variations in corrosion potential (less than
+85 mV/SCE) suggest that the dihydroimidazoles do not
predominantly influence either the anodic or cathodic reactions
independently. Thus, they are categorized as mixed-type

3.0 3.0
2.0
1.0
IE <
: 0.0 g
E E
< -1.0 —a— Blank I
on on
S 103 M .3 —&— Blank
20t —A—10%M 20 *—10°M
105M —A— 10" M
30k —o—10°M 30F 10°M
——10°M
_4‘0 1 1 1 1 1 1 _4‘0 1 1 1 1 1 1
-800 -700 -600 -500 -400 =300 -200 -100 -800 -700 -600 -500 -400 =300 -200 -100
E (mV/SCE) E (mV/SCE)
3.0
2.0
1.0
g
S 0.0
<
£
<10
E” —a— Blank
2.0k —e—10°M
—A— 104 M
30} —v—10°M
——10°M
_4.0 1 1 1 1 1 1
-800 -700 -600 -500 -400 -300 -200 -100
E (mV/SCE)

Fig.1 Potentiodynamic polarization curves of carbon steel in 1 M HCl solution without and with different concentrations of dihydroimidazoles
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Table 2 Polarization parameters of carbon steel in 1 M HCl solution without and with different concentrations of dihydroimidazoles
c (M) —Ecorr (MVscE) ! oorr (LA cm?) Ba (mV dec™) —B. (mV dec™ ) Np (%) [/
TMPI 00 456.3 1104.1 112.8 155.4 — —
0.001 428.3 15.5 59.7 87.6 98.59 0.986
107* 430.3 22.1 65.1 81.4 97.99 0.980
107° 439.8 28.9 56.9 61.2 97.38 0.9738
10°° 452.7 53.5 46.2 50.3 95.15 0.951
MSPI 00 456.30 1104.1 112.8 155.4 — —
0.001 460.1 9.6 78.7 79.0 99.12 0.991
107* 459.6 11.1 78.2 75.3 98.99 0.990
107° 444.8 11.3 66.1 70.8 98.97 0.990
10°° 444.9 15.0 33.7 33.6 98.64 0.980
TTPI 00 456.3 1104.1 112.8 155.4 — —
0.001 448.3 16.2 88.3 116.9 98.53 0.985
10°* 454.5 21.6 51.6 76.2 98.04 0.980
1073 455.1 41.1 36.4 38.0 96.28 0.963
107° 458.3 65.0 39.5 37.9 94.11 0.941

inhibitors.”” The i.,, values (Table 2) show a significant
reduction when dihydroimidazoles are applied at a concentra-
tion of 10 M in 1 M HCI, specifically reducing from 1104.10 nA
cm 2 to 15.489 pA cm ™2 with TMPI, to 9.629 pA cm ™ > with MSPI,
and to 16.196 with TTPL The calculated 7, (%) at the maximum
concentration for these dihydroimidazoles is reported as
98.59% for TMPI, 99.12% for MSPI, and 98.53% for TTPI,
respectively. These findings underscore the substantial inhibi-
tory effect of dihydroimidazoles on carbon steel corrosion in
acidic environments. As the concentration of di-
hydroimidazoles increases, more molecules adsorb onto the
active sites at the carbon steel/solution interface, leading to
enhanced surface coverage (#) and consequently, augmented 7,
(%). The sequence of corrosion inhibition efficiency (MSPI >
TMPI > TTPI) can be attributed to structural and electronic
factors that affect adsorption and electron transfer abilities.
This is because TTPI has three thiophenyl groups, TMPI has
three trimethoxyphenyl groups, and MSPI has three methyl-
thiophenyl substituents. In MSPI, the methylthiophenyl groups
combine the polarizability of sulfur with the electron-donating
effect of a methyl group. The methyl group boosts sulfur's
capacity to donate electrons to the steel surface, enhancing its
interaction with the steel. Conversely, methoxyphenyl groups in
TMPI donate electrons through resonance but are less polariz-
able than sulfur. The presence of three methoxy groups may
cause steric hindrance, decreasing adsorption density
compared to methylthiophenyl groups. Although sulfur atoms
in thiophenyl groups in TTPI can donate electrons, the lack of
methyl groups results in lower electron density compared to
methylthiophenyl groups. Additionally, in MSPI, sulfur-
containing groups exhibit a strong affinity for metal surfaces
due to their polarizability and ability to form coordinate bonds,
whereas the thiophenyl groups in TTPI, despite containing
sulfur, do not offer the same level of stabilization as MSPI.
Besides, the cathodic Tafel slope (6.) increased after di-
hydroimidazoles were added to the 1 M HCl medium, indi-
cating that the examined dihydroimidazoles have a direct
influence on the kinetics of hydrogen evolution. Additionally,
the 8, values decreased after the addition of dihydroimidazoles,
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showing that the anodic reaction is influenced by the presence
of dihydroimidazoles. This behavior indicated the formation of
a protective film due to the adsorption of the dihydroimidazole
molecules on the carbon steel surface, plugging the reactive
sites of the carbon steel surface. Moreover, the abundance of
nitrogen and oxygen atoms in the dihydroimidazoles can
facilitate the formation of the dihydroimidazoles-Fe(u) complex,
constituting a protective barrier that prevents the carbon steel
dissolution.

3.2. EIS data

Fig. 2 illustrates the impedance curves of carbon steel in 1 M
HCI, both devoid of and in the company of substituted di-
hydroimidazoles at 303 K, fitted to an equivalent circuit. The
compressed and incomplete loops exhibit similar shapes in
both the absence and the presence of substituted di-
hydroimidazoles, indicating that the corrosion mechanism
remains unchanged. This phenomenon results from variations
in metal surface uniformity and frequency dispersion at the
interface.”® Additionally, the depressed capacitance circle
suggests that charge transfer at the interface is the primary
factor in corrosion. Compared to the untreated medium, the
size of the semi-circles significantly increases, demonstrating
effective blockage of the charge transfer process.*” As more
substituted dihydroimidazoles are added, the diameter of the
loops expands. This observation suggests the formation of the
dihydroimidazole adsorption layer on the carbon steel,
substantially reducing corrosion. These findings collectively
demonstrate the exceptional anti-corrosion capabilities of
substituted dihydroimidazoles for carbon steel.

Fig. 2(ii) exhibits the Bode plots for carbon steel in 1 M HCI,
both devoid of and in the company of dihydroimidazoles,
offering a more thorough insight into the corrosion mitigation
process. The phase-frequency characteristic curve exhibits
a single-phase peak, displaying a one-time constant behavior
and the existence of double electric layers.*® The phase angle,
which is inferior to 90°, implies that it is not an ideal capacitor,
necessitating the use of CPE rather than an ideal capacitor to fit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Nyquist (i) and Bode (ii) plots of carbon steel in 1 M HCl solution without and with different concentrations of dihydroimidazoles.
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upshots.
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the equivalent circuit.®® As illustrated in Fig. 3, CPE accurately
elucidates interfacial adsorption, roughness, and other interfacial
phenomena. These observations indicate that higher di-
hydroimidazole concentrations enhance adsorption and improve
the stability of the formed layer.> The peak value rises significantly
with the addition of different dihydroimidazole concentrations
compared to the untreated medium, while the frequency range
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Table 3 EIS parameters of carbon steel in 1 M HCl solution without and with different concentrations of dihydroimidazoles
Cc (M) R, (Q cm?) R, (@ cm?) 10° x Q (WF s" ' em ™ ?) n Car (UF cm?) x> Nimp (%)
TMPI 00 0.83 21.57 293.9 0.845 116.2 0.002 —
0.001 1.38 701.7 21.124 0.911 13.99 0.009 96.92
1074 1.193 522.9 26.731 0.911 17.61 0.009 95.87
107° 1.161 282.7 57.036 0.894 34.96 0.009 92.37
107° 1.146 140.4 122.16 0.885 72.03 0.008 84.63
MSPI 00 0.83 21.57 293.9 0.845 116.2 0.002 —
0.001 1.249 1328 16.342 0.940 9.645 0.009 98.37
10°* 1.153 1019 17.048 0.903 11.03 0.009 97.88
107° 1.626 793.4 33.307 0.901 23.56 0.009 97.28
10°° 1.133 564.5 36.224 0.900 24.89 0.009 96.17
TTPI 00 0.83 21.57 293.9 0.845 116.2 0.002 —
0.001 1.495 813 31.141 0.936 20.60 0.009 97.35
107* 1.377 472.1 34.93 0.933 26.01 0.009 95.43
107° 1.278 102.5 170.69 0.897 107.26 0.008 78.95
107° 1.217 70.88 224.48 0.880 127.63 0.007 69.56

expands considerably, suggesting the slow formation of the di-
hydroimidazole adsorption film. The modulus-frequency rela-
tionship curve in Fig. 2(ii) demonstrates that impedance modulus
values at low frequencies rise with increasing dihydroimidazole
concentrations, indicating that higher concentrations provide
better corrosion prevention. Compared to the untreated medium,
impedance modulus (log|Z|) values rise by 1 to 1.8 orders of
magnitude at optimal dihydroimidazole concentrations, confirm-
ing the adsorption of dihydroimidazole molecules on carbon steel
and effectively inhibiting corrosion from aggressive acid.*® The log-
linear relationship between frequency and impedance modulus
has a slope close to —1, affirming the typical electric capacity
property of the homogeneous dihydroimidazole-adsorption
layer.® The similar profiles in Fig. 2 denote the same corrosion
inhibition mechanism.

Table 3 displays fitted findings generated from the circuit
equivalent of Fig. 3, including solution resistance (R;), polari-
zation resistance (R;,), exponent and constant of CPE (n, Q),
double layer capacitance (Cqj), and shielding effectiveness (1imp
(%)). The CPE's fitting impedance is computed via the equation
given below.*®

Zepe = Q (i) ™" (4)

where w and 7 denote the angular frequency and the imaginary
unit, respectively,
However, the Cy is given by the next equation.®

Ca =/ O.Rp'™ (5)

The addition of substituted dihydroimidazoles notably
enhances the R, and reduces the Cq;, an effect that becomes more
pronounced with increasing dihydroimidazole concentrations.
These observations suggest that dihydroimidazole molecules
spontaneously adsorb onto the steel/acid interface, forming
a surface film that impedes charge transfer.>® Typically, the
double electric layer capacitance is influenced by factors such as
dielectric constant, protected area, and thickness.”” The reduction

39814 | RSC Adv, 2025, 15, 39807-39831

in Cq value occurs because corrosion inhibitors with lower
dielectric constants can displace adsorbed water molecules on the
surface, creating a protective film and increasing the electronic
double-layer thickness.* Furthermore, the n values ranging from
0.84 to 0.940 approach 1, indicating surface homogeneity of the
steel devoid of and in the company of substituted di-
hydroimidazoles and suggesting that the charge transfer process
governs the dissolution mechanism of carbon steel in the test
solution.* The variation in n values with increasing inhibitor
concentration may be attributed to the adsorption of di-
hydroimidazole molecules. This implies that substituted di-
hydroimidazole molecules interact with the steel surface,
gradually replacing H,O molecules at the steel/solution inter-
face.®® Additionally, Q, which describes the fluency of load charge
through the conductor and is the reciprocal of impedance,
decreases significantly when the sample is immersed in HCI with
various concentrations of substituted dihydroimidazoles. This
suggests that the interface structure is modified due to the
adsorption of dihydroimidazole molecules. Chi-square (x?) was
adopted to assess the goodness of the fit for the EIS data. All
results provided low x” values of around 0.001 (Table 3), reflecting
that the fitting data were well consistent with the experimental
results. The i, (%) values rise with increasing substituted di-
hydroimidazoles concentration, and the order is TTPI < TMPI <
MSPI, demonstrating a trend where inhibition potency rises with
the three substituted alkyl groups in the imidazole ring. MSPI's
superior performance is due to its optimal combination of
electron-rich sulfur, methyl-enhanced electron donation (m-
ethylthiophenyl groups), and effective surface packing. These
substituents also increase hydrophobicity and improve surface
coverage, minimizing metal exposure to corrosive ions.

3.3. Isotherm of adsorption models

Previous studies have shown that inhibitors reduce metal
corrosion by attaching to the metal surface and filling active
sites. This research employs various adsorption isotherm
models, such as Langmuir, Frumkin, Temkin, and Freundlich,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Thermodynamic parameters of the adsorption of di-
hydroimidazoles in 1 M HCl solution

surface.
equations:*

These models are described by the following

Langmuir: C(0) ™' = (Kags) ™' + C (6)
Frumkin: In 6((1 — 0) x C)~' = —In K,q, + 2/8 7)
Temkin: exp(f8) = K,qsC (8)
Freundlich: In § = In K45 + fIn C 9)

R* Slope Kags (L mol™) AG,qgs (K] mol™)
TMPI 1 1.07 9.3 10* —38.91
MSPI 1.03 4.71 10° —48.81
TTPI 1.2 7.110* —38.24

(*AGads>
1000 x Kyge = e\ "

(10)

In the given formulas, ¢ describes the surface coverage (7,
(%)/100), and K,qs denotes the adsorption equilibrium
constant.

Fig. 4 demonstrates the function diagram corresponding to
eqn (6)-(9). Through observation, the Langmuir adsorption
calculated by eqn (6) showed the best fit with slopes and the
correlation coefficient (R*) values very close to unity, indicating
that the experimental data were consistent with the Langmuir
isotherm. Eqn (10) was used to calculate the standard adsorp-
tion free energy (AG,qs) values:*

Table 4 shows high K,qs values, suggesting effective and
spontaneous adsorption of substituted dihydroimidazoles onto
metal surfaces. Meanwhile, the negative AG,qs values suggest
that the adsorption of substituted dihydroimidazoles on carbon
steel surfaces is spontaneous.

3.4. Corrosion temperature study

Temperature may affect both the material's behavior in
a corrosive environment and the metal-dihydroimidazole
interaction. To better understand the mechanism of inhibi-
tion by calculating the thermodynamic energies of the

0.0012
Langmuir isotherm 0,064 A Freundlish isotherm
X TMPLy = 1.031 x + 5.969 1077, Adj. R*=1 - . .
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Fig. 4 Adsorption isotherm models for carbon steel in 1 M HCl solution with different concentrations of dihydroimidazoles.
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Table 5 Electrochemical parameters of carbon steel in 1 M HCl solution without and with 10> M of dihydroimidazoles at various temperatures

T (K) —Ecorr (MmV SCE) icorr (LA cm™?) Ba (mV dec™) -8 (mV dec ™) 1p (%)
1M HCI 303 456.3 1104.1 112.8 155.4 —
313 423.5 1477.4 91.3 131.3 —
323 436.3 2254.0 91.4 117.8 —
333 433.3 3944.9 103.9 134.6 —
0.001 M of TMPI 303 428.256 15.489 59.7 87.6 98.59
313 433.131 35.823 41.6 63.8 97.57
323 426.962 44.977 51.4 58.4 98.00
333 443.016 61.222 37.3 43.5 98.44
0.001 M of MSPI 303 460.092 9.629 78.7 79.0 99.12
313 458.110 14.060 66.1 81.6 99.04
323 445.498 24.617 49.6 49.4 98.90
333 464.482 42.765 49.4 44.7 98.91
0.001 M of TTPI 303 448.314 16.196 88.3 116.9 98.53
313 473.238 34.201 74.7 94.0 97.68
323 473.265 46.672 78.8 93.9 97.92
333 471.246 88.378 66.7 81.1 97.75
3 3
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Fig. 5 Potentiodynamic polarization curves of carbon steel in 1 M HCl solution without and with 10~ M of dihydroimidazoles at various

temperatures.

corrosion process, it is necessary to analyze the effect of
temperature on the degree of protection. The polarization
technique was used to study the impact of temperature on our

39816 | RSC Adv, 2025, 15, 39807-39831

inhibitor's ability to prevent carbon steel corrosion at 303, 313,
323, and 333 K, with and without dihydroimidazoles at 0.001 M.
As seen in Table 5 and Fig. 5, without any dihydroimidazoles,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Arrhenius (1) and transition state (2) plots of carbon steel in 1 M
temperatures.

the ieor is 10125 (A cm ™ ?) at 303 K, which rises sharply to
3944.9 (uA cm?) at 333 K. This significant enlargement in 7 o
implies that the carbon steel becomes more vulnerable to HCI
attack at elevated temperatures. The introduction of di-
hydroimidazoles results in a slight boost in i.,, across all
temperatures compared to when they are absent, signifying
their ability to protect the carbon steel surface. However, their
protective effect remains consistent as the temperature rises,
implying that they maintain their efficacy as dihydroimidazoles
with increasing temperatures. These findings imply that di-
hydroimidazoles exhibit temperature independence.

The Arrhenius and transition state diagrams for systems in
1 M HCI containing dihydroimidazoles at various temperatures
are shown in Fig. 6 (1)/(2). Consequently, the relevant activation
parameters derived from the slopes and intercepts of the fitting
lines are included in Table 6, encompassing the apparent acti-
vation energy (E,), the enthalpy (AH,), and the entropy (AS,).
The relationship between temperature and corrosion rate is
examined using the Arrhenius and transition state eqn (11)
and (12):%

E
In iy =1In B— —= 11
Die =In B~ 2% (1)
icorr _ R AS& AHﬁ
o(F) = loG) - Go)) -5 o

Table 6 Activation parameters for the carbon steel dissolution in 1 M
HCl without and with dihydroimidazoles

E, (k] mol ™) AH, (k] mol ™) AS, (J mol ' K1)

1M HCl 35.43 32.79 —79.22
TMPI 36.74 34.1025 108.36
MSPI 42.08 39.44 96.48
TTPI 45.32 42.69 80.51

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.35

HCl solution without and with 103 M of dihydroimidazoles at various

In the previous equations, R (8.314 J mol ' K ), B (pre-
exponential factor), N (Avogadro's number, 6.022 x 10>
mol '), and % (Planck's constant, 6.626 x 10 >* ] s) denoted the
gas constant, pre-exponential factor, Avogadro's number, and
Planck’s constant, respectively.

The E, value is higher in the system with dihydroimidazoles
compared to the system without, indicating that the corrosion
process must overcome a greater energy barrier due to adsorp-
tion.* The positive AH, value signifies that metal dissolution in
HCI is a slow endothermic process, with higher temperatures
supplying more energy to accelerate metal degradation.” The
negative AS, value suggests that the slow formation of an acti-
vated complex from metal atoms controls the corrosion process,
rather than diffusion and dissociation. The positive AS, value
indicates that dihydroimidazoles interact with surface metal
atoms to create an adsorption film, disrupting the transition
state reaction of corrosion and altering the reaction path to
reduce the corrosion rate.*®* Compared to the 1 M HCI, there is
a trend of increasing AS, in the presence of dihydroimidazoles,
as they impede the formation of active complexes and increase
system chaos through adsorption, implying that corrosion
becomes more difficult.

3.5. SEM-EDS study

The surface morphologies of carbon steel were examined utilizing
SEM-EDS both before and after a 6-hours immersion in 1 M HCl
with an addition of 10> M of various dihydroimidazoles to
understand the corrosion inhibition mechanism of the studied
dihydroimidazoles. Fig. 7a shows the SEM image of the polished
carbon steel surface, which appears to have a homogeneous
surface morphology and is relatively smooth. In the 1 M HCI
solution without dihydroimidazoles, a large amount of corrosion
products appeared (Fig. 7b), and the surface was significantly
rougher than in its polished state. After adding 10> M of
dihydroimidazoles, the corrosion products on the carbon
steel surface were greatly reduced, and the surface products

RSC Adv, 2025, 15, 39807-39831 | 39817
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Fig. 7 SEM-EDS photographs acquired for the carbon steel surface: after its polishing (a—a’), 6 hours after its soaking in 1 M HCl (b-b’), and 6
hours after its soaking in 1 M HCl with 10~ M of TMPI (c—c’), TTPI (d—d’), and MSPI (e—e’).

appeared more like a thin film (Fig. 7c-e), which was obviously The EDS results are displayed in Table 7 and Fig. 7a’-¢'.
smoother than the metal surface soaked in the free HCI solution  Fig. 7a’ illustrates that the primary constituents of carbon steel
for 6 hours. are Fe and C. Following six hours of soaking in a 1 M HCI
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Table 7 EDS data for carbon steel before and after 6 hours of soaking in 1 M HC, without and with 10~ M of dihydroimidazoles

Condition

Carbon Dipped carbon steel

steel in 1 M HCI TMPI TTPI MSPI
Element Weight (%) Atom (%) Weight (%) Atom (%) Weight (%) Atom (%) Weight (%) Atom (%) Weight (%) Atom (%)
C 0.6 2.6 1.8 5.1 1.2 3.0 1.1 2.6 1.5 6.0
N — — — — — — 0.2 0.3 — —
Cr 0.5 0.5 — — — — — — — —
Mn 1.4 1.4 — — — — — — — —
(0] — — 17.9 38.9 32.3 60.0 32.3 59.9 2.9 8.9
Si — — — — 0.2 0.2 — — — —
S — — — — 1.4 1.3 1.8 1.7 — —
Cl — — 17.4 17.0 2.7 2.3 3.5 2.9 0.8 1.2
Fe 97.5 95.5 62.9 39.1 62.2 33.2 61.2 32.6 94.8 84.0
Total 100 100 100 100 100 100 100 100 100 100

solution (Fig. 7b’), the metal surface's Fe atom content fell
precipitously from 95.5 at% to 39.1 at%, its O content rose from
0 at% to 38.9 at%, and Cl atoms surfaced (17 at%), all of which
indicated severe metal After adding di-
hydroimidazoles, the Cl content dropped significantly (from
17.0 at% to 2.3 at% TMPI, 2.9 at% for TTPI, and 1.2 at% for
MSPI) in comparison to the metal in 1 M HCI solution (Fig. 7¢/-
e’). This is because dihydroimidazoles create a thick protective
layer on the carbon steel's surface, preventing the HCI solution
from dissolving it.

corrosion.

3.6. Contact angle analysis

Studies exhibit that surface with water contact angles exceeding
90° exhibit hydrophobic properties, whereas metallic substrates
with angles below 90° are hydrophilic.*” Fig. 8 illustrates the
water contact angles of carbon steel samples subjected to 1 M

a l

HCI for 6 hours, both with and without dihydroimidazoles. The
polished carbon steel sample shows a contact angle of 74.38°
(Fig. 8a), while the sample immersed in 1 M HCI has an angle of
55.58° (Fig. 8b), indicating the hydrophilic nature of the steel
surface. The reduced contact angle results from corrosive ions
in the solution attacking the submerged carbon steel surfaces,
leading to accelerated surface degradation. This corrosion
causes water droplets to spread across the surface, creating
wetness. Conversely, the introduction of TMPI, MSPI, and TTPI
increases the water contact angles of carbon steel from 55.58°
(1 M HCI) to 109° (MSPI), 104° (TMPI), and 103° (TTPI),
respectively. These values, all above 90°, suggest that di-
hydroimidazoles adsorb onto carbon steel surfaces, protecting
them from Cl™ ion attacks and enhancing water repellence. The
observed sequence of water contact angle values (MSPI > TMPI >
TTPI) aligns with the experimentally determined order of
corrosion inhibition effectiveness. The methylthiophenyl

B |

Fig. 8 Water contact angle results for polished carbon steel (a) and after immersion in 1 M HCl without (b) and with 107> M of TMPI (c), TTPI (d),

and MSPI (e).
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Fig.9 XRD patterns for immersed carbon steelin 1 M HCl without and
with 103 M of dihydroimidazoles.

groups in MSPI enhance hydrophobicity due to their non-polar
methyl and sulfur components, resulting in a denser and more
protective adsorption layer. In contrast, trimethoxyphenyl
groups in TMPI, although electron-rich, contain oxygen atoms
that may interact with water, reducing their overall hydropho-
bicity compared to methylthiophenyl groups. The thiophenyl
groups in TTPI lack both the additional electron-donating and
hydrophobic effects, making them the least effective.

1M HCI

View Article Online
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3.7. XRD analysis

XRD has been considered an attractive option for identifying the
crystalline phase and determining the nature of the protective
layer formed on the metallic surface. Fig. 9 demonstrates the X-
ray diffraction patterns of the scratched specimens after 6 hours
of soaking in 1 M HCI alone and including 0.001 M di-
hydroimidazoles. The graph demonstrates two peaks at 26 =
45.63° and 260 = 79.13° attributable to Fe, as well as two peaks at
45° and 65.70° due to iron oxide (Fe,03).°® Careful examination
(Fig. 9) revealed that the XRD patterns of scratched specimens
containing dihydroimidazoles had XRD peaks with high inten-
sities. The rise in XRD pattern intensities reveals that the nature
of the formed protective oxide layers is non-crystalline, supports
the development of a protective layer, and has a greater degree of
anticorrosion when dihydroimidazoles are present.

3.8. AFM analysis

Fig. 10 shows the AFM picture of a steel surface after a dip in
1 M HCI, free of 0.001 M dihydroimidazoles and containing
them. As viewed in Fig. 10a, being exposed to 1 M HCI signifi-
cantly degraded the steel surface, resulting in an extremely
rough texture. Fig. 10b and c depicts the carbon steel surface
treated with dihydroimidazoles, which is extremely smooth and
homogeneous. The addition of dihydroimidazoles to 1 M HCl
causes a considerable reduction in surface roughness, sug-
gesting that chlorine ions have limited access to the steel

TMPI

TTPI

Fig. 10 AFM micrographs of carbon steel surface in 1 M HCl without and with 10 M of dihydroimidazoles.
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Fig. 11 Optimized molecular structures (neutral and protonated) of
311G(d,p) level of theory.

surface. This demonstrates the efficiency of the di-

hydroimidazole layer in preserving steel in HC1.*

3.9. Quantum chemical calculations

3.9.1. Geometries and energies. The three molecules
studied, designated by MSPI, TMPI, and TTPI, showed potential
inhibitory efficiency against corrosion. Thus, to analyze their
electronic and structural properties and establish a link
between their structure and their inhibitory efficiency, an
optimization of the geometries was carried out by quantum
processing using the DFT method and the B3LYP functional at
the 6-311G(d,p) level. The optimized geometric structures of
these three molecules are proposed in Fig. 11.

MSPI, TMPI, and TTPI consist of a central dihydroimidazole
ring substituted by thiazole (thiophenyl) rings (for TTPI), phenyl
rings functionalized by methylthio groups (for MSPI), and
phenyl rings, each fixing a methoxy group (for TMPI).

After geometric optimization, the three studied molecules
present conjugated systems and the lone pair on the N, O, and S
heteroatoms, which favors their effective adsorption capacity.
Likewise, their specific structural arrangements influence their
reactivity and their interaction with the metal surface. The three
compounds are characterized by a partial flatness between the

the three corrosion inhibitors: TMPI, MSPI, and TTPI at the B3LYP/6-

central imidazole core and one of the substituted rings, while
the other rings deviate from the plane.

For TTPI, the central dihydroimidazole ring and thiophene
rings are located in the same plane, while the other two imid-
azole rings are shifted out of this plane, creating a molecular
distortion. For MSPI and TMPI, the arrangement is similar; one
of the three substituted phenyl rings remains aligned with the
central dihydroimidazole ring, while the other two rings are
oriented out of the main plane, adopting an inclined orienta-
tion relative to the central plane. This molecular arrangement
can influence the way in which the inhibitors interact with the
metal surface, in particular by favoring certain adsorption sites
depending on the electronic distribution and the functional
groups present.

3.9.2. Quantum chemical descriptors. The MSPI, TMPI, and
TTPI compounds have demonstrated excellent inhibitory effi-
cacy, exceeding 97%. These experimental results are corrobo-
rated and justified by our theoretical calculations, highlighting
the electronic and structural properties at the origin of their
performance. In order to establish a relationship between the
inhibition efficiency and the optimized structure of the studied
molecules, we calculated the necessary quantum reactivity
parameters. The values of the energy parameters obtained at the
same calculation level of theory are listed in Table 8.

Table 8 The quantum chemical parameters of the three dihydroimidazoles

E HOMO LUMO E, 1 A X n I Dipole moment (D) ¢ 13) AEyack-donation AN

MSPI —5.892 —-1.293 4.600 5.892 1.293 3.593 2.300 —3.593 5.851 0.435 2.806 —0.575 0.267
TMPI —5.874 —1.085 4.789 5.874 1.085 3.479 2.395 —3.479 1.053 0.418 2.528 —0.599 0.280
TTPI —6.091 —1.494 4.597 6.091 1.494 3.793 2.299 —-3.793 2.867 0.435 3.129 —-0.575 0.223
MSPI-H —8.142 —5.263 2.879 8.142 5.263 6.702 1.440 —-6.702 8.128 0.695 15.601 —0.360 —0.654
TMPI-H —-8.387 —5.034 3.352 8.387 5.034 6.710 1.676 —6.710 7.291 0.597 13.432 —0.419 —0.564
TTPI-H —9.517 —-5.906 3.610 9.517 5.906 7.712 1.805 —7.712 5.584 0.554 16.472 —0.451 —0.801
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 39807-39831 | 39821
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Fig. 12 DOS spectra and HOMO-LUMO orbitals of (a) MSPI, (b) TMPI, and (c) TTPI molecules.

According to the calculated values of the OMF energies
(Fig. 12), it is noted that the three molecules show high values of
the energy of the HOMO orbital (Eyomo = —5.892, —5.874, and
—6.091 eV for MSPI, TMPI, and TTPI, respectively), hence
a higher efficiency of the inhibition of corrosion.” Indeed, these
high values reflect a greater capacity of the electron-rich centers
of the inhibitor to donate electrons to the vacant d orbitals of
the Fe metal. Likewise, the displayed values of the energies of
the LUMO orbital (Epymo = —1.293, —1.085, and —1.494 eV for
MSPI, TMPI, and TTPI, respectively) indicate a high capacity of
these inhibitors to accept electrons, which improves their effi-
ciency by facilitating electronic exchange with the d occupied
orbitals.

The values of the energy gap (AE) of the three molecules,
located around 4.6 eV for molecule MSPI and molecule TTPI
and 4.8 eV for molecule TMPI, indicate a similar chemical
reactivity, but with subtle differences. Molecules MSPI and
TMPI, with the lowest energy gap (AE), have a slightly higher

39822 | RSC Adv, 2025, 15, 39807-3983]

reactivity, followed by TMPI molecules. A lower energy gap is
generally associated with better corrosion inhibition efficiency
and with more intense adsorption of the inhibitory molecules
on the metal surface.” These results indicate that molecules
MSPI and TTPI are the most favorable, compared to molecule
TMPI, for strong chemical interactions, such as adsorption on
the carbon steel surface. This conclusion is in perfect agree-
ment with the experimental data obtained, thus confirming
their superior performance as corrosion inhibitors.

In an acidic medium, the protonation of MSPI, TMPI, and
TTPI modifies their electronic characteristics and increases
their reactivity. Indeed, it leads to a reduction in the energy gap,
thus making the molecules more reactive. The energies of the
HOMO orbitals decrease compared to the neutral state, which
reduces their potential to donate electrons. Simultaneously, the
LUMO orbitals become lower in energy, which strengthens their
ability to attract electrons.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In accordance with Pearson's principle,”” molecules having
a high global softness (¢) and a low global hardness (n) favor
increased inhibition. The softness values (0.435 eV for molecule
MSPI and molecule TTPI and 0.418 eV for molecule TMPI) show
that molecules MSPI and TTPI have similar adsorption capac-
ities, slightly greater than that of molecule TMPI. This confirms
that molecules MSPI and TTPI, thanks to their increased soft-
ness, interact more effectively with the metallic surface. Con-
cerning electronegativity (x), molecule TMPI (x = 3.479 eV) is
the least electronegative due to the OCH; groups, which are
strong electron donors by mesomerism. This promotes a trans-
fer of electrons to the metal surface, improving adsorption.
Molecule MSPI (x = 3.593 eV), with its SCH; groups, exhibits
intermediate electronegativity, combining a moderate inductive
attractor effect and a weak donor effect. Molecule TTPI, on the
other hand, is the most electronegative (x = 3.793 eV) due to the
thiophenyl, which stabilizes the positive charges and increases
the electrophilicity (w = 3.129 eV). On the other hand, molecule
TMPI, with its OCH; groups, is the least electrophilic (w = 2.528
eV), because these groups reduce its ability to accept electrons.

The electron back-donation (AEpack-donation) iS higher for
molecule TMPI (—0.599), thanks to the OCH; groups, which
favor the retro-donation. Molecules MSPI and TTPI have slightly
lower electron back-donation values (—0.575) but remain
competitive. The SCH; groups and the thiophenes also have
donor effects, although less pronounced than those of the
OCHj;. The positive values of the electron transfer fraction AN
confirm that the electrons are transferred from the inhibitory

View Article Online
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molecules to the iron surface, thus reinforcing the protection
against corrosion. Molecule TMPI (AN = 0.280) gives up its
electrons more easily than molecule MSPI (AN = 0.267) and
molecule TTPI (AN = 0.223). However, in terms of dipole
moment, molecules MSPI (5.851 D) and TTPI (2.867 D) are
significantly more polar than molecule TMPI (1.053 D). This
increased polarity allows molecules MSPI and TTPI to form
stronger bonds with the active sites of the metal, favoring more
stable adsorption and a more effective protective layer.

Although molecule TMPI is distinguished by its strong
ability to donate electrons and its high electron back-donation,
molecules MSPI and TTPI, thanks to their increased polarity,
their enhanced electrostatic interactions, and their superior
chemical reactivity, offer optimal protection against corrosion.
These results underline the importance of the electronic and
structural effects of the substituents, with a predominance of
sulfur-containing groups (SCH; and thiophenes) for an effective
inhibition of corrosion.

Protonation makes molecules more electrophilic, facilitating
their interaction with the electron-rich d orbitals of the Fe
metal. There is also an increase in electronegativity (6.7 eV for
MSPI-H and TI and 7.7 eV for TMPI-H), which indicates that
protonated molecules attract electrons more strongly. This
stabilizes them in electron-rich media. In addition, protonated
molecules have a high softness and a reduced hardness (Table
8), which makes them more polarizable and less stable than
their neutral forms. Thus, once protonated, the MSPI, TMPI,
and TTPI become more reactive than in their neutral form.

MSPI

TTPI

TMPI

ﬁa

Fig. 13 HOMO and LUMO plots of optimized MSPI, TTPI, and TMPI molecules.
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These modifications could have significant consequences on
their inhibitory behavior, in particular in contexts where inter-
actions with electron-rich metal surfaces are essential.

3.9.3. Frontier molecular orbitals (FMO) electron density
distribution. The analysis of the electron density distribution of
the HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) frontier orbitals for the
three molecules makes it possible to understand their chemical
reactivity and their ability to interact with the carbon steel,
considering the effects of the heteroatoms (N, O, S), the
substituent groups (SCHj, thiophenyl and OCHj;) and the 7
electrons of the phenyl rings. The electron density distribution
of the HOMO and LUMO frontier molecular orbitals deter-
mined at the B3LYP/6-311G(d. p) level of theory is shown in
Fig. 13.

According to Fig. 13, MSPI is distinguished by a strong
localization of the HOMO on imidazole and a phenyl ring
containing the SCH; group, favoring strong interactions with
the metal surface thanks to the non-bonding pairs of nitrogen
and sulfur atoms, as well as back-donation. Its LUMO is mainly
localized on the phenyl ring and the SCH; group, indicating
electron acceptor regions that facilitate interactions with the Fe
metal. Molecule TTPI has an extensive delocalization on the
thiophenyl, increasing its reactivity via the 7 electrons and the
d orbitals of sulfur. Its LUMO is localized on thiophenyl and
dihydroimidazoles, strengthening its ability to accept electrons
and interact with the metal surface. Finally, TMPI, although less
polarized, shows a localization of the HOMO on di-
hydroimidazoles and a phenyl ring containing the OCH;
groups, where the lone pairs of N atoms and the donor effect of
the OCH; groups facilitate interaction with the metal surface.
These results explain the superior inhibitory efficiency observed
experimentally, with optimal performance for sulfur-containing
molecules, thanks to their electrostatic interactions and their
ability to donate electrons.

3.9.4. Molecular electrostatic potential (MEP) analysis. The
MEP map (Fig. 14), determined at the DFT/B3LYP level, made it
possible to identify the nucleophilic and electrophilic sites of
the three (MSPI, TMPI, and TTPI) studied molecules and their
interaction with the Fe(110) surface. The regions of high elec-
tron density (red zones) are located mainly on the nitrogen
atoms of imidazole, the sulfur atoms of the SCH; groups in
molecule MSPI, and the thiophenyl in molecule TTPI, as well as
on the oxygen atoms of the OCH; groups in molecule TMPI. The

View Article Online
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phenyl rings also present slightly negative zones due to the
delocalization of the m electrons, reinforcing the overall elec-
tron density. These electron-rich sites act as electron donors
and play a key role in the interaction with the metal surface.
Molecules MSPI and TTPI, due to the presence of sulfur, exhibit
increased reactivity, while molecule TMPI benefits from the
ability of the OCH; groups to release electrons. Moreover, the
electrophilic regions (blue zones) are detected around the
methyl groups (CH;) and the H atoms, including those bound to
nitrogen, indicating a low electron density. These regions,
although less reactive, can interact with the metal surface
through van der Waals-type interactions. Thus, the combina-
tion of heteroatoms, substituent groups, and 7 electrons gives
MSPI, TMPI, and TTPI molecules their ability to interact effec-
tively with the metal and to play a role in its protection against
corrosion.

3.9.5. Locals’ active centers analysis (Fukui functions). The
reactivity of the inhibitory molecules vis-a-vis nucleophilic and
electrophilic attacks can also be evaluated using local reactivity
indices such as the dual Fukui descriptor (f;), local softness
(Agy), and local philicity (Awy). These parameters make it
possible to finely analyze the local reactivity of the three mole-
cules studied, as well as the impact of chemical substitutions on
their chemical properties.

The dual Fukui descriptor, the local softness (Acy), and the
local philicity (Awy) indices are calculated from the Fukui
functions (fi" and fi7), which respectively represent the
tendency of a site k to undergo a nucleophilic attack (electron
gain) or its sensitivity to electrophilic attacks (electron loss).
Based on a Mulliken population analysis, we calculated the
three descriptors per the equations:

These indices were determined based on the equations
below:

K =h"—h (13)
AO’k = G'kJr — 0 and Aa)k = wk+ — Wk
(0" =afi", o =afi,and o’ = wfi", o = whio) (14)

The results presented graphically in Fig. 15, Table 1S, and
Fig. 10S highlight the variations in the reactivity between the
molecular sites. As shown in Fig. 15, in molecule MSPI, C7, C19,
C30, C31, and S53 atoms have negative values of sz, revealing
electron-rich centers. These sites act as preferential

TMPI

Fig. 14 Molecular electrostatic potential surfaces plot of MSPI, TMPI, and TTPI molecules.
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Fig. 15 The condensed local dual descriptor, 2, Aa, and Awy, based on Fukui Functions for MSPI, TMPI, and TTPI molecules.

electrophilic centers, capable of yielding electrons to the 3d
vacant orbitals of the iron metal surface. This tendency is
corroborated by their low values of Agy and Awy indices, which
confirm their willingness to release their electrons. Conversely,
the atoms C1, N4, C9, C10, C11, C16 and C27, with fi> > 0, are
identified as nucleophilic centers. Their high values of Agy and
Aw, emphasize their ability to accept electrons, thus partici-
pating in the formation of interaction by retro donation with the
metal surface. For molecule TMPI, the centers C1, N4, C9, C10,
C11, and C16 with fi’* > 0 behave like electrophilic sites, capable
of capturing electrons from the metal, supported by their high
values of Agy and Awy indices. These electrophilic sites facili-
tate interactions with the occupied 3d orbitals of Fe. Conversely,
the atoms N2, C17, C19, C20, C24, C33, 046, 049, 058, 063, and
073, characterized by a high electron density and low Aoy and
Awy indices, act as electron donors, ideal for interacting with
the metal surface. Finally, in molecule TTPI, the atoms C1, C8,
$10, S26 and N36, which have f;> > 0, are nucleophilic sites
capable of accepting electrons, while the atoms N2, C16, C17,

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

and S18, with their negative sz and low Aoy and Awy indices, act
as electron-rich centers, ready to transfer them to the 3d empty
orbital of the metal surface.

3.10. Molecular dynamics and ab initio DFT simulations

3.10.1. MC and MD simulations. The properties of the
MSPI, TMPI, and TTPI studied molecules as corrosion inhibi-
tors were analyzed using MC and MD simulations. The objective
was to examine their spontaneous interactions with the metal
surface, identifying the most stable adsorption configurations.
Thus, we have identified the configurations, both in the vacuum
and in the corrosive environment, in their neutral or protonated
forms. In addition, we determined their adsorption (E,qs) and
binding (Eping) energies in order to better understand their
inhibitory efficacy.

The results are illustrated in Fig. 16, highlighting the
optimal configurations of the three molecules adsorbed on the
Fe(110) metal surface. Table 9 groups the final adsorption and
binding energy values for each simulated system.

RSC Adv, 2025, 15, 39807-39831 | 39825
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Fig. 16 Top and side views of the most stable configurations of MSPI, TMPI, and TTPI on the Fe (110) surface in a simulated HCl medium.

Table 9 Adsorption and binding energies (kcal mol™) derived from MC and MD simulations

MSPI TMPI TTPI
Eags (Feqo surface) —195.916 —114.672 —123.481
Eags (Feqso surface + corrosive medium) —4326.851 —4225.727 —4276.879
Ebinding 355.526 394.536 288.763
The simulations have shown that the three di- the water molecules (H,O) thanks to their polar groups (OCH;

hydroimidazoles studied approach the Fe(110) plane in an
almost parallel orientation and adopt a finally stable and hori-
zontal adsorption configuration on the Fe(110) surface. This
flatness remains intact even in the presence of water and acid
molecules, demonstrating their effectiveness in protecting this
metal.

We notice that, compared with their optimized structure in
the isolated state, the molecules adopt a more planar arrange-
ment after adsorption on the metal surface, characterized by
reduced dihedral angles between the outer rings and the central
ring of the dihydroimidazoles. This geometry promotes optimal
alignment and consequently allows them to firmly approach the
metal surface and completely cover it.

The coplanar orientation of the dihydroimidazole ring with
the substituted phenyl rings in MSPI and TMPI compounds
(SCH; and OCH3;, respectively), as well as with the thiophene
rings in the TTPI compound, turns out to be the determining
factor of the electronic behavior of these structures. Moreover,
the substituents strongly influence the interactions with the
iron surface, favoring stable configurations, thus helping to
isolate the metal from the corrosive environment. Indeed,
during the adsorption process, the substituents stabilize the
adsorption configurations via electrostatic and steric interac-
tions with the metal surface. They contribute to isolating the
metal from the corrosive environment by effectively displacing

39826 | RSC Adv, 2025, 15, 39807-39831

and sulfur-containing groups SCH; and thiophenes), thus
strengthening their fixation on the surface.

The adsorption energy E,qs, as evaluated and reported in
Table 9, quantifies the strength and stability with which the
inhibitory molecules bind to the Fe(110) surface. The strongly
negative values of this energy for the three molecules (—195.916,
—114.672, and —123.481 Kcal mol " for MSPI, TMPI, and TTPI,
respectively) testify to very strong adsorption and justify their
spontaneous orientations.

In the corrosive environment, E,qs become even more
pronounced (—4326.951, —4225.727, and —4276.879 kcal mol
for MSPI, TMPI, and TTPI, respectively), indicating that the
molecules firmly attach to the metal by displacing the corrosive
molecules of water or acid, which demonstrates the predomi-
nant affinity of the dihydroimidazoles for the carbon steel
surface. This tendency is accentuated more when the di-
hydroimidazoles are protonated, thus reinforcing their
adsorption capacity. Moreover, although all three di-
hydroimidazoles are effective in terms of inhibition, MSPI and
TTPI display more negative interaction energies, highlighting
a more marked adsorption compared to TMPI. These findings
perfectly corroborate the experimental data of their inhibitory
efficacy.

The molecular dynamics simulations used to determine the

binding energies (Epinaing) corroborate the previous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conclusions. The calculated values 355.526, 394.536, and
288.763 kcal mol™" for MSPI, TMPI, and TTPI, respectively
(Table 9), are all positive and testify to a marked binding affinity
and attractive interaction between the analyzed molecules and
the metal surface. These results, therefore, testify to the
strength of the interaction and validate the competence of di-
hydroimidazoles to bind effectively to the metal surface.

3.10.2. Ab initio DFT simulations. The global and local
reactivity descriptors that we have studied in the previous
sections provide valuable information on the reactivity of our
organic molecules studied, but only in the isolated state.
However, to better understand their behavior vis-a-vis the
metallic iron surface and to validate the interactions mentioned
above, it is interesting to resort to quantum simulations.
Indeed, the DFT ab initio simulations make it possible to
elucidate the potential interactions underlying the adsorption
of the MSPI, TMPI, and TTPI inhibitors on the Fe(110) surface.

Fig. 17 shows the most stable adsorption geometries as well
as the associated interatomic distances obtained by DFT
calculation. These calculations were executed using the CASTEP
software, which uses the plane wave expansion, allowing
a complete exploration of the adsorption mechanism.

After optimization, the three dihydroimidazoles bind to the
Fe surface in a stable parallel orientation, thus facilitating the
interaction between the carbon atoms and the N, O, and S
heteroatoms of the inhibitors and the Fe atoms. The molecule
MSPI binds to the surface via its carbon, nitrogen, and sulfur
atoms. The phenyl rings adsorb to the iron atoms by Fe-C
bonds of about 2.6 A, and the S atoms of the thiomethyl groups
(SCH3,) establish Fe-S bonds with lengths of 2.42 A, 2.71 A, and
2.82 A, and an Fe-N bond is also observed at about 2.6 A. The
molecule TMPI interacts with the surface through several sites,
involving the O atoms of the OCH; groups of the two phenyl
rings, as well as the C and N atoms. The Fe-O bonds vary from
2.58 to 2.83 A, the Fe-C bonds of the phenyl rings measure
approximately 2.62 A, and nitrogen binds to the surface with
2.82 A. As for molecule TTPI, it binds to the surface by its carbon
atoms, forming Fe-C bonds of about 2.6 A, an N atom
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Table 10 DFT-calculated interaction energies

Interaction energies (eV)

Fe-MSPI —6.479
Fe-TMPI —4.688
Fe-TTPI —11.741

establishes a bond of 2.82 A, and the thiophene rings bind via
their sulfur atoms with distances of about 3 A.

The DFT calculations also provide estimates of the interac-
tion energies (Ep,) of the three molecules. Ey,, acts as a measure
of the affinity of each molecule towards the metal surface. An
Ep,e with more negative values means spontaneous chemical
reactions, indicating superior adsorption performance. The
calculation of this energy is carried out according to the
following equation:

(15)

where Erorar, is the adsorption energy of the inhibitor on the
surface, and Esyrrace and Enuisrror, respectively, designate the
energy of the surface and the energy of the isolated inhibitor.
The calculated energies (Table 10) are all negative (—6.479,
—4.688, and —11.741 eV for MSPI, TMPI, and TTPI, respec-
tively), which indicates spontaneous thermodynamically favor-
able adsorption processes. These results show that each
molecule has a strong chemical affinity for the Fe(110) surface,
thanks to the engagement of several interaction centers. The
SCH; groups of molecules MSPI, the OCH; groups of TMPI, and
the thiophene rings of molecule TTPI reinforce the adsorption
via the Fe-S and Fe-O bonds, in addition to the Fe-C bonds,
thus conferring a high affinity for the Fe atoms due to their
excellent electronic properties.

3.10.3. Projected density of states (PDOS) analysis. The
analysis of PDOS was carried out in order to better understand
the mechanisms of adsorption and interaction between the

Erni = EtoraL — (Esurrace — EINHIBITOR)

MSPI

- ¥
I

Fig. 17 Optimized adsorption geometries of MSPI, TMPI, and TTPI molecules on the Fe (110) surface as determined by ab initio DFT simulations.
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Fig. 18 PDOS for MSPI, TMPI, and TTPI molecules on the Fe(110) surface and the Fe atoms beneath them after the adsorption.

inhibitors MSPI, TMPI, and TTPI and the Fe(110) surface. This
study compares the electronic states of the molecules before
and after their adsorption, thus making it possible to identify
the modifications of their electronic structure. The variations
observed in the PDOS provide valuable information on the
electronic redistribution and the stabilization of the adsorbed
molecules.

Fig. 18 illustrates the PDOS of the 3d orbitals of Fe involved
in the interaction with the molecules MSPI, TMPI, and TTPI, as
well as the PDOS of the s and p orbitals of these molecules. The
analysis reveals that the electronic states of the molecules evolve
significantly after adsorption. A superposition of the peaks of
the molecular orbitals and the iron indicates a hybridization
between the d-orbitals of the Fe and the m-orbitals of the
molecules, a sign of strong interaction and of the possible
formation of chemical bonds. A redistribution of the electron
density is also observed after adsorption, marked by a decrease

39828 | RSC Adv, 2025, 15, 39807-39831

in the intensity of the molecular peaks, or even their disap-
pearance, as well as a slight shift towards lower energies,
reflecting an increased stabilization of the molecules on the
surface. These changes confirm an efficient adsorption, with
a charge transfer to Fe. Molecules MSPI and TTPI show partic-
ularly strong interactions, as evidenced by the significant
modifications of their PDOS, while molecule TMPI has similar
characteristics but slightly less pronounced, reflecting equally
interesting adsorption mechanisms.

4. Conclusion

The present investigation dissected three synthesized di-
hydroimidazoles as carbon steel acidizing corrosion inhibitors
utilizing electrochemical, surface, and theoretical methods. The
evaluation gives the following essential conclusions:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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e The presence of three thiophenyl groups in TTPI, three
trimethoxyphenyl groups in TMPI, and three methylthiophenyl
substituents in MSPI has influenced the dihydroimidazole's
effectiveness. Notably, MSPI achieved an exceptional efficacy of
99.12%, a level previously unseen for an imidazole-based
inhibitor, and its efficiency remained nearly unchanged
across the temperature range examined.

e Electrochemical testing revealed that the three di-
hydroimidazoles act as hybrid corrosion inhibitors, effectively
reducing the i, and enhancing the R,,.

e The quantum chemistry characteristics, such as the elec-
trophilicity and nucleophilicity indices, indicate that MSPA
interacts more efficiently with the steel surface, providing
a strong barrier to corrosion.

e MD simulations have elucidated that the dihydroimidazole
exhibits parallel orientation and adopts a finally stable and
horizontal adsorption configuration on the Fe(110) surface, and
their adsorption affinity is augmented when dihydroimidazoles
are protonated.
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