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Designing a nanostructured Biginelli
reaction-based dipodal receptor for effective
corrosion control of mild steel in 1 M H2SO4

Amisha Yadav,a Jasdeep Kaur,b Amanpreet Singh, *b Ankush Kumar Tangra *c

and Gurjaspreet Singh d

A novel nanostructured dipodal receptor synthesized via a one pot Biginelli multicomponent reaction

was successfully engineered into organic nanoparticles (ONPs) and evaluated as an efficient corrosion

inhibitor for mild steel in 1 M H2SO4. The rational molecular design, incorporation of multiple electron

donating heteroatoms (N and O) and conjugated p-system facilitate strong adsorption onto the steel

surface and promote the formation of a compact protective film. Electrochemical and gravimetric

analysis confirmed excellent inhibition performance, achieving efficiencies of 90.14% (weight loss),

91.36% (potentiodynamic polarization), and 97.50% (electrochemical impedance spectroscopy) at an

optimal concentration of 20 mg L�1. Polarisation studies demonstrated mixed type inhibition behaviour

with predominant control over acid dissolution, while impedance results revealed a significant increase

in charge transfer resistance and reduced double layer capacitance, strengthening the formation of an

effective adsorption barrier. The superior inhibition efficiency at low concentration highlights the

synergic effect of the dipodal architecture and nanoscale dimensions, offering a scalable and high-

performance strategy for acid corrosion mitigation in industrial systems.

1. Introduction

Heterocyclic compounds (HCs) represent a fundamental class
of organic molecules, widely found in both natural and syn-
thetic systems.1 They serve as the core structure in numerous
biologically active substances, including hormones, nucleic
acids, and vitamins.2,3 Owing to their chemical versatility and
biological relevance, HCs have become essential in various
fields, such as agrochemicals,4 materials science, synthetic
dyes, and pharmaceuticals.5 These compounds are particularly
valuable in medicinal chemistry due to their ability to engage in
hydrogen bonding,6 p–p stacking, and other non-covalent
interactions with biological targets.7 As a result, many hetero-
cycles possess a wide range of therapeutic properties, including
antibacterial,8 anti-inflammatory,9 antioxidant,10 antidiabetic,11

antifungal,12 and anticonvulsant activities. Among the many types
of heterocyclic scaffolds, Biginelli reaction-based heterocycles

have garnered significant attention. These molecules are widely
used in the development of calcium channel blockers13 and
antihypertensive agents,14 making their synthesis a key area of
ongoing pharmaceutical research. The ability to incorporate
such biologically active frameworks into novel materials—such
as organic nanoparticles—opens new avenues for applications
beyond medicine, including advanced corrosion protection.15

The Biginelli reaction is a renowned three-component reaction
used to fabricate 3,4-dihydropyrimidin-2(1H)-ones (DHPMs),16

a class of heterocyclic compounds with diverse biological and
material applications. Biginelli-derived compounds have found
widespread use in drug delivery systems, chemical sensing,
and as potential anticancer, antiviral, and anti-inflammatory
agents.17–19 Their presence in pharmaceutical and medicinal
chemistry is well-documented due to their broad-spectrum
biological activity and synthetic accessibility. The Biginelli
reaction is a classic example of a multicomponent reaction
(MCR)—a type of chemical transformation where three or more
than three reactants come together in a single reaction step to
form a final product, typically deprived of the need to isolate or
purify intermediate compounds.20 This one-pot strategy offers
an efficient and streamlined approach to synthesizing complex
molecules. MCRs are highly valued in modern synthetic chem-
istry due to their remarkable synthetic efficiency, high atom
economy, operational simplicity and compatibility with mild
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reaction conditions.21–24 MCRs are well-suited for organic
synthesis, materials science, and molecular diversification.
These reactions offer exceptional structural diversity, allowing
precise incorporation of functional groups such as electron-rich
heteroatoms and conjugated p-systems within the single mole-
cular framework. Such features are particularly advantageous
in rational design of functional materials, where the molecular
architecture significantly influences the performance. The
rapid construction of Biginelli-based heterocyclic scaffolds
through MCR strategies provides a versatile platform not only
for pharmaceutical and functional material development but
also for engineering advanced materials for enhanced adsorp-
tion and corrosion inhibition.

Mild steel is one of the most frequently used construction
and engineering materials across a variety of industries, parti-
cularly in the chemical, petroleum, and construction sectors.
These industries frequently utilize acids for processes such as
descaling, cleaning, and pickling, which unfortunately acceler-
ate the corrosion of mild steel. This acid-induced degrada-
tion compromises structural integrity and leads to significant
safety risks, material degradation, and financial losses due
to equipment failure and increased maintenance demands.
Consequently, the development of efficient, stable, and scalable
corrosion inhibitors capable of protecting mild steel under
harsh acidic conditions is of critical industrial and environ-
mental importance.

Recent advancements in corrosion science have focused on
developing synthetic corrosion inhibitors, particularly through
multicomponent reactions (MCRs). Heterocyclic compounds
generated via MCRs are especially promising as inhibitors due
to the existence of electron-rich heteroatoms (such as N, O,
and S) and conjugated p-systems, which promote strong
adsorption onto metal surfaces and the formation of protec-
tive layers. While plant-based corrosion inhibitors—derived
from natural extracts—have attracted interest for their eco-
friendly and cost-effective nature, they suffer from several
drawbacks. These include inconsistent chemical composition,
limited stability under aggressive industrial conditions, and
slower inhibition kinetics, all of which hinder their widespread
application.25–31

Despite these advances, the rational design of Biginelli
reaction derived frameworks as nanostructured dipodal receptors
for corrosion inhibition remains largely unexplored. In particular,
the combined strategy of exploiting dipodal molecular architec-
ture providing dual anchoring sites and nanoscale structuring to
enhance adsorption efficiency and surface coverage has not been
systematically investigated. This approach is expected to improve
molecular interaction with the metal surface, strengthen adsorp-
tion stability and facilitate the formation of a compact and
uniform protective film. Therefore, integrating MCR chemistry
with nanoengineering represents a promising yet underdeve-
loped direction in the area of corrosion inhibitor design. In this
study, we report the synthesis of a dipodal Biginelli-based
receptor via a one-pot multicomponent reaction. The resulting
compound was further processed into organic nanoparticles
(ONPs) to enhance its dispersion and applicability in aqueous

media. The corrosion inhibition potential of the fabricated
ONPs was then evaluated in 1 M sulfuric acid, demonstrating
their potential as a robust, efficient, and scalable alternative to
conventional corrosion inhibitors.

2. General experimental

All reagents and solvents employed in the synthesis were of
analytical or reagent grade. They were used without further
purification. Terephthaldehyde (purity: 99%), ethyl aceto-
acetate (Z99.0%, GC), 2-aminobenzimidazole (97%), and zinc
perchlorate were purchased from Sigma-Aldrich. Solvents such
as methanol (Z99.9%, GC, reagent grade) and dimethyl sulf-
oxide (DMSO) (99.9%) were obtained from Avra Synthesis.

The synthesized dipodal Biginelli-based receptor was char-
acterized using proton nuclear magnetic resonance NMR
spectroscopy on a JEOL NMR spectrometer, with tetramethylsi-
lane (TMS) as an internal reference.

2.1. Preparation of organic nanoparticles (ONPs) and dipodal
receptor 4

The dipodal receptor 4 was prepared through a one-pot Bigi-
nelli condensation involving terephthaldehyde (TPA) (1), ethyl
acetoacetate (EAA) (2), and 2-aminobenzimidazole (2-ABI) (3).
In a standard procedure, 0.150 g (0.001 mmol) of TPA, 0.26 mL
(0.002 mmol) of EAA, and 0.297 g (0.002 mmol) of 2-ABI were
dissolved in methanol within a round-bottom flask. Zinc per-
chlorate (10 mol%) was then introduced as a catalyst. The
reaction mixture was refluxed in an oil bath with continuous
stirring for 3–4 hours. Progress of the reaction was tracked
using thin-layer chromatography (TLC) until completion.7

At the end of the reaction, a light grey colored solid was
separated out. The solid product was collected by filtration,
washed several times using MeOH to eliminate impurities, and
dried in an oven. The synthesized dipodal receptor 4 was then
characterized using 1H NMR and FT-IR spectroscopy.

Organic nanoparticles (ONPs) of receptor 4 were synthesized
using the reprecipitation technique. Various quantities of the
receptor (0.5 mg, 1.0 mg, 1.5 mg, and 2.0 mg) were digested
in 1 mL of dimethyl sulfoxide. Under ultrasonic agitation, the
solutions were progressively added to 99 mL of deionized water.
This process facilitated the formation of ONPs at final concen-
trations of: 5 ppm, 10 ppm, 15 ppm, and 20 ppm (Scheme 1).32

These ONPs were subsequently used for corrosion inhibition
studies in acidic media.

2.2. Preparation of corrosive media and steel coupons

Analytical reagent (AR) grade concentrated H2SO4 (Loba Che-
mie) was used to prepare 1 M sulfuric acid (H2SO4) solution
using double distilled water. The organic nanoparticles (ONPs)
of dipodal receptor 4 were then dispersed in this acidic med-
ium to prepare test solutions at the different concentrations.
The mild steel used in this study had the following composi-
tion: Fe (99.2%), Si (0.125%), C (0.105%), Mn (0.378%),
S (0.079%), and P (0.0795%). Steel coupons with dimensions
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of 1 cm � 1 cm were prepared for both gravimetric and
electrochemical measurements, ensuring a consistent exposed
surface area of 1 cm2 to maintain accuracy and comparability
across different methods. Prior to use, the steel coupons were
mechanically polished using successive grades of emery paper
(200, 400, 500, 800, and 1000 grit) to obtain a smooth and
uniform surface. After polishing, the steel coupons were thor-
oughly cleaned with distilled water, degreased with acetone,
and dried before immersion in the corrosive medium.

2.3. Gravimetric analysis

Weight loss measurements were performed in accordance with
ASTM G1-03 and G31-21 standards, which outline protocols for
specimen preparation, exposure, and assessment in corrosive
media. Mild steel coupons were immersed in 100 mL of 1 M
H2SO4, with and without the presence of the inhibitor, and kept
at ambient temperature (25 � 1 1C) for 24 hours. The ONPs
of dipodal receptor 4 were tested at concentrations of 5, 10,
15, and 20 mg L�1. Additional trials at 25 mg L�1 were also
conducted; however, no notable increase in inhibition effi-
ciency was observed beyond 20 mg L�1. Therefore, 20 mg L�1

was selected as the optimum concentration for subsequent
experiments. Each experiment was executed three times to
ensure the reliability and reproducibility of the results.33

After a 24-hour exposure period:
� The mild steel coupons were carefully taken out of the

solution.
� They were rinsed thoroughly with distilled water to remove

any residual acid or corrosion products.
� The cleaned samples were then dried and reweighed to

determine the extent of weight loss.

The inhibition efficiency (IE%) was determined using the
following formula:

Z% ¼W0 �Wi

W0
� 100 (1)

where W0 is the weight loss of mild steel in blank (uninhibited)
solution, and Wi is the weight loss in the presence of inhibitor.
The corrosion rate was evaluated using the following formula:

CR ¼ DW
D� A� T

� 87:6 (2)

where CR is the corrosion rate (mm year�1), DW is the weight
loss of the metal specimen (g), D is the density of the steel
coupon (g cm�3), A is the surface area of the steel coupon (cm2),
and T is the immersion time (hours).

The factor 87.6 is a unit conversion constant that adjusts
the units to express corrosion rate in millimeters per year
(mm year�1).

The surface coverage (y), which indicates the fraction of the
metal surface protected by the inhibitor, was calculated using
the following expression:

y ¼W0 �Wi

W0
(3)

where y is the surface coverage.

2.4. Electrochemical studies

Electrochemical studies were carried out using a Metrohm
Autolab PGSTAT-204 system to investigate the corrosion per-
formance of mild steel in 1 M sulphuric acid both without and
with the addition of dipodal receptor 4-based ONPs. A conven-
tional three-electrode setup was utilized, comprising:

Scheme 1 (A) Preparation of dipodal receptor 4; (B) fabrication of ONPs of dipodal receptor 4.
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� A mild steel sample as the working electrode (with an
exposed surface area of 1 cm2),
� A saturated calomel electrode (SCE) serving as the refer-

ence electrode, and
� A platinum wire functioning as the counter electrode.
To expose a fixed surface area, the steel electrode was

embedded in araldite resin, leaving 1 cm2 of surface exposed
to the electrolyte. Prior to all electrochemical experiments,
the system was stabilized under open circuit potential (OCP)
conditions for 45 minutes to ensure equilibrium.

2.4.1. Potentiodynamic polarization (PDP). The Tafel
polarization studies were carried out in the potential range of
–0.1 V to +0.1 V vs. OCP at a scan rate of 0.001 V s�1, with a
current range of 100 nA to 1 mA.31 The key parameters, such as
corrosion potential (Ecorr) and corrosion current density (icorr),
were extracted by extrapolating Tafel slopes from the anodic
and cathodic regions. Each concentration was tested in tripli-
cate to ensure consistency and reproducibility.

The inhibition efficiency (Z%) was determined using the
equation:

Z% ¼ i0corr � iicorr

i0corr
� 100 (4)

where iicorr and i0corr represent the corrosion current density
values with and without dipodal receptor 4, respectively.

2.4.2. Electrochemical impedance spectroscopy (EIS). EIS
experiments were conducted using the same Metrohm Autolab
PGSTAT-204 electrochemical workstation to further evaluate
the corrosion inhibition effectiveness of the ONPs. The impe-
dance measurements were recorded across a frequency range of
100 kHz to 0.1 Hz, with 10 data points collected per frequency
decade. A sinusoidal AC perturbation of 10 mV amplitude was
applied during the measurements.

The inhibition efficiency (Z) was calculated using the charge
transfer resistance (Rct) values according to the equation:

Z% ¼
Rp � R0

p

Rp
� 100 (5)

where R0
p and Rp represent the polarization resistance in the

absence and presence of dipodal receptor 4 respectively.

2.5. Analysis of ultraviolet-visible spectra

The UV-visible absorption spectra of dipodal receptor 4 ONPs in
1 M sulphuric acid were recorded using a Shimadzu UV-1900
spectrophotometer. The samples were analysed in two sets:
� Solutions in which mild steel coupons were immersed for

24 hours.
� Control solutions without immersion of steel coupons.
This comparative analysis enabled the monitoring of

adsorption and desorption behavior of the dipodal compound
during corrosion inhibition, providing insights into the inter-
action mechanisms of ONPs with the mild steel surface.33

2.6. Quantum chemical calculations

To elucidate the inhibition mechanism of dipodal receptor 4,
quantum chemical calculations were performed. Key global
reactivity descriptors were computed, including:
� Highest occupied molecular orbital (EHOMO)
� Lowest unoccupied molecular orbital (ELUMO)
� Energy gap (DE = ELUMO � EHOMO)
� Ionization potential (I)
� Electron affinity (A)
� Electronegativity (w)
� Global hardness (g)
� Number of transferred electrons (DN)
These parameters help in predicting the electron-donating

and accepting ability of the molecule, correlating with its
adsorption strength and inhibition efficiency.

The calculations were based on the following equations:34,35

DE = EHOMO � ELUMO (6)

I (eV) = �EHOMO (7)

A (eV) = �ELUMO (8)

w eVð Þ ¼ �1
2
EHOMO þ ELUMOð Þ (9)

g eVð Þ ¼ �1
2
EHOMO � ELUMOð Þ (10)

DN ¼ wFe � winh
2 gFe � ginhð Þ (11)

2.7. Surface inspection

Scanning electron microscopy was employed to inspect the
surface structure of steel specimens before and after exposure
to the corrosive environment, in the presence and absence of
dipodal receptor 4. The analysis was carried out using a JEOL
JSM-IT500A SEM instrument.

Three sets of specimens were examined:
� Polished and cleaned mild steel,
� Mild steel exposed to 1 M H2SO4 without inhibitor, and
� Mild steel exposed to 1 M H2SO4 containing the optimal

concentration (20 ppm) of dipodal receptor 4 ONPs.
The SEM micrographs provided a comparative visual assess-

ment of surface degradation and corrosion product formation.

3. Results and discussion
3.1. Characterisation of dipodal receptor 4

The dipodal receptor 4 was successfully synthesized using
dipodal receptor 4 multicomponent reaction and isolated as a
white solid in 94% yield, with a melting point of 300–303 1C.
The structural characterization of the synthesized compound
was carried out using 1H NMR and FT-IR spectroscopy, con-
firming the formation of the target product (Fig. 1A and B).

1H NMR (400 MHz, DMSO-D6): d = 10.73 (s, 2H), 7.77
(d, J = 7.8 Hz, 1H, Ar-H), 7.54 (s, 1H, Ar-H), 7.21 (s, 4H, Ar-H),
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7.10 (d, J = 7.9 Hz, 2H, Ar-H), 6.83 (d, J = 7.7 Hz, 2H, Ar-H), 6.29
(s, 2H, CH), 3.95 (dd, J = 15.7, 9.4 Hz, 4H), 2.32 (s, 6H,), 1.11
(dd, J = 15.1, 7.8 Hz, 6H).

FT-IR (cm�1): 3330 (N–H stretching), 2980 (aliphatic C–H
stretching), 1735 (ester CQO), 1676 (amide CQO, amide I),
1630 (CQN stretching/conjugated CQC), and 1560–1515
(aromatic CQC stretching and amide II band).

These spectral results confirm the successful formation of
dipodal receptor 4 with key functional groups consistent with
the proposed structure.

3.2. Gravimetric analysis

Gravimetric studies were carried out to assess the corrosion
inhibition performance of dipodal receptor 4 ONPs in 1 M
H2SO4 at varying concentrations ranging from 5 to 20 mg L�1.
The experimental findings are presented in Table 1. Surface
coverage (y) and inhibition efficiency (Z%) were calculated
using eqn (1), based on the variation in mass loss of mild steel
specimens in the absence and presence of the inhibitor.

The results reveal a clear trend: as the concentration of
ONPs increases, the corrosion rate consistently decreases. This
behavior is attributed to stronger adsorption of the nano-
particles onto the steel surface, which is likely facilitated by
the presence of heteroatoms and p-electron-rich regions in the
receptor structure. These interactions promote the creation of a
defensive layer that shields the metal from proton-induced
degradation in the acidic environment.33

At 5 mg L�1, the inhibition efficiency was observed to be
57.10%, which increased to 75.18% at 15 mg L�1 and reached a
peak of 90.14% at 20 mg L�1. The minimal improvement

beyond 20 mg L�1 indicates that the steel surface becomes
saturated with inhibitor molecules, designating 20 mg L�1 as
the optimal concentration for effective corrosion resistance
under these conditions.

3.3. Characterisation of dipodal receptor 4 ONPs

As dipodal receptor 4 ONPs displayed maximum inhibition
efficiency at 20 mg L�1, the hydrodynamic radius of the ONPs at
this concentration was examined. The dynamic light scattering
(DLS) histogram revealed that the average particle size of 4
ONPs at this concentration is 32 nm (Fig. 2A). Furthermore,
zeta potential analysis was performed using a zeta check
particle charge reader. The ONPs of dipodal receptor 4
(20 mg L�1) showed a zeta potential of �15 mV, which indicates
the stability of ONPs. On changing the pH of the medium
toward more basic and more acidic, significant variation in the
zeta potential was observed. This can be attributed to the
hydrolysis of ester functional groups on the surface of the
ONPs. In basic media, the ONPs showed a zeta potential of
�34 mV whereas in acidic media the observed value of zeta
potential was �24 mV (Fig. 2B).

3.4. Langmuir adsorption isotherm

Adsorption isotherms describe the relationship between the
surface of steel and corrosion inhibitor molecules.30 Steel
surfaces are coated with corrosion inhibitors, which reduce
corrosion rates. The dipodal receptor 4 adsorption on the steel
surface increases with increasing ONP concentration on the
surface. Fig. 3 illustrates the graph between C/y and C with a
linear relationship with R2 0.99. A high R2 value, such as 0.98,

Table 1 Calculated inhibition efficiency and surface coverage of OPNs of dipodal receptor 4

Medium used
Dipodal receptor 4
concentration (mg L�1)

Weight loss
(g ms) (DW)

Surface coverage (y) by
dipodal receptor 4

Inhibition
efficiency (Z%)

1 M H2SO4 Blank (0) 2.94 — —
5 1.26 0.5710 57.10
10 1.02 0.6519 65.19
15 0.73 0.7518 75.18
20 0.29 0.9014 90.14

Fig. 1 (A) 1H NMR spectrum of dipodal receptor 4; (B) FT-IR spectrum of dipodal receptor 4.
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indicates a strong linear correlation between the variables,
suggesting that the model accurately represents the relation-
ship between derivative concentration and adsorption on the
steel surface. This strong fit implies that as the concentration of
the dipodal receptor 4 increases, its adsorption on the steel
surface increases in a predictable manner, effectively reducing
corrosion. The value of Kads calculated by using eqn (12) is 0.458.
The Kads value was used to calculate the DG value by eqn (13).

Eqn (12) describes the relationship between the adsorption
of dipodal receptor 4 on the surface of steel

C

y
¼ 1

Kads
þ C (12)

where y is the surface coverage, C is the concentration of the
inhibitor (mg L�1), and Kads is the adsorption equilibrium
constant.

The linear relationship indicates that the adsorption process
follows the Langmuir model, suggesting monolayer adsorption
on a homogeneous metal surface.

The standard free energy of adsorption (DG0
ads) is calculated

using the following thermodynamic equation:

DG0
ads = �RT ln(55.5 � Kads) (13)

where R is the representation of the gas constant, T indicates
the absolute temperature, DG0

ads is the standard free energy of

Fig. 3 The Langmuir adsorption isotherm at different concentrations of dipodal receptor 4 ONPs in 1 M sulphuric acid for steel.

Fig. 2 (A) DLS micrograph for OPNs of dipodal receptor 4; (B) zeta potential analysis of ONPs of dipodal receptor 4.
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adsorption and Cwater is the concentration of H2O in the
solution. According to thermodynamic criteria:
� If DG0

ads 4 �20 kJ mol�1, the adsorption process is
considered physical adsorption (physisorption), involving weak
van der Waals or electrostatic interactions.
� If DG0

ads o �40 kJ mol�1, the process is attributed to
chemical adsorption (chemisorption), involving charge sharing
or transfer (coordinate bonding) between inhibitor molecules
and the metal surface.

In this case, the DG0
ads value of �8.0 kJ mol�1 suggests that

dipodal receptor 4 is physically adsorbed on the steel surface,
predominantly via electrostatic interactions. Although the
adsorption is relatively weak, effective corrosion mitigation
can be achieved through the surface coverage under acidic
conditions, especially at higher inhibitor concentration.
It should be noted that the present electrochemical measure-
ments reflect short-term inhibition efficiency. Further long-term
immersion and stability study would be essential to evaluate
corrosion protection under extended exposure conditions.

3.5. Electrochemical investigations

3.5.1. Potentiodynamic polarization (PDP) study. Dipodal
receptor 4 demonstrates considerable effectiveness as a corro-
sion inhibitor by mitigating both anodic and cathodic pro-
cesses involved in the corrosion of mild steel. Its inhibitory
performance was assessed through Tafel polarization, focusing
on changes in corrosion current density (icorr).

As shown in Fig. 4A, the introduction of dipodal receptor 4
leads to a noticeable shift in the polarization curves toward
lower icorr values, indicating a reduced rate of electrochemical
reactions. This behavior reflects a suppression of both metal
dissolution and hydrogen release reactions, thereby improving
the corrosion resistance of mild steel in acidic conditions. Table 2
provides the corresponding electrochemical parameters,
including anodic and cathodic Tafel slopes (ba and bc), corrosion
potential (Ecorr), and calculated inhibition efficiencies.

The marked decline in icorr affirms the strong inhibitory
effect of receptor 4, which is attributed to its adsorption onto
the metal surface, forming a protective layer that limits electron
transfer. Minor variations in ba and bc values across different
concentrations suggest that the compound influences both
anodic and cathodic reactions. This dual action, along with
Ecorr shifts of less than �85 mV, confirms the behavior of
dipodal receptor 4 as a mixed-type inhibitor. The parallel
nature of the Tafel lines before and after inhibitor addition
implies that the mechanism of corrosion remains unchanged,
and the inhibitor primarily reduces the rate of the process
rather than altering the pathway. Moreover, the inhibition
efficiency was found to increase with inhibitor concentration,
confirming concentration-dependent protection. Various con-
centrations of dipodal receptor 4 demonstrated its ability to
interfere with multiple electrochemical processes, including
iron oxidation at the anode and hydrogen evolution at the
cathode.

At a concentration of 20 mg L�1, dipodal receptor 4 exhib-
ited the highest inhibition efficiency of 91.36%, corresponding

to a minimum corrosion current density of 1.9 � 10�5 A cm�2.
These findings, summarized in Table 2, confirm that the corro-
sion inhibition performance is directly related to the compound’s
adsorption ability, which effectively reduces the exposed area of
the metal and thereby minimizes corrosion.

3.5.2. Electrochemical impedance spectroscopy. Fig. 4(B)
and (C) display the Nyquist and Bode plots, respectively, while
Fig. 4(E) shows the equivalent electrical circuit used to fit the
data. Before the electrochemical study (EIS), the working elec-
trode was immersed in the test solution to set the OCP. The
OCP was allowed to stabilize for 45 minutes until a quasi-steady
state was achieved. The OCP vs. time curve presented in
Fig. 4(F) confirmed the stabilization before performing EIS
and polarization measurements. The corresponding numerical
values are summarized in Table 3. The size of the capacitive
semicircles in the Nyquist plots reflects the corrosion protec-
tion ability of dipodal receptor 4. As the concentration of the
inhibitor increased in the 1 M H2SO4 solution, the diameter of
these semicircles also grew, indicating a significant reduction
in mild steel dissolution. This increase in charge transfer
resistance (Rct), as seen in Table 3, points to enhanced inhibi-
tion efficiency. The improved Rct values suggest that dipodal
receptor 4 forms an adsorbed protective film on the steel
surface, which hinders the movement of charges and limits
the penetration of aggressive ions from the acidic solution.

The double-layer capacitance (Cdl) was calculated using the
equation:

Cdl = (QR1�n
ct )1/n (14)

The Bode phase angle plots reveal a noticeable shift toward
lower frequencies following the addition of dipodal receptor 4,
indicating enhanced surface coverage and improved barrier
formation. The Bode impedance plots (Fig. 4C) further support
this trend. The absolute impedance values (|Z|) at lower
frequencies increase significantly with increasing inhibitor
concentration, which directly demonstrates an increase in
polarisation resistance and improved corrosion protection.
As the low frequency impedance modulus is directly propor-
tional to the overall resistance of the metal and electro-
lyte interface. The high values of |Z| on addition of dipodal
receptor 4 indicate the suppression of charge transfer pro-
cesses. At 20 mg L�1, the highest value of |Z| demonstrates
the formation of a highly resistive and stable protective layer.
In the intermediate frequency region, the slope of log|Z| versus
log f approaches �1, which depicts the dominant capacitive
behaviour and confirms that the corrosion process remains
charge transfer controlled.

The Bode phase angle (y) plots provide significant insight
into surface characteristics. In the uninhibited solution, the
maximum phase angle is relatively lower and broader, which
indicates the surface heterogeneity and active dissolution sites.
On addition of the inhibitor (receptor 4), the maximum phase
angle increases and shifts towards lower frequency values
demonstrating the improved surface homogeneity and for-
mation of a thicker adsorbed film with longer relaxation time
constants. The broader and higher phase angle peak signifies
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enhanced capacitive behaviour and better barrier properties.
These observations are in good agreement with the equivalent
circuit model (Fig. 4E), where charge transfer resistance is in
parallel with the constant phase element (CPE), indicating

non-ideal capacitive behaviour due to surface roughness. This
observation, combined with the observed increase in polariza-
tion resistance (Rp), provides strong evidence for the effective
adsorption of the inhibitor onto the mild steel surface. At an

Table 2 Polarization parameters in 1 M sulphuric acid with and without various concentrations of ONPs of dipodal receptor 4

Dipodal receptor 4
concentration (mg L�1) bc (V dec�1) ba (V dec�1)

Ecorr
(V versus SCE)

Corrosion rate
(mm year�1) icorr (A cm�2)

Inhibition
efficiency

0 0.06263 0.09527 �0.506 34.03 2.2 � 10�4 0
5 0.095 0.103 �0.452 3.297 1.3 � 10�4 40.90
10 0.090 0.095 �0.464 2.452 5.9 � 10�5 73.18
15 0.095 0.095 �0.464 0.947 3.4 � 10�5 84.54
20 0.087 0.075 �0.455 0.691 1.9 � 10�5 91.36

Fig. 4 (A) Tafel polarization curves of mild steel in 1 M H2SO4 in the absence and presence of various concentrations of dipodal receptor 4, showing the
shift in current density and corrosion potential; (B) Nyquist plots for mild steel in 1 M H2SO4 without and with different concentrations of dipodal receptor
4 at 298 K, illustrating changes in charge transfer resistance; (C) Bode plots for mild steel in 1 M sulphuric acid without and with dipodal receptor 4 at
298 K, highlighting impedance behavior across frequencies; (D) UV-Vis spectra of the dipodal receptor 4 solution before and after immersion of steel
specimens, showing molecular interaction and potential adsorption during corrosion inhibition. (E) Electrochemical circuit fit. (F) Open circuit potential
(OCP) graph.
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optimal concentration of 20 mg L�1, the receptor exhibited a
peak inhibition efficiency of 97.50%, demonstrating outstanding
corrosion protection capability.

Despite the variation in inhibitor concentration, the impe-
dance spectra showed only minor differences in shape, suggesting
that the fundamental corrosion mechanism at the metal–electro-
lyte interface remained unchanged.36 One of the key parameters
used to evaluate inhibitor performance is the double-layer capa-
citance Cdl. A decline in Cdl generally indicates that the inhibitor is
reinforcing the protective film on the metal surface. This decrease
is attributed to a reduction in the local dielectric constant and an
increase in the thickness of the electrical double layer, resulting
from inhibitor adsorption.37

As presented in Table 3, the Cdl values for the systems
containing dipodal receptor 4 are significantly lower than those
of the uninhibited solution. This confirms the formation of a
compact inhibitor layer on the metal surface, effectively mini-
mizing exposure to the acidic medium and enhancing the
corrosion resistance of mild steel.

In the absence of an inhibitor, a smaller phase angle (which
indicates restrictive capacitive behavior) results in lower impe-
dance at low frequencies, as demonstrated by the Bode plot.
Following the addition of the corrosion inhibitor, there is a
notable increase in low-frequency impedance and an increase
in phase angles at both low and mid frequencies, which
signifies an enhancement in the corrosion resistance of the
solution.35

3.6. Ultraviolet-visible spectra

The UV-vis spectra of dipodal receptor 4 were recorded both
before and after exposure to corrosive conditions to understand
its interaction with the metal surface. As shown in Fig. 4D,
distinct differences in absorbance levels were observed between
two systems: one containing dipodal receptor 4 in acidic media
alone, and the other with mild steel immersed in the same
media for 24 hours.

These differences—particularly in peak intensity and wave-
length shifts—suggest that dipodal receptor 4 interacts with
both the acidic environment and corrosion products, likely
coordinating with Fe2+ and Fe3+ ions released from the steel
surface. The spectral changes indicate that the compound
remains stable in acidic conditions and has a strong tendency
to adsorb onto the metal surface. This adsorption process is
crucial to forming a protective barrier that helps mitigate
corrosion. In effect, the dipodal receptor not only resists

degradation in harsh media but also establishes a complex
with the metal ions, forming a stable, protective layer over
the steel.

Fig. 5 Surface morphology of cleaned steel (A), corroded steel immersed
in 1 M H2SO4 (B) and the inhibited surface (C).

Table 3 EIS parameters for steel in 1 sulphuric acid at different concen-
trations of dipodal receptor 4

Corrosive
media

Concentration
compound
(mg L�1)

Rs

(O cm2)
CPE
(mF cm�2)

Rct

(O cm2) N

Inhibition
efficiency
(%)

1 M H2SO4 Blank (0) 1.48 5.2 � 10�4 5.22 0.83 —
5 1.59 12 � 10�5 33.77 0.82 84.54
10 1.87 14 � 10�5 55.43 0.82 90.58
15 1.93 5.73 � 10�5 114.45 0.80 95.43
20 2.52 4.5 � 10�5 208.91 0.80 97.50
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3.7. Surface inspection by scanning electron microscopy

To investigate the surface conditions of mild steel after corro-
sion testing, SEM analysis was performed by utilizing a low-
energy electron beam at 10 kV to avoid damaging the inhibitor
layer. This analysis compared the surface morphologies of steel
samples before and after 24 hour immersion in 1 M sulphuric
acid, with and without the addition of 20 mg L�1 of dipodal
receptor 4.38

As shown in Fig. 5A, the untreated steel surface was smooth
and free from any visible corrosion. In contrast, the sample
immersed in acid without the inhibitor (Fig. 5B) exhibited
significant surface degradation, marked by roughness and
pitting due to aggressive corrosion. However, the sample trea-
ted with dipodal receptor 4 (Fig. 5C) showed notably less
damage. The surface remained relatively intact, suggesting that
the dipodal receptor 4 formed a protective film that effectively
minimized acid-induced corrosion.

These observations confirm the dipodal receptor’s ability to
act as a surface-active compound, reducing corrosion through
film formation and metal–ligand interaction.

3.8. Quantum chemical calculations

To gain deeper insights into the inhibition mechanism of
dipodal receptor 4, quantum chemical calculations were con-
ducted. The optimized geometry of the receptor is presented in
Fig. 6A, while the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) are
depicted in Fig. 6B and C, respectively. The analysis of frontier
molecular orbitals is essential for assessing the molecule’s
electron transfer characteristics during its interaction with
the metal surface. The HOMO is associated with the molecule’s
capacity to donate electrons to the metal, facilitating adsorp-
tion through donor–acceptor interactions. Conversely, the
LUMO reflects the ability of the molecule to accept electrons
from the metal surface. The energy gap (DE) between the
HOMO and LUMO is a crucial indicator of chemical reactivity—
smaller DE values generally suggest higher reactivity and stronger
adsorption potential, both of which are desirable for effective
corrosion inhibition. As shown in Table 4, a smaller DE value
correlates with greater inhibition efficiency. This suggests that
dipodal receptor 4, having a lower DE, can easily interact with the
metal surface to form a stable, protective layer, thus reducing the

rate of corrosion. Additionally, a higher electronegativity (w) and
greater electron-donating ability (as indicated by the calculated
DN values) further support the compound’s strong adsorption
behavior and effective corrosion protection. These theoretical
insights reinforce the experimental findings, confirming dipodal
receptor 4 as an efficient corrosion inhibitor through its favour-
able electronic properties and strong interaction with the metal
surface.39–43

3.9. Proposed corrosion inhibition mechanism of dipodal
receptor 4 on mild steel in 1 M sulphuric acid

The excellent corrosion inhibition efficiency of dipodal receptor
4 is closely linked to its molecular architecture, which features
multiple electron-donating functional groups such as carbonyl,
amino, and hydroxyl moieties, along with aromatic rings.
These groups possess lone pairs of electrons that can coordi-
nate with the metal surface, promoting strong adsorption
through donor–acceptor interactions. Such adsorption beha-
vior significantly contributes to mitigating corrosion in 1 M
sulfuric acid.44

Once adsorbed, dipodal receptor 4 establishes a compact
and adherent protective film over the mild steel surface, as
illustrated in Fig. 7A. This film serves as both a physical shield
and a chemical barrier, impeding the electrochemical reactions
responsible for corrosion. The presence of p-electron systems
and heteroatoms with available lone pairs enhances the recep-
tor’s ability to form stable coordination bonds with the vacant
d-orbitals of surface iron atoms. This strengthens the inhibi-
tor–metal interaction and amplifies the overall inhibition
performance.

To understand the mechanism more clearly, it is important
to consider the electrochemical environment. In 1 M H2SO4,

Fig. 6 (A) Optimized structure of dipodal receptor 4, (B) HOMO of dipodal receptor 4, and (C) LUMO of dipodal receptor 4.

Table 4 Theoretical parameters for dipodal receptor 4

Parameters (eV) Value for dipodal receptor 4 (eV)

EHOMO �0.24275
ELUMO �0.24165
DE 0.0011
I 0.24275
A 0.24165
w 0.2422
g 0.00055
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mild steel surfaces tend to acquire a positive charge relative to
the potential of zero charge (PZC), while dipodal receptor 4 can
exist either in a neutral or protonated (cationic) form. This
allows for multiple modes of interaction at the metal/solution
interface (Fig. 7B), including:
� Electrostatic interaction between protonated inhibitor

molecules and pre-adsorbed sulphate anions on the steel sur-
face (represented by a).
� p-electron interactions between the aromatic rings of the

receptor and vacant d-orbitals of iron atoms (represented by b).
� Coordinate bonding between lone pairs on heteroatoms

(e.g., N, O) and the metal surface (represented by c).
These combined interactions contribute to the creation of a

stable inhibitor covering that shields the metal from aggressive
ions in the acidic medium.

Furthermore, the corrosion inhibition property of dipodal
receptor 4 was compared with other heterocyclic pyrimidinone-
based derivatives (Table 5). The results show that the synthe-
sized dipodal receptor exhibits superior inhibition efficiency
even at low concentrations. This is likely due to the presence of

two pyrimidinone moieties within its structure, enhancing its
ability to cover more surface area and anchor more effectively to
the steel substrate.

The efficiency of dipodal receptor 4 was also compared with
other heterocyclic derivatives containing pyrimidinone units,
as outlined in Table 5. To ensure methodological consistency,
the inhibition efficiency given in Table 5 is derived from
electrochemical techniques such as PDP and EIS. The highest
inhibition efficiency values reported from the EIS and PDP
measurements are presented for comparative purposes. It is
very important to note the variation in electrolyte composition;
in particular, the presence of an aggressive medium like
chloride ions and sulphate ions can significantly influence
the corrosion mechanism and inhibitor adsorption behaviour.
Therefore, electrochemical measurements may remain consis-
tent, and differences in corrosive medium may affect the
inhibition performance. The results clearly demonstrate that
receptor 4 exhibits superior inhibitory performance, even at
relatively low concentrations. This improved efficiency is likely
due to the presence of two pyrimidinone moieties within its

Fig. 7 (A) Artistic representation of corrosion inhibition of steel by dipodal receptor 4, and (B) schematic representation of adsorption of dipodal
receptor 4 on steel in 1 M H2SO4.

Table 5 Comparison of dipodal receptor 4 as a corrosion inhibitor with other reported inhibitors for steel in HCl and H2SO4 media

S. no. Derivative
Conc.
(ppm) Media

Efficiency
(%) Technique Ref.

1 1,2,3-Triazole derivative of dihydropyrimidinones 10 1 M HCl 95 EIS 20
2 Pyrimidinone-linked thiazoles 100 1 M HCl 69.35 PDP 34
3 Ethyl 4-[4-(dimethylamino)phenyl]-2-imino-6-methyl-

1,2,3,4-tetrahydropyrimidine-5-carboxylate (EDTP)
750 1 M HCl 87.6 EIS 35

4 Tetrahydropyridines 40 1 M HCl 90.67 PDP 36
5 5-Acetyl-4-[4-(dimethylamino)phenyl]-6-methyl-

3,4-dihydropyrimidin-2(1H)-one (ADP)
750 1 M HCl 88.9 PDP 37

6 Quinolone derivative, namely, (E)-2-amino-7-hydroxy-
4-styrylquinoline3-carbonitrile

100 3.5% NaCl 89 PDP 38

7 Schiff base from melamine and isatin 17.5 0.5 M HCl 91.60 EIS 39
8 8-(4-Methoxyphenyl)-3,6-dioxo-2-(p-tolyl)-3,6-dihydro-2H-

thiazolo[30,20:2,3][1,2,4]triazolo[1,5-a]pyrimidine-7-carbonitrile
588 1 M HCl 87.8 PDP 44

9 Fmoc centered peptide conjugate 400 1 M HCl 72.2 EIS 45
10 Pyran chloro derivatives 344 1 M HCl 88.8 EIS 46
11 Nicotinic acid–amino acid derivatives 200 1 M HCl 81.23 PDP 47
12 Spiro-pyrazoline-butyrolactone 382 1 M HCl 86.17 EIS 48
12 2-(3-Nitrophenyl)imidazo[1,2-a]pyridine 239 1 M HCl 91.47 PDP 49
13 Dipodal receptor 4 20 1 M H2SO4 97.50 EIS This

work
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molecular framework, which enhances its surface coverage and
facilitates stronger adsorption on the steel surface.

The presence of dual coordination canters enables the
receptor to form a more cohesive and stable protective film
across the metal interface. This contributes to its ability to
effectively block both anodic and cathodic corrosion reactions,
resulting in enhanced corrosion resistance compared to other
structurally related compounds.

4. Conclusion

Corrosion inhibition efficiency is markedly improved by appli-
cation of dipodal receptor 4, achieving a maximum of 97.50% at
a concentration of 20 mg L�1, as evidenced by electrochemical
impedance spectroscopy (EIS). This superior performance is
attributed to the molecular architecture of the receptor, which
features multiple electron-rich centers that promote robust
adsorption onto the mild steel surface. Electrochemical ana-
lyses confirmed a direct correlation between inhibitor concen-
tration and corrosion protection efficiency. Moreover, surface
morphology studies revealed the formation of a uniform
and adherent protective film that effectively isolates the metal
from acidic environments, thereby minimizing degradation.
Although density functional theory (DFT) calculations provide
valuable insight into the electronic characteristics and adsorp-
tion propensity of the inhibitor, further validation using
adsorption isotherm models such as the Langmuir isotherm
and thermodynamic parameters like (DG0

ads) would offer a more
comprehensive understanding of the inhibitor’s adsorption
mechanism on mild steel.
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20 R. González-Olvera, V. Román-Rodrı́guez, G. E. Negrón-
Silva, A. Espinoza-Vázquez, F. J. Rodrı́guez-Gómez and
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