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A novel one-dimensional (1D) organic—inorganic hybrid compound, (C4H;N5)[PdCl3(H,O)], was synthesized
through the reaction of palladium(i) chloride with 2-methylimidazole in an aqueous acidic medium. The
structure was elucidated through single-crystal X-ray diffraction studies and consists of infinite chains of
[PACl3(H,O)] units connected via edge-sharing octahedra, stabilized by extensive hydrogen bonding and
-7 stacking interactions involving the organic cations. Infrared spectroscopy confirmed the presence
of key functional groups and intermolecular interactions. UV-vis diffuse reflectance spectroscopy
indicated significant absorption in the UV range, with an optical band gap of 2.18 eV, indicating
semiconducting behavior. The material's structural characteristics and optical behavior suggest its
suitability for applications in photocatalysis, sensing, and proton conduction. An electrochemical sensor
exhibiting high sensitivity and selectivity for hydroquinone (HQ) detection was developed and tested

R 48t N ber 2025 using differential pulse voltammetry. This sensor demonstrated a low detection limit of 0.02 uM and

eceived 8th November _ . ) L .

Accepted 10th February 2026 exhibited a broad linear response range spanning 0.02 to 10 uM. It maintained outstanding performance
even when common interfering substances were present. Application to real samples provided recovery

DOI: 10.1035/d5ra08631k rates between 95.4% and 102.4%, underscoring its potential for use in environmental surveillance and
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1 Introduction

Dangerous side effects from the use of skin lightening products
aimed at erasing freckles and whitening the skin are a major
problem that needs to be addressed immediately.* The hydro-
quinone in these products suppresses melanin production in
the skin and whitens the skin.> The European Union (EU) and
the Environmental Protection Agency (EPA) have banned
hydroquinone from cosmetics because long-term use causes
many side effects.®* However, hydroquinone is still used illegally
in skin-whitening cosmetics in developing countries.* In the
United States, the Food and Drug Administration suggests
a concentration of skin lightening agents of 1.5 to 2%.> In some
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countries, skin whitening products may contain higher
concentrations. Heavy metal allergies can cause health prob-
lems such as allergic contact dermatitis.® Metal allergens are
most commonly associated with nickel (Ni), chromium (Cr),
cobalt (Co) and copper (Cu).” Nickel-induced dermatitis is most
commonly caused by exposure to nickel, with levels decreasing
to 0.5 to 1.0 ppm on repeated exposure or on separate occa-
sions.® Depending on the duration of exposure and individual
sensitivity, hexavalent chromium can cause dermatitis at
concentrations ranging from 1 mg kg™' to 20 mg (ppb).°
Dermatologists have reported adverse effects of cobalt and
copper, typically occurring at concentrations in the ppm range
due to occupational exposure.’® Evidence shows that moni-
toring very low levels of trace metal ions can reduce potential
health risks.™

While HQ can be effective as a skin-lightening agent when
applied correctly, it is also associated with potential adverse
effects, including skin irritation, increased photosensitivity,
and paradoxical pigmentation.'> To enhance its depigmenting
efficacy, HQ is often formulated in combination with alpha
hydroxy acids (AHAs), which act as exfoliating agents to accel-
erate the removal of pigmented keratinocytes.” Hydroquinone
undergoes a reversible redox transformation to benzoquinone
through a two-electron and two-proton process.** This
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conversion occurs via electrochemical oxidation, as described
by the following reaction: HQ = BQ + 2H' + 2e”."* Under
electrochemical measurements, this process usually occurs
under mild circumstances in aqueous mediums without the
need of chemical oxidants." Since the reaction is very revers-
ible, it is impossible to determine an isolated chemical yield.
Instead, electrochemical characteristics including peak current,
peak potential separation and reversibility which serve as the
foundation for electrochemical sensing applications are used to
assess the effectiveness of the HQ/BQ redox process."”

The determination of hydroquinone (HQ) has been achieved
through a combination of chromatographic'® and spectropho-
tometric methods,” among other analytical techniques. High-
selectivity is a characteristic of certain chromatographic tech-
niques, such as HPLC, LC-MS and GC, which typically have
LODs that range from 0.01 to 0.5 M, depending on the sample
matrix and detector.” The use of spectrometry techniques such
as UV-vis, colorimetric assays and derivative spectra has
enabled the analysis of high-intensity differential coverage
(LDP) values within the range of 0.5-010 M for HQ analysis.”
Other methods also offer similar results.?” Nevertheless, these
methods are often too expensive, require extensive sample
preparation and result in lengthy analysis times.* Due to these
constraints, electrochemical sensors have emerged as straight-
forward yet highly sensitive substitutes for HQ detection.”*
However, their practical deployment is often hindered by
significant drawbacks, including high operational costs, the
need for complex and sophisticated instrumentation, time-
consuming sample preparation steps, and the instability of
biological reagents, all of which can compromise reproduc-
ibility and limit shelf life.?»*® Hybrid electrochemical-optical
sensing platforms have gained increasing attention due to
their ability to provide complementary analytical information.*”
Dual-mode sensors enable accurate quantitative electro-
chemical detection while offering optical signals, such as
absorbance or fluorescence changes, for visual confirmation
and enhanced selectivity.”® In this context, coupling electro-
chemical transduction with an optical readout linked to the
redox conversion of hydroquinone to benzoquinone could
further improve analytical reliability.*® Although the present
study focuses on electrochemical detection, the proposed
sensor architecture represents a promising platform for future
development of electrochemical-optical dual-mode sensors.*
To address these limitations, there has been growing interest in
developing alternative analytical strategies that combine
robustness, cost-effectiveness and ease of integration into
portable and user-friendly diagnostic platforms.** Among these
emerging approaches, electrochemical sensing has garnered
particular attention due to its inherent advantages, including
operational simplicity, rapid responses, low cost, straightfor-
ward sample preparation, and suitability for integration into
compact, disposable devices.**** Electrochemical techniques
enable real-time, in situ monitoring of analytes like HQ with
excellent sensitivity and selectivity.** Crucially, the analytical
performance of electrochemical sensors, including their detec-
tion limits, linear dynamic range, selectivity in complex
matrices and operational stability, is strongly influenced by the
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physicochemical properties and electrocatalytic behavior of the
materials employed at the electrode interface.*® Desirable
physicochemical properties include high surface area, good
electrical conductivity, chemical stability, appropriate porosity
and strong electrocatalytic activity, which together enhance
electron transfer and overall sensor performance.*

In recent years, considerable attention has been devoted to
designing nanostructured materials such as MOFs, metallic
nanoparticles, conductive polymers and hybrid nano-
composites to boost the catalytic efficiency, sensitivity and
functionality of electrochemical sensing devices.?”*® Recently,
organic-inorganic metal halide-based perovskites have
garnered attention due to their promising properties for opto-
electronic, catalytic and sensing applications.**** Although this
study focuses on electrochemical sensing, the structural
features of organic-inorganic hybrids,** including tunable
porosity and potential proton conduction pathways, indicate
that these materials may also be explored as proton-conducting
components in fuel cells, representing a potential avenue for
future applications.** These compounds uniquely combine the
synthetic flexibility of organic molecules with the stability and
coordination versatility of inorganic metal centers.* This
combination of properties has led to the design of these mate-
rials, shaped by the metal centers’ coordination geometry and
the organic linkers, thus enhancing their potential in various
technological applications.*> The dimensionality of organic-
inorganic hybrid (OIH) materials plays a pivotal role in defining
their physical and chemical behaviors.** Among them, one-
dimensional (1D) architectures have garnered significant
attention due to their anisotropic properties, enhanced surface
area, and potential for directional charge or energy transport.*”
The tunability afforded by coordination chemistry enables
precise control over their composition and functionality, facil-
itating the design of materials with tailored properties.*® As
aresult, 1D hybrid materials have found promising applications
in diverse fields, including optoelectronics,* biological and
biomedical applications,” energy storage and conversion,*
photocatalysis for environmental remediation®* and sensing
technologies.*® One-dimensional (1D) architectures, including
nanowires, nanorods, and nanotubes, have attracted increasing
attention due to their high surface-to-volume ratios and favor-
able energy/charge transport properties.** Depending on the
material composition and structural design, such 1D nano-
structures typically exhibit specific surface areas ranging from
tens to several hundreds of m> g™, particularly in porous or
hierarchical configurations, providing a large number of
accessible active sites.” Moreover, their anisotropic geometry
offers continuous and directional pathways for charge carriers,
leading to enhanced electron mobility, reduced grain boundary
resistance, and suppressed charge recombination.*® These
characteristics make 1D architectures especially attractive for
electrochemical sensing and energy-related applications.”” In
addition to their applications in materials science, palladium-
imidazole complexes have shown significant potential in bio-
logical fields, exhibiting antibacterial, anti-cancer and anti-
inflammatory properties.”® The imidazole ring system is well
known for its pharmacological importance, owing to its ability
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to enhance bioavailability and mediate interactions with key
biomolecular targets, such as DNA and enzymes.** Notably,
derivatives of 2-methylimidazoles have shown the ability to
disrupt microbial cell membranes and impact enzyme function,
making them intriguing scaffolds for therapeutic innovation.*
In parallel, palladium(u) complexes exhibit cytotoxic profiles
comparable to those of platinum-based chemotherapeutics, but
operate through distinct molecular mechanisms, offering
valuable prospects for the development of next-generation
metallopharmaceutical agents with improved selectivity and
reduced side effects.’"*> We herein present the synthesis and in-
depth structural study of a novel 1D organic-inorganic hybrid
coordination material (C,H,N,)[PdCl;(H,0)], formed by the
self-assembly of palladium(u) ions and 2-methylimidazole
ligands in the presence of water. In the resulting structure, the
Pd(1) center exhibits an octahedral coordination geometry, with
adjacent Pd-centered units interconnected through bridging
interactions to generate one-dimensional inorganic chains.
Coordinated water plays a crucial structural role by completing
the Pd(u) coordination sphere and stabilizing the extended
framework through hydrogen-bonding interactions with the
organic cations. The successfully synthesized compound,
hereafter referred to as IMPdCI, consists of infinite chains of
edge-sharing octahedra. In parallel, palladium(n) complexes
exhibit cytotoxic profiles comparable to those of platinum-
based chemotherapeutics, but operate through distinct molec-
ular mechanisms. While platinum-based complexes predomi-
nantly act through strong and kinetically inert coordination to
DNA, resulting in DNA cross-linking and replication inhibition,
palladium(u) complexes typically display faster ligand exchange
kinetics, enabling more dynamic interactions with proteins,
enzymes, and cellular membranes.*

A comprehensive investigation of the material's properties
was conducted through spectroscopic analysis, thermal stability
assessment, and UV-vis optical studies, offering valuable
insights into its structural and functional behavior. The crystal
structure is layered and reinforced by non-covalent interactions
such as hydrogen bonds and m-m interactions between the
organic components, contributing to its stability.*® The geom-
etry of the metal coordination, along with these non-covalent
interactions, also influences the overall structure and arrange-
ment of the network.”

Additionally, a comprehensive investigation of the material's
properties was conducted through spectroscopic analysis,
thermal stability assessment and UV-vis optical studies, offering
valuable insights into its structural and functional behavior. A
novel one-dimensional (1D) organic-inorganic hybrid
compound, (C,H;N,)[PdCl;3(H,0)], with well-defined structural
motifs and semiconducting properties, was designed and
exploited to develop a highly efficient electrochemical sensor
for hydroquinone (HQ). The sensor exhibited remarkable
sensitivity, excellent selectivity, and a low detection limit of 0.02
UM across a wide linear range of 0.02-10 pM, while maintaining
stable and reliable performance even in the presence of
common interfering species. As summarized in Table 1, the
present sensor outperforms previously reported HQ sensors in
terms of detection limit, linear range, and selectivity,
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highlighting the advantages of the hybrid material. These
findings not only demonstrate the strong synergy between the
material's structural design and its practical sensing capabil-
ities but also provide a versatile platform for environmental
monitoring, quality control and other real-world analytical
applications, offering valuable guidance for the development of
next-generation electrochemical sensors.

2 Experimental section

2.1. Materials

All chemicals used were analytically pure and supplied by
Sigma-Aldrich, used as received: PdCl, (99%), 2-methyl-
imidazole (C4H¢N,) (99%), and hydrochloric acid (48%).
Distilled water was used in this synthesis.

Hydroquinone (HQ), ascorbic acid (AA), catechol (CC),
guaiacol, resorcinol (Res), glycine, bisphenol A (BA), potassium
hexacyanoferrate (II) trihydrate (K,[Fe(CN)g]-3H,0), potassium
ferricyanide (K;[Fe(CN)e]), and all solvents were purchased from
Sigma-Aldrich. Additional chemical reagents were obtained
from Chimisi and Chimie Tunisie (Tunisia). The supporting
electrolyte, phosphate-buffered saline (PBS), was prepared by
dissolving 0.1 M KCI, 0.1 M KH,PO,, and K,HPO, in deionized
water, and its pH was modified to the desired level with HCI or
NaOH.

2.2. Electrochemical measurements

Electrochemical measurements, including cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and
differential pulse voltammetry (DPV), were conducted using an
Autolab PGSTAT302N potentiostat/galvanostat (Eco Chemie,
Netherlands) controlled via Nova 2.1 software. All experiments
were carried out at room temperature in a standard three-
electrode electrochemical cell, with a glassy carbon electrode
(GCE), either bare or modified with IMPdCl, as the working
electrode. A platinum wire and an Ag/AgCl (3 M KCl) electrode
were used as the counter and reference electrodes, respectively.
All electrochemical measurements were carried out in triplicate
under identical conditions to ensure reproducibility and reli-
ability of the results.

2.3. Crystal growth

The crystals of IMPdCl were synthesized by combining 2-m-
ethylimidazole, palladium chloride, and hydrochloric acid HCI
in an aqueous solution with a molar ratio of 2: 1. The mixture
was subjected to magnetic stirring and heated for 20 minutes.
After several days, the solution yielded colorless, block-shaped
crystals, which were obtained by filtration and allowed to air-
dry. The crystal growth was performed under ambient condi-
tions without the use of an inert atmosphere, as the compound
is stable to air and moisture. A single crystal was chosen for
structural characterization via X-ray diffraction. The crystals
exhibited stability under normal temperature and humidity
conditions. The reaction afforded the compound (C,H;N,)
[PACl3(H,0)] in 85% yield under aqueous conditions (46% H,0)
at 25 °C, as shown below (Scheme 1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.4. Structure determination

A single colorless crystal of IMPdCI, with dimensions of 0.59 x
0.23 x 0.18 mm®, was examined at 100 K using an XtaLAB
Synergy Dualflex HyPix-Arc 100 diffractometer with MoKa
radiation (A = 0.71073 A). The structure was solved by dual
methods using ShelXT 2018/2 *® and visualized through Olex2
1.5-ac5-024.%° Refinement was carried out with ShelXL 2018/3 7
employing full-matrix least-squares on F>. IMPACI crystallizes in
the monoclinic P2,/c space group. Atomic coordinates and
thermal parameters were refined iteratively, with all phenyl
hydrogen atoms placed in geometrically constrained positions.
The refinement converged to final values of R; = 0.0389, WR, =
0.1063, and GooF = 1.044. Complete crystallographic data are
summarized in Table S1.

2.5. Preparation of the IMPdCl-modified glassy carbon
electrode (GCE)

Before modification, the glassy carbon electrode (GCE) was
cleaned using a multi-step procedure to ensure a clean and
reproducible surface. Initially, the electrode was polished using
a 0.05 pm alumina slurry on a polishing cloth until a mirror-like
finish was obtained. The electrode was then rinsed thoroughly
with deionized water to remove residual alumina particles,
followed by ultrasonic cleaning in deionized water for 10
minutes to eliminate any remaining surface contaminants. For
the fabrication of the IMPdCl-modified electrode, a drop-
casting technique was used. Specifically, 1 mg of IMPdCI was
dispersed in 1 mL of ethanol and ultrasonicated for 30 minutes
to ensure a homogeneous suspension. A 10 pL aliquot of this
dispersion was then drop-cast onto the surface of the pre-
cleaned GCE. The modified electrode was left to air-dry at
room temperature for 2 hours to allow complete solvent evap-
oration and ensure strong adhesion of the IMPdC] material to
the electrode surface.

3 Results and discussion

3.1. Crystal structure

According to single-crystal X-ray diffraction, the compound
crystallizes in the monoclinic system in the centrosymmetric
P2,/c space group, with unit cell parameters a = 9.0007(2) A, b =
14.7508(4) A, ¢ = 7.4059(2) A, § = 94.084(2)°, and Z = 4 (Table
S1). The asymmetric unit consists of one protonated 2-methyl-
imidazole cation (C4H,N,)", one [PdCl;]” anionic complex, and
a crystallization water molecule (Fig. 1).

The Pd>* center is coordinated by three chloride ligands and
one water molecule, adopting a distorted octahedral geometry
characteristic of d® Pd(i) complexes. It should be noted that this
distortion is structural and not due to a Jahn-Teller effect,

CH, CH,

HN' “NH

\__/

Scheme 1 Synthesis of the 1D (C4H7N,)[PdCls(H,O)l.

H,0
N7 “NH + PdCl, + HOl —

PdCl;] H,0
(25°C,85%) [(PdCls) H
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which requires orbital degeneracy absent in d® Pd(m). Instead, it
arises from edge-sharing connectivity, ligand asymmetry, and
crystal-packing forces. The Pd-Cl bond lengths vary from
2.5762(8) to 2.6508(9) A, and the Pd-O bond measures 2.391(2)
A (Table S2). These distances and angular deviations are
consistent with values reported for other Pd(u)-imidazole
complexes. However, the degree of octahedral distortion is
slightly more pronounced here due to the edge-sharing
connectivity. The coordination geometry shows noticeable
deviations from an ideal octahedron, with CI-Pd-Cl angles
varying between 88.10(3) and 172.16(3)° and O-Pd-Cl angles
ranging from 81.11(6) to 173.36(6)°. These distortions arise
from the edge-sharing connectivity between adjacent octahedra.
The inorganic sublattice consists of infinite one-dimensional
chains of edge-sharing [PdCl3(H,0)] octahedra propagating
along the c-axis (Fig. 2).

Within these chains, the Pd polyhedra adopt a zigzag
configuration, interconnected by shared chloride ligands,
which generates cohesive anionic sheets. These layers are
interleaved with organic cations, which stabilize the framework
through a dense hydrogen-bonding network (Fig. 3). Each water
molecule functions as both donor and acceptor, forming O-H---
Cl and N-H:--O interactions, while the imidazolium cations
provide additional N-H:---Cl and weaker C-H---Cl contacts. A
particularly notable feature is the N-H---O hydrogen bond
linking the heterocycle to a water molecule, which subsequently
bridges to Pd-Cl units, consolidating chain connectivity.
Collectively, these interactions interconnect the inorganic
chains into a robust three-dimensional supramolecular frame-
work, with the [PdCl;]” anion serving as a central hydrogen
bond acceptor. The hydrogen bond distances (Table S3) fall
within expected ranges, underscoring their structural relevance.

In addition to hydrogen bonding, 7-- -7 stacking interactions
between adjacent imidazolium rings provide further stabiliza-
tion, with a centroid-to-centroid distance of 3.5369 A (Fig. 4),
consistent with efficient aromatic overlap. These interactions,
together with electrostatic attraction between the protonated
organic cations and the anionic chains, reinforce the hybrid
framework. The combination of coordination bonds, electro-
static interactions, hydrogen bonding, and m---7 stacking leads

€3
H4A «H4B
&1 V
Gc
ALY H1A
©1
" H2
1B

e
¢-—l3

Fig. 1 The asymmetric unit of the crystal structure of (C4H;N,)
[PAClz(HO)].
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to a highly ordered three-dimensional organic-inorganic hybrid
network.

Structurally, the crystal adopts a layered arrangement remi-
niscent of lamellar metal-halide systems, in which alternating
organic and inorganic sheets are interleaved and stabilized by
both coordination and supramolecular forces. In this architec-
ture, strong metal-ligand bonds provide the backbone, while
the hydrogen-bonding network and aromatic stacking critically
stabilize the overall packing. This cooperative design not only
enhances crystal stability but also modulates key physico-
chemical properties, including thermal robustness, solubility,
and charge transport, which may underpin the observed semi-
conducting band gap (2.18 eV) and support potential applica-
tions in proton conduction, photocatalysis, and electrochemical
sensing.

3.2. IR spectroscopic characterization

To obtain a more detailed understanding of the phase compo-
sition and to support phase identification, the Fourier-
transform infrared (FT-IR) spectrum of the layered perovskite
(C4H;N,)[PACl3(H,0)] was collected in the spectral region from
400 to 4000 cm™ '(Fig. 5) and analyzed by comparison with
previously reported perovskite compounds.”™7?

The spectrum exhibits several distinct absorption bands
characteristic of the 2-methylimidazole (C,H¢N,) ligand,
revealing the internal vibrational modes of this heterocyclic
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Fig. 3 Hydrogen-bonding pattern in the title compound.

organic cation, which are discussed in detail below. A broad and
intense band in the region of 3400-3200 cm ™ is assigned to the
stretching vibration of the N-H bond within the imidazole ring.
The broad nature of this band is indicative of hydrogen
bonding, either intermolecular or intramolecular, which is
common in imidazole-containing systems. In the region of
3100-3000 cm ™', multiple absorption bands are observed and
correspond to the aromatic C-H stretching vibrations of the
imidazole ring. Meanwhile, the presence of the methyl
substituent at the 2-position is confirmed by the aliphatic C-H

Fig. 2 Crystallographic representation of (C4H,N,)[PdClz(H,O)l: (a) arrangement viewed along the c-axis; (b) layered organization of the

compound.
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(@)

3.5369 A

Fig. 4 (a) The m—T interactions between the chains of the aromatic
rings C4H,N, (b) edge sharing [PdCl5(H,O)] octahedral chain.

stretching vibrations detected between 2960 and 2870 cm™". A
prominent absorption band around 1600 cm™ " is attributed to
the C=N stretching vibration, possibly coupled with C=C
stretching modes of the aromatic ring. This band is a key
spectral feature for confirming the aromatic character and the
electronic delocalization within the imidazole ring. Additional
bands in the 1500-1400 cm ™" region are assigned to in-plane
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bending vibrations of the C-H bonds in both the aromatic
ring and the methyl group. The absorption features observed
between 1300 and 1000 cm™ ' are mainly associated with C-N
stretching vibrations and N-H in-plane bending modes, which
are highly sensitive to substitution and coordination effects.
Furthermore, the region between 900 and 600 cm™* contains
several well-defined bands that correspond to out-of-plane
bending modes of C-H bonds, which are typical for
substituted aromatic systems. Notably, an intense absorption
band appearing near 500-450 cm~ ' may be indicative of metal-
ligand interactions, particularly if the compound forms a coor-
dination complex with a transition metal such as Pd(u). This
band could correspond to M-Cl or M-N stretching modes,
depending on the coordination environment. Overall, the FT-IR
spectrum confirms the presence and structural integrity of the
2-methylimidazole ligand, offering initial evidence of its
potential coordination to the metal center via nitrogen atoms.

3.3. UV-visible absorption spectrum and optical band gap
analysis

To investigate electronic transitions, we conducted a solid-state
optical absorption analysis of the material. The diffuse reflec-
tance spectrum was measured and subsequently converted into
an absorption spectrum using the Kubelka-Munk (K-M) func-
tion, as shown in this equation:

(1-R?* K

where R represents the sample reflectance, K is the Kubelka-
Munk absorption coefficient, and S is the scattering coefficient.
The absorption spectra in the UV-vis region (200-1100 nm) were
measured, as illustrated in Fig. 6.

LI I B I B S B B S B B S S S S S B B A B
z
o
g
=
<
2
[72]
g C—N stretching
c Y N-H bending
1’ :213::)) aliphatic C—H stretching
Aromatic C—H stretching C=N/C=C stretching
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Fig. 5 Infrared spectrum of the title compound.
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The absorption spectrum (Fig. 6a) shows intense UV
absorption around 200 nm, with additional peaks at 230 and
315 nm, corresponding to ligand-to-metal charge transfer
(LMCT) and intra-ligand transitions involving the 2-methyl-
imidazolium ring and the chloride-coordinated Pd(u) center.
The palladium atom adopts a distorted octahedral coordination
geometry, which plays a significant role in shaping the elec-
tronic transitions observed in the spectrum. The Tauc plot
(Fig. 6b), constructed from the diffuse reflectance data using the
Kubelka-Munk function, indicates an optical band gap (ESP") of
2.18 eV, consistent with semiconducting behavior. This
moderate band gap arises from the combined effects of the
electronic characteristics of the octahedral Pd(u) coordination
environment and the extended supramolecular architecture,
notably involving hydrogen bonding and ---7 stacking inter-
actions. These structural features emphasize the pivotal role of
both coordination geometry and non-covalent interactions in
modulating the material's optoelectronic properties, high-
lighting its potential for applications in photocatalysis, chem-
ical sensing and hybrid proton-conducting systems.

3.4. Electrochemical analysis of IMPdCl-modified GCE

The electrochemical performance of both unmodified glassy
carbon electrodes (GCE) and GCE modified with IMPdCl was
systematically investigated using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). As shown in
Fig. 7a, the unmodified GCE exhibited weak and poorly defined
redox peaks, reflecting its inherently low electrocatalytic
activity. In contrast, the IMPdCl2-modified electrodes displayed
significantly enhanced redox currents, demonstrating that the
incorporation of IMPdC] markedly improves electron transfer
kinetics at the electrode-electrolyte interface. The observed
enhancement arises from the unique features of the IMPdCl
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complex, which improve conductivity, enable efficient charge
transport, and contribute to enhanced redox performance. EIS
measurements were performed over 0.05 Hz to 100 kHz at
a 10 mV amplitude, offering additional information on inter-
facial phenomena. High-frequency data reflect charge transfer
resistance and double-layer capacitance, while low-frequency
behavior is controlled by ionic diffusion. As shown in Fig. 7b,
the Nyquist plot of the IMPdCl-modified electrode displays
a significantly smaller semicircle than that of the bare GCE,
indicating a marked decrease in charge transfer resistance.
These results confirm that modification with IMPdCI signifi-
cantly enhances electron transfer capabilities and improves the
overall electrochemical performance of the electrode.

The effect of scan rate on the electrochemical response of the
IMPdCl-modified glassy carbon electrode (IMPdCl/GCE) was
investigated via cyclic voltammetry (CV) in a 5 mM
[Fe(CN)s]> *~ solution, as shown in Fig. 8a. CV measurements
at scan rates between 40 and 160 mV s~ ' revealed that both
anodic and cathodic peak currents increased proportionally
with the scan rate, indicating enhanced diffusion of redox-
active species to the electrode surface. This behavior is char-
acteristic of a quasi-reversible redox process, where electron
transfer kinetics and mass transport jointly affect the electro-
chemical response. Fig. 8b shows a linear correlation between
the peak current (I,) and the square root of the scan rate (v*/?),
confirming that the redox process is predominantly diffusion-
controlled.

These results, in line with previous CV and EIS findings,
validate the beneficial role of IMPdCI in promoting efficient
electron transfer. This enhancement highlights the suitability
of the IMPdCl-modified electrode for use in high-performance
electrochemical sensing applications.
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(a) K—=M absorption spectrum and (b) Tauc plot for the direct gap calculation of (C4H;N,)[PdClsz(H,O)].
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(a) Cyclic voltammetry (CV) curves and (b) electrochemical impedance spectroscopy (EIS) spectra of the bare glassy carbon electrode

(GCE) and IMPdCl-modified GCE, recorded in a 5 mM [Fe(CN)gl>~/4~ solution containing 0.1 M KCl as the supporting electrolyte. CV was
performed at a scan rate of 100 mV s™1. EIS measurements were carried out over a frequency range of 0.05 Hz to 100 kHz with an applied AC

amplitude of 10 mV.

The linear regression was obtained from the correlation
between the scan rate (v, mV s~ ') and the anodic and cathodic
peak currents (Ip, and Ip)

Lo (RA) = 13.984 »"2 (mV s7") + 20.136 (R* = 0.998) (1)
Loe (A) = —13.173 p"> (mV s7") — 12.133 (R* = 0.997)  (2)

The electroactive areas of GCE and (C4H,N,)[PdCl;(H,0)]/
GCE were then estimated using the Randles-Sevéik
equation:*"”*

=269 x 10 x ©™2x Ax D2 x Cx 2 (3)

160 mV/s (a)

40 mV/s

Current (nA)

'200 b T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8

Potential (V)

In the equation, I, represents the peak current (4), n is the
number of electrons involved in the redox reaction, A denotes
the electroactive surface area (cm?), D is the diffusion coefficient
of [Fe(CN)6]>™*~ in 0.1 M KCI (7.6 x 10~® em?®s™%), » is the scan
rate (Vs™"), and C is the bulk concentration (mol cm ™). Surface
modification of the glassy carbon electrode (GCE) with IMPdCI
significantly increased the electrochemically active surface area
(EASA), with the modified electrode exhibiting an EASA of 0.205
cm” compared to the geometric area of the bare GCE (0.112
em?). This enhancement indicates that the modification not
only increases surface roughness but also promotes electron
transfer by providing additional active sites for electrochemical

reactions. The electrochemical response of 10 uM
200
(b)
150 4
Ipa
100 - e
Ipa (nA) = 13.984 VY2 (mv/s) + 20.136
i 50 + 2
R” =0.998
e ;
; Ipc (pA) =-13.173 vl 2 (mV/s) -12.133
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Fig. 8 (a) CVs curves obtained at the different scanning rates (40-160 mV s~%) for IMPACI/GCE in a 5 mM [Fe(CN)e®"4~ solution and (b) the

1/2

respective calibration plots of v'“ vs. /o5 and /..
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hydroquinone (HQ) in 0.1 M phosphate-buffered saline (PBS,
pH 7.4) was investigated using differential pulse voltammetry
(DPV) with different electrode configurations. As depicted in
Fig. 9, the unmodified GCE displayed weak and poorly defined
oxidation peaks, demonstrating its limited sensitivity toward
HQ detection.

Compared to the bare electrode, the IMPdCl-modified GCE
displayed markedly increased oxidation currents, demon-
strating enhanced electrocatalytic efficiency. This improvement
can be attributed to the increased electroactive surface area and
superior electron transfer kinetics imparted by the IMPdCI
layer. The high conductivity and catalytic activity of IMPdCI
enhance the interaction between hydroquinone (HQ) molecules
and the electrode surface, yielding stronger and more well-
defined electrochemical signals. These results emphasize the
considerable potential of IMPdCI] as a highly sensitive and
effective material for the electrochemical detection of HQ in
aqueous solutions.

3.5. Effect of pH

The influence of the supporting electrolyte's pH on the
electrochemical response of the IMPdACI/GCE sensor was
systematically investigated by differential pulse voltammetry
(DPV) over a pH range of 3.0-9.0. As shown in Fig. 10, the
oxidation peak current gradually increased with increasing pH,
reaching a maximum at pH 7.4.

The observed behavior indicates a synergistic influence of
proton concentration and the electrode surface charge on the
electrochemical oxidation process of HQ. At lower pH levels,
abundant protons facilitate the oxidation reaction, whereas the
electrode surface may bear positive charges that affect adsorp-
tion dynamics. Conversely, beyond pH 7.4, the peak current
diminished, likely attributable to a reduction in proton avail-
ability, which is essential for the redox mechanism, as well as
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—— IMPdCVGCE

40 H

Current (nA)
w
S
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[
(=]
1

T T
-0.1 0.0 0.1 0.2 0.3 0.4
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Fig. 9 Differential pulse voltammetry (DPV) of 10 uM hydroquinone
(HQ) at the bare GCE and IMPdCI/GCE in 0.1 M phosphate buffer
solution PBS (pH = 7.4).

9538 | RSC Adv, 2026, 16, 9530-9546

View Article Online

Paper

possible alterations in the speciation of HQ and changes in the
electrode-analyte interfacial interactions. These findings
underscore the critical balance between proton-mediated elec-
tron transfer and surface chemistry in optimizing sensor
response. As a result, PBS at pH 7.4 was identified as the most
suitable supporting electrolyte, providing a consistent and
stable medium that enhances the sensitivity of the sensor for
HQ detection in all further tests.

3.6. DPV analysis of hydroquinone (HQ)

The electrochemical response of the IMPdCI/GCE electrode to
sequential additions of hydroquinone (HQ) is illustrated in
Fig. 11a. Notably, the sensor exhibited two distinct linear
dynamic ranges: 0.02-1.5 uM and 1.5-10 pM, with an impres-
sive detection limit as low as 0.02 pM (s/n = 3). This dual-range
behavior highlights the IMPdCl-modified electrode's remark-
able sensitivity and versatility for urea detection over both trace
and higher concentration levels. In the lower concentration
range (0.02-1.0 pM), the calibration curve is described by the
equation:

Ipa (MA) =1.992 x C(hydroquinone (HQ)) (},lM) +30.909 (UM) (4)

With a strong correlation (R> = 0.98), the sensor shows high
accuracy for trace-level HQ detection. The observed behavior
suggests that the process is adsorption-controlled, with the
electrode's abundant active sites facilitating efficient electron
transfer and improved signal response at low analyte concen-
trations. In the higher linear range (1-10 uM), the calibration
curve follows:

Ipa (IJ'A) = 22.563 x C(hydroquinone (HQ)) (HM) +0.2169 (HM) (5)

With an equally high correlation coefficient (R*> = 0.99), as
shown in Fig. 11b.
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Fig. 10 Effect of solution pH on the current response of the IMPdCLl/
GCE electrode in 0.1 M phosphate buffer solution containing 10 uM
hydroquinone (HQ).
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Table 1 Comparison of the analytical performance with other methods using different electrode materials for the determination of hydro-

quinone (HQ)

Electrode material Linear range (uM) Detection limit (uM) Reference
GS/BMIMPF,/GCE 500-50.000 10 75
Graphene-chitosan/GCE 1.000-300.000 750 76
ECF-CPE 1.000-200.000 400 77
Pt-Au-OSi@CS/GCE 30-172.980 10 78
NA-COGH 400-600.000 19 79
Polydopamine-RGO 1.000-2.500.000 62 80
GMC/GCE 2.000-5.000 370 81
GO-mesoporous MnO,/GCE 10-700 7 82
GR-P4AVP/GCE 100-10.000 8.1 83
ER(GO-TT-CNT) 10-200.000 7.61 84
IMPACl/GCE 0.02-10 0.02 This work

This range likely reflects a diffusion-controlled process, in
which the gradual saturation of active sites causes the rate-
limiting step to become the transport of hydroquinone (HQ)
molecules from the bulk solution to the electrode surface. These
two distinct linear regions highlight the electrode's excellent
reliability, sensitivity, and precision for hydroquinone (HQ)
quantification over a wide concentration spectrum, under-
scoring its suitability for multiple analytical purposes. More-
over, the consistently low detection limit of 0.02 pM further
confirms the remarkable performance and practical utility of
the IMPdCI/GCE sensor in the sensitive electrochemical detec-
tion of hydroquinone (HQ). This combination of broad linear
range, high correlation coefficients, and ultralow detection
thresholds demonstrates that the sensor is well-suited for trace
analysis in complex real samples, offering a robust platform for
environmental monitoring, biomedical diagnostics, and food
safety assessments. The electro-oxidation mechanism of
hydroquinone (HQ) at the IMPACI-GCE involves a fast and
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Fig. 11

reversible two-electron, two-proton transfer process converting
HQ to benzoquinone (BQ). Upon applying an anodic potential,
HQ molecules adsorbed on the electrode surface undergo
oxidation, releasing two protons and two electrons according to
the reaction HQ = BQ + 2H" + 2e” (Scheme 2).

The IMPdACI] modifier significantly enhances this process by
increasing the effective surface area, facilitating electron
transfer, and stabilizing the redox couple. This catalytic
behavior results in significantly higher peak currents and
a reduced overpotential compared to the bare GCE. The
electrochemical response shows well-defined redox peaks with

OH o
2HT /26

HO (o)

Scheme 2 Electro-oxidation mechanism of hydroquinone (HQ).
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(a) Differential pulse voltammetry (DPV) response of hydroquinone (HQ) recorded on various modified electrodes, including IMPdACLl/

GCE. (b) Corresponding calibration curves for creatinine using IMPdCI/GCE in 0.1 M phosphate-buffered saline (PBS) at pH 7.4.
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(a) Differential pulse voltammetry (DPV) curves demonstrating the long-term storage stability of the IMPdCl-modified electrode over

a 14-day period. (b) Current response as a function of storage time (c) DPV responses illustrating short-term repeatability across five consecutive
measurements, with electrode regeneration between each run. (d) Assessment of signal stability during five successive measurements (e) DPV
curves obtained using five independently fabricated IMPdCl-modified electrodes under identical conditions. (f) Evaluation of fabrication

reproducibility of peak current responses recorded across different electrodes.
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minimal peak-to-peak separation, reflecting rapid electron
transfer between HQ and the electrode surface facilitated by
IMPACI. Table 1 demonstrates that the IMPdCl-modified glassy
carbon electrode exhibits superior analytical performance for
hydroquinone (HQ) detection compared to previously reported
materials and techniques. Notably, this electrode exhibits an
extremely low detection limit of 0.02 pM and a broad linear
response range. These results highlight the synergistic effect of
the IMPdCI complex in promoting efficient electron transfer
and enhancing catalytic activity, making it a promising plat-
form for the sensitive and selective electrochemical determi-
nation of HQ in real samples.

3.7. Stability, repeatability, and reproducibility of the
IMPdCl-modified electrode

The long-term stability of the IMPdCl-modified glassy carbon
electrode (IMPdCI/GCE) was thoroughly evaluated over a period
of 14 days. Differential pulse voltammetry (DPV) measurements
were performed at defined time intervals (days 1, 3, 7, 10, 12 and
14) to monitor the sensor's performance. As shown in Fig. 12a,
and quantitatively summarized in Fig. 12b, the electrode
maintained more than 94% of its initial current response after
14 days of storage under ambient laboratory conditions. This
strong retention of electrochemical activity highlights the

View Article Online
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excellent adhesion, stability and robustness of the IMPdCI
nanocomposite coating, affirming its potential for extended use
without significant loss of sensitivity or functionality. The short-
term repeatability of the electrode response was further exam-
ined through multiple successive measurements in a 10 pM
hydroquinone (HQ) solution prepared in 0.1 M phosphate
buffer (PBS, pH 7.4). Five independent DPV scans were con-
ducted using the same IMPACI/GCE under optimized condi-
tions. To ensure proper regeneration between each cycle, the
electrode was soaked in PBS for 20 minutes to remove adsorbed
analyte molecules, thoroughly rinsed with distilled water, and
allowed to air-dry for one hour at room temperature. To simu-
late continuous operation, an additional set of five consecutive
DPV scans was conducted without any regeneration step
between measurements. As depicted in Fig. 12(c) and (d), the
peak current values remained highly stable across the
measurement series, with a relative standard deviation (RSD) is
1.82%, demonstrating remarkable repeatability and consistent
electrochemical performance during successive analyses. The
reproducibility of the electrode fabrication process was also
validated. Five individually prepared IMPdCl-modified elec-
trodes were fabricated using the same protocol and tested in
a 10 uM HQ solution under identical conditions. The resulting
DPV signals exhibited excellent consistency, as illustrated in
Fig. 12(e) and (f), with a low RSD of 2.03% in peak current values
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Fig. 13 Differential pulse voltammetry (DPV) curves recorded for 10 uM hydroquinone (HQ) with and without the addition of 100 uM ascorbic
acid (AA), catechol (CC), guaiacol, resorcinol (Res), glycine, and bisphenol A (BA).
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across all electrodes. These results confirm the high reproduc-
ibility of the modification procedure and underscore the reli-
ability of the sensor platform for scalable and routine
applications in electrochemical sensing.

3.8. Interference study of the IMPdCl-modified electrode

The selectivity of the IMPdCl-modified glassy carbon electrode
(IMPdCl/GCE) towards hydroquinone (HQ) was systematically
evaluated in the presence of various potentially interfering
substances commonly encountered. Specifically, ascorbic acid
(AA), catechol (CC), guaiacol, resorcinol (Res), glycine, and bi-
sphenol A (BA) were selected as representative electroactive
compounds. Electrochemical measurements were performed
under optimized conditions in 0.1 M phosphate buffer solution
(PBS, pH 7.4) containing 10 pM HQ. Each interfering substance
was added at a tenfold higher concentration (100 pM) to rigor-
ously challenge the sensor's selectivity and robustness.

As illustrated by the DPV curves in Fig. 13, the introduction
of these potential interferents produced only negligible varia-
tions in the HQ peak current response, confirming that the
IMPdCl-modified electrode effectively discriminates hydroqui-
none even in the presence of excess amounts of structurally
similar or electroactive compounds.

This minimal deviation in signal underscores the sensor's
excellent anti-interference capability and high analytical selec-
tivity. Collectively, these results demonstrate that the IMPdCl/
GCE retains reliable and accurate electrochemical detection of
hydroquinone in complex environmental or biological matrices,
reinforcing its suitability for practical applications in trace
analysis and real-sample monitoring.

3.9. Practical applicability and validation of the sensor for
real sample analysis

The real-world performance and potential applications of the
synthesized IMPdCl-modified glassy carbon electrode (IMPACl/
GCE) were rigorously assessed by quantifying hydroquinone
(HQ) concentrations in real water matrices, including tap water
and bottled mineral water samples spiked with predetermined
HQ levels. All analyses were conducted at room temperature
under optimized electrochemical conditions. As summarized in
Table 2, the sensor exhibited outstanding recovery rates ranging
from 96.4% to 105.2%, underscoring its excellent precision,
reliability, and suitability for complex aqueous environments.
The relative standard deviations (RSD) remained consistently
below 3.0%, confirming the high reproducibility of the

Table 2 Determination of hydroquinone (HQ) in real water samples
using the IMPdCI/GCE sensor

Added Found Recovery RSD
sample type (kM) (kM) (%) (%)
Tap water 2.00 2.09 104.5 2.7

8.00 7.85 98.1 2.3
Mineral 2.00 1.93 96.4 2.5
water 8.00 8.42 105.2 1.9
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measurements. The results demonstrate that the developed
sensor provides rapid, precise and selective hydroquinone
detection in environmental matrices, eliminating the require-
ment for elaborate sample preparation. Its robust analytical
performance highlights its potential for routine monitoring and
quality control applications in environmental analysis.

4 Conclusion

In this study, a new 1D organic-inorganic hybrid compound,
(C4H,N,)[PACl;(H,0)], was prepared and its structure thor-
oughly characterized. X-ray diffraction showed a chain-like
structure formed by edge-sharing [PdCl;(H,0)] units, stabi-
lized by hydrogen bonds and ---7v interactions. Infrared
spectroscopy confirmed key functional groups, while UV-vis
analysis exhibited intense UV absorption along with an
optical band gap of 2.18 eV, indicating semiconducting prop-
erties. The IMPdCl-modified glassy carbon electrode developed
in this study demonstrates exceptional analytical performance
for the electrochemical detection of hydroquinone (HQ). With
a detection limit as low as 0.02 uM, wide linear ranges spanning
0.02-10 puM, and excellent selectivity, the sensor effectively
resists interference from high levels of common substances.
Comprehensive evaluation of stability, repeatability, and
reproducibility confirmed the robustness and reliability of the
electrode modification process. Furthermore, the sensor
showed outstanding recovery rates when applied to real water
samples, underscoring its practical applicability in environ-
mental surveillance and quality management. These findings
underscore the considerable potential of the IMPACl/GCE
platform as a sensitive, selective, and user-friendly tool for
routine electrochemical analysis of hydroquinone and related
analytes in complex matrices.
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