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ABSTRACT: The determination of thiabendazole is crucial for ensuring food safety, environmental protection, and compliance
with regulatory standards. Accurate detection helps prevent harmful exposure, ensuring the safety of agricultural products and
safeguarding public health. Therefore, this study investigates the electrochemical sensing capabilities of newly synthesized oligo 3-
amino-5-mercapto-1,2,4-triazole (oligo AMTa) using hydrogen tetrachloroaurate (III) (HAuCl4) as an oxidizing agent at room
temperature for thiabendazole (TBZ) detection, employing a simple electrode fabrication process. The prepared oligo AMTa was
thoroughly characterized using UV−visible spectroscopy, scanning electron microscopy (SEM), Energy Dispersive X-ray Analysis
(EDAX), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), high-resolution mass spectroscopy (HR-MS), and
Fourier-transform infrared spectroscopy (FT-IR) to confirm its oligomerization structure and properties. The IR spectrum of oligo
AMTa reveals a new peak at 1449 cm−1, indicating the conversion of −NH2 groups to −N�N− groups during oligomerization,
unlike AMTa. Additionally, the disappearance of the −SH group peak at 2615 cm−1 in oligo AMTa suggests an S−S linkage
involvement in the oligomerization process. In the oligo AMTa XPS spectrum, the presence of C�N is displayed by a small peak at
287.3 eV, and oligomerization via −NH and N�N is confirmed by the lack of a 284.0 eV peak for C−C or C�C. Gold
nanoparticle formation is not demonstrated by the 84.8 eV peak, which implies that the gold atom is not in the Au0 state. The HR-
MS spectrum of oligo AMTa shows a peak at m/z 564.08, indicating a chain of five monomers, and another peak at m/z 435.03,
confirming the presence of a tetrameric form of AMTa. After that, the GC electrode was directly linked to the oligo AMTa by the
potentiodynamic method. SEM, electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV) were all employed to
confirm the fabrication of oligo AMTa. The SEM image illustrates the formation of a particlelike structure with a uniform size of the
oligomer after cycling in 0.1 M H2SO4. After electrocycling, the size of the oligomer was reduced from 2.6 μm to 30 nm. The oligo
AMTa-modified electrode possesses the highest electroactive surface area and electrical conductivity due to several key factors. First,
the presence of amino (−NH2) and thiol (−SH) functional groups in AMTa enhances the surface coverage and density of
electroactive sites, increasing the electroactive surface area. Additionally, the conjugated structure of AMTa facilitates efficient
electron transfer, resulting in enhanced electrical conductivity compared to unmodified electrodes. Eventually, the electrochemical
oxidation of TBZ occurred using the fabricated electrodes. The GC/oligo AMTa electrode exhibited a four-fold increase in oxidation
current for TBZ compared to unmodified GC electrodes. This enhancement is due to the improved surface properties from the oligo
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AMTa modification, which significantly boosts TBZ adsorption through strong interactions like hydrogen bonding and π−π
stacking. These interactions, along with the increased surface area and catalytic properties, facilitate effective electron transfer,
resulting in a higher oxidation current. As an outcome, the film was employed to determine the sensitivity level of TBZ, and a LOD
of 1.8 × 10−11 M (S/N = 3) was found. The straightforward method’s practical utility was proven by measuring TBZ in tap water,
water spinach, and pear juice samples. The comprehensive characterization of oligo AMTa provided insights into its interaction
mechanisms with thiabendazole, contributing to the development of a reliable, cost-effective, and efficient sensor.

1. INTRODUCTION
Chemical polymerization is a fundamental process in materials
science and chemistry that involves the transformation of small
molecules called monomers into large, chain-like molecules
known as polymers. These polymers are integral to a vast array of
applications, spanning everyday products such as plastics and
textiles to advanced uses in medicine, electronics, and aerospace
engineering.1−4 Chemical and electrochemical polymerization
are two distinct methods used to synthesize polymers, each with
unique mechanisms and applications. Electrochemical polymer-
ization, on the other hand, utilizes an applied electrical potential
to induce polymerization, often resulting in the formation of
conductive polymers. This technique is particularly effective for
in situ polymerization on electrode surfaces, making it valuable
for creating thin films and coatings in electronic applica-
tions.2,5−8 Chemical polymerization involves the use of chemical
initiators or catalysts to start the polymerization process, which
can occur via various mechanisms such as free radical, ionic, or
coordination polymerization. This method is highly versatile
and can produce a wide range of polymers with controlled
molecular weights and structures. Chemical polymerization
offers several advantages over electrochemical polymeriza-
tion.9−15 First, chemical polymerization is highly versatile,
accommodating a broad spectrum of monomers and allowing
for the synthesis of diverse polymers with tailored properties.
This versatility is particularly important for producing materials
with the specific mechanical, thermal, and chemical character-
istics required for various industrial applications. Second,
chemical polymerization methods provide superior control
over molecular weight and polymer architecture, which is crucial
for achieving the desired performance in the final polymer
product. This precise control is less attainable in electrochemical
polymerization due to the complexities of the electrochemical
environment. Additionally, chemical polymerization processes
are generally more scalable and economically viable for large-
scale production. They do not require the specialized equipment
and stringent conditions needed for electrochemical polymer-
ization, making them more accessible for widespread industrial
use. Overall, the flexibility, control, and scalability of chemical
polymerization make it a preferred method for producing a wide
array of polymeric materials.9−15 For example, Zhang et al.
developed an in situ amplified electronic monitoring system to
detect lead ions. The system utilizes a Pb2+-dependent
DNAzyme for signal amplification, employing a hybridization
chain reaction for DNA self-assembly. Signal detection is
enhanced through DNAzyme-catalyzed polymerization of
aniline, ensuring sensitive and selective detection of lead
ions.11 Chen et al. utilized polyvinylpyrrolidone (PVP) to
modify Pt nanoclusters (Pt NCs), creating water-stable
nanozymes with enhanced peroxidase-mimicking activity (up
to 16.3 U/mg). This enhancement stemmed from surface ligand
modifications and electron-absorbing effects on the Pt NCs.
Density functional theory revealed lower OH-transition
potentials for the PVP-modified Pt NCs. Their optimized

nanozyme immunoassay demonstrated an ultrawide dynamic
range (0.005−50 ng/mL) for cardiac troponin I detection,
achieving a remarkable detection limit of 1.3 pg/mL. This
approach sets a pathway for designing highly active artificial
enzymes, expanding the scope of enzyme alternatives in practical
applications.13

Intrinsically conducting polymers (ICPs), particularly hetero-
cyclic polymers such as polyaniline, polypyrrole, and poly-
thiophene, have been extensively investigated for decades. ICPs
possess a unique combination of electrical conductivity and the
advantageous properties of conventional polymers such as
flexibility, processability, and chemical resistance. This distinct
blend of features provides several key advantages.9−23 First, their
electrical conductivity, which can be tuned through chemical
doping, allows ICPs to be used in a variety of electronic
applications, including organic light-emitting diodes (OLEDs),
organic photovoltaics (OPVs), and field-effect transistors
(FETs). Second, their mechanical flexibility and lightweight
nature make them ideal for use in flexible and wearable
electronic devices, where traditional rigid materials would be
impractical. As an illustration, CuxO-polypyrrole conductive
aerogel loaded on a graphene oxide framework (CuxO-PPy@
GO) was used to detect H2S on a flexible paper substrate with
outstanding performance. With LED illumination and image
processing, this 3D porous design allows signal detection on a
smartphone through a self-referenced imaging platform.20

Susceptible room-temperature H2S gas sensors were introduced
by Tang and co-workers using Cu2+ doped SnO2 nanograin/
poly pyrrole nanospheres. Compared to pristine SnO2 nano-
grains, the organic−inorganic nanohybrids considerably im-
prove response and recovery rates, enhancing the sensitivity
seven times. This suggests broader implications in functional
material design and potential real-timeH2Smonitoring.21 Third,
the processability of ICPs via methods such as solution casting,
printing, and coating enables the fabrication of complex and
large-area devices with relative ease, significantly reducing
production costs.9−23 Additionally, ICPs can exhibit excellent
environmental stability and can be engineered to withstand
various physical and chemical conditions, enhancing their
durability and lifespan in real-world applications. Furthermore,
the biocompatibility of certain ICPs opens up innovative uses in
biomedical devices such as biosensors and drug delivery systems.
For example, Zeng et al. developed a novel biosensing platform
using polyaniline nanowires-functionalized reduced graphene
oxide (PANI/rGO) for Kanamycin detection, enhanced by
platinum nanozyme-catalyzed gas generation. Signal amplifica-
tion was achieved through catalytic hairpin assembly (CHA)
and strand-displacement amplification (SDA), showcasing a
versatile approach for sensitive biosensing applications.19

Overall, the multifunctionality and adaptability of ICPs position
them as vital materials in creating efficient, flexible, and durable
photochemical and electrochemical devices.9−23

ICPs including polyaniline, polypyrrole, polythiophene,
poly(ethylenedioxythiophene), 2-Aminothiazole (2-AT), 2-
amino-1,3,4-thiadiazole (ATD), 3-amino-1,2,4-triazole (ATA),

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04959
ACS Omega 2024, 9, 36622−36634

36623

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2-aminobenzothiazole (2-ABT), poly-2-mercapto-1,3,4-thiadia-
zole (PTT), poly-2,5-dimercapto-1,3,4-thiadiazole (DMTD), 5-
amino-1,3,4-thiadiazole-2-thiol (AMT) and 3-amino-5-mercap-
to-1,2,4-triazole (AMTa)5−38 have been chemically and electro-
chemically synthesized so far. ICPs have been studied broadly
for the development of biosensors and are well-known for their
suitability with biological molecules in neutral aqueous
solutions.5−38 Also, conducting polymers efficiently transfer
the electric charges produced by biochemical reactions to
electronic circuits. Therefore, ICPsmay be used as immobilizing
matrices for biomolecules and provide a suitable environment
for their immobilization.5−38 The electrochemical polymer-
ization of AMTa has been explored, similar to other heterocyclic
conducting polymers/oligomers.38 As of yet, there has been no
reported chemical oxidative polymerization of AMTa. There is
significant interest in constructing materials with interesting
properties using AMTa due to its unique chemical structure and
versatile reactivity. AMTa, a heterocyclic compound containing
both amino and mercapto groups, offers a rich array of
functional groups for chemical modification, making it a
valuable building block for the synthesis of diverse materials.
One area of interest lies in utilizing AMTa as a ligand for
coordination chemistry, where its sulfur and nitrogen atoms can
coordinate with transition metals to form coordination
complexes with intriguing electronic and magnetic properties.
Additionally, AMTa’s ability to undergo polymerization/
oligomerization reactions makes it a promising monomer for
the fabrication of conjugated polymers/oligomers with tailored
electrical and optical properties. Furthermore, the presence of
both amino and mercapto groups in AMTa offers the potential
for constructing multifunctional materials with applications in
catalysis, sensing, drug delivery, and biomedicine. Overall, the
unique structural features and versatile reactivity of AMTamake
it an attractive candidate for the design and synthesis of materials
with a wide range of interesting properties and applications. The
current investigation thus describes the chemical oxidative
oligomerization of AMTa (oligo AMTa) and investigates their
optical, electrochemical, and morphological properties.
Determining thiabendazole, a widely used fungicide and

anthelmintic, in real samples such as agricultural products, water,
and biological fluids is crucial for ensuring food safety,
environmental protection, and compliance with regulatory
standards.39−46 In addition to electrochemical methods, several
other analytical techniques are available for determining
thiabendazole concentrations in various matrices. High-
performance liquid chromatography (HPLC) is a widely used
method known for its high accuracy and ability to separate
thiabendazole from complex sample matrices. HPLC is often
coupled with UV or fluorescence detection to enhance
sensitivity. Gas chromatography (GC), particularly when
coupled with mass spectrometry (GC-MS), provides excellent
sensitivity and specificity, making it suitable for trace analysis of
thiabendazole.39−46 Spectrophotometric methods, including
UV−vis and fluorescence spectroscopy, offer simpler and cost-
effective alternatives but typically require derivatization or
preconcentration steps to achieve adequate sensitivity. Addi-
tionally, immunoassay techniques, such as enzyme-linked
immunosorbent assays (ELISA), provide high specificity and
are useful for screening large numbers of samples, although they
may be less quantitative compared to chromatographic
methods.39−46 Overall, the choice of method depends on
factors, such as the required sensitivity, specificity, available
instrumentation, and the nature of the sample matrix.

The electrochemical method offers several advantages for
determining the thiabendazole content in real samples. First,
electrochemical techniques provide high sensitivity and
selectivity, allowing for the detection of thiabendazole at low
concentrations in complex matrices such as agricultural
products, water, and biological fluids.46−52 This high sensitivity
enables accurate quantification, even in samples with trace
amounts of the analyte, ensuring compliance with regulatory
limits and enhancing food safety and environmental monitoring
efforts. Second, electrochemical methods offer rapid analysis
times, enabling real-time or near-real-time monitoring of
thiabendazole levels.46−52 This rapid response is particularly
valuable for on-site analysis and process control applications,
where the timely detection of contaminants is critical for
ensuring product quality and safety. Additionally, electro-
chemical sensors can be easily miniaturized and integrated
into portable devices, enabling field measurements and on-site
screening without the need for extensive sample preparation or
specialized laboratory equipment. This portability and ease of
use make electrochemical methods highly accessible and
applicable in a wide range of settings, from agricultural fields
to industrial facilities, enhancing the efficiency and effectiveness
of thiabendazole determination in real-world scenarios.46−52

The aim of this research is to establish a first-time report on
the synthesis of an oligomer with AMTa as the monomer and
hydrogen tetrachloroaurate (III) (HAuCl4) as the oxidizing
agent at room temperature. The resulting oligo AMTa was
subsequently evaluated for its electrocatalytic activity to oxidize
TBZ on glassy carbon (GC) electrodes. According to our lab
publications, AMTa’s electropolymerized film has remarkable
electrocatalytic properties, which is why we selected it as a
monomer. Reports about the oligomerization process using
AMTa as the monomer are nonexistent. HAuCl4 was used as an
oxidizing agent in this oligomerization process, oxidizing the
monomer to the oligomer. For several months, the resultant
oligo AMTa remained quite stable. The oligo AMTa was
assembled on the GC electrode by the simple potentiodynamic
method. UV−visible spectroscopy, XRD, FT-IR, XPS, SEM, and
HR-TEM studies were used to characterize the development of
oligomers. The fabricated electrode was subsequently effectively
utilized for TBZ monitoring. An assessment of the TBZ
concentration in tap water, pear juice, and water spinach
samples demonstrated the practical implications of the oligo
AMTa-modified electrode.

2. EXPERIMENTAL SECTION
2.1. Materials andMethods. The following materials were

utilized in this study: Glassy carbon (GC) plates, sodium
dihydrogen phosphate dihydrate, disodium hydrogen phosphate
dihydrate, 3-amino-5-mercapto-1,2,4-triazole (AMTa), hydro-
gen tetrachloroaurate (III) (HAuCl4), N-Methyl-2-pyrrolidone
(NMP) and thiabendazole (TBZ). Further, EDAX, FT-IR, HR-
TEM, UV−visible spectrophotometer, XRD, XPS, SEM, EDAX,
and HR-TEM techniques have been utilized to characterize the
materials. Electrochemical experiments such as CV, EIS, DPV,
and amperometry were carried out in a standard three-electrode
cell utilizing a CHI electrochemical analyzer. The specific
materials and instrumentation procedures were included in the
section that provided Supporting Information.
2.2. Synthesis of Oligo AMTa by Chemical Method. In

35 mL of DD water, 400 μL of the 0.01 M AMTa aqueous
solution was dissolved to produce oligo AMTa. The mixture was
agitated for 30 min at ambient temperature. Following that, the
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reaction mixture was mixed with 500 μL of 25 mM HAuCl4.
After an hour of stirring the reaction mixture, a brownish-black
solution appeared, signifying the synthesis of oligo AMTa
(Scheme 1A). After centrifuging the mixture at 4300 rpm, 5 mL
of the NMP solvent was used to dissolve the oligo AMTa
powder, which had a brownish-black appearance. After several
months at room temperature, the solution remained quite stable.
2.3. Fabrication of the Oligo AMTa-Modified GC

Electrode. Here, 0.1 M H2SO4 was used as a supporting
electrolyte for the formation of an oligomer on the GC electrode
by the potentiodynamic method. The oligomer was formed on
the GC electrode by 15 potential sweeps between −0.2 V and
+1.7 V at a scan rate of 50mV/s in oligo AMTa containing 0.1M
H2SO4. The modified electrode was termed the GC/oligo

AMTa electrode. Scheme 1B illustrates the attachment of the
oligomer on the GC electrode.

3. RESULTS AND DISCUSSION
3.1. Characterization of Oligo AMTa by UV−Vis, FT-IR,

XRD, XPS, TEM, and HR-MS. The π−π* transition of the
heterocyclic triazole ring induced the absorption band of the
AMTa monomer in the NMP solvent to be noticed at 317 nm
(Figure 1A). The resulting oligo AMTa’s UV−visible spectrum
in NMP solvent is displayed in Figure 1B. It shows a sharp
absorption peak at 301 nm. The observed blue shift indicated
the formation of the oligomer. Here, auric acid is an oxidizing
agent. Oxidation of AMTa generates the electrons which reduce
the auric ions into “Au+” ions. The reduced auric acid was

Scheme 1. (A) Preparation of Oligo AMTa by the Wet Chemical Method at Ambient Temperature and (B) Fabrication of Oligo
AMTa on the GC Electrode Surface by the Potentiodynamic Method

Figure 1. UV−visible spectra of (A) AMTa and (B) oligo AMTa in the NMP solvent.
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oxidized AMTa into oligo AMTa. There is no absorption band
appearing at 510 nm, which indicates that there is no
nanoparticle formation. This means that AMTa does not
completely reduce the Au3+ into Au0. It was further confirmed by
the XPS spectrum and CV.
Also, FT-IR spectroscopy was applied to evaluate the

obtained AMTa and oligo AMTa. The FT-IR spectra of the
solid AMTa monomer and synthesized oligo AMTa are shown
in Figure 2. Table S1 provides an overview of the IR bands for

AMTa and oligo AMTa as well as their assignments. In contrast
to AMTa, the oligo AMTa demonstrates a new peak at 1449
cm−1 (curve b). Curve a shows an insignificant stretching
doublet for AMTa at 3298 and 3268 cm−1.37,38 Curve b shows
that these bands do not occur for oligo AMTa, demonstrating
that −NH2 groups are involved in the oligomerization
process.37,38 Therefore, oligo AMTa exhibits a stretching band
at 1449 cm−1 corresponding to −N�N−,37,38 demonstrating
that during oligomerization, −NH2 groups were converted into
−N�N− groups; in contrast, AMTa did not exhibit this peak.
The curve further shows that the AMTa has a peak at 2615 cm−1,
correlating to the −SH group. This peak disappeared at oligo
AMTa, indicating that the S−S37,38 linkage is the mechanism by
which oligomerization occurs (curve b). Beyond the peak
displayed by the AMTa with greater shift, the oligo AMTa
exhibits a peak at 1678 cm−1 (curve b).37,38 The peaks at 1678
and 1680 cm−1 demonstrate the C�N stretching vibration. The
C−N stretching vibration is apparent by the peak that oligo
AMTa presents at 1282 cm−1.37,38,53

The XRD patterns of the solid AMTa monomer and
synthesized oligo AMTa are shown in Figure S1. Powdered
AMTa (curve a) typically exhibits diffraction peaks correspond-
ing to a crystal system identified as orthorhombic, with lattice
parameters a = 8.0 Å, b = 9.2 Å, and c = 10.5 Å. The XRD pattern
suggests an average crystal size of approximately 30 nm. In
contrast, the XRD analysis of powdered oligo AMTa (curve b) at
low angles reveals several key details about its crystal structure.
The lattice parameters measured from the XRD peaks
correspond to a crystal system identified as monoclinic, with
specific lattice constants of a = 7.2 Å, b = 10.5 Å, c = 8.8 Å, and β
= 95° (curve b). The XRD pattern indicates an average crystal
size of approximately 20 nm, suggesting a nanocrystalline nature.

The space group determined from the XRD data indicates a
symmetry that includes a 2-fold rotation axis and a mirror plane
perpendicular to it. The space group for AMTa indicates
orthorhombic symmetry, while oligo AMTa belongs to the space
group reflecting its monoclinic symmetry. The XRD pattern of
powdered AMTa (curve a) typically exhibits distinct peaks
corresponding to its crystalline structure. XRD peaks include the
(100) plane at approximately 10.5°, the (110) plane at around
19.9°, and the (200) plane at approximately 23.6°. These peaks
correspond to specific crystallographic planes within the AMTa
structure, providing information about the spacing between the
atomic layers and the orientation of atoms within the crystal
lattice. For oligo AMTa powder (curve b), the exact XRD planes
and corresponding 2θ values are as follows: (110) at 13.5°,
(211) at 23.9°, and (310) at 44.4°. These specific peaks
correspond to the crystallographic planes in the monoclinic
crystal structure of oligo AMTa. These XRD findings reveal
distinct crystalline structures and dimensions for AMTa and
oligo AMTa, influencing their physical and chemical properties
in various applications.
The oligo AMTa XPS spectra are displayed in Figure 3. Two-

component peaks at 285.3 and 287.3 eV, which were linked to
C−N and C�N, respectively,37,38,53 were identified using
deconvolution of the oligo AMTa C 1s spectra (Figure 3A). The
secondary amine nitrogen (−NH−) and imine nitrogen (�
NH) are responsible for the two-component peaks at 399.9 and
396.7 eV in the oligo AMTa N 1s spectra, respectively37,38,53

(Figure 3B). At 285.3 eV, C−N was demonstrated to have the
predominant binding energy (BE). The C�N is represented by
the tiny peak at 287.3 eV. The chemical oligomerization in this
scenario proceeds via −NH and N�N, as evidenced by the lack
of BE at 284.0 eV for C−C or C�C.37,38,53 At 163.8 and 167.9
eV, the S 2p region of the oligo AMTa deconvoluted into two
component peaks, which were linked to sulfur bound to sulfur
and heterocyclic sulfur, respectively37,38,53 (Figure 3C).
However, 84.8 eV in the case of oligo AMTa suggests that the
gold atom does not exist as Au0 (Figure 3D). It verifies that no
gold nanoparticle has been developed.
HR-TEM was utilized to analyze the morphology of oligo

AMTa. The HR-TEM images of oligo AMTa at several
magnifications are displayed in Figure 4. The HR-TEM images
exhibit the cloud-like structure of oligo AMTa (Figure 4a−c).
Here, a greater number of spherical particles congregate
together and form a cloudlike structure. The oligomeric network
was also seen in the background of the TEM image. The
crystallinity nature of oligo AMTa is demonstrated by its SAED
pattern (Inset: Figure 4a).
Furthermore, HR-MS was employed to investigate the

resulting oligo AMTa. The HR-MS of oligo AMTa is displayed
in Figure 5. The measured m/z peaks range from 285 to 1420,
which are indicative of distinct molecular ion species. The
molecular mass of the AMTa monomer (m/z = 116) was absent
in the HR-MS spectrum, suggesting that AMTa may have been
converted to an oligomer or polymer. Figure 5 shows the HR-
MS results of oligo AMTa. The peak at m/z = 564.08
corresponds to the molecular ion of five monomers attached
to a chain, indicating the formation of oligomeric AMTa. In
addition, the presence of a tetrameric form of AMTa was
confirmed from the m/z peak at 435.03. The presence of m/z
peaks at 685.43 and 784.49 correspond to molecular ions of four
and five monomers attached with metallic gold.
3.2. Potentiodynamic Particles Formation of Oligo

AMTa on the GC Electrode. Electrochemical polymerization

Figure 2. FT-IR spectra obtained for powder (a) AMTa and (b) oligo
AMTa.
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of AMTa has already been reported.38 In this study, we attempt
to modify chemically polymerized AMTa on the GC surface
using a potentiodynamic method and check their electro-
catalytic activities. Figure 6 shows the potentiodynamic
formation of oligo AMTa (15 cycles) on a GC electrode
containing 0.1 M H2SO4. While comparing this oligo AMTa
(Figure 6) with the reported electropolymerized poly AMTa
film, there are no oxidation and oxidation peaks observed in this
case. This does not mean failure in the attachment of the oligo
AMTa. CVs obtained for oligo AMTa on a GC electrode
deposited by 15 cycles in 0.1 M H2SO4 at scan rates of 1000−
10,000 mV/s are shown in Figure S2. Both oxidation and
oxidation peak currents were increased when the scan rate was
increased. The plot of the cathodic peak current vs scan rate was
linear with a correlation coefficient of 0.9988 (Figure S2: inset),
suggesting that the redox reaction was a surface-confined

process. This redox peak of amine suggested the successful dots
formation of oligo AMTa on theGC electrode. Furthermore, the
successful formation of oligo AMTa particles on the GC surface
was confirmed by SEM, EDAX, and EIS studies.
3.3. Characterization of Oligo AMTa Modified GC

Substrates by SEM and EDAX. The oligo AMTa-modified
GC plate was further characterized by SEM and EDAX. Figure 7
shows the SEM images and EDAX spectra of oligo AMTa coated
on GC plates. Before cycling, the synthesized oligomer solution
was coated on a GC substrate by drop casting. The SEM images
of oligo AMTa coated GC plate exhibit spherical particles
covered on the whole area can be clearly seen in the SEM image
(Figure 7a). The particle size was found to be 2.6 μm. Then, the
oligomer was coated on the GC substrate by a potentiodynamic
method. The SEM image illustrates the formation of particle-like
structures with uniform sizes of the oligomer after cycling in 0.1

Figure 3. XPS spectra of powder oligo AMTa: (A) C 1s, (B) N 1s, (C) S 2p, and (D) Au 4f regions.

Figure 4. TEM images of oligo AMTa recorded at different magnifications (a−c). Inset of a: SAED pattern of oligo AMTa.
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M H2SO4 (Figure 7b). After electrocycling the size of the
oligomer was reduced from 2.6 μm to 30 nm. The combined
effects of acid-induced hydrolysis and electrochemical fragmen-
tation can be responsible for the size reduction of oligo AMTa
from 2.6 μm to 30 nm during electrocycling in 0.1 M H2SO4.
The 0.1 M H2SO4 acidic environment facilitates the oligomer’s
hydrolysis, which breaks longer molecular chains into smaller
fragments. In addition, the oligomer is further broken apart by
oxidation and reduction processes brought on by applied
electrical cycling. The oligomer is encouraged to reorganize into
uniformly smaller nanoparticles by this combined mechanism of
chemical and electrochemical breakdown, which results in a
significant size reduction noticed in the SEM images. Further,
the presence of nitrogen and sulfur elements in the oligomers
before (Figure 7c) and after cycling (Figure 7d) was confirmed
by the EDAX spectra. The peaks were observed at 0.2, 0.4, and
0.6 due to carbon, nitrogen and sulfur, respectively.

3.4. Electrochemical Characterization of Oligo AMTa-
Modified GC Electrode. Furthermore, electrochemical
impedance spectroscopy (EIS) was used to characterize the
resulting GC/oligo AMTa electrode. The Nyquist plots for
unmodified GC and GC/oligo AMTa electrodes in 0.2 M PBS
containing 1 mM K3/K4[Fe(CN)6] are shown in Figure 8. The
RCT values of 18 and 3 kΩ were found for unmodified GC and
GC/oligo AMTa electrodes, respectively. Using the previously
reported equation,54−58 the ket value for unmodified GC was
2.09 and 12.5 × 10−4 cm2 for GC/oligo AMTa electrode. The
acquired ket values demonstrated that the electron transfer
reaction of the oligo AMTa-modified electrode was easier than
that of the unmodified electrode. The enhanced conductivity
and electron transfer characteristics of the oligo AMTa coating
are primarily responsible for the decreased RCT value exhibited
for the GC electrode modified by oligo AMTa when compared
to those of the unmodified GC electrode. By introducing
functional groups, the surface conductivity of the electrode is
enhanced, and a greater efficiency of electron transfer between
the electrode and the electrolyte is permitted. Further
promoting faster and more efficient charge transfer processes
is the improved surface’s homogeneous particle-like structure,
which enhances the active surface area. As a result, the EIS RCT
value is significantly lower.
The electroactive surface area (EAS) for the unmodified GC

and GC/oligo AMTa electrodes was determined using the
Anson equation.54−58 The EAS values for the unmodified GC
GC/oligo AMTa electrodes, respectively, were 0.06 and 0.38
cm2. This substantial difference in EAS is attributed to the
unique morphology of oligo AMTa resulting from its electroless
deposition process. The oligo AMTa-modified electrode
exhibited a surface area 6.3 times larger than that of the
unmodified GC electrode, which can be primarily attributed to
the formation of uniform-sized particles after cycling. This
structural transformation likely enhanced the electrode’s surface
roughness and porosity, thereby increasing the active sites

Figure 5. HR-MS of oligo AMTa.

Figure 6. Potentiodynamic formation of oligo AMTa (15 cycles) on a
GC electrode in oligo AMTa containing 0.1 M H2SO4 at a scan rate of
50 mV/s.
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available for electrochemical reactions. The significant surface
area improvement of the GC/oligo AMTa electrode under-
scores its potential for heightened sensitivity and efficiency in
electrochemical sensing applications compared to the unmodi-
fied GC electrode.
The oligo AMTa-modified electrode possesses the highest

electroactive surface area and electrical conductivity due to
several key factors. First, the presence of amino (−NH2) and
thiol (−SH) functional groups in AMTa enhances the surface
coverage and density of electroactive sites, increasing the
electroactive surface area. Additionally, the conjugated structure
of AMTa facilitates efficient electron transfer, resulting in

enhanced electrical conductivity compared to unmodified
electrodes. These combined effects make the AMTa-modified
electrode ideal for electrochemical applications, offering
improved sensitivity and performance. Furthermore, the
prepared oligo AMTa was characterized by CV. Figure S3
shows the CV obtained for the GC/oligo AMTa electrode in 0.2
M PB solution (pH 7.2) at a scan rate of 50 mV/s. From the CV,
no gold oxide oxidation peak was observed in this potential
window (0−1.4 V). It is clearly indicated that there is no
formation of gold nanoparticles. Therefore, the AMTa does not
completely reduce Au3+ to Au0. This is already confirmed by the
UV−visible and XPS techniques.
3.5. Electrochemical Oxidation of Thiabendazole

(TBZ) at the OligoAMTa-Modified GC Electrode. Fur-
thermore, the prepared oligo AMTa-modified GC electrode was
used to electrochemically determine thiabendazole (TBZ).
Utilizing unmodified GC and GC/oligo AMTa electrodes in 0.2
M PBS (pH 7.2) (Figure 9), 0.5 mM TBZ was oxidized. For the
unmodified GC electrode, the oxidation peak was found at 1.13
V in the scrutinized potential range (curve a). In contrast, the
GC/oligo AMTa electrode demonstrates a substantial oxidation
in the peak at 0.89 V, when 0.5 mM TBZ is present (curve b). A
24 mV oxidation potential shift was observed between
unmodified GC and GC/oligo AMTa electrodes, which
indicates that the oxidation reaction is more facile in the GC/
oligo AMTa electrode. The enhanced surface characteristics and
additional functional groups of the oligo AMTa layer have been
accountable for the 24 mV shift in oxidation potential between
TBZ on the oligo AMTa modified GC electrode and the
unmodified one. These modifications facilitate thiabendazole
oxidation by improving electron transfer, lowering charge
transfer resistance, and supplying particular binding sites. This

Figure 7. SEM and EDAX images of oligo AMTa before cycling (a, c) and oligo AMTa after cycling (b, d) coated on the GC substrate.

Figure 8.Nyquist plot for (a) unmodifiedGC and (b)GC/oligo AMTa
electrodes in 1 mM K3[Fe(CN)6]/K4[Fe(CN)6] containing 0.2 M PB
solution (pH 7.2) at scanning frequencies from 0.01 to 100,000 Hz.
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change highlights the enhanced electrochemical performance
brought about by surface modification.
The unmodified GC and GC/oligo AMTa electrodes exhibit

oxidation currents for TBZ at 37 and 151 μA, respectively. The
oxidation current for the TBZ in the oligo AMTa modified
electrode was four-fold greater than that of unmodified GC
electrodes, respectively. The highest electrochemical oxidation
current for TBZ at the oligo AMTa-modified electrode is
attributed to the enhanced surface properties provided by the
oligo AMTa modification. The presence of amino and thiol
groups in oligo AMTa significantly increases the adsorption
affinity of TBZ molecules on the electrode surface through
strong interactions such as hydrogen bonding, π−π stacking, and
coordination bonds. These interactions facilitate a more
effective electron transfer process by bringing TBZ molecules
closer to the electrode surface and stabilizing the intermediate
species formed during oxidation. Additionally, the increased
surface area and catalytic properties of the oligo AMTa-modified
electrode contribute to an amplified electrochemical signal,
resulting in a higher oxidation current for TBZ.
Two electron transfer processes utilizing 5-hydroxythiaben-

dazole were proposed as a potential mechanism for the
electrochemical oxidation of TBZ in neutral media (Scheme
1B). The electrochemical oxidation of TBZ on an oligo AMTa-
modified electrode involves the initial adsorption of TBZ onto
the modified electrode surface, facilitated by interactions such as
hydrogen bonding and π−π interactions with the amino and
thiol groups of oligo AMT. Upon applying an appropriate
potential, TBZ undergoes an initial electron transfer, forming a
radical cation (TBZ·+). This radical cation can be further
oxidized, resulting in the formation of a dication (TBZ2+). The
oligo AMT groups on the electrode stabilize these intermediates,
possibly through coordination and hydrogen bonding. The final
step involves the interaction of the dication with water, leading
to the formation of various oxidation products and the release of
protons. This modified electrode enhances the electrochemical
response, providing a sharp and pronounced signal useful for the
quantification of TBZ.
TBZ oxidation was accomplished by a diffusion-controlled

method. This is supported by the accomplished linear plot of the
current vs square root of the TBZ concentration (Figure S4).
Furthermore, a more substantial increase in the current of TBZ
was reported at pH 7 when the pH was adjusted from 3 to 11.

Consequently, TBZ was determined at a pH of 7.2, which is
quite near 7.0 (Figure S5).
3.6. Sensitive and Selective Determination of TBZ by

Differential Pulse Voltammetry (DPV) and Amperometry
Techniques. TBZ was detected by DPV in a sensitive and
selective manner. In 0.2 M PBS pH 7.2, Figure 10 displays the

DPVs of the stepwise addition of TBZ to the GC/oligo AMTa
electrode. When 100 nM TBZ was administered, a TBZ peak
was seen at 0.75 V (curve a). Progressively, the concentration of
TBZ increased from 200 to 1000 nM (curves b−j), and the
oxidation current increased further while the oxidation potential
remained constant (a linear plot of TBZ reduction current
versus concentration was obtained withR2 = 0.9987) (Figure 10:
inset).
TBZmeasurement at a GC/oligo AMTa electrode employing

an amperometric i−t curve in a neutral medium (Figure 11).
From 1 to 10 nM at the GC/oligo AMTa electrode, the current
response and TBZ concentration had a linear relationship with a
correlation coefficient of 0.9976 (Figure 11: inset). The i−t
curve demonstrated a steady current rise with every addition of
10 nM TBZ. Furthermore, the GC/oligo AMTa electrode was

Figure 9. CVs obtained at (a) unmodified GC and (b) GC/oligo
AMTa electrodes (solid line: first cycle and dotted line: after the eighth
cycle) in the presence of 0.5 mM TBZ containing 0.2 M PB solution
(pH 7.2) at a scan rate of 50 mV/s. (c) CV obtained for GC/oligo
AMTa in the absence of TBZ.

Figure 10. DPVs obtained for each increment (curves a−j) of 100 nM
TBZ at the GC/oligo AMTa electrode in 0.2 M PB solution (pH 7.2).
Inset: Plot of current vs concentration of TBZ.

Figure 11. Amperometric i−t curve for the determination of TBZ at
GC/oligo AMTa electrode in 0.2 M PB solution (pH 7.2). Each
addition increases the concentration of 1 nM TBZ at a regular interval
of 50 s. Eapp = +1 V.
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employed to introduce TBZ in concentrations ranging from 1
nM to 0.5 mM for wide-range detection (Figure S6). The TBZ
oxidation increases steadily as concentration increases (R2 =
0.9996; Figure S6: inset), with a LOD of 1.8 × 10−11 M (S/N =
3). The current modified electrode’s performance was compared
to that of previously published nanomaterials and composite-
modified electrodes (Table S2). The sensitivity of the GC/oligo
AMTa electrode proved to be greater than that of sensors based
on other materials.48−52 The oligo AMTa modified electrode
offers several distinct advantages over other reported modified
electrodes for TBZ determination. Its modification enhances the
surface conductivity and electron transfer rates, leading to higher
sensitivity and lower detection limits. The uniform particle-like
structure of the oligo AMTa layer increases the active surface
area, facilitating greater interaction with TBZ molecules. This
modification also introduces specific functional groups that
improve selectivity by providing distinct binding sites for TBZ,
reducing interference from other substances. Additionally, the
simple and reproducible fabrication process of the oligo AMTa-
modified electrode makes it practical for routine analysis. These
combined benefits make the oligo AMTa-modified electrode a
superior and efficient option for reliable TBZ detection.
Additionally, using the GC/oligo AMTa electrode, the

selective detection of 10 nM TBZ containing the various
interferences of biomolecules, cations, and anions was
investigated (Figure S7). When 500 μM glucose and urea are
administered, the electrochemical response of TBZ remains
unaltered. The electrochemical activity of TBZ was unaltered
when 500 μM K+, Mg2+, Ca2+, Cl−, F−, CO3

2−, and SO4
2− ions

were introduced into the same solution. These findings suggest
that the GC/oligo AMTa electrode is suitable for monitoring
TBZ in a sensitive and selective manner.
3.7. Stability and Practical Application. TBZ in food,

environmental, and agricultural goods can be determined
electrochemically for several vital reasons. First, it protects
food safety by monitoring and regulating the amounts of TBZ
residues in food and agricultural goods. TBZ is frequently used
as a fungicide in agriculture to prevent fungal diseases in crops.
Consumers may be at risk for health problems if their diet has
high TBZ residues.46−52 Consequently, regulatory organizations
can better enforce safety regulations and standards, safeguarding
the public’s health, by routinely checking the amounts of TBZ in
food products. Furthermore, the environmental monitoring of
TBZ residues in soil and water samples aids in the evaluation of
the environmental impact of agricultural operations. If
unchecked, TBZ may persist in the environment and
contaminate water and soil.46−52 Authorities can take action
to reduce environmental pollution and protect ecosystems by
maintaining monitoring of the levels of TBZ in environmental
samples. In general, electrochemical determination offers a
sensitive and reliable technique to measure TBZ residues in
different samples, making it easier to comply with regulations
and ensure the safety of food and the environment.46−52

Therefore, it is crucial that TBZ can be determined
electrochemically in a variety of real samples. The GC/oligo
AMTa electrode’s practical applicability was proved by
measuring TBZ in different samples such as tap water, pear
juice, and water spinach (Figure S8). Before the experiment was
started, tap water was diluted 14 times with 0.2M PBS (pH 7.2).
The GC/oligo AMTa electrode showed no electrochemical
signal for tap water (Figure S8A: curve a). However, adding 100
nMTBZ to the real sample solution, on the other hand, results in
a peak potential at 0.74 V (Figure S8A: curve b). Similarly, in

their current work, the determination of TBZ in pear juice
(Figure S8B) and water spinach (Figure S8C) was also explored.
Table S3 demonstrates that raising the amount of TBZ in tap
water, pear juice, and water spinach improved the oxidation
current, leading to a successful recovery.
Moreover, the GC/oligo AMTa electrode’s durability was

evaluated by measuring the DPV of 100 nM TBZ at 30 min
intervals. The TBZ peak at 0.75 V is identical after eight
consecutive measurements, with a relative standard deviation
(RSD) of 1.3% (0.07%), demonstrating that the fabricated
electrode is stable. All of these results confirm the GC/oligo
AMTa electrode’s long-term storage stability. Furthermore, the
oxidation was measured by using five different GC/oligo AMTa
electrodes. Themodified electrode has an RSD of 1.4% (0.05%),
indicating its exceptionally long-lasting and repeatable perform-
ance. The electrochemical oxidation of TBZ on the surface of an
oligo AMTa-modified electrode is more stable due to several
factors. First, the presence of amino and thiol groups on the oligo
AMTa surface allows for strong adsorption and stabilization of
TBZ molecules, reducing their propensity for desorption during
electrochemical processes. Additionally, the modification
enhances the surface passivation effect, preventing unwanted
side reactions and minimizing electrode fouling, leading to
improved stability of the oxidation process over repeated
cycles.59,60

4. CONCLUSIONS
This study demonstrated an effortless method to produce novel
oligomeric materials at ambient temperature. The oligo AMTa
was generated chemically, and FT-IR, XRD, HR-MS, XPS, HR-
TEM, and UV−visible spectroscopy were used to analyze it. The
prepared oligomer has more spherical particles that congeal
together to form a structure resembling a cloud, as shown by the
HR-TEM pictures. The IR spectrum of oligo AMTa highlights
the transformation of−NH2 groups to−N�N− groups at 1449
cm−1 during oligomerization, distinguishing it from AMTa.
Additionally, the absence of the −SH group peak at 2615 cm−1

suggests the involvement of S−S linkages in the oligomerization
process. The XPS spectrum of oligo AMTa reveals a C�N peak
at 287.3 eV, indicating oligomerization via −NH and N�N, as
evidenced by the absence of peaks at 284.0 eV for the C−C or
C�C bonds. The 84.8 eV peak in the XPS spectrum suggests no
formation of Au0, indicating the absence of gold nanoparticle
formation. Powdered AMTa exhibits an orthorhombic crystal
structure with an average crystal size of approximately 30 nm, as
determined by XRD analysis. In contrast, powdered oligo AMTa
displays a monoclinic crystal system, indicating a nanocrystalline
nature with an average crystal size of approximately 20 nm. The
XRD patterns revealed distinct peaks corresponding to their
respective crystal structures, providing insights into the
symmetry and atomic arrangements of AMTa and oligo
AMTa. Furthermore, the HR-MS spectrum confirmed oligo
AMTa’s structure, showing peaks at m/z 564.08 and 435.03,
indicative of five monomers in a chain and a tetrameric form of
AMTa, respectively. Additionally, the oligomer was potentio-
dynamically linked to the GC surface before being further
characterized by SEM, EDAX, CV, and EIS investigations.
During electrocycling in 0.1MH2SO4, oligo AMTa underwent a
substantial size reduction from 2.6 μm to 30 nm. This reduction
is attributed to acid-induced hydrolysis, where the acidic
environment facilitated the breakdown of longer molecular
chains into smaller fragments. Additionally, electrochemical
processes induced oxidation and reduction reactions that further
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fragmented the oligomer, promoting its reorganization into
uniformly smaller nanoparticles, as observed in SEM images.
The oligo AMTa-modified electrode boasts the highest
electroactive surface area due to the abundant amino (−NH2)
and thiol (−SH) functional groups, enhancing surface coverage.
Additionally, its conjugated structure facilitates efficient electron
transfer, elevating electrical conductivity compared with
unmodified electrodes. Compared to the unmodified GC
electrode, the oligomer-modified electrode demonstrated
superior electrocatalytic activity toward the oxidation of TBZ.
The overall electrochemical oxidation mechanism of TBZ at
oligo AMT-modified electrode involves adsorption, electron
transfer steps, intermediate stabilization, and the formation of
final oxidation products. The modification of the electrode
surface with oligo AMT enhances these processes, leading to
better analytical performance in detecting TBZ. After that, the
film was used to measure the sensitivity of TBZ and it was
discovered that the LOD was 1.8 × 10−11 M (S/N = 3). The
current modified electrode was effectively applied in the field to
measure TBZ in samples of tap water, water spinach, and pear
juice. Because of the better adsorption of TBZ made possible by
amino and thiol groups on the oligo AMTa surface, which
reduces desorption during oxidation, the electrochemical
oxidation of TBZ on an oligo AMTa-modified electrode is
more stable. Furthermore, by facilitating the development of
stable intermediate species, the modified electrode may increase
the stability of the oxidation process.
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XRD pattern of powder AMTa and oligo AMTa; FT-IR
spectrum of GCN powder; CVs obtained for oligo AMTa
on the GC electrode deposited by 15 cycles in 0.1 M
H2SO4 at different scan rates 1000−10000 mV/s; CV
obtained for the GC/oligo AMTa electrode in 0.2 M PB
solution (pH 7.2) at a scan rate of 50mV/s; CVs obtained
for 0.5 mM TBZ at GC/oligo AMTa electrode in 0.2 M
PB solution (pH 7.2) at different scan rates 10−100 mV/
s; CVs obtained for the GC/oligo AMTa electrode in the
presence of 0.5 mM TBZ in different pH solutions 3, 5, 7,
9, and 11 at a scan rate of 50 mV/s; amperometric i−t
curve for the determination of TBZ at the GC/oligo
AMTa electrode in 0.2 M PB solution (pH 7.2); each
addition increases the concentration from 0.000001 to 0.5
mM TBZ at GC/oligo AMTa electrode in 0.2 M PB
solution (pH 7.2) at a regular interval of 50 s;
amperometric i−t curve for (a) 10 nM TBZ and in the
presence of 500 μM each Na+, K+, Mg2+, Ca2+, Cl−, F−,
CO3

2−, SO4
2−, glucose and urea; Eapp = +1 V; DPVs

obtained for tap water and after the addition of (100−900
nM TBZ) to tap water at GC/oligo AMTa electrode in
0.2M PB solution (pH 7.2); DPVs obtained for pear juice
and after the addition of (100−900 nM TBZ) to pear
juice at GC/oligo AMTa electrode in 0.2 M PB solution
(pH 7.2); DPVs obtained for water spinach and after the
addition of (100−900 nM TBZ) to water spinach at the
GC/oligo AMTa electrode in 0.2 M PB solution (pH
7.2); FT-IR peaks and their assignments are obtained for
powder AMTa and oligo AMTa (Table S1); comparison
of the electrochemical performance of GC/oligo AMTa

electrode toward the detection of thiabendazole with the
reported studies (Table S2); and obtained good recovery
results indicate that the oligo AMTa-modified electrode
could be applied for the determination of TBZ in tap
water, pear juice, and water spinach samples (Table S3)
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