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Novel Schiff base Cu(in) and Au(in) complexes:
spectroscopic, computational, and electrochemical

insights for H,O, sensor applications

Manara A. Ayoub,*® Asmaa M. Fahim

¢ and Hend S. Magar (2 *d

A Schiff base ligand, called (E)-2-((1H-pyrrol-2-yl)methyleneamino) benzenethiol (H,L), was synthesized
from 2-aminothiophenol and pyrrole-2-carbaldehyde; the copper(i) and gold(i) coordination complex
were then successfully synthesized and characterized by elemental analysis, FT-IR, UV-vis, NMR, XRD,
SEM, TGA/DTA and conductivity measurements. Based on spectroscopic and structural data, ligand H,L
behaves as a tridentate ligand to Cul(i) via its thiophenolic sulfur, azomethine nitrogen and pyrrolic

nitrogen atoms, and as a bidentate ligand to Au(in) via sulfur and azomethine nitrogen. Density Functional
Theory (DFT/B3LYP/LANL2DZ) studies provided additional information on molecular orbital, electronic
reactivity, charge distributions, and thermodynamic stability and showed that the gold(i) half-sandwich
complex was more exothermic, favoring thermodynamic stability, because of the stronger Au-ligand

based on covalency and relativistic orbital interactions. Electrochemical analysis using screen-printed
electrodes (SPEs) modified with H,L/Cu and H,L/Au nanomaterials showed significantly improved

electron-transfer kinetics and capacitive behavior, with the H,L/Au system exhibiting the lowest charge-
transfer resistance (19 Q) and highest specific capacitance (774 F g7%). The H,L/Au-modified electrode
also exhibited excellent electrocatalytic activity for non-enzymatic hydrogen peroxide sensing, with
a wide linear range (0.05-1725 pM), ultra-low detection limit (0.025 uM), high sensitivity, and outstanding

stability. The practical applicability of the H,L/Au-modified electrode was demonstrated with real-sample
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analysis of water, milk, cheese salami, and juice, showing excellent recovery of hydrogen peroxide in

each sample. In summary, the combination of Schiff base coordination chemistry and transition-metal
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1. Introduction

Schiff bases have played a prominent role as chelating ligands
in transition metal coordination chemistry due to their
remarkable stability under both oxidative and reductive condi-
tions. Similar to imine ligands, they exhibit intermediate donor
characteristics between hard and soft Lewis bases, enabling
versatile coordination with a wide range of metal ions.*”
Schiff base metal complexes incorporating nitrogen and
sulfur donor atoms are important due to their adaptable coor-
dination behavior, sensitivity, ease of synthesis, and selectivity.
These complexes have found applications as intermediates in
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centers resulted in multifunctional nanocomposites with high thermal and electrochemical stability,
making them suitable nanomaterials for possible energy-storage devices and electrochemical biosensors.

biological systems, as well as catalysts in chemical reactions
and stabilizers in polymer materials.® Transition metal
complexes bearing Schiff-base ligands with SNN donor sets
have been extensively investigated as effective catalysts in
a range of organic redox reactions and electrochemical reduc-
tion processes.*” The Schiff base complex derived from 2-
aminothiophenol and pyrrole-2-carbaldehyde integrates the
functional characteristics of both thiophenol and pyrrole
moieties, offering the potential to yield novel materials with
broad applicability. Further investigations into its structural
features, as well as its biological and catalytic properties, may
uncover valuable new insights and expand its utility across
various fields.® Cyclic voltammetry provides valuable informa-
tion not only on the thermodynamics of redox processes but
also on the kinetics of heterogeneous electron transfer and
coupled chemical reactions.>*® Hydrogen peroxide (H,O,) is
a widely studied analyte due to its strong oxidizing properties
and its presence in a variety of household and industrial
products, including cosmetics, dyes, disinfectants, lacquers,
and shampoos. Biologically, H,O, is a common byproduct of
enzymatic reactions catalyzed by oxidases. Elevated levels of
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H,0, in the human body are linked to oxidative stress, a key
contributor to the pathogenesis of several disorders, including
Alzheimer's disease, cancer, diabetes, Huntington's disease,
Parkinson's disease, and general disruptions in cellular
homeostasis. Various analytical techniques have been
employed for the detection of H,0O,, such as electrochemical
methods, colorimetric assays, and fluorescence-based
approaches. Among these, electrochemical detection'** has
gained increasing attention due to its high sensitivity,
simplicity, rapid response, and suitability for real-time
monitoring,"”**® rapid analysis,"””™"® cost-effectiveness, high
sensitivity,>**> and ability to support real-time monitoring.
Notably, enzyme-free electrochemical sensors>**” offer a prom-
ising solution to overcome limitations associated with enzyme-
based detection systems.****?! Significant efforts have been
directed toward the development of supercapacitors®* advanced
energy storage technologies to meet the growing demand for
sustainable energy, largely driven by environmental concerns
and the impacts of climate change. Among these technologies,
electrical capacitors particularly supercapacitors have emerged
as promising candidates, owing to their high energy storage
capacity, long cycle life, and rapid charging-discharging capa-
bilities. In light of the ongoing global energy crisis, exacerbated
by rapid population growth and economic expansion, the need
for efficient, reliable, and scalable energy storage systems
especially for use in portable electronics and renewable energy
applications is more pressing than ever.

In recent years, advances in electrochemical techniques have
markedly enhanced the field of analytical chemistry, owing to
their exceptional sensitivity,'***** selectivity,’>'*'"** and cost-
effectiveness.””*®*'The utilization of electroanalytical tech-
niques offers a relatively brief analysis duration in comparison
to other methods. Furthermore, these technicalities are also
applied in the identification of reaction mechanisms.**** The
complexes of copper(u) and gold(m) represent a significant
category in the field of chemistry, notable not only for their
intriguing coordination chemistry, which includes flexible
redox properties, geometry, and oxidation states* but also for
their wide-ranging applications in diverse areas, including their
role as catalysts in oxidation, reduction, and epoxidation
reactions.>®

While Schiff base complexes of Cu(u) and Au(m) have been
extensively studied, most previous reports focus on their
synthesis and basic characterization, often examining only one
metal center in isolation. In contrast, the present work offers
a comparative study of Cu(u) and Au(ur) complexes derived from
the same Schiff base ligand, enabling a direct evaluation of how
the metal center influences structural, electronic, and electro-
chemical behavior. Furthermore, this study uniquely combines
spectroscopic, electrochemical, and DFT computational
methods to provide a holistic understanding of these
complexes. Importantly, their application in hydrogen peroxide
(H»0,) sensing is explored for the first time, revealing notable
performance, particularly for the Cu(u) complex, thus posi-
tioning these complexes as promising candidates for electro-
chemical sensor platforms.
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The focus of this work is to create a new Schiff base ligand
using 2-aminothiophenol and pyrrole-2-carbaldehyde, and
subsequently its Cu(u) and Au(u) complexes. Structural eluci-
dation of the ligand and its complexes involved comprehensive
characterization techniques such as spectroscopy, thermogra-
vimetric analysis, and microscopy; this was supported by DFT
and (TD-DFT) computational investigations. The work will also
develop a better understanding of the electrochemical charac-
teristics of the ligand and its complexes as possible electrode
modifiers in supercapacitors and as a sensing platform for
hydrogen peroxide using a non-enzymatic process; the design,
synthesis, and electrochemical data will also be validated with
the analysis of real-sample validated data following the
production of the ligand from analyzing the performance.

2. Experimental

2.1. Materials, instruments and methods

All chemicals used were of analytical grade (Merck or Sigma)
and employed without further purification. Potassium chloride,
potassium ferricyanide, potassium ferrocyanide, potassium
mono- and dihydrogen phosphate, hydrogen peroxide, sodium
hydroxide (NaOH), and hydrochloric acid (HCI) were all
procured from Sigma-Aldrich. Microanalysis of carbon,
hydrogen, nitrogen, and sulfur (CHNS) was performed using
a PerkinElmer 2400 Elemental analyzer. Fourier-transform
infrared (FTIR) spectra, prepared as KBr discs, were recorded
on a Shimadzu 8000 FTIR spectrometer. Conductivity
measurements in dimethylformamide (DMF) solution (1 x 107>
M) at 25 °C were obtained using a HANNA HI 3512 instrument.
Electronic absorption spectra within the 200-800 nm range
were recorded with a PerkinElmer Lambda 35 UV-vis spectro-
photometer. Thermoanalytical studies, including thermogravi-
metric analysis (TGA) and derivative thermogravimetry (DrTGA),
were conducted under a nitrogen atmosphere over the
temperature range of 25-900 °C at a heating rate of 10 °C min "
using a Shimadzu TGA-50H thermal analyzer. Proton nuclear
magnetic resonance ("H-NMR) spectra were acquired on a Var-
ian 300 MHz spectrometer. Sonication was performed with
a Branson ultrasonic bath (B12; 220/240 V, 50/60 Hz, 4 A).
Powder X-ray diffraction (XRD) analysis was carried out using
a Shimadzu XRD-7000 diffractometer (Japan) with Cu Ko radi-
ation (A = 1.5418 A) operated at 40 kv and 30 mA. Melting points
were determined using a STUART SMP11 apparatus (Japan).
Electrochemical and Supercapacitor measurements were per-
formed with a CHI potentiostat using screen-printed electrodes
(SPEs). For electrode modification, 10 mg of the synthesized
material was dispersed in 1 mL of distilled water in an Eppen-
dorf tube and sonicated for 30 minutes to obtain a homoge-
neous suspension. Subsequently, 10 pL of this suspension was
drop-cast onto the SPE surface and allowed to dry at room
temperature. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were conducted in a solution
containing 0.1 M KCl and 0.005 M ferro/ferricyanide
[Fe(CN)e]*/*", as depicted inScheme 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The preparation method for modified SPE and electrochemical detection method.

2.2. Synthesis of Schiff base ligand H,L (E)-2-((1H-pyrrol-2-
yl) methylene amino) benzenethiol

Pyrrole-2-carbaldehyde (1.09 g, 10 mmol) dissolved in 50 mL of
ethanol was gradually added dropwise to a stirred solution of 2-
aminothiophenol (1.09 mL, 10 mmol) in 50 mL of ethanol. The
mixture was heated to reflux and maintained under continuous
stirring for two hours, followed by ultrasonic irradiation. After
cooling, the resulting dark brown precipitate was collected by
filtration and purified by recrystallization from hot ethanol. The
yield was 1.645 g (70%), with a melting point of 180-182 °C. The
FTIR data (v, cm™"): 3352 (W, vy, pyrrole); 2337 (w, vgy, thio-
phenolic); 3060 (w, vc_g, aromatic); 1606 (s, vc—y, azomethine);
1468 (s, vc—c, aromatic); 753 (s, vc_s, thiophenolic). "H-NMR
(300 MHz, DMSO-dg, 6, ppm): 5.51 (s, 1H, SH), 6.82-8.05 (m,
4H, aromatic protons), multiplet for 3H corresponding to
pyrrole protons, 12.14 (s, 1H, NH). Elemental analysis calcu-
lated for C,;H;oN,S: C, 65.33; H, 4.95; N, 13.86; S, 15.84%.
Found: C, 65.25; H, 4.88; N, 13.55; S, 15.65%.

2.3. Synthesis of metal Schiff base complex

A solution of metal salts (1 mmol) in 50 mL of ethanol was
added dropwise to a stirred solution of the ligand H,L (1 mmol)
in 50 mL of ethanol. The reaction mixture was refluxed for two
hours, and was exposed to ultrasonic irradiation. Upon cooling,
the colored product precipitated out and was collected by
filtration. The solid was washed sequentially with cold ethanol
(the low temperature reduces solubility of the complex itself,
helping to retain it while removing soluble impurities) and di-
ethyl ether (to removes non-polar impurities and facilitates
rapid drying of the complex after washing) (see Scheme 2).

This procedure illustrates the synthesis of the Schiff base
ligand (E)-2-((1H-pyrrol-2-yl)methylene amino)benzenethiol
(Hp,L) and its corresponding H,L/Cu(u) and H,L/Au(m)
complexes.

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

2.4. Computational analysis

Density Functional Theory (DFT) calculations were performed for
each compound using the B3LYP functional in combination with
the LANL2DZ basis set. Geometry optimizations were carried out
using the Berny algorithm within the Gaussian 09W software
package. Visualization of all optimized structures was accom-
plished using GaussView.?” Vibrational frequency computations
were performed after geometry optimizations to verify that the
optimized structures were the true minimum. The NBO soft-
ware*® A built-in Gaussian was utilized to perform natural bond
analysis® using the ground-state geometries that were acquired.
The electronic absorption spectra of the ligand and its metal
complexes were estimated using the TD-DFT approach (in
conjunction with the LANL2DZ basic set) to account for the effect
of the solvent around the molecule. The values of Eyomo and
Epumo allowed us to calculate all fundamental parameters, while
we obtained other parameters from files.

3. Results and discussion

3.1. Physical properties

The physical properties of the Schiff base ligand (H,L) and its
metal complexes, including melting point, color, and other
characteristics, are summarized in Table 1. The complexes are
intensely colored powders that decompose above 200 °C.

3.2. FTIR spectral analysis

The infrared spectra for the compounds under consideration,
recorded within the range of 400-4000 cm ™, assist in identi-
fying the regions of absorption vibrations. The most important
stretching modes include vny, ¥s 1, Vc—n, Yc—c» Yc-N» Y-Sy YM-0s
Um-ny Ym-s and vy cp. Table 2 and Fig. 1, display the infrared
spectra of the Schiff base ligand (H,L) and its complexes. To
identify the coordination sites that might be contributed to
chelation, the IR spectra of the complexes and the free ligand

RSC Adv, 2025, 15, 41447-41470 | 41449
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Scheme 2 Synthesis of the Schiff base ligand (E)-2-((1H-pyrrol-2-yl)methylene amino)benzenethiol (H,L) and It's Cu(i) and Au(i) complexes.

Table 1 Physical and analytical data of the Schiff base H,L and its metal complexes

Elemental analyses, found (caled.), (%)

Ligand/complex molecular formula Yield (%) M wt.  Color M.p. (°C) C H N S
H,L(C;,H,,N,S) (83) 202.06 Dark brown 180-182  65.25 (65.33) 4.88 (4.94) 13.55(13.86) 15.65 (15.84)
[Cu(HL)(H,0)]Cl-H,0 (68) 337.06 brown >220 39.22 (39.16) 4.27 (4.15) 8.13 (8.30)  9.15 (9.49)
(C11H1aN,0,SCICu)

[Au(HL)(Cl,)]- 3H,0 (C11H;5N,0;SCLAu)  (65) 521.98 brown >247 25.19 (25.29) 2.76 (2.87) 5.32(5.36)  6.76 (6.13)

(H,L) were compared. After chelation, it is expected that these
peaks’ positions and/or intensities will shift.*® This band reveals
the involvement of the azomethine nitrogen in interacting with
metal ions by displaying a downward shift in the metal
complexes’ spectra.*' The vc— of the pyrrole and thiophenolic
rings has been identified as the source of the bands that are
apparent between 1566 and 1468 cm™'. The C=C band, which
exhibits increased intensity or broadening, frequently coincides
with the shifted band. The bands appearing at 1247-1306 cm !
have been assigned to vcn mode.”” The spectra of metal
complexes has shifted a weak S-H band that was present at
2337 cm™ ' in the case of the ligand.** However, the change of
the veym(c-s) from 753 cm ™ to lower or higher wave numbers in
the complexes' spectra points to the SH group's involvement in
chelation. The structure in Scheme 2, correctly depicts the
presence of the NH moiety in the Schiff base ligand, which
disappears due to deprotonation upon coordination to the
Cu(u) center in the [Cu(HL)(H,O)]|Cl. H,O complex. However,
the NH remains non-deprotonated upon coordination to the
Au(m) center in the [Au(HL)(Cl,)]-3H,O complex.

The v(c_Hjasym and Y(c-H) sym appears in the region 2916-
2838 cm ™ '. The broad band at 3353-3379 cm ™' in the spectra of

41450 | RSC Adv, 2025, 15, 41447-41470

the complexes implies the presence of H,O molecules. The
band associated with the bending vibration of H,O was identi-
fied within the range of 915-841 cm™ ".* The new bands at 420-
449 cm™! which is assignable to yp_s) stretching vibration.*
The vy-n) mode has been ascribed to the bands that were seen
at 534-561 cm™ ", It is determined that in the case of the Cu(u)
complex, the H,L ligand works as a tridentate ligand coordi-
nated to the metal ions by means of thiophenolic S,
azomethine N and pyrrole N, while in the case of the H,L/Au(u)
complex, the H,L ligand behaves as a bidentate ligand coordi-
nated to the metal ions through thiophenolic S, azomethine N.

3.3. 'H-NMR and “*C-NMR

The 'H-NMR spectrum of the free Schiff base ligand H,L is
illustrated in Fig. 2. The signal observed at 6 5.51 ppm corre-
sponds to the SH proton, whereas the signal at ¢ 12.14 is
attributed to the NH proton. Additionally, the signal at
0 9.47 ppm is linked to the HC=N proton. The signals within
the range of 6 6.82-8.05 ppm are associated with the aromatic
protons of the thiophenolic and pyrrole rings. Furthermore, the
BC NMR spectrum (E)-2-((1H-pyrrol-2- yl)methyleneamino)
benzenethiol, recorded in DMSO-d®, is illustrated in Fig. 3. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Characteristic infrared frequencies (cm™?) of the Schiff base ligand H,L and its H,L/Cu and H,L/Au complexes®

V(c-H) asym

Ligand/complex vou (H20)  vnm Vc-H Ar  Y(C-H) sym VsH Vc=c ar Yc-s Ve=N VN VM-N YM-0 PVm-s M-l

H,L Cy1H NS 3352 (w) 3060 (w) 2937 w 2337 (W) 1468 s 753 (s) 1606 (s) 1306 (m) — — — —
2854 w

[Cu(HL)(H,0)]Cl-H,O 3353 (m,br.) — 3059 (w) 2926 s 2323 (v.w) 1450m 760 (s) 1601 (v.s) 1247 (m) 561 (w) 473 (w) 449 (W) —
2838 s

[Au(HL)(Cl,)]-3H,0 3379 (m,br.) 3383 (w) 3064 (W) 2916 w 2360 (v.w) 1462w 748 (w) 1591 (v.s) 1313 (w) 534 (W) — 420 (w) 413 (W)
2844 w

“s, strong; m, medium; br, broad; w, weak.

compound's carbon skeleton was revealed via the *C NMR
spectrum. Notably, the carbon of the azomethine group located
at position 2, 9 is the most de-shielded, resonating at
0 150.19 ppm. Additionally, the carbons that are adjacent to the
nitrogen in the pyrrole ring at positions 11 and 14 are also
deshielded, resonating at ¢ 135.88 and 116.52 ppm, respectively.
The carbon of thiophenolic at position 6 appears at
0 131.62 ppm.

126

108

r O\
(C-H)Ar\CH,,
<

3.4. Electronic and magnetic measurement

The electronic absorption spectra of ligand H,L and H,L/Cu and
H,L/Au complexes in DMF solution were recorded at room
temperature in the 200-800 nm wavelength range as indicated
in Fig. 4 and Table 3. The formation of complexes is strongly
supported by the observation of a shift in the bands in the
spectra of all metal complexes. The bands detected in the range
of (244-256 nm) for both of ligand H,L and H,L/Cu and H,L/Au

i NH m.  SH
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L e
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72 = A L A L A L e L A '} A L A 1.
m K ——H,L/C :
104 =
%T
91 = = \
(OH)water (C-H)Ar /" /\-
c-s [u-
= E c=N (&=C)\ '/b ci'
C-H * Yen®Bus
L I N asyp. o N o hg
——H,L/Au ]
120 1

105

e

90

o /
(OH) watery '/ \ /
NH o C-H v
= Haysm. i C=N (€=C),, C-Spun ;‘
75 = -
1 1 1 1 L 1 AuS
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm'1

Fig. 1
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Infrared spectra of ligand H,L and its (H,L/Cu) and (H,L/Au) complexes.
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Fig. 4 Electronic spectra of Schiff base ligand H,L and HoL/Cu(i) and
HoL/Au(i) complexes.

complexes are ascribed to the intraligand m-m* transition of
thiophenol and pyrrole rings.

The ligand and its metal complexes' spectral bands found in
the 268-272 nm range are ascribed to n—-7* transitions. In the
case of complexes, the absorption band in the range of (340-346
nm) is ascribed to charge transfer (CT) transitions. Reports
indicate that the metal can form dIT-pIT* bonds with ligands
that have nitrogen as the donor atom. The metal ion possesses
avacant d orbital, allowing for ligand-to-metal (L — M) binding
can occur when a pair of electrons from the ligand is accepted
by the metal.*® Electronic spectra of the H,L/Cu complex di-
splayed bands at 256, 286, 340, 532, and 630 nm, which are
attributed to 7t — 7* transition of thiophenol and pyrrole rings,
n-1t* transition of azomethine group, L— Cu charge transfer,
and d-d transitions. Electronic spectra of the H,L/Au complex
displayed bands at 244, 269, 346 nm may be attributed to © —
m* transition of thiophenol and pyrrole rings, n-m* transition
of azomethine group, and L — Au charge transfer, whereas the
d-d transitions of H,L/Au(m) complex are attributed to 500, 576,
676 nm.

3.5. Conductance measurement

A digital conductivity meter (model HANNA HI 3512 instru-
ment) fitted with a dip-type cell with a cell constant of 1.0 cm™*
was used to measure the molar conductance. Freshly made 1 x
10> M solutions of the complexes in DMF at room temperature
were used for the measurements. The conductance value
recorded for the Cu(u) complex is 125 Q' ecm” mol *, indicating
that this complex functions as a (1: 1) electrolyte. On the other
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H,L/Au complexes.

hand, the Au(m) complex exhibits non-electrolyte behavior value
as indicated by its measured conductance value of 20.04 Q"
em?® mol ~.¥

3.6. X-ray diffraction

The patterns of X-ray powder diffraction for the ligand H,L, as
well as the H,L/Cu and H,L/Au complexes, are illustrated in
Fig. 5. Upon examining these patterns, it is observed that the
H,L, the H,L/Cu complex are amorphous and the H,L/Au
complex is well crystalline, respectively. The comprehensive
data regarding diffraction, which includes angle (26°), inter-
planar spacing (d value, Angstrom), and relative intensity (%),
full width at half maximum (FWHM) of the significant intensity
peak and particle size have been computed in Table 4. The
crystallite size can be attained from XRD patterns by utilizing
the FWHM of the characteristic peaks in accordance with the
Debye-Scherrer eqn (1).*®

D = KM@ cos 0 (1)

Table 3 Electronic spectral data (nm), and molar conductance of Schiff base ligand H,L and its metal complexes

T n — Charge transfer Molar conductance
Compound — 7* (nm) * (nm) (nm) d-d Transition (nm) Q' em® mol
H,L 254 272 — — —
[Cu(HL)(H,0)]Cl- H,0 256 268 340 532, 630 125
[Au(HL)(CL,)]-3H,0 — 269 346 500, 576, 676 20.04

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The predicted powder XRD parameters of the H,L and its complexes

1 D=
Compound 20 FWHM d &) intensity crystallite size nm Average nm
H,L 30.24 1.52 2.95 54 5.41 12.84
32 1.78 2.78 31 4.66
33.07 1 2.70 22 8.30
[Cu(HL)(H,0)]Cl-H,0 33.91 0.6333 2.64 55 13.15 21.41
40.73 0.280 2.21 15 30.39
57.25 0.440 1.60 19 20.69
[Au(HL)(Cl,)]-3H,0 38.12 0.324 2.36 100 26 23.60
44.30 0.392 2.04 44 21.79
64.51 0.439 1.44 37 21.46
77.48 0.406 1.23 47 25.04

In this context, D represents the particle size of the crystal gain,
K denotes a constant (0.94 for Cu grid), 1 signifies the X-ray
wavelength (1.5406 A), ¢ indicates the Bragg diffraction angle,
and @ refers to the integral peak width. The estimation of the
particle size was based on the maximum intensity value in
comparison to the other peaks. In Table 4 and Fig. 5, the XRD
patterns of the H,L ligand and the H,L/Cu() complex are pre-
sented, both exhibiting several weak diffraction peaks of varying
intensities. The average crystallite sizes of the H,L ligand and
the H,L/Cu(u) complex were calculated to be 12.84 nm and
21.41 nm, respectively. The largest grain sizes, recorded at
8.30 nm for the H,L ligand and 30.39 nm for the H,L/Cu(u)
complex, corresponded to diffraction angles of 33.04° and
40.73°, respectively. Conversely, the smallest grain sizes,
4.66 nm for the H,L ligand and 13.15 nm for the H,L/Cu(n)
complex, were observed at diffraction angles of 32.00° and
33.91°, respectively. For the H,L/Au(m) complex, the XRD
pattern displayed multiple distinct peaks with varying intensi-
ties. The most intense diffraction peak, corresponding to the
largest grain size of 26.00 nm, appeared at a diffraction angle of
38.12°, while the smallest grain size of 21.46 nm was associated
with a diffraction angle of 64.51°. Overall, the broader and less
intense diffraction peaks observed for the H,L ligand and H,L/
Cu(u) complex indicate a lower degree of crystallinity, which can
be attributed to weaker metal-ligand interactions and possible
structural disorder. In contrast, the sharp and highly intense
peaks of the H,L/Au(n) complex confirm its crystalline nature,
consistent with the formation of rigid square-planar geometries
that promote higher crystallinity.

3.7. Thermogravimetric analysis of the complexes

TGA is a valuable tool for characterizing the thermal stability
and decomposition behavior of these complexes, providing
insights into their structure, bonding, and reactivity. The
thermal stability of transition metal complexes is affected by
various factors, such as the characteristics of the metal ion, the
kind of ligand, and the coordination environment. Metal ions
with higher charges and smaller ionic radii tend to form
stronger bonds with ligands, leading to increased thermal
stability. Ligands that form strong covalent bonds with metal

41454 | RSC Adv, 2025, 15, 41447-41470

ions, such as those containing nitrogen or sulfur donor atoms,
also enhance thermal stability.*>*°

The thermal characteristics of the target complexes were
examined utilizing the TG/DTG method. The decomposition
stages, temperature intervals, weight loss percentages, and the
resulting decomposition products are detailed in Table 5, and
Fig. 6. The thermal degradation of [Cu(HL)(H,0)]Cl-H,O occurs
in three distinct stages. The initial decomposition stage is
observed within the temperature range 25-125 °C resulting in
a mass loss of 6.020 (calc. 5.340)% attributed to the release of
one crystalline water molecule. The second one which is
between 125 °C and 325 °C, has a mass loss of 28.870 (calc.
28.991%) which is equivalent to the loss of 1/2Cl,, coordinated
water, C3H;. The third step falls between the 325 °C and 900 °C
with exhibiting a mass loss of 56.593 (calc. 56.938)%. It is
attributed to the loss of 2C,H,, CH=N,1/2N,, 1/2C, &C,. The
total estimated mass loss is (calc./found %; 91.269/91.483%).

The thermal degradation of [Au(HL)(Cl,)]-3H,O occurs in
three distinct steps. The initial decomposition step is observed
within the temperature range of 25-235 °C, resulting in a mass
loss of 10.570 (calc. 10.345)% attributed to the release of
three crystalline water molecules. The second step falls between
235 °C and 555 °C, exhibiting a mass loss of 42.610
(calc. 42.950%) which is attributed to the loss of Cl,, C4H,N,,
C=N C,H,, 1/2H,, 1/2C,. The third step which is between 555 °©
C and 900 °C, has a mass loss of 13.820 (calc. 13.858%) which is
the result of the loss of C,, 1/2H,, 1/2C,, the total estimated
mass loss is (calc./found %; 67.153/67.000%).

3.8. Morphological analysis

SEM studies were utilized to examine the shape, texture,
aggregation, and physical state of the surfaces of compounds.
Morphological analysis plays a vital role in classifying the
distinct formation of coordination compounds. From Fig. 7A
and B, morphology of the [Cu(HL)(H,O)]Cl. H,O, and
[Au(HL)(Cl,)]. 3H,O complexes. It possesses a rock-like
appearance and a substantial territorial area. These observa-
tions revealed the amorphous structure, which complicated
interpretation because of its unclear appearance. The H,L/Cu(u)
complex exhibits a morphology composed of agglomerated,
irregularly shaped particles. These particles appear loosely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Thermoanalytical results (TGA, DTG) of Cu(i) and Au(in) complexes

TG weight loss, %

Temperature
Complex Steps range (°C) DTG peak Calcd Found Assignment
[Cu(HL)(H,0)]Cl-H,0 1st 25-125 114 5.340 6.020 Loss of one lattice water
2nd 125-325 199 28.991 28.870 Loss of 1/2 Cl,, coordinated water, C3H;
266
3rd 325-900 408 56.938 56.593 Loss of -CH=N, 2C,H,, 1/2N,, C,, 1/2C,
575
736
[Au(HL)(CL,)]-3H,0 1st 25-235 65 10.345 10.570 Loss of three lattice water
104
2nd 235-555 241 42.950 42.610 Loss of Cl,, C,H,N,, C=N C,H,, 1/2H,, 1/2C,
3rd 555-900 557 13.858 13.820 Loss of C,, 1/2H,, 1/2C,
%TGA ' : : ) : T ' T ‘Driea | %TGA > ! y T y . X O Birea
100 100+ ®) [ ;gomin
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Temp.("C)

Fig. 6 TGA/DTG curves (A) [Cu(HL)(H,O)ICl-H,O and (B) [Au(HL)(CL,)I-3H,0.

distributed, randomly oriented, and loosely packed, displaying
a rough surface texture. The absence of a well-defined geometry
or ordered arrangement suggests a disordered and less
controlled growth process. In contrast, the H,L/Au(u) complex
micrographs reveal distinct crystalline formations resembling
overlapping sheets. These sheet-like structures appear stacked
and interwoven, producing a layered morphology. The well-
defined edges and smooth surfaces of the sheets indicate
a more orderly and controlled crystal growth process, consistent
with a higher degree of structural organization. To reinforce the
morphological and compositional analysis of the synthesized
complexes, we have performed Energy Dispersive X-ray Spec-
troscopy (EDS) and elemental mapping studies. The EDS
spectra confirm the presence of the expected elements (Cu, Au,
C, N, O, S, Cl) consistent with complex formation (see Fig. 7C
and D).

3.9. Computational investigation

3.9.1. Physical identification of the H,L and metal
complexes. In this study, we optimized the HL and metal
complexes using Gaussian (09)**** through DFT/B3LYP/

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

LANDZ2 basis set. Moreover, the physical characteristics used
in the optimization of molecular structures of HL and metal
complexes were concerning (o) absolute softness,* (x) electro-
negativities,*® (ANmax) electronic charge,” (n) absolute hard-
ness, (w)*® global electrophilicity,* (S) global softness,* and (Pi)
chemical potential,® from the eqn (2)-(9) which were scheduled
in Table 6 and Fig. 8.33%>%

AE = Eyrumo — Enomo (2)
Y= %EH0M02+ ELumo) 3)
_ Eiomo ; Enomo (4)
g=1mn (5)
Pi=—x (6)
S=127 )
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Fig. 7 SEM images of (A) [Cu (HL) (H,O)] Cl-H,0 and (B) [Au (HL)(CL,)l-3H,O. EDS spectra of (C) [Cu (HL) (H,O)] Cl-H,O and (D) [Au (HL)(Cl,)-

3H,0.

w = P2 (8)

ANmax = —Pl/ﬂ (9)

The optimized H,L Ligand and H,L/Cu, H,L/Au complexes
showed the non-planar structures which show the H,L ligand
with behavior typical of an organic molecule with moderate
conjugation. Reactivity: it has been assigned a fairly high cell
potential (3.50 eV) as it has the biggest band gap, which makes it
‘hard’, moderately stable, and not very reactive. Electron transfer:
it also had the lowest electronegativity of the current ligands (3.62
eV), meaning it has the weakest motivation to attract electrons.
As a more “neutral” molecule, it is not strongly an electron donor
nor is it a strong electron acceptor. Polarity: the low dipole
moment (1.03 D) adds to strong confirmation that it is not very
polar. Moreover, the chelation with copper metal makes coordi-
nation to copper metal considerably contribute to the electronic
properties. This showed the stability vs. reactivity band gap
increased to 3.97 eV, resulting in the complex being more stable

41456 | RSC Adv, 2025, 15, 41447-41470

and harder than the free ligand. The coordination geometry
around Cu(u) typically forms a stabilized electronic structure.
Electronegativity increased to 4.02 eV, meaning it was pulling
electrons strongly than the ligand. Polarity dipole moment

Table 6 Physical descriptors for compounds HoL and metal
complexes utilizing the DFT/B3LYP/LANL2DZ basis set

H,L Cu complex Au Complex

Er (au) —544.6249 —815.368 709.163
Enomo (€V) —5.37 —6.00 —6.09
Epumo (e V) —1.87 —2.03 —4.99
E, (eV) 3.50 3.97 1.10

w (D) 1.0313 5.1866 13.9761
x (eV) 3.62 4.02 5.54

7 (eV) 1.75 1.99 0.55

o (eV) 0.57 0.50 1.82

Pi (eV) —3.62 —4.02 —5.54
S (eV) 3.75 4.06 27.92

o (eV) 2.07 2.02 10.07
ANpax 3.62 4.02 5.54

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Optimized structures and HOMO-LUMO energy of H,L and its
complexes.

increased substantially to 5.19 D, which we were expecting
because coordination of a metal often increases asymmetrical
and polar charge distribution, thus increasing potential solubility
in polar solvents.*** Moreover, H,L/Au complex has radically
different properties from applications of elementary metals,
which are dominated by relativistic effects in gold atoms. Reac-
tivity: the most pronounced feature is the very small band gap
value of 1.10 eV. The gold complex is characterized as a very soft
molecule; therefore, it is more polarizable, more reactive, and is
expected to perform well in charge-transfer processes. This small
gap is a hallmark of many gold catalysts and gold-related phar-
maceuticals. Electron Affinity: the compound has very low
(negative) LUMO energy (—4.99 eV), meaning it is a better

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electron acceptor. Electrophilicity: the complex has a very high
electrophilicity index (27.92 eV) as well as, a very high electro-
negativity (5.54 eV), which plays a role in defining it as a strong
electrophile with a propensity to seek electrons.®®®” This is
a common, useful feature that Lewis acid catalysts have. Polarity:
it has the largest dipole moment (13.98 D) by a considerable
distance, indicating an extremely polar molecular structure. So,
we determined that the H,L/Cu complex is the most stable and
inert of the three. The H,L/Au complex is the most reactive and
polar, operating as a strong electrophile with its very small
HOMO-LUMO gap. As such, it is a compelling candidate for
utility in catalysis or materials science where reversible charge-
transfer properties are important. The metal complexation
process changes the electronic properties of the organic ligand to
a very large extent, and the final chemical behavior is determined
by the choice of metal (Cu vs. Au).

3.9.2. Mulliken charges of H,L and metal complexes.
Mulliken population data and electronic energies for your three
compounds (ligand, Au complex, Cu complex). I will break this
into three parts: (1) energies & dipoles, (2) Mulliken charges, (3)
comparing legitimate insight as displayed in Fig. 9. First, I will
discuss the H,L ligand E¢j. = —544.62 hartree dipole moment
=~ 1.74 D (moderate polarity), H,L/Au complex: Ecjec = —709.16
hartree, dipole moment = 6.23 debye, much larger, which
reflects strong metal coordination induced polarization. H,L/
Cu complex (open-shell, doublet): E.e. = —1698.52 hartree,
dipole moment = 7.08 debye, also strongly polarized, sugges-
tive of considerable electric dipole generation for substantial
charge density and spin localization asymmetry. The increase in
dipole by metal binding shows that charge density on the ligand
is redistributed significantly to create greater polarity, due to
the consideration of coordination-induced polarization in the
bonding process.***® Moreover, the Mulliken charges of H,L ITS
charges are quite evenly distributed onto the C, N, O atoms on
each of the ligands. Donor atoms (N, O) are slightly negatively
charged (~—0.3 to —0.5 e), ready for coordination, H largely
positively charged, C mostly neutral. The H,L/Au complex has
a near-neutral Mulliken charge (+0.008e), because LANL2DZ
ECP treats all electronic behavior, including core electrons,
implicitly. Coordinated N atoms acquire a significant negative
charge (=-—0.51¢), indicating that electron density is being
donated into Au's empty orbitals. Nearby carbons become
slightly positive to counterbalance. Similarly, the H,L/Cu
complex has a Cu center that is also close to neutral in Mul-
liken (=+0.05¢), but spin density (from the unpaired electron) is
highly localized on Cu and near donor atoms. N atoms are back
to being significantly negative, confirming they are coordinated.
Some carbons (often near the donor sites) also have non-
negligible spin density, which signals partial delocalization of
the d-hole in Cu into the ligand's -system. Mulliken tends to
underpredict charges on metals due to overlap in terminology
used for basis sets, to know donor atoms get more negative
upon binding, and metals stay close to neutral in the Mulliken
scheme which showed the donors (N, O, S): become more
negative upon coordination (largest for the Au complex), reflects
electron density donation into the metal center. Metals: nearly
neutral Mulliken charge (typical of Mulliken with ECPs), but Cu

RSC Adv, 2025, 15, 41447-41470 | 41457
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Fig. 9 Mulliken charge of H,L, H,L/Cu complex, and H,L/Au complex.

shows a small positive sum, Au ~0. Carbons: compensate by
showing a more positive net charge in the Au complex (due to
ligand polarization). Halogens have a net negative charge in the
Au complex, accounting for a larger dipole.

3.9.3. FT-IR analysis. The FT-IR spectrum overlay compares
the free ligand H,L (C;,H;0N,S) with its H,L/Cu(u) complex
(C11H10CuN,0S) to show the structural changes due to coordi-
nation. In the ligand, the strong C=N stretching at 1600-
1650 cm ' corresponds to the azomethine bond in free
C11H;0N,S. In the complex C;1H;,CuN,OS, this is reduced to
slightly lower wavenumbers (=1580-1630 cm™ ") due to azome-
thine coordination to copper. There are two new bands in the
complex at ~450 cm * and ~500 cm ™ attributed to Cu-O, and

41458 | RSC Adv, 2025, 15, 41447-41470

Cu-Nvibrations present in the complex but not in the free ligand,
providing direct evidence of the formation of a metal-ligand
bond. Finally, the complex displays a broad, strong band near
3200 cm ! indicating an OH stretch, most likely related to the
coordinated water molecule, or hydroxyl involvement, and both
complexes keep their aromatic C-H stretching near 3050 cm™ .
Also, the C-S band near 750 cm™" is retained in both, indicating
that there is little contribution by sulfur. Overall, the spectral
shifts and observed new peaks indicate that complexation has
changed the vibrational environment, and confirms that coor-
dination of Cu(u) with the ligand has been achieved (Fig. 10).
Analysis of the FT-IR spectrum of the H,L/Au(m) complex
(C11HsAuCL,N,S) provides defining vibrations indicative that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Stimulated FT-IR of HL ligand, H,L/Cu complex and H,L/Au Complex.

metal-ligand coordination has occurred. The broad peaks in
the 3400-3200 cm ' region indicate possible N-H stretching
vibrations, with weak bands between 3000 and 2800 cm ™" being
C-H stretching due to the various aromatic and aliphatic
functional groups present. The strong absorptions occurring in
the region of 1650-1550 cm ™' were assigned the C=N and C=C
stretching modes belonging to the heteroaromatic ligands.
These bands are typically lower in wavenumber than the free
ligand and are indicative of the coordination of the donors of
the ligands to the Au center. Additional bands between 1300
and 1000 cm ™' correspond to C-N and C-S stretching vibra-
tions, also affected by bonding to gold. In the low-frequency
region, there are strong diagnostic absorptions between 500-
400 cm ™! that are assigned to Au-S and Au-N stretches, which
provide direct evidence of coordination through nitrogen and
sulfur donor atoms. Weak bands near 350 cm ™" can be attrib-
uted to Au-Cl stretching if chloride ligands remain bound
(Fig. 10). Overall, the spectrum shows that functional groups
related to ligands such as C=N and S moieties cause a shift
upon complexation, and Au-S, Au-N, and Au-Cl vibrations
indicate that a stable gold coordination complex has formed.
3.9.4. TD-DFT analysis. Although the simulated UV-vis
spectra for both compound 1(H,L) ligand and the Cu complex
display vastly different electronic transition activities consistent
with differences in their electronic nature and configuration.
Depicted in Fig. 11, H,L ligand has intensely * — 7* transitions
that dominate in its UV electronic spectra, especially between 250
and 400 nm, with additional contributions from n — 7* transi-
tions, and a weak charge transfer (CT) transitions. These transi-
tions involve excitation of an electronic transition in the 7
conjugated system and lone pair orbitals, which is similar to what
we would expect from organic chromophores. In contrast, the H,L/
Cu complex gives rise to a markedly broadened spectra allowing
long wavelengths to emerge in the visible region. In the UV region,
we still see T — 7* and n — ¥, but also see new lower excited

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

state by different types of transitions imparted by the metal center.
Metal d-d transitions (670 nm), metal to ligand charge transfer
(MLCT) transitions that define the near-visible region (450-500
nm), and ligand to metal charge transfer (LMCT) transitions (~330
nm) and combinations thereof. The existence of these charge-
transfer transitions results in a large red-shift against H,L and is
consistent with the intense coloration usually exhibited by Cu(u)
and Au(mr) metal ligand complexes. All in all, the labelled spectrum
illustrates how metal coordination changes the electronic struc-
ture and creates MLCT, LMCT, and d-d bands, allowing absorp-
tion to extend further into the visible region and increase optical
activity over the organic ligand alone. The TD-DFT study of the
H,L/Au complex reveals a succession of low-energy excited states
that impart the optical and electronic properties of the material.
The resulting UV-vis spectrum, based on superimposed Gaussian
broadening of discrete transitions from the excited-state table,
shows broad absorption bands from approximately 200 to 800 nm.
The excited-state table contains transitions that primarily occur in
three regions: weak, low energy bands stretching between 500 and
700 nm originating from the d-d transitions involving d-orbitals
on the Au center; medium intensity transitions from the 350 to
500 nm region primarily arising from metal-ligand charge transfer
(MLCT/LMCT) transitions; and strong, higher energy features
below 350 nm, belonging to m-m* excitations localized on the
ligand framework. Each transition is defined by its excitation
energy (eV), expectedly corresponding to its wavelength (nm) and
its oscillator strength (f), which expresses the relative probability of
the transition occurring. Based on the molecular orbital data, the
HOMO is around 5.0 €V and the LUMO is around —1.8 eV; thus,
the approximate size of the HOMO-LUMO energy gap is 3.2 eV,
which correlates nicely to the most intense absorption in the UV
region. The HOMO is metal-centered (Au d-character) and the
LUMO ligand-centered, further reinforcing the assignment of
MLCT transitions. The set of occupied orbitals is followed by deep
bonding states at —15 eV to the HOMO, while the virtual orbital set

RSC Adv, 2025, 15, 41447-41470 | 41459
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Table 7 Thermodynamics analysis of H,L ligand and metal chelates

Property H,L (kJ mol™") Cu complex (kJ mol ™) Au complex (k] mol ™)
E, + ZPE —1429759.5 —2139865.4 —2140504.7
E, + thermal energy —1429725.2 —2139430.8 —2139465.3
E, + enthalpy (H) ~1429722.6 —2139428.2 —2139462.8
E, + Gibbs free energy (G) —1429 865.2 —2139980.6 —2140 859.9

follows to +4-5 eV, indicating the presence of a dense manifold of
states that can be accessed upon excitation. In conclusion, the TD-
DFT results have shown that the Au complex has a complex pho-
tophysical character that contains primarily charge-transfer exci-
tations, with less contribution by ligand m-m* and metal d-
d transitions. These characteristics suggest that H,L/Au complex is
a viable candidate for optical and catalytic applications, where
visible-light absorption and frontier orbital alignment are critical
design considerations.**”

3.9.5. Thermodynamics investigation of H,L ligand and its
metal complexes. The thermodynamic study of the Schiff base
ligand (H,L) and its H,L/Cu(u) and H,L/Au(u) complexes give
information about their relative stabilities and bonding
features. The calculations were carried out with DFT/B3LYP/
LANL2DZ at 298.15 K and 1 atm, and the results are given in
the corrected Table 7 below.*>%

These revised quantities are well-suited to distinguish
between the two metal complexes, and they incorporate the
energetics in terms of actual energy differences. The H,L/Au(m)
complex having the more negative Gibbs free energy (AG = —2
140 859.9 kJ mol ') indicates that it is significantly more
exothermic, and energetically competent when compared to the
H,L/Cu(n) complex (AG =~ —2139980.6 k] mol™*). The magni-
tude of the gold complex was (= 880 kJ mol ") which relativistic
stabilization of the 6s orbital and the 5d orbitals in Au(i) leads
to enhanced Au-ligand covalency, resulting in stronger bonds.
(2) Back-bonding interactions from filled d-orbitals lead to
strong Au-S and Au-N bonds through overlap between metal d-

41460 | RSC Adv, 2025, 15, 41447-41470

orbitals and empty ligand w-antibonding orbitals. (3) As a result
of the relativistic effects, Au(m) has a greater charge that makes
Au(m) and its ligands more polarizable, allowing for improved
charge delocalization and thus energy dissipation upon
complexation and stabilization. Lastly, (4) there is an entropy
and vibrational contribution; the H,L/Au complex has larger
ZPE and thermal corrections which showcase stronger inter-
acting bonds and more substantial coupling. In context, while
the H,L/Cu(u) complex is more stable energetically, it has fewer
negative values and therefore a slightly higher Gibbs energy.
The less prominence of the energetic interactions based on less
d-m overlap and less relativistic contribution manifests in
a bond character more ionic in nature and energetically less
stable. H,L < [Cu(H,L)(H,0)] < [Au(H,L)(Cl,)], This observation
is in perfect accord with experimental observations: H,L/Au()
complex exhibits better XRD crystallinity, better SEM
morphology rigidity, and less charge transfer resistance in
electrochemical. These observations together suggest that H,L/
Au(m) complex is the most thermodynamically and kinetic
stability, hence the best option for catalytic, electrochemical
and sensory use. This observation is in perfect accord with
experimental observations: H,L/Au(u) complex exhibits better
XRD crystallinity, better SEM morphology rigidity, and less
charge transfer resistance in electrochemical. These observa-
tions together suggest that H,L/Au(m) complex is the most
thermodynamically and kinetically stable, hence the best option
for catalytic, electrochemical and sensory use.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12

with H,L, H,L/Cu and H,L/Au, performed in a standard redox solution of ferro/ferricyanide in 0.1 M KCl at a scan rate of 50 mV s

electrical circuit model used to fit the Nyquist plots from EIS data.

4. Applications of H,L ligand and its
metal complexes

4.1. Electrochemical properties

The electrochemical performance of bare (unmodified) screen-
printed electrode (SPE) and H,L, H,L/Cu, and H,L/Au modi-
fied SPEs was evaluated using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). Measurements
were conducted in a solution of 5 mM ferro/ferricyanide and
0.1 M KClI as the supporting electrolyte. Fig. 12A displays the
cyclic voltammograms of all screen-printed electrodes (SPEs).
The modified electrodes exhibited rapid and enhanced faradaic
currents. A progressive increase in faradaic current was
observed for H,L/Cu and H,L/Au modified SPE, attributed to
improved electrical conductivity imparted by metal (Cu or
Au).Specifically, the unmodified electrode exhibited the lowest
faradaic current (anodic peak current, I,, = 107.97 uA; cathodic
peak current, I, = —113 pA) at 0.251 Vand 0.053 V, respectively.
With H,L, the currents increased (I, = 203 pA; I = —256 pA) at
0.184 V and 0.076 V. The H,L/Cu -modified SPE showed further
enhancement (I, = 466 pA; I, = —472 pA) at 0.213 V and
0.109 V. The highest faradaic response was achieved for H,L/Au

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

(A) Cyclic voltammetry (CV) and (B) electrochemical impedance spectroscopy (EIS) measurements of unmodified SPE and modified SPEs

~1 (C) Equivalent

modified SPE (I,, = 1118 pA; I, = —1082 pA) at 0.374 V and
—0.039 V. Quantitative electrochemical parameters, including
Ina, Ine, Eox, Erea, Ei/a, Re, capacitance (C), and Warburg
impedance (W) for all compositions, are summarized in Table 8.
The Nyquist plots (Fig. 12B) show semicircles at high frequen-
cies representing charge transfer resistance (R.) at the elec-
trode-electrolyte interface. From the circuit which used for
fitting the impedance data included resistance of solution (Ry),
charge transfer resistance (R.), constant phase element (CPE)
and Warburg impedance (W) (see Fig. 12C), the measured R
value for unmodified electrode was (79 Q) then decreased for
the surface modification with H,L (42 Q), H,L/Cu (40 Q) and
H,L/Au (19 Q). This trend indicates enhanced electron transfer
kinetics. Overall, the H,L/Au -modified screen-printed electrode
demonstrated the best electrochemical performance, making
them promising candidates for advanced electrochemical
applications.

To further investigate the electrochemically active surface
area (ECSA)***”"* of screen-printed electrodes (SPEs) modified
with the synthesized H,L, H,L/Cu and H,L/Au nanomaterials,
as well as the unmodified SPE, voltammetric experiments were
carried out at varying scan rates in a ferri/ferrocyanide (FCN),
0.1 M KCl solution. As shown in Fig. 13(A)-(D), all electrodes

RSC Adv, 2025, 15, 41447-41470 | 41461
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Fig.13 (A-D) Cyclic voltammograms (CVs) of screen-printed electrodes (SPEs) modified with unmodified SPE H,L, H,L/Cu and H,L/Au recorded

at different scan rates.

Table 8 Summary of CV and EIS parameters obtained from experimental measurements (as shown in Fig. 12) for bare and modified SPE with the
synthesized H,L, H,L/Cu and H,L/Au nanomaterials®

CPE n
Ret - -
Electrode type Ta(A)  Teld)  Fod V) Fea V) Ein(V) R(Q) @ WF W@ o (Fgh
Bare (unmodiﬁed SPE) 107.97 —113 0.251 0.053 0.152 71.2 79.6 9.65 0.98 0.0057 774
H,L/SPE 203 —256 0.184 0.076 0.13 58.6 42.8 12.3 0.91 0.0054 386
H,L/Cu/SPE 466 —472 0.213 0.109 0.161 56.9 40.6 13.1 0.87 0.0048 250
H,L/Au/SPE 1118 —1082 0.374 —0.039 0.167 65.8 19.1 20.5 0.95 0.0031 189

¢ I,: anodic current, I: cathodic current, E,q: potential of oxidation, E..q: potential of reduction, Ry solution resistance, R.: charge transfer
resistance, CPE: constant phase element, W: Warburg resistance, C is specific capacitance of the electrodes at scan rate of 50 mV s
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Fig.14 (A-D) The graphs show the corresponding anodic (/,,) and cathodic (/,c) peak current plots versus the scan rate for unmodified SPE H,L,

H,L/Cu and H,L/Au modified SPE. (E) Specific capacitance values of the H,L, H,L/Cu and H,L/Au modified SPEs at various scan rates. (F) The

long-term cycling stability tests over 1000 cycles at scanrate 1V s~

exhibited a linear increase in redox peak current with increasing
scan rate. Notably, the electrode modified with H,L/Au

1

demonstrated the most pronounced linear redox response.

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

The apparent saturation in the CV curves at higher scan rates
may be attributed to diffusion limitations of the [Fe(CN)q]* /*~
redox couple at the modified H,L/Au/SPE surface. As the scan
rate increases, the time available for redox species to diffuse to

RSC Adv, 2025, 15, 41447-41470 | 41463
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the peroxide sensitivity.

the electrode surface decreases, which restricts the current
response and leads to a saturation-like appearance. While
capacitive contributions may play a secondary role due to the
surface characteristics of the H,L-modified electrode.

The electrochemically active surface area was estimated
using the Randles-Sev¢ik equation:”

I, =2.69 x 10° x i’ x 4 x D'? x Cu'? (10)
where I, is the peak current (A), n is the number of electrons
transferred, D is the diffusion coefficient (cm® s™'), A is the
electrochemically active surface area (cm?), C is the concentra-
tion of FCN (mol L"), and v is the scan rate (V s~ ). The anodic
(Ipa) and cathodic (I,c) peak currents were plotted against the
scan rate, as shown in Fig. 14(A)-(D). A strong linear relation-
ship was observed, with a correlation coefficient of 0.991. Using
this data, the effective ECSA was calculated for the unmodified
SPE and each modified variant. The unmodified SPE showed an
active surface area of 0.19 cm?, while the modified SPE with
H,L, H,L/Cu and H,L/Au exhibited a significantly larger surface
area of 0.94, 1.06, 1.585 cm’ respectively representing
enhancement in the electrochemical active surface area. This
substantial increase confirms the superior electrochemical
performance of the H,L/Au/modified electrode. Furthermore,
the specific capacitance (C) was calculated using the following
equation:

JIdV

C:2><V><m><AV

(11)

where C (F g ') is the specific capacitance, [I dV is the inte-
grated area under the voltammetric curve, AV (V) is the potential
window, m (g) is the mass of the active material, and v (V s™') is
the scan rate.All materials demonstrated excellent electro-
chemical stability across the range of applied scan rates, with no
observable degradation or damage to the electrode structure.
Significant improvements in electrochemical performance were
observed upon modifying the electrode surface with H,L, H,L/
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Scheme 3 A schematic diagram illustrate the mechanism of the H,L/
Cu and H,L/Au modified electrodes for electrochemical detection of

Cu and H,L/Au nanocomposites containing compared to the
unmodified electrode. Among these, the H,L/Au modified SPE
exhibited the highest specific capacitance at all tested scan rates
(see Fig. 14E and Table 8). At a scan rate of 50 mV s ', the
specific capacitance for the H,L/Au -modified electrode reached
774 F g '—substantially higher than that of the unmodified
(189 F g™ '), H,L (250 F g ') and H,L/Cu (774 F g~ *).To evaluate
the long-term electrochemical stability of the synthesized elec-
trode material, cyclic voltammetry (CV) measurements were
performed over 1000 continuous cycles at a scan rate of 1.0 Vs~
in 5 mM [Fe(CN)e]>"/*7/0.1 M KCI electrolyte. The CV curves
were recorded within the potential window of —0.8 to 1.0 V (vs.
Ag/AgCl). As shown in Fig. 14F, the shape of the CV curves
remained largely unchanged throughout the cycling process,
indicating high structural and electrochemical stability.
Furthermore, the integrated area under the CV curves was used
to assess the capacitive retention. After 1000 cycles, the elec-
trode retained approximately [96.8%] of its initial capacitance,
demonstrating excellent long-term cycling performance. This
result confirms the robust nature of the electrode material and
its potential applicability in supercapacitor devices.

4.2. Peroxide detection

One of the key advantages of using metal-ligand complex* as
electrode surface modifiers is their ability to provide strong
electrocatalytic activity, facilitating rapid oxidation and efficient
electron transfer in non-enzymatic peroxide sensors.*»”>7°
Consequently, all synthesized materials (H,L/Cu and H,L/Au)
nanocomposites were evaluated for their direct electron trans-
fer capabilities following peroxide oxidation.

4.2.1. Effect of pH. The pH of the supporting electrolyte
significantly influences electrochemical performance.”® The
impact of pH variation on the amperometric response during
peroxide oxidation was systematically evaluated. As shown in
(Fig. 15), the response of the H,L/Cu and H,L/Au modified
electrode to peroxide oxidation was examined across a range of
pH levels. The electrical signal increased as the pH rose from 5.0
to 7.0, but declined at pH values of 8.0 and 9.0. Therefore,
phosphate-buffered (PBS) at pH 7.0 was selected for all
electrochemical measurements to provide a stable, physiologi-
cally relevant environment where the sensor exhibited optimal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (A) The cyclic voltammetry (CV) curves and its (B) linearity calibration curve. (C) The linear sweep voltammetry and (D) the linearity
calibration curve. (E) The chronoamperometric and (F) The linearity calibration curve. Using unmodified, H,L/Cu and H,L/Au modified SPEs and
solution containing PBS buffer and different concentration of H,O5.

stability and sensitivity. At higher pH values, decreased peak H,O, stability, and possible changes in surface interactions,

currents were observed due to reduced proton availability resulting in diminished electrocatalytic activity.

impacting proton-coupled electron transfer reactions, altered Based on these results, a PBS buffer with a pH of 7.0 was
selected for all subsequent experiments.
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4.2.2. Electrochemical detection for peroxide. Cyclic vol-
tammetry (CV), square wave voltammetry (SWV), and chro-
noamperometry were performed using screen-printed
electrodes (SPEs) modified with H,L/Au, following the stepwise
addition of H,0,. The resulting current responses (Fig. 16)
demonstrated rapid and efficient electron transfer at the H,L/
Au-modified electrode surface. CV measurements revealed
a high and fast response (Fig. 16A and B), with a wide linear
detection range from 0.001 to 0.8 mM and a low detection limit
(LOD) of 0.0005 mM (S/N = 5). Additionally, SWV exhibited
a linear range from 0.05 uM to 1000 pM and an LOD of 0.003 pM
(Fig. 16C and D).

Chronoamperometric detection of hydrogen peroxide (see
Fig. 16E) using H,L/Au-modified screen-printed electrode (SPE)
was carried out by introducing a known amount of peroxide at
a fixed time interval (50 seconds). The relationship between
peroxide concentration and current response (Fig. 16F)
demonstrated a rapid and strong signal for all modified SPEs,
confirming efficient electron transfer with high sensitivity of
0.575 pA/uM featuring a wide linear detection range from 0.05
to 1725 pM and a low detection limit of 0.025 pM (S/N = 5).
Compared to values reported in the literature,>**>"”” this
performance indicates that such modified materials are highly
effective for use in enzymatic-based biosensor applications.

The superior performance of the H,L/Au-modified screen-
printed electrode (SPE) in hydrogen peroxide sensing can be
attributed to higher electrical conductivity of Au(ur) which
facilitate rapid electron transfer at the electrode-analyte inter-
face, stable and rigid molecular configuration of Au(u) complex
which enhances the stability and reproducibility of the sensing
surface. The increase in the effective electroactive surface area
of the H,L/Au-modified electrode which promote faster redox
reactions with H,O,. The lower charge transfer resistance (R
of H,L/Au-modified electrode compared to H,L/Cu and the bare
SPE, indicating improved charge transfer properties and
enhanced the sensing performance.

4.2.3. The proposed electrochemical detection mechanism
for H,0,. The electrochemical detection of H,0, by the H,L/Cu
and H,L/Au modified electrodes is believed to follow a redox-
mediated electrocatalytic mechanism. The metal centers (Cu>*
and Au®") facilitate electron transfer through reversible redox
cycling (e.g., Cu®*/Cu” or Au®*/Au™"), which in turn promotes the
catalytic reduction of hydrogen peroxide. The Schiff base ligand
framework enhances the electron transfer efficiency via -
conjugation and metal coordination, providing a stable and
conductive environment for catalytic activity. The overall
mechanism leads to an amplified current response, consistent
with the observed high sensitivity of the modified electrodes
toward H,O, detection.

The Schiff base ligand coordinates to the metal centers
(Cu(n) and Au(m)) via nitrogen and oxygen donor atoms, form-
ing stable complexes. These metal centers serve as active sites
for H,0, adsorption and catalysis, facilitating effective inter-
action between the analyte and the sensor surface. Upon expo-
sure to H,0,, the metal center undergoes redox cycling Cu(u) is
reduced to Cu(i) and Au(m) is reduced to Au(i) through electron
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Table 9 Determination of peroxide in real samples

H,O0, concentration H,0, concentration

Sample added found (uM) Recovery %
Water 400 uM 397 £ 5.0 100.7
800 uM 798 + 4.0 100.2
Milk 200 uM 200.2 £ 3.1 99.9
400 pM 400.6 £+ 2.1 99.8
Cheese 400 uM 398 £ 2.3 100.5
800 M 798 £+ 3.6 100.2
Salami 300 uM 295 £ 5.6 101.6
400 pM 398 + 2.5 100.5
Orange juice 500 pM 4.0 £ 496 125.0
600 uM 599 + 2.0 100.1

transfer facilitated by the applied potential. This redox activity
promotes the catalytic decomposition or reduction of H,O,,
generating a measurable current proportional to its concen-
tration. The selective binding and catalytic activity arise from
the specific coordination environment of the metal centers,
which favor H,0O, interaction over other potential interfering
species. The molecular structure of the Schiff base also provides
steric and electronic environments that enhance selective
electron transfer kinetics (Scheme 3).

4.3. Application of peroxide detection in real samples

For practical applications, the amount of peroxide in water,
milk, cheese, salami and juice was measured by the chro-
noamperometric (CA) technique and the modified electrode. A
standard addition method was applied for peroxide detection in
the real samples. The H,0, concentration “Found” values
represent the experimentally determined concentrations of
hydrogen peroxide obtained using the developed sensor during
recovery experiments. They were calculated based on the
sensor's calibration curve by correlating the measured current
response to the corresponding H,0, concentration. The peak
current measurements performed by the CA technique were
compared with the calibration linear plot (presented in Fig. 16)
to accurately determine the concentration of peroxide. The good
recovery of the samples, as presented in Table 9, confirmed the
successful applicability of the H,L/Au modified SPE for peroxide
detection in food samples.”

5. Conculsion

In this study, a novel Schiff base ligand, (E)-2-((1H-pyrrol-2-yl)
methyleneamino) benzenethiol (H,L), and it's Cu(u) and Au(i)
complexes were synthesized and fully characterized via
elemental analysis, FT-IR, NMR, UV-vis spectroscopy, XRD,
SEM, TGA/DTA and conductance measurements. The electronic
structures, reactivity parameters and charge distribution of
complexes were elucidated using computational studies (DFT/
TD-DFT) which showed the high electrophillicity and strong
charge-transfer character in the Au(m) complex compared to
Cu(u) complex. Electrochemical studies of H,L/Cu(u) or Au(u)
complexes showing increase in the current, decreased charge
transfer resistance and lower scatter with no effect on specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacitance. H,L/Au exhibited the most favorable reaction
kinetics and charge transfer properties for supercapacitor
applications. Further, electrode modification with H,L/Au
electrochemically resulted in excellent electrocatalytic activity
with regard to hydrogen peroxide detection, indicating wide
linear ranges, excellent stability, and low detection limits. The
detection of hydrogen peroxide via modification of the electrode
using H,L/Au has been demonstrated practically with real
samples, including water, milk, cheese, salami, and juice to
show H,L/Au was a successful non-enzymatic H,O, sensor.
Therefore, the combined use of Schiff base chemistry and
coordination with Cu(u) and Au(m) led to multifunctional
nanocomposites with structural stability and improved
electrochemical performance. The results support the potential
application of such complexes in next-generation energy storage
applications and ultra-sensitive electrochemical sensors.
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