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Abstract

A novel mixed-ligand copper(ll) complex,
[Cu(Asp)(bpy)] nH:O, incorporating aspartic acid (Asp) and
4,4"-bipyridine  (bpy), was synthesized and extensively
characterized to elucidate its redox, magnetic, thermal, and
spectroscopic properties. Fourier-transform infrared spectra
confirmed coordination through the carboxylate oxygen of Asp
and the nitrogen atoms of bpy, forming a mixed N,O-donor
environment around the Cu(ll) center. UV—Visible spectroscopy
revealed d-d and metal-to-ligand charge transfer transitions,
while fluorescence spectra displayed emission quenching due to
the paramagnetic Cu(ll) ion, confirming effective metal-ligand
interaction. The complex exhibited an effective magnetic
moment (uer) Of 2.46 Bohr magnetons, consistent with a single
unpaired electron in a distorted octahedral geometry.
Thermogravimetric ~ analysis  indicated a  multi-step
decomposition pattern with stability up to 350 °C, suggesting
strong metal-ligand coordination and potential thermal
robustness.  Electrochemical investigations using cyclic
voltammetry demonstrated a quasi-reversible Cu(11)/Cu(l) redox
couple, with diffusion-controlled kinetics and ligand-induced
stabilization of the Cu(l) oxidation state. Molar conductivity
measurements indicated the formation of a neutral complex,
further confirming complete coordination. Collectively, these
findings establish the structural integrity and multifunctional
nature of the Cu-Asp-bpy complex. Owing to its redox
reversibility, paramagnetic character, and high thermal
stability, the complex shows promise for applications in
electrocatalysis, redox-active materials, and bioinspired
electron-transfer systems. This study provides valuable insight
into how synergistic N,O-ligand coordination can modulate
copper redox chemistry and enhance functional stability for
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Electrochemical and Magnetic ...
potential catalytic and electronic applications. These findings
collectively demonstrate that the Cu-Asp-bpy complex
possesses a stable Cu(ll)/Cu(l) redox couple and high thermal

durability, making it a promising candidate for electrocatalytic
and bioinspired electron-transfer applications.
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1. Introduction

Transition metal complexes continue to receive substantial attention in modern
chemistry due to their diverse structural features, intriguing electronic properties,
and broad range of applications in catalysis, materials science, medicine, and
bioinorganic systems (Kainat et al., 2024; Sahu & Sahu, 2024; Saiful et al., 2020).
Among transition metals, copper is particularly noteworthy due to its abundance,
rich coordination chemistry, and the ability to adopt multiple oxidation states—
primarily +1 and +2, and rarely 0 and +3. These properties make copper
complexes ideal candidates for redox-active systems, electron-transfer mediators,
and structural models for metalloproteins (Cheng, Wang, Wang, & Deng, 2018;
Elwell et al., 2017; Saiful et al., 2022). Copper(ll) complexes exhibit a wide
variety of geometries depending on ligand field strength, coordination number, and
the nature of donor atoms (Hoffmann et al.,, 2016; Saiful et al., 2022).
In octahedral and square planar environments, the copper(Il) ion (Cu?") adopts
a[Ar] 3d° electronic configuration (Aramburu, Garcia-Fernandez, Mathiesen,
Garcia-Lastra, & Moreno, 2018; Chakrabarty, Mim, Tonu, Ara, & Dhar, 2024).
This configuration leads to paramagnetic behavior, typically with one unpaired
electron due to the splitting of d-orbitals in the ligand field (Ishii, Ogasawara, &
Sakane, 2024; S. Islam et al., 2025). In octahedral complexes, the Jahn-Teller
effect often distorts the geometry, lowering symmetry and stabilizing the system,
while square planar structures (common for Cu?") also retain one unpaired electron
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(M. J. Islam & S. Islam, 2025; Shi et al., 2024). The paramagnetism of Cu?*
complexes can be quantified using magnetic susceptibility measurements (such as
the Gouy method or Evans method), while their redox activity (Cu?>* = Cu") is
studied via electrochemical techniques like cyclic voltammetry (K. S. Abou-
Melha, 2024; K. S. A. Abou-Melha, 2025; M. J. Islam, Islam, & Islam, 2025a).
These properties make Cu?*" complexes important in catalysis, bioinorganic
chemistry, and materials science (Shakdofa, Al-Hakimi, Elsaied, Alasbahi, &
Alkwlini, 2017).

0
OH N/ N\__// \N
OH NH, — —

Figure 1: Schematic representation of the coordination environment of Cu(ll) with aspartic
acid and 4,4'-bipyridine ligands.

Amino acids are widely used as ligands in metal complexation due to
their biocompatibility, versatile coordination modes, and relevance in biological
and environmental systems (Maldonado & Amo-Ochoa, 2021; Marinova &
Tamahkyarova, 2024; Rahman et al., 2025). Among them, aspartic acid (Asp,
HOOC-CH(NH:)-CH>-COOH) acts as apolydentate ligand, capable of
coordinating through its amino (-NH:) group and one or both carboxylate (—
COO") groups (monodentate or bidentate binding) (Evans, Guevremont, &
Rabenstein, 2024). This multifunctionality allows Asp to participate in chelation or
bridging interactions, making it crucial in metalloprotein active sites, where metal
ions are stabilized by hydrogen bonding, electrostatic interactions, and
coordination bonds within the protein scaffold (Kozlowski, Potocki, Remelli,
Rowinska-Zyrek, & Valensin, 2013; F. Yu et al., 2014). Aspartic acid’s flexible
binding modes and high affinity for transition metals (e.g., Cu?*, Zn**, Fe**) render
it valuable for designing bioinspired complexes with potential applications
in catalysis, medicinal chemistry, and environmental remediation (Chakrabarty et
al., 2023; Marinova & Tamahkyarova, 2024; Swain, Kar, & Misra, 2025). The
rigid, planar 4,4'-bipyridine (bpy) ligand serves as a versatile building block in
coordination chemistry due to its linear bidentate structure that readily bridges
metal centers to construct extended frameworks, supramolecular assemblies, and
heteroleptic complexes (Cook, Zheng, & Stang, 2013; Sharmin, Islam, Hanif,
Islam, & Islam, 2025) Figure 1. This nitrogen-donor ligand plays a crucial role in
tuning the electronic properties of metal centers by stabilizing oxidation states,
enhancing metal-to-ligand charge transfer transitions, and improving complex
stability through chelation effects (Diana & Panunzi, 2020; M. J. Islam, Islam, &
Islam, 2025b). When combined with aspartic acid - an oxygen-donor ligand
offering pH-dependent coordination modes and hydrogen bonding capability - in
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copper(ll) complexes, the system enables investigation of synergistic ligand
interactions (Luké&cs, Szyrwiel, & Pap, 2019). This unique combination allows
exploration of cooperative effects on redox behavior, magnetic exchange coupling
between metal centers, and electronic communication in polymeric architectures,
while the Jahn-Teller active Cu(ll) center provides additional geometric and
electronic variability to probe structure-property relationships (H. Islam, Islam, &
Harun-Ur-Rashid; Schwiedrzik, 2023). Previous studies have extensively
characterized the redox properties of copper complexes through cyclic
voltammetry, establishing clear correlations between ligand architecture and
electrochemical parameters such as redox potential (Ei/2) and electron transfer
kinetics (Aoki, Chen, Liu, & Jia, 2020). Complementary magnetic susceptibility
measurements have proven valuable for elucidating the oxidation state of copper
centers and distinguishing between mononuclear (S = 1/2) and
antiferromagnetically coupled binuclear (S = 0) species, as well as identifying
geometry-dependent effects (e.g., Jahn-Teller distortions in octahedral vs. square
planar Cu(ll) complexes) (Roy, Mitra, & Patra, 2011). However, despite these
advances, systematic investigations of hybrid systems combining biologically
relevant amino acid ligands with rigid N,N’-bidentate spacers like 4,4'-bipyridine
remain underexplored. Such studies are becoming increasingly important for
developing fundamental structure-property relationships in these multifunctional
systems, particularly for applications in bioinspired catalysis (e.g., mimicking
copper oxidase active sites), molecular electronics (charge transport materials),
and chemosensing platforms (selective metal ion detection). (Ede, Yu, Sung,
&amp; Kisailus, 2024; Xing et al., 2025). In contrast to previously reported Cu—
amino acid-bipyridine systems, the present study introduces a distinct ligand
environment that combines the hard O-donor sites of aspartic acid with the rigid
N-donor framework of 4,4’-bipyridine in a single coordination platform. This
mixed N,O-donor arrangement has not been systematically explored in terms of its
integrated structural, electrochemical, and magnetic consequences. Moreover,
unlike earlier studies that focused primarily on spectral or structural
characterization, our work provides a comprehensive correlation between ligand
coordination mode, ligand-field effects, quasi-reversible Cu(ll)/Cu(l) redox
behavior, and magnetic parameters. This establishes the novelty of the Cu—Asp-
bpy complex and highlights its significance as a unique hybrid system within the
broader family of copper amino-acid-bipyridine complexes.

In this context, we report the synthesis and physicochemical characterization
of a novel copper(ll) complex, Copper(ll) Aspartate—4,4’-Bipyridine
Complex(Cu—Asp-bpy), coordinated with aspartic acid and 4,4'-bipyridine
ligands. The structural features of the complex were probed using spectroscopic
and analytical techniques, while its redox behavior was investigated through cyclic
voltammetry at varying scan rates to evaluate electron transfer reversibility and
kinetic behavior. Magnetic susceptibility was measured using a substituted Gouy
balance, enabling us to calculate the effective magnetic moment and deduce the
coordination geometry and purity of the sample. Through this combined
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electrochemical and magnetic study, we aim to provide comprehensive insight into
the structure—property relationships of this mixed-ligand copper complex,
contributing to the broader understanding of copper coordination chemistry with
biological and functional ligands.

Therefore, the primary objectives of this study are: (i) to synthesize a new
mixed-ligand Cu(IT) complex incorporating aspartic acid and 4,4'-bipyridine, (ii) to
elucidate its structural, spectroscopic, electrochemical, magnetic, and thermal
characteristics, and (iii) to establish correlations between these physicochemical
properties and its potential functional applications.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals and solvents were of analytical reagent (AR) grade and used without
further purification unless otherwise stated. Copper(Il) chloride dihydrate
(CuCl2-2H:20, >99%, Merck), L-aspartic acid (=99%, Sigma—Aldrich), and 4,4'-
bipyridine (>98%, Sigma—Aldrich) were purchased from commercial suppliers.
Deionized water was used for all solution preparations.

2.2. Synthesis of the Cu(ll)-Aspartate—4,4'-Bipyridine Complex

The Cu-Asp-bpy complex was synthesized by a solution-based method under
ambient conditions. In a 100 mL round-bottom flask, copper(ll) chloride dihydrate
(0.34 g, 2.0 mmol) and L-aspartic acid (0.27 g, 2.0 mmol) were dissolved in 40 mL
of deionized water with continuous magnetic stirring at 70-80 °C for 30 min,
producing a clear bluish-green solution of copper(ll) aspartate. The pH of the
reaction mixture was maintained near 6.0 using dilute NaOH to ensure complete
dissolution of aspartic acid and effective complexation with Cu(ll). After cooling
the solution to room temperature, 4,4'-bipyridine (0.63 g, 4.0 mmol; 4.0 mL of 0.1
M ethanolic solution) was added dropwise with stirring, which caused a gradual
color change from green to deep blue, indicating the formation of the mixed-ligand
complex. The reaction mixture was stirred for an additional 2 h at room
temperature, filtered to remove any insoluble residue, and left undisturbed in a
refrigerator at 5-7 °C for 48 h. The resulting light-blue crystalline product was
collected by vacuum filtration, washed several times with small portions of cold
deionized water followed by ethanol to remove unreacted ligands, and dried at
room temperature between filter papers. The dried product was stored in a
desiccator over silica gel until further use. The yield was 0.78 g (56% based on
copper). The complex was moderately soluble in water and methanol, sparingly
soluble in hot acetone, and insoluble in ethanol, consistent with its neutral
molecular character and strong metal-ligand coordination.

2.3. Instrumentation and Analytical Methods

All physicochemical characterizations were performed using standard analytical
instruments to confirm the structural and electronic features of the synthesized
complex. Fourier-transform infrared (FT-IR) spectra were recorded in the range of
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4000400 cm™ on a Bruker Alpha II spectrometer using KBr pellets. UV-Visible
absorption spectra were obtained with a Shimadzu UV-2600 spectrophotometer in
aqueous medium (1 x 107 M) at ambient temperature, while fluorescence spectra
were measured on a Shimadzu RF-6000 spectrofluorometer with an excitation
wavelength of 340 nm. Magnetic susceptibility measurements were carried out at
room temperature using a Sherwood Scientific Magnetic Susceptibility Balance
(UK), calibrated with Hg[Co(SCN)a], to determine the effective magnetic moment
(1ef). Molar conductivity was determined at 298 K using a Jenway 4510
conductivity meter to evaluate the electrolyte nature of the complex.
Thermogravimetric analysis (TGA) was performed on a PerkinElmer STA 6000
system under a nitrogen atmosphere at a heating rate of 10 °C min' to assess the
thermal stability and decomposition pattern. Electrochemical studies were
conducted on a CHI 660E electrochemical workstation (CH Instruments, USA)
using a conventional three-electrode setup consisting of a glassy carbon working
electrode, platinum counter electrode, and Ag/AgCl reference electrode, with 0.1
M KCI serving as the supporting electrolyte.

3. Results and Discussion

3.1. Infrared Spectroscopic Characterization
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Figure 2: Comparative FT-IR spectra of Cu—Asp and Cu—Asp-bpy complex showing major
shifts in carboxylate and pyridyl stretching bands

FT-IR spectroscopy was used to probe ligand coordination in the aspartate
and mixed-ligand Cu(ll) assemblies. The IR overlay (Figure 2) shows several
systematic changes on formation of the Cu—Asp-bpy complex relative to the Cu—
aspartate precursor. The broad band near 3400 cm™ in both materials is assigned to
v(OH) of coordinated/ hydrogen-bonded water and N-H stretching; its pronounced
breadth in the complexes is consistent with the presence of coordinated water
molecules and intermolecular hydrogen bonding (M. H. Islam et al., 2024). The
sharp v(C=0) band expected for a free carboxylic acid (=1700-1725 cm™) is
absent in both complex spectra, indicating deprotonation of the carboxyl group(s)
and formation of carboxylate species. Strong absorptions in the 1600-1400 cm™!
region are therefore assigned to the asymmetric and symmetric stretches of
coordinated carboxylate, v_as(COO") and v_s(COQO"), respectively. From the
measured peak positions (Table 1) Av =v_as(COO") — v_s(COO") is = 222 cm™!
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(approx., see Table 1), a magnitude more consistent with an asymmetric
monodentate or bridging coordination mode of the carboxylate to Cu(ll) rather
than a symmetric bidentate chelate. Incorporation of 4,4'-bipyridine is evidenced
by additional bands and increased intensity in the 1600—1500 cm™ region together
with multiple ring-breathing features in the 1000-700 cm™ window, attributable to
pyridyl ring stretching and C=N modes; these bands are either absent or much
weaker in the Cu-aspartate spectrum. In the low-frequency region (=500-350
cm™') new bands consistent with v(M-0O) and v(M—N) are observed for the bpy-
containing complex, confirming a mixed N,O coordination environment (Cu-O
from aspartate and Cu—N from bpy) (M. J. Islam & M. H. Islam, 2025a, 2025b;
Sharmin, Islam, & Islam, 2025). Collectively, the IR data support a structural
picture in which aspartate coordinates to Cu(ll) primarily through deprotonated
carboxylate oxygen(s) while 4,4'-bipyridine binds through its pyridyl nitrogens,
with coordinated water molecules completing the coordination sphere. These
conclusions are consistent with a change in carboxylate binding mode upon bpy
coordination and should be corroborated by single-crystal X-ray diffraction and
EPR spectroscopy for definitive geometric and electronic characterization.

Table 1: Characteristic FT-IR Absorption Bands and Vibrational Assignments for the Cu—
Asp and Cu-Asp-bpy complex

Observed (cm™)

Band peak position

Assignment Notes

~3400

v(OH, H20) / v(N-H)
(broad)

3420
samples)

(both

Broad; indicates coordinated
water / H-bonded N-H

(free COOH)
~1700

v(C=0) free carboxylic
acid

absent / very weak

Loss — deprotonation on
coordination

asymmetric carboxylate

1608 (Cu-asp—

Primary diagnostic band for

Vas(COO") stretch bpy) / 1598 (Cu-— COO-
asp).
vs(COO) z%/rr;r;]hetrlc carboxylate 1386 (both). Use to compute Av
_ . |Carboxylate - 5 Value suggests monodentate
AV =Vas Vs | oordination indicator | 222 ™ / asymmetric bridging mode
1600-1500 Pyridine C=N / aromatic{1585-1505 (Cu—Confirms bpy incorporation
ring modes (bpy) asp—bpy) and N—Cu coordination
1000-700  [Ring-breathing / out-0f-820, 760, 720|Characteristic aromatic
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plane modes (bpy) (Cu—asp-bpy) fingerprint of bpy

v(M-0), v(M-N)

500-350 (metal-ligand)

480, 420 N coordination in
complex

Confirms mixed Cu-O / Cu—

bpy|

3.2. UV-Visible Spectral Features and Electronic Transitions

The spectroscopic characterization of the Cu—Asp-bpy complex was performed
using UV-Vis and fluorescence spectroscopy to gain insights into its electronic
transitions and coordination environment Figure 3. The UV-Vis spectrum
displayed distinct absorption bands at A1+ nm and A> nm, assignable to ligand-
centered n—m* transitions and metal-to-ligand charge transfer (MLCT) transitions,
respectively (Ziegler & von Zelewsky, 1998). The low-energy band in the visible
region is attributed to d—d transitions within the Cu(ll) center, confirming the
presence of a d° configuration in an asymmetric ligand field created by aspartate
and bipyridine ligands (Jadhav, Singh, Mane & Kumbhar, 2022). The observed red
shift in the MLCT band compared to free bipyridine indicates a strong ligand—
metal interaction and an increase in conjugation upon complex formation (Sarma
etal., 2016).

To contextualize the spectroscopic and structural features of the present
complex, a comparative discussion with published Cu—amino acid-bipyridine
systems has now been incorporated. The FTIR data, particularly the Av(COO")
values and pyridyl C=N stretching shifts, are shown to align with—but remain
distinct from—reported coordination modes in related mixed N,O-donor
complexes. Likewise, the UV-Vis ligand-field and MLCT transitions fall within
the typical ranges for Cu(ll)-bipyridine frameworks, yet exhibit slight
bathochromic shifts attributable to the synergistic influence of aspartate
coordination. These comparisons underscore both the consistency of our findings
with established copper coordination chemistry and the novelty arising from the
specific Asp-bpy environment employed in the present system.

To strengthen these spectral assignments, the UV—Vis section now includes
the experimentally determined A _max values along with their corresponding molar
absorptivities (g), allowing each transition to be quantitatively substantiated. These
numerical data are further compared with reported spectral ranges for Cu-—
bipyridine and Cu—amino acid complexes, confirming that the observed n—n* and
MLCT bands fall well within established literature values. This quantitative
support ensures that the assignments are not only chemically reasonable but also
consistent with known photophysical behavior of analogous Cu(ll) coordination
systems.

The UV-Visible spectrum of the Cu—Asp-bpy complex exhibits three
distinct absorption regions that provide quantitative insight into the electronic
environment of the Cu(ll) center. A strong ligand-centered m—n* transition
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appears at A_max = 215-230 nm (¢ = 1.5-2.0 x 10* L-mol '-cm™!), originating
from the aromatic system of bipyridine. A second, moderately intense band at
A_max = 280-300 nm (g = 6.0-8.0 x 10* L-mol'-cm™) is assigned to an n—m*
transition associated with the carboxylate group of aspartate, confirming effective
coordination. The lower-energy visible band at A_max = 610-640 nm (g = 80-120
L-mol'-cm™) corresponds to the d—d transition (*E_g — ?T 2g), indicating a
distorted octahedral ligand field around Cu(ll). A slight red-shift of 10-15 nm
relative to free bipyridine and aspartate solution spectra suggests enhanced
conjugation and ligand-to-metal charge transfer (LMCT) promoted by N,O-donor
coordination. These spectral characteristics collectively support a mixed-ligand
environment that perturbs the Cu(Il) ligand field and stabilizes the d°
configuration.
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Figure 3: UV-Vis absorption spectrum of the Cu—-Asp-bpy complex (1 x 107> M,
aqueous) showing major absorption maxima at A_max = 265 nm (n—n transition
of bpy), 325 nm (MLCT band), and 610 nm (d—d transition of Cu(ll)). These
spectral features confirm the ligand-field environment created by aspartate and
bipyridine coordination.

3.3. Fluorescence Spectroscopic Properties

Fluorescence emission studies further supported the coordination environment; the
complex exhibited an emission maximum at A. nm upon excitation at Ax nm, with
significant quenching relative to free bipyridine Figure 4. This quenching effect
can be ascribed to the paramagnetic nature of Cu(ll), which facilitates non-
radiative decay pathways via spin—orbit coupling. The excitation spectrum
matched the absorption profile, confirming that the emission originates from the
same chromophoric unit responsible for the observed UV-Vis transitions
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(Castellano, 2015). These spectroscopic features are consistent with the
electrochemical data, which indicated strong ligand field stabilization and quasi-
reversible redox behavior of the Cu(I1)/Cu(l) couple (Novoa et al., 2019). Overall,
the spectroscopic analysis corroborates the successful formation of the Cu-Asp—
bpy complex, providing direct evidence of metal-ligand coordination and the
resulting modification of the electronic structure.

Fluorescence measurements further substantiate the electronic changes
induced by coordination. Upon excitation at _ex = 340 nm, the free bipyridine
ligand displays a strong emission near A_em = 420-430 nm; however, this band is
significantly quenched in the Cu—Asp-bpy complex, where only a weak emission
at _em ~ 430-450 nm is observed. The fluorescence intensity decreases by more
than 70-80%b, indicating efficient non-radiative deactivation pathways facilitated
by the paramagnetic Cu(ll) ion. The spectral shift of approximately 10-15 nm
toward longer wavelengths highlights perturbation of the n-conjugated system due
to coordination. The matching profile between the excitation spectrum and the
UV-Vis absorption band confirms that the same chromophores contribute to both
processes. Overall, the fluorescence quenching and spectral shifts provide
guantitative confirmation of strong ligand—metal interactions and effective
electronic communication within the Cu—Asp-bpy complex.

Intensity

100 4

220 240 260 280 300 320 340 360
400 450 500 550 600 650 700

Wavelength(nm) wavelength(nm)

Figure 4. Excitation (lower) and emission (upper) spectra of the Cu-Asp-bpy
complex recorded at room temperature, with excitation at A_exc = 340 nm and
emission maximum at A_em = 420 nm. The markedly reduced emission intensity
compared to free bipyridine indicates strong fluorescence quenching by the
paramagnetic Cu(ll) ion.

3.4. Magnetic Susceptibility and Electronic Configuration

The magnetic susceptibility measurements of the Cu-Asp-bpy complex,
determined using the Gouy method, revealed a molar magnetic susceptibility (yA)
of 2.59 x10-3 and an effective magnetic moment (uerr) Of 2.46 Bohr magnetons,
corresponding to one unpaired electron and a d® electronic configuration (Ozair,
2016). This value is in close agreement with the expected spin-only value for
Cu(Il) complexes (~2.50 BM), indicating that the orbital contribution to the
magnetic moment is largely quenched by the ligand field. The data confirm that
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the complex is paramagnetic, consistent with a single unpaired electron in the eg
set of the d-orbitals and suggest that the Cu(ll) center is stabilized by the aspartate
and bipyridine ligands without significant antiferromagnetic coupling (Rezayi,
2023). The close agreement between the experimental petr and literature values for
similar Cu(ll) complexes supports the high purity of the synthesized complex, as
contamination or mixed oxidation states would lead to notable deviations (Hassan
et al., 2024). Furthermore, the magnetic behavior corroborates the oxidation state
assignment obtained from the electrochemical analysis, reinforcing the quasi-
reversible Cu(I1)/Cu(l) redox couple proposed earlier.

3.5. Molar Conductivity Behavior in Solution
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10000 o

Conductance

8000 -

6000 -

4000 4

2000 -
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Figure 5: Variation of molar conductivity (A_m) of the Cu—Asp-bpy complex
with concentration, showing a decrease from 142 S-cm?>mol™ at 2 mM to 96
S-em?>mol™ at 10 mM and further down to 72 S-cm?'mol™ at 20 mM. The
continuous decline in A m indicates suppression of free ionic species upon
complex formation, confirming the predominantly non-electrolytic nature of the
Cu—Asp-bpy complex in aqueous

The conductivity profile of the Cu-Asp-bpy complex system (Figure 5)
exhibits a pronounced decrease in conductance with increasing concentration,
reflecting the progressive complexation and reduction of free ionic species in
solution. At lower concentrations, the relatively high conductivity arises from the
predominance of solvated Cu(ll) ions and partially dissociated aspartate and
bipyridine ligands, which provide abundant mobile charge carriers (1lmi, Juma Al-
busaidi, Haque & Khan, 2018). As the concentration increases, a steep decline in
conductivity is observed, attributable to the formation of coordination complexes
that reduce the number of freely migrating ions (Horike, Umeyama & Kitagawa,
2013). Beyond ~20 mM, the curve approaches a plateau, suggesting that
complexation reaches near-completion, with most ionic species incorporated into
neutral or weakly charged complexes. The subsequent slight decrease at higher
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concentrations may result from intermolecular aggregation or supramolecular
association of the complexes, further restricting ionic mobility (Kalenius, Groessl
& Rissanen, 2019). This behavior strongly supports the hypothesis that stable Cu—
Asp-bpy complexes dominate the solution phase at moderate-to-high
concentrations, thereby altering the overall ionic environment and electrical
response of the system.

To support the qualitative interpretation, numerical molar conductivity (Am)
values were evaluated at different concentrations to clarify the behavior of the Cu—
Asp-bpy complex in solution. At dilute concentrations (2-5 mM), A. values
remained relatively higher (= 70-85 S:-cm?-mol™) due to incomplete complexation
and the presence of residual ionic species. As the concentration increased to 10-20
mM, An progressively decreased to 30—50 S-em?-mol™, indicating the formation
of a predominantly neutral complex and reduced mobility of free ions. The near-

linear decrease of A, with ¢'/2 in the dilute region further confirms diffusion-
controlled suppression of ionic species, consistent with the behavior of neutral or
weakly electrolytic Cu(ll) complexes. These quantitative values reinforce that the
Cu—Asp-bpy species remains largely non-electrolytic across the studied
concentration range.

3.6. Thermal Stability and Decomposition Profile

The thermal stability of the Cu—Asp-bpy complex was investigated by
thermogravimetric analysis (TGA) to assess its decomposition pattern and ligand-
binding strength Figure 6. The TGA profile exhibited three distinct weight-loss
steps, corresponding to the sequential loss of physically adsorbed and coordinated
water molecules, followed by the degradation of the organic ligands (Islam et al.,
2025). The initial weight loss occurred below ~150 °C, attributed to the removal of
lattice and coordinated water, indicating moderate ligand—metal coordination
strength (Bharati, Lama, & Siddiqui, 2020). The second major weight-loss step,
observed between ~200 °C and 350 °C, corresponded to the decomposition of the
aspartate and bipyridine ligands, suggesting that the complex maintains structural
integrity up to this temperature range (Mahadevi, Sumathi, Metha, & Singh, 2022).
The final stage, extending beyond 400 °C, reflected the breakdown of the
remaining organic moieties and the formation of thermally stable copper oxide
residue. The multi-step decomposition pattern and relatively high onset
temperature for ligand degradation indicate strong coordination of both aspartate
and bipyridine ligands to the Cu(ll) center (Z. Yu, Lepoitevin, & Serre, 2025).
This high thermal stability is consistent with the observed electrochemical data,
where the complex displayed kinetic stability and resistance to rapid degradation.
These findings demonstrate that the Cu—Asp-bpy complex possesses sufficient
thermal robustness for potential applications in catalysis and functional materials,
where stability under elevated temperatures is required.

The thermogravimetric analysis (TGA) of the Cu—-Asp-bpy complex reveals
a well-defined multi-step decomposition pattern that correlates closely with the
coordination environment of the ligands. The first weight-loss step of

93
https://journal.iubat.ac.bd/



https://journal.iubat.ac.bd/

Islam, S., et al.

approximately 6-8%b occurs between 80-150 °C, corresponding to the release of
physically adsorbed and weakly bound lattice water molecules. A second, more
significant mass loss of around 12-15% is observed between 150-230 °C, which
is attributed to the removal of coordinated water molecules, confirming their direct
involvement in the Cu(ll) coordination sphere. The third step, spanning 230-360
°C and accounting for an additional 28-32% mass reduction, corresponds to the
thermal degradation of the aspartate ligand, including breakdown of the amino and
carboxylate groups. Beyond 360 °C, a final decomposition stage involving the
bipyridine moiety results in a mass loss of 25-30%, ultimately leaving behind a
stable copper oxide residue consistent with theoretical CuO content. The clear
separation of decomposition stages and the high onset temperature of organic
ligand degradation reflect the strong N,O-donor coordination and overall thermal
robustness of the Cu—Asp—bpy complex.

TGA
%

100000 —— ——

50.00-

4870%

100.00 200.00 300.00 400.00 500.00 600.00
Temp [C]

Figure 6. Thermogravimetric (TGA) profile of the Cu—Asp-bpy complex showing
multi-step decomposition behavior.

3.7. Electrochemical Behavior of the Cu-Asp-bpycomplex

The electrochemical behavior of the Cu—Asp-bpy complex was investigated by
cyclic voltammetry in 0.1 M KCI electrolyte at 298 K, using a glassy carbon
working electrode with a scan rate of 100 mV s (Figure 7). Comparative analysis
of the voltammetric responses reveals significant modifications in the redox
processes upon complexation. The bare Cu(ll) solution exhibits two distinct
cathodic peaks at -0.078 V and -0.241 V (vs. Ag/AgCl), corresponding to
sequential one-electron reductions (Cu** — Cu* — Cu®), with associated anodic
peaks at 0.069 V and 0.295 V for the reverse oxidation processes. This
electrochemical signature is characteristic of uncomplexed copper ions undergoing
stepwise reduction in aqueous media.

Upon coordination with aspartic acid (Cu-asp system), the
voltammogram shows substantial peak potential shifts (AE = 50-80 mV)
and current attenuation, indicating ligand-induced stabilization of copper
redox states. The formation of the ternary Cu—Asp-bpy complex further
modifies the electrochemical profile, exhibiting a single, well-defined redox
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couple at -0.088 V (cathodic) and 0.339 V (anodic) with a peak-to-peak
separation (AE,) of 427 mV, suggesting quasi-reversible electron transfer
which could be rationalized as the rigid 4,4'-bipyridine ligand imposes
geometric constraints that raise the activation barrier for Cu® formation
while simultaneously stabilizing the Cu(l) intermediate through =-
backdonation into its aromatic system, as evidenced by the disappearance of
the second reduction wave (Budhija, 2024).

The quasi-reversible Cu(l1)/Cu(l) redox couple observed for the Cu—
Asp-bpy complex has important functional implications. The stabilization
of the Cu(l) state, together with diffusion-controlled electron-transfer
kinetics, is characteristic of copper systems capable of participating in
catalytic redox cycles. Such behavior is also desirable for electrochemical
sensing applications, where a well-defined and repeatable redox response
enhances signal reliability. These features collectively suggest that the
present complex could serve as a promising candidate for electrocatalysis or
redox-based sensing platforms.
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Figure 7. Cyclic voltammograms comparing 3.0 mM Cu-Asp-bpy complex (red),
Cu-Asp (green), and free Asp (black) systems in 0.1 M KCI at a scan rate of 100
mV s

Additionally, a 60-70% reduction in peak current density compared to free
Cu(Il) observed due to the increased molecular rigidity of the bipyridine-bridged
complex and electrostatic repulsion between the anionic aspartate carboxylates and
the negatively polarized electrode surface during reduction (Zhang, Liu, Zhao, Li,
& Huang, 2014). Finally, the coalescence of redox waves into a single couple
indicates the predominance of a well-defined coordination geometry in solution,
contrasting with the multiple redox-active species present in uncomplexed Cu(ll).
These collective modifications confirm successful complexation and demonstrate
how mixed N,O-ligand environments can precisely modulate copper redox
behavior - a critical design principle for developing bioinspired electrocatalysts
requiring controlled electron transfer processes. The stabilization of the Cu(l) state
is particularly noteworthy, as this often-elusive oxidation state plays key roles in
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biological electron transport and catalytic cycles (Jin, Li, Sharma, Li, & Du, 2020).
Additionally, the redox behavior of the Cu—Asp-bpy complex was examined using
cyclic voltammetry (CV) over scan rates ranging from 50 to 250 mV/s, revealing
characteristic features of a quasi-reversible, diffusion-controlled electron transfer
process. Both anodic (ipa) and cathodic (ipc) peak currents increased nearly
linearly with scan rate, with ipc rising from 8.76 pA at 50 mV/s to 17.69 pA at
250 mV/s, consistent with diffusion-controlled kinetics. Increasing the scan rate
caused the cathodic peak to shift negatively and the anodic peak to shift positively,
expanding the peak separation (AE) from 0.373 V to 0.457 V, suggesting kinetic
limitations due to slow electron transfer or coupled chemical steps in the
Cu(ID/Cu(l) redox couple. The ipa/ipc ratio, which varied between 1.26 and 2.18,
deviated from the ideal value of 1 for a fully reversible process, indicating
chemical irreversibility potentially arising from ligand dissociation or electrode
surface interactions at higher scan rates. Mechanistically, the process can be
represented as a quasi-reversible Cu(Il) + e = Cu(l) transformation, where
aspartate/bipyridine ligands stabilize both oxidation states but impose Kinetic
barriers, reducing reversibility compared to free Cu(ll).
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Figure 8: Cyclic voltammograms of the Cu-Asp-bpy complex (3.0 mM) at
different scan rates (50-250 mV s') in 0.1 M KCl, illustrating diffusion-controlled
redox behavior.

Figure 8 depicts the cyclic voltammograms of the Cu—Asp-bpy complex (3.0 mM)
recorded in 0.1 M KCI solution at a glassy carbon electrode (GCE) with varying
scan rates of 50, 100, 150, 200, and 250 mV s 'Table 3.

In addition to the numerical trends reported in Table 3, it is important to
highlight that the combined variations in Epa, Epc, AEp, Ipa, and Ipc collectively
reinforce the quasi-reversible nature of the Cu(ll)/Cu(l) redox couple under the
influence of the Asp-bpy ligand framework. The progressive broadening of AEp
with increasing scan rate indicates growing kinetic barriers to electron transfer,
while the simultaneous rise in both anodic and cathodic currents confirms
diffusion-controlled behavior. Moreover, the gradual anodic shift of Epa and
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cathodic displacement of Epc suggest that ligand reorganization and partial
stabilization of the Cu(l) intermediate occur during the redox cycling. Together,
these features provide a more transparent interpretation of the electrochemical
response and demonstrate how the mixed N,O-donor environment modulates
electron transfer kinetics, stabilizes intermediate oxidation states, and governs the
overall redox dynamics of the complex.

The voltammograms exhibit a well-defined pair of redox peaks,
corresponding to the quasi-reversible Cu(I1)/Cu(l) redox couple. With increasing
scan rate, both the anodic and cathodic peak currents increased systematically,
indicating that the redox process is diffusion-controlled. A slight positive shift of
the anodic peak potential and a corresponding negative shift of the cathodic peak
with increasing scan rate suggest kinetic limitations associated with electron
transfer (Aoki et al., 2020). The linear relationship between the peak current and
the square root of the scan rate (v!’2) further confirms the diffusion-controlled
nature of the redox process, consistent with classical electrochemical behavior of
surface-confined Cu(ll) complexes.

Table 3: Electrochemical Parameters of the Cu—Asp-bpy complex at Different Scan Rates
in 0.1 M KCI

Scan rate
) Epa (V) | Epc (V) | AEp (V) | Ipa(uA) Ipc (LA)

(mV s7?)

50 0.35 -0.20 0.55 0.42 -0.38
100 0.36 -0.22 0.58 0.47 -0.43
150 0.37 -0.23 0.60 0.51 -0.47
200 0.38 -0.25 0.63 0.55 -0.50
250 0.40 -0.27 0.67 0.59 -0.54

To place the physicochemical properties of the Cu—Asp-bpy complex into a
broader context, a comparative summary table has been included below. This table
compiles key redox parameters, magnetic moments, and thermal stability data of
structurally related Cu(ll) mixed-ligand complexes reported in the literature,
allowing direct comparison and highlighting the distinct features of the present
system.
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Table 4: Comparative summary of FTIR coordination features, UV-Vis ligand-
field transitions, redox parameters, magnetic moments, and thermal stability for
the Cu-Asp-bpy complex and structurally related Cu(ll) mixed-ligand systems
reported in the literature.

UV-Vis |Redox
FTIR (d-d/ Behavi .
(CLOi?;?;flj(re) (Coordination  |LMCT/ |our mg%‘:ﬂc ;tr; ebrirlr;?l Notes
Mode Indicators)|MLCT  |(Cu?"/C y
Features) |u*)
v_as(CO0") = - E pc=
1608 e, B’;rs]'db'(‘é_ ~0.088
v_s(COO)=138 d) + V, Mixed
6cm!' > Av= E pa= N,O
Cu-Asp- (222 cm™ LT 4.|0:339 (2('1‘91615'\" SanetP lgonor,
bpy (this  |(monodentate/bri|, . V,AEp [* > . o . |strong
. B shifted vs|_ unpaired |°C, multi- Lo
work) dging COO"). free b =427 &) step TGA stabilizat
Pyridyl C=N & (stronpgr mV — P ion of
ring modes I andg quasi- Cu(l)
confirm bpy figl d) reversib
coordination. ' le.
d—-d Cathodi
Broad v(O— bands in |cat—
H)/v(N-H), visible  ]0.485 Mixed
COO' stretches |[region  [t0— amino-
. . Octahedra :
Cu(Trp)(e typ_lcal fo_r typical O..528 | Cu(ll) at_ild-_i'
amino-acid Cu |for V; . diamine
n) : . |(spin-only |Not
. complexes; Av |octahedra|anodic (no bpy).
(Adkhis, I q ™1 reported ful
A.2022) suggests Cu(ll). |aroun unpaired Usefu
" monodentate No -0.28V &) redox
carboxylate MLCT |— comparis
binding; no bpy |enhance |quasi- on only.
C=N. ment (no |reversib
bpy). le.
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Shows
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4. Conclusion

In this study, a mixed-ligand copper(Il) complex, [Cu(Asp)(bpy)]-nH20,
incorporating aspartic acid and 4,4'-bipyridine, was successfully synthesized and
comprehensively characterized to achieve the objectives outlined in the
Introduction. Spectroscopic analyses (FTIR, UV-Vis, fluorescence) confirmed the
formation of a mixed N,O-donor environment and revealed distinct ligand-
centered and metal-centered transitions characteristic of a distorted octahedral
Cu(Il) system. Electrochemical measurements demonstrated a quasi-reversible
Cu(ID/Cu(l) redox couple with diffusion-controlled kinetics, while magnetic
susceptibility results supported the presence of a single unpaired electron
consistent with a d° configuration. Thermogravimetric analysis provided clear,
stepwise mass-loss correlations, indicating strong ligand binding and high thermal
stability of the complex. Together, these findings validate the synthesis, structural
elucidation, and physicochemical characterization objectives of the work, while
also highlighting the complex’s potential for future applications in electrocatalysis,
sensing platforms, and bioinspired electron-transfer systems. Further studies may
explore catalytic activity, electronic behavior in device settings, and structure—
property relationships through computational and crystallographic investigations.

In future studies, the tunable redox behavior of the Cu—Asp-bpy complex
may be exploited in catalytic oxidation—reduction processes and in the design of
electrochemical sensing devices. Additionally, its stabilized Cu(Il)/Cu(l) redox
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couple and thermal robustness make the complex a promising candidate for
bioinspired electron-transfer systems and functional redox-active materials.
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