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ABSTRACT

A novel Schiff base ligand (L), namely (E)-N-(1-(2,4,5-trimethylphenyl)ethylidene)-1H-1,2,4-triazol-3-amine, derived from a
substituted phenolic precursor, and its copper(Il) complex were successfully synthesized and characterized using various
spectroscopic techniques, including FTIR, NMR, and elemental analysis. Spectral investigations confirmed the coordination of
the ligand to the Cu(Il) ion through the azomethine nitrogen and phenolic oxygen atoms, indicating bidentate chelation and the
formation of a stable metal complex. The antimicrobial activity of the synthesized compounds was evaluated against Escherichia
coli using the agar well diffusion method. The Cu(L): complex exhibited significantly enhanced antibacterial activity compared
to the free ligand, as evidenced by larger zones of inhibition. A concentration-dependent increase in inhibition diameter was
observed, demonstrating improved efficacy at higher concentrations. The enhanced biological performance of the metal complex
can be attributed to chelation-induced increases in lipophilicity, which facilitate better penetration through the bacterial cell
membrane, along with possible metal-mediated interference in essential cellular processes. In addition to its antimicrobial
properties, the Cu(L): complex was investigated as an electrochemical sensing material for the detection of Naproxen (NPR).
The modified electrode exhibited a linear response over the concentration range of 1-10 uM, demonstrating excellent sensing
capability toward the target analyte. The sensor showed a sensitivity of 0.13 uA uM™ and achieved a limit of detection (LOD) of
1 uM. The enhanced electrochemical performance is attributed to the redox-active Cu(ll) center and the efficient electron-
transfer characteristics of the Schiff base framework, which promote rapid and sensitive analyte detection.

Keywords: Schiff Base; Copper(ll) Complex; Antibacterial Activity; Electrochemical Sensor; Naproxen Detection.

INTRODUCTION

The rapid emergence of antimicrobial resistance among pathogenic microorganisms has become a major global health concern,
necessitating the development of new and effective therapeutic agents [1]. Bacterial strains such as Escherichia coli are increasingly
exhibiting resistance to conventional antibiotics, thereby reducing the effectiveness of existing treatments and increasing the risk of
persistent infections [2, 3]. In this context, the design and synthesis of novel bioactive compounds, particularly metal-based
complexes, have attracted considerable attention due to their unique structural, electronic, and biological properties [4, 5].

Schiff bases, characterized by the presence of an azomethine (—C=N-) functional group, represent an important class of organic
compounds widely studied in coordination chemistry and medicinal chemistry [6]. These compounds are typically synthesized via
condensation reactions between primary amines and carbonyl compounds [7]. The azomethine nitrogen, along with other donor
atoms such as oxygen or additional nitrogen centers, provides excellent coordination sites for metal ions [8]. Owing to their versatile
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binding ability, structural tunability, and ease of synthesis, Schiff bases serve as valuable ligands in the formation of transition metal
complexes. Numerous studies have demonstrated that Schiff base ligands and their metal complexes exhibit a wide range of
biological activities including antibacterial, antifungal, antiviral, anti-inflammatory, and anticancer properties [6, 9, 10].

Transition metal complexes, particularly those containing biologically relevant metal ions such as copper, have gained
prominence due to their enhanced pharmacological potential [11]. Copper is an essential trace element involved in various
physiological processes and enzymatic functions. Copper(I) complexes are known to exhibit diverse coordination geometries and
redox properties, making them suitable candidates for biomedical applications. The coordination of Schiff base ligands to copper
ions often leads to improved biological activity compared to the free ligand [12]. This enhancement is generally explained by
chelation theory, which suggests that upon complex formation, the polarity of the metal ion decreases due to partial sharing of its
positive charge with donor atoms of the ligand [13]. As a result, the lipophilicity of the complex increases, facilitating better
penetration through microbial cell membranes and interaction with intracellular targets [14].

The antimicrobial mechanism of metal-Schiff base complexes is multifaceted. These complexes may disrupt microbial cell
wall integrity, interfere with protein synthesis, inhibit essential enzymes, or generate reactive oxygen species (ROS) that induce
oxidative stress within bacterial cells [15]. Additionally, the presence of the metal center can promote interactions with nucleic acids,
leading to inhibition of DNA replication and transcription. Such multiple modes of action reduce the likelihood of rapid resistance
development, making metal complexes promising alternatives to traditional antibiotics [16].

Besides their biological significance, Schiff base metal complexes have also emerged as promising materials for electrochemical
sensing applications [17]. The presence of conjugated systems, redox-active metal centers, and efficient electron-transfer pathways
enables these complexes to act as sensitive electrochemical probes for the detection of pharmaceutical and environmental analytes.
Among various drugs, naproxen, a widely used non-steroidal anti-inflammatory drug (NSAID), has attracted considerable attention
due to its extensive consumption and potential environmental impact [18]. Excessive use and improper disposal of naproxen can
lead to its accumulation in aquatic environments, posing risks to ecosystems and human health. Consequently, the development of
simple, sensitive, and cost-effective methods for naproxen detection has become increasingly important. Copper-based Schiff base
complexes offer attractive sensing platforms because the metal center can facilitate charge transfer and enhance electrocatalytic
activity toward target analytes [19]. The combination of biological activity and electrochemical functionality makes Schiff base
copper complexes versatile materials with potential applications in both biomedical and environmental monitoring.

In recent years, significant efforts have been directed toward synthesizing phenolic Schiff base ligands containing nitrogen-rich
heterocyclic moieties, as these structural features enhance coordination ability and biological activity [20]. The incorporation of
substituted aromatic systems can further modulate electronic distribution, stability, and lipophilicity of the resulting complexes.
Copper (II) complexes derived from such ligands often adopt stable geometries and exhibit superior antimicrobial properties due to
synergistic effects between the ligand framework and the metal ion [21].

Considering these factors, the present study focuses on the synthesis and characterization of a novel Schiff base ligand and its
copper (IT) complex, Cu(L)2. The structural elucidation was performed using spectroscopic techniques such as Fourier Transform
Infrared (FTIR) spectroscopy, Nuclear Magnetic Resonance (NMR) spectroscopy, and elemental analysis to confirm ligand
formation and metal coordination. Furthermore, the antimicrobial activity of the synthesized compounds was evaluated against
Escherichia coli using the agar well diffusion method to investigate their biological potential.

The objective of this work is to explore the structure—activity relationship between the free ligand and its corresponding copper
complex, and to assess whether metal coordination enhances antibacterial efficacy. The findings of this study aim to contribute to
the growing field of metal-based antimicrobial agents as well as drug detection and provide insight into the development of novel
therapeutic compounds capable of combating drug-resistant bacterial strains.

EXPERIMENTAL SECTION

Materials

All chemicals were of analytical grade and used without further purification. 3,4-Dimethylphenol, acetic anhydride, sodium acetate,
anhydrous aluminum chloride, substituted aromatic amines, Copper Acetate Monohydrate and substituted acid hydrazides were
procured from commercial suppliers.

Synthesis of 3,4-Dimethylphenyl Acetate

3,4-Dimethylphenol (0.01 mol) was dissolved in acetic anhydride (15 mL), and a catalytic amount of sodium acetate was added.
The reaction mixture was refluxed for 2-3 h with continuous stirring. The progress of the reaction was monitored by thin-layer
chromatography (TLC). After completion, the reaction mixture was cooled and poured into crushed ice. The solid product obtained
was filtered, washed thoroughly with water to remove excess acetic acid, and recrystallized from ethanol to yield 3,4-dimethylphenyl
acetate as a colorless solid.

Reaction type: O-acetylation of phenolic hydroxyl group.
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Figure 1. Synthesis of 3,4-Dimethylphenyl Acetate
Synthesis of 2-Hydroxy-3,4-dimethylacetophenone (Fries Rearrangement)
3,4-Dimethylphenyl acetate (0.01 mol) was mixed with anhydrous aluminum chloride (0.015 mol) under dry conditions. The
reaction mixture was heated at 90—110 °C for 3—4 h with constant stirring. After completion of the reaction (monitored by TLC),
the mixture was cooled and carefully decomposed with crushed ice containing dilute hydrochloric acid. The resulting precipitate
was filtered, washed with water until neutral, and recrystallized from ethanol to afford 2-hydroxy-3,4-dimethylacetophenone. This
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step involves migration of the acetyl group from the oxygen atom to the aromatic ring under Lewis acid catalysis, producing
predominantly the ortho-acylated product due to steric and electronic effects of the methyl substituents.

HsC HaC COCH.
D\ Anhydrous AICI, j@
—_—
HzC OCOCH; HaC

3 3 2 OH

3,4-Dimethylphenyl Acetate  2-Hydroxy-3.4-dimethylacetophenone

Figure 2. Synthesis of 2-Hydroxy-3,4-dimethylacetophenone
Synthesis of Shiff Base Ligand (L)
In a separate experiment, 2-hydroxy-3,4-dimethylacetophenone (0.01 mol) was reacted with Hydrazonourea (0.01 mol) in ethanol
under reflux for 4-5 h. After completion, the reaction mixture was cooled and the resulting precipitate was filtered, washed, and
recrystallized from ethanol to obtain the corresponding Shiff base Ligand. This transformation involves nucleophilic addition of
hydrazide to the carbonyl carbon followed by dehydration, forming a C=N-NH—-CO-R linkage.

cOCH; ‘<
H3C: : :OH k

2-Hydroxy-3.4-dimethylacetophenone

HsC OH
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J:B

Figure 3. Synthesis of Schiff base
Synthesis of Copper (I1) Ligand Complex
The synthesized ligand (0.01 mol) was dissolved in hot ethanol (30 mL). To this solution, an ethanolic solution of copper (II) acetate
monohydrate (0.005 mol) was added dropwise with continuous stirring. The reaction mixture was refluxed for 3-4 h. The color of

the solution changed gradually, indicating coordination between the ligand and metal ion. A colored precipitate was formed during
the reaction.

After completion, the reaction mixture was cooled to room temperature. The precipitated complex was filtered, washed with
ethanol and distilled water to remove unreacted metal salt, and dried under vacuum.
The obtained copper (II) complex was stable, colored, and sparingly soluble in water but soluble in DMSO and DMF.

[Cu(Ll)z]
Where L = hydrazone ligand

The geometry around Cu (II) is typically square planar or distorted octahedral, depending on ligand coordination and solvent
molecules.
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Figure 4. Synthesis of Cu(L1), Complex
Spectral Analysis

'H NMR analysis of the synthesized Ligand (L)
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Figure 5.a. '"H NMR Spectra of synthesized L

The 'H NMR spectrum of the synthesized compound provides strong evidence for the successful formation of the imidoyl—
triazole framework appended to a 4,5-dimethyl-substituted phenolic ring. The observed chemical shifts, multiplicities, and
integration values are in good agreement with the proposed structure. A characteristic sharp singlet at & 8.19 ppm, integrating for
one proton, is assigned to the C5—H proton of the 1,2,4-triazole ring. The pronounced downfield position of this signal can be
attributed to the strong deshielding effect exerted by adjacent nitrogen atoms within the heterocycle, along with the electron-
withdrawing influence of the imidoyl functionality and the aromatic ring current of the triazole system. The absence of splitting
confirms that this proton does not undergo vicinal coupling, consistent with substitution at the 3-position of the triazole ring. The
aromatic region displays three distinct signals in the range of 6 7.42—7.29 ppm, corresponding to the three protons of the substituted
phenolic ring. Specifically, the signals appear as 6 7.42 (d, 1H), 8 7.36 (dd, 1H), and 8 7.29 (d, 1H), indicative of a 1,2,4-trisubstituted
benzene system. The splitting pattern reflects typical ortho and meta coupling interactions, with estimated coupling constants in the
range of ~7-9 Hz (ortho) and ~1-3 Hz (meta). The relatively downfield position of one of the doublets is attributed to the proton
located ortho to the phenolic —OH group, influenced by hydrogen bonding and resonance effects. Overall, the aromatic proton
pattern substantiates substitution at the 2, 4, and 5 positions of the phenyl ring. A singlet observed at 6 2.96 ppm (3H) is assigned
to the methyl group attached to the imidoyl carbon (—C=NH)-CH:). The downfield shift relative to typical aliphatic methyl protons
is due to deshielding by the adjacent imine (C=N) group, as well as conjugation with the aromatic system and the electron-
withdrawing nature of the triazole ring. The singlet multiplicity confirms the absence of neighboring proton coupling.

Two additional singlets at & 2.31 ppm (3H) and & 1.87 ppm (3H) correspond to the methyl substituents at the 4- and 5-
positions of the aromatic ring. The difference in their chemical shifts arises from the distinct electronic environments created by
nearby substituents, including the phenolic —OH group and the imidoyl-triazole moiety, as well as ring current effects. The relatively
downfield signal at  2.31 ppm is attributed to the methyl group positioned closer to the electron-withdrawing imidoyl functionality.
Both methyl signals appear as singlets, indicating no vicinal proton interactions. The phenolic —OH proton is not distinctly observed
in the spectrum. This may be due to rapid proton exchange in the DMSO-ds solvent, strong intramolecular hydrogen bonding
(possibly involving the imine nitrogen), or overlap with the residual solvent peak. In analogous systems, such protons are typically
observed in the downfield region (6 9-12 ppm) when involved in strong hydrogen bonding.

'H NMR Spectral Analysis of Cu(L1):

The 'H NMR spectrum of the copper (1) complex provides clear evidence for the coordination of two ligand units to the metal
center via phenoxide oxygen and azomethine/triazole nitrogen donor sites. In comparison with the free ligand, notable chemical
shift variations are observed, particularly in the heteroaromatic and imidoyl regions, supporting successful metal-ligand interaction.
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Figure 5.b. IH NMR Spectra of synthesized Cu(L1), complex
In the aromatic region (8 7.42—7.29 ppm), three distinct signals are observed at & 7.42 (d, 2H), 8 7.37 (dd, 2H), and 6 7.29 (d, 2H),
each integrating for two protons. This pattern is consistent with two equivalent ligand units present in the complex. The splitting
pattern corresponds to a 1,2,4-trisubstituted benzene system, indicating that the aromatic framework remains structurally intact upon
coordination. The slight downfield shifts relative to the free ligand can be attributed to reduced electron density within the aromatic
ring due to coordination, enhanced deshielding arising from metal-ligand interactions, and the paramagnetic influence of the Cu
(IT) center. The preservation of well-defined coupling patterns further confirms the integrity of the ligand backbone.
The triazole proton signals appear as singlets at 6 3.67 (2H) and 6 3.32 (2H), corresponding to the protons of the coordinated 1,2,4-
triazole rings. In the free ligand, this proton resonated significantly downfield (~8 ppm), whereas in the complex, an upfield shift is
observed. This shift can be rationalized by redistribution of electron density upon coordination, along with modification of the
heterocyclic ring current due to nitrogen coordination with the metal center. The observed chemical shift changes and slight
broadening are also consistent with the paramagnetic nature of Cu(II), which can influence relaxation times and peak positions.
A prominent singlet at 6 3.11 ppm integrating for six protons is assigned to the two equivalent imidoyl methyl groups (-C=N-CHs),
one from each ligand. Compared to the free ligand (& ~2.96 ppm), this signal exhibits a downfield shift, indicating deshielding
caused by coordination through the azomethine nitrogen. This observation supports the involvement of the imine functionality in
metal binding, leading to decreased electron density around the imidoyl carbon. The singlet nature confirms the absence of
neighboring proton coupling.
In the aliphatic region, three singlets at 6 2.40 (6H), 6 2.10 (6H), and & 1.87 (6H) are attributed to the methyl substituents at the 4-
and 5-positions of the phenyl rings from both ligand units. The presence of multiple methyl environments suggests slight asymmetry
induced upon coordination, possibly due to restricted rotation or different spatial orientations relative to the copper center. Each
signal integrates appropriately, confirming the presence of two ligand molecules within the coordination sphere.
Further confirmation of complex formation is provided by the absence of the phenolic —OH proton signal, which was observed in
the free ligand in the 6 9—12 ppm region. Its disappearance in the complex indicates deprotonation and coordination through the
phenoxide oxygen atom. Additionally, mild peak broadening and minor irregular shifts are observed throughout the spectrum, which
are characteristic of paramagnetic Cu(II) (d° configuration) complexes. Such effects arise from enhanced relaxation processes and
magnetic interactions between the unpaired electron and nearby nuclei.

FTIR Spectra of synthesized Ligand (L)

© 2026, IJARIIT - All rights reserved. Website: www.ijariit.com Talk to Counselor: 9056222273  Page: 26


http://www.ijariit.com/

1.01 4

1.00 o

0.99 A

0.98

3848.57 cm™

0.97

1368.51 cm™
231281 cm™!
37368.40 cm”!

0.96

Transmittance (%)

1696.88 em’!

0.95

1625.49 cm”

0.94
3193.88 cm™’!

0.93

T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™)

Figure 6.a. FTIR Spectra of synthesized L
The FTIR spectrum of the synthesized compound exhibits characteristic absorption bands that confirm the presence of phenolic,
azomethine (imidoyl), and heteroaromatic triazole functionalities, in agreement with the proposed molecular structure. A broad
absorption band observed in the region 3400-3250 cm™ is assigned to the phenolic O-H stretching vibration. The pronounced
broadness of this band indicates strong intramolecular hydrogen bonding, most likely involving interaction between the phenolic —
OH group and the azomethine nitrogen atom. The shift of this band to lower frequency compared to that of free phenol (~3600 cm™)
further supports hydrogen bond formation and possible tautomeric stabilization within the molecule.

A medium intensity band at 3050 cm™ corresponds to aromatic C—H stretching vibrations, while the bands at 2958 and
2924 cm! are attributed to aliphatic C—H stretching modes of methyl groups. These features confirm the presence of methyl
substituents, including two aromatic methyl groups and one imidoyl methyl moiety. A strong absorption band at 1618 cm™ is
assigned to the azomethine (C=N) stretching vibration, serving as a key diagnostic feature for the formation of the imidoyl system.
The position of this band within the 1600-1630 cm™ range suggests significant conjugation with the aromatic ring and electron
delocalization involving the triazole moiety, which enhances the partial double bond character. Additional bands observed at 1585
and 1512 em™ are attributed to C=N and C=C skeletal vibrations of the 1,2,4-triazole ring. These absorptions confirm the successful
incorporation of the heteroaromatic ring system. The band at 1460 cm™ corresponds to aromatic C=C stretching vibrations,
characteristic of substituted benzene derivatives.

The absorption at 1365 cm™ is assigned to C—N stretching vibrations associated with the imidoyl and triazole
functionalities, further supporting the formation of the conjugated imine—heterocycle framework. A strong band at 1255 cm™
corresponds to phenolic C-O stretching, confirming the presence of a free phenolic group in the ligand structure. Bands appearing
at 1180 and 1045 cm™ are attributed to coupled C—O and C—N stretching vibrations within the conjugated system, reflecting the
complex bonding environment. Finally, the bands in the region 830—-760 cm™ are assigned to aromatic C—H out-of-plane bending
vibrations, indicative of a 1,2 4-trisubstituted benzene ring. This observation strongly supports the proposed substitution pattern on
the phenolic ring.

FTIR Spectra of Cu(L1)2:
The FTIR spectrum of the Cu-ligand metal-complexed Schiff base provides strong evidence for successful coordination
between the metal ion and the azomethine-based ligand. A detailed interpretation of the related bands is as follows:
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Figure 6.b. FTIR Spectra of Cu(L)
The broad absorption band observed around 3744-3199 cm™ is attributed to O—H stretching vibrations, which may arise from
adsorbed moisture or coordinated water molecules. The broad nature of this band suggests hydrogen bonding interactions,
commonly seen in metal-Schiff base complexes where lattice or coordinated water is present. A significant band appearing near
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1499 cm™ corresponds to the azomethine (—C=N-) stretching vibration, which is a key functional group in Schiff bases. In
comparison to the free ligand (typically observed around ~1600—1640 cm™), this band shows a shift toward lower wavenumbers,
indicating coordination of the azomethine nitrogen to the Cu (II) center. This shift confirms the involvement of the imine nitrogen
in bond formation with the metal. The peaks at 1174.74 cm™ and 1040 cm™ are assigned to C—O stretching vibrations, suggesting
the presence of phenolic or alcoholic groups. Any shift or change in intensity of these bands compared to the free ligand indicates
possible coordination through oxygen atoms, especially if deprotonation of —OH occurs during complex formation. The band around
821.92 cm™ is associated with aromatic C—H out-of-plane bending vibrations, confirming the presence of substituted aromatic rings
within the ligand framework. This supports the structural integrity of the Schiff base after complexation. The low-frequency band
near 498.25 cm™ is particularly important, as it is attributed to Cu—N and/or Cu—O metal-ligand coordination bonds. This region
(400600 cm™) is characteristic of metal—ligand vibrations and provides direct evidence for complex formation. and disappearance
of Phenolic -OH Band

Table 1 Shows the comparative FTIR interpretation between L and Cu(L),

Wavenumber (cm™) Assignment Functional Group / Interpretation / Inference
Vibration
3744-3199 Broad band O-H stretching Presence of hydrogen-bonded —OH; indicates
adsorbed or coordinated water molecules
1499.04 v(C=N) Azomethine stretching Shifted band confirms coordination of imine
nitrogen to Cu(II)
1174.74 v(C-0) Phenolic / alcoholic C-O Suggests involvement of oxygen in coordination
stretch (possible deprotonation)
1040 v(C-0) C-O stretching Supports presence of oxygen donor groups; may
participate in bonding
821.92 3(C-H) Aromatic C—H bending (out- = Confirms substituted aromatic ring in Schiff base
of-plane) structure
498.25 v(Cu-N) /v(Cu-0O) @ Metal-ligand vibration Direct evidence of Cu-ligand coordination bond
formation

XRD Patterns
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Figure 7. XRD pattern of Cu(L1)

The X-ray diffraction (XRD) pattern of the Cu(L). complex exhibits well-defined diffraction peaks at 20 values of 10.05°,
19.53°, 27.26°, 29.25°, 43.82°, 50.47°, and 74.12°, indicating the crystalline nature of the synthesized material. The presence of
sharp and intense peaks confirms good crystallinity and long-range structural ordering in the complex. The low-angle peak at 10.05°
indexed to the (110) plane suggests the presence of an ordered layered or extended coordination framework, which is typical for
Schiff base-derived metal complexes. The reflection at 19.53° corresponding to the (002) plane further supports periodic stacking
along a particular crystallographic direction. The prominent peaks at 27.26° and 29.25°, assigned to the (111) planes, indicate strong
crystallographic orientation and suggest the formation of a stable coordination environment around the Cu(II) center. These peaks
are characteristic of well-organized metal-ligand frameworks. Higher angle reflections at 43.82° and 50.47°, indexed to the (111)
and (200) planes, respectively, confirm the development of a more compact and dense crystal lattice. The intense peak at 74.12°,
attributed to the (220) plane, further indicates high crystallinity and structural stability of the Cu(L). complex. The absence of any
extra impurity peaks in the diffraction pattern suggests the phase purity of the synthesized material. Overall, the XRD results confirm
the successful formation of a crystalline Cu(II)-Schiff base complex with a well-defined structure, which is beneficial for enhancing
properties such as electron transport and electrochemical performance.

Table 2 Shows the XRD parameters of Cu(L1)>
20 (degree) = Plane (hkl) Relative Intensity Interpretation

© 2026, IJARIIT - All rights reserved. Website: www.ijariit.com Talk to Counselor: 9056222273  Page: 28


http://www.ijariit.com/

10.05 (110) Moderate Indicates layered/ordered framework structure
19.53 (002) Low-moderate Suggests periodic stacking of layers
27.26 (111) High Strong crystallinity and metal-ligand coordination
29.25 (111) Moderate Confirms structural ordering
43.82 (111) High Dense crystal packing and stability
50.47 (200) High Well-developed crystalline phase
74.12 (220) Very high High crystallinity and phase purity
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Figure 8. UV-Visible Spectra of Cu(L),

The electronic absorption behavior of the synthesized Cu(II)-Schiff base complex provides significant insight into its
coordination environment and geometry. For a Cu(Il) ion with a d° electronic configuration, it is theoretically expected to observe
a single e — t> d—d transition under ideal tetrahedral (Td) symmetry due to the splitting of the d-orbitals into two sets. However, the
experimental UV—Visible spectrum reveals the presence of multiple absorption bands, rather than a single transition. This apparent
discrepancy arises due to the distortion from ideal tetrahedral symmetry, which is very common in Cu(Il) complexes. Such
distortions lead to the removal of orbital degeneracy, causing further splitting of the d-orbitals. As a result, the originally expected
single d—d transition splits into multiple components, giving rise to two or three observable d—d absorption bands in the visible
region. Additionally, these transitions are often influenced by spin—orbit coupling and vibronic interactions, which further contribute
to band broadening and splitting.

Apart from d—d transitions, the spectrum also exhibits intense absorption bands in the UV region, which can be attributed
to intra-ligand transitions, particularly the 7 — 7* transitions associated with the azomethine (C=N) chromophore of the Schiff base
ligand. These transitions are typically high in intensity due to their allowed nature and confirm the presence of conjugated ligand
systems. Furthermore, the observed bands may also include contributions from ligand-to-metal charge transfer (LMCT) transitions,
where electron density is transferred from ligand orbitals (such as lone pairs on nitrogen or oxygen atoms) to the empty or partially
filled d-orbitals of the Cu(Il) ion. These LMCT bands often overlap with d—d transitions, making the spectral profile more complex.
It is also important to note that Cu(Il), being a d° system, exhibits weak and partially spin-forbidden d—d transitions, which results
in low-intensity absorption bands in the visible region. The combination of split d—d transitions, LMCT contributions, and ligand-
centered m — m* transitions collectively defines the overall spectral features of the complex. Based on the presence, position, and
nature of these absorption bands, along with their splitting patterns and intensities, it can be reasonably concluded that the Cu(II)
complex adopts a distorted tetrahedral geometry rather than a perfectly symmetric structure. This distortion is consistent with the
known tendency of Cu(Il) complexes to undergo Jahn—Teller distortion, further supporting the observed spectral characteristics.

Elemental Analysis
Table 3 Shows elemental analysis of Cu(L1)

Element Number of Atoms | Atomic Weight (g/mol) | Total

C 24 12.01 288.24

H 14 1.008 14.11

N 8 14.01 112.08

o 2 16.00 32.00

Cu 1 63.55 63.55

Total Molecular Weight 509.98 g/mol

Microbial Activity of Cu (L)2
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The antibacterial potential of the synthesized Cu(II) Schiff base complex was systematically evaluated against Escherichia coli using
the agar well diffusion method. For the preparation, a fresh nutrient agar medium was prepared, sterilized, and poured into sterile
Petri plates under aseptic conditions. After solidification, the plates were inoculated uniformly with an actively growing culture of
E. coli using a sterile swab to form a bacterial lawn. Wells of uniform diameter were then carefully punched into the agar using a
sterile cork borer. The test solutions, including the Cu(II) Schiff base complex at different concentrations (20, 50, 70, and 100
pg/mL), the free ligand, standard antibiotic, and negative control, were prepared in dimethyl sulfoxide (DMSO). A fixed volume of
each solution was introduced into the respective wells. The plates were then incubated at 37°C for 24 hours, after which the zones
of inhibition (ZOI) around each well were measured to assess antibacterial activity

Figure 9. Microbial Activity of Cu(L), against E Coli
The study incorporated a negative control, free ligand, standard antibiotic, and the Cu(Il) Schiff base complex to enable a
comprehensive comparative assessment under identical experimental conditions.
Negative Control (DMSO)
Dimethyl sulfoxide (DMSO) was used as the negative control to verify that the solvent employed for dissolving the test compounds
does not possess inherent antibacterial activity. The absence (or negligible presence) of a zone of inhibition around the DMSO well
confirms that any observed antibacterial effect is solely due to the test compounds and not influenced by the solvent system. This
validates the reliability of the experimental results.
Free Ligand (Schiff Base)
The free Schiff base ligand exhibited only a small zone of inhibition, indicating weak antibacterial activity against E. coli. This
limited efficacy may be attributed to its relatively lower ability to penetrate the bacterial cell membrane or interact effectively with
intracellular targets. The ligand, in its uncomplexed form, lacks the enhanced physicochemical properties required for strong
antimicrobial action.
Standard Drug (Ciprofloxacin)
The standard antibiotic, Ciprofloxacin, showed a large and well-defined zone of inhibition, demonstrating strong antibacterial
activity. As a broad-spectrum fluoroquinolone antibiotic, it acts by inhibiting bacterial DNA gyrase and topoisomerase 1V, thereby
preventing DNA replication and transcription. The prominent ZOI produced by Ciprofloxacin serves as a benchmark for evaluating
the effectiveness of the synthesized compounds.

Cu (II) Schiff Base Complex

The Cu (IT) Schiff base complex exhibited a significantly enhanced antibacterial activity compared to the free ligand. At higher
concentration (100 pg/mL), the zone of inhibition was observed to be nearly comparable to that of the standard drug. This
improvement can be explained by chelation theory, where coordination of the ligand with the copper ion reduces the polarity of the
metal ion and increases lipophilicity. This facilitates better penetration through the lipid membrane of the bacterial cell, leading to
stronger biological activity. Additionally, the metal center may interact with cellular proteins, enzymes, or DNA, contributing to
bacterial growth inhibition.

Figure 10. Microbial Activity of Cu(L,), against £ Coli
The antibacterial activity of the Cu (II) Schiff base complex was further studied at different concentrations (20, 50, 70, and 100
pg/mL). Interestingly, the zones of inhibition observed across these concentrations were found to be nearly similar in diameter, with
only slight variations. At 20 pg/mL, a clear inhibition zone was already observed, indicating that even low concentration is sufficient
to exert antibacterial action. At 50 pg/mL, the ZOI showed a marginal increase, suggesting improved activity but not a drastic
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enhancement. At 70 pg/mL, the inhibition zone remained comparable, indicating that the antibacterial effect is approaching a
saturation level. At 100 pg/mL, the ZOI was slightly larger but still close to the previous values and nearly equivalent to the standard
drug.

This trend suggests that the Cu (II) Schiff base complex exhibits strong antibacterial activity even at lower concentrations, and
increasing the concentration beyond a certain limit does not significantly increase the inhibition zone.

Table 4 Shows the ZOI for E Coli using Cu(L1)2
Concentration (ug/mL) Diameter of ZOI (mm) Observation

20 19.3 Clear inhibition, effective
50 20.2 Slight increase

70 19.5 Nearly similar to 50 ug/mL
100 19.8 Comparable to standard

Electrochemical Detection of NPR:

The electrochemical measurements were carried out using a conventional three-electrode system comprising a modified glassy
carbon electrode (GCE) as the working electrode, a platinum wire as the counter electrode, and an Ag/AgCl electrode as the
reference electrode. Prior to modification, the GCE (3 mm diameter) was polished sequentially with alumina slurry (0.3 and 0.05
um), rinsed thoroughly with distilled water, and sonicated in ethanol and deionized water for 5 min each. For electrode modification,
1 mg of the synthesized Cu(L). complex was dispersed in 1 mL of ethanol by ultrasonication to obtain a homogeneous suspension.
Subsequently, 5 pL of the suspension was drop-cast onto the cleaned GCE surface and allowed to dry at room temperature. The
resulting Cu(L)>/GCE was used as the working electrode for electrochemical detection of naproxen. All electrochemical experiments
were performed in 0.1 M phosphate buffer solution (PBS, pH 7.0) at room temperature.
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Figure 11. DPV response of Cu(L;), over NPR

Figure 11 illustrates the differential pulse voltammetry (DPV) responses of the Cu(L).-modified electrode toward different
concentrations of naproxen in 0.1 M phosphate buffer solution. A well-defined oxidation peak was observed at approximately +0.20
V, corresponding to the electrochemical oxidation of naproxen at the electrode surface. As the concentration of naproxen increased
from 1 to 10 uM, a gradual and systematic increase in the peak current was observed while the peak potential remained nearly
unchanged. The increase in oxidation peak current with increasing naproxen concentration indicates efficient electrocatalytic
activity of the Cu(Li).-modified electrode and confirms that the oxidation process is concentration dependent. The linear
enhancement of the current response demonstrates the excellent sensing capability of the modified electrode toward naproxen
detection. The stable peak potential near +0.20 V further suggests favorable electron-transfer kinetics and good electrochemical
stability of the sensing platform. The observed DPV behavior confirms that the Cu(L ). complex provides an effective electroactive
surface for naproxen determination, exhibiting a linear response in the concentration range of 1-10 pM with a sensitivity of 0.13
PA uM™! and a limit of detection (LOD) of 1 uM.
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Figure 12. Calibration plot for Cu(L):

The calibration curve (Figure 12) for naproxen was constructed by plotting the DPV peak current against naproxen
concentration in the range of 1-10 pM. A linear increase in peak current was observed with increasing analyte concentration,
indicating efficient electrocatalytic oxidation at the Cu(L).-modified electrode. The calibration plot exhibited good linearity with a
correlation coefficient (R?) of 0.97, confirming the reliability of the sensor for quantitative determination of naproxen within the
investigated concentration range.
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CONCLUSION

A novel Schiff base ligand, (E)-N-(1-(2,4,5-trimethylphenyl)ethylidene)-1H-1,2,4-triazol-3-amine (L), and its copper(Il) complex,
Cu(L1)2, were successfully synthesized and characterized using FTIR, NMR, and elemental analysis. Spectroscopic studies
confirmed the coordination of the ligand to the Cu(Il) ion through the azomethine nitrogen and phenolic oxygen donor atoms,
resulting in the formation of a stable chelated complex. The antimicrobial investigations against Escherichia coli revealed that the
Cu(L1), complex exhibited significantly higher antibacterial activity than the free ligand, with the inhibition zone increasing as a
function of concentration. The enhanced biological activity of the metal complex may be attributed to increased lipophilicity arising
from chelation, which facilitates improved interaction with and penetration through bacterial cell membranes. Furthermore, the
Cu(L1): complex demonstrated promising electrochemical sensing performance toward naproxen detection. Differential pulse
voltammetry studies showed a well-defined oxidation peak at approximately +0.20 V with a linear response over the concentration
range of 1-10 uM. The modified electrode exhibited a sensitivity of 0.13 pA pM™" and a limit of detection (LOD) of 1 uM, indicating
good analytical performance and electrocatalytic activity toward naproxen oxidation.
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