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Abstract

Bimetallic complexes have garnered significant attention in the scientific community due to their versatile
applications, such as antibacterial, antifungal, antitubercular, antimalarial, antioxidant, antibiotic, anti-inflammatory,
and anticancer activities. This study reports the synthesis and characterization of a bimetallic Zn/Ni complex derived
from 2,2™-bipyridine-4,4-dicarboxylic acid (BPyCOOH) as a multifunctional coordination compound with effective
antimicrobial impact. This complex ensured efficient coordination of the ligand with both Zn(Il) and Ni(ll) ions due to
its bifunctional groups in a single ligand structure. Structural elucidation was achieved through UV-Vis, FTIR, and
elemental analyses. The UV-Vis spectrum displayed two distinct absorption bands at approximately 280 nm and
400 nm, attributed to m—1* transitions and metal-to-ligand charge transfer (MLCT), confirming the successful
formation of the bimetallic coordination framework. The Zn/Ni(BPyCOOH), complex was evaluated for its
antimicrobial potential against selected Gram-positive and Gram-negative bacterial strains, also demonstrating
minimum inhibitory concentration (MIC) activity. The Gram-positive bacteria, P. mirabilis, showed the highest zones
of inhibition (27.7+0.9) at (20 mg/ml) of Zn/Ni(BPyCOOH), complex. Therefore, Zn/Ni(BPyCOOH), complex shows
concentration (dose) dependent antimicrobial activity. It is most effective against Proteus mirabilis (P. mirabilis),
gram-negative, and least in Staphylococcus aureus (S. aureus), gram-positive, by calculating the diameter of the
zone of inhibition. No inhibition observed in the control, which proves the results are valid.
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1. Introduction: cycloaddition reactions), materials Science (MOFs) for

Bioactive metal complexes containing bipyridine and
other nitrogen donor ligands (such as phenanthroline,
Schiff bases, etc.) have gained significant importance in
coordination chemistry due to their rich structural
diversity and multifunctional properties [1-5].

2,2’-Bipyridine 4,4’-dicarboxylic acid is a widely used
ligand due to its dual functionality as a strong chelating
agent and a versatile building block, specifically as an
anchoring group in material science and metal —organic
frameworks (MOFs). This combination of diverse
applications features makes this ligand highly useful in
a wide range of fields, like catalysis (e.g., for CO2,

gas storage, separation, and wastewater treatment),
optoelectronics (dye-sensitized solar cells and LEDS),
and medicine (metal complexes exhibiting anticancer
and antibacterial properties) [6-8].

The design and synthesis of bimetallic coordination
complexes have attracted considerable attention owing
to their enhanced physicochemical, catalytic, and
biological properties compared to their monometallic
counterparts [9, 10]. Amongst several ligands, 2,2’-
bipyridine-4,4’-dicarboxylic acid (BPyCOOH) is
particularly noteworthy ligand because of its strong
chelating ability and versatile coordination behavior
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through nitrogen and oxygen donor sites [11, 12]. The
incorporation of two different metal centers, such as
Zn(I) and Ni(ll), within a single complex can produce
potential effects that enhance electron transfer, stability,
and biological functionality [13, 14].

The primary advantage of a bimetallic zinc (Zn) and
nickel (Ni) complex of 2,2'-bipyridine-4,4'-dicarboxylic
acid is the powerful combination of the unique chemical
properties of both metals, potentially leading to
enhanced or functions not seen in their
monometallic counterparts [15, 16].

Bimetallic complexes often exhibit superior biological
activities (e.g., antibacterial, antifungal, or anticancer)
compared to their monometallic analogues. The
combination of Zn (an essential trace element with its
own biological roles) and Ni (which has known
antimicrobial and antioxidant activities) can result in a
more potent agent, potentially through different
mechanisms of action or improved cell permeability [17,
18]. The tailored bimetallic Zn/Ni(BPyCOOQOH), complex
therefore represents a promising candidate for exploring
structure—activity  relationships in  multifunctional
coordination systems [19].

Several studies have reported the synthesis and
biological evaluation of metal complexes derived from
substituted bipyridine ligands, highlighting their
promising physicochemical and biological
characteristics [20, 21]. Bipyridine-based ligands, owing
to their m-conjugated framework and nitrogen donor
sites, readily form stable chelates with transition metals
such as Ni(ll), zn(ll), Cu(ll), and Co(ll), thereby
enhancing their redox activity and coordination
geometry flexibility [22, 23]. Previous studies have
demonstrated that Ni(ll) complexes of bipyridine
derivatives  exhibit  significant antimicrobial and
antioxidant activities, attributed to their ability to interact
with microbial cell membranes and disrupt metabolic
pathways [24, 25]. Similarly, Zn(ll) complexes are
reported to possess broad-spectrum antibacterial and
antifungal properties, often linked to their capacity to
generate reactive oxygen species and inhibit enzyme
function [26, 27]. Recent advances in bimetallic complex
chemistry suggest that incorporating two metal ions
within a single molecular framework can yield enhanced
electron transfer, thermal stability, and bioactivity [28-
30].
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These studies involve bipyridine-4,4’-dicarboxylic acid
as a bridging ligand and has revealed that the presence
of carboxylate groups not only increases solubility and
coordination versatility but also facilitates metal-ligand
charge-transfer transitions, which influence biological
performance. Initially, the Ni(BPyCOOH), complex was
obtained from the reagent 2,2’-bipyridine-4,4’-
dicarboxylic acid; a bimetallic Zn/Ni(BPyCOOH),
complex was formed, which represents a logical
extension of this research direction, aiming to explore
the interplay between structure, electronic transitions,
spectral characterization, and antimicrobial efficacy
against selected bacterial strains.

2. Experimental Work:

2.1. Chemicals and Reagents:

Analytical reagent grade chemicals 2, 2'-bipyridine 4,4’-
dicarboxylic acid (BPyCOOH), nickel (Il) acetate
(Ni(CH3COO)z2. 4H20), zinc (ll) acetate (Zn(CHzCOOQO)2),
methanol (CH;OH), pyridine (CsHsN), dimethyl sulfoxide
(DMSO), and n-hexane were bought from E. Merck,

Germany.
2.2. Instrumentation:
Elemental microanalysis was conducted by an

instrument (Elemental Micro-Analysis Ltd, U.K). The FT-
IR spectra were obtained on a new Infrared instrument
(Nicolet Avatar 330 FT-IR (Thermo Nicolet Electron
Corporation, USA), having a range between 4000-600
cm™. UV-Vis Spectrophotometer (a double beam
Hitachi 220 spectrophotometer (Tokyo, Japan), with
dual 1 cm silica cuvettes within 185-700 nm). Scanning
Electron Microscopy with Energy Dispersive analysis
(SEM-EDX) instrument, and X-Ray analysis was
conducted on a diffraction (XRD) analysis, Phenom-
World instrument.

2.3. Synthesis of Nickel Complex of [2,2"-Bipyridine-
4,4'-Dicarboxylic Acid] Ni(BPyCOOH),:

The synthesis of the nickel metal complex
Ni(BPyCOOH), is a general method for complexation
[33]. The procedure is given below:

0.2 M solution of 2,2'-bipyridine-4,4'-dicarboxylic acid
was prepared in 15 mL of a 1:1 (v/v) mixture of methanol
(CH3;0H) and DMSO. Separately, a 0.1 M solution of Ni
(I1) acetate was prepared in 10 mL of methanol to make
a (1:2) metal complex solution. The Ni (II) acetate
solution was added dropwise to the ligand solution
under continuous stirring. The reaction mixture was then
refluxed for 2 hrs at 85 °C. Upon completion, the mixture
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was poured into chilled distilled water to precipitate the
complex. The resulting solid was filtered, washed
thoroughly with distilled water, dried, and recrystallized
from a methanol/n-hexane solvent system to afford the
Ni(BPyCOOH), complex.

2.4. Synthesis of Bimetallic
Bipyridine-4,4'-Dicarboxylic
(BPyCOOH),:

The synthesis bimetal complex Zn/Ni(BPyCOOH), is a
modified form [15], and the procedure is given below:
A 1 M solution of the pre-synthesized nickel complex,
Ni(BPyCOOH),, was prepared in methanol. To this
solution, a 2 M zinc acetate solution (prepared in 10 mL
of methanol) was added slowly under constant stirring.
The resulting mixture was refluxed for 1.5 hrs at 85 °C
to ensure complete complexation. After refluxing, the
mixture was poured into chilled distilled water to induce
precipitation of the bimetallic complex. The obtained
solid was filtered, washed, dried, and recrystallized from
a methanol/n-hexane solvent system to vyield the
Zn/Ni(BPyCOOH), complex.

Complex of 2,2'-
Acid Zn/Ni

Figure 1: The structural diagram of a bimetallic
Zn/Ni(BPyCOOH)2 complex

2.5. Antimicrobial Study of Bimetallic (II) complex
Zn/Ni(BPyCOOH)2:

The bimetallic metal (Il) complex Zn/Ni(BPyCOOH)2
was screened for in vitro antibacterial activity against
several bacterial strains, including Bacillus licheniformis
(B. licheniformis), Proteus mirabilis (P. mirabilis) , St
aphylococcus aureus (S. aureus), and Escherichia coli
(E. Coli).

2.5.1. Determination of the Diameters of the Zone of
Inhibition:

The diameters of the zone of inhibition of the
synthesized  Zn/Ni(BPyCOOH)2  complex
determined using the agar well diffusion method [10]. All

were
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equipment used for the incubation test was washed
properly and rinsed with 96% ethyl alcohol. The stock
solution (1 mg/mL) of the metal complex compound was
prepared in DMSO. For determining the zone of
inhibition, the medium was poured into a Petri dish and
allowed to solidify at room temperature. Wells were
made on the solidified medium, and the prepared
solutions were added to the wells and allowed to diffuse.
The indicator organisms were overlaid onto the agar
medium, and the plates were incubated at 37°C for 24
hours for the bacteria. The antimicrobial activities were
assessed by measuring the diameter of the zone of
inhibition of bacterial growth around each well along two
axes. For each product tested, three determinations
were made.

2.5.2. Minimum Inhibitory Concentration:

The minimum inhibitory concentrations (MICs) were
determined by the microdilution method in a 96-well
microplate for the bacterial species [31]. The
guantitative solutions of 5, 10, and 20 mg/liml
Zn/Ni(BPyCOOH)2 complex were determined against
four bacterial strains, including Gram-positive (S.
aureus and B. licheniformis) and Gram- negative
bacteria (E. coli, and P. mirabilis) by calculating the
diameter of the zone of inhibition.

3. Results and Discussions:

3.1. Characterization Study:

The proposed molecular structure of the heterometallic
coordination complex comprises Ni(ll) and Zn(Il) metal
centers bridged through 2,2'-bipyridine-4,4'-
dicarboxylate ligands shown in Fig. 1. In this structure,
the central Ni(ll) ions exhibits an octahedral geometry,
being coordinated by two bidentate bipyridine ligands
through their nitrogen donor atoms and by two oxygen
atoms, possibly originating from acetate or solvent
molecules, thereby completing the six-coordinate
environment. Each Zn(ll) ion adopts a tetrahedral
geometry, coordinated to two oxygen atoms from the
carboxylate groups of the bipyridine ligands and two
additional oxygen atoms from acetate groups. The
carboxylate moieties act as bridging linkers, facilitating
metal-to-metal connectivity between the Ni and Zn
centers. This arrangement results in a supramolecular
heteronuclear assembly that enhances electronic
communication, stability, and functional
properties of the complex, making it potentially useful for
applications in biological systems, catalysis, sensing,
and photochemical processes [16, 17].

structural
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3.2. FTIR Spectroscopy:

FT-IR spectra of the Ni(BPyCOOH), complex and its
mixtures with various concentrations of zinc acetate
(0.05 M, 0.1 M, and 0.25 M) were recorded to analyze
changes in vibrational characteristics. FTIR
spectroscopy was employed to identify functional
groups and examine metal-ligand interactions based on
characteristic vibrational frequencies. The broad band
around 3400 cm™ corresponds to the —OH stretching
vibration, which becomes less intense and slightly shifts
with increasing Zn concentration, indicating hydrogen
bonding and possible coordination changes involving
hydroxyl groups. The peak near 1650 cm™ represents
the C=0 stretching vibration, showing reduced intensity
in  Zn-containing samples, suggesting partial
coordination of Zn(ll) ions with the carboxylate oxygen
atoms of Zn/Ni(BPyCOOH).. The band in the 1380 cm™
region corresponds to O—C-O stretching, confirming the
presence of carboxylate ligands, Fig. 2. In the lower
region, a peak appeared at 480 cm™ due to metal—
oxygen interactions (Ni—-O band), while this peak shifts
to a higher region with increasing molar concentrations
of Zn metal.
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Figure 2: FTIR spectra of Ni(BPyCOOH)2, and the
bimetallic Zn/Ni(BPyCOOH). complex of 2,2'-bipyridine-
4,4'-dicarboxylic acids at different concentrations.

3.3. UV-Visible Spectroscopy:

The UV-Vis spectrum of the bimetallic Zn/Ni(BPy-
COOH), complex displayed two prominent absorption
peaks, indicating the presence of multiple electronic
transitions within the molecule, Fig. 3. The first strong
absorption band appeared at 280 nm, corresponding to
T—T* transitions of the aromatic bipyridine ligand,
confirming successful coordination between the ligand
and the metal centers [21-22]. A second, less intense
band observed at 412 nm was attributed to metal-to-
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ligand charge transfer (MLCT), signifying interactions
between the Ni(ll) and Zn(ll) ions and the conjugated
system of the ligand. The gradual decrease in
absorbance beyond 500 nm reflects the limited d-d
transitions typical for low-spin d® and d'® metal centers
in octahedral or distorted octahedral geometries [28].
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Figure 3: UV-Vis spectrum of the bimetallic complex of
2,2'-bipyridine-4,4'-dicarboxylic acids Zn/Ni
(BPYyCOOH):

3.4. SEM Spectroscopy:

The SEM (Scanning Electron Microscopy) images of a
series of bimetallic Zn/Ni(BPyCOOH), complexes
synthesized from Ni(BPyCOOH), in the presence of
varying concentrations of zinc salt. The micrographs
were magnified 5000x with a scale bar of 5 um,
illustrating the morphological evolution of the
Ni(BPyCOOH), complex as Zn(ll) ions were introduced
in increasing molar concentrations.

The SEM images of the bimetallic Zn/Ni complexes
were obtained under different magnetic field intensities.
At low Zn(ll) concentrations, small spherical particles
began to appear, but they were slightly aggregated
compared to the pure Ni(BPyCOOH), complex. This
suggests that Zn(ll) ions acts as nucleation centers,
slightly modifying the growth pattern of the
Ni(BPyCOOH), complex.

As the concentration of Zn (Il) ions increased, the
surface morphology became denser and more compact,
as shown in Fig. 4. Larger and more agglomerated
particles were observed, indicating enhanced crystal
growth due to the higher availability of Zn(ll) ions, which
likely facilitated particle fusion. At the highest Zn(ll)
concentration, the morphology exhibited distinct
spherical agglomerates with increased particle size.
Therefore, the increasing Zn salt concentration
significantly influenced the surface morphology, particle
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size, and aggregation behavior of the Ni(BPyCOOH),
complex. This morphological tuning could have affected
the catalytic, optical, or adsorption properties of the
resulting material, making the Zn/Ni(BPyCOOH):

system potentially more effective for applications such
as biological activities, pollutant removal, catalysis, or
electrochemical sensing.

Figure 4: SEM images of Ni(BPyCOOH)z, and the
bimetallic Zn/Ni(BPyCOOH). complex of 2,2'-bipyridine-
4,4'-dicarboxylic acids at different concentrations of
Zn(ll) salt

3.5. EDS Spectroscopy:

The Energy Dispersive X-ray Spectroscopy (EDX)
spectrum of the synthesized Ni(BPyCOOH), complex
modified with Zn salt, provided qualitative and semi-
guantitative  information about the elemental
composition of the sample. The prominent peaks
observed in the spectrum corresponded to the elements
C (carbon), O (oxygen), Ni (nickel), Zn (zinc), and Al
(aluminum).

The intense peaks of O (oxygen) around 0.52 keV and
C near 0.28 keV confirmed the presence of oxygen and
carbon-containing functional groups originating from the
bipyridine ligand and possibly from residual organic
precursors, can be seen in Fig. 5. The distinct peaks of
Ni (~0.85 keV) and Zn (~1.0 keV) verified the successful
incorporation of both metallic species into the Ni—Zn—
bipyridine framework.

Thus, the EDX spectrum confirmed that the composite
material primarily consisted of Ni, Zn, O, and C
elements, validating the successful synthesis of the Ni—
Zn bipyridine complex. The relative intensities of the
peaks indicated a homogeneous distribution of these
elements, suggesting that Zn ions were well integrated
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within the Ni complex matrix, thereby enhancing the
structural stability and functional performance of the
material.

Spectrum: Acgquisition

L4 140

Figure 5. EDS
Zn/Ni(BPyCOOH):
dicarboxylic acids

images of the bimetallic
complex of 2,2-bipyridine-4,4'-

3.6. X-ray Diffraction:

This figure represented the X-ray diffraction (XRD)
patterns of Zn/Ni(BPyCOOH), complexes synthesized
in the presence of different concentrations of Zn salt
(0.25 M, 0.5 M, and 1.0 M) in the Ni(BPyCOOH), metal
complex, as shown in Fig. 6. The sample of
Ni(BPyCOOH), with 0.25 M Zn salt showed prominent
peaks corresponding to ZnO, with major diffraction
planes indexed at (100), (101), and (102), confirming the
formation of a wurtzite hexagonal ZnO phase. These
peaks indicated that at lower Zn concentrations, ZnO
was the dominant crystalline phase formed along with
the Ni-bipyridine matrix.

For the Ni(BPyCOOH), sample containing 0.5 M Zn salt,
the diffraction peaks appeared sharper and more
intense, showing well-defined reflections corresponding
to the ZnO (100, 002, 101, and 102) planes, which
suggested enhanced crystallinity. In the case of
Ni(BPyCOOH), with 1.0 M Zn salt, the XRD pattern
exhibited characteristic peaks for metallic Zn (100, 101,
103). The ZnO peaks disappeared, while the Ni—Zn alloy
peaks indicated a phase transition from an oxide-
dominated structure to an intermetallic phase at higher
Zn concentrations. The increased Zn content likely
promoted reduction and alloy formation, resulting in a
more metallic character of the synthesized material [30].
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Figure 6: XRD spectra of the bimetallic

Zn/Ni(BPyCOOH)2 complex of 2,2'-bipyridine-4,4'-
dicarboxylic acids at different concentrations of Zn(Il)
salt

3.7. Antimicrobial Activity of Bimetallic Complexes
Zn/Ni(BPyCOOH)2.

3.7.1. Determination of the Diameters of the Zone of
Inhibition (DZI):

The diameters of the zone of inhibition of the
Zn/Ni(BPyCOOH). complex were successively obtained
using the agar well diffusion method [31-32]. The
diameters of the zone of inhibition of the bacteria are
summarized in Fig. 7.

()

Figure 7: Antibacterial activity of the Zn/Ni(BPyCOOH)2
bimetallic complex on Staphylococcus aureus and E.
coli, along with control wells

3.7.2. Minimum Inhibitory Concentration:

The minimum inhibitory concentrations (MICs) for the
zone of inhibition were determined against four bacterial
strains, i.e., Gram-positive (S. aureus, and B.
licheniformis) and Gram-negative bacteria (E. coli and
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P. mirabilis) at 5, 10, and 20 mg/ml of the
Zn/Ni(BPyCOOH). complex. For all bacterial strains,
outcomes of Tukey's test revealed that there was a
significant variance (p<0.05) in the antibacterial activity
at 5, 10 and 20 mg/ml of Zn/Ni(BPyCOOH). complex
[34]. The highest zones of inhibition were observed at
the highest concentration of Zn/Ni(BPyCOOH)2 complex
(20 mg/ml) with respect to 10 and 5 mg/ml of
Zn/Ni(BPyCOOH)2 complex and positive control
erythromycin (5 mg/ml). No zones of inhibition were
detected against the negative control (with DMSO
solvent only). The diameters of the zone of inhibition of
the bacteria are summarized in Figs. 8-9.

Figure 8: MIC of the zone of inhibition of the
Zn/Ni(BPyCOOH), bimetallic complex on B.
licheniformis, P. mirabilis, Staphylococcus aureus, and
E. coli, along with control wells.
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Figure 9: Graph of the zone of inhibition of the
Zn/Ni(BPyCOOH), bimetallic complex on B.
licheniformis, P. mirabilis, Staphylococcus aureus, and
E. coli, along with erthromycin (as a positive control).

The results of Table 1 show that Gram-negative
bacteria, e.g., P. mirabilis, showed the highest zones of
inhibition (27.7+£0.9) when compared to other bacterial
positive strain (S. aureus). For B. licheniformis, the zone
of inhibition (25.33+0.8) was significantly larger than that
of E. coli (21.3 £0.6) at 20 mg/ml concentration of the
Zn/Ni(BPyCOOH)2 complex. No zone of inhibition was
found in the positive control group against S. aureus at
5 mg/ml of erythromycin, which shows that this bacterial
strain is resistant to the antibiotic (erythromycin). S.
aureus showed zones that were 4 mm bigger than those
shown by E. coli, and these results showed that the
Zn/Ni(BPyCOOH)2 complex is more reticent to the
growth of S. aureus than others.

Table 1: The zone of inhibition of the Zn/Ni(BPyCOOH),
bimetallic complex on B. licheniformis, P. mirabilis,
Staphylococcus aureus, and E. coli, along with
erthromycin (as a positive control well).

Zone of Inhibitions of Zn/Ni(BPyCOOH), bimetallic
. complex
Concentrations
S. . B. P.
E. coli . . . L

aureus licheniformis mirabilis

5 6.7+0.9 8.4+0.2 9.88+0.3 11.2+0.1

10 12.9+0.3 | 13.6+0.03 19.2+0.2 20.3+0.7

20 23.24¢0.1 | 21.3+0.6 25.33+0.8 27.7+0.9

Erythromycin

(5mg/ml) 0.4+0.1 14.7+0.2 28.1+0.4 33.40.8
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4. Conclusion:
In conclusion, a tailored bimetallic Zn/Ni(BPy-COOQOH),
complex was successfully synthesized from substituted
2,2'-bipyridine-4,4'-dicarboxylic acid, demonstrating the
effectiveness of rational ligand design in generating
multifunctional coordination compounds. UV-Vis and
FTIR analyses confirmed the coordination of Zn(ll) and
Ni(ll) ions through nitrogen and oxygen donor sites,
resulting in a stable and electronically interactive
bimetallic structure. Antimicrobial evaluation revealed
that the Zn/Ni(BPy-COOH), complex showed significant
activity against P. mirabilis at 20 mg/mL and comparable
responses to erythromycin at 5 mg/mL. The absence of
inhibition in the negative control validated the reliability
of the findings.
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