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This study aimed to synthesize two new complexes, [Co(3-ampy).(Bz).(H20)] (1)
and [Ni(u-3-ampy)(Bz)(H.0)In (2), as antibacterial agents (3-ampy = 3-
aminopyridine; Bz = benzoate). The complexes were synthesized by reacting
cobalt(II) chloride or nickel(II) chloride with 3-ampy and sodium benzoate at a
molar ratio of 1:2:2. The reactions were stirred at 40°C for 4 h and 3.5 h,
respectively. The products were characterized using melting point analysis,
electrical conductivity measurements, ATR-FTIR, SEM-EDX, SC-XRD, and UV—
Vis spectroscopy. Hirshfeld surface analysis and antibacterial assays were also
performed against Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC
23235) using the disc diffusion method. Complexes 1 and 2 formed elongated
prismatic red crystals and plate-shaped dark green crystals, respectively. Their
melting points were 127-129°C and 224-226°C, respectively, and both were non-
electrolytes in methanol. Complex 1 exhibited distorted octahedral geometry and
crystallized in the monoclinic system, with benzoate ions coordinating in
monodentate and bidentate modes. Its coordination environment was associated
with d-d and ligand-to-metal charge-transfer (LMCT) bands in the UV-Vis
spectrum. At equal mass concentrations, the complexes exhibited antibacterial
activity with inhibition zones of 4.90—-13.67 mm, whereas the free ligands showed
no activity. Complex 1 inhibited E. coli and S. aureus, with inhibition zones of 12.20
and 13.67 mm, respectively. In contrast, complex 2 showed limited activity
against E. coli (4.90 mm) and no activity against S. aureus (0.00 mm). The
cobalt(II) complex exhibited broader antibacterial activity than the nickel(II)
complex against the tested bacterial strains.

1. Introduction

unequal access to quality and affordable medicines [4].

Antimicrobial resistance (AMR) is a major global
health concern that threatens the effective treatment of
bacterial infections [1]. In Indonesia, antibiotic resistance
in hospital populations was estimated to cause 34,530—
133,753 deaths in 2019 [2], while bacterial AMR was
associated with approximately 1.27 million deaths
worldwide in the same year [3]. The emergence and
spread of resistance are associated with inappropriate
antibiotic use, inadequate infection prevention, and

Among the major bacterial pathogens contributing to
AMR-related deaths are Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus), as well as Klebsiella
pneumoniae, Streptococcus pneumoniae, Acinetobacter
baumannii, and Pseudomonas aeruginosa. Methicillin-
resistant S. aureus and several Gram-negative bacteria
resistant to commonly used antibiotics contribute
substantially to mortality worldwide [3]. These
challenges highlight the need to investigate alternative
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antibacterial agents with potential activity against
resistant bacteria.

Conventional antibiotics, including ampicillin,
amoxicillin, cefuroxime, and tetracycline, are commonly
used to treat bacterial infections [5]. However, the
development of bacterial resistance can reduce their
effectiveness through various resistance mechanisms [6,
7]. Consequently, exploring compounds with different
chemical properties and potential modes of antibacterial
action is important. Metal complexes have attracted
interest as potential antibacterial agents because their
biological activity can be influenced by the metal center,
ligand characteristics, coordination geometry, and
physicochemical properties [1, 8]. Proposed mechanisms
of metal-complex activity include interactions with
cellular components, disruption of membrane function,
interference with enzyme activity, and damage to DNA
[9]. According to Tweedy’s chelation theory, coordination
can reduce the effective polarity of a metal ion through
charge distribution and electron delocalization within the
chelate ring. This may increase the lipophilic character of
a complex and facilitate its interaction with lipid
membranes [10]. Nevertheless, increased lipophilicity
does not necessarily produce greater antibacterial
activity, because molecular size, structural features,
diffusion, and cellular interactions may also influence the
observed effects.

Cobalt(IT) and nickel(II) are suitable metal centers
for investigating the relationship between coordination
structure and antibacterial activity. Cobalt is biologically
relevant as a component of vitamin B12, which functions
as a cofactor in processes including fatty acid
metabolism, DNA synthesis, and energy production [11].
Nickel(II), meanwhile, can coordinate with nitrogen and
oxygen donor atoms, producing diverse coordination
geometries and structural arrangements, including
polymeric architectures. Previous studies have reported
antibacterial activity in complexes containing these
metals, although the activity depends on the ligands and
coordination environments. A nickel(II) complex
containing 1,3-bis(diphenylphosphino)propane and 2-
aminopyridine (2-ampy) exhibited notable antibacterial
properties compared with related Cu(II), Mn(II), and
Fe(II) complexes [12].

Munadhiroh et al [13] reported that [Co(2-
ampy).(NCS).] exhibited greater antibacterial activity
than KSCN against S. aureus and Salmonella typhi,
although its activity relative to 2-ampy varied between
bacterial species. Similarly, Savitri et al. [14] found that
[Co(4-ampy),(NCS).]-CO. showed greater activity than
KSCN but lower activity than 4-ampy. These findings
demonstrate that complex formation does not invariably
enhance antibacterial activity. Although Cu(1I) and Zn(II)
are also relevant in bioactive coordination compounds,
differences in electronic configurations and coordination
preferences can lead to distinct structures and biological
responses [15]. Accordingly, Co(II) and Ni(II) were
selected to investigate how different metal centers and
coordination environments influence complex structure
and antibacterial activity, rather than to assume their
superiority over other metals [16].

Aminopyridine (ampy) isomers, including 2-ampy,
3-aminopyridine (3-ampy), and 4-ampy, are useful
ligands in coordination chemistry because the pyridine
nitrogen atom can donate a lone pair of electrons to a
metal center [17]. Their aromatic ring systems can also
participate in electronic interactions with coordinated
metals [18]. The position of the amino group
distinguishes these isomers and may influence ligand
orientation, steric effects, and intermolecular
interactions. In 2-ampy, the amino group is adjacent to
the pyridine nitrogen, whereas in 4-ampy it occupies the
para position. In 3-ampy, the amino group is located at
the meta position, spatially separating it from the
pyridine nitrogen. This arrangement may allow the
pyridine nitrogen to act as the principal coordination site
while the amino group contributes to secondary
interactions, including hydrogen bonding. Previous
studies have associated differences in amino-group
position with variations in the crystal structures of
metal-ampy complexes [19]. Furthermore, hydrogen
bonding involving 3-ampy may influence crystal packing
and the resulting structural arrangement [20]. These
characteristics make 3-ampy a useful ligand for
examining the relationship between coordination
behavior, secondary interactions, and crystal
architecture.

In the present study, the cobalt(II) and nickel(II)
complexes exhibit different coordination architectures
despite containing the same principal organic ligand. The
complex [Co(3-ampy)2(Bz).(H.0)] (1) forms a
monomeric structure, whereas [Ni(u-3-
ampy)2(Bz)>(H,0)In (2) forms a polymeric structure in
which 3-ampy bridges nickel(II) centers. This structural
difference provides an opportunity to investigate how
metal identity and coordination connectivity influence
the resulting crystal architecture and physicochemical
properties. Benzoate (Bz) was selected as a co-ligand
because benzoate-containing compounds have been
investigated for their biological properties, while sodium
benzoate is also used as a preservative in food and
pharmaceutical applications [21]. However, the
antibacterial effects of sodium benzoate itself do not
establish the activity of its metal complexes, which must
be evaluated experimentally.

Therefore, this study aimed to synthesize and
characterize [Co(3-ampy)2(Bz).(H20)] (1) and [Ni(u-3-
ampy)2(Bz)2(H.0)In (2), investigate their structural
features using crystallographic and spectroscopic
techniques, analyze their intermolecular interactions
through Hirshfeld surface analysis, and evaluate their
antibacterial activity against E. coli and S. aureus.
Comparing the monomeric cobalt(II) complex with the
polymeric nickel(II) complex provides insight into the
relationship between metal identity, coordination
architecture, and antibacterial activity.

2. Experimental

This experimental study consisted of four stages: (1)
synthesis of the metal complexes, (2) characterization
using melting point analysis, electrical conductivity
measurements, ATR-FTIR, SEM-EDX, SC-XRD, and UV—
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Vis spectroscopy, (3) antibacterial activity testing, and (4)
Hirshfeld surface analysis.

2.1. Equipment and Materials

The equipment used in this study included an
analytical balance (Ohaus, PA214, 0.0001 g readability,
210 g capacity), standard laboratory glassware, a hot plate
magnetic stirrer (Thermo Scientific Cimarec, SP131320-
33Q), a melting point apparatus (Fisher-Johns Melting
Point Apparatus), a conductivity meter (Cyberscan CON
11/110), an FTIR-ATR spectrometer (Shimadzu, IRSpirit-
X), an SEM-EDX instrument (FEI, Inspect-S50), an SC-
XRD diffractometer (Bruker, D8 Quest Eco), and a UV-Vis
spectrophotometer (Analytik Jena, Specord 200 Plus).

The materials used in this study included CoCl»6H.0
(Sigma-Aldrich, 31277, analytical grade, 98%),
NiCl6H.0 (Merck, analytical grade, 98%), 3-NH>CsH,N
(Sigma-Aldrich, A78209, analytical grade, 99%),
CsHsCOONa (Sigma-Aldrich, 109169, 99%), nutrient
broth (Himedia, M002), nutrient agar (Himedia, M001),
methanol (Supelco, 106009, for analysis, 299.9%),
ethanol (Merck, 1.00983.2500, absolute for analysis,
299.9%), dimethyl sulfoxide (DMSO; Merck,
1.02952.2500, 299.9%), demineralized water
(Hydrobatt), and distilled water. The bacterial strains
used were Escherichia coli (ATCC 25922) and
Staphylococcus aureus (ATCC 23235). All chemicals were
used as received without further purification.

2.2. Synthesis of Complex Compounds
2.2.1. Synthesis of Complex 1

CoCl»6H,0 (0.2428 g, 1 mmol) was dissolved in 5 mL
of a methanol-water mixture (1:1, v/v) and stirred at
£40°C. A solution of sodium benzoate (C¢HsCOONa; 0.2911
g,2mmol) in 5 mL of the same solvent mixture was added
dropwise to the cobalt(II) solution. The mixture was
stirred and heated at 40°C for 2 h [22]. Subsequently, a
solution of 3-aminopyridine (3-ampy; 0.1901 g, 2 mmol)
in 5 mL of methanol—-water (1:1, v/v) was added dropwise.
The mixture was then stirred and heated at 40°C for
another 2 h. After cooling to room temperature, the
mixture was filtered, and the filtrate was transferred to a
50 mL beaker. The beaker was covered with aluminum foil
secured with rubber bands, with a small hole in the cover
to allow slow solvent evaporation.

2.2.2. Synthesis of Complex 2

NiCl-6H.0 (0.2425 g, 1 mmol) was dissolved in 5 mL
of an ethanol-water mixture (1:1, v/v). A solution of
sodium benzoate (CsHsCOONa; 0.2911 g, 2 mmol) in 5 mL
of the same solvent mixture was added to the nickel(II)
solution in a three-necked round-bottom flask. The
mixture was stirred using a magnetic stirrer and heated at
40°C for 30 min until the solids had dissolved.
Subsequently, a solution of 3-aminopyridine (3-ampy;
0.1901 g, 2 mmol) in 5 mL of ethanol—water (1:1, v/v) was
added dropwise. The mixture was stirred and heated at
40°C for 3 h. After cooling to room temperature, the
mixture was filtered, and the filtrate was transferred to a
50 mL beaker. The beaker was covered with aluminum foil

secured with rubber bands, with a small hole in the cover
to allow slow solvent evaporation.

The synthesis conditions were optimized by varying
the solvent system, temperature, stirring duration, and
evaporation conditions to obtain single crystals suitable
for SC-XRD analysis. The optimization procedure was
based on a previously reported method for synthesizing
metal complexes [23].

2.3. Characterization
2.3.1. Melting Point Determination

Melting points were determined for the synthesized
complex and its corresponding reactants using dry
crystals of the samples. A small quantity of the sample
was placed on a glass slide, covered with a cover slip, and
heated across a temperature range of 30—-300°C (heating
power setting: 50) [14]. The melting process was visually
monitored through a magnifying lens, and the melting
range was recorded from the initial onset of melting to
complete liquefaction. A sharp melting range (AT < 2°C)
indicated compound purity [24]. The melting point of the
synthesized complex was compared with those of the
starting materials to confirm successful complexation.

2.3.2. Electrical Conductivity Measurement

Electrical conductivity = measurements were
performed on 10 mL methanol solutions (1.0 mg/mL) of
the synthesized complex and its reactants [25]. Complete
dissolution was verified to ensure the conductivity probe
was fully immersed. The instrument was calibrated prior
to measurement using a standard KCl solution at 1413
pS/cm. Measurements were conducted at room
temperature until stable readings were obtained. The cell
was thoroughly rinsed with distilled water before and
after each run. Electrical conductivity data were evaluated
qualitatively to assess the electrolytic or non-electrolytic
nature of the complex in methanol [25].

2.3.3. ATR-FTIR Spectroscopy

The samples analyzed using the ATR-FTIR
instrument were the synthesized complex crystals and
their ligands. The solid samples were ensured to be dry
before measurement. A small amount of each sample was
then placed directly on the ATR crystal. The solid samples
were pressed against the ATR crystal to ensure uniform
contact, whereas the liquid samples were dropped onto
the crystal surface. Measurements were performed at
room temperature over a wavenumber range of 4000—
500 cm [26]. The ATR crystal was cleaned with acetone
and lint-free tissue between measurements. The
coordination mode of the carboxylate groups (—C0O-)
was assigned based on the magnitude of the asymmetric-
symmetric stretching separation, Av = vas(COO-) -
vs(COO-). By comparison with ionic sodium benzoate (Na-
Bz), a smaller splitting indicates a bidentate mode,
whereas a significantly larger splitting denotes a
monodentate mode [27].

2.3.4. SEM-EDX Analysis

Surface morphology and elemental composition
were analyzed using SEM-EDX. Solvent-free crystals
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(~0.1g) were mounted on an SEM stub and sputter-coated
with an Au—Pd conductive layer. SEM micrographs were
recorded in secondary electron (SE) mode at an
accelerating voltage of 20 kV, a working distance of 10.0—
10.1 mm, and magnifications ranging from 50x to 500x.
EDX microanalysis was performed over an area of 100 pm.
Microscale surface irregularities and surface tilt relative
to the incident electron beam introduce composition
measurement uncertainties of up to 34% and 85%,
respectively [28].

2.3.5. SC-XRD

The sample characterized using SC-XRD was a single
crystal of the synthesized complex compound. A high-
quality crystal with a suitable size (0.1—0.5 mm) and well-
defined morphology was selected. The crystal was
mounted on a nylon loop using Paratone oil as a
supporting medium and measured at room temperature.
The nylon loop was then mounted on an X-ray
diffractometer equipped with a Mo Ka X-ray source (A =
0.71073 R), a detector, and a goniometer. The crystal was
oriented to allow rotation so that diffraction data could be
collected from different crystallographic directions. X-
rays were then directed at the crystal, and the diffracted
beams at various angles were recorded by the detector.

2.3.6. UV-Vis Spectroscopy

The samples analyzed using the UV-Vis
spectrophotometer were solutions of the synthesized
complex compounds and their constituent metals. A
0.005 g sample was weighed and dissolved in 10 mL of
methanol to obtain a concentration of 500 ppm.
Subsequently, 1 mL of this solution was diluted to a final
volume of 10 mL with methanol to obtain a concentration
of 50 ppm. The samples were then measured at room
temperature over a wavelength range of 190—1100 nm,
with a scan speed of 50 nm/s, a data interval of 1 nm, and
the absorbance mode selected.

2.4. Antibacterial Activity Test

Antibacterial activity was evaluated against Gram-
negative E. coli (ATCC 25922) and Gram-positive S. aureus
(ATCC 23235) using the disk diffusion method adapted
from the Kirby—Bauer method, with reference to the
Performance Standards for Antimicrobial Disk Susceptibility
Tests, CLSI Mo2-Ed14 guidelines [29, 30]. The procedure
encompassed bacterial suspension preparation, agar
surface inoculation, application of compound-
impregnated paper disks, incubation, and measurement
of inhibition zone diameters. Standard CLSI conditions
were modified to optimize media type and inoculum
density. Consequently, inhibition zone diameters were
used solely for relative activity comparisons among
samples, rather than for clinical breakpoint or quality
control (QC) range interpretations.

E. coli ATCC 25922 served as a standard reference
strain for disk diffusion quality control. Although S.
aureus ATCC 25923 is conventionally used for quality
control testing, S. aureus ATCC 23235 (strain 494) was
selected for this study. ATCC 23235 is an enterotoxin D-
producing prototype strain originally isolated from a food
poisoning outbreak, making it uniquely relevant for

studying pathogenic S. aureus virulence [31]. The
inclusion of ATCC 23235 was intended as a target test
strain rather than a standard quality-control reference;
thus, its inhibition zone diameters were evaluated strictly
for comparative activity and were not benchmarked
against the established quality-control parameters for
ATCC 25923,

Bacterial strains were suspended in nutrient broth,
stirred, and monitored spectrophotometrically at A = 600
nm (0D600). Adjustments were made iteratively until an
0D600 of 0.4—0.6 was achieved, confirming that cultures
had reached the appropriate growth phase for testing
[32]. The standardized bacterial suspension was
inoculated into molten nutrient agar, then poured into
Petri dishes and allowed to solidify. Test solutions
comprised synthesized complexes 1and 2, precursor salts
(CoClz, NiCl,), ligands (3-ampy, Na-Bz), a positive
control (chloramphenicol), and a negative control (10%
v/v aqueous DMSO).

Samples (0.025 g) were dissolved in 5 mL of 10%
DMSO to yield a mass concentration of 5.0 mg/mL.
Because molar masses varied across test species,
equivalent mass concentrations yielded differing molar
concentrations (detailed in Table 9 to support
comparative interpretation). Sterile paper disks were
saturated with the respective test solutions for 20 min,
placed onto the inoculated agar surface, and incubated at
37°C for 24 h. Because the mass of solution absorbed per
disk was not measured gravimetrically or volumetrically,
absolute disk loading pg/disk was not calculated directly.
Post-incubation, inhibition zone diameters were
measured in millimeters using a vernier caliper [25].

2.5. Hirshfeld Surface Analysis

Hirshfeld surface calculations and 2D fingerprint
plots were generated using CrystalExplorer 21.5 based on
SC-XRD structural data imported from refined
Crystallographic Information Files (CIF) [14, 23]
Molecular surfaces were mapped using the normalized
contact distance (dnorm), shape index, and curvedness to
visually quantify and assess noncovalent intermolecular
interactions.

3. Results and Discussion
3.1. Synthesis of Complex Compounds

Slow evaporation of a methanol solution containing
precursor salts and ligands yielded single crystals suitable
for characterization. Red, elongated prismatic crystals of
1 with pointed terminations were obtained after 4 days of
ambient evaporation (Figure 1a). In contrast, dark green
plate-like crystals of 2 formed after a longer
crystallization period of 7 days (Figure 1b).

3.2. Characterization
3.2.1. Melting Point Determination

Based on the data in Table 1, the synthesized complex
crystals exhibited a melting point range of 2°C, distinct
from that of the reactants. This finding suggests that the
synthesized products are pure compounds that differ
from their reactants [13). The substantial difference in
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melting points between complexes 1 and 2
(approximately 97°C) suggests that the interactions
within the crystal structure of complex 2 are relatively
stronger, resulting in greater thermal stability than that
of complex 1. Compounds with stronger interactions
within their crystal lattices require more thermal energy
to overcome these interactions, resulting in higher
melting points and reflecting greater lattice energy [33].

3.2.2. Electrical Conductivity Analysis

Electrical conductivity testing was conducted to
evaluate the electrolytic behavior and species dissociation
of complexes 1 and 2 in methanol solutions (Table 2) [25].
The conductivity data show that the synthesized complex
compounds exhibit conductivity values closer to those of
methanol and 3-ampy than to those of their constituent
salts (CoCl,, NiCl,, and Na-Bz). This suggests that the
complex compounds do not dissociate extensively in
methanol and therefore produce relatively few free ions.
Accordingly, the conductivity measurements indicate
that complexes 1 and 2 exhibit non-electrolytic behavior
in methanol solution [34].

(a)

Figure 1. Crystals: (a) complex 1 displaying elongated
prismatic morphology (5x magnification) and
(b) complex 2 exhibiting plate-like morphology
(1x magnification)

Table 1. Melting points of starting materials and
synthesized complexes

Compound Meltirig point
(°C)
CoCl»:6H,0 56
NiCl»6H.0O 140
3-ampy 60-63
Na-Bz >300
[Co(3-ampy).(Bz)-(H.0)] (1) 127-129
[Ni(u-3-ampy)2(Bz)2(H20)]n (2) 224-226

Table 2. Electrical conductivity data for the solvent,
reactants, and complex compounds

. Value

Solution (uS)
Methanol (pure) 0.76
CoCL,(CH;0H) 484
NiCL,(CH;0H) 433
3-ampy(CH;0H) 2.39
Na-Bz(CH3;0H) 379
(Co(3-ampy)»(Bz).(H20)1(CH;0H) (1) 89.3
[Ni(u-3-ampy)(Bz)2(H20)1n(CH;0H) (2) 82.0

3.2.3. ATR-FTIR Analysis

ATR-FTIR analysis was performed to identify the
functional groups coordinating with the central metal
atom in the complex compounds. The resulting FTIR
spectra provide information on the characteristic
absorption bands and their corresponding wavenumbers.
The absorption bands of the synthesized complex
compounds were compared with those of the
corresponding free ligands, as shown in Figures 2—3 and
Table 3.

The free 3-ampy ligand exhibits an asymmetric N—H
stretching vibration (vas(N-H)) at 3373 cm. In the
spectra of complexes 1 and 2, this band undergoes a red
shift to 3345 cm-'and 3331 cm™, respectively, signaling an
overall weakening of the N-—H bond due to coordination
effects [25]. The larger red shift in 2 suggests the
involvement of the amino nitrogen (N-amino) in
coordination with the central Ni(II) ion. Concurrently, the
C=N stretching vibration of the pyridine ring shifts from
1653 cm™ in free 3-ampy to 1645 cm™ in 1 and 1619 cm™!
in 2. The larger shift observed in 2 (Av = 34 cm™)
compared to 1 (Av = 8 cm™) indicates a significant
alteration of the electronic structure within the pyridine
ring, reflecting different coordination environments and
ligand-metal binding modes between the two complexes.
Additionally, the C—NH, stretching vibration of the
pyridine moiety shifts from 1288 cm- in free 3-ampy to
1308 cm™ (1) and 1307 cm (2) [13, 17].

[Cof3-ampy)(Bz),(H,0)]
L
Ty e,
3528 (0-8) - fh"‘
1645 C=) N '\-‘ W
. . 1387 (COO
3-aminopyridine 1535 (CO0 _J'
/_o\ H17,1379(C00 )
S
5373 04,
8 BITN-H)
g Sodium benzoate
g
o
g
‘[—-" Water 1546(C00 )
1404 €00 )
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™!)
Figure 2. FTIR spectra of complex 1 and its ligands
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y m;}f\ n y
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Figure 3. FTIR spectra of complex 2 and its ligands
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Table 3. Infrared absorption band assignments for complexes 1 and 2 relative to their precursor ligands

Wavenumber (cm-?)

Vibrational mode Ligand Complex compounds
3-ampy Na-Bz H.0 [Co(3-ampy)2(Bz).(H20)] (1)  [Ni(u-3-ampy)2(Bz)2(H20)]a (2)

vas(N—H) 3373 - - 3345 3331
v(0-H) - - 3334 3328 3307
vs(N-H) 3317 - - - -

v(C—H) 3070 - - 3062 3061
8(H-0-H) - - 1653 1683 1653
v(C=N) 1653 - - 1645 1619
vas(COO") - 1546 - 1587 1590
v(ring) 1581 1596 - - 1542
vas(COO") - 1546 - 1535 1516
v(ring) 1485 - - 1490 1491
v(ring) 1440 - - 1442 1451
vs(COO") - 1402 - 1417 1423
vs(COO-) - 1402 - 1379 1389
v(C—NH>) 1288 - - 1308 1307
v(ring) 1262 - - 1265 1274
v(ring breathing) 1045 1067 - 1052 1067

Coordination modes of the carboxylate group
(— COO-) were deduced from the separation (Av) between
the asymmetric (vas(COO-)) and symmetric (vs(COO-))
stretching frequencies. Free sodium benzoate (Na-Bz)
displays vas(COO-) and vs(COO-) bands at 1546 cm and
1402 cm™, respectively (Av = 144 cm™). For complex 1, two
distinct coordination modes are observed: a monodentate
benzoate ligand characterized by stretching bands at 1587
cmand 1379 cm! (Av = 208 cm™?), and a bidentate mode
at 1535 cm™ and 1417 cm™ (Av = 118 cm™). Similarly,
complex 2 exhibits monodentate (1590 and 1389 cm™?; Av
= 201 cm™) and bidentate (1516 and 1423 cm™; Av = 93
cm?) coordination modes [26].

Water ligand coordination was confirmed by
characteristic O—H stretching and bending vibrations.
Free water exhibits an O—H stretching band at 3334 cm,
which shifts to lower wavenumbers (3328 cm™ in 1 and
3307 cm™ in 2) upon coordination to the metal center
[26]. Furthermore, the H-O—H bending vibration (§(H-
0-H)), observed at 1653 cm™! in water, shifts to 1683 cm ™!
in 1 while remaining at 1653 cm~in 2 [35].

3.2.4. SEM-EDX Analysis

SEM  micrographs reveal distinct crystal
morphologies for the synthesized complexes, as depicted
in Figures 4a and 4b. Complex 1 exhibits pointed, rod-like
elongated crystals, whereas complex 2 displays plate-like
structures. These observed physical shapes align closely
with the single-crystal habits identified during SC-XRD
analysis.

The surface elemental compositions of both
complexes were quantitatively assessed via EDX (Table
4). For complex 1, the surface atomic ratio of Co:0:N was
measured at 1:5.4:9.7 [36]. The relative Co:0 atomic ratio

closely corresponds to the presence of two benzoate
anions (C¢HsCOO-) and one water ligand (H.O) per cobalt
center, consistent with the structural formula derived
from single-crystal XRD data. However, the detected
nitrogen proportion deviates slightly from the theoretical
stoichiometry. For complex 2, the Ni:O:N atomic ratio on
the crystal surface was found to be 1:7:7.6 [36], which also
shows minor discrepancies compared to the SC-XRD
crystallographic chemical formula.

Figure 4. SEM micrographs of (a) complex 1 (500x
magnification; scale bar = 200 pm; WD = 10.0 mm) and
(b) complex 2 (200x magnification; scale bar = 500 pm;

WD = 10.1 mm), acquired at an accelerating voltage of
20 kV in SE mode

Table 4. EDX surface elemental composition of
synthesized complexes 1 and 2

Compound Element %wt %At
N 4816 60.07
E;Z)oe—ampy)z(BZ)z(HzO)] o 3087 3371
Co 20.97 6.22
_ N 38.41 48.74
[Ni(u~3- 0 4034 44,82

ampy)z(Bz)z(HZO)]n (2)
Ni 21.25 6.4/
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Table 5. Crystallographic data of complex compounds

596

Crystallographic parameter

[Co(3-ampy):(Bz).(H:0)] (1)

[Ni(u-3-ampy):(Bz)2(Hz20)1n (2)

CCDC number

Empirical formula
Formula weight (g/mol)
Crystal system

Space group

a )

b(R)

c(R)

a=v(°)

B(°)

Volume (A3)

Z

Total reflections collected
Omin(®)

Omax(°)

Temperature (K)

Crystal dimensions (mm)
Calculated density (g/cm3)
F(000)

Absorption coefficient (mm-?)
Absorption correction type
Tmin; Tmax

Radiation type

Radiation wavelength (&)
Index ranges (h, k, lmax)

R1 (I > 20(I))

WR2

Goodness-of-fit on F2

Data/parameters/restrains

2455783 2442354
C2,H2,CoN,05 C1oH1sN2NiOs
507.40 413.04
Monoclinic Monoclinic

P2./n (14) P2./c
9.7144(3) 13.4464(6)
20.8634(7) 9.4334(4)
12.0949(4) 14.4275(6)
90 90
106.6960(10) 92.099(2)
2348.00(13) 1828.83(14)
4 4
9896 6437
2.3968 2.5803
28.2346 23.3630
296(2) 296(2)
0.35/0.30/0.28 0.25/0.20/0.18
1.435 1.500
1052 856
0.774 1.094
Multi-Scan Multi-Scan
0.5947; 0.7457 0.611082; 0.745332
Mo Ka Mo Ka
0.71073 0.71073
12,27,16 16, 11, 17
0.0330 0.0340
0.0804 0.0641
1.051 1.034
5794/307/0 3650/251/25

These stoichiometric deviations can be attributed
primarily to surface impurities and morphology-induced
measurement artifacts. During slow evaporation of the
solvent during the synthesis of complex 2, trace amounts
of a light green byproduct, identified as Ni(C¢HsCOO)a,
co-precipitated alongside the target compound.
Furthermore, surface topographies such as microscale
indentations, cracks, and protrusions heavily influence
X-ray emission and absorption. Microscale surface
irregularities scatter characteristic X-rays unevenly,
introducing elemental composition uncertainties of up to
34% from theoretical values [28].

3.2.5. SC-XRD Analysis

Crystallographic data and structural refinement
parameters for complexes 1 and 2 are summarized in
Table 5. Both compounds crystallize in the monoclinic
crystal system, with complex 1 belonging to the space
group P2:/n and complex 2 to P2./c. Structural refinement
was performed using the APEX/ software suite, and
molecular graphic representations were generated using
Mercury 4.2.0.

The structure of complex 1 in Figure 5 shows that the

central Co(II) ion is coordinated to four O atoms from the
benzoate and water ligands and two N atoms from the 3-
ampy ligands, forming a distorted octahedral geometry.
The IR spectrum of the complex exhibits characteristic
bands associated with the O—H groups of the coordinated
water molecule, the C=N and C—NH, groups of 3-ampy,
and the COO- groups of the benzoate ligands. These
findings demonstrate good agreement between the FTIR
and SC-XRD results. The water and 3-ampy ligands act as
monodentate ligands, whereas benzoate can coordinate
in either a monodentate or a bidentate mode.
Furthermore, Figure 5 shows that complex 1 contains no
counterions, consistent with its conductivity data.

The Co:0 atomic ratio determined by SEM—-EDX was
1:5.4, while the crystal structure indicates that each Co(II)
ion is coordinated to two benzoate ligands and one water
molecule. The crystal packing of complex 1 within the unit
cell is shown in Figure 6, which contains four molecules
of the complex. These molecules are generated by four
symmetry operations: identity (x,y,z), 21 screw axis

1 1 1 . .
(E —x5+y.5- z) , inversion center (—x,—y,—z), and n-
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glide plane G+x,§—y,§+z) (Figure 7). The inversion
operation is generated by the combination of the 2.
screw-axis and n-glide-plane operations.

The crystal structure of complex 1 is stabilized by an
intricate network of intramolecular and intermolecular
hydrogen bonds (Figure 8). The primary hydrogen-
bonding interactions include C=0-H-0, O—H~0O, O~H-O0,
and O~H-N contacts. An intramolecular C=0~H-0 bond
occurs between the uncoordinated carboxylate oxygen of
the monodentate benzoate ligand and a coordinated
water hydrogen (O-H = 1.915 A). Intermolecular O—H~0
interactions (H~O = 2.030 A) connect adjacent complexes
through coordinated water and carboxylate oxygen atoms
of the bidentate benzoate ligand. Additional O~H-N
interactions (O~H = 2.082 &) occur between the bidentate
benzoate oxygen and amino hydrogens of the 3-ampy
ligand. These N—H~-O interactions may contribute to the
red shift of the asymmetric N-H stretching band
observed in the FTIR spectrum. The corresponding
0O~H/H~O contacts also appear as prominent spikes in the
Hirshfeld surface analysis, highlighting their
contribution to crystal packing.

EE. HiE

Figure 7. Visualization of the 2, screw-axis (green) and
n-glide-plane (pink) symmetry operations in complex 1
along the a-axis

Table 6. Bond lengths and bond angles in complex 1

Bond Bond length (&) Bond angle Angle (°)
Co1-01 2.047(1) 01-Co1-03 101.76(5)
Co1-03 2.188(1) 01-Co1-04 161.30(5)
Co1-04 2.180(1) 01-Co1-05 89.54(5)
Co1-05 2.150(1) 03-Co1-04 60.07(5)
Co1-N3 2.114(2) 03-Co1-05 88.74(5)
Co1-N4 2.149(1) 04-Co1-05 85.89(5)

01-Co1-N3 102.99(5)
01-Co1-N4 91.85(5)
03-Co1-N3 155.19(5)
03-Co1-N4  89.40(5)
04-Co1-N3 95.13(5)
04-Co1-N4 92.29(5)
05-Co1-N3  89.86(5)
05-Co1-N4  177.88(5)
N3-Co1-N4 91.38(6)

Figure 8. Intramolecular and intermolecular hydrogen-
bonding interactions in complex 1

N4
5
Ol X 03
Ay e
\'\;C 1@
= )
N %04
N3 o
05
N4 N4
101.76(5)
Olw 89405 3 ol 03
102.99(5)‘( C Kﬁomﬁ) 017] 177.88(5)
04 04
N3 789.86(5)85.89(5) - A
05 05

Figure 9. Illustration of the bond lengths and bond
angles in the geometry of complex 1



Jurnal Kimia Sains dan Aplikasi 29 (9) (2026): 590-607 598

Figure 11. Polymer structure of complex 2

Within the equatorial plane of complex 1, the Co—0
and Co—N bond lengths show notable variations. The
Co1—-03 and Co1-04 bond lengths are similar at 2.188(1)
and 2.180(1) A, respectively, indicating symmetric
chelation by the bidentate benzoate ligand. These bond
distances are distinctly longer than the Co1-01
(monodentate benzoate, 2.047(1) A) and Co1-N3 (3-
ampy, 2.114(2) A) bonds, which is attributed to steric bite-
angle constraints and electronic repulsion between the
adjacent 03 and 04 donor atoms.

Furthermore, the Co1-N3 distance is longer than
Co01-01; this elongation stems from a smaller O4—Co1—
N3 angle (95.13(5)°) compared to 01-Co1-03
(101.76(5)°), bringing the pyridine ring into closer spatial
proximity with the bidentate benzoate anion and
increasing local steric repulsion [14]. In axial positions,
the Co1-05 (aqua) and Co1—-N4 (3-ampy) bond lengths
are almost identical at 2.150(1) A and 2.149(1) A&,
respectively. The axial 05-Co1—-N4 angle of 177.88(5)°
deviates slightly from linearity (180°), driven by
structural distortions induced by intramolecular and
intermolecular hydrogen bonding involving the water
ligand. The complete set of bond lengths and angles listed
in Table 6 and illustrated in Figure 9 confirms a distorted
octahedral coordination geometry around Co(II).

The asymmetric unit of complex 2 consists of one
nickel(II) ion, two bridging 3-ampy ligands, one
monodentate benzoate anion, one bidentate benzoate
anion, and one coordinated water ligand. As depicted in
Figure 10, the monomeric unit of 2 features a distorted
octahedral environment around the Ni(II) center
surrounded by two 3-ampy ligands, one monodentate
benzoate anion, one bidentate benzoate anion, and one
water ligand. Similar to complex 1, the coordination

sphere is entirely neutral, lacking outer-sphere
counterions, corroborating the experimentally
determined non-electrolytic molar conductivity.

The polymeric framework of complex 2 is depicted in
Figure 11. The Ni1—N1 and Ni1—-N2 coordination bond
lengths are 2.053 A and 2.190 &, respectively, with an N2—
Ni1—N1 bond angle of 86.55°. The observed deviations in
bond distances and angles from ideal octahedral
parameters demonstrate substantial geometric distortion
within the nickel(II) coordination sphere. This structural
distortion arises from an interplay of factors, including
heterogeneous ligand types, mixed coordination modes,
interligand steric repulsion, and potentially weak Jahn—
Teller effects associated with the high-spin d8 electronic
configuration [23].

The Ni2* ion possesses an [Ar]3d® configuration,
represented under octahedral crystal field theory as t5,eZ,
containing two unpaired electrons in the doubly
degenerate e, orbitals. In such systems, geometric
distortion lowers the overall energy by lifting orbital
degeneracy, causing axial elongation or compression of
metal-ligand bonds [37]. However, Jahn-Teller
distortions in octahedral nickel(II) complexes are
intrinsically weak and heavily modulated by the local
ligand environment. Consequently, the coordination
asymmetry in complex 2 should not be attributed solely
to electronic Jahn—Teller effects, but rather understood
as a consequence of ligand sterics and binding modes.

The coordination sphere of complex 2 comprises two
bridging 3-ampy ligands, one monodentate benzoate
anion, one bidentate benzoate anion, and one water
ligand. The co-existence of these distinct ligand types
induces structural asymmetry around the Ni(II) center.
Furthermore, varying steric bulk and electron-donating
properties among the ligands generate uneven
interligand repulsions, directly causing variations in Ni—
ligand bond lengths and angles. The 3-ampy moieties
function as bis-monodentate bridging ligands, linking
adjacent nickel(II) centers into an extended 1D
coordination polymer chain (Figure 11). Thus, both the
spatial arrangement of the diverse ligands and the
connectivity of the polymeric backbone dictate the
magnitude and direction of the geometric distortion
surrounding the Ni(II) ions.

Within the polymeric network of complex 2,
aromatic rings are arranged in close spatial proximity,
facilitating intermolecular m-m stacking interactions.
These non-covalent interactions occur between electron-
rich and electron-deficient aromatic m-systems.
Nitrogen-containing heterocycles, such as 3-ampy, are
electron-poor due to the strong electron-withdrawing
nature of the pyridine nitrogen, rendering them
susceptible to m-stacking with surrounding aromatic
moieties [38]. Indeed, pronounced m~m stacking occurs
between the m-systems of a 3-ampy ring and a bidentate
benzoate ring on neighboring polymer chains. This
interaction is characterized by a centroid-to-centroid
distance of 3.770 A (between the C1-C6 ring and the C8—
C12/N1 ring) and an interplanar dihedral angle of 6.75°
[26].
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The short centroid separation confirms spatial
proximity, while the small interplanar angle
demonstrates near-parallel alignment of the aromatic
rings. The lateral offset observed between the ring centers
confirms a parallel-displaced (offset) stacking geometry.
These intermolecular m~7 stacking interactions play a
pivotal role in stabilizing the supramolecular assembly,
bridging individual 1D polymer chains into a cohesive,
robust 3D crystal lattice alongside hydrogen-bonding
networks [26].

Differences in bond lengths and angles around the
nickel(II) center demonstrate asymmetric distortion
from ideal octahedral geometry. Variations in bond
lengths are observed along all three Cartesian axes. Along
the z-axis, the Ni1—04 bond undergoes compression,
whereas the Ni1—N2 bond exhibits significant elongation
[39]. Along the x-axis, the Ni1—Ni1 bond undergoes
compression, while Ni1—-01 undergoes elongation.
Concurrently, along the y-axis, the Ni1i—03 bond is
compressed, whereas Ni1—02 is elongated. The complete
set of coordination bond distances and angles for complex
2 is summarized in Table 7.

Furthermore, individual C-O bond distances and
0- C-0 angles within the two benzoate ligands differ
notably (Table 8). These differences are associated with
the distinct coordination modes of the two benzoate
ligands, which act as monodentate and bidentate ligands,
respectively. The different coordination modes result in
distinct geometries and coordination interactions around
the nickel(II) center, leading to variations in the Ni—O
bond lengths and O—Ni—O bond angles.

Table 7. Bond length and angle in complex 2

Bond Bond length ()  Bondangle Angle (°)
Ni1—N1 2.053(2) N1-Ni1i—N2  86.55(8)
Ni1—N2 2.190(2) N1-Ni1—-01  161.68(7)
Ni1-01 2.148(2) N1-Ni1i—-04  93.35(8)
Ni1—-02 2.108(2) N2-Ni1—-02  91.47(7)
Ni1-03 2.002(2) N2-Ni1-03 83.21(7)
Ni1-04 2.075(2) N2-Ni1—-04 177.56(8)

01-Ni1—-02  61.88(6)
01-Ni1-03  98.61(7)
01-Ni1-04  88.39(7)
02—-Ni1-03 159.64(7)
Table 8. Bond length and angle of the benzoate ligand in
complex 2

Bond  Bond length () Bond Angle (°)

C7-01 1.262(3) 01-C7-02 119.5(2)
C7-02 1.272(2) 03-C13-05 125.3(2)
C13-03 1.260(3)

C13-05 1.246(3)

(a);

v Py
;mﬂ e

Figure 12. Visualization of symmetry operation (a) 21
screw axis and (b) c-glide plane

Complex 2 crystallizes in the monoclinic space group
P2,/c, describing the internal translational and rotational
symmetry of its crystal lattice. The letter "P" denotes a
primitive unit cell containing a single lattice point per
cell. The “2,” symbol indicates a two-fold screw axis (2.
screw symmetry), comprising a 180° rotation followed by
a fractional translation of i along the b-axis. The “/c”
symbol designates a c-glide plane perpendicular to the
b- axis, involving a mirror reflection combined with a
translation parallel to the c-axis by i unit cell length
(Figure 12).

Comparative evaluation of SC-XRD data confirms
coordination of the pyridine nitrogen atom of 3-ampy to
the metal centers in both compounds. The Co1—N3 bond
length in complex 1 is 2.114 A, whereas the corresponding
Ni1—N1 bond length in complex 2 is shorter at 2.053 A.
This contraction reflects differences in ionic radii
between Co(II) and Ni(II), as well as distinct ligand -field
environments. The shorter Ni1—N1 bond in 2 indicates
stronger metal-ligand orbital overlap and a shorter
interatomic distance than the Co1—N3 bond in 1. This
altered coordination strength alters the electron density
distribution within the 3-ampy heterocycle, directly
correlating with the magnitude of the v(C=N) stretching
frequency shift observed in FTIR spectroscopy.
Specifically, complex 2 exhibits a much larger v(C=N) red
shift (Av = 34 cm™) than complex 1 (Av = 34 cm™).

In addition to differences in the M—N bond lengths,
SC-XRD analysis revealed structural differences between
the two compounds. Complex 1 exhibits a monomeric
structure, whereas complex 2 forms a coordination
polymer. Consequently, the 3-ampy ligand in complex 2
experiences a different structural environment from that
in complex 1. The polymeric structure may contribute to
changes in the electronic environment of the ligand,
which may partly account for the greater shift of the
v(C=N) band toward lower wavenumbers in complex 2.
Therefore, the more pronounced redshift of the v(C=N)
band in complex 2 can be attributed to differences in
coordination environment and crystal structure, with the
shorter Ni1—N1 bond length and the formation of a
coordination polymer potentially contributing to the
altered electronic environment of the ligand.

3.2.6. UV-Vis Analysis

The electronic absorption spectra of the synthesized
complexes in methanol solution were recorded and
compared with those of the corresponding precursor
metal salts (Figures 13-15). Optimization of sample
concentrations at 50, 75, and 100 ppm demonstrated that
50 ppm yielded optimal spectral clarity, with well-
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defined absorption bands and minimal signal noise.
Concentrations of 75 and 100 ppm introduced significant
baseline noise, degrading spectral resolution; thus, 50
ppm was selected for all spectroscopic measurements.

[Co(3-ampy) {B2) {H,0))(CH 0H)

Absorbance (A)

Sll)l (LMCT)

CoCly{CH,0H)

T T T
200 250 300 350 400
Wavelength (nm)

Figure 13. UV spectra of CoCL solution and complex 1
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Figure 14. Vis spectra of CoCl. solution and complex 1
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Figure 15. UV spectra of NiCL, solution and complex 2
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Figure 16. Vis spectra of NiCl, solution and complex 2

As shown in Figure 14, the visible absorption bands
recorded at ~525, ~550, and ~552 nm for CoCl, and
complex 1 are attributed to spin-allowed d-d electronic
transitions of the high-spin d7 cobalt(II) ion [40]. In an
octahedral crystal field, the d—d transitions of high-spin
Co(II) are rationalized using the Tanabe-Sugano
diagram, corresponding to transitions from the ground
state 4Tig(F) to the excited states 4Tag(F) (v,), 4A2¢(F) (v2),
and 4Tig(P) (v3) [41]. In the visible region, the band at ~550
nm is assigned to the 4Tig(F) > 4Ax(F) (v2) transition,
whereas the bands at ~525 and ~552 nm correspond to the
4Thg(F) > 4Tg(P) (v3) transition. The lowest-energy v,
transition (4Tw(F) > 4T»(F)) occurs in the near-infrared
region, exceeding the detection range of the
spectrophotometer [41, 42].

In ideal centrosymmetric octahedral complexes, d—d
transitions are Laporte-forbidden. However, distortion of
the octahedral geometry reduces the local symmetry,
relaxing the Laporte selection rule. Vibronic coupling can
also partially relax this restriction, allowing formally
forbidden d-d transitions to appear as weak absorption
bands [43]. Thus, the weak bands observed at
approximately 525, 550, and 552 nm are consistent with
d-d transitions of high-spin d7 Co(II) in a distorted
octahedral coordination environment. Differences in
band positions between CoCl. and complex 2 indicate
changes in the coordination environment of Co(II) upon
complex formation with 3-ampy and benzoate ligands.
These changes affect the splitting of the Co(II) d orbitals
and, consequently, the energies of the -electronic
transitions. The blue shift of the v; band to a shorter
wavelength indicates an increase in transition energy
relative to the Co(II) precursor. This shift may be
attributed to changes in the ligand-field strength and
coordination environment upon complex formation.

In contrast, as illustrated in Figure 16, no well-
defined d—d absorption bands were resolved in the visible
region for NiCl. or complex 2, instead displaying a
featureless absorbance gradient. Meanwhile, the sharp
absorbance variation in the 900-1000 nm region was not
assigned to an electronic absorption band because it
lacked a well-defined profile and may have been
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attributable to limitations in the instrument response at
these wavelengths. The absence of prominent d—d bands
is typical for nickel(II) complexes, where weak d-d
transitions often undergo significant band broadening or
overlap with high-intensity charge-transfer tails [43].
Consequently, the coordination geometry of complex 2
was established primarily via SC-XRD analysis.

As shown in Figures 13 and 15, intense absorption
bands at 302 and 304 nm are assigned to LMCT
transitions, involving electron promotion from ligand-
based orbitals to empty metal d-orbitals [26]. Unlike
Laporte-forbidden d-d transitions, LMCT processes are
fully spin- and parity-allowed, exhibiting significantly
higher molar absorptivities and stronger absorption
intensities in the UV region.

3.3. Antibacterial Activity Test

In vitro antibacterial activity of the synthesized
complexes was evaluated against Gram-negative E. coli
(ATCC 25922) and Gram-positive S. aureus (ATCC 23235)
using a disk diffusion assay adapted from the Kirby-
Bauer method, with testing performed in triplicate [14].
Aqueous 10% v/v DMSO served as the negative control,
while chloramphenicol (30 pg/disk) was employed as the
positive reference standard [14, 44]. All test samples were
evaluated at a standardized mass concentration of 5.0
mg/mL in 10% DMSO. Antibacterial efficacy was
determined by measuring the diameter of clear inhibition
zones surrounding the disks. Representative clear zones
and mean inhibition zone diameters (+ standard
deviation) are displayed in Figure 17 and Table 9.

Evaluating inhibition zone diameters at an
equivalent mass concentration reflects relative
antibacterial potency under identical mass loading, but
does not directly correspond to equimolar comparisons
due to variations in molecular weight. Molar
concentration provides a more rigorous benchmark for
comparing bioactivity among structurally distinct
compounds. However, in disk diffusion assays, the
magnitude of the inhibition zone is governed not only by
molar concentration or dose per disk, but also by the

intrinsic solubility and agar diffusion rate of each
compound. Therefore, antibacterial activity in this study
was evaluated by concurrently considering mass
concentration, molar concentration, and molecular
diffusion characteristics.

As indicated in Table 9, complexes 1 and 2 exhibited
significantly smaller inhibition zone diameters than the
positive control, chloramphenicol. Chloramphenicol is a
broad-spectrum antibiotic featuring a p-nitrophenyl ring
linked to a dichloroacetyl tail via a 2-amino-1,3-
propanediol core. Its primary mode of action is to bind to
the peptidyl transferase center of the 50S subunit of the
bacterial ribosome, thereby inhibiting peptide bond
formation by sterically impeding the entry of aminoacyl-
tRNA into the A-site [45, 46].

Within the peptidyl transferase pocket, the
nitrobenzene ring of chloramphenicol establishes
7i- stacking interactions with 23S rRNA nucleotide bases,
inducing a conformational rotation (>120°) that
facilitates hydrogen bonding with the drug’s carbonyl
group. Furthermore, the nascent peptide chain interacts
directly via C—H~m contacts and hydrogen bonds with
chloramphenicol’s chlorine atom, while its methylene
C4-hydroxyl group coordinates with active-site
potassium ions. The concerted presence of these
functional moieties (carbonyl, hydroxyl, chlorine, and
nitrobenzene) enables tight ribosomal binding,
culminating in robust inhibition of bacterial growth [45,
46].

(a) .~ N,
'd
£

(B

Figure 17. Inhibition zone of complex 1 against (a) E. coli
and (b) S. aureus

Table 9. Antibacterial activity (inhibition zone diameter in mm) of synthesized complexes, precursor species, and
controls against E. coli and S. aureus

. Concentration Inhibition zone (mm)
Solution
Mass (mg/mL) Molar (mM) E. coli(-) S. aureus(+)
DMSO 10%(aq) (-) - - 0.00 0.00
CoCl,(H.0—-(CHj3).S0) 5.00 21.01 13.59 + 0.70 14.55 + 0.57
NiCL.(H>0-(CHj3).S0) 5.00 21.04 11.08 + 1.17 9.77 + 0.93
3-ampy(H.0—-(CHj;).S0) 5.00 53.13 0.00 + 0.00 0.00 + 0.00
Na-Bz(H>0-(CH5).S0) 5.00 34.70 0.00 + 0.00 0.00 + 0.00
ESISE)B—_?CT{E;?SZE)?Z();)(HZO)] 5.00 9.85 12.20 + 0.44 13.67 £ 0.59
Egigl__?c_gi?g)z((z)z(mo)]" 5.00 12.11 £4.90 + 0.17 0.00 + 0.00
Chloramphenicol (+) - - 25.20 25.80
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In contrast, complex 1 produced smaller inhibition
zones than its precursor cobalt(II) salt. This attenuated
activity is primarily attributed to the larger molecular
dimensions and hydrodynamic radius of the coordination
complex relative to simple cobalt aquo ions, which
restricts its passive diffusion rate through the agar matrix
[47]. Thus, while complexation alters the structural and
chemical identity of the metal species, it does not
necessarily enhance agar diffusivity or bioactivity under
the evaluated assay conditions. Although cobalt is an
essential trace element integral to biological cofactors
such as cobalamin (vitamin B12) [1], its essential
physiological role cannot be directly extrapolated to
explain the observed in vitro antibacterial efficacy of 1.

Complex 2 displayed no detectable antibacterial
activity against S. aureus. This lack of inhibition is
strongly correlated with the physicochemical and
structural properties of the complex. Hirshfeld surface
analysis reveals that H~H contacts dominate the crystal
surface, imparting a pronounced nonpolar, hydrophobic
character. Moreover, complex 2 adopts a 1D polymeric
chain architecture, where large molecular weight and
extended structural connectivity severely hamper
mobility and cellular uptake across the thick
peptidoglycan cell wall characteristic of Gram-positive
bacteria [48].

Notably, the amino (—NH.) groups of 3-ampy, which
typically serve as active antibacterial pharmacophores,
are fully engaged in dative coordination to neighboring
Ni(II) centers to construct the polymeric backbone. Their
involvement in coordination diminishes their availability
for electrostatically driven interactions with bacterial cell
components or intracellular targets such as DNA.
Consequently, restricted membrane permeation and
limited target accessibility account for the inactivity of 2
against S. aureus.

Conversely, complex 2 exhibited weak but
measurable activity against Gram-negative E. coli. This
differential  susceptibility = reflects = fundamental
differences in cell envelope architecture between Gram-
positive and Gram-negative species. E. coli possesses an
outer lipopolysaccharide-rich membrane, a thin
peptidoglycan layer, and an inner cytoplasmic
membrane. Although the outer membrane functions as an
effective permeability barrier against bulky hydrophobic
molecules, the observed weak activity suggests that a
minor fraction of the complex (or its dissociated species)
crosses the cell envelope to reach intracellular target sites
under the test conditions. However, because the disk
diffusion assay measures macroscopic growth inhibition
rather than uptake kinetics, specific translocation
pathways and precise molecular mechanisms cannot be
definitively assigned from these data alone.

Notably, complex 1 demonstrated larger inhibition
zone diameters than its uncoordinated constituent
ligands (3-ampy and Na-Bz) against both E. coli and
S. aureus [1]. This enhancement highlights the crucial role
of metal-ligand coordination in promoting bioactivity, a
phenomenon broadly rationalized by Tweedy’s chelation
theory. Upon complexation, partial sharing of the metal

ion’s positive charge with donor atoms reduces metal
polarity and promotes electron delocalization over the
chelate ring [1]. Decreased polarity elevates the
lipophilicity of the complex, facilitating its penetration
through the lipid-rich bacterial cell membrane to disrupt
cellular processes more effectively [23, 44].

Furthermore, the coordinated complex incorporates
functional groups analogous to key moieties in
chloramphenicol: carbonyl groups (from benzoate)
capable of forming hydrogen bonds with nucleic acid
bases, hydroxyl ligands (from water) capable of
coordinating catalytic metal ions, and aromatic rings
(from 3-ampy and benzoate) capable of engaging in
7i- stacking and C-H-m interactions with ribosomal
residues [45]. Although sodium benzoate is a widely used
food preservative, its isolated ligand solution produced
no inhibition zone (0.00 mm), likely because its mass-
equivalent concentration in the test solution was below
the effective threshold required for bacterial inhibition

[49].
3.4. Hirshfeld Surface Analysis

The molecular surfaces and 2D fingerprint plots
generated from Hirshfeld surface calculations for
complexes 1 and 2 are illustrated in Figures 18—21. As
shown in the dnorm surfaces (Figures 18a and 19a), circular
red regions highlight strong intermolecular interactions
operating at distances shorter than the sum of the van der
Waals radii, primarily corresponding to hydrogen-
bonding networks. These close contact zones directly
corroborate the bathochromic shifts observed for the
N-H and O-H stretching vibrations in FTIR
spectroscopy, as well as the geometry of hydrogen-
bonding networks identified from SC-XRD crystal
structure refinement using Mercury. Conversely, white
regions denote contact distances equal to the sum of van
der Waals radii, whereas blue regions represent longer,
weaker intermolecular contacts [14, 23].

On the shape index surfaces (Figures 18b and 19b),
convex red areas designate electron-accepting regions,
while concave blue areas highlight electron-donating
regions participating in intermolecular contacts.
Crucially, complementary pairs of adjacent red and blue
triangular regions serve as diagnostic indicators of
aromatic 7~ stacking interactions, whereas isolated red
triangular patches signal C-H-m contacts. Both
interaction types occur across the aromatic rings of
3-ampy and benzoate ligands, providing essential
supramolecular stabilization to the crystal lattice [14, 23].
These non-covalent contacts play a vital role in biological
recognition and cellular interactions [50]. In particular,
m-1 stacking interactions enhance overall complex
hydrophobicity, facilitating passive translocation across
the lipid bilayer of bacterial membranes. Moreover, these
interactions  reinforce  intermolecular cohesion,
conferring structural stability that minimizes premature
degradation prior to reaching intracellular target sites
[51]. Concurrently, C—-H+-m contacts serve as key
directional forces directing the overall crystal packing
arrangement [26].
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e donor

classical intermolecular hydrogen bonds. Notably, the
higher contribution of O~H/H~O contacts in complex 2
compared with complex 1 indicates a greater role of
intermolecular hydrogen-bonding interactions in
determining and stabilizing the crystal packing. Other
minor contacts include N~H/H~N, Ni~N/N~Ni, C~0/0~C,
N-0/O0~N, C~N/N~C, and Ni~H/H~Ni [14].

ANI00%) " HeH(@8.0%) .7 CoH/H-C (288%)

Figure 18. Hirshfeld surface analysis: (a) dnorm surface, ;
(b) shape index, and (c¢) curvature of complex 1

4 Qm!l"HmO(l“‘p%) o . o C"'C(GI.S“/?) al’] ) _V:HIH.N (4..1_%,) “lf
I d s
e ¢
T CNN-C(02%) o C0/0-C(01%) o

Figure 20. Plot fingerprint of complex 1

o

Figure 19. Hirshfeld surface analysis: (a) dnorm surface,
(b) shape index, and (c) curvature of complex 2
On the curvedness surfaces (Figures 18c and 19c), el (I[l[l"/) e (476‘,/) Pfyietelighs (217“/-.)
high-curvature regions are color-mapped in blue, - S
whereas flat regions appear in green [23]. High-curvature -
(blue) domains reflect structural prominences that i .
impede close molecular packing. In contrast, flat (green) . / o
regions correspond to planar molecular domains that ; /
facilitate close, parallel face-to-face packing, ‘
accommodating interplanar 7w-m stacking assemblies I N )
between adjacent complex units [14]. o )] erLi88)

[ae EL7 =;-. L ELEL T | “].7' Tl T |

Figures 20 and 21 display the 2D fingerprint plots m o |
detailing the individual atomic contact contributions to 'lﬁ e e
the total Hirshfeld surface area for both complexes [52]. ) @V %

In both structures, H~H contacts constitute the single
largest contribution, accounting for 48.0% of the surface
area in complex 1 and 47.6% in complex 2. The negligible
difference (0.4%) between these values indicates that
dispersion forces originating from nonpolar H-~H

T — -

LN (1L0%)

C-0/0--C (13%) N

interactions contribute almost identically to the crystal &' . j

packing cohesion of both compounds. For both . y ¥

complexes, C~H/H~C interactions represent the second ] | ] 4"

largest surface contribution, followed sequentially by ' "

0-~H/H~0, C-C, and N~H/H~N contacts. g O P O B O N
C-NIN=C (0.5%) Ni-+-H/H-Ni (0.1%)

In the 2D fingerprint plots, O~H/H~O interactions are

manifested as prominent, sharp, signifying short, highly Figure 21. Plot fingerprint of complex 2
directional interatomic contacts corresponding to



Jurnal Kimia Sains dan Aplikasi 29 (9) (2026): 590-607

4. Conclusion

Based on the results of this study, the complexes
[Co(3-ampy)2(Bz)-(H20)] (1) and [Ni(u-3-
ampy)2(Bz)2(H20)]n (2) were successfully synthesized and
characterized. Both complexes exhibited distorted
octahedral coordination geometries and crystallized in
the monoclinic crystal system. Although the same ligands
were used, the two complexes exhibited different
coordination architectures, with the cobalt(II) complex
(1) adopting a monomeric structure and the nickel(II)
complex (2) forming a polymeric structure. Antibacterial
activity assays revealed that complex 1 exhibited greater
antibacterial activity than complex 2 against E. coli and
S. aureus, although both complexes showed lower activity
than their respective metal salts. Complex 1 exhibited
inhibition zone diameters of 12.20 and 13.67 mm against
E. coli and S. aureus, respectively, whereas complex 2
produced an inhibition zone diameter of 4.90 mm against
E. coli and showed no activity against S. aureus.
Meanwhile, neither 3-ampy nor Na-Bz exhibited
antibacterial activity. The differences in antibacterial
activity between complexes 1 and 2 were associated with
their distinct structural and physicochemical properties.
Differences in coordination architecture may affect the
size and mobility of the complex species, as well as their
ability to diffuse through the agar medium. Although
complex 2 exhibited greater thermal stability, as
indicated by its higher melting point, it showed more
limited antibacterial activity than complex 1. These
findings indicate that greater thermal stability does not
necessarily translate into higher antibacterial activity.
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