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Condensation-derived ligands and their transition metal complexes continue to attract interest due to their
structural versatility and potential biological applications. In this study, the tetraaza ligand 2,5,7,10-tetraaza-
1,6(1,3)-dibenzenacyclodecaphene-3,4,8,9-tetraone (TF) was synthesized via a microwave-assisted protocol and
coordinated with Cu(II) and Zn(II) ions. The ligand and its complexes were characterized by elemental analysis,
FTIR, UV—Vis spectroscopy, molar conductance, NMR spectroscopy (ligand), and magnetic measurements.
Metal content analysis supports a 1:1 metal-ligand stoichiometry, and the complexes are tentatively formulated
as [M(TF)] (M = Cu(II), Zn(II)). Spectroscopic data indicate predominant coordination through nitrogen donor
atoms, while carbonyl groups remain non-coordinating. The Cu(II) complex exhibited paramagnetic behavior
consistent with a configuration; whereas, the Zn(II) analogue was diamagnetic. Antibacterial activity evaluated
against Staphylococcus aureus and Pseudomonas aeruginosa revealed enhanced activity for the Cu(Il) complex
compared to the Zn(II) complex and the free ligand. Although metal coordination significantly influenced
antibacterial performance, definitive structural and mechanistic investigations are required to establish detailed
structure—activity relationships.

KEYWORDS: Condensation-derived ligand, Copper(Il) complex, Zinc(Il) complex, Coordination chemistry,

Antibacterial activity.

1. INTRODUCTION

The rapid escalation of antimicrobial resistance (AMR)
represents one of the most pressing global challenges to
contemporary healthcare systems (Salam ez al., 2023). Among
the most clinically significant pathogens are Staphylococcus
aureus and Pseudomonas aeruginosa, both recognized for their
adaptability, biofilm-forming capacity, and propensity to develop
resistance to multiple antibiotic classes (Almatroudi, 2025;
Kollef et al., 2021; Salam et al., 2023). Several classes of
antibiotics, such as -lactams, aminoglycosides, quinolones, and
polymyxins, have been widely used to treat infections caused by
these organisms (Muteeb et al, 2023). Transition metal
complexes have emerged as promising alternatives due to their
diverse coordination chemistry and ability to disrupt bacterial
physiology through unique mechanisms (Claudel et al., 2020). A
range of coordination networks can be formed by these
condensation based ligands and have strong chelation sites,
modularity of design, and pharmacophores with good structural

adaptability (Khan et al, 2022). When coordinated with
transition metals such as Cu(ll) and Zn(Il), these ligands may
yield complexes with altered membrane permeability and
biological activity, depending on the metal center (El-Lateef et
al., 2023; Riccardi et al., 2018). Copper(Il) complexes are redox-
active and have been reported to induce oxidative stress within
bacterial cells, while zinc(II) complexes, though redox-inert,
exert effects by destabilizing protein and membrane structures
(Kostova, 2023). Comparative investigations of identical
condensation-derived ligands complexed with different metal
ions remain scarce, particularly those employing standardized
antibacterial assays (Szarszon et al., 2024). Direct comparative
antibacterial evaluation of identical condensation-derived ligands
coordinated to redox-active and redox-inert metal centers
remains limited. In this study, the condensation-derived ligand
2,5,7,10-tetraaza-1,6(1,3)-dibenzenacyclodecaphene-3,4,8,9-

tetraone (TF) and its complexes were synthesized and evaluated
for antibacterial activity against S. aureus and P. aeruginosa to
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comparatively assess the influence of metal coordination on
biological performance.

2. MATERIAL AND METHODS

Materials :

All chemicals used in this study were of analytical grade and
procured from BDH and Fluka. FTIR spectra were recorded
using a Shimadzu FTIR spectrophotometer over the range of
400—4000 cm™'. Elemental (CHN) analyses were conducted on a
EuroVector EA 3000 analyzer, while metal contents were
determined using a PerkinElmer UN-SP9 instrument. Molar
conductance measurements were performed with a Gondo PI-
700PC conductivity meter (Taiwan). UV-Vis spectra were
obtained using a Shimadzu UV-1900 spectrophotometer. Proton
(*H) and carbon (**C) NMR spectra were recorded for the free
ligand TF to confirm its structural integrity. Microwave-assisted
synthesis was performed using a MO-R EM 820 oven.
Staphylococcus aureus (ATCC 25923) and Pseudomonas
aeruginosa (ATCC 27853) strains were obtained from the

NH-

benzene-1.3-diamine
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Microbiology Laboratory, Hawler Medical University, and their
purity was confirmed using standard staining techniques.

Synthesis of TF:

The condensation-derived ligand TF was synthesized by a
microwave-assisted condensation reaction between oxalic acid
and m-phenylenediamine in the presence of cerium ammonium
nitrate (CAN) as a catalyst (Scheme 1). Oxalic acid (0.180 g,
0.002 mol) and m-phenylenediamine (0.216 g, 0.002 mol) were
employed in an equimolar (2:2) ratio to promote intramolecular
cyclization and minimize the formation of linear oligomeric by-
products. The solid reaction mixture was subjected to microwave
irradiation at 900 W for 60 min. After cooling to room
temperature, ethyl acetate (20 mL) was added, and the mixture
was stirred for 1 hour to remove residual catalyst and low-
molecular-weight by-products. The resulting solid was filtered,
washed successively with ethanol and n-hexane, and dried under
vacuum to afford a gray crystalline product with a yield of 82.5%.
The structure of the ligand is proposed based on elemental and
spectroscopic analyses.

fe1 (=]
2.5.7.10-tetraaza-1.6C1.3)-dibenzenacyclodecaphane-3.4.8.9-tetraone

Scheme 1: Microwave-assisted cyclocondensation reaction between oxalic acid and m-phenylenediamine leading to the formation of
the tetraaza ligand TF (2,5,7,10-tetraaza-1,6(1,3)-dibenzenacyclodecaphene-3,4,8,9-tetraone).

Preparation of Cu(Il) and Zn(II) complexes of TF:

For complex formation, TF (0.324 g) was dissolved in a 2:2
mixture of DMF and ethanol (10 mL). To this solution, 0.001 mol
of the appropriate metal salt was added: CuCl.-6H-0 (0.237 g)
for the copper complex or ZnClz (0.139 g) for the zinc complex.
The reaction mixtures were refluxed with stirring for 2 hours 15
min. The resulting precipitates were collected by filtration,
washed with ethanol, and dried under vacuum to afford the metal
complexes (Al-Obedi and Al-Nama, 2025; Eshankulov et al.,
2025; Mohammed et al., 2025).

Vibrating sample magnetometer (VSM)

Figure 1 presents the vibrating sample magnetometer
(VSM) curve of the Cu(Il) complex [Cu(TF)], demonstrating an
S-shaped hysteresis loop characteristic of paramagnetic
materials. The saturation magnetization (M) was determined to
be 3.3 emu/g, while the low values of coercivity (Hc) and
remanence (Mr) are consistent with the paramagnetic behavior of
the Cu(ll) center (Ali et al., 2024; Liu et al., 2004; Maurice,
1996). Although vibrating sample magnetometry (VSM) is more
commonly applied to solid-state and nanomaterials, it was
employed in this study as a supplementary technique to confirm
the paramagnetic behavior of the Cu(Il) complex in the solid
state. The obtained magnetic response is interpreted qualitatively
and supports the presence of unpaired electrons consistent with
Cu(Il), rather than serving as a precise determination of magnetic
susceptibility.
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Figure 1. Vibrating sample magnetometer (VSM) hysteresis
curve of the Cu(I) complex [Cu(TF)].
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Electronic Spectra and Magnetic Measurements:

The UV-V is spectrum of the TF ligand reported absorption
bands at 33,760 and 45,871 cm™', corresponding to n—n* and
n—n* transitions, respectively. The electronic spectrum of the
Cu(Il) complex showed broad absorption bands in the regions
9,633-10,344 cm™, 14,679-19,047 cm™, and 23,412-32,258
cm™'. These bands are attributed to spin-allowed d—d transitions
of a d° Cu(Il) ion in a distorted coordination environment. The
lower-energy band in the near-infrared region can be assigned to
the ?Big — 2A.g transition, while higher-energy transitions
correspond to *Big — ?B.g and ?Big — ?E g excitations. The
considerable band broadening is consistent with Jahn—Teller
distortion commonly observed in Cu(Ill) complexes. For the
Zn(II) complex, which possesses a d'° electronic configuration,
no d—d transitions are expected. Accordingly, the observed
absorption bands are attributed exclusively to ligand-centered
(n—n* and n—n*) transitions and possible ligand-to-metal
charge transfer (LMCT) processes. The magnetic moment value
(1.95 B.M.) lies within the expected range for mononuclear
Cu(Il) complexes (1.8-2.2 B.M.), indicating the presence of one
unpaired electron in a d° configuration. The broad and
asymmetric nature of the d—d absorption bands in the visible
region suggests Jahn—Teller distortion, which is characteristic of
octahedral or elongated square-pyramidal Cu(Il) geometries. In
the absence of definitive structural techniques such as single-
crystal X-ray diffraction or EPR spectroscopy, the geometry is
therefore best described as a distorted octahedral or pseudo-
octahedral coordination environment. For the Zn(II) complex, the
observed absorption bands in the UV—Vis spectrum are attributed
exclusively to ligand-centered or ligand-to-metal charge transfer
processes. The Zn(II) complex, possessing a d'® electronic
configuration, is diamagnetic and exhibits only ligand-centered
electronic transitions. Complexes are nonelectrolytes, according
to molar conductance values, which also support an octahedral
shape (Fakhree & Dawood, 2019; Jackman and Sternhell, 1969)
(Tables 1 and 2). Elemental (CHN) analysis was fully performed
for the free ligand TF (CisHi2N4Os, MW = 324.30 g/mol) and
showed good agreement between calculated and experimental
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values, supporting its proposed structure. For the metal
complexes, only metal content percentages were experimentally
determined. Recalculation of theoretical metal percentages
indicated that a 1:2 metal-ligand formulation would yield
approximately 8% metal, which is inconsistent with the
experimentally determined values (Cu: 16.56%; Zn: 16.95%). In
contrast, a 1:1 metal-ligand formulation without coordinated
chloride ([M(TF)]) gives theoretical metal percentages of
16.38% (Cu) and 16.78% (Zn), in excellent agreement with
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experimental data. Accordingly, the complexes are tentatively
formulated as [M(TF)] (M = Cu, Zn). The excellent agreement
between experimental and theoretical metal percentages strongly
supports a 1:1 metal-ligand stoichiometry and excludes the
possibility of a 1:2 formulation under the present experimental
conditions. Definitive confirmation of stoichiometry and
coordination environment would require complementary
techniques such as mass spectrometry, EPR spectroscopy, or
single-crystal X-ray diffraction.

Table 1: Physical Characteristics and Metal Analysis of TF and Its Complexes

Proposed Found Theoretical % Conductance
Compound P Color M.P (°C)  peff(BM) % ° cm?
Formula* Metal _
Metal mol™)
TF Ci6H12N4O4 Light Brown 202-204 — — — —
Cu-complex [Cu (TF)] Deep Brown <400 1.95 16.56 16.38 234
Zn-complex [Zn (TF)] Pale Green <400 Diamagnetic 16.95 16.78 20.3

*Proposed formulations are tentative and based primarily on metal percentage analysis and spectroscopic data.

Table 2: FTIR spectral assignments (cm™') and UV—Vis absorption bands of ligand TF and its Cu(Il) and Zn(II) complexes.

No. LR. UV-Vis.
v) N-H) 8) N-H) v) C=0 v(N-benzene) v(M-N) A max (cm™)
TF 3442 1340 1741 1546 —_— 33760, 45871
1 3124(w) 1262(m) 1740(m) 1437 495(m) 10344, 19047, 32258
2 3267(w) 1280(w) 1738(m) 1454 433(w) 30121, 41025

Preparation of Bacterial Suspensions:

Staphylococcus aureus (ATCC 25923) and Pseudomonas
aeruginosa (ATCC 27853) were used as test organisms. A 24-
hour culture was grown in nutrient broth at 37 °C. Bacterial cells
were harvested and suspended in sterile normal saline to achieve
a turbidity of 103-10° CFU/mL. Viable counts were determined
using the surface drop method on nutrient agar. Serial dilutions
were prepared, and 0.1ml aliquots were plated and incubated at
37°C for 24 hours. Colony counts were used to confirm
inoculum concentration. Fresh bacterial suspensions were
prepared for each experiment. Dilutions corresponding to 1075—
1077 were used for viable count determination

Antibacterial Activity Evaluation:

Agar Well Diffusion Assay:

The antibacterial activity of the synthesized complexes, i.e.,
[Cu(TF)] and [Zn(TF)], was determined using the standard agar
well diffusion technique. Overnight cultures of Staphylococcus
aureus (ATCC 25923) and Pseudomonas aeruginosa (ATCC
27853), illustrated in Figure 2, were adjusted to a turbidity
equivalent to a 0.5 McFarland standard. Mueller—Hinton agar
plates were uniformly inoculated by lawn culture with 100 pL of
the standardized bacterial suspension. Wells (6 mm in diameter)
were aseptically punched into the agar and filled with 100 pL of
each test complex solution at a final concentration of 1 mg/mL.
Plates were aerobically incubated at 37 °C for 24 hours. The
inhibition zones were then read in millimeters with a digital
caliper after incubation. Each experiment was repeated at least
three times, and data are the means + SD. To enable comparative
evaluation, the relative activity of the Cu(Il) complex over the
Zn(Il) analogue was expressed as percentage increase in
inhibition zone diameter. ODsoo measurements were employed
as a complementary quantitative approach to assess bacterial
growth suppression in liquid culture and were not intended as a
direct quantitative comparison with agar diffusion inhibition

DOI: https://doi.org/10.25271/sju0z.2026.14.2.1846

zones. Ciprofloxacin was used as a positive control, while
solvent blanks were included as negative controls. The free
ligand TF was evaluated under identical experimental conditions

r

Figure 2: Morphological appearance of the tested bacterial
strains: (a) Staphylococcus aureus (ATCC 25923) and (b)

345


https://doi.org/10.25271/sjuoz.2026.14.2.1846

Darweesh et al,

Pseudomonas aeruginosa (ATCC 27853) used in antibacterial
screening.

Statistical analysis:

The experimental data were subjected to statistical analyses
using IBM SPSS Statistics, version 27.0. Results were expressed
as the mean + SD of three measurements (n = 3). Normality and
homogeneity were verified prior to one-way ANOVA and
Tukey’s HSD post hoc comparisons (p < 0.05). The practical
significance of pairwise comparisons was also computed using
Cohen’s d and interpreted according to the established criteria
(small, medium, large). For the inhibition zone measurements,
independent samples z-tests were used to compare the mean
zones of B2 ([Cu (TF)]) and B3 ([Zn (TF)]) for each bacterial
species. The percent relative increase of B2 over B3 was
calculated to highlight the enhancement in antibacterial activity.
Additionally, inhibition efficiency (IE%) and reduction factor
(RF) were computed for each treatment relative to the control to
quantitatively describe bacterial growth suppression. All
statistical tests were two-tailed, and a p-value less than 0.05 was
considered statistically significant. Statistical analysis confirmed
that the inhibition zones produced by the Cu(ll) complex were
significantly larger than those of the Zn(II) complex and the free
ligand (p < 0.05). Although the number of replicates was limited
(n = 3), this sample size is consistent with preliminary
antimicrobial screening studies, and effect size analysis (Cohen’s
d) was therefore emphasized to support biological relevance.

3. RESULTS AND DISCUSSIONS

The synthesized ligand TF was obtained as a gray crystalline
solid with a melting point of 202-204 °C, indicating good purity
and thermal stability. The key physical characteristics of the
synthesized ligand TF, including appearance, melting point,
solubility behavior, and isolated yield, are summarized in Table
3. The compound demonstrated good solubility in polar aprotic
solvents such as DMF and DMSO, which facilitated subsequent
metal complexation. The microwave-assisted condensation
reaction afforded an isolated yield of 82.5%, indicating efficient
cyclization under the applied reaction conditions. The structural
features of TF were investigated using FTIR and NMR
spectroscopy. The FTIR spectrum of the free ligand (Table 4)
showed a broad band at 3442 cm™ attributable to v(N-H)
stretching vibrations, a band at 1340 cm™ corresponding to d(N—
H) bending, and a strong absorption at 1741 cm™ assigned to
v(C=0) stretching of the amide carbonyl groups. Additional
bands associated with v(N-benzene) and amide (-CONH-CO-)
functionalities further supported successful condensation
between oxalic acid and m-phenylenediamine, as illustrated in
Scheme 1. The '"H NMR spectrum of TF (Table 5 and Figure 3)
shows a characteristic singlet at & 8.96 ppm assigned to the amide
NH protons, indicating successful formation of the condensation
product. The absence of free primary amine signals in the region
6 4-5 ppm, together with the presence of a distinct singlet at &
8.96 ppm corresponding to amide NH protons, confirms
successful condensation between oxalic acid and m-
phenylenediamine.

Table 3: Physical Characteristics of the Synthesized Ligand (TF)
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Table 4: '"H NMR chemical shift assignments of ligand TF in
DMSO-ds

o (ppm) Multiplicity Integration Assignment

8.96 S 2H NH (amide)
7.9 M 2H Ar-H
7.6 M 4H Ar-H
7.4 m 2H Ar-H

Property Observed Value
Appearance Gray crystalline
Melting Point (°C) 202-204
Solubility Soluble in DMF, DMSO
Yield (%) 825

FTIR (key peaks, cm™) 3442, 1741, 1546

DOI: https://doi.org/10.25271/5ju0z.2026.14.2.1846
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Figure 3: '"H NMR spectrum of ligand TF recorded in DMSO-ds

The aromatic proton multiplets observed between & 7.40—
7.90 ppm further supports the formation of the expected aromatic
framework. In the *C NMR spectrum (Table 5 and Figure 4), the
resonance at & 160.1 ppm is consistent with amide carbonyl
carbons, confirming formation of the —-NH-CO-CO-NH-
functionality. These data support ligand formation; however,
macrocyclic ring closure cannot be conclusively established
without molecular ion confirmation by ESI-MS or
crystallographic analysis. Aromatic protons appear as multiplets
in the region 6 7.40—7.90 ppm. The '*C NMR spectrum (Table 4)
revealed a strong resonance at 6 160.1 ppm corresponding to the
amide carbonyl carbons, together with signals at 6 130 ppm from
aromatic carbons. These data support the presence of the
expected functional groups and confirm ligand formation,
although they do not provide definitive proof of macrocyclic
closure in the absence of mass spectrometric or crystallographic
evidence. The solvent signal of DMSO-ds was observed at
approximately 40 ppm. Collectively, these spectroscopic data
confirm the presence of the expected functional groups and are
consistent with the formation of a condensation-derived ligand.
However, they do not provide definitive proof of a macrocyclic
architecture, and the proposed structure should therefore be
regarded as tentative in the absence of single-crystal X-ray
diffraction or mass spectrometric confirmation. Similar
spectroscopic features have been reported for structurally related
condensation-derived ligands with biological relevance
(Alfonso-Herrera et al., 2022).

Table 5: *C NMR chemical shift assignments of ligand TF in

DMSO-ds
6 (ppm) Assignment
160.1 C=0 (amide carbonyl)
130 Aromatic carbons
55 C—N (nitrogen-bound carbon)
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Figure 4: '*C NMR spectrum of ligand TF recorded in DMSO-ds.

The [Cu(TF)] complex was further characterized by VSM
analysis. The magnetization curve displayed an S-shaped
hysteresis loop with a saturation magnetization (Ms) of 3.3
emu/g, together with low coercivity (Hc) and remanence (Mr)
values. These results confirmed the paramagnetic nature of the
Cu(Il) center and are consistent with the distorted octahedral
geometry inferred from spectroscopic data. The antibacterial
activity of the metal complexes, [Cu(TF)] and [Zn(TF)], was
evaluated against Staphylococcus aureus and Pseudomonas
aeruginosa using the agar well diffusion method. The Cu(Il)
complex demonstrated significantly larger inhibition zones than
both the Zn(II) analogue and the free ligand, with mean inhibition
zone diameters of 19 mm against S. aureus and 18 mm against P.
aeruginosa, compared with 9 mm and 8 mm, respectively, for the
Zn(IT) complex (Table 6, Figures 5 and 6), compared with the
Zn(Il) complex (9 and 8 mm, respectively). The observed
inhibition zone of 19 mm against S. aureus for [Cu(TF)] is
comparable to the 17-22 mm range reported for structurally
related Cu(II)-Schiff base complexes (El-Shafiy er al, 2017,
Nazirkar et al., 2019). However, it remains lower than the 25-30
mm inhibition zones reported for certain highly lipophilic Cu(II)
complexes containing extended conjugated systems, which have

been associated with enhanced membrane permeability and
stronger antibacterial potency. These comparisons indicate that
the present complex exhibits competitive, though not
exceptional, antibacterial activity relative of related coordination
compounds. The enhanced antibacterial activity of the Cu(Il)
complex is consistent with its redox-active nature, which may
facilitate ROS generation and membrane disruption (Mafiozca-
Dosman et al., 2025, Sinicropi et al., 2022). Weaker inhibition
(<10 mm) by Zn(Il) complexes, in contrast, supports redox
activity as a principal mediator of antibacterial efficacy. The
comparatively lower antibacterial activity of the free ligand TF
may be attributed to reduced lipophilicity and limited bacterial
membrane penetration in the absence of metal coordination.
Statistical ~analysis further substantiated the observed
antibacterial trends. One-way ANOVA revealed significant
differences among treatments (p < 0.05), and post-hoc

comparisons confirmed that the inhibition zones produced by the
Cu(IT) complex were significantly larger than those of the Zn(II)
complex and the free ligand. The calculated Cohen’s d values
indicated large effect sizes, demonstrating that the enhanced
antibacterial activity of the Cu(Il) complex is not only
statistically significant but also biologically meaningful.

Figure 5: Agar well diffusion inhibition zones produced by (a) [Cu(TF)] and (b) [Zn(TF)] against Pseudomonas aeruginosa (ATCC

27853) at 1 mg/mL
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Figure 6:Agar well diffusion inhibition zones produced by (a) [Cu(TF)] and (b) [Zn(TF)] against Staphylococcus aureus (ATCC
25923) at 1 mg/mL.

Table 6: Mean inhibition zone diameters (mm) of [Cu(TF)] and
[Zn(TF)] against S. aureus and P. aeruginosa determined by
agar well diffusion assay (1 mg/mL, n = 3).

Complex Code . aureus P. aeruginosa
[Cu(TF)] B2 19 mm 18 mm
[Zn (TF)] B3 9 mm 8 mm

Values represent mean inhibition zone diameters (n = 3).
Differences between complexes were statistically significant
(one-way ANOVA followed by Tukey’s HSD, p < 0.05). Effect
size analysis indicated large practical significance (Cohen’s d >
0.8). Differences between the inhibition zones produced by the
Cu(II) and Zn(II) complexes were statistically significant for both
Staphylococcus aureus and Pseudomonas aeruginosa (one-way
ANOVA followed by Tukey’s HSD, p < 0.05). Effect size

analysis indicated a large practical significance (Cohen’s d >
0.8), confirming the superior antibacterial performance of the
Cu(IT) complex. The inhibition of bacterial growth was evaluated
with ODeoo after treatment. High OD values (0.95 for S. aureus
and 0.91 for P. aeruginosa) were observed in the untreated
control groups, indicating significant bacterial growth of bacteria
in those samples. By comparison, treatment with the Cu (II)
complex caused a noticeable inhibition of growth, with ODsoo
readings of 0.22 and 0.24, respectively. The Zn(I[) complex
exhibited intermediate effects (ODsoo =0.63 and 0.67) (Table 7).
All groups reported coefficients of variation (CV%) below 5%,
demonstrating  the precision and reproducibility of
measurements. The ODeoo results qualitatively supported the
antibacterial trends observed in the agar diffusion assay and
reflected growth inhibition under liquid culture conditions.
Because agar diffusion and ODsoo assays probe distinct biological
endpoints, no direct statistical correlation between inhibition
zone diameters and optical density values was attempted.

Table 7: Optical density (ODso) descriptive statistics and coefficient of variation (n = 3) for bacterial growth inhibition assays.

Group Mean ODsoo SD CV%
Control (S. aureus) 0.95 0.03 3.16%
[Cu (TF)] (S. aureus) 0.22 0.01 4.55%
[Zn (TF)] (S. aureus) 0.63 0.02 3.17%
Control (P. aeruginosa) 0.91 0.04 4.40%
[Cu (TF)] (P. aeruginosa) 0.24 0.01 4.17%
[Zn (TF)] (P. aeruginosa) 0.67 0.02 2.99%
Despite the promising antibacterial activity observed, the
CONCLUSION

present study has important limitations related to structural
confirmation and mechanistic interpretation. The proposed
coordination modes and molecular formulations are primarily
based on spectroscopic and elemental metal content analyses and
would benefit from further confirmation using advanced
structural techniques, such as mass spectrometry, EPR
spectroscopy (for Cu(Il)), and single-crystal X-ray diffraction.
Additionally, mechanistic insights into antibacterial activity,
including reactive oxygen species generation, membrane
disruption, and molecular target interactions, were not directly
investigated. Future studies incorporating these analyses,
together with in vivo toxicity and efficacy evaluations, will be
essential to fully establish the therapeutic potential of these
metal-based antimicrobial agents.

DOI: https://doi.org/10.25271/5ju0z.2026.14.2.1846

In the present study, a condensation-derived ligand (TF) and
its corresponding Cu(II) and Zn(II) coordination complexes were
successfully synthesized and comparatively evaluated using
complementary spectroscopic and biological assays. FTIR and
UV-Vis spectral analyses provide supportive evidence for
coordination of the ligand to the metal centers primarily through
nitrogen donor atoms, while the carbonyl groups remain non-
coordinating. Elemental metal percentage analysis supports a 1:1
metal-ligand stoichiometry for both complexes, which are
tentatively formulated as [M(TF)] (M = Cu, Zn). The Cu(Il)
complex revealed paramagnetic behavior consistent with a
distorted octahedral geometry, whereas the Zn(II) complex is
diamagnetic, in agreement with its d'° electronic configuration.
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Antibacterial evaluation against Staphylococcus aureus and
Pseudomonas aeruginosa demonstrated that metal coordination
significantly influences biological activity, with the Cu(Il)
complex showing markedly higher antibacterial efficacy than
both the Zn(IT) complex and the free ligand. This enhancement is
plausibly associated with the redox-active nature of Cu(Il), which
may facilitate oxidative stress and disruption of bacterial cellular
processes. Although enhanced antibacterial activity was
observed upon metal coordination, the present study should be
regarded as a preliminary comparative assessment rather than a
definitive structure activity relationship investigation. Despite
the promising antibacterial performance observed for the Cu(Il)
complex, the present investigation remains a preliminary
coordination and screening study. The absence of definitive
structural elucidation techniques, such as EPR spectroscopy or
single-crystal X-ray diffraction, limits the precision with which
structure activity relationships can be established. Future
investigations should integrate advanced structural, mechanistic,
and cytotoxicity evaluations to fully assess therapeutic relevance.
The limited number of complexes and the absence of definitive
structural elucidation preclude rigorous correlation between
molecular structure and biological response. Although mass
spectrometric (ESI-MS) confirmation was not available at the
time of this study due to instrumental limitations, the combined
evidence from metal percentage analysis, spectroscopic data,
magnetic measurements, and molar conductance strongly
supports the proposed formulation. Future studies will
incorporate ESI-MS and single-crystal X-ray diffraction to
provide definitive structural confirmation.
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