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A novel zero-dimensional organic—inorganic hybrid material, (CogHgN),[ZnCly]-2H,0, was synthesized and
investigated using structural, spectroscopic, thermal, optical, and biological approaches. Single-crystal X-
ray diffraction reveals a monoclinic structure (C2/c) composed of isolated [ZnCl4]*>~ tetrahedra stabilized
by quinolinium cations and lattice water molecules through hydrogen bonding and m— interactions.
Vibrational analyses (FTIR and Raman) confirm the structural features and indicate slight distortions of
the ZnCl,%~ units. Thermal studies show a multistep decomposition involving dehydration followed by
organic framework degradation. Optical investigations based on diffuse reflectance spectroscopy reveal
an indirect band gap (Eq4 = 3.02 eV), with electronic transitions dominated by © — 7=* and ligand-to-
metal charge transfer processes. Density Functional Theory (DFT) calculations at the B3LYP/6-31G(d)
level confirm the electronic stability of the complex, exhibiting a moderate energy gap consistent with its
In silico ADME suggests high
gastrointestinal absorption, and favorable pharmacokinetic characteristics. Molecular docking studies

semiconducting behavior. analysis acceptable drug-likeness,

toward DNA gyrase and LasR proteins reveal moderate binding affinities relative to Ciprofloxacin,
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Accepted 27th April 2026 supporting the experimentally observed antibacterial activity. Furthermore, the compound exhibits
significant antibacterial and antibiofilm activities against both Gram-positive and Gram-negative bacteria.

DOI: 10.1039/d6ra03131e These findings highlight the multifunctional character of this zinc-based hybrid material, combining
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1 Introduction

Organic-inorganic hybrid materials have attracted considerable
attention due to their structural diversity and the possibility of
tailoring their physicochemical properties through the combi-
nation of inorganic frameworks and functional organic cations.
Early studies in this field focused on inorganic semiconductors
such as TiO, and ZnO, widely investigated for their photo-
catalytic activity and stability." However, these systems are often
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structural stability, semiconducting behavior, and promising biological activity.

limited by wide band gaps and rapid charge recombination,>*
motivating the development of alternative materials with
improved optical and electronic properties.

In this context, organic-inorganic halometallates have
emerged as a versatile class of hybrid materials.*® These
compounds, typically composed of discrete inorganic units
such as [MX,]>” or [MX¢]>~ combined with organic cations,
exhibit tunable structures and interesting optical behavior.' In
particular, zero-dimensional tetrahalometallates have gained
attention due to their localized electronic states and potential
applications in optoelectronics and photonic materials.">*
Recent studies have highlighted their relevance for energy-
related applications,”™* although their functional properties
remain less explored compared to conventional systems.

Zinc-based halometallates represent an important subclass
within this family. The Zn*" ion, with its d'° electronic config-
uration and low toxicity, readily forms stable tetrahedral
[ZnClL,]*” units that can be incorporated into hybrid structures
with various organic cations. Several compounds based on
[ZnClL,]>~ anions have been reported, particularly with nitrogen-
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containing heterocycles such as benzimidazolium and pyr-
idinium derivatives, leading to diverse structural architectures
and physicochemical properties.'®'” Nevertheless, systematic
investigations correlating their structure with functional prop-
erties remain limited."'®>*

Among potential organic cations, quinoline derivatives are
particularly attractive due to their extended m-conjugated
systems and their ability to engage in hydrogen bonding and m—
7 stacking interactions. In addition to their structural role,
quinolinium-based systems have demonstrated notable photo-
physical and catalytic properties, including applications in
photocatalytic transformations and oxidation reactions.”*
These features make them promising candidates for the design
of multifunctional hybrid materials.

Despite these advantages, the integration of quinolinium
cations with tetrahalozincate anions remains insufficiently
explored. In particular, structurally characterized hybrids
combining quinolinium and [ZnCl,]>” units are rare, and
studies linking their structural organization to optical and
biological properties are still lacking. This gap highlights the
need for further investigation of such systems.

In this work, we report the synthesis and comprehensive
characterization of a new organic-inorganic hybrid compound,
(CoHgN),[ZnCl,]-2H,0. The structure consists of isolated
[ZnCl,]>~ tetrahedra stabilized by protonated quinolinium
cations and lattice water molecules through hydrogen bonding
and m-m interactions. A combination of single-crystal X-ray
diffraction, vibrational spectroscopy, thermal analysis, and
diffuse reflectance spectroscopy was used to investigate its
structural and optical properties. In addition, density func-
tional theory (DFT) calculations and molecular docking studies
were performed to explore its electronic structure and potential
biological activity.

2 Experimental section
2.1 Chemical materials

For the present experiment, reagents of analytical grade were
employed as supplied by Sigma-Aldrich: zinc chloride (ZnCl,,
99% purity), quinoline (CoH,N, 98% purity), and hydrochloric
acid (HCl, 37%).

2.2 Synthesis of (CoHgN),[ZnCl,]-2H,0

Quinoline and ethanol were utilized as received from
commercial suppliers without further purification. The reaction
was conducted under an inert atmosphere of high-purity
nitrogen employing standard Schlenk techniques. A solution
of quinoline (0.258 g, 2 mmol) in 10 mL of absolute ethanol was
prepared and subsequently combined with zinc chloride (ZnCl,,
0.136 g, 1 mmol) and 1 mL of 37% aqueous hydrochloric acid in
a glass vessel maintained at 60 °C in an oil bath. Complete
dissolution of the reactants was achieved after more than 2 h.
The mixture was filtered and gradually cooled in the oil bath,
after which it was left to stand at ambient temperature until
most of the solvent had evaporated. The resulting colorless,
plate-shaped crystals were isolated and dried in a desiccator.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Elem. Microanal. Obsd for (CoHgN),[ZnCl,]-2H,0 (caled): C,
11.55 (11.48); H, 2.42 (2.37); N, 8.21 (8.10). (IR, KBr, cm *): »(N-
H"), 1529; »(C-N), 1643. The yield of the reaction was 0.488 g
(97%). ESI MASS m/z [M — H]-caled 503.22, found 503.53.

2.3 Single-crystal X-ray data collection and structure
determination

A single crystal, approximately 0.39 x 0.27 x 0.06 mm?, was
used to collect diffraction data at 150 K with an Xcalibur Atlas
Gemini Ultra diffractometer utilizing Mo-Ka radiation (A =
0.71073 A) and processed through the SCALE3 ABSPACK®
program. Data collection, reduction, and analysis were con-
ducted using SAINT,* with semi-empirical multi-scan absorp-
tion corrections applied via the SADABS*' program. The crystal
structure was determined in the monoclinic space group C2/c
using auto-methods available in WINGX.** The structure of
(CoHgN),[ZnCl,]-2H,0 was solved by the dual-space algorithm
using SHELXT-2015 (ref. 33) and refined by full-matrix least-
squares techniques using SHELXL*® with anisotropic thermal
parameters for all non-hydrogen atoms. All figures were
prepared using DIAMOND.** The refinement conditions and
structural resolution of the compound are outlined in Table S1.

2.4 Thermal analysis

The thermal decomposition behavior of the (CoHgN),[ZnCl,]-
2H,0 complex was examined through simultaneous thermog-
ravimetric analysis (TGA) and differential thermal analysis
(DTA) under oxygen atmosphere (flow rate: 100 mL min™ ")
using a SETARAM TG-DSC 92 instrument. The analysis was
performed on a 2.687 mg sample, with thermograms recorded
over a temperature range of 25-400 °C for DSC and 25-650 °C

for TGA, applying a constant heating rate of 10 °C min .

2.5 Spectroscopic measurement

Infrared (IR) measurements were performed over the 400-
4000 cm ™' range using a PerkinElmer Spectrum 400 FTIR
spectrometer operating in UATR (Universal Attenuated Total
Reflectance) mode. Raman spectra were acquired indepen-
dently in the 0-3500 cm ™" region using a Horiba LabRAM HR
Evolution system with a 532 nm laser as the excitation source.

2.6 UV-vis-NIR diffuse reflectance spectroscopy

The UV-vis diffuse reflectance spectrum of the (CoHgN),[ZnCl,]-
2H,0 compound was performed at room temperature using
a Varian Cary 5000 UV-vis-NIR spectrophotometer in the wave-
length range between 200 and 800 nm.

2.7 In Silico studies

Density Functional Theory (DFT) calculations were performed
at the B3LYP/6-31G(d) level of theory to optimize the molecular
geometry of the investigated complex. The optimized structure
was subsequently used to analyze frontier molecular orbitals
(HOMO and LUMO), the energy gap (AE), and molecular elec-
trostatic potential (MEP) maps, providing insight into the
electronic structure and potential reactive sites.>*”

RSC Adv, 2026, 16, 24964-24985 | 24965
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Drug-likeness, physicochemical properties, and pharmaco-
kinetic parameters were predicted using the SwissADME plat-
form.*® Canonical SMILES representations were used to
calculate molecular weight, lipophilicity (Log P), hydrogen bond
donors and acceptors, and topological polar surface area
(TPSA). Drug-likeness was evaluated based on Lipinski's rule of
five, as well as Veber and Ghose criteria.

Pharmacokinetic properties were further evaluated using the
pkCSM web server. The predicted parameters included water
solubility (log mol L™ ), Caco-2 permeability (log P,pp in 10~ ° cm
s "), intestinal absorption (%), skin permeability (log K;,), and P-
glycoprotein (P-gp) interactions, including substrate behavior
and inhibitory effects on P-gp I and P-gp II.

Molecular docking was performed to evaluate the interaction
of the (CoHgN),[ZnCl,]-2H,0 complex with key bacterial targets,
namely DNA Gyrase and LasR. The crystal structures were ob-
tained from the Protein Data Bank (PDB IDs: 1AB4 and 3IX3,
respectively).>**

Protein structures were prepared by removing crystallo-
graphic water molecules, adding hydrogen atoms, and per-
forming energy minimization.** The ligand structure was
geometry-optimized prior to docking. Docking simulations were
carried out using AutoDock Vina 1.1.2.*> The binding site was
defined based on the position of the co-crystallized ligand, and
the best binding poses were selected according to the lowest
binding energy.***»** For validation purposes, Ciprofloxacin
was used as a reference (control) ligand for DNA gyrase. Protein-
ligand interactions, including hydrogen bonding and hydro-
phobic contacts, were analyzed and visualized using PyMOL
Molecular Graphics System (Version 2.5).*

2.8 Evaluation of the antibacterial activity

The antibacterial aspects of several common microbes have
been assessed, including Pseudomonas aeruginosa, Escherichia
coli, Staphylococcus aureus, and Enterococcus faecalis. These
pathogens were supplied by the microbiology lab at Fattouma
Bourguiba Hospital. Using the microdilution method, the
sample's minimum inhibitory concentration (MIC) was deter-
mined. All of the produced samples were diluted in 10% DMSO.
The 96-well plates were then subjected to cascade dilutions
using DMSO (10%). Then, 100 pL of brain-heart broth and 20 uL
of overnight culture (adjusted to McFarland turbidity of 0.5)
were added. The plates were incubated at 37 °C for 24 hours.
The MIC was the lower concentration of the sample that
stopped all observable growth. 5 pL was reinoculated in Brain
Heart Agar plates for 24 hours from each well that did not show
any growth in order to determine the minimum bactericidal
concentration (MBC). Ciprofloxacin was used as the positive
control for the antibacterial activity.*®

2.9 Antibiofilm test

This experiment was established against the bacteria Staphylo-
coccus aureus (S. aureus), Enterococcus faecalis (E. faecalis),
Escherichia coli (E. coli), and Pseudomonas aeruginosa (P. aeru-
ginosa) .The modified micro dilution method was utilized.
Overnight-grown cultures in Brain Heart Infusion (BHI) were
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Table 1 Normalized EE (1) x /(A) values used in SPF calculation

A (nm) EE(4) x I(A) (normalised)
290 0.015

295 0.0817

300 0.2874

305 0.3278

310 0.1864

315 0.0837

320 0.018

Total 1

Table 2 SPF values and corresponding percent UV blocking

SPF value % of UV blocking
2 50
4 75
5 80
10 90
15 93
25 96

diluted to 10° CFU mL~" in BHI and 2% (w/v) glucose. An
aliquot (200 pL) was transferred to a 96-well microtiter plate,
and 100 pL of samples with final concentrations corresponding
to MIC, 2x MIC, and 4x MIC were added.” The sample-free
media was used as a control. Every experiment was conducted
in triplicate. The culture supernatant was discarded after a 24
hours incubation period at 37 °C, and non-adherent cells were
removed from the wells by washing them with phosphate-
buffered saline. The surface-attached cells were stained for 15
minutes using 200 pL of 0.1% crystal violet, followed by rinsing
with water to remove excess stain. A Multiskan reader (BioRad,
Tokyo, Japan) was used to assess biofilm cells colored with
crystal violet at 570 nm.*” The biofilm inhibition percentage was
determined using the equation below:

OD,, — OD,

D
Biofilm inhibition (%) = ODO :
gc

x 100

where ODg (sample) represents the absorbance of the
compound with bacteria and OD,. (growth control) is the
absorbance of the bacteria's growth without the sample.

2.10 Evaluation of the photoprotective activity

The extract was used to determine the SPF value. The spectro-
photometric absorbance of the extracts was really measured in
the UV-B wavelength region (290-320 nm) at dosages of 0.2 and
1 mg mL™".*® The in vitro SPF values were calculated using the
Mansur et al. equation.” The findings were displayed using the
mean + standard deviation of three repeats (n = 3).

SPF = I(2), Abs(2), CF x 52320290 EE(A) (Table 1). The table
displays the EE(A) x I() values, where EE(}) represents the
erythemogenic effect of radiation at A, I(A) represents the
intensity of solar light at A, Abs(2) represents the absorbance of
the preparation at A, and CF is the correction factor that was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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found to provide an SPF value of 4 for the reference formulation
containing 2.7% octyl methoxycinnamate(Table 2).

3 Results and discussion
3.1 Structural study

Fig. 1 presents the structural formulation and asymmetric unit
of the newly synthesized zero-dimensional hybrid material
(CoHgN),[ZnCl,]-2H,0, as generated by Diamond 3. The asym-
metric unit, shown in full opacity, corresponds to one half of the
crystallographically independent content, while the complete
formula unit, displayed with partial transparency, arises from
the application of the crystallographic symmetry operations of
the monoclinic C2/c space group. At the core of the structure,
the Zn>" center is tetrahedrally coordinated by four chloride
ligands, forming the discrete [ZnCl,]*~ anion, a strictly zero-
dimensional inorganic entity with no extended connectivity
beyond its coordination sphere. This anion is electrostatically
balanced by two quinolinium cations, whose protonated
nitrogen atoms facilitate strong hydrogen-bonding and elec-
trostatic interactions with both the inorganic fragment and the
solvation water molecules. The latter, present as two discrete
H,O units per formula, play a stabilizing role by extending the
hydrogen-bond network, thus reinforcing the cohesion of the
crystal packing. A noteworthy crystallographic feature is the
presence of a twofold rotation axis passing through the Zn
atom, highlighted in the figure by a line intersecting the tetra-
hedral center, which reflects the symmetry operations inherent
to the C2/c space group. This combined representation of
asymmetric and formula units emphasizes the dual organic-
inorganic nature of the compound and the structural
compactness imposed by both electrostatic and hydrogen-
bonding interactions. The clear definition of the asymmetric
unit and its symmetry-related counterparts establishes the
foundation for subsequent discussion of the packing

View Article Online
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arrangements, coordination geometry distortions, and supra-
molecular interactions that will be explored in Fig. 2 through 6.

Fig. 2 presents the crystal packing of (CoHgN),[ZnCl,]-2H,0
projected along the g, b, and ¢ axes, highlighting how the discrete
components organize within the monoclinic lattice. The projec-
tions confirm the zero-dimensional nature of the inorganic
substructure: the [ZnCl,]*~ tetrahedra remain fully isolated and
evenly distributed, acting as inorganic nodes around which the
organic cations and water molecules assemble. The quinolinium
cations adopt orientations imposed by the lattice symmetry.
Along the b axis, their nearly parallel aromatic rings form
extended 7t---7v stacks, while along the a and ¢ axes they appear
tilted or staggered, reducing steric clashes and enabling favorable
C-H---Cl and C-H- -7 contacts. These controlled orientations
illustrate the flexibility of the quinolinium scaffold in establish-
ing complementary electrostatic and m-driven interactions.
Water molecules occupy small interstitial sites and serve as effi-
cient hydrogen-bond donors bridging chloride ligands and
protonated nitrogen atoms. This O-H---Cl/N-H:--O network
consolidates the packing and contributes to the high measured
density, indicating a compact structure with minimal unused
volume. Symmetry operations propagate these motifs throughout
the lattice, producing regular stacks of quinolinium cations
interleaved with isolated tetrahedral anions. The layered-like
architecture observed along the ¢ axis suggests a degree of
anisotropy arising from the directional alignment of the -
systems. Overall, the packing arrangement shown in Fig. 2
demonstrates how isolated inorganic clusters, m-stacked organic
layers, and a well-positioned hydrogen-bonding network
combine to produce a compact, well-organized, and structurally
stable hybrid material. This precise arrangement of inorganic
and organic domains is a major contributor to the robustness
and coherence of (CoHgN),[ZnCl,]-2H,0.

Fig. 3 highlights the coordination polyhedron around the
Zn*" center in (CoHgN),[ZnCl,]- 2H,0, offering a focused view of

Fig. 1 Asymmetric unit of the titled compound completed by symmetry.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystal packing of (CoHgN),[ZnCl,]-2H,0 along the three principal axes (a, b, c).

C12

C12

Fig. 3 Distorted tetrahedral coordination environment of Zn®* in the
[ZnCLy]*>~ anion.

the discrete [ZnCl,]>~ anion and the bond metrics that define its
geometry. The zinc atom is tetrahedrally coordinated by four
chloride ligands, the most common arrangement for halo-
zincate species. Although an ideal tetrahedron would display
uniform Zn-Cl distances and angles of 109.5°, the refined
structure shows slight but meaningful deviations—typical of

Table 3 Comparison of structural parameters of selected [ZnCly]?~

hybrid halometallates where the inorganic fragment responds
to its asymmetric environment. These variations reflect the
influence of nearby quinolinium cations and hydrogen-bonding
water molecules, which impose subtle electrostatic and steric
constraints on the coordination sphere. The polyhedral repre-
sentation reveals that two Zn-Cl bonds are marginally longer
than the other two, indicating a modest tetragonal compres-
sion. This distortion correlates with the supramolecular role of
specific chloride ligands: those involved in stronger Cl---H
hydrogen bonds with water molecules or C-H groups experi-
ence slight weakening of the Zn-Cl bond, whereas the less
engaged chlorides retain shorter, stronger interactions. Corre-
sponding angular deviations arise from steric proximity to the
organic cations, further contributing to the non-ideal geometry.
Despite these irregularities, the overall tetrahedral arrangement
remains intact, ensuring the stability of the inorganic fragment
within the lattice.

From a structural standpoint, the observed distortions help
clarify how the local environment shapes the behavior of the
inorganic anion. A near-ideal tetrahedron promotes uniform
electron distribution around Zn**, while minor asymmetry
introduces localized differences in bonding strength. These
subtle changes may influence properties such as the dielectric
environment, vibrational features, and even thermal behavior,
where slightly elongated Zn-Cl bonds often act as the first

-based hybrid compounds

Zn-Cl bond [znCl,]*~ tetrahedral
Compound Organic cation distances (A) distortion Key interactions Ref.
(CoHgN),[ZnCl,]-2H,0 Quinolinium 2.25-2.29 Slightly distorted T stacking; H-bonding; This work
C-H---Cl contacts
[ZnCl,]-pyridinium Pyridinium 2.25-2.28 Nearly ideal H-bonding 16
[ZnCl,}-imidazolium Imidazolium 2.26-2.30 Slightly distorted H-bonding 17
[ZnCl,]-benzimidazolium Benzimidazolium 2.25-2.29 Moderately distorted -7 stacking; H-bonding 16

24968 | RSC Adv, 2026, 16, 24964-24985
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Fig. 4 Different types of m-interactions: red (rw---7), blue (C—H---).

points of perturbation. The deviations observed in Fig. 3
therefore reflect not disorder, but the fine balance between
coordination geometry and supramolecular forces that ulti-
mately governs the stability and reactivity of the hybrid
material.

To further assess the structural features and highlight the
distinctiveness of the present compound, a comparison with
related zinc halometallate hybrids containing nitrogen-based
heterocyclic cations was performed. Previously reported
systems based on pyridinium, imidazolium, and benzimidazo-
lium cations typically exhibit tetrahedral [ZnCl,]*~ units with
Zn-Cl bond distances ranging from approximately 2.25 to 2.30
A, reflecting varying degrees of distortion depending on the
surrounding supramolecular environment.'®"

In the title compound, the Zn-Cl bond lengths fall within
a comparable range but display slight anisotropy, consistent
with the influence of hydrogen bonding and w-interactions
involving the quinolinium cations. Compared to simpler
heterocyclic cations (Table 3), the quinolinium moiety, with its
extended m-conjugated system, promotes stronger -7 stacking
and additional intermolecular interactions, which contribute to
subtle distortions of the coordination geometry. This behavior
is further supported by the observed variation in Zn-Cl bond
lengths and bond angles, indicating a deviation from ideal
tetrahedral symmetry.

These observations suggest that, while the fundamental
[ZnCl,)*~ structural motif remains conserved, the incorporation
of quinolinium cations introduces a distinct supramolecular
environment that differentiates the present compound from
previously reported zinc halometallate hybrids. This compar-
ison supports the structural originality of the system and
highlights the role of the organic cation in modulating both
local geometry and crystal packing.

The supramolecular organization is further stabilized by m—
7 stacking interactions between adjacent quinolinium rings
(Fig. 4). These interactions are characterized by centroid-to-
centroid distances of 3.698 and 3.690 A, with corresponding
interplanar separations of 3.365 and 3.478 A, respectively. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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associated slippage angles of 1.05° and 2.28° indicate a nearly
parallel arrangement with slight displacement, typical of effi-
cient aromatic stacking interactions.

In addition, weak C-H-- 7 interactions are observed, with
a centroid-to-atom distance of 3.370 A, an interplanar separa-
tion of 3.365 A, and a slippage angle of 1.07°, further contrib-
uting to the stabilization of the crystal packing. These
interactions, together with the hydrogen-bonding network, lead
to a robust three-dimensional supramolecular architecture.

Detailed geometric parameters are provided in the SI (Table
S5).

Fig. 5 illustrates how halogen-type and weak intermolecular
interactions contribute to the supramolecular architecture of
(CoHgN),[ZnCl,]-2H,0, complementing the hydrogen-bonding
and m-stacking networks described earlier. The chloride
ligands of the [ZnCl,]>~ tetrahedron act not only as coordina-
tion partners to Zn>" but also as active acceptors for various
noncovalent contacts. Numerous C-H---Cl interactions,
involving polarized aromatic and aliphatic hydrogens, exhibit
favorable geometries that enhance electrostatic complemen-
tarity. Although weaker than O-H---Cl hydrogen bonds, their
multiplicity significantly reinforces the crystal packing, giving
chloride ligands a central supramolecular role.

Additional weak interactions provide further stabilization.
The electron distribution within the quinolinium rings allows
certain C-H groups to interact with chloride ions or 7-systems,
leading to C-H---7 contacts that help maintain the slipped -
T arrangement and, in some regions, link adjacent layers. These
interactions reduce lattice slippage and enhance structural
cohesion.

Together, these interactions highlight the multifunctional
role of the structural units in this hybrid system. Chloride
ligands contribute beyond coordination through hydrogen
bonding and electrostatic interactions, while quinolinium
cations participate via -stacking and additional weak contacts.
This dense network of interactions ensures crystal compactness
and contributes to the overall stability. Functionally, such
interactions may influence optical and vibrational properties by

RSC Adv, 2026, 16, 24964-24985 | 24969
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Fig. 5 Halogen and chalcogen interactions in (CogHgN),[ZnCl,]-2H,0.

modulating the local electronic environment around the
[ZnCL,]*~ units and may also play a role in intermolecular
recognition processes, supporting the multifunctional char-
acter of the material.

Fig. 6 depicts the hydrogen-bonding framework of (CoHg-
N),[ZnCl,]-2H,0, which plays a decisive role in stabilizing the
supramolecular architecture of the crystal. The hydrogen-
bonding network is constructed from a combination of O-H:--
Cl, N-H:--O, and weaker secondary contacts, linking together
the inorganic tetrahedra, organic cations, and water molecules
into a highly cohesive lattice. The crystallographically deter-
mined bond metrics confirm the presence of strong and direc-
tional interactions, consistent with the compact nature of the
structure.

The first set of interactions involves the solvation water
molecules acting as donors. In the contact O1-H1B---Cl2 [D-H
=0.87A,H--A=2.58A,D--A=3.283 A, ~ D-H---A = 139°], the
geometry reflects a moderately strong hydrogen bond, though
the slightly bent angle indicates adaptation to local steric
constraints. By contrast, the second water-mediated bond, O1-
H1C---Cl1 [D-H = 0.87 A, H--A = 2.30 A, D---A = 3.1499(11) A,
/D-H---A = 165°], is much stronger and nearly linear, repre-
senting a highly efficient O-H---Cl interaction. Together, these
contacts demonstrate that the two symmetry-related water
molecules act as bridging nodes within the supramolecular
network, simultaneously stabilizing the chloride ligands of
different [ZnCl,]*~ tetrahedra and maintaining lattice cohesion.

o1 a (8]}

Fig. 6 Hydrogen-bonding framework involving O—H---Cl and N-H---O interactions.
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A particularly striking feature of the hydrogen-bonding
scheme is the N1-H1---O1 interaction [D-H = 0.88 A, H---A =
1.86 A, DA = 2.7412(14) A, ZD-H---A = 179°]. This bond,
involving the protonated nitrogen atom of the quinolinium
cation and the oxygen atom of the water molecule, is both short
and nearly linear, placing it unequivocally in the category of
strong hydrogen bonds. Its directionality (179°) implies an
optimal donor-acceptor overlap, reinforcing the role of the
water molecules as central pillars of the hydrogen-bond
network. Functionally, this bond anchors the organic and
solvent sublattices together, enabling the propagation of
a three-dimensional supramolecular framework that ties the
organic cations, inorganic tetrahedra, and solvent molecules
into a single cohesive structure.

The combination of these interactions results in a multi-
tiered hydrogen-bonding network, where water molecules act
as critical bridges, simultaneously linking inorganic and
organic components, while the protonated amine groups of
quinolinium further consolidate this network through their
strong N-H---O contacts. The cooperative action of O-H:---Cl
and N-H---O bonds imparts significant structural rigidity and
minimizes free volume, consistent with the measured crystal
density (1.602 Mg m ). Importantly, this dense hydrogen-bond
network is expected to strongly influence the thermal stability of
the compound, as hydrogen-bond rupture often represents the
first step in dehydration or structural collapse during ther-
mogravimetric analysis. Similarly, hydrogen bonding plays
a crucial role in defining the optical properties by modulating
local electronic environments around the m-systems, as well as
in potential biological interactions, where hydrogen-bond
donors and acceptors often determine binding affinity to
biomolecular targets.

3.2 Vibrational study

The infrared spectrum of the hybrid zinc-quinolinium salt
provides comprehensive information on the bonding motifs
that corroborate the single-crystal X-ray diffraction data as
shown in Fig. 7. A very broad absorption band between 3485 and
3200 cm™ ' corresponds to the »(O-H) stretching vibrations of
the two crystallographic water molecules. The remarkable
breadth and reduced frequency of this band compared to “free”
water are consistent with strong hydrogen bonding, in which
the water molecules donate hydrogen atoms to chloride ligands
of the [ZnCl4]*~ unit and accept protons from the quinolinium
cation. These assignments are supported by the short O-H:--Cl
and N-H---O distances observed in the structural refinement,
which confirm the hydrogen-bonding network responsible for
stabilizing the three-dimensional lattice.’® A distinct sharp
band at 3195 cm ' is ascribed to »(N-H) stretching of the
protonated quinolinium group. The downshift relative to
neutral quinoline arises from protonation at the heteroaromatic
nitrogen atom, a feature also reflected in the strong N-H---O
water hydrogen bond revealed by crystallography. Weak
absorptions between 3087 and 3038 cm ' correspond to
aromatic »(C-H) stretches of the quinolinium ring, while
aliphatic C-H modes are observed in the 2950-2850 cm ™"
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Fig. 8 The Raman spectrum of the complex (CgHgN),[ZNnCly]-2H,0.

region, typical of substituted aromatic systems. A prominent
band at 1620 cm ™" is assigned to the ¥(C=N) stretching vibra-
tion of protonated quinolinium. Its significant red-shift
compared with neutral quinoline derivatives reflects both the
positive charge delocalization and the m-m stacking interac-
tions revealed along the crystallographic b axis, which reduce
electron density on the imine group. Additional absorptions in
the 1570-1500 cm " and 1450 cm ' regions are attributed to
aromatic »(C=C) skeletal modes, while the 1250-1220 cm "
region is dominated by »(C-N) stretching. Finally, the far-
infrared spectrum reveals multiple absorptions between 500
and 300 cm™ ', corresponding to Zn-Cl stretching vibrations of
the tetrahedral [ZnCl,]*~ anion. The observed splitting of these
bands matches the slight distortion of the tetrahedron (two Zn-
Cl bonds elongated to 2.285 A compared to 2.252 A for the
others), as asymmetry lifts vibrational degeneracy and produces
the series of distinct absorptions.”***
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The Raman spectrum (Fig. 8) of the same material comple-
ments the IR findings and highlights vibrational features that
are either weak or silent in IR spectroscopy. A well-defined peak
at 1648 cm ™! is attributed to the §(H-O-H) bending vibration of
the lattice water molecules. This assignment is consistent with
the bending frequency of strongly hydrogen-bonded water re-
ported in crystalline hydrates, and its intensity reflects the
directional O-H:---Cl and O-H---N interactions described in the
structural analysis.>” The aromatic region of the Raman spec-
trum displays a strong peak at 1600 cm ™, assigned to the »(C=
N) stretch of protonated quinolinium. The band is polarized
and enhanced in intensity, in agreement with the increased
polarizability of the protonated heteroaromatic ring. Two
additional peaks at 1491 and 1382 cm ™" correspond to »(C=C)
and in-plane »(C-N) stretching modes, respectively. Their
positions and intensities are typical for quinolinium salts and
confirm the protonation-induced changes in the electronic
distribution of the cation.” The low-frequency Raman region
provides the clearest evidence for the internal modes of the
[ZnCl]*~ tetrahedron. Distinct bands at 347, 310, 248, and
114 cm ™' can be assigned to the v; (F,, asymmetric stretch), v,
(A4, symmetric stretch), v, (F,, asymmetric bend), and v, (E,
symmetric bend) vibrational modes, respectively. Additional
lattice modes are detected below 100 cm™*, corresponding to
external translational and librational motions of the tetrahedral
anions within the hydrogen-bonded network. Compared with
ideal Td symmetry, the splitting and frequency shifts observed
here are direct vibrational fingerprints of the small but signifi-
cant Zn-Cl bond length inequalities measured crystallographi-
cally. Such distortions are known to perturb the vibrational

24972 | RSC Adv, 2026, 16, 24964-24985

degeneracy of halozincate tetrahedra, and similar effects have
been reported in other tetrahalometallate salts studied by
polarized Raman spectroscopy.®*** The excellent agreement
between the structural and vibrational data confirms that the
combined IR and Raman analyses provide a complete picture of
the bonding environment and subtle distortions present in this
zinc-based hybrid, the assighments are presented in Table S6.

3.3 Thermal behavior

The thermal behavior of (CoHgN),[ZnCl,]-2H,0 was investigated
by coupled DSC-TGA analysis under an oxygen atmosphere
(Fig. 9), revealing a multistep decomposition pathway. An initial
endothermic event below 200 °C, accompanied by a mass loss of
6.6%, corresponds to the release of two lattice water molecules
(caled = 6.5%), confirming the dehydration process. The anhy-
drous phase remains stable up to ~250 °C, where a pronounced
thermal event is observed, consistent with the onset of melting
and structural destabilization. A major mass loss of 65.5% occurs
between 250 and 450 °C, associated with the decomposition of
quinolinium cations and the breakdown of the [ZnCL,J>~ anion,
leading predominantly to the evolution of HCI and volatile
organic species. At higher temperatures (450-600 °C), a further
loss of 26.6% is observed, which is mainly attributed to the
volatilization of ZnCl,, with possible minor formation of ZnO due
to residual oxygen or moisture. The absence of a stable residue at
the end of the experiment supports the volatilization-driven
decomposition mechanism. Overall, the DSC and TGA results
are fully consistent and indicate a sequential process involving
dehydration, melting, organic framework collapse, and final
inorganic volatilization.>*>*
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3.4 UV-vis-NIR diffuse reflectance spectroscopy

To probe the optical response of the material in the solid state,
the diffuse reflectance spectrum was converted into the
absorption-like Kubelka-Munk function F(R), allowing direct
visualization of the electronic transitions. The diffuse-
reflectance-derived absorption profile of (CoHgN),[ZnCl,]-
2H,0, expressed through the Kubelka-Munk function F(R)
(Fig. 10), reveals three well-defined electronic transitions that
reflect both the organic-inorganic duality of the hybrid lattice
and the specific electronic structure imposed by the ZnCl,*>~
coordination environment. The high-energy band at 235 nm is
characteristic of ® — m* excitations within the aromatic
cationic sublattice, consistent with the conjugated framework
of the CoHgN" units. A second feature centered around 315 nm
is attributed to an interband excitation involving localized
electronic states within the hybrid solid, most plausibly an
electron-hole-type transition associated with shallow sub-gap
states that arise from the electronic coupling between the
organic moieties and the tetrahalozincate unit. Unlike molec-
ular n — 7* processes, which are typically weaker, this transi-
tion presents as a broader, more solid-state-like excitation,
coherent with the extended lattice environment. The lower-
energy band at 350 nm is assigned to a ligand-to-metal
charge-transfer (LMCT) process of the type ClI- — Zn*',
a well-documented feature in d'° zinc-halide complexes. The
absence of any d-d transitions, expected for Zn** (3d*°, filled),
further confirms that the optical activity stems from organic -
systems, solid-state interband processes, and LMCT transitions
rather than from intra-metal excitations.

The band-gap characteristics of (CoHgN),[ZnCl,]-2H,0 were
examined using the modified Tauc approach presented in
Fig. 11, in which F(R), derived from diffuse reflectance via
Kubelka-Munk transformation, substitutes for the absorption
coefficient (Fig. 10). The Kubelka-Munk theory, commonly
applied to analyze DRS data from weakly absorbing powders,

45 T T T T

View Article Online
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was used to refine the band gap estimation. The Kubelka-Munk
function, defined as:***°
2
F(R) = K_(-R.y
S 2R,

In this context, R represents the absolute reflectance of the
sample, measured using an integrating sphere system. K is the
light absorption coefficient, and S is the scattering coefficient.
The function (R) is known as the Kubelka-Munk function.
According to inter-band absorption theory, the absorption
coefficient near the threshold, in relation to incident energy,
can be described by the following equation:****

{F(R)hv}

= =

. = A(hv — Ey)

In the energy interval of 3.5-4.0 eV, both the direct and
indirect Tauc representations exhibit linear regions associated
with the onset of the high-energy excitation identified in the
F(R) spectrum. However, distinction between the two possible
transition types was achieved through the analysis of the slope-
exponent method, based on the In(F(R)-Av) versus In(hAv) plot.
The extracted exponent n =~ 2 indicates an indirect allowed
transition, consistent with the expected electronic structure of
ZnCl,*> -based hybrid frameworks, where lattice-orbital inter-
actions typically promote indirect optical processes. Conse-
quently, the indirect Tauc fit was used to determine the optical
band gap, yielding E, = 3.02 eV. This value falls within the range
characteristic of wide-band-gap semiconductors. The
absorption-edge estimate at 373 nm corresponds to an energy of
approximately 3.32 eV, slightly higher than the Tauc-derived
value due to the inherent difference between edge-based and
linear extrapolation methods. Together, the Tauc behavior and
the n-value analysis confirm that the compound is an indirect-
gap semiconductor with a well-defined band-edge transition.
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Fig. 10
sponding absorption profile highlighting the main electronic transitions.
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(a) Diffuse reflectance spectrum of the ZnCly-based hybrid material transformed using the Kubelka—Munk function F(R); (b) corre-
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Further insight into the electronic disorder and sub-band-
gap absorption processes in (CoHgN),[ZnCl,]-2H,O was ob-
tained through an analysis of the Urbach tail, which reflects the
exponential absorption behavior near the optical edge (Fig. 12).

The formula used is:

hv
— +_

In(a) E

= In(ay)
where « is the absorption coefficient, 4v the photon energy, and
E, the Urbach energy.

Using the Kubelka-Munk-derived quantity F(R), the low-
energy region below 3.5 eV was fitted according to the Urbach
model, wherein the absorption tail follows an exponential
dependence governed by the Urbach energy, E,. This region of
the spectrum captures the transition from the steep absorption
onset to the more diffuse tail arising from lattice fluctuations,
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(a) Tauc plot for direct allowed electronic transitions derived from Kubelka—Munk-transformed diffuse reflectance data; (b) linear

of hybrid organic-inorganic frameworks. The fit to the expo-
nential regime yielded an Urbach energy of 0.212 eV, indicative
of a moderately broad tail. Such an E, value reflects the pres-
ence of localized states within the forbidden gap, which
commonly originate from structural disorder associated with
hydrogen-bonding variability in the organic layers, slight
distortions within the ZnCl,>~ tetrahedra, or vibrational
coupling between organic and inorganic subunits. When
expressed as a fraction of the optical band gap (E./Eg), the
Urbach width represents approximately 7.02% of the total band-
gap energy. This proportion is consistent with hybrid systems
where static and dynamic disorder coexist due to the soft lattice
nature introduced by the organic moieties and the polarizable
halide coordination sphere. The comparatively pronounced
magnitude of E, also aligns with the indirect band structure
determined from the Tauc analysis, as indirect-gap semi-

microstructural disorder, and the inherent dynamic flexibility conductors frequently exhibit stronger phonon-electron
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Fig. 12
Urbach energy.
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(@) Urbach plot illustrating the exponential absorption edge of the ZnCl,-based hybrid material; (b) linear fitting used to extract the
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coupling, contributing to a more extended exponential
absorption tail.

Overall, the Urbach analysis underscores the role of lattice
disorder, excitonic effects, and local structural fluctuations in
shaping the sub-gap optical response of this ZnCl,-based
organic-inorganic system, providing a complementary
perspective to the band-edge behavior outlined in the Tauc-
derived band gap.

To further elucidate the charge-transport-related optical
properties of (CoHgN),[ZnCl,]-2H,0, the frequency-dependent
optical conductivity o(w) and the corresponding skin depth
0(w) were evaluated from the Kubelka-Munk-derived optical
functions (Fig. 13). It was calculated using the relation:

S a(A)n(A)e
P 4qk(N)

where « is the absorption coefficient, n the refractive index, k
the extinction coefficient, and c¢ the speed of light in vacuum
these two quantities provide complementary information: while
a(w) probes the ability of photogenerated carriers to respond to
an oscillating electromagnetic field, 6(w) describes how deeply
electromagnetic radiation penetrates before being significantly
attenuated. Together, they offer a more dynamic perspective on
carrier mobility, dielectric screening, and the interaction
between the incident light field and the electronic structure of
the hybrid lattice. The optical conductivity o(w) exhibits
a gradual rise across the visible-UV region, with a pronounced
increase as the photon energy approaches the band-edge tran-
sition identified previously in the Tauc analysis. This behavior is
characteristic of wide-band-gap hybrid semiconductors in
which conductivity remains low at low energies due to the
absence of free carriers, but increases sharply once sufficient
energy is available to promote electrons across the gap and into
extended states. The onset of enhanced o(w) near the band-edge
suggests the activation of interband transitions and the initia-
tion of photocarrier generation within the ZnCl,>~ framework,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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accompanied by contributions from the organic cation layers as
excitations couple into higher-energy conduction pathways. The
profile of o(w) is consistent with the indirect-gap nature of the
material, where phonon involvement facilitates carrier excita-
tion and subtly modulates the spectral dependence of the
conductivity.

The corresponding skin-depth function ¢(w), which quan-
tifies the penetration depth of incident light, reveals a comple-
mentary trend. It is given by:*>

1

d3() = )

In the low-energy region, 6(w) maintains relatively large values,
indicating that the material is highly transparent to lower-
energy photons due to minimal interband absorption and low
conductivity. As photon energy increases toward the band edge,
6(w) decreases progressively, illustrating the increased attenu-
ation associated with heightened absorption and more effective
photocarrier generation. This inverse correlation between ¢(w)
and 6(w) is typical of insulating or semi-insulating hybrid
materials where dielectric response dominates at low energies
and electronic absorption takes over as the band gap is
approached. The observed depth variations also highlight the
interplay between the organic sublattice—characterized by
relatively soft bonding and low electronic density—and the
more rigid inorganic ZnCl,>~ moieties that dominate the high-
energy optical processes.

Together, the optical conductivity and skin-depth analyses
provide a dynamic interpretation of carrier excitation and light-
matter interaction within this chlorozincate hybrid. They rein-
force the picture of a wide-band-gap, indirect semiconductor
with modest low-energy conductivity, strong high-energy
absorption, and lattice-coupled photophysical behavior that
reflects the dual organic-inorganic nature of the structure.

The dispersion behavior of the extinction coefficient k and
the refractive index n provides deeper insight into how
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(CoHgN),[ZnCl,]-2H,0 interacts with electromagnetic radiation
across the UV-visible range (Fig. 14). These two optical
constants, derived from the Kubelka-Munk-based formalism
and the associated reflectance transformations, are essential for
understanding both the absorptive and dispersive characteris-
tics of the material. Their combined behavior reflects the
interplay between electronic transitions, dielectric response,
and the structural duality inherent to organic-inorganic hybrid
halometallates.

The optical extinction coefficient (1) describes the combined
effect of absorption and scattering of light within the material,
providing direct insight into its electronic transitions, and is
expressed as:*

The extinction coefficient k displays a characteristic low
baseline at lower energies, consistent with negligible absorp-
tion far below the band edge and confirming the high optical
transparency of the compound in the visible region. As the
photon energy increases and approaches the electronic transi-
tion thresholds identified in the F(R) spectrum, k rises sharply,
marking the onset of strong attenuation due to interband
excitations. This increase traces the cumulative effect of T —
7*, shallow electronic-state transitions, and LMCT processes
involving the ZnCl,>~ coordination sphere. The profile of & is
typical of wide-band-gap inorganic-organic materials, where
absorption remains minimal until the vicinity of the primary
photoactive transitions and then escalates rapidly due to a high
density of accessible conduction-band states.

The refractive index (n) quantifies the interaction between
incident light and the material's electronic structure, reflecting
its polarizability and optical density. It was computed using the
following relation:**
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In parallel, the refractive index n reveals a dispersion pattern
that reflects both electronic polarizability and the hybrid
lattice's structural characteristics. At low energies, n attains
relatively elevated values, a behavior often observed in polariz-
able halometallate systems where the heavy atoms (such as C1~
and Zn®") and the organic cations collectively contribute to
a strong dielectric response. As photon energy increases, n
follows a normal dispersion trend, gradually decreasing across
the visible range before undergoing more pronounced variation
near the absorption edge. This normal-to-anomalous disper-
sion transition corresponds to the proximity of electronic
resonances and is consistent with the material's indirect band-
gap nature, where vibrational and lattice interactions modulate
the refractive response. Such dispersion characteristics high-
light the tendency of hybrid structures to combine the polariz-
ability of organic layers with the more rigid, electronically dense
nature of inorganic tetrahalide units.

Taken together, the extinction coefficient and refractive
index trends reaffirm the semiconductor-like optical behavior
of the hybrid. The evolution of k delineates the threshold of
significant photon absorption and electronic activation,
whereas n captures the broader dielectric response and
dispersive dynamics of the lattice. Their combined analysis
underscores the dual contribution of organic and inorganic
components in shaping the optical constants of this ZnCl,-
based hybrid material, offering useful parameters for applica-
tions in optical modeling, waveguiding design, and photonic
materials engineering.

3.5 Computational study

Density Functional Theory (DFT) calculations were employed to
evaluate the electron density distribution, frontier molecular

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 The DOS Spectrum for the zinc complex.

orbitals, and surface properties of the studied compounds. The
SwissTargetPrediction tool was used to identify the most prob-
able biological targets based on the structural features of the
compounds. In addition, the BOILED-Egg model was applied to
assess gastrointestinal absorption and blood-brain barrier
(BBB) permeability of the ligands and their complexes,
providing insight into their passive transport behavior. Phar-
macokinetic properties were further evaluated using the pkCSM
web server. The predicted parameters included water solubility
(log mol L"), Caco-2 permeability (10g Pypp in 10 ° em s %),
intestinal absorption (%), skin permeability (logK,), and P-
glycoprotein (P-gp) interactions, including substrate behavior
and inhibitory effects on P-gp I and P-gp II. Finally, molecular
docking studies were investigated to examine the binding
interactions of the (CoHgN),[ZnCl,]-2H,0O complex with key
bacterial targets, namely DNA Gyrase and LasR.

3.5.1 DFT and energy analysis of the zinc complex. DFT
calculations were performed to elucidate the electronic prop-
erties of the Zn complex. The optimized structure exhibits
a large negative SCF energy (—4801.86 eV), confirming its high
stability. The HOMO and LUMO energies are —12.32 eV and
—7.48 eV (Fig. 15), respectively, giving an energy gap of 4.84 eV,
indicative of moderate reactivity and good kinetic stability.
Experimentally, diffuse reflectance spectroscopy reveals an
indirect optical band gap of 3.02 eV, suggesting semiconducting
behavior. The lower experimental gap compared to the calcu-
lated value is attributed to solid-state and excitonic effects.

The calculated global reactivity descriptors (u = —9.90 eV, 7
=242 eV, S = 0.207 eV ', w = 20.25 eV) indicate moderate
chemical reactivity and electron-accepting ability. Additionally,
the high dipole moment (10.45 D) reflects significant molecular
polarity (Table S.7). Overall, the Zn complex exhibits a stable

© 2026 The Author(s). Published by the Royal Society of Chemistry

electronic structure with semiconducting characteristics and
potential for optoelectronic applications.

3.5.2 Estimation of biological availability. The molecular
behavior of Ciprofloxacin and the zinc complex (CoHgN),|[-
ZnCl,]-2H,0 was evaluated using SwissADME predictions
(Table S.8 and Fig. 16). Ciprofloxacin exhibited a molecular
weight (MW) of 331.34 g mol™* and a TPSA of 74.57 A%
consistent with favorable drug-like characteristics. In contrast,
the zinc complex showed a higher MW (503.56 g mol ") and
a reduced TPSA (46.74 A%), reflecting its distinct coordination
structure.

Both compounds displayed a marked difference in lip-
ophilicity and aqueous solubility. Ciprofloxacin showed
moderate lipophilicity (Consensus log P = 1.10) and high-water
solubility, whereas the zinc complex exhibited significantly
higher lipophilicity (log P = 3.46) and poor aqueous solubility
(log S = —7.26). This indicates a shift toward membrane affinity
for the complex, accompanied by reduced solubility in biolog-
ical media.

Pharmacokinetic (PK) predictions indicated high gastroin-
testinal (GI) absorption for both compounds, while neither was
expected to permeate the blood-brain barrier (BBB), suggesting
limited central nervous system exposure. Additionally, both
compounds were predicted to be P-glycoprotein (P-gp)
substrates, implying potential efflux-mediated reduction in
intracellular accumulation.

In terms of drug-likeness, Ciprofloxacin fully complied with
Lipinski's and Veber's rules,®** whereas the zinc complex
showed one Lipinski violation due to MW > 500 g mol ",
although it retained an acceptable bioavailability score (0.55).
Synthetic accessibility (SA) analysis indicated that both
compounds are readily synthesizable, with slightly easier
synthesis predicted for the zinc complex (SA = 2.23 vs. 2.51).
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Fig. 16 BOILED-Egg model predictions for Ciprofloxacin and zinc complex.

Overall, the zinc complex (CoHgN),[ZnCl,]-2H,0 demonstrates
a distinct physicochemical profile compared to Ciprofloxacin,
characterized by increased lipophilicity and reduced solubility
while maintaining acceptable oral bioavailability.

3.5.3 Pharmacokinetic properties. From pkCSM-pharma-
cokinetics,” the zinc complex (CoHgN),[ZnCl,]-2H,0 was pre-
dicted to exhibit favorable absorption-related pharmacokinetic
properties (Table S.7). It shows high Caco-2 permeability (log
P,,, = 0.623) and excellent intestinal absorption (91.6%),

indicating efficient gastrointestinal uptake. In contrast, the
compound demonstrates moderate aqueous solubility (log S =
—3.774) and low skin permeability (log K, = —2.704), suggesting
limited dermal absorption.

Importantly, the zinc complex is not a substrate of P-
glycoprotein (P-gp—), but is predicted to act as a P-gp inhib-
itor (P-gp I and II positive), which may enhance intracellular
retention and reduce efflux-mediated drug transport. The
results indicate that the zinc complex possesses strong oral

af
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v
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(A)

Fig. 17 2D, 3D for Molecular docking of (A) Ciprofloxacin and (B) Zn complex with DNA Gyrase (PDB ID: 1AB4).
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(B)

Fig. 18 2D, 3D for Molecular docking of (A) Ciprofloxacin and (B) Zn complex with LasR (PDB ID: 31X3).

absorption potential with favorable permeability characteris-
tics, despite moderate solubility, and may benefit from reduced
P-gp-mediated efflux compared to typical substrates.

3.5.4 Molecular docking. Molecular docking investigations
were conducted to elucidate the binding behaviour of ciprofl-
oxacin and the synthesized Zn complex toward DNA gyrase and
LasR proteins (PDB IDs: 1AB4 and 3IX3, respectively) (Tables S8,
9, Fig. 17 and 18). The study provides mechanistic insight into
ligand-protein recognition, binding energetics, and active-site
complementarity. Zinc-quinolone complexes have been widely
reported to exhibit enhanced biological activity compared to their
free ligands, an effect commonly attributed to chelation-induced
lipophilicity and improved membrane permeability. Coordina-
tion to Zn(u) is also known to modify electronic distribution and
increase molecular rigidity, which can significantly influence
ligand-protein interactions in docking studies.®®”°

Against DNA gyrase (1AB4), ciprofloxacin exhibited a more
favourable binding affinity (—6.13 kcal mol ') than the Zn
complex (—4.96 kcal mol™"). The enhanced stability of ciprofl-
oxacin arises from the formation of two key hydrogen-bonding
interactions with ASP87 and VAL268, which anchor the ligand
within the catalytic pocket and reinforce complex stabilization.
In contrast, the Zn complex is predominantly stabilized through
weaker m-H contacts with PHE96 and GLN267, indicating
limited directional interactions and reduced binding efficiency.

A consistent trend was observed for LasR (3IX3), where
ciprofloxacin again demonstrated superior binding affinity
(-7.68 kecal mol ') relative to the Zn complex
(—5.88 keal mol™'). The interaction profile of ciprofloxacin is
dominated by a decisive hydrogen bond with TRP60, a residue
implicated in ligand recognition within the LasR binding cavity.
Conversely, the Zn complex exhibits a mixed interaction land-
scape involving hydrogen bonding with TYR47 and w--w
stacking with TYR64; however, these interactions are less

© 2026 The Author(s). Published by the Royal Society of Chemistry

effective in achieving optimal stabilization within the hydro-
phobic pocket.

Collectively, the docking outcomes indicate that ciprofloxa-
cin possesses a more efficient binding mode toward both
targets, driven by a well-defined hydrogen-bonding network and
superior steric complementarity. In contrast, coordination to
Zn(u) introduces increased molecular rigidity and alters elec-
tronic distribution, thereby limiting conformational adapt-
ability and attenuating binding efficiency within the protein
active sites.

3.6 Antibacterial activity

The antibacterial activity of the (CoHgN),[ZnCl,]-2H,0
compound was evaluated against both Gram-positive and
Gram-negative bacterial strains, revealing a pronounced broad-
spectrum effect. The compound exhibited a minimum inhibi-
tory concentration (MIC) of 5 ug mL™" for all tested strains,
except for Enterococcus faecalis, which showed a slightly higher
MIC value of 10 pg mL~". In all cases, the MBC/MIC ratios were
lower than 4, confirming the bactericidal nature of the
compound.*®*’

The observed antibacterial activity can be attributed to the
effect of metal-ligand complexation. Coordination of the
organic ligand to Zn(u) enhances lipophilicity, facilitating
membrane permeability and promoting interactions with
intracellular targets such as proteins and DNA.” This behavior
is consistent with previous studies reporting enhanced biolog-
ical activity of zinc complexes compared to their corresponding
free ligands.

Moreover, zinc complexes containing chloride ligands have
been shown to exhibit significant antibacterial properties,
highlighting the combined influence of the metal center and
the coordination environment.” According to chelation theory,
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Table 4 Antibacterial activity of (CgHgN),[ZnCly]-2H,O compound
(ng mL™)

QZnCl CIpP
MBC MIC
Bacteria samples MIC MBC Mic (rgmL™)
Escherichia coli ATCC 25922 5 10 2 0.062
Pseudomonas aeruginosa ATCC 27583 5 10 2 0.125
Staphylococcus aureus ATCC 25923 5 10 2 0.031
Enterococcus faecalis ATCC 29212 10 20 2 0.125

complex formation reduces the polarity of the metal ion while
increasing lipophilicity, thereby improving penetration through
bacterial membranes and enabling effective disruption of
essential cellular processes. Similar antibacterial effects
(Table 4) have also been reported for quinoline-based zinc
complexes, where activity was attributed to enhanced
membrane interaction and intracellular targeting.”

Overall, these findings confirm the effectiveness of the (Co-
H;gN),[ZnCl,]-2H,0 complex as a broad-spectrum bactericidal
agent, in good agreement with previously reported zinc-based
systems.

3.7 Biofilm inhibition effects

The antibiofilm activity of the (CoHgN),[ZnCl,]-2H,0
compound was also evaluated, revealing a strong inhibitory
effect against all tested bacterial strains. At a concentration of
4x MIC, the inhibition percentage exceeded 70% in all cases,
with the highest activity observed against Pseudomonas aerugi-
nosa (85.69%, Fig. 19). The ability to inhibit biofilm formation is

100
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Fig. 19 Antibiofilm effect of (CoHgN)[ZnCl,]-2H50.
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particularly significant, as biofilms are known to enhance
bacterial resistance to conventional antibiotics.”

The observed antibiofilm performance can be attributed to
the synergistic effect of Zn(u) coordination and the organic
ligand, which enhances membrane interaction and disrupts
bacterial adhesion processes. Similar behavior has been re-
ported for zinc-based pyridine-derived complexes, where
complexation improves penetration through the lipid bilayer
and interferes with surface-associated biofilm formation. In
addition, zinc chloride-based systems have demonstrated the
ability to reduce biofilm formation by inhibiting bacterial
adhesion and destabilizing the extracellular polymeric matrix,
further supporting the role of zinc species in antibiofilm
activity.”

Overall, these results indicate that the (CoHgN),[ZnCl,]:
2H,0 complex exhibits significant antibacterial and antibiofilm
properties, highlighting its potential as a multifunctional
therapeutic agent.

3.8 Photoprotective study

The results demonstrate that the QZnCl complex absorbs
between 250 and 320 nm, with SPF values of 4.2 & 0.6 at 0.2 mg
mL " and 6.5 + 0.4 at 1 mg mL ™" (Table 5). The tested sample
successfully blocks more than 80% of UV radiation at the high
concentration (1 mg mL™'), suggesting its overall sunscreen
activity, when the extract's SPF value is compared to values in
Table 5. It was previously claimed that strong electronic contacts
between the ligand and Zn(un) center are confirmed by the
distinctive m-m*, n-m* and ligand-to-metal charge transfer
transitions seen in the UV-vis spectra of Zn(u) complexes

Escherichia coli

mMIC
=2 MIC
=4 MIC

Pseudomonas
aeruginosa
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Table 5 Results of photoprotective activity

Concentrations (mg mL ") SPF value
0.2 6.5 £ 0.4
1 42+0.6

generated from quinoline. These changes increase the
complexes' ability to absorb light, indicating that they may play
a part in photoprotection through effective UV filtering.”® Another
paper confirmed that by increasing UV absorbance and stabi-
lizing excited states, the photophysical characteristics of quino-
line-Zn(u) complexes—specifically, their 7—m*, n-7*, and LMCT
transitions—support their prospective use as photoprotective
agents.”” It was previously reported that significant photophysical
characteristics of quinoline-based Zn(u) complexes, such as high
UV-vis absorption and fluorescence emission, are controlled by
ligand-metal electronic interactions. These characteristics assist
their prospective use in photoprotective systems by improving
their capacity to absorb and disperse light energy.”® Moreover,
Zn(n) complex's UV-vis spectra show prominent absorption
bands in the 229-258 nm region, which are ascribed to the
quinoline moiety's w—mt* transitions. A minor blue shift during
complexation confirms the ligand-metal interaction.”

4 Conclusion

This study provides a comprehensive insight into the structure-
property relationships of a quinolinium-zinc organic-inorganic
hybrid system. Single-crystal X-ray diffraction analysis revealed
a well-organized supramolecular architecture composed of
isolated [ZnCl,]*” tetrahedra interconnected with quinolinium
cations and water molecules through an extended hydrogen-
bonding network and m-m interactions, ensuring structural
stability and compact packing. Vibrational and thermal anal-
yses confirmed the integrity and robustness of the hybrid
framework, while optical investigations demonstrated that the
compound behaves as an indirect wide band gap semi-
conductor with an energy gap of approximately 3.02 eV. This
behavior arises from the interplay between @ — m* transitions
and ligand-to-metal charge transfer processes, highlighting the
role of both organic and inorganic components in shaping the
electronic structure. Theoretical calculations further supported
the experimental findings, revealing a stable electronic config-
uration and moderate reactivity. In addition, in silico pharma-
cokinetic predictions indicated favorable absorption properties,
while molecular docking studies showed moderate interactions
with DNA gyrase and LasR proteins, providing a mechanistic
interpretation of the observed biological activity. Importantly,
the compound exhibited significant antibacterial and anti-
biofilm activities against both Gram-positive and Gram-negative
strains, confirming its potential as a bioactive material. These
findings demonstrate that the rational design of quinolinium-
zinc hybrid systems offers a promising pathway toward multi-
functional materials combining structural stability, semi-
conducting behavior, and biological performance.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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