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The synergy between coordination chemistry and materials design facilitates the development of
sophisticated luminescent systems with advanced applications. This study details the preparation and
analysis of a rare alternate [Zns/Zny4l cluster-based metal-organic framework (MOF), SSICG15, and its
analogous metal-organic gel (MOG), SSICG15-MOG, both originating from the same naphthalimide
ligand (H,L) and zinc precursor. The existence of trinuclear and tetranuclear zinc clusters, distinctive to
the structure, offers substantial insights into the coordinating environment of the MOF structure. The
xerogel, obtained from the MOG, exhibited notable crystallinity as evidenced by PXRD studies. The
probable structure of the MOG was determined by simulating the PXRD data of the related xerogel
using molecular dynamics simulations, informed by ESI-MS data and the coordination network of the
MOF. Both materials exhibited exceptional luminescence, facilitating their application in sophisticated
anticounterfeiting methods, including QR code encoding along with anticounterfeiting ink preparation.
These materials show great sensitivity and selectivity for the detection of bilirubin (BR), which is a crucial
biomarker for jaundice diagnosis and monitoring, with a LOD of 20 nM for SSICG15-MOG and 26.5 nM
for SSICG15. Both materials combine photonic capabilities with excellent diagnostic accuracy, which
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1. Introduction

The development of multifunctional inorganic hybrid materials
has gained prominence as a highly valuable category of materials
owing to their capacity to integrate the beneficial characteristics
of inorganic constituents with the adaptability of organic
molecules.'™ This process of hybridization enables the crea-
tion of materials with customized capabilities, rendering them
appropriate for a diverse array of applications, such as cata-
lysis,®"" sensing,>™'° energy storage,'”'® drug delivery,"*>"
and information encryption.”>>* Metal-organic frameworks
(MOFs) exemplify this domain, providing a distinctive blend
of structural adaptability and functional diversity. Metal-
organic frameworks (MOFs) exhibit highly ordered crystalline
structures created through the coordination of metal ions or
clusters with organic linkers, yielding materials with remark-
ably large surface areas and porosity. These structural charac-
teristics endow MOFs with exceptional capability for gas
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makes them extremely attractive for analytical and biological applications.

storage,** separation,* catalysis,”® and sensing applications.””
The crystalline structure of MOFs enables meticulous regulation
of pore dimensions, functionality, and the chemical environ-
ment, which can be optimized via systematic design and post-
synthetic modification techniques.”® Their modular architecture
facilitates the integration of various metal centers and organic
ligands, rendering MOFs highly adaptable platforms for specific
applications.

The discipline of MOFs was established by the pioneering
work of Yaghi and co-workers, who first conceptualized and
developed this excellent class of materials.”>*® Metal-organic
frameworks (MOFs) have been established as key hybrid mate-
rials, while recent developments have introduced metal-
organic gels (MOGs) as an equally promising class within this
field.>"** The insertion of metal components into a gel matrix
is a very efficient method for the development of soft materials
that possess desirable attributes such as optical properties,
magnetic responsivity, self-healing activity, catalytic efficiency,
and many more.***® Steed and co-workers’ work has signifi-
cantly enhanced this creative approach to developing materials
and has played a key role in the establishment of the discipline
of MOGs.?”*® While fundamentally different in their structural
organization, one is a soft, dynamic network and the other is a
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Scheme 1 Schematic illustration of the synthesis of the MOF/MOG: (a) highly ordered structure and (b) the sequential self-assembly.

rigid, crystalline framework, both the MOG and MOF are rooted
in the same metal-ligand coordination chemistry.>>*® It is
essential to emphasize that MOFs have been extensively studied
for applications benefiting from their strong crystallinity and
well-defined porosity. Their accessible metal sites enable
remarkable catalytic activity and selectivity, while their
ability to selectively adsorb target analytes allows for highly
efficient sensing.*'** This heterogeneity in structure has a
direct impact on the advantages and drawbacks that are
associated with MOFs and MOGs. Due to its well-defined
structure, MOF functionalization may be accurately regulated
via targeted synthetic techniques, allowing for the fine-tuning
of functionalities.”> Nonetheless, the large-scale production
of MOFs continues to be a formidable and unresolved
challenge.

Conversely, MOGs generally display a less distinct structural
identity owing to their frequent colloidal characteristics. None-
theless, their simple synthesis and ability for large-scale pro-
duction - exhibiting features akin to those of MOFs - render
MOGs a compelling platform for further investigation. This
close association underscores the broader concept of analogous
materials, wherein minor alterations in synthetic circum-
stances, such as solvent selection or the reaction environment,
can result in the emergence of structurally diverse yet compo-
sitionally comparable materials. Dastidar and co-workers have
implemented this concept by synthesizing MOGs and their
analogous coordination polymers from the same mix of metal
cations and binding ligands.** The concept of structural variety
within a fundamental compositional framework is especially
important when investigating the structural properties of
MOGs. Combining experimental methods with molecular

20590 | J Mater. Chem. C, 2025, 13, 20589-2060]1

dynamics (MD) simulations allows one to achieve structural
precision in MOGs by thoroughly knowing their static and
dynamic features.*” The intrinsically dynamic characteristics
of MOGs, especially their capacity to react to external stimuli
and environmental fluctuations, pose challenges for compre-
hensive understanding through static experimental techniques
alone. In this regard, MD simulations seem to be extremely
useful.*

The act of counterfeiting and duplicating security documents,
such as currency, passports, banknotes, credentials, and licenses,
is a recurring problem that poses a significant worldwide issue.
This illicit activity results in substantial financial losses up to
billions of dollars for corporations, governments, and custo-
mers.”””° In recent years, luminescent materials made up of
lanthanide metal ions have been a choice of interest as sensing
probes and anticounterfeiting materials for their interesting
characteristics as luminescent materials like highly characterized
emission in the visible region, elevated quantum yields, and
long lifespans.> However, the costs associated with producing
lanthanide materials are not economically feasible due to
the inclusion of rare earth elements. A notable drawback of
employing lanthanides is their diminished luminosity, attributable
to the quenching effects of the solvent and the self-quenching
of the prolonged excited state.”® There is a pressing demand
for cost-effective, easily produced materials that provide long-
lasting luminescent properties with a wide range of potential
applications.

The critical requirement for advanced materials is not only
restricted to anticounterfeiting, but it also applies to health-
care, where precise identification is highly essential. From the
clinical significance of bilirubin (BR), there is considerable

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Schematic representation of the formation of the [Zns/Zn,] cluster-driven MOF.

interest in detecting BR to diagnose jaundice. An excessive
concentration of unbound BR is very detrimental to the human
body since it can traverse the blood-brain membrane and
gather in the brain, resulting in cerebral hemorrhage.>® Excess
unbound BR can lead to mental health difficulties, hepatitis, and
even death. BR levels typically range from 1.2 to 2.95 mg dL ™,
rarely reaching 5 mg dL ™, but can reach 20 mg dL ™" in adults and
50 mg dL ™" in extreme cases.>*>® The BR level is measured using
the diazo or peroxidase techniques, which detect color changes in
serum. However, the diazo technique can produce false positives
by detecting amines, is pH-dependent, and necessitates sample
preparation to separate proteins that frequently co-precipitate with
BR.>® In comparison to those methods, fluorometric procedures
are advantageous in detecting free BR due to their high specificity
and sensitivity. Additionally, they are convenient for preparing
samples and may operate effectively across a wide range of
concentrations.”” In recent years, there have been a limited
number of composite materials documented for the detection
of BR. In a recent publication, Lu et al. have developed a fibrous
device based on bimetallic MOFs for non-invasive BR sensing.®
Nandi et al have post-synthetically modified an Al(m)
based MOF for the detection of BR in human biofluids.”®
In the absence of previous research on the utilization of
MOGs for bilirubin detection, their inherent adaptability and
ability to engage in specific metal-analyte interactions under-
score their promise as innovative materials for prospective
applications.

Herein, we have synthesized a Zn-mediated MOG and MOF
with slight variations in their synthetic procedures to serve the
purpose of crafting analogous materials (Scheme 1). The

This journal is © The Royal Society of Chemistry 2025

multifunctional naphthalimide core-based dicarboxylic ligand
has been utilized to facilitate the formation of the materials.
The construction of coordination-driven frameworks or self-
assembled structures significantly improves luminescent char-
acteristics by amplifying emission. Although the Zn cluster core
contributes minimally to this development, the augmented
stiffness of the framework is crucial. This stiffness of the
metal-ligand framework constrains molecular vibrations and
rotations that usually facilitate non-radiative decay processes.
By inhibiting these processes, the framework diminishes energy
dissipation and markedly enhances fluorescence intensity.®
Furthermore, to comprehend the structural and dynamic charac-
teristics, a molecular dynamics study was conducted utilizing the
experimental data of both the MOF and the as-synthesized MOG.
This computational method allowed us to examine the atomic and
molecular interactions within the gel over time, yielding insights
into the material’s structural flexibility and responsiveness. The
reliable photoluminescent response and sol-gel transformability
of the MOG as an anticounterfeiting QR code have facilitated in
the creation of a secure and functional encryption material.
Fabrication of security inks with both SICG15-MOG and SSICG15
significantly broadens their potential for extensive applications
and opens new avenues for the development of secure optical tags.
Furthermore, both the MOG and MOF have been studied as smart
sensory probes for the detection of bilirubin (BR). The detection
capability of both materials remains similar. The high Kg, of
1.98 x 10° M ' for SSICG15-MOG and 4.7 x 10* M ' of the
SSICG15, along with low detection limits (20 nM and 25.6 nM) for
BR, indicates excellent detection efficiency towards the analyte,
making it an efficient sensory probe.

J. Mater. Chem. C, 2025, 13, 20589-20601 | 20591
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2. Experimental section

2.1. Synthesis of SSICG15-MOG

A di-carboxylic acid-derived low molecular weight gelator (H,L)
incorporating a naphthalimide scaffold was employed for the
synthesis of the metal-organic gel (MOG), in which zinc serves
as the central metal node (Fig. S1, SI). The linker and nitrate
salt of zinc were combined in a stoichiometric ratio of 1:1 to
produce the MOG. A 0.1 M solution of Zn(NO;),-6H,0 was
prepared using water as a solvent. In a separate glass container,
1 mL of a 0.1 M solution of the linker was formulated using
dimethyl sulfoxide (DMSO) as the solvent. Subsequently, the
two distinct solutions were blended in an equivalent volume
ratio within a 20 mL glass container, leading to the formation
of a stable gel at ambient temperature (RT).

2.2. Synthesis of SSICG15

Homogeneous mixing of the linker H,L (7.2 mg, 0.02 mmol)
and Zn(NOj3),-6H,0 (5.94 mg, 0.02 mmol) was introduced into a
solution of DMF/H,O0 (1:1 v/v, 4 mL) within a reaction vial and
securely sealed. The resulting mixture was heated in an oven at
100 °C for two days. The formation of off-white block-shaped
crystals was observed. Finally, crystals were subsequently rinsed
multiple times using a solution of acetone/H,O.

3. Results and discussion
3.1. Structural study of SSICG15

The single crystal X-ray diffraction analysis demonstrated that
SSICG15 crystallized in a triclinic symmetry with the space

20592 | J. Mater. Chem. C, 2025, 13, 20589-20601

group P1. The asymmetric unit is made up of tetranuclear
Zn(u) ions coordinated with four different H,L ligands to form
a 2D framework where Zn(1) is located at a spatial position with
a 50% occupancy, whereas Zn(2), Zn(3) and Zn(4) are located at
the interstitial position in the lattice with a 100% occupancy.
A distinct coordination environment was observed where Zn(1)
is coordinated with six oxygen atoms, Zn(2) and Zn(3) are both
coordinated with four oxygen atoms and Zn(4) is coordinated
with five oxygen atoms, respectively (Fig. S2, SI). Four distinct
kinds of ligand conformations have been observed in the
asymmetric unit, where L; and L, maintain the coordination
of u>n'n" with Zn(1) and Zn(2). On the other hand, L, maintains
a coordination of u>n'n' with Zn(3) and Zn(4). Distinctively, L;
has established a bridging environment of p*>n'n'n'n° zn(3)
and Zn(4) have also been bridged by a p>-OH. The framework has
been established through alternating connections between a
tetranuclear Zn-O cluster and a trinuclear Zn-O cluster, where
Zn(1) and Zn(2) form a trinuclear cluster and Zn(3) and Zn(4) form
a tetranuclear cluster (Scheme 2). Four trinuclear clusters have
surrounded the tetranuclear clusters through eight coordinating
ligands, while the trinuclear clusters have also been surrounded
by four tetranuclear clusters through eight coordinating ligands.
(Fig. 1a and Fig. S3, SI). The stabilization of the framework was
established by the engagement of naphthalimide rings in distinct
n-n interactions. The 2D covalent sheets participate in n-m inter-
actions with neighbouring sheets on both sides, resulting in the
formation of a 3D SMOF (supramolecular metal-organic frame-
work) (Fig. 1b and Fig. $4, SI). Interactions involving 7 electrons
occur between the naphthalimide rings of neighbouring sheets
within a distance of 3.9 A, while interactions involving = electrons

This journal is © The Royal Society of Chemistry 2025
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(a) Amplitude sweep graph for SSICG15-MOG; (b) PXRD patterns of SSICG15 and SSICG15-MOG; (c) TGA curves of SSICG15 and SSICG15-MOG;

(d) and (e) FESEM images of SSICG15-MOG; (f) TEM image of SSICG15-MOG; (g)-(i) FESEM images of SSICG15; (j)—(m) elemental analysis of SSICG15-

MOG; and (n)—-(q) elemental analysis of SSICG15.

within the same sheet occur within a distance of 3.5 A and a
distance of 3.05 A for CH—n interactions (Fig. 1c)

3.2. Gelation and characterization

The highly fluorescent MOG was synthesized by mixing the
gelator (H,L) with zinc nitrate in a DMSO/H,0 medium at room
temperature. Instant gelation occurred upon combining an
equimolar (1:1) solution of H,L in DMSO with an aqueous
solution of zinc nitrate (Scheme 1). Solubility parameters were
checked for the gelator in different solvents, but the gelator
(H,L) solubilized only in DMSO (Table S2, SI). So further
experiments were carried out using DMSO as the solvent
medium. The extent of gelation was evaluated at varying con-
centrations of the gelator and metal ions. Significant gelation
was observed only in 0.1 M solutions in a 1:1 molar ratio

This journal is © The Royal Society of Chemistry 2025

(Table S3, SI). An organogel was reported in earlier studies
using a ratio of H,L in DMSO and water; however, little or no
luminescence was observed.®" The selection of linkers is essen-
tial for efficient gelation. The utilization of H,L as a gelator is
advantageous owing to its carboxylate functionality, which
facilitates the coordination with zinc, whereas the imide group
and strongly conjugated aromatic moieties promote self-
assembly via supramolecular contacts (N & C—O0) and robust
n-n interactions among aromatic rings. To verify the gelation
ability of the freshly prepared SSICG15-MOG, the visco-
elastic properties were analysed alongside the “inversion test”
(Scheme 1).

The amplitude sweep study was performed at a constant
angular frequency (w) of 10 rad s~ ', with shear strain values
ranging from 0.01% to 100%. At low strain values, although the

J. Mater. Chem. C, 2025, 13, 20589-20601 | 20593
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Fig. 3 (a) Structural assemblies of the identified assembly G1 and G2 at
synthesized SSICG15-MOG; and (c) molecular dynamics simulation of the

applied strain was insufficient to disrupt the network, the
storage modulus (G’) remained higher than the loss modulus
(G"), indicating a stable gel state. As the strain increased
beyond a certain threshold, the loss modulus surpassed the
storage modulus, marking the transition from a gel state to a
sol state, commonly referred to as the cross-over point.

The yield strain corresponding to this transition was deter-
mined to be 1.2% (Fig. 2a). Furthermore, the viscoelastic
properties of the gel were investigated using a frequency sweep
experiment. The experiment was conducted within the frequency
range of 100 radians per second to 1 radian per second. No
correlation was detected between G’ and G” across all frequencies.
The curve exhibits the concurrent behaviour of the storage and
loss moduli, indicating the robustness of the gel phase with its
viscoelastic properties (Fig. S5, SI). Additionally, to further inves-
tigate the MOG’s integrity, an ESI-MS analysis was conducted.
Distinct peaks were observed at m/z = 1215 and 2377, which can
be attributed to the coordination between the metal, ligand, and
solvent molecules (Fig. S6-S8, SI). For the as-synthesized xerogel
and MOF, powder X-ray diffraction (PXRD) was performed to
check the crystallinity and phase purity. A sharp intense diffrac-
tion pattern was observed, which signifies the long-range ordered
structural integrity of the xerogel. The PXRD patterns of SSICG15
were analysed and compared with the simulated pattern of the
MOF, confirming the phase purity of the material (Fig. 2b).
Thermogravimetric analysis (TGA) was performed to evaluate
the stability of both materials over the temperature range from
room temperature (RT) to 800 °C. The SSICG15-MOG sample
exhibited a gradual weight loss of approximately 7-9 wt%,
which can be attributed to the release of trapped solvent

20594 | J Mater. Chem. C, 2025, 13, 20589-20601
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m/z = 1215 and 2377; (b) Rietveld refinement of the PXRD pattern of as-
stacked assembly in the presence of the DMSO/H,O solvent.

molecules and physisorbed moisture. The nearly similar TGA
profiles of SSICG15-MOG and SSICG15 imply a comparable
underlying framework and thermal stability up to 400 °C,
signifying a stable framework of the MOF and MOG with a
uniform coordinating environment in both. Beyond this point,
a significant decrease in weight percentage was observed,
indicating the disintegration of the framework (Fig. 2c).
To assess the morphological characteristics of the synthesized
materials, both SSICG15-MOG and its corresponding crystalline
MOF, SSICG15, were examined using scanning electron micro-
scopy (SEM) and high-resolution transmission electron micro-
scopy (HRTEM). For SSICG15-MOG, SEM images revealed a
stacked rod-like fibrous morphology (~1-2 um), which was
further corroborated by HRTEM, showing rod-like structures in
the range of 20-200 nm (Fig. 2d-f). Energy-dispersive X-ray
spectroscopy (EDX) and elemental dot mapping analyses con-
firmed the homogeneous distribution of all constituent ele-
ments within SSICG15-MOG (Fig. 2j-m). In contrast, the parent
crystalline MOF SSICG15, synthesized under analogous condi-
tions but without gelator-assisted assembly, exhibited a well-
defined block-shaped morphology in SEM images, indicative of
the formation of uniform crystalline domains (Fig. 2g-i). EDX
and elemental mapping of SSICG15 also demonstrated an even
spatial distribution of all elements (Fig. 2n-q). The surface area
of SSICG15-MOG and SSICG15 was ascertained using N,
adsorption-desorption experiments at 77 K. The BET surface
areas were measured at 13 m> g ' for SSICG15-MOG and
11 m* g~ ' for SSICG15. The analysis of pore size distribution
indicated average pore diameters of 2.12 nm for SSICG15-MOG
and 2.20 nm for SSICG15, implying a minor shrinkage of the

This journal is © The Royal Society of Chemistry 2025
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pore structure during MOG production (Fig. S9 and S10). The
stability tests were conducted on SSICG15-MOG and SSICG15
by subjecting them to diverse solvent environments, including
DMF, acetonitrile, methanol, and water, as well as varying the
pH (pH 3 and pH 10). Powder X-ray diffraction (PXRD) analysis
was conducted to assess the structural integrity of both materi-
als post-treatment.

The findings demonstrated that both SSICG15-MOG and
SSICG15 exhibited robust structural stability in the majority of
solvents evaluated. A minor structural disturbance was

This journal is © The Royal Society of Chemistry 2025

observed under acidic conditions (pH = 3), indicating a degree
of vulnerability of the materials to highly acidic environments
(Fig. S30 and S31).

3.3. Probable structure and energy profiling of SSICG15-MOG

The probable structure of the MOG (SSICG15-MOG) was simu-
lated by molecular dynamics simulations based on the ESI-MS
data and the powder X-ray diffraction pattern of the xerogel.
The PXRD pattern obtained for the xerogel consists of sharp
peaks indicating crystallinity and long-range order, which are

J. Mater. Chem. C, 2025, 13, 20589-20601 | 20595
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comparable to those of the MOF. The gel phase, as determined
from the ESI-MS analysis, consists of two major assemblies
with molecular weights of 1215 u (G1) and 2377 u (G2) (Fig. S6—
S8, SI). The coordination environment around the metal ions
was interpreted based on the crystal structure of the MOF and
correlated with the mass spectrometry data. Assembly G1
comprises five ligand units coordinated to four Zn(u) ions,
along with three DMSO molecules and a water molecule,
whereas assembly G2 contains three ligand units coordinated
to two Zn(un) ions (Fig. 3a). The structural properties and
intermolecular packing of the MOG between the two were
examined. Further intermolecular packing models were simu-
lated to reveal its packing model along with the solvents.
To simplify the system, other low-intensity assemblies were
neglected from the mass data. As the MOG has well-diffracted
powder data, the unit cell parameters and the long-distance
packing were analysed through PXRD. Based on the experi-
mental powder XRD pattern, the xerogel was indexed to a unit
cell with parameters a = 36.87 A, b = 32.44 A, and ¢ = 52.35 A,
and angles o = 84.15°, f=117.95°, and y = 101.45°. The Rietveld
refinement yielded an R, value of 20.61%, indicating a reason-
ably good fit for a metallogel. This value, however, is slightly
higher compared to typical solid-state materials, which can be
attributed to ongoing solvent interactions and the presence of
mixed fragments, as suggested by the mass spectrometry data
(Fig. 3b). Notably, the crystal plane (111), corresponding to
5.13° for a d-spacing of 17.2 A, was used as the basis for
stacking assembly in the MOG.®> The simulation of the stack-
ing of assemblies G1 and G2 was conducted.®® The stacking
pattern demonstrates the influence of DMSO/H,0 solvent
molecules, which are crucial for maintaining the gel in the
sol phase, as indicated by molecular dynamics simulations. The
bimolecular stacking energy is approximately 3.59 kcal mol ',
and solvent contact reduces the system’s energy by about
8.2 kcal mol '.** This indicates that the interaction energy
was further decreased due to solvent interactions and makes
the system more stable (Fig. 3c).5>%°

3.4. Photophysical study

The photophysical characteristics of the as-synthesized MOF
and xerogel were studied. Both materials emit in the blue
region with a wavelength of 485 nm when excited at 385 nm
(Fig. S11, SI). The photoluminescence spectroscopy data in the
chromaticity diagram (CIE 1931) refer to (0.31,0.19) coordinates
for SSICG15-MOG and (0.16, 0.24) for SSICG15, which con-
firmed the blue emission (Fig. S12 and S13, SI).*” To obtain a
thorough understanding of the MOG’s photophysical charac-
teristics, the quantum yields were examined. The quantum
yield of SSICG15-MOG was determined to be 0.1 (eqn (S1),
SI). The fluorescence intensity of the xerogel was analyzed
across a spectrum of solvents, from very polar to non-polar,
including water, methanol, ethanol, DMF, THF, chloroform,
toluene, hexane, and diethyl ether (Fig. S14). The data unequi-
vocally demonstrate that solvent polarity significantly affects
emission behavior, with water displaying the highest fluores-
cence intensity peak and diethyl ether the lowest. This
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phenomenon can be ascribed to variations in the dielectric
constants of the solvents, wherein highly polar solvents with
elevated dielectric constants augment the stabilization of
excited states, consequently enhancing emission intensity,
while non-polar solvents with diminished dielectric constants
offer negligible stabilization, leading to less fluorescence. Sub-
sequent sensing experiments were conducted in an aqueous
medium.®®%

To evaluate the photophysical efficiency of the material,
solid and solution phase luminescent data were collected for
the discrete ligand and synthesized material, which showed an
increase in fluorescence intensity after the formation of the
material (Fig. S15-S17). A leaching test was performed to
evaluate the stability and no fluorescence intensity was
observed with the filtrate of the xerogel from the aqueous
medium (Fig. S18, SI). The Zn-based MOG and MOF demon-
strate remarkable optical properties, emitting blue lumines-
cence when exposed to UV light at a wavelength of 365 nm. The
photoluminescent characteristics underscore the potential of
these materials as efficient anti-counterfeiting agents, offering
a distinctive and visible marker for security applications.
The colloidal-state MOG, which can be easily manufactured
in a single step, was chosen for additional studies due to its
promising applications as a sensory probe and a direct pre-
decessor to encryption applications.

3.5. Anticounterfeiting and encryption strategy

The highly luminescent material SSICG15-MOG was effectively
established as a durable anticounterfeiting agent via the crea-
tion of a UV-responsive QR code (Fig. 4a). The QR code,
imprinted with the luminescent material, is imperceptible in
ambient daylight but becomes visible under 365 nm UV light,
facilitating secure authentication and subsequent scanning
with conventional QR code readers (Fig. 4b and c). A 4 cm x
4 cm non-fluorescent white template was used for its strong
contrast and reliable visibility under many lighting conditions,
as well as a non-reflective background that enhances scanning
precision and security, rendering the QR code an optimal
medium for encrypted information transmission. Furthermore,
an encryption ink developed with the MOG was used to inscribe
the words “WORK INTO NEXT”, which is discernible solely
under UV light, but under daylight, only the word “WIN” is
visible. Similarly, an ink-based demonstration was carried out
using SSICG15, wherein the word “SCIENCE” was inscribed.
The resulting pattern exhibited optical characteristics comparable
to those observed for the SSICG15-MOG-based ink, demonstrating
their capacity for concealed communication and secure documen-
tation (Fig. 4f). Additionally, the material’s adhesion and stability
were methodically assessed by producing luminescent stamps on
multiple substrates, validating its adaptability and durability
across different surfaces ranging from foam and tissue paper
to sleek surfaces like Petri dishes and glass slides (Fig. 4g-j).
A solvent stability test was conducted by dipping the luminescent
stamp in a DMF solution for a defined time interval under
continuous illumination to monitor any real-time fluorescence
quenching. The stamp exhibited excellent stability with

This journal is © The Royal Society of Chemistry 2025
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negligible quenching in DMF (Fig. S20, SI). To maintain scien-
tific rigor, similar tests were performed using various other
solvents, including THF, hexane, water, methanol, toluene, and
ethyl acetate, by drop-casting them onto the stamps (Table S4,
SI). These results collectively demonstrate the robust lumines-
cence stability of the material across diverse chemical environ-
ments. The words “SSICG” and “IITP” were observed pre- and
post-exposure to different harsh environmental conditions,
such as exposure to sunlight for continuous 2 days interval,
high temperature at 200 °C overnight, immersion in liquid
nitrogen, deep freezing conditions (—8 °C to —10 °C) for 2 days,
and different acidic and basic pH conditions like (pH = 3, 7, 10),
to check the durability of the material as a stamping template.
It was noted that only in the case of pH = 3 a little quenching of
fluorescence was observed, and no alteration of emission
characteristics was observed after the durability test under
the other environmental conditions (Fig. S19, SI). The stability
of the stamps was observed throughout six months, and there
were no observable changes. This innovative use of lumines-
cent MOG-based materials emphasizes their effectiveness in
sophisticated security applications and showcases their
potential for large-scale deployment in anticounterfeiting and
encryption technologies.

3.6. Detection of bilirubin

To establish an approach for bilirubin (BR) analysis, a
fluorescence-based assay using the xerogel was used to detect
the presence of the biomarker. An ultrasonicated dispersion of
SSICG15-MOG in an aqueous medium with a volume of 2000 pL
was employed as a template for the fluorescence-based experi-
ment, to which 100 pL each of a variety of metal ions (Fe*", Fe*",
Zn**, Ca®>*, Mg*", Na", K*, Cd**) and biomarkers (BR, dopamine,
creatinine, uric acid, urea, glucose, alanine, glycine, leucine,
lysine, hemin, and TPYP ((5,10,15,20-tetra(4-pyridyl)porphyrin)
were added. Among all the analytes, the fluorescence intensity
of SSICG15-MOG was completely suppressed only in the
presence of BR (Fig. 5a and Fig. S21a-s, SI). An anti-inter-
ference study was also conducted to evaluate the selectivity of
the material, where 100 L BR was added to the dispersed
solution of the xerogel in the presence of 100 pL of each analyte
individually, and their competitive fluorescence spectra were
recorded (Fig. 5b and Fig. S22a-s, SI). Fluorescence quenching
observations were quantified using the Stern-Volmer equation”®
(eqn (S2), SI). According to the results of the S-V plot analysis,
which was conducted with an excellent correlation coefficient
(R* =0.9974), the Kgy value for BR was found to be 1.98 x 10° M ™"
accordingly (Fig. S23a). The limit of detection was found to be
20 nM and established using eqn (S3) (Fig. S23b, SI). The
xerogel demonstrates a high Kgy value and an exceptionally
low detection limit, signifying good selectivity for BR. The
3D Kgy bar chart for all analytes indicates that stringent
quenching was exclusively detected for BR, demonstrating
strong selectivity for the corresponding analytes (Fig. 5c).
To further elucidate comparable characteristics, a fluorescence
quenching investigation for SSICG15 was conducted. Among the
analytes, SSICG15 exhibited significant fluorescence quenching
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solely in the presence of BR (Fig. S24a and Fig. S26a-s, SI).
Selectivity was confirmed using competitive fluorescence experi-
ments, in which 100 pL of BR was added to the MOF dispersion
along with 100 pL of each analyte individually, exhibiting a
selective quenching effect by BR (Fig. S27a-s, SI). The Stern-
Volmer analysis revealed a high correlation coefficient (R> =
0.995), a Kgy value of 4.7 x 10* M™%, and a detection limit of
26.5 nM (Fig S24b and S25, SI). These findings highlight the
significant selectivity and sensitivity of SSICG15 towards BR,
consistent with the behavior observed for SSICG15-MOG. The
observed results for BR detection demonstrate commendable
efficiency comparable to other reported benchmark materials
(Table S5, SI).

3.7. Mechanism of bilirubin detection

The sensing mechanism behind high selectivity was investi-
gated via theoretical and experimental studies. The most com-
mon phenomena, such as static and dynamic quenching,
competitive absorption, and structural destruction, may cause
this turn-off mechanism. The almost similar PXRD pattern and
superimposable FTIR spectral data before and after the sensing
experiment reveal the retention of the structural integrity of the
whole framework (Fig. S28 and S29, SI). Hence, selective turn-
off sensing via framework destruction was ruled out. On the
other hand, the Ksy graph of bilirubin (BR) sensing suggests
that linearity is maintained throughout the detection process
from lower to higher concentrations of BR. This indicates that
the static or dynamic process may contribute differently to this
sensing mechanism. The possibility of competitive adsorption
phenomena may play a role in this quenching mechanism. The
UV-vis spectral data of all analytes were examined along with
the absorbance band of the xerogel. No apparent overlapping
zone was observed between the absorbance band of the xerogel
and bilirubin (BR), which excluded the possibility of sensing
via the inner filter effect (IFE)”' or competitive absorption
(Fig. S32, SI). To further investigate whether static or dynamic
quenching was involved in this turn-off mechanism, time-
correlated single-photon counting (TCSPC) was performed.
A notable change in the mean lifespan was detected using
eqn (S4) and (S5) (SI) for SSICG15 and SSICG15-MOG. Prior to
the addition of BR, the lifetime was 14 ns for both the MOF and
MOG, which subsequently fell to 6.39 ns for SSICG15 and 7 ns
for SSICG15-MOG following the addition of BR (Fig. 5e and
Fig. S33a, Tables S6, S7, SI).

DFT calculations of ground state and excited state energy for
the ligand (H,L) and BR ruled out the possibility of static
quenching. As a primary effect, photoinduced electron transfer
(PET) and fluorescence resonance energy transfer (FRET) may
contribute to this selective sensing process.”' The PET mecha-
nism involves the transfer of electrons from the lowest unoc-
cupied molecular orbital (LUMO) of the probe to the LUMO of
the analyte. Hence, the probe’s LUMO energy level needs to be
greater than BR’s LUMO. SSICG15-MOG was synthesized by
combining Zn>" and H,L, and the emission spectrum of MOG
was solely responsible for the H,L ligand. The HOMO-LUMO
energy gaps of the linker and BR molecules were calculated

J. Mater. Chem. C, 2025, 13, 20589-20601 | 20597


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01391g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 27 August 2025. Downloaded on 3/6/2026 10:31:33 AM.

(cc)

Paper

Detection & mechanism

1Y
o

View Article Online

Journal of Materials Chemistry C

R —— - 100 - A— | oy — — o— | iy i o
MOG —— Blank )
] | 10uL %
— 20pL > 80
— 3ouL e
- 40uL g
3 —— 50pL ]
g — E 50
£ 70uL 40
£ 80pL 2.,
E 90uL =
P 100uL Pl | L. L
o 20 - . b L~ -
9 — — —
S -
HE FRE PP EEER S P A E
% el o W& G F TS R @ T Ve
Wavelength (nm) Q’b (\0 0\ (’\\) v}@ c,v\ e\’ \/* D
PR b
& Analytes Bilirubin
z 100
&
- 80
: 7
- 0 i
& &0 -‘-‘ -'-' — —vﬂ -f' o —n-‘ | 1-1-'-‘1-‘ - q-' q- 0.4
O 4 s A e s ~’ - o el
& ﬂ - 5V o =~ _'-v =) - - =) - = : o
r q - —-' - - oy o -‘ i = o o - - 02 \"b
< 20 -y - DD - - N T, - - 01 &
Q — O oy oy - -— - - - - <
S 0 0 &
= 6‘(\ \Qe (}b \(@ o“'e z \(\@ & \(\0 & R\ 6»\\(\ &'b o b't( x of ¢ o & & X
& 5 & & & & & Q& & P @ 4 18
(¢} & 0°Q° & & & & oV o 5 .
ﬂ“‘a.
P, 5 e
° ] S et
d [ Excitaion of Bilrubin € 10004 a IRF f 24 ";:3‘. 2 ‘):
[~ JEmission of SSICG15-MOG o SSICG15-MOG * i
= . - Fit %
s 2 & SSICG15-MOG#Bilirubin .
> = = - Fit
2 z % 100 %4 3.02ev
K o 3 >
£ £ 8 2 5 5 5 4.02¢ev
] c o A & ,a‘ — a
c 2 o S E)
© » ] 64 ‘9.’
£ i, 5% ePyag®
o £ E — o y, H
S ®
2 w 3 £ F
-« % rd b
o e { .

T T T T T T
400 450 500 550 0 20 40
Wavelength (nm)

Fig. 5

Time (ns)

»e, ”
H2L Bilirubin

(a) Fluorescence titration plot for the detection of bilirubin (BR) using the SSICG15-MOG suspension; (b) 3D plot of the anti-interference test in

the presence of difference analytes; (c) 3D S—V diagram for all analytes; (d) FRET overlap between the excitation of BR and the emission of the xerogel;
(e) time-correlated single-photon counting spectra of SSICG15-MOG before and after the addition of BR; and (f) ground state and excited state energies

calculated for the ligand (H,L) and BR.

using density functional theory (DFT) at the B3LYP/6-311+G(d,p)
level to check the possibility of the electron transfer process. The
LUMO (—2.9397 eV) of the linker has a lower energy than the
LUMO (—2.466 eV) of the BR molecule (Fig. 5f).”> This restricts the
electron transfer process, and the possibility of PET phenomena
becomes intricate. Following Forster’s energy transfer (ET) theory,
the effectiveness of FRET is determined by the degree of overlap
between the fluorescence emission spectrum of the energy donor
and the absorption spectrum of the receptor. The emission of the
MOG donor significantly overlaps with the absorption of the BR
acceptor. The extent of overlap is measured by the overlap integral
(J(2), calculated using eqn (1):"*7*

J(2) =J Fp(W)ea(2)24dy (1)
0
Fp(2) represents the adjusted fluorescence intensity of the donor

within the interval A to A + A4, with the overall intensity normal-
ized to one, whereas ¢,() denotes the extinction coefficient of the

20598 | J Mater. Chem. C, 2025, 13, 20589-20601

acceptor at 4 in M~ " em ™. For a FRET process to be extinguished,
the distance between the energy donor and receptor should be
less than 10 nm (Fig. 5d and Fig. S33b). The energy transfer
efficiency is denoted by E, where 1,4 and 7, represent the average
fluorescence lifetime of the xerogel without and with BR. A 50%
energy transfer efficiency was calculated using eqn (2):”°

E=1-" @)
TA
The Forster distance denoted by R, was calculated using eqn (3)
between the MOG and BR. The distance R, was found to be

5.5 nm, which lies in the range of FRET overlap.

—_

Ry = 0211 [K2n~*®.J(1)]6 3)

i is the orientation factor of the donor and acceptor transition
dipoles, which is assumed to be 2/3. @ is the quantum yield of the
donor, which was found to be 10%. The medium’s refractive index

This journal is © The Royal Society of Chemistry 2025
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is denoted by n (1.33 for water). J(1) is the integral of the overlap
values, which is 3.712 x 10" nm* M~* em™" and was calculated
using Fluortools software.”” These findings firmly identify Férster
resonance energy transfer (FRET) as the primary mechanism
responsible for the quenching phenomenon, highlighting its
essential significance in the observed luminescent behaviour.

4. Conclusion

This study demonstrates the dual use and adaptability of an
alternate zinc cluster based MOF and its analogous MOG
equivalent, made up of zinc nitrate and a naphthalimide ligand
(H,L). Unique trinuclear and tetranuclear zinc clusters were
identified by structural analysis, which helped to explain the
coordination framework and made it easier to simulate the
MOG structure using molecular dynamics. PXRD confirmation
of the xerogel’s crystallinity further confirmed long-range
ordering and structural similarities to the MOF. The remark-
able photoluminescent characteristics of both materials
enabled their use in cutting-edge anti-counterfeiting techno-
logies via the creation of luminescent inks and QR code
stamping. Both the MOG and MOF showed excellent sensitivity
and selectivity in bilirubin (BR) detection with a high Kgy of
1.98 x 10° M 'and 4.7 x 10* M, and a low detection limit of
20 nM and 26.5 nM, making them a viable option for biological
applications, especially in the diagnosis of jaundice. The FRET
process was found to be largely responsible for the observed
fluorescence quenching behavior, which improved our compre-
hension of their photophysical interactions. This study demon-
strates structural similarities between SSICG15-MOG and
SSICG15 as analogous materials with significant potential for
critical applications in materials design, healthcare, and security
encryption.
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