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Lanthanide-based coordination polymers:
a fluorometric Frontier in explosive sensing
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In the pursuit of public safety, environmental protection, and counter-terrorism, significant advancements
have been made in explosive detection techniques. However, challenges such as limited sensitivity, poor
selectivity, and high operational costs remain, particularly for trace-level detection. In this study, we
present a simple and scalable synthesis of lanthanide-based coordination polymers (Ln-COPs), denoted
as Ho(DAB) and Tb(DAB), formed through the coordination of Ho(i) and Tb(i) ions, respectively, with the
organic linker 3,3'-diaminobenzidine (DAB). Spectroscopic and electron microscopic analyses confirm
their two-dimensional planar structure, resulting from the self-assembly of infinitely long polymeric
strands. These luminescent Ln-COPs demonstrate exceptional performance as sensors for detecting
both nitroaromatic and non-nitroaromatic explosives via fluorescence quenching. Notably, Tb(DAB)
exhibits a remarkable limit of detection of 7.7 uM for TNP. Furthermore, mechanistic insights into the
quenching process are explored. These results underscore the sensitivity and practical applicability of
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Introduction

High-energy materials (HEMs), particularly explosives, are crucial
to various sectors, such as mining, defense, and construction.
They provide essential energy for blasting in mines, demolition
in construction, and strategic applications in the military.
Despite these benefits, the use of explosives is associated with
considerable risks, from accidental detonations to environ-
mental damages. Furthermore, the easy access and the potential
for misuse of explosives in acts of terrorism and criminal activi-
ties pose a constant threat to civilian safety, making the devel-
opment of reliable detection systems imperative.'?

Explosives can be broadly divided into two categories:
nitroaromatic and non-nitroaromatic compounds. Nitro-
aromatic explosives, such as 4-nitrophenol (PNP); 2,4,6-tri-
nitrophenol (TNP), commonly known as picric acid; and 2,4,6-
trinitrotoluene (TNT), are based on aromatic rings with nitro
groups. These compounds are typically stable under normal
conditions but can become highly reactive in the presence of
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Ln-COPs in advanced explosive detection systems.

specific triggers, making them valuable yet dangerous. Non-
nitroaromatic explosives, such as 1,3,5-trinitroperhydro-1,3,5-
triazine (RDX), pentaerythritol tetranitrate (PETN), and hexa-
nitrohexaazaisowurtzitane (CL-20), lack nitro groups but are
equally hazardous. These compounds are generally more
sensitive to physical stimuli, viz., heat, friction, and pressure,
and they pose even greater challenges for detection due to their
lack of a predictable aromatic signature. While nitroaromatics
typically exhibit strong electron-accepting behavior that makes
them relatively easy to detect, non-nitroaromatic explosives
often lack this property, making them difficult to identify using
standard detection techniques.*”

The widespread deployment and use of HEMs, including both
military and civilian explosives, have led to the accumulation of
explosive residues across diverse environments. Explosive resi-
dues, though present in trace amounts, pose significant risks due
to their potential to trigger unintentional explosions, environ-
mental contamination, and health hazards, including skin irri-
tation, respiratory issues, and potential carcinogenic effects.
These risks are amplified in densely populated areas, where even
a small amount of explosive material can lead to catastrophic
consequences.® In such public spaces, detection systems capable
of identifying trace explosive residues are essential to ensure
civilian safety and support rapid, proactive response measures.
Therefore, a detection system that can accurately identify explo-
sives, even in trace quantities, is vital.

Existing detection methods for detecting explosives include
energy-dispersive X-ray diffraction,” plasma desorption mass
spectrometry,® surface-enhanced Raman spectroscopy,” ion
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mobility spectrometry,’” chromatography,"” and electro-
chemical methods."” While these methods offer high sensitivity
and accuracy, they often require expensive, bulky equipment,
complex sample preparation, and frequent calibrations by
skilled personnel, thereby limiting their applicability in real-
world, field-based scenarios. Moreover, these methods are
susceptible to interference from contaminants and other envi-
ronmental factors, which can compromise data reliability, often
resulting in false readings or false negatives, especially for low-
concentration explosives in complex sample matrices.

In contrast, fluorescence-based sensing offers a practical and
efficient alternative for field applications. This method lever-
ages the unique luminescent responses that occur when
explosive molecules interact with specific sensor materials,
providing a rapid, sensitive, and cost-effective approach. Fluo-
rescence sensors are highly portable, require minimal calibra-
tion, and produce real-time responses to trace amounts of
explosives. Additionally, their simplicity in design and opera-
tion makes them ideal for wide-scale deployment in diverse
environments, making them particularly suitable for safe-
guarding public spaces where fast, accurate detection is
essential.”™** Fluorescent sensors rely on optical response,
exhibiting variations in fluorescence intensity, wavelength
shifts, or even color change upon interaction with explosive
molecules. This interaction often results from electron transfer
or quenching processes, which disrupt the fluorescence
response of the sensing material, providing a clear, real-time
signal that explosives are present.

Various fluorophores, such as metal-organic frameworks
(MOFs), covalent organic frameworks (COFs), quantum dots,
molecular sensors, and polymer nanocomposites, have been
designed to detect nitroaromatic compounds, particularly
TNP.**** This detection primarily occurs through fluorescence
quenching, driven by charge-transfer processes between the
electron-deficient nitroaromatics and the electron-rich fluoro-
phores. Lanthanide-based coordination polymers (Ln-COPs)
remain largely underexplored in this context.

Ln-COPs represent a versatile class of functional materials
distinguished by their hybrid structure of lanthanide metal nodes
coordinated with organic ligands. These organic linkers, typically
carboxylates, phosphonates, pyridines, or imidazoles, act as
connectors between the metal nodes, forming well-ordered,
porous frameworks. The coordination bonds between metal ions
and organic ligands provide structural integrity, while the organic
ligands add functionality and enable tuning of the material's
properties.”* The structural design of Ln-COPs starts with the
formation of one-dimensional (1D) chains through metal-ligand
coordination bonds. These chains can then undergo self-assembly
via secondary interactions, such as hydrogen bonding, -7
stacking, dipole-dipole, and van der Waals forces, leading to the
creation of two-dimensional (2D) sheets or three-dimensional (3D)
frameworks.”*?* The resulting structural diversity is influenced by
the choice of metal ions and ligands, which allows extensive
customization to target specific applications. This adaptability has
made Ln-COPs ideal for applications that benefit from large
surface areas, robust porosity, enhanced adsorption properties,
and unique optical and magnetic characteristics.
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The combination of the distinct photophysical properties of
lanthanides, such as high fluorescence, stability under envi-
ronmental variations, and sharp emission peaks, with the
structural flexibility of organic frameworks, positions Ln-COPs
as advanced materials for sensing HEMs.” In particular, Ln-
COPs hold significant promise as fluorometric sensors for
explosives, where their unique luminescent properties, long
lifetimes, high sensitivity to changes in their local environment,
real-time response, and selectivity can be finely tuned for trace-
level detection of both nitroaromatic and non-nitroaromatic
explosives.***” Recent studies have shown that COPs with the
ability to form continuous 2D layers can function as highly
selective and sensitive fluorescence chemosensors for HEMs.?®
However, to be effectively used in explosive detection devices,
these COPs must exhibit high resistance to heat, moisture and
air; be cost-effective; and be scalable for industrial applications.
This presents a significant challenge in designing and devel-
oping multifunctional COPs that meet these stringent criteria.

Building on our prior work in synthesizing multifunctional
COPs,*** herein, we report a simplistic synthesis and charac-
terization of two Ln-COPs abbreviated as Ho(DAB) and Tb(DAB).
The synthesized Ln-COPs demonstrate remarkable fluorescence
quenching capabilities with high sensitivity for both nitro-
aromatic and non-nitroaromatic explosives and impressive
detection limits. The choice of Ho(m) and Tb(m) ions in the
synthesis of Ln-COPs is guided by their optical and structural
properties, which make them ideal candidates for luminescent
sensing applications.

Materials and methods
Materials

All the chemicals procured were utilized without modification.
Analytical-grade solvents obtained from Merck were dried using
customary protocols before use. 3,3'-Diaminobenzidine (DAB)
was obtained from TCI Chemicals, whereas holmium(m) acetate
hydrate (Ho(OAc);-H,0) and terbium(m) acetate hydrate
(Tb(OAc);-H,0) were obtained from Sigma-Aldrich.

Preparation of lanthanide-based COPs

The lanthanide-based COPs were synthesized using a straight-
forward approach under ambient conditions (Fig. 1).2>*' An
aqueous solution of metal acetate, specifically Ho(OAc);H,0

- Ln(DAB)
Ln =Ho, Tb
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©©
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Sonication
—

Stlrrmg RT
: o’o

Wash, dry

EtOH

Ln(DAB)

3,3’- Diaminobenzidine Ln =Ho, Tb

Fig. 1 Schematic for the synthesis of Ho(DAB) and Tb(DAB).
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(1.8 g, 5 mmol) and Tb(OAc);[1H,0 (1.7 g, 5 mmol), was
combined with an ethanolic dispersion of DAB (1.1 g, 5 mmol)
and stirred for 20 min at room temperature. The resulting
precipitate was filtered and thoroughly washed with water and
ethanol, followed by heating in ethanol at 60 °C in a hot air oven
for 12 h. Finally, the precipitate was centrifuged with multiple
washings using water and ethanol, yielding the COP as a dark-
brown-coloured crystalline powder.

Characterization of COPs

A range of standard spectroscopic and electron microscopy
techniques was employed to investigate the structure,
morphology, and composition of the synthesized COPs. X-ray
diffraction (XRD) analysis was conducted using a Rigaku
Smart Lab X-ray diffractometer with CuKa radiation. Raman
spectroscopy and FTIR spectroscopy were performed with
a Horiba Jobin Yvon XploRA PLUS V1.2 MULTILINE using
532 nm excitation and a PerkinElmer Spectrum 1000 FT-IR
spectrometer, respectively. UV-Vis spectra of the COPs were
recorded using a Lambda 750 PerkinElmer UV-Vis spectrom-
eter. Elemental and compositional analysis was carried out
through X-ray photoelectron spectroscopy (XPS), conducted
with a PHOBIOS 100/150 Delay Line Detector (DLD), with an Al
Ko (1486.6 €V) dual anode as the source with a power of 385 W
and anode voltage of 13.85 kV. The sample current measured
with a pico-ammeter was found to be 175.6 nA on the sample
surface. The XPS was taken with a pass energy of 50 eV. As an
internal reference for the absolute binding energy, the C-1s
peak (284.5 eV) was used. The structural, morphological, and
compositional features were further examined with field emis-
sion scanning electron microscopy (FESEM) coupled with
energy-dispersive spectroscopy (EDS) on a Carl Zeiss Supra 55,
as well as high-resolution transmission electron microscopy
(HRTEM) using Thermo Fisher Scientific Talos F200S G2.

Fluorometric detection of explosives

The synthesized Ln-COPs were utilized for the fluorometric
detection of HEMs using a Shimadzu RF-6000 spectrophotom-
eter. For the emission studies, a dispersion of 2 mg of Ln-COP in
10 mL of DMF was prepared. Fluorescence quenching studies
were conducted using a titration approach, where the gradual
decrease in the emission intensity was observed as a function of
the quencher concentration. Explosive sensing was performed
by adding incremental amounts of PNP, TNP, TNT, RDX, PETN,
and CL-20 solutions, prepared in acetone, to the Ln-COP
dispersion. The photoluminescence intensity was recorded
after each addition to monitor changes. The Stern-Volmer
equation (eqn (1)) was applied to assess the quenching effi-
ciency, and the limit of detection (LOD) was calculated using

eqn (2).

Iy
7= 1+Ks [0] (1)
30
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where I, and I are the initial and final fluorescence intensities
before and after the addition of the analyte, K, is the Stern-
Volmer constant, [Q] is the concentration of the analyte, o
denotes the standard deviation of the blank, and m is the slope
of the Stern-Volmer plot. Additionally, fluorescence lifetime
measurements were performed for both the pristine Ln-COP
solution and the quencher-added solutions using a time-
resolved fluorescence spectrometer (Fluorolog HORIBA).

Results and discussion

Structural, morphological, and spectroscopic characterization
of Ho(DAB) and Tb(DAB)

Fig. 2a presents the X-ray diffraction (XRD) patterns for the
ligand (DAB) and the as-synthesized COPs, Ho(DAB) and
Tb(DAB), respectively. In the XRD pattern of DAB (black trace),
peaks are observed at 26 values of 16.2°, 18.2°, 19.6°, 23.8°,
26.7°, 27.8°, 31.6°, and 33.9°, corresponding to the (011),
(—111), (111), (020), (—112), (—121), (—221), and (—122) crystal
planes, respectively. As observed in previous reports, Ln-COPs
do not exhibit a complete change in their XRD pattern upon
formation. Instead, they show a partial modification, where key
reflections from the original ligand remain present but with
noticeable shifts in the positions and intensities of certain
peaks.**** The XRD patterns of Ho(DAB) and Tbh(DAB) (red and
blue traces, respectively) reveal the crystallinity of the materials,
with the major reflections corresponding to DAB. In the case of
Tb(DAB), a complete shift in the crystal planes is observed,
indicating structural changes or strain within the crystal lattice
upon coordination. This shift suggests modifications in the
arrangement of the molecular structure, which could be
attributed to the formation of the COP.*>*®

Fig. 2b presents the FTIR spectra of the ligand (black trace),
alongside the Ln-COPs, Ho(DAB) (red trace) and Tb(DAB) (blue
trace). Significant spectral changes are observed in the finger-
print region (1500-400 cm ') of the Ln-COPs compared to the
observations for DAB, indicating the coordination between the
Ln metal nodes and the nitrogen atoms of DAB.*” The peaks
around 1260 cm " and 1620 cm ™" for the Ln-COPs are assigned
to C-N and C-C stretching, respectively.®® In DAB, the sharp
peaks at 3350 cm ™" and 3395 cm ™~ correspond to the symmetric
and asymmetric stretching of free amine groups. In contrast,
these peaks broaden in the Ln-COPs, suggesting an N-4 inter-
action as a result of metal-nitrogen coordination in the
complex.”®*®

The Raman spectra of the Ln-COPs, presented in Fig. 2c (red
and blue traces), differ significantly from that of the ligand
(black trace). Notably, two prominent bands at ~1350 cm ™" and
~1550 cm~ ' emerge, which are comparable to the D and G
bands typically observed in graphitic (2D) materials, respec-
tively. In graphitic structures, the G band is associated with C-C
stretching in sp” carbon atoms, while the D band represents the
breathing modes of sp® carbon atoms and is a double-
resonance band arising from one-phonon lattice
vibrations.*-*> Additionally, a broad band at ~2880 cm™" indi-
cates the presence of multiple stacked layers within the COP.
These findings suggest that the synthesized COPs have a 2D
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layered structure, further confirmed by the FESEM and HRTEM
images discussed in subsequent sections.

The UV-Vis spectra of the ligand and the COPs are depicted
in Fig. 2d. The ligand spectrum exhibits two absorption peaks at
277 nm and 310 nm, attributed to the t* — w* and n — =w*
transitions, respectively, due to the presence of aromatic rings
and heteroatoms (nitrogen) with a lone pair of electrons.
Although the Ln-COP spectra are similar to those of DAB,
a pronounced bathochromic shift indicates extended m-conju-
gation within the COPs. This is likely due to the polymerization
of continuous, infinitely long 1D coordination strands stabi-
lized by hydrogen bonds. An additional broad band centered
around 443-533 nm is observed (Fig. 2d, inset). While the exact
origin of this peak is currently unclear, it may be the result of
charged species generated by the complex upon interaction
with solvent molecules or from charge transfer between the
lanthanide metal node and the ligand, as suggested by previous
reports.***

The chemical composition and elemental states in the Ln-
COPs were examined using X-ray photoelectron spectroscopy
(XPS). The survey spectrum of Ho(DAB), presented in Fig. 3a,
reveals distinct peaks at binding energies of 284.1 eV, 397.6 eV,
530.1 eV, and 974.5 eV, corresponding to the C 1s, N 1s, O 1s,
and Ho 3d regions, respectively. High-resolution scans for these
peaks, shown in Fig. 3b—e, provide detailed insights into the
elemental composition, chemical states, and bonding environ-
ments within the COP.

44800 | RSC Adv, 2025, 15, 44797-44811
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(a) X-ray diffractograms; (b) FTIR spectra; (c) Raman spectra; and (d) UV-Vis spectra of DAB (black trace), Ho(DAB) (red trace), and Tb(DAB)

The high-resolution C 1s spectrum (Fig. 3b) displays peaks at
284.2 eV, 284.5 eV, and 285.5 eV. The peaks at 284.2 eV and
285 eV are attributed to the C-C and C=C bonds,***” primarily
associated with the aromatic ring structure of the DAB ligand.
Meanwhile, the peak at 285.5 eV corresponds to the C-N bonds,
which are also present in the DAB molecule.*®** The N 1s
spectrum (Fig. 3¢) reveals distinct nitrogen environments in the
material. A peak at 398 eV corresponds to C-NH bonds from the
sp>-hybridized nitrogen in the DAB moiety, while another peak
at 399 eV indicates the presence of N-H bonds.>*** In the O 1s
spectrum (Fig. 3d), peaks at 530.6 eV and 531.7 eV are associ-
ated with OH-O and OH-H,O interactions, respectively,
reflecting the presence of adsorbed and surface-bound water
molecules.”®* The high-resolution Ho 4d spectrum (Fig. 3e)
shows two distinct peaks resulting from spin-orbit splitting,
corresponding to Ho 4ds;, (161.7 eV) and Ho 4d3/, (163.5 eV),
accompanied by a satellite peak.> The peaks suggest the pres-
ence of Ho as Ho" in the COP.

The survey spectrum of Tb(DAB), shown in Fig. 4a, displays
characteristic peaks at binding energies of 285.1 eV, 398.6 eV,
531.6 eV, and 1222.6 eV, corresponding to the C 1s, N 1s, O 1s,
and Tb 3d regions, respectively. The C 1s high-resolution
spectrum (Fig. 4b) exhibits peaks at 284 eV, 284.5 eV, and
286 eV. The peaks at 284 eV and 284.5 eV are attributed to the
C-C and C=C bonds, respectively, originating from the
aromatic ring structure of the DAB ligand.*** The peak at
286 eV corresponds to the C-N bonds present in the DAB

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecule.*®*® In the N 1s spectrum (Fig. 4c), the peak at 398 eV is
assigned to the C-NH bonds, representing sp’-hybridized
nitrogen in the DAB moiety. Additionally, a peak at 399 eV
indicates the presence of N-H bonds in DAB.>***

The O 1s spectrum (Fig. 4d) reveals peaks at 530.4 eV and
530.8 eV, corresponding to the OH-O and OH-H,O interactions,
respectively, indicating the presence of adsorbed and surface-
bound water molecules.>»* The Tb 3d high-resolution spec-
trum (Fig. 4e) shows two distinct peaks due to spin-orbit
splitting, located at 1235 eV and 1270 eV, representing the Tb
3ds), and Tb 3dj/, levels, respectively.>>*® These peaks confirm
the Tb(u) oxidation state within the COP.

Field-emission scanning electron microscopy (FESEM) was
used to obtain images and provide detailed information about
the morphology of the samples. Fig. 5a and b presents FESEM

© 2025 The Author(s). Published by the Royal Society of Chemistry

images of the synthesized COPs, Ho(DAB), and Tb(DAB),
respectively. The images reveal that the COPs consist of thin,
planar 2D layers stacked atop each other. These smooth, sheet-
like structures are associated with the formation of thick
bundles. As previously mentioned, these planar 2D layers result
from the self-assembly of indefinitely long COP strands stabi-
lized by hydrogen bonds. To further analyze the elemental
composition of the COPs, energy-dispersive X-ray spectroscopy
(EDS) was employed, determining the weight percentages of
C, N, and Ho in Ho(DAB) and those of C, N, and Tb in Tb(DAB).
The EDS spectra of Ho(DAB) and Tbh(DAB) are depicted in Fig. S1
and S2, respectively.

High-resolution transmission electron microscopy (HRTEM)
was utilized to examine the COPs' crystallographic structure.
The HRTEM images in Fig. 5c and d support the FESEM

RSC Adv, 2025, 15, 44797-44811 | 44801
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findings, showing that the COPs comprise extensive bundles of
planar 2D sheets. Additionally, high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM)
was performed to map the distribution of elements within the
as-synthesized Ln-COPs. Fig. 5e and f shows the HAADF-STEM
image, along with elemental mapping of C, N, Ho in Ho(DAB)
(Fig. S3) and C, N, Tb in Tb(DAB) (Fig. S4), which illustrate the
even distribution of these elements throughout the proposed
layered 2D structure. The discrepancy in oxygen detection
among FESEM-EDS, HAADF-STEM, and XPS can be attributed
to the fundamental differences in these techniques. XPS is
highly surface-sensitive, probing only the top few nanometers of
a sample, and it can detect oxygen from adsorbed species or
contaminants. In contrast, FESEM-EDS and HAADF-STEM
analyze a larger volume, often extending to the bulk of the
material. As a result, oxygen confined to the surface may not be
detected if its concentration in the bulk is low.
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Based on previous literature reports and our comprehensive
characterization results, a plausible structural representation of
the Ln-COPs is proposed and shown in Scheme 1. It is believed
that the Ln*" ions coordinate with the N atoms of DAB ligands,
leading to the formation of one-dimensional (1D) coordination
polymeric chains. This coordination is consistent with the Hard
and Soft Acids and Bases (HSAB) principle, where the Ln*" ions
(hard acids) preferentially bind to the amine N atoms of DAB
(hard bases). These 1D chains are further stabilized through
intermolecular hydrogen bonding interactions, particularly
involving the -NH, groups of DAB, which drive the formation of
two-dimensional (2D) layered architectures. In instances where
the coordination environment of the Ln®" ions remains
incomplete, H,O molecules serve as auxiliary ligands, occu-
pying the vacant coordination sites and enhancing the struc-
tural integrity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Photophysical properties of Ho(DAB) and Tb(DAB)

The Ln-COPs, Ho(DAB) and Tb(DAB) intrinsically exhibited
fluorescence emission in their suspended state (in DMF) upon
irradiation with UV light of suitable excitation wavelength.
Fig. 6a and b depicts the combined absorption-emission spectra
of Ho(DAB) and Tb(DAB), respectively. The emission peak
appears to have red-shifted relative to the absorption peak, with
a Stokes shift of ~85 nm, obtained using eqn (3).

Stokes shift = Aabsorption - Aemission (3)
where Azpsorption ANd Aemission are the wavelengths of maximum
absorption and maximum emission in the COP. The Stokes
shift corresponds to energy lost due to non-radiative processes
before the Ln-COP emits a photon. A shift of 85 nm indicates
a significant energy loss during the vibrational relaxation
process. This may be due to the intramolecular charge transfer
occurring in the Ln-COPs.””

The fluorescence mechanism in COPs involving Ln(IIT) metal
centers, such as Ho(m) and Tb(m), relies on the antenna effect,
also known as the sensitization of lanthanide complexes. In this
process, the organic m-conjugated ligand (DAB, here) absorbs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a and b) FESEM images; (c and d) HRTEM images; and (e and f) HAADF-STEM images of Ho(DAB) and Tb(DAB), respectively.

light energy and transitions to its singlet excited state. This
energy is then transferred to the ligand's long-lived triplet state
through intersystem crossing. Subsequently, the triplet state
transfers the energy to the excited states of the Ln(III) ions,
which emit their characteristic fluorescence. The antenna effect
is critical because lanthanides have weak direct absorption in
the UV-visible region due to parity-forbidden f-f transitions.>**°
The ligand serves as an “antenna”, efficiently harvesting light
and transferring energy to the lanthanide center. Moreover, the
Ln(III) ions actively quench the triplet state of the ligand,
minimizing photobleaching and enhancing the photostability
of the system.®

The surrounding environment of the COPs, including
interactions with other organic or inorganic systems, signifi-
cantly impacts the energy transfer and fluorescence emission by
affecting the triplet state of the ligand or the efficiency of the
energy migration process. This property has practical applica-
tions, such as detecting electron-deficient HEMs, as we shall
discuss further. The quantum yield of the Ln-COPs was deter-
mined to assess their fluorescence properties (Table S1).
Specifically, Ho(DAB) exhibited a quantum yield of 7.49%, while
Tb(DAB) demonstrated a higher quantum yield of 12.79%. The
process for calculating these values, along with the

RSC Adv, 2025, 15, 44797-44811 | 44803
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Scheme 1 Scheme for the synthesis of Ln-COPs (Ln = Ho and Tb).

corresponding plots (Fig. S5), can be found in SI. These calcu-
lations involve analyzing the fluorescence intensity and
comparing the sample's emission to a standard (quinine
sulfate), providing insights into the efficiency of the fluores-
cence emission of these compounds (eqn (S1)).

Fig. 6¢c and d show the photoluminescence emission spectra
of Ho(DAB) and Tb(DAB) at different excitation wavelengths.
From the spectra, it is evident that the Ln-COPs show maximum
emission at excitation wavelengths (1.x) 368 nm and 367 nm for
Ho(DAB) and Tb(DAB), respectively.

The quenching experiments were conducted on solutions of
Ln-COPs dispersed in DMF. 2 mg of the COP sample was
dispersed in DMF (10 mL) and subjected to sonication for 10
minutes to achieve a uniform dispersion, which was then
utilized for subsequent studies (1.5 mL for PNP, TNP, TNT and
2 mL for RDX, PETN, CL-20). Quenching solutions were
prepared by dissolving predetermined amounts of various
HEMSs in acetone to attain the desired concentrations. These
solutions were used for titration experiments with the fluoro-
phore. A range of nitroaromatics and HEMs typically associated
with explosives was selected for the study. These included PNP,

44804 | RSC Adv, 2025, 15, 44797-4481

/ !

e =

TNP, TNT, RDX, PETN, and CL-20. Fluorometric titrations were
conducted by incrementally adding precise amounts of HEM
solutions to the fluorophore-containing solution until no
further decrease in fluorescence intensity was observed, and the
resulting fluorescence responses were recorded. The fluores-
cence quenching was analyzed as a function of the quencher
concentration. To evaluate the steady-state fluorescence
quenching, the data were fitted using the Stern-Volmer
equation.

The fluorescence quenching study of Ho(DAB) was con-
ducted using six different quenchers, viz., nitroaromatics (e.g.,
PNP, TNP, and TNT) and non-nitroaromatics (e.g., RDX, PETN,
and CL-20). The quenching profiles obtained and their corre-
sponding Stern-Volmer plots are depicted in Fig. 7 and 8. The
Stern-Volmer plots for nitroaromatics (Fig. 7) display a small
hump at lower quencher concentrations, followed by a linear
region. This can be attributed to strong -7 interactions or
charge-transfer interactions between the electron-deficient
nitroaromatics and the electron-rich fluorophores. This
results in an initial static quenching contribution, which tran-
sitions to a dynamic quenching process as the concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Overlaid normalized absorption-emission spectra for (a) Ho(DAB) and (b) Th(DAB). Photoluminescence emission spectra of (c) Ho(DAB)

and (d) Tb(DAB) at different excitation wavelengths.

increases.®>* Among the nitroaromatics studied, PNP exhibited
the highest quenching efficiency, as reflected by its elevated K,
indicating strong interactions with the fluorophore. On the
other hand, TNP showed the highest sensitivity, characterized
by its remarkably low LOD, measured at 16.4 pM. This suggests
that TNP can be detected and quantified at much lower
concentrations than other nitroaromatics, highlighting its
enhanced compatibility with the sensing material and its
significant impact on fluorescence quenching even at minimal
concentrations.

For non-nitroaromatics (Fig. 8), the Stern-Volmer plots show
a deviation from linearity without the presence of notable
humps, suggesting a more complex quenching mechanism.
Unlike nitroaromatics, non-nitroaromatics lack strong electron-
withdrawing groups, such as nitro groups, which are respon-
sible for charge-transfer interactions.** As a result, the
quenching is less uniform, possibly involving weaker and less
specific interactions, leading to the observed nonlinear trend.
The absence of humps suggests minimal contributions from
significant static quenching, indicating that the observed
quenching likely arises from a combination of static and
dynamic processes operating at varying rates. Among the non-
nitroaromatic HEMs, PETN demonstrated the highest sensi-
tivity and efficiency, with a K, of 5.01 x 10> M~ " and LOD of
28.9 uM. CL-20 also exhibited comparable results, while RDX
showed higher LOD values. Fig. S6 shows images of the
quenched solutions under both visible and UV light conditions.

To facilitate comparative analysis, another Ln-COP, synthe-
sized using terbium (Tb) as the metal center, designated as
Tb(DAB), was evaluated for its chemosensing capabilities

© 2025 The Author(s). Published by the Royal Society of Chemistry

towards HEMs. The experimental protocols and explosives used
for the study were consistent with those previously described.
The fluorescence quenching plots for Tb(DAB) are presented in
Fig. S7 and S8. The sensing behavior of Tb(DAB) closely fol-
lowed the trend observed for Ho(DAB). The nitroaromatic
explosives, including PNP, TNP, and TNT, exhibited a higher
degree of fluorescence quenching compared to the non-
nitroaromatic explosives, such as RDX, PETN, and CL-20. TNP
demonstrated the highest quenching efficiency and sensitivity,
as reflected by its Ky, value of 2.09 x 10* M ™" and its LOD of 7.7
uM. Among the non-nitroaromatic HEMs, PETN exhibited the
best sensing performance, with results comparable to those of
RDX and CL-20. Fig. S9 shows images of the quenched solutions
under both visible and UV light conditions. Table 1 summarizes
the sensing parameters for all HEMs, including K, and LODs,
obtained using both Ho(DAB) and Tb(DAB).

A graphical representation of the quenching efficiency ob-
tained for all HEMs is shown in Fig. S10. Table S2 summarizes
reports of studies focusing on fluorometric detection of HEMs
using Ho- and Tb-based COPs. Although the studies observe low
detection limits for Tb-based COPs, most are specifically limited
to TNP detection and do not target non-nitroaromatic
compounds. However, Ho-based COPs remain unexplored to
date.

Mechanistic insights into the interaction between HEMs and
Ln-COPs

The interactions between HEMs and Ln-COPs involve complex
mechanisms primarily driven by both static and dynamic

RSC Adv, 2025, 15, 44797-44811 | 44805
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Fig.7 Fluorescence spectra of Ho(DAB) suspended in DMF, recorded following the stepwise addition of micromolar concentrations of (a and b)
PNP, (c and d) TNP, and (e and f) TNT dissolved in acetone, along with their corresponding Stern—Volmer plots.

quenching processes. As previously discussed, the presence of
a hump at low concentrations in the Stern-Volmer plot suggests
the predominance of static quenching, where the explosive
molecules form a ground-state complex with the Ln-COPs. The
absence of spectral overlap between the emission of the Ln-
COPs and the absorption of the explosives (as shown in
Fig. S11) eliminates the possibility of energy-transfer mecha-
nisms, such as Forster resonance energy transfer (FRET).*
Instead, the quenching mechanism is attributed to the
interaction of explosive molecules with the ground state of the
Ln-COPs, preventing fluorescence without involving excited-
state processes. At lower quencher concentrations, static
quenching dominates, which results in the nonlinear behavior
observed in the Stern-Volmer plot. The corresponding decrease
in UV absorbance upon the addition of explosives, as illustrated
in Fig. S12 and S13, further corroborates the static quenching
hypothesis. This reduction in absorbance can be interpreted as

44806 | RSC Adv, 2025, 15, 44797-4481

a modification of the electronic structure of the Ln-COPs due to
the ground-state interaction with the explosives, which dimin-
ishes the capacity of the Ln-COPs to absorb light at their char-
acteristic wavelengths. At higher quencher concentrations,
dynamic quenching plays a more significant role, where colli-
sions between the explosive molecules and the excited-state Ln-
COPs lead to fluorescence quenching via non-radiative
processes, thereby producing a linear portion in the Stern-
Volmer plot.*®

To further validate the dominance of static quenching,
fluorescence lifetime decay analysis was performed for both
Ho(DAB) and Tb(DAB) in the presence and absence of the
quencher. As seen in Fig. 9a and b, the fluorescence lifetime
remains nearly constant despite the addition of the explosive,
reinforcing the idea of static quenching. Since static quenching
involves the formation of a non-fluorescent ground-state
complex, the fluorescence lifetime remains unaffected by the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fluorescence spectra of Ho(DAB) suspended in DMF, recorded following the stepwise addition of micromolar concentrations of (a and b)
RDX, (c and d) PETN, and (e and f) CL-20 dissolved in acetone, along with their corresponding Stern—Volmer plots.

Table 1 Sensing parameters of HEMs using Ln-COPs derived from
Stern—-Volmer plots

Ho(DAB) Tb(DAB)
HEM Ko (MY LOD (uM) Ko M) LOD (uM)
PNP 1.65 x 10* 36.4 9.12 x 10° 10.3
TNP 9.43 x 10° 16.4 2.09 x 10* 7.7
TNT 2.34 x 10° 26.3 9.04 x 10> 115.8
RDX 1.58 x 10° 118.1 3.49 x 10° 24.8
PETN 5.01 x 10° 28.9 5.53 x 10° 12.4
CL-20 3.87 x 10° 29.5 4.54 x 10° 46.5

quencher concentration, as no dynamic processes (such as
collision-induced quenching) occur in the excited state.®”
Detailed calculations of the average lifetime are provided in SI.
From the average lifetimes of Ln-COPs before and after the
addition of TNP (Table S3), it is evident that Tb(DAB) specifically

© 2025 The Author(s). Published by the Royal Society of Chemistry

shows an increase of 0.1 ns. This may be attributed to the
altered equilibrium between the ground-state complex and the
free fluorophore.

Thus, the observed quenching behavior of the Ln-COPs,
Ho(DAB) and Tb(DAB), with nitroaromatic compounds can be
attributed to the formation of ground-state charge-transfer
complexes, where electron transfer occurs from the COP
framework to the electron-deficient nitroaromatic molecules.
The nitro groups (-NO,) in compounds such as PNP, TNP and
TNT act as strong electron-withdrawing groups, enhancing the
tendency for electron transfer from the ligand to the analyte.
Additionally, hydrogen-bonding interactions between the
uncoordinated nitrogen (N) atoms in the DAB ligand and
oxygen atoms (O) from uncoordinated water molecules play
a crucial role in stabilizing these complexes. The interaction
between the m-systems of the COP ligands and the aromatic
rings of the nitroaromatics further strengthens the overall
quenching mechanism through m- stacking. In contrast, non-

RSC Adv, 2025, 15, 44797-44811 | 44807
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nitroaromatics exhibit weaker quenching due to their relatively
less electron-deficient nature, resulting in fewer and less effi-
cient interactions with the COPs. These results highlight the
synergistic role of hydrogen bonding, - stacking, and elec-
tron transfer in dictating the quenching efficiency, with nitro-
aromatics showing superior quenching due to their
multifaceted interactions with the Ln-COPs.®**° Specifically, for
TNT, the LOD is significantly lower in Ho(DAB) than in
Tb(DAB), which can be attributed to the lanthanide contraction
in Ho. The smaller ionic radius of Ho>" leads to a tighter
packing of the 1D chains and more favorable stacking interac-
tions, enhancing the electron-transfer process’®”* and ulti-
mately contributing to a more efficient quenching effect at
lower analyte concentrations.

Conclusion

This study reports the synthesis and detailed characterization of
two novel Ln-COPs constructed from an N-4 ligand and Ho(ui)/
Tb(m) ions. The developed synthetic approach is straightfor-
ward, highly efficient, and easily scalable. A comprehensive
analysis of the COPs' compositions and morphologies was
performed using advanced spectroscopic and microscopic
techniques. XRD confirmed the crystalline structure of the
materials, while FESEM and HRTEM revealed their distinctive
two-dimensional layered morphology. The Ln-COPs demon-
strated excellent photophysical properties, particularly for the
detection of HEMs. The remarkable fluorescence quenching
performance, particularly the low LODs of 16.4 uM and 7.7 uM
for TNP achieved by Ho(DAB) and Tb(DAB), respectively, high-
lights the potential of these materials for practical applications
in detecting both nitroaromatic and non-nitroaromatic
explosives.
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