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Introduction

Drug molecules beyond chemical biology:
fluorescence- and DFT-based investigations for
fluoride ion sensing and the trace detection of
chloroformt

Sohail Anjum Shahzad, © * Tayyeba Javid,> Mohammed A. Assiri,® Agsa Pervaiz,?
Hasher Irshad,? Fu-She Han® ¢ and Di Demi He®

Excessive unmonitored use of fluoride has remained a threatening issue for a long time now as its long-term
use is linked to several health issues. Similarly, chloroform is a highly carcinogenic solvent that requires
proper monitoring. The increasing demand for a convenient, selective and sensitive fluoride and
chloroform sensor intrigued us to utilize etoricoxib (ECX) as a sensor as it is highly safe and easily
available. The photophysical properties of ECX, which were previously unexplored, were now studied
with increasing water fractions and a significant aggregation-induced emission enhancement (AIEE) was
seen through fluorescence spectroscopy. ECX was also successfully used for the trace level detection of
chloroform through a significant emission enhancement. Similarly, the ECX-based sensor successfully
detected fluoride ions by showing enhancement in emission intensity with maximum emission
wavelength at 373 nm. Through fluorescence titration experiments, the effects of different conditions
and interfering species on the sensing efficiency of ECX were studied, and the results showed that the
sensor was highly selective and sensitive towards fluoride, with a limit of detection of 20 nM. Other than
fluorescence spectroscopy, the type of interaction between the sensor and analyte was also studied
through UV-Vis spectroscopy, revealing a non-covalent type of interaction, which was further validated
through DFT studies. Frontier molecular orbital (FMO) analysis was performed along with density of state
(DOS) studies to investigate the energy levels of the orbitals. Non-covalent interaction (NCI) and natural
bond orbital (NBO) analysis provided information about the types of interaction and charge transfer. ECX
has the potential to be used for real-time sensing applications and could be used for sensing moisture
and fluoride in real samples.

biological and environmental fields." High affinity towards
a particular analyte and production of a detectable response
upon binding to the analyte without any influence from envi-

Fluorescent sensors that can specifically target an analyte has
become a necessity for sustaining a healthy and safe environ-
ment for the sake of all life forms. Many researchers are working
on monitoring the increasing concentration of unwanted
hazardous substances through fluorescent sensors in various
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ronmental interferences are the basic requirements of an ideal
fluorescent sensor.”> Development of the first fluorescent che-
mosensor for aluminum ion detection (AI**) in 1867 by Frie-
drich Goppelsroder provided the motivation for designing and
utilizing fluorescent sensors for various ionic species.** Anions
have widespread use in biological, pharmaceutical, environ-
mental, and chemical processes. The smallest anion fluoride
(F), bearing a high charge density, has been the center of
attention for several researchers.® Fluoride is used worldwide
for dental care and osteoporosis treatment.” Fluoride also finds
applications in the military for weapon manufacturing and
nerve gas monitoring.® Due to the excessive demand for fluoride
for healthy bones, teeth, nails and hair, it can be found in
drinking water, toothpaste, gels, mouthwash, food products
and pharmaceuticals.” Once fluoride enters the body through
different sources, it gets absorbed in the bones and cannot be

RSC Adv, 2024, 14, 37993-38001 | 37993


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra04844j&domain=pdf&date_stamp=2024-11-28
http://orcid.org/0000-0002-4226-3023
http://orcid.org/0000-0003-0456-7461
https://doi.org/10.1039/d4ra04844j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04844j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014051

Open Access Article. Published on 28 November 2024. Downloaded on 2/9/2026 4:50:41 PM.

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

(cc)

RSC Advances

removed easily, potentially leading to skeletal and dental fluo-
rosis. Dental fluorosis is the discoloration of teeth enamel,
which can permanently darken in severe cases, and its leading
cause is the excessive consumption of fluoride at a young age.
Skeletal fluorosis is accompanied by stiffness and pain in the
joints, which can lead to paralysis or disability.*® Fluoride was
observed to be a neurotoxicity-causing factor in animals and
humans."* The intake of fluoride was also reported to be
harmful during pregnancy as fluoride is capable of crossing the
placenta, which means it can affect the blood concentration of
the fetus.'”> Moreover, excess amounts of fluoride can cause
kidney diseases, gastric disorders, cancer, and can even lead to
death.™ According to the US Environmental Protection Agency
(EPA, USA) and World Health Organization (WHO), the in
drinking water fluoride content should not exceed 1.5 mg L™ " in
drinking water." Despite this, fluoride consumption is alarm-
ingly high around the globe. Therefore, its monitoring and
detection are a pressing matter and prompting the demand for
a suitable sensing method for the effective detection of fluoride
ions.*

Gas chromatography-mass spectrometry (GC-MS), ion chro-
matography, ion selective electrodes, and colorimetry are some
available techniques for fluoride ion detection.'® However, their
typically high cost, requirement for highly trained individuals
for operation, complex sample preparation requirement, and
time-consuming sophisticated instruments are some of the key
issues associated with these techniques. Fluorescence spec-
troscopy has attracted increasing interest in the sensing field
due to its high selectivity, easy operation, quick response time,
and high sensitivity.”” Fluorescence spectroscopy allows the
detection of molecules by tracing their emitted radiation when
they de-excite. The intensity of the emitted radiation changes
under certain conditions depending on whether the fluorescent
compound is completely soluble in solution form or is in an
aggregated state.’”® When a compound with no fluorescence
emission in the solution phase starts showing high emission
intensity upon aggregation, it undergoes an aggregation-
induced emission (AIE) phenomenon." If a fluorophore is
somewhat emissive in solution phase and upon aggregation its
emission intensity has further increased, the phenomenon of
aggregation-induced emission enhancement (AIEE) is
involved.?**' However, in some cases, the emission intensity of
fluorophores gets reduced in the aggregated state compared to
its emission intensity in the solution phase, and this type of
change in emission intensity is linked to aggregation-caused
quenching (ACQ).**> As ACQ leads to a reduction in fluores-
cence emission because of mw-7 stacking, ACQ is usually an
undesirable attribute in fluorescent compounds, leading to
limited applications of such fluorescent compounds.** On the
flip side, compounds exhibiting the AIEE phenomenon find
application in several fields. Various factors, such as restricted
intramolecular rotations (RIRs), vibrations (RIV), and motions
(RIM), are responsible for inducing AIEE properties in
compounds.”*** Therefore, AIEE is a highly favored phenom-
enon that can be seen in fluorescent compounds. Other than
showing the AIEE and ACQ phenomena, some compounds have
a tendency to show changes in the fluorescence emission
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intensity, color, or maximum emission wavelength (Aa,) when
added to different solvents of varying polarity. This process is
termed solvatochromism.>® Solvatochromism is linked to elec-
tronic transitions, mainly n-w* and w-7w*, that take place
during the excitation of molecules.”” The addition of a polar
solvent can lead to an increase in Ay, causing a bathochromic
shift, while non-polar solvents cause a hypsochromic shift for
most compounds. Polar solvents stabilize antibonding orbitals
and the energy gap of electronic levels get reduced, resulting in
an emission of photons of less energy and longer wavelength,
hence showing a red-shift.***®

Fluorophores with such remarkable photophysical proper-
ties have high potential for use as sensors with several potential
applications in different fields. Various examples of highly
selective and sensitive fluorescent sensors are available in the
literature, such as an AIEE-active sensor for drotaverine,*
stilbene-based fluorescent detector for mefenamic acid,*
substituted triazine probe for hydrogen peroxide detection,*
triphenylamine-based sensor for 4-nitrophenol,® triazene-
based detector for Hg?*,** probe for zinc,* 8-aminoquinoline-
derived sensor,* and some nitrobenzene sensors, including
a naphthalamide-based probe,”” isophthalamide-based
sensor,*® stilbene-based sensor,** deferasirox-based sensor,*
and probe for esomeprazole.** Etoricoxib, having anti-
inflammatory properties, is a drug for the treatment of osteo-
arthritis, migraine, gouty arthritis, back pain and cancer
prevention.*> With a molecular weight of 358.842 g mol !, it is
commonly found as a white or off-white powder and has
a melting point of 126 °C. Etoricoxib containing aromatic rings
and heteroatoms can exhibit significant photophysical proper-
ties; however, unfortunately these properties of etoricoxib have
remained highly underexplored. Moreover, the presence of -
conjugation and heteroatoms, such as S, O, and N, in etor-
icoxib's structure intrigued us to investigate it as a sensor for the
detection of certain analytes.

As a continuation of our research group's work for bringing
such sensors to light that have the potential for detecting
certain analytes, we selected etoricoxib to investigate it as
a potential sensor.**™*® Etoricoxib's (ECX) potential as an effec-
tive sensing for fluoride ions and chloroform was thus investi-
gated wunder different conditions. Etoricoxib (ECX)
demonstrated a prominent enhancement in fluorescence
emission in the presence of fluoride ions, with similar results
demonstrated with real samples, indicating the potential of this
sensor for practical application. Evidence for the detection of
fluoride was provided through DFT studies. Moreover, having
AIEE properties, ECX could efficiently detect the moisture
content in real samples. To the best of our knowledge, ECX is
the first reported drug that has been used as a fluorescent
sensor for F~ detection. ECX is not toxic and is an FDA-approved
drug that is a selective inhibitor of cyclooxygenase-2 (COX-2), an
enzyme involved in pain and inflammation. ECX was found to
be highly selective and sensitive toward F~ ions, even at a very
low concentration of fluoride. Due to its unique photophysical
properties, ECX was able to efficiently detect F~ in real water
samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Chemicals and materials

Details about all the chemicals and instruments used for all the
experiments are provided in the ESL¥

Real sample preparation

Two toothpastes, Sensodyne (A) and Colgate Max Fresh (B),
from different companies were purchased from the market and
1000 mg of each toothpaste was extracted with water. Each
obtained extract was sonicated and filtered to get a clear solu-
tion in 100 mL of water. Next, 10-50 pL of the toothpaste
extracts A and B was spiked into 50 uM ECX sensor solution in
DMF : water (1 : 4). The emission intensity of the ECX sensor was
examined to illustrate the concentration of fluoride in the
spiked samples A and B.

Fluorescence experiments

To study the emissive behavior of the sensor etoricoxib (ECX),
its 50 uM concentration was optimized in DMF : water (1 : 4, v/v)
solution. This optimized concentration 50 pM was further
utilized for titration experiments. Moreover, 1000 uM stock
solution of different anions, including F~, CH;COO, HSO, ,
CN-, Cl7, s0,>7, Br, I, ClO", and NO;~, were prepared. The
emission behavior of the ECX sensor was analyzed by gradually
varying the concentration of all these anions from 0 to 50 pM
and obtaining their emission spectra. The emission studies of
the ECX sensor were carried out at an excitation wavelength
(Aexc) of 285 nm.

Computational studies

To perform the theoretical studies, Gaussian 09 software was
used. Gauss view 5.0 was used to assess and visualize the output
data simulated on Gaussian 09.** Furthermore, GaussSum,*
Multiwfn 3.7,°* and VMD®* were also used for visualization
purposes. The functional B3LYP was used for geometry opti-
mization of the ECX sensor® and wB97XD was used to calculate
the interaction energy between the ECX sensor and F.** Both
the geometry optimization and interaction energy calculations
were performed using a 6-31G(d,p) basis set. B3LYP and
wB97XD are widely accepted functionals that can be used to
elucidate the structural properties and non-covalent interac-
tions between interacting molecules. To determine the best
interaction site between the interacting molecules, the inter-
action energies were calculated at various possible sites of
interaction. The basis set super position error (BSSE) was
employed to determine the interaction energy at different
possible interaction sites using the following equation:

Epn= E. — (E, + E5) + Epssg

where E. represents the energy of the complex ECX-F, E, is the
energy of the analyte (F~), E; corresponds to the energy of the
sensor, and BSSE corresponds to the basis set super position
error. Moreover, to elucidate the electronic properties of inter-
acting moieties, various types of analyses, including natural
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bond orbital (NBO), density of states (DOS), and frontier
molecular orbital (FMO), were carried out using Gaussian 09
software. NBO analysis evaluated the charge migration from
one interacting molecule to another. However, the formation of
a new energy level due to interaction of the two moieties (sensor
and analyte) was explored through DOS and FMO analysis.
Multiwfn and VMD software were used to analyze the type of
non-covalent interactions (NCIs), such as electrostatic, van der
Waals, and repulsive forces, between two interacting molecules
(sensor and analyte). NCI analysis was performed to get a 2D
reduced density gradient (RDG) plot and 3D isosurface of the
sensor and analyte complex.

Results and discussion
Aggregation-induced emission enhancement (AIEE) features

The addition of water in to organic molecules leads to the
formation of aggregates, which can eventually result in an
alteration of the photophysical properties of organic mole-
cules.”® To evaluate the impact of water on the photophysical
properties of the ECX sensor, 0-90% water was added into a 50
uM solution of the ECX sensor in DMF. The ECX sensor
exhibited weak emission in pure DMF, but upon the addition of
water the emission intensity of surprisingly increased along
with a shift in the wavelength from almost 360 nm to 373 nm,
which showed that the ECX sensor was AIEE active (Fig. 1a).
This shift in the wavelength was due to the formation of “J type
aggregates” resulting from the head to tail overlapping of the
molecules. Bathochromic shifts do not always mean “J-aggre-
gates” will form, but it may occur due to the solvent interaction.
In the case of solvent interaction, the shift in the wavelength is
comparatively smaller than the shift due to “J-aggregates”,
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Fig. 1 (a) Emission spectra of the ECX sensor (50 pM) upon increasing
fw from 0 to 90% (b) CIE chromaticity diagram for the water fractions
(c) emission spectra of the ECX sensor in various solvents and (d)
fluorescence emission of the ECX sensor with increasing the chloro-
form percentage.

RSC Adv, 2024, 14, 37993-38001 | 37995


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04844j

Open Access Article. Published on 28 November 2024. Downloaded on 2/9/2026 4:50:41 PM.

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

(cc)

RSC Advances

which was is typically less than 10 nm, though here a shift of
about 13 nm was observed. Furthermore, in the case of solvent
interaction, the shape of the peak usually remains broad and
does not change with increasing the concentration of the
solvent, but here the peak got sharper when increasing the
percentage of water, which evidenced the formation of “J-
aggregates”.**” The emission intensity of the ECX sensor
increased linearly along with a slight red-shift in the emission
wavelength upon the addition of up to 80% water, but then
declined with further increasing this to a 90% water fraction
(fw). In the CIE chromaticity diagram, black dots could be seen
in the purplish-blue region, showing the 0%, 30%, and 80%
water fractions at (0.151, 0.034), (0.143, 0.049), and (0.157,
0.025), respectively (Fig. 1b). DLS analysis was also performed
and demonstrated the particle size of the actual ECX sensor in
pure DMF with 0% water and also with 80% water, which evi-
denced the formation of aggregates with the increasing water
percentage. Specifically, the DLS results depicted that the size of
the ECX sensor increased from 231.2 nm in 0% f,, to 290.4 nm in
80% fi, (Fig. S11). The formation of aggregates in the presence of
water tended to restrict the intramolecular rotations in the ECX
sensor, which led to the opening of the radiative pathway and
hence enhanced fluorescence emission intensity was observed.
The three phenyl rings in the structure of the ECX sensor were
connected through single bonds, and were rotatable in the pure
DMF solution. However, rotation across these single bonds
became restricted by the addition of water, consequently
resulting in an enhancement of the emission intensity. More-
over, the structure of the ECX sensor became planarized with
the formation of aggregates, which is the plausible reason for its
enhanced emission. Specifically, the reduction in the emission
intensity of the ECX sensor from 80 to 90% of f, might be
a result of -7 stacking of the ECX sensor's molecules.

Solvatochromism

To investigate the photophysical properties of the ECX sensor,
emission studies were performed in various solvents with
different polarities. The emission behavior of the freely rotat-
able phenyl rings in the ECX sensor was explored in different
solvents. The ground state or excited state of a sensor can be
affected by the nature of the solvent, which tends to shift the
maximum emission wavelength of the sensor.*®*® Various
solvents, including hexane, tetrahydrofuran (THF), ethyl acetate
(EtOAc), N,N-dimethylformamide (DMF), and dimethyl sulf-
oxide (DMSO). were chosen to study the emission behavior of
the ECX sensor. For this purpose, a 50 uM solution of the ECX
sensor was prepared in 1000 pL of each solvent. The emission
spectra of the ECX sensor in all the selected solvents were ob-
tained at 305 nm excitation wavelength. Interestingly, the
maximum emission wavelength of the ECX sensor was shifted
from 346 nm for hexane, 358 nm for ethyl acetate, 361 nm for
THF, 373 nm for DMF, to 386 nm for DMSO. This red-shift of
40 nm in the emission maxima of the ECX sensor was due to the
change in polarity of the solvents from non-polar to polar
(Fig. 1c). The excited state of the ECX sensor's molecules pos-
sessing a greater dipole moment get stabilized by the
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interaction with solvents of varying polarity due to the dipoles of
the solvent molecules. As a result, the energy gap is reduced and
the emission spectrum is shifted to a longer wavelength,
thereby showing a bathochromic shift. In other words, polar
solvents stabilized the excited state of the ECX sensor, leading
to a reduced gap between the ground state and excited state,
which resulted in the emission of low energy photons at longer
wavelength. Furthermore, the impact of solvent polarity on the
fluorescence emission of the ECX sensor was investigated
through Lippert-Mataga plots of the polarizability of the solvent
(Af) and the Stokes shift (Fig. S2). A straight line in the Lippert-
Mataga plots between the Stokes shift and Af was obtained,
which demonstrated the emissive behavior of the ECX sensor in
different solvents. These results revealed that the ECX sensor
can be employed to distinguish different solvents based on
polarity. The ECX sensor demonstrated a substantial fluores-
cence emission and appropriate Stokes shift in DMF. Hence
DMF was selected as a suitable solvent for the further studies.

Chloroform sensing

The ECX sensor was also utilized to determine the percentage of
chloroform in DCM. In this perspective, a stock solution of the
sensor ECX was made in 10 mL DCM. Then, 50 uM of this stock
solution was titrated with 1-8% chloroform. The emission
intensity of the ECX sensor increased when increasing the
percentage of chloroform when it was radiated at the excitation
wavelength of 285 nm. The increase in the emission intensity of
the ECX sensor demonstrated that there might be a sort of
interaction present between the chloroform and ECX through
which the chloroform could be sensed. It was also observed that
the emission wavelength of the ECX sensor was shifted to the
blue region and a shoulder started appearing in the peaks with
the rise in chloroform percentage (Fig. 1d). As chloroform is
non-polar in nature compared to the DCM it destabilized the
excited state of the sensor molecule, resulting in the increased
energy gap and shift of the emission toward shorter wavelength,
that is, blue-shift. As the emission spectrum of the ECX sensor
showed a blue-shift, it verified there was an interaction of
chloroform with the ECX sensor. Furthermore, the less stabi-
lized excited electrons of the ECX sensor became de-excited
through the radiative pathway, which consequently enhanced
the emission intensity of the ECX sensor.®® To determine to
what extent ECX could detect the presence of chloroform in
DCM, a 2D Benesi-Hildebrand graph was generated. The
calculated value of LOD for chloroform was 0.2% v/v, as deter-
mined by the formula 34/S (Fig. S37).

Selective sensing of F~

To investigate the sensing capability of ECX for F~, titration
experiments were performed in a DMF : water (1:4, v/v) solu-
tion. Experiments were performed in the presence of different
anions, including F~, CH;COO, HSO, ,CN ", Cl ", S0,>7, Br,
I, ClO7, and NO; ™, varying concentrations from 0 to 50 pM and
the ECX sensor (50 uM) in DMF : water (1 : 4, v/v). The emission
intensity of the ECX sensor changed only when it was titrated
against F~, whereby a significant enhancement in the emission

© 2024 The Author(s). Published by the Royal Society of Chemistry
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intensity was noticed with increasing the concentration of F™.
The 3D Benesi-Hildebrand graph revealed that the ECX sensor
was highly selective toward F~, while all the other anions did
not show any significant change in emission intensity for the
ECX sensor (Fig. 2a).

Moreover, the binding efficiency of the sensor with F~ was
investigated through the fluorescence titration experiments by
varying the concentration of F~ from 0 to 50 uM, and it was
found that the fluorescence emission spectrum demonstrated
an enhancement in the fluorescence emission with highest
intensity at 373 nm (Fig. 2b). To elucidate the sensitivity of the
ECX sensor toward F~, a 2D Benesi-Hildebrand plot was ob-
tained of the relative emission intensity (I/I,,) of the ECX sensor
and the concentration of F~ (Fig. 2c), which allowed deter-
mining the association constant (K,) as 9.8 x 10*, verifying the
excellent sensitivity of the ECX sensor toward F~. Furthermore,
the limit of detection (LOD) of 20 nM was calculated from the
Benesi-Hildebrand plot using the formula 3¢/S, which was
lower than that of the previously reported fluoride sensors
(Table S1t). The calculated limit of quantification (LOQ) was
66.6 nM. Additionally, with the help of SEM analysis, the
morphological structure of the ECX-F~ complex was also
observed and appeared to be needle-like (Fig. 2d). Similarly,
DLS analysis showed that the size of the ECX increased from
290.4 nm to 320.1 nm after interaction with F~ (Fig. S47).

360 380 400 420 0 10 20 30 40 50

Wavelength (nm)

Fig. 2 (a) 3D Benesi—Hildebrand plot of the ECX sensor against
various anions (b) emission spectra of the ECX sensor after successive
additions of F~ (0-50 uM) (c) Benesi—Hildebrand plot of the ECX
sensor against F~ and (d) SEM image of the ECX-F~ complex.
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Plausible sensing mechanism

To explore the interaction in the ECX-F~ complex, NMR and
fluorescence titration experiments were conducted. In the 'H-
NMR spectrum, the peaks at 8.32-8.33 ppm and 7.20 ppm
were slightly shifted to 8.28-8.27 ppm and 7.19 ppm, respec-
tively (Fig. 3a). Similarly, a slight change in the peaks was seen
in the "C-NMR spectrum. The carbon peaks at 130.63, 136.00,
140.72, 149.86, and 152.75 were slightly shifted to 130.70,
135.99, 140.50, 149.69, and 152.63, respectively (Fig. 3b) which
showed the existence of non-covalent interactions between ECX
and F~. LC-MS titration experiments were performed for the
same reason and it was observed that other than the change in
retention time from 1.09 to 1.11, no significant change was seen
in the spectrum of ECX after the addition of 1 equivalent of F~.
In the subsequent solution containing ECX and F~ (1:1 equiv.),
ECX took a slightly longer time in the column, which led to an
increase in retention time (Fig. 3c). The maximum emission
wavelength (Ana) of the ECX sensor appeared at 373 nm.
Fluorescence titration experiments of the ECX sensor demon-
strated that the addition of F~ into the sensor neither induced
any red- nor blue-shift in Apax (Fig. 2b). The only noticeable
change was the increment in the emission intensity of the ECX
sensor, which revealed that the type of interaction between the
sensor ECX and F~ was purely non-covalent. Moreover, it was
inferred from the UV-Vis titration experiments that there was no
red- or blue-shift in the maximum absorption wavelength of the
ECX sensor after the additions of 10 uM and 30 puM fluoride, and
only the intensity changed (Fig. S51). The absorbance of the ECX
sensor lay in the range of 240-300 nm. These emission and
absorption titration experiments confirmed the presence of
non-covalent interactions between the ECX sensor and F .
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Fig. 3 (a) *H-NMR titration spectra, (b) ¥*C-NMR titration spectra, and
(c) LC-MS titration spectra of ECX and ECX-F~. (d) Representative
mechanism for etoricoxib (ECX) serving as a sensor for F~ ion and
chloroform detection.
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Furthermore, the continuous variance method was employed to
explicate the binding stoichiometry of the ECX sensor and F~.
In this perspective, equimolar solutions of ECX and F~ were
prepared. A Job's plot was developed of the relative emission
intensity with varying the mole fraction of F~. The emission
intensity of the ECX sensor was analyzed by increasing the mole
fractions of F~ from 0 to 1.0 equivalent, during which the overall
concentration of 100 uM was kept constant. The highest relative
emission intensity was obtained at a 0.5 mole fraction of F~,
which indicated the binding stoichiometry to be 1: 1 (Fig. S61).
The Job's plot elucidated that one molecule of ECX interacted
with a single F~ ion. The remarkable selectivity and excellent
sensitivity of the ECX sensor toward F~ compelled us to explore
its feasible detection mechanism to explain the cause of the
enhanced fluorescence emission intensity of the ECX sensor
upon interaction with F~. ECX showed significant fluorescence
emission due to electron delocalization throughout the system.
Electronic charge resonated from the 7 electrons of two oxygen
atoms to sulfur and between the phenyl ring system, which
resulted in the ECX sensor's excellent emission. F~ is a strong
nucleophile so it interacts with the sulfur as the electrophilic
site in the ECX sensor, resulting in enhanced electronic delo-
calization due to which the fluorescence emission intensity
increased. Furthermore, the small size of the F~ ion allowed it
to easily penetrate the cavity of the ECX sensor and become
attached to sulfur. The other electronegative ions, such as Cl~,
Br~, and I, were not detected due to their large size. The
interaction of F~ with the ECX sensor was electrostatic in
nature, for which further evidence was provided through the
DFT calculations. The 2D and 3D NCI analyses confirmed the
presence of van der Waals interaction between the ECX sensor
and F~°"** (Fig. 3d).

Influence of interferences in fluoride sensing

It is important for a sensor to retain its selectivity and sensitivity
toward the selected analyte in the presence of other competing
analytes and in varying environmental conditions. Here, we
studied the fluorescence emission of the ECX sensor for better
understanding its sensing behavior toward fluoride ions in the
presence of several available metal ions and neutral compounds
(100 uM). These compounds included Al**, Ca**, Cu®', Fe*,
Fe**, K, Li, Mg®", Na*, Ni**, Zn>*, H,0,, caffeic acid, citric acid,
fructose, glucose, gallic acid, and glutamic acid. The experi-
mental results suggested that the sensing behavior of the ECX
sensor toward fluoride was the same in the presence and
absence of interfering analytes (Fig. S7t). Moreover, the stability
of the sensor was tested in a varying range of pH from pH 6-9
(Fig. S87). The results showed that the ECX sensor could effi-
ciently detect fluoride ions at different pH, suggesting the
potential of sensor to be used for on-site applications under
harsh conditions. For the same reason, the effect of tempera-
ture on the ECX sensing performance was tested. A solution of
the ECX sensor (50 pM) was prepared in DMF : water (1: 4, v/v)
with 50 uM fluoride in it, and its emission intensity was recor-
ded after heating it to 20-80 °C. The recorded emission results
suggested that the detection of fluoride by the sensor was the
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same even at different temperatures (Fig. S91). Furthermore, the
photostability of a sensor is important for practical application.
To test the photostability, a solution of 50 uM sensor and 50 pM
fluoride was subjected to irradiation for different time periods.
According to the obtained emission results, the ECX sensor
showed good photostability and there was no change in its
sensing ability for fluoride (Fig. S10%). After the photostability,
the response time of a sensor is always a crucial parameter.
Therefore, experiments were conducted with solutions of the
ECX sensor and F~ to study the emission intensity at 20-80 s
time intervals. Sensor ECX displayed an unchanged emission
behavior with a very low response time (Fig. S117).

Density functional theory studies

Thermodynamic stability and molecular orbital analysis. To
illustrate the thermodynamic stabilities of the ECX sensor and
F~, the interaction energies at different possible sites were
calculated. Geometry optimization was performed before
calculating the interaction energies to get the lowest stable
ground state. Specifically, the interaction energies were calcu-
lated at two different interaction sites I and II. The maximum
interaction energy of ECX with F~ was at site I, which was
calculated as —59.95 k] mol™" (Fig. S121). The most stable
interaction site was chosen based on the interaction energy
values. Sites that exhibit the maximum value of interaction
energy correspond to higher stability. The electronic properties
of the ECX sensor and ECX-F~ complex were studied through
FMO and DOS analysis. These electronic properties demon-
strated the sensitivity of the ECX sensor toward F~. The HOMO-
LUMO energy values and HUMO-LUMO energy gap of the ECX
sensor and ECX-F~ complex were also calculated. The reduction
in the HOMO-LUMO gap demonstrated excellent sensitivity,
while an increase in this gap indicated the resistance among the
interacting moieties. The nucleophilic F~ ion interacted with
the electrophilic site of the ECX sensor and the HOMO-LUMO
energy band gap was reduced to 0.56 eV from 4.58 eV. Before the
interaction, the HOMO-LUMO energy levels of the ECX sensor
were at —6.46 and —1.82 eV, and were shifted to —0.71 and
1.25 eV after interaction with F~. Furthermore, the DOS spectra
clearly showed the HOMO-LUMO gap reduction, which indi-
cated the sensor's excellent sensitivity toward F~ (Fig. 4a and b).

Reduce dentistry gradient and natural bond orbital aspects.
For understanding the type of non-covalent interaction present
between the ECX sensor and F~, NCI analysis was performed.
These non-covalent interactions involve van der Waals interac-
tions, hydrogen bonding, and steric repulsive forces. To
demonstrate such interactions between the ECX sensor and F,
2D and 3D NCI graphs were developed. The green dotted lines
in the 2D RDG plot indicate the presence of van der Waals
interaction between the sulfur of the ECX sensor and F~, while
the red dotted lines depict the repulsions between these two
interacting species (Fig. 4c).

Likewise, the 3D isosurface of the ECX-F~ complex also
showed a green patch between ECX and F~ which indicates the
van der Waals interaction, while the red contour between the
ECX and F~ represents the repulsion between these interacting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Frontier molecular orbital analysis (FMO) and density of
states (DOS) spectra of the ECX sensor and (b) ECX-F~ complex (c) 2D
RDG plot and (d) 3D isosurface of the non-covalent interactions (NCI)
in the ECX-F~ complex.

species (Fig. 4d). To examine the transfer of electron density
and hyper-conjugative interactions between the interacting
species ECX and F~, NBO analysis was carried out. To determine
the charge transfer, NBO analysis was performed on wB97XD/6-
31G(d,p) functional. The observed charge transfer from F~ to
ECX during the interaction was —0.1512 e ™.

Practical applications

Detection of moisture in raw building materials. Construc-
tion failure is often related to the presence of moisture in the
raw building materials. Thus, having a sensor that can detect
moisture in building materials is highly desired. For this
reason, cement, sand, and fly ash samples (1 g) were collected
from construction sites. These samples were soaked with dry
DMF solvent, and after filtration, the moisture content was
removed with the DMF, leaving behind dry raw materials.
Furthermore, some samples were dried in an oven at 90 °C,
which led to a 5% decrease in weight of the raw materials,
confirming the presence of moisture before drying. Later, these
samples were spiked with 2-10% water. The relative fluores-
cence emission was observed for the water-absorbed DMF,
oven-dried, and water-spiked samples containing the ECX
sensor (50 uM), and the spectra showed the highest percentage
of water content was in the fly ash (Fig. S13t). With 97.1%
recovery results in the fly ash samples, the ECX sensor
demonstrated its potential as a suitable sensor for the detection
of moisture in raw building materials (Table S2+).

Detection of fluoride in toothpaste and water samples. From
the previously performed anti-interference experiments, a good
response by the ECX sensor was seen toward fluoride ions,
which led us to investigate the sensing potential of the ECX
sensor in real samples. Considering the widespread use of
fluoride in toothpaste, two types of toothpaste were selected,
one that contains a high concentration of fluoride (Sensodyne

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

1450 ppm) as Sample A and another with a lower amount of
fluoride (Colgate Max fresh 1100 ppm) As Sample B. First,
1000 mg of each toothpaste was added to a 100 mL water
solution and subjected to centrifugation after being soaked for
12 h at room temperature, which led to the deposition of fluo-
ride in the water. The obtained supernatant was filtered and 10-
50 uL of each solution was added to a 50 uM solution of ECX in
DMF : water (1: 4, v/v). The prepared solutions were scanned to
the study fluorescence emission. An enhanced fluorescence
emission was noted in Sample A compared to Sample B,
showing the presence of a higher quantity of fluoride in the
sample (Fig. S14at). With 98% recovery, the probe could effi-
ciently detect fluoride in toothpaste (Table S2t). Moreover,
experiments were performed to investigate the detection of
fluoride in water samples. For this purpose, water samples were
spiked with 0 pM to 50 puM fluoride and the fluorescence
emission spectra were recorded for the water samples with the
spiked concentration of the ECX sensor (50 puM). Enhanced
emission was seen in the case of the fluoride-spiked samples,
demonstrating the efficient detection of fluoride by the ECX
sensor (Fig. S14bt), showing that it is suitable for use as
a fluoride sensor for real samples.

Conclusion

Etoricoxib (ECX), having heteroatoms and w-conjugation,
exhibited remarkable photophysical properties as studied
through fluorescence and UV-Vis spectroscopy. ECX showed
a maximum fluorescence emission at 373 nm wavelength for
the fluorescence spectra recorded with increasing water frac-
tions. The emission intensity was enhanced significantly with
increasing water fractions, which was a result of the
aggregation-induced emission enhancement (AIEE) character-
istic of ECX. An emission enhancement was seen with up to
80% water; however, notable quenching was observed with 90%
water, which might be a result of - stacking. ECX was opti-
mized in DMF:water (1:4, v/v) for all the experiments.
Considering the structure and photophysical properties of ECX,
it was studied as a sensor for analytes, and it successfully
detected fluoride ions with a 20 nM limit of detection.
Furthermore, chloroform was further detected by ECX down to
0.2% v/v. When ECX was titrated against several competing
analytes, no noticeable change was seen for any analyte and
a significant enhancement in emission intensity of the sensor
was seen only for fluoride which showed that the sensor was
highly selective and sensitive toward fluoride, as further sup-
ported through the SEM and DLS analyses. Also, this sensing of
fluoride remained unaffected in the presence of possible
interfering species, as investigated through fluorescence titra-
tion experiments, indicating the high selectivity and sensitivity
of the ECX sensor. Also, the sensor remained stable within a pH
range of 6-9 and different temperatures from 20 to 80 °C, which
had no prominent effect on its sensing potential for fluoride.
When the emission of the sensor with fluoride was studied after
exposure to high energy radiation, the sensor exhibited high
stability, indicating that it was free from the photobleaching
effect. Moreover, through studies of the behavior of the sensor
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against fluoride at different time intervals from 20 to 80
seconds, it was concluded that the activity of the sensor was not
dependent on time. DFT provided further evidence for the
existence of non-covalent interactions between the ECX sensor
and fluoride. Thermodynamic stability studies showed
—59.95 k] mol ! interaction energy at site I of the sensor and
fluoride. Through frontier molecular orbital (FMO) analysis
along with density of state (DOS) analysis, a reduction of the
HOMO-LUMO energy gap was seen from 4.58 eV to 0.56 eV.
Furthermore, the presence of van der Waals forces was further
confirmed through non-covalent interaction (NCI) analysis and
a charge transfer of —0.1512 e™ from the fluoride to sensor was
calculated through natural bond orbital (NBO) analysis.
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