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ABSTRACT

We report the design and synthesis of a TT-conjugated electron—rich molecular system bearing
silyl-protected phenolic units and flexible oxyethylene linkers, engineered for selective fluoride
sensing in semi-aqueous environments. The probe operates via a fluoride-triggered
desilylation mechanism, via fluoride-triggered desilylation. This transformation induces a
distinct bathochromic shift in absorption and a ratiometric fluorescence response,
accompanied by aggregation-assisted stabilization of a low-energy emissive state in the
presence of weakly coordinating counter-ions. Spectroscopic and DFT studies support the
sensing mechanism. The probe exhibits high selectivity for fluoride over competing anions,
with sensitivity strongly governed by solvent composition and pH. Importantly, the system
enables quantitative fluoride detection in real water samples and functions in a portable paper-
strip format. Under basic conditions, it further detects diisopropyl fluorophosphate through in
situ fluoride release, highlighting a dual-use platform for environmental monitoring and
chemical defense applications.

KEYWORDS: Silylated OPV derivatives; Fluoride sensing; Counter ion-directed assembly;
Nerve gas stimulants; On-location detection

HIGHLIGHTS

Water-soluble Oligo (p-phenylene vinylene) (OPV) fluoride probe
Desilylation-driven change in ICT state and self-assembly behavior
Multi-parametric analysis of Nerve gas agents in aqueous medium
Screening of Real water sample and paper strip-based detection system

INTRODUCTION

Oligo (p-phenylene vinylene) (OPV)-based systems have garnered widespread attention in
advanced optical sensing because their extended Ttr-conjugated backbones intrinsically
amplify electronic and photophysical responses to external perturbations.! The delocalized -
electron framework facilitates efficient long-range intramolecular charge transfer (ICT), as
reflected in large molar extinction coefficients and pronounced analyte-induced spectral shifts.
Consequently, even subtle chemical transformations or binding events at terminal recognition
sites can propagate through the entire conjugated scaffold, producing substantial changes in
absorption and emission outputs, a phenomenon often referred to as molecular-derivative-
assisted signal amplification.? OPVs further exhibit superior photostability, as delocalization of
excited-state energy suppresses photo-oxidative degradation and photobleaching pathways
commonly encountered in small, localized fluorophores.® Their modular architecture allows
precise tuning of conjugation length, donor strength, and side-chain polarity, enabling
controlled modulation of HOMO-LUMO gaps, excited-state lifetimes, and radiative versus
non-radiative decay processes. In addition, OPV scaffolds readily undergo controlled self-
assembly via TT—1 stacking and van der Waals interactions, facilitating aggregation-assisted
sensing and access to low-energy emissive states with enhanced sensitivity.* ® These
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collective attributes establish OPV-based probes as robust, highly sensitive, and enyirgnient: e oo

tolerant platforms for optical sensing in complex media.®

Considering these advantages, herein we employ a highly conjugated silyl-protected OPV
derivative as an efficient fluoride-responsive optical probe (Figure 1a). Broadly, the current
fluoride sensing relies on mechanisms based on interaction (hydrogen bonding), reaction
(desilylation or cleavage), and demetallation” 8. The high flexibility in designing the probe with
silyl groups and the widely explored desilylation mechanism offer high selectivity and a strong
driving force. The sensing mechanism is governed by fluoride-induced desilylation, which
triggers a pronounced modulation of the intramolecular charge transfer (ICT) characteristics
of the OPV backbone.” % 1° Upon fluoride-induced desilylation, the electronic structure
undergoes a marked transformation. Formation of phenoxide (O~) groups significantly
increases the electron-donating strength of the terminal units, effectively converting the
molecule into a highly polarized donor—tmr—donor~ (D—11—D~) system. This induces an internal
push—pull electronic effect even in the absence of a conventional acceptor, resulting in
pronounced intramolecular polarization. Notably, for the first time, we systematically elucidate
the critical role of counter ions in fluoride sensing, demonstrating how organic and inorganic
fluoride sources can be distinctly differentiated through counter-ion-regulated self-assembly
behavior. While fluoride delivered via tetrabutylammonium fluoride (TBAF) promotes loose ion
pairing and aggregation of the desilylated phenoxide species, leading to stabilized low-energy
emissive states, fluoride from potassium fluoride (KF) forms tight contact ion pairs that
suppress supramolecular assembly and limit ICT stabilization. This counter-ion-dependent
aggregation mechanism provides a unique and previously unexplored dimension in OPV-
based fluoride sensing, enabling discrimination between organic and inorganic fluoride
sources beyond conventional intensity-based detection.
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Figure 1. (a) Structure of the compound involved in the present study. (b) Chromogenic
response of compound 1 towards DFP via chemodosimetric interaction.

On the other hand, detection of diisopropyl fluorophosphate (DFP) and related nerve agents
is of paramount importance owing to their extreme neurotoxicity, rapid onset of action, and
persistent threat in both military and civilian contexts.'-'®* DFP is widely employed as a
simulant for G-series nerve agents because it shares a common P-F bond and
acetylcholinesterase inhibition pathway, making it highly relevant for chemical defense
research and sensor development (Figure 1b)."* However, reliable sensing of DFP remains
particularly challenging due to its relatively low intrinsic reactivity, slow hydrolysis kinetics
under neutral conditions, and lack of strong spectroscopically active functional groups.'®
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Consequently, the number of reported sensors for DFP is significantly lower than for ather:s o
organophosphates such as diethyl chlorophosphate (DCP) and diethyl cyanophosphonate
(DCNP), which contain more labile P-CI or P-CN bonds and readily undergo nucleophilic
substitution, enabling direct interaction with nucleophilic or hydrogen-bonding probes.'® In
contrast, DFP requires either enzymatic activation or base-catalyzed hydrolysis to release
fluoride ions, limiting the applicability of conventional reaction-based sensing strategies.'” In
the present work, we address this challenge by exploiting a fluoride-responsive, silyl-protected
OPV scaffold and intentionally operating under mildly basic conditions to promote controlled
hydrolysis of DFP. The in situ—generated fluoride ions trigger desilylation, leading to
quantifiable and time-resolved optical changes, thereby enabling both detection and
quantification of DFP through an indirect yet highly selective fluoride-mediated signaling
pathway.7 18. 19

RESULTS AND DISCUSSION

Design and synthesis of probe molecule: Compound 1 was conveniently prepared via a
stepwise etherification and silylation sequence, ensuring high solubility, chemical stability, and
modular functionality. The molecule features a donor-enriched T-conjugated scaffold
symmetrically functionalized with tert-butyldimethylsilyl (TBDMS)-protected phenolic groups
(latent donors) and triethylene glycol (TEG)-substituted alkoxy units that contribute electron
density via a +M effect. Within this framework, the central OPV backbone is comparatively
electron-deficient and behaves as a weak acceptor due to conjugation with these multiple
donor groups, rather than from any intrinsic electron-withdrawing character. The central
chromophoric backbone incorporates an electron-deficient core flanked by extended -
systems containing alkoxy linkers, which facilitate a weak intramolecular charge transfer (ICT)
upon electronic excitation. The inclusion of flexible triethylene glycol (TEG) linkers enhances
solvation and dispersibility in mixed organic—aqueous media, a critical factor for maintaining
sensor performance under semi-aqueous conditions.?° Structurally, the TBDMS groups act as
both the reactive fluoride-responsive sites and hydrophobic barriers, balancing reactivity and
stability in complex media.?! This rational molecular architecture thus enables compound 1 to
detect not only direct fluoride sources (e.g., TBAF or KF) but also fluoride generated in situ
from the hydrolysis of organophosphorus nerve-agent simulants such as DFP, making it a
powerful, dual-function probe for environmental fluoride monitoring and chemical defense
applications.?? 23
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Detection of fluoride ions in solution phase: Considering the presence of an anion-
responsive terminal functional group, we initially investigated the interaction of compound 1
with various anions in an aqueous medium (pH 7.5 buffer). Upon addition of different anions
(~2 mM), including fluoride, no noticeable change in either visible color or fluorescence
emission was observed, even after prolonged incubation (>1 h). The UV-visible spectra of
compound 1 recorded in the presence of these anions showed only negligible spectral
perturbations (Figure S2a). Notably, in the case of fluoride ions, a very weak and broad
charge-transfer band appeared at longer wavelengths (>450 nm), indicating a marginal
interaction between fluoride and the probe under purely aqueous conditions. Similarly,
fluorescence spectra recorded under identical conditions revealed that among all the tested
anions, only fluoride induced a modest quenching of fluorescence intensity (~1.2-fold), while
other anions produced essentially no response (Figure S2b). These results suggest that
compound 1 is capable of selectively recognizing fluoride ions even in water; however, the
extremely weak optical responses render the system unsuitable for reliable quantitative
analysis in a purely aqueous medium.
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We attributed this poor sensing performance primarily to the pronounced self-aggregation: of s 5ox

compound 1 in water.?* This hypothesis was further supported by solvent-dependent UV-
visible and fluorescence studies. In organic solvents, UV-visible spectra of compound 1
showed absorption maxima ~342 nm, while in water, a rather broad spectrum was witnessed
with maxima slightly red-shifted (~350 nm) (Figure S3a). Similarly, compound 1 exhibited
strong fluorescence with two well-resolved emission bands at 442 and 465 nm, characteristic
of monomeric emissive species in organic medium (Figure S3b). In contrast, when recorded
in water, the fluorescence intensity decreased substantially, and the emission spectrum
became broad with two red-shifted maxima at 455 and 475 nm. Such spectral broadening and
red shift (in both absorption and fluorescence modes) are indicative of aggregation-induced
excited-state interactions, which likely suppress effective analyte binding and signal
transduction.?5 26 The self-assembly of compound 1 in the agueous medium was also evident
from DLS studies, where formation of colloidal particles with average hydrodynamic diameters
~150 + 8 nm (Figure S4). Therefore, to minimize aggregation effects while maintaining
sufficient fluoride reactivity, we selected organic—water mixed solvent systems for subsequent
anion-sensing investigations. This approach allowed better control over probe dispersion,
fluoride availability, and photophysical responsiveness, ultimately enabling more pronounced
and quantifiable optical changes upon fluoride interaction.
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Figure 2. (a) UV-visible titration of compound 1 (10 yM) with TBAF (0 — 1 mM) in DMF-H20
(9:1, pH 7.5 buffer) medium. (b) Fluorescence titration of compound 1 (10 uM, Aex = 390 nm)
with TBAF (0 — 1 mM) in DMF-H20 (9:1, pH 7.5 buffer) medium. (¢) Changes in fluorescence
intensity of compound 1 (10 uM, Aex = 390 nm) at 550 nm upon addition of various anions (1
mM) in DMF-H20 (9:1, pH 7.5 buffer) medium. (d) Fluorescence spectra of compound 1 (10
MM, Aex = 390 nm) with TBAF and KF (1 mM) in DMF-H2O (9:1, pH 7.5 buffer) medium.

The absorption spectrum of compound 1 showed the presence of two bands at ~330 nm (due
to a T—1r* transition) and ~392 nm (due to intramolecular charge transfer) respectively in a
DMF-H,O (9:1) mixture medium (Figure 2a).2”- 2 The addition of TBAF resulted in a red shift
in absorption maxima to 415 nm with a broad charge-transfer absorption at the longer
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wavelength region (450-530 nm), attributing to fluoride-triggered desilylation and sybsequgnt: ;s
generation of a strongly electron-donating phenoxide moiety, which enhances the ICT
character of the molecule.?® This electronic reorganization resulted in a visible solution color
change from light green to dark yellow. UV-visible titration studies showed a concentration-
dependent gradual increase in absorbance at the 470 nm region (~2.2-fold) with concomitant
diminution at the 392 nm band. The presence of isosbestic points at 337 and 408 nm indicated
a clean one-to-one equilibrium between the native probe and the desilylated adduct, without
involvement of intermediate species. Also, when the changes in absorbance at 460 and 392
nm bands were plotted against the concentrations of added fluoride ion, we witnessed a linear
ratiometric regression with a good corelation coefficient (> 0.99) (Figure S5a). On the other
hand, photoexcitation of compound 1 led to blue fluorescence with a vibronic emission
spectrum.3® Sharp bands observed at 442 nm and 467 nm, respectively, indicated the
presence of monomeric emissive species in solution (Figure 2b). When the solution was
exposed to TBAF, the intensity of the 442 nm band gradually decreased (~30-fold) with
increasing analyte concentration, accompanied by the formation of a new red-shifted broad
emission band centered at ~547 nm. Here also, we observed a ratiometric changes in
emission response with respect of the concentration of added F ions (Figure S5b). This
emission behavior can be attributed to the formation of a highly polarized ICT excited state
associated with the desilylated phenoxide, which is further stabilized through intermolecular
association and aggregation in the presence of the bulky tetrabutylammonium (TBA*) counter-
ion. The weakly coordinating and hydrophobic nature of TBA* facilitates loose ion pairing,
allowing the phenoxide species to engage in 11— interactions and aggregate, thereby
stabilizing the low-energy emissive state.3' Consequently, the fluorescence color of the
solution changed from blue to yellowish-orange. An isoemissive point at ~525 nm further
supports the interconversion between two emissive species. To examine the specificity of the
probe molecule toward the fluoride ion (TBAF), we also investigated the fluorescence
response of compound 1 toward other commonly encountered anions (Figure 2c). No other
tested anions, including basic ones such as CN~, H,PO,~, and AcO~, showed any substantial
change in the fluorescence spectra, and the blue fluorescence remained essentially
unchanged. This observation highlights the requirement of a strong Si—F bond formation to
initiate the sensing process. Considering the 1:2 interaction stoichiometry with compound 1,
the binding constant with TBAF was calculated as 10.8 £ 0.04 (log K). The fluorescence
titration studies also signified that the present system could detect fluoride ion as low as 0.621
MM from fluorimetric analysis. Interestingly, when compound 1 was treated with an equivalent
amount of KF, only partial quenching of fluorescence intensity (~9.7-fold) was observed, which
was significantly weaker than that induced by TBAF (Figure 2d). Notably, no new red-shifted
emission band was detected even in the presence of excess KF. This contrasting behavior
can be rationalized by the strong ion-pairing interaction between the phenoxide anion and the
small, hard K* cation, which suppresses aggregation and limits excited-state ICT stabilization,
thereby preventing the formation of the low-energy emissive species observed in the presence
of TBAF.
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Effect of microenvironment on fluoride ion-induced desilylation reaction: Further, we
explored the effect of water content as well as pH of the medium on the extent of fluoride
sensing. As the percentage of water (v/v) in the mixture medium was gradually increased from
0 to 100%, the degree of optical change induced by F~ ions decreased significantly (Figure
3a). This observation indicates that the sensing efficiency of compound 1 is strongly
dependent on the polarity and solvation environment of the medium. In highly aqueous
systems, fluoride ions experience extensive hydration, forming tightly bound solvation shells
through strong hydrogen bonding interactions with water molecules.?? The hydration energy
of F~ (-505 kd-mol™) is among the highest of all common anions, making the ion heavily
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solvated and less available for nucleophilic attack on the Si-O bond of compounds; IR

Consequently, in water-rich environments, the effective concentration of “free” or reactive
fluoride decreases sharply, leading to reduced desilylation and a diminished spectral
response. In contrast, in mixed organic—aqueous media such as DMF-H,O (9:1, v/v), partial
desolvation of fluoride occurs due to the lower dielectric constant and reduced hydrogen-
bonding capacity of DMF. This partial desolvation enhances the nucleophilicity of F~,
facilitating its interaction with the silyl ether moiety of compound 1 and resulting in pronounced
optical changes. In addition to solvent composition, the pH of the aqueous fragment in the
DMF-H,O mixture (with overall water content fixed at 10%, v/v) was also found to play a
crucial role in dictating the extent of the response. A clear increase in absorbance at the
characteristic charge-transfer band was observed under more basic conditions (Figure 3b).
This pH dependence arises from the equilibrium between HF and F~ species in solution, where
higher pH favors the deprotonated, nucleophilic fluoride form.3* At lower pH, fluoride ions are
protonated to form HF, which is far less reactive toward silicon centers and thus unable to
induce desilylation. The enhanced response observed at higher pH therefore confirms that the
sensing process relies on the availability of free F~ ions capable of attacking the silyl group.

(a) 1.0 (b) 0.025
£
S 0.8 £ 0-02OW
c
5 10 0015+
Lfo 0.6 100 % E 0.010- /'"-0 o
T 0.4 My i) < 0.005- x/‘+ G
0%
T T T T 0.000
00 02 04 06 08 10 4 5 6 7 8 9 10
(c) Conc. of TBAF added (mM) pH of the medium
10000+
(d) 0.12-
2 " |
€ 10004 — 1
S 1+TBAF @ i
Q j 2 L8 — 1+TBAF
9 1004 ¥ 3 —2
5 ;; < 0.06-
2 10 e . O
o 2 B <C 0.03+
® ST
1 -t T T T A | 0.00 T T T T
10 20 30 40 300 350 400 450 500 550 600
Time (ns) Wavelength (nm)

Figure 3. (a) Changes in fluorescence intensity of compound 1 (10 uM, Aex = 390 nm) at 442
nm upon addition of TBAF (1 mM) in different DMF-H20 medium (pH 7.5). (b) Changes in
absorbance of compound 1 (10 yM) at 475 nm upon addition of TBAF (1 mM) in DMF-H20
(9:1) at different pH conditions. (c) Changes in FL lifetime of compound 1 (10 uyM, Aex = 390
nm) at 550 nm with TBAF (1 mM) in DMF-H20 (9:1, pH 7.5 buffer) medium. (d) UV-visible
spectra of compound 1 (10 uM, Aex = 390 nm) with TBAF (1 mM) and compound 2 (desilylated
product) in DMF-H20 (9:1, pH 7.5 buffer) medium.

Fluoride ion-induced modulation in charge transfer properties: Time-resolved
fluorescence decay profiles recorded at the longer-emission wavelength revealed a marked
decrease in the average lifetime of compound 1 upon addition of TBAF, compared to the native
probe (Figure 3c). The faster decay in the presence of fluoride indicated the involvement of
additional non-radiative deactivation pathways, consistent with fluoride-induced desilylation
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and subsequent excited-state interactions. This lifetime shortening supported the formatiom:of s 5ox
a highly polarized ICT state, which undergoes more rapid excited-state relaxation than the
monomeric emissive species of compound 1. The FMO distributions indicate predominantly
delocalized orbitals in the native state, corresponding to weak ICT, while desilylation induces
electronic polarization rather than complete spatial separation, leading to an enhanced ICT
character (Figure 4a). For the native compound 1, the HOMO was mainly localized over the
conjugated aromatic backbone, while the LUMO was distributed over the comparatively
electron-deficient core, indicating a weak intramolecular charge transfer (ICT) character upon
excitation. In contrast, for the desilylated product, the HOMO orbitals were found to be
significantly localized on the phenoxide-containing donor segment, reflecting the enhanced
electron-donating ability after Si—O bond cleavage, whereas the LUMO remained delocalized
over the 11-conjugated backbone (Table S2). The largely delocalized HOMO and LUMO with
minor spatial differentiation indicate weak ICT behavior. However, fluoride-induced desilylated
phenoxide species improved orbital loclaization and enhanced electronic asymmetry,
accompanied by a prominent increase in the dipole moment (2.1 D to 5.78 D), leading to partial
ICT character, which is consistent with the observed red-shifted absorption and emission
changes (Figure S9).

Fluoride ion-induced modulation in aggregation properties: Dynamic light scattering
(DLS) measurements were performed to understand the aggregation behavior of compound
1 before and after exposure to TBAF (Figure 4b). In the absence of any fluoride source,
compound 1 predominantly existed as monomeric or weakly associated species in solution,
exhibiting a relatively small hydrodynamic diameter of 24.3 £ 3.5 nm, consistent with dispersed
molecular entities in the DMF-H,O (9:1) medium. Upon addition of TBAF, a pronounced
increase in hydrodynamic diameter to 295.7 £ 12.8 nm was observed, clearly indicating the
formation of larger supramolecular aggregates. This size expansion can be attributed to
fluoride-triggered desilylation, which could generate a phenoxide anion with enhanced
electron-donating character. The resulting anionic species, in the presence of the bulky and
weakly coordinating tetrabutylammonium (TBA™*) counter-ion, undergoes loose ion pairing,
enabling effective T—1t stacking and intermolecular association. Such interactions promote the
growth of extended aggregates rather than remaining as discrete molecular units. The
aggregation behavior inferred from DLS is in good agreement with the photophysical
observations, particularly the emergence of a red-shifted absorption band and a new low-
energy emission band, which are characteristic of J-type aggregated states stabilized by
enhanced ICT interactions. Further insight into the morphological evolution was obtained from
field-emission scanning electron microscopy (FESEM). The FESEM images of pristine
compound 1 showed relatively disordered and loosely packed morphologies (Figure 6a). In
contrast, the TBAF-treated sample exhibited densely packed fibrous architectures, indicative
of organized supramolecular self-assembly. The formation of such extended structures
corroborates the DLS results and confirms that fluoride-induced desilylation not only
modulates the electronic structure but also drives aggregation-assisted nanoscale
reorganization.

Mechanistic insights into fluoride ion-induced desilylation reaction: The FT-IR spectra
of compound 1 with and without TBAF revealed distinct and diagnostically meaningful
changes. Compound 1 displayed characteristic absorptions attributable to the silyl protecting
group, particularly prominent bands in the Si-O/Si—C stretching region (~1000-1150 cm™),
along with associated alkyl vibrations (Figure 4c).3%> Upon interaction with TBAF, these bands
were markedly attenuated or completely absent, accompanied by the appearance of a broad
O—H stretching band in the 3200-3600 cm™ region and noticeable intensity redistribution
within the fingerprint region. These spectral transformations unequivocally indicated fluoride-
induced desilylation reaction. Further, the '"H-NMR spectra of compound 1 was recorded in
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DMSO-de/D20 (9:1) medium upon addition of both KF and TBAF (2 equiv.), respective
(Figure 5). The addition of fluoride showed shifting of peaks associated with tetra butyl silyl
either functional group to the upfield region. Also, a new broad NMR peak was observed at
~5.6 ppm, indicating the presence of a hydroxyl functional group (Figure S6). While the overall
spectral framework remains similar, distinct changes in peak positions, intensities, and
broadening patterns are evident upon treatment with fluoride sources, particularly in the
presence of TBAF. Compared to the parent compound, the spectrum recorded after the
addition of TBAF exhibits pronounced peak broadening as well as intensity redistribution,
whereas the spectrum obtained with KF shows comparatively minor perturbations. Also, the
peaks that belong to terminal phenyl rings experienced upfield shifts upon analyte addition.
These spectral differences can be rationalized by considering fluoride-induced desilylation and
counter-ion—dependent ion-pairing and aggregation effects. Upon addition of TBAF, fluoride
efficiently cleaves the silyl protecting group due to strong Si—F bond formation, generating a
phenoxide anion. The bulky and weakly coordinating TBA* counter-ion forms loose ion pairs
with the phenoxide species, allowing the anionic chromophores to interact freely through -t
stacking and intermolecular association.
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Figure 4. (a) Energy minimized structures of compound 1 and its corresponding desilylated
products with FMO analysis (Energy gaps in a.u.). (b) Determination of average hydrodynamic
diameters of compound 1 with and without TBAF in DMF-D20 (9:1) mixture. (c) FT-IR spectra
of compound 1 with and without TBAF.

Such aggregation and dynamic exchange processes result in peak broadening and changes
in relative intensities, consistent with restricted molecular motion and multiple
microenvironments in solution. These aggregation-induced effects are in line with the
pronounced red-shifted absorption and new low-energy emission band observed in the
photophysical studies. In contrast, when KF is used as the fluoride source, desilylation is
significantly less efficient in the organic-rich solvent medium. Moreover, the smaller and harder
K* cation forms tight contact ion pairs with the phenoxide oxygen, effectively stabilizing
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discrete molecular species and suppressing intermolecular association.®® As a resylt,, e
spectrum of the KF-treated sample shows only limited changes, primarily reflected as reduced
intensity or minor shifts, without extensive broadening or formation of new spectral features.
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Figure 5. Partial '"H-NMR spectra of 1 (5 mM) with KF and TBAF (2 equiv.) in DMSO-de/D20
(9:1) medium. [inset shows the structure of compound 1 along with the concerned protons]

Further, to confirm the formation of the desilylated product in the reaction medium, we also
compared the UV-visible spectrum of compound 1 (upon treatment with TBAF) with that of
compound 2 containing terminal hydroxyl groups (Figure 3d). The hydroxyl functional group
of compound 2 showed red-shifted absorption maxima as observed with compound 1, while
treated with TBAF. This also confirms the TBAF-triggered desilylation in the reaction medium.
The ESI-MS mass spectrum of 1 upon treatment with TBAF, showed a new base peak in
additional to the original molecular ion peak (Figure S7). The newly appeared peak at 661.3
(m/z) could be assigned to the hydroxyl-ended desilylated product, formed during the
nucleophilic attack by F ions. Further, to prove the nature of the fluoride interaction, we
treated the solution of compound 1 + F with an equimolar amount of Ca2?* ions (Figure S8).
The UV-visible spectral analysis of the mixture indicated that the addition of Ca?* could not
retrieve the absorption spectrum of the native compound, which indicated that the
chemodosimetric interaction between compound 1 and TBAF was irreversible in nature.

Analysis of real-life samples for fluoride contents: To demonstrate the real-world
applicability of compound 1 as a fluoride sensor, we evaluated its performance for estimating
fluoride concentration in various natural water samples and further validated its response on
solid-state paper-based strips.3” The quantitative measurements were carried out in a DMF—
H,O (9:1, v/v) medium, where the corresponding water content was collected from the
laboratory tap, pond and sea, respectively. Linear decrease in emission intensities at 442 nm
emission band were observed with increasing fluoride concentration, following the Stern—
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Volmer relationship (Figure 6d). The linear correlation (R* > 0.99) between fluorescenicess e

quenching and fluoride concentration confirms the reliability of the probe for analytical
detection. Using this calibration, the lowest fluoride contents in different natural water samples
were estimated in the range of 0.5-1.2 ppm, which are consistent with standard ion-selective
electrode measurements. The quantitative analysis indicated recovery values lie within the
range of 100 £ 3, with a standard deviation less than 5 % (Figure 6e). The high reproducibility
and linearity of the optical response in these semi-aqueous media affirm that compound 1 can
operate efficiently even in complex environmental matrices without interference from other
common anions.

In addition to solution-based measurements, the sensing utility of compound 1 was further
extended to a portable paper-strip format for rapid visual detection of fluoride. Filter paper
strips were impregnated with a DMF solution of compound 1 (10™* M) and subsequently air-
dried.”- 3 The FT-IR spectra of the pristine paper strips and the paper strips coated with
compound 1 show distinct differences, confirming successful surface functionalization (Figure
6b). The uncoated paper exhibits characteristic cellulose bands, including broad O-H
stretching in the 3200-3600 cm™ region, C—H stretching near 2900 cm™, and strong C-O—
C/C-0 vibrations in the 1000-1150 cm™ range.3® Upon coating with compound 1, noticeable
changes in band intensities and the appearance of additional absorptions are observed,
particularly in the fingerprint region and the C—H stretching region, indicating the presence of
organic functionalities from compound 1 on the paper surface. The partial attenuation and
reshaping of the broad O-H band further suggest intermolecular interactions, such as
hydrogen bonding, between the cellulose hydroxyl groups and compound 1. Upon exposure
to aqueous fluoride solutions of varying concentrations, a distinct fluorescence color change
was observed under UV illumination (Aex = 365 nm). The strips exhibited a progressive
transition from bright blue to deep yellow with increasing fluoride concentration (Figure 6c¢).
This visible fluorescence modulation arises from fluoride-induced desilylation of compound 1,
forming the corresponding phenoxide species that promotes intramolecular charge transfer
(ICT) and red-shifts the emission. The observed color gradient allows qualitative discrimination
of fluoride levels even by the naked eye, making the system highly convenient for field
deployment.
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Figure 6. (a) FESEM images of 1 with and without TBAF. (b) FT-IR spectra of cellulose paper
strips with and without coating with compound 1. (c) Changes in FL color of compound 1
coated paper strips upon addition of TBAF (0 — 0.5 mM). (d) Changes in fluorescence intensity
of 1 (10 uM, ex = 390 nm) at 442 nm upon addition of TBAF (0 - 25 yM) in DMF-H20 (9:1,
pH 7.4) mixture medium. (e) Quantification analysis of TBAF in different natural water
samples.
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Application to analysis of nerve gas agents: Considering the interaction of compound 1
towards fluoride ions in a semi-aqueous environment, we were intrigued to investigate its
response towards various nerve gas agents, including Diisopropyl fluorophosphate (DFP).4°
However, unlike the previous experiment, here the buffer solution of pH 10 was used as the
aqueous fragment. Such a basic pH was used for the spectroscopic studies to ensure the self-
hydrolysis of DFP in the reaction medium, leading to the release of active analyte fluoride
ions.*' The choice of this basic environment stems from the earlier fluoride—response studies,
where fluoride-induced desilylation was shown to play a pivotal role in modulating both the
electronic and emissive properties of compound 1. At pH 10, DFP is known to undergo base-
catalyzed cleavage of its P-F bond, generating F~, which acts analogously to externally added
fluoride reagents such as TBAF or KF (Figure 8a).4?
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Spectral response towards DFP in solution phase: Similar to TBAF, addition of DFP also
resulted in a red-shifted absorption maximum, from 392 to 405 nm (Figure 7a). Visually, the
color of the solution changes from bright greenish-yellow to a faint yellow. The titration studies
showed a concentration-dependent increase in absorbance at the 450 nm band with
concomitant quenching at the absorption maximum of the native compound. These features
closely mirror the fluoride-triggered desilylation pathway, where cleavage of the Si—O bond
leads to the generation of a phenoxide species, enhancing the ICT character of the probe
molecule. The presence of an isosbestic-like behavior and linear correlation between
absorbance ratios at 392 and 425 nm with increasing DFP concentration further confirmed a
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clean equilibrium between the native and desilylated species. Such systemafic spegtr,
responses and visual color changes confirmed the fluoride-mediated interaction between
compound 1 and DFP in the basic medium. At pH 10, DFP undergoes base-catalyzed
hydrolysis to produce fluoride ions (F~), which subsequently engage in desilylation reactions
analogous to those initiated by TBAF or KF. This results in a similar bathochromic shift in the
absorption profile due to increased ICT strength after the removal of the silyl protecting group.
The bathochromic shift observed with DFP, although smaller than that induced by TBAF,
suggests that the fluoride ions generated in situ are sufficient to initiate desilylation but are
produced more slowly due to the gradual hydrolysis kinetics of DFP. Similarly, in the
fluorescence mode, the addition of DFP led to quenching of the emission intensity at the 442
nm band (~2.9-fold) along with substantial spectral broadening and the appearance of a tail
at the longer-wavelength region (Figure 7b). This emission behavior can be attributed to partial
conversion of the silyl ether into the phenoxide form, producing mixed emissive states. The
weaker fluorescence response observed with DFP compared to TBAF could be due to partial
hydrolysis of DFP in the buffered medium, suggesting a relatively low effective concentration
of fluoride ions. The lack of a new red-shifted emission band, as was seen in the case of TBAF,
further implies limited aggregation and incomplete formation of the highly polarized ICT excited
state that dominates the low-energy emission region in the presence of TBA* counterions.

A comparison of DFP vs TBAF in solution phase: To ensure this hypothesis, we followed
the response of compound 1 towards DFP at neutral pH, i.e., in DMF-water (9:1, pH 7.0
buffer). Under these conditions, no detectable change in spectral response was observed,
which clearly confirms that the presence of fluoride ions is essential for the observable optical
response. When compound 1 was exposed to other chemical warfare agents (CWAs) under
similar conditions, no change in fluorescence response was observed. Even other G-type
nerve gas agents, such as DCNP or DCP, which are also susceptible to self-hydrolysis, did
not induce any detectable optical change (Figure 7c).4® This demonstrates that compound 1
selectively responds to fluoride-releasing agents and not to general phosphorous-based
hydrolysis products. The strength of the signal attributed to DFP depends not only on the
active concentration of fluoride ions but also on the kinetics of DFP hydrolysis. To further
establish this, we monitored the time-course of the desilylation reaction both in the presence
of TBAF (in DMF-H,O 9:1, pH 7.5) and DFP (in DMF-H,O 9:1, pH 10.5). The changes in
absorbance at the 475 nm band, expressed as A/A,, revealed that the desilylation reaction
was extremely rapid with TBAF, reaching saturation within 2—3 minutes In contrast, the
response with DFP was substantially delayed, requiring approximately 8-9 minutes to
complete the spectral transformation (Figure 7d). This time lag directly reflects the slower
fluoride generation from DFP hydrolysis compared to the instantaneous availability of fluoride
in the case of TBAF. Collectively, these findings establish that compound 1 operates as a
fluoride-responsive probe capable of reporting on the hydrolytic activity of fluoride-releasing
nerve agents like DFP under basic aqueous conditions.
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Figure 7. (a) UV-visible titration of 1 (10 yM) with DFP (0 — 1 mM) in DMF-H20 (9:1, pH 10.5
buffer) medium. (b) Fluorescence titration of 1 (10 uM, Aex = 390 nm) with DFP (0 — 1 mM) in
DMF-H20 (9:1, pH 10.5 buffer) medium. (c) Changes in fluorescence intensity of 1 (10 yM,
Aex = 390 nm) at 442 nm upon addition of various nerve agents (50 uM) in DMF-H20 (9:1, pH
10.5 buffer) medium. (d) Changes in absorbance of 1 (10 uM) at 475 nm band upon addition
of TBAF and DFP (50 pyM) in DMF-H20 (9:1) medium.
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Mechanistic insights of DFP sensing in solution phase: To further validate the fluoride-
induced desilylation mechanism proposed from the optical studies, the '"H NMR spectra of
compound 1 were recorded in DMSO-d¢/D20 (9:1, with 10 mM Na,CO3/NaHCO;) before and
after treatment with DFP, respectively (Figure 8b). Interestingly, when compound 1 was
treated with DFP, the resulting spectrum closely resembled that of the TBAF-treated sample,
albeit with relatively weaker signal changes. The diagnostic disappearance of the silyl proton
resonances and the upfield shift of the aromatic peaks confirmed that DFP, under basic
conditions, effectively generates fluoride ions capable of promoting desilylation. However, the
comparatively lower degree of broadening and smaller chemical-shifts suggested that the
extent of conversion is limited, consistent with the partial hydrolysis of DFP in the pH 10 buffer
medium.* This observation corroborates the weaker optical response and slower kinetics
observed in the absorption and fluorescence studies, where DFP-induced desilylation required
8-9 minutes to reach completion, unlike the rapid reaction seen with TBAF. Taken together,
these NMR results provide direct structural evidence for fluoride-mediated Si—O bond
cleavage in compound 1, whether fluoride is introduced externally (TBAF) or generated in situ
via hydrolysis of DFP.
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Figure 8. (a) Schematic diagram shows chemodosimetric response of 1 with in-situ generated
F ions released from DFP. (b) Partial "H-NMR spectra of 1 (5 mM) with KF and TBAF (2
equiv.) in DMSO-de/D20 (9:1) medium (with 10 mM Na,CO3/NaHCO3). [Inset shows the
structure of compound 1 along with the concerned protons]

CONCLUSION

In conclusion, we have synthesized a highly conjugated oligo polyvinylene compound with
tert-butyldimethylsilyl ether functionalities. The oxyethylene chains improved aqueous
compatibility and, therefore, better interaction with ionic analytes. The designed probe
successfully demonstrated a highly efficient and selective fluoride-responsive molecular
probe, capable of operating in semi-aqueous and mildly basic environments. The sensing
mechanism involves fluoride-induced desilylation, wherein fluoride ions cleave the Si—O bond
to form a phenoxide species possessing enhanced electron-donating character. This
transformation significantly promotes the intramolecular charge transfer (ICT) character,
resulting in a red-shifted absorption band and a characteristic fluorescence transition from
blue to yellow. Spectroscopic and 'H NMR analyses collectively confirmed the fluoride-
triggered structural modification and the generation of a new low-energy emissive state.
Theoretical FMO studies further supported this observation, showing increased electronic
asymmetry and increased dipole moment (~2 to ~5.8 D) upon desilylation (in deprotonated
state). The extent of fluoride response was found to be strongly influenced by both solvent
composition and pH of the medium. Increasing water content attenuated the response due to
extensive hydration of fluoride ions (AHnys = -505 kd-mol™), which reduces their nucleophilicity
and suppresses Si—O bond cleavage. In contrast, basic conditions favored free fluoride
formation over HF, enhancing desilylation and promoting ICT modulation. The probe exhibited
outstanding selectivity towards fluoride over other anions and performed reliably for fluoride
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quantification in real water samples (0.5-1.2 ppm), consistent with ion-selective electtades s o
results. Additionally, paper-based test strips coated with compound 1 enabled rapid on-site
detection of fluoride through a distinct, visually perceptible fluorescence color change.
Importantly, under controlled basic conditions, compound 1 also detected fluoride-releasing
nerve agent simulants such as DFP, establishing its potential for dual-purpose applications in
environmental monitoring, water safety analysis, and defence-related applications. This study
thus provides both a mechanistic understanding and practical pathways for the design of next-

generation fluoride-responsive optical sensors.
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