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Comparative analysis of monomeric vs. dimeric
salen fluorescent probes: transition from a
turn-on to ratiometric response towards nerve
gas agents in organic to aqueous mediat
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Nerve agents are among the most hazardous chemical warfare agents, requiring easy detection and
prompt remediation. To this end, we synthesized two fluorescent salen molecules, P-1 (dimeric) and P-2
(monomeric), for the detection of diethyl chlorophosphate (DCIP), a mimic of sarin and soman, in an
aqueous medium. P-1 exhibited a stronger fluorescence response (~22.0-fold) towards DCIP than P-2
(~1.1-fold). This superior performance of P-1 could be attributed to its dimeric structure, difference in
aggregation, and photophysical properties. The mechanistic studies revealed that DCIP-mediated
phosphorylation of the hydroxy groups led to changes in the keto—enol equilibrium and aggregation state
of compound P-1. Unlike in an aqueous medium, P-1 in DMSO medium displayed a turn-on fluorescence
response towards DCIP. The minimum detectable limit for DCIP resulted in ~5.0 ppb in an aqueous
medium. P-1 was also effective in detecting DCIP in soil samples, with a detection limit of ~15.0 ppb, a
recovery of 95.4-97.8%, and a relative standard deviation (RSD) within 2—3%, demonstrating the reliability
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and robustness of the present method. Finally, chemically modified dye coated paper strips were devel-
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1. Introduction

Nerve agents, potent organophosphorus compounds, inhibit acet-
ylcholinesterase (AChE), causing acetylcholine (ACh) buildup and
continuous nerve activation. This leads to paralysis of respiratory
muscles and high exposure can result in death.'™ Hence, its early
and quick detection was necessary. However, there are numerous
nerve agents with lethal effects that share structural similarities,
making their detection and differentiation challenging. Despite
similar emergency response protocols for all nerve agents, differ-
ences in toxicity and evidence that some antidotes are ineffective
against certain agents highlight the importance of distinguishing
between specific compounds within this toxic chemical family.”
For example, although tabun and soman have similar toxicity,
they require different antidotes and medical treatments.® Hence,
developing a sensor that can detect and discriminate nerve gas
mimics is necessary.

Detecting nerve gas mimics in water is critical because water
enhances sensor sensitivity and stabilizes the phosphonate
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oped for rapid and on site detection of release of nerve gas vapour beyond permissible limit.

product. As a polar solvent, water facilitates the formation of
hydrolytically stable complexes with mimics such as diethyl
chlorophosphate (DCIP) or diethyl cyanophosphate (DCNP),
which exhibit lower solubility and stability in organic
solvents.” Additionally, water provides a buffered environment
that minimizes the effect of the microenvironment compared to
organic solvents. Consequently, water-phase detection of nerve
gas mimics is advantageous for monitoring their presence in
environmental samples, including water and soil, as contamina-
tion of soil and water by chemical warfare agents (CWAs) poses
serious risks to both civilian and military populations, poten-
tially causing severe health problems or fatalities."

Various methods like enzyme assays, electrochemistry, and inter-
ferometry are used to detect nerve agents, but they often struggle
with specificity, complexity, and real-time monitoring. Optical sen-
sors, such as colorimetric and fluorometric, offer a simpler, more
portable, and potentially more reliable alternative.”'™* Many fluor-
escent sensors have been developed for detecting nerve gas mimics
like DCIP or DCNP (diethyl cyanophosphate), but most of them lack
selectivity for these structurally similar toxins and struggle to detect
them in aqueous environments. This limitation reduces their effec-
tiveness for environmental applications."*™"”

Fluorescent salen-based derivatives having both hydroxy and
imine groups as binding sites showed ESIPT (excited-state
intra-molecular proton transfer) properties where the hydroxyl
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hydrogen in the salen ligand transfers to the imine nitrogen.
These systems also display strong aggregation-induced emissions
(AIE) in water.'® These properties make this molecule ideal as a
sensing material by changing either the aggregation or keto—-enol
tautomerization. Again, a salen based system can show a ratio-
metric response upon interaction with the analyte."® These ratio-
metric fluorescent sensors can minimize interference from
unrelated factors due to their inherent self-calibration capabil-
ities. This feature enhances their sensitivity and provides clearer
visual detection, making them more effective for qualitative and
quantitative analysis.”® Recently, salen based fluorescent probes
were largely used for the ratiometric sensing of cations, anions
and small molecule.** >’ Hence, a ratiometric salen-based probe
can be used to detect and differentiate organophosphate-based
nerve gas mimics like DCIP or DCNP.

Hence, we synthesized two fluorescent salen-based ESIPT
active probes P-1 and P-2 (Fig. 1a) to detect and discriminate
nerve gas mimics DCIP and DCNP in aqueous media. Here P-1
is dimeric whereas P-2 is a monomeric salen derivative and
depending on the structure their ESIPT and aggregation proper-
ties were altered. Both the compounds showed a change in
fluorescence intensity with the gradual addition of DCIP. P-1
exhibited a stronger fluorescence response (~22.0-fold)
towards DCIP than P-2 (~1.1-fold). The superior performance
of P-1 compared to P-2 is attributed to its greater number of
phosphorylation binding sites, higher degree of aggregation in
solution, and increased enol emission. The P-1 compound
showed a ratiometric change in fluorescence intensity on the
gradual addition of DCIP or DCNP in an aqueous medium.
However, the extent of change was greater in the case of DCIP
(~7.0-fold) compared to DCNP ( ~2.0-fold) indicating that the
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sensing of DCIP by the P-1 compound in water and DMSO.
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sensor was highly selective for DCIP. The mechanistic investi-
gation (such as using FTIR, NMR, and Mass) suggested that
phosphorylation of the hydroxyl group along with a change in
aggregation led to an alteration of the keto-enol equilibrium
and was responsible for the sensing of DCIP (Fig. 1c). Again, a
detailed mechanistic study was carried out to understand the
effect of solvents (organic and aqueous), temperature, and time
of interaction between the probe and analyte. The compound
P-1 exhibited a change in the ratiometric response to DCIP in
an aqueous medium while showing only turn-on sensing in
DMSO. This may be attributed to the alteration in the keto-enol
equilibrium and the extent of aggregation of P-1 in the two
solvents. Specifically, the P-1 compound exhibited a ~22.0-fold
increase in fluorescence intensity at 450 nm in water upon the
addition of DCIP whereas in DMSO, the fluorescence intensity
increased by ~5.2-fold at 465 nm. Then the P-1 compound was
employed to detect DCIP in the spiked soil solution. Finally,
sample-coated paper strips of P-1 were prepared for easy on-
location detection of nerve gases in the vapor phase.

2. Experimental section
2.1 Materials and methods

All the reagents and spectroscopic grade solvents were pur-
chased from the respective vendors and suppliers such as
Merck, Avra, Alfa Acer, etc., and used without further purifica-
tion. The buffer solution was prepared following the standard
literature procedure. The UV-Vis measurements were carried
out using a Jasco 650 spectrophotometer, whereas the fluores-
cence spectra were recorded on a Shimadzu model RF-6000
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(a) Structure of the compounds P-1 and P-2. (b) The functional groups already reported for nerve gas sensing. (c) Schematic represents the
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spectrophotometer. The slit-width was kept at 5 nm throughout
the experiment. Fluorescence lifetime measurement was per-
formed using a time-correlated single photon counting fluori-
meter (TCSPC by Horiba). FTIR spectra were recorded on the
PerkinElmer FTIR Spectrum BX instrument by making a KBr
pellet. FESEM images were obtained using a Quanta 200 SEM
instrument (operated at 15 kV) by drop casting the sample on
the silicon wafer and then dried in a hot-air oven at 70 °C. '"H
and *'P NMR spectra were recorded with a Bruker Advance DRX
400 spectrometer operating at 400 MHz. Particle size analysis
was carried out in an aqueous solution using an Anton Paar lite
sizer DLS instrument.

2.2 Design and synthesis of the probe molecules

Fluorescent sensors for the detection of nerve gases mostly
contain either primary or secondary amine, hydroxyl, or oxime
functional groups in their backbone which may be phosphory-
lated or protonated and, in some cases, formed hydrogen bonding
upon the addition of nerve gases giving a fluorogenic response
(Fig. 1b). In the development of various fluorescent sensors or
probes, ratio-metric fluorescent probes have garnered significant
interest. These probes measure the ratio of emission intensities at
two distinct wavelengths, offering a built-in correction for back-
ground effects and enhancing the dynamic range of fluorescence
measurements.”® The ESIPT-based fluorescent probes showed a
ratiometric change in fluorescence intensity upon interaction with
the analyte. Again, the large fluorescence Stokes shift and ultra-
fast reaction rate of the ESIPT-based probes were useful for their
potential applications in optical sensing.> A molecule containing
the hydroxy group can show ESIPT properties where ring hydro-
gen can take part in the tautomerization losing aromaticity of
the ring.*® On the other hand, in salen-based derivatives, the
presence of the imine bond imparts dynamic covalent character,
enhancing their ESIPT properties by involving in keto-enol
tautomerization.

This dynamic nature provides molecular flexibility, reversi-
bility, tunability, and environmental responsiveness, which
contribute to improving ESIPT efficiency. These features allow
for the optimization of the molecular structure and aggregation
behavior, leading to improved ESIPT efficiency and it can be
useful for sensing applications.?’ Again, the difference in the
molecular structure of the probe can alter the aggregation and
keto-enol tautomerization.

Hence, we designed dimeric (P-1) and monomeric (P-2)
salen-based derivatives to explore their interactions with a
nerve agent mimic DCIP. These derivatives were synthesized
by reacting 3,3’-diaminobenzidine or o-phenylenediamine with
salicylaldehyde in an ethanolic medium under reflux. The
resulting precipitates were filtered to obtain the pure products
labeled as P-1 and P-2, respectively. Detailed synthetic proce-
dures are provided in the ESIf of the manuscript.

The synthesized compounds were thoroughly characterized
by '"H-NMR and FTIR spectroscopy. Both P-1 and P-2 compounds
showed characteristic peaks at é = 8.6 ppm (Fig. S1 and S2, ESIt)
owing to the proton associated with the azomethine group in
their NMR spectra and no peak for the residual aldehydic proton
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was observed. In the FTIR spectra of P-1, a characteristic peak
was observed at 1614 cm™ " (Fig. S3, ESIt) which was attributed
to the imine bond whereas in the case of P-2, a distinct peak at
1617 cm™ " was observed for the imine bond (Fig. S4, ESIY).

3. Results and discussion
3.1 Photophysical and aggregation properties of the probes

ESIPT and aggregation properties of these two probes were
thoroughly investigated using spectroscopic investigations. Initi-
ally, the emission spectra of the probes P-1 and P-2 were recorded
in different organic solvents including water to understand the
effect of solvatochromism on the keto-enol equilibrium.*> P-1
showed one emission band in acetonitrile with a smaller Stokes
shift at 460 nm indicating the enol emission (Fig. 2a) whereas the
compound P-2 showed two emission bands in acetonitrile at 450
and 530 nm, with a smaller stoke shift for the enol band and a
higher stoke shift for the keto band (Fig. 2b). For the compound P-
1 in THF to methanol, we did not observe any additional peak in
the higher wavelength region which indicated that despite the
change in polarity, the enol form remained in the predominant
tautomer form in all the solvents. However, upon increasing
polarity, we observed a blue shift in the emission maxima which
may be attributed to the hydrogen bonding interactions with
the solvent molecules with the enol form.** However, in water,
the compound P-1 exhibited red-shifted emission peaks at
550 nm due to the formation of aggregated species (Fig. 2a).
In contrast, for compound P-2, we observed that upon changing
the solvent from acetonitrile (Exeto/Eenol = 0.72) to MeOH and
THF (Exeto/Eenol = 0.18), the emission band belonging to the
enol form enhanced, which indicated that the tautomeric
equilibrium shifted more towards the enol form in THF and
MeOH. In the case of water, the P-2 compound showed an
intense red-shifted emission band at 540 nm due to aggregate
formation, along with keto emission and the Ejeto/Ecnol ratio
sharply increased by 9.5 (Fig. 2b).

To better understand how water affects the aggregation and
keto-enol equilibrium, we conducted an experiment where we
measured the emission spectra of two probes (P-1 and P-2) in a
DMSO medium with varying percentages of the water content
(Fig. 2c and d).>* For P-1, we observed that when up to 25% water
was added, the emission spectra at 465 nm became blue-shifted,
indicating hydrogen bonding interactions with the solvent mole-
cule in the enol form. At 50% water content, a new red-shifted
aggregated band appeared at 547 nm, indicating aggregation in
water.>®> At 75% water, the intensity of enol emission decreased
significantly and the aggregated band shifted slightly to 550 nm.
At 100% water, the enol emission intensity decreased further,
and the compound showed mostly aggregated emission (Fig. 2c).
Again, in the case of P-2, two emission bands were observed at
437 nm and 525 nm in DMSO. The band at 437 nm corresponds
to the enol emission, while the band at 525 nm corresponds
to the keto emission. When the water content is up to 25%,
the enol emission remains unchanged, but the keto emission
decreases. When the water content is increased to 50%, the

Mater. Adv.,, 2025, 6, 977-991 | 979
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(a) Emission spectra of P-1 (10 uM) in different solvents (lex = 350 nm). (b) Emission spectra of P-2 (10 puM) in different solvents (1ex = 350 nm). (c)

Emission spectra of P-1 (10 uM) under varying water content percentages in DMSO medium (1ex = 350 nm). (d) Emission spectra of P-2 (10 pM) under
varying water content percentages in DMSO medium (Je¢x = 350 nm).

abundance of enol and

keto emission becomes equal. At 75%

water content, the enol emission further decreases, and the keto
emission band shifts to 537 nm, possibly due to aggregation of
P-2 in water. Finally, at 100% water content, the fluorescence
intensity of the band at 537 nm sharply increases, indicating
aggregation of P-2 in water along with keto emission (Fig. 2d).
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Again, the

absorption spectra of both the compounds were

recorded in water, P-1 showed a broad, red-shifted absorption

maximum at

~355 nm, whereas P-2 showed an absorption max-

imum at ~340 nm (Fig. 3a). This red-shifted absorption spectra of
P-1 may be attributed to its greater hydrogen bonding ability and a
higher extent of aggregation in water compared to P-2.*°
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3.2 Effect of the microenvironment on self-assembly of probe
molecules

To understand the nature of aggregation formed in water we
recorded and compared the absorption and emission spectra of
the compound P-1 in water and THF. In water, the P-1 compound
showed dual absorption maxima at ~270 and ~355 nm (Fig. 3b),
which can be attributed to the enol and keto isomers, respectively.*?
In contrast, in THF P-1 exhibited absorption maxima at ~250 and
340 nm (Fig. 3b). The broad and red-shifted absorption maximum
at 355 nm in water compared to THF indicated aggregation of the P-
1 compound in water due to stronger hydrogen bonding
interactions.” Similarly, the emission spectra of P-1 were recorded
in both solvents. In water, P-1 exhibited dual emission maxima at
~450 and 550 nm (Fig. 3c), while in THF, it showed a single
emission maximum at ~465 nm (Fig. 3c). The red-shifted aggre-
gated emission at 550 nm in water may be attributed to an increase
in m—r stacking interactions, facilitated by hydrogen bonding inter-
actions, and the formed J-aggregates.>® The broad and red-shifted
excitation spectra of compound P-1 in water (at 550 nm), compared
to THF (at 465 nm) (Fig. 3d), also indicated aggregation of the
compound in water. The excitation spectra of compound P-1 alone
in water were recorded at two emission maxima (450 and 550 nm).
The broad and red-shifted excitation spectra at 550 nm compared to
450 nm suggest that this band arises due to the formation of
aggregated species (Fig. 4a).

Further fluorescence lifetime measurements of the probe
P-1 were carried out in water and THF. The P-1 compound showed
a longer average lifetime (~2.5 ns) in THF compared to water
(~0.15 ns) (Fig. 4b). In THF, P-1 mostly exists in the enol form. The
lifetime is mostly attributed to the enol emission. In contrast, the
P-1 compound undergoes more n-n stacking interactions in water,
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forming J-aggregates, and resulting in a lower fluorescence lifetime
in water.*>*® There was not much effect of the pH (4-8) on the
fluorogenic response of the P-1 probe, the population of the enol
and aggregated band remained almost unchanged (Fig. S5, ESIt).
To understand the effect of temperature on the aggregation band of
P-1, the fluorogenic response of P-1 was recorded at different
temperatures (Fig. S6, ESIT). As the temperature increased from
20 °C to 90 °C, there was a sharp decrease in fluorescence intensity
at the ~550 nm band and a slight increase in fluorescence
intensity at the ~450 nm band. This behavior may be attributed
to the decrease in the extent of restricted intermolecular rotation,
which led to the destruction of the aggregated structure.*' We also
recorded the absorption spectra of the compound P-1 in water at
different time intervals, which showed almost no change in the
absorbance value at the 350 nm band, also indicating the stability
of the imine bond present in P-1 (Fig. S7, ESIt).

Then particle size measurement was carried out to under-
stand the morphology of both compounds in an aqueous
medium. The P-1 compound showed a hydrodynamic diameter
of ~190 £+ 10 nm (Fig. 4c). In contrast, the P-2 compound
showed ~150 &+ 10 nm (Fig. 4d). Again, FESEM images of the P-
1 compound showed a bigger spherical morphology compared
to P-2 which also supported that the P-1 compound more
aggregated than P-2 in water. Furthermore, WAXS data were
compared to understand the nature of crystallinity of the two
compounds in the solid state. The P-1 compound was amor-
phous, whereas the P-2 compound was crystalline (Fig. 4e).

3.3 Dual-mode, ratiometric response towards nerve gas agents

The UV-visible absorption spectra were recorded during titra-
tions of the P-1 with the addition of DCIP or DCNP in aqueous
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(a) Fluorescence excitation spectra of the compound P-1 (10 uM) at 450 and 550 nm in an aqueous medium. (b) Fluorescence lifetime of P-1

(10 uM) in water and THF (at 460 nm and 550 nm) (Aex = 350 nm). (c) DLS and FESEM (onset) images of P-1. (d) DLS and FESEM (onset) images of P-2.

(e) WAXS data of P-1 and P-2.
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media. In both cases upon the addition of DCIP or DCNP, the
absorption maxima at 355 nm gradually decreased and it
became broad and blue shifted to ~344 nm and the yellow
colour of the solution became lighter (Fig. 5a and b). This
hypochromic shift in absorbance may be attributed to the
incorporation of a strong electrophilic phosphonate group,
which in turn terminates the n-n* transitions.** Additionally,
the blue shift in the absorption spectra upon adding DCIP or
DCNP to the solution of P-1 may be attributed to the formation
of a phosphorylated product.** The broad tailing observed in
the absorbance spectra with the addition of DCNP or DCIP may
be due to the formation of larger aggregated species.**

Again, fluorescence titration of P-1 was recorded with the
addition of DCNP or DCIP in aqueous media (Fig. 5¢ and d).
The P-1 compound showed two emission maxima at ~450 and
550 nm. The red-shifted band at 550 nm for aggregated emis-
sion gradually decreases, and the blue-shifted band at 450 nm
for enol emission gradually increases with the addition of DCIP
or DCNP. But the extent of ratio-metric change was significant
in the case of DCIP (~7.0 fold) compared to DCNP (~ 2.0 fold)
(Fig. S8, ESIY). This result indicated that probe P-1 was more
sensitive towards DCIP than DCNP. The greater sensitivity to
DCIP over DCNP may be due to the greater leaving aptitude of
the chlorine group in DCIP compared to the leaving aptitude of
the cyanide group in DCNP upon phosphorylation.” The
enhancement in the fluorescence intensity of the emission
band at 450 nm was attributed to more enol emission due to
the conversion of the ~OH group into a phosphoester.*®> Again,
the quenching of the aggregated band at 550 nm may be
attributed to the destruction of the aggregated structure with
the addition of DCIP. No other analytes, except HCI, showed a
similar response to P-1 under the same conditions (Fig. 6a).
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The minimum detectable range of P-1 for DCIP was as low as
~5.0 ppb (see the ESIt).

3.4 Mechanistic investigation with nerve gas agents

Several spectroscopic investigations were conducted to explore the
sensing mechanism of DCIP using probe P-1. Initially, fluores-
cence titration of P-1 with DCIP was carried out at two different
temperatures (25 °C and 50 °C) to understand the impact of
temperature on sensing (Fig. 6b). At an elevated temperature of
50 °C, the change in fluorescence intensity (Fy50/Fss0) Was more
compared to that at room temperature (25 °C), which may be
attributed to the fact that at the higher temperature, the rate of
phosphorylation of the phenolic-OH will be more compared to
that at room temperature as the phosphorylation reaction was
favored at a higher temperature.”® At higher temperatures,
J-aggregation of the probe is disrupted, increasing monomeric
emission.”” This also contributed to the enhancement of fluores-
cence intensity upon DCIP addition at higher temperatures.

Again, the absorption spectra of the P-1 compound were
recorded with and without DCIP and HCI, (Fig. 6¢) but there
was a marginal change in the absorption spectra of P-1 upon
the addition of HCI compared to DCIP which indicated less
interference of HCI in the DCIP sensing. Furthermore, the
excitation spectra of P-1 were recorded with and without DCIP
and the excitation spectra of P-1 were red-shifted and broad
compared to those of the adduct P-1@DCIP which indicated the
possibility of breaking of J-aggregates as well as an increase in
enol emission (Fig. 6d).*®

For further investigation, the FTIR spectra of P-1 were recorded
both with and without DCIP (Fig. 7a). DCIP exhibited character-
istic peaks at 3230 cm ™" for ~OH groups (from moisture) and at
2988 cm™ ' for methylene groups.’® Upon interaction with P-1,
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(a) UV-visible titration of P-1 (10 pM) with DCIP (after incubation for 30 min) (0-160 puM) in an agueous medium. (b) UV-visible titration of P-1

(10 uM) with DCNP (after incubation for 30 min) (0-160 pM) in aqueous media. (c) Fluorescence titration of P-1 (10 uM) with DCIP (after incubation for
30 min) (0—160 puM) in an agueous medium (e, = 350 nm). (d) Fluorescence titration of P-1 (10 uM) with DCNP (after incubation for 30 min) (0-160 puM) in

an agueous medium (Jex = 350 nm).

982 | Mater. Adv, 2025, 6, 977-991

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01016g

Open Access Article. Published on 12 December 2024. Downloaded on 11/15/2025 4:01:36 AM.

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

(cc)

View Article Online

Materials Advances Paper
@) g, (b) 67
3 ] 3 4-
5, 44 <
< <
by o w24 - 25°C
- 50°C
01— 5
N T T T T 1
O 0O 20 40 60 80 100
(©) x/\‘«\ d Concentration of DCIP (uM)
—~ 1.0 2.0+
= P
© 0.8- — P 5 — +DCIP Ex. 450 nm
8 0.6- — +HCI B e — P-1. Ex. 575 nm
c — +DCIP %
8 04- = 1.0
o e
@ 0.2- = 0.5
< 1
< (T
0-0 T T T T T T 1 00
250 300 350 400 450 500 550 600 :

T I T 1 T 1
250 300 350 400 450 500

Wavelength (nm) Wavelength (nm)
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an aqueous medium (lex = 350 nm) after incubation for 30 minutes. (c) Absorption spectra of the compounds P-1 (10 uM), P-1@DCIP (10 uM + 160 uM),
and P-1@HCIL (10 uM + 160 uM) in an aqueous medium after incubation for 30 minutes. (d) Excitation spectra of the compound P-1 with and without the
addition of DCIP in the aqueous medium after incubation for 30 minutes.

new characteristic peaks appeared at 2970 and 2924 cm ™', and  phosphorylation of the -OH group.* Additionally, the imine bond

the -OH peak of P-1 at 3053 cm ' vanished, indicating peak has shifted from 1613 cm™ " to 1632 cm™ ', which may be due
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Fig. 7 (a) FTIR spectra of P-1 (10 uM) compound with and without DCIP (160 puM) after incubation for 30 minutes. (b) Fluorescence lifetime of the
compound P-1 (10 uM) with and without DCIP (160 uM) after incubation for 30 minutes in an aqueous medium. (c) *H-NMR spectra of the compound P-1
(5 mM) with and without the addition of DCIP (1:20) in the CDClz medium after incubation for 30 min.
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to the formation of intramolecular hydrogen bonding between the
imine hydrogen and the oxygen center of the phosphate group.
Again, DCIP showed a characteristic peak at 1282 cm™* for P—=0
stretching vibrations.>® Upon interaction with P-1, the P=0
stretching vibration was shifted to 1160 cm™" which indicated
the formation of a phosphorylated product.®

Furthermore, the sensing mechanism was investigated
using the time-correlated single photon counting (TCSPC)
technique. The fluorescence lifetime, a crucial parameter,
remains unaffected by initial perturbation conditions like light
source exposure time, fluorophore dispersion, and fluorescence
intensity.”> Upon the addition of DCIP, the lifetime value of P-1
increased from 150 ps to 430 ps (Fig. 7b). This enhancement can
be attributed to the phosphorylation of the -OH group of P-1,
which may destroy the J-aggregated structure and increase the
enol emission, and as a consequence, photoluminescence is
significantly enhanced.”® The interaction of the compound P-1
with DCIP was also studied by "H and *'P NMR analysis. In the
'H NMR spectra, upon the addition of DCIP the aromatic -OH
proton of P-1 (Fig. 7c) (denoted by ‘“OH’) at 6 = 13.2 ppm
vanished, which may be due to the conversion of the -OH group
into ~OPO(Et),. On the other hand, the imine (-CH=N) proton
located at ~ 8.7 ppm was shifted towards a higher chemical shift
value (downfield shifted) due to the formation of a phosphory-
lated product which undergoes intermolecular hydrogen bond-
ing with the imine proton. The electron density on the imine
functional group proton moves towards the phosphorylation
product that downfield shifted the ~-CH=N proton.*>** Again
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Materials Advances

the *'"P-NMR spectra of DCIP were compared with the NMR
spectra of the P-1@DCIP adduct (Fig. 8a). A shift in the ¢ value
was observed from —1.5 ppm to +4.5 ppm upon the addition of
compound P-1 in the *'P-NMR spectra of DCIP. This indicates
the phosphorylation of the -OH group and leaving of chlorine
atom from the phosphate center of the DCIP.>>

To further understand the sensing mechanism, the mass
spectra of compound P-1 were recorded after the addition of DCIP.
In the mass spectra, the fragmented mass of the phosphorylated
adduct of P-1 was also observed (Fig. S9, ESIt). Upon the addition
of DCIP, the particle size of the P-1@DCIP adduct increased to
400 £+ 50 nm, showing an aggregated morphology which is also
evident from the FESEM image of the adduct (Fig. 8c).

For a more feasible visualization of the change in fluores-
cence intensity of P-1 upon the addition of DCIP or DCNP, the
data were represented in the form of CIE plots (Fig. 8b and d).
The CIE chromaticity coordinates were found to be X = 0.4429
and Y= 0.5023 for P-1 in the yellowish-green color region at room
temperature. Upon the addition of DCIP, the CIE chromaticity
coordinates were found to be X = 0.1750, Y = 0.1426 in the blue
colour region, and with DCNP, the CIE coordinates were found
to be X = 0.2467, Y = 0.2431 in the greenish blue region. These
data indicated that the change in fluorescence intensity is more
pronounced in the case of DCIP compared to DCNP.

Excitation-emission matrix (EEM) measurements were car-
ried out upon the addition of different concentrations of DCIP.
In an EEM, the colours represent the intensity of fluorescence at
different combinations of excitation and emission wavelengths.
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Fig. 8 (a) *!P-NMR spectra of DCIP and P-1@DCIP in CDClz medium after incubation for 30 min. (b) CIE plot of P-1 (10 uM) compound with and without
DCIP after incubation for 30 min. (c) DLS and FESEM images (onset) of the P-1@DCIP adduct. (d) CIE plot of P-1 (10 pM) compound with and without

DCNP after incubation for 30 min.
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Red or orange indicates high fluorescence intensity, yellow or
green indicates moderate to high fluorescence intensity, and
cyan or blue indicates low to moderate fluorescence intensity.*®
The P-1 compound showed higher fluorescence intensity at
560 nm when excited at 390 nm (shown in the red region) in
the EEM plot (Fig. 9a). Initially, upon the addition of 25 uM
DCIP, the fluorescence intensity at 560 nm decreased and a
distinct peak was observed at 450 nm (Fig. 9b). With an increase
in the concentration from 25 uM to 160 pM, the peak at 560 nm
disappeared, and a change was observed in the fluorescent
profile of the lower region peak at 450 nm (Fig. 9c-f). These
results aligned with the fluorescence titration results of P-1 upon
the addition of DCIP, where the addition of DCIP caused
quenching of the emission maxima at 550 nm and enhancement
in fluorescence intensity at 450 nm.

Finally, fluorescence titration was carried out by adding a
saturated amount of DCIP and DCNP to understand the kinetics
of interaction between P-1 and the analytes (Fig. 10a). In both
cases, P-1 showed a complete change in fluorescence intensity
after ~30 minutes. Additionally, the P-1 compound showed a
faster response to DCIP compared to DCNP, indicating that a
greater response to DCIP may be due to the faster-leaving
aptitude of chloride compared to cyanide.

3.5 Dimeric vs. monomeric salen-impact on analytical
performance

We investigated the influence of binding units on DCIP sensing
by recording the fluorescence response upon interaction with
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two probes P-1 and P-2. P-1 has four binding sites, whereas P-2
has two binding sites, and all the binding sites are susceptible
to phosphorylation upon the addition of DCIP. So, their extent
of fluorogenic response was different towards DCIP but not
exactly proportional to the number of binding units present in
the probe. Both the compounds showed a change in fluores-
cence intensity with the addition of DCIP in the aqueous
medium. As expected, the extent of change in fluorescence
intensity was greater in the case of P-1 (~22-fold enhancement)
at 450 nm compared to P-2 (~1.1-fold enhancement) at 440 nm
(Fig. 10b and Fig. S10, ESIT). The significant difference in the
fluorogenic response to DCIP between the two probes indicates
that it is not only dependent on the binding sites but also on
the aggregation properties and the keto-enol equilibrium of the
two probes. Based on the discussion of the photophysical
properties of the probes, it is evident that probe P-1 mainly
exhibits enol emission, while probe P-2 exhibits both enol and
keto emission. The higher abundance of enol emission in P-1
may be advantageous for the phosphorylation of the -OH group
compared to P-2. Additionally, P-1 exhibited significantly more
aggregated emissions compared to P-2. Therefore, upon phos-
phorylation, the disaggregation of the aggregated structure will
be more pronounced in the case of P-1 compared to P-2.

3.6 Solvatochromic tuning of the sensing response

To understand the impact of solvent on DCIP sensing by the P-1
probe, fluorescence titration was carried out in DMSO
(Fig. 10c). A change in the emission spectra was observed due
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Fig. 9 (a) Excitation—emission matrix of P-1 (10 uM) in an aqueous medium. (b) Excitation—emission matrix of P-1 (10 uM) upon addition of DCIP (25 uM)
in an aqueous medium (after incubation for 30 min). (c) Excitation—emission matrix of P-1 (10 uM) upon addition of DCIP (50 uM) in an aqueous medium
(after incubation for 30 min). (d) Excitation—emission matrix of P-1 (10 pM) upon addition of DCIP (75 uM) in an aqueous medium (after incubation for
30 min). (e) Excitation—emission matrix of P-1 (10 uM) upon addition of DCIP (100 uM) in an aqueous medium (after incubation for 30 min). (f) Excitation—
emission matrix of P-1 (10 uM) upon addition of DCIP (160 puM) in an aqueous medium (after incubation for 30 min).
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to differences in the aggregation properties and the keto-enol
equilibrium of the compound in different solvents. In DMSO, P-
1 showed a single emission maximum at 465 nm, indicative of
prominent enol emission. In both water and DMSO, the
fluorescence intensity increased upon the addition of DCIP.
However, the response differed between solvents. In water, a
ratiometric change in fluorescence was observed, whereas in
DMSO, only an enhancement in fluorescence intensity was
observed. Specifically, the P-1 compound exhibited a ~ 22.0-fold
increase in fluorescence intensity at 450 nm in water upon the
addition of DCIP whereas in DMSO, the fluorescence intensity
increased by ~5.2-fold at 465 nm (Fig. 10d). This difference is
likely due to the several factors. Firstly, upon phosphorylation, the
leaving aptitude of chlorine was favorable in a polar protic solvent
(water) compared to a polar aprotic solvent (DMSO). Secondly, in
water upon phosphorylation aggregated emission decreases due to
inhibition of aggregation leading to a change in a more fluoro-
genic response which was not in the case of DMSO.””"*® Lastly, the
phosphorylated product was more stable in water compared to the
organic medium as the phosphate groups are highly polar and can
form multiple hydrogen bonds with water molecules.>

3.7 Mechanistic realization via computational studies

In this study, we performed energy minimization calculations for
compounds P-1 and P-2, as well as the phosphorylated adduct of P-1,
using the Semiempirical level of theory method RPM6 with the ZDO
basis set. The energy-optimized structure of compound P-1 exhibited
an optimized energy of +0.1028 a.u. and a dipole moment of 2.58
Debye whereas for compound P-2, the optimized energy and dipole
moment were +0.067 a.u. and 3.8 Debye, respectively. In the
optimized structure of P-1, the dihedral angle between the center
and side rings (salicylidene unit) (which was labeled as A and B) was

986 | Mater. Adv, 2025, 6, 977-991

179.8° and the dihedral angle between two phenyl rings on the
center of the molecule (labelled as B and C) was 124.7° (Fig. 11a). For
compound P-2, the dihedral angle between the center and adjacent
phenyl rings (labelled as A and B) was 175.9° (Fig. S11, ESIT).

Frontier molecular orbital analysis revealed that the HOMO
(highest occupied molecular orbital) of P-1 was predominantly
localized in the phenyl rings (A and B), with an energy of
—0.302 a.u., situated at the center of the molecule on the phenyl
ring (Fig. 11b). The LUMO (lowest unoccupied molecular orbital)
orbitals were distributed over the adjacent salicylidene moieties,
with an energy of —0.022 a.u. (Fig. 11c), whereas in P-2, the
HOMO and LUMO were distributed over the whole molecule, with
energies of —0.304 and —0.029 a.u., respectively (Fig. S12, ESIf).

To comment on the intramolecular charge distribution, we
generated the electrostatic potential (ESP) map of the two com-
pounds (P-1 and P-2) using an iso-density value of 0.0004 a.u.
Generally, in ESP maps, the red color indicates regions with an
abundance of electrons (partial negative charge), while the blue
color highlights areas with a deficit of electrons (partial positive
charge). Light blue indicates slightly electron-deficient regions,
yellow indicates slightly electron-rich domains, and green
indicates neutral charge domains.®® The ESP maps of P-1 and
P-2 showed yellow and red colors, indicating that both molecules
are overall electron-rich due to the presence of electronegative
nitrogen and oxygen atoms, making them susceptible to electro-
philic attack (Fig. S13 and S14, ESIf).

Upon phosphorylation of the -OH group (i.e., the phos-
phorylated product of P-1), the optimized energy became
—1.231 a.u., and the dipole moment increased to 5.43 Debye.
In the phosphorylated adduct of P-1, the dihedral angle
between the A (phosphorylated unit) and B moieties became
179.2°, and the dihedral angle between the B and C moieties

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11

(a) Optimized structure of the P-1 compounds. (b) Highest occupied molecular orbital (HOMO) of P-1. (c) Lowest unoccupied molecular orbital

(LUMO) of P-1. (d) Optimized structure of the phosphorylated adduct of P-1. (e) Highest occupied molecular orbital (HOMO) of the phosphorylated
adduct of P-1. (f) Lowest unoccupied molecular orbital (LUMO) of the phosphorylated adduct of P-1.

was 130.6° (Fig. 11d). The HOMO and LUMO energies of the
phosphorylated adduct were —0.303 and —0.027 a.u., respec-
tively (Fig. 11e and f). In the ESP map of the phosphorylated
adduct of P-1, the red region was mainly distributed at the center
of the whole molecule and was not observed at the oxygen atom
as in P-1 (Fig. S15, ESI{). This indicated that upon phosphoryla-
tion, the electrophilic character of the oxygen atom decreases.

Furthermore, Mulliken charge distribution plots were obtained
to understand the change in charge density intensity in the
salicylidene ring before and after phosphorylation (Fig. S16 and
S17, ESIT). Before phosphorylation, the overall Mulliken charge on
the salicylidene ring (including the -OH group) was +0.015 a.u.,
and after phosphorylation (including ~-OPO(OELt)2), it was slightly
higher at +0.017 a.u. This indicated that due to phosphorylation,
the overall positive charge on the ring increases, thereby decreas-
ing the electrophilic character of the ring.

3.8 Paper strips and detection of nerve gases in the vapour
phase

Apart from the liquid phase, the sensing of DCIP was also
important in the vapor phase as it was used as a gaseous
weapon in warfare.® Due to this, paper strips can be useful
techniques over conventional experimental procedures as the
high costs associated with instrumental techniques are signifi-
cant drawbacks to the practical utility of chemo-sensors.®* " To
assess the practical usefulness of our probe P-1 for on-site
detection of DCIP nerve gas mimics, we conducted experiments
using Whatman-41 filter paper strips. Small, equally sized filter
papers were immersed in a 3 mM DMSO solution of P-1 for
several hours and then dried in a hot air oven at 60 °C. The
papers turned yellow, and the intensity of the yellow color was
analyzed using Image-J software at different time intervals to
assess the stability of the paper strips under ambient conditions

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

(Fig. 12a). However, upon exposure to DCIP vapor (0-150 uM) for
10 minutes the paper strips changed from deep yellow to light
yellow. Under UV light, the P-1-doped paper strips exhibited blue-
green fluorescence and when exposed to DCIP vapour showed cyan
fluorescence. This whole experiment was carried out following the
dip-stick method reported in previous literature."> Initially, a
sample-coated paper strip was attached to the glass vial. Under
the glass vial, different amounts of DCIP liquid were taken, and the
glass vial was sealed and kept for 10 minutes for the DCIP vapor
to come into contact with the paper strip (Fig. S18, ESI}).
The fluorescence intensity of the paper strip was measured under
the UV light of a 365 nm laser before and after the exposure to
DCIP vapor. The intensity of cyan fluorescence increases with
higher concentrations. These changes in the intensity of the cyan
color were measured using image-] software (Fig. 12b).

3.9 Detection of nerve gases in the real life sample

Soil contamination by chemical warfare agents (CWAs) poses
serious risks to both civilian and military populations, potentially
causing severe health problems or fatalities. Again, the contam-
ination of soil with CWAs, their precursors, or degradation
products is often associated with military or terrorist activities,
whether related to storage, production, disposal, or deployment.
Consequently, detecting DCIP in soil samples is essential for
managing and mitigating these hazards.®® Again, the probe P-1
was also employed for the detection of DCIP in soil samples. To
detect DCIP in soil samples initially, two samples (marked as S-1
and S-2) were collected from the university campus and then
thoroughly ground using a motor and pestle. After that, the
powder soil sample (1g) was dissolved in 100 ml water and filtered
using the Whatmann-1 filter paper to remove any undissolved
impurities. Then this soil solution was spiked with DCIP at
different concentrations. The background spectra of P-1 were

Mater. Adv,, 2025, 6, 977-991 | 987
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the P-1 coated paper strip upon addition of DCIP under UV light and analyzed
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(a) The intensity of the yellow color of the P-1 coated paper strips was analyzed by Image J software against time. (b) Change in the cyan color of

by image J software. (c) Fluorescence spectra of P-1 (10 pM) in soil solution

and response with a spiking sample of DCIP (150 uM) (lex = 350 nm). (d) Ratiometric change in fluorescent intensity of P-1 with the different

concentration of DCIP spiked soil samples (S-1 and S-2) (lex = 350 nm).

recorded in only soil solution and not much interference was
found and then spiked soil solution was measured by the change
in fluorescence intensity (Fig. 12c and d). The limits of detection
for DCIP were 15.2 ppb and 14.8 ppb with recovery values ranging
between 95.4-97.8%. The relative standard deviation (RSD) was
within 2-3%, indicating the practicality and reliability of the
proposed probe.

4. Conclusion

In this study, we have developed and produced two fluorescent
ESIPT active salen derivatives (P-1 and P-2) for detecting toxic
nerve gas mimics of DCIP in both aqueous and organic media.
Initially, we explored the difference in the photophysical and
aggregation properties of these derivatives. In an aqueous med-
ium, both the probes showed change in fluorescence upon the
addition of DCIP and the extent of change was greater in the case
of P-1 (~22.0-fold) compared to P-2 (~1.0-fold) due to its dimeric
structure which changes its aggregation behavior and keto-enol
equilibrium in water. The P-1 compound exhibited a ratiometric
fluorescence change of approximately 7.0-fold in response to DCIP
in an aqueous medium. Different spectroscopic investigations
were carried out such as NMR, FTIR, FESEM, UV-vis, lifetime,
and fluorescence to understand the mechanism of sensing. The
mechanistic investigation suggested that the phosphorylation of
the hydroxy group led to changes in the keto-enol equilibrium and
aggregation state of compound P-1. Furthermore, an elaborate
investigation was carried out to understand the effect of solvents
(organic and aqueous), temperature, and time of interaction
between the probe and analyte. The compound P-1 exhibited a

988 | Mater. Adv, 2025, 6, 977-991

change in the ratiometric response to DCIP in an aqueous medium
while showing only turn-on sensing in DMSO. In DMSO, the P-1
compound exhibited a ~22.0-fold increase in fluorescence inten-
sity at 450 nm in water upon the addition of DCIP whereas in
DMSO, the fluorescence intensity increased by ~5.2-fold at
465 nm. This may be attributed to the alteration in the keto-enol
equilibrium and the extent of aggregation of P-1 in the two solvents
as well as the stability of the phosphorylated product. The mini-
mum detectable limit for DCIP by P-1 was found to be as low as
~5.0 ppb. The interaction time between DCIP and P-1 was
approximately 30 minutes, so each sample was incubated for 30
minutes before measurement. Theoretical calculations were car-
ried out to validate the experimental findings. Then this probe was
employed to detect the nerve gas mimics DCIP in the spiked soil
sample. The limit of detection of DCIP in soil samples was found
in the range of 14.8-15.2 ppb, with recovery values ranging from
95.4% to 97.8%. The relative standard deviation (RSD) was within
2-3%, demonstrating the practicality and reliability of the
proposed probe. Finally, sample-coated paper strips were prepared
for easy on-site detection of nerve gases in the vapor phase, and the
color change was analyzed using image-J software.
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