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A fluorescent pyrazinium-based 1-benzyl-3,5-diphenylpyrazin-1-ium bromide (BPPyz) chemosensor was
synthesized and well-characterized. A significant reduction in blue emission of BPPyz was observed in the
presence of TNP as compared to other nitroaromatic compounds, indicating high selectivity towards TNP.
In the presence of sulfite ions, BPPyz showed fluorescence quenching and rapid naked-eye detection with
a significant color change. The sensing mechanism was investigated through UV-visible studies, time-
resolved fluorescence results, and density functional theory (DFT) calculations. The quenching constants
(Ksy) are 412 x 10° M™* for TNP and 3.8 x 10°> M* for sulfite with the detection limits of 9.5 nM and 46.17
nM for TNP and sulfite, respectively. The selectivity of BPPyz towards TNP was ascribed to the ground state
charge transfer complex (GSC) formation and resonance energy transfer. Sulfite ion detection involved the
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1. Introduction

Detection of high-energy nitroexplosive is required due to
environmental pollution and homeland security.! Aromatic
nitro compounds, such as 1,3,5-trinitroperhydro-1,3,5-triazine
(RDX), 2,4-dinitrotoluene (2,4-DNT), and 2,4,6-trinitrotoluene
(TNT), are commonly used as explosives.” 2,4,6-trinitrophenol
acid (TNP) is more lethal than TNT due to its fast detonation
velocity and low safety coefficient.® It is extensively utilized in
leather, dye, pharmaceutical,® and fireworks industries and
rocket fuel production.® Because of its diverse uses, high water
solubility, and low degradation, it can easily contaminate water
and soil® and is therefore recognized as an environmental
pollutant.” TNP carries health risks, including cancer, skin
irritation, liver dysfunction, respiratory organ damage, nausea,
and allergies.*® The allowed concentration of TNP in
groundwater is 0.001 mg L™ according to the WHO. To monitor
environmental contamination and terrorist operations, selective
and sensitive detection of TNP is needed."’

Sulfite is used as an antioxidant, antibacterial, and
enzyme inhibitor in food and beverages."' Ingress of sulfite
into the human body is through SO,, an environmental
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pollutant released by unrestricted combustion of fossil fuels
and volcanic activity.’> In an aqueous solution at neutral pH,
SO, exists in equilibrium between sulfite ions (SO;*7) and
bisulfite ions (HSO; ). An abnormal level of exogenous sulfite
in humans induces a free radical reaction, changing the
oxidation and antioxidant levels and causing symptoms such
as allergies, asthma, diarrhea, and hypotension.”® Abnormal
endogenous sulfite has been linked to neurological diseases
and lung cancer."* The WHO considers a daily sulfite intake
of less than 0.7 mg kg™."® Therefore, detecting sulfite with
selectivity and sensitivity in the environment is essential.

Various instrumental techniques are employed to detect
TNP, such as gas chromatography-mass spectrometry (GC-
MS),"® high-performance liquid chromatography (HPLC),"”
surface-enhanced Raman spectroscopy,'® and ion-mobility
spectroscopy.’ A diverse range of molecules based on
naphthalimide,®®  pyrene,> triazine,>® benzimidazole,*
rhodamine,** and bisthiocarbonohydrazone®® are reported for
the detection of TNP. The detection mechanism involves
photo-induced electron transfer (PET),>® ground state charge
transfer complex (GSC) formation,>” resonance energy transfer
(RET),?® intramolecular charge transfer (ICT),?° the inner filter
effect (IFE),*® and indicator displacement assay (IDA).**

The conventional methods to detect sulfite include the
official Monier-Williams methods,?* titrimetry,*
electrochemical methods, chromatography,®® flow injection
analysis, and capillary electrophoresis.®> Pyrazoline,**
BODIPY,*” coumarin,*® and fluorescein®’-based molecules are
designed to detect SO;>". The mechanism involved in sulfite
ion detection includes hydrogen bond-inhibited C=N
isomerization,’  hydrogen = bonding  recognition,*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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deprotection of the levulinate group,** the Michael addition
reaction,” and nucleophilic reaction.

Fluorescence-based detection has gained tremendous
attention because of its high sensitivity, ease of use, and
rapid execution time.**** Several fluorescent chemosensors
reported in the literature for TNP and sulfite detection are
associated with drawbacks such as lower water solubility,
analyte interference, and low detection limits. Therefore, it is
necessary to develop fluorescent chemosensors with
multianalyte sensing, a low detection limit, and high water
solubility for TNP and SO;>". Ion-tagged compounds are a
fascinating class of organic materials because of their
distinctive, tunable characteristics that result from possible
combinations of cations and anions.*>*” Pyrazine derivatives
exhibit excellent photostability and are often employed as
luminescent materials.*® Moreover, quaternization of one of
the N atoms of the pyrazine core can enhance the
hydrophilicity of the molecules, thereby enabling the
applications in an aqueous medium. In continuation to our
work on pyrazinium-based chemosensors,*® herein we report
the synthesis of another pyrazinium-based chemosensor,
BPPyz, and its use as a fluorescence sensing probe for TNP
and colorimetric and fluorimetric detection of sulfite ions at
room temperature in an aqueous medium.

2. Experimental section
2.1 Materials and instruments

The reagents were utilized without additional purification
after being purchased from commercial suppliers. Milli-Q
water was used to prepare stock solutions for various
experiments. '"H NMR (400 MHz) and “*C{"H} NMR (100
MHz) spectra were recorded using TMS as an internal
standard and CDCl; or DMSO-d, as solvents. Parts per
million (ppm) and hertz (Hz) are used to express chemical
shifts (J) and coupling constants (J), respectively. In the 'H
NMR spectra, spin multiplicities are represented by the
following abbreviations: s = singlet, d = doublet, t = triplet,
and m = multiplet. An Agilent 6545 Q-TOF LC/MS
spectrometer with an ESI source in both the positive and
negative modes was used to analyze the mass spectra of the
synthesized compounds. Melting points were measured in
open glass capillaries using MPA120 automated melting point
apparatus and were uncorrected. Absorption studies were
conducted on a JASCO V-650 spectrophotometer using 10
mm path length quartz cuvettes in the wavelength range of
200-700 nm, and fluorescence
performed on a Horiba Fluoromax-4 spectrofluorometer
using 10 mm path length quartz cuvettes with a slit width of
3 nm. Fluorescence lifetime measurements were carried out
using an  Edinburgh FL920 fluorescence lifetime
spectrometer. The sample was excited using a laser diode at
370 nm. All spectroscopic measurements were performed at
room temperature. Data collection and reduction for single-
crystal XRD were carried out utilizing CrysAlis PRO on a
single-crystal Rigaku Oxford XtaLab Pro Kappa dual home/

measurements were
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near diffractometer. The crystal was kept at 293(2) K during
data collection using a CuKa (4 = 1.54184 A) radiation source.
Using Olex2,>® the structure was solved with the ShelXT>!
structure solution program using Intrinsic Phasing and
refined with the ShelXT? refinement package using Least
Squares minimization. The optimized structures and HOMO-
LUMO states of the molecules were obtained by density
functional  theory  (DFT)-based quantum  chemical
calculations at the level of B3LYP (Becke three-parameter
exchange functional and Lee-Yang-Parr correlation
functional)®® and standard 6-311G (d,p)** in the Gaussian09
program suite.”> For the colorimetric read-out using a
smartphone, a paper box with a black plastic board covering
it on the outside was utilized. To provide even lighting, 3.0 W
lamps were mounted on either side of the upper surface. The
smartphone was placed five centimeters away from the
sample holder containing an aqueous solution of BPPyz with
various concentrations of SO;*". The smartphone built-in
camera was used to take pictures with the best resolution
available. To extract the RGB values from the photos, the
colorgrab app was utilized.

2.2 Synthesis of 2,6-diphenylpyrazine (PPyz)

A round-bottom flask was charged with 2,6-dichloropyrazine
(0.671 mmol), phenylboronic acid (1.476 mmol), Pd(OAc),
(0.033  mmol), and K,CO; (1.342 mmol) in
dimethylformamide (2.5 mL). The reaction mixture was
irradiated in a microwave at 120 °C for 50 min. The reaction
mixture was cooled to room temperature, quenched with
water (5 mL), and diluted with EtOAc (15 mL). The layers
were separated, and the aqueous layer was extracted three
times with 10 mL of EtOAc. The organic layer was dried over
Na,S0,, filtered, and concentrated under reduced pressure.
The residue was purified by column chromatography on a
silica gel using a 15-20% EtOAc/hexane mixture. PPyz was
obtained as a white solid (137 mg, 86% yield); mp = 98-100 °C;
d 'H NMR (400 MHz, CDCl,) 6 9.00 (s, 2H), 8.21-8.17 (m, 4H),
7.60-7.50 (m, 6H). *C{'H} NMR (100 MHz, CDCl;) § 151.6,
139.9, 136.5, 129.9, 129.0, 127.0; HRMS (ESI) m/z: [M + H]"
caled for [Cy¢Hy,N, + H]', 233.1002, found 233.1002.

2.3 Synthesis of 1-benzyl-3,5-diphenyl pyrazin-1-ium bromide
(BPPyz)

A mixture of PPyz (0.431 mmol) and benzyl bromide (0.517
mmol) was stirred in a round-bottom flask for 8 h at 75 °C.
The reaction mixture was washed with ethyl acetate, and the
bright yellow solid obtained was filtered and dried under
vacuum (169 mg, 97.1% yield); mp = 201-210 °C; '"H NMR
(400 MHz, DMSO-dg) 6 9.77 (s, 2H), 8.37-8.29 (m, 4H), 7.73
(dd, J = 8.0, 2.4 Hz, 2H), 7.68 (dd, J = 5.2, 2.0 Hz, 6H),
7.49-7.44 (m, 3H), 5.95 (s, 2H). “*C{'"H} NMR (100 MHz,
DMSO-dg) 6 153.1, 138.4, 134.4, 133.1, 131.2, 130.2, 130.1,
130.0, 129.6, 129.5, 65.2; HRMS (ESI) m/z: [M - Br]'
caled for [Cp3HioN,]", 323.1543; found 323.1536.
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2.4 Synthesis of the BPPyz-TNP complex

At room temperature, an ethanolic solution of TNP (0.247
mmol) was added dropwise to a solution of BPPyz (0.247
mmol) in ethanol. The reaction mixture was stirred for 5 h,
and the obtained yellow precipitated solid was filtered and
washed with ethyl acetate (130 mg, 95%); mp = 220-225 °C;
"H NMR (400 MHz, DMSO-d) J 9.75 (s, 2H), 8.56 (s, 2H), 8.32
(dd, J = 6.8, 2.8 Hz, 4H), 7.73-7.70 (m, 2H), 7.67 (dd, J = 5.2,
2.0 Hz, 5H), 7.46 (dd, J = 5.2, 1.8 Hz, 3H), 5.94 (s, 2H); HRMS
(EST) m/z: [M — Br]" caled for [C,3H;oN,]", 323.1543; found
323.1536.

2.5 Synthesis of the BPPyz-SO;>~ complex

An acetonitrile solution of BPPyz (0.247 mmol) was added
dropwise to a solution of sodium sulfite (0.123 mmol) at
room temperature. The reaction mixture was stirred for 5
min, and the yellow precipitated solid was filtered and
washed with ethyl acetate, (125 mg, 70%); mp = 215-225 °C
'H NMR (400 MHz, DMSO-dg) 6 10.01 (s, 2H), 8.39 (dd, J =
6.6, 3.0 Hz, 4H), 7.86-7.82 (m, 2H), 7.68 (dd, J = 4.8, 1.6 Hz,
6H), 7.46 (dq, J = 3.7, 1.9 Hz, 2H), 6.05 (s, 2H). “*C{'H}
NMR (100 MHz, DMSO-dg) 6 157.3, 133.7, 133.6, 132.9,
132.5, 130.1, 130.0, 129.7, 129.6, 128.1, 65.1; HRMS (ESI) m/z:
[M - Br]" caled for [C,3H;oN,]", 323.1543; found 323.1538.

3. Results and discussion
3.1 Synthesis and characterization

BPPyz was synthesized by the Suzuki coupling reaction of
2,6-dichloropyrazine with phenylboronic acid to give
2,6-diphenylpyrazine (PPyz) (Fig. S1-S31) followed by a
solvent-free reaction between PPyz and benzyl bromide
(Scheme 1). BPPyz was characterized using different
spectroscopic techniques and single-crystal XRD. In the 'H
NMR spectrum of BPPyz, a two-proton singlet at 5.65 ppm
indicated the presence of benzylic protons, and aromatic
protons appeared in the range of 7.09-8.26 ppm (Fig. S47). In
the C NMR spectrum of BPPyz, a signal at 65.1 ppm was
due to the benzylic carbon, and the aromatic carbon signals
appeared in the 128.1-157.4 ppm range (Fig. S51). ESI mass
spectral analysis showed an m/z peak at 323.1536, which may
be attributed to [BPPyz-Br| (Fig. S6T). The structure of BPPyz
was further confirmed by single-crystal XRD analysis (CCDC
number 2189176). The compound crystallized in the

View Article Online
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Fig. 1 ORTEP diagram of BPPyz. CCDC 2189176.

ionic
comprises an organic cation and a bromide anion; three
pairs of these ions are found in the crystallographic
asymmetric unit, Z' = 3. The ORTEP diagram shown is only
for one molecule in Fig. 1 (Fig. S77).

monoclinic P2,/c space group. The compound

3.2 Response of BPPyz toward TNP

Nitroaromatic compounds (NACs) can interact with
fluorescent probes through non-covalent and electrostatic
interactions resulting in a change in the absorption and
emission properties. BPPyz showed three absorption bands at
Jmax = 356 nm, 268 nm, and 236 nm in an aqueous medium.
It also showed a strong emission (¢ = 0.35) maximum at 438
nm (Zex = 359 nm) in the fluorescence spectra (Fig. S8t). The
blue emission of BPPyz in an aqueous medium motivated us
to explore its potential application as a fluorescent
chemosensor (Fig. S91). The UV-visible spectrum of BPPyz
was examined by adding nitroaromatics 4-NT, 4-NP, NM,
4-NBA, NB, 3,4-DNT, and 24-DNP in 2 x 10° M
concentration. No alteration was observed in the absorbance
intensity with these NACs except for TNP, which showed an
increase in the intensity with the appearance of a new band
at 425 nm (Fig. S107). The fluorescence intensity of BPPyz on
the addition of 2,4-DNP, 4-NP, and TNP showed fluorescence
quenching, NACs showed insignificant

whereas other

@

Pd(OAc), K,CO;
DMF,120 °C, 50 min
microwave

Clﬁ::j\CI

N ®,
PUCIY P

PPyz

* Br

BPPyz

Scheme 1 Synthesis of 1-benzyl-3,5-diphenylpyrazin-1-ium bromide (BPPyz).
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Fig. 2 (a) Absorbance and (b) fluorescence spectra of BPPyz (2 x 107> M) with different nitroaromatic analytes.

changes (Fig. 2). The quenching efficiencies of TNP, 2,4-DNP,
and 4-NP were found to be 97.3%, 75%, and 40%,
respectively (Fig. S117).

So far, the selectivity of BPPyz towards TNP was
established among different nitro compounds. Further,
interference studies were performed using competitive
binding studies for TNP with BPPyz in the presence of
equimolar concentrations (2 x 10~ M) of other metal ions
(Na*, Mg>", AI*", K¥, Ca®>", Mn*", Fe**, Fe**, Co*", Ni**, Cu”™,
Zn**, Ag", Cd**, Hg*", Pb*", La**, Eu**, Gd*" and Yb*"), anions
(CH;COO7, HCO;, NO;, I, Br, ClI, and F) and nitro
compounds (4-NT, 4-NP, NM, 4-NBA, NB, 3,4-DNT, and
2,4-DNP) (Fig. S12f). No perturbation of fluorescence
quenching was observed, which established the selectivity of
BPPyz for TNP in the presence of several other analytes. The
behavior of BPPyz towards TNP in different pH solutions was

0.6 4
[1 equiv.]

3
S04+
g [TNP]
c
g [0 equiv.]
-]
<o.2 4

0.0 T T . T

300 400 500
Wavelength (nm)

also investigated. On the addition of TNP, the maximum
fluorescence quenching of BPPyz was found to be in the pH
range of 6-8. This result indicated that BPPyz can be used
efficiently as a fluorescent chemosensor for TNP detection
under a neutral pH environment (Fig. S131).

The general mechanisms of fluorescence quenching
include static and/or dynamic quenching, Forster resonance
energy transfer (FRET), photo-induced electron transfer
(PET), and the inner filter effect (IFE). Absorbance and
fluorescence titrations were performed to elucidate the
mechanism of interactions between BPPyz and TNP. On the
continuous addition of TNP, the absorption intensity of the
band at 358 nm increased, and a new band at 425 nm
appeared due to the formation of a ground state charge
transfer complex. The intensity of the emission peak at 438

nm decreased with a gradual increase in the TNP
1000{ (®)
':Tsoo - [0 equiv.]
£
)
5 600 ~ [TNP]
E
6 400 :
,8 [1 equiv.]
£
W 200 -

o_

400 450 500 550 600
Wavelength (nm)

Fig. 3 (a) Absorbance and (b) fluorescence spectra of BPPyz (2 x 107> M) with different amounts of TNP.
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concentration (Fig. 3). This is due to the formation of the
picrate anion by the deprotonation of the phenolic -OH of
TNP in an aqueous medium, followed by an anion exchange
with Br~.>® Fluorescence titration studies were also performed
for 2,4-DNP and 4-NP to investigate the quenching of BPPyz
(Fig. S14 and S15%1). The emission intensity at 438 nm
decreased in the presence of 2,4-DNP and 4-NP, but to a
lesser extent than TNP.

The detection limit (DL) obtained from fluorescence
titration studies at 438 nm was found to be 9.5 nM. The limit
of detection (LOD) value was estimated by the IUPAC standard
method, LOD = ypjank + 3 X SDpjank, Where Ypiank is the average
signal intensity at zero and SDy,n is the standard deviation of
the blank measurements (Fig. $16t).>”®

To examine the sensitivity of BPPyz toward TNP, the
Stern-Volmer (S-V) constant (Ksy) was calculated using the
Stern-Volmer equation, I/ = 1 + Kgy[Q], where I, represents
the initial fluorescence intensity in the absence of the
analyte, I denotes the intensity in the presence of the analyte,
[Q] is the molar concentration of the analyte and Ksy is the
quenching constant. The quenching constant (Ksy) for BPPyz
was found to be 4.12 x 10° M', confirming the high
sensitivity of BPPyz toward TNP (Fig. S17t). The Kgy values
were also calculated for 2,4-DNP and 4-NP and were found to
be 6.7 x 10° M and 2.3 x 10* M ™", respectively (Fig. $18 and
S191). A Stern-Volmer plot may be linear or nonlinear
depending on the static or dynamic quenching process. The
linear S-V plot at the lower concentration indicated static
quenching, which was attributed to the formation of the
ground state charge transfer complex. This was confirmed by
the appearance of a new band at 425 nm in the UV-visible
spectra. The correlation coefficient (R*), obtained via
regression analysis, was computed to be 0.998.

The deviation from linearity of the S-V plot at higher
concentrations revealed the possibility of dynamic
quenching. Dynamic quenching occurs as a result of
collisional interactions or excited-state phenomena like
Forster resonance energy transfer (FRET). Energy transfer
through FRET is dependent on (i) a significant overlap
between the absorbance and fluorescence spectra of the
acceptor and donor, respectively, (ii) relative dipole
orientations of the donor and acceptor, and (iii) the Forster
distance between the donor and acceptor.

To validate the dynamic quenching mechanism, UV-visible
absorption spectra of TNP were plotted together with the
emission spectrum of BPPyz, and an effective overlap was
observed with TNP only. Therefore, resonance energy can easily
be transferred from the excited donor fluorophore (BPPyz) to
the electron-deficient acceptor (TNP).” To identify the extent of
energy transfer, the overlap integral value (J;) for TNP was
calculated and found to be 5.74 x 10" M em™ nm™. The
Forster distance, R, for the BPPyz-TNP interaction, was 38.10
A, which falls in the range for RET (Fig. S20%). The spectral
overlap of the absorption spectra of the absorber with the
emission/excitation spectra of the fluorophore also indicates
the possibility of an inner filter effect. The species in the IFE

876 | Sens. Diagn., 2024, 3, 872-882
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process should not chemically interact with each other, i.e., no
new absorption band of the ground state charge transfer
complex should be observed. Further, the quencher should not
change the fluorescence lifetime of the fluorophore. In the
current study, a new absorption band at 425 nm was observed
due to the ground state charge transfer complex formation.
Furthermore, fluorescence lifetime decay profiles also showed
a decrease in the lifetime of the BPPyz-TNP complex (0.5 ns)
compared to BPPyz (3.50 ns). Moreover, it was observed that
the reduction in the fluorescence lifetime and intensity
followed the relation 7o/t = Iy/I, which is a crucial feature of
collisional or dynamic quenching (Fig. S217).

Further, to exclude the possibility of the IFE, corrections
were performed using eqn (1):

TeorTops = 10Aex+Aem)/2 (1)

where I, and I, indicate the fluorescence intensities of
BPPyz after and before IFE corrections, respectively. Ao and
Ae.m denote the absorbances of the sensing system at the
excitation and emission of BPPyz, respectively. No change in
the emission intensity after performing IFE corrections
clearly indicated the non-involvement of the IFE in the TNP
sensing mechanism (Fig. S227).

The emission of BPPyz was recorded in the presence of
triflic acid (TFA) (pK, ~ 0.52), a stronger acid than TNP (pK,
~ 0.38), to investigate the acidity effect of TNP on
fluorescence quenching. No change in the fluorescence
emission suggested that the acidity effect was not involved in
the fluorescence quenching mechanism (Fig. S237).

The nature of the attenuation of the fluorescence emission
of BPPyz by TNP was inspected by 'H NMR, HRMS, and
theoretical studies. The stoichiometric ratio was confirmed
by the spectroscopic analysis of the yellow complex isolated
from the ethanolic solution of BPPyz and TNP at room
temperature. Comparing the "H NMR spectra of BPPyz and
the BPPyz-TNP complex suggested the complexation of the
picrate ion with the BPPyz cation (Fig. 4). In the "H NMR
spectrum of the BPPyz-picrate complex, a new prominent
signal at 8.58 ppm due to picrate protons and their relative
integration confirmed the formation of a 1:1 molar complex
between BPPyz and TNP (Fig. S247).

The HRMS analysis of BPPyz-TNP demonstrated m/z peaks
attributed to the anionic [TNP-H] and cationic [BPPyz-Br]|"
species at 227.9525 and 323.1536, respectively (Fig. S257%). The
crystal of BPPyz-TNP grown from an acetonitrile-methanol
solvent mixture crystallized in the monoclinic system (C2/c
space group). One BPPyz' cation and one deprotonated picrate
anion are found in the crystallographic asymmetric unit, Z' = 1.
The ORTEP diagram of the BPPyz-TNP crystal is shown in
Fig. 5. The BPPyz-TNP complex is stabilized through
short C-H---O non-covalent interactions. The pyrazine ring
C3-H3:--01, methylene C17-H17A---O1, and phenyl ring
C3-H3---O1 non-covalent bond distances are 2.391, 2.471,
and 2.533 A, respectively; these bond distances are shorter
than the hydrogen-oxygen van der Waals radius, 2.72 A.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 'H NMR spectra of the BPPyz-TNP complex.
To study the interaction between BPPyz and TNP, DFT
calculations were performed at the level of B3LYP/ 6-311G(d,p)
in the gas phase. The energies of the highest occupied
molecular orbital (HOMO) and the lowest occupied molecular @
orbital (LUMO) of BPPyz were -9.856 eV and -6.334 eV, o%f P
respectively. The energies of the HOMO and LUMO of the A “:.‘
picrate anion were found to be -3.424 eV and +0.1417 eV, ol
. . . . LUMO +0.141 eV
respectively (Fig. 6). Hence, theoretical results direct the
possibility of a ground state electronic charge transfer from the E
HOMO of the picrate anion to the LUMO of BPPyz, which
results in high quenching efficiency. However, the HOMOs of N : & :.
other nitroaromatics were found to have lower energy levels E ‘: ‘ -
2,0. o%
% #'é‘ HOMO -3.424 eV
LUMO -4.314 eV * )
5% ’
PR 2
WMo 6336y "=
L] S
HOMO -8.617 eV ‘m
Q L4
HOMO -9.856 eV
TNP BPPyz Picrate

Fig. 5 ORTEP diagram of BPPyz-TNP (CCDC 2189177).

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

Fig. 6 Energy levels and profiles of the frontier molecular orbitals of
BPPyz, picrate, and TNP.
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than the LUMO of BPPyz, thereby discarding the possibility of
electronic charge transfer and leading to low quenching
efficiencies (Fig. S267).

3.3 Response of BPPyz toward SO;>~

The anion sensing ability of the probe BPPyz was elucidated
by the changes in the UV-visible and fluorescence spectra
upon the addition of various anions, SO;*”, HSO;~, NO;™, F,
Cl,, Br, I, ClOo,, [Fe(CN);(NO)*,, C,0,>, cystine,
glutathione, methionine, S,0;>7, SO,>7, PO,>", CN, SCN’,
N;°, OH', H,PO,", and OAc™ (2 x 10~> M) in aqueous media.
Among these anions, BPPyz was interestingly selective to
SO;>” with a visual change in the color of the solution from
colorless to yellow. On the addition of SO;*” ions, the UV-
visible absorption bands of BPPyz at 268 nm and 358 nm
showed a hypsochromic shift to 255 nm and 322 nm,
respectively, with a simultaneous emergence of a new band
at 439 nm. The BPPyz solution emitted dark brownish
fluorescence in the presence of the SO,>” anion under a 365
nm UV lamp. To ascertain the selectivity of the probe,
emission spectra of BPPyz were recorded in the presence of
various anions at 2 x 10> M concentration, and no alteration
was observed in the emission behavior of BPPyz. The
addition of SO;>  resulted in 94.3% quenching of the
emission intensity at 438 nm. A ground state charge transfer
complex might have formed due to the exchange of Br~ with
S0;” (Fig. 7).

To further confirm the formation of the ground state
charge transfer complex, UV-vis titration studies of BPPyz
were performed with the increasing concentration of SO;>". A
well-defined isosbestic point at 385 nm suggested the
formation of a new compound upon treatment of the probe
with sulfite ions. To better understand the sensing ability of
BPPyz for the SO,>" anion, a fluorescence titration
experiment of BPPyz was carried out with the gradual

0.6
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addition of SO;*. The fluorescence intensity of BPPyz
decreased gradually with the increasing concentration of the
SO;>” anion (Fig. 8). The linear variation at low concentration
was due to static quenching. The linear fit of the plot
provided Kgy = 3.8 x 10° M ™" and a correlation coefficient (R?)
of 0.9936 (Fig. S277). The deviation from linearity indicated
dynamic quenching, which was further supported by lifetime
measurements. Fluorescence lifetime decay profiles showed a
decrease in the lifetime of the BPPyz-SO;>~ complex (0.9 ns)
as compared to BPPyz (3.50 ns) due to dynamic quenching
(Fig. S21f). The Job plot suggested a 2:1 stoichiometry
between BPPyz and the SO;> anion (Fig. $28%).

The selectivity of BPPyz for SO;*” was evaluated by
monitoring the fluorescence response of BPPyz toward SO;>~
in the presence of ¥, Cl', Br, I, NO;", HCO;~, CH;COO",
$,05,>7, 80,77, and PO,> (Fig. $291). Fluorescence quenching
unaffected, indicating that BPPyz can selectively
discriminate the SO;>" anion in the presence of all other
examined anions. The detection limit is also an important
parameter that describes the sensing ability of sensors. The
detection limit of BPPyz for the SO,>" anion was found to be
46.17 nM (Fig. S307). The maximum fluorescence quenching
of BPPyz in the presence of SO;>” was found in the pH range
of 6-9, indicating its stability in a neutral pH environment
(Fig. $137).

To further confirm the stoichiometric ratio of the complex,
the dark yellow complex was isolated from an ethanolic
solution of BPPyz and SO;>  at room temperature and was
analyzed by 'H and "*C NMR (Fig. $31 and 327). In the HRMS
spectrum of the BPPyz-SO,>” complex, the m/z peak was
observed at 323.1536 for [BPPyz-Br]" (Fig. S331). In the 'H
NMR spectrum of the BPPyz-SO;>~ complex, the pyrazinium
proton H, shifted downfield from 9.77 ppm to 10.01 ppm. The
prominent shift in the "M NMR spectrum indicated the
hydrogen bonding between the pyrazinium proton (H,) of
BPPyz and the O atom of SO;>". A downfield shift was also

was

—sPPyz
[ BPPyz +S0,*
f=——BPPyz + HSO,
f~——BPPyz + NO,
f——BPPyz + F*
{~——BPPyz + CI
{~——BPPyz + Br
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Fig. 7 (a) Absorbance and (b) fluorescence spectra of BPPyz (2 x 10~° M) with different anions.
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Fig. 8 (a) Absorbance and (b) fluorescence spectra of BPPyz (2 x 107> M)

with different amounts of SOz?".
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Fig. 9 'H NMR spectra of the BPPyz-SOs2~ complex.

observed in the aliphatic proton (Hy,) and aromatic proton (H,)
signals due to hydrogen bonding (Fig. 9).

The DFT calculations were carried out at the B3LYP/6-
311G(d,p) level of theory to understand the formation of the
complex (Fig. 10a). The red-shifted absorption band in
BPPyz-SO;>~ can be explained by the molecular orbitals. In

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

the BPPyz-SO;* complex, the energy gap between the
HOMO and the LUMO was -0.519 eV, which is much
smaller than that in BPPyz (-1.95 eV). Such lowering of the
HOMO-LUMO gap in the BPPyz-SO,*” complex can be
attributed to the change in the electron distribution due to
anion exchange (Fig. 10b).
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Fig. 11 (a) Integration of the BPPyz chemosensor with a smartphone and (b) the ratio of R/(R + G + B) versus SOs?~ concentration in the range of

0 to 20.0 uM.
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Fig. 12 Test paper strips for the detection of TNP and SO32” under 365 nm UV light.

3.4 Smartphone-based colorimetric read-out

An affordable on-site monitoring method was developed
based on the naked-eye detectable change of BPPyz in the
presence of SO;>" using a smartphone (Fig. S341). The
standard RGB scale is represented by whole number values
from 0 to 255 for red, green, and blue colors. The values
[0, 0, 0] and [255, 255, 255] correspond to absolute black
and white, respectively. The change in the RGB values of
BPPyz on the addition of SO;>~ was recorded by keeping the
smartphone camera about 1 cm away from the vials enclosed
inside a paper box. The changes were recorded using a
smartphone app, which could directly output the RGB values
(Fig. 11a). In order to compute the fitting parameters, several
empirical formulae were used to assess the correlation of the
RGB values processed from the smartphone (Fig. S351). The
optimal relationship was obtained when the ratio of R/(R + G
+ B) was used (Fig. 11b). By using this ratio, a calibration
curve was obtained with good linearity from 0 pM to 20.0 uM
(R? = 0.9949). These results demonstrate that the developed
smartphone-based colorimetric read-out method performs
well and is more accessible, affordable, and portable than
other chromatographic techniques.

3.5 Implementation of test paper strips

For rapid and on-site detection of TNP and sulfite,
commercial Whatman filter paper was used to create paper
test strips.®® The strips were dipped in a concentrated BPPyz
solution for 10 minutes, and then allowed to dry for two
hours. These test strips were dipped in aqueous solutions of
TNP and sulfite solutions (107°-107® M), and fluorescence
quenching was seen under a 365 nm UV lamp (Fig. 12).

Conclusion

In summary, a pyrazinium-based fluorescent chemosensor,
BPPyz, was successfully synthesized, and its photophysical
properties were studied in detail. In aqueous media, BPPyz
showed high selectivity and high sensitivity for sensing TNP
among nitro compounds by fluorescence quenching, which
can be due to the formation of the ground state charge
transfer complex and resonance energy transfer. Among
anions, BPPyz exhibits good sensing ability towards SO;>” by
colorimetric and fluorometric responses attributed to
hydrogen bond interactions between the pyrazinium of BPPyz
and SO;>. Moreover, BPPyz was integrated with a
smartphone for sulfite detection. The developed strategy is

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

portable and accessible for in situ sulfite analysis and does
not require advanced instruments.
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