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1. Introduction

An ESIPT-based fluorescent probe for the
detection of multiple analytes and a facile
approach to discriminate between arsenate and
pyrophosphate in watery

Srushti Gadiyaram, @ Vikas D. Ghule, © Amrita Ghosh @ and D. Amilan Jose @*

A simple ESIPT-based fluorescent probe for the detection of the multiple analytes such as chromium
(Cr**), arsenate (HAsO,2), and pyrophosphate (PPi, P,O,*) has been reported. The probe HJ-DNP
displayed weak emission in organic solvents owing to excited-state intramolecular proton transfer (ESIPT)
and -C=N isomerization. However, upon the addition of water, the fluorescence emission could be
increased to a maximum through the aggregation-induced emission (AIE) behavior of HJ-DNP. The
combined effects of ESIPT and AIE in the DMSO-water mixture were used to sense multiple analytes. The
probe HJ-DNP could selectively detect Cr®* through the CHEF mechanism with a turn-on fluorescence
response. The limit of detection (LOD) for Cr®* ions was estimated to be as low as 3.9 pM. The probe HJ-
DNP was also used to detect Cr** ions in tomato extract. The probe HJ-DNP also binds preferentially with
arsenate and pyrophosphate (PPi) in the presence of various anions. The sensing of arsenate and PPi could
be carried out through naked-eye detection with a color change from orange to red; the LOD values are
calculated to be 3.9 uM and 0.19 mM for arsenate and PPi, respectively. It was found that arsenate
detection is more sensitive than PPi detection. Moreover, the different emission behavior of HJ-DNP in the
presence of arsenate or PPi was used to easily discriminate them. The probe HJ-DNP was used to detect
arsenate in real water samples. Arsenate was also detected and adsorbed from water samples using HJ-
DNP incorporating alginate polymer beads.

intramolecular hydrogen bonding interaction between -OH/
NH, hydrogen bond donor and a hydrogen bond acceptor

Fluorescence-based sensors of anions and cations are of great
interest to researchers due to their high sensitivity and
fluorescence bio-imaging abilities."™ Several fluorescent
chemical sensors, working on the principles of photoinduced
electron transfer (PET), internal charge transfer (ICT),
chelation-enhanced  fluorescence  (CHEF), excited-state
intramolecular proton transfer (ESIPT), aggregation-induced
emission (AIE), and aggregation-induced quenching (AIQ), are
known for a variety of anions and cations that are biologically
and environmentally relevant.®

Aggregation-induced emission (AIE) is a photophysical
phenomenon associated with chromophore aggregation.®” In
the AIE process, non-emissive luminogens are induced to
emit via aggregate formation.® In general, a molecule can
exhibit ESIPT fluorescence if its structure incorporates an
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(=N- and -C=O0).° ESIPT fluorescence probes have the
advantage of showing very significant Stokes shifts.
Generally, ESIPT-based fluorescent probes are designed in a
way in which the H-bond is initially blocked, inhibiting the
ESIPT process; consequently, only enol emission is
possible.'® However, exposure to a specific analyte can allow
a H-bond and the keto form, unlocking the ESIPT process.

Most AIE- and ESIPT-based fluorescent sensors are known
to detect either one individual analyte or they act as dual-
responsive probes for two analytes, rather than sensing
multiple analytes in parallel.'’ Dual-responsive probes
contain a distinct sensing group for each analyte.'* Therefore,
developing an ESIPT-based multi-analyte chemosensor is
crucial for environmental and biological applications.”*™"”
Different interaction modes need to be considered to design a
multianalyte probe, which increases the design difficulty.
From a practical point of view, designing such molecular
probes with differential responses towards multiple analytes
is cost-effective and highly desirable. They can detect more
than one analyte based on creating different output signal
responses to different analytes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cr’* is a heavy metal ion and a nutrient necessary for
balancing human and animal diets. However, excessive
consumption of Cr’" is known to negatively affect human
health. Thus, the selective and sensitive detection of Cr**
ions in environmental and biological samples is required."®"’
Although many chemical sensors for Cr** have been
designed, most of them are unsuccessful in detecting Cr**
ions in an aqueous medium, making them unsuitable for
practical applications.”*>° Therefore, it is essential to design
new water-friendly chemical sensors for the sensitive
detection of Cr’".

Phosphorus- and arsenic-derived oxyanions exhibit similar
properties, notably inorganic phosphate (Pi) and arsenate.
Their physiochemical similarities make them difficult to
differentiate when they co-exist in water.’® Arsenate is
considered to be highly toxic to humans compared with
phosphates. Arsenate is also a critical chemical pollutant in
water. Several fluorescent chemical sensors related to the
detection of phosphates are known but reports of fluorescent
chemical sensors for arsenate are rare.**?> Therefore, the

development of new, simple, sensitive, and reliable
fluorescence-based methods for arsenate ion recognition is
highly desired.

In this work, a multianalyte-responsive probe, HJ-DNP,
was developed via conjugating 8-hydroxyjulolidine-9-
carboxaldehyde and 2,4-dinitrophenylhydrazine through a
Schiff base reaction (Scheme 1). The probe HJ-DNP displayed
aggregation-induced emission (AIE) behaviour in a DMSO-
water mixture. The probe HJ-DNP was also studied for the
fluorescent detection of Cr’" and discrimination between PPi
and arsenate in aqueous solution.

2. Results and discussion

The probe HJ-DNP was prepared via a condensation reaction
between 8-hydroxyjulolidine-9-carboxaldehyde and
2,4-dinitrophenyl hydrazine in a single-step
(Scheme 1). The compound HJ-DNP was isolated in pure
form with 80% yield, and the characterization data matched
well with the desired product (see the experimental details
below and ESIT Fig. S1-S3).

reaction

2.1. Photophysical and water-dependent aggregation studies

The UV-vis spectrum of HJ-DNP (0.05 mM) in dimethyl
sulphoxide (DMSO) displayed two peaks at 365 nm (¢ =
12400 M ecm™) and 470 nm (¢ = 7240 M ' cm™'). The
fluorescence emission spectrum of HJ-DNP in DMSO exhibits

H NO,
NO.
o H 2 Methanol Sn-V
+ H,N” * >
N OH Reflux, 24 hrs N OH NO,
NO,

HJ-DNP
Scheme 1 A schematic representation of the synthesis of HJ-DNP.
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weak broad emission at 420 nm and 585 nm upon excitation
at 365 nm (Fig. S41). Almost all solvents result in weak
fluorescence emission (Fig. S5f). The large Stokes shift of
around 585 nm was assigned to proton-transfer tautomer
emission. The weak emission of HJ-DNP is owing to the
excited-state intramolecular proton-transfer (ESIPT) process
(the phenolic proton transfers to the imine nitrogen atom)
and C=N isomerization.*’

The photosensitivity of the probe HJ-DNP was explored,
as it has two nitro groups that are sensitive to UV exposure.
This implies that under strong UV light irradiation, the
probe can be degraded. To avoid such a situation, the
experiments were performed with fresh stock solutions and
were carried out mostly via avoiding direct contact with UV
light. Experiments were monitored for up to 90 min (Fig.
S6t).

The formation of an intramolecular hydrogen bond
between hydrogen-donor and hydrogen-acceptor groups
is a prerequisite for ESIPT. The compound HJ-DNP
bears a 2,4-dinitrophenylhydrazine N atom as a proton
acceptor and a julolidine hydroxyl group as the proton
donor.

To confirm the ESIPT process in HJ-DNP, the ground state
(So) and first excited-state (S;) energies for both the enol and
keto tautomer forms of HJ-DNP were calculated using the
respective optimized geometries (Fig. 1a). The molecular
geometries of the receptor keto-enol tautomer and the
transition state have been optimized using the B3LYP/6-
311G(d,p) level of theory and are shown in Fig. 1b. A
transition state via direct H-transfer bonding between the
oxygen atom (-OH) and the azomethine (C=N) nitrogen
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Fig. 1 (a) The optimised keto-enol molecular geometries of the probe
HJ-DNP using the B3LYP/6-311G(d,p) level of theory. (b) The keto-enol
tautomer and transition-state energy levels of HJ-DNP.
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atom (see Fig. 1) was determined. The C=O0O, O--‘H, and
H-N bond distances in the keto form are 1.2671, 1.6763,
and 1.0471 A, respectively. In the enol form, the C-O, O-H,
and H-N distances are 1.3512, 0.9804, and 1.7973 A,
respectively. As can be seen, strong H-bonding exists in the
tautomer, and H-transfer from O to N is established. In the
transition state, the C-O, N-H, and O-H distances increase,
indicating proton transfer. The C-O, O--‘H, and H--N
distances in the transition state are 1.2886, 1.4002, and
1.1297 A, respectively.

The HOMO-LUMO energy difference was reduced from
2.63 eV for the enol form to 2.42 eV for the keto form. This
observation indicates that the probe HJ-DNP undergoes
ESIPT. Consequently, the tautomer forms in the excited state,
which is responsible for the emission properties.

The probe HJ-DNP shows enhancement in emission at 585
nm with an increasing amount of water in a DMSO mix
(Fig. 2). The intensity of the emission peak at ca. 585 nm
increased continuously, showing a ten-fold increase with
90% water in DMSO (v/v) compared with 0% water. Up to
60% water, almost no change in emission was obtained, but
emission enhancement was observed beyond that. The
enhancement of emission in the presence of water was due
to the formation of aggregates and AIE. It is already known
from the literature that ESIPT and AIE occur in hydroxy
aromatic imines, and the emission is dependent on the
proportion of water in the solvent.* ™’

Therefore, it is proposed that the red emission that
occurred at 585 nm upon the addition of water is due to a
combined effect of ESIPT and AIE. Further, to confirm the
formation of aggregates in the presence of water, the particle
size of HJ-DNP was studied via the dynamic light scattering
(DLS) method in DMSO and a DMSO-water mixture (Fig.
S8t). The average particle size of HJ-DNP in the DMSO-water
mixture increased to 1268 nm compared to 232 nm in DMSO
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Fig. 2 (a) The emission spectra from aggregation studies of the probe
HJ-DNP (0.1 mM) in DMSO with different amounts of water and (b)
visual representation of aggregation-induced emission (AIE) upon
exposure to UV light.
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alone. The results suggest that the compound HJ-DNP tends
to form aggregates in DMSO-water. Further, it validates the
tendency of HJ-DNP to show aggregation-induced emission
(AIE) behaviour (Scheme 2).

2.2. Chromium-ion selectivity

The binding properties of HJ-DNP towards different
transition-metal and heavy-metal ions, such as Ni**, Ag",
Fe**, Fe**, cr**, cd*", cu®", Mn**, Na*, Mg*', Ca*’, Co**, and
Hg>', were investigated by fluorescence experiments. All the
experiments were carried out in a DMSO-water (80:20)
mixture, where weak monomer emission was predominant.
The fluorescence emission spectra of HJ-DNP (0.1 mM) with
excess amounts (5 equivalents, 0.5 mM) of different metal
ions were measured. A considerable enhancement in
emission was observed at 420 nm (., = 365 nm) along with a
decrease in emission at 585 nm only in the presence of Cr’".
This enhancement (at 420 nm) was not found in the case of
any other metals (Fig. 3a). Systematic emission titration was
used to determine the sensitivity of Cr*" binding with HJ-
DNP. As shown in Fig. 3b, with the addition of Cr**, emission
at 585 nm continuously decreased and an increase in the
emission peak at 420 nm was observed, with a clear
isosbestic point at 540 nm. The binding constant for Cr’*
was calculated to be 4.81 x 10* M™". The limit of detection
(LOD) was estimated to be 3.9 x 10™® M. 1:1 stoichiometric
binding between HJ-DNP and Cr’* was established based on
a Job plot (Fig. S97).

The increase in the fluorescence intensity at 420 nm and
the decrease at 585 nm in the presence of Cr*" ions may be
due to the inhibition of H-bonding; therefore, the ESIPT
process was blocked (Scheme 3). The observed emission at
420 nm in the DMSO-water (80:20) mixture corresponds to
the standard form of HJ-DNP. In contrast, emission at 585
nm arises due to intramolecular H-bonding between the
julolidine OH group and the hydrazine N atom of HJ-DNP.
When a Cr’* ion binds with the julolidine OH group and the
hydrazine N atom of HJ-DNP, it does not allow the ESIPT
process (Scheme 3) and the emission at 420 nm is recovered.

Further, the Cr*" ion binding behaviour of HJ-DNP was
also tested via UV-vis experiments. The systematic titration of
HJ-DNP (0.05 mM) with Cr** (0-0.145 mM) showed a decrease
in absorbance at 470 nm and a shift in the absorbance
maximum from 365 nm to 340 nm (Fig. S10%). Based on the
absorbance titration studies, the binding constant (K,) was
calculated to be 4.34 x 10* M, closely matching the value
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NO;
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Scheme 2 The proposed ESIPT mechanism and the AIE behaviour of
the probe HJ-DNP.
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Fig. 3 (a) The emission spectra of the probe HJ-DNP (0.1 mM) in the
presence of different metal ions, such as Ni?*, Ag*, Fe?*, Fe3*, Cr’*,
Cd?*, Cu?*, Mn?*, Na*, Mg?*, Ca?*, Co?*, and Hg?* (0.5 mM). (b) The
sensitivity of the probe HJ-DNP toward various concentrations of Cr**
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Scheme 3 The proposed mechanism of the interaction of the probe
HJ-DNP with Cr**,

obtained from emission titration experiments. Time-resolved
fluorescence lifetime measurements were also performed to
confirm the turn-on sensor response of HJ-DNP in the
presence of Cr*". The average fluorescence lifetime of the
probe HJ-DNP in the absence of analyte was measured to be
0.82 ns. However, in the presence of cr’', it was increased to
2.07 ns (Fig. S11f). The emission quantum yield (@)
calculated for HJ-DNP (& = 0.00031) was increased almost
three-fold in the presence of Cr’" (& = 0.00081) ions.

The proposed binding mode of HJ-DNP with Cr’" is
shown in Scheme 3. It can be presumed that the chelating
mode of HJ-DNP binding to Cr*" restricts the molecule,
which extends the m-electron conjugation throughout the
molecule. The extension in conjugation triggers a switch-ON
response in the fluorescence spectrum via a chelation-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enhanced fluorescence (CHEF) mechanism. The sensing
mechanism of the probe toward Cr’" is also confirmed with
ESI-mass analysis. As shown in mass experiments, in the
presence of Cr*", the probe displayed a peak at an m/z value
of 449.24 for a 1:1 complex of Cr’*" with HJ-DNP, and the
[2M + H]" peak is also observed at an mj/z value of 898.5608.
If the analyte is prone to complex formation or is highly
concentrated, [2M + H]' ions could also be observed in the
full mass spectrum (Fig. S127).

To gain more insight into the sensing behaviour of HJ-
DNP toward Cr’", DFT calculations were carried out using the
Gaussian 09 program package. The geometries of HJ-DNP
and HJ-DNP with Cr’* were fully optimized and investigated
using the density functional theory method (B3LYP) with the
6-311g(d,p) and LANL2DZ basis sets. The HOMO, LUMO, and
bandgap energy values were calculated using DFT studies.
The optimized structures of the probe HJ-DNP and the
corresponding Cr** adduct are shown in Fig. 4.

The HOMO is delocalized over the whole molecule, while
the LUMO is mainly delocalized on
2,4-dinitrophenylhydrazine. In the HJ-DNP-Cr** complex, the
HOMO is delocalized over the whole molecule, whereas the
LUMO is strongly delocalized on (2,4-dinitrophenyl)hydrazine
and slightly on the Cr*" part. The calculated data show that
the HJ-DNP-Cr*" complex has significantly reduced HOMO
energy (-3.9 eV) compared to HJ-DNP. The computed energy
gaps for the HJ-DNP and HJ-DNP-Cr** complexes are 2.76
and 0.85 eV, suggesting that the binding of Cr’* significantly
reduces the energy gap and favours an electron transition.
The lowering of the HOMO-LUMO energy gap in the HJ-
DNP-Cr*" complex compared to free HJ-DNP probably causes
a slight red shift in the emission spectrum of HJ-DNP at 420
nm when Cr** is added. The substantial decrease in the total
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Fig. 4 The optimized structures of the probe HJ-DNP and the HJ-
DNP-Cr** complex obtained using DFT theory at the B3LYP level with
the 6-311g(d,p) and LANL2DZ basis sets.
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energy of HJ-DNP upon complexation with Cr** suggests that
the HJ-DNP-Cr’" complex is highly stable, probably initiating
the spectral outcome through the CHEF mechanism.

2.3. Chromium detection in real-life samples

Although chromium(m) ions are an essential element in the
human body, excess intake can harm the stomach and blood
glucose levels. Recent studies showed that compounds
containing Cr*" probably provoke toxicity, leading to
carcinogenicity.***°

Vegetables are essential components of the human diet,
but studies have demonstrated the presence of trace metals
within them. Vegetables grown in heavily polluted water may
show heavy-metal contamination.*’

These metals cannot be removed by washing the
vegetables or cooking, even at high temperatures. Hence, we
have explored the possible detection of Cr’* in tomatoes
(Solanum lycopersicon) using the probe HJ-DNP. Several
studies have described the toxic effects of Cr’" in tomatoes
and other plants.*’ Chromium detection experiments were
performed with tomato extract spiked with known
concentrations of Cr’" (see the ESIf). HJ-DNP emission
spectra were recorded from Cr**-spiked tomato extract. As
shown in Fig. 5, good linearity (R* = 0.982) was observed in a
plot of the concentration of Cr*" in tomato extract and the
emission intensity at 420 nm. This also provided a LOD of
22.4 nm. Therefore, the probe HJ-DNP can be used to detect
and quantify Cr*" ions in tomatoes. This could prove to be a
powerful tool to quantify an unknown amount of Cr’*" in
various food samples.

2.4. Binding studies with anions

The binding abilities of HJ-DNP with various anions are also
monitored via UV-vis and fluorescence spectrophotometry. As
shown in Fig. 6, in the presence of excess anions (10
equivalents), only PPi and arsenate** induced distinct
spectral and colour changes. Other relevant anions, such as
F, PO,*>", AcO, CI', Br, I, NO;~, H,PO,”, and HSO,”, did
not show any noticeable changes in terms of their UV-vis
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Intensity at 420 nm
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50 v T v v
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Fig. 5 A plot of the linear relationship between the emission intensity
of HJ-DNP and the concentration of Cr** in tomato extract.
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Fig. 6 (a) The visual colour changes of HJ-DNP in the presence of

different anions. (b) UV-vis absorbance and (c) emission spectra from
selectivity studies of the probe HJ-DNP (0.1 mM) in the presence of
anions such as F~, PO,*, P,O,*, CHsCOO", Cl', Br', I, NO3~, H,PO,",
HSO,, and arsenate (10 equivalents).

and fluorescence spectra (Fig. 6). The probe HJ-DNP
immediately changed from dark yellow to red in the presence
of PPi and arsenate (Fig. 6a). Anions such as S*7, HS", CN",
CO0,;>", and HCO;  also showed definite changes in terms of
their UV-vis absorbance. However, the changes are mainly
due to deprotonation of the -OH moiety in HJ-DNP. As the
probe is sensitive to basic pH, these highly basic anions drive
the probe HJ-DNP to be deprotonated (Fig. S137).
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Fig. 7 The emission spectra of the probe HJ-DNP (0.1 mM) with
various concentrations of (a) arsenate (0-1.17 mM) and (b) PPi (P,O,%)
(0-1.33 mM) ions (lex = 365 nm, slit width: 20/20).
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The sensitivity of the probe HJ-DNP toward arsenate and
PPi was calculated based on systematic titration studies. As
shown in Fig. 7a, a decrease in the emission band at 585 nm
and an increase in the emission band at 510 nm were
observed upon adding arsenate ions to HJ-DNP. The
stoichiometry of HJ-DNP binding with arsenate was calculated
through a Job's plot, and the results confirmed the formation
of a 1:2 (anion:ligand) complex (Fig. S14t). In the UV-vis
spectrum, with an increase in the arsenate concentration, a
decrease in the absorbance band at 365 nm and a
simultaneous increase at 410 nm were observed (Fig. S157).

The binding constant (4.81 x 10* M™") and LOD (3.9 uM)
values were calculated for arsenate detection via the emission
method.*** Further, the sensitivity of HJ-DNP toward PPi was
also determined via systematic fluorescence and UV-vis
absorbance titration. As shown in Fig. 7b, upon the addition of
PPi, the emission band intensity at 505 nm was increased. In
the UV-vis spectra, the sensor HJ-DNP exhibited ratiometric
changes when detecting PPi at 340 nm and 425 nm (Fig. S16t).
A Job plot confirmed the 1:2 (PPi: HJ-DNP) stoichiometry of H]J-
DNP binding with PPi (Fig. S171). The LOD and K, values for
PPi were calculated to be 0.19 mM and 8.77 x 10> M,
respectively. These values revealed that the binding of PPi is very
weak and less sensitive compared to arsenate. The sensitivity of
arsenate binding is 55 times higher than that of PPi binding.

Furthermore, time-resolved fluorescence lifetime
measurements were performed to reconfirm the turn-on
sensor responses of HJ-DNP towards PPi and arsenate ions. It
was observed that the fluorescence decay constants (s) of H]J-
DNP were affected, as summarized in Table S2.f The average
lifetime values of HJ-DNP increased to 1.77 ns and 3.24 ns,
respectively, for arsenate and PPi (Fig. 8). The relative
quantum yield values calculated for HJ-DNP with PPi (@ =
0.0022) and arsenate (¢ = 0.0012) are more than five times
that of HJ-DNP (& = 0.00031), which confirms the turn-on
fluorescence response toward PPi and arsenate ions.

Phosphorus- and arsenic-derived oxyanions display similar
properties, making them difficult to distinguish when they

10000

O HJ-DNP only
O HJ-DNP with Arsenate
O HJ-DNP with PPi

1000 +

100 4

Counts (log)

-
o
1

T T T T T

35x10°  4.0x10° 4.5x10° 5.0x10°
Time /s

Fig. 8 Lifetime measurements of the probe HJ-DNP (0.1 mM) with
arsenate (1 mM) and PPi (9.45 mM) in DMSO-water (80 : 20).
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co-exist. Interestingly, the natures of the emission spectrum
changes toward PPi and arsenate are different (Fig. 7),
making PPi and arsenate distinguishable.**™® PPi displayed
emission enhancement at 543 nm, whereas arsenate showed
ratiometric changes in emission and enhancement at 523
nm. This spectral difference can be used to identify and
discriminate between PPi and arsenate in solution easily. The
acidic protons of the probe HJ-DNP are involved in binding
with the -OH groups of arsenate and pyrophosphate ions, as
shown in the proposed mechanism (ESIT Scheme S1).

FTIR analysis was performed to understand the binding
modes of PPi and arsenate. HJ-DNP was mixed with different
concentrations of PPi and arsenate. These solutions were
evaporated, and the solid product was analysed via FT-IR
using the KBr method. The IR spectra of HJ-DNP with and
without PPi and arsenate were compared. The IR spectrum of
HJ-DNP shows a strong band observed at 1604 cm ™', which
can be assigned to the stretching vibrations of the -NH
group, and the moderately intense bands observed around
2985-3005 cm " are due to azomethine (-CH=N) stretching.
The shifts in the IR bands of -NH, -CH=N, and -OH in the
presence of PPi and arsenate confirm the involvement of
these groups during the binding process (Fig. S187).

Further, "H-NMR spectra of HJ-DNP were also obtained
in the presence of arsenate and PPi to confirm the
binding mode of HJ-DNP with these anions. The
interaction of PPi and arsenate caused significant changes
in the chemical shifts in the 'H-NMR spectra of HJ-DNP.
The protons of -OH (15.3 ppm) and -NH (9.9 ppm)
disappeared due to hydrogen bonding between PPi/
arsenate and HJ-DNP. 'H-NMR experiments confirm the
involvement of -OH and -NH groups in binding with
arsenate (Fig. S191). Based on IR and 'H-NMR analysis,
the mechanism of the binding of PPi and arsenate with
HJ-DNP is proposed in ESIf Scheme S1.

The binding behaviour of HJ-DNP with arsenate and PPi
was also studied via quantum mechanical calculations using
Gaussian 09. Calculations of frontier molecular orbital HOMO
(highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) energies and band gaps were
performed in the gas phase. The structure was optimized using
the B3LYP theoretical method with the 6-311g(d,p) and
LANL2DZ basis sets (Fig. 9). The calculations predicted that the
bandgaps between the HOMOs and LUMOs of HJ-DNP with
arsenate and PPi were found to be 1.49 eV and 1.39 eV,
respectively (Fig. S20f). These results confirm a decrease in
energy compared to free HJ-DNP, which validates the spectral
shifts in the experimental absorption spectra.

The binding energies (AE) for probe HJ-DNP-arsenate and
probe HJ-DNP-PPi complexes were computed via calculating the
differences between the energies of the isolated receptor and
anions and their complexes (Table 1). The calculated binding
energies for the corresponding arsenate and PPi complexes are
-351 and —228 kJ mol™, respectively, revealing the higher
affinity of HJ-DNP for arsenate than PPi. These results are well
in line with the experimental results.
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Fig. 9 Optimized structures of (a) HJ-DNP-arsenate and (b) HJ-DNP-
PPi at the B3LYP/LANL2DZ level of theory.

Table 1 Computed total energies and binding energies (AEp;,q) of HJ-
DNP-anion complexes obtained at the B3LYP/LANL2DZ level

Total energy (a.u.)

AEping
Compound HJ-DNP-anion HJ-DNP only Anion only (k] mol™)
Arsenate -3077.23271 —1384.52253 -308.05396 -351
PPi -3310.95527 -1384.52253 —541.82046 -228

The primary source of binding energy in the HJ-DNP-
arsenate and HJ-DNP-PPi complexes was hydrogen bonding
between -OH, -NH, and -NO, groups present in the
framework of HJ-DNP and the anions.

2.5. pH-Dependent studies

The effects of pH on the sensing behaviour of the probe HJ-
DNP were studied based on changes in the UV-vis spectrum.
Three different pH levels, pH 5.0, 7.0, and 9.0, were chosen
in order to explore acidic, neutral, and basic pH conditions.
The experiments were performed using acetate buffer, water,
and borax buffer to maintain the respective pH levels. From a
comparative table of LOD values (Table S37), it is evident that
the probe HJ-DNP can efficiently detect analytes only at
neutral pH (Fig. S21 and S22f). At acidic pH (pH = 5),
changes in UV-vis absorbance and colour are very minimal or
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negligible, so LOD calculations are not feasible. However, at
pH 9.0, in basic medium, only Cr*" effectively binds with HJ-
DNP, as the probe deprotonates in a basic medium and
binding sites are not available for the binding of anions such
as arsenate and PPi. Thus, pH studies confirm that acidic pH
is not suitable for the binding of analytes. However,
interestingly, at basic pH the probe is selective for Cr**.

2.6. Arsenate detection in real samples

Arsenate detection was carried out using three natural water
samples (groundwater, pond water, and tap water) and
washed rice water (WRW). Rice is a significant contributor of
inorganic arsenic in the human diets. Rice accumulates a
higher amount of arsenic than any other grain crop. Arsenic-
containing irrigation water can lead to long-term soil
contamination with arsenic.*”° In soil, arsenic is present
mainly as inorganic species (arsenate As(v) and arsenic
As(m)).***" Therefore, we have selected a water sample
obtained from rice washing. It is known that 50-60% of
arsenic impurities are removed upon soaking rice in water
before cooking. Arsenate-spiked water samples were used for
recovery analysis. Fluorescence spectra were recorded, and
the emission intensity at 522 nm was monitored. The
response of HJ-DNP increased linearly with an increase in the
arsenate concentration in spiked water.

Based on emission changes, the arsenate % recovery values
were estimated, and acceptable average recovery (95.0-105%)
and RSD (2.0-4.0%) values were obtained (Table 2). The
recovery of arsenate from wastewater samples was statistically
close to 100%. This result indicates the validation of this
method for the detection of arsenate in different water samples
and washed rice water. In addition, the concentration of
arsenate in these samples detected via the proposed approach
agreed well with ICP-MS experiments. These studies implied
that the sensor HJ-DNP could be a promising tool for
monitoring arsenate in water and grains like rice.

2.7. Detection of arsenate ions using sodium alginate beads

The use of alginate beads (biopolymer) as a sorbent to detect
and remove arsenate from contaminated water has also been
investigated. The probe HJ-DNP was incorporated with

Table 2 The recovery data set for different water samples spiked with
HAsO42

Water HAsO,*>~ RSD%
sample spiked (uM)  Found (uM)  Recovery % (1 =3)
Ground 40 38.63 96.57 3.03
80 75.67 94.58 1.86
Pond 20 20.08 100.0 2.13
80 76.02 95.02 2.47
100 96.08 96.08 2.58
Tap 20 19.78 98.90 3.15
60 60.03 100.0 3.09
100 98.08 98.08 2.36
Washed rice 80 76.79 95.98 3.91
100 100.03 100.13 3.43

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polymeric sodium alginate beads®***® for ready-to-use
applications. HJ-DNP-incorporating alginate hydrogel beads
(HJ-DNP@alginate) were prepared using distilled water via a

well-known method described previously (see the
Experimental details below).
HJ-DNP@alginate was characterized via scanning

electron microscopy (SEM) and EDX analysis. As shown in
Fig. 10A, the beads display an uneven polymer surface,
indicating the incorporation of HJ-DNP on the surface of
the polymer.>* HJ-DNP@alginate was immersed in a
sample of arsenate-contaminated water. An immediate
change in the colour of the polymer beads from dark
yellow to red confirms the detection of arsenate and its
uptake by the polymer beads (Fig. 10).

SEM-EDX analysis of red-coloured HJ-DNP@alginate
confirmed the detection and adsorption of arsenate ions
from water samples (Fig. 10B). Arsenic peaks were
observed in the SEM-EDX spectra only after arsenate
adsorption by the alginate beads. This phenomenon shows
the effective adsorption of arsenate on the surface of HJ-
DNP@alginate. Thus, these experiments confirm the
advantage of using HJ-DNP@alginate for the detection of
uM-levels of arsenate in water.

2.8. Multianalyte detection based on the CIE chromaticity
diagram

The CIE 1931 chromaticity parameters (x, y) from the
luminescence data of H]-DNP, HJ-DNP with Cr**, and HJ]-DNP
with anions were calculated, and the chromaticity diagram
was plotted.>>>” Fig. 11 depicts the changes in the CIE
coordinates in response to various analytes. The CIE diagram
shows the luminescence of probe HJ-DNP in the presence of
arsenate, PPi, and Cr**. The probe HJ-DNP (0.36, 0.35) lies in

Fig. 10 Scanning electron microscopy images of (A) the probe HJ-
DNP and (B) HJ-DNP that had adsorbed arsenate on the surface of
sodium alginate hydrogel beads. (C) The SEM-EDX profile of HJ-DNP
on sodium alginate hydrogel beads (the inset shows the yellow-
coloured bead). (D) The SEM-EDX profile of HJ-DNP with arsenate on
sodium alginate hydrogel beads (the inset shows the orange-coloured
bead).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The CIE chromaticity diagram of the probe HJ-DNP with the
analytes pyrophosphate (PPi), arsenate, and Cr**.

the centre of the red colour space, showing no specific
fluorescence. But with analytes, this changes and moves to
different regions.

In the presence of arsenate, the probe displayed
chromaticity in the blue region, and this moved towards the
green region upon the addition of PPi. Again, the
chromaticity shifted towards the blue-purple region in the
presence of Cr**, unlike PPi and arsenate. Therefore, it is
evident that the probe HJ-DNP could be used to detect and
distinguish between the three analytes of Cr*’, arsenate,
and PPi.

3. Experimental section
General information and materials

All the chemicals used were purchased from commercial
sources and used without further purification.
8-Hydroxyjulolidine-9-carboxaldehyde was purchased from
TCI Chemicals. 2,4-Dinitrophenylhydrazine,
tetrabutylammonium salts of different anions (such as CI,
I, Br, CH;COO, PO,>,, NO,, F, OH, P,0,*, and
HSO, ), and the sodium salt of arsenate (HAsO4, ) were
purchased from Sigma-Aldrich. Perchlorate salts of various
metal ions, such as Mn*', Mg>*, Ca*', Na*, Fe*', Fe**, Cu®",
Ni**, AI**, Co*", Cr**, Hg®", and Ag", were purchased from
Sigma-Aldrich. Solvents were obtained from Loba Chemie
and S. D. fine chemical and were used following further
purification via distillation. "H-NMR spectra were recorded
using a Bruker Avance (II) 600 MHz NMR instrument with
TMS as an internal standard. Mass spectra were obtained
using a XEVO G2-XS QTOF (LC-MS) spectrometer. An
Agilent ~ Technologies Cary Eclipse fluorescence
spectrophotometer was used to obtain fluorescence spectra.
Absorption spectra were recorded using an Agilent
Technology UV-vis spectrophotometer, using quartz cells
with a path length of 1.0 cm.
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Synthesis of the probe HJ-DNP

250 mg of 8-hydroxyjulolidine-9-carboxaldehyde (1.15 mmol)
and 228 mg of 2,4-dinitrophenylhydrazine (1.15 mmol) were
dissolved in distilled methanol (30 mL) and allowed to react
with each other for 24 h under N, to form an orange
precipitate. The reaction was then stopped, and the
precipitate was filtered and washed with cold methanol. The
solid product was further precipitated in a warm methanol-
ethanol mixture and collected as a dark orange-coloured
solid, yielding the pure compound HJ-DNP. Yield = 79.6%.
"H-NMR (600 MHz, DMSO-d,): ¢ (ppm) 15.13 (s, 1H), 9.89 (s,
1H), 9.33 (s, 1H), 8.31 (d, J = 6 Hz, 1H), 8.04 (d, J = 12 Hz,
2H), 7.89 (d, J = 6 Hz, 2H), 7.59 (m, 4H), 7.24 (d, J = 12 Hz,
1H), 7.08 (d, J = 12 Hz, 1H), 6.97 (d, J = 6 Hz, 1H). *C-NMR
(150 MHz, DMSO-dg): 6 (ppm) 167.50, 160.04, 152.06, 148.45,
143.67, 142.25, 131.56, 130.59, 129.39, 128.77, 127.38, 125.35,
122.09, 119.32, 118.42, 116.04, 115.83. MS-ES (m/z)
C1oH19N505: calculated, 397.14; found, 398.8412.

Binding constant determination

The binding constant (K,) values of HJ-DNP with different
analytes in DMSO-water (80:20) were determined based on
Hill plots, using the formula K, = 1/slope. The slope was
obtained via the linear fitting of a plot of the emission or
intensity vs. the concentration of analyte.

The calculation of the limit of detection (LOD)

LOD was calculated using the equation (3.3¢/slope), where o
is the standard deviation of the . intensity value of the
blank probe HJ-DNP. The slope was obtained via the linear
fitting of a plot of intensity vs. the analyte concentration.

DFT studies

All calculations were carried out using the Gaussian 09
program package.’® The geometries of all compounds were
fully optimized and investigated using the density functional
theory method (B3LYP) with the 6-311g(d,p) and LANL2DZ
basis sets.

Conclusions

In summary, a new fluorescent and colorimetric sensor, HJ-
DNP, was developed to detect the multiple analytes of Cr’”,
arsenate, and PPi ions in aqueous solution. The probe HJ-
DNP displayed aggregation-induced emission (AIE) behaviour
at 585 nm, with a 10-fold increase in the emission intensity
upon increasing the proportion of water in DMSO. The ESIPT
mechanism of the probe HJ-DNP was explored via DFT
calculations and studying the optimized geometries of HJ-
DNP in both keto and enol forms. The probe HJ-DNP could
preferentially detect Cr’* ions over various metal ions via the
CHEF mechanism with a turn-on response. The LOD towards
Cr** ions was calculated to be 3.9 uM. The probe HJ-DNP was
also used to detect Cr’" in the food product tomatoes. Among
various anions/oxyanions, HJ-DNP could detect arsenate and

1232 | Sens. Diagn., 2022, 1,1224-1235

View Article Online

Sensors & Diagnostics

pyrophosphate ions via a colour change from pale orange to
red. Also, there were changes in the emission spectra. The
LOD values toward arsenate and PPi were calculated to be as
low as 3.9 uM and 0.19 mM, respectively. The different
emission behaviour of HJ-DNP in the presence of PPi and
arsenate enabled us to distinguish between these ions in
water. The probe HJ-DNP is also incorporated with sodium
alginate polymer beads for ready-to-use detection and
arsenate removal from water. Lifetime measurements and
'"H-NMR titration studies were performed to confirm the
proposed binding modes and mechanisms. Furthermore,
arsenate detection was carried out in real-life water samples,
such as groundwater, pond water, tap water, and rice
washing water. It is also evident from the CIE chromaticity
plot that the probe HJ-DNP can act as an efficient probe for
detecting the multiple analytes of Cr**, arsenate, and PPi.
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