Open Access Article. Published on 27 August 2024. Downloaded on 11/30/2024 8:42:54 AM.

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

(cc)

Environmental Science

Advances

W) Check for updates ‘

Cite this: Environ. Sci.: Adv., 2024, 3,
1578

Received 21st June 2024
Accepted 27th August 2024

DOI: 10.1039/d4va00213j

rsc.li/esadvances

Environmental significance

» ROYAL SOCIETY
PPN OF CHEMISTRY

Naked eye detection of arsenite, arsenate, and H,S
by a Schiff base naphthaldehyde conjugate using
a single paper strip, based on a deprotonation
mechanismf

Diptiman De,® Priyotosh Ghosh,? Sriman De (2° and Prithidipa Sahoo (2 *@

Considering the significant toxicity of arsenite (AsO,7), arsenate (AsO,>7), and hydrogen sulphide (H,S), the
early detection of these ions and gas using simple methods like naked-eye chemosensing could have
substantial implications for environmental and industrial applications. With these factors in mind, we have
called NADNP
naphthaldehyde conjugated 2,4-dinitrophenyl hydrazine) for swift paper-based colorimetric detection of

developed a novel and straightforward colorimetric chemosensor (2-hydroxy
arsenite, arsenate, and H,S, based on a deprotonation mechanism. NADNP exhibits strong binding
affinity towards sulfide, arsenite, and arsenate, with very lower detection limits (LOD) of 0.17 uM, 0.15 uM
and 0.15 pM respectively, and the binding stoichiometry between these detected ions and NADNP is
determined to be 1:1 through Job's plot analysis. Structural elucidation and electronic properties
calculation have been conducted via DFT (Density Functional Theory) studies for correlation with the
spectroscopic analyses. The ‘three-in-one’ paper strip-based chemosensor could be considered
a promising colorimetric tool for rapid, cost-effective, selective, and sensitive “on-spot” sensing and

monitoring of arsenite, arsenate, and sulfide in environmental samples.

Arsenic (As) pollution in the groundwater of India poses significant health hazards, encompassing a spectrum of adverse effects on human health. Conversely,
hydrogen sulfide (H,S), traditionally known as a toxic gas with a foul odor resembling rotten eggs, has emerged as a gasotransmitter. Arsenic and H,S

contamination has significant ambivalent effects on society, primarily impacting human health, the environment, and economic development. Therefore,
addressing these untoward effects is crucial for maintaining the environment and human health. To tackle this challenge, we have developed a novel and

straightforward colorimetric chemosensor for rapid paper-based detection of arsenite, arsenate, and H,S. This user-friendly and cost-effective paper strip-based
kit is an easy-to-use tool for common people and hence plays a vital role in protecting human health by enabling early detection, empowering communities,

improving accessibility to testing, facilitating targeted interventions, preventing health risks, and promoting community engagement and awareness.

Introduction

The term “environmental hazards” or “toxicants” describes
compounds or pollutants found in the environment that can be
detrimental to ecosystems, human health, or both. These
substances can stem from natural sources or human activities
and can cause harmful effects on living organisms and their
surroundings. Heavy metals, volatile toxic gases, reactive oxygen
species (ROS), persistent organic pollutants (POPs), particulate
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matter (PM), endocrine disrupting chemicals (EDCs), radioac-
tive contaminants, etc. are a few examples of environmental
hazards or toxicants. The development of selective and sensitive
approaches for detecting toxic species in biological and envi-
ronmental samples has grown in importance in recent years. In
this research work, we have chosen arsenic (As**/As®*) and
hydrogen sulfide (H,S) as their toxic effects lead to adverse
health effects through inhibition of essential enzymes, which
ultimately leads to death from multi-system organ failure.
Arsenic (As) stands as a highly toxic water pollutant with
grave implications for human health and is designated as
a Group-1 human carcinogen by the International Agency for
Research on Cancer.” The predominant forms of inorganic
arsenic found in aquatic organisms are arsenite (As®") and
arsenate (As>"). Additionally, various organo-arsenics, such as
arsenobetaine, arsenosugars, and methylated arsenic acids,
exist, each possessing distinct chemical properties and toxicity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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levels.>* Arsenite is known to be more toxic and mobile in
groundwater, while arsenate, though less toxic, is more
commonly found in surface water and soils. Arsenic
compounds have diverse applications in agriculture, serving as
pesticides and alloying agents, and in the manufacture of
semiconductors, lasers, transistors, metal adhesives, explo-
sives, and pharmaceutical products. Arsenic interferes with the
chemical and biochemical activities of P(v), a Group-VB
element, within living systems. Human exposure to arsenic
primarily occurs through drinking contaminated water or
consuming plants grown in polluted areas.®” In India, regions
such as West Bengal, Bihar, and Uttar Pradesh commonly
experience groundwater contamination with arsenic levels
exceeding the World Health Organization (WHO) guidelines for
safe drinking water (10 pg L™ ').* Arsenite can induce DNA
strand breakage, leading to skin lesions, increased cellular
levels of nitric oxide and superoxide, disruption of cardiovas-
cular and nervous system functions, heightened cancer risk for
skin and other organs, and interference with protein phos-
phorylation through binding to vicinal thiols.>** Arsenate can
disrupt cellular processes by substituting phosphate in
biochemical reactions, thereby disrupting essential metabolic
pathways such as ATP synthesis.****

Traditionally recognized as a toxic gas with a foul odor
resembling rotten eggs, hydrogen sulfide (H,S) has emerged as
the third gasotransmitter, following carbon monoxide (CO) and
nitric oxide (NO)."** Even at low concentrations, H,S poses
a wide array of adverse health effects due to its reducibility and
high lipid solubility.>*~** Reportedly, the typical concentration of
H,S in blood falls within the range of 10 to 600 pM.***” H,S
primarily originates from the decomposition of organic
compounds or as a by-product of various industries such as
petroleum refining, farming, waste management, and natural
gas production.”®*° Anaerobic bacteria can convert sulfate to
sulfide through microbial reduction, and sulfur-containing
amino acids present in biosystems also contribute to its
production.* In hydrolysis, sulfide ions produce H,S, which is
even more toxic than S?~.3> However, elevated levels of H,S in
living systems can lead to human diseases such as Alzheimer's
disease, Down's syndrome, hypertension, and liver cirrhosis.**>*

Continuing exposure to these hazards can result in various
health issues and consequently, detecting elements poses
a formidable challenge for researchers. Numerous methods
have been documented for determining arsenic in environ-
mental samples like water, soil, and sediment.**** These
sophisticated analytical techniques require extensive sample
preparation procedures before instrumental measurement,
making them laborious, time-consuming, and demand
substantial reagent quantities. Moreover, their application at
pollution sources is cumbersome. Alternatively, colorimetric
methods employing organic reagents such as molybdenum
blue,* silver diethyldithiocarbamate,** methylene blue,** and
rhodamine-B*® offer simplicity and cost-effectiveness for arsenic
determination, allowing application directly at the sample
source. However, these reagents have many shortcomings and
drawbacks that remain a challenge. Thus, an alternative color-
imetric method that is quite simple, inexpensive, accessible,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sensitive, selective, and addresses the drawbacks of conven-
tional techniques is desirable. In recent years, interest has
surged in detection methods employing chemosensors, as they
possess key practical sensing properties including high sensi-
tivity, selectivity, portability, specificity, cost-effectiveness, and
real-time sensing capability.*’** To date, numerous chemo-
sensors have been developed for the detection of arsenite/
arsenate or sulfide ions** (see the comparison in ESI Tables S1
and S21). These probes typically operate via three crucial
mechanisms: displacement of metal ions by sulfide ions,
coordination of sulfide ions to the metal center, and sulfide-
specific chemical conversion. Few Schiff base sulfide ion
sensors have been reported, primarily based on the deproto-
nation of acidic hydrogen atoms. However, in many cases, the
synthetic procedures are overly complex, or the detection limits
are not sufficiently low.>>*® Consequently, there remains a scar-
city of studies focusing on sulfide ion sensing via anion-induced
deprotonation with high sensitivity.

Given the high toxicity of arsenic and H,S, early detection of
these ions and gases through simple methods like naked-eye
detection could significantly impact environmental and indus-
trial applications. The attractive advantages of colorimetric
analysis over traditional analytical procedures include cost-
effectiveness, relatively simple synthetic procedures, high
selectivity and sensitivity, and ease of operation. Therefore, our
primary focus was on developing a simple Schiff's base colori-
metric chemosensor that could enable naked-eye detection of
arsenic (As**/As®*) and hydrogen sulfide (H,S) together. Taking
all these factors into consideration, we have developed a novel
and straightforward colorimetric chemosensor named NADNP
(2-hydroxy naphthaldehyde conjugated 2,4-dinitrophenyl
hydrazine) with a good yield for the swift detection of arsenic
(both As®* and As®") and hydrogen sulfide (H,S) (Scheme 1)
following some literature reports.””*®* The uniqueness of this
probe is that it can detect arsenic (both As®" and As®") and
hydrogen sulfide (H,S) simultaneously with strong binding
affinity as well as very low detection limits compared to many
other reported probes (Tables S1 and S2t). To the best of the
authors’ knowledge, there are no reports in the literature on the
detection of both As**/As®" and H,S colorimetrically using
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Scheme 1 Colorimetric change of NADNP upon interaction with
AsO, ", AsO4>, and HS (S%).
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a single chemosensor like NADNP. The NADNP probe has been
thoroughly characterized using techniques such as UV-vis, '"H
NMR (Fig. S11), "*C NMR (Fig. S27), HRMS, and DFT studies.

The significance of this work lies in the fact that a single
chemosensor can rapidly detect colorimetrically both arsenite
(As*") and arsenate (As®*) along with H,S (S>7). Moreover, the
colorimetric chemosensor has been incorporated into paper
strips for the rapid and selective visualization of these analytes
without the need for sophisticated equipment, making it
applicable to various types of water samples such as ground-
level water and water from unused wells.

Results and discussion

UV-visible titration studies

Utilizing absorbance titration in DMSO : H,O (4:1 v/v, pH 7.0,
10 mM Tris-HCl buffer), the interactions between the NADNP
probe and AsO, /AsO,*~ were examined. A titration of a 10 pM
solution of NADNP was performed against different known
concentrations of AsO,” (0 to 0.52 uM) and AsO,*~ (0 to 2.35
uM). At 424 nm, NADNP showed a distinctive absorption band.
Bathochromic shifts of 95 nm and 91 nm were seen in the
absorption spectra for titration with AsO, and AsO,*”, signi-
fying the transition of the intra-molecular charge transfer (ICT)
due to the deprotonation of the NADNP sensor by AsO, /
AsO,*". After adding 0.52 pM AsO,~ and 3.35 uM AsO,’”, the
optimum absorbance was measured at 519 nm and 515 nm,
respectively. The newly developed bands at 519 and 515 nm
showed a linear rise in intensity, while the band at 424 nm
declined in both cases (Fig. 1). In both cases, there were distinct
isosbestic points at 458 nm and 462 nm, suggesting the
formation of deprotonated NADNP. This resulted in a robust
interaction between NADNP and AsO, /AsO,*”, exhibiting
a deep purple color.

A1:1 stoichiometric ratio of NADNP with AsO,~ and AsO,*~
was determined to be established by binding interactions from
Job's plot (Fig. S3 and S47). Absorption spectra revealed asso-
ciation constants of 3.7 x 10° M~ * and 4.9 x 10> M *, respec-
tively (Fig. S5 and S67). The detection limit of NADNP for AsO, ™
and AsO,>~ was determined to be 0.15 uM in both the instances
(Fig. S7 and S8%).

In DMSO:H,0 (4:1 v/v, pH 7.0, 10 mM Tris-HCl bulffer),
a UV-visible titration experiment was carried out to determine
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Fig. 1 (a) Comparative absorbance spectra of NADNP (10 uM) after
gradual addition of NaAsO, (0 to 0.52 uM) to DMSO : H,O (4 : 1 v/v, pH
7.0, 10 mM Tris—HCIL buffer). (b) Comparative absorbance spectra of
NADNP (10 uM) after gradual addition of NazAsO,4 (0 to 3.35 uM) to
DMSO : H,O (4:1v/v, pH 7.0, 10 mM Tris—HCl buffer).
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Fig.2 Absorbance spectra of NADNP (10 uM) after gradual addition of
H,S (0 to 0.169 uM) to DMSO : H,O (4 : 1 v/v, pH 7.0, 10 mM Tris—HCl
buffer).

the sensitivity of NADNP to H,S. NADNP showed an absorption
band at 424 nm and the intensity at 424 nm gradually dropped
with increasing concentration of $*~ (which ranges from 0 to
0.169 uM) and simultaneously a new absorption peak appeared
at 519 nm (Fig. 2). The definite isosbestic point at 460 nm
implies the emergence of a stable complex with a specific stoi-
chiometric ratio (1:1) while interacting with sulphide ions,
which was further supported by Job's plot (Fig. S91). The asso-
ciation constant of NADNP with H,S was found to be 1.2 x 10*
M~ with a very low detection limit of 0.17 pM (Fig. S10 and
S11}). The bathochromic shift of the absorption band led to the
proposal of an intramolecular charge transfer transition (ICT)
that also occurred through the deprotonation of NADNP in the
presence of $>~ showing a distinct purple color.*®

Selectivity studies

With UV-visible spectroscopy, a comparative selectivity test was
carried out in the presence of several metal ions and some
relevant anions to evaluate the sensitivity of NADNP towards
AsO, ", AsO,*", and H,S in DMSO : H,O (4 : 1 v/v, pH 7.0, 10 mM
Tris-HCI buffer) (Fig. 3). NADNP changes its color from yellow
to purple only in the presence of AsO, and AsO,>~ (Fig. 4 and 5)
while its colour remains the same in the other cases.
Alternatively, amongst all tested anions H,S and hypochlo-
rite ions (C10™) both turned NADNP to deep purple or pale pink,
respectively (Fig. 3). However, ClO~ displayed a significantly

b’.‘l \ i \ -\
f_« “ZOMA(] Cr"Mg?‘Al"

© H,0, OAc HCOy PO SO H,S ClO; HsOs

Fig. 3 (a) Color change observed for NADNP (10 uM) in DMSO : H,O
(4:1v/v, pH 7.0, 10 mM Tris—HCl buffer) with addition of 3 equiv. of
different cations. (b) Colour change observed for NADNP (10 puM) in
DMSO : H,O (4:1v/v, pH 7.0, 10 mM Tris—HCl buffer) with addition of
3 equiv. of different anions.
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Fig.4 (a) UV-vis spectral changes of NADNP (10 pM) with addition of 3
equiv. of AsO,~, AsO,>~ and other cations. (b) Histogram plot of
NADNP with different cations.
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Fig.5 (a) UV-vis spectral changes of NADNP (10 uM) with addition of 3
equiv. of H,S and other anions. (b) Histogram plot of NADNP with
different anions.

larger LOD value and a very low association constant, and we
did not select it as a candidate for our experiment. Furthermore,
when the other investigated cations and pertinent analytes are
added, NADNP does not exhibit any discernible spectrum or
color changes (Fig. 3).

Effect of pH

pH has a great impact on the binding mechanism. To examine
the influence of pH on the binding of arsenite, arsenate, and
sulphide with NADNP, the detection was shown in a range of
solutions with pH values ranging from 1 to 14. Usually, depro-
tonation is less likely to happen in acidic pH, but above pH 9,
a significant HO™ was produced and interfered with NADNP.
From the comprehensive pH study, it was determined that the
effectiveness of NADNP shows its best at neutral pH while
binding with analytes (Fig. S127).

Determination of a plausible mechanism through "H NMR
titration and mass spectroscopy

Depending on the results obtained from UV-visible spectros-
copy, we carried out additional studies using "H NMR titration
and mass spectroscopy to validate the binding mechanism of
cations with chemosensors. The 'H-NMR spectra of the
complexes (DMSO-d¢ and D,0) showed notable shifts while
titrating NADNP with specific ions, namely AsO, and AsO,*".
The imine proton peak at 9.58 ppm showed a slight drop in
intensity upon the sequential addition of both AsO,” and
AsO,*>” and shifted upfield to 9.38 ppm (Fig. 6).

This illustrated the rapid interaction of NADNP with AsO, /
AsO,*>” followed by the deprotonation of phenolic -OH in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 H NMR titration spectrum [400 MHz] of NADNP in DMSO-dg
with the addition of different number of equiv. of NaAsO,/NazAsOy4 to
Dzo.

NADNP. Furthermore, there was an upfield shift in the aromatic
region of both the DNP and naphthaldehyde moieties, indi-
cating that electron delocalization was facilitated by the naph-
thalene imine moiety.®® The results obtained from NMR were
validated by the mass spectra analysis of the aforementioned
conjugates (Fig. S13 and S147).

"H NMR titrations were carried out to understand the
binding mechanism of NADNP with H,S. After the addition of
1.0 equivalent of H,S to the probe, the imine proton at 9.58 ppm
moved upfield to 9.29 ppm (Fig. 7) along with the upfield
movement of the aromatic protons. This implies the quick
deprotonation of the phenolic ~-OH of NADNP by $>~, produced
from H,S, and the electron was delocalized throughout the
NADNP molecule. The HRMS study corroborated the fact sup-
porting the genesis of NADNP-Na' as a result of the deproto-
nation (Fig. S157).

The pH analysis of NADNP in the presence of strong bases
like NaOH also provided evidence in favor of the deprotonation
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Fig. 7 H NMR titration spectrum [400 MHz] of NADNP in dg-DMSO
with the addition of different equiv. of H,S to D,0O.
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mechanism. The spectrum behavior and color resemble those
of arsenite, arsenate, sulphide and ions. When potassium
sulphide (K,S) and ammonium sulphide ((NH,),S) were present
in an aqueous solution, an identical outcome was once more
attained. The basicity order of anions can be utilized to clarify
the deprotonation of the receptor NADNP caused by sulphide
ions or arsenite/arsenate. The anions in an aqueous solution
have the following basicity order: >~ > AsO*> /AsO,*” > PO,>~ >
CO;> > CN™ > OAc™ > F. As a result, the basic sulphide ion
deprotonates the hydroxyl group of the naphthalene moiety and
the negative charge is delocalized to the naphthalene imine
moiety. Since a significant shift in absorbance and color was
seen in an ideal aqueous medium, the impact of hydrogen
bonding on the sensing mechanism is minimal. Because water
itself regenerates the free NADNP from the anion-bonded
receptor NADNP-S>~ and competes with hydrogen bonding
interactions. Additionally, the strong base sulphide ion (S*7)
may be able to take up a proton from water to produce a rela-
tively weak base ion (HS™), increasing the possibility of depro-
tonation by HS™ to the receptor NADNP. The cations As**/As>*
are present in aqueous medium as AsO, /AsO,°~; therefore, the
acidic hydrogen of the hydroxyl group is deprotonated as S*~ by
the negative portion of arsenite/arsenate. Sulphide ions
respond faster than the others while being more basic than the
others. Consequently, other anions and cations are unable to
participate in the deprotonation process.

Corroboration with computational studies

Density functional theory (DFT), which is included in the
Gaussian 09 programme package, was used to assist with all
computational  calculations.”®  Without any symmetry
constraints, the B3LYP exchange-correlation functional®® and
the 6-31+G(d) basis set® were used to optimize the geometries
of all the complexes (Table S3t). The optimized geometries were
subjected to single-point calculations at the B3LYP/6-31+G(d,p)
level, accounting for the solvation effects caused by DMSO
(dielectric constant ¢ = 46.826). The SMD continuum solvation
model** developed in Gaussian09 was used to simulate the
influence of solvent (Table S47). We have carried out the TDDFT
calculations at the B3LYP/6-31+G(d,p)/SMD//B3LYP/6-31+G(d)
level of theory under the SMD model (solvent = DMSO) to
interpret the UV-vis spectra. The recognizable band was
observed at A = 482.9 nm and 570.82 nm in the theoretical UV
absorption of NADNP and NADNP-Na‘, with oscillator
strengths of 0.6222 and 0.4573, respectively.

This indicates that HOMO — LUMO+1 excitations were
classified in both cases (Fig. 8 and Table S5%), and this is
consistent with the band of NADNP and NADNP-Na" that is
observed experimentally at A = 424 nm and 519 nm, respec-
tively. HOMO and LUMO+1 energy distributions for NADNP and
NADNP-Na" complexes have been calculated and highlighted in
Fig. 8 (Table S61). The observed redshift in the UV-vis spectra of
NADNP-Na" complexation is consistent with the significant
lowering of the energy gap on NADNP-Na' compared to the
NADNP. For NADNP, the HOMO-LUMO+1 energy gap was
determined to be 2.899 eV, but for NADNP-Na®, the energy gap
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Fig. 8 Frontier molecular orbital comparison between NADNP and
NADNP-Na* (isosurface = 0.050 a.u.).

was decreased to 2.499 eV. The UV-vis absorption shift (AAax)
of 95 nm validates this transition in the HOMO-LUMO+1
energy gap. The naphthalene ring has the distribution of
HOMOs for both NADNP and NADNP-Na‘. The LUMOs of
NADNP and NADNP-Na“, on the other hand, were localized in
the 2,4-DNP moiety.

Application

To assess the sensing efficacy of NADNP towards H,S, arsenite,
and arsenate, a variety of water samples were taken from the
villages in West Bengal where groundwater is severely polluted
with these hazards. The residents of these communities suffer
from serious chronic illnesses due to the regular usage of such
water for irrigation, drinking, and domestic purposes. To raise
awareness among common people, we have developed an
economical, user-friendly sensing strip that can easily detect the
contaminants and hence the risks of consuming groundwater.

To validate the above-mentioned sensing strategy, the
detection and estimation of those toxicants were performed in
some polluted water collected from an abandoned well and
a tube well. The experiment was conducted three times for each
sample, and the swift color change of the paper strip demon-
strated convincing results that have been shown in Fig. 9.
Overall, the technique has great potential for on-site and real-
time colorimetric monitoring of arsenite, arsenate, and
sulfide in environmental and biological samples (Fig. S16-
S187). Also, statistical evaluation of the paper strip and a spiked
recovery experiment were performed (Tables S3-S57). We also
checked the differences in sensor sensitivity between solutions
and paper strips (Table S67).

Experimental section
Materials and methods

We purchased sodium arsenite (NaAsO,), sodium arsenate
(NazAsO,), sodium hypochlorite (NaOCl), sodium sulphide
(Na,S), 2,4-dinitrophenyl hydrazine (2,4-DNP), and 2-hydroxy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Photographs of two different water samples and portable paper
strips as well as solutions after being in contact with water samples
spiked with different volumes of unknown concentrations of arsenic
and HS.

naphthaldehyde from Sigma-Aldrich Pvt. Ltd. All materials were
obtained from commercial suppliers, unless otherwise noted,
and were utilized without further purification. Standard tech-
niques were used to dry the solvents. All studies used water from
an Elix Millipore system. NMR spectra at 400 MHz were
acquired with Bruker Ascend 400 apparatus (Switzerland). For
NMR spectra, DMSO-ds was utilized as the solvent; for NMR
titration, DMSO-d¢ and D,O were utilized, with TMS (tetra-
methyl silane) acting as the internal standard. The units used to
indicate chemical shifts are ¢ ppm, while the coupling
constants ("H-'H and "H-C) are specified in Hz. A Hitachi U-
2910 spectrophotometer (Japan) was used to record the UV-vis
spectra. HRMS spectra were recorded using a Waters Mass
spectrometer (Xevo G2-Xs QTof, Massachusetts). The abbrevia-
tions listed below indicating spin multiplicities in '"H NMR
spectra: s = singlet; d = doublet; t = triplet; m = multiplet.

Synthetic procedure

In a single process, 2-hydroxy naphthaldehyde and 2,4-dini-
trophenyl hydrazine were used for production of NADNP. 30 ml
of methanol and 1.40 g (8.13 mmol) of 2-hydroxy naph-
thaldehyde were added to a 100 ml round-bottom flask. To this
combination, 2,4-DNP (1.93 g, 9.75 mmol) was added. Following
that, the mixture was refluxed for 16 hours at 70 °C (Scheme 2).
Cold brine was added to the reaction mixture after the reaction
finished (as seen by thin layer chromatography) to precipitate
the product once the methanol evaporated. The red precipitate

-0
HC? oN

OH
Oe + H,N—NH NO,

Scheme 2 Synthesis of NADNP.

W Yo
Ho N
O = N'
Methanol
—_— H NO,
o

Reflux, 70°C, 16h
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was filtered and repeatedly cleaned with water. To obtain the
product, it was first dried in a hot air oven and then purified
using column chromatography utilizing the eluent CHCI; : PET
(3:1 v/v).

'H NMR (400 MHz, DMSO-de): 6 (ppm) = 7.26-7.24 (d, 1H, J
= 8 Hz), 7.44-7.40 (t, 1H, ] = 8 Hz), 7.65-7.61 (t, 1H, ] = 8 Hz),
7.90-7.85 (t, 2H, 8 Hz), 7.96-7.93 (d, 1H, J = 12 Hz), 8.46-8.44 (d,
1H, J = 12 Hz), 8.80-8.78 (d, 1H, J = 8 Hz), 8.89 (s, 1H), 9.58 (s,
1H), 11.12 (s, 1H), 11.78 (s, 1H) (Fig. S11). **C NMR (100 MHz,
DMSO-dg): 6 (ppm) = 109.93, 116.03, 118.24, 123.21, 123.67,
128.13, 128.87, 130.20, 131.39, 133.44, 143.75, 149.12, 157.68
(Fig. S27). Analytical data for C,,H;,N,O5, HRMS (ESI-MS) (m/z)
353.1587 [M + H]' (353.0880 calc.).

UV-vis titration studies

In DMSO, a NADNP solution with a concentration of 1 x 10> M
was created. Millipore water was used to create solutions of
NaAsO,, Na;AsO,, and Na,S at concentrations of 5 x 107> M
and 1 x 10~ M, respectively. All experiments were conducted in
DMSO : H,O (4:1 v/v, pH 7.0, 10 mM Tris-HCI buffer). The 1 x
10~° M NADNP solution was continuously added to a quartz
optical cell that had a 1 cm optical path length during the
titration procedure. Several analytes' stock solutions were
gradually added to the quartz optical cell using a micropipette.

Conclusions

In summary, we have successfully established a unique colori-
metric sensor (NADNP) for the quick and straightforward
detection of arsenite, arsenate, and sulfide in an aqueous
solution. With a very low detection limit, NADNP exhibits
a rapid color change from yellow to purple, demonstrating
selective detection even in the presence of significant metal ions
and anions. Additionally, theoretical calculations have been
performed to clarify the binding mechanism of NADNP with the
analytes. More intriguingly, for the use of NADNP in practical
application, a sensor-coated paper strip has been made for
common people to verify whether the groundwater is contami-
nated with these hazards. Overall, the technique introduced in
this study has great potential for on-site and real-time colori-
metric monitoring of arsenite, arsenate, and sulfide in envi-
ronmental and biological samples.
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