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Abstract: A dinitrophenol-based colorimetric chemosensor sequentially sensing Cu?* and S>~, HDHT
((E)-2-(2-(2-hydroxy-3,5-dinitrobenzylidene)hydrazineyl)-N,N,N-trimethyl-2-oxoethan-1-aminium), was
designed and synthesized. The HDHT selectively detected Cu?* through a color change of yellow to
colorless. The calculated detection limit of the HDHT for Cu2* was 6.4 x 10~2 uM. In the interference
test, the HDHT was not considerably inhibited by various metal ions in its detection of Cu?*. The
chelation ratio of the HDHT to Cu®* was determined as 1:1 by using a Job plot and ESI-MS experiment.
In addition, the HDHT-Cu?* complex showed that its color selectively returned to yellow only in
the presence of S>~. The detection limit of the HDHT-Cu?* complex for S~ was calculated to be
1.2 x 107! uM. In the inhibition experiment for S>~, the HDHT-Cu?* complex did not significantly
interfere with other anions. In the real water-sample test, the detection performance of the HDHT
for Cu?* and S?~ was successfully examined. The detection features of HDHT for Cu?* and the
HDHT-Cu?* for $>~ were suggested by the Job plot, UV-Vis, ESI-MS, FT-IR spectroscopy, and DFT

calculations.
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1. Introduction

Various detection methods for metal ions and anions are used, such as atomic absorption—
emission spectrometry, surface-plasmon resonance detectors, the electrochemical method,
inductively coupled plasma detectors and the fluorescence technique [1,2]. However, these
methods need technical operators, costly equipment, and, in some cases, significant time and
cost [3-6]. Compared to the methods above, the colorimetric chemosensing method is not
only simple and fast but is also used for on-site tests [7—10].

Among the diverse trace metal ions, Cu?* performs a significant role in living or-
ganisms [11-13]. However, the excessively accumulation of Cu?" can result in significant
damage to the nervous system, which induces Alzheimer’s, Menkes, and Wilson’s dis-
eases [14-18]. Due to the hazardous effect of Cu?*, the Environmental Protection Agency
(EPA) limits the acceptable Cu®* concentration in drinking water to 20 uM [19]. Thus, the
presence and quantities of Cu?* should be continuously monitored [20]. Sulfide (%) is
reported to perform an important role in biological systems, such as apoptosis, vasodilation,
infections caused by inflammation, angiogenesis, and neurological disorders [21,22]. How-
ever, sulfide a high levels is known as a toxic and hazardous contaminant material [23-25].
The guideline of S>~ in freshwater suggested by the WHO is 14.8 uM [26]. Nevertheless,
sulfide is widely and easily detected in various environments, such as industries, pesticides,
automobiles, bleaching powder, and even the natural environment [27-29]. Therefore,
there is a need to develop methods to detect sulfide easily, quickly, and conveniently in
both environmental and biological systems [30]. Interestingly, the chemosensors detect-
ing Cu?* could be used to detect S>~ due to the formation of the stable CuS compound
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(Ksp =6.3 x 1073%) [31]. Therefore, if a sensor detecting Cu®* were to be developed, it could
be used as a sensor for detecting S~

Several colorimetric chemosensors have been developed for sequential Cu?* and
S2~ detection, to date (Table S1). These chemosensors have diverse chromophores, such
as benzol[c][1,2,5]thiadiazole [1], benzo[d]thiazole [21], and fluorescein [32] moieties, as
well as long conjugation systems [21,31,33], to induce dramatic color changes. In addi-
tion, the functional groups inducing the intramolecular-charge transfer (ICT) properties
were applied to the design of colorimetric chemosensors [30,31,34,35]. However, many
of them have difficulty in efficiently detecting Cu®* and S?>~ in water due to their low
solubility [1,36,37]. The poor water solubility of these chemosensors is a major drawback
for their application to real environmental samples. Therefore, designing chemosensors to
probe Cu?* and S?~ in water is a significant challenge.

From this point of view, we utilized the dinitrophenol and (hydrazinocarbonyl-
methyl)trimethylammonium chloride (Girard’s Reagent T) moieties to develop a highly
water-soluble chemosensor based on ICT. A strong electron-withdrawing nitro group (-
NO;) acts as an electron acceptor in electron-push—pull design, and this property of the
nitro group could be a useful chromophore [38—40]. Therefore, the dinitrophenol with two
nitro groups was selected as a chromophore group. In addition, the nitro-phenol group
may provide a chelating site for metal ions. Next, a very water-soluble molecule, Girard’s
Reagent T, was selected as another functional group to increase the solubility of a designed
chemosensor in water [41-43]. These characteristics of the compounds led us to expect that
a molecule produced from the combination of the dinitrophenol and Girard’s reagent T
could be used as a chemosensor to detect metal ions, such as Cu?*, in water.

In this paper, we present a newly synthesized dinitrophenol-based chemosensor,
HDHT. The chemosensor HDHT could sense Cu?* with a color change of yellow to
colorless in near-perfect water. Moreover, the HDHT-Cu?* could analyze S*~ through the
demetallation of Cu?* from the HDHT-Cu?* with a color change of colorless to yellow.
Importantly, the detection limits (6.4 x 1072 pM and 1.2 x 10~! uM) of the HDHT for Cu?*
and S?>~ were below the guidelines (20 uM and 14.8 uM) suggested by the EPA and the
WHO, respectively. The binding features of the HDHT to the Cu?* and the HDHT-Cu?* to
the S2~ were explained by UV-Visible titrations, Job plot, ESI-MS, FT-IR spectroscopy, and
density-functional-theory calculations.

2. Experimental Section
2.1. Materials and Instrumentations

The (Hydrazinocarbonylmethyl)trimethylammonium chloride (Girard’s Reagent T)
and 3,5-dinitrosalicyladehyde were obtained from Alfa Aesar and TCI. The Bis-tris buffer
was acquired from Sigma Aldrich. Buffer solutions of pH 1-13 were obtained from Samchun
in Korea. Varian and Perkin Elmer spectrometers were used to obtain 'H & 3C NMR and
absorption spectra. Varian 640-IR and Thermo MAX instrument were used to obtain FT-IR
and ESI-MS spectra.

2.2. Synthesis of Chemosensor HDHT ((E)-2-(2-(2-Hydroxy-3,5-dinitrobenzylidene)hydrazineyl)-
N,N,N-trimethyl-2-oxoethan-1-aminium) Chloride)

The HDHT was synthesized by the imine-formation reaction of Girard’s Reagent T
and 3,5-dinitrosalicyladehyde. Girard’s reagent T (1.71 x 10> mg, 1 mmol) was added to
ethanol 20 mL. Subsequently, 3,5-Dinitrosalicyladehyde (2.38 x 102 mg, 1.1 mmol) was
added to the solution. The mixture was stirred for 3 h at 22 °C. The powder filtered was
washed with ethanol. After drying in a vacuum, an orange powder was obtained. Yield:
332.9 mg (92 %). 'H NMR (400 MHz, DMF-dy): & = 12.15 (s, 0.55 H), 9.02 (s, 0.56 H), 8.90 (d,
0.56 H), 8.86 (d, 0.56 H), 8.75 (d, 0.44 H), 8.68 (s, 0.44 H), 8.58 (d, 0.44 H), 5.10 (s, 0.88 H),
4.75 (s, 1.12 H), 3.60 (s, 3.96 H), 3.58(s, 5.06 H); 3C NMR (175 MHz, DMSO-dg): & = 165.47,
161.72,160.45, 159.32, 145.53, 141.27, 137.83, 137.66, 135.70, 133.08, 127.08, 126.79, 124.30,
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124.26, 123.68, 123.16, 63.10, 62.28, 53.61, 53.35. ESI-MS: m/z caled for (HDHT — H*])~,
360.07; found, 359.69 and ((HDHT + MeOH — H*])~, 392.10; found, 391.89.

2.3. UV=Vis Titration

The HDHT (3.7 mg, 1 x 107 mol) was dissolved in DMSO (1 mL) to make a 10-
millimolar HDHT stock solution. To make 20 mM of a Cu?* stock solution, Cu(NO3),
(23.7mg, 1 x 10~ mmol) was dissolved in 5.0 x 1073 L of bis-tris buffer. The HDHT
solution (30 uM) was produced by diluting 9 uL of 10 mM HDHT into a 2991-microliter
buffer. Next, 0-58.5 pL of the Cu?* stock (2 x 10~2 M) was added to 30 uM of the prepared
HDHT solution. The UV-Vis titration was performed in 5 s.

For $?~, 3 mL of a 10-micromolar HDHT-Cu?* stock was produced by diluting 1 mL
of an HDHT stock (30 mM) and 1.95 mL of a Cu(NOj3), stock (2 x 1072 M) to 0.05 mL
buffer. In total, 9 uL of the prepared HDHT-Cu?* stock (1 x 1072 M) was transferred
to 2991 uL of the buffer. Next, 0-15.3 uL of Na,S stock (0.01 M) was added to 30 uM of
complex stock solution. The UV-Vis titration was performed in 5 s.

2.4. Job-Plot Analysis

To prepare 1 mL of a 10-micromolar HDHT stock solution, HDHT (1 x 10~2 mmol,
3.7 x 1073 g) was dissolved in 1000 puL of DMSO. A Cu?* solution (10 mM) with its nitrate
salt was acquired in a 1000 = microliter buffer solution. In total, 3-27 uL of the HDHT stock
were transferred to several quartzes. Furthermore, 3-27 puL of the Cu?* solution were added
to diluted HDHT. Each quartz was filled with bis-tris buffer to create a 3000-microliter
solution with a total concentration of 0.1 mM. Next, UV-Vis spectra were collected.

2.5. UV-Vis Inhibition Tests

The HDHT (3.7 mg, 1 x 1075 mol) was dissolved in DMSO (1000 pL). The various
metal-cation stocks (Ni%*, Cu?*, Ga3*, Fe3*, In3*, Hg2+, 7Zn?*, Na*, Cd?*, Fe3*, Mg2+, CaZ,
Cr3t, Ag*, Pb%*, K*, Mn%*, Co%*, and Al13*) were prepared by dissolving 1 x 10~ mol of
each metal cation in 5 x 1073 L of buffer, respectively. In total, 5.9 x 10~° L of each metal
ion (2 x 1072 M) and Cu?* (20 mM) were added into 3 x 1073 L buffer. Next, 9 x 107 ¢ L
of the HDHT stock (10 mM) were added to the solution. After mixing the mixture for 5 s,
an inhibition test was performed.

For S, the HDHT (1 x 10~% mol, 3.7 mg) was dissolved in 1 mL DMSO, and
Cu(NO3); (23.7 mg, 1 x 10~* mmol) was dissolved in 5.0 mL of buffer. Next, 100 uL of
the HDHT stock and 65 uL of the Cu®* stock were diluted by 835 uL of buffer to make
1 mM of HDHT-Cu?* complex solution. Stock solutions containing 100 mM of Et;NF,
Et4NBr, EtyNCI, Et4NI, Et,INCN, BusN(OAc), BuyN(H,POy), BuyN(SCN), BuyN(BzO),
NayS, BuyN(N3), and NaNO; were prepared by dissolving 5 x 10~* mol of each anion in
5.0 mL of buffer, respectively. Next, 1.5 uL of each anion (100 mM) and S?>~ (100 mM) were
added into a 2.904-milliliter bis-tris buffer. A total of 90 uL of the HDHT-Cu?* (1 mM) was
transferred to the solution. An inhibition test was performed in 5 s.

2.6. pH Test

The HDHT (3.7 mg, 1 x 10~2 mmol) was dissolved in DMSO (1.0 mL). To prepare
3 x 1072 mM 9 uL of the HDHT stock, (1 mM) was transferred to 2994 pL of each pH
buffer. The Cu(NO3), (2.37 x 1072 g, 1 x 10! mmol) was dissolved in 5 mL of buffer.
Next, 6.5 x 10~2 mL of the Cu?* stock was transferred to the pH buffer solution. A pH test
was performed in 5 s.

For S>~, HDHT (3.7 x 1073 g, 1 x 10~2 mmol) was dissolved in DMSO (1 x 1073 L),
and 23.7mg (0.1 mmol) of Cu(NOs3); was liquefied in 5.0-milliliter bis-tris buffer. Next,
100 uL of the HDHT stock and 65 pL of the Cu®* stock were diluted by 835 uL of buffer to
prepare 1 mM of HDHT-Cu?*-complex solution. A S>~ stock (100 mM) was prepared by
dissolving Na,S (0.5 mmol, 1.22 x 10? mg) in 5 mL of the bis-tris buffer. A total of 90 uL of
the HDHT-Cu?* stock (1 x 1072 M) was transferred to 2.91 x 1073 L of each pH solution
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to make 3 x 1072 mM. Next, 1.5 x 1073 mL of the Na,S stock (0.1 M) was added to each
pH solution. A pH test was performed in 5 s.

2.7. Real-Water-Sample Detection

The drinking and tap water for the real-water-sample experiment was obtained
in our laboratory. A 10-millimolar stock of HDHT was created by dissolving HDHT
(3.7 x 1073 g 1x 1072 mmol) in DMSO (1000 pL). The Cu(NO3), (23.7 mg, 100 umol) was
dissolved in 5 mL of buffer (10 mM, pH 7.00) to prepare a Cu?* stock (20 mM). In total,
9 x 1073 mL of the 10-micromolar HDHT stock were added to 2.997 mL of drinking or tap
water, which contained Cu?* (9.0 uM). The UV-Vis spectra were taken in 5 s.

For sulfide, 10 mM of a HDHT (3.7 x 1073 g 1 x 102 mmol) stock dissolved in
DMSO (1000 pL), and 20 mM of a Cu(NOs3); (23.7 mg, 0.1 mmol) stock dissolved in
5.0 mL of buffer were prepared. Next, to make 1 mM of HDHT-Cu?* stock, 100 uL of the
HDHT stock and 65 L of the Cu?* stock were diluted in 835 uL of the buffer. A total of
90 uL of this diluted HDHT-Cu?* (1 x 103 M) was added to 2940 uL of a sample solution
containing S%~ (4.5 uM). The UV-Vis spectra were taken in 5 s.

2.8. Theoretical Calculations

To investigate the detection mechanism of the HDHT for Cu?*, the Gaussian16 pro-
gram was used for calculations based on B3LYP density functional [44—46]. Basis sets of
6-31G (d,p) [47,48] and Lanl2DZ [49] were employed for calculations of elements and
Cu?*. Neither the HDHT-Na nor the HDHT-Cu?* form exhibited imaginary frequencies,
resulting in local minima. The effect of water as solvent was considered by employing
IEFPCM [50]. With the optimized patterns of HDHT and HDHT-Cu?*, 20 of the lowest
singlet states were calculated with TD-DFT method to study their transition states.

3. Results and Discussion
3.1. Synthesis and Structural Characteristics of HDHT

A novel nitrophenol-based chemosensor HDHT was produced via the condensation
reaction of Girard’s Reagent T and 3,5-dinitrosalicyladehyde (Scheme 1). The HDHT was
verified with "H NMR, 13C NMR, and ESI-MS (Figures S1-S3). The HDHT showed two
different structures with rotational isomers (syn and anti; Figures S1 and S2). The rotational
isomers appear with the rotation of the C-IN bond in amide [51,52]. The DFT calculations
showed that the optimized anti isomer was slightly more stable than the syn isomer, by
2.95 kcal /mol (Figure S4). The calculation results were matched with the 'H NMR spectrum
of the HDHT, resulting in a ratio of 44:56 (syn:anti) (Figure S1).

H
O,N H O,N X, .N.__O
X0 . HZN’N o] Ethanol N \E o
— +
OH N+/ 2h OH N<
NO, |

NO, ~
Scheme 1. Synthesis of HDHT.

3.2. Application of HDHT with Cu®*

The colorimetric detection using HDHT was examined with various metal ions in
a bis-tris buffer (pH = 7.0, Figure 1). As diverse cations were transferred to the HDHT,
only the Cu®* caused a remarkable decrease at 430 nm in the UV-Vis spectra (Figure 1a)
and displayed a color change of yellow to colorless (Figure 1b). The zinc and cobalt ions
showed a slight decrease in absorbance, and ferrous and ferric ions revealed their own pale
orange color. These results demonstrated that HDHT can detect only Cu?* with a color
variation.
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Figure 1. (a) Absorbance spectra of HDHT (30 uM) with metal ions (39 uM). (b) Photograph of color
changes of HDHT (30 uM) with metal ions (39 uM).

The UV-Vis titration was performed to study the chelating mode of the HDHT with
Cu?* (Figure 2). The free HDHT displayed two main absorbance bands at 305 and 394 nm
(molar extinction coefficient: 11,183 M~ lem~! and 15,623 M~ lem 1, respectively), indicat-
ing ICT transition. With the increment of the Cu?*, the absorbance at 304 nm increased
and those at 430 nm and 250 nm decreased. This hypsochromic shift may have been
caused by the Cu?* interfering with the ICT process. The isosbestic point was checked at
373 nm, implying that the HDHT and Cu?* generated the one chemical species. A Job-plot
experiment was carried out to determine the complexation ratio of the HDHT with the
Cu?t (Figure 3). When the ratio of (HDHT]/[HDHT] + [Cu?*]) was 0.5, the absorbance
at 430 nm reached its maximum. This result indicated that the HDHT chelated with the
Cu?* in a 1:1 ratio. To support the binding ratio of the HDHT with the Cu?*, an ESI-MS
analysis was performed (Figure S5). The peak of 484.44 (m/Z) was assignable to be [HDHT
+ Cu?* — 2H* + NO; ]~ (calcd. 483.98). Based on the calibration curve with the Cu?*,
the binding constant of the HDHT with the Cu?* was calculated as 1.97 x 10* M~! by
the Benesi-Hildebrand equation (Figure S6). The calculated binding constant was within
the previously reported range (103-10'2) for Cu®* sensors [30,31,35,37,53]. The detection
limit for Cu?* was calculated to be 6.4 x 1072 uM in the range of 0-7.5 uM using the
definition by IUPAC (Cpy, = 30/k; Figure 4). Importantly, the HDHT showed the lowest
detection limit for Cu?* among the color-changeable chemosensors sequentially operating
for Cu?* and S?~ in near-perfect water (Table S1). To study the interaction of the HDHT
with the Cu?*, a FT-IR analysis was carried out (Figure S7). The C=0 bond of the carbonyl
group assigned to the peak at 1712 cm ! was moved to 1619 cm ™! [54,55], and the peak
at 1609 cm ! specified to the C=N bond was shifted to 1596 cm~! [56]. The N-H and O-H
with hydrogen-bonding character were observed in broad conformations. These results
suggested that the Cu?* coordinated with the hydroxyl, the imine, and the carbonyl groups.
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With the FT-IR analysis, the ESI-MS, and the Job plot, the probable features of HDHT with
Cu?* was proposed (Scheme 2).

E H:Zﬂ‘ -
5 0.24 -
Q : 0.16 .
Q 0.12
= 0.08 = =
]
f o o 10 20 ].“ 40
e 0.3 [Cu™] pM
= +[Cu®']
<oz
0.1
373 nm
0.0 T " T —— T T y
300 400 500 600 700

Wavelength (nm)

Figure 2. Absorbance spectra of HDHT (30 uM) with different concentrations of Cu?* (0-45 uM)
(yellow line: HDHT; blue line: HDHT + 39 uM Cu?h).

0.40-
0.354
0.30+

< oz,

<=
0.20+
0.154
0.10+
0.05 T

01 02 03 04 05 06 07 08 09
[HDHT]/(JHDHT] + [Cu*])

Figure 3. Job-plot analysis for determining the stoichiometry of HDHT and Cu?* at 430 nm (red line:
([HDHT]/[HDHT] + [CuZ*]) = 0.5).



Chemosensors 2023, 11, 143

7 of 15

0.31
1 Equation y=a+tbxx
0.30 Intercept 0.29832 + 1.65 x 10
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)
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Figure 4. Calibration curve for Cu?* analysis using HDHT plotted against absorbance at 430 nm
(n=3).

ICT ON ICT OFF
O,N = H 0 0 /\H CI”
2 - Cu(NO 2N -N L
" f or oMMk SN m/\r\'J\
+ - e
OH r?l\ O-b o+
N02 N02 \\

X X = solvent or NO3~

Yellow color Colorless

Scheme 2. Proposed chelating mode of HDHT with Cu?*.

The competition experiment was undertaken to study the preferable selectivity of
HDHT for Cu?* in a competitive environment (Figure 5). None of the metal ions tested
showed any competitive effect on the Cu?* (Figure 5a). To the naked eye, except for the
Cu?*, none of the metal ions showed a color change when added to the HDHT (Figure 5b).
In the absence of any interference from other metal ions, HDHT can be used for the
detection of Cu?*. The pH test was performed to examine the dependence of the sensing
ability of the HDHT on the pH (Figure S8). The experiment results revealed that the HDHT
worked suitably to detect Cu?* in a pH range of 5-11. These results signified that the
HDHT could efficiently detect the Cu?* in the physiological pH range of 7.0-8.4, as well
as in basic and acidic conditions. The recovery test was accomplished to study whether
HDHT could quantify Cu" in real water samples, such as tap and drinking water (Table 1).
The percentage of recovery and relative standard deviation (R.S.D.) indicated appropriate
results, demonstrating that HDHT can properly determine Cu?* in real water samples.
Moreover, based on these results, HDHT can be applied to determine Cu?* in a stream
containing a variety of cations around an industrial complex.
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Figure 5. Inhibition test. (a) Absorbance of HDHT (30 uM) at 430 nm in the presence of Cu?* (39 uM)
and other metal ions (39 uM). (b) Photograph of color changes of 30 uM HDHT solution in the
presence of Cu?* (39 uM) and other ions (39 uM).

Table 1. Recovery-test results for Cu?* in real water samples *.

Sample Cu?* Added Cu?* Added Recovery (%) R.S.D.(n=3)
P (uM) (M) Ty (%)
L 0 0 - -
Drinking water 9.00 9.17 101.89 371
Tap water 0 0 - B
P 9.00 8.81 97.89 2.29

* Conditions: HDHT = 30 uM in buffer.

3.3. Theoretical Study

In order to investigate the interaction between the HDHT and the Cu?*, a number of
calculations were performed. The calculations of the HDHT-Cu?* were based on the 1:1
chelation of HDHT and Cu?*, which was proposed by the ESI-MS and the Job plot. As
shown in Figure S9, as a tridentate ligand, HDHT chelates Cu?* using hydroxyl oxygen,
imine nitrogen, and carbonyl oxygen. The HDHT-Cu?* complex showed a square planar
structure with one NO3;~. With the optimized features, the TD-DFT calculations were
performed to check the electronic transitions of the HDHT and the HDHT-Cu?*. For
the HDHT, excited state 1 (409.32 nm) was regarded as the HOMO — LUMO transition,
showing an ICT property (Figures S10 and S11). Its molecular orbitals indicated the shift of
the electron cloud from the amide group to the 3,5-dinitrophenol moiety. The ICT character
caused the yellow color of the HDHT. For the HDHT-Cu?*, excited state 16 (367.70 nm)
consisted of HOMO — LUMO (alpha) and HOMO — LUMO+1 (beta), which showed
7 — 7r* characters (Figures S11 and 512). As shown in Figure S11, the energy-gap change in
the HDHT (3.560 eV) and HDHT-Cu?* (3.970 eV (alpha) and 3.930 eV (beta)) was clearly
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consistent with the hypsochromic shift in the experimental results. These results showed
that the ICT process was inhibited due to the formation of a coordination bond between
the HDHT and the Cu?*. Thus, the reason for the color change of the HDHT from yellow
to colorless with the addition of Cu?* can be explained by the repression of the ICT process.
With the Job plot, ESI-MS, FI-IR, and DFT calculations, we suggested the mechanism of the
colorimetric sensing of Cu?* by HDHT (Scheme 2).

3.4. Application of HDH-Cu?* Complex for S?~ Sensing

For the HDHT-Cu?* complex, the selectivity experiment was performed with various
anions. When the anions were added to the complex solution, only S>~ showed a significant
increase in absorbance at 430 nm and a color change of colorless to yellow (Figure 6). These
results suggested that the HDHT-Cu?* had selectivity for S>~. The UV-Vis titration was
performed for S>~ (Figure 7). The absorbance of 300 nm decreased and that of 430 nm
increased when S?>~ was added. The sensing mechanism of the HDHT-Cu?* for S>~ was
further investigated by ESI-MS. As shown in Figure S13, the peak of 435.86 (m/Z) was
assigned to [HDHT - H* + Na* + 3H,O] ™ (caled. 436.09), which suggests that S>~ binds
and removes Cu?* from the HDHT-Cu?* complex. With the results of the experiment data,
the plausible detection mechanism of HDHT-Cu?* for S*>~ was proposed (Scheme 3). The
obtained detection limit was 0.12 uM in the scope of 0 uM to 8 uM of sulfide (Figure 8).
Remarkably, the HDHT showed the lowest detection limit for S*~ among the color-variable
chemosensors sequentially analyzing for Cu?* and S~ in ultrapure water (Table S1). The
interference study was performed to investigate whether the presence of other anions
affects the detection of S>~. In the inhibition test, the HDHT-Cu?* did not show significant
interference in detecting S>~ against other anions (Figure 9a). Observations using the
naked eye revealed no interference with the detection of S>~ in the presence of other anions
(Figure 9b). To determine the effect of pH on S*~ detection by the HDHT-Cu?*, the pH test
was performed (Figure S14). At pH 3-12, it was confirmed that the HDHT-Cu?* worked
well, without any problems. This observation demonstrated that the HDHT can effectively
detect not only Cu?* but also S?>~ through sequential detection over a wide range of pH.
The recovery test was conducted to examine whether the HDHT-Cu?* could detect S>~ in
a real-water sample, such as drinking water (Table 2). The displayed result suggested that
HDHT-Cu?* can appropriately detect S*~ in a real environment.

(a) 0.7
0.6 -
] HDHT-Cu*'+8*
o 051
g »
< 0.4+
o
= HDHT-Cu*'
Z 0.3 &
=
< _ HDHT-Cu**+other anions
0.2 -
0.1
0.0 T v T . T - T v
300 400 500 600 700
Wavelength (nm)

Figure 6. Cont.
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(b)

Figure 6. (a) Absorbance spectra of HDHT-Cu?* (30 uM) with a variety of anions (51 uM). (b) Photo-
graph of color changes of HDHT-Cu?* (30 uM) with a variety of anions (51 uM).
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Figure 7. Absorbance spectra of HDHT-Cu?* complex (30 uM) with different concentrations of S
(0-54 uM) (blue line: HDHT-Cu?*; red line: HDHT-Cu?* + 51 uM S§2°).
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Scheme 3. Proposed detection feature of HDHT-Cu?* with S?~.
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Figure 8. Calibration curve for S>~ analysis using HDHT-Cu?* plotted against absorbance at 430 nm
(n=23).
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Figure 9. Inhibition test. (a) Absorbance of HDHT-Cu?* complex (30 uM) at 430 nm in the presence
of $2~ (51 uM) and other anions (51 uM). (b) Photograph of color changes of 30 uM HDHT-Cu?*
solution in the presence of S2~ (51 uM) and other anions (51 uM).
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Table 2. Recovery-test results for S>~ in the real-water sample *.
Na,S Added Na,S Added o R.S.D. (n =3)
Sample (uM) (uM) Recovery (%) (%)
o 0 0 - -
Drinking water 45 438 97.33 0.48

* Conditions: [HDHT-Cu?*] = 30 uM in buffer.

4. Conclusions

We addressed a dinitrophenol-based sequential colorimetric chemosensor, HDHT,
which can clearly probe Cu?* and S?>~. With a Job plot and ESI-MS, the structure of the
association of HDHT with Cu?* was found to be a 1:1 ratio. The detection limit and binding
constant of HDHT to Cu?* were 6.4 x 1072 uM and 1.97 x 10* M~!, respectively. The
detection limit for Cu®* was clearly below the EPA standard (20 uM). Importantly, the
HDHT was able to detect the Cu?* under weak-acid-to-strong-base conditions and quantify
Cu?* in real environments, such as tap and drinking water. Meanwhile, the HDHT-Cu?*
showed a sequential detection for S>~. The detection limit of the HDHT-Cu?* to the S2~
was 1.2 x 10~! uM. This detection limit was lower than the WHO freshwater guideline
(14.8 uM) for S?>~. It was noteworthy that the HDHT-Cu?* was able to quantify S~ from
pH 3 to pH 12 and detect S~ in real water. Most importantly, the HDHT showed the lowest
detection limits for Cu?" and S*~ among color-changeable chemosensors sequentially
operating for Cu?* and S?~ in near-perfect water. The sensing features of the HDHT for
Cu?* and $?— were described by a Job plot, ESI-MS, UV-vis, FT-IR, and calculations. Hence,
we expect that these findings could provide inspiration for the development of a novel
color-changeable chemosensor for sequentially detecting Cu?* and S>~ in water.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors11020143/s1. Table S1. Examples of chemosensors
for sequential detection of Cu?* and S~ through color variation in aqueous solution [57]; Figure S1.
'H NMR spectrum of HDHT; Figure S2. 13C NMR spectrum of HDHT; Figure S3. Negative-ion
ESI-MS spectra of HDHT (100 uM); Figure S4. Gibbs free energy (AG°;) calculation for optimized
isomers of HDHT; Figure S5. Negative-ion ESI-MS spectra of HDHT (100 uM) with Cu?* (100 puM);
Figure S6. The binding constant of HDHT (30 uM) with Cu?* when using the Benesi-Hildebrand
method. The absorbance spectrum at 430 nm is measured by the increasing equivalent of Cu?*; Figure
S7. FT-IR spectra of HDHT (black line) and HDHT-Cu?* (red line); Figure S8. The pH-stability test.
(a) UV-Vis absorbance at 430 nm of HDHT (30 uM) and HDHT-Cu?* (30 uM) in buffer solution
from pH 1 to pH 13. (b) Color change of HDHT (30 uM) and HDHT-Cu?* (30 uM) in buffer solution
from pH 1 to pH 13; Figure S9. Energy-optimized structure of HDHT-Cu?* complex; Figure S10.
(a) The theoretical excitation energies and the experimental UV-Vis spectrum of HDHT. (b) The
major electronic-transition energies and molecular orbital contributions for HDHT (H = HOMO and
L = LUMO); Figure S11. Molecular-orbital diagrams and excitation energies of HDHT and HDHT-
Cu?; Figure S12. (a) The theoretical excitation energies and the experimental UV-Vis spectrum of
HDHT-Cu?*. (b) The major electronic transition energies and molecular-orbital contributions for
HDHT-Cu?* (H = HOMO and L = LUMO); Figure S13. Negative-ion ESI-MS spectra of HDHT-Cu?*
(100 uM) with S2= (100 uM); Figure S14. The pH-stability test. (a) UV-Vis absorbance at 430 nm of
HDHT-Cu?* (30 uM) and HDHT-Cu?* + S~ (30 uM) in buffer solution from pH 1 to pH 13. (b)
Color changes of HDHT-Cu?* (30 uM) and HDHT-Cu?* + $2~ (30 uM) in buffer solution from pH1
to pH 13.
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