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ARTICLE INFO ABSTRACT
Keywords: Hg and Cd are the two most toxic heavy metal ions that could be found in aqueous solutions. In
Chemosensor this study, a chemosensor based on 5-(4-((4-nitrophenyl) diazenyl) phenyl)-1,3,4-oxadiazole-2-

Mercury detection
pH indicator
Heavy metal ions

thiol (DOT) was reported to detect these ions simultaneously. DOT showed high selectivity to-
wards Hg ion by changing the color of the solution from beige to gold-yellow at different con-
centrations of Hg ion. In comparison, other relevant metals, such as Li*, Na*, K*, Cs*, Mg?",
Ca®*, AP, Fe?", Ag*, cu®*, Pb?t, Ni%*, Zn?*, Cr®*, Fe®*, Pb*", Mn?", and Cd?* did not affect
the color of the DOT solution as the interfering ions. Despite no changes in the color of DOT
solution in the presence of Cd ion, a solution containing DOT-Hg complex was changed from gold-
yellow to orange by adding Cd ion, providing an approach for detecting Hg and Cd ion simul-
taneously with UV-Vis and Fluorescent spectroscopy. DOT exhibited a high association constant
with a detection limit of 0.05 pM for Hg and Cd ions in an aqueous solution. The results of
quantum mechanics (QM) calculations were also consistent with the experimental observations,
which indicated that changes in the band gap could explain the various colors of DOT complex
with metal ions.

1. Introduction

Water and soil contamination has always been a noticeable matter in environmental studies, leading to the developing and
designing heavy metal ions receptors [1-4]. Mercury is a highly toxic metal [5-7] and its compounds are used in various industries and
present in wastewaters, which can accumulate in living organisms. Constant exposure to mercury can cause permanent damage to DNA
besides disorders in the brain, kidney, lungs, stomatitis, and digestive system [8,9], as well as neurological problems and other severe
diseases like acrodynia, Hunter-Russell, Minamata, and even death [10-13]. On the other hand, cadmium is a very toxic metal found
on earth and is commonly used in industry, military affairs, agriculture, and metallurgy. Chronic exposure to Cd ion can cause severe
health disorders like renal dysfunction, calcium metabolism disorders, and diseases such as pneumonitis, pulmonary edema,
emphysema, and even cancer [14-18]. The extent of toxicity for mercury and cadmium brings the necessity of monitoring them in
environmental sources and drinking water with high selectivity and sensitivity. Therefore, developing reliable methods for qualitative
and quantitative determination of these ions in aqueous media is particularly interesting. Several analytical techniques, including
inductively coupled plasma mass spectrometry [19,20], inductively coupled plasma-atomic emission spectrometry [21,22], atomic
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absorption/emission spectrometry [18,23], atomic fluorescence spectrometry [24-26], high-performance liquid chromatography
[271, voltammetry [28], and flame photometry [29] are used for the determination of Hg and Cd ions. Despite their excellent per-
formance, these methods require expensive apparatus, complicated sample preparation, and are time-consuming. Hence, considerable
attention has been paid to develop optical fluorescent sensors or colorimetric chemosensors. Although a variety of chemosensors for Hg
and Cd ions were developed based on small molecules [30,31], bio-molecules [32,33], polymers [34,35], and nanoparticles [36], most
of them rely on fluorescence enhancement (turn-on) or quenching (turn-off) approaches; and it is highly desirable to design novel
colorimetric sensors for simple, low-cost, and naked-eye detection of these ions without resort to any spectroscopic equipment.
Therefore, the design and synthesis of colorimetric chemosensors for simultaneous detection of Hg and Cd ions are of interest [37-40].

This study reported a selective and sensitive colorimetric and fluorescent chemosensor based on DOT for Hg and Cd ions [41,42].
The UV-Vis and fluorescence spectra determined heavy metal ions with DOT. The outcome of spectroscopies revealed that the pre-
pared sensor can detect even trace amounts of Hg ions with shifting of the UV-Vis spectra. Interestingly, the results suggested that DOT
can detect Cd ions in the presence of Hg ions by raising a new absorbance peak at 515 nm, while DOT caused no shift in the UV spectra
of Cd ions. To prove the mentioned statement, different molar ratios of Hg and Cd were mixed with DOT and it was obvious that
increase in the molar ratio of Cd ions convert the mixture color gradually from yellow to orange; up to the point that the sample
included only Cd ions, which no color change and UV-Vis spectra shift was observed. Furthermore, photoluminescence spectroscopy
showed “turn-on” state in case of the presence of Hg ions, which confirm that DOT could be used as a simultaneous detector for both Hg
and Cd ions. Investigations illustrated that the pH of the solution can make differences on the observed color, which acidic and basic
environment resulted in yellowish and blue, respectively.

Also, quantum mechanical (QM) calculations were performed to calculate molecular orbitals and reveal the molecular mechanisms
which could not be assessed experimentally. To this aim, the band gap energies of DOT were calculated in the presence of various ions
[43], which could explain the color changes in solutions. Moreover, by mimicking the expected structure of complexes, the binding
energies between distinct ions and DOT were studied to find the most stable structure to verify the stoichiometry of the formation
process of complexes. The results were in complete agreement with the observations of earlier tests, which suggested that this method
could provide a great chemosensor in aqueous media.

2. Experimental
2.1. Materials and methods

Carbon disulfide (CS»), ethyl benzoate, hydrazine monohydrate, sodium nitrite (NaNOy), 4-nitroanilie, NaOH and HCI (36 %),
ethanol, deionized water, and all the metal ions came in as acetate salts. All materials were purchased from Sigma-Aldrich without any
further purification. Solvents were used as received from commercial suppliers. H-NMR 500 MHz Brucker, FT-IR PerkinElmer 781
spectrometer, UV-Vis PerkinElmer Lambda 25 spectrophotometer, and JASCO-FP-750, Rev. 1.00 fluorometer.

2.2. Synthesis of 5-(4-((4-nitrophenyl) diazenyl) phenyD-1,3,4-oxadiazole-2-thiol (DOT)

Firstly, to obtain benzoic hydrazide, an excess amount of hydrazine (0.64 g, 20 mmol) was added to ethyl benzoate (2.25 g, 15
mmol) in ethanol solution and refluxed for 6 h. Then 0.1 g of NaOH in 2 mL of water and 0.3 mL of CS; were added to a benzoic
hydrazide solution (0.182 g, 1.34 mmol) in 6-7 mL of EtOH, and the resulting mixture was refluxed for 4 h. After completion of the
reaction, EtOH was evaporated under reduced pressure, and then 4 mL of water was added and acidified with a diluted HCI to pH = 5.
The 5-Phenyl-1,3,4-oxadiazol-2-thiol, was collected as a white precipitate by filtration (Yield: 76 %, m.p. 211-213 °C). Then, 5-Phenyl-
1,3,4-oxadiazol-2-thiol (0.356 g, 2 mmol) was dissolved in a solution of KOH (0.6 g in 6 mL water) in an ice bath and was slowly added
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Fig. 1. Preparation of 5-(4-((4-nitrophenyl) diazenyl) phenyl)-1,3,4-oxadiazole-2-thiol (receptor DOT).
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to a cooled solution of sodium nitrite (0.138 g, 2 mmol), and for diazo coupling reaction, 4-nitroaniline (0.304 g, 2.2 mmol) in 15 mL of
HCl solution (10 %) was poured to the mixture (Fig. 1). The final solution was stirred for 10 min in an ice bath and filtered for removal
of byproducts, then the filtrate was left to dry and a yellow precipitate was obtained (Isolated Yield: 50 %, m.p. 223-224.5 °C), FT-IR
(KBr) v = 3269 (C-H), 2401 (S-H), 1596 (C=C), 1517, 1334 (NO), 1404 (N=N), 1254 (C-0) cm™}; 'H NMR (500 MHz, DMSO-dg) 5 =
13.54 (s, 1H, SH), 8.32 (m, 4H, CHy,), 7.84 (d, J = 7.6 Hz, 2H, CHy,), 7.32 (d, J = 7.6 Hz, 2H, CHy,) (Fig. S1). Also, the CHNS data of
DOT are reported in Table S1.

3. Results and discussion
3.1. UV-Vis spectroscopy and quantum mechanics studies

To explore the sensing behavior of DOT toward metal ions, UV-Vis spectroscopy was carried out on free DOT, which showed a peak
centered at 415 nm, and also in the presence of various metal ions, including Li*, Na™, KT, Cs*, Mg?*, Ca®", AI®*, Ag*, cu?*, Pb%™,
Ni2t, cd?t, zn?*, cr®t, Pb*t, Hg?", and Mn?" in a DMSO/water (1:1) solution; the concentration of metal ions and DOT was 20 pM
and 1 pM, respectively. After adding an aqueous solution of Hg ion to the solution of DOT, the absorption band was red shifted to 460
nm, and the beige color of DOT was changed to a gold-yellow color. Studies showed that other relevant metal ions did not cause any
changes in the absorption spectra of DOT (Fig. 2a). A titration was performed to study the limit of detection of DOT solution towards
the concentration of Hg ions. The obtained results in Fig. S2 indicated that the limit of detection of Hg ion equals 0.05 pM. Upon adding
the Hg ion to the DOT solution, the initial absorption at 415 nm was red shifted, and a new peak appeared at 460 nm due to the
intramolecular charge transfer between DOT and Hg ions. A simultaneous increase in the absorbance at 460 nm and a decrease in the
absorbance at 415 nm were observed in the UV-Vis spectra. The isosbestic point verifies the equilibrium between DOT and Hg ions,
confirming the free DOT changes to the DOT-Hg complex. A linear response of the A/A as a function of Hg ion concentration at 460 nm
was observed in the range of 0.5-20 uM (Fig. 2b). The kinetic studies of the complex formation of DOT-Hg were investigated. As shown
in Fig. S3 almost 70% of the complex formation is done in 1 min. It confirms the fast complex formation which is due to strong binding
constant between DOT and Hg which equals 1.94 x 108 M~! based on obtained results in Fig. S4.

The first-principal QM tools were used to reveal the intermolecular interactions of DOT, and the used methods were explained in SI.
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for DOT were calculated and
represented in Fig. 2c. It is known that a HOMO is a nucleophile with a higher eigenvalue than LUMO as an electrophile. Fig. 2c
indicates that the DOT molecule has a band gap equal to 2.9840 eV. As shown in Fig. S5, the bonding energy between mercury and DOT
was calculated for different complexes to find the most stable DOT-Hg complex. The distance of Hg ion from the nearest atoms in these
energy-minimized complexes is also displayed. According to the results, Hg ion bonded to sulfur as a nucleophile site has the highest
binding energy, equal to 75.6144 kJ/mol. The comparison between Fig. 2c and d showed that the DOT molecules bonded to mercury
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Fig. 2. UV-Vis spectra and the color changes of DOT upon addition of various metal ions (a), UV-Vis spectra of DOT by titration with Hg ion
(0.05-40 pM) and A/A, as a function of Hg ion concentration at 460 nm (b), the HOMO and LUMO of DOT (c), and DOT-Hg (d). The positive and
negative surfaces are presented with red and green colors, respectively. The carbon, nitrogen, hydrogen, oxygen, and sulfur atoms are shown with
cyan, blue, white, red, and yellow spheres, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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have a lower band gap (2.428 eV) than free DOT. The Fukui indices of DOT are reported in Table S2, and also the graphical results for
electrophilic and nucleophilic attacks of DOT are depicted in Fig. S6. The represented results demonstrate that sulfur possessed a large f
" function value (0.176) and could donate electrons to an electrophile, while the NO, group is an electron acceptor due to a consid-
erable value of f+function. Finally, it can be concluded that the nucleophile and electrophile sites of DOT agree with the corresponding
HOMO and LUMO, respectively.

3.2. Job’s plot: DOT-Hg stoichiometry

Job’s method was used to study the stoichiometry of bindings between DOT and Hg ions. The measurements were performed by
UV-Vis absorbance at wavelength of 460 nm of the DOT-Hg solutions varying the molar ratio of Hg ion from 0 to 1; the total con-
centrations of Hg ion and DOT were kept constant at 20 pM. Fig. 3a shows a 1:1 stoichiometry of the binding mode of DOT with Hg ion.
Further studies of the optimized geometries of different DOT-Hg complexes obtained from QM computations are represented in Fig. 3b.
To understand the DOT-Hg complex stoichiometries, the total energy of the complexes was calculated for the two most likely stoi-
chiometries of 1:1 and 2:1 (DOT: Hg). It is evident that the total energy of DOT decreases from —35886 eV to —57149 eV in the
presence of Hg ion bonded to DOT. While the 2:1 stoichiometry has an energy value equal to —29684 eV, indicating that 1:1 stoi-
chiometry is more stable as obtained in Job’s plot.

3.3. Investigations of interfering metal ions

Two competitive metal ions titrations were conducted to investigate the utilization of DOT for selective detection of Hg ions in the
presence of other metal ions. Firstly, a solution of DOT (1 pM) and Hg ion (20 pM) was titrated with an excess amount (2-fold) of other
metal ions. The addition of AI**, Fe3*, and Cr®* caused a complete color change of DOT-Hg complex, resembling the color of free DOT,
and shifted the absorbance peak from 460 nm to around 415 nm. Also, based on theoretical investigations, three valence ions (AL%,
Fe®*, and Cr®") were placed near the NO, group because the Cd ion, had the maximum binding energy (166.8243 kJ/mol) near to NO
group of DOT-Hg in theoretical calculations (Fig. S7). The results indicated that the band gap energies in the presence of these ions
(AI®*, Fe**, and Cr®") are the same as free DOT, which causes a blue shift to 415 nm (Figs. S8 and S9). Interestingly, by adding the Cd
ion, the absorbance peak of DOT-Hg shifted from 460 nm to 515 nm. In the case of other metal ions such as Li*, Na+, K*, Cs*, Mg?™,
Ca%t Ag™, Pb%*, Ni%*, Zn?", Fe?*, Cu®* Mn?", Co?*, Ce®*, and Pb*", there is not any change neither in the UV-Vis spectrum nor in the
color of the DOT-Hg solution (Fig. 4a and b). It is essential to investigate the impact of adding Hg ions to the solution of DOT complexed
with other metal ions. Therefore, in the second experiment, a solution of DOT (1 pM) and each metal ion (40 pM) was titrated with Hg
ion solution (20 pM). The interaction of DOT with Hg ions in the presence of other metals was strong enough to cause a color change of
the solution to gold-yellow with an absorbance peak at 460 nm, except for Cd ions which caused a peak to emerge at 515 nm (Fig. 4c
and d).
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Fig. 3. Job’s plot to determine binding stoichiometry between DOT and Hg ion (a), the optimized structure of DOT complex with their total en-
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3.4. Simultaneously detection of Hg and Cd ions

3.4.1. UV-Vis spectroscopy investigations

As mentioned, the DOT-Cd has the same absorbance peak as free DOT at 415 nm. However, it would change in the presence of the
Hg ion. This phenomenon was intriguing to design an experiment to determine the simultaneous detection of Cd and Hg ions. To this
aim, as shown in both cases (Cd2++[DOT—Hg]) and (Hg2++[DOT—Cd]), a band appeared at 515 nm, and the color of the solution
changed from gold-yellow to orange.

Then, the measurement of Hg and Cd ions with DOT was studied by UV-Vis absorbance titration by two different methods. First, a
solution of DOT (1 pM) and Hg ion (20 pM) was titrated with a solution of Cd ion ranging from 0 to 40 M in water. The intensity of the
DOT-Hg complex peak at 460 nm decreased gradually, and a new band at 515 nm appeared associated with DOT-Hg-Cd complex,
which was enhanced by increasing the Cd ion concentration (Fig. S10). An excellent linear response of As15/A460 as a function of Cd ion
concentration in the range of 1-40 pM was observed, which could be used to measure the concentration of Cd ion in the presence of
DOT-Hg complex (Fig. 5a and S11). In the second experiment, a solution of DOT (1 pM) and Cd ion (20 pM) was titrated by a solution of
Hg ion ranging from 0 to 40 pM in water. The solution of DOT-Cd complex showed the same absorbance of free DOT at 415 nm, which
red shifted to 515 nm, associated with the DOT-Cd-Hg complex in low concentration of Hg ion (0.05-12 pM). Surprisingly, in a high
concentration of Hg ion (15-40 pM), the band at 515 nm blue shifted to 460 nm gradually, related to the DOT-Hg complex, which
indicates the overcoming of DOT-Hg to DOT-Cd-Hg complex in a competitive interaction. The A460/As15 plot exhibited good linearity
as a function of Hg ion concentrations ranging from 15 to 40 uM (Fig. 5b and S10).

In addition, the ratio at both wavelengths, As15/A460, exhibited good linearity as a function of the mole ratio of Hg ions in the range
of 0.2-0.8 (Fig. 6a). The color change of the solution is obvious in Fig. 6b, which could be determined by the naked eye for the
detection of Hg and Cd ions simultaneously. To determine the bonding site of Cd on DOT-Hg complex, different DOT-Hg-Cd complexes
were investigated with QM computations. The optimized geometries are represented in Fig. S7. The distance of the Cd ion from the
nearest atoms in these energy-minimized complexes is also displayed. On the other hand, when the Cd ion forms a complex with DOT-
Hg, the band gap decreases to 1.994 eV (Fig. S8a), which is lower than DOT. To confirm the effect of Cd on DOT, the cadmium ions
were placed at 6 probable places, and the energy level was calculated, as it is shown in Fig. S12. The energy level of DOT in presence of
Cd ion is similar to DOT which equals —28519.7231 eV.
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mole ratio (b). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.4.2. Photoluminescence spectroscopy investigations

The fluorescence spectroscopy of DOT was also studied upon adding various metal ions. The fluorescence emission was observed
for the DOT-Hg complex because its band gap is lower than for free DOT. The addition of Hg ions resulted in fluorescence emission at
550 nm. In contrast, other relevant ions did not cause any changes in the fluorescence spectra of DOT (Fig. 7a). Afterward, the
sensitivity of DOT towards Hg ion concentration was investigated by titration of DOT (Fig. 7b). The normalized intensity [(Iyin—1)/
(Imin—Imax)] was plotted against log [Hg2+], which exhibited an excellent linearity behavior (Fig. 7c). According to computational
studies, the band gap energies of DOT-Hg and DOT-Hg-Cd complexes (2.428 eV and 1.994 eV respectively) are lower than the energy of
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Fig. 7. Fluorescence spectra of DOT upon addition of different metal ions excited with 475 nm light (a), fluorescence spectra of DOT by titration
with Hg ion in the range 0-5 pM (b), and normalized emission intensity [(Imin-I)/(Imin-Imax)] as a function of Hg ion concentration (c), fluo-
rescence spectra of DOT-Hg, DOT-Cd and DOT-Hg-Cd (d).

475 nm exciting light (2.610 eV) which resulted in the emission of fluorescence light. In contrast, the band gap energies of complexes of
DOT with other ions are more than 2.610 eV, which causes no fluorescence emission (Fig. 7d).

3.5. The effect of pH on DOT

The effect of pH on the UV-Vis absorption spectra of DOT was investigated by acid-base titration, exhibiting an absorption band at
415 nm at pH ranges from 0 to 7. The increase of the pH caused a vivid red shift, resulting in the appearance of a broad band at 580 nm
at pH equal to 8 and more (Fig. 8a). Computational investigations on the charge of DOT molecules at different pH suggested that the
charge is —1 at pH = 8, which verifies the experimental results of Anax shifting (Fig. 8b). Moreover, the comparison between the
electron distribution of the HOMO in both neutral (Fig. 2¢) and negative (Fig. 8c) forms of DOT indicates that the resonance length of
the negative form is shorter than that for the neutral one. Also, the negative form of DOT has a band gap energy equal to 1.719 eV,
which is lower than that for the neutral form (2.948 eV). These differences cause the absorption of all the wavelengths in visible light
except red, by the negative form observed in violet. While the neutral form could only absorb the wavelengths in the range of violet
lights based on its band gap energy; therefore, it would be seen as yellow (Table S3, Fig. 8d).

4. Conclusions

In summary, a chemosensor for simultaneous detection of Hg and Cd ions was developed based on the receptor DOT. A color change
was observed in the synthesized receptor upon adding Hg ions, from beige to gold-yellow, whereas other relevant ions did not respond
accordingly. Interestingly, the color of DOT-Hg complex solution changes to orange by adding Cd ion, providing a methodology for
naked eye detection of Cd ion in the presence of Hg ions. In addition, UV-Vis spectroscopy showed a linear correlation between the
intensity of absorbance peaks and the concentrations of Hg and Cd ions were approved. The selectivity and sensitivity of DOT to Hg
ions were also studied using fluorescent measurements, in which the normalized emission intensity exhibited linearity toward log
[Hg?"]. The QM calculations demonstrated that the color change of the DOT is due to the change in its electronic structure. By for-
mation of DOT-Hg complex, the band gap decreased from 2.948 eV to 2.428 eV, and as a result, fluorescence emission was observed for
the DOT-Hg complex. Finally, the computational and experimental studies revealed that the prepared receptor is a highly selective
chemosensor in aqueous media for heavy metals, including Hg and Cd ions, and an excellent pH indicator.
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