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Abstract—A new thiosemicarbazide-naphthalene-based fluorescent chemosensor FNC ((2-(furan-2-carbonyl)-N-
(naphthalen-1-yl)hydrazine-1-carbothioamide)) for Zn** was synthesized and identified. FNC was applied to selec-
tively detect Zn** with fluorescent turn-on response. The detection limit was determined to be 1.93 uM, which is much
below the WHO standard (76.5 uM). The detecting mechanism of FNC to Zn** was revealed to bind FNC to Zn*" in
the proportion of 1:1 by Job plot, ESI-mass and 'H NMR titrations. DFT and TD-DFT calculations were performed
for FNC and FNC-Zn™*, which provide insight into structural, electronic and photophysical properties.
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INTRODUCTION

Metal contamination has become a serious hazard to living organ-
isms and human health due to the inevitable release of metal ions
from human activities like coal burning, mining, metal refining and
steel production [1-6]. In particular, zinc is the second common
metal in the organism system [7-12]. Zinc ion (Zn”") plays an essen-
tial role in the maintenance of homeostasis, cell viability and neu-
ronal signal transduction [13-15]. On the other hand, non-ideal
amounts of Zn’" in organisms cause neurodegenerative diseases
like Alzheimer’s disease and Wilsons disease [16-20]. Therefore, devel-
oping analytical tools with a simple way for selective Zn** detection
has become increasingly important.

Many methods have been used for sensing Zn™, like ion chro-
matography, mass spectrometry, atomic absorption spectroscopy
and fluorescence spectrometry [21-26]. Among those methods, flu-
orescence chemosensor has various advantages due to easy detec-
tion, portability, cost-benefit, high selectivity, real-time responses
and low detection limit [27-34]. According to the advantages, sev-
eral fluorophores have been used to detect Zn*, such as quino-
line, benzimidazole, benzofuran, naphthalene and fluorescein [35-
38]. However, due to their poor water-solubility; it is still challeng-
ing to develop chemosensors detecting Zn* in an aqueous solution
[39-41]. Therefore, water-soluble moiety needs to be introduced to
the chemosensors. Moreover, many fluorescent chemosensors for
Zn™ have difficulty in the discrimination of Zn™* from Cd*" [42-
45]. Therefore, it is important to invent fluorescent chemosensors
capable of discriminating Zn* from Cd’".

Thiosemicarbazide has selective binding sites for metal ions be-
cause its three nitrogen atoms provide lone-pair electrons with the
metal ions such as Zn®" [46-49]. Moreover, thiosemicarbazide has

"To whom correspondence should be addressed.
E-mail: chealkim@snut.ac.kr
Copyright by The Korean Institute of Chemical Engineers.

2010

a good water-soluble property [50]. On the other hand, naphtha-
lene moiety could serve as a fluorescence signaling group [51,52].
In this regard, the chemosensor derived from the combination of
naphthalene and thiosemicarbazide is expected to detect Zn™* by
the fluorescence variation in an aqueous solution.

Herein, we report a thiosemicarbazide-naphthalene-based fluo-
rescent chemosensor FNC for Zn”* detection. FNC showed a sig-
nificant increase in fluorescence upon the addition of Zn** and could
discriminate Zn™* from Cd*". In addition, it was proven that FNC
bound with Zn* in the proportion of 1 : 1 by Job plot, ESI-MS and
'"H NMR titrations. The fluorescence enhancement of FNC by the
complexation of FNC with Zn** was studied by DFT and TD-DFT
calculations.

EXPERIMENTS

1. Materials and Equipment

Reagents used for all experiments were provided commercially.
NMR spectra were recorded by a Varian spectrometer. Fluorescence
and UV/Visible absorption spectra were obtained by using Perkin
Elmer spectrometers (LS45 and Lambda 25). A single-quadrupole
ACQUITY QDa was used for ESI-mass data.

2. Synthesis of FNC (2-(furan-2-carbonyl)-N-(naphthalen-1-
yDhydrazine-1-carbothioamide)

Furan-2-carbohydrazide (1 mmol, 126 mg) and 1-isothiocyana-
tonaphthalene (1 mmol, 185 mg) reacted in 15.0 mL of ethanol for
3h at 20°C. This mixture was stirred until a pale white powder
precipitated. The pale white powder obtained was washed with icy
ethanol and diethyl ether. Yield: 258 mg (83%). 'H NMR (400
MHz, DMF-d,): 6 (ppm)=10.79 (s, 1H, NH), 10.29 (s, 1H, NH),
9.81 (s, 1H, NH), 8.12 (m, 1H, A*H), 7.95 (m, 2H, A*-H), 7.87 (d,
J=8.0Hz, 1H, A"-H), 7.51 (m, 4H, A*H), 7.32 (d, J=3.6 Hz, 1H,
A*-H), 6.70 (m, 1H, A™-H) (A*=naphthalene, A"=thiophene). °C
NMR (175 MHz, DMSO-d,): 6=182.4, 157.7, 146.5, 145.5, 135.7,
133.6, 127.72, 126.7, 126.3, 125.9, 125.7, 125.3, 123.8, 114.7, 111.7
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Scheme 1. Synthesis of FNC.

ppm. ESI-Mass: m/z cadld. for [C,;H;,N;0,S+K']": 350.04; found,
349.95.
3. Fluorescent and UV-vis Titrations

FNC (1.6 mg, 5.0 pmol) was dissolved in 500 uL. DMF (dimeth-
ylformamide) to produce 10 mM, and 6.0 pL of the FNC stock was
diluted in 2.994 mL of bis-tris buffer/DMF (9: 1, pH=7.0, 10 mM)
to afford 20 uM. Zn(NO,), (11.4 mg, 60 umol) was dissolved in
3.0mL of DMF to produce 20 mM. 0.6-9.0 uL of the Zn(NO;),
stock was progressively poured into FNC solutions. Fluorescent
and UV-vis spectra were recorded after 10s.

4. Job Plot

0.1 mL of a FNC stock (10 mM) was diluted to 19.9 mL of a
mixture of buffer/DMF (9:1) to provide 50 uM. 0.05mL of a
Zn(NO,), stock (20 mM) was diluted to 19.5 mL of bis-tris buffer/
DMEF (9: 1) to provide 50 uM. 0.3-2.7 mL of the diluted Zn(II) and
2.7-03 mL of the diluted FNC were mixed respectively to make
3 mL of solutions. Fluorescent spectra were recorded after 10s.

5. Competitive Experiments

60 pmol of AI(NO;),, Cu(NO3),, Cr(NO,),, Pb(NO;),, Hg(NO;),,
Co(NO;),, Ni(NOs),, Ca(NO;),, Mg(NO3),, Mn(NO;),, In(NO;);,
Ga(No;),, NaNO;, AgNO;, Fe(NO;);, Fe(ClO,),, Cd(NO;),, and
KNO; was, respectively, dissolved in 3.0 mL of bis-tris buffer/DMF
(9:1). 9L of the respective metal was separately diluted to 3.0
mL of bis-tris buffer/DMF (9:1) to provide 3.0 equiv. 9.0 pL of a
Zn(II) stock (20 mM) was added to the solutions, respectively. Flu-
orescent spectra were recorded after 10s.

6. pH Test

Bis-tris buffers (10 mM) with pH values (6.0-9.0) were prepared
by adding HCl and NaOH in buffer solutions. 6 IL of a FNC stock
(10 mM) was diluted to 2.994 mL of buffer/DMF (9: 1) with pH
values ranging from 6-9. Fluorescent emission of FNC with vari-
ous pH values was recorded. 9.0 uL of a Zn(II) stock (20 mM) was
added to the solutions having diverse pH values to give 3.0 equiv.
Fluorescent emission spectra of the solutions were recorded at each
pH after 10s.

7. Determination of Zn**

Fluorescence analysis of Zn™" in real water samples was con-
ducted by adding 6.0 puL of a FNC stock (10 mM) and 2.7 mL of
buffer to 0.3 mL of samples. Fluorescent spectra were recorded after
10s.

8. Test Strips Towards Zn"*

An FNC stock (10 mM) was prepared in DMSO. By immers-
ing the filter papers into the FNC solution and drying them in the
oven, the fluorescent test strips were obtained. Stock solutions (100
M) of various metal ions were prepared in buffer/DMF (9: 1).
The test strips of FNC were added to the metal solutions and then
dried.

9. DFT Calculation Methods

We carried out density functional theory (DFT) calculations with
Gaussian 16 program [53]. The calculations were implemented
with B3LYP [54] functional and the 6-31G(d,p) basis set [55,56].
Lanl2DZ [57] effective core potential was used for Zn*". The sol-
vent effect of DMF was considered by using IEFPCM [58]. In vibra-
tional frequency calculations, the imaginary frequency did not appear,
suggesting that the optimized FNC and FNC-Zn"" represented local
minima.

RESULTS AND DISCUSSION

As shown in Scheme 1 the probe FNC was synthesized by the
reaction of furan-2-carbohydrazide and 1-isothiocyanatonaphtha-
lene in FtOH. Compound FNC was verified by 'H and 'C NMR
(Figs. S1 and S2) and ESI-MS (Fig. S3). The detection of Zn®* by
FNC was explained by fluorescent and UV-vis spectroscopy, 'H
NMR titration and theoretical calculations.

1. Spectroscopic Studies of Probe FNC with Zn®*

The selective detecting ability of FNC for Zn’" was examined
by analyzing the fluorescent spectral changes of FNC with Zn’*
and other metal ions (AI*", Cu™*, Cr**, Pb™, Hg'*, Co™, Ni**, Ca™,
Mg, Mn™, In*, Ga*, Na', Ag', Fe**, Fe**, Cd** and K") in bis-
tris buffer/DMF (9: 1) (Fig. 1). With excitation at 350 nm, only Zn’*
induced a prominent increase in emission intensity at 440 nm.
Except for some increase in the emission spectrum of FNC with
silver ions, no significant change in emission spectra of FNC with
other metal ions was observed. These results verified that probe
FNC could be a fluorescent turn-on chemosensor for detecting Zn’*
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Fig. 1. Florescent changes of FNC (2x10"> M) with various cations
(3.0 equiv).
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Fig. 2. Fluorescent changes of FNC (2x10° M) with different con-
centrations of Zn"* (0-3.0 equiv).

selectively and discriminating Zn** from Cd™.

Fluorescence and UV-vis titrations were performed to demon-
strate a reaction process of FNC to Zn**. When Zn** was added to
ENC, the fluorescent intensity at 440 nm increased significantly until
the addition of 3.0 equiv of Zn** (Fig. 2). Quantum yields (@) of
FNC and FNC-Zn™" turned out to be 0.0324 and 0.5796 [59]. In
the UV-vis titration, absorbance at 333 nm increased, while absor-
bance at 260 nm decreased by adding Zn** into FNC (Fig. 3). The
UV-vis spectrum showed an isosbestic point at 290 nm, meaning
that the binding reaction of FNC with Zn"* makes only one species.

To identify the binding ratio of FNC with Zn™, a Job plot was

NH

FNC + Zn* (2.0 eq)

FNC + Zn* (1.0 eq)

FNC + Zn** (0.5 eq)
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Fig. 3. UV-vis changes of (2x107° M) with different concentrations
of Zn™ (0-3.0 equiv).

implemented and analyzed (Fig. $4). The maximum intensity value
was measured at 0.5 of [Zn*']/([FNC]+[Zn’"]), implying that the
complex of FNC-Zn"* was made in the proportion of 1: 1. In addi-
tion, ESI-mass data was recorded to verify the 1: 1 complex forma-
tion of FNC-Zn’" (Fig. S5). The peak of 455.94 (m/z) was assigned
as [FNC-H'+Zn""+2-MeCN]" (calcd. m/z=456.05). The result sup-
ported the 1:1 binding mechanism of FNC with Zn®". The limit
of detection was calculated to be 1.93 UM by using Cp,,=3 o7k (Fig.
S6). It is far below the WHO standard for Zn™* (76.5 uM). The bind-
ing constant (K) of 2.9x10° M was gained by using the non-lin-
ear fitting method (Fig. S7).
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Fig. 4. "H NMR titration of FNC with Zn** (0, 0.5, 1.0 and 2.0 equiv).
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Scheme 2. Proposed structure of FNC-Zn>*.

Moreover, we implemented 'H NMR titration to understand
the sensing mechanism of FNC to Zn™* (Fig. 4). When 2.0 equiv
of Zn** were added to the FNC solution, the integral value of the
proton H; decreased by half. The proton H, slightly shifted down-
field. The changes confirmed that zinc ion might bind to nitrogen
of the thiosemicarbazide and the carbonyl oxygen. We further iden-
tified the binding structure by FI-IR (Fig. S8). Upon binding of
Zn™* to FNC, the band at 3,332 cm™ associated with one amine
group of FNC disappeared, and the band associated with the C=O
peak moved significantly from 1,682 cm™ to 1,519 cm ™. On the other
hand, the C=S peak at 763 cm™' showed a slight shift to 748 cm™".
These results indicated that the O atom of the C=O moiety might
participate in the coordination bond with Zn*". Considering all
the outcomes of the Job plot, ESI-MS, 'H NMR titrations and FT-
IR, we suggested the binding structure of FNC with Zn’* (Scheme 2).

Competitive experiments were implemented to verify the detect-
ing capability of FNC to Zn™" in the existence of other cations (Fig.
S9). When FNC was dealt with both zinc ion and other competi-
tive metal ions, the fluorescence intensities for all other metal ions
diminished by 35 to 62%. However, the fluorescence was suffi-
ciently strong to be visible. Moreover, a pH test was carried out to
demonstrate the practical usability of chemosensor FNC (Fig. 5).
FNC showed intense fluorescence at pH 7, 8 and 9 when 3.0 equiv
of Zn®* was added.

To examine the practical capability of FNC, the application of
FNC was achieved in both tap and drinking water samples (Table
1). Reasonable R.S.D. values and recoveries were obtained. The
results signified that FNC could be a practical tool for detecting
Zn™" in real water samples. To further inspect the practical utility
of FNG, test strips of FNC were prepared by immersing the filter
papers in a FNC stock. When the test strips coated with FNC were
soaked with various cations, a fluorescence change was observed
only for Zn™", showing the blue fluorescence (Fig. 6). Therefore,

Table 1. Determination of Zn***
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Fig. 5. Fluorescence emissions of FNC at pH 6-9 on the addition of
Zn*,

the test strips coated with FNC would be useful for detecting Zn®".
Importantly, FNC is the first thiosemicarbazide-based fluorescent
chemosensor for Zn™* that could be successfully applied to both
real water samples and test strips (Table S1).
2. DFT Calculations

To understand the fluorescence sensing of FNC to Zn*', DFT
calculations were carried out. The energy-minimized structures of
FNC and FNC-Zn™ are shown in Fig, 7. The structure of FNC has
a dihedral angle of 16.885° (1N, 2N, 3C and 4N) with a folded con-
formation structure. The structure of FNC-Zn’" has a dihedral angle
of 11.42° with a relatively flatted form. The complexation of FNC
with Zn** causes the structure of FNC to be more planar and rigid.

We implemented TD-DFT calculations with the optimized forms
to comprehend the electronic transitions of the singlet excited

Zn** added Zn** found Recovery RS.D. (n=3)
Sample 0 0
(uM) (LM) (%) (%)
Tap water 0.0 0.0 - -
10.0 10.26 102.3 0.05
Drinking water 0.0 0.0 - -
10.0 10.23 102.6 0.74

“Conditions: [FNC]=2x10"° M in bis-tris buffer/DMF (9: 1)

Korean J. Chem. Eng.(Vol. 40, No. 8)
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Fig, 7. The energy-minimized features of (a) FNC and (b) FNC-Zn™".

states for FNC and FNC-Zn®, respectively. For FNC, the major
molecular orbital (MO) contribution of the excited state 1 (306.95
nm) was determined for the HOMO to LUMO (47%) and the
HOMO-1 to LUMO (35%) transitions, which showed the ICT
process and 7-77* transition (Figs. S10 and S11). The electron cloud
moved from the thiocarbonyl group to the furan group and 77*
transition appeared in the naphthyl group. For ENC-Zn*, the main
MO contribution of the excited state 1 (351.11 nm) was assigned
as the HOMO to LUMO, which showed the LMCT and 7-7*
transitions (Figs. S11 and S12). After binding with Zn™", the elec-
tron cloud of FNC shifted to Zn** due to the electron-withdraw-
ing ability of Zn*". The 7-7* transition of the naphthyl group was
similar to that of free FNC. The LMCT effect of FNC-Zn** induced
the decrement of the band-gap energy of the ground and excited
energy levels (4.10eV for FNC-Zn™ and 4.62 eV for FNC). The
change of computed UV-vis absorption (291.07 nm to 317.04 nm)
caused by the complexation coincided with the redshift in the
experimental UV-vis spectra (295 nm to 333 nm). Thus, we could
suggest that the structural rigidity of FNC-Zn** would lead to the
enhancement of fluorescence by the CHEF effect.

CONCLUSION
We developed a thiosemicarbazide-based fluorescent probe FNC

August, 2023

(b)

for selectively detecting Zn*". FNC with Zn** showed intense blue-
fluorescence even though Zn™* coexisted with other metal ions.
FNC has a detection limit of 1.93 uM, which is much below the
WHO standard. The FNC-Zn”" coordination properties were de-
monstrated by Job plot, ESI-mass and 'H NMR ftitrations. It was
revealed that FNC could bind with Zn*" in the proportion of 1: 1.
Based on DFT and TD-DFT calculations, we propose that the struc-
tural rigidity and the energy band-gap decrease caused by the com-
plexation of FNC-Zn"* induced the enhancement of fluorescence.
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Table S1. Examples of chemosensors containing thiosemicarbazide derivative for detecting Zn*
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(20 uM) and Zn** based on non-linear fitting,
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