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Abstract. This study demonstrates the design, synthesis and sensing applications of a simple and efﬁcient
chemosensor, 2-(1,3-dioxo-1H-inden-2(3H)-ylidene)hydrazinecarbothioamide (R) for quick detection of
Hg2? and F- in aqueous media using a colorimetric test, UV–Vis spectral analysis, and silica gel support.
Sensor R showed the typical absorption peak at 305 nm for Hg2? which is responsible for color change from
yellow to colorless, while in the case of F-, R exhibits a major peak at 415 nm and a color change from
yellow to red. The limit of detection (LOD) of R for the analysis of Hg2? was calculated as 1910-6 M while
for F-, it was found to be 3.4910-7 M. The binding modes of R with Hg2? and F- have been investigated by
the Job’s plot, Benesi–Hildebrand (BH) method, 1H NMR, FTIR and theoretical studies. The sensor R was
reversible after treating it with reagents such as EDTA and calcium nitrate solution after contacting with
Hg2? and F-, respectively. The performance of R can be successfully applied for the analysis of F- contents
present in toothpastes.
Keywords. Chemosensor; colorimetry; mercury; ﬂuoride; density functional theory.

1. Introduction
The design and development of optical sensors for
selective and sensitive monitoring of heavy-transition
metal ions and biologically important anions have
attracted much attention in supramolecular chemistry
over the past few decades.1–7 In particular, the
recognition and sensing of extremely dangerous and
toxic Hg2? and F- ions are very signiﬁcant in biological and environmental systems.8–13 Hg2? is one
of the most toxic heavy metal, affecting the human
health and ecosystem, and it can bioaccumulate
throughout the food chain as hazardous methyl
mercury species (CH3Hg). An overexposure of Hg2?
leads to various ill effects with neurological damages,
such as prenatal brain damage, cognitive and motion
disorders and Minamata disaster.14, 15 Apart from
this, it can also form useful amalgams with various

metals, which ﬁnd numerous applications in diverse
ﬁelds.
Fluoride ions play a vital role in a wide range of
biological, medical and chemical processes, such as
dental caries, osteoporosis treatment, anesthetic and
even in chemical warfare agents.16–20 Besides these,
intense levels of ﬂuoride in drinking water can lead to
severe health disorders, including dental and skeletal
ﬂuorosis, and osteosarcoma, also cause nephrotoxic
changes and urolithiasis in humans.21–23 Numerous
approaches have been reported till date, but they suffer
from several drawbacks such as difﬁculty in synthesis,
poor sensitivity in organic phase detection, and use of
highly sophisticated instruments. Therefore, an extremely sensitive and selective analytical method is
required for the determination of Hg2? and F-. However, several ﬂuorometric, colorimetric chemosensors
as well as chemodosimeters were reported for the
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detection of Hg2? as well as ﬂuoride based on chemical
bond formation,24 hydrogen bonding,25 complexation26
and organometallic compound formation. A few
chemosensors are capable of sensing Hg2? and F- in
partial aqueous media and limited reports are for 100%
aqueous medium. Hence, a chemosensor competent of
highly selective colorimetric sensing of Hg2? and Fcan be extremely advantageous, particularly for use in
an aqueous environment.
Thiosemicarbazones are considered as a potent
structural moiety which are used in many biologically
active compounds,27 and these analogues are popular
for their pharmacological signiﬁcance, particularly as
antiparasitic, antibacterial and antitumor agents.28
These derivatives act as ligands and can also act as
complexing agents for metal ions29 and anions30 due to
the presence of versatile binding sites. As a continuation
of our study on the development of ligands for cations
and anions recognition,31 herein we report, the synthesis
and sensing properties of a new ninhydrin thiosemicarbazone (R) as a colorimetric sensor for recognition of
Hg2? and F- in an aqueous environment.
2. Experimental
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2.2 Synthesis of R
The ligand R was prepared in a single-step condensation
reaction of ninhydrin with thiosemicarbazide in water
medium as shown in Scheme 1. A mixture of compounds of ninhydrin (1.78 g, 1 mM) and thiosemicarbazide (0.911 g, 1 mM) in 20 mL of water was subjected
to reﬂux for 10 min. After completion of the reaction, a
brownish solid was separated by ﬁltration. The ﬁnal
product was treated with cold ethanol and re-crystallized with absolute ethanol. The puriﬁed R was characterized by NMR (1H 13C), FTIR and HR-MS.
The characteristics of R are as follows: yield (92%),
color (brownish), melting point of the compound
178–180°C. FTIR spectra (cm-1): 3448 (N–H, 2°
amine); 2994, 2912 (N–H, 1° amine); 2104 (N=N–);
1655 (C=N); 1406 (C=O); 1310, 1018, 950 (C=S) (Figure 1S, Supplementary Information). 1H NMR
(DMSO-d6, ppm): 6.94 (s, H, NH2), 7.36 (s, H, NH2),
7.62-7.92 (m, 4H, Ar-H), 9.98 (s, H, NH) (Figure 2S,
Supplementary Information). 13C (DMSO-d6, ppm):
87.49, 90.37, 123.44, 125.19, 130.54, 132.41, 136.70,
150.25, 178.77, 194.24 (Figure 3S, Supplementary
Information). HR-MS (ESI) m/z calculated for C10H7N3O2S [M?H]?: 233.0293, found: 233.1431 (Figure 4S, Supplementary Information).

2.1 Materials and methods
All solvents used are of HPLC grade and used without
any further puriﬁcation. Ninhydrin, thiosemicarbazide,
metal chlorides and anions (sodium salt) were used in
the purest form. All spectroscopic experiments were
carried out at room temperature. 1H NMR spectra were
recorded on a Bruker AM 400 spectrometer with
tetramethylsilane (TMS) as an internal reference and
DMSO-d6 as solvent. FTIR spectra of the samples
were recorded on Nicolet AVATAR 380 FTIR spectrophotometer using the potassium bromide (KBr)
pellet method. The pH was measured using Eutech
pH–510 meter.
The working solutions of metal salts and sodium
salt anions were prepared in double-distilled water for
analysis with the ligand R. For UV–Visible spectral
studies, the metal ions K?, Mg2?, Al3?, Pb2?, Ni2?,
Cr3?, Co2?, Mn2?, Cu2?, Zn2?, Hg2?, and Fe3? were
added as their chlorides and anions F-, Cl-, Br-, I-,
OH-, H2PO4-, CH3COO- as their sodium salts
respectively. For selectivity study, 1 mL of cations or
anions (5910-4 M) was added in 5 mL vials containing R (1 mL, 1910-5 M). The spectra were
recorded for each sample on a JASCO V-730 spectrophotometer wavelength range 200–800 nm with a
quartz cuvette of 1 cm path length.

3. Results and Discussion
3.1 Recognition of Hg2? and F- ions
The chromogenic sensing performance of R towards
diverse metal ions was studied in the presence and
absence of different metal ions, such as K?, Mg2?,
Al3?, Pb2?, Ni2?, Cr3?, Co2?, Cu2?, Mn2?, Hg2?,
Zn2? and Fe3? in aqueous media by the naked-eye
color change and recording the corresponding UV–Vis
spectra. The ligand R showed a distinct color change
from yellow to colorless upon interaction of Hg2? as
shown in Figure 1a. Under identical environment, no
such noticeable color changes were observed in the
presence of other tested metal ions (K?, Mg2?, Al3?,
Pb2?, Ni2?, Cr3?, Co2?, Cu2?, Mn2?, Zn2? and Fe3?).
Similarly, the sensing ability of R towards various
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Scheme 1. Reagents and conditions to synthesize R.
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Figure 1. Colorimetric and UV–Visible spectral performance of R (20 lM) with various selected analyte (2 mM): metal
ions (a, c) and anions (b, d).

anions like F-, Cl-, Br-, I-, OH-, H2PO4- and
CH3COO- were also investigated in aqueous media.
R showed a fabulous color change from yellow to red
upon the addition of F- as shown in Figure 1b. Further, the UV–Visible absorption spectra of R in the
absence and presence of tested metal ions and anions
were recorded and the results are shown in Figure 1,
c&d. The ligand R exhibits a major absorption band at
335 nm, which may be due to ligand-to-ligand charge
transitions (LLCT). Upon the addition of Hg2?, the
most noteworthy changes resulted were an instantaneous appearance of a new blue-shifted absorption
band at 305 nm and this peak shift was due to the
change of the ligand to metal ion charge transition
upon complexation. This new peak was accountable for the change of color from yellow to colorless,
which was perceptible to the naked eye. Further,
R showed almost no spectral changes upon the addition of K?, Mg2?, Al3?, Pb2?, Ni2?, Cr3?, Co2?,
Cu2?, Mn2?, Zn2? and Fe3? which discriminated
Hg2? from the other tested metal ions. Similarly, the
interaction of F- with R resulted in the instantaneous
appearance of the new red-shifted absorption band at
415 nm in the visible region. This was due to the

interaction of imine hydrogen with highly electronegative F- species and correspondingly forms a
hydrogen bond and subsequently, proton departs from
R and undergoes an extensive charge transfer leading
to red shift. The binding afﬁnity between R and Hg2?
along with the sensitivity of ligand R was recognized
by conducting UV–Visible titration. The sequential
addition of Hg2? in aqueous solution was added to
R. As the titration proceeded, the kmax of R at 335 nm
shifted to 305 nm (Figure 2a) due to the formation of
R–Hg21. The limit of detection (LOD) of R as a
sensor for the recognition of Hg2? was calculated from
the calibration curve by applying the IUPAC guidelines: LOD=3r/slope (where ‘r’ denotes the standard
deviation of the blank sample) and it was calculated
down to 1910-6 M (Figure 3a). The obtained LOD
was compared with the recently reported Hg2? selective chemosensors. Similarly, the sensitivity of R towards F- was analyzed by UV–Visible titration on
successive addition of F- to R, which exhibited a
distinct new red-shifted absorption band at 415 nm in
the visible region and showed three isosbestic points
(375 nm, 310 nm and 280 nm) as a result of the formation of new complex species (Figure 2b). This
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Figure 2. (a) UV–Visible spectral changes of R (2910-5 M) in aqueous media after the addition of Hg2? (0–5 lM),
(b) F- (0–1 lM).

behavior is due to the deprotonation of –NH proton on
the interaction of F- and subsequently, the excess
electrons present on amide nitrogen undergoes extensive delocalization. The calculated LOD of F- was
found to be 3.4910-7 M (Figure 3b). Also, the
absorption band of R with the addition of different
concentrations of F- was found to obey Beer’s law by
showing a linear response at 415 nm.
3.2 Effect of pH
Further, the effect of pH on the absorbance of complexes (R–Hg21 and R–F2) was studied in the pH
range of 2.0–12.0. It has been found that the absorbance and wavelength maximum of R–Hg21 and R–
F2 complex remained unchanged over the pH variation of 6.0–9.0 and 7.0–9.0 respectively. Beyond this
pH range of the complexes (R–Hg21 and R–F2), the
visual color and absorbance changes occurred due to

deprotonation of amide nitrogen in the basic region
and protonation in the acidic region. In case of R–
Hg21 complex, formation of Hg(OH)2 takes place in
in basic region while in acid region protonation leads
to decrease in absorbance while in case of R–F2, in
the basic region due to increase in OH- concentration,
further enhancement in absorbance intensity was
noticed, but in the acid region, due to protonation
absorbance intensity was decreased. Hence, the
working pH range for Hg2? and F- determination
were found to be 6.0–9.0 and 7.0–9.0 respectively
(Figure 4, a&b).
3.3 Binding constant, stoichiometry, reversible
and competitive studies
The binding constant (Ka) was calculated using the BH
method by plotting the change in absorbance against
the concentration of analyte 1/[Hg2?] or 1/[F-]

Figure 3. Calibration plot of R with (a) Hg2? and (b) F-.
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Figure 4. Effect of pH on (a) R–Hg21 and (b) R–F2.

(Figure 5, a&b). The magnitude of Ka is estimated
from the calibration curve and the binding constant for
R with Hg2? and F- was found to be 3.39104 M-1
and 4.69104 M-1, respectively. Further, the binding
stoichiometry of R with Hg2? and F- was performed
individually using Job’s method. The obtained results
show that the formation of 1:1 ligand to metal/anion
ratio (Figure 5, c&d). To ensure the reversible

response of the ligand-to-metal ion interaction, the
binding reversibility of the R–Hg21 complex in
aqueous media was investigated. Owing to the high
stability constant of EDTA–Hg2? complex, it was
expected that EDTA will complex with Hg2? from the
R–Hg21 complex. As shown in Figure 6a, the absorbance of the R–Hg21 complex was diminished upon
interaction with EDTA (2 equiv.). Further, the

Figure 5. BH and Job’s plot of R with Hg2? (a, c) and F- (b, d).
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Figure 6. Reversible changes of R (20 lM) with (a) Hg2? and EDTA (b) F- and Ca(NO3)2.

Figure 7. Selectivity performance of R towards (a) Hg2? in the presence of other metal ions. (b) F- in the presence of
other anions.

accumulation of Hg2? resulted in the recovery of
spectral response, signifying the binding of R with
Hg2? is chemically reversible. Likewise, the binding
reversibility of F- to R in aqueous media is also
conducted. Due to the high formation constant for
CaF2, it was expected that Ca2? will combine with Ffrom R–F2 complex. The absorbance of the R–F2
complex diminished upon the addition of calcium
nitrate (Figure 6b). Further, the addition of F- resulted
in the recovery of spectral response representing the
binding of ligand R with F- is reversible.
To further investigate the utility of R as a Hg2?
selective chromogenic sensor, competitive experiments were conducted by the use of binary metal ion
systems under similar circumstances (Figure 7a). The
obtained results of the detection of Hg2? was not
substantially perturbed by the background of other

coexisting species, such as K?, Mg2?, Al3?, Pb2?,
Ni2?, Cr3?, Co2?, Cu2?, Mn2?, Zn2?, and Fe3? ions.
Yet there exhibits a small change in absorption maxima in the presence of coexisting species, but it shows
excellent selectivity of the chemosensor for Hg2? in
aqueous media. Similarly, to investigate the selectivity
of R towards F- over other coexisting species, such as
Cl-, Br-, H2PO4-, I-, AcO-, CO32–, B2O42– and
OH- ions, competitive experiments were conducted.
In the presence of other tested anions, it failed to
demonstrate any noteworthy alteration in the photophysical behavior (Figure 7b), except in the presence
of OH-.
To authenticate the real-time recognition of cations
and anions, the response time of R in the existence of
Hg2? and F- ions were investigated. The obtained
result reveals that the binding interaction between
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Figure 8. Time evolution study of R in the presence (a) Hg2? and (b) F-.

Scheme 2. Possible interaction modes of thiosemicarbazones.

R and Hg2? ions continued until 4th min (Figure 8a)
while the binding of R with F- almost completed
within 2 min (Figure 8b). Owing to the geometrical
complementarity combined with the weak hydrogen
bond interaction, the binding of R-F2 involved a short
response time and there is a strong hydrogen bond
interaction as well as delocalization of ligand, which
would have been the probable reason for the longer
response time required for the detection process.
3.4 Binding studies
The different binding modes of thiosemicarbazones
with metal ions are represented in three different ways;

neutral thione form (A) or in the anionic thiolate form
(B) as bidentate NS donor ligands forming ﬁvemembered chelate rings.32, 33 The binding capacity of
thiosemicarbazones is further enhanced by condensation of thiosemicarbazide with an aldehyde or ketone
consisting of an additional donor atom (D) in a suitable position for complexation, resulting in tri-coordination (C) (Scheme 2).34–36
To investigate the qualitative bonding ability of
ligand R with Hg2? and F-, FTIR spectral titration
was carried out. The FTIR spectra of ligand R were
recorded in the presence and absence of these ions
individually. The free R showed peaks at 3300–3500
cm-1 for secondary amine,[N–H stretch for NH2 as a
doublet occurs at 2994–2912 cm-1, N=N– bond
vibrates at 2104 cm-1, C=O and C=N occur at 1655
cm-1 and 1406 cm-1 respectively. The thiocarbonyl
group resonates at 951 cm-1, 1018 cm-1 and 1309
cm-1, respectively. When the ligand R interacts with
Hg2?, major changes were seen in the peak positions
and intensity at 1655 cm-1, 1406 cm-1, 1018 cm-1,
and 3300–3500 cm-1. The variations at 1655 cm-1,
1406 cm-1 and 1018 cm-1 explain the interaction of
C=O, C=N, C=S functional groups with Hg2?.

Figure 9. FTIR spectral titration (a) R–Hg21 and (b) R–F2.
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H NMR titration of R with F-.

Figure 11. DFT computed optimized structure of
(a) R and its complex with, (b) Hg2?, (c) F-, (d) the
molecular electrostatic potential (MEP) map of R and its
complex with F-.

However, the modiﬁcations observed at 3300–3500
cm-1 were due to the interaction of water molecules
with [N–H unit. Further, when R interacts with F-,
major changes were observed at 3300–3500 cm-1 due
to H-bonding formation with F- ions. As the concentration of F- increased, spectral changes were
observed at 1655 cm-1, 1406 cm-1, and 1018 cm-1.
This may be due to the intramolecular charge transfer,
as shown in Figure 9, a&b.
1
H NMR titration was carried out to establish the
binding mode of R with F- in DMSO-d6 (Figure 10).
The free R exhibits four different peaks at 10 ppm,
7–8 ppm, 7.35 ppm and 6.9 ppm were due to the

Figure 12. The computed LUMO and HOMO diagrams
of (a) R and its (b) R2F2 complex.

Figure 13. Practical application of R for the detection of
Hg2? and F- by silica support method where A: R (20
mM), B: Hg2?/F- (20 mM), C: Hg2?/F- (2910-2 M).

presence of NH, aromatic protons and NH2 protons.
On sequential addition of F-, the intensity of the N–H
(thiourea) signal at 10 ppm diminishes. This indicates
that the deprotonation of N–H is involved, thereby the
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electron density present on nitrogen atom experiences
resonance results in the de-shielding effect on aromatic protons. However, both NH2 protons also disappear due to liable protons.
Considering the experimental evidence, the 3D
structure of the R and its complexes with Hg2? and Fwere obtained by applying the density functional theory (DFT) method in the gas phase. All calculations
were performed using the exchange-correlation functional B3LYP and the basis sets LANL2DZ for Hg
atom, whereas 6-31G** for the remaining F, C, H, N
and O atoms coded in the computational program
Gaussian 09W.37 The computed structures are shown
in Figure 11. The ligand R provided a suitable tridentate coordination site to coordinate Hg2? ion, which
resulted in the lowering of the interaction energy (Eint
= Ecomplex - Eligand - 2EHg2?/F-) by -240.16 kcal/mol. The bond lengths for the Hg–S, Hg–O, and Hg–N
bonds were respectively obtained as 2.608, 2.378 and
2.455 Å. The anionic analyte F- interacted with
R with the protons of the groups –NH– and –NH2
through the hydrogen bonding. The two binding sites
can be deﬁned from the computed molecular electrostatic potential map (MEP), where the most positive
region was observed over the groups –NH– and –NH2
(Figure 11d) highlighted in blue color. After getting
the ground state geometry optimization, the interaction
energy (Eint) was found to be lowered by -108.09
kcal/mol upon complexation of R with F-, which
indicates a strong afﬁnity between the ligand R and
F-. Also, the bond lengths of the groups –NH– and
–NH2 increased upon interaction with F-. The most
signiﬁcant increase in the bond length was observed in
the –NH– group from 1.015 Å to 1.535 Å, which
supported the deprotonation mechanism proposed
from the experimental evidence.
Further, the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) of the R and R–F2 complex were analyzed
(Figure 12). Due to the elongation of the –NH– bond
in R upon interaction with F-, the charge delocalization increases due to increased conjugation, and the
HOMO energy was increased from -0.22395 eV to
-0.06518 eV. Also, comparing the distribution of
HOMO and LUMO charge density along with the
MEP of R–F2 (Figure 11d) supported the
intramolecular charge transfer (ICT) occurred between
F- ions and the ligand R. As a consequence, the
energy gap between the HOMO and LUMO of R was
reduced from 0.12402 eV to 0.10723 eV upon complexation with F- that accords well with the red-shift
in the absorption spectra of R towards visible region,
observed experimentally.
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3.5 Applications
Further, the qualitative recognition of Hg2? by R was
worked on a solid support. The silica gel (60–120
mesh, 10 g, colorless) was ﬁrst treated with R in
methanol (20 mL, 10-2 M), and then dried to get a
signiﬁcantly faint yellow color silica gel loaded with
R on the surface. When the silica-loaded R was
contacted with 1 mL of Hg2? (1910-2, 1910-3 M),
signiﬁcant color changes of the silica gel were
observed and are shown in Figure 13. A similar
procedure was adopted for F-, and a considerable
color change of the silica gel-loaded R was observed.
Also, the analytical feature of the present sensor was
used for the determination of Hg2? and F- contents
in different water systems and toothpaste samples
(Figures 5S and 6S, Supplementary Information). All
analysis was obtained from triplicate measurements
with the R sensor and results were in satisfactory
agreement with those determined by recovered values
as seen from the Table 1S (Supplementary Information). Besides, the performance of the ligand R has
been compared and summarized in Table 2S (Supplementary Information) with reported work.38–47 It
concludes that the present ligand is good in terms of
sensitivity, response time, wide working pH range
and has good water tolerance, and ligand can be
prepared via simple synthetic route.
4. Conclusion
In conclusion, we demonstrated a highly selective and
sensitive colorimetric chemosensor for remarkable
sensing of Hg2? and F- ions using R as the ligand.
The ligand R selectively displayed a naked-eye
detectable color change from yellow to colorless and
red, concerning Hg2? and F- ions respectively. The
synthesis of R is easy as compared to the ligand
reported in the literature, and this ligand can ﬁnd
potential applications in various samples for the
accurate estimation of Hg2? and F- ions.
Supplementary Information (SI)
Supplementary information associated with this article is
available at www.ias.ac.in/chemsci.
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