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A new thiacalix[4]arene based fluorescent sensor 1 bearing two naphthyl groups has been synthesized in
1,3-alternate conformation. In the absence of fluoride ion, the receptor 1 is in ‘off-state’ showing no
fluorescence emission. The presence of fluoride ion triggered the fluorescence emission to ‘on-state’. The
receptor shows pronounced selectivity for fluoride ions. In THF, the presence of F� ions induces the
formation of a 1:1 (G:H) complex.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The selective recognition and sensing of anions by artificial
optical receptors have emerged as a key research theme within the
host–guest chemistry.1 Among the biologically important anions,
fluoride is of particular interest owing to its role in preventing
dental caries2 and in the treatment for osteoporosis.3 Furthermore,
F� ions are also associated with anaesthetics, hypnotics, psychiatric
drugs, nerve gases, in the analysis of drinking water, and in the
refinement of uranium used in nuclear weapon manufacture.4 An
excess of fluoride can lead to thyroid activity depression and im-
mune system disruption and fluorosis,5 which is a type of fluoride
toxicity that generally manifests itself clinically in terms of an in-
crease in bone density. Thus, due to diversity of its functions, both
beneficial and otherwise, the detection of fluoride ions becomes
important. The detection and monitoring of anions by methods,
which allow the development of selective and sensitive assays are
in great demand. Fluorescence signalling is one of the first choices
due to its high detection sensitivity and simplicity6 over the other
spectroscopic methods. Thus, designing fluorescent sensors for
fluoride7 has recently drawn worldwide attention. The basic design
of these fluorescent sensors consists of an ionophore for selective
ion binding and a fluorophore,8 which convert binding signal of
ionophore unit into a highly sensitive light signal through changes
in fluorescence emission. Thus, while designing sensors the rec-
ognition unit linked to fluorophore should be carefully examined
because the recognition unit is responsible for the selectivity and
3205; fax: þ91 183 2258820.
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binding efficiency of the chemosensor. The recognition unit of the
receptors containing the polarized NH fragment behaves as H-bond
donors towards anion and is widely used as receptors for recog-
nition and sensing purpose.9 The urea and thiourea moieties
provide such effective and directional H-bonds for anion recogni-
tion. The urea and thiourea subunits can establish two directional
H-bonds with the Y-shaped carboxylate groups or chelate spherical
anions (e.g., halides). The H-bond donating tendencies of a given
donor group are in some way related to its protonic acidity. Thio-
urea is a stronger acid than urea (pKa¼21.1 and 26.9, respectively),10

thus it is expected that thiourea containing receptors establish
stronger H-bond interactions and form more stable complexes with
anions than their urea containing counterparts.

Most of the fluoride selective receptors containing different
fluorogenic units mainly involve fluorescence quenching mecha-
nism such as photo-induced electron transfer (PET)11 on interaction
with fluoride ions. The fluorescence quenching mechanisms are
susceptible to static and collisional quenching by non-analyte spe-
cies, which are prevalent and unavoidable in biological systems;12

consequently, the accuracy of fluorescent probes involving
quenching mechanism for anions is poor. On the other hand, the
fluorescence enhancement rather than quenching is usually pre-
ferred in order to observe a high signal output. Only a few sensors in
which the binding of F� ion causes an increase in the fluorescence
emission have been reported.13 James et al.14 reported boronic acid
based ditopic receptors for potassium fluoride. The presence of
potassium fluoride ‘switches on’ the fluorescence of ditopic re-
ceptors and fluorescence can be ‘switched off’ by removing the
potassium cation from crown ether unit of the receptors. However,
the system is non-fluorescent in the presence of only fluoride ion.
Kim et al.15 have reported (hydroxyphenyl)benzoxazole receptor
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containing urea groups as gelator, which changed to a solution with
strong greenish fluorescence in the presence of fluoride ion. Yoon
et al.16 have reported fluorescent sensors for fluoride ion describing
an internal charge transfer mechanism having anthracene and
naphthalimide fluorophore.

Calix[4]arene17 scaffold with appropriate binding sites has been
utilized for various ion-sensing properties.18 The fluorescent che-
mosensors based on calix[4]arene bearing different binding sites
such as amide,19 urea,20 and thiourea21 have been reported utilizing
different photophysical processes such as photo-induced electron
transfer (PET),19a–c photo-induced charge transfer (PCT),19d,e exci-
mer/exciplex formation, and extinction.19a,e Diamond et al.20 have
reported a fluorescent optical chemosensor for chloride based on
1,3-alternate conformation of tetra-substituted calix[4]arene bear-
ing urea moieties. The presence of chloride ion triggers the con-
formational changes, which resulted in ratiometric sensing of
chloride ion.

Recently, thiacalix[4]arene22 reported as the second member of
the calixarene17 family has been extensively used for the recogni-
tion of cations23 and their potential applications as fluorescence
sensing agents have received much interest. Compared to cation
recognition, the anion recognition of thiacalix[4]arene series24 is
much less explored. Lhotak et al.24 have reported thiacalix[4]arene
based anion receptors bearing urea/thiourea on lower/upper rim.
These anionic receptors showed poor discrimination between
various anions.

Our research involves design, synthesis and evaluation of cal-
ix[4]arene and thiacalix[4]arene based receptors selective for soft
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Figure 1. Absorption spectra of compound 1 (6.0 mM) on addition of F� (0–100 equiv,
0–600 mM) in DMSO.
metal ions25 and anions.26 Recently, we reported26a,b chloride se-
lective sensors based on calix[4]arene possessing urea moieties.
Now we have designed and synthesized fluoride ion selective
fluorescent chemosensor 1 based on 1,3-alternate conformation of
thiacalix[4]arene framework possessing thiourea moieties conju-
gated with naphthyl fluorophore. The fluorescence emission of
compound 1 was in ‘off-state’, i.e., completely quenched. The ad-
dition of fluoride ion to the solution of compound 1 results in the
fluorescence emission, i.e. ‘on-state.’ The fluoroionophore 1 shows
high selectivity for fluoride ion with a detection limit27 of
2.6�10�7 mol L�1. To the best of our knowledge this is the first re-
port where thiacalix[4]arene scaffold has been combined with
naphthyl moieties to prepare fluorescent sensor for fluoride ions.
While we were writing this paper, Kim et al.28 have reported
a fluorescent chemosensors for fluoride based on anthraquinone
appended calix[4]arene bearing amide groups.
2. Results and discussion

The condensation of thiacalix[4]arene-1,3-diamine 225d in the
1,3-alternate conformation with 2.0 mol equiv of 1-naphthyl-
isothiocyanate 3 in dichloromethane furnished thiacalix[4]arene
podand 1 in 42% yield (Scheme 1).

The structure of 1 was confirmed from its spectroscopic and
analytical data. The IR spectrum of compound 1 showed a C]S
stretching band at 1520 cm�1. The FAB mass spectrum showed
a parent ion peak at 1262 (Mþ) corresponding to a 1:2 condensation
product. The 1H NMR spectrum of compound 1 showed two sin-
glets (18H each) corresponding to tert-butyl protons, one broad
(4H) for NCH2 protons, one triplet (4H) for OCH2, one broad (4H) for
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Figure 2. Fluorescent emission spectra of compound 1 (1.0 mM) in the presence of
different concentration of F� (0–500 mM) in THF. Excitation wavelength was 310 nm.
Inset: binding isotherm at 385 nm.



Figure 5. Job plot for 1 and F� [1þF�]¼2.50�10�5 M in THF.
Figure 3. Fluorescent emission spectra of compound 1 (1.0 mM) in the presence of
different concentration of F� (0–500 mM) in THF. Excitation wavelength was 360 nm.
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OCH2 protons, two singlets (4H each) for aromatic protons and one
broad singlet and one singlet (2H each) for thiourea protons.

The anion binding properties of compound 1 were investigated
by UV–vis, fluorescence and 1H NMR spectroscopy. The UV–vis ti-
trations were carried out in DMSO and fluorescence titrations were
carried out in tetrahydrofuran by adding aliquots of solutions of
different anions. The UV–vis spectrum of compound 1 exhibits
typical absorption band of naphthalene at l 257 nm in DMSO. The
addition of increasing amounts of fluoride ion (1.0–100 equiv) to
the solution of compound 1 in DMSO resulted in decrease in ab-
sorption at 257 nm and formation of new red shifted absorption
band at l 360 nm (Fig. 1).

Compound 1 did not show any fluorescence emission band
when excited at 310 nm. The quenched fluorescence emission of
compound 1 indicates its ‘off-state’. Upon addition of increasing
amounts of F� ion (1.0–500 equiv) to the solution of compound 1,
a significant increase in fluorescence emission at l 385 nm with
a shoulder at l 412 nm was observed (Fig. 2). The increase in
fluorescence emission (Fig. 2) of compound 1 with F� ion was at-
tributed to 1/F� complex. The increase in fluorescence emission
induced by F� ion is ascribed to intramolecular excimer formation29

between two naphthyl moieties. The intermolecular binding in-
teractions of F� ion with NH protons of thiourea moieties trigger
the intramolecular p–p interactions of naphthyl groups, which lead
to excimer formation. The ‘off-state’ of free ligand 1 turns to ‘on-
state’ with the addition of F� ion. Likewise, compound 1 did not
Figure 4. Fluorescence enhancement (I�Io) of compound 1 (1.0 mM) at 385 nm upon
addition of different anions (500 equiv, 500 mM) in THF. A¼F�, B¼Cl�, C¼Br�, D¼I�,
E¼OAc�, F¼HSO4

�, G¼NO3
�, H¼H2PO4

�, I¼malonate, J¼fumarate, K¼succinate,
L¼tartrate, M¼adipate, N¼phthalate.
show any fluorescence emission band when excited at 360 nm,
however on addition of fluoride ions (1.0–500 equiv), a new red
shifted emission band appears at 476 nm (Fig. 3). This red shifted
fluorescence emission band is related to the red shift of absorption
peak upon the addition of fluoride ion.13c Under the same condi-
tions as used above for F� ion, we also tested the fluorescence re-
sponse to other anions like Cl�, Br�, I�, OAc�, HSO4

�, NO3
�, H2PO4

�,
malonate, fumarate, succinate, tartrate, adipate, phthalate beside
F� ion; as shown in Figure 4, no significant fluorescence change of 1
occurred in the presence of (500 mM) of other anions except in the
case of OAc� and HSO4

� ions where a small enhancement in the
fluorescence was observed.

In order to determine the stoichiometry of the 1–FL complex,
the method of continuous variation (Job plot) was also used. The
total concentration of compound 1 and F� was constant
(2.5�10�5 M), with a continuous variable molar fraction of guest
([F�]/[1]þ[F�]). Figure 5 shows the job plot of compound 1 with F�

ion. The 1–FL complex concentration approaches a maximum
when the molar fraction of F� is 0.5, which means 1 and F� formed
a 1:1 complex (Fig. 5). The association constant (log b) of compound
1 for F� ions was calculated from fluorescence titration experi-
ments by means of SPECFIT programme (global analysis system
V3.0 for 32-bit Window system), which uses singular value de-
composition and non-linear regression modelling by the Lever-
berg–Marquardt method30 and was found to be 3.02�0.09 M�1.

To test the practical applicability of compound 1 as F� selective
fluorescent sensor, competitive experiments were carried out in
Figure 6. Competitive selectivity of compound 1 (1.0 mM) towards F� (A, 500 equiv,
500 mM) in the presence of other anions (B–N, 500 equiv, 500 mM) in THF. A¼F�, B¼Cl�,
C¼Br�, D¼I�, E¼OAc�, F¼HSO4

�, G¼NO3
�, H¼H2PO4

�, I¼malonate, J¼fumarate,
K¼succinate, L¼tartrate, M¼adipate, N¼phthalate.
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Figure 7. Proposed p-interactions between two naphthyl moieties upon addition
of F� ion.
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the presence of F� at 500 mM mixed with Cl�, Br�, I�, OAc�, HSO4
�,

NO3
�, H2PO4

�, malonate, fumarate, succinate, tartrate, adipate,
phthalate at 500 mM; as shown in Figure 6, no significant variation
in fluorescence intensity change (I�Io) was found by comparison
with or without the other anions besides F� ion except for OAc� and
HSO4

�, which interfere with the detection of F� ions. This means
that compound 1 has high selectivity for F� ion over other studied
anions.

Further, the intermolecular binding interactions of compound 1
with F� ion were studied using 1H NMR spectroscopy in DMSO-d6.
The 1H NMR spectrum of compound 1 shows two singlets at
9.30 ppm and 9.67 ppm due to NHa and NHb protons, respectively.
It was found that on addition of small amount (0.5 equiv) of tet-
rabutylammoniun fluoride to the solution of compound 1, there
were remarkable downfield shifts in NHa protons from 9.30 ppm to
9.72 ppm and NHb protons from 9.67 ppm to 9.80 ppm. The
downfield shifts demonstrate the hydrogen bonds formed between
thiourea NH protons and fluoride ion. There was no change in
chemical shift of naphthyl protons with the addition of fluoride ion.
The interaction of fluoride ion with compound 1 leads to excimer
formation between two naphthyl moieties (Fig. 7).

3. Conclusion

In conclusion, we developed a selective fluorescent chemo-
sensor 1 for fluoride ion based on thiacalix[4]arene armed with two
naphthyl moieties. In the absence of fluoride ion, the receptor 1 was
in ‘off-state’ showing no fluorescence emission band. With the
addition of fluoride ion, the fluorescence emission turned to ‘on-
state’. The receptor 1 showed pronounced selectivity for fluoride
ions and may be considered as potential fluorescent chemosensor
for fluoride ion. Work is in progress to explore sensors for other
anions based on thiacalix[4]arenes/calix[4]arenes armed with dif-
ferent fluorophores.

4. Experimental section

4.1. General

The 1H and 13C NMR spectra were recorded on JEOL 300 MHz
spectrometer using TMS as internal standard and CDCl3 as solvent.
FAB mass spectra were recorded on JEOL XS102/DA-6000 mass
spectrometer using xenon (6 kV, 10 mA) as FAB gas. Infrared spectra
were recorded on a Pye Unicam SP3-3 Infrared spectrophotometer.
UV–vis and fluorescence spectra were recorded with Shimadzu UV-
2450 PC spectrophotometer and Shimadzu RF-5301(PC) spectro-
fluorophotometer, respectively. Elemental analysis was done at
Department of Chemistry, Guru Nanak Dev University, Amritsar
using ThermoFinnigan Elemental Analyzer (Model Flash EA 1112).
Stock solutions (0.1 M) of anions as their tetrabutylammonium salts
were prepared in THF. Stock solution (0.01 mM) of compound 1 was
prepared in THF. For all measurements of fluorescence spectra,
excitation wavelengths were 310 nm and 360 nm and slit width
was 3.0 nm. UV–vis and fluorescence spectra were performed by
using 6.0 mM and 1.0 mM of compound 1 in DMSO and THF and
varying concentration of guests (anion).

4.2. Synthesis of 1

To a solution of thiacalix[4]arene-1,3-diamine 2 (200 mg,
0.225 mmol) in 30 ml of dry CH2Cl2 was added 1-naphthyl-
isothiocyanate 3 (83 mg, 0.450 mmol). The reaction mixture was
stirred at room temperature for 48 h. After completion of reaction
(TLC) the solvent was removed in vacuum. The residue was
recrystallised from dichloromethane and methanol (1:4) to give
0.118 g (42%) of 1 as off white solid; mp 214–216 �C. [Found: C,
68.43; H, 6.39. C72H84N4 O4 S6 requires: C, 68.57; H, 6.67.] Rf (3:7,
ethyl acetate/hexane) 0.55; nmax (solid, KBr pallet) 1520 cm�1; 1H
NMR (300 MHz, CDCl3): d 7.94–7.87 (8H, m, ArH�8), 7.80 (2H, s,
NH�2), 7.52–7.42 (6H, m, ArH�6), 7.31 (2H, d, J¼7.2 Hz, ArH�2),
7.13 (4H, s, ArH�4), 6.93 (4H, s, ArH�4), 6.76 (2H, br, NH�2), 3.87
(4H, br, OCH2�2), 3.59 (4H, t, J¼7.5 Hz, OCH2�2), 3.37 (4H, br,
NCH2�2), 1.22 (18H, s, C(CH3)3�2), 1.07 (18H, s, C(CH3)3�2), 1.01–
0.86 (4H, m, CH2�2), 0.59 (6H, t, J¼7.5 Hz, CH3�2). 13C NMR
(300 MHz, CDCl3): d 181.8, 156.8, 156.7, 146.0, 144.7, 134.8, 131.9,
130.1, 129.1, 128.5, 127.9, 127.8, 127.3, 126.8, 126.5, 125.7, 125.2,
122.4, 70.2, 69.9, 45.4, 34.0, 31.1, 21.8, 9.8; FABMS: m/z 1262 (Mþ).
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