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Abstract. This article presents a brief account on designing of calixarene-based molecular sensor for recog-
nition of various metal ions and anions and also different analytical techniques to monitor the recognition event.
This review focuses only on calix[4]arene derivatives, in which mainly the lower rim is modified incorporat-
ing either crown moiety to make calix—crown hybrid ionophore to encapsulate metal ions or some fluoregenic
inorganic and organic moieties to use it as signalling unit. In order to investigate effect of conformation of the
calixarene unit and steric crowding on ion selectivity, designing of these molecules have been made using both
the cone and 1,3-alternate conformations of the calixarene unit and also incorporating bulky fer-butyl group in
few cases to impose controlled steric crowding. Among various ions, here focuses are mainly on biologically
and commercially important alkali metal ion such as K*, toxic metal ions such as Hg?*, Pb’*, Cd**, impor-
tant transition metal ion such as Cu®* and toxic anion like F~. The techniques used to monitor the recognition
event and also to determine binding constants with strongly interacting ions are fluorescence, UV-vis and 'H
NMR spectroscopy. Most of the ionophores reported in this review have been characterized crystallographi-
cally, however no structural information (except one case) are incorporated in this article, as it will occupy space
without significant enhancement of chemistry part. Different factors such as size of the ionophore cavity, size
of metal ion, coordination sites/donor atoms, steric crowding and solvents, which determine selectivity have
been discussed. Response of ion recognition process to different analytical techniques is another interesting

factor discussed in this article.
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1. Introduction

Design and synthesis of functional molecules that could
serve as molecular devices for sensing of specific ion is
an area of intense activity in current research.' Different
types of organic molecules have been used as ionophore
to design molecular sensor, however, macrocyclic li-
gands are excellent choices for this purpose because
of their remarkable selectivity towards various metal
ions. In this regard, calixarenes, which are macrocyclic
oligomers made up of phenol units linked by methy-
lene bridge are found to be very attractive because
of their ability to bind variety of ions.!? In the cal-
ixarene family, calix[4]arenes are most popular because
of their rigid structures, which make them ideal candi-
dates for the complexation with metal ions (1).>™* Both
the upper and lower rims of the calixarene can be modi-
fied depending on the requirement and these modified
calixarenes provide a highly preorganized architecture
for the assembling of converging binding sites.

*For correspondence

Molecular sensor; calixarene; ion recognition; fluoroionophores; supramolecular chemistry.

Ion-selectivity of the calixarenes are controlled by
different factors such as conformation of the calix
moiety (2), binding sites, size of the ionophore cavity,
steric crowding, solvent used and also response of the
recognition event to different analytical techniques. We
have been working in this area for last few years and
have synthesized series of new molecular sensors incor-
porating calix[4]arene derivatives as ionophore.>'% The
ion-recognition property of all these molecules has been
investigated with a wide range of cations and anions and
the recognition event was monitored by various spectro-
scopic techniques. On the basis of our study, we report
here a brief account of the various aspects of design and
ion-selectivity of calixarene derivatives as molecular
Sensor.

2. Design of receptors for selective recognition
of alkali and alkaline earth metal ions

For the recognition of alkali and alkaline earth metal
ions, a new class of hybrid molecule has been developed
incorporating crown ethers into calix[4]arene.>%%!! The
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Table 1. Selectivity ratio with respect to potassium ion in the extract and
association constant (K,) for Na™ and K.
Selectivity Association
ratio® constants (K,)

Compound K*/Na*t K*¥/Mg?* K*/Ca’* Nat K*

3a 1.7 12.2 6.0 1.06 x 10*  1.82 x 10°
3b 1.2 16.5 4.9 8.70 x 10*  3.25 x 10°
3c 0.3 - 1.4 5.17 x 10* -

3d 2.7 - - 3.12 x 10°  7.20 x 107
3e 1.5 60.9 16.9 5.96 x 10°  5.80 x 107

2 The ratio is calculated by [% of K™ in the extract][% of M"™ in the original
solution]/[% of M"* in the extract][% of K™ in the original solution].

ion selectivity of this class of compounds is mainly
depend on the conformation of the calixarene platform,
the size of the crown ether ring, the substituents at
the upper rim of the calixarene and the appended
functional groups at the two sides of the crown ring.
Among various conformations of the calixarene, 1,3-
alternate conformers have been studied more exten-
sively as complexing agent for alkali-metal ions.!?
Regarding size of the ionophore, the cavity contain-
ing crown-5 and crown-6 are found more suitable
for complexation, specially for Nat and K*.>%!2 As
part of our effort to develop suitable molecules for
selective extraction of K™ from natural sources such
as brine and bittern, which mainly contain Na®, K,
Ca*" and Mg*", a series of receptors containing p-tert-
butylcalix[4]arene-crown-5 were designed and synthe-
sized.® To impose controlled steric crowding and also
to investigate the effect of substituents at side arms
(like ‘lariat’ crown ether), a number of substituents
(H, COCH;, CH,CO,C,Hs and CH,CO,H) appended
at the opposite phenolic oxygen atoms of the crown
moiety are incorporated (3a—3e). Selectivity of these
ionophores towards Nat, K*, Mg*" and Ca’>* were
evaluated with aqueous solution containing equimolar
mixture of these ions (table 1). The concentration of
metal ion in the extract (organic phase) has been esti-
mated by ion chromatographic assay. Among these
ions, K™ showed highest selectivity in all cases, except
in one case where access to the metal ion is blocked
off as a result of strong C—H...O interactions among
the pendant COCHj; substituents and crown moiety
(figure 1). All the ionophores show poor selectivity
towards Mg** and Ca*>". Association constants (K, ) for
the binding of Na* and K* to these ionophores have
been determined spectrophotometrically and it follows
the same order as selectivity (table 1). Single crystal

X-ray structure determination of the ionophores and
their Na*t and K* complexes provides an insight about
the structure—selectivity correlation and the effect of
intramolecular interactions on complexation. Crystal
structures of the metal complexes revealed that the K*
ion fits well in the cavity making interaction with all the
eight oxygen donor atoms forming strong complexes
whereas Na™ ion is coordinated with six oxygen atoms
leaving two uncoordinated, suggesting that the size of
the Nat does not fit well in the cavity to make inter-
action with all the oxygen donors (figure 2). Crystal
structures also show that in all cases one of the two
appended substituents coordinates with the metal ion.
The finding from crystal structures is therefore, consis-
tent to the order of selectivity and association constants
determined experimentally. The size matching factor
and intra/intermolecular interaction are, therefore play
an important role to determine selectivity.

Figure 1. Capped stick model of compound 3¢, showing
C-H....O interactions (dotted line) involving methyl hydro-
gen atoms of COCH3; groups and oxygen atoms (06 and O8)
of the crown moiety.
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(a)

(b}

(c)

Figure 2. Crystal structures of the receptors 3d (a) and its Na™ (b) and K™ (¢) complexes.

3. Effect of steric crowding on ion selectivity
for calix—crown hybrid ionophores

A number of calix[4]arene-azacrown with variation in
ring size and bulky substituents at the upper and lower
rims were synthesized to investigate the effect of steric
crowding towards ion selectivity.® The substituent,
p-toluene sulphonamide is attached with the nitrogen
atom(s) of the crown moiety and fert-butyl/hydrogen
is incorporated in the upper rim (4a—4d). All of these
compounds were characterized crystallographically.
Interaction of these ionophores with a large number of
metal ions (Li*, Na*, KT, Rb*, Cs*, Mg**, Ca**, Sr?*,
Ba**, Zn**, Cd*", Hg*" and Pb**) has been investi-
gated by NMR study. The ionophore without tert-butyl
at upper rim (4a) showed selectivity towards both Na™
and K*, ionophore with larger crown ring and without
tert-butyl at upper rim (4b) exhibited complexation
with K*, Rb", Ba*" and weak interaction with Na*,
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Figure 3. The non-linear least square fit from 'H NMR
titration data for the determination of binding constant for 4b
with Ba*t in CD;CN-CDCl; (3:1) at room temperature.

whereas ionophore of same ring size as 4a and with
tert-butyl at upper rim (4¢) exhibits selectivity towards
only Na* and ionophore with three tosyl substituents
at the lower rim (4d) exhibited no complexation with
any metal ion. The steric crowding has nicely con-
trolled the selectivity. For the determination of binding
constants, NMR titrations were carried out with the
strongly interacting metal ions. Interestingly, in a few
cases (K™ for 4a, and Na* for 4¢), upon addition of
increasing concentration of metal ions new peaks were
observed with gradual disappearance of the original
signals whereas in other cases, gradual shift of certain
signals were noted with the addition of metal ions. This
is because of the compatibility of the metal ion in the
cavity, if metal ion fits appropriately then new peak
appears for the complex and if the metal ion does not
fit properly, then bond dissociation and association take
place simultaneously resulting in gradual change in
chemical shifts of certain signals. Binding constants for
the latter situation were calculated using the program
developed by Hirose!® (figure 3) and for development
of new peaks direct methods were used for calcula-
tion and all the data are given in table 2. The binding
constant (K,) values suggest that steric crowding and
size-matching factors have profound influence on
ion-selectivity. The difference in the selectivity with

Table 2. Binding constants (K) for the ionophores 4a—4c,
determined by NMR titration.

Binding constant

Ionophore Metal ion (Ky /M1
4a Nat 3.10 x 10°
K™ 4.17 x 10°
4b Na* 6.00 x 10
K* 4.19 x 10°
Rb* 4.55 x 10*
Ba?t 3.35 x 10?
4c Na* 2.05 x 10°
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4a K" 4a

4c K" 4c

Figure 4. DFT calculated GGA/PW91/DNP level for the parent structure and
the lowest energy conformations for 4a and 4¢ with K* (in acetonitrile). The
distances are in A (grey: carbon, red: oxygen, blue: nitrogen, yellow: sulphur).

various cations, as observed experimentally, was also
predicted by molecular modelling studies employing
(MMFF94) force field and DFT calculations. The dif-
ference in the selectivity with K for 4a and 4¢ was
predicted by molecular modelling studies as shown in
figure 4.

4. Fluorescent receptors using [Ru(bpy);]**
as fluorophor and calix—crown hybrid molecule
as ionophore

For monitoring ion-recognition event, fluorescent tech-
nique has been widely used because of some advantages
in terms of sensitivity, selectivity, response time and
in situ monitoring. This method of detection requires
fluoroionophore, which can be developed by covalent
linking of a luminescent molecule with the ionophore
and the photophysical property of the fluorophore per-
turbs during the recognition process producing changes
in luminescent emission.'* Ru(Il)-bipyridine moiety,
which exhibits strong absorption band in the near UV-
vis region and an intense emission band in the visible
region, can be used as luminescent fragment to develop
fluoroionophore. Ru(Il)-bipyridine as fluorophore pos-
sess some advantages over the organic luminescent
molecules in the event of ion recognition process,
beside change in fluorescence, it may also exhibit elec-
trogenerated chemiluminesence (ECL) and change in
the oxidation potential of metal ion.'> A few recent
reports indicate that response of complex formation
also depends on methods of detection, the same recep-
tor shows selectivity towards Cu?t in UV-vis, Pb*"
and Cu’* in fluorescence, Hg>" in electrogenerated
chemiluminesence (ECL) and Pb** in electrochemical
study, 130 15¢

To develop such fluoroionophores, a series of molec-
ular receptors containing Ru(II) bipyridine moie-

ty as fluorophore and calix[4]arene-azacrown hybrid
molecule as ionophore were synthesized.® These recep-
tors (5-8) exhibit strong *MLCT luminescence band
in the range 613-618 nm. Cation-binding property of
these fluoroionophores were investigated with the metal
ions Na®, KT, Mg*", Ca*", Cs*, Zn**, Cd**, Hg*"
and Pb’* and the recognition event was monitored by
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Figure 5. Selected portion of the '"H NMR spectral change
for § upon addition of the increasing concentration of KCIO4,
new peaks are growing with disappearance of the peaks of
original complex.
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luminescence, '"H NMR, redox potential and UV-vis
absorption studies. In luminescence, formation of metal
complex is indicated by significant change in emis-
sion intensity (figure S1). Luminescence study sug-
gested complexation of all four receptors (5-8) with
Zn**, Cd** and Hg*" and for 6 and 8 also with Pb*".
For alkali and alkaline earth metal ions the recognition
event was also monitored by 'H NMR spectroscopy and
it exhibited interactions of Na*t and K* with 5 and 8,
K™ and Cs* with 6, and K* with 7 (figure 5). Selective
electrochemical response towards interaction of certain
metal ions was also noted by the shift of the oxida-
tion potentials of the Ru(II) measured in the presence
of guest metal ions (figure 6). These metal ions are
Na*, Hg?* and Pb** for 5 and 6 but not for 7 and 8.
The binding constants (except 8) and stoichiometries

7
e
7+Na’

7 +Hg™

7 + Pb*

1.0 1.2

Potential (V vs SCE)

1.4

Figure 6. Oxidation potential (DPV) of Ru(Il) for 5 (a),
6 (b) and 7 (c), and the same in the presence of Nat, Hg?*+
and Pb?t (50 equiv) in acetonitrile.

Table 3.
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Binding constant (K;) for complex formation
with metal ions for the Ru(Il) receptors.

Metal
Complex  ion

Binding constants
(KS ’ Mil)

From fluorescence
titration

From NMR
titration

5 Zn?t 146 £ 0.44 x 10° -
Cd*t 236+£041 x 10* -
Hg?* 3.444+0.33 x 10* -
Na*t - 5.43 £0.18 x 10?
Kt - 6.81 + 0.44 x 10°
6 Zn*t 281 +£0.52 x 10* -
Cd** 627 £0.42 x 10° -
Hg?*  2.53 £0.36 x 10° -
PbZt  2.00 + 0.33 x 10* -
K+ - 145 +0.42 x 10°
Cs*t - 1.64 +0.32 x 10°
7 Zn*t  6.93 +0.54 x 10* -
Cd**  9.65+0.48 x 10° -
Hg>*  1.3440.38 x 10° -
Pb%t  1.61 +0.47 x 10* -

of the complexes were determined from the lumines-
cence and NMR titration data (table 3). The K, values
are ranging from 2.53 x 10° to 1.45 x 10> M™!, the
ionic size, conformation and effective cavity size of
the ionophore, coordinating ability of cations with O,N
donor set, and enthalpy of hydration/solvation of the
cations are the primary factors to influence binding con-
stants. The most important observation is that a single
method of detection is not conclusive to determine the
complexing ability of a particular receptor. A sensor
molecule having single type of receptor site may act as a
multi-ion analyser by using an array of detection meth-
ods. For multi-ion sensing, the receptor should exhibit
conformational preferences depending on the detection
method and in this regard flexible ionophores with multi
donor atoms are more suitable.

5. Fluorescent molecular sensors with excimer
emission and effect of solvent in ion selectivity

In designing of fluorescent sensors, an interesting
approach is to attach two aromatic fluorophores in
proximity so that they are close enough (within van
der Waals contact) to make interaction such as w—mr
stacking. Under this condition, electronic excitation of
one ring can cause an enhanced interaction with its
neighbour, leading to what is termed as excited-state
dimer or excimer. '“!® This excimer typically provides
a broad fluorescence band with the maxima at lower
energy compared to emission from monomer and this
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band can be used to read out the molecular recog-
nition process more conveniently. In general, highly
m-delocalized planar systems such as pyrene and naph-
thyl moieties have been used for this purpose, they
exhibited intramolecular excimer due to strong w—m
interaction between two fluorophore units and this
excimer emission perturbed in the presence of guest
ions. !’

With a view to develop this class of fluoroionophores,
molecular sensors incorporating calix[4]arene deriva-
tives in cone and 1,3-alternate conformation as
ionophore and two pyrene moieties at close proxim-
ity as fluorophore were synthesized (9, 10).° They
exhibit strong excimer emission around 515 nm due to
face to face w—m stacking of the pyrene moieties and
this band is used to monitor the interaction of metal
ions with the ionophores. Ion-binding study of these
fluoroionophore has been investigated in acetonitrile-
chloroform and THF-H,O with a wide range of cations
(Lit, Na®, K*, Cs*, Mg?t, Ca?t, Sr**, Ba’*, Zn’*,
Cd*t, Hg**, Cu?*, Ni** and Pb?*) and the recognition
process is monitored by luminescence and UV-vis spec-
troscopy. In acetonitrile-chloroform, the intensity of the
excimer emission significantly decreased in the pres-
ence of Hg?*, Pb?*, Cu?* and Ni** due to break down of
the m—m stacking as the pyrene moieties separated from
each other because of complex formation (11) (figure
S2). Interestingly, in THF-H,O they exhibited complex
formation selectivity only with Cu®* (figure 7). Dra-
matic change in selectivity in THF-H,O is probably due
to hydration of metal ion, the effective size of the first
hydration shell of metal ion with six water molecules
played crucial role in determining the selectivity. The
size of the hydrated shell of the tetra hydrated Cu**

Na*, Cs*, K*

Li+, Ni2+Y Mg2+

Zn2+, ng+, Cd2+
Sr2+,Ba2+, Ca2+’ Pb2+

6.0x10%

4.0x104

2.0x10*

Emission intensity (a. U.)

0.0 25 . , . , '
390 520 650
Wavelength (nm)

Figure 7. Luminescence spectra of 9 (1 x 107 M)
recorded in THF-H,O (4:1) in the presence of various cations
(100 equiv).
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Table 4. Binding constant (K;) with metal ions for com-
pounds 9 and 10 in CH3CN-CHCl; and THF-H,O.

Binding

Metal constant

Compound Solvent ion (K,) M™!
9 CH;CN-CHCl5 (9:1)  Cu?*t  2.88 x 10°
Hg>*+ 5.4 x 10*
Pb>* 6.0 x 10*
NiZ*+ 5.6 x 103

THF-H,O0 (4:1) Cu’t 398 x 10°
10 CH;CN-CHCl; (9:1)  Cu?* 3.3 x 10*
Hg** 1.8 x 10*
Pb2* 4.6 x 10*
Ni?* 4.9 x 10*
Na™ 1.8 x 103
THF-H,0 (4:1) Cu*t 425 x 10*

ion probably fits to enter the ionophore cavity formed
by stacked pyrene moieties to form complex. The large
size of the hydrated shell of the bigger cations with
six water molecules could not enter the cavity to form
complex. Binding constants for the fluoroionophores 9
and 10 with strongly interacting ions were determined
using emission titration data (figure S3) and the values
are in the range 1.8 x 10°-3.98 x 10° M~! (table 4).
Analysis of the data showed that for 9 in acetonitrile-
chloroform, the binding constant for Cu®* is signifi-
cantly higher than that of Hg?" and Pb** and it is lowest
for Ni*". The Cu®* ion is harder acid compared to
Hg”" and Pb** and prefers to bind oxygen donor atoms,
which promotes formation of strong complex with four
oxygen donor atoms (C=0 and deprotonated OH) as
shown in 11. For compound 10, the binding constants
with all the four cations, Hg*", Pb*", Cu®*" and Ni*"
are similar, Cu®* has lost preferential binding as there
is no OH and complexation took place probably with
deprotonation of less acidic NH protons and with two
substituted phenolic oxygen atoms (figure S4).

6. Cation-induced fluorescent excimer emission
in molecular sensors bearing quinoline as
fluoregenic unit

In the above section, we have discussed about excimer
emission formed by closely spaced pyrene moieties
due to strong w—m interaction. A fluoroionophore con-
taining thiacalix[4]arene as ionophore and naphthyl
groups as fluoregenic units has been recently reported,
which exhibits formation of excimer in the presence of
F~.!8 The structure of the quinoline moiety is similar
to that of naphthyl unit, however only a few studies
have been reported using quinoline as fluorogenic unit
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Figure 8. ORTEP diagram of 12 (a) and 13 (b) with atom numbering scheme
(30% probability factor for the thermal ellipsoids), lattice solvent molecules are
omitted for clarity. The nitrogen containing rings in both the structures make an
offset m—m stacking interaction and also C—H. .. interactions.

in calixarene based fluoroionophores but no excimer
emission has been reported. Quinoline-based recep-
tors of non-macrocyclic ligands, however have been
reported, which exhibited intra- and intermolecular
excimer emission upon hydrogen bond mediated com-
plexation with organic acids and phosphate anion. '
With the aim to develop calixarene-based chemosen-
sors with excimer emission, we have synthesised a
family of calixarene derivatives incorporating quino-
line moiety as fluorophore with the expectation that the
quinoline moieties may exhibit excimer emission, as
observed for pyrene (12-14). All of these compounds

1.5 1

1.0

Absorbance

0.5 4

0.0 ~
200

300
Wavelength (nm))

400
Figure 9. UV-vis spectral changes for 13 upon addition of

excess amount of Hg?*, Pb>*, Fe’* and Cu?* as perchlorate
salts in acetonitrile.

were crystallographically characterized and at least two
of them exhibited quinoline moieties in a favourable
position to make interaction to exhibit excimer emission
(figure 8); however none of these fluoroionophore
showed any such emission band. The ion-binding pro-
perty of these fluoroionophores has been investigated
with a large number of cations, among which Hg>*,
Pb**, Fe’* and Cu®" exhibited strong complexation
with all of the ionophores, as evident from lumi-
nescence and UV-vis spectroscopy (figure 9). Inter-
estingly, upon complexation with these metal ions
a broad new band at lower energy (~410 nm) is

6.0x108 -

(Log(Fo-F)/(F-Fa)

4.0x10°

2.0x10°

Emission intensity {a.u.)

Wavelength (nm)

Figure 10. Emission spectral changes for 12 (2.5 x
107° M) upon addition of increasing amount of Cu(ClOy)5.
Excitation wavelength: 318 nm. Inset: linear regression fit
(double-logarithmic plot) of the titration data as a function of
concentration of metal ion.
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Table 5. Binding constants (K;) for complex formation
with metal ions for 12-14.

Binding constant (K, /M™")

Metal Emission UV-vis/NMR
Tonophore ion titration titration
12 Hg>* 6.43 x 10* 5.93 x 10*
Pb** 3.01 x 10* 4.91 x 10*
Fe3t 1.23 x 10° 5.34 x 10°
Cu®* 2.21 x 10* 2.38 x 10*
13 Hg>* 1.32 x 10° 1.02 x 10°
Pb>* 1.20 x 10° 111 x 10°
Fe3t 2.07 x 10° 1.20 x 10°
Fe?* 8.22 x 10° 5.53 x 10°
Cu** 1.05 x 10° 0.95 x 10°
14 Hg>* 4.05 x 10° 1.34 x 10°
Pb%*+ 4.89 x 10° 1.97 x 10°
Fe3t 1.17 x 10° 1.02 x 10°
Cu** 4.30 x 10* 2.52 x 10*

observed, which is attributed to excimer emission for
all the three fluoroionophores (figure 10 and figure S5).
Binding constants for 12-14 with strongly interacting

(a)

(b)
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ions were determined using emission and absorption
titration data following the literature procedure. The K
values are in the range 5.5x 10°~1.2 x 10° M~! (table 5).
Analysis of the data showed that for 12 and 13, the K
values follow the order Cu** < Pb*t ~ Hg?* < Fe’",
the highest value for Fe’* is probably due to its high-
est positive charge. To examine it, the K, value for Fe*"
with the ionophore 13 was determined using both emis-
sion and UV /vis titration methods and the values are
significantly low compared to that obtained for Fe’*.
It indicates that in addition to the size matching fac-
tor, ionic charge also play important role to form strong
complex. For 14, the K| values follow the similar order
as noted for 12 and 13, except for Fe**, the difference
is probably due to lack of OH group in the lower rim
of the calixarene moiety, as Fe’* preferes to bind with
oxygen atom.

To find out the possible reason for excimer emis-
sion after complexation with metal ions, we were
interested to investigate the positions of the quinoline
moieties in the complexes. Our attempt to grow single
crystals for structure detrmination was not successful,
however it motivated us to take up molecular modelling

Figure 11. Geometries of compound 12-14 (a) crystal structure, (b) calculated
lowest energy conformations in molecular mechanics (MMFF94) force field using
Monte Carlo search method in the gas phase (distances are in A) (yellow = carbon,
red = oxygen; blue = nitrogen; white = hydrogen).
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study to examine the mode of interaction of the metal
ions with the ionophores and their relative influence
on the excimer emission. We have employed mole-
cular mechanics (MMFF94) force field using Monte
Carlo search method to examine the different con-
formations of 12-14 calix ionophores. The lowest
energy conformer of parent receptors in the gas phase
shows a good resemblance with the crystal structures
(figure 11). The arrangement of quinoline rings and
their relative distances in the calculated geometries are
similar to that of the observed crystal structures. The
calculated gas phase geometries of ionophores 12-14
were considered for the ion binding studies. The cal-
culations were performed with the lowest energy con-
formers placing the metal ions (Hg?*, Pb*", Fe** and
Cu?*) at the centroid of the upper rims and in the cen-
tre of the cavity of receptors in lower rims in each
case. All ion complexed ionophores were fully opti-
mized at (DFT) GGA/PW91/DND level of theory and
the DFT calculated results yielded the same complexed
geometries irrespective of the placement of ions in the
upper and lower rims of calix- moieties. Interestingly,
the calculated results showed larger distance between
the quinoline rings upon complexation of metal ions
compared to parent ionophores. This observation sug-
gested that the excimer emission might arise due to the
change in the frontier molecular orbital transitions. *
Further calculations were performed on the frontier
molecular orbitals of 12-14 and their metal ion com-
plexes at M05-2X/6-31G* level and LANL2DZ basis
set on the basis of two cyrstal structures of Hg?™ com-
plexes of 13 and 14 with Cl~ anion. The detail of calcu-
lated results suggest that the frontier molecular orbital
energy gap reduces upon complexation with metal ions,
which presumably responsible for the excimer emission
in this case.

7. Calixarene based fluoroionophores
for the detection of anions

In designing of anion receptors, various non-covalent
interactions, such as hydrogen-bonding, electrostatic,
hydrophobicity, are mainly considered to make inter-
action between binding sites and anions.?® The recep-
tors 10-14, described above, contain amide group at the
lower rim, therefore they may act as potential anion sen-
sor. To investigate this possibility, all of these receptors
were treated with a number of anions (F~, CI~, Br,
I~, H,PO,, ClO,, NO;5, BF,, CH;COO™, and HSO;)
and the recognition event was monitored by fluo-
rescence, UV-vis and NMR spectroscopy. In the fluo-
rescence spectra, substantial quenching in emission
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Figure 12. UV-vis spectral change for 9 (1.83 x 107> M)
recorded in acetonitrile-chloroform (9:1) in the presence of
various anions (100 equiv). Inset: colour change of 10 upon
addition of F~ (TBAF).

intensity was noted for F~ for all of these receptors,
except 14, indicating strong complexation with F~. The
anion HSO, also exhibited complexation with 12 and
13. Binding constant for anions were also determined
from emission titration data. In the UV-vis spectra, F~
exhibited significant change upon complexation, the
change was prominent for 10 with a distinct colour
change (figure 12). The new band observed around
430 nm with the colour change is due to intramolecu-
lar charge transfer (ICT) because of the deprotonation
of OH. The involvement of NH of the amide moiety
and OH of the calix moiety in complexation with F~
and HSO,, respectively is evident from '"H NMR study
(figure 13). A substantial change in chemical shifts of
the OH and NH proton and disappearance of signals in

Il
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1+3.54eq F- k m
1+1.48eq F- J\

1+0.71eq F-
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|
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J

1+0.06eq F-

o

-
T [

—
10.0 9.5 9.0 8.5 8.0 7.5

Figure 13. Selected portion of the 'H NMR spectral
change for 12 upon addition of increasing amount of F~.
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few occasions indicate involvement of these protons in
anion binding as shown in 15.

8. Conclusions

A large numbers of calixarene-based molecular sen-
sors have been synthesized with variation in size and
type of ionophore, shape of cavity, donor atoms, steric
crowding, conformation of calix unit and fluorogenic
signalling unit. Ion sensing ability of all these new sen-
sor molecules has been investigated with a wide range
of cations and anions under different experimental
conditions. The ion-recognition process was monitored
by different analytical techniques such as luminescence,
Uv-vis, NMR spectroscopy and electrochemistry. Bind-
ing constant with strongly interacting metal ions have
been determined using various spectroscopic titrations.
The present study revealed that the factors such as
cavity size, donor atoms, steric crowding, conforma-
tion of calix moiety and solvent has profound influence
in determination of selectivity. Pyrene as fluorophore
exhibits strong excimer emission due to m—m stack-
ing interaction and this band can be used as tool for
monitoring the ion-recognition process. Quinoline how-
ever, did not show any excimer emission; interestingly
it exhibited metal induced excimer emission, which
is attributed to the modulation of frontier molecular
orbital energies upon complexation with metal ions
as suggested by DFT calculations. Another important
observation is that a single method of detection is not
conclusive to determine the complexing ability of a par-
ticular receptor. A sensor molecule having single type
of receptor site may act as a multi-ion analyser by using
an array of detection methods. For multi-ion sensing,
the receptor should exhibit conformational preferences
depending on the detection method and in this regard
flexible ionophores with multi donor atoms are more
suitable.

Supplementary information

The electronic supporting information (figures S1-S5)
can be seen in www.ias.ac.in/chemsci.
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Appendix: Drawings of the chemical structures of the
receptors and complexes (1-15).

1,3-alternate 1,2-alternate
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R=R'=H (a)

R =H, R' =COCHj (b)

R=R'= COCH; (©)

R=R'= CH,CO,C2Hs  (d)

R =R'= CH,CO,H (e)
3)
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