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ABSTRACT
We present an exclusive review on chromogenic calixarenes and their
applications as optical sensors for various metals. The selectivity patterns of
the various chromogenic calixarenes are discussed.

I INTRODUCTION
The molecular design of chromogenic calix[n]arenes has attracted much
attention in past years. Synthetic chromoionophores that give rise to specific
colour change on selective complexation with cations have proved their
potential as sensitive or selective spectrophotmetric analytical reagents for
the detection of particular species as well as in the design of molecular
devices having 'recognition and optical sensing' functions. These ligands
change their absorption spectra upon the binding of metal cations and
subsequent colouration process taking place upon complexation thus serves
as a transducer of the chemical signal (i.e. metal concentrations) to the
physical signal (spectral parameters). This phenomenon plays an important
role in the operation of optical sensors which have increasingly been applied
in the quantitative determination of physiologically essential cations viz.
K(I), Na(I), Li(I), Ca(Il), Mg(II) etc.
The complexation processes in chromogenic calix[n]arenes can be read
out either by colour changes of calix[n]arenes, by conformational changes of
calix[n]arenes or by the colour changes of the guests. Prior to the
introduction of chromogenic ionophores, metal picrates were used as guests
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which are utilised as sensors for guest-host interactions. The introduction of a
chromophoric functionality on the calix[n]arene framework obviates the need
for such coloured

guest (metal picrates) species for monitoring the

complexation and ion transport. Thus, the detection of metal binding by more
convenient methods would simplify the estimation of ion selectivity and lead
to the exploitation of new ion-sensing systems.
The combination of selective ion-binding sites and conformational
flexibility

of

the

calix[n]arenes

makes

them

potentially

useful

as

chromogenic ion sensors. Various "chromogenic calixarenes" have been
designed in recent years by taking advantage of easy attachment of
chromogenic groups in the upper rim or the lower rim l\l.

II OPTICAL SENSORS FOR METALS AND THEIR SELECTIVITY
(a) Calcium Sensors
Chang and Kim 111 reported the synthesis and chromogenic behaviour
toward alkali and alkaline earth metal cations of bis (dinitrophenylazophenol)
type chromoionophores based upon distal 1,3-diamide la and 1,3-diester l b
derivatives of p-tert-butyl calix[4]arene. The amide based ionophore la
exhibited a remarkable selectivity toward Ca(II) ion at physiological pH
region (i.e. at pH 7 Ca(II) ion exclusively induced a bathochromic shift of
amide derivative from 437 nm to 605 nm ) that suggests possible applications
as a new chromogenic ionophore for a sensing material useful for the
biologically important Ca(II) ion. The selectivity pattern is as follows:
Ca(II)»Sr(lI)>Ba(II)>Na(I)>Mg(II)
OH

bound to calix[4]orene
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The ester based calix[4]arene lb also showed significant chromogenic
behaviour which experienced a bathochromic shift from 425 nm to 596 nm
upon extraction with Ca(II), but in somewhat more alkaline condition of pH
10. In solutions of lower pH, the chromoionophore exhibited much lower
response with most of the metal ions which might be due to the weaker
ligating interaction functions compared with Ν,Ν-diethyl amide carbonyl
group.
The chromogenic receptor 2 was prepared by attaching 1,3-bis
(indoaniline) functional groups to the upper calixarene rim /3/. The lower rim
binding site having ethyl acetate groups showed high association constants
for binding Ca(II) ions.

Indoaniline

chromophore

bound

to a

calix[4]arene

(b) Sensors for Lithium, Sodium and Potassium
Various chromogenic calixarenes reported are highly selective towards
Li(I). Bitter et al. /4/ reported the synthesis of 5-(l-pyridino)-l 1,17,23—tri-1butyl-28-hydroxy-25,26,27 trialkoxy and 5,17-bis(l-pyridino)-l 1,23-di-tbutyl-26,28-dihydroxy-25,27-di(ethoxycarbonyl)methoxycalix[4]arene
Perchlorates. These compounds showed the change in the absorption spectra
only upon addition of LiBr and not LiC104 and NaC104 in the presence of
Et3N. This coloration phenomenon took place in dry solvents with dry salts
(that is why LiC104.2H20 do not cause any spectral change). The λιτ^χ
values are also higher in more polar acetone than in chloroform with both
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ligands. The optical spectrum o f bis-ethoxy carbonyl methoxy derivative o f
calix[4]arene /4/ is also affected when both Et 3 N and salts are added. The
new

absorption

maxima

appears

with

each

ion

in

the

order

of

Li(I)<K(I)<Na(I). It is noteworthy that Li(I) shows 22 nm bathochromic shift
whereas Na(I) and K(I) exhibit 2 0 nm and 54 nm hypsochromic shift,
respectively with increasing solvent polarity. A dramatic change in the UVVIS

absorption spectra o f calix[4]arene tetraesters bearing

nitrophenol

residues 151 is observed upon addition o f LiC10 4 The addition o f L1CIO4 in
the presence o f morpholine to the colourless solutions o f the ligands in THF
gives a clear yellow coloured complex instantaneously with absorbance
maximum at 425nm. These compounds show 10-40-fold selectivity for Li(I)
against Na(I). The presence o f the base in the system is essential

if

complexation is to be detected colorimetrically by the deprotonation o f the
nitrophenol group. A calix[4]arene bearing an ionophoric cavity on the lower
rim and two pyrene groups on the upper rim /6,7/ was synthesised and its
absorption spectral change induced by the addition o f NaC10 4 and LiC10 4
studied. The ionophoric cavity was designed so as to accommodate Li(I) or
Na(I), but found to be too small for K(I), which results in the record breaking
Na(I) /K(I) selectivity o f more than 10 5 -fold. It was clearly seen that with
increasing NaC10 4 concentration, monomer emission (390 nm) increases
while excimer emission (480 nm) decreases.
The selective attachment o f a 5-benzothiozolyl moiety on the upper rim
was adopted to synthesise a fluorogenic calix[4]arene 3 that has a very high
selectivity for Li(I) ions /8/. The fluorescence spectra o f 3 was measured after
solvent extraction in the presence o f Et 3 N and alkali Perchlorates (solid). In
the presence o f LiC10 4 a new fluorescence maximum appeared at 4 2 2 nm
OH

OMe

3
Mono(benzothiazol) derived calix[4]arene

38

S.K. Menon, M.S. Gidwani and Y.K. Agrawal

Reviews in Analytical

Chemistry

while the band at 391 nm almost disappeared. In contrast, such a spectral
change was not induced by alkali Perchlorates other than LiC10 4 . The high
Li(I) selectivity is attributed to the rigid ring structure of calix[4]arene.
A calix[4]arene with an azophenol moiety as the chromophoric group at
the upper rim and an ethyl acetate functionality on the lower rim has been
used for the selective binding of Group IA metal ions 191. This compound
shows a very high selectivity for Li(I), leading to a new absorbance band in
the vicinity of 550 nm in the presence of this ion. Another calix[4]arene has
been synthesised by attaching two methoxy and two pyrene functionalities at
the lower rim. The ratio of the monomer v/s excimer emission from this host
molecule was sensitive to both the solvent polarity and the presence of added
Groupl IA metal ions /10/. When a pyrene was introduced as a fluorophore
along with nitrobenzene as a quencher in compound 4 the fluorescence
increased some six to seven times over that observed in the absence of a
metal ion / l l / . Fluorescence was absent in the cation free form of the
calixarene 4, but the presence of a cation guest in the cavity forces the lower
rim into a more open conformation, with quencher and fluorophore spatially
separated, thus following the fluorescence to occur. These receptors are
obviously candidates for use in fluorescence-based ion sensors.

4
Pyrene (as a fluorophore) and nitrobenzene
(as a quencher) bound to a _calix[4]arene
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McCarrick et al. /12/ developed two selective chromoionophores, 5 and 6
employing an aromatic nitro group as substituent on a calix[4]arene. These
two chromoionophores showed high selectivity for K(I) in the presence of
other ions such as Na(I), Mg(II) and Ca(II). These calix[4]arene are
potentially useful for use in optical fibre sensors for K(I) in biological fluid.
One of these chemically modified calix[4]arene 6 has a single aromatic nitro
group appended to one of the lower calix[4]arene rims. The second
chromoionophore 5 has all of the lower rim positions substituted by a
nitrophenyl group. Compound 6 exhibited a colour change from colourless to
yellow upon the addition of Li(I) , with the colour intensity being dependent

5
Nitrophenyl

6
chromophore

b o u n d to α

calix[4]arene

on ion concentration. A lesser effect is observed with the addition of Na(I).
A light switched ionophoric calixarene was synthesised whereby two
(anthryloxy)ethyl groups attached to the lower rim can reversibly form a
'photochemical lid' /13,14/. The "open" ionophore 7 can be "closed" to give
8 by photoirradiation. Two phase solvent extraction study was done and it
was found that closed dimer 8 has the higher selectivity toward Na(I).
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R = CH2CH2OEt

"Open" and "Closed" ionopholic cavities of
calix[4]arene bearing two a n t h r a c e n e m o i e t i e s

Recently, Jin et al. /15/ synthesised a fluorescent chiral calix[4]arene 9
with two pyrene moieties forming an intramolecular pyrene excimer which
was optically resolved by an HPLC method using a chiral-packed column.
Compound 9 shows a dual emission resulting from a pyrene monomer
(ca.390 nm) and excimer (480 nm) while the fluorescence spectrum of pyrene
at the same concentration afforded only monomer emission. The intensity
ratio of the monomer/excimer is less affected by the concentration in the
range from 10"4 to 10"7 mol dm 3. The intensity of the excimer emission
increases up to two-fold by the addition of L-phenylalanine methyl ester, Lalanine methyl ester or L-phenylglycinol in the presence of Na(I).
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The fluorescent response to alkali metal was observed

with

the

calix[4]arene / 1 6 / 1 0 bearing four anthracene moieties connected to the lower
calix[4]arene rim. The fluorescent emission spectra of the compound 10
excited at 388 nm was characterised by two emission bands at 418 nm and
443 nm and the intensity of the fluorescence spectrum was markedly affected
by alkali metal ion complexation. Addition of Li(I) or Na(I) results in the

A n t h r a c e n e c h r o m o p h o r e bound to a calixarene

decrease of the fluorescence intensity. By contrast, the addition of K(I) leads
to a decrease in the emission band at about 418 nm, but an increase in the
band at 443 nm. Analysis of the *H NMR spectra suggests the formation of a
1:2 (L/M) complex for the case of added K(I). The fluorescence quenching in
the presence of Na(I) may arise from interactions of four anthracene groups
being brought into closer proximity to one another
A similar type fluorescent calix[4]arene 11 was prepared with a pyrene
substituent IM I. The two pyrene fluorophores form an intramolecular pyrene
excimer. When this fluorescent calix[4]arene complexes with Na(I), the
excimer/monomer intensity ratio is altered by changes in the related
configuration of the two pyrene moieties. This change arises from the
reorientation of the four carbonyl groups upon binding of these oxygen atoms
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to Na(I). This compound acts as a fluorescent sensor for the selective
detection of Na(I) in non-aqueous solution.

t-Bu

t-Bu

11
Pyrene chromophore bound to α ccilix[4]arene

(c) Sensors for Transition Metals, Lanthanides, Uranium and
Thorium
A calix[4]arene Schiff base /18/ that has been used for the complexation
and extraction studies of Cu(II), Co(II), Ni(II) and Mn(II) was reported
recently by our group. Metallo-calix[4]arene

complexes of Ir(I) /19/

recognize Li(I), Na(I) and V0 2 (II). Chromogenic calix[4]arene bearing
indophenol moiety /20/ was synthesised and its binding enhancements
towards alkali, alkaline earth metals, transition metals and U0 2 (II) evaluated
spectrophotometrically.
Luminescence and

fluorescence

studies were performed with p-(2,3-

dihydro-l,4-phthalazine dione-5-azo) calix[n]arene /21/ for Ag(I), Co(II),
Cu(II), Cr(III) and Fe(II).
The

first

calixarene-based

5,11,17,23-tetrakis

fluorogenic

Hg(II)

selective

extractant,

(1,1 -dimethyl)-25,27-bis(N-(5-dimethylamino-

naphthalene-1 -sulfonylcarbamoylmethoxy)-26,28-dimethoxycalix[4]arene

12

was reported by Talanova et al. 1221. This fluorophore 12 exhibits efficient
Hg(II) extraction from acidic nitrate solutions into chloroform accompanied
by

fluorescence

quenching, The fluorescence spectrum of 12 in CHC13

showed excitation at λεχ = 340 nm and emission bands at λεηι = 520 nm. On
extraction of Hg(Il) by the reagent the fluorescence of the dansyl group is
quenched. The quenching of Hg(II) coordination is proposed to occur by
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Bu'

Bu1

OMe

OCH C(0)NHS0,
JL

.

00
r

2

12

Fluorogenic colix[4]arene for Hg(ll)

electron transfer from the excited dansyl moiety to the proximate mercuric
ion. Quenching of its fluorescence due to Hg(II) coordination was unaffected
by the presence of 100-fold excesses of alkali metal cations, alkaline earth
metal cations, Ag(I), T1(I), Cd(II), Co(II), Cu(II), Ni(II), Pb(II), Pd(II), Zn(II)
or Fe(III).
An anthracene based fluorescent sensor 13 derived from calix[4]arene and
9-anthryl unit was designed for transition metal ion by Unob et. al. /23/. The
presence of the dioxotetraaza unit allows the chelation of transition metal
cations such as Zn(II)and Ni(II). The 1:1 stoichiometry of the complexes of
13 with Zn(II) and Ni(II) were confirmed by mass spectrometry. The

-NH HN

13

A n t h r a c e n e based f l u o r e s c e n t
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intensity of fluorescence of solutions in 4:1 mixture of acetonitrile : water
was modified in the presence of Zn (enhancement) and Ni (quenching)
metallic salts.
Calixarenes can be used for molecular recognition by incorporating
complementary binding groups within a synthetic cavity. Taking

into

consideration that calixarenes could be modified as a new recognition site
through skilful arrangement of hydrogen bond acceptors. Shinkai and coworkers /24/ designed a fluorogenic calix[4]arenes 14a and 14b having two
pyrene moieties on the lower rim. These compounds have etherial and
esterial oxygens as hydrogen bond acceptors as well as two pyrenes as
fluorescent reporter. One can thus expect a fluorescence change to be induced
by the binding of guest molecules through hydrogen bonding interactions.
The magnitude of the fluorescence change was closely related to the 'acidity'
of guest molecules.

fluorescent
reporter
sire
CH 2

hydrogen-bond
acceptor
site

ό
|
c= 0

14a
14b

R=Me
R= CH2CH2Me

Pyrene chromophore bound to ο ccilixarene
Luminescence studies of lanthanides were reported with phenolic type
calix[4]arene 125/ and water soluble calix[4]arene 1261. Calix[4]arene triacids
/27/ and calixarene carrying 2,2'-bipy sub-units selectively recognize Eu(III)
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and Tb(III). Amphillic calix[4]arene bearing hydroxamic acid was used to
study lanthanides, alkali and alkaline earth metal ions /28/. Calix[4]arene
hydroxamates were used to study Zr(IV), 29 Th(IV), 30 Fe(III), V(V), Cu(II)
and transition metals /31,32/.
A U 0 2 ( I I ) selective chromophore 15 was synthesised by attaching a
single indoaniline functionality onto the upper rim of a calix[6]arene /33/.
The compound 15 showed a Xmax at 665 nm in 99% EtOH solution. However,
the addition of l,8-diazabicyclo[5,4,0]undec-7-ene (DBU) as a base caused a
hypsochromic shift of 37 nm (Xmax 628 nm) and decreased absorption
intensity. Addition of U0 2 (II)to the basic solution of compound results in a
large bathochromic shift with ληΐ3χ at 687 nm. The absorption intensity also
increases. Most of the other metal ions caused only minor changes in the
absorption spectra. ' H N M R studies suggest that U0 2 (II) upon complexation
with the fluorophore might cause the ligand to adopt an unusual pseudoplanar
structure in which the U0 2 (II) cation is six coordinate. Selectivity of
U0 2 (II)results from the good match of the rigid calix[6]arene skeleton to the
coordination requirements of U0 2 (II).

Ν

Μ
15
Μono(indoaniline)-derived
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III AMINE RECOGNITION
Chawla and Srinivas synthesised chromogenic calix[4]arene /34/ 16a to
16i and calix[8]arene /35/ 17a to 17h through the coupling of diazotized 4,4'diaminobiphenyls

and respective calix[n]arenes.

The yellow

coloured

bisazobiphenylcalix[n]arenes (n = 4,8) 16a to 16c and 17a to 17b in DMSO
when made alkaline with NaOH, turned red with a bathochromic shift of 88
nm and 98 nm, respectively. No such bathochromic shift was observed when
the parent bisazobiphenylcalix[n]arenes (n=4,8) were replaced by their
methyl derivatives 16d to 16f and 17d to 17e under identical conditions. This
change in colour is attributed to the ionization of hydroxyl groups since the
original pale yellow colour was restored upon acidification of the alkaline
solution. Bisazobiphenyl calix[4]arenes 16a to 16c form complex with
aliphatic amines which is evident with a distinct colour change from yellow
(410 nm) to red (494 nm) on addition of triethylamine and tert-butylamine
i.e. a bathochromic shift of 84 nm upon addition of aliphatic amines.
Ethylamine and diethylamine also induce colour changes from yellow (410
Ν—X — Ν

Ν—Χ

Ν

CH,

CH,
ch 2 cooc 2 h 5

- O K o r

~kCX

Chromοqenic

\

Ο r \ Ο

'-"Η,

16

'

1

' CH<w

ch

2 cooc2H5

€Η2ΟΟΟ^Η5

ccilix|4jarenes
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nm) to red (490 nm). Aromatic amines do not show any colour change with
bisazobiphenyl calix[4]arene thereby providing a clue that the reagent can be
used for the visual discrimination of aliphatic and aromatic amines.
Similarly, bisazobiphenylcalix[8]arene /35/ 17a also forms strong 1:1
molecular complexes with various amines (R-NH 2 where R = -(CH 2 ) χ CH 3 ,
(x = 1,2,3,4), -CH 2 CH(CH 3 )CH 3 , -C(CH 3 ) 3 ). Upon addition of these amines
the Xmax shifted from 382 nm to 420 nm possibly due to proton transfer and
it also forms black, brown and orange complexes with transition metal ions
(Ni(II), Co(II) ,Fe(II) ,Cu(II)).

R

Η
HjC ~

Β

[

~ CHj

-mί\

Η

COPh

/ cH i

Η F HOMO
CH,

COCH,

• M
• M

COCHj

COPh

17

IV CONCLUSION
Calix[n]arenes have been used most successfully for the development of
cation sensors and recently neutral molecules. The complexation processes in
chromogenic calix[n]arenes can be read out directly by the specific colour
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changes on selective complexation with cations leading to sensitive and
selective spectrophotometric analytical methods for the detection

and

estimation of particular species. Such optical sensors will have tremendous
application in the determination of physiologically essential cations like K(I),
Na(l), Li(I), Ca(II), Mg(II) etc. Chromogenic calixarenes are also beginning
to find application for the recognition of transition metals, lanthanides and
actinides and even neutral organic molecules.
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