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of the four conformational isomers, cone, partial-cone, 1,2-

) alternate, and 1,3-alternate, of calix[4]arene in partic-
1. Introduction ular 38406466 \While studies of calix[4]arene derivatives still
define the bulk of the literature concerning calixarenes, it
may be noted that, aside from homologues of calix[4]arene,
there are also important groups of related macrocycles such
as the homocalixaren&sthe homooxacalixarené®° the
thiacalixarene$} 73 the homothiacalixarené$the homoaza-
calixarenes (or azacalixarené%)%2 and the resorcin-
arenes?d where the methylene group of the “normal”
calixarene is replaced by various other units. There are also
rather more remotely related macrocycles such as the
calixpyrroles, which have been extensively studied for their
anion-binding propertie®¥° These may well provide a basis
for further developments in sensor chemistry, but the focus
of the present review is essentially on calix[4]arene-based
ion sensor developments over the past decade, with a
particular emphasis upon analysis of the photophysical
mechanisms which determine sensor properties.

Cations and anions play an important role in a wide range
of chemical reactions, including biological metabolism as
well as many other processks.For the purpose of detection
and quantitative determination of ions, much effort has been
devoted to the development of appropriate chemosefs@rs.
The main issue in the design of any effective chemosensor
is the association of a selective molecular recognition event
with a physical signal highly sensitive to its occurrence.
Changes in both the absorption and emission of light can be
utilized as signals provided appropriate chromophores or
fluorophores are available, and two important classes of
sensors are those of the optical and fluorimetric types. While
spectrophotometry and fluorimetry are both relatively simple
techniques which are rapidly performed, nondestructive and
suited to multicomponent analysis, fluorimetry is commonly
considered superior, principally because of its greater
sensitivity!-**2* Whereas absorbance measurements can at2, Photophysics of Fluorescent Sensors
best determine concentrations down~0.1 uM, fluores-
cence techniques can accurately measure concentrations 2 1. Photoinduced Electron Transfer
million times smaller. An additional advantage of fluorimetry In the simplest cases, emission of a photon, fluorescence
is that discrimination between analytes is possible by time- ¢,;,0.vs"HOMO to LUl\/iO excitation of an eléctron in a '
resolved measuremeritsin general, for fluorimetric deter- 510016 \Where this emission is efficient, the molecule may
mination of cations or anions, any sensor must m_clude WO pe termed a fluorophore. Vibrational deactivation of the
components, an ionophore and a fluorophore, which can beg, iioq state prior to emission usually gives rise to a “Stokes
independent species or covalently linked in one moletffe. gy that the wavelength of the emitted radiation is less
The |onophor_e is required for selectl_ve binding of the than that of the exciting radiatict Various other interactions
substrate, while the fluorophore provides the means of may also modify the emission process, and these are of

considerable importance in regard to analytical applications
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of this orbital lies between those of the HOMO and LUMO,
efficient electron transfer of one electron of the pair to the
hole in the HOMO created by light absorption may occur,
followed by transfer of the initially excited electron to the
lone pair orbital. Such PET provides a mechanism for
nonradiative deactivation of the excited state (Figure 1),
leading to a decrease in emission intensity or “quenching”
of the fluorescencé?9.30.32.82
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Fluorescence lost as a result of PET may be recovered if
it is possible to involve the lone pair in a bonding interaction.
Thus, protonation or binding of a metal ion effectively places
the electron pair in an orbital of lower energy and inhibits
the electron-transfer process. The excited-state energy may
then again be lost by radiative emission. In the case of metal
ion binding, this effect is referred to as chelation-enhanced
fluorescence (CHEP.-46b:47

In some cases, complexation of metal ions, Cu(ll) and
Ni(ll), for example®3-8¢ does not induce CHEF but causes
the fluorescence to be quenched via two well-defined
mechanisms, electron transfer (eT) and energy transfer (ET)
to the metal ion, that lead to rapid nonradiative decay. While
the ET process (Figure 2) involves no formal charge transfer,
the eT process does and must therefore be associated with
some spatial reorganization of solvating molecules, so that
inhibition of their motions should cause inhibition of eT.
Thus, the two processes can be distinguished by comparing
the luminescence of liquid and frozen solutions, enhancement
of luminescence in the latter indicating that eT must be
responsible for quenching in the liquid solution. It has been
shown that eT has a weaker dependence on the donor
acceptor separation than ET, so that eT tends to dominate
for longer separations and ET for shorté#®

2.2. Excimer Formation

Where aromatic rings are involved in weak interactions
(such ast-stacking) which bring them within van der Waals
contact distances, electronic excitation of one ring can cause
an enhanced interaction with its neighbor, leading to what
is termed an excited-state dimer or “excim&®®In other
words, an excimer is a complex formed by the interaction
of an excited fluorophore with another fluorophore in its
ground state. Excimer emission typically provides a broad
fluorescence band without vibrational structure, with the
maximum shifted, in the case of most aromatic molectiles,
by about 6000 cm' to lower energies compared to that of
the uncomplexed (“monomer”) fluorophore emission. An
excimer may also form from an excited monomer if the
interaction develops within the lifetime of the latter. Thus,
it is expected that excimers are more likely to be produced
by relatively long-lived monomer excited statés®® Rates
of fluorophore diffusion, especially in viscous solvents, are
therefore another limit on excimer formati&h?® Impor-
tantly, the separation and relative orientation of multiple
fluorophore units attached to ligands can be controlled by
metal ion coordination, so that recognition of a cation can

be monitored by the monomer:excimer fluorescence intensity
ratio_7,93,89,100,101

2.3. Photoinduced Charge Transfer

Electronic excitation necessarily involves some degree of
charge transfer, but in fluorophores containing both electron-
withdrawing and electron-donating substituents, this charge
transfer may occur over long distances and be associated
with major dipole moment changes, making the process
particularly sensitive to the microenvironment of the fluo-
rophore. Thus, it can be expected that cations or anions in
close interaction with the donor or the acceptor moiety will
change the photophysical properties of the fluoro-
phorel:20.102

Upon, for example, cation complexation of an electron
donor group within a fluorophore, the electron-donating
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Figure 1. Mechanisms for PET (a) and CHEF (b) systems.
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Figure 2. Mechanisms for (a) ET and (b) eT in systems containing an excited fluorophore énaietal ion.
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Figure 3. PCT system are obviously dependent on the charge and the size of the
' ' cation, and therefore, some selectivity is expeétéd.

character of the donor group will be reduced. The resulting
reduction of conjugation causes a blue shift of the absorption 2.4. Fluorescence Resonance Energy Transfer

spectrum together with a decrease of the molar absorptivity. FRET arises from an interaction between a pair of
In contrast, metal ion binding to the acceptor group enhancesdissimilar fluorophores in which one acts as a donor of
its electron-withdrawing character, and the absorption spec-excited-state energy to the other (acceptor). This returns the
trum is thus red-shifted with an increase in molar absorptivity donor to its electronic ground state, and emission may then
(see Figure 3)* The fluorescence spectra should be shifted occur from the acceptor center (see Figure 4). FRET is
in the same direction as the absorption spectra, and ininfluenced by three factors: the distance between the donor
addition to these shifts, changes in the quantum yields andand the acceptor, the extent of spectral overlap between the
lifetimes can be observed. All these photophysical effects donor emission and acceptor absorption spectrum (see Figure
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5), and the relative orientation of the donor emission dipole
moment and acceptor absorption mom@ni>

3. Calixarene-Based Fluorescent Sensors

3.1. PET Sensors

In an effort to develop a technique for Cdetermination,
1 and 2 were prepared and studied by Ji ef%a? When
excited at 320 nm, they show two emissions at ca. 430 and
ca. 450 nm. In the absence of metal ion, their fluorescence
is weak due to the PET from the oxygen atoms of the benzo
moiety to the excited singlet state of the cyanoanthracene
fluorophore. The maximum enhancements in the emission
of 1 and2 (Chart 1) in CHCI,/CH3OH (1:1, v/v) upon the
addition of C¢ are 8.2- and 11.7-fold, respectively. These
enhancements can be explained by the fact that complexation
of the oxygen atoms by Csnhibits PET, i.e., that there is
a CHEF effect®*c47|t is probable (see ahead) that larger
effects might be observed where a more strongly reducing
amino substituent is the cause of the PETIn the presence
of a large excess of Cgup to (3.0x 10%-fold), the emission
intensity is reduced, attributed by the authors to the increased
polarity of the medium favoring the PET process.
Compound3,*° with the same fluorophore dsbut based
on a slightly different calixarene platform, shows not only
an increased selectivity toward CTbut also a remarkable Weak Emission Strong Emission
enhancement in the fluorescent emission intensity by Cs
compared with the other systems. Even addition of only a chart 2
small amount of C5 (1.0 x 1077 M) to 3 (106 M) in
CH,CI,/CH30H (1:1, v/v) leads to a 20-fold fluorescent O O

emission enhancement, while there is no detectable response O
ERSY 254

to other alkali-metal ions except RI§2-fold enhancement)

at the same concentration. When fully complexed by,Cs
the fluorescence quantum yield ®fs 54 times greater than

that of the free ligand.

Calix[4]arenest and5 (Chart 2), quite different fromi—3
in the composition of the crown moiet{ have one or two
anthracene fluorophores directly attached to the nitrogen /
atom of a 1,3-alternate calix[4]azacrown-6. Their weak Phh,C
emission is inhibited by PET from the nitrogen lone pair
electrons to the excited singlet state of the anthracene 4 5
fluorophore. The addition of Csto 4 and 5 in CH.Cl,/ of anthracene fluorescence by PET involving the lone pair
CH3OH (1:1, v/v) causes 8.5-fold and 11.6-fold enhance- electrons of the N atom of the azacrown ring. In acidic
ments, respectively, indicating that the N atom is coordinated medium, this lone pair is protonated, but PET quenching of
by Csf, reducing its ability to participate in PET. However, the fluorophore still occurs through the dialkoxybenzene
the Cs:K* selectivity ratios for4 and5 are 22.3 and 18.0, moiety. This in turn can be inhibited by cation coordination,
respectively, which are lower than the values reported for and6 is highly sensitive to Csover other alkali-metal ions
some other calixarenes. in acidic medium, up to a 3.8-fold enhancement of emission

Ji et al. also reported th&t(Chart 3)!97 possessing a single  intensity being observed. In a basic medium, selective
fluorophore, is influenced by two different binding sites. In  binding of K* to the azacrown leads to a maximum 6.4-fold
basic CHOH, 6 shows a weak emission due to the quenching emission enhancement, and for this reagoran be used as
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Chart 3 10does not show any CHEF upon addition of Knd Rb".

. This is attributed to preferential binding of the alkali-metal
ions to the crown ring and the other metal ions to the
azacrown unit, only the latter resulting in a significant
inhibition of PET.

Similar observations have been made with for which
the fluorescence in ethanol is almost completely quenched
by PET. Binding of Ag produces a CHEF effect due to its
coordination at the N atom, but addition oftko this
complex causes fluorescence quenching due to its preferential
binding in the crown loop, which causes ejection ofAg
from the azacrown entity. This “entry-ejection” process has
been termed “molecular taekwondo”, and it is readily
monitored by fluorescence changes. It has also been observed
with the C#*—K™ pair, but owing to the major difference
in stability constant values, a decrease in fluorescence
emission can only be observed when excessskadded to
an ethanolic solution o0 in the presence of 1 equiv of
Cu.

An interesting process related to the action of a “molecular

a dual sensor for detection of both"Cand K* in the same ~ SYinge™*** and presumably involving cation tunneling
solution. through ther-basic calixtub&2is observed upon the addition

Calixarene7?® (Chart 4) bearing four carbonyl functions, Of CFCOOH t010-Ag™ #7in C;HsOH/CH,Cl, (9:1, v/v) and
two of them being linked to pyrene and nitrobenzene at 91Ves rise toafurther enhancement in ﬂuorescence intensity.
opposite sites on the lower rim, was prepared fort Na Here, protonation of the azacrown forces the"Ag migrate
sensing. As the free ligand,shows fluorescence similar to 10 the less preferred crown site. _
that of 8,2 but its intensity is 50 times weaker, suggesting ~ The replacement of the crown-5 etherlibby the crown-6
that the fluorescence quenchingiis due to intramolecular ~ €ther, which is a suitable cavity for Cdeads tol1 (Chart
PET between the nitrobenzyl acceptor and excited pyrene?)*’ Again, complexation of Agin the azacrown unit causes
fluorophore, a conclusion supported by the fact that the an enhancement in .flluorescence emission due to the CHEF
fluorescence is not solvent sensitive. Binding of Na 7 in effect, and now addition of Csto 11-Ag™ in ethanol ejects
diethyl ether appears to cause a conformational change wherérd ", causing fluorescence quenching, but addition of K
the nitrobenzyl and pyrenyl substituents become more distant,does not. This can be explained as due to the preferential
leading to reduced PET seen as an enhancement in thdinding of Cs' over K* by the calixcrown-6 site.
fluorescence quantum yield from 0.0025 to 0.016. Calix[4]azacrown12* (Chart 8), bearing an anthracenyl

PET-based fluorescent changes of calixarenes have beeninit, was reported to have a pronounced CHEF effect with
widely studied by Kim et al. The luminescencedf (Chart Cs", Rb", and K" ions. In this case, the anthracenyl
5) was reported to be partially quenched by PET from the fluorophore is bound to the crown site, in contrast to the
azacrown ring to the pyrenyl unit. On complexation with situation in11 where the pyrenyl fluorophore is attached to
K+, Rb", Ci#t, and PB' in ethanol, the fluorescence 9fis the azacrown site. Thus, an inverse “taekwondo” process is
considerably enhanced by a CHEF effect due to the observed compared to that fdfi. The addition of C&" to
coordination of the lone pair on N by the metal ions inhib- an GHsOH/CH,Cl, solution containing the compleb-Cs*
iting PET. Binding of C&" or P#* leads to a maximum  causes fluorescence quenching due to binding ¢t Go
50-fold intensity enhancement, whereas'Rind K" cause  the azacrown ether, which causes ejection of @sd thus
12- and 10-fold enhancements, respectively. The CHEF facilitates PET between the proximate crown oxygen atoms
effects of Ag- and Cé" are rather small, and that of Nas and the excited anthracenyl. Similar effects are seen with
negligible. AgT in place of C@".

In contrast, calixareng0 (Chart 6) bearing a crown ether Compoundsl3 and 14 (Chart 9), containing two pyrene
and an azacrown ether as two binding sites displays similarmoieties and a pendent primary alkylamine, provide systems
CHEF effects for Ag, Co*t, Ci?*, and PB'.4” Unlike 9, where both monomer and excimer emissions may be affected

Chart 4
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Chart 5
Non-Fluorescent Fluorescent
Chart 6
Non-fluorescent
Chart 7

Non-fluorescent Highly Fluorescent Weakly fluorescent

by PET?* That their weak emission is a consequence of PET experiment shows that the binding ability b8 for Pl?* is

is confirmed by a comparison withs, a calixarene having  much greater than that for Li

the same structure 48 but without an attached amine group, Kim et al. also reported the synthesis and study®éand
where strong monomer and excimer emissions are seen. InL7 (Chart 10)%°in which a (bromoanthracenyl)methyl unit
the presence of Ph, both13 and14 in CH;CN exhibit an is directly attached to the nitrogen atom of a 1,3-alternate
enhanced monomer emission and diminished excimer emis-calix[4Jazacrown-6. Their composition is not much different
sion. This CHEF effect can be attributed to a conformational from that of 4 and 5, although they are not selective for
change due to the metal binding as well as to the coordinationalkali-metal ions but instead for h and PB" in C;HsOH

of the electron-donor N center. However, upon addition of or CICH,CH,CI/CH3;CN (1:1, v/v). Emission fronl7is 20
alkali-metal ions tadl3 and 14, both monomer and excimer times more sensitive to In(lll) addition than that frah,
emissions are enhanced, suggesting that there is no conforindicating that conformational differences may influence
mational change involved. A competitive metal ion exchange quenching by PET.
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Chart 8

Non-fluorescent Fluorescent Weakly fluorescent

Chart 9

Enhanced monomer & strong excimer  Enhanced monomer & quenched excimer

14 15

Crown-5 loops within a 1,3-alternate calix[4]biscrown are ing both the benzene rings of the calix[4]arene and the
expected to be favorable sites for Kinding!'%'*'Recently, oxygen atoms of the crown-5 ring. The fluorescencd ®f
Kim et al. synthesized 8 (Chart 11), bearing such a loop, is greatly increased upon the addition of ,Kvhereas that
showing a high selectivity for Kin CH;CN.*?2 Without the of 19 remains almost unchanged, suggesting that this ion
presence of metal ionl8 exhibits a relatively weak  prefers binding to the crown-5 than to the 1,5-naphthalene
fluorescence in comparison witt9, indicating PET involv- crown-6 site. Binding of P caused luminescence quench-
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Chart 10 the excited pyrene unit to the carbonyl groups, the electron
density of which is decreased by Pbcomplexation. A
“heavy metal effect” due to the redox activity of the metal
ion cannot, however, be excluded.

Like 21, 22'15 (Chart 14) also bears two pyrene amide
moieties and a crown-5 ether unit and therefore exhibits near-
ly the same fluorescence behavior and quenching mechanism
upon complexation of P in CHsCN. In contrast,23!1°
bearing a crown-5 unit is not selective for this ion because
binding within the relatiely small macrocyclic ring sterically
restricts interactions with the amide carbonyl oxygen atoms.
Replacement of the crown-5 #2 by azacrown-5 giveg4,%®
which is also selective for Pb. The quenching in this case
probably results from a combination of reverse PET, the
heavy metal effect, and a conformational change.

The anthracene-based fluorescent calix[4]aZheChart
15) studied by Vicens et &.shows a high selectivity for
transition-metal ions such as Znand N#* in CH;CN/H,O
(4:1, viv). Complexation of Z#t prevents PET quenching
by the amine N donors, and since Zn(ll) is redox-inactive
and has no low-lying electronic states, no “heavy-metal
effect” occurs, so fluorescence is enhanced. Complexation
of Ni?" causes the excited fluorophore anthracenyl to be
deactivated through a double electron exchange (ET process
of the Dexter type; see the scheme below) involving the
highest occupied d orbitals of this ion and giving a quenching
of fluorescencé’

Very similar behavior was also seen in the study by Y.-D.
Cao et al'® showing that26 can be used as a fluorescent
chemosensor for Ct and Zr#t in CH;OH/HO (9:1, viv)
with pH control**¢ When excited at 340 nm, frez6 (Chart
16) shows a weak emission at 408 nm due to the PET
between the imidazoles and the fluorophore. When proto-
nated, the PET process is suppressed to give an increased
fluorescence. While Cu(ll) coordination could be expected
to produce a CHEF effect, in its complex wigt6 there is
an eT between Ct and the excited fluorophore which
dominates and leads to quenching. As expected, the eT
pathway is not available for Zn(ll), so the CHEF effect
operates and the emission intensity is greater. Other cations
tested gave negligible effects due to their weak complexation.
The fluorescence changes induced by'Gand Zr#" are most
apparent in a medium of pH 10.

Fluorescence quenching by PET processes involving an
eT mechanism was also reported in the cas&ypt’ 28,118
and 29 (Chart 17)'°2 Incorporating dansyl fluorophore
ing, much greater in the case @B than 19, thus again moieties into a calix[4]arene big{X-sulfonyl carboxamide)
indicating the crown-5 site to be the more effective metal- leads to27, which is the first example of a Hg(ll)-selective
binding entity. fluorescent calixarene. Addition of Kgto 27 in CHCl;

Like metal ions, H may bind to an electron-donor site causes fluorescence to be quenched due to electron transfer
such as N, and thus, the emission fra(Chart 12) is much ~ from the excited dansyl moiety to g The presence of
stronger in acidic than in neutral or basic solutions due to alkali-, alkaline-earth-, and transition-metal ions does not
the inhibition of PET. However, complexation of*Kin affect the quenching o027 induced by H§". In CHCN/
CH3CN/H,0 (9:1, v/v) acidified with 1.0x 102 M HCI H.O (1:1, v/v), HF" binding to 28, bearing dansyl amide
leads to a diminished basicity at N and hence to a reducedpositioned at the nitrogen atom of an azacrown moiety, is
degree of protonation and a weaker luminescéfice. also selective and produces similar fluorescence quenching.

Fluorescence quenching commonly occurs by the PET 29, derived from a calixarene bearing two 3-alkoxy-2-
mechanism described above in which the excited state actsnaphthoic acid moieties, shows a high selectivity fo?'Cu
as an oxidant, although the inverse phenomenon, termedand F&" with pH control. The deprotonated oxygen atom
reverse PET, is also sometimes observed. TAugChart of the electron-rich carboxylate is most strongly bound to
13) exhibits a strong emission at ca. 400 nm when excited Ci?* at pH ca. 7 and to Fé at pH ca. 5.5 in CROH/H,O
at 344 nmt* Addition of P+ to 21in CHsCN/CHCk (1:1, (1:1, viv), leading to strong fluorescence quenching induced
v/v) causes a marked decrease in fluorescence intensitypy eT from the excited naphthalene moiety to these cations.
attributed to reverse PET involving electron donation from At higher pH, the two phenol groups of calixarene are

Chart 12
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Chart 13
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deprotonated, and the cations move to the calixarene cavity A calixarene-based fluoroionophor80 (Chart 18)11%

due to their stronger complexation with the phenolic oxygen grafted on SBA-15 mesostructured silica can be used to
atom, so that eT no longer occurs and fluorescence enhanceeetect H§" ion in aqueous media. A rapid response of only
ment is observed. a few seconds is observed, and Hg(ll) complexation induces
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Chart 19

Chart 20

emission intensity 081 in CH;OH/H,O (1:1, v/v) is strongly
and reversibly pH dependent. There are more than 10-fold
changes in the emission intensity, maximizing in the pH
range 5.6-8.2. PET in this system can be explained by
electron transfer from the electron pair located on the
phenolate to the BODIPY moiety.

Fluorescent chemosensors for anions are less numerous
than those for cationg!2Known fluorophore-anion interac-
tions commonly involve bound hydrogen, especially amide
NH. 32 (Chart 20) exhibits a selective interaction with
CH;COO  in CH3CN (0.4%, v/v, CHCY) over other anions
testedt?!® The addition of this anion tB2 leads to a
guenching in fluorescence due to PET from nitrogen to the
anthracene unitH NMR spectra indicate that oxygen atoms
of the anion interact with the anthracene 9H as well as the
amide NH centers.

Compoundsl3 and14 mentioned above are selective for
F~. However, unlike the complexation of Pl here both

a strong quenching of the fluorescence, giving a detection excimer and especially monomer emissions decr¥asee

limit of 3.3 x 107 mol/L, with a very high selectivity over
interfering cations. In an acetonitritevater mixture (60:40,

guenching in monomer emission is due to the PET effect
from F~ to pyrene units, and that in excimer emission results

viv) at pH 4, Hg(ll) complexation causes a slight blue shift from the hydrogen bonding between &nd the amide groups
(20 nm) of the emission due to deprotonation of the linked to the fluorophores, which keeps the two pyrenes
coordinated sulfocarboxamide group of the dansyl fluoro- overlapping.13 and14 are selective for Fin CH;CN over
phore. This work showed the utility of combining the other anions tested. This ion coordinates wliand14 via
complexing and photophysical properties of a well-tried hydrogen bonding with the amine NH of the triazacrown
fluoroionophore with a well-defined mesoporous silica to ring, causing both monomer and excimer emissions to be
obtain a fully optimized system for mercury sensing. The quenched due to PET from Ro the pyrene group. The
use of a mesoporous silica as a support for grafting binding motif between Fand the azacrown it3, 14, and
fluoroionophores opens up new opportunities for developing 22 is the same and is shown below. In addition to the

efficient sensors for heavy metals in water.

Apart from their application for metal ion sensing,

complexation with bound hydrogen; Fwvas also reported
to coordinate to boron iB3, causing fluorescence quenching.

calixarenes attached to a fluorophore can be used for pHThe distance between the two acidic boron centers in

sensing. The BODIPY-appended calixareé3fe(Chart 19)
is such a sensor, acting through a PET mecha#fi8he

calixarene33is 3.429 A, favorable for Fbinding in CHC}
over other anions (Chart 21%
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Chart 21 excimer emission is dominant compared with the monomer
emission [g:ly = 4:1). When34 complexes with N§, the
Ie:lv ratio is altered by a change in the relative configuration
of the two pyrene moieties induced by the reorientation of
the four carbonyl groups @4 to bind Na ion. Examination

of a Corey-Pauling-Koltun molecular model indicates an
expanded distance between the two pyrene moieties caused
by Na' binding. Addition of a 100-fold excess of another
alkali-metal ion produces at most an 11% change in the ratio
in the case of K and a<1% change for Li, Rb*, and C¢g,
showing thaB84 may be useful to selectively sense*Nan.

Compound35 (Chart 23) with two fluorescent pyrene
groups on the lower rim possesses a structure as well as
properties similar to those observed3d.?®¢ When excited
at 342 nm, it shows monomer and excimer emissions at ca.
380 and ca. 480 nm, respectively. Upon addition of metal
ions to 35 in diethyl ether, the excimer emission sharply
decreases. For uncomplex88, NMR spectroscopy shows
that there is an equilibrium between cone and partial-cone
conformations, and the two pyrene units appear to be closer
in the latter than in the former. Thus, the decrease in excimer
emission upon the addition of metal ions may be explained
as due to metal ion binding favoring the cone conformer.

Matsumoto and Shinkai reported that the calixar86e
(Chart 24), which bears an ionophoric cavity on the lower
rim and two pyrene units on the upper rim, can be used for
33 fluorescence sensing of some alkali-metal ions in,CIN/
THF (1000:1, v/v):*2 The encapsulation of [Fior Na" into
the ionophoric cavity induces a change in distance between
the two pyrene moieties, which is reflected by a remarkable
change in thég:ly ratio. Addition of up to a 250-fold excess
of K™ does not affect the fluorescence spectrun8eti*

Chart 22

or 36-Na'.
<° P °> °> Calix[4]arene37, substituted at the lower rim by two 1,3-
o T, _distal hydroxamate-based complexing arms, each incorporat-
d Eto/ \0Et Y ing a fluorescent pyrene receptor group, was reported to be

selective for C& and NF" in CH;OH/H,0 (4:1, viv)133The

O > < Q ligand alone shows monomer and excimer emissions which
Q Q Q Q can be completely quenched by both?Niand Cd' at
C Q different particular pH values which reflect the difference
34

in the stability constant values for the two metals. Other
transition metals are too weakly complexed for effects to be
) observed.
3.2. Excimer Sensors Reinhoudt et al. prepared the calixareB@ with two
As a fluorescent unit, pyrene is regarded as one of the substituents attached via amide links to distal rifigs.
most useful sensing molecules because it may emit as aCompound38 (Chart 25) exhibits monomer emissions with
monomer near 370380 nm or as an excimer near 480 maxima at 385 and 395 nm and an excimer emission with a
nm2389]n molecules with two (or more) pyrenyl substituents, broad band at 480 nm. The addition of Nia methanol to
excimer formation can be efficient but is also sensitive to a solid surface-immobilized monolayer 88 causes the
even subtle conformational changes such as may be inducednonomer emission to decrease and excimer emission to
by metal ion binding, so that the ratit:{ly) of excimer to increase. This differs from observations wa#, presumably
monomer emission intensities can be an informative param-because of conformational differences between the amide
eter in a variety of sensing systef§:123126 For this reason, ~ and ester units which allow closer contact of the pyrene units
many pyrene-appended calixarenes have been synthesizeth 38. This system provides one of the few examples of the
and characterized. use of a monolayer of a selective receptor for detection of
Calix[4]arene derivative84 (Chart 22), one of the first- metal ions by fluorescence, offering an alternative to physical
reported calixarenes showing excimer formation, is a good immobilization in membranes, which affects the selectivity

chemosensor for Naion in MeOH/THF?" In 34, p-tert- and limits the response rates caused by the partition of ions
butylcalix[4]arene is used as the binding site because of its iNto the membranes.
selectivity for Na.'?”131 The two pyrene units were Kim et al. reported fluorescent calix[4]aren83 and 40

introduced on the lower rim as fluorophores able to form an with two facing amide groups bridged to pyrene uffbs.
intramolecular excimer. The fluorescence spectrun84€f  These have distinctly different emission characteris®es,
shows a dual emission with the excimer at ca. 480 nm and showing only monomer emission at 398 nm, whiEshows
the monomer at ca. 390 nm. In the absence of,Nhe a strong excimer emission, indicating that in the latter the
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Chart 23

Chart 24 Chart 26

41 42

two pyrene units must be in close proximity, presumably as

a result ofz—z stacking, while in the former they must be  |eading to the elimination of the hydrogen bonding between
remote. These differences in orientation can be explainedine phenolic OH groups and the amide groups. Conversely,
by the fact that intramolecular H-bonding is possible8th  hon the addition of [# to a solution of40, the excimer

but not in40. For a calix[4]arene closely similar 89, an  emission is quenched because the conformational change
X-ray structure determinatiéf**°has shown the residual necessary for the initially divergent amide carbonyl oxygen
phenolic groups to be involved in H-bonding, one to an atoms to hind to a single ion center is incompatible with
amide NH unit, the other to an adjacent ether O, the result retention of face-to-face-stacking of the two pyrenes. The

being that the pyrenyl substitugnts are divgrgen;ly oriented gensitive response @0 to In®* over other metal ions tested
and are thus too remote for excimer formation. It is assumed gyggests that it can effectively serve as a fluorescent

that this applies also 189, whereas for40 the lack of chemosensor for .

H-bonding restrictions _must_allow the pyrenyl groups t0  The calixarene dicarboxylate derivativd!3” (Chart 27)
adopt a face-to-face orientation. shows a significantly greater response té'Cand PB* than

Interestingly,39 (Chart 26) exhibits a unique fluorescent other cations tested, although while ?Plgquenches both
response in the presence of'ina cation known to interfere  monomer and excimer emissions, with a major effect on the
with iron metabolism at sites of absorption, transportation, latter, C&" enhances monomer emission and causes only a
utilization, and storage in cells. The addition offrto 39 slight quenching, along with a blue shift of the emission peak,
in CHzCN enhances the excimer emission while the mono- of the excimer band. This shift for €amay arise from less
mer emission is quenched. The phenomenon can be explaine@ffective HOMO-LUMO interaction in the excited state.
by In3*-induced deprotonation of the phenolic OH groups, The excimer quenching produced by?Pladdition is in
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Chart 28 Chart 29

Various efforts have been made to develop sensors for
nonmetallic cations. Takeshida and Shinkai reported4Bbat
(Chart 29) can be used to selectively recognize guanidinium
ion (which is important in biological systems) in CHGh
accord again with a conformational change associated withthe presence of primary ammonium ioi$When excited
coordination of the amide carbonyl O atoms which increases @t 346 nm,45 shows monomer and excimer emissions at
the separation of the pyrenyl grouf3€5 Interestingly, when 396 and 487 nm, respectively. As the guanidinium ion
Ca" is added to a solution of1-Pk?*, both the monomer  COncentration increases, the excimer emission intensity
and excimer bands reappear. Comparison with the behaviordécreases while that of monomer emission increases, sug-
of a similar calixarene lacking carboxylate groups indicates 9esting that guanidinium ion bound to the ionophoric

that C&* must be sufficiently strongly bound at these sites OCHC=0O cavity prevents intramolecular contact of the
to displace PY from its complex with41. pyrene moieties. These changes are almost unaffected by the

presence ofert-butylammonium, protonatadalanine meth-

yl ester orn-hexylammonium ions. Compourb was also
reported to be capable of binding guanidinium ion and
inducing fluorescence changes, but the binding is competi-
tively inhibited by primary ammonium ions.

As is apparent from the discussion above, most of the
development of fluorescent calixarenes as sensors has
concerned metal cations. This is unsurprising given the long-
standing interest in calixarene coordination chemistry, but
recently, however, interest has also begun to grow in the
use of fluorescent calixarenes as anion sensors. This has again
concerned pyrene-functionalized calixarenes, with H-bond
donor groups as anion-recognition sites. For example, 1,3-
alternate calix[4]arend7 (Chart 30) with bis(pyrenylurea)
groups on the lower rim, when excited, shows monomer and
much broader (intramolecular) excimer emissions at 398 and
452 nm, respectively#® The lg:ly ratio remains unchanged

The 1,3-alternate calix[4]arer®2 with two bis(pyrenyl
amide) groups and a crown-5 ring as substituents was
reported to have properties similar to thoseddafin terms
of changes in monomer and excimer emissions induced by
metal ion additior?? The emission spectrum d2in CH;CN
shows a high sensitivity to Pb and K" over other metal
ions tested. The addition of Pbconsiderably lowers the
intensities of both the pyrene monomer and excimer emis-
sions. The monomer quenching arises from reverse PET
when PB" ion is bound to the two carbonyl oxygen atoms,
with the pyrene unit behaving as a PET donor to the carbonyl
group. The excimer emission quenching is believed to occur
as a result of conformational change caused by the two
divergent amide carbonyl groups turning inward to bindPb
As with 41, an on/off switch can be considered to operate
in that42-K* provides an “on” state which can be converted

to an “off” state by addition of P&3 and then returned to at 4.4 in the concentration range from1@o 10°5 M, as

the “on” state by addition of K ) ) expected for intra- and not intermolecular excimer formation.
Ina Study of C'-1,2'a|terna.te tetrahomodloxacalIX[4]aI’ene Four urea groups providing e|ght possib'e H_bonds for anion
pyrene amide&?® it was observed that the fluorescence of pinding are in close proximity to pyrene moieties, the relative
43 (Chart 28) in CHGJCHsCN (1:3, v/v) shows a response  grientation of which is thought to change upon anion
to addition of PB+ similar to that 0f41, with both monomer Comp'exation_ Anion b|nd|ng can thus be monitored by
and excimer emissions being quenched. Again, it appearsratiometric changes in the emission spectrugly ratio)
that 1:1 coordination results in a conformational change of 47. Of the anions tested, Clcauses the most marked
which places at least two of the pyrene groups well apart. A changes in the emission spectrum4dt There is a strong
more dramatic effect of Pb binding is seen wit4, where  quenching of the excimer emission with a corresponding
binding to the amide carbonyl oxygen donors in a 1:1 ephancement in monomer emission. These observations
complex necessarily eliminates any possibility of excimer syggest that the chloride anion may selectively coordinate
formation. with the urea protons in the cavity df7 so as to “unstack”
Unlike that of PB", the addition of C& to a solution of or lever apart the facing—m-stacked pyrenes.
44 induces an increase in excimer emission and a concomi- Kim et al. reported that calix[4]aren&s8 and 49, which
tant decrease in monomer emission. This can be explainedbear (4-nitrophenyl)azo and pyrene groups, are sensitive to
by a different coordination mode for €apossibly involving F~ ion*t When excited at 343 nn%8 exhibits a pyrene
chelation by the phenolic donors as well as the amide oxygenexcimer emission at 480 n#> Addition of F~ ion to 48in
atoms, enabling the two pyrene units to become closer.  CH3;CN produces a bimodal response in which initially the
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Chart 30

48

excimer emission is quenched but then a new species with
emission bands at 385 and 460 nm appears. This behavio

has been rationalized in terms of static pyrene dimer
formation in the ground state influenced by H-bonding
between F and the amide proton. The fluorescence48f
also changes upon addition of But in a different manner.

In this case, the presence of a methylene spacer betweers

the pyrene moiety and amide N probably forces the two
pyrenes to be orthogonal to each other, as in a similar
compound® thus preventing the interaction which might
give a dynamic excimer?

3.3. PCT Sensors

I
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Chart 31

Chart 32

associated with a major increase in fluorescence quantum
yield due to the relative locations of the-m* and 7—x*
levels depending on the charge density of the bound cation.
In addition, for51 interactions between the chromophores
in the complexed molecule are reflected in a hypsochromic
effect on the ground state as well as excimer emissions. Good
Nat:K* selectivity is seen in the stability constant ratios in

a GHsOH/H,O mixture (8:2, v/v) of 500 fob0 and 407 for

51

The incorporation of dioxycoumarin fluorophore(s) into
one or both crowns of a calix[4]biscrown givé® and 53
(Chart 32)t4For52in C,HsOH, the fluorescence emission
band is blue-shifted and the fluorescence quantum yield is
decreased upon addition of alkali-metal ions. This can be
explained as due to the binding of the ions to the oxygen
toms at the 6- and 7-positions of the coumarin, causing a
ecrease in the electron-donating character of oxygen atoms
and preventing the intramolecular charge transfer from the
donor group at the 7-position to the lactone carbonyl moiety.
The shorter the distance between the ion and oxygen atoms
and the greater the charge density, the more efficient the
guenching. Both 1:1 and 2:1 (metal:ligand) complexes form,
in which the latter shows a larger cation-induced blue shift

Calixarene-based fluorescent sensors using a PCT mechthan that of the former, suggesting a stronger interaction

anism have been widely exploited by Valeur et al. Com-
pounds50®3142 and 5112 bear, respectively, one and four

6-acyl-2-methoxynaphthalene fluorophores which contain the
methoxy moiety as a donor unit and the carbonyl group as

between the cation and excited coumarin fluorophore in the
2:1 complex than in the 1:1 complex. This may be due to
the electrostatic repulsion between the two cations, which
makes them approach closer to the coumarin moiety in the

an acceptor in the PCT process (Chart 31). It was reported2:1 than in the 1:1 complex. The fluorescent behavidsdf

that the addition of metal ions t60 and 51 in CH;CN

upon complexation of alkali-metal ions is similar to that of

induces a red shift of the absorption and emission spectra52. The selectivities for Csvs Na™ and K" vs Na" of 52,
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Chart 33 fluorophore!*> The BODIPY unit can be excited at relatively
long wavelengths~+475 nm), an advantage in biological
analyses because autofluorescence is thereby minimized. The
BODIPY moiety in54 shows a PCT effect in polar solvents,
producing a dual emission and a quenching in fluorescence.

/o 0H o\ HO o Cation binding to the amino group blocks the PCT process,
inducing a strong enhancement in fluorescence. Due to its

so2
high K":Na' selectivity in GHsOH, 54 can be regarded as
fodo Lodgo  EEEE
Nicho, Y cha, Yichay, | T Thiacalixarenesb5 and 56 (Chart 33), containing the
%2 2 %2 %2 2 dansyl fluorophore, well-known for its sensitivity to the
55 56 polarity of the medium due to intramolecular PCT, exhibit
a fluorescent enhancement upon complexation 6f@ad
Chart 34 some other transition-metal io#$2Being soluble in water,

both can be used to sense metal ions directly in aqueous
solution by fluorescence changes. With only two dansyl
L AL

moieties,55 is less sterically congested th&f and is thus
a stronger host and a better sensor. Both also show the ability
to sense some neutral molecules such as borneol, nerol,
oi l \Fo menthol, cyclohexanol, cyclooctanol, and 1-adamantanecar-
NH NHHN boxylic acid, the greatest sensitivity of both being to nerol

because of its close fit to their cavities.
~Q© J:§;> For compounds7,14% the optimum pH for observation of
MezN NMe, the effects of PB" binding is 5.2, at which poiri7 is mainly
NMe, NMe, in its neutral form (Chart 34). There, addition of?Plcauses
57 a 52 nm blue shift of the fluorescence peak and a 1.7-fold
enhancement of the fluorescence quantum yield. The absorp-
expressed as the ratio of the stability constants of the 1:1tion spectra are also shifted to higher energy (11 nm) upon
complexes, are 1.6« 10* and 220, respectively, whereas, P?* binding. The blue shift is rationalized by the deproto-
those of53 are 4.0x 10* and 540, respectively. Compounds nation of the sulfonamide group upon cation binding.
52 and53 are not soluble in water, but they can be applied  calixarene-based fluorescent sensors showing PCT were
to determine cations in this medium by immobilizing them g0 reported by Kim et df72 Compound58 (Chart 35)
in a polymer or a setgel film. containing two cation recognition sites, a crown ether ring
Recently, Valeur et al. also reported the synthesis andand two facing pyrene amide moieties, shows a drastic
fluorescent properties &4, a 1,3-alternate calix[4]azacrown- change in the fluorescence and absorption spectra jC8H
5 bearing a boron dipyrromethene (BODIPY) unit as a upon complexation of Pb, Cw", or K™ with different

Chart 35

Static Excimer
Quenched Excimer

©

Enhanced Excimer
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Chart 36

No fluorescence

Strong fluorescence

Chart 37

o

"

60
Monomer Dynamic Excimer Static Excimer
Aem = 385 nm hem = 385 nm hem = 385 nm

61

binding moded#7aN---Cl?*-+-N chelation makes the distance via absorption band shifts as well as one- and two-photon
between the two pyrenes shorter, resulting in a static excimerfluorescence changes. The free ligand absorbs at 461 nm
evidenced by a red shift in the excitation spectrum of its and emits weakly at 520 nm, the weakness of this emission
complex. Conversely,€0---Pl¥™---O=C coordination forces  being attributed to self-quenching due to resonance energy
the two pyrenes apart, allowing no static excimer formation transfer (RET) between the two adjacent chromophores.
at all. Complexation of both Cti and PB" reduces the  Fluorescence due to two-photon absorption at 780 nm is
emission intensity. The addition of'Khowever, makes the indetectable but is considerably enhanced, as is that from
excimer emission increase, presumably because the polyethesingle-photon excitation, when various metal ions are bound.
ring of calix[4]crown-5 is more suitable for complexation Addition of AI®* or PI¥* ions to a solution of the ligand
of K*. Only C&#" induces shifts in both the fluorescence causes a blue shift in absorption (385 nm) and enhanced
and absorption maxima, and these are attributed to a PCTfluorescence at 520 nm due to a weakened RET consequent
process. upon the conformational change due to coordination causing
Compound5947 (Chart 36) bearing chromophores ca- the chromophores to be more divergently oriented. Interest-
pable of two-photon absorption has been synthesized by Kimingly, binding of K* in the crown ring appears to produce
et al. Its responses to metal ion binding were investigated an allosteric effect favoring Pb binding, as addition of the
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Chart 38

Chart 39

P to a solution of69-K* results in a higher fluorescence to 61 causes a decrease in emission intensity together with

intensity than in the simpl&9-P*" complex. a red shift, which results from H-bonding followed by
Again, anion sensing based on PCT has as yet beenprotonation.

developed much less than that of cations, but recently, Kim

et al. reported tha6012 with two fluorescent pyrenes and  3-4- FRET Sensors

61#8 with two coumarins can be used to selectively sense  Compared with calixarene-based fluorescent sensors using

F~ ion (Chart 37). When excited at 346 nr@D shows PET, excimer, or PCT mechanisms, those using FRET have

monomer and excimer emissions at 385 and 482 nm, been rarely reported. Compou6g, containing anthroyloxy

respectively. The addition of o 60in CH3;CN induces a as an acceptor and pyrene as a donor, is one example (Chart

54 nm red shift of the absorption band and a 12 nm blue 38)1*° The overlap between the emissiona# (containing

shift of the excimer emission band with an enhancement of the donor) and the absorption @4 (containing the acceptor)

the fluorescence intensity, the latter shift being due to suggests that there should be an intramolecular fluorescence

formation of a static excimer in the ground state. Wiedn energy transfer from pyrene to anthroyloxy @2 The

is excited at 335 nm, it exhibits an emission band at 420 experiment shows an increase in emission intensity of the

nm, which is quenched upon complexation ofik CH;CN anthroyloxy group 062 compared with that 064 (ca. 2.5-

to give rise to a weak band at 508 nm. The addition of F fold) and a decrease in emission intensity of the pyrene
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