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There has been a great deal of interest in recent years in
exploiting fluorescence changes in luminescent molecular systems
to signal the presence of particular substances in solution and at
interfaces.1 Rapid growth in the development of supramolecular
assemblies has provided a large feedstock of molecular ensembles
having a fluorescent component and a receptor capable of
selectively binding substrates.2 Such systems often make excellent
sensors because of the sensitivity of fluorescence detection and
the selectivity of particular substrate receptors associated with
the supramolecule. A substrate of particular interest is K+; in
biological systems it is often difficult to detect because of
competition with Na+ which is generally present in much larger
concentrations (i.e., Na+/K+ ≈ 30 in human serum).3 Among
molecular systems available to distinguish alkali ions, crown
ethers have proven effective. Recently, a few systems have been
prepared that exhibit good selectivity for K+ over Na+ in ion
transport across membranes.4 Such systems have two crown ethers
attached to a flexible hydrocarbon; K+ complexation involves
formation of a sandwich complex with the crowns. We wish to
report here the fluorescence behavior of a distyryl benzene
derivative,1 (Figure 1), having two 15-crown-5 groups attached.5

The bis-crown-distyryl benzene system forms intermolecular
sandwich complexes with K+ (but not Na+) that result in a
dramatic increase in the fluorescence intensity of the chromophore
and provide excellent selectivity for K+ over Na+. Evidence
suggests the selective enhancement of the fluorescence of the bis-
crown derivative in the presence of K+ is the result of formation
of a complex that inhibitsZ-E isomerization of excited1.

The ligand1 is isolated as a pale yellow crystalline solid, and
1H NMR analysis indicates that it is exclusively theZ-Z (trans-
trans) isomer.5 Irradiation of solutions ofZ,Z-1 with either room
light or >400 nm light from arc lamps results in a change in the
absorption consistent with formation of theZ-E (trans-cis) isomer
(blue shift in the maximum and decrease in molar absorptivity).

These changes are accompanied by changes in the1H NMR
spectrum that indicateZ to E isomerization in the ligand.5 Ligand
Z,Z-1 is weakly luminescent. The emission maximum in CH3CN
solution, 476 nm, does not change upon irradiation, and the
excitation spectrum indicates that emission arises from theZ-Z
isomer. In fact, measurements by Sandros and co-workers indicate
that, for a related distyrylbenzene derivative, theE-E (trans-
trans) isomer emission quantum yield is 9 times greater than the
Z-E (cis-trans) and 200 times greater than theZ-Z (cis-cis).7

The luminescence intensity of dilute solutions of1 (either
preirradiated or unirradiated) in acetonitrile increases by a factor
of nearly 20 upon addition of a 10-fold molar excess of
potassium.6 Figure 2 shows emission spectra obtained for pre-
irradiated solutions of1 with varying amounts of added K+; the
inset shows the integrated intensity as a function of the K+/1 ratio.
A small redshift of the emission maximum relative to the free
ligand is observed. When solutions containing1 and K+ are
irradiated, no change in the emission maximum of the K+ adduct
is observed. The excitation spectrum of1 in the absence of K+
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Figure 1. Drawing of sensor molecule1 and analogue compound2.

Figure 2. Emission spectra of1 in the presence of varying amounts of
K+ in methanolic acetonitrile solutions following 325-nm excitation. Inset:
integrated intensity of emission as a function of K+ concentration.

5599J. Am. Chem. Soc.1999,121,5599-5600

10.1021/ja984462c CCC: $18.00 © 1999 American Chemical Society
Published on Web 05/27/1999



maximum shifts to 362 nm, consistent with emission from a
complex of1 with K+. Addition of Na+ to acetonitrile solutions
of 1 results in a very slight increase in the fluorescence intensity
and virtually no change in the emission spectral band shape. Other
alkali ions induce only very slight changes in luminescence
intensity and absorption spectra. It is clear that the fluorescence
response of1 to K+ is unique.

The emission quantum yield of solutions of1 irradiated to
steady state at an excitation wavelength of 340 nm (the isobestic
point) in the absence of K+ is 0.001 and increases to 0.019 when
solutions contain>2 equiv of K+ per 1. The emission quantum
yield of the distyryl benzene derivative in the absence of K+ is
much lower than the near unity yields measured by Sandros and
co-workers for theZ-Z isomer of the related tetra-tert-butyl-
distyrylbenzene derivative and other distyrylbenzene derivatives,
including a di-alkoxy derivative.7 The luminescence lifetimes of
both1 and the K+ complex are less than or equal to the resolution
of the apparatus used (approximately 1.5 ns); thus, nonradiative
relaxation is rapid enough to exclude the possibility of bimolecular
interactions of excited1 and K+.8

How can these observed fluorescence intensity changes be
rationalized? Other fluorescence sensors for Na+ and K+ that use
15-crown-5 as the receptor for the alkali ion exhibit increases in
fluorescence associated with inhibition of quenching of the
fluorophore emission by reductive electron transfer. Coordination
of the alkali ion to the oxygens of the crown raises the
one-electron oxidation potential of the dialkoxy benzene of the
crown, effectively shutting down photoinduced electron transfer
to the excited fluorophore (which is, for example, cyano-
anthracene).9 In these systems, the ion that fits best into the crown
ring, Na+, provides the greatest fluorescence enhancement. Other
systems responsive to alkali ions exhibit luminescence changes
linked to conformational changes in the fluorophore.10,11 All of
these systems exhibit a much greater selectivity for Na+. A recent
report of a system having a [2.2.2] cryptand ionophore and a
coumarin flourophore shows selectivity for K+. However, the
increase in fluorescence intensity upon complexation of the alkali
ion is modest.1 The change in fluorescence intensity in the
cryptand system also involves inhibition of reductive photoinduced

electron-transfer quenching of the coumarin excited state by the
cryptand alkylamino functionality.

In the system reported here, the large fluorescence enhancement
is consistent with formation of a complex in whichZ-E
isomerization of theZ-Z excited state is inhibited. The lumi-
nescence data obtained for1 and the K+ adduct suggests that
only the Z-Z isomer is luminescent. It is well-known that 15-
crown-5 forms sandwich complexes in which K+ is coordinated
to two crowns.2,3 A large increase in the fluorescence quantum
yield could occur in a double sandwich if isomerization pathways
for nonradiative deactivation of theZ-Z excited state become
less favorable.12 Formation of K+ sandwich complexes must
involve at least two molecules of1 since intramolecular formation
of K+ sandwiches is only possible for theE-E isomer. As shown
in Scheme 1 above, the adduct could either be a 2:2 complex of
K+ and1 (a discrete complex) or a complex in which each crown
of one molecule of1 forms K+ sandwich complexes with crowns
from two other moles of1 (which could lead to K+ sandwich
bridged oligomers in solution). Recently, the crystal structure of
a closely related bis-15-crown-5 compound was reported as a 2:2
adduct with K+, indicating such adducts can form.13 While the
assignment of the structure of the K+ adduct in the system reported
here is not definitive, it is consistent with the data and serves to
explain the remarkable difference in the fluorescence behavior
between adducts with K+ and those with other ions. Complexes
of 1 with Na+ do not produce bridged sandwiches2,3 and very
little change in the fluorescence behavior is observed.

To examine the importance of having two crowns per chro-
mophore, we prepared compound2, which has only a single
crown, and examined its luminescence behavior in the presence
and absence of alkali ions. This crown exhibits no change in
luminescence intensity upon addition of both Na+ and K+. Thus,
this related chromophore having only a single crown exhibits
entirely different luminescence behavior and is independent of
the presence of alkali ions. Without the possibility of forming a
conformationally constrained complex with K+, the luminescence
of the K+ complex does not differ from that of the other alkali
ions.

We are presently attempting to better characterize the K+/1
adducts and more thoroughly define the photophysical behavior
of each geometric isomer of1. Also, we are preparing other
systems that are likely to exhibit large changes in luminescence
intensity when intramolecular photoreaction paths are inhibited
by either intra- or intermolecular ion complexation.
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