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The design and synthesis of molecular electronics and photonics
for molecular-scale information processing has become an active
area of research.1 Molecular devices which function as wires,2-5

switches,6-12 diodes,13,14and logic gates15-21 have been reported.
Five basic logic gates, YES, NOT, AND, OR, and XOR, have
been documented in recent years.15-21 Two integrated logic func-
tions, OR NOT and AND NOT, based on a photoinduced electron
transfer (PET) process have been recently described.22,23 Fluo-
rescent PET sensors have also received much attention in recent
years for their wide application in various chemical and biological
processes.24 In general, a PET sensor consists of a guest binding
site as the receptor and a photointeraction site (fluorophore) for

signal transduction.24 Many of the receptor (host) and fluorophore
(reporter) molecules reported to date are connected with a short
spacer molecule.24,25 The sensing phenomenon observed in such
systems results from the change in emission intensity of the report-
er molecule upon accommodation of a guest molecule within the
host cavity.24 Thus, the sensitivity is proportional to the strength
of the emission signal produced after complexation of the guest
molecule by the receptor. Aza crown ethers have been utilized
as the metal ion receptor in PET sensors because the lone pair
electrons of the nitrogen atom in the crown moiety can act as an
electron donor to quench the emission of many fluorophores.24

Protonation or participation of the lone pair electrons on the nitro-
gen atom upon metal ion complexation diminishes the PET effect,
causing an enhancement in the fluorophore’s emission intensity
(fluorescence turn-on). The combination of these two effects could
be used as a concept to design molecular probes for sensing two
metal ions. In this paper, we report the emission properties of a
supramolecular assembly,1, whose synthesis was based on the
above conceptual approach.26 Our fluorescence data indicate that
1 acts as a cesium sensor in an acidic environment and as a
potassium sensor in an alkaline environment. Furthermore, the
fluorescence behavior of1 mimics the function of a logic gate.

The emission behavior of1 (1 × 10-6 M) in MeOH under
basic and acidic conditions is shown in Figure 1. Under basic
conditions, a weak emission from1 is observed (curve a in Figure
1A) owing to the quenching of anthracene fluorescence by the
aminomethyl moiety in the crown ring I (Scheme 1). The emission
intensity is not altered upon addition of Cs+ ions (1× 10-4 M,
curve b in Figure 1A) that could potentially complex with either

* To whom correspondence should be addressed. Phone: (865) 576-7325.
Fax: (865) 574-7596. E-mail: dabestanir@ornl.gov.

(1) (a) Ratner, M. A.; Jortner, J. InMolecular Electronics; Jortner, J.,
Ratner, M., Eds.; Blackwell: Oxford, 1997; pp 5-72. (b) Balzani, V.; Gomez-
Lopez, M.; Stoddart, J. F.Acc. Chem. Res. 1998, 31, 405. (c) Belser, P.;
Bernhard, S.; Blum, C.; Beyeler, A.; De Cola, L.; Balzani, V.Coord. Chem.
ReV. 1999, 190-192, 155. (d) Drexler, K. E.Nanosystems: Molecular
Machinery, Manufacturing, and Computation; Wiley: New York, 1992. (e)
Carter, F. L.; Siatkowsky, R. E.; Woltjien, H. InMolecular Electronic DeVices;
Elsevier: Amsterdam, 1988.

(2) Davis, W. B.; Svec, W. A.; Ratner, M. A.; Wasielewski, M. R.Nature
1998, 396, 60.

(3) Schlicke, B.; Belser, P.; De Cola, L.; Sabbioni, E.; Balzani, V. J. Am.
Chem. Soc. 1999, 121, 4207.

(4) Grosshenny, V.; Harriman, A.; Ziessel, R.Angew. Chem., Int. Ed. Engl.
1996, 34, 2705.

(5) Arrhenius, T. S.; Blanchard-Desce, M.; Dvolaitzky, M.; Lehn, J. M.;
Malthete, J.Proc. Natl Acad. Sci. U.S.A.1986, 83, 5355.

(6) Debreczeny, M. P.; Svec, W. A.; Marsh, E. M.; Wasielewski, M. R.J.
Am. Chem. Soc. 1996, 118, 8174.

(7) Wagner, R. W.; Lindsey, J. S.; Seth, J.; Palaniappan, V.; Bocian, D. F.
J. Am. Chem. Soc. 1996, 118, 3996.

(8) Tamai, N.; Saika, T.; Shimidzu, T.; Irie, M.J. Phys. Chem. 1996, 100,
4689.

(9) Debreczeny, M. P.; Svec, W. A.; Wasielewski, M. R.Science1999,
274, 5287.

(10) Ashton, P. R.; Balzani, V.; Becher, J.; Credi, A.; Fyfe, M. C. T.;
Mattersteig, G.; Menzer, S.; Nielsen, M. B.; Raymo, F. M.; Stoddart, J. F.;
Venturi, M.; Williams, D. J.J. Am. Chem. Soc. 1999, 121, 3951.

(11) Boulas, P. L.; Gomez-Kaifer, M.; Echegoyen, L. Angew. Chem., Int.
Ed. 1998, 37, 216.

(12) Kawai, S. H.; Gila, S. L.; Lehn, J.-M.J. Chem. Soc., Chem. Commun.
1994, 1011.

(13) Martin, A. S.; Sambles, J. R.Nanotechnology1996, 7, 401.
(14) Gosztola, D.; Niemczyk, M. P.; Wasielewski, M. R.J. Am. Chem.

Soc. 1998, 120, 5118.
(15) De Silva, A. P.; Gunaratne, H. Q. N.; McCoy, C. P.Nature 1993,

364, 42.
(16) Credi, A.; Balzani, V.; Langford, S. J.; Stoddart, J. F.J. Am. Chem.

Soc. 1997, 119, 2679.
(17) De Silva, A. P.; Gunaratne, H. Q. N.; McCoy, C. P.J. Am. Chem.

Soc. 1997, 119, 7891.
(18) Hopfield, J. J.; Onuchic, J. N.; Beratan, D. N. J. Phys. Chem. 1989,

93, 6350.
(19) Wild, U. P.; Bernet, S.; Kohler, B.; Renn, A.Pure Appl. Chem.1992,

64, 1335.
(20) Bradley, D.Science1993, 259, 890.
(21) Lindoy, L. F.Nature1993, 364, 17.
(22) de Silva, A. P.; Gunnlaugsson, T.; McCoy, C. P.J. Chem. Educ. 1997,

74, 53.
(23) de Silva, A. P.; Dixon, I. M.; Gunaratne, H. Q. N.; Gunnlaugsson, T.;

Maxwell, P. R. S.; Rice, T. E.J. Am. Chem. Soc. 1999, 121, 1393.
(24) De Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A.

J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T. E.Chem. ReV. 1997, 97,
1515.

(25) De Silva, A. P.; Sandanayake, K. R. A. S.J. Chem. Soc., Chem.
Commun. 1989, 1183.

(26) Ji, H.-F.; Dabestani, R.; Brown, G. M.; Hettich, R. L., manuscript in
preparation.

Figure 1. (A) Fluorescence spectra of1 (1 × 10-6 M) in methanol under
basic conditions (curve a) using trimethylbenzylammonium hydroxide,1
× 10-2 M, as proton scavenger in the presence of Cs+ (1 × 10-4 M) and
K+ (1 × 10-4 M) ions (curves b and c, respectively). (B) Fluorescence
spectra of1-H+ (1 × 10-6 M) in methanol (1× 10-2 M HCl) without
(curve a) and with K+ (2 × 10-6 M) and Cs+ (2 × 10-6 M) ions present
(curves b and c, respectively). Excitation at the isosbestic point for both
1 and1-H+ was at 376 nm.

Scheme 1.Molecular Structure of1 and1-H+
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crown rings I or II (Scheme 1). Complexation of alkali metal
ions by the crown ring II under basic conditions will have no
effect on the fluorophor’s emission because the unprotonated
aminomethyl group in I acts as a donor17 in the PET process.
Thus, the emission of I is insensitive to Cs+ ions due to weak
complexation between crown ring I and Cs+. This is also sup-
ported by the observation that the addition of K+ ions (1× 10-4

M), which can strongly complex with crown ring I, causes a 7-fold
enhancement in the fluorophore emission (curve c, Figure 1A).

In acidic media, where the nitrogen atom of aza-crown ring I
is protonated,1-H+ exhibits an emission that is only slightly higher
in intensity than that of the unprotonated1 (curve a, Figure 1B).
In the absence of alkali metal ions, this diminished emission
intensity is due to PET quenching of the fluorophore by the
dialkoxybenzene moiety of crown ring II, which is activated upon
protonation of the amino group.17 Protonation of the amine
changes the energetics of the fluorophore so that the dialkoxy-
benzene can quench the fluorescence. This emission is unchanged
upon addition of K+ ions (2× 10-6 M) because of the low affinity
of the crown ring II for K+ complexation (curve b, Figure 1B).
However, addition of Cs+ (2 × 10-6 M) to the solution containing
1-H+ causes a 4-fold increase in the fluorophore emission (curve
c, Figure 1B). This observation is consistent with the large
complexation constant reported for Cs+ binding compared to that
for K+ binding for crown ring II.27

The effects of various alkali metal ions on the emission of1
in MeOH, studied under basic and acidic conditions, are shown
in Figure 2. Neither Li+ nor Na+ ions (up to 10-2 M) exert any
effect on the emission behavior of1 under either acidic or basic
conditions. Complexation of Cs+ (onset at 5× 10-4 M) and Rb+

(onset at 5× 10-4 M) ions induces 2.5- and 5.2-fold enhance-
ment in the emission of1 under basic conditions (Figure 2A). In
contrast, K+ ion complexation under basic conditions promotes
an emission enhancement of 6.4-fold with an onset at 10-6 M
(Figure 2A). Both crown rings I and II present in1 can bind
alkali metal ions. However, the emission of1 is quenched by a
free amine group,17 suggesting that the observed enhancement is
due to complexation of the ions by aza-crown ring I. This is con-
sistent with reports that aza-18-crown-6 is a good K+ receptor.24,28

Under acidic conditions, complexation of K+ and Rb+ ions
induces 2.9- and 3.3-fold enhancement in the emission of1-H+

with onsets at 10-5 and 10-7 M concentration of each ion,
respectively (Figure 2B). A 3.8-fold enhancement in the emission
behavior of1-H+ is observed for Cs+ ions (onset at 10-8 M, Figure
2B). The 1,3-alternate calix[4]crown-6 has been shown to have
a large complexation constant for Cs+ binding.27 Comparison of
the emission behavior of1 under basic and acidic conditions
clearly shows the dual function of this probe for detecting both
potassium and cesium ions in the same solution.

The fluorescence quantum yields for1 (Φf ) 0.061) and1-H+

(Φf ) 0.094) complexed with different alkali metal ions were
calculated relative to that of 9,10-diphenylanthracene in MeOH,
Φf ) 0.94.29 Under basic conditions, K+ ions (10-4 M) induce a
7-fold increase in the emission of1 (Φf ) 0.41 for1-K+ complex),
while the same concentration of Cs+ ions (10-4 M) exerts no effect
(Φf ) 0.061 for1-Cs+ complex). In acidic media, on the other
hand, a 10-6 M solution of Cs+ ions induces about a 4-fold
enhancement in the emission of1-H+ (Φf ) 0.36), while the same
concentration of K+ ions shows no significant change in emission
intensity.

Probe molecule1 provides an example of a single fluorescent
reporter group that is influenced by two different ion receptors.

Experimental observations suggest that in unprotonated1, the ob-
served PET effect results from communication between the fluo-
rophore and crown ring I under circumstances in which crown
ring II is inactive. In contrast, protonated form1-H+ allows com-
munication to be established between the fluorophore and crown
II while disabling crown I from participation in the PET process.

As a consequence of the emission behavior of probe molecule
1 in the presence of K+, H+, and Cs+ in solution, this probe
molecule mimics the function of a logic gate. The emission profile
of 1 as the concentrations of the above species are varied
resembles a combination of simple logic gates. Although1 may
not be suitable for computing applications, a clever design based
on this kind of switchable behavior will allow a single system to
predict levels of several species in a complex solution mixture.
We are currently investigating the fluorescent (and logic-gating)
response of1 and related molecules, immobilized in an organic
matrix (e.g., a polymer inclusion membrane) to various alkali
metal ions in aqueous solution.
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Figure 2. (A) Changes in the emission intensity (λem ) 429 nm) of1 (1
× 10-6 M) in basic methanol (trimethylbenzylammonium hydroxide, 1
× 10-2 M, was used as proton cavenger) as a function of concentration
of various alkali metal ions,λex ) 376 nm andλem ) 427 nm. (B) Changes
in the emission intensity (λem ) 429 nm) of1-H+ (1 × 10-6 M) in acidic
methanol (1× 10-2 M HCl) as a function of concentration of metal ions.
Excitation at the isosbestic point for both1 and 1-H+ was at 376 nm.
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