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duces excellent results (Figure 3) with no electrolyte freezing
apparent; (iii) testing Kuznetsov’s prediction!* regarding two-
electron processes; and (iv) possible in-situ composition modifi-
cation at below T, by, e.g., electrochemical Li* intercalation,
already established'® as a room temperature process modifying
subsequent superconducting behavior.
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Fluoroionophores chemically communicate ion concentrations
and have been the subject of substantial investigation in aqueous
metal ion analysis.! For example, salicylidene-o-aminophenol,
itself nonfluorescent at pH 4.5, forms a yellow-green fluorescent
complex with AI(III).2 However, the vast majority of fluo-
roionophores signal metal ions via fluorescence quenching (CHEQ)
rather than fluorescence enhancement (CHEF).> We have ob-
served that anthrylazamacrocycles display CHEF toward Zn(II)
and Cd(II) in water, but CHEQ toward all other complexing
transition metals, including Hg(II). 1In fact, there are no reported
examples of fluoroionophores that indicate Hg(II) with selectivity,
much less with fluorescence enhancement. Because enhancement
methods offer sensitivity advantages, mechanisms that signal
inherently quenching metals via increasing emission are of interest.
Furthermore, novel signal transduction mechanisms also may
provide the selectivities unrelated to binding equilibria required
for practical ion discrimination in water.5 We now report the
synthesis of a fluorimetric dosimeter$ that indicates Hg(II), a
strongly quenching ion, with fluorescence enhancement in aqueous
solution.

Because Hg(1I) is a thiophilic metal ion, sulfur-based intra-
molecular quenching functional groups were considered. While
thioethers do quench anthracene fluorescence by photoinduced
electron transfer (PET), that process is not as efficient as
quenching by amines.” Thus, we chose the thicamide group (1);

(1) (a) West, T. S. Complexometry with EDTA and Related Reagents,
BDH: New York, NY, 1969; especially pp 65-73. (b) Seitz, W. R. In Fiber
Optic Chemical Sensors and Biosensors; Wolfbeis, O. S., Ed.; CRC Press:
Boca Raton, FL, 1991; Vol. I1, pp 4-6. (c) Czarnik, A. W. In Frontiers in
Supramolecular Organic Chemistry and Photochemistry; Schneider, H.-J.,
Durr, H., Eds., VCH: New York, 1991; pp 109-122.

(2) Holzbecher, Z. Chem. Listy 1958, 52, 1822.

(3) The acronyms CHEF (chelation-enhanced fluorescence) and CHEQ
(chelation-enhanced quenching) have been used to characterize the pheno-
menological responses of complexation-induced fluorescence increase or de-
crease, respectively.

(4) Akkaya, E. U.; Huston, M. E.; Czarnik, A. W. J. Am. Chem. Soc.
1990, /12, 3590.

(5) We have reported previously an example of chelatoselective fluores-
cence perturbation that provides such secondary selectivity: Huston, M. E.;
Czarnik, A. W. J. Am. Chem. Soc. 1990, 112, 7054.

(6) Following the terminology of Wolfbeis, dosimeters are designed for
cumulative assay, in contrast to sensors, which give real-time data and are
reversible: Wolfbeis, O. S. In Fiber Optic Chemical Sensors and Biosensors,
Wolfbeis, O. S., Ed.; CRC Press: Boca Raton, FL, 1991; Vol. I, p 2.
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Figure 2. Fluorescence metal titrations of 3. Solutions are 23 uM 3 in
0.01 M HEPES buffer, pH 7. Measurements shown were made after
70 h, principally to demonstrate the stability of 3 toward.nonindicating
metals. The Hg(II) reaction is 87% complete and the Ag(I) reaction 73%
complete after 10 min under stoichiometric conditions and at room tem-
perature.

because the C=S double bond is weak, resonance structure 2 is
the dominant resonance contributor.? Thiolates are in general
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readily oxidized, which suggested that the thioamide group might
be a strong intramolecular quenching entity. 9-[(Methyl-
amino)thiocarbonyl]anthracene (3) was obtained as a red-brown
solid (mp 183-184 °C dec) by Lawesson’s reagent thiation of
carboxamide 4° Compound 3 demonstrates fluorescence at 413.5
nm 56 times less intense than that of N-methyl-9-anthracene-
carboxamide (4), consistent with the prediction.

As shown in Figure 2, Hg(II) and Ag(I) additions uniquely
result in fluorescence enhancements in nearly direct proportion
to their stoichiometries; the signal increase after complete reaction
is 55-fold. AI(III), Ca(II), Cd(1I), Co(II), Cr(III), Cu(Il), Fe-
(11D), In(IID), K(I), Mg(II), Mn(II), Na(I), Ni(II), Pb(II), Sn-
(IV), UO4(II), and Zn(II) yield no change in emission intensity
under identical conditions. The observed stoichiometries, 1:1 for
Hg(II) and 2:1 for Ag(I), are as predicted by the signal trans-
duction mechanism shown in Figure 1. Both ions effect the
desulfurization of 3, yielding anthryl amide 4 and the insoluble
metal sulfides as products. Because the amide group does not
efficiently quench fluorescence, and (importantly) because it does
not complex metals in aqueous solution, the conversion of 3 to
4 results in a net fluorescence enhancement with linear and

quenching

6 /\/
/L strongly
- > Ar

(7) Private communication, J. Toner, Sterling Drug Company.

(8) Duus, F. In Comprehensive Organic Chemistry; Pergamon Press:
Oxford, 1979; Vol. 3, p 440.

(9) We synthesized 3 from 9-anthracenecarboxylic acid by conversion to
the acid chloride, reaction with methylamine, and thiation with Lawesson’s
reagent. Full synthetic and characterization details are available as supple-
mentary material.
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saturating response. The peri hydrogens in 3 effectively slow water
attack on the orthogonal thiocarbonyl carbon while not impeding
access to the thicamide group by metals. Thus, thicamide 3 shows
no (<5%) fluorescence change in metal-free pH 7 solution over
3 days. Because 3 and 4 are not ionizable, their fluorescence
spectra are unaffected by pH.

In summary, we report (1) a previously undescribed inorganic
reaction resulting in dosimetric metal ion determination; (2) the
first wholly aqueous fluorescence detection scheme with selectivity
for Hg(II) vs most other transition metals; and (3) a novel and
perhaps generalizable signal transduction scheme for achieving
enhanced fluorescence from a quenching metal.
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Supplementary Material Available: Experimental details for
the synthesis and characterization of 3 (2 pages). Ordering in-
formation is given on any current masthead page.
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With the advent of techniques to produce Cg'? in large
quantites,> many of its properties* have been determined. Electron
transfer from various amines®*’ and semiconductor colloids® to
photoexcited singlet and triplet Cg, has been reported. Cast films
of Cgo on metal electrodes were observed® to behave as n-type
semiconductors. Herein, we report evidence of interfacial electron
transfer to both ground-state and excited triplet C4, and C,q in
self-organized planar lipid bilayers. Electrical measurements used
in this study provide absolute proof of the direction of electron
transfer and identify the kinetics of interfacial electron transfer.

A planar lipid bilayer was formed!® across a 0.8-mm-diameter
hole in a thin Teflon sheet which divided two aqueous com-
partments. The photovoltage across the lipid bilayer was measured
by a differential amplifier (Tektronix Model P6046) and a digital
oscilloscope (Tektronix TDS 540). In the absence of Cqy or any

(1) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F,; Smalley, R.
E. Nature 1988, 318, 162.

(2) For reviews of fullerenes, see: (a) Kroto, H. W.; Allaf, A. W.; Balm,
S. P. Chem. Rev. 1991, 91, 1213. (b) Curl, R. F.; Smalley, R. E. Sci. 4Am.
1991, (Oct), 54.

(3) (a) Krétschmer, W.; Fostiropoulos, K.; Huffman, D. R. Chem. Phys.
Lert. 1990, 170, 167. (b) Kritschmer, W.; Lamb, L. D.; Fostiropoulos, K.;
Huffman, D. R. Nature 1990, 347, 354.

(4) (a) Eleven review papers and reference therein, Acc. Chem. Res. 1992,
25 (3), a special issue on buckminsterfullerenes edited by McLafferty, F. W.
(b) Hammond, G. S., Kuck, V. J., Eds.; Fullerenes: Synthesis, Properties,
and Chemistry of Large Carbon Clusters; American Chemical Society:
Washington, DC, 1992,

(5) Sension, R. J.; Szarka, A. Z.; Smith, G. R.; Hochstrasser, R. M. Chem.
Phys. Lett. 1991, 185, 179.

(6) Arbogast, J. W; Foote, C. S.; Kao, M. J. Am. Chem. Soc. 1992, 114,
2277,

(7) Wang, Y. Nature 1992, 356, 585.

(8) Kamat, P. V. J. Am. Chem. Soc. 1991, 113, 9705.

(9) Miller, B.; Rosamilia, J. M.; Dabbagh, G.; Tycko, R.; Haddon, R. C.;
Muller, A. J.; Wilson, W.; Murphy, D. W.; Hebard, A. F. J. Am. Chem. Soc.
1991, 113, 6291.

(10) Woodle, M.; Zhang, J. W.; Mauzerall, D. Biophys. J. 1987, 52, 577.
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Figure 1. Photovoltage across a planar lipid bilayer. Amphoteric zinc
deuteroporphyrin IX bis(ethylenediamine) (Porphyrin Products, Inc.) was
added to the positive electrode side of the aqueous compartment at 5 uM,
a saturating concentration. The bilayer-forming solution contains (a) no
fullerenes, (b) 0.9 mM Cqg, and (c) 0.9 mM C,,. The aqueous phase
consists of 1 M NaCl, 10 mM Hepes, pH 7.0, and is deoxygenated
enzymatically (ref 21). The excitation wavelength is 532 nm (50 uJ, 7.5
ns, 1 Hz, Continuum Nd:YAG laser, Surelite 10). The decay traces of
a, b, and c are shown in the inset: upper, middle, and lower, respectively.
Each trace is an average of 16 shots.
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Figure 2. Photovoltage rises and decays observed from planar lipid
bilayers containing (a and ¢) 0.8 mM Cg, and (b and d) 0.8 mM Cy in
the lipid solution and with 60 mM ascorbate in the positive sicetrode side
of the aqueous compartment. The excitation wavelength is 532 nm (120
uJ, 1 Hz). Each trace is an average of 100 shots. The decay traces were
obtained with a high-impedance differential amplifier (Stanford Research
System, Model 560, 102 Q) with a bandwidth of 1 MHz ~1 Hz.

other electron acceptors, photoexcitation of an amphoteric por-
phyrin absorbed to the bilayer—water interface causes fast voltage
transients (Figure 1a and the upper trace of the inset). These
fast transients (18-ns positive rise, data not shown, and ~ 5-us
negative decay) involve inter-porphyrin electron transfer with
motion of the porphyrin ion radicals at the interface!! and a
recombination half-time of ~230 us. The photovoltage is small
because the reactants are located at the bilayer—water interface
(high dielectric).!2

The presence of Cg in the lipid bilayer!3 dramatically increases
the positive photovoltage (Figure 1b and the middle trace of the

(11) Ogawa, M.; Mauzerall, D. Biophys. J. 1988, 52, 512a.

(12) Hong, F. T.; Mauzerall, D. J. Electrochem. Soc. 1976, 123, 1317.

(13) Cgo and Cyg used in this study were purchased from the MER Cor-
poration (Tucson, AZ) and were separated and purified via a neutral alumina
column with hexane as eluant. Cgo and C,, were dissolved in toluene and then
added to the bilayer-forming solution (4% w/w 1,2-diphytanoyl-sn-glycero-
3-phosphocholine in decane). For separation of fullerenes, see: Ajie, H,;
Alvarez, M. M.; Anz, S. J.; Beck, R. D.; Diederich, F.; Fostiropoulos, K.;
Huffman, D. R.; Kritschmer, W.; Rubin, Y.; Schriver, K. E.; Sensharma, D.;
Whetten, R. L. Phys. Chem. 1990, 94, 8630.
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