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The development of sensitive and selective fluorescent sensor
molecules is a fundamental goal in fluorometric metal ion
analysis.1 Besides the search for new fluoroionophores for alkali
and alkaline-earth metal ions,2 much attention has been focused
lately on the design of probes for heavy and transition metal
(HTM) ions.3 Here, not only selectivity, i.e., discrimination
between chemically closely related cations, but sensitivity as well
represents a major problem, as many of these cations are known
as fluorescence quenchers via enhanced spin-orbit coupling (e.g.,
HgII),4 energy or electron transfer (e.g., paramagnetic CuII).5

Fluorescence quenching is not only disadvantageous for a high
signal output upon complexation but also hampers temporal
separation of spectrally similar complexes with time-resolved
fluorometry.6 However, most common fluorescent probes undergo
nonspecific quenching with analytes such as HgII or CuII.7 Only
very few examples for probes showing a fluorescence enhance-
ment with HTM ions have been yet reported.8 Recently, we found
an extraordinary large fluorescence enhancement (> 2000) upon
complexation of alkali and alkaline-earth metal ions to donor-
substituted boron dipyrromethene (BDP) dyes.9 BDP dyes com-
bine high photostability10 with high absorption coefficients (ε >
50 000 M-1 cm-1) and high fluorescence quantum yields (φf >
0.5)11 and can be excited at rather long wavelengths (∼500 nm).
Combining this virtually decoupled probe design allowing for

efficient fluorescence switching with the selectivity of a recently
developed thia aza crown receptor12,13 yields dye1 (Figure 1)
presented here which shows a strong fluorescence enhancement
selectively with HgII, AgI, and CuII.

In 1 theπ-systems of the BDP acceptor and anilino donor unit
are highly twisted14 and thus largely decoupled. The absorption
spectra in solvents of any polarity show a narrow band at∼500
nm (ε ) 78 000 M-1 cm-1) characteristic of the BDP chro-
mophore. No significant charge transfer (CT) band can be
observed. In contrast, the emission spectra are strongly solvent-
dependent. In solvents more polar than alkanes the fluorescence
is strongly quenched, and dual emission is observed (Table 1;
Figure 2). Excitation at the BDP absorption band leads to a locally
excited (LE) state which can undergo an ultrafast excited-state
reaction to a higly polar emissive CT state.9,15 Whereas the BDP
localized, narrow LE emission band of mirror image shape at
∼510 nm is insensitive to solvent polarity, the red-shifted, broad,
and structureless CT band shifts to lower energies with increasing
solvent polarity due to stabilization of the CT state. Time-resolved
fluorescence measurements reveal the precursor-successor equi-
librium of the two excited states. The photophysical behavior of
analogous systems is discussed in more detail in ref 9.

In acetonitrile used for the complexation experiments, both the
ultrafast charge-transfer reaction and strongly forbidden character
of the CT emission follow from the low fluorescence quantum
yields of both the LE and CT emission, respectively. Taking the
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Figure 1. Chemical structures of1 and its model compound2.

Figure 2. Absorption and emission spectra (λexc 480 nm) of1 (1.13×
10-6 M) in the absence (no symbols, dotted line: fit of the CT emission24)
and presence (at full complexation) of HgII (9, 10-fold excess) and AgI

(O, 400-fold excess) in acetonitrile. Insert: Fluorometric titration of1
(1.13× 10-6 M) with HgII (9) and AgI (O) perchlorates in acetonitrile
(λexc 480 nm, FEF (LE) determined from the integrated fluorescence
intensity of the LE band).
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effective rate constant for radiative CT* deactivationkf
eff(CT) as

a measure,16 the low value of 0.03× 108 s-1 calculated from the
data in Table 1 supports these findings. For instance, for the
related pre-twisted compound 3-methyl-4-(methylamino)-ben-
zonitrile showing dual fluorescence, a much largerkf

eff(CT) of
1.12× 108 s-1 was reported.17

As shown in Figure 2, reaction of1 with the thiophilic ions
HgII and AgI leads to complex formation. Among all the other
HTM ions (CuII, NiII, CoII, ZnII, CdII, PbII) investigated, a similar
effect is only observed for CuII. The changes in absorption are
minor, but even in the case of the fluorescence quenchers HgII

and CuII cation binding is accompanied by a large increase in
LE fluorescence. In acetonitrile, fluorescence enhancement factors
(FEF) of 5900 for HgII (more or less reaching the fluorescence
quantum yield of the reference compound2),18 2500 for CuII,
and 2200 for AgI can be realized. The orthogonal setup prevents
any ground-state interaction of both molecular fragments in the
complexes, and the shape and position of the absorption and
emission bands resemble closely those of2 lacking a donor.18 In
agreement with the observed chelation-enhanced fluorescence, the
fluorescence decay times of the complexes increase drastically.
Monoexponential decay kinetics are found for1⊂HgII, whereas
for 1⊂AgI and1⊂CuII the decays are biexponential. The relative
amplitudes of the two decay components of1⊂AgI remain
constant over the entire concentration range and are independent
of excitation and observation wavelength. This suggests the
formation of two different complex conformers9 which are closely
related to theendo-exo conformational equilibrium of crown
ethers in solution19 and involves a multistep Eigen-Winkler
scheme for the kinetics of cation macrocycle binding.20 Different
geometries (e.g., with respect to the intramolecular twist angle,
degree of pyramidalization at the anilino nitrogen atom, and orbital
overlap) and differences in cation-nitrogen atom interaction for
both complex conformers influence the CT process and lead to
different CT inhibition rates, thus resulting in a biexponential
decay of the LE fluorescence.

Fits of the fluorometric titration curves yield 1:1 stoichiometries
for the HgII and AgI complex in acetonitrile. In the case of CuII,

the picture is more complex since actual binding of CuII to the
crown is fast but seems to include slower complex rearrangement
kinetics.21

The high complex stability constants of1⊂HgII and 1⊂AgI

(Table 1) and the strong FEF distinguish1 as a very sensitive
fluorescent probe in acetonitrile. Moreover, with a probe con-
centration of 1.13× 10-6 M, HgII, AgI, and CuII could be detected
up to the ppb concentration range, and no quenching hampers
the cation detection for metal ion concentrations<50-fold excess
for HgII and concentrations<10-fold excess for CuII, respec-
tively.22

The high selectivity for these ions is manifested by the at least
2 orders of magnitude smaller FEF for NiII (FEF ) 5.3), CoII

(2.5), ZnII (1.5), CdII (3.0), and PbII (35).23 Studies of the
complexes in aqueous media (water/acetonitrile: 3:1) also show
strong fluorescence enhancement in the case of HgII (φf ) 0.58,
FEF ) 223) and AgI (φf ) 0.24, FEF) 92), but only a minor
effect is observed in the presence of CuII (FEF) 2). Both1⊂HgII

and 1⊂AgI show monoexponential fluorescence decay kinetics
with clearly distinguishable lifetimes (1⊂HgII: τf ) 3550 ps,1⊂
AgI: τf ) 2620 ps) which allow a simultaneous determination of
HgII and AgI.

These results demonstrate that highly sensitive and selective
detection of AgI and the widely known quenchers HgII and CuII

can be achieved with a simple orthogonally decoupled fluorescent
probe in an analytically advantageous wavelength region.
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Table 1. Spectroscopic Data of1 in Various Solvents and of1⊂HgII, 1⊂AgI, and1⊂CuII in Acetonitrile at Room Temperature

solvent
λ (abs)

nm
λ (em, LE)

nm
λ (em, CT)

nm φf (LE) φf (CT)
τf (1)

ps
τf (2)

ps
τf (2, LE), arel

ps logKS

1 n-hexane 501 510 0.32 1850
diethyl ether 499 508 589 0.23 0.022 552 3030
acetonitrile 497 509 749 0.0001 0.0014 <3 495

1⊂HgII acetonitrile 500 511 0.59 3060 >5.75a

1⊂AgI acetonitrile 498 508 0.22 2790 1290, 0.08 4.79b

1⊂CuII acetonitrile 501 513 0.25 3190 810c 5.39b,d

a Too high to be determined with acceptable accuracy with the method employed.b log KS corresponds to an overall logKS of the two conformers,
cf. ref 9. c Relative amplitudes vary with CuII concentration.d Titration spectra recorded 5 min after each step of cation addition.
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