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The photophysical properties of several newly synthesized 1-benzothiazole-3-(4-donor)-phenyl-substituted
prop-2-en-1-ones (substituted chalcones) are studied as a function of solvent polarity, temperature, and metal
ion by employing steady-state and time-resolved spectroscopy. To investigate the effect of bulkiness and
donor strength of the anilino moiety on the spectroscopic properties of these dyes, the spectroscopic behavior
of the 4-N-dimethylamino (DMA), the 4-N-tetraoxa-monoaza-15-crown-5 (A15C5), and the 4-N-tetrathia-
monoaza-15-crown-5 (AT415C5) derivatives as well as the 3-julolidino (Jul) analogue is compared. Absorption
and fluorescence measurements reveal that the strength of the intramolecular charge transfer (ICT) process
increases on the order of AT415C5< A15C5∼ DMA < Jul. The slight but significant differences between
the two crowned dyes are well-supported by the results of the X-ray structure analysis, where oxa aza and
thia aza crowns show essentially different geometries. For both fluoroionophores, this variation of heteroatom
substitution pattern of the receptor induces specific cation selectivities. The spectroscopic effects accompanying
complexation and the different binding sites are studied by steady-state and time-resolved optical spectroscopy
as well as NMR spectroscopy. Whereas the probe carrying a tetraoxa monoaza 15-crown-5 receptor shows
cation-induced fluorescence enhancement in the presence of alkali and alkaline-earth metal ions, its tetrathia
analogue binds selectively to HgII, AgI, and CuII in acetonitrile. Moreover, an increase in fluorescence is
observed for the latter probe even upon coordination to the widely known fluorescence quencher HgII. Besides
receptor complexation, chelate formation in the benzothiazole-carbonyl acceptor part of these intrinsic
fluorescent probes is possible, leading to a chromoionophoric signaling behavior in the near-infrared (NIR).

1. Introduction

Fluorescent dyes that absorb and emit in the visible (vis) and/
or near-infrared (NIR) are of major interest in many fields of
dye chemistry such as, e.g., development of luminescent
pigments for plastics and fibers or fluoroionophore design for
(bio)chemical or environmental analysis.1-3 In the latter case,
interfering background fluorescence from inorganic or organic
matter (matrix autofluorescence) can be minimized by employ-
ing fluorescent sensor molecules that emit at wavelengths above
600 nm, thus allowing a spectral discrimination of this auto-
fluorescence.

In the field of chemical analysis, especially fluorometric metal
ion detection in various media such as wastewater, body fluids,
or rivers and lakes has received much interest lately.2-4 The
detection of these usually nonfluorescent analytes with fluo-
rometry, a very sensitive and nondestructive analytical method,
is commonly realized by employing ion sensitive organic sensor

molecules (fluorescent probes) that undergo changes in their
absorption and/or emission properties upon metal ion binding.3,5

The most commonly employed and well-suited fluorescent
probes are modular systems where the cation selective receptor
is either covalently attached to the fluorophore through an alkyl
spacer or is an integral part of the chromophoreπ-electron
system.5 In the former case, complexation of the receptor to a
cation is accompanied by a change in fluorescence intensity
due to complexation-induced inhibition of a nonradiative
process, typically a photoinduced electron transfer (PET)
process.6 For the latter systems, both spectral and intensity
changes of the fluorophore emission occur upon cation com-
plexation, the observed effects ideally being cation specific.5,7

These intrinsic probes are usually designed as donor-acceptor-
substitutedπ-systems, and their excited-state behavior is usually
governed by an intramolecular charge transfer (ICT) process.
In most cases, the cation receptor is located in the donor part
of the molecule.7 Thus, the optical properties of these ICT probes
are strongly solvent-dependent and the fluorescence observed
under many analytic conditions, i.e., in polar liquid media, is
largely Stokes-shifted. Coordination to the nitrogen donor atom
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of the receptor of an ICT probe often leads to pronounced
spectral shifts in both absorption and emission but only small
changes in fluorescence intensity and lifetime are found, often
entailing cation-induced fluorescence quenching or compara-
tively small fluorescence enhancement factors (FEF of ca.
2-5).5,7,8 Moreover, although the origin of the complexation-
induced spectral effects (size and direction of the shift) is partly
understood,5,7,9-13 the mechanisms governing fluorescence
enhancement or quenching in these ICT probes are still under
discussion. Concerning the analytes of interest, the majority of
fluoroionophores have been designed for alkali and alkaline-
earth metal ions (for some examples, see refs 6, 7, and 14-20)
and only a comparatively small number of modular fluorescent
probes is so far known for heavy and transition metal ions (ICT
probes, refs 21-28; PET probes, refs 29-31).

The cation selectivity of these modular fluoroionophores is
to a large extent controlled by the specificity of the receptor.
The great majority of these systems were designed for s-block
alkali and alkaline-earth metal ions, which are classified as
“hard” cations by Pearson’s concept of “hard and soft acids
and bases” (HSAB).32,33 Thus, the corresponding fluorescent
probes typically contain macrocycles with “hard” oxygen atoms
such as crown ethers or their monoaza analogues as cation
specific receptors. Substitution of two oxygen atoms of the
crown ether for “soft” nitrogen atoms yields macrocyclic amino
polyethers that, besides forming complexes with alkali and
alkaline-earth metal ions, have been reported to also bind heavy
metal ions.14,22,25,26However, complexation of heavy metal ions
by these diaza crowns is rather nonselective.34,35

The design of selective fluorescent probes for soft heavy and
transition metal ions requires the use of macrocyclic or acyclic
ligands in which some or all of the “hard” oxygen atoms are
replaced by “soft” sulfur and/or nitrogen atoms. Besides their
greater selectivity for thiophilic heavy and transition metal ions
and the fact that alkali and alkaline-earth metal ions are not
expected to interfere in cation complexation,35,36the system thia
aza crown/transition metal ion also shows considerably higher
cation binding constants as compared to the system oxa aza
crown/alkali or alkaline-earth metal ion and should thus permit
lower detection limits. Only recently were some examples for

chromo-37 and fluoroionophores reported,24,27,28,31which contain
the heteroatoms sulfur and nitrogen or oxygen as cation
coordination sites in the macrocyclic receptor part of the
molecule. However, in most cases (e.g., refs 30 and 31), the
fluorophore emission is completely quenched upon binding to
paramagnetic or heavy metal ions due to enhanced spin-orbit
coupling, energy, or electron transfer.38-40

The class of dyes investigated here, donor-acceptor-
substituted (D-A-) chalcones (general chemical structure shown
in Scheme 1A),41 was chosen by us because their derivatives
with an annelated heteroaromatic acceptor (e.g., benzothiazole)
and a nitrogen containing donor show analytically valuable
spectroscopic properties, i.e., an intensive absorption band at
g450 nm and a strongly Stokes-shifted NIR emission in solvents
of high polarity. Moreover, since tuning of chalcones by
exchanging donor and acceptor moieties is synthetically feasible,
this feature allowed the construction of new fluoroionophores
with special attention being directed toward ion discrimination
on the basis of carefully directed receptor design. Chalcones
are well-known precursors of many naturally occurring pigments
as, e.g., their (poly)hydroxylated derivatives or flavones,42 and
they are used in various fields of application such as, for
instance, for UV-absorption filters in polymers,43 in different
kinds of optical materials,44 in food technology,45 and in medical
therapy.46

The photophysical properties of substituted chalcones have
been studied by numerous researchers involving mostly asym-
metrical D-A-chalcones and to a minor extent symmetrical
D-A-D-chalcones.47-58 Whereas in the former case, the
acceptor is usually exemplified by a 4-substituted phenyl
derivative (A) Ph, Scheme 1), in the latter case the carbonyl
group is the acceptor part and the two 4′-donor-substituted
B-rings serve as bis-donor; i.e., these molecules are of the 1,5-
diphenyl-1,4-pentadien-3-one type.48,53 Until today, only very
few heteroaromatic moieties have been introduced into the
acceptor part of these chalcones.48

To get a more fundamental understanding of the mechanisms
governing the spectroscopic behavior of the unbound as well
as the complexed chalcone-type fluorescent probes, we inves-

SCHEME 1: Chemical Structures and Labeling of the Compounds Investigated
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tigated the intramolecular charge transfer (ICT) process and
photophysical properties of the crowned D-A-chalcones1c,
1d, and2c and their model compounds1a, 1b, 1e, 1f, 2a, 2b,
and3 (Scheme 1) as a function of solvent polarity, temperature,
and metal ion employing steady-state and time-resolved spec-
troscopy. The sensing abilities of the crowned derivatives and
the possibilities in ion discrimination by the choice of an
appropriate receptor (tetrathia monoaza 15-crown-5 vs tetraoxa
monoaza 15-crown-5) were studied in acetonitrile and involve
the alkali and alkaline-earth metal ions LiI, NaI, KI, MgII, CaII,
SrII, and BaII as well as the heavy and transition metal ions
AgI, CuI, CuII, NiII, CoII, ZnII, CdII, HgII, and PbII. Besides a
comparison with the model compounds, some of the complexes
are studied by NMR spectroscopy to determine their actual
coordination sites. Since1d is among the first examples for
fluorescent probes carrying the tetrathia monoaza 15-crown-5
(AT415C5) ion-responsive receptor,27,281cand1d, the separate
receptor unitsN-phenyl-AT415C5 (4) and N-phenyl-tetraoxa-
monoaza-15-crown-5 (Ph-A15C5,5), as well as the complexes
4⊂AgI and 5⊂CaII were additionally investigated by X-ray
structure analysis to elucidate the impact of different monoaza
crown ether receptors on the molecular properties of this type
of dye.

2. Experimental Section59

2.1. Materials.The starting materials for the syntheses were
obtained from Aldrich and Merck. All the solvents employed
were of UV-spectroscopic grade and purchased from Aldrich.
The following abbreviations are used throughout the text:
methanol, MeOH; ethanol, EtOH; isopropanol, PrOH; ethylene
glycol, EG; acetonitrile, MeCN; dichloromethane, CH2Cl2;
diethyl ether, Et2O; 1,4-dioxane, Diox;n-hexane, Hex. Metal
perchlorates and CuCl purchased from Merck, Acros, and
Aldrich were of highest purity available and dried in a vacuum
oven before use.60 For the determination of the complex stability
constants, acetonitrile was distilled from CaH2 prior to use.

2.2. SynthesissGeneral Methods.The chemical structures
of the synthesized compounds were confirmed by elemental
analysis,1H NMR, 13C NMR, IR, and MS, and their purity was
checked by reversed-phase HPLC (HPLC setup from Merck-
Hitachi; RP18 column; acetonitrile/water) 75/25 as eluent)
employing UV detection (UV detector from Knaur; fixed
wavelength at 310 nm). NMR spectra were obtained with a 500
MHz NMR spectrometer Varian Unityplus 500. The IR spectra
were measured with a Bruker FTIR spectrometer IFS66v. The
mass spectra were recorded on a Finnigan MAT 95 spectrometer
with an ESI-II/APCI-Source for electrospray ionization and the
base peaks [M+ Na]+ were determined. The melting points
(mp) measured with a digital melting point analyzer IA 9100
(Kleinfeld GmbH) are uncorrected. Descriptions of the syntheses
and analytical data are provided in the Supporting Information,
section S1.

2.3. Steady-State Absorption and Fluorescence Spectros-
copy.61 UV/vis spectra were recorded on a Carl-Zeiss Specord
M400/M500 absorption spectrometer. Only for the temperature-
dependent absorption experiments was a Bruins Instruments
Omega 10 spectrophotometer employed. Steady-state emission
spectra were recorded on a Perkin-Elmer LS50B and a Spec-
tronics Instruments 8100 spectrofluorometer. For the fluores-
cence experiments, only dilute solutions with an optical density
(OD) below 0.01 at the excitation wavelength (OD< 0.04 at
the absorption maximum) were used. All the fluorescence
spectra presented here are corrected, and the relative fluores-
cence quantum yields (φf) were determined by comparison with
the fluorescence standards fluorescein 27, quinine sulfate,

coumarin 1, and DCM.62 The uncertainties of the measurement
were determined to(5% (forφf > 0.2),(10% (for 0.2> φf >
0.02),(20% (for 0.02> φf > 5 × 10-3), and(30% (for 5×
10-3 > φf), respectively. Details on quantum yield determination
and instrument correction are given in the Supporting Informa-
tion, section S3.

2.4. Time-Resolved Fluorescence Spectroscopy.61 Fluores-
cence lifetimes (τf) were measured employing a unique laser
impulse fluorometer with picosecond time resolution described
elsewhere.63 The sample was excited with the second or third
harmonic output (LBO crystal or sum frequency of the ground
wave and the second harmonic generated in a BBO crystal) of
a regenerative mode-locked argon ion laser-pumped Ti:sapphire
laser at a repetition rate of either 82 or 4 MHz (reduction by
synchronized pulse selection). The fluorescence was collected
at right angles (emission polarizer set at 54.7°; monochromator
with spectral bandwidths of 4, 8, and 16 nm) and the
fluorescence decays were recorded with a time-correlated single
photon counting setup and a time division of 5.2 ps channel-1

(82/4 MHz version) or 52.6 ps channel-1 (4 MHz version). The
corresponding experimental accuracies were(3 ps and(0.04
ns, respectively. The laser beam was attenuated using a double
prism attenuator from LTB, and typical excitation energies were
in the nanowatt to microwatt range (average laser power). The
instrumental response function (IRF) of the system was typically
30 ps (full width at half-maximum). Further details on the
calibration of the instrument are provided in the Supporting
Information, section S4.

The fluorescence decay profiles were analyzed with a PC
using the software packages IBH Decay Analysis Software V4.2
(IBH Consultants Ltd.) and Global Unlimited V2.2 (Laboratory
for Fluorescence Dynamics, University of Illinois), respectively.
The accuracy of the fit of the single decays, as judged by
reduced ø2 (øR

2), the autocorrelation functionC(j) of the
residuals, and the Durbin-Watson parameter (DW), was always
acceptable, yielding values oføR

2 < 1.2 and DW> 1.8. Global
analysis of the decays recorded at different emission wave-
lengths implies that the decay times of the species are linked,
while the program varies the preexponential factors and lifetimes
until the changes in the error surface (ø2 surface) are minimal,
i.e., until convergence is reached. The fitting results are judged
for every single decay (localøR

2) and for all the decays (global
øR

2), respectively. Except as otherwise indicated, the errors for
all the measurements presented here were below a globaløR

2

) 1.2.
2.5. NMR Spectroscopy.One and two-dimensional NMR

spectra (COSY (90°) and 1H/13C-HECTOR) were measured
using a Bruker spectrometer DMX 400 (5 mm tube, CD3CN,
deuterium lock). In all the cases, the solvent employed was
deuterated acetonitrile. For the complexation experiments,
cations were added in a 180-fold excess (dye concentrationcL

) 1.5 × 10-3 M).64

2.6. Complex Stability Constants Determined by Steady-
State Spectroscopy.The complex stability constantsKS reported
here were determined from both absorption (in 50 or 100 mm
absorption cells) and fluorescence measurements (in 10 mm
quartz cells) and were measured by titrating a dilute solution
of the ligand (typically 10-6 M) by adding aliquots of metal
ion solution (cM0 titration). For fitting of the complexometric
titration data, the following equations apply (X ) absorption
or fluorescence intensity;a, b ) constants;cM, cL, cML ) free
metal, free ligand, and complex concentrations,cY0 ) total
concentrations) and the theoretical background is discussed in
more detail in refs 16 and 65.

Chalcone-Analogue Dyes Emitting in the Near-Infrared J. Phys. Chem. A, Vol. 104, No. 14, 20003089



Combination allows for the graphical determination ofKS

according to eq 4 (whenXlim is not known). For strong
complexation, whencM ∼ cM0 is not valid anymore, eq 5 can
be derived from eqs 1-3.16,65

The reported values are mean values of at least two measure-
ments with correlation coefficients>0.99.66

2.7. X-ray Structure Analysis.The X-ray data of1c, 1d, 4,
and4⊂AgI were collected on an Enraf-Nonius CAD-4 diffrac-
tometer at 293 K using Mo KR radiation (λ ) 0.710 73 Å)
monochromatized by a graphite crystal. The structures were
solved by direct methods and refined by full-matrix least squares
calculations (Enraf-Nonius MOLEN). X-ray data collection of
5 and5⊂CaII was carried out on a Siemens SMART diffrac-
tometer under similar conditions as described for1c, 1d, 4, and
4⊂AgI. Structure solution using direct methods and full-matrix
least-squares refinement were performed with SHELXTL. The
hydrogen atoms of all the structures were introduced in their
calculated positions and refined using riding models.67

3. Results and Discussion

3.1. X-ray Crystallography. The total X-ray structures of
the four molecules in the uncomplexed state and the two
complexes4⊂AgI and5⊂CaII are collected in Figure 1. Whereas
for the tetraoxa monoaza 15-crown-5 (A15C5)-substituted
compounds the phenyl group is in an axial position to the crown,
the equatorial conformation is favored for the tetrathia monoaza
15-crown-5 (AT415C5) containing dyes. Furthermore, for1d
two conformations1d(A) and 1d(B) are found the differences
being manifested only in the substituted anilino donor unit
(Figure 1 and Table 1). The close similarity between1d (A
andB) and4 (flat stretched conformation of the molecules) on
the one and1c and5 (conformation of “L”-type) on the other
side is remarkable (Figure 1). The larger chromophoric unit in
1cand1d barely influences the conformation of the crown ether
receptor in the crystalline state. Comparing the structures of
4⊂AgI and5⊂CaII in Figure 1 the influence of the conformation
on the structure of the resulting complex is apparent. The “L”-
type structure is retained in5⊂CaII and a mononuclear complex
is formed but for4⊂AgI, a binuclear complex is found (Figure
1).

It is interesting to note that the ring conformations of the
AT415C5-substituted derivatives1d and 4 are very similar
despite a different packing of the molecules in the crystal (cf.
the endocyclic torsion angles in Figure S1). Most probably this
effect is due to the larger space required by the sulfur atoms
compared to the oxygen atoms.

Besides the actual conformation of the chromophore and
crown subunit at the anilino crown ether nitrogen atom N(1),
which represents the donor atom in a donor-acceptor-
substituted ICT probe, the pyramidalization at this atom is
important for the degree of conjugation of the nitrogen’s lone
electron pair and theπ-system of the phenyl ring. Here, the
bond lengths between N(1) and C(16) are similar to bond lengths
in peptide bonds, i.e., between 1.36 and 1.40 Å (average value
of 1.37 Å, Table 1). In all the cases, the sum of the dihedral
angles at N(1) equals ca. 360° (Table 1) indicating that a sp2-
like hybridization is present in the molecules and the lone
electron pair is in conjugation with the short N(1)-C(16) bond.
The only deviation is seen for1d(B) where all the angles equal
357.3°. Here, the conjugation can be reduced with the lone
electron pair being directed “downwards” from the molecular
plane. The sp2-hybridization results in torsional angles of ca.
0° around the N(1)-C(16) bond; i.e., the chromophoric system
is planar in these molecules.

In contrast, complexation leads to a rehybridization and N(1)
is found to be sp3-hybridized. Accordingly, the bond N(1)-
C(16) is lengthened and amounts to 1.46 Å in both complexes
studied. Moreover, the sums of the dihedral angles at N(1) are
considerably reduced to 333.8° (5⊂CaII) and 336.2° (for 4⊂AgI,
Table 1) and bond lengths N(1)-Mn+ of 2.591 Å (for4⊂AgI)
and 2.724 Å (5⊂CaII) are found. These data are in good
agreement with results published by Jonker et al. and Heijdenrijk
et al. on BaII and AgI complexes of MAP-A15C5 derivatives
(Scheme 2).25,68,69For 4⊂AgI and5⊂CaII, the good fit of ion-
into-the-cavity is stressed by the nearly ideal sp3-hybridization
of N(1) which Heijdenrijk et al. only observed for MAP-A15C5-
1⊂AgI (N(1)-AgI ) 2.58 Å, Σ(N1) ) 337°). In the case of
the larger BaII ion or the sterically more demanding MAP-
A15C5-2, less rehybridization was found by these researchers.69

3.2. Steady-State Absorption and Emission of the Dyes
at 298 K. The absorption and emission spectra of some of the
D-A-chalcones in selected solvents are shown in Figures 2 and
3. Tables S1 and S2 combine all the spectroscopic data.
Introduction of a donor to the 4′-position leads to a strong shift
of the main absorption band to lower energies and the charge
transfer (CT) character of this band of the anilino donor-
substituted derivatives is exemplified by a comparison of the
steady-state spectra of1a, 1b, and 2a in three solvents of
different polarity, shown in Figure 3.

Effect of N,N-Alkylamino Substitution.The dimethylamino-
substituted compounds1a and 2a and the corresponding
crowned fluorescent probes1c, 1d, and2cdisplay rather similar
spectral properties, i.e., broad absorption bands and a strongly
Stokes-shifted emission band in polar solvents (Figure 2, Tables
S1 and S2). As follows from a comparison of1c and 1d,
substitution of oxygen for sulfur in the macrocycle obviously
alters the electronic character of the substituent only slightly
and thus barely affects the absorption spectra (Figure 2). A
similar behavior has been observed by Ishikawa et al. for
4-(dinitrophenyl)hydrazones ofN-phenyl-A15C5 andN-phenyl-
AT415C5.70 As can be deduced from a comparison of the spectra
in Figure 3, the intramolecular charge-transfer character (ICT
from nitrogen donor of ring B to aryl-carbonyl acceptor moiety)
of these dyes follows from the solvent-dependent spectral shifts
in absorption and emission.71 Both bands undergo a red shift
with increasing solvent polarity, the spectral shift in fluorescence
being more pronounced. This increase in Stokes shift with
increasing solvent polarity indicates that the fluorescent excited
singlet state(s) is (are) more strongly stabilized in polar solvents
than the ground-state, thus pointing to a larger dipole moment

KS )
cML

cLcM
(1)

X0 ) acL0, Xlim ) bcL0, and X ) acL + bcM (2)

cL0 ) cL + cML and cM0 ) cM + cML (3)

X0

X - X0
) a

b - a
1

KScM
+ 1 (4)

X ) X0 +
Xlim - X0

2cL0
{cL0 + cM0 + 1

KS
-

[(cL0 + cM0 + 1
KS

)2
- 4cL0cM0]1/2} (5)
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of this state as compared to the ground state.72 Only in apolar
n-hexane does the spectra show some vibronic structure (Figure
3).

SolVatochromic BehaVior and Dipole Moments.For theN,N-
alkylamino-substituted D-A-chalcone derivatives, the fluores-
cence excitation spectra in non H-acidic, polar solvents resemble
closely the corresponding absorption spectra. In alcohols and
apolar solvents such asn-hexane or 3-methylpentane, deviations
occur. In alcohols, this behavior is also reflected by the emission
spectra; i.e., measuring the emission spectrum at constantly
increasing excitation wavelengths shifts the emission band to
lower frequencies (e.g., in the case of1c, excitation at 420 and

470 nm yields bands centered at 599 and 603 nm, respectively).
The behavior in apolar solvents is different. Only slight changes
were detectable for fluorescence excitation and emission spectra
recorded with different emission or excitation wavelengths.

Figure 1. X-ray structures of1c, conformers A and B,1d, 4, 5, 4⊂AgI, and5⊂CaII.

TABLE 1: Selected Bond Lengths (Å), Angles (deg), and
Torsion Angles (deg) of 1c, 1d, 4, 5, 4⊂AgI, and 5⊂CaII

1c 1d(A) 1d (B) 4 5 4⊂AgI 5⊂CaII

N1-C2 1.46 1.49 1.47 1.53 1.46 1.47 1.45
N1-C15 1.47 1.48 1.48 1.48 1.47 1.48 1.51
N1-C16 1.38 1.37 1.35 1.36 1.40 1.46 1.46
C2-N1-C15 118.2 115.0 112.2 116.9 118.5 111.2 113.4
C2-N1-C16 121.2 125.0 120.9 125.2 120.7 112.2 111.2
C15-N1-C16 120.7 119.6 124.2 117.8 120.7 112.8 109.2
∑ 360.1 359.6 357.3 359.9 359.9 336.2 333.8
C15-N1-C16-C17 13.6 8.8 18.5 25.1-2.3 -52.6 120.1
C2-N1-C16-C21 10.6 15.6 3.7 21.9 1.8 -107.6 65.3

Figure 2. Normalized steady-state absorption and emission spectra
of 1a (‚‚‚) 1b (‚-‚-‚) 1c (s), and1d (---) in acetonitrile at 298 K.
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Singular value decomposition analysis of a set of either spectra
yielded only a single component with high significance.73

A measure for the strength of an ICT process is obtained by
analysis of the spectroscopic data as a function of solvent
polarity. Since most asymmetric organic dye molecules are
characterized by different charge distributions in the ground and
first excited singlet state (resulting in different dipole moments),
the stabilization of both states involved in the optical transitions
is different in a solvent of given polarity. Hence, the dependence
of the spectral band position on solvent polarity deviates for
absorption (lowest energy band) and fluorescence. Analysis of
this solvatochromic behavior allows us to estimate the nature
of the absorbing and the emitting species. In the present work,
the widely used Lippert-Mataga formalism (eqs 6-8)72,74was
employed.

Here, ∆ν̃vac(abs-em) (ν̃vac(em)) is the Stokes shift (emission
maximum) in a vacuum,µgs andµes are the dipole moments of

the ground and the excited state,h is the Planck constant,c0 is
the speed of light in a vacuum,aO is the Onsager cavity radius,
andεr andn are the relative permittivity and the refractive index
of the corresponding solvent. Graphical analysis of a plot of
the Stokes shift (or the emission maximum) vs the solvent
polarity function (last terms in eqs 6 and 7) allows the
determination of (µes - µgs) andµes (if µgs is known). For all
the D-A-chalcones investigated, good correlations (r g 0.99)
are found (Figure S2) and the differences in dipole moments
are determined to be 19.7 D (1a), 22.6 D (1c), 20.2 D (1e),
12.8 D (2a), and 18.0 D (3).75 Furthermore, a comparison of
the data obtained with eqs 6 and 7 (the Stokes shift involving
transitions in both absorption and emission vs the emission band
maximum only; Table S3) suggests that, besides possible
involvement of other (e.g., highly polar) excited states, the
initially formed localized or delocalized excited state is already
polar. Correlations of the solvatochromic data (Stokes shift,
emission band maximum) with empirical solvent polarity scales
(ET(N), SPPN)76 support these findings.77 A detailed description
of the solvatochromic analysis and the correlations with
empirical solvent polarity scales is given in the Supporting
Information, section S7.

Fluorescence Quantum Yields.The fluorescence quantum
yields of the compounds studied largely depend on both the
nature of the 4′-substituent and the solvent polarity. In polar
aprotic solvents such as acetonitrile, the fluorescence quantum
yields of 1a, 1c, 1d, and1e with a benzothiazole acceptor are
rather low and decrease in the order1d (φf ) 0.02)> 1c (0.007)
> 1a (0.002) > 1e (0.001, Table S1). In contrast, phenyl-
containing2a and2c emit moderately with quantum yields of
ca. 0.2 in acetonitrile, respectively (Table S2). Here, again, the
crowned compound (φf ) 0.25) is more fluorescent than the
DMA compound (0.15) and the julolidino-substituted compound
shows the weakest fluorescence (0.015).79 Similar effects have
been observed for other ICT fluorescent probes, their dimethy-
lanilino and julolidino derivatives.15,65,80The reduced mobility
of the donor group, i.e., its bulkiness, and the different electron-
donating properties of the tertiary amine substituents employed
account for these results. The bulkiness of the donor substituents

SCHEME 2: Related Fluorescent Probes DCS-A15C5,17

DCM-A15C5,15 MAP-A15C5 Derivatives,25 and BOZ-
A15C565

∆ν̃(abs- em))
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2

hc0ao
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2µes(µes- µgs)

hc0ao
3 (f(εr) - 1

2
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f(εr) )
εr - 1

2εr + 1
and f(n) ) n2 - 1

2n2 + 1
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Figure 3. Normalized steady-state absorption and emission spectra
of 1a, 1b, and2a in n-hexane (---), diethyl ether (‚‚‚), and acetonitrile
(s) at 298 K. For the emission band positions of very weakly
fluorescent1b, see Table S1.
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increases in the order DMA, Jul < A15C5 < AT415C581

and the donor strength of the amino nitrogen decreases in the
order Jul> DMA ∼ A15C5 > AT415C5, as follows from the
bathochromic shifts of the corresponding spectra of1a, 1c, 1d,
and1e (Figure 2, Table S1).

The lines in Figure 4, although they are only guides to the
eye, indicate an opposing behavior of the solvent polarity
dependence of the fluorescence quantum yields of1a, 1c, 1d,
1e, 2a, and3. A maximum is seen for most compounds in the
φf vs ET(N) plot and appears inn-hexane (no rising edge) for
the D-A-chalcone with the strongest ICT character (1e) and
for that with a considerably weak ICT character (2a) between
THF and acetonitrile. A reduction in solvent polarity strongly
enhances the fluorescence quantum yield of1a, 1c, 1d, and1e
but leads to a loss in fluorescence intensity for2a. The trends
in the two regions can be ascribed to the so-called “negative
solvatokinetic behavior”, i.e., increasing fluorescence quantum
yield with increasing solvent polarity, and the “positive solva-
tokinetic behavior” where a decrease in emission results from
the excited-state population of a highly polar charge transfer
state.82,83Both possibilities will be discussed below. In alcohols,
all the compounds show low fluorescence quantum yields
(e0.011, Tables S1 and S2).

3.3. Time-Resolved Emission of the Dyes at 298 K.
Fluorescence Lifetimes.Owing to the weak fluorescence of most
chalcones, the time-resolved emission data published in the
literature until today are very sparse. Generally, their fluores-
cence lifetimes are referred to as being “within the temporal
resolution of the instrument”, i.e., (much) shorter than 1 ns.52

Only recently, Wang and Wu published fluorescence decay
times of2aand two of its bridged derivatives in various solvents
at room temperature and reported single-exponential decay
kinetics for all the three compounds studied independent of
solvent used, i.e., for instance, 0.70 ns for2a in acetonitrile.56

This lack of time-resolved emission data further encouraged us
to study the fluorescence decay kinetics of the D-A-chalcones
in more detail. For all the compounds investigated here, mono-
exponential decay kinetics were only observed in highly polar,
aprotic solvents such as acetonitrile or acetone (Figure 5B). In
all the other cases, the fluorescence decay profiles could only
be fitted to at least two exponentials (Figure 5A,C,D). In

medium and apolar solvents, a main decay component is
observed and the minor species have either a positive amplitude
over the whole emission spectrum (e.g.,n-hexane) or a negative
amplitude at the low-energy side of the emission spectrum (e.g.,
diethyl ether). In some cases, extrapolation of the ratio of the
decay associated spectra (DASi(λ)) of the corresponding decay
components (for a detailed description of the formalism, see
refs 84 and 85) does not converge at the edges of the spectra,
pointing to a more complex behavior than a simple two-state
(precursorf successor) reaction scheme with excitation of a
single ground-state species, as is, for instance, observed for some
D-A-biaryls.19

Moreover, for1aand1c, two decaying species with distinctly
different decay times and only slightly changing (with observa-
tion wavelength) positive relative amplitudes are found in
n-hexane.86 For a comprehensive overview, the lifetimes of the
main emitting species are included in Table 2. The behavior in
alcohols will be discussed separately below. Furthermore,
excitation wavelength-dependent time-resolved studies suggest
that either different ground-state species are excited or that CT
formation rates depend on the frequency of incident light.87

Generally, the data given in Table 2 agree with the solvent
dependence of the fluorescence quantum yields, i.e, for example,
an increase in lifetime with decreasing solvent polarity for1a
and1c-e. Although a determination of the rate constants for
radiative and nonradiative deactivation (kf and knr)88 is not
possible without separating the rate constants by evaluation and
analysis of the excited-state reaction model, the parallel trends
suggest a more drastic change (decrease) inknr compared tokf

upon going to apolar solvents for1a and related compounds
and the vice versa behavior for2a.

SolVation Dynamics in Alcohols.Comparing the fluorescence
decay profiles recorded for1c in isopropanol and acetonitrile
(Figure 5A,B) and the fluorescence lifetimes in these solvents
(Table 2), the question of the origin of the nonexponential decay
behavior in alcoholic solvents arises. Besides an excited-state
reaction involving population of (several) transient species,
relaxation of the solvent molecules of the inner and outer
solvation sphere ((strong or weak) dipolar interaction with the
solute or in the bulk) has to be considered. Moreover, in the
case of an excited ICT molecule with a large excited-state dipole
moment and a carbonyl group in the acceptor part, in polar
solvents capable of hydrogen bond formation (such as alcohols),
solute-solvent interactions can occur, leading to exciplex
formation (with the precursor complexes possibly being already
present in the ground state), which are more or less nonfluo-
rescent.

When a strong dipole, e.g., the excited dye molecule, interacts
with the inner solvation sphere, those solvent molecules loose
their (dipolar and long range) orientational correlations and relax
in an individual manner. On the other hand, solvent molecules
in the bulk (outer solvation shell) maintain their properties
and relax in a collective way. Whereas the latter process is
comparatively fast and can be quantified by the solvent long-
itudinal relaxation timeτl, the former process can be much
slower depending on the degree or strength of direct interaction
between the solvent molecule and the solute and is referred to
as the microscopic reorientation time or (average) solvation time
(τM, 〈τ〉).78,89-93 For weakly interacting solvents such as aceto-
nitrile or acetone,τl and〈τ〉 are rather similar and on the order
of a few hundered femtoseconds,90 but for alcohols at room
temperature both times are on the order of a few picoseconds.90-92

Especially for alcohols, which are “aggregated solvents” capable
of strong hydrogen bond formation, the temporal relaxation

Figure 4. Plots ofφf vs ET(N) for the D-A-chalcones investigated.
Top: 1a (0), 1c (+), 1d (O), 1e ([). Bottom: 1a (0), 2a (×), 3 (1).
The solid lines are only guides to the eye, and data in protic solvents
are omitted (because of low solubility, no data were obtained for1d in
n-hexane).
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phenomena largely depend on the location of the single solvent
molecule with respect to the solute.

For fluorescent molecules withτf . τl, the measurement of
the time-dependent fluorescence (Stokes) shift or the determi-
nation of the spectral response function of the dye molecules
in a certain solvent yields the characteristic solvation times
within relatively good agreement.90,92,94However, for molecules
where an excited-state reaction involving two or three species
occurs, the rate constants are predominantly dependent on the
molecular structure of the dye itself and often lead to largely
different fluorescence decay times (and thus largely different
time-dependent spectral shifts) for the related molecules.84 In
this case, analysis of the time-resolved emission spectra (TRES)

can give access to the mechanisms probably involved in excited-
state deactivation.

The spectral evolution of TRES was determined for1d in
ethanol and1c in isopropanol by monitoring the spectral
response functionCν(t) (eq 9) of the time-dependent solvation
process.

Here ν(t), ν(0), andν(∞) are the characteristic frequencies at
the corresponding observation time.96 As an example, TRES
and a plot ofCν(t) of 1d in ethanol are given in Figure 6.

Comparison of the fitting results of the correlation function
Cν(t) (τ1, τ2 indicated in Figure 6,〈τ〉 ) 19 ps) shows that the
data obtained in ethanol are comparable to the times found by
Horng et al. in the same solvent at 295 K for the spectral
response function of a coumarin dye, i.e., slow componentsτi

of 5.03 and 29.6 ps and〈τ〉 ) 16 ps.90 Room-temperature data
on isopropanol are sparse but a comparison of low-temperature
data onn-propanol and isopropanol and extrapolation of the
data for the latter suggests, that theτi of 13 and 54 ps (〈τ〉 ) 35
ps) found here for1c (Figure S3) are of the same order of
magnitude.90,92 However, as in the case of the fluorescence
lifetimes given in Table 2, the values obtained here for〈τ〉 are
apparent values and do not reflect the real solvent relaxation
times.

Apparently, for the D-A-chalcones, the fluorescence decay
times in alcohols are of similar magnitude as the relaxation times
of the protic solvents itself (e.g.,τl ) 16 ps,τM ) 47 ps for
ethanol93 and data in Table 2).89,90,92Moreover, hydrogen bond
formation at an acceptor carbonyl group (found for coumarins,
which are very similar in this respect to D-A-chalcones) was
found to be operative on the same time scale as well (e.g., ca.
15 ps in methanol).95 On the other hand, the differences in

Figure 5. Fluorescence decay curves of1c in different solvents at 298 K. (A) Isopropanol, excitation at 456 nm, emission at 710, 605, 560, and
500 nm (from top to bottom). (B) Acetonitrile, excitation at 456 nm, emission at 720, 640, and 560 nm. (C) Diethyl ether, excitation at 428 nm,
emission at 640, 560, and 500 nm (from top to bottom). (D)n-Hexane, excitation at 428 nm, emission at 560 and 480 nm (from top to bottom).
Dotted curve) IRF.

TABLE 2: Main Decay Species of 1a, 1c, 1d, 2a, and 3 in
Selected Solvents at 298 K

solvent τf ps solvent τf ps

1a EtOH 10, 22 (19)a 1d EtOH 11, 22, 64 (14)a

MeCN 25 MeCN 170
Et2O 950, 3090 CH2Cl2 2240
Hex 180, 690b Et2O 1060, 2790

1c MeOH 7, 14 (17)a 2a EtOH 9, 33, 41 (20)a

EtOH 19, 35 (24)a MeCN 870
PrOH 13, 46, 91 (27)a CH2Cl2 1120
EG 11, 45 (17)a Et2O 150, 550c

MeCN 74 3 EtOH 23, 31 (12)a

Acetone 270 MeCN 100
CH2Cl2 850 CH2Cl2 1550
THF 2230 Et2O 750, 2080
Et2O 780, 3090 Hex 11

a Apparent decay times were obtained by simultaneously fittingN
(in brackets) decays toi linked lifetimes (the program varies only the
preexponential factors). Although global analysis is not the adequate
model to describe the relaxation behavior, this fitting routine was used
in order to obtain comparable quantities, i.e., apparent lifetimes (in all
the casesglobal øR

2 < 1.3). b arel
1(λ) ) a1(λ)/Σai(λ) ) +0.4 to+0.6.

c 290 K.

Cν(t) )
ν(t) - ν(∞)

ν(0) - ν(∞)
(9)
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fluorescence lifetime data for1a and1d in alcohols (e.g.,τf-
(1d) ∼ 3 × τf(1a) for the slow components, Table 2) are evident
but less pronounced compared to those in a “fast” relaxing
solvent such as acetonitrile, where only the excited-state
relaxation is monitored (Here, solvent relaxation is>100 times
faster than fluorescence,τl(MeCN) ) 0.2 ps,97 andτf(1d) ∼ 7
× τf(1a), Table 2.). The monoexponential decay kinetics in
acetonitrile suggest that in these polar aprotic solvents only a
single emitting species is present, pointing to a straightforward
excited-state reaction mechanism (e.g., fast population of a
single highly polar emissive state, see below).

As a consequence, the prerequisites accounting for the large
differences in acetonitrile (a factor of 7 between the DMA and
AT415C5 derivative) are still present in alcohols but obscured
by another effect. This is further confirmed when comparing
the lifetimes of2a in both solvents (870 ps in acetonitrile and
a long-lived component of 41 ps in ethanol). Most probably
the crucial effect is hydrogen bond formation.

Thus, for the D-A-chalcones in alcohols, solvent relaxation,
hydrogen bond formation, and deactivation of the emitting
singlet state cannot be monitored or analyzed separately.
Accordingly, the fluorescence decay times given in Table 2 are
only apparentτf describing the superimposed processes, and
global analysis of the wavelength-resolved fluorescence decay
data according to an excited-state reaction mechanism involving
discrete species is misleading in this case.

3.4. Temperature-Dependent Behavior.Investigation of the
temperature-dependent absorption and (steady-state as well as
time-resolved) emission behavior of1a, 1c, 1d, 1e, and2a in
ethanol and of1a and 2a in diethyl ether generally supports
the results of the studies at 298 K: (i)1a, 1c, and 1d show
very similar tendencies in ethanol (increase in fluorescence
quantum yield, line-narrowing of the bands, Figure S4, Table
S5), (ii) 1a and 2a show pronounced differences in cooled
diethyl ether solution (drastic decrease inknr only for 2a) but
behave the same in the glass where all rotational motions are
frozen (Figure S5, Table S5), and (iii) the dynamic emission
behavior is conserved above the glass point in both diethyl ether
and ethanol; i.e., even in an alcohol solution at low temperature,
solvent dynamics intermingle with fluorescence deactivation,

thus obscuring a straightforward analysis of an excited-state
reaction mechanism that involves molecular motions and
different excited states (a description of the temperature-
dependent behavior is provided in the Supporting Information,
section S8.).

3.5. Spectroscopic Behavior of 1b.For the model compound
1b, containing only the phenyl ring as a considerably weak
donor, the solvent-dependent shifts in absorption and emission
are much less pronounced (Figure 3, Table S1). A similar
behavior has been previously described for other chalcones
carrying weak donors in position 4′ (and cf.1f in Table S1).49,54

1b shows both a strongly blue-shifted absorption and emission
band compared to its amino donor-substituted derivatives and
has the lowest fluorescence quantum yield of the chalcone series
in all the solvents investigated. Additionally, its main absorption
band centered at ca. 29 700 cm-1 has an asymmetrical shape in
all the solvents employed and resembles a linear combination
of a stronger absorption band at ca. 31 800 cm-1 and a weaker
band at ca. 29 100 cm-1, respectively. Both subbands show the
similar slight dependence on solvent polarity. Concerning the
origin of these bands, the absorption band of6 (the acceptor
composite: ν̃(abs) ) 34 010 cm-1, ε[ν̃(abs)] ) 11 700 M-1

cm-1 in acetonitrile;ν̃(abs)) 34 250 cm-1, ε[ν̃(abs)]) 12 100
M-1 cm-1 in diethyl ether) is found in a different wavelength
region and a transition localized on the 4-substituted cinnamoyl
fragment of the chromophore should appear in the same
wavelength region. Thus, in accordance with results obtained
by Szmant and Basso in a study of derivatives carrying a Ph-
CO-acceptor group,47 no hints for such localized transitions were
found. This is further supported by the mismatch of the
absorption and luminescence excitation spectrum, i.e., the
excitation spectrum being shifted to lower energies (ca. 27 700
cm-1; note that6 was found to be nonfluorescent).

3.6. Photophysical Mechanisms.Recently, we have shown
for a series of bridged derivatives of2a that the population of
several highly polar excited states seems to be involved in the
deactivation of the D-A-chalcone’s S1 state.79 Moreover,
different conformers are possibly present already in the ground
state and can further complicate a photophysical reaction
scheme.50,79 As depicted in Scheme 3, for1a-f not only s-cis
(“c”) and s-trans (“t”) single bond isomerism (as for2a-c) is
possible but also a further syn and anti isomerism concerning
the benzothiazole nitrogen and the carbonyl oxygen atom can
occur (to avoid “cis” and “trans” as well as “double bond” and
“s-isomer” misunderstandings, the double bond isomers are
labeledE andZ and the single bond isomersc andt, arriving at
cE, tE, cZ, and tZ conformers,as depicted in Scheme 3).98 In
analogy to the results reported for2a,79 the occurrence of
energetically and electronically similar rotamers is also found
for 1a, 1d, 1e, and3 in quantum chemical calculations (Table
S6). Such phenomena are well-known, for instance, for naph-
thyl-phenyl-substituted ethylenes99 and for related benzoxazi-
none styryl derivatives.80 Furthermore, X-ray as well as IR
studies of numerous chalcones showed that eithercE or tE
conformers are preferred in certain molecules in the crystalline
state100,101or that both conformers can be present in solution.102

As has been already mentioned above, both1cand1d crystallize
in the anti-cE conformation (Figure 1 and Scheme 3). For2c,
the same features apply as described for2a and its bridged
derivatives79 and here, only the main implications for the
benzothiazole derivatives1a and1c-e are discussed.

For 2a and 2c, showing a negative solvatokinetic behavior
(Figure 4), the adiabatic photochemical reaction mechanism
involved includes a fluorescent all-planar excited conformation

Figure 6. Upper part: spectral reconstruction of the wavelength-
resolved fluorescence decay of1d in ethanol at 298 K. Solid lines
correspond to log-normal fits and dotted lines to the actual data points
converted to the frequency scale (squares att ) 0, circles att ) ∞).
Lower part: fit of the spectral response functionCν(t) to two
exponentials indicated in the plot.
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E*, a nonfluorescent CdC twisted species with biradicaloid
properties and reduced dipole moment (P* state) and (at least)
two C-C twisted species of highly polar nature, fluorescent
(A* state, twist of anilino bond b56, Scheme 1) as well as
nonfluorescent (K* state, twist of bond neighboring the carbonyl
group), A* and K* being related to the TICT mechanism.79,103

Moreover, in apolar solvents such asn-hexane, besides forma-
tion of a weakly polar P* state, the emitting state(s) is (are)
sufficiently destabilized to experience perturbation by the
proximity effect, i.e., vibronic coupling of energetically close
lying nπ* states.104 Population of an emissive triplet state was
found to be of no great significance for these D-A-chalcones,79

which is supported by observations published so far by other
research groups.51,55

A close spectroscopic relation of both conformers has been
found exemplified by spectrally similar absorption and emission
characteristics of derivatives fixed in thecE (b78- and b89-bridged
analogue of2a)52,57,79or tE conformation (all-bridged derivative
of 2a).57 In the case of the unbridged compounds being able to
adopt both acE and/ortE conformation, e.g.,2a (or 1a-f, 2c,
and3), the ground-state equilibrium between both conformers
is largely dependent on the solvent stabilization of each
conformer. However, no direct evidence for simultaneous
excitation of conformers could be yet detected.79

The studies reported here reveal a (partly) positive and/or
(partly) negative solvatokinetic behavior for1a, 1c-e, and3.
With the exception of1e, for these compounds the fluorescence
is considerably lower inn-hexane compared to diethyl ether
(Figure 4 and Table S1). Only for1e does the increase in
fluorescence quantum yield in this polarity region suggest that
the emissive state is still of considerably lower energy and both
interaction by the proximity effect and population of a non-

emissive P* state are suppressed inn-hexane to a major extent.
Thus, the fact that the maximum of aφf vsET(N) plot is shifted
to less polar solvents with increasing charge-transfer character
fits well into the picture derived from the (bridged) phenyl
derivatives.79

The temperature dependence of the fluorescence quantum
yields and lifetimes of1a and2a in diethyl ether (see sections
3.4 and S8) gives further evidence in favor of this explanation.
Whereas2ashows a behavior known for compounds displaying
reduced emission due to P*-state formation,105 i.e., a strong
increase in fluorescence quantum yield upon freezing of the
radiationless relaxation channel P* (φf ) 0.02 at 290 K and
0.74 at 170 K), this tendency is absent in1abeing already highly
fluorescent at room temperature (φf ) 0.52). Furthermore, a
comparison of the solvatochromic behavior of1a and 1e
suggests that the stronger ICT in the latter compound leads to
red-shifted spectra and lower fluorescence quantum yields owing
to the energy gap law.106 The linear correlation obtained when
plotting logknr of 1a and the crowned derivatives as a function
of emission energy (for solvents of polarity between acetonitrile
and THF) points to a dependence of nonradiative deactivation
on donor strength according to the CT character and the energy
gap rule (Figure 7). Assuming that no other process contributes
to excited-state depopulation, a decrease in energy gap between
the emissive and corresponding ground state leads to an
increased probability for internal conversion (ic) and onlykic is
accelerated. The absence of any major influence of a rotation
around the amino bond is stressed by the small differences
between bulky1c and 1a. Similar observations for dimethy-
lamino and julolidino derivatives of D-A-dyes have been made
by Wang, Fery-Forgues et al., and us.52,79,80However, different
probabilities for A*- and K*-state formation in excited1a and
1e can also play a role.

In H-acidic solvents, i.e., alcohols, the fluorescence of all
the compounds investigated here is weak and solvent relaxation
intermingles with excited-state deactivation; i.e., all the processes
occur on a similar time scale. Whereas the emission of1a, 1c-
e, and3 is already weak in acetonitrile, the fluorescence of2a
and 2c is quenched (factor of 15 for2a) when going from
acetonitrile to ethanol (Table S2). Hydrogen-bonding inter-
actions preferably occurring at the carbonyl group of the
acceptor and solute-solvent complexes being possibly (already)
present in the ground state account for the enhanced nonradiative
losses and quenching of A* fluorescence in the case of the
phenyl derivatives.52 Accordingly, any H-bond interaction (with
the acceptor fragment of the molecule) should increase in size
upon a charge-transfer process taking place after excitation.107

SCHEME 3: Chemical Structures of Possible Chalcone
Conformersa

a The bonds affected by a 180° twist are labeled according to a
formula in Scheme 1A. In the top row, the two stable conformers of
the double bond b67 E isomer and in the middle row, the sterically
unfavorableZ conformers are shown. The conformation of bonds b67

and b78 is indicated and the labels on the arrows denote the bonds which
have to rotate for the respective transition. In the bottom row, the syn/
anti isomerism of the benzothiazole-substituted derivatives is shown.

Figure 7. Plot of log knr vs ν̃(em) for 1a, 1c, and1d in solvents of
polarity between acetonitrile and THF.
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In the case of1b, no noticeable CT interactions are operative
and the initially excited state undergoes very fast nonradiative
deactivation, which may be either ascribed to the “proximity
effect”, i.e., vibronic coupling of energetically close lying nπ*
andππ* states, or efficient P*-state formation (with or without
consecutive triplet population, see above).51 Assuming an
analogy to stilbenes, excitation of1b should lead to the
formation of weakly polar E* but the corresponding P* state
should be of higher polarity.83 Accordingly, the energy level
position of P* should be more strongly stabilized by polar
solvents, leading to enhanced quenching in these solvents.
However, from the generally low fluorescence quantum yields
of 1b (φf < 2 × 10-4) no such trend can be derived (Table S1).
A comparison with1f, spectrally displaying CT characteristics
but still being weakly fluorescent in solvents of any polarity
(φf < 2 × 10-4, Table S1), indicates that most probably efficient
P*-state formation is operative in both molecules regardless of
the substitution pattern. Since all the other D-A-chalcones
lacking an amino donor described in the literature so far are
only weakly fluorescent at best,108 the formation of a fluorescent
A* state can be excluded for these molecules. For2b which
was found to be nonfluorescent, a similar mechanism should
be expected. This is supported by findings of other research
groups.50,51

3.7. Absorption and Fluorescence Behavior of the Com-
plexes.As discussed above, the spectroscopic behavior of1a,
1c-e, 2a, and2c is relatively straightforward in acetonitrile.
In this highly polar aprotic solvent where the complexation
studies were carried out, the polar emissive A* and nonemissive
K* state are rapidly populated, resulting in largely Stokes-
shifted, broad (NIR) emission bands and monoexponential decay
kinetics.

Complexation BehaVior of 1d. The fluorescent probe carrying
the monoaza tetrathia macrocycle AT415C5 is expected to
strongly coordinate “soft” heavy and transition metal ions,
especially the thiophilic ions AgI, CuI, and HgII whereas binding
of “hard” main group metal ions should barely occur. With the
exception of CuI (see below), this is confirmed by a comparison
of the data given in Table 3 and the spectra shown in Figure 8.

As follows from both Figure 8 and Table 3, the hypsochromic
shifts observed in absorption are rather large compared to those
in emission. Moreover, these shifts are much more pronounced
for the divalent metal ion HgII (7320 cm-1 in absorption, 1300
cm-1 in emission) as compared to monovalent AgI (900 cm-1

in absorption, 790 cm-1 in emission). The isosbestic points
observed in both cases in a UV/vis-spectrophotometric titration
experiment indicate the formation of a single equilibrium, i.e.,

1:1 complexes (Figure 9). The total abstraction of the nitrogen
lone electron pair from the chromophoreπ-system in the case
of HgII (cf. absorption spectra of1d⊂HgII and1b in Figure 8)
indicates strong electrostatic interaction between the ion bound
in the cavity of the receptor and its nitrogen donor atom. This
is generally supported by the X-ray structure ofN-phenyl-AT4-
15C5⊂AgI (section 3.1), where the hybridization of the crown
ether nitrogen atom was found to change from sp2 in the free
probe to sp3 in the complex. Furthermore, the high selectivity
of this receptor for thiophilic metal ions such as AgI and HgII

TABLE 3: Spectroscopic Properties of the Cation Complexes of 1d in Acetonitrilea

ν̃(abs), 103 cm-1 ν̃(em), 103 cm-1 ∆ν̃cp-fp(abs), cm-1 ∆ν̃cp-fp(em), cm-1 φf τ2, ps τ3, ns logKS(abs) rM,bÅ øm
2rM

c

1dd 21.98 15.70 0.02 170
⊂HgII 29.30 17.00 7320 1300 0.12 568 1.07 >5.5 e 1.02 4.08
⊂ZnII f 0.74 2.01
⊂CuII 30.11g 18.15h 8130 2450 (0.009)h 202 1.15 n.d. 0.73 2.64
⊂CuI 0.96 (4) 3.46
⊂AgI 22.88 16.49 900 790 0.05 348 4.51 1.15 4.28

a The experiments were carried out up to the micromolar concentration range for heavy and transition metal ions and up to the millimolar
concentration range for alkali and alkaline-earth metal ions164 (cL ) 3 × 10-6 M; the short decay componentsτ1 are not included; for discussion,
see text; cp) complexed probe, fp) free probe, n.d.) not determined).b All the radii were taken from ref 120 and are for six-coordination except
where the coordination number is indicated in brackets165 and for CuI.166 For CuI, tetrahedral coordination is found in most polythia ether
complexes.148,149 c The electronegativity values given in the literature differ largely in units.167 Here, the softness or class B parameter118 was
calculated with the electronegativity values of Allred and Rochow.168 d No effects observed for LiI, NaI, KI, MgII, CaII, SrII, BaII, and PbII. e Too
high to be determined with acceptable accuracy with the method employed.f A similar behavior is observed for CdII (rM ) 0.95,øm

2rM ) 2.71),
NiII (0.69, 2.52), and CoII (0.74, 2.61).g For 1d⊂CuII, various subbands, exemplified by shoulders in the absorption spectrum (e.g., at 36 000 and
23 000 cm-1) were found, their origin being unclear at present (see text).h For 1d⊂CuII, a second emission band at 23 200 cm-1 is observed whose
origin is still unclear (see text).

Figure 8. Normalized steady-state absorption and emission spectra
of 1d (s) and its AgI (‚‚‚) and HgII (---) complexes in acetonitrile. The
absorption spectrum of1b (0) is included for comparison.

Figure 9. UV/vis-spectrophotometric titration spectra of1d with HgII

perchlorate in acetonitrile (cL ) 9 × 10-6 M, HgII addition in the range
of 0.008e xM/L e 20; xM/L ) metal ion-to-ligand ratio). For a better
comparison, similar scales were chosen for thex-axes of Figures 9 and
15.
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is demonstrated by the lack of spectroscopic changes upon
addition of ZnII, CdII, NiII, or PbII salts (Table 3).

Even more interestingly, for1d, not only in the case of AgI

but also for the known fluorescence quencher HgII (heavy atom
effect),39 a complexation-induced fluorescence enhancement
occurs. Moreover, in the case of HgII, the observed fluorescence
enhancement factor FEF of 6 is considerably high for an ICT
fluorescent probe.109 Of all the metal ions employed in these
studies, only CuII was found to interfere with the determination
of HgII and AgI; i.e., complexation-induced changes occur also
in the presence of CuII (see below). The formation of well-
defined complexes110 is reflected by a simple relationship
between the fluorescence (or absorption) signal and metal ion
concentration and leads to linear calibration graphs (Figure 10).

Time-resolved fluorescence measurements performed with1d
and AgI as well as HgII show that in accordance with the
observed increase in fluorescence quantum yield, cation com-
plexation of the probe is also accompanied by the appearance
of a new (AgI) or two new (HgII) long-lived decay component-
(s) with cation specific fluorescence lifetimes between 350 ps
and 1 ns (Table 3). Under conditions where complex formation
is complete, biexponential decay kinetics are noticed for AgI

and the kinetics of the HgII complex involve (at least) three
decay components. For HgII, both long-lived decay components
show a positive amplitude over the whole range of the emission
spectrum and largely overlapping spectra.

When the wavelength-resolved fluorescence decay data of
the complexes is analyzed at full complexation, at the far blue
edge of the emission spectrum a fast decay component (τ1) of
55 ps (for AgI) and 90 ps (HgII) with a positive amplitude occurs.
In the middle and red region of the fluorescence band this
component is found as a rise time (negative amplitude). For a
better illustration, two decays of1d⊂HgII are shown in Figure
11. For1d⊂HgII, when recording time-resolved emission spectra
(TRES) as a function of excitation wavelength (within the
excitation range of the second (370-420 nm) and third (310-
330 nm) harmonic of the experimental setup employed), two
additional lifetimes with positive amplitudes over the whole

emission region are found. Globally analyzing a set of 20 decay
curves, 10 recorded for each excitation wavelength (380 and
410 nm), always yields three components with lifetimes of 90
ps, 568 ps, and 1.1 ns, respectively (global øR

2 ) 1.1; for two
components,global øR

2 ) 1.9).111 Thus, with both excitation
wavelengths employed, only the complex(es) is (are) excited.

Whereas in the case of CuII, the spectroscopic changes are
more complex and involve the appearance of various subbands
(of weak intensity) in the absorption spectrum and two
fluorescence emission bands, no measurable effects were
observed upon addition of CuI (up to the micromolar concentra-
tion range). Since the latter ion shows a high preference for
sulfur over nitrogen and prefers a tetrahedral coordination
sphere, binding to the receptor, i.e., to its sulfur atoms, could
still occur but may escape optical detection (for a detailed
discussion, see sections 3.9 and 3.10).13 The aminophilic CuII

induces fluorescence quenching and the complex shows a
nonexponential fluorescence decay behavior, the single decay
components depending on both excitation and observation
wavelength. Because of its weak fluorescence and the gap in
the available excitation range of the laser setup (330-370 nm),
the spectroscopic behavior of this complex was not further
studied. Explanations for the nature of the CuII complex will
be given in section 3.10 dealing with a second coordination
site in the D-A-chalcones.

Complexation BehaVior of 1c. Addition of alkali and alkaline-
earth metal ions to an acetonitrile solution of1c affects both its

Figure 10. Fluorometric titration of1d with HgII (top) and AgI (O,
bottom) and of1c (bottom) with NaI (]) and CaII (9) perchlorates in
acetonitrile (cL ) 9 × 10-6 M (1d), 1 × 10-5 M (1c), excitation at the
isosbestic point, data of AgI, NaI, and CaII titration fitted to eq 4).

Figure 11. Upper graph: fluorescence decay curves of1d⊂HgII in
acetonitrile. Excitation at 380 nm, emission at 500 (DAS2/DAS3 ) 0.8)
and 660 nm (DAS2/DAS3 ) 1.2).116 Lower graph: residuals of the
results of the fits. From top to bottom: decays at 500 and 660 nm
fitted to two exponentials and the same decays fitted to three
exponentials (lifetimes given in the text,local øR

2 indicated, IRF)
instrumental response function).
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absorption and emission behavior. Similar to the cation-induced
spectroscopic effects described for1d and various thiophilic
ions, binding of1c to the monovalent cations LiI, NaI, and KI

leads to a small hypsochromic shift in absorption accompanied
by a decrease in molar absorptivity. For divalent cations, the
hypsochromic shift is much more pronounced (Figure 12) and
leads to the appearance of a strongly blue-shifted absorption
band of the cation complex located at 28 680 cm-1 for MgII,
27 890 cm-1 for CaII, 27 250 cm-1 for SrII, and 26 320 cm-1

for BaII (Table 4). This effect is indicative for pronounced
removal of the lone electron pair of the nitrogen atom of the
receptor from the conjugatedπ-system, as can be derived from
a comparison of the absorption bands of1b and 1c⊂CaII in
Figure 12. As for1d⊂AgI, the results of the X-ray analysis of
a complex ofN-phenyl-A15C5 and CaII further support these
findings. The hybridization of the A15C5 crown ether nitrogen
atom also changes from sp2 in the free probe to sp3 in the
complex. Except for MgII, isosbestic points are observed in all
the cases studied, indicating a single equilibrium, and thus, the
formation of well-defined 1:1 complexes. For MgII, in addition
to the blue-shifted absorption band located at 28 680 cm-1, the
appearance of an additional red-shifted absorption band with a
maximum at 17 300 cm-1 is noticed.112 Similar effects as
described for MgII are observed in the presence of PbII, HgII,
and CuII at a metal-to-ligand ratioxM/L > 5 (i.e., in the
micromolar concentration range) suggesting the formation of a
second complex of different nature. The special complexation
behavior of MgII along with the complexation reaction occurring
with some of the heavy and transition metal ions will be
discussed below. Chelation to alkali and alkaline-earth metal
ions is further accompanied by a blue shift of the emission band
of 1cand an increase in fluorescence quantum yield by a factor
of 4-8.5 depending on the cation bound (Table 4).

The size of both effects is clearly affected by the charge of
the cation bound, the strongest hypsochromic shift of 1330 cm-1

occurring for MgII and the highest increase by a factor of 8.5
occurring for CaII. Furthermore, in the case of MgII, excitation
at the long wavelength absorption band does not yield any
measurable fluorescence (this is also observed for the other ions
forming this complex; see Table 4). The well-defined 1:1
complexation, important for straightforward analytical ap-
plicability, is shown for NaI and CaII perchlorates in acetonitrile
in Figure 10.

Time-resolved fluorescence measurements performed with
some alkali and alkaline-earth metal ion complexes of1c show

that in accordance with the observed increase in fluorescence
quantum yield, cation complexation of1c is also accompanied
by the appearance of a new long-lived decay component with
a cation specific fluorescence lifetime of 90-200 ps, which
exceeds that of the uncomplexed fluorescent probe by a factor
of 1.2-3. Again, under conditions where complex formation is
complete, a behavior similar to that of1d⊂AgI is observed
for the divalent ions; i.e., a second fast decay component is
found. For the monovalent ions, this species could not be
detected with a reasonable confidence owing to the temporal
resolution of the instrument. The fast decay component detected
for CaII amounts to 50 ps, respectively. In the low-energy
region of the spectrum, negative amplitudes are found for these
species.

Complexation BehaVior of 2c. Binding of alkali and alkaline-
earth metal ions by2c results in very similar spectral effects,
as have been observed for1c. But in contrast to1c (and 1d)
the complexes display a quenched fluorescence compared to
the free probe, a characteristic unfavorable for an analytical
application. Thus, a detailed description is omitted here and the
main features are only discussed in a following section (section
3.10, Table 5) dealing with the possible coordination sites in
the D-A-chalcones.

3.8. Excited-State Deactivation.Cation complexation in the
donor part of ICT chromo- and fluoroionophores generally leads
to a reduction in the chromophoricπ-system resulting in hypso-
and hypochromic shifts. This behavior can be rationalized in
the general framework of triad theory113 and the theory on linear
conjugated systems114 as the step from a more asymmetric
polymethinic character to a more asymmetric polyenic character.
The much less pronounced complexation-induced shifts in
emission point to a weakening of the cation nitrogen coordi-
native bond in the excited state due to electrostatic repulsion.9-12

Cation Repulsion in the Excited State.The large Stokes shift
of the cation complexes, especially for divalent ions (e.g., 11510
cm-1 for 1c⊂CaII, Table 4), suggests that absorbing and emitting
species are different. In combination with the fast ICT process
in these probes, this behavior indicates that electrostatic repul-
sion between the cation and crown nitrogen atom occurs on
the subpicosecond time scale parallel to the CT. Thus, the (red-
shifted) emission spectra measured for the complexes do not
correspond to the initially excited complex with strong ion probe
interaction (LM)* but to its successor (in terms of an excited-
state reaction), a relaxed species with weakened cation-donor
interaction. This is consistent with the time-resolved emission
data, where a fast component is found as a decaying species in
the high-energy part of the spectrum and as a rising species
(rise time, negative amplitude) in the low-energy part. The
lifetime of this species is relatively short, i.e., for instance, 50
ps for 1c⊂CaII and 55 ps for1d⊂AgI. However, the recon-
structed spectra of both components overlap largely for all the
cations studied (e.g., maximum at 580 nm for the 90 ps species
and 584 nm for the 568 ps species in the case of1d⊂HgII).
This strong spectral overlap implies a large Stokes shift for this
fast decaying component as well and does not favor its
attribution to the initially excited (LM)*. Because of limitations
of the experimental setup, a faster and further blue-shifted
transient species that could be ascribed to (LM)* could not be
detected here.

For a better understanding of the photophysics of the chalcone
probes, related ICT probe systems from the literature studied
by time-resolved absorption (on the subpicosecond time scale)
and emission spectroscopy are briefly discussed here. Compa-
rable cation-induced effects (in absorption and emission but

Figure 12. Normalized steady-state absorption and emission spectra
of 1c (s) and its NaI (‚‚‚) and CaII (---) complexes in acetonitrile. The
absorption spectrum of1b (0) is included for comparison.162
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involving fluorescence quenching) have been reported for
stilbene- and merocyanine-like DCS-A15C5 and DCM-A15C5
(Scheme 2).9-12 For both probes, fast decay components were
found at the high-energy side of the complex’s emission band

(e.g., 400 ps in the case of DCM-A15C5⊂CaII; τf (DCM-
A15C5) ) 2.1 ns).9,11,12Furthermore, subpicosecond transient
absorption measurements (Martin et al. for DCM-A15C5 and
Rullière et al. for DCS-A15C5) revealed that another species
showing a strongly hyspochromically shifted emission spectrum
is involved in the excited-state process on the femtosecond time
scale (<2 ps for DCM-A15C5; similar lifetimes have been
reported for DCS-A15C5).9-12 In these complexes, excitation
leads to initial formation of (LM)* with strong cation-probe
interaction followed by an ultrafast “internal dissociation” (<700
fs for Mn+⊂DCM-A15C5), yielding the excited cation-probe
contact pair (L*M). Reorientation of the solvation sphere finally
results in formation of a ternary complex (L*/S/M) where the
coordination site of the cation formerly inhabited by the crown
nitrogen atom is now occupied by a solvent molecule (S).11,12

The latter process occurs on the picosecond time scale and
depends on the coordinating ability of the cation; i.e., (L*/S/
M) formation is observed within 2 ps for LiI⊂DCM-A15C5
and 30 ps for CaII⊂DCM-A15C5, respectively.9,10 The fluo-
rescence of this latter species decays with a lifetime of ca. 1.9
ns (for the cation complexes of DCM-A15C5) and displays the
spectral features of the steady-state emission spectrum.

TABLE 4: Spectroscopic Properties of the Cation Complexes of 1c in Acetonitrilea

ν̃(abs),
103 cm-1

ν̃(em),
103 cm-1

∆ν̃cp-fp(abs),
cm-1

∆ν̃cp-fp(em),
cm-1 φf

τf,
ps logKS(abs) logKS(em)

rM,b

Å
n2/rMZ2,

Å-1

1cc 21.69 15.48 0.007 71
⊂Li I d 22.78 15.78 1090 300 0.04 171 2.57 2.42 0.76 1.32
⊂NaI 23.07 15.95 1380 470 0.04 102 1.79 1.85 1.02 0.98
⊂K I 22.39e 15.70e 700 220 0.03e 87 1.4e n.d. 1.46 0.68
⊂MgII 28.68, 17.30 16.81,- 6990,-4390 1330,- n.d.f 86 n.d.f n.d. 0.72 5.55
⊂CaI d 27.89 16.38 6200 910 0.06 192 3.69 3.37 1.06 (7) 3.77
⊂SrII 27.25 16.08 5560 600 0.05 201 2.82 2.82 1.21 (7) 3.31
⊂BaII 26.32 16.02 4630 540 0.03 n.d. 2.80 2.38 1.47 (9) 2.72
⊂PbII 27.93 16.50 6240 1020 0.06 n.d. n.d. n.d. 1.19 3.36
⊂HgII , CuII 30.20, 16.83 8510,-4860 n.d. n.d. 1.02, 0.73 3.92, 5.48

a The experiments were carried out up to the millimolar concentration range for alkali and alkaline-earth metal ions and up to the micromolar
concentration range for heavy and transition metal ions164 (cL ) 3 × 10-6 M; short decay components not included; for discussion, see text).b All
the radii were taken from ref 120 and are for six-coordination except where the coordination number is indicated in brackets.165 The values given
in parentheses have been found by Jonker in X-ray analyses of related MAP-A15C5 (Scheme 2) complexes.68,165 Cavity size of the aza crown:
1.7-1.8 Å.124,169 c No effects on the ICT band observed for ZnII, CdII, NiII, CoII, CuI, AgI. d Conductometrically determined logKS: 1c⊂Li I ) 2.80,
1c⊂CaII ) 3.29. e Extrapolated values because full complexation could not be achieved due to solubility problemsf Excitation at the red-shifted
absorption band does not yield any measurable fluorescence;φf and logKS have not been determined because full complexation could not be
achieved. Additionally, the low-energy absorption and emission band largely overlap.

TABLE 5: Spectroscopic Properties of Some D-A-Chalcones in Acetonitrile in the Presence of MgII , HgII , and H+

ν̃(abs)blue,
103 cm-1

ν̃(abs)red,
103 cm-1

ν̃(em),
103 cm-1

∆ν̃cp-fp(abs)blue,
cm-1

∆ν̃cp-fp(abs)red,
cm-1 rel fla

1db 21.98 15.70
⊂HgII 29.3 17.00 7320 E
1cb 21.69 15.48
⊂Mg II 28.68 17.30 16.81 6990 -4390 E
⊂HgII 30.20 16.83 8510 -4860
1a 21.83 15.22
⊂Mg II 17.45 -4380
⊂HgII 16.83 -5000
H+ 30.30 19.61 8470 Q
1bc,d 29.67 23.29
1fe 27.10 19.61
⊂HgII 22.22 -4880
2c 24.27 18.50
⊂Mg II 31.54 (21.19) 18.76 7270 (-3080) Q
2af 24.51 18.45
⊂Mg II 21.19 -3320
3f 23.09 15.62
⊂Mg II 18.15 -4940

a In the case of the relative fluorescence an “E” denotes enhancement and a “Q” denotes quenching.b The effects observed for protons are
similar to those of1a. c Similar effects for2b. d No effects for MgII, HgII, H+. e No effects for H+. f The effects observed for protons and HgII are
similar to those of1a; in the case of HgII, only stronger for3 and weaker for2a.

TABLE 6: 1H NMR Chemical Shifts δ (ppm from TMS) of
1a, 2a, and 3 and the Respective MgII -Induced Shifts ∆
(ppm; solvent ) CD3CN, Counterion ) Perchlorate, cL )
1.5 × 10-3 M, cMg ) 0.27 M; D, A ) Molecular Fragments;
Additional Chemical Shifts ∆ ) δcp - δfp; ∆ Shifts)

1a 3 2a

position δ ∆ δ ∆ δ ∆

D DMA 3.047 0.035 3.035 0.084 3.012-0.001
ortho 6.778 0.027 6.791 0.051 6.756-0.003
meta 7.680 0.060 7.689 0.155 7.617 0.008
R 7.997 0.126 8.289 0.056 7.716 0.034
â 7.800 -0.175 7.886 0.026 7.464-0.005

A 2 8.027 0.000
3 8.189 0.388 7.516 -0.014
4 8.197 0.040 8.434 0.314 7.595 0.013
5 7.575 0.047 8.004 0.129
6 7.630 0.048 7.710 0.106
7 8.104 0.047 7.859 0.099
8 8.243 0.230
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Transferring this model to our observations confirms the
suggestion that detection of locally excited (LM)* escapes the
limited temporal resolution of our instrument and the fast decay
component found for1c⊂CaII and1d⊂AgI/HgII is attributed to
the loose contact pair (L*M). After reorientation in the cation’s
coordination sphere, the main emissive species (L*/S/M) is
formed and emits with its characteristic lifetimeτ2, e.g., 348
ps in the case of1d⊂AgI (Table 3), the value of the latter
lifetime reflecting the coordinative strength of the cation best
(e.g.,τ2(1d⊂HgII) > τ2(1d⊂AgI) and see the logKS values in
Table 3). The formation of an outer sphere complex (i.e.,
complete cation ejection from the aza crown), a much slower
process itself,10,115 does not seem to be operative here.

Case of1d⊂HgII. For 1d⊂HgII, two largely overlapping
species with fluorescence lifetimes in the (sub-)nanosecond time
range (568 and 1070 ps) and comparable amplitudes are found
(for DASi(λ) ratios, see caption to Figure 11 and ref 116).
However, evaluation of the global analysis results assuming a
simple three-state reaction scheme84 does not yield satisfactory
results neither for a consecutive (Af B f C) nor for a parallel
(B r A f C) reaction mechanism. Thus, another rearrangement
in the complex during its excited-state lifetime (according to a
consecutive reaction mechanism (L*M)f (L*/S/M)1 f (L*/
S/M)2) can be excluded as well as the formation of two different
loose complexes from a single precursor species in a parallel
reaction mechanism, (L*/S/M)2 r (L*M) f (L*/S/M)1. More-
over, the UV/vis-spectrophotometric titrations reveal a constant
decrease (increase) of the absorption band of the free probe
(complexed probe) up toxM/L ) 1, suggesting only the formation
of a 1:1 complex. A possible explanation, which however lacks
experimental verification here,111 is the occurrence of two
ground-state complexes in differing conformations, L+ M f
LMA h LMB (a well-known fact for crown ether receptors; see,
for instance, ref 19).117 In such a case, when both complexes
show largely overlapping bands, simultaneous excitation leads
to two different excited species (L*M)A and (L*M)B undergoing
parallel decoordination reactions ((L*M)A f (L*/S/M)A and
(L*M) B f (L*/S/M)B) on a similar time scale and hence four
decay components should be noticed (In this case, all the data
obtained by steady-state spectroscopy are average values of both
conformers weighted by their relative concentrations and, since
both conformers exhibit a 1:1 stoichiometry, sharp isosbestic
points can still be observed.).19 Analysis of the fluorescence
decay curves with four components improves the fit to a minor
extent but does not yield reliable results concerning a possible
model. Another explanation may involve a second chelating
site in the chromophore although its direct detection was not
possible for1d⊂HgII by employing optical spectroscopy (see
section 3.10 for discussion). Thus, the real nature of the dynamic
emission behavior of the HgII complex(es) remain(s) obscure
at present.

3.9. Complex Stability Constants and Spectroscopic Ef-
fects.Correlation of Cation-Induced Spectral Shifts and Charge
Density.In the ground state, the size of the chelation-induced
blue shift of the ligand absorption band reflects the reduction
of the electron donating character of the nitrogen atom of the
monoaza crown due to cation coordination. Thus, it depends
on the charge density and electron affinity of the cation bound,
the strongest changes occurring for HgII (1d) and for monovalent
NaI and divalent MgII (1c; cf. resemblance of the absorption
spectra of1b and the complexes in Figures 8 and 12). For1c,
the same order is found as has been reported for other probes
such as DCS-A15C5,12,17 DCM-A15C5,15 and MAP-A15C568

(Scheme 2). The size of the complexation-induced shifts in

absorption decreases on the order of MgII > CaII > SrII > BaII

. NaI > Li I (>KI) whereas for the stability constants of the
complexes, an order of CaII . SrII > BaII > Li I . NaI > KI

occurs (Table 4; in the case of MgII, log KS could not be
determined spectroscopically.). The good correlation observed
for a plot of the cation-induced spectral shifts∆ν̃cp-fp(abs) and
the complex stability constants logKS vs the so-called class A
or ionic index (ratio of charge and ion radiusn2/rn+ as a measure
for electrostatic attraction)118 shown in Figure 13 suggests that
for a chosen ICT probe both effects depend mainly on
electrostatic interaction.

However, an exceptional behavior is observed for LiI (Figure
13). Because of its higher charge density,∆ν̃cp-fp(abs) should
be larger for LiI compared to the value found for NaI. Instead,
the opposite is noticed. On the other hand, LiI shows a complex
stability constant higher than that of NaI. This is in agreement
with the Pearson hardness parameter32,33but seems to contradict
a second quantity affecting the stabilization of macrocyclic
complexes, the optimum fit of the cation into the receptor’s
cavity.119 NaI (ionic diameter of 2.04 Å for a coordination
number of 6) fits considerably better into the A15C5 cavity
(1.7-2.2 Å) than LiI (ionic diameter of 1.52 Å for a coordination
number of 6).120 This suggests that coordination of LiI most
likely involves only the four macrocyclic oxygen atoms while
the other two coordination sites of the cation are saturated with
oxygen atoms of the counterion and/or solvent molecules. This
is consistent with X-ray data of the metal ion complexes of
MAP-A15C5 derivatives reported by Jonker et al. and Heijden-
rijk et al. where the distance between the nitrogen atom of the
crown and the cation decreases on the order of KI > Li I >
NaI.25,68,69 Furthermore, extraction experiments carried out
for 15C5 by Iwachido et al. reveal that 15C5⊂Li I is extracted
as a dihydrate (2.0 water molecules per complex molecule,
four coordinative bonds to only four donor oxygens) whereas,
for 15C5⊂CsI, coextraction of only 0.2 water molecules
occurs.121

For the alkaline-earth metal ions, all the tendencies discussed
correlate well (spectral shifts,KS values,n2/rn+), the enhanced
KS value for CaII compared to those for SrII and BaII stressing
the optimum fit of this cation into the cavity of the receptor.

A15C5 Receptor (1c). The single factors governing the
absolute values of logKS for the Ph-A15C5 receptor unit in
the ICT probe molecules have been discussed by Fery-Forgues
et al. for BOZ-A15C5 (Scheme 2) and DCM-A15C5122 and by
us for a series of 35 different ICT probes.13 The interplay
between the degree of conjugation in the whole chromophore
(orbital overlap between aniline nitrogen and aniline phenyl ring

Figure 13. Cation-induced shift in absorption∆ν̃cp-fp(abs) (s, 9) and
log KS (‚‚‚, 4) as a function of charge density (class A index) for1c
and its alkali and alkaline-earth metal ion complexes in acetonitrile.
Fits do not contain the value for LiI.
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due to the twist between the fragments and/or pyramidalization
at the nitrogen atom) and the inductive effect of the para
substituent of the aniline moiety, i.e., the basic chromophore,
accounts for the fact that the correlation between complex
stability and spectroscopic and NMR data is not straightforward.
However, Fery-Forgues et al. found an empirical relationship
linking the ∆(CaII) shifts of the1H NMR signals of the ortho
and meta protons to the complex stability constants for a series
of para-substituted Ph-A15C5 derivatives.122 Using this relation-
ship (eq 10), a value of logKS ) 3.67 is calculated for1c⊂CaII,
in good agreement with the experimentally found value of 3.69
(Table 4; for NMR data, see Tables 6 and S7).

AT415C5 Receptor (1d). Although the complex stability
constant of1d⊂AgI is even larger than those observed for the
divalent alkaline-earth metal ions (Tables 3 and 4), the shift in
absorption of 900 cm-1 found for AgI is rather small. This
behavior stresses the high preference of AgI for sulfur donor
atoms that has been also described for other dithia diaza crown
ethers.123 In the case of HgII showing both a stronger coordina-
tion to nitrogen donor atoms and a higher charge density, the
spectral shifts are much more pronounced.

Cation-Induced Fluorescence Enhancement.In section 3.6,
the fluorescence emission of D-A-chalcones in highly polar
solvents has been attributed to the population of a highly polar,
single bond twisted transient species A* (with possible competi-
tion of nonemissive K*-state formation). Moreover, in these
solvents the involvement of a nonemissive P* state was found
to be of minor importance for1c and1d, respectively. As in
the free probes, the single bonds are unbridged in the complexes
and thus population of A* (and K*) should be possible as well.
Moreover, under the assumption that rotation around the double
bond b67 (toward P*) is negligible, the bulkiness of the
complexed receptor should considerably slow rotational motions
around all the single bonds. For the uncomplexed dyes1a and
1c-e, the observed decrease in fluorescence quantum yield and
lifetime was mainly attributed to the S1-S0 energy gap106

(Figure 7, discussion in section 3.6) andkic (knr ∼ kic) and the
complexed probes should show a comparable correlation as
follows from Figure 14.88 Under the assumption that the
influence of all the other possible excited-state deactivation
routes is negligible and the rate constant for K*-state formation
is comparable for the complexes, this leads to the conclusion
that the cation-induced fluorescence enhancement can be

predominantly attributed to a change in donor strength, i.e., to
a complexation-induced blue shift in emisson, and does not seem
to involve the blocking off or slowing down of excited-state
reactions connected with a specific rotational motion. Moreover,
in the case of1d⊂HgII, enhanced spin-orbit coupling due to
the heavy atom effect does not seem to play a major role as
well.

Comparison of1dand1c. Upon exchanging the macrocyclic
sulfur heteroatoms for oxygen, the negative charge of the
heteroatoms increases and thus the electrostatic attraction
between the heteroatoms and the “hard” alkali or alkaline-earth
metal cation via ion-dipole forces is enhanced, resulting in
complexation of these ions. On the contrary, for “soft” AgI and
HgII (with a high class B or covalent index) the effects are
opposite; i.e., less electrostatic but rather covalent bonding is
involved, especially with the nitrogen atom.124,125The prefer-
ences of a “soft” and a “hard” cation for certain types of donor
atoms are well-reflected by the results of the X-ray investigations
(section 3.1). The longer distance between CaII and the nitrogen
atom in Ph-A15C5 as compared to AgI and the corresponding
atom of Ph-AT415C5 suggests that the stronger shift in
absorption seen for CaII is not due to a stronger interaction but
due to the higher charge density of this divalent ion compared
to monovalent AgI.

Upon comparison of1c and1d with other ICT probes, the
increase in both fluorescence quantum yield (factors 2-8) and
lifetime (140-630%) is remarkable and has so far only been
reported for very few ICT fluorescent probes,65,128for instance,
for related BOZ-A15C5 (factor of 2 inφf and 160% increase in
τf).65 Even more interestingly, these features are preserved upon
complexation of1d to the well-known fluorescence quencher
HgII. To the best of our knowledge1d is the first “classical”
ICT probe that shows fluorescence enhancement upon HgII ion
binding. Thus, it should be possible in principle to design
intrinsic ICT probes showing chelation-enhanced fluorescence
even for such heavy and transition metal ions.

3.10. Nature of the Complexes and Cation Selectivity.For
a better understanding of the spectroscopic behavior of1c⊂MgII

and the reactions with some heavy and transition metal ions,
the complexation behavior of other D-A-chalcones without a
receptor was also investigated. For fluorescent probes with a
benzothiazole acceptor, complex formation via a second coor-
dination site in the acceptor part of the molecule is possible
(Scheme 4). This yields a bidentate chelate with a five-
membered ring structure involving both the oxygen atom of
the carbonyl group and either the sulfur or the nitrogen atom
of the benzothiazole ring (cf. syn/anti stereoisomerism discussed
above). All the potential cation coordination sites and structures
of the resulting complexes follow from Scheme 4 and include
routes A, B, and C (1c 1d), B and C (1a, 1b, 1f, 6), A (2c), or
B (3). For2aand2b, no complex formation according to routes
A, B, and C is possible and only loose coordination of an ion
to the carbonyl oxygen atom can occur (or protonation of the
amino group in2a). The complexation of1a, 1b, 1f, 2a-c, 3,
and6 with MgII, HgII, CuII, ZnII, NiII, PbII, and H+ was studied
via absorption and emission measurements. Additionally,1H
NMR investigations of1b 1c, 2a, and3 in the presence of MgII

and CaII were carried out.
Complexes of HgII and MgII. Figure 15 combines the UV/

vis-spectrophotometric titration spectra of1a with HgII (for a
comparison with1d and HgII, see Figure 9). The absorption
spectra of1a, 2a, 2b, and3 in the presence of a large excess of
MgII are displayed in Figure 16. Other relevant spectroscopic
data are included in Table 5.

Figure 14. Plot of log knr vs ν̃(em) for 1a, 1c, and1d as well as the
NaI, KI, CaII, and SrII complexes of1c and the AgI complex of1d in
acetonitrile.

log KS ) 1.79((0.17)+ 5.36((0.59)[∆(CaII)ortho -

∆(CaII)meta] (10)
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As follows from the titrations shown in Figures 9 and 15,
the shifts induced by HgII are clearly different for1a and1d,
suggesting a second coordination site being operative here.
However, protonation of both dyes similarly leads to abstraction
of the nitrogen lone electron pair and thus to an absorption band
resembling that of1b (Table 5). The appearance of a new red-
shifted absorption band for1a⊂HgII indicates an increase of
the ICT character, i.e., an increase in acceptor strength for this
complex. Moreover, the electronic nature of the HgII ion (closed-
shell d10 configuration) and the high molar absorptivity of the
red-shifted band (ε ∼ 31 000 M-1 cm-1) excludes any ligand
field transitions. Formation of such an acceptor-based chelate
is further supported by comparison of the protonation and HgII

complexation data of1a and1f, which differ in the donor part
(1a, dimethylamino;1f, methoxy). In the absence of a nitrogen-
containing amino group, no hypsochromic shifts are observed
upon addition of protons (0.1 M HClO4). In contrast, addition
of HgII induces very similar bathochromic shifts of 4900 cm-1

for both compounds (Table 5), confirming the formation of an

acceptor-based chelate. These findings are in good agreement
with the results obtained for the main group metal ion MgII

and various D-A-chalcones (Figure 16). As follows from Figure
16, the appearance of a red-shifted band is obviously connected
to the presence of a heteroatom in the aromatic acceptor part
of the chalcones.3, mimicking closely the Mn+-favored chelat-
ing reagent 8-hydroxyquinoline (8-HQ),129 shows the most
pronounced effect, i.e., the largest increase in the red-shifted
band and, correspondingly, the largest decrease of the free dye’s
absorption band (reduced to ca. one-fifth of its initial intensity).
Additionally, the bathochromic shift observed is the strongest
for this series of D-A-chalcones (4940 cm-1). 1a, carrying the
benzothiazole moiety with a heterocyclic nitrogen atom of
reduced basicity, is a weaker coordination site and shows a
smaller effect at the same ion concentration.130 In the case of
2a and2c lacking a heterocyclic nitrogen atom in the phenyl
acceptor, only coordination to the carbonyl oxygen atom can
induce a bathochromic shift. As follows from Figure 16
coordination of MgII to the carbonyl group leads to a change in
absorption. However, this effect is rather weak because the
formation of a stabilizing bidentate chelate is not possible.
Furthermore, exchanging the DMA for an A15C5 group (2a f
2c) yields the “normal” complexation behavior observed for the
other alkaline-earth metal ions and1c, i.e., a cation-induced
hypsochromic shift of the absorption band. Only a very weak,
red-shifted shoulder is seen in the spectrum of2c⊂MgII. Similar
effects, i.e., complexation-induced red shifts in absorption upon
coordination to a carbonyl group in the acceptor part of a
molecule, have been observed for coumarin-23 and flavonol-
based131 fluorescent probes as well as for a closely related
fluorescent probe of the diphenylpentadienone type.132

SCHEME 4: Potential Coordination Sites in
D-A-Chalcones Containing a Benzothiazole Acceptor
and a Monoaza Crown Ether Donora

a Formation of the ion-macrocycle complex (route A), a N,O-chelate
(route B) or a S,O-chelate (route C) (formation of a five-membered
S,O-chelate (route C) is considered as being more or less only
theoretically possible).

Figure 15. UV/vis-spectrophotometric titration spectra of1awith HgII

perchlorate in acetonitrile (cL ) 9 × 10-6 M, HgII addition in the range
of 0.04 e xM/L e 20).

Figure 16. Steady-state absorption spectra of3, 1a, 2a, and2c in the
absence and the presence of a high excess of MgII (xM/L ) 85 000,cL

) 1 × 10-6 M, O ) free dye,‚‚‚ ) complex,s ) single components).
The spectra were fitted by modeling the band of the free dye and
including one (or two in the case of2c) additional band(s) as log-
normal function(s). In the case of2c and MgII, a weak shoulder at the
low-energy edge of the absorption band was also found at this high
cation excess. The arrows denote the shifts observed.
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For 1b, 2b, and6, no spectroscopic changes are observed in
any case. However, this does not necessarily imply that no
chelate formation occurs but that such a product is not
spectroscopically detectable. Here, as in many other complexes
of diamagnetic (main) group metal ions, the absorption and
emission spectra of the possible complexes should closely
resemble those of the free ligand.133

In the case of1d⊂HgII additional coordination in the acceptor
part of the complex may also account for its time-resolved
emission behavior (see section 3.8), i.e., the occurrence of (at
least) three decay components. Since binding of HgII to the
receptor blocks off the ICT process, the consecutive M2L
complex might escape UV/vis-spectrophotometric detection.134

Moreover, when comparing the relative amplitudes135 found in
a time-resolved fluorescence experiment for the 1.1 ns compo-
nent atxM/L ) 1 andxM/L ) 10, the values of 0.48 (xM/L ) 1)
and 0.42 (xM/L ) 10) indicate no drastic changes.136 Also, the
M2L complex can be nonfluorescent.

Complexation InVolVing CuII. The results obtained during the
CuII binding studies led to some additional investigations
involving Ph-AT415C5 and Ph-A15C5. Addition of CuII to the
former in acetonitrile leads to the disappearance of the two
lowest transitions at 38 500 cm-1 (ε ∼ 17 800 M-1 cm-1) and
33 100 cm-1 (ε ∼ 2200 M-1 cm-1), respectively, and the
formation of new absorption bands centered at 38 700 cm-1

(m), 29 100 cm-1 (m), 23 000 cm-1 (m), and 17 600 cm-1 (w),
respectively.137 In accordance with other data published on the
electronic spectra of CuII thioether coordination compounds, the
two low-energy bands are assigned toσ(S) f Cu LMCT as
well as (probably superimposed)π(S) f Cu LMCT and/or
d-d* ligand field transitions. For AT415C5, Westerby et al.
reported bands at 24 100 cm-1 (ε ) 6100 M-1 cm-1) and 18 700
cm-1 (ε ) 1900 M-1 cm-1)138 and in comparable thia crown
ethers, theσ(S)f Cu LMCT transitions are located in the same
spectral regions.139 The latter band centered at ca. 17 200 cm-1

is assigned to various transitions ofπ(S) f Cu LMCT and/or
d-d* ligand field type.142-144

A UV/vis-spectrophotometric titration of1d with CuII shows
that up toxM/L ) 1, the bands of the free probe (33 200 and
21 900 cm-1) are diminished and new bands at 31 900 cm-1

(s) and 16 700 cm-1 (m) are observed.145 In the course of the
titration, these bands decrease and the bands at 23 900 cm-1 (ε
) 2400 M-1 cm-1) and 18 100 cm-1 (ε ) 2000 M-1 cm-1) (at
full complexation) build up. Because of the strong overlap of
CuII thioether or CuII amine bands with those of the chro-
mophore, assignments of the higher energy absorption bands
were not possible. Having in mind the possible formation of
acceptor-based chelates (band centered at 16 900 cm-1 for HgII)
and the occurrence of sulfur-CuII transitions, a partly consecu-
tive and partly parallel formation of a chelate and a macrocyclic
inclusion complex is anticipated. This is further supported by
the comparatively low complex stability constant of logKS )
3.86 for AT415C5⊂CuII.138

The situation is even more complicated for1aand CuII. Here,
in a complexometric titration, four different regions are ob-
served, i.e.,xM/L e 0.5, 0.5< xM/L e 1, 1< xM/L e 3, and 3<
xM/L.145 For the first two regions, the typical chelate band at ca.
16 700 cm-1 is observed, but upon further increasing the CuII

concentration, a band at 30 800 cm-1 and several strongly
overlapping bands (various shoulders in the range of 28 600 to
14 300 cm-1) were found. Although the results obtained for Ph-
A15C5 and2apoint to coordination of CuII to the DMA group,
for 1a the assignment of any of these bands was impossible
due to their strong overlap.146 Moreover, no effects were found

in a UV/vis-spectrophotometric titration of1b and2b with CuII.
Titrations performed with1f (donor does not contain a nitrogen
atom) and CuII support these findings; i.e., a sharp isosbestic
point is observed and both the decrease as well as increase of
the bands at 27 100 and 22 200 cm-1 are similar to those found
in a titration of 1f and HgII. Here, no other coordination site
interferes in CuII titration.

Comparing the molar absorptivities and size of the blue- and
red-shifted absorption bands of the HgII and CuII complexes of
1d and 1a, respectively, it is obvious that HgII coordinates
(mainly) to the donor in the former and to the acceptor in the
latter but CuII shows mixed coordination for both compounds,
possibly involving a rearrangement of the complexes as well.

Complexation InVolVing CuI. For any of the chalcone deriva-
tives studied, CuI induces no spectral shifts. However, in the
case of1d, complexation is anticipated in agreement with other
literature systems147-149 but lacks spectroscopic detection. For
several other polythia crown ethers, CuI complexation was
observed the complex geometry preferably being tetrahedral.148

Corfield et al. observed tetrahedral coordination for T515C5⊂CuI

with the remaining fifth sulfur donor atom lacking any binding
to the central ion.149 Even for macrocyclic dithia diaza ligands
of different ring sizes, exclusive thioether coordination of CuI

was reported.147 With respect to1d this suggests that complex-
ation occurs but no spectral shifts occur due to the absence of
CuI nitrogen interaction.150 Furthermore, the possibilities to
detect any CuI thioether MLCT transitions in the absorption
spectrum are poor because such absorption bands appearing in
the region of 43 500-33 300 cm-1 should strongly overlap with
the intense absorption of the organic probe molecule.151

Complexation InVolVing Other Metal Ions.Only at higher
concentrations (atxM/L g 5) is a behavior similar to that of the
“red” MgII complex observed for the other heavy and transition
metal ions such as ZnII, NiII, and PbII. As compared to MgII,
the smaller amounts of these ions required to induce similar
effects correlate well with the generally higher complex stability
constants of these ions in chelates of such a type129,130,152and
is also expressed by the relatively high class A or ionic index
of these ions (Tables 3 and 4). Moreover, the presence of only
a single nitrogen in the receptor sufficiently prevents complex-
ation of those transition metal ions that show pronounced
preference for nitrogen donor atoms, e.g., ZnII and NiII, at this
binding site.153 This lack of coordination to1c and 1d is
exemplified by the absence of a blue-shifted band for1a in the
prescence of these ions. For PbII and1d, complexation is not
favored despite the high class B index of this ion (Table 3).118

Instead, the exchange of oxygen for sulfur donor atoms leads
to enhanced binding selectivities for the “soft” metal ions AgI

and HgII compared to PbII, possessing borderline character.32,154

Similar observations have been made for a large number of
mixed mono- or diaza polyoxa/thia crown ethers.155,156 Here,
in all cases, binding to PbII (as well as CdII and CoII) is much
weaker than complex formation with CuII and AgI.155 Further-
more, only in the case of PbII did alkylation of the nitrogen
donor atoms result in a significantly lower complex stability
constant.155

Complexation to A15C5 leading only to the “normal” effect
(route A in Scheme 4) in the case of the other alkaline-earth
metal ions besides MgII can be rationalized in terms of the
complexation behavior of 8-HQ, which binds MgII with a much
higher complex stability constant.152

NMR Spectroscopic Study of MgII and CaII Complexes.To
obtain more information about the chemical structure of the MgII

and CaII complexes of1a, 1c, 2a, and3, 1H NMR spectra of
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these compounds were recorded in the absence and presence
of MgII and CaII perchlorates in CD3CN, respectively. In contrast
to optical spectroscopy, complex formation and dissociation
are comparatively fast on the NMR time scale and thus the
chemical shifts measured are only average values. Also, the
additionally observed shifts are not directly related to the
strength of the complex formed.

The data follow from Tables 6 and S7, respectively. The∆
shifts are comparatively small for2a and MgII, but especially
in the case of3, strong shifts to lower field are observed for
the aromatic protons adjacent to the quinoline nitrogen atom,
i.e., H-3, H-4, and H-6. This supports the proposed formation
of a bidentate acceptor N,O-chelate (five-membered ring che-
late). However1a⊂MgII does not show such pronounced shifts
of the BT protons. Here, only the proton signals of H-R and
H-â of the -COsCHdCH fragment are shifted in opposite
directions, suggesting a dominant interaction of MgII and the
carbonyl oxygen atom. Having in mind the results obtained for
2a (smaller changes upon addition of MgII) and the optical
effects (Figure 16), this explanation is contradictory. Coordina-
tion of MgII only via the carbonyl group of1a is astonishing as
the adjacent electrophilic BT moiety should decrease the electron
density of the carbonyl oxygen atom and should thus reduce
its coordinating ability in1a compared to2a (and hence, the
shifts in the1H NMR spectra should be more pronounced for
2a). A comparison of the complexation behavior of1a and3
shows that, in the former case, complex formation is possible
without further rotation of the BT moiety (syn conformation of
the N,O-chelate, low rotational barrier), whereas the quinoline
ring of 3 has to adopt the less favored syn conformation prior
to complexation (in the anti conformation, the steric hindrance
of H-3 and H-R is minimized). Accordingly, N,O-chelation takes
place in both1a and 3, but the conformational reorientation
induces stronger shifts for3.

In accordance with the absorption effects, addition of MgII

to 1calso leads to similar∆ shifts for H-R and H-â, suggesting
the formation of a N,O-chelate here as well. However, a
comparison of the data presented in Figure 17 and Table S7
for 1c⊂MgII and 1c⊂CaII provide additional evidence for a
second, “normal” coordination site in1c⊂MgII. For both, MgII

and CaII, drastic shifts are observed for the signals of the
methylene groups of the crown ether moiety (with opposite signs

for the methylene group adjacent to the nitrogen atom) and for
those of the aromatic protons in ortho position, but in the case
of CaII, only minor shifts are observed for the vinylenic protons
(with an opposite sign for H-R, Figure 17 and Table S7).
However, some of the signals are broadened for1c⊂MgII,
indicating slow exchange kinetics.

4. Concluding Remarks

The presented studies of the benzothiazole-substituted chal-
cones reveal that the modified and enlarged excited-state reaction
scheme discussed for D-A-stilbenes103 is consistent with both
the phenyl-substituted79 and the heterocyclic D-A-chalcones,
including stronger stabilization of the polar states with increasing
solvent polarity for the latter compounds with a stronger acceptor
moiety. Although displaying spectrally very similar properties,
substitution of the heteroatoms in a crowned anilino donor unit
can entail crystallization in very different conformations and
allows us to fine-tune the charge transfer process while largely
maintaining the size of the donor unit. Emission in polar protic
solvents (alcohols) occurs on the same time scale as solvent
relaxation for all the D-A-chalcones investigated. But whereas
the dynamic emission behavior is straightfoward in highly polar
aprotic solvents, the interpretation of the nonexponential decay
data in medium and apolar solvents of the D-A-chalcones
requires further investigations, preferably time-resolved emission
studies of differently bridged derivatives of2a.

The enormous potential of carefully directed receptor design
for the development of highly cation-selective fluorescent probes
clearly follows from a comparison of1c and1d, differing only
in the receptor part. The choice of AT415C5 not only leads to
an increased cation selectivity but additionally to analytically
more favorable spectroscopic properties, i.e., higher fluorescence
quantum yields and lifetimes while maintaining the cation-
induced fluorescence enhancement factors even for the fluo-
rescence quencher HgII. For both probes, the dynamic working
range covers 1-3 orders of magnitude for a conventional steady-
state fluorometric titration and can be further increased by a
factor of ca. 5 by employing time-resolved fluorometry.157 In
the case of1d, simultaneous determination of AgI and HgII is
possible by employing time-resolved fluorometry due to their
sufficiently different fluorescence decay times (τ(3)1d⊂Hg ) 3
× τ(2)1d⊂Ag ) 4τ1d andτ(2)1d⊂Hg ) 1.6× τ(2)1d⊂Ag ) 3.3τ1d).
Furthermore, application of1d in polar solvents with increased
“hardness”, e.g., water or methanol, should lead to larger
complexation-induced shifts for AgI. In methanol, the shift
observed in absorption equals 2290 cm-1 compared to a value
of 900 cm-1 in acetonitrile. Accordingly, the complex stability
constant should be similar or higher in these solvents lacking
nitrogen donor atoms (due to reduced ion-solvent interac-
tion).158 For AgI binding by diaza polyoxa crown ethers such
an effect was observed by Cox et al.159 Although1c and1d are
only poorly water-soluble, introduction of specific substituents
to different positions of the phenyl fragment of the benzothiazole
moiety should be synthetically feasible without largely changing
the photophysical properties.24,160

Another aspect that needs careful consideration for future
probe design is obviously acceptor complexation. Although in
the present case, this type of complexation leads to the forma-
tion of nonfluorescent complexes, with the appropriate com-
bination of donor and acceptor substituents, e.g., modified
derivatives of2c, analytically more valuable effects may be
achieved.16,23,131,161 The development of fluorescent probes
showing cation-induced bathochromic shifts in emission while

Figure 17. Graphical representation of the∆ shifts induced by CaII

(s) and MgII (---) at the corresponding proton positions of1c (solvent
) CD3CN, counterion) perchlorate,cL ) 1.5 × 10-3 M, cCa ) 0.30
M, cMg ) 0.27 M).
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maintaining (at least partly) their fluorescence quantum yield
is of major importance in fluorescent probe design.
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