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The spectroscopic properties of 1-phenyl-3-benzothiazol-2-yl-5-(4-R-phenyl)-∆2-pyrazolines are strongly
dependent on both the electronic nature of the substituent R and solvent polarity. As revealed by spectroscopic
studies as a function of solvent polarity as well as temperature, for electron-rich amino donor substituents in
polar solvents, deactivation of the strongly emissive charge transfer (CT) state of the basic 1-phenyl-3-
benzothiazol-2-yl-∆2-pyrazoline chromophore has to compete with a fast intramolecular electron transfer (ET)
quenching reaction. In the case of the dimethylamino derivative (R) DMA), the rate constant of ET in
acetonitrile was determined toket ) 3 × 1010 s-1. This ET process can be utilized for metal ion sensing by
introducing nitrogen containing aza crown ether receptor units to the 4-position of the 5-phenyl group. The
spectroscopically determined ET rates of the 5-(N-alkyl)anilino substituents, a DMA, a tetrathia- (AT415C5),
and a tetraoxa-monoaza-15-crown-5 (A15C5) group, correlate with electrochemical data and increase in the
order AT415C5< A15C5< DMA. The metal ion sensing abilities of the two crowned derivatives are presented,
and the different signaling mechanisms include binding to the crown ether in the 4-R-position, chelate formation
in the 3-benzothiazol-2-yl-∆2-pyrazoline moiety, and electrophotochemical detection. Furthermore, the rigid
“pseudo spiro” geometry of the molecules, which holds the three substituents of the central∆2-pyrazoline
ring in a fixed prearrangement, was confirmed by X-ray structure analysis.

1. Introduction

Fast electron transfer (ET) processes in fluorophore-spacer
electron donor (or acceptor) systems harbor an enormous
potential in molecular signaling and switching technology.1

Depending on the redox potential of the molecular subunits and
their chemical nature, various photoinduced reactions entail a
“switching on” or “off” of fluorescence or can be utilized to
construct sophisticated molecular devices with “logic” func-
tions.2 Moreover, the efficiency of an ET process depends not
only on the “ET-active” molecular fragments but also on the
chemical nature, the length, rigidity, and local geometry of the
spacer group.3 Whereas, for instance, long and flexible spacers
can lead to “self-harpooning” ET interactions,4 short and rigid
spacer units can be used to design electronically decoupled
molecular systems in a fixed arrangement.5,6 In the latter
systems, the amount of electronic interaction between nearly
perpendicular subunits critically determines the ET quenching
rate.7

Utilization of such ET processes in cation complexing
fluorescent probes can yield highly efficient fluorescent sensor
molecules8,9 which allow the determination of nonfluorescent
metal ions with increased sensitivity compared with probes

utilizing only intramolecular charge transfer (ICT)-based ab-
sorbance/fluorescence changes.10,11 Binding of a cation to the
receptor of such an ET probe is accompanied by a large change
in fluorescence intensity due to complexation-induced inhibition
or acceleration of a nonradiative process, respectively (“off/
on” or “on/off” sensing), rather than by cation-induced spectral
shifts.8,9 On the other hand, for ICT probes, despite pronounced
spectral shifts in both absorption and emission, only small
changes in fluorescence intensity and lifetime are observed.10,11

Up to now, mainly fluorescent ET probes for alkali and
alkaline-earth metal ions8,9,12-14 have been described. However,
fluorescent probes for the detection of heavy and transition metal
ions require a more refined design, since selective complexation
of these chemically often closely related ions is more difficult
and interfering effects (heavy atom effect, paramagnetism)15,16

induced by ion complexation have to be avoided. The carefully
directed receptor design17 for selective complexation of such
metal ions as AgI, HgII, or CuII can be achieved by employing,
e.g., monoaza macrocycles with “soft” sulfur instead of “hard”
oxygen donor atoms17-19 (in terms of Pearson’s concept of “hard
and soft acids and bases” (HSAB)20). On the other hand, heavy
atom effects can be minimized and the fluorescence enhance-
ment factor (FEF) can well be optimized if an intramolecular
electron transfer (ET) between two electronically decoupled
electron donor and acceptor units, one of which consists of the
receptor group, is utilized to build modular fluorescent probes
for heavy and transition metal ions.2d,21-29
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1,3,5-Triaryl-∆2-pyrazolines, with their rigid but only partly
unsaturated central∆2-pyrazoline ring, are known for their bright
fluorescence.30 The ICT chromophore itself involves only three
atoms of the pyrazoline five-membered ring and two aryl (Ar)
moieties in 1- and 3-position, i.e., theπpπ conjugated Ars
C(3)RdN(2)sN(1)RsAr fragment (Scheme 1A).31-34 The
5-substituent is separated by a “bridged ethylene group”, i.e.,
the CH2-CHR group of the pyrazoline ring, the reduced
flexibility of this arrangement preventing pronounced electronic
interaction in the ground state but enabling interaction via long-
range processes in the excited state, i.e., electron transfer. The
fluorescence quantum yields of such molecules depend on both
the 1,3-(ICT) fragment and the isolated 5-substituent.35aWithout
a strong donor at the 5-position, rather intense fluorescence
bands (φf ∼ 0.8) are found, but introduction of a strong donor
(e.g., amino; or a strong acceptor, e.g., nitro or carboxyl) group
at this position causes considerable fluorescence quenching in
polar solvents with the ICT characteristics, i.e., absorption and
emission bands, remaining unchanged.35aAccordingly, applica-
tions of 1,3,5-triphenyl-∆2-pyrazoline derivatives as fluorescent
probes have been described,33,36,37such probes showing com-
plexation-induced fluorescence enhancement factors (FEFs) of
10-70.2a,8,33,37

Here, we present a new series of 1,3,5-triaryl-∆2-pyrazolines
with the benzothiazole moiety at the 3-position (Scheme 1), this
substitution promising to shift the absorption and emission
spectra into the visible (vis) region of the spectrum. Furthermore,
the 5-phenyl substituent was equipped with an oxidizable
receptor group, a tetrathia- or a tetraoxa-monoaza crown ether,
in order to enable a cation-sensitive intramolecular excited state
ET process.

In the field of rational molecular design, the mechanistical
characterization as well as the correlation of spectroscopic,
electrochemical, quantum chemical, and structural data is very
helpful. In the case of these 1,3,5-triaryl-∆2-pyrazolines, the
photoinduced intramolecular processes are studied as a function
of solvent polarity as well as temperature and are analyzed by
quantum chemical calculations to get insight into the ET process
predicted for that family of compounds with electron donor-
acceptor interactions. Furthermore, the crystal structures and
electrochemical properties (of some) of the dyes are described.
The resulting implications for an analytical application of the
ET probes1c and 1d are discussed and their complexation
behavior toward 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 in
acetonitrile at 298 K is presented. For a better understanding

of the complexation experiments, model compound3 is also
included in some of the studies.

2. Experimental Section

2.1. Materials. Metal perchlorates purchased from Merck,
Acros, and Aldrich were of highest purity available and dried
in a vacuum oven before use38 (see also Supporting Information,
section S1). All the solvents employed were of UV spectroscopic
grade. For the determination of the complex stability constants,
acetonitrile was distilled from CaH2 prior to use. The following
abbreviations for the solvents are used throughout the text:
methanol, MeOH; ethanol, EtOH; acetonitrile, MeCN; tetrahy-
drofuran, THF; diethyl ether, Et2O; cyclohexane, CH.

2.2. Synthesis. General Methods.The chemical structures
of the synthesized compounds were confirmed by elemental
analysis,1H NMR, 13C NMR, and MS and their purity was
checked by reversed phase HPLC (HPLC set up 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 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. Descriptions of the
syntheses and analytical data are provided in Supporting
Information, section S2.

2.3. Steady-State Absorption and Fluorescence Spectros-
copy. UV/vis spectra were recorded on a Carl Zeiss Specord
M400/M500 absorption spectrometer. For the temperature-
dependent absorption experiments, a Bruins Instruments Omega
10 spectrophotometer was 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. The relative fluorescence
quantum yields (φf) were determined by adjusting the optical
densities of the solutions at the excitation wavelengths to 0.1
( 0.001 in a 100 mm absorption cell. These solutions were
then transferred to a 10 mm quartz cell and the fluorescence
measurements were performed with a 90° standard geometry
and polarizers set at 54.7° (emission) and 0° (excitation).
Fluorescein 27 in 0.1 N NaOH (φf ) 0.90( 0.03),39acoumarin
1 in ethanol (φf ) 0.5),39b and coumarin 153 in ethanol (φf )
0.4)39bwere used as fluorescence standards. All the fluorescence
spectra presented here are corrected for the spectral response
of the detection system (calibrated quartz halogen lamp placed

SCHEME 1: Chemical Structures and Labeling of the 1,3,5-Triaryl-∆2-pyrazolines Investigated
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inside an integrating sphere; Gigahertz-Optik) and for the
spectral irradiance of the excitation channel (calibrated silicon
diode mounted at a sphere port; Gigahertz-Optik). The fluo-
rescence quantum yields were calculated from six independent
measurements and 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.
2.4. Time-Resolved Fluorescence Spectroscopy.Fluores-

cence lifetimes (τf) were measured employing a unique laser
impulse fluorometer with picosecond time resolution described
elsewhere.40 The sample was excited with the second harmonic
output (LBO 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 (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 excitation energies were checked and adjusted with
a calibrated Si diode (model 221 with 100:1 attenuator 2550,
Graseby) and an optometer (model S370, Graseby). In a typical
experiment, the pulse peak power was 3× 10-3 W (5 × 10-2

W) in the 82 MHz (4 MHz) mode. For example, concerning a
typical measurement at 400 nm the sample was excited with
ca. 105 photons per pulse. The instrumental response function
of the system was typically 30 ps (full width at half-maximum).
Temporal calibration of the experimental setup was checked
with pinacyanol in ethanol (τf ) 13 ( 1 ps),41a rose bengal in
methanol (τf ) 0.50 ns( 0.02 ns),41b and fluorescein 27 in 0.1
N NaOH (τf ) 4.50 ns( 0.03 ns).41c For the estimation of the
color shift (wavelength-dependent temporal response of the
detection system) between the instrumental response function
and the actual fluorescence decay, the fluorescence of coumarin
1 (in ethanol), coumarin 153 (in ethanol), and fluorescein 27
(in 0.1 N NaOH) were quenched by saturation with potassium
iodide and their decay profiles were recorded at the correspond-
ing emission wavelengths.

The fluorescence lifetime 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). The good-
ness of the fit of the single decays, judged by reduced
chi-squared (øR

2), the autocorrelation functionC(j) of the
residuals, and the Durbin-Watson parameter (DW), was always
in the range oføR

2 < 1.2 and DW> 1.8. Within the global
analysis of the decays recorded at different emission wave-
lengths, 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.,
convergence is reached. The fitting results are judged for every
single decay (localøR

2) and for all the decays (globaløR
2).

Except as otherwise indicated, the errors for all the measure-
ments presented here were below globaløR

2 ) 1.2.
When biexponential decay kinetics are found and an excited

state reaction can be excluded, i.e., in the case of ground state
heterogeneity, wavelength-resolved fluorescence decay pro-
files can be analyzed globally according to eq 1 (Itot(λ,t) )
∑iai(λ)e-t(τi)-1: total fluorescence intensity,arel

i ) ai/∑iai:

relative amplitude,Φrel
i ) aiτi/∑iaiτi: fractional intensity,

DASi(λ): decay-associated spectrum,FSS
tot: steady-state fluo-

rescence intensity).42

2.5. Temperature-Dependent Measurements.The temper-
ature-dependent measurements were performed with a continu-
ous flow He cryostat CF 1204 from Oxford Instruments. Liquid
helium was pumped from a storage container via a transfer tube
(GFS 300, Oxford Instruments) and flow control (VC 30, Oxford
Instruments) by a gas flow pump (GF 2, Oxford Instruments)
through the cryostat. The temperature was externally controlled
by heating and flow adjustment with the temperature controller
ITC 4 from Oxford Instruments. The temperature in the sample
rod was monitored via the temperature-dependent resistance of
a sensor which was calibrated with a Peltier element. When
cooling, the temperature was gradually decreased in steps of
15 or 20 K (atT > 170 K) with equilibration times of 20 min
at every point of measurement. Then the sample was im-
mediately chilled (with liquid He toT ) 10 or 30 K),
equilibrated for 40 min, and heated in steps of 20 K (equilibra-
tion time of 20 min) to 170 K.

2.6. Complex Stability Constants.The complex stability
constants reported here were determined from both absorption
(in 50 or 100 mm absorption cells) and fluorescence measure-
ments. The complex stability constantsK were measured by
titrating a dilute solution (typically 10-6 M) of ligand by adding
aliquots of metal ion solution (cM0 titration). For the fit of the
complexometric titration data (employing Origin V5.0, Microcal
Software, Inc.), the following equations apply (X, absorption
or fluorescence intensity;a, b, constants;cM, cL, free metal,
free ligand, and complex concentrations;cY0, total concentra-
tions) and the theoretical background is discussed in more detail
in ref 43.

When Xlim is not known, eq 2 allows for the graphical
determination ofK and for efficient complexation, whencM ∼
cM0 is not valid anymore, eq 3 can be used.43

The reported values are mean values of at least two measure-
ments with correlation coefficients>0.99.

2.7. Quantum Chemical Calculations.Geometry optimiza-
tions were performed employing the semiempirical AM1 method
(gradient< 0.01; HyperChem V4.0 and 4.5, Hypercube, Inc.).44

Rotational energy barriers were calculated by iterative twisting
of the bond(s) of interest. The energies of the corresponding
perpendicular structures were found by optimizing the geometry
with the exception of a single fixed dihedral angle of 90°.
Transition energies were calculated on the basis of the corre-
sponding ground-state geometries and 1SCF calculations with
a CI of 8 by the methods AM1 (Ampac V5.0 and V6.55,
Semichem, Inc.) and ZINDO/S.45

DASi(λ) )
ai(λ)FSS

tot(λ)

∑
i

ai(λ)τi

(1)

X0

X - X0
) a

b - a
1
K

cM + 1 (2)

X ) X0 +
Xlim - X0

2cL0
{cL0 + cM0 + 1

K
-

[(cL0 + cM0 + 1
K)2

- 4cL0cM0]1/2} (3)
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2.8. X-ray Structure Analysis. The X-ray data of1b, 2a,
and3 were collected on a Siemens SMART diffractometer at
293 K using Mo KR radiation (λ ) 0.710 73 Å) monochroma-
tized by a graphite crystal. The structures were solved by direct
methods and refined by full-matrix least-squares calculations
(SHELXTL). The hydrogen atoms of all the structures were
introduced in their calculated positions and refined using Riding
models.46

2.9. Cyclic Voltammetry. The cyclic voltammograms were
obtained in acetonitrile/0.1 M Bu4NPF6 solution with an Amel
553/Amel 568 system in a standard single compartment three
electrode design (Pt working electrode and counter electrode,
Ag/AgCl quasireference electrode). Ferrocene was used as an
internal standard, and measurements were performed under inert
gas with a scan rate of either 1000 or 250 mV s-1 (for 1b). All
the potentials given in the text are in mV vs Fc/Fc+.

3. Results and Discussion

3.1. Structural and Photophysical Studies. 3.1.1. X-ray
Crystallography. The total X-ray structures of the (R) stereo-
isomers of the three molecules are collected in Figure 1 and
the relevant geometrical parameters are combined in Table 1.
All the three molecules crystallize as a racemate. The 1,3-diaryl-
∆2-pyrazoline chromophore is nearly planar in the ArsC(3)Rd
N(2)sN(1) fragment of1b, 2a, and3 (see dihedral angles of
the molecular planes in Table 1) and a partly tetrahedral
conformation at N(1) only occurs for2a, manifested by a sum
of the bond angles at N(1) of 351.9° (Table 1). In this case,
the lone electron pair of N(1) and the hydrogen atom at C(5)
point into opposite directions. Whereas2ashows a pronounced
bond length alternation in the C(6)-N(1)-N(2)-C(3)-C(12)
fragment, the stronger conjugation of the∆2-pyrazoline chro-
mophore in1b and especially3 follows from the double bond
character of the bonds C(3)-C(12) (1.450 and 1.432 Å) and
N(1)-N(2) (1.365 and 1.361 Å). Furthermore, the bond N(1)-
C(6) (ca. 1.40 Å) displays similar features.47 For 3, where the
ArsC(3)RdN(2)sN(1)sPh unit is most planar (θ1-2 ) 2.2°
andθ1-3 ) 6.5°, Table 1), the bond length alternation is further
reduced, indicating the strongest delocalization for this com-
pound. Concerning1b and3, alkylation of N(13) does not only
increase the conjugation in the chromophore but leads to a
change in conformation as well, i.e., the BT moiety and the
∆2-pyrazoline ring are in N(2)-N(13) anti conformation for1b
but the syn conformer is favored for3. The results obtained for
the basic chromophore of2a are generally in good agreement
with the structural data of 1,3-diphenyl-∆2-pyrazoline reported
by Duffin48 despite the distortions imposed by the 5-substituent
(Table 1).

Compared to the three aryl substituents, the central∆2-
pyrazoline ring shows a reduced planarity for all the three
compounds (cf. description of molecular planes in Table 1).
The dihedral angle between the planes of the 5-substituent and
the ∆2-pyrazoline ring amounts to ca. 78° (Table 1), resulting
in a tilted, “pseudo spiro” arrangement of both molecular
fragments. Regarding the degree of pyramidalization at the
dimethylamino (DMA) (or aza crown) nitrogen atom, the sum
of the bond angles at N(24) equals 358.4° for 2a, very similar
to the values found by us forN-phenyltetraoxamonoaza-15-
crown-5 (N-phenyl-A15C5) andN-phenyltetrathiamonoaza-15-
crown-5 (N-phenyl-AT415C5).49 Accordingly, the bond C(21)-
N(24) shows a certain double bond character (1.390 Å).

3.1.2. Absorption and Emission at 298 K.The photophysi-
cal data of the compounds investigated are collected in Table

2. The first prominent features which render the benzothiazol-
2-yl (BT)-substituted dyes analytically more valuable than most
of their triphenyl derivatives are their red-shifted absorption and
emission bands accompanied by high fluorescence quantum
yields (for compounds without a 5-p-anilino donor). For
example, in acetonitrile, the absorption band is centered at ca.
25 000 cm-1 and emission occurs at ca. 19 500 cm-1, while
for 2a, the corresponding transitions are found at 27 700 cm-1

and 21 300 cm-1, respectively. As derived from the quantum
chemical calculations below (section 3.1.4), the nature of the
electronic transition (ππ* nature) involves an intramolecular
charge transfer from the 1-Ph-N(1) donor to the ArsC(3)d
N(2) acceptor. Along with the CT, increased charge densities
are found for the pyrazoline ring atoms N(2) and C(3) in the

Figure 1. X-ray structures of the (R) stereoisomers of1b, 2a, and3.
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first excited singlet state. As can be derived from the data in
Table 2 and Figures 2 and 3, the position of the bands is thus
significantly influenced by the 1-p- and 3-p-substituents of the
pyrazoline ring whereas the fluorescence quantum yield depends
on the para-substituent at all three positions.33b,35a,50For all the
solvents employed, the absorption and fluorescence excitation
spectra of the dyes investigated match.

Steady-State Spectra.A comparison of the absorption spectra
of 1b with those of the anilino-substituted derivatives (e.g.,1a)
in Figure 2 reveals that for the 5-p-amino-substituted derivatives,
the high-energy band of the∆2-pyrazoline chromophore and

the most intense transition in the alkylated anilino chromophore
(at ca. 37 700 cm-1) are superimposed. In all the solvents studied
here, both the absorption and emission spectrum show no
vibrational structure and even inn-hexane a slightly structured
band is only seen in the emission spectrum. The Stokes shift
increases with solvent polarity indicating a higher dipole
moment in the excited state than in S0 (Figure 3) and in aprotic
solvents, all the dyes have high fluorescence quantum yields.
Thus, in all the solvents, emission is due to an allowed charge-
transfer transition S1(CT) f S0. These observations are in
agreement with those reported by other research groups for 1,3-
di- and 1,3,5-triaryl-∆2-pyrazolines.32,33,36,50-55 The negligible
spectroscopic effect of various 5-p donor substituents is even
observed for the bulky crown ether groups and gives further
evidence for the rigidity of the “∆2-pyrazoline bridge” and the
prearrangement of 1-, 3-, and 5-substituents in a conformation
preventing sizable orbital overlap.

Transition Dipole Moments and Geometry of the States.A
possible change of the nature from the absorbing to the emitting

TABLE 1: Selected Bond Lengths (Å), Angles (deg), and
Dihedral Angles of the Molecular Planes (deg) of the X-ray
Structures of 1b, 2a, and 3

1b 2a 3

N(1)-N(2) 1.365 1.394 1.361
N(2)-C(3) 1.291 1.292 1.327
C(3)-C(12) 1.450 1.478 1.432
N(1)-C(6) 1.394 1.424 1.407
N(1)-C(5) 1.477 1.477 1.497
C(5)-C(18) 1.512 1.497 1.516
C(3)-C(4) 1.487 1.490 1.505
C(4)-C(5) 1.540 1.550 1.552
N(2)-N(1)-C(5) 113.4 113.3 113.2
C(5)-N(1)-C(6) 125.6 122.5 126.0
N(2)-N(1)-C(6) 120.6 116.1 120.5
∑ 359.6 351.9 359.7
θ1-2

a 12.9b 20.9b 2.2b

θ1-3
a 3.2b 5.2b 6.5b

θ1-4
a 81.0b 76.5b 81.1b

a Plane 1) atoms N(1) to C(5); plane 2) C(6) to C(11); plane 3
) C(12) to C(16) and C(26) to C(29); plane 4) C(18) to C(23).
b Atomic deviations from the planes given in ref 110.

TABLE 2: Spectroscopic Data of the Substituted
1,3,5-Triaryl-∆2-pyrazolines at 298 K

solvent
ν̃(abs)

(103 cm-1)

ε[ν̃(abs)]
(103 M-1

cm-1)
ν̃(em)

(103 cm-1)
∆ν̃(abs-em)

(cm-1) φf

τf

(ns)

1a MeOH 24.51 27.7 19.36 5150 0.003 0.03
MeCN 24.94 29.0 19.34 5600 0.006 0.03
acetone 24.81 28.4 19.60 5210 0.08 0.20
THF 24.75 28.5 19.80 4950 0.55 3.00
Et2O 25.00 27.9 20.30 4700 0.86 4.02
toluene 24.57 29.8 20.12 4450 0.84 3.39
hexane 25.13 25.8 21.03 4100 0.78 3.31

1b MeOH 24.81 28.8 19.17 5640 0.38 2.54
MeCN 25.13 29.4 19.61 5520 0.72 4.02
acetone 25.06 29.3 19.73 5330 0.75 3.91
THF 24.88 29.4 19.90 4980 0.71 3.88
Et2O 25.19 25.7 20.46 4730 0.87 4.17
toluene 24.81 28.2 20.33 4480 0.84 3.45
hexane 25.32 24.9 21.19 4130 0.73 3.32

1c MeOH 24.51 26.3 19.42 5090 0.006 0.05a

MeCN 25.00 28.2 19.52 5480 0.016 0.11a

toluene 24.57 27.3 20.00 4570 0.85 3.34
hexane 25.06 25.1 21.05 4010 0.75 3.27

1d MeCN 24.94 29.7 19.47 5470 0.10 1.07a

toluene 24.63 27.8 20.26 4370 0.87 3.46
1e MeOH 24.75 26.1 19.17 5580 0.36 2.42

MeCN 25.00 27.5 19.57 5430 0.77 4.05
hexane 25.25 25.2 21.16 4090 0.85 3.32

2a MeOH 27.93 17.7 20.54 7390 0.19 1.56
MeCN 27.70 19.0 21.34 6360 0.69 4.19
hexane 27.70 18.8 23.01 4690 0.52 2.90

2b MeOH 28.09 18.9 20.81 7280 0.38 n.d.b

MeCN 28.09 19.1 21.50 6590 0.62 4.33c

CHd 28.1 n.r.b 23.4 4730 0.82 n.r.b

a 〈τf〉 calculated according to ref 111; for explanation see text.b n.d.
) not determined, n.r.) not reported.c Reference 55.d Reference 35a.

Figure 2. Normalized steady-state absorption and emission spectra
of 1a (O), 1b (×), 1c (9), and1d (4) in acetonitrile at 298 K.

Figure 3. Normalized steady-state absorption and emission spectra
of 1a, 1b, and2a in n-hexane (9), diethyl ether (×), and acetonitrile
(O) at 298 K.
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state, as might be induced by excited-state relaxations of the
average twist angle around bonds N(1)-C(6) and C(3)-C(12),
can be derived from a comparison of the radiative rate constant
observedkf

obs (eq 4a) andkf
calc (eq 5a), the corresponding rate

constant calculated from the absorption spectra (Table 3).

Here, Mabs and Mem are the transition dipole moments
obtained by analyzing steady-state and dynamic photophysical
data according to eqs 4b and 5b,56,57n is the refractive index of
the solvent, and the other constants include speed of light in a
vacuum (c0), Planck constant (h), and Avogadro constant (NA).
The ratioskf

obs/kf
calc of 1.1-1.2 (for the 3-benzothiazol-2-yl-

substituted derivatives) inn-hexane as compared to ratios of
0.93-0.98 in acetonitrile most probably suggest the involvement
of both electronic solute-solvent interactions and/or a relaxation
of the initially excited Franck-Condon state to a slightly more
planar conformation of the emitting CT state (Table 3).58

However, the differences in conformation seem to be rather
small. In contrast, the influence of protic solvents is well
reflected by a more distinct decrease inkf

obs/kf
calc for 1a, 1b, 1e,

and2aupon going from acetonitrile to methanol (Table 3). Here,
the ratio of 0.78 for1a suggests different intramolecular
rearrangements most probably involving hydrogen bond forma-
tion.

A similar trend is revealed by the rate constants of ra-
diative and nonradiative deactivation (Table 3), i.e., a slight
decrease inkf ()φf/τf) with increasing solvent polarity (and
proticity) but a much more pronounced increase inknr

()(1 - φf)/τf).
Excited-State SolVatochromism and Dipole Moments.In order

to estimate the extent of the CT process and to compare1a and
1b more closely, the spectroscopic data obtained in different
solvents were analyzed as a function of solvent polarity
employing the Lippert-Mataga formalism (eqs 6 and 7).59 A
plot of the Stokes shift vs the solvent polarity functions

f(εr) - f(n) (cf. eq 6) is shown in Figure 4 and the dipole
moments obtained are included in Table 4.

Here, ∆ν̃vac(abs-em) is the extrapolated Stokes shift in a
vacuum,µg and µe are the ground- and excited-state dipole
moments,aO is the Onsager cavity radius,εr is the relative
permittivity of the respective solvent, and the other constants
are given above. Graphical analysis of a plot of the Stokes shift
vs the solvent polarity function (last term in eq 6) allows for
the determination of (µe - µg) andµe (if µg is known).60,61

The good agreement between the dipole moments obtained
for 1aand1b reveals that a 5-p donor has a negligible influence
on theS0 f CT transition in the 1,3-chromophore. This is also
found when taking into account the polarizability of the solute
(cf. ref 62) or by applying the empirical SPPN solvent polarity

TABLE 3: Photophysical Parameters of the Substituted
1,3,5-Triaryl-∆2-pyrazolines at 298 K

solvent
kf

obs

(108 s-1)
knr

obs

(108 s-1)
kf

calc

(108 s-1) kf
obs/kf

calc

1a MeOH 1.4 450 1.7 0.78
MeCN 1.8 300 1.9 0.94
Et2O 2.1 0.4 2.0 1.06
hexane 2.4 0.7 2.0 1.18

1b MeOH 1.5 2.4 1.7 0.87
MeCN 1.8 0.7 1.9 0.93
Et2O 2.1 0.3 1.9 1.09
hexane 2.3 0.8 1.9 1.21

1c hexane 2.3 0.8 2.1 1.08
1d toluene 2.5 0.4 2.3 1.09
1e MeOH 1.5 2.6 1.7 0.89

MeCN 1.9 0.6 1.9 0.98
hexane 2.4 0.6 2.2 1.12

2a MeOH 1.2 5.2 1.3 0.94
MeCN 1.6 0.7 1.6 1.00
hexane 1.8 1.7 1.8 1.01

kf
obs) 64π4

3h
n3ν̃em

3|Mem|2 with |Mem|2 ) 3h

64π4n3

φf

τfν̃em
3

(4a,b)

kf
calc ) 64π4

3h
n3ν̃em

3|Mabs|2 with

|Mabs|2 )
3hc0 ln 10

8π3 NAn
∫band

ε(ν̃abs) dν̃abs

ν̃abs
(5a,b)

Figure 4. Solvatochromic plots (and fits) according to eq 6 (top) and
plots of Stokes shift vs empirical solvent polarity parameter SPPN

(bottom) for1a (O, ---) and1b (9, s) in the solvents listed in Table
2, di-n-butyl ether and 1,4-dioxane. For the fit of the solvatochromic
plot the values for toluene (T), 1,4-dioxane (D), and methanol (M)
were excluded.

TABLE 4: Dipole Moments Obtained from the Slope of
Solvatochromic Plots According to Eqs 6 and 15a

eq µg
b/D µe/D (µe - µg)/D

1a 6 1.7 14.3 12.6
15c 1.7 10.2 8.5

1b 6 0.8 12.5 11.7
15c 0.8 9.2 8.4

a The Onsager cavity radiusaO was taken to 7.1 Å (1a) and 6.8 Å
(1b) on the basis of the AM1 optimized geometry and the method
proposed by Edward for spherical molecules.106 b For ground-state
geometry optimized by AM1.c See ref 62.

∆ν̃(abs- em)) ∆ν̃vac(abs- em)+
2(µe - µg)

2

hc0aO
3

(f(εr) - f(n)) (6)

f(εr) )
εr - 1

2εr + 1
and f(n) ) n2 - 1

2n2 + 1
(7a,b)
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scale63 (Figure 4). Similar magnitudes for∆2-pyrazolines are
found in the literature, where Gu¨sten et al. reported a value of
(µe - µg) ) 11.5 D for 1-p-chlorophenyl-3-p-cyanophenyl-∆2-
pyrazoline (analysis via Bakhshiev’s formalism)32c,64and Yan
et al. found (µe - µg) ) 8.9 D for 3-p-nitro-triphenyl-∆2-
pyrazoline (analysis via the Bilot-Kawski formalism)36b,65. Such
a change in dipole moment of ca. 13 D (Table 4) corresponds
to a charge separation distance of ca. 3.0 Å equaling a
(theoretical) distance from N(1) to the C(3)-C(12) bond
reflecting the charge shift within the 1,3-chromophore; in
crystalline1b, the distances N(1)-C(3) and N(1)-C(12) are
2.148 and 3.543 Å, respectively.

Fluorescence Quantum Yields.Table 2 shows that in contrast
to spectral similarity with the reference compound1b, the
fluorescence quantum yield (φf) is drastically quenched for the
molecules with a strong 5-p donor (aniline) in solvents of high
polarity (i.e., acetonitrile) andφf decreases on the order of1d
(AT415C5). 1c (A15C5)> 1a (DMA; note that no quenching
is observed for the 5-p-methoxy derivative1e). Furthermore,
the efficiency of this (long range) intramolecular quenching
process is also very sensitive to the type of the 3-substituent as
follows from the data in Table 2. Hence, for a 3-phenyl group
(2a) quenching is not observed. Since the efficiency of this
quenching correlates with the electron donor and acceptor
strengths of the 5- and 3-substituents, respectively, we assign
this process to an electron transfer (ET) from the D to the A
moiety (vide infra, see section 3.1.5).

In protic solvents such as methanol,φf is even more reduced
than in the equipolar but aprotic acetonitrile. This effect occurs
regardless of the 3- or 5-substituent and points to an additional
quenching of the CT fluorescence. Such phenomena are often
encountered for fluorescent CT states66,67 and have also been
observed for other∆2-pyrazolines before.33,35aUpon excitation,
the CT process leads to an increased electron density at N(2)
inducing a higher availability of the lone electron pair for
hydrogen bonding. Since all the triaryl-∆2-pyrazolines display
enhanced radiationless deactivation of the excited state in protic
solvents, such H-bond formation should occur at N(2). Sterical
hindrances seem to play no role here, since a less planar
arrangement of the 1-aryl and the∆2-pyrazoline moiety (as, e.g.,
in 1-(2-methylphenyl)54 or 1-(2,6-dimethylphenyl)32a,68deriva-
tives) only leads to slightly reduced fluorescence quantum yields
even in highly viscous solvents. Even a pretwisted 3-Ar group
has only a weak influence on the fluorescence quantum yield
(the influence of both, pretwisted 1- and 3-substituent is much
more pronounced for the spectral band positions).32a,50,54,68,69

The effect of hydrogen bonding on the fluorescence of the 1,3-
diphenyl-∆2-pyrazoline chromophore is more pronounced since
here only N(2) has a high charge density in the excited state.
In the 3-benzothiazol-2-yl-substituted derivatives, dissipation of
the negative charge in the N(2)dC(3)sthiazolyl acceptor
fragment reduces the charge density at this particular nitrogen
atom (cf. section 3.1.4 and the discussion involving protonated
1a, 1b, 2a, and2b as well as3 in sections 3.2.2 and 3.2.3).

Fluorescence Lifetimes.The fluorescence lifetime data are
included in Table 2. In apolar solvents, the decay kinetics are
always monoexponential. This is also valid for all the derivatives
without a 5-p-amino donor in all the polar solvents investigated.
For the 5-p-anilino-substituted derivatives, only in the case of
crowned1cand1d, biexponential decay kinetics with a second,
long-lived decay component with a low relative amplitude were
found in polar solvents. Global analysis of the fluorescence
decay curves recorded as a function of emission wavelength
revealed no rise times as well as unchanged relative amplitudes

(<20% for the longer component (3 ns)) over the whole spectral
range measured (Figure 5; see eq 1 in section 2.4.). Most
probably, this points to the presence of two different emitting
conformers in the case of1c and 1d. Assuming similarity of
the electronic structure for the crowned derivatives and the
parent molecule1a, this behavior may arise from conformational
flexibility of the aza crown unit (which can induce varying
basicity of the amino lone electron pair). Such a conformational
flexibility has been recently found by us for the chalcone
analogue of1d.17a,49 Keeping in mind the endo-exo isomer-
ization of crown ethers,70 differences in the interaction between
the nitrogen lone electron pair and the 5-phenylπ-system could
result in different ET rates and hence different fluorescence
decay times. In the case of a tertiary amine “extreme” endo/
exo conformations are not possible but an exo conformation
with a partly sp3-hybridized nitrogen atom could alter the rate
constant of ET drastically.71

3.1.3. Temperature-Dependent Behavior.In order to verify
the electron-transfer process in1a and its dependence on
molecular motions, steady-state and time-resolved fluorescence
measurements were carried out with1a in ethanol as a function
of temperature as well as with1b, 2a, and2b in ethanol at 290
and 77 K. As can be seen in Figure 6, the structureless
spectroscopic features are maintained within the temperature
range of 290-30 K, the spectra at 30 K resembling closely those
of 1a in n-hexane (Figure 3). Phosphorescence could not be
detected in any of the experiments which means that its quantum
yield is less than 0.0172 and suggests that the remaining 10%

Figure 5. DASi(λ) (solid lines with symbols) and steady-state emission
spectrum (---) of1d in acetonitrile at 298 K (excitation at 415 nm,cL

) 3 × 10-6 M). The inset contains the normalized DASi(λ) with relative
errors. Global analysis revealed decay times of 0.98 ns (〈arel〉 ) 0.95;
DAS1(λ) 9, insets) and 2.96 ns (DAS2(λ) O, inset ---), respectively.109

Figure 6. Normalized steady-state absorption and emission spectra
of 1a in ethanol at 290 K (9), 200 K (O), 110 K (4), and 30 K (×).
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of nonradiative deactivation of1a and 1b are mainly due to
internal conversion from S1 to the ground state. The spectro-
scopic properties of all the four compounds in ethanol at 290
and 77 K are collected in Table 5. In the case of1b, 2a, and2b
which are already moderately fluorescent at room temperature,
the quenching induced by hydrogen bond formation is sup-
pressed at 77 K and fluorescence quantum yields near unity
are observed (Table 5). For all the dyes, monoexponential
fluorescence decay kinetics are observed at all the temperatures
studied.

Figure 7 combines the corresponding fluorescence quantum
yield and lifetime data of1a. From a comparison of the kink
point in theφf andτf vs T plots for1a (Figure 7) with the glass
temperature of the solvent (Tg

EtOH ) 158 K; Figure 7), it is
evident that a viscosity-dependent process is frozen belowTg

in 1a. The constant values obtained for both fluorescence
quantum yield and lifetime suggest that the quenching ET
process is blocked belowTg. The similar data of1a and1b at
77 K given in Table 5 support these findings.

On the other hand, upon analyzing the temperature-dependent
emission data aboveTg in terms of the Arrhenius equation (eq
8), a linear correlation is obtained for a plot of lnknr vs T-1. As
a consequence, an activation barrier of 11.3 kJ mol-1 is found
for the nonradiative processes whilekf does not show a distinct
temperature dependence with values of 2 ((0.4)× 108 s-1 (for
1a) over the temperature range studied. The temperature
dependence of the emission behavior of1a in solution points
to a mainly viscosity controlled ET process being active only
in 1a.

In order to elucidate whether the viscosity or temperature
influence is due to a purely intramolecular relaxation or mainly

due to solvent reorientations and to get more insight into the
role of hydrogen-bonding interactions, temperature-dependent
spectroscopic studies of1b-d as well as of some of the dyes
in polar aprotic solvents are currently performed. If an intramo-
lecular rotation is involved in the ET quenching process, the
bulkiness of the 5-p substituent in1c and1d should result in a
larger barrier than found here for1a.

3.1.4. Quantum Chemical Calculations.In order to get more
insight into the geometric arrangements, charge distribution, and
nature of the molecular orbitals involved in the electronic
transitions in the 1,3,5-triaryl-∆2-pyrazolines, quantum chemical
calculations were performed for1a-e, 2a, 2b, 3, and their
protonated derivatives. The latter are important for a better
understanding of the complexation experiments (see sections
3.2.1-3.2.3).

Ground-State Geometries.Ground-state geometry optimiza-
tions were performed on a semiempirical AM1 level and relevant
data of the molecules are summarized in Table 6 (labeling of
the atoms according to Scheme 1). A comparison of the X-ray
data (molecules in the crystalline state, see Table 1) with the
quantum chemical results (molecules in the gas phase, see Table
6) generally yields a good agreement for1b, 2a, and 3,
respectively. The mean deviations in bond lengths are<0.025
Å and the near coplanarity of the 3-substituent and the
∆2-pyrazoline moiety as well as the anti (or syn) conformation
of N(2) and N(13) for1b and2a (or 3) are well reproduced by
the quantum chemical calculations. Some deviations are found
for the degree of pyramidalization at N(1), and the sum of the
bond angles at N(24) amount to 350.9° (1a), 355.5° (1c), 352.6°
(1d), and 350.6° (2a), comparable to those found for2a (Table
1) as well asN-phenyl-A15C5 and -AT415C5 in an X-ray
structure analysis.17a,49,71 The dihedral angles between the
molecular planes are comparable to values given by Blair et al.

TABLE 5: Spectroscopic Data and Photophysical Properties of 1a, 1b, 2a, and 2b in Ethanol at 290 and 77 K

T (K)
ν̃(abs)

(103 cm-1)
ν̃(em)

(103 cm-1)
∆ν̃(abs-em)

(cm-1) φf τf (ns) kf (108 s-1) knr (108 s-1)

1a 290 24.69 19.51 5180 0.02 0.12 1.7 81.7
1b 24.81 19.45 5360 0.59 3.54 1.7 1.2
2a 27.75 21.27 6480 0.37 3.56 1.0 1.8
2b 27.91 21.37 6540 0.41 3.65 1.1 1.6
1a 77 23.93 20.44 3490 0.85 3.60 2.4 0.4
1b 24.24 20.61 3630 0.87 3.61 2.4 0.4
2a 27.09 23.07 4020 0.97 3.65 2.7 0.1
2b 27.17 23.15 4020 0.97 3.75 2.6 0.1

Figure 7. Temperature dependence of the fluorescence quantum yield
(O) and lifetime ([) of 1a in ethanol. The inset shows the temperature
dependence of lnknr above (s) and below (constant, ---) the glass
temperature of ethanol (Tg

EtOH ) 158 K).

ln k ) ln A -
EA

RT
(8)

TABLE 6: Calculated Sum of Bond Angles at N(1)
(∑[N(1)]) and Dihedral Angles (θ) of the Molecular Planes of
1a, 1b, 1e, 2a, 2b, 3, and Their Protonated Derivatives in the
Ground Statea

-R+ b ∑[N(1)]/deg θ1-2/deg θ1-3/deg θ1-4/deg

1ac 347.8 27.4 3.9 87.1
1bc 347.6 27.8 3.7 86.5
3c,d N(13) 360.0 20.1 1.6 90.9
1e-H+ N(2) 333.7 87.7 2.6 90.8
1e-H+ N(1) 333.9 90.8 1.6 94.3
2a 346.6 28.9 4.6 86.6
2b 346.4 29.3 5.4 86.2
2b-H+ N(1) 334.0 92.0 1.8 91.9
2b-H+ N(2) 333.5 88.1 2.8 89.8

a By AM1/HyperChem; for the definiton of molecular planes, see
Table 1. The results obtained for1c-e and for the protonated species
of 1c and1d are similar ((0.5°). b Position of protonation or methyl-
ation. c The anti conformation of N(2) and N(13) is energetically favored
(6 kJ mol-1) for 1a-e, but the optimized geometry of the syn conformer
shows comparable features. For3, the syn conformation of N(2) and
N(13)+-CH3 is favored.d 1e-H+/N(13), syn conformation is energeti-
cally preferred, shows very similar geometrical parameters as3 ((0.5°).
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for 2b (e.g.,θ1-2 ) 25.1° andθ1-4 ) 93.1°)34a on the basis of
AM1/MOPAC calculations34a and agree with the X-ray struc-
tural data within(10° (with the exception ofθ1-2 for 3, see
Tables 1 and 6). Furthermore, the energy barriers for rotation
around the sterically unrestricted single bonds are low for all
the molecules studied. The activation barriers are calculated to
14.2 and 16.3 kJ mol-1 (N(1)-C(6)) and 9.0 and 7.3 kJ mol-1

(C(3)-C(12)) for the corresponding single bonds of1b and2b,
respectively. In contrast, rotation around the single bond C(5)-
C(18) is connected with a high barrier, i.e., 164 and 159 kJ
mol-1, constrained to an almost perpendicular twist angle (∼80°)
due to the sterical interaction with the neighboring 1-substituent.
The protonated and methylated compounds will be discussed
further below.

Molecular Orbitals and Differences of CT and ET States.
Inspection of the molecular orbitals (MOs) calculated for all
the molecules with the AM1 Hamiltonian (Figure S1) reveals
that the HOMO-LUMO (1 f -1) transition involves large
orbital overlap in the central∆2-pyrazoline chromophore which
therefore is a strongly allowed transition (cf. Table 7). Since
this electron configuration contributes to the S1 state with more
than 90% (from ZINDO/S-CI) and it is also connected with a
partial charge transfer from the∆2-pyrazoline unit to the almost
coplanar substituent in the 3-position, we can assign the
corresponding transition to the1CT state experimentally ob-
served with large fluorescence quantum yields.

In those cases where an anilino group acts as an electron
donor in the perpendicularly arranged 5-position (1a, 1c, 1d,
2a), the HOMO-1 (MO 2) becomes localized on this donor
moiety which consequently leads to the lowest lying electron
transfer state associated with full charge separation across the
C(5)-C(18) twisted single bond. This explains that only in these
compounds a quenching ET state can be expected. The exception
of the charged molecule3 is discussed separately below. To
elucidate why this ET process is active only in1a, 1c, and1d
but not in 2a, we collected the electronic properties of the
leading configuration of the1ET and1CT states for1a and2a
in Table 7. As expected for delocalized1CT states, the oscillator
strengthsf and dipole momentsµe are relatively large67 whereas
the 1ET transition is forbidden withf close to zero and is
connected with a giant dipole moment of 40 D for1a and 34 D
for 2a. Proof of the radical ion-pair nature of the configuration
in question is provided by the near-degeneracy of the singlet
and triplet states, revealed in the small singlet-triplet energy
gap, or∆ES-T. In the gas phase (and in apolar solvents), the
1ET state is very high lying but due to the large difference
between ground- and excited-state dipole moments (∆µeg) this
transition is drastically lowered in solvents such as acetonitrile.
In order to estimate this effect, we employed eq 9 with
reasonable Onsager parameters.45,67,73 Indeed, under these
conditions the1ET state becomes lower lying than the1CT state
only for 1a but not for 2a, which reflects the experimental
observation that ET is not accessible for2a in acetonitrile.

The main reason for this effect is the larger value of∆µeg of
1ET in 1a and the larger value of∆µeg of 1CT for 2a which
both result in a stronger stabilization of1ET against1CT in 1a
than in2a.

When the dimethylanilino donor group is exchanged by a
methoxyphenyl group (1a f 1e), the 1ET-induced quenching
is not observed because the HOMO of this donor group is lower
lying leading to a larger energy gap of the1ET transition than
in the corresponding dimethylanilino derivative. However, a
quenching1ET state is experimentally observed in the charged
compound3 (φf ) 0.07 in MeCN as compared toφf ) 0.77 for
1e in MeCN, see Tables 2 and 12). In this particular case, the
calculations predict again a strongly reduced S0-1ET transition
energy. In fact, inspection of the atomic charges shows that the
positive charge is mainly localized on the BT unit in S0 while
the lowest lying1ET (S2 in gas phase) in the excited state results
in a charge shift to the methoxyphenyl unit. Such a behavior
has recently been explained in a similar way for a pair of
uncharged and charged biphenyls, respectively.74 In the case
of a pronounced twist between donor and acceptor unit, the
positive charge becomes localized on the acceptor unit, here
BT, and enhances its electron affinity, i.e., reducing the1ET-
S0 energy gap. In addition, the small bond alternation in the
excited states of such charged molecules favors a photoinduced
conformational relaxation toward a higher twist between both
moieties which even supports the previously mentioned effects.
As a consequence, the1ET-S0 energy gap becomes very small
and thus might lead to a conical intersection connected with an
efficient nonradiative funnel.75,76

3.1.5. Cyclic Voltammetry. For a better understanding of
the ET process the redox potentials of1a-d, 2a, and2b were
determined (Table 8). A single reduction is observed at<-2000
mV which is irreversible only in the case of2b. The irreversible
oxidation of the pyrazoline moiety occurs between 430 mV (for
2b) and 680 mV (for1a and1c). For the 5-anilino-substituted
compounds, the first oxidation step (390-550 mV) is attributed
to an irreversible oxidation of the amino group. Accordingly,
this peak is absent in protonated1a and2a. Introduction of the
benzothiazole moiety facilitates the reduction of the dyes by
ca. 600 mV but aggravates the oxidation of the amino group
by ca. 50 mV and that of the pyrazoline moiety by 60-110
mV. The most striking result of these electrochemical experi-
ments is the comparatively large difference in amino group

TABLE 7: Calculated Electronic Properties of the Leading
Electron Configurations of the 1CT and 1ET States Using
ZINDO/S-CI

config
∆EACN

a/
eV

∆EGAS/
eV ∆µeg/D µe/D f

∆ES-T/
eV

1a 1CT (1f-1) 3.56 3.63 8.3 10 0.91 1.05
1ET (2f-1) 3.27 4.57 38.3 40 0.006 0.01

2a 1CT (1f-1) 3.86 4.18 15.4 18 0.63 0.94
1ET (2f-1) 4.03 5.22 31.4 34 0.005 0.007

a Calculated from eq 945,67 usingεS ) 37.5,n2 ) 1.796,aO ) 7.1
and 6.5 Å,µg ) 1.7 and 2.6 D for1a and2a, respectively.

TABLE 8: Redox Potentials of 1a-d, 2a, and 2b in
Acetonitrile/0.1 M Bu4NPF6 vs Fc/Fc+

E1/2 (ox)/mV E1/2 (red)/mV

1aa 440 680 -2220
1a-H+ 720 n.d.
1ba 590 -2195
1c 470 680 -2210
1d 550b 635 -2195
2a 390 570 -2825
2a-H+ 490 n.d.
2b 430 -2830

a A third oxidation at ca. 1000 mV (1a) and 950 mV (1b) is found,
most probably arising from the benzothiazole moiety. No attempts were
made to resolve this peak for1c and1d. b (20 mV, all others(5 mV.

∆ESolv ) ∆EGAS - 1

aO
3

εS - 1

2εS + 1
(µe

2 - µeµg) -

1

aO
3

n2 - 1

2n2 + 1
(µeµg - µg

2) (9)
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oxidation potential observed for1a, 1c, and1d differing only
in the 5-anilino substituents DMA (1a, 440 mV), A15C5 (1c,
470 mV), and AT415C5 (1d, 550 mV, Table 8). This order
reflects closely the tendencies in ET fluorescence quenching
as expressed by fluorescence quantum yields and lifetimes
(Table 2).

3.1.6. Intramolecular Electron Transfer. Since the ET
quenching process in1a, 1c, and1d is absent in1b, the rate
constant for ET of1a in acetonitrile can be calculated from the
fluorescence lifetime by using that of1b as a reference according
to eq 10.77

Here, τf
ET-1 is the reciprocal fluorescence lifetime of the

molecule with “electron transfer”, i.e.,1a andτf
ref-1 refers to

that of the unquenched reference molecule (e.g.,τf
ref-1 ) 2.5

× 108 s-1 for 1b and1e), respectively. With the fluorescence
lifetime data given in Table 2, the rate constantsket for the ET
process in acetonitrile at 298 K are determined to 33, 9, and
0.7 ns-1 for 1a, 1c, and1d, respectively. The rate constantsket

are rather small and are not related to the solvent relaxation
time78 which confirms that the rate-determining step of the ET
occurs in the nonadiabatic regime. This allows us to charac-
terize the ET reaction in more detail by the following consid-
erations.

The driving force (∆GET) for the excited-state electron-
transfer reaction (D-A)* f D•+-A•- is related to the zero-
zero transition energy∆E00 of the precursor (D-A)* state, the
donor ionization potential IPD, the acceptor electron affinity
EAA, and the Coulomb stabilization energyEC of the radical
ion pair D•+-A•- by eq 11a (dDA ) charge separation distance).
IPD and EAA can experimentally be determined from the redox
potentialsE1/2(D+/D) and E1/2(A/A-), respectively, according
to eqs 12a,b where a relative correction term for the changing
charge-solvent stabilization energy in different solvents is
considered. The latter is usually approximated by the Born
equation for a spherical charge but can in our case be taken as
zero, because all parameters are measured and derived for the
same solvent (acetronitrile). Hence, eqs 11a and 12a,b com-
bine to the Rehm-Weller expression in eq 11b79 from which
the ET driving forces for some of the investigated∆2-
pyrazolines, i.e.1a, 1e, and2a, in acetonitrile are calculated
(Table 9).

The distinctly more negative∆GET value for 1a is in line
with the experimentally obtained results that among the
compounds considered in Table 9 the ET takes place only for
the 3-benzothiazol-2-yl-substituted 5-p-anilino derivative.

Kinetic parameters such as the ET energy barrier∆G# and
the solvent reorganization energy can be derived from Marcus

ET rate theory employing eqs 13 and 14.79d,80,81a

Since no data for the intramolecular reorganization energy
(λi) are available for our molecules and with the assumption
that changes of this type are comparable for both rigid
molecules,82a λi is neglected in eq 13. This simplifaction is
reasonable because in highly polar solvents such as acetonitrile
λi is usually considerably smaller thanλs (e.g., see ref 81b).V
is the electronic coupling matrix element and quantifies
electronic interaction between donor and acceptor parts (rD+,
rA- ) ionic radii). In these “pseudo spiro” arranged D-A
assemblies,V is not expected to be large. However, weak
electronic coupling is known to play a significant role in classical
spiro compounds (spiroconjugation)82b involving both spiro
conjugatedπ-systems orπ-systems and adjacent orbitals with
lone electron pairs of heteroatoms such as oxygen or nitrogen.
Thus,V cannot be neglected in a process via “pseudo spiro”
orientation as for the∆2-pyrazolines.

Whereas in the case of1a in acetonitrile,∆G# + V ∼ 4.5kBT,
the energy barriers in2a (ca. 6.5kBT) and in1e (ca. 25kBT) are
distinctly higher which can further explain why ET occurs only
in 1a (Table 9). Moreover, the reduced ET rate constants in the
A15C5 (1c) and, more strongly, in the AT415C5 (1d) substituted
derivatives are conceivable with the smaller oxidation potentials
(Table 8) which yield smaller∆GET and larger∆G# than for
1a. This shows the importance of the exact knowledge of the
actual redox potentials of D and A in the case of a “sensitive”
ET quenching reaction.83

Thus, by tuning the thermodynamic ET properties it is
possible to accelerate or slow an excited-state ET process, which
can be utilized for sensing activities.

3.2. Complexation Studies. 3.2.1 Complexation Behavior.
Case of1d. The complexation-induced spectroscopic changes
of 1d are strongly dependent on the metal ion (Table 10).
Furthermore, as will be discussed in detail below, for metal ions
with a strong tendency for chelate formation, complexation to
two different coordination sites can occur. However, only
complexation to the crown ether moiety is reminiscent of a
behavior expected for an “ET analogue” sensing.

Whereas no change in fluorescence quantum yield occurs in
the presence of all the alkali and alkaline-earth metal ions,
binding to AgI (fluorescence enhancement factor FEF) 6.5)
and, to a minor extent, HgII leads to fluorescence enhancement.
No effects are observed for the other heavy and transition metal

ket ) 1

τf
ET

- 1

τf
ref

(10)

-∆GET ) ∆E00 - IPD + EAA + EC (11a)

-∆GET ) ∆E00 - E1/2(D
+/D) + E1/2(A/A-) +

2∆G(
solv + e2

εsdDA
(11b)

IPD ) E1/2(D
+/D) - ∆G+

solv (12a)

EAA ) E1/2(A/A-) + ∆G-
solv (12b)

TABLE 9: Calculated ET Parameters for 1a, 1e, and 2a in
Acetonitrile at 298 K

∆E00

(eV)
E1/2(D+/D)

(eV)
E1/2(A/A-)

(eV)
∆Gsolva

(eV)
EC

b

(eV)
∆GET

c

(eV)
λS

d

(eV)
∆G# + Ve

(cm-1)

1a 3.09 0.44 -2.22 0 0.05 -0.48 1.25 960
1e 3.10 1.45f -2.22 0 0.05 0.52 1.28 5100
2a 3.43 0.39 -2.83 0 0.06 -0.27 1.14 1340

a The absolute contribution is included in the measured redox
potentials and relative differences are zero for a single solvent.b A
charge separation distancedDA of 8.3 Å for 1a and1eand 6.6 Å for2a
as obtained from the core-core distance of the 5-p- to the 3-p-aryl
substituent is used. The dielectric constant of the solventεS is 37.5.c

From eq 11b.d From eq 14.e From eq 13.f Value for methoxybenzene
taken from ref 112.

∆G# )
λS

4 (1 +
∆GET

λS
)2

- V (13)

λS ) e2( 1
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+ 1
2rA-

- 1
dDA

)( 1
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- 1
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ions (Table 10). For CuII as well as for HgII, the appearance of
a second red-shifted absorption and emission band is observed
at higher cation concentration/excess (metal-to-ligand ratiosxM/L

g 2, Figures 8 and 9). For both complexes, excitation at the
high-energy absorption band (at ca. 25 000 cm-1) yields the
“blue” emission (at ca. 19 600 cm-1) and excitation at ca. 21 600
cm-1 gives rise to the red-shifted emission (at ca. 16 600 cm-1).
This is in agreement with the observed emission wavelength
dependence of the fluorescence excitation spectra and indicates
that (at least) two emitting species are present in solution.

A titration of 1d with HgII or CuII yields the following
results: ForxM/L < 2, the absorption band centered at 24 940
cm-1 remains nearly unchanged with a slight hypsochromic shift
(to ca. 25 100 cm-1) and a decrease of the anilino absorption
band at 37 700 cm-1 whereas forxM/L > 2, a second band
located at ca. 21 500 cm-1 appears (Figure 8). The correspond-
ing changes in emission are reflected by both fluorescence bands

(Figure 9). The absorption and emission spectra atxM/L ) 1 are
identical with the spectra of1b, suggesting efficient complex-
ation to the crown ether moiety (Figure 8) yielding a FEF of
2.2.1d⊂CuII shows the same fluorescence features as1d⊂HgII

only with reduced fluorescence quantum yields for both emission
bands. The origin of the red-shifted bands will be discussed in
detail in section 3.2.2.

Similar to the complexation behavior of the chalcone analogue
of 1d toward CuII,17a comparably slow kinetics are observed
for 1d and CuII as well; i.e., the immediately formed complex
undergoes a rearrangement, and time-dependent changes in the
absorption spectrum are observed.

Whereas the titration spectra for HgII suggest that complex
formation at the two binding sites is consecutive in the case of
CuII (lower complex stability of AT415C5⊂CuII as compared
to a N,N-five-membered ring chelate of that ion, see section

TABLE 10: Spectroscopic Properties of the Cation Complexes of 1d in Acetonitrilea

ν̃(abs)
(103 cm-1)

ν̃(em)
(103 cm-1)

∆ν̃cp-fp(abs)b

(cm-1)
∆ν̃cp-fp(em)b

(cm-1) φf

τf(blue)c

(ns)
τf(red)c

(ns)
log K

(em, abs)
rM

d

(Å) øm
2 × rM

d,e

1df 24.94 19.47 0.10 0.98, 2.96g

⊂HgII h 25.13, 21.69 19.61, 16.61 190,-3250 140,-2860 0.22, 0.03 1.23, 2.88i 0.59 5.3, 3.6 1.02 4.08
⊂ZnII j 0.74 2.01
⊂CuII h 25.06, 21.32k 19.57, 16.60 120,-3620 100,-2870 n.d. 3.2 0.7 n.d. 0.73 2.64
⊂CuI 24.9 19.5 0 0 0.12 n.d n.d. 0.96 (4) 3.46
⊂AgI 25.06 19.61 120 140 0.65 3.70 4.92 1.15 4.28

a The experiments were carried out up to theµM concentration range for the heavy and transition metal ions and up to the mM concentration
range for the alkali and alkaline-earth metal ions113 (cL ) 3 × 10-6 M). b Cation-induced shifts.c “Blue” denotes excitation and emission wavelength
set in the high-energy bands, “red” denotes excitation and emission wavelength set in the low-energy bands.d All the radii were taken from ref
114a and are for six-coordination except where the coordination number is indicated in parentheses115aand for CuI.115bFor CuI, tetrahedral coordination
is found in most polythia ether complexes.116 e The electronegativity values given in the literature differ largely in units.117a Here, the softness or
class B parameter118 was calculated with the electronegativity values of Allred and Rochow.117b,c f No effects observed for LiI, NaI, KI, MgII, CaII,
SrII, BaII, and PbII. g arel(1) ) 0.95. h The low-energy bands are only observed at a metal ion excess ofxM/L > 2 (upperµM concentration range).
Excitation at the high-energy absorption band yields the high-energy emission band and excitation at the low-energy absorption band yields the
low-energy emission band.i arel(1) ) 0.85. j A similar behavior is observed for CdII (rM ) 0.95,øm

2 × rM ) 2.71), NiII (0.69, 2.52), and CoII (0.74,
2.61). k For 1d⊂CuII, various subbands, exemplified by shoulders in the absorption spectrum were found, whose origin is unclear at present (see
text).

Figure 8. UV/vis spectrophotometric titration spectra of1d with HgII

perchlorate in acetonitrile. HgII addition in the range of 0.02e xM/L e
1 (A) and 2e xM/L e 100 (B). The spectrum of uncomplexed1d (9)
and the absorption spectrum of1b (O) are included for better
comparison (cL ) 5 × 10-6 M).

Figure 9. Fluorometric titration spectra of1d with HgII perchlorate in
acetonitrile. HgII addition in the range of 0.02e xM/L e 1 (excitation
at 400 nm, A) and 2e xM/L e 100 (excitation at isosbestic point 425
nm, B). Solid squares (9) denote the spectrum of uncomplexed1d,
and the emission spectra of1d⊂HgII at large ion excess excited at 480
nm (O) and of 3 (×) are included for better comparison (cL ) 1 ×
10-6 M).
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3.2.2) the different kinetics do not allow for a reliable deter-
mination of the single fluorescence quantum yields. Thus, a
definite statement on the presence or absence of paramagnetic
quenching is not possible for CuII.

The different behavior of AgI, HgII, and CuII is also reflected
by the cation-induced changes in fluorescence decay kinetics.
AgI is bound only to the designated receptor part and engages
the nitrogen lone electron pair completely in coordination, hence,
the fluorescence decay being sufficiently well described by a
single-exponential fit (Table 10).

In the presence of CuII, two decay components are observed.
Their relative amplitudes depend on emission and excitation
wavelength in the same way as reported before for the
corresponding steady-state emission and fluorescence excitation
spectra. Here, the longer lifetime of 3.2 ns can be attributed to
the “blue” complex with coordination to the crown and the fast
decay component of 0.7 ns originates from the “red” chelate
(see below for discussion).84

For HgII, the lower FEF as compared to AgI and the two
long-lived decay components with decay times comparable to
those of the free probe suggest that the “switching off” of the
ET process is either less efficient or counterbalanced by another
process. With increasing HgII concentration, the relative am-
plitudes remain nearly unchanged (arel(1) ) 0.85, Table 10) but
a third fast decay component, displaying similar features as the
fast component of1d⊂CuII, appears (arel increases with increas-
ing excitation and detection wavelength). Moreover, the lifetimes
of the two slow decay components decrease with increasing
HgII concentration (e.g., from 2.88 ns atxM/L ) 1 to 2.08 ns at
xM/L ) 1000) pointing to diffusion-controlled fluorescence
quenching of this “heavy ion”.15 However, the elucidation of a
mechansim accounting for the reduced ET activity of HgII at
xM/L ) 1 was not possible up to the present stage of investiga-
tion. When considering AT415C5⊂HgII as a “heavy atom
substituent” a possible explanation might arise from the heavy
atom effect which has been observed for the 5-p-iodo derivative
of 2b before35a (although such “heavy atom” interaction was
not observed for1c⊂PbII, see below). Other possible explana-
tions involve two ground-state conformers of the complexes
showing different ET blocking efficiencies17a,29,85or the influ-
ence of chelation in the 1,3-chromophore (section 3.2.2).

The higher sensitivity of this ET process as compared to an
ICT process is exemplified by complexation of CuI. Whereas
for the chalcone analogue of1d, an ICT probe, no spectroscopic
changes were detectable upon addition of CuI,17afor 1d a slight

but significant fluorescence enhancement is found with CuI. As
would be expected for the complexation site, i.e., the AT415C5
moiety, and their comparable electronic nature, CuI behaves very
much like AgI only with less coordinating strength to the
nitrogen atom.86 Moreover, the second evidence for binding of
both AgI and CuI to the crown ether moiety can be directly
concluded from the decrease of the characteristic absorption
band of the aniline moiety at 37 700 cm-1.

Case of1c. In the presence of alkali and alkaline-earth metal
ions, the tetraoxa analogue1c displays ET sensing properties
with analytically favorable average FEFs of ca. 25 for the alkali
and ca. 35 for the alkaline-earth metal ions (maximum FEF)
44 for CaII). These changes in fluorescence quantum yield are
reflected by corresponding changes in fluorescence lifetime with
the spectral properties remaining nearly unaffected. The spec-
troscopic properties of the complexes of1c are summarized in
Table 11. The “switching on/off” nature of the quenching
process is further demonstrated by the small differences in
fluorescence quantum yields and lifetimes within a group of
mono- or divalent main group metal ions. In the complex (full
complexation), when the lone electron pair of the anilino
nitrogen atom is predominantly engaged in cation binding, the
redox properties of the anilino fragment are strongly altered
and the ET process is thus blocked.8 For CaII, the best fit of ion
into the cavity and the high charge density of this cation is
demonstrated by identical radiative and nonradiative rate
constants of1c⊂CaII and1b. Another corollary of electron pair
abstraction has been mentioned above and is also found here,
the absence of any anilino absorption band for complexed1c.

Complete absence of excited-state ET is found in the case of
1c⊂PbII as well. Although, PbII does not fit well into the crown
ether’s cavity, the ion’s “softer” character implies tighter binding
to the crown ether nitrogen atom than in the case of the alkaline-
earth metal ions. For CuII and HgII which should not be
complexed to the receptor part of1c but can be bound by the
1,3-chromophore, a red-shifted second absorption band was
found at higher cation concentrations (Table 11) and led us to
a more closer inspection of the nature of the complexes formed.

3.2.2. Nature of the Complexes.Scheme 2 comprises the
possible complexation mechanisms of the crowned derivatives
1c and1d. Three different complexes could be formed, i.e., the
crown inclusion complex and a bidentate N,N-chelate or S,N-
chelate (both with a five-membered ring structure). Since the
absorption band of the CT transition in the 1,3-diaryl-∆2-
pyrazoline chromophore is red-shifted, i.e., the strength of the

TABLE 11: 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

(ns) logK(em)
kf

(108 s-1)
knr

(108 s-1)
rM

b

(Å)
n2/rM

b

Z2 Å-1

1cc 25.00 19.52 0.016 0.03d 1.5 89
⊂Li I 25.06 19.45 60 -70 0.43 2.77 3.00 1.5 2.0 0.76 1.32
⊂NaI 25.00 19.42 0 -100 0.49 2.88 2.52 1.7 1.8 1.02 0.98
⊂KI 25.00 19.42 0 -100 (0.21)e 2.82 (2.10)e (0.7) (2.8) 1.46 0.68
⊂MgII 25.19 19.52 190 0 0.63 4.03 3.16 1.6 0.9 0.72 5.55
⊂CaII 25.12 19.42 120 -100 0.71 3.99 4.89 1.8 0.7 1.06 (7) 3.77
⊂SrII 25.06 19.42 60 -100 0.65 3.97 3.87 1.6 0.9 1.21 3.31
⊂BaII 25.06 19.42 60 -100 0.50 3.98 3.78 1.3 1.3 1.47 (9) 2.72
⊂PbII 25.19 19.72 190 200 0.54 4.03 5.5 1.3 1.1 1.19 3.36
⊂HgII, CuII f 21.46 ca. 16.60 -3540 ca. -2920 n.d. n.d. n.d. 1.02, 0.73 3.92, 5.48

a The experiments were carried out up to the mM concentration range for the alkali and alkaline-earth metal ions and up to theµM concentration
range for the heavy and transition metal ions113 (cL ) 3 × 10-6 M). The corresponding radiative and nonradiative rate constants of1b in acetonitrile
are 1.8× 108 s-1 (kf) and 0.7× 108 s-1 (knr), see Table 3.b All the radii were taken from ref 114a and are for six-coordination except where the
coordination number is indicated in parentheses.115a The values given in parentheses have been found by Jonker in X-ray analyses of related
complexes;115a,ccavity size of the aza crown: 1.7-1.8 Å.114b,c c No effects observed for ZnII, CdII, NiII, CoII, CuI, AgI. d Only the main component
included.e Extrapolated values because full complexation could not be achieved due to solubility problems.f These bands are only observed at a
metal ion excess ofxM/L > 2 (upperµM concentration range).
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acceptor is increased, complexation to the acceptor part of the
1,3-chromophore is anticipated. To verify the nature of the cation
complexes, steady-state absorption and emission measurements
were performed with1a-e, 2a, 2b, 3, and various metal ions.

The absorption spectra of various 3-benzothiazol-2-yl-
substituted derivatives in the presence of HgII (same concentra-
tion of dye andxM/L) are displayed in Figure 10. Thus, the ability
of complex formation to the 5-p substituent and chelating site
directly correlates to the relative intensities of the bands centered
at ca. 25 000 and 21 300 cm-1, respectively. The ratioI25000/
I21300decreases on the order of1d > 1c ≈ 1a > 1b indicating
that only for the AT415C5 derivative complexation to the
macrocyclic moiety occurs whereas for A15C5 and DMA loose
coordination to the anilino nitrogen N(24) (without appreciable
stabilization by the crown in the case of1c) is operative (the
anilino band at 37700 cm-1 disappears).1b, lacking a second
coordination site, shows the smallest ratio. A comparison of
the band positions of the absorption spectra of the HgII

complexes and3 shows that interaction of the positively charged
ion with the benzothiazole nitrogen atom N(13) and N(2) seems
to be responsible for the observed bathochromic shift. Moreover,
the emission band of3 is centered at the same position as the
low-energy emission band of the HgII complexes of the
3-benzothiazol-2-yl-substituted derivatives; see Tables 10-12.
As is expected for complexation of a positively charged cation
to the acceptor of an ICT chromophore, this “red” complex is
stable in the excited state. This is exemplified by the similar
Stokes shifts of the chelates of the 3-benzothiazol-2-yl-
substituted derivatives and3 and is reflected by the effects
induced upon addition of other heavy and transition metal ions
which are not thiophilic (e.g., ZnII). Whereas for1b (lacking
the anilino nitrogen atom with a high charge density) addition
of ZnII leads to the appearance of the red-shifted band, this band
is not observed for1a/ZnII even atxM/L ) 100 (a ratio where,
e.g., complexation of1d to AgI is complete). Furthermore, loose
coordination to the DMA group is exemplified by the observed
fluorescence enhancement of the typical emission band of the

3-benzothiazol-2-yl-substituted derivatives and a decrease in the
anilino absorption at 37 700 cm-1. Even for CuII and1a, up to
xM/L e 2, no red-shifted absorption band is measurable.

The protonation studies fit well into this picture. Treating
acetonitrile solutions of1a and 1b with 0.01 M HClO4 in
acetonitrile leads to the appearance of the intense low-energy
absorption band at ca. 21 100 cm-1 for both derivatives
accompanied by the disappearance of the 37 700 cm-1 absorp-
tion band in the case of1a.87 Accordingly, excitation in the
“red” band produces an emission band centered at ca. 16 600
cm-1, identical to the emission characteristics of3. The resulting
extraordinary large bathochromic shift observed upon addition
of CuII to a solution of1b, i.e., immediate formation of an
intense band at 14 000 cm-1 (with a shoulder at 15 300 cm-1),
will be discussed in a separate paragraph.

Triphenyl-Substituted DeriVatiVes.At first sight, the absence
of a new low-energy band upon addition of HgII, CuII, ZnII, or
any other ion to2a or 2b (for a reaction of2b with CuII, see
below) supports the above findings. Regarding only charge
density, the ions should be (loosely) coordinated preferably to
N(24) and/or N(1) (no chelate formation/stabilization is possible
with the 3-substituent of these derivatives) in the ground state
and thus, at most, a hypso- instead of a bathochromic shift
should occur. But instead, no shifts (besides coordination to
N(24) exemplified by a decrease in anilino absorption) are found
for both compounds even at a large excess of ZnII, PbII, NiII,
and HgII. For2a, CuII induces a hypsochromic shift accompanied
by a decrease in molar absorptivity and fluorescence quenching.
Whether CuII coordinates to N(1) (with a higher charge density)
or N(2) (sterically more favored) could not be verified. For
related heterocycles, i.e., 1-alkylated imidazoles and pyrazoles,
the ability of CuII to bind to the sterically less hindered aromatic
nitrogen (without stabilizing chelate formation) is known.88

Moreover, protonation leads to a similar decrease in the low-
energy band of2a and 2b accompanied by an increase of a
high-energy band and an isosbestic point at 32150 cm-1. These
findings are in accordance with results published by other
researchers where protonation (and methylation) takes place at
N(1) and excludes the 1-phenyl ring from the chromophore (see
∑[N(1)] andθ1-2 of 2b-H+ in Table 6) leading to a pronounced
hypsochromic shift of the absorption band and drastic quenching
of the fluorescence.32a,89

3.2.3. Quantum Chemical Calculations.Quantum chemical
AM1/CI calculations support the findings of the protonation

SCHEME 2: Possible Coordination Sites in
1,3,5-Triaryl-∆2-pyrazolines Containing a Benzothiazolyl
Acceptor and a Monoaza Crown Ether Donor. Formation
of the Ion-Macrocycle Complex (Route A), a
N,N-Chelate (Route B), and a S,N-Chelate (Route C)

Figure 10. Absorption spectra of1b (0, 9), 1c (4, 2), and1d (O,
b), in the absence (solid signs) and presence (open signs) of an excess
of HgII in acetonitrile (xM/L ) 10, cL ) 5 × 10-6 M). The spectrum of
3 (×) is included for comparison. The changes in band intensity are
directly proportional to the amount of complex formed.
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experiments, i.e., only protonation (or methylation as in the case
of 3) at N(13) can explain the observed proton-induced red-
shift of the absorption spectra of1a-e (Table 12). Accordingly,
a calculated transition shifted to lower energies with a high
oscillator strength is only found for3 at 22 690 cm-1/f ) 0.87
and1e-H+/N(13) at 22 620 cm-1/f ) 0.89 (in the gas phase).
These values are in good agreement with the experimentally
found transitions for3, centered at 21 100 cm-1 (f ) 0.41,
calculated according to eq 1790) in acetonitrile and at 21 280
cm-1 in n-hexane/1,4-dioxane 2:1, respectively (due to poor
solubility, f was not determined in the less polar solvent
mixture). For both other possible protonation sites, the calcula-
tions predict an antiauxochromic effect (lowest transitions as
calculated for the molecule in the gas phase atν̃(abs,theo))
24 570 cm-1, f ) 0.08 for1e-H+ at N(2), andν̃(abs,theo))
27 470 cm-1, f ) 0.21 for1e-H+ at N(1), as well as∑[N(1)]
∼ 333° and θ1-2 ∼ 90°; Table 6), most pronounced for the
nitrogen atom with the highest charge density, N(1). The same
tendency is found for the protonated triphenyl-substituted
derivatives and is supported by the experimental results, i.e., a
strong hypsochromic shift upon protonation.

Although the highest charge density in the ground state is
expected to reside at N(1) (the calculations reveal the order of
N(24) > N(1) g N(13) . N(2)), delocalization as depicted in
Scheme 3 is possible in1a-e and results in a nearly similar
bond order (with pronouncedπ-character for the single bonds)47

within the chromophore. This is supported by the fact that the
pKa value of alkyl- or aryl-substituted benzothiazoles is
considerably high in acetonitrile.91 Furthermore, pyramidaliza-
tion at N(1) is lost (cf. section 3.1.1) and full orbital interaction
of sp2-hybridized N(1) within the remaining chromophore is
gained (Table 6).92 Moreover, coordination to N(13) and N(2)
is confirmed by a comparison of the stability constants of the
corresponding CuII complexes with those obtained for a series
of substituted pyridines. Here, N,N-chelation of CuII by 2-pyrid-
2-yl-1,3-thiazole yields logK ) 5.65,93 whereas this value is
much smaller for 5-pyrid-2-yl-1,3-thiazole (logK ) 1.70),94

where only stabilization via a S,N-chelate is possible and clearly
not favored. Furthermore, the benzothiazole nitrogen donor atom
is known to form chelates with transition metal ions in the
presence of a second coordination site.95 Additionally, the

quantum chemical calculations reported above reveal that the
charge density is much higher at N(13) than at S(14). Hence,
N,N-chelation is anticipated for the acceptor chelates of1a-e.

The complications imposed on the interpretation of the
absorption spectra by CuII thioether photophysics has recently
been discussed for AT415C5-CuII interaction.17a Similar ob-
servations, i.e., partly different absorption spectra for1d⊂CuII

compared to that of corresponding1d⊂HgII, were also found
here. The large overlap of electronic transitions centered on the
fluorescent probe and on the CuII thioether fragment did not
allow for any spectral separation and a further assignment of
single bands (see ref 17a for a more detailed discussion).

3.2.4. Reaction of 1b and 2b with CuII . Already atxM/L )
1, the presence of CuII in an acetonitrile solution containing1b
or 2b leads to an immediate change in color from yellow (1b)
or colorless (2b) to deep blue (14 000 cm-1 for 1b, 15 060 cm-1

for 2b, Figure 11). Both spectra are comparable in shape and
display a shoulder at the high-energy side (ca. 1300 cm-1 shifted
to higher energies; the shoulder is more pronounced in the case
of 1b). Furthermore, both bands are more intense than the lowest
energy absorption bands of the “uncomplexed” dye.

These results seem to be surprising but can be understood in
terms of a simple redox reaction which has been observed before
by Pragst et al.53,96 and which is the basis of the “Knorrsche

TABLE 12: Spectroscopic Properties of Various Cation Complexes of 1,3,5-Triaryl-∆2-pyrazolines in Acetonitrilea

ν̃(abs)blue

(103 cm-1)
ν̃(abs)red

(103 cm-1)
ν̃(em)blue

(103 cm-1)
ν̃(em)red

(103 cm-1)
∆ν̃cp-fp(abs)red

(cm-1)
∆ν̃cp-fp(em)red

(cm-1) rel fluorb

1dc 24.94 19.47
⊂HgII 25.13 21.69 19.61 16.61 -3250 -2860 E
1ad 24.94 19.34
⊂HgII e (24.94) 21.69 (19.34) 16.61 -3250 -2730 (E)
⊂ZnII (24.94) (19.34) (E)
⊂H+ f (24.94) 21.19 (19.34) 16.58 -3750 -2760 (E)
1bg 25.13 19.17
⊂HgII 21.69 16.61 -3440 -2560 Q
⊂CuII 14.00, 15.29 (sh) n.d. -11130 Q
⊂ZnII 21.74 16.61 -3390 -2560 Q
-H+ 21.05 16.58 -4080 -2590 Q
2ah 27.70 21.34
⊂CuII (28.17) (21.34) (Q)
-H+ 39.21 11 510 Q
2bh 28.09 21.50
⊂CuII 15.06, 16.29 (sh) n.d. -13030 Q
-H+ 39.21 11 120 Q
3 21.10 16.49

a 3 in MeCN: φf ) 0.07, ε[ν̃(abs)]) 33.5× 103 M-1 cm-1; (sh)) shoulder.b “E” ) enhancement, “Q”) quenching of the blue emission band;
letters and values in parentheses refer to effects due to loose coordination to N(24).c Similar effects observed for protons and1a. d Similar effects
observed for1c. e Similar effects for CuII at xM/L ) 2, only quenching.f Protonation at N(24) and fluorescence enhancement at low concentrations
indicated in parentheses.g Similar effects are observed for1e; (sh)) shoulder, see text.h No effects observed in the presence of ZnII and HgII (only
a decrease in anilino absorption for2a).

SCHEME 3: Possible Mesomeric Stabilization of a
Positive Charge at N(13) (or N(1), Upper Part) and at
N(2) (Lower Part)
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Pyrazolinprobe” (Knorr’s pyrazoline test).97 The dicationic
product of Knorr’s test or Pragst’s electrochemical oxidation
of 2b shows a similar intense absorption band as the reaction
product of2b and CuII.53,96-98 The dication is a highly planar
bis(1-[3-aryl-∆2-pyrazolinyl])biphenyl derivative and electron
delocalization is possible within the whole chromophore, leading
to the structured and intense near-IR absorption.53 In accordance
with Pragst’s results, no reaction was observed for1a and2a
in neutral acetonitrile.96 The oxidizing agent used in Knorr’s
test is FeIII , but our observations demonstrate that a similar
reaction is induced by redox active CuII in acetonitrile as well.
The strong oxidizing power of CuII in acetonitrile is manifested
in the positive half-wave potentialE1/2(CuII/CuI) ) 0.96 V vs
SCE99 (as compared toE1/2(CuII/CuI) ) -0.09 V vs SCE in
water).99 Particularly in this solvent, both the amount of
stabilizing solvation of CuI and destabilizing solvation of CuII

account for this pronounced difference. For a better comparison,
Figure 11 combines all the metal ion or proton-induced
absorption changes found for1b and2b in acetonitrile.

3.2.5. Some Aspects Toward Analytical Applications.The
complex stability constants obtained for1c and1d agree with
the tendencies reported for related fluorescent probes.17,43b,85,100

The preference of A15C5 for small cations (unless they are not
too small like, e.g., MgII) with a high charge density is
demonstrated by the order of complex stability constants, i.e.,
CaII . SrII > BaII > MgII > Li I . NaI > KI. Whereas the
sensing potential of these ET probes is higher (due to larger
FEFs) as compared to ICT probes, this increase in sensitivity
is accompanied by a lack in specificity. For example, in the
case of1c, all the alkaline-earth and alkali metal cations yield
similar fluorescence lifetimes and comparable FEFs, rendering
it impossible to spectroscopically discriminate between different
mono- or divalent cations. Upon exchanging the macrocyclic
receptor, similar ion binding preferences are found as in the
case of their chalcone analogue fluorescent probes.17

The high FEFs observed for the alkali and alkaline-earth metal
ions and1c suggest that the latter can act as a suitable sensor

molecule for these ions in the micromolar to millimolar
concentration range in solution (Figure 12).101 Especially
valuable is the insensitivity of the main fluorophore toward
binding of PbII to the 5-receptor, i.e., large FEF without
pronounced “heavy ion” interaction. The excellent correlation
observed for a plot of metal ion concentration vs fluorescence
intensity is indicated in Figure 13 and suggests a straightforward
applicability in chemical analysis. In the case of AgI, application
of 1d is favorable when excluding (masking) CuII and HgII.
Similarly, given the absence of AgI and CuII, 1d could be
employed for sensing HgII. Moreover, the interference of
oxidizing metal ions such as CuII is strongly reduced in protic
solvents such as alcohols (E1/2(CuII/CuI) ) 0.26 V vs SCE in
ethanol)99 and water since CuII is more stabilized in these
solvents.

Compared to other ET fluorescent probes, the FEFs obtained
for 1c are promising. While gaining a bathochromic shift of
30-50 nm, the sensing potential should at least be equal to
that of other∆2-pyrazoline ET probes recently introduced by
de Silva et al. (their investigations were carried out in
methanol).2a,102Higher FEFs (see refs 22, 24, 29, 85, and 103)
might be possible but the increase in ET efficiency with
increasing strength of the 3-acceptor, and hence an increasing
ICT in the 1,3-chromophore is always counterbalanced by the
smaller energy gap between excited and ground state for the
latter process according to the energy gap rule.104

Another aspect which needs careful consideration for future
probe design is obviously acceptor complexation. Although, in
the present case, the FEF observed for1d and HgII are

Figure 11. Absorption spectra of1b and 2b in the absence and
presence of CuII, ZnII, and H+ in acetonitrile. The spectra displayed
were recorded for solutions containing the dye (9) and ZnII (4, xM/L )
10, superimposed with9 for 2b), CuII (O, xM/L ) 2), or 0.01 M HClO4

(×) (cL ) 1 × 10-5 M).

Figure 12. Plot of FEF vs metal ion concentration for1c and CaII

(]), SrII (b), Li I (0), NaI (×), and KI (2) in acetonitrile (cL ) 1 ×
10-6 M). Because of the limited solubility of SrII and KI perchlorates
in acetonitrile, the data at high cation concentrations are extrapolated
(---) and include some points of support (O, 4).

Figure 13. Fit of a F0/(F0 - F) vs cM
-1 plot for 1c and titrations with

SrII (b) and NaI (×) in acetonitrile (cL ) 1 × 10-6 M).
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comparatively small for ET probes, the dynamic working range
for metal ion sensing is largely extended compared to probes
with a single complexation site. Such bifunctional probes are
of special interest for devices with “logic” functions.2

4. Conclusion

This quantitative study comprises a detailed photophysical
characterization of intramolecular electron-transfer processes in
a series of donor-∆2-pyrazoline-acceptor compounds with and
without cation receptor units and an analysis of their usefulness
for applications as metal ion-sensitive fluorescent probes.

All the compounds undergo a partial charge transfer or charge
shift in the case of the charged compounds directly after
excitation connected with a large oscillator strength and a change
of the dipole moment. The spectral and radiative properties of
this process can be modified if metal ions are complexed at a
receptor unit (5-p-crown or 3-Ar chelate). However, improved
probe characteristics can only be achieved in those compounds
where an electron transfer across the central pyrazoline (“pseudo
spiro” spacer) unit occurs. By modifying the ionization potential
or electron affinity of the donor or acceptor, respectively, some
molecules have been designed to introduce a highly efficient
quenching electron-transfer channel with rate constants of 1-30
ns-1 in the case of negative driving forces that can be “switched
off” in the presence of alkali, alkaline-earth as well as heavy
and transition metal cations, these features being especially of
analytical importance for the latter ions.

In conclusion, the present studies of the 1,5-diphenyl-3-
benzothiazol-2-yl-substituted∆2-pyrazolines reveal the sensitiv-
ity of intramolecular CT and ET processes on the careful choice
of electron donating or accepting substituents in ET signaling
systems with short and rigid spacers and demonstrate that the
combination of photophysical and electrochemical characteriza-
tion of model compounds together with quantum chemical
calculations allows to perform rational probe design.
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