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The spectroscopic properties of 1-phenyl-3-benzothiazol-2-yl-5-(4-R-phadyp)yrazolines 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-ylA%-pyrazoline chromophore has to compete with a fast intramolecular electron transfer (ET)
quenching reaction. In the case of the dimethylamino derivative=(RMA), the rate constant of ET in
acetonitrile was determined tQ; = 3 x 10'°s™% 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 thé\safkyl)anilino substituents, a DMA, a tetrathia- (AI5C5),

and a tetraoxa-monoaza-15-crown-5 (A15C5) group, correlate with electrochemical data and increase in the
order AT,15C5< 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-yM>-pyrazoline moiety, and electrophotochemical detection. Furthermore, the rigid
“pseudo spiro” geometry of the molecules, which holds the three substituents of the ¢€apyaiazoline

ring in a fixed prearrangement, was confirmed by X-ray structure analysis.

1. Introduction utilizing only intramolecular charge transfer (ICT)-based ab-
sorbance/fluorescence chandg@&t Binding of a cation to the
receptor of such an ET probe is accompanied by a large change
Sin 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
shifts8° 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 obse/&d.

Up to now, mainly fluorescent ET probes for alkali and
alkaline-earth metal ioi§:1>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, paramagnetisih)
induced by ion complexation have to be avoided. The carefully
directed receptor desighfor selective complexation of such
metal ions as Ag Hg", or CU' can be achieved by employing,
e.g., monoaza macrocycles with “soft” sulfur instead of “hard”
oxygen donor atont§1° (in terms of Pearson’s concept of “hard
and soft acids and bases” (HSAB) 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
. E'S%Zﬂg;;g;xzmzéﬁa%ggzhung und -pfung electron donor and acceptor units, one of which consists of the
s National Academy of Sciences of the Ukraine. receptor group, is utilized to build modular fluorescent probes
UK. U. Leuven. for heavy and transition metal ioR%2+29
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Fast electron transfer (ET) processes in fluorophore-spacer
electron donor (or acceptor) systems harbor an enormou
potential in molecular signaling and switching technolédgy.
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-
tions2 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 groug.Whereas, for instance, long and flexible spacers
can lead to “self-harpooning” ET interactiohshort and rigid
spacer units can be used to design electronically decoupled
molecular systems in a fixed arrangemehtin the latter
systems, the amount of electronic interaction between nearly
perpendicular subunits critically determines the ET quenching
rate’

Utilization of such ET processes in cation complexing
fluorescent probes can yield highly efficient fluorescent sensor
molecule&® which allow the determination of nonfluorescent
metal ions with increased sensitivity compared with probes
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SCHEME 1: Chemical Structures and Labeling of the 1,3,5-Triaryl-A2-pyrazolines Investigated
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1,3,5-TriarylA?-pyrazolines, with their rigid but only partly ~ of the complexation experiments, model compotiid also
unsaturated central?>-pyrazoline ring, are known for their bright  included in some of the studies.
fluorescencé® The ICT chromophore itself involves only three
atoms of the pyrazoline five-membered ring and two aryl (Ar) 2. Experimental Section
moieties in 1- and 3-position, i.e., thepr conjugated Ar-
C(3)R=N(2)—N(1)R—Ar fragment (Scheme 1A}%3* The
5-substituent is separated by a “bridged ethylene group”, i.e.
the CH—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- i, g h ;
range processes in the excited state, i.e., electron transfer. Thgcetonl'trll.e was distilled from CaHprior to use. The following .
abbreviations for the solvents are used throughout the text:

fluorescence quantum yields of such molecules depend on both i
. . - methanol, MeOH; ethanol, EtOH; acetonitrile, MeCN; tetrahy-
the 1,3-(ICT) fragment and the isolated 5-substit#etVithout drofuran, THF: diethyl ether, BD; cyclohexane, CH.

a strong donor at the 5-position, rather intense fluorescence . .
9 P 2.2. Synthesis. General MethodsThe chemical structures

bands ¢ ~ 0.8) are found, but introduction of a strong donor of the synthesized compounds were confirmed by elemental
(e.g., amino; or a strong acceptor, e.g., nitro or carboxyl) group analysis.’H NMR, 3C NMR, and MS and their purity was

at this position causes considerable fluorescence quenching in
polar solvents with the ICT characteristics, i.e., absorption and CH?;CC';?d F?g {gvfélsfrgnph:cséoﬂilr_il% /waférc?%?;gpa;r%rnjgﬂn?mk-
emission bands, remaining unchangedccordingly, applica- ’ ! )

tions of 1,3,5-triphenyA?-pyrazoline derivatives as fluorescent employing UV detection (UV detector from Knaur; fixed
»3,0-rphenyR-py 637 . wavelength at 310 nm). NMR spectra were obtained with a 500
probes have been describ®d53"such probes showing com-

S MHz NMR spectrometer Varian Unigys 500. The mass spectra
plexation-induced fluorescence enhancement factors (FEFs) of i .
10702283337 were recorded on a Finnigan MAT 95 spectrometer with an

) ) ) ESI-II/APCI-Source for electrospray ionization and the base
Here, we present a new series of 1,3,5-triakylpyrazolines peaks [M + Na]" were determined. Descriptions of the
with the benzothiazole moiety at the 3-position (Scheme 1), this gyntheses and analytical data are provided in Supporting

substitution promising to shift the absorption and emission |nformation, section S2.
spectra into the visible (vis) region of the spectrum. Furthermore, 5 3 Steady-State Absorption and Fluorescence Spectros-
the S-phenyl substituent was equipped with an oxidizable o,y Uyvis spectra were recorded on a Carl Zeiss Specord
receptor group, a tetrathia- or a tetraoxa-monoaza crown ether1100/M500 absorption spectrometer. For the temperature-
in order to enable a cation-sensitive intramolecular excited Statedependent absorption experiments, a Bruins Instruments Omega
ET process. 10 spectrophotometer was employed. Steady-state emission
In the field of rational molecular design, the mechanistical spectra were recorded on a Perkin-Elmer LS50B and a Spec-
characterization as well as the correlation of spectroscopic, tronics Instruments 8100 spectrofluorometer. For the fluores-
electrochemical, quantum chemical, and structural data is very cence experiments, only dilute solutions with an optical density
helpful. In the case of these 1,3,5-triaty?-pyrazolines, the (OD) below 0.01 at the excitation wavelength (GD0.04 at
photoinduced intramolecular processes are studied as a functionthe absorption maximum) were used. The relative fluorescence
of solvent polarity as well as temperature and are analyzed by quantum yields ;) were determined by adjusting the optical
quantum chemical calculations to get insight into the ET process densities of the solutions at the excitation wavelengths to 0.1
predicted for that family of compounds with electron doror 4 0.001 in a 100 mm absorption cell. These solutions were
acceptor interactions. Furthermore, the crystal structures andthen transferred to a 10 mm quartz cell and the fluorescence
electrochemical properties (of some) of the dyes are described.measurements were performed with & $@andard geometry
The resulting implications for an analytical application of the and polarizers set at 54.7emission) and 0 (excitation).
ET probeslc and 1d are discussed and their complexation Fluorescein 27 in 0.1 N NaOHp(= 0.904 0.03)3°@coumarin

2.1. Materials. Metal perchlorates purchased from Merck,
Acros, and Aldrich were of highest purity available and dried
"in a vacuum oven before ugsee also Supporting Information,
section S1). All the solvents employed were of UV spectroscopic
grade. For the determination of the complex stability constants,

behavior toward the alkali and alkaline-earth metal iodsNi&, 1 in ethanol ¢; = 0.5)3% and coumarin 153 in ethanap(=
K', Mg", Cd', S, and B4 as well as the heavy and transition 0.4 were used as fluorescence standards. All the fluorescence
metal ions Ag¢, Cu, CU', Ni", Cd', zn'", Cd', Hg", and PH in spectra presented here are corrected for the spectral response

acetonitrile at 298 K is presented. For a better understandingof the detection system (calibrated quartz halogen lamp placed
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inside an integrating sphere; Gigahertz-Optik) and for the relative amplitude,®,j = ari/Y;ar: fractional intensity,
spectral irradiance of the excitation channel (calibrated silicon DAS;(1): decay-associated spectrufsd®: steady-state fluo-
diode mounted at a sphere port; Gigahertz-Optik). The fluo- rescence intensity'f.

rescence quantum yields were calculated from six independent

measurements and the uncertainties of the measurement were a(M)Fs (1)

determined tat5% (for ¢ > 0.2),£10% (for 0.2> ¢¢ > 0.02), DAS()) = —— (1)
+20% (for 0.02> ¢ > 5 x 1073%), and+30% (for 5x 1073 1

> ¢y), respectively. Z%( )T

2.4. Time-Resolved Fluorescence Spectroscopyluores-
cence lifetimes 1#f) were measured employing a unique laser

impulse fluorometer with picosecond time resolution described ature-dependent measurements were performed with a continu-
elsewhere? The sample was excited with the second harmonic ;s fiow He cryostat CF 1204 from Oxford Instruments. Liquid
output (LBO crystal) of a regenerative mode locked argon ion pgjiym was pumped from a storage container via a transfer tube
laser pumped Ti:sapphire laser at a repetition rate of either 82(Geg 300, Oxford Instruments) and flow control (VC 30, Oxford
or 4 MHz (reduction by synchronlzed pulse ;electlon). The Instruments) by a gas flow pump (GF 2, Oxford Instruments)
fluorescence was collected at right angles (polarizer set at;54.7 6,91 the cryostat. The temperature was externally controlled
monochromator with spectral bandwidths of 4, 8, and 16 nm), , heating and flow adjustment with the temperature controller
and the fluorescence decays were recorded with a time-|7¢ 4 from Oxford Instruments. The temperature in the sample
correlated single photon counting setup and a time division of ;o4 \yas monitored via the temperature-dependent resistance of
5.2 ps channel (82/4 MHz version) or 52.6 ps channél(4 a sensor which was calibrated with a Peltier element. When
MHz version). The correqundlng experimental accuracies Werecnoling, the temperature was gradually decreased in steps of
+3 ps andt0.04 ns, respectively. The laser beam was attenuated g o 20 K (atT > 170 K) with equilibration times of 20 min

using a double prism attenuator from LTB, and typical excitation ; every point of measurement. Then the sample was im-
energies were in the nanowatt to microwatt range (average 'asermediately chilled (with liquid He toT = 10 or 30 K)

power). The excitation energies were checked and adjusted Withequilibrated for 40 min, and heated in steps of 20 K (equilibra-
a calibrated Si diode (model 221 with 100:1 attenuator 2550, tjon time of 20 min) to 170 K.

Graseby) and an optometer (model S370, Ggaseby). In a;ypical 2.6. Complex Stability Constants.The complex stability
experiment, the pulse peak power was 30> W (5 x 10 constants reported here were determined from both absorption
W) in the 82 MHz (4 MHz) mode. For example, concerning a i 50 or 100 mm absorption cells) and fluorescence measure-
typical measurement at 400 nm the sample was excited Wlth ments. The complex stability constarkswere measured by
ca. 16 photons per pl_JIse. The mstrum_ental response_functlon titrating a dilute solution (typically 16 M) of ligand by adding

of the system was typically 30 ps (full width at half-maximum).  5jiquots of metal ion solutionciy titration). For the fit of the
Temporal calibration of the exper|mental415etup was checked ¢omplexometric titration data (employing Origin V5.0, Microcal
with pinacyanol in ethanolrf = 131bi 1 ps);*@rose bengal in - goftware, Inc.), the following equations appl), (absorption
methanol ¢ = 0.50 ns+ 0.02 ”S)‘}lc and fluorescein 27in 0.1 o flyorescence intensityg, b, constantscy, c., free metal,

N NaOH (r = 4.50 ns+ 0.03 ns):¢ For the estimation of the  free |igand, and complex concentratioms; total concentra-

color shift (wavelength-dependent temporal response of the {jons) and the theoretical background is discussed in more detail
detection system) between the instrumental response function, vef 43.

and the actual fluorescence decay, the fluorescence of coumarin \ynen Xim is not known, eq 2 allows for the graphical
1 (in ethanol), coumarin 153 (in ethanol), and fluorescein 27 yatermination oK and for efficient complexation, whemy ~
(in 0.1 N NaOH) were quenched by saturation with potassium cuo is not valid anymore, eq 3 can be uéd.

iodide and their decay profiles were recorded at the correspond-

ing emission wavelengths. X,

2.5. Temperature-Dependent MeasurementS he temper-

The fluorescence lifetime profiles were analyzed with a PC m = ﬁ%c,\,, +1 (2)
using the software packages IBH Decay Analysis Software V4.2
(IBH Consultants Ltd.) and Global Unlimited V2.2 (Laboratory X — Xo
for Fluorescence Dynamics, University of Illinois). The good- x = X, + "m—{ ot o+ 1_
ness of the fit of the single decays, judged by reduced 2c.4 K
chi-squared %r?), the autocorrelation functiorC(j) of the 2 u
residuals, and the DurbifWatson parameter (DW), was always [(C'-O F oo+ R) ~ 4CLCwo Z} (3)

in the range ofyr? < 1.2 and DW> 1.8. Within the global

analysis of the decays recorded at different emission wave- The reported values are mean values of at least two measure-
lengths, the decay times of the species are linked while the ments with correlation coefficients0.99.
program varies the preexponential factors and lifetimes until 2 7. Quantum Chemical Calculations Geometry optimiza-
the changes in the error surfage gurface) are minimal; i.e.,  tions were performed employing the semiempirical AM1 method
convergence is reached. The fitting results are judged for every (gradient< 0.01; HyperChem V4.0 and 4.5, Hypercube, I4¢.).
single decay (locajr?) and for all the decays (globair?). Rotational energy barriers were calculated by iterative twisting
Except as otherwise indicated, the errors for all the measure-gf the bond(s) of interest. The energies of the corresponding
ments presented here were below glop#l = 1.2. perpendicular structures were found by optimizing the geometry
When biexponential decay kinetics are found and an excited with the exception of a single fixed dihedral angle of°90
state reaction can be excluded, i.e., in the case of ground stateTransition energies were calculated on the basis of the corre-
heterogeneity, wavelength-resolved fluorescence decay pro-sponding ground-state geometries and 1SCF calculations with
files can be analyzed globally according to eqld(¢.,t) = a Cl of 8 by the methods AM1 (Ampac V5.0 and V6.55,
Sia(A)e @™ total fluorescence intensityael = a/Y;a;: Semichem, Inc.) and ZINDO/&.
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2.8. X-ray Structure Analysis. The X-ray data oflb, 2a, Q i
and3 were collected on a Siemens SMART diffractometer at og c9 0
293 K using Mo Kx radiation ¢ = 0.710 73 A) monochroma- Y Y
tized by a graphite crystal. The structures were solved by direct Q c20 $14 c7 bc"’
methods and refined by full-matrix least-squares calculations co8 N oA N ~
(SHELXTL). The hydrogen atoms of all the structures were e \'( 2 03/.\‘ S5 \{en
introduced in their calculated positions and refined using Riding C”b _ /C\‘/k’- = \cg,) °
models?6 & g o c4(—;“‘({

2.9. Cyclic Voltammetry. The cyclic voltammograms were ol % Ocua
obtained in acetonitrile/0.1 M BMNPF; solution with an Amel c19 ) \
553/Amel 568 system in a standard single compartment three 020\ (s
electrode design (Pt working electrode and counter electrode, 1b o \ o2
Ag/AgCl quasireference electrode). Ferrocene was used as an CmOQ\Q
internal standard, and measurements were performed under inert !)
gas with a scan rate of either 1000 or 250 mV gor 1b). All
the potentials given in the text are in mV vs FcfFc o

ca\\ c9
3. Results and Discussion
C*C)/ \\c1o

3.1. Structural and Photophysical Studies. 3.1.1. X-ray o ° 7 \\ o
Crystallography. The total X-ray structures of thé] stereo- o1 6\\_‘3]6 n2 /(E:'?OC”
isomers of the three molecules are collected in Figure 1 and J \012 ,‘\~ \u
the relevant geometrical parameters are combined in Table 1. CCT5O\ (")) cs
All the three molecules crystallize as a racemate. The 1,3-diaryl- C__dm“ \ﬂ/L =
A2-pyrazoline chromophore is nearly planar in the &(3)R= Jo1s N 04}40 \0018
N(2)—N(1) fragment oflb, 2a, and3 (see dihedral angles of o 019\'J\ N
the molecular planes in Table 1) and a partly tetrahedral or k\ o2
conformation at N(1) only occurs f@&a, manifested by a sum 23 020021 ) “
of the bond angles at N(1) of 35%.9Table 1). In this case, dg N2d o
the lone electron pair of N(1) and the hydrogen atom at C(5) ‘-’cgs\o ﬁlcze
point into opposite directions. Where2ashows a pronounced E‘o
bond length alternation in the CEN(1)—N(2)—C(3)—C(12)
fragment, the stronger conjugation of thé-pyrazoline chro-
mophore inlb and especially follows from the double bond 0\\ co 0
character of the bonds C@I(12) (1.450 and 1.432 A) and CB/bﬁo'
N(1)—-N(2) (1.365 and 1.361 A). Furthermore, the bond N(1) 7P =] £10
C(6) (ca. 1.40 A) displays similar featur&sEor 3, where the °\Q/ 7\ /L"°
Ar—C(3)R=N(2)—N(1)—Ph unit is most planargg_, = 2.2° [z ° % N1/L(’;6§O\C”
andé;—3 = 6.5, Table 1), the bond length alternation is further 0\027/0\015/023 capy ~& hd
reduced, indicating the strongest delocalization for this com- “‘j k‘J Oorn s \L%S»
pound. Concerningb and3, alkylation of N(13) does not only Czjo\h/(_)\,/ eyl \ i
increase the conjugation in the chromophore but leads to a ¢ cod 16 o .! \3—0

: i ; ; ] S14 LY N2
change in conformation as well, i.e., the BT moiety and the ©
A2-pyrazoline ring are in N(2yN(13) anti conformation folLb )
but the syn conformer is favored f8r The results obtained for 3

the basic chromophore @a are generally in good agreement
with the structural data of 1,3-diphenpyrazoline reported
by Duffin*8 despite the distortions imposed by the 5-substituent
(Table 1).

Compared to the three aryl substituents, the centl Figure 1. X-ray structures of theR) stereoisomers afb, 2a, and3.

pyrazoline ring shows a reduced planarity for all the three 2. The first prominent features which render the benzothiazol-
compounds (cf. description of molecular planes in Table 1). 2-yl (BT)-substituted dyes analytically more valuable than most
The dihedral angle between the planes of the 5-substituent andof their triphenyl derivatives are their red-shifted absorption and
the A%-pyrazoline ring amounts to ca. 78Table 1), resulting  emission bands accompanied by high fluorescence quantum
in a tilted, “pseudo spiro” arrangement of both molecular vyields (for compounds without a B-anilino donor). For
fragments. Regarding the degree of pyramidalization at the example, in acetonitrile, the absorption band is centered at ca.
dimethylamino (DMA) (or aza crown) nitrogen atom, the sum 25 000 cnt! and emission occurs at ca. 19 500 dmwhile
of the bond angles at N(24) equals 358fdr 2a, very similar for 2a, the corresponding transitions are found at 27 700%cm
to the values found by us fax-phenyltetraoxamonoaza-15-  and 21 300 cml, respectively. As derived from the quantum
crown-5 (N-phenyl-A15C5) andN-phenyltetrathiamonoaza-15-  chemical calculations below (section 3.1.4), the nature of the
crown-5 (N-phenyl-AT;15C5)?° Accordingly, the bond C(21) electronic transitionsz* nature) involves an intramolecular
N(24) shows a certain double bond character (1.390 A). charge transfer from the 1-PiN(1) donor to the A+C(3)=
3.1.2. Absorption and Emission at 298 KThe photophysi- N(2) acceptor. Along with the CT, increased charge densities
cal data of the compounds investigated are collected in Tableare found for the pyrazoline ring atoms N(2) and C(3) in the
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TABLE 1: Selected Bond Lengths (A), Angles (deg), and wavelength /nm
Dihedral Angles of the Molecular Planes (deg) of the X-ray 300 400 500 600 700
Structures of 1b, 2a, and 3 L L L —
1b 2a 3
N(1)—N(2) 1.365 1.394 1.361
N(2)-C(3) 1.291 1.292 1.327 s 3
C(3)-C(12) 1.450 1.478 1.432 = 3
N(1)—C(6) 1.394 1.424 1.407 ‘g =
N(1)—C(5) 1.477 1.477 1.497 S S
C(5)-C(18) 1.512 1.497 1.516 . o
C(3)-C(4) 1.487 1.490 1.505 g 2
C(4)-C(5) 1.540 1.550 1.552 2 3
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
0,2 12.9 20.9 2.2
gl—s: 212"0) ?6205’ gfblb wavenumber /10° cm’™
1-4 . . .

Figure 2. Normalized steady-state absorption and emission spectra
aPlane 1= atoms N(1) to C(5); plane 2 C(6) to C(11); plane 3 of 1a (0O), 1b (x), 1c (M), and1d (2) in acetonitrile at 298 K.
= C(12) to C(16) and C(26) to C(29); plane= C(18) to C(23).
b Atomic deviations from the planes given in ref 110. wavelength /nm
. . 400 500 600 700
TABLE 2: Spectroscopic Data of the Substituted ! L L L

1,3,5-Triaryl- A%-pyrazolines at 298 K
e[F(abs)]
P(abs) (1*M~1 #(em) A¥(abs-em) T
solvent (1cm™) cm™b) (1cm™) (cm™d) ¢ (ns)
la MeOH 24.51 27.7 19.36 5150 0.003 0.03
MeCN  24.94 29.0 19.34 5600 0.006 0.03 5
acetone  24.81 28.4 19.60 5210 0.08 0.20 5 o
THF 24.75 28.5 19.80 4950 0.55 3.00 *5'_ 3
Et,O 25.00 27.9 20.30 4700 0.86 4.02 o) __..
toluene 24.57 29.8 20.12 4450 0.84 3.39 8 g
hexane  25.13 25.8 21.03 4100 0.78 3.31 @ P
1b MeOH 2481 28.8 19.17 5640 0.38 254 = @
MeCN  25.13 29.4 19.61 5520 0.72 4.02 5] o
acetone  25.06 29.3 19.73 5330 0.75 3.91 c 8
THF 24.88 29.4 19.90 4980 0.71 3.88
Et,0 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 2451 26.3 19.42 5090 0.006 (705
MeCN 25.00 28.2 19.52 5480 0.016 ?11
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 1207 3
toluene 2463  27.8 20.26 4370 0.87 3.46 wavenumber /10" cm
1e MeOH 24.75 26.1 19.17 5580 0.36 2.42 Figure 3. Normalized steady-state absorption and emission spectra
MeCN 25.00 27.5 19.57 5430 0.77 4.05 of 1a, 1b, and2ain n-hexane M), diethyl ether &), and acetonitrile
hexane  25.25 25.2 21.16 4090 085 332 (O)at298K.
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 the mostintense transition in the alkylated anilino chromophore
hexane  27.70 18.8 23.01 4690 052 2.90 (atca.37 700 cm') are superimposed. In all the solvents studied
2b meg":" ;g-gg 13-2 gg-gé Zégg g-gg jégé here, both the absorption and emission spectrum show no
e . . . . v . . . .
ci 281 s 034 4730 0.82 nk. vibrational structure and even mhexane a slightly structured

band is only seen in the emission spectrum. The Stokes shift
2 [iCcalculated according to ref 111; for explanation see temtd. increases with solvent polarity indicating a higher dipole
= not determined, n.k= not reported® Reference 55¢ Reference 35a. moment in the excited state than ip(igure 3) and in aprotic
solvents, all the dyes have high fluorescence quantum yields.
first excited singlet state. As can be derived from the data in Thus, in all the solvents, emission is due to an allowed charge-
Table 2 and Figures 2 and 3, the position of the bands is thustransfer transition §CT) — S. These observations are in
significantly influenced by the p- and 3p-substituents of the ~ agreement with those reported by other research groups for 1,3-
pyrazoline ring whereas the fluorescence quantum yield dependsdi- and 1,3,5-triarylA2-pyrazolines’2:33.36.5655 The negligible
on the para-substituent at all three positié#s>2.5%or all the spectroscopic effect of variousgbdonor substituents is even
solvents employed, the absorption and fluorescence excitationobserved for the bulky crown ether groups and gives further

spectra of the dyes investigated match. evidence for the rigidity of theA?-pyrazoline bridge” and the
Steady-State Spectrd.comparison of the absorption spectra prearrangement of 1-, 3-, and 5-substituents in a conformation

of 1b with those of the anilino-substituted derivatives (elgy, preventing sizable orbital overlap.

in Figure 2 reveals that for thefpamino-substituted derivatives, Transition Dipole Moments and Geometry of the Stafes.

the high-energy band of th&2-pyrazoline chromophore and  possible change of the nature from the absorbing to the emitting
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TABLE 3: Photophysical Parameters of the Substituted
1,3,5-Triaryl- A2-pyrazolines at 298 K

obs

obs calc

r
solvent (1¥sh)  (1sh)  (10sh  kobykeare
la MeOH 1.4 450 1.7 0.78
MeCN 1.8 300 1.9 0.94
Et,O 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
Et,O 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 25 0.4 2.3 1.09
le 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

state, as might be induced by excited-state relaxations of the
average twist angle around bonds N{Q(6) and C(3)-C(12),

can be derived from a comparison of the radiative rate constant
observedk©Ps (eq 4a) andc@c (eq 5a), the corresponding rate
constant calculated from the absorption spectra (Table 3).

obs_ 647" 3. 3 2 > 31
K =3 M Vem IMerd™ With M| = o N
(4a,b)
641" 5. .
KFale = = Mg My,d® with
3hgIN10 . e(i,) diy,
My =—2—— [i. ., —=— (5a,b)
8r NAn Vabs

Here, Maps and Mgy, are the transition dipole moments
obtained by analyzing steady-state and dynamic photophysical
data according to egs 4b and 39/ n is the refractive index of
the solvent, and the other constants include speed of light in a
vacuum €o), Planck constant, and Avogadro constanig).

The ratiosk?7k° of 1.1-1.2 (for the 3-benzothiazol-2-yl-
substituted derivatives) in-hexane as compared to ratios of
0.93-0.98 in acetonitrile most probably suggest the involvement
of both electronic solutesolvent interactions and/or a relaxation
of the initially excited Franck Condon state to a slightly more
planar conformation of the emitting CT state (Table>%).
However, the differences in conformation seem to be rather
small. In contrast, the influence of protic solvents is well
reflected by a more distinct decreasddh7k®  for 1a, 1b, 1e,
and2aupon going from acetonitrile to methanol (Table 3). Here,
the ratio of 0.78 forla 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 irki (=¢¢/tf) with increasing solvent polarity (and
proticity) but a much more pronounced increase kp
=@ — on)lro).

Excited-State Seatochromism and Dipole Momenta.order
to estimate the extent of the CT process and to compaesnd
1b more closely, the spectroscopic data obtained in different
solvents were analyzed as a function of solvent polarity
employing the Lipper-Mataga formalism (eqs 6 and P A
plot of the Stokes shift vs the solvent polarity functions
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Figure 4. Solvatochromic plots (and fits) according to eq 6 (top) and
plots of Stokes shift vs empirical solvent polarity parameter SPP
(bottom) forla (O, ---) and1b (M, —) 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 Eqgs 6 and 15

eq #g’lD #e/D (1e — ug)/D
1la 6 1.7 14.3 12.6

15 1.7 10.2 8.5
1b 6 0.8 12.5 11.7

15 0.8 9.2 8.4

aThe Onsager cavity radius was taken to 7.1 Al@) and 6.8 A
(1b) on the basis of the AM1 optimized geometry and the method
proposed by Edward for spherical molecul®s.” For ground-state
geometry optimized by AM1¢ See ref 62.

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

A¥(abs— em)= A?"¥(abs— em)+

2ue — 1)
2 =19 4y — 1)) (6)
he,ao
& 1 o n’—1
@) =557 and ()="7—"  (7ab)

Here, AvVaq{abs-em) is the extrapolated Stokes shift in a
vacuum,ug and ue are the ground- and excited-state dipole
moments,ap is the Onsager cavity radiug; 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 ofue — ug) andue (if 1g is known)S0.61

The good agreement between the dipole moments obtained
for laandlbreveals that a p-donor has a negligible influence
on theS — 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 SPBolvent polarity
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scalé® (Figure 4). Similar magnitudes fak?-pyrazolines are
found in the literature, where ‘Gten et al. reported a value of
(ue — ug) = 11.5 D for 1p-chlorophenyl-3g-cyanophenylA?-
pyrazoline (analysis via Bakhshiev’s formalisi#f)®4and Yan

et al. found e — ug) = 8.9 D for 3p-nitro-triphenylA?-
pyrazoline (analysis via the BiletKawski formalism§2:65 Such

a change in dipole moment of ca. 13 D (Table 4) corresponds
to a charge separation distance of ca. 3.0 A equaling a
(theoretical) distance from N(1) to the C{3F(12) bond
reflecting the charge shift within the 1,3-chromophore; in
crystalline 1b, the distances N(HC(3) and N(1)-C(12) are
2.148 and 3.543 A, respectively.

Fluorescence Quantum Yieldgable 2 shows that in contrast
to spectral similarity with the reference compoutt, the

(=

L =
®

nom. DAS(A)
o o
B

Q
N

600

600 700
wavelength /nm

Figure 5. DAS(4) (solid lines with symbols) and steady-state emission
spectrum (---) ofLd in acetonitrile at 298 K (excitation at 415 nm,

fluorescence quantum yielg is drastically quenched for the  —3, 106 ). The inset contains the normalized D¢ with relative
molecules with a strong p-donor (aniline) in solvents of high  errors. Global analysis revealed decay times of 0.98@s{= 0.95;
polarity (i.e., acetonitrile) ang decreases on the order bd DAS;(1) B, inset—) and 2.96 ns (DAgA) O, inset ---), respectivel§?
(AT415C5)> 1c(A15C5) > 1a(DMA,; note that no quenching

is observed for the -methoxy derivativele). Furthermore, wavelength /nm

the efficiency of this (long range) intramolecular quenching 400 500 600 700 800

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 methang{,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
qguenching of the CT fluorescence. Such phenomena are often
encountered for fluorescent CT st&f and have also been
observed for othen?-pyrazolines beforé3-352Upon excitation, s
the CT process leads to an increased electron density at N(2) wavenumber /10" cm
inducing a higher availability of the lone electron pair for Figure 6. Normalized steady-state absorption and emission spectra
hydrogen bonding. Since all the trian{-pyrazolines display ~ of 1ain ethanol at 290 KM), 200 K (©), 110 K (), and 30 K ).

enhanced radiationless deactivation of the excited state in protic(< 20% for the longer component (3 ns)) over the whole spectral
solvents, such H-bond formation should occur at N(2). Sterical range measured (Figure 5: see eq 1 in section 2.4.). Most

hindrances seem to play no role here, since a less planar, ohaply, this points to the presence of two different emitting
arrangement of the 1-aryl and thé-pyrazoline moiety (as, €.9.,  conformers in the case dfc and 1d. Assuming similarity of
in 1-(2-methylphenyff or 1-(2,6-dimethylphenyff®®®deriva-  he electronic structure for the crowned derivatives and the
tives) _onI)_/ Ieads_to slightly reduced fluorescenc_e gquantum yields parent moleculda, this behavior may arise from conformational
even in highly viscous solvents. Even a pretwisted 3-Ar group fiexibility of the aza crown unit (which can induce varying
has only a weak influence on the fluorescence quantum yield pasicity of the amino lone electron pair). Such a conformational
(the influence of both, pretwisted 1- and 3-substituent is much flexibility has been recently found by us for the chalcone
more pronounced for the spectral band positiGfsj.54.68.69 analogue ofLd.17249Keeping in mind the endeexo isomer-
The effect of hydrogen bonding on the fluorescence of the 1,3- jzation of crown ether& differences in the interaction between
diphenyl-A?-pyrazoline chromophore is more pronounced since the nitrogen lone electron pair and the 5-phengystem could
here only N(2) has a high charge density in the excited state. resylt in different ET rates and hence different fluorescence
In the 3-benzothiazol-2-yl-substituted derivatives, dissipation of decay times. In the case of a tertiary amine “extreme” endo/
the negative charge in the N2E(3)—thiazolyl acceptor  exo conformations are not possible but an exo conformation
fragment reduces the charge density at this particular nitrogenyyith a partly sg-hybridized nitrogen atom could alter the rate
atom (cf. section 3.1.4 and the discussion involving protonated constant of ET drasticall{t
1a, 1b, 2a, and2b as well as3 in sections 3.2.2 and 3.2.3). 3.1.3. Temperature-Dependent Behaviorn order to verify
Fluorescence Lifetimeshe fluorescence lifetime data are the electron-transfer process ite and its dependence on
included in Table 2. In apolar solvents, the decay kinetics are molecular motions, steady-state and time-resolved fluorescence
always monoexponential. This is also valid for all the derivatives measurements were carried out within ethanol as a function
without a 5p-amino donor in all the polar solvents investigated. of temperature as well as wifth, 2a, and2b in ethanol at 290
For the 5p-anilino-substituted derivatives, only in the case of and 77 K. As can be seen in Figure 6, the structureless
crownedlcandld, biexponential decay kinetics with a second, spectroscopic features are maintained within the temperature
long-lived decay component with a low relative amplitude were range of 296-30 K, the spectra at 30 K resembling closely those
found in polar solvents. Global analysis of the fluorescence of l1ain n-hexane (Figure 3). Phosphorescence could not be
decay curves recorded as a function of emission wavelengthdetected in any of the experiments which means that its quantum
revealed no rise times as well as unchanged relative amplitudesyield is less than 0.0%2 and suggests that the remaining 10%

norm. absorption
20US0SBION|} “WIOU
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TABLE 5: Spectroscopic Data and Photophysical Properties of 1a, 1b, 2a, and 2b in Ethanol at 290 and 77 K

v(abs) v(em) Av(abs-em)
T (K) (1 cm™?Y) (1 cm?) (cm™) o 7t (ns) ki (10°s™) knr (LOPs7Y)
la 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
la 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
1.0 4 TABLE 6: Calculated Sum of Bond Angles at N(1)
. .8 . o (XIN(2)]) and Dihedral Angles (@) of the Molecular Planes of
o LIPS é O 1a, 1b, le, 2a, 2b, 3, and Their Protonated Derivatives in the
0.8+ 3 Ground State?
o s —R"®  S[N(1)]/deg 6:-./deg 0i-s/deg 6;-sdeg
01 o A laf 347.8 27.4 3.9 87.1
< 95 o 25 1be 347.6 27.8 3.7 86.5
0.4 2 00 ¢ ¢ 3d N(13) 360.0 20.1 1.6 90.9
£ 85 ) leH"  N(2) 333.7 87.7 2.6 90.8
0.2 j‘s’  tsans b -1 leH"  N(1) 333.9 90.8 1.6 94.3
: ' o6 8 2a 346.6 28.9 4.6 86.6
. e es 2b 346.4 293 5.4 86.2
0.0 ; ; . ———2 1o 2b-H*  N(1) 334.0 92.0 1.8 91.9
0 50 100 150 200 250 300 2b-Ht  N(2) 3335 88.1 2.8 89.8
T/K 2By AM1/HyperChem; for the definiton of molecular planes, see

Figure 7. Temperature dependence of the fluorescence quantum yield Table 1. The results obtained fiic—e and for the protonated species
(O) and lifetime @) of 1ain ethanol. The inset shows the temperature of 1c and1d are similar ¢0.5°). ® Position of protonation or methyl-
dependence of Ik, above ) and below (constant, ---) the glass  ation.®The anti conformation of N(2) and N(13) is energetically favored
temperature of ethanol°H = 158 K). (6 kI moi™) for 1a—e, but the optimized geometry of the syn conformer
shows comparable features. Ryrthe syn conformation of N(2) and
N(13)"—CH; is favored.4 1e-H*/N(13), syn conformation is energeti-

of nonradiative deactivation dfa and 1b are mainly due to
y cally preferred, shows very similar geometrical paramete8s(a9.5°).

internal conversion from Sto the ground state. The spectro-

scopic properties of all the four compounds in ethanol at 290 ¢ 5 solvent reorientations and to get more insight into the
and 77 K are collected in Table 5. In the casdbf2a, and2b role of hydrogen-bonding interactions, temperature-dependent
which are al_reac_iy moderately fluorescent at room t(_emp_erature’spectroscopic studies db—d as well as of some of the dyes
the quenching induced by hydrogen bond for_matlon IS SUP- i polar aprotic solvents are currently performed. If an intramo-
pressed at 77 K and fluorescence quantum yields near UNitYjecular rotation is involved in the ET guenching process, the
are observed (Table 5). For all the dyes, monoexponential . iness of the 5 substituent irl.c and1d should result in a
fluor_escence decay kinetics are observed at all the temperature%lrger barrier than found here fdga.
stuqlled. . . 3.1.4. Quantum Chemical CalculationsiIn order to get more
_Figure 7 combines the corresponding fluorescence quantumingigny into the geometric arrangements, charge distribution, and
yield and lifetime data ofla. From a comparison of the Kink 416 of the molecular orbitals involved in the electronic
pointin the¢y andz; vs T plots forla (Figure 7) with the glass 5 nitions in the 1,3,5-triaryM-pyrazolines, quantum chemical
temperature of the solvenT{=°" = 158 K; Figure 7), it is 50 lations were performed fara—e, 2a, 2b, 3, and their
evident that a viscosity-dependent process is frozen b&lpw 1 qionated derivatives. The latter are important for a better
in 1a The_ constant_va_lues obtained for both fluore_scence understanding of the complexation experiments (see sections
quantum yield and lifetime suggest that the quenching ET 3.2.1-3.2.3).
process 1s blocked below,. The S|m|Iar da}ta ofaandibat Ground-State Geometrie&round-state geometry optimiza-
77 K given in Table 5 support these findings. 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
qguantum chemical results (molecules in the gas phase, see Table
On the other hand, upon analyzing the temperature-dependens) generally yields a good agreement fbb, 2a, and 3,
emission data abovg, in terms of the Arrhenius equation (eq respectively. The mean deviations in bond lengths<s0ed25

|k—|AEA 8
nk=INA-= (8)

8), a linear correlation is obtained for a plot ofdg vs T-1. As A and the near coplanarity of the 3-substituent and the
a consequence, an activation barrier of 11.3 kJisl found A?-pyrazoline moiety as well as the anti (or syn) conformation
for the nonradiative processes whikedoes not show a distinct  of N(2) and N(13) forlb and2a (or 3) are well reproduced by
temperature dependence with values of® @) x 10° s (for the quantum chemical calculations. Some deviations are found

1a) over the temperature range studied. The temperaturefor the degree of pyramidalization at N(1), and the sum of the
dependence of the emission behaviorlafin solution points bond angles at N(24) amount to 350(2a), 355.5 (1¢), 352.6
to a mainly viscosity controlled ET process being active only (1d), and 350.6 (2a), comparable to those found féa (Table
in la 1) as well asN-phenyl-A15C5 and -AT15C5 in an X-ray

In order to elucidate whether the viscosity or temperature structure analysi¥’24%71 The dihedral angles between the
influence is due to a purely intramolecular relaxation or mainly molecular planes are comparable to values given by Blair et al.
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TABLE 7: Calculated Electronic Properties of the Leading TABLE 8: Redox Potentials of 1a-d, 2a, and 2b in
Electron Configurations of the 1CT and ET States Using Acetonitrile/0.1 M BusNPFg vs Fc/Fc"
ZINDO/S—CI Euz (0X)/mV Ei2 (red)/mV
AEacn®  AEgad AEs1/ _
config eV eV AuefD udD f eV if_w 440 ?gg nZdZZO
la ICT(1——1) 3.56 3.63 8.3 10 0.91 1.05 1b? 590 —2195
ET (2——-1) 3.27 4.57 38.3 40 0.006 0.01 1c 470 680 —2210
2a 'CT(1——1) 3.86 4.18 154 18 0.63 0.94 1d 550 635 —2195
ET(2—>-1) 4.03 5.22 314 34 0.005 0.007 2a 390 570 —2825
. , 2a—H* 490 n.d.
Calculated from eq®®" usinges = 37.5,n> = 1.796,a0 = 7.1 2b 430 2830

and 6.5 Aug = 1.7 and 2.6 D forla and2a, respectively.
a A third oxidation at ca. 1000 mV1@) and 950 mV {b) is found,

for 2b (e.g.,01—» = 25.1° andf1_4 = 93.1°)3%a0n the basis of most probably arising from the benzothiazole moiety. No attempts were

AM1/MOPAC calculation&2and agree with the X-ray struc- made to resolve this peak fac and1d. ® +-20 mV, all otherst5 mV.
tural data within+10° (with the exception ob;_, for 3, see

Tables 1 and 6). Furthermore, the energy barriers for rotation The main reason for this effect is the larger valueApfeq of
around the sterically unrestricted single bonds are low for all 1ET in 1a and the larger value ofueq of 'CT for 2a which
the molecules studied. The activation barriers are calculated toboth result in a stronger stabilization ¥ T againstCT in 1a
14.2 and 16.3 kJ mot (N(1)—C(6)) and 9.0 and 7.3 kJ mdl than in2a

(C(3)—C(12)) for the corresponding single bondsléfand2b,

respectively. In contrast, rotation around the single bond-€(5) AE. = A 1 & 1, _ _

C(18) is connected with a high barrier, i.e., 164 and 159 kJ sov = ABcas aos 2es+ 1(/‘e Hdlg)

mol~1, constrained to an almost perpendicular twist ang&a() )

due to the sterical interaction with the neighboring 1-substituent. 1 n-1 T 2) (9)
The protonated and methylated compounds will be discussed ao3 n+1 o 9
further below.

Molecular Orbitals and Differences of CT and ET States.  When the dimethylanilino donor group is exchanged by a
Inspection of the molecular orbitals (MOs) calculated for all methoxyphenyl groupl@a — 1€), the !ET-induced quenching
the molecules with the AM1 Hamiltonian (Figure S1) reveals is not observed because the HOMO of this donor group is lower
that the HOMO-LUMO (1 — —1) transition involves large  lying leading to a larger energy gap of tHET transition than
orbital overlap in the central>-pyrazoline chromophore which  in the corresponding dimethylanilino derivative. However, a
therefore is a strongly allowed transition (cf. Table 7). Since quenching'ET state is experimentally observed in the charged
this electron configuration contributes to thesgate with more compound3 (¢ = 0.07 in MeCN as compared t = 0.77 for
than 90% (from ZINDO/S-CI) and it is also connected with a 1ein MeCN, see Tables 2 and 12). In this particular case, the
partial charge transfer from th&>-pyrazoline unit to the almost  calculations predict again a strongly reducge- 5T transition
coplanar substituent in the 3-position, we can assign the energy. In fact, inspection of the atomic charges shows that the
corresponding transition to th&CT state experimentally ob-  positive charge is mainly localized on the BT unit ip\ghile

served with large fluorescence quantum yields. the lowest lying!ET (S in gas phase) in the excited state results
In those cases where an anilino group acts as an electronin a charge shift to the methoxyphenyl unit. Such a behavior
donor in the perpendicularly arranged 5-positidia, (1c, 1d, has recently been explained in a similar way for a pair of

2a), the HOMO-1 (MO 2) becomes localized on this donor uncharged and charged biphenyls, respectiVely. the case
moiety which consequently leads to the lowest lying electron of a pronounced twist between donor and acceptor unit, the
transfer state associated with full charge separation across theositive charge becomes localized on the acceptor unit, here
C(5)—C(18) twisted single bond. This explains that only in these BT, and enhances its electron affinity, i.e., reducing #6&—
compounds a quenching ET state can be expected. The exceptios energy gap. In addition, the small bond alternation in the
of the charged moleculd is discussed separately below. To excited states of such charged molecules favors a photoinduced

elucidate why this ET process is active onlylig, 1c, and1d conformational relaxation toward a higher twist between both
but not in 2a, we collected the electronic properties of the moieties which even supports the previously mentioned effects.
leading configuration of théET andCT states forla and2a As a consequence, tRET—S; energy gap becomes very small

in Table 7. As expected for delocaliz&dT states, the oscillator  and thus might lead to a conical intersection connected with an
strengths and dipole moments, are relatively larg& whereas efficient nonradiative funnek 76

the 1ET transition is forbidden withf close to zero and is 3.1.5. Cyclic Voltammetry. For a better understanding of
connected with a giant dipole moment of 40 D farand 34 D the ET process the redox potentialsl@f-d, 2a, and2b were

for 2a. Proof of the radical ion-pair nature of the configuration determined (Table 8). A single reduction is observed a2000

in question is provided by the near-degeneracy of the singlet mV which is irreversible only in the case 2b. The irreversible
and triplet states, revealed in the small singlkeiplet energy oxidation of the pyrazoline moiety occurs between 430 mV (for
gap, orAEs_t. In the gas phase (and in apolar solvents), the 2b) and 680 mV (forla and1c). For the 5-anilino-substituted
1ET state is very high lying but due to the large difference compounds, the first oxidation step (39850 mV) is attributed
between ground- and excited-state dipole momehisdj this to an irreversible oxidation of the amino group. Accordingly,
transition is drastically lowered in solvents such as acetonitrile. this peak is absent in protonatéd and2a. Introduction of the

In order to estimate this effect, we employed eq 9 with benzothiazole moiety facilitates the reduction of the dyes by
reasonable Onsager paramet&&.’3 Indeed, under these ca. 600 mV but aggravates the oxidation of the amino group
conditions thé ET state becomes lower lying than #&T state by ca. 50 mV and that of the pyrazoline moiety by-60.0
only for 1a but not for 2a, which reflects the experimental mV. The most striking result of these electrochemical experi-
observation that ET is not accessible fa in acetonitrile. ments is the comparatively large difference in amino group
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oxidation potential observed fdra, 1c, and1d differing only
in the 5-anilino substituents DMALg, 440 mV), A15C5 Lc,
470 mV), and AT15C5 (d, 550 mV, Table 8). This order

reflects closely the tendencies in ET fluorescence quenching
as expressed by fluorescence quantum yields and lifetimesy, 309

(Table 2).

3.1.6. Intramolecular Electron Transfer. Since the ET
quenching process ifa, 1c, and1d is absent inlb, the rate
constant for ET oflain acetonitrile can be calculated from the
fluorescence lifetime by using that o as a reference according
to eq 1077

(10)

Here, 7¥7"1 is the reciprocal fluorescence lifetime of the
molecule with “electron transfer”, i.ela and ¢! refers to
that of the unquenched reference molecule (e, = 2.5

x 10 s71 for 1b and 1€), respectively. With the fluorescence
lifetime data given in Table 2, the rate constakgdor the ET
process in acetonitrile at 298 K are determined to 33, 9, and
0.7 ns’tfor 1a, 1c, and1d, respectively. The rate constamts

are rather small and are not related to the solvent relaxation

time’8 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 AGgr) for the excited-state electron-
transfer reaction (BA)* — D*t—A"" is related to the zere
zero transition energiEqo of the precursor (B-A)* state, the
donor ionization potential I} the acceptor electron affinity
EAa, and the Coulomb stabilization ener§y of the radical
ion pair D"—A*~ by eq 11adpa = charge separation distance).
IPp and EAy can experimentally be determined from the redox
potentialsEy(D*/D) and Ey»(A/A™), respectively, according
to egs 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

Rurack et al.

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

AEoo E1o(D*/D) EyoAJAT) AGSMa EP AGer® Al AGH+ Ve

(eV) (eV) (eV) eV) (V) (eV) (eV) (cm™)
0.44 —2.22 0 0.05-0.48 1.25 960

le 3.10 1.45 —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

aThe absolute contribution is included in the measured redox
potentials and relative differences are zero for a single solyet.
charge separation distands, of 8.3 A for laandleand 6.6 A for2a
as obtained from the coreore distance of the p- to the 3p-aryl
substituent is used. The dielectric constant of the solverd 37.5¢
From eq 11bYFrom eq 14 ¢ From eq 13fValue for methoxybenzene
taken from ref 112.

ET rate theory employing eqs 13 and P480.81a

A AGg1\2
#_ _S ET|
AG* = 4(1+ T ) Vv (13)
B/ S S O | R
/18 - eZ(ZrD+ + ZI’A, dDA)(nz GS) (14)

Since no data for the intramolecular reorganization energy
(4i) are available for our molecules and with the assumption
that changes of this type are comparable for both rigid
molecules’?® }; is neglected in eq 13. This simplifaction is
reasonable because in highly polar solvents such as acetonitrile
Ai is usually considerably smaller thdg (e.g., see ref 81b)/
is the electronic coupling matrix element and quantifies
electronic interaction between donor and acceptor pagts (
ra- = ionic radii). In these “pseudo spiro” arranged-B
assembliesyV is not expected to be large. However, weak
electronic coupling is known to play a significant role in classical
spiro compounds (spiroconjugatié® involving both spiro
conjugatedr-systems orr-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.

equation for a spherical charge but can in our case be taken as \yhareas in the case df in acetonitrile AGH + V ~ 4.5gT.

same solvent (acetronitrile). Hence, egs 1la and 12a,b com
bine to the RehmWeller expression in eq 11bfrom which

the ET driving forces for some of the investigatexf-
pyrazolines, i.ela, 1e and2a, in acetonitrile are calculated
(Table 9).

—AGgr = AEy, — IPy + EA, + E¢ (11a)
—AGgr = AEy, — E1/2(D+/D) +E(AAT) +
2AGV + & (11b)
€pa
IPy = E,,(D*/D) — AGS®Y (12a)
EA, = E (AIA-) + AG™" (12b)

The distinctly more negativAGgr value forlais 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-substitutedpsanilino derivative.

Kinetic parameters such as the ET energy bami&* and

“distinctly higher which can further explain why ET occurs only
in 1a(Table 9). Moreover, the reduced ET rate constants in the
A15C5 (Lc) and, more strongly, in the AI5C5 (Ld) substituted
derivatives are conceivable with the smaller oxidation potentials
(Table 8) which yield smalleAGgr and largerAG* than for

la 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 reactiof?

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 ofld. 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 Ad (fluorescence enhancement factor FEFG.5)
and, to a minor extent, Hdeads to fluorescence enhancement.

the solvent reorganization energy can be derived from Marcus No effects are observed for the other heavy and transition metal
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TABLE 10: Spectroscopic Properties of the Cation Complexes of 1d in Acetonitrile

7(abs) v(em) AVep-p(absy  AVey-gp(€mYP r(bluey  t(redf  logK ryd
(10 cm™) (10 cm™?) (cm™) (cm™) o (ns) (ns) (em,abs) (A) m? X y%e
1df 24.94 19.47 0.10 0.98, 2.96

CHg'" 25.13,21.69 19.61,16.61 1963250 140,-2860 0.22,0.03 1.23,2.88 0.59 53,36 1.02 4.08
czni 0.74 2.01
cCu'h 25.06,21.3% 19.57,16.60 1203620 100,-2870 n.d. 3.2 0.7 n.d. 0.73 2.64
cCu 24.9 19.5 0 0 0.12 n.d n.d. 0.96 (4) 3.46
CcAg' 25.06 19.61 120 140 0.65 3.70 4.92 1.15 4.28

aThe experiments were carried out up to thd concentration range for the heavy and transition metal ions and up to the mM concentration
range for the alkali and alkaline-earth metal iBAgc, = 3 x 107% M). P Cation-induced shifts: “Blue” denotes excitation and emission wavelength
set in the high-energy bands, “red” denotes excitation and emission wavelength set in the low-energyAlatius.radii were taken from ref
114a and are for six-coordination except where the coordination number is indicated in paréifreestfor CUL.15PFor CU, tetrahedral coordination
is found in most polythia ether complex€$. ¢ The electronegativity values given in the literature differ largely in uifsHere, the softness or
class B paramet&f was calculated with the electronegativity values of Allred and RocH®. f No effects observed for LiNd, K', Mg", Cd',
Srl, Bd', and PB. 9 a(1) = 0.95." The low-energy bands are only observed at a metal ion excesg of 2 (upperuM 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 bandla.(1) = 0.85.1 A similar behavior is observed for &dry = 0.95,ym? x rv = 2.71), Ni' (0.69, 2.52), and Cb(0.74,
2.61).%For 1dcCu', various subbands, exemplified by shoulders in the absorption spectrum were found, whose origin is unclear at present (see
text).
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Figure 8. UV/vis spectrophotometric titration spectrald with Hg"
perchlorate in acetonitrile. Hlgaddition in the range of 0.02 xw. <

1 (A) and 2=< xu. = 100 (B). The spectrum of uncomplexéd (m)
and the absorption spectrum db (O) are included for better
comparison§ =5 x 107 M).

ions (Table 10). For Clas well as for HY, the appearance of

Figure 9. Fluorometric titration spectra dfd with Hg" perchlorate in
acetonitrile. HY§ addition in the range of 0.02 xy. < 1 (excitation
at 400 nm, A) and < xw. < 100 (excitation at isosbestic point 425
nm, B). Solid squaresl) denote the spectrum of uncomplexid,
and the emission spectra blcHg" at large ion excess excited at 480
nm (O) and of 3 (x) are included for better comparison (= 1 x
1076 M).

a second red-shifted absorption and emission band is observedFigure 9). The absorption and emission spectiqat= 1 are

at higher cation concentration/excess (metal-to-ligand ragips

identical with the spectra dfb, suggesting efficient complex-

> 2, Figures 8 and 9). For both complexes, excitation at the ation to the crown ether moiety (Figure 8) yielding a FEF of

high-energy absorption band (at ca. 25 000 &nyields the

“blue” emission (at ca. 19 600 cri and excitation at ca. 21 600

cm ! gives rise to the red-shifted emission (at ca. 16 600%¢m

2.2.1dcCu' shows the same fluorescence featuresdasHg'"
only with reduced fluorescence quantum yields for both emission
bands. The origin of the red-shifted bands will be discussed in

This is in agreement with the observed emission wavelength detail in section 3.2.2.
dependence of the fluorescence excitation spectra and indicates Similar to the complexation behavior of the chalcone analogue
that (at least) two emitting species are present in solution.  of 1d toward Cif,172 comparably slow kinetics are observed

A titration of 1d with Hg" or CU' yields the following for 1d and CUf as well; i.e., the immediately formed complex
results: Fomxy < 2, the absorption band centered at 24 940 undergoes a rearrangement, and time-dependent changes in the
cm! remains nearly unchanged with a slight hypsochromic shift absorption spectrum are observed.
(to ca. 25 100 cm!) and a decrease of the anilino absorption ~ Whereas the titration spectra for Hguggest that complex
band at 37 700 cm whereas forxy,. > 2, a second band  formation at the two binding sites is consecutive in the case of
located at ca. 21 500 crhappears (Figure 8). The correspond- Cu' (lower complex stability of AFI5C5CCu' as compared
ing changes in emission are reflected by both fluorescence band¢o a N,N-five-membered ring chelate of that ion, see section
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TABLE 11: Spectroscopic Properties of the Cation Complexes of 1c in Acetonitrike

P(abs) (em)  Abgp(abs) Avep-rp(€M) Tf ke Knr rm® /1P
(10 cm?) (10cm?) (cm™Y) (cm™) o (ns) logK(em) (10¥sl) (108s) A z2 A1
1c¢ 25.00 19.52 0.016 0.03 1.5 89

cLi' 25.06 19.45 60 —70 0.43 2.77 3.00 1.5 2.0 0.76 1.32
cNd 25.00 19.42 0 —100 0.49 2.88 2.52 1.7 1.8 1.02 0.98
cK! 25.00 19.42 0 100 (0.21y 2.82 (2109  (0.7) (2.8) 1.46 0.68
cMg" 25.19 19.52 190 0 0.63 4.03 3.16 1.6 0.9 0.72 5.55
ccd' 25.12 19.42 120 —100 0.71 3.99 4.89 1.8 0.7 1.06 (7) 3.77
csr 25.06 19.42 60 —100 0.65 3.97 3.87 1.6 0.9 1.21 3.31
cBa' 25.06 19.42 60 —100 0.50 3.98 3.78 1.3 1.3 1.47 (9) 2.72
cPB! 25.19 19.72 190 200 0.54 4.03 55 1.3 1.1 1.19 3.36
CHg", Cu'f 21.46 cal6.60  —3540 ca—2920 n.d. n.d. n.d. 1.02,0.73 3.92,5.48

aThe experiments were carried out up to the mM concentration range for the alkali and alkaline-earth metal ions anduly totieentration
range for the heavy and transition metal iBfigc, = 3 x 1076 M). The corresponding radiative and nonradiative rate constarits iof acetonitrile
are 1.8x 1 s (k) and 0.7x 10 s* (ky), see Table 3° All the radii were taken from ref 114a and are for six-coordination except where the
coordination number is indicated in parenthe’$é&sThe values given in parentheses have been found by Jonker in X-ray analyses of related
complexesgisaccavity size of the aza crown: 1=71.8 All4bc ¢ No effects observed for ZnCd', Ni", Cd', Cu, Ag'. @ Only the main component
included.® Extrapolated values because full complexation could not be achieved due to solubility prdbleese bands are only observed at a
metal ion excess ofw. > 2 (upperuM concentration range).

3.2.2) the different kinetics do not allow for a reliable deter- but significant fluorescence enhancement is found with &si
mination of the single fluorescence quantum yields. Thus, a would be expected for the complexation site, i.e., th5C5
definite statement on the presence or absence of paramagneticoiety, and their comparable electronic naturé, ii&naves very
quenching is not possible for €u much like Ad only with less coordinating strength to the
The different behavior of AgHg", and Cl is also reflected nitrogen aton®® Moreover, the second evidence for binding of
by the cation-induced changes in fluorescence decay kinetics.both Ad and Cti to the crown ether moiety can be directly
Agd' is bound only to the designated receptor part and engagesconcluded from the decrease of the characteristic absorption
the nitrogen lone electron pair completely in coordination, hence, band of the aniline moiety at 37 700 cfn
the fluorescence decay being sufficiently well described by a  Case oflc. In the presence of alkali and alkaline-earth metal
single-exponential fit (Table 10). ions, the tetraoxa analogue displays ET sensing properties
In the presence of Clutwo decay components are observed. with analytically favorable average FEFs of ca. 25 for the alkali
Their relative amplitudes depend on emission and excitation and ca. 35 for the alkaline-earth metal ions (maximum FEF
wavelength in the same way as reported before for the 44 for Cd'). These changes in fluorescence quantum yield are
corresponding steady-state emission and fluorescence excitationeflected by corresponding changes in fluorescence lifetime with
spectra. Here, the longer lifetime of 3.2 ns can be attributed to the spectral properties remaining nearly unaffected. The spec-
the “blue” complex with coordination to the crown and the fast troscopic properties of the complexeslafare summarized in
decay component of 0.7 ns originates from the “red” chelate Table 11. The “switching on/off” nature of the quenching
(see below for discussioft}. process is further demonstrated by the small differences in
For Hd', the lower FEF as compared to Agnd the two fluorescence quantum yields and lifetimes within a group of
long-lived decay components with decay times comparable to mono- or divalent main group metal ions. In the complex (full
those of the free probe suggest that the “switching off” of the complexation), when the lone electron pair of the anilino
ET process is either less efficient or counterbalanced by anotheritrogen atom is predominantly engaged in cation binding, the
process. With increasing Mgconcentration, the relative am-  redox properties of the anilino fragment are strongly altered
plitudes remain nearly unchangesk(1) = 0.85, Table 10) but and the ET process is thus blockelor Cd, the best fit of ion
a third fast decay component, displaying similar features as theinto the cavity and the high charge density of this cation is
fast component ofdcCu', appearsd increases with increas- demonstrated by identical radiative and nonradiative rate
ing excitation and detection wavelength). Moreover, the lifetimes constants of.ccCd' and1b. Another corollary of electron pair
of the two slow decay components decrease with increasingabstraction has been mentioned above and is also found here,
Hg'" concentration (e.g., from 2.88 nsxt,. = 1 to 2.08 ns at the absence of any anilino absorption band for completed
xwL = 1000) pointing to diffusion-controlled fluorescence Complete absence of excited-state ET is found in the case of
quenching of this “heavy iont> However, the elucidation ofa  1ccPb' as well. Although, Pbhdoes not fit well into the crown
mechansim accounting for the reduced ET activity of' kg ether’s cavity, the ion’s “softer” character implies tighter binding
xwL = 1 was not possible up to the present stage of investiga- to the crown ether nitrogen atom than in the case of the alkaline-
tion. When considering AJI5C5CHg" as a “heavy atom  earth metal ions. For Guand Hd which should not be
substituent” a possible explanation might arise from the heavy complexed to the receptor part &€ but can be bound by the
atom effect which has been observed for theido derivative 1,3-chromophore, a red-shifted second absorption band was
of 2b before®a (although such “heavy atom” interaction was found at higher cation concentrations (Table 11) and led us to
not observed fod.ccPB', see below). Other possible explana- a more closer inspection of the nature of the complexes formed.
tions involve two ground-state conformers of the complexes  3.2.2. Nature of the ComplexesScheme 2 comprises the
showing different ET blocking efficienciég-2%85or the influ- possible complexation mechanisms of the crowned derivatives
ence of chelation in the 1,3-chromophore (section 3.2.2). 1cand1ld. Three different complexes could be formed, i.e., the
The higher sensitivity of this ET process as compared to an crown inclusion complex and a bidentatgNNchelate or S,N-
ICT process is exemplified by complexation of 'CWhereas chelate (both with a five-membered ring structure). Since the
for the chalcone analogue bél, an ICT probe, no spectroscopic  absorption band of the CT transition in the 1,3-diakf-
changes were detectable upon addition ofCifor 1d a slight pyrazoline chromophore is red-shifted, i.e., the strength of the
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SCHEME 2: Possible Coordination Sites in
1,3,5-Triaryl- A%-pyrazolines Containing a Benzothiazolyl
Acceptor and a Monoaza Crown Ether Donor. Formation
of the lon—Macrocycle Complex (Route A), a
N,N-Chelate (Route B), and a S,N-Chelate (Route C)
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Figure 10. Absorption spectra otb (O, W), 1c (A, 4), and1d (O,

@), in the absence (solid signs) and presence (open signs) of an excess
of Hg" in acetonitrile k. = 10,c. = 5 x 10°% M). The spectrum of

3 (x) is included for comparison. The changes in band intensity are
directly proportional to the amount of complex formed.

3-benzothiazol-2-yl-substituted derivatives and a decrease in the
anilino absorption at 37 700 cth Even for Cll and1a, up to
xwiL = 2, no red-shifted absorption band is measurable.

The protonation studies fit well into this picture. Treating
acetonitrile solutions ofla and 1b with 0.01 M HCIQ, in
acetonitrile leads to the appearance of the intense low-energy

absorption band at ca. 21100 cthnfor both derivatives

acceptor is increased, complexation to the acceptor part of theaccompanied by the disappearance of the 37 700 @bsorp-
1,3-chromophore is anticipated. To verify the nature of the cation tion band in the case dfa®’ Accordingly, excitation in the
complexes, steady-state absorption and emission measurementged” band produces an emission band centered at ca. 16 600
were performed witla—e, 23, 2b, 3, and various metal ions. cm1, identical to the emission characteristics3oThe resulting

The absorption spectra of various 3-benzothiazol-2-yl- extraordinary large bathochromic shift observed upon addition
substituted derivatives in the presence of igame concentra- ~ of Cu' to a solution of1b, i.e., immediate formation of an
tion of dye andky) are displayed in Figure 10. Thus, the ability ~intense band at 14 000 crh(with a shoulder at 15 300 cr),
of complex formation to the B-substituent and chelating site  Will be discussed in a separate paragraph.
directly correlates to the relative intensities of the bands centered Triphenyl-Substituted Deratives.At first sight, the absence
at ca. 25 000 and 21 300 cr respectively. The ratidysood of a new low-energy band upon addition of HEU', Zn'", or
I21300decreases on the order bl > 1c~ la > 1bindicating any other ion to2a or 2b (for a reaction of2b with Cu', see
that only for the AT15C5 derivative complexation to the below) supports the above findings. Regarding only charge
macrocyclic moiety occurs whereas for A15C5 and DMA loose density, the ions should be (loosely) coordinated preferably to
coordination to the anilino nitrogen N(24) (without appreciable N(24) and/or N(1) (no chelate formation/stabilization is possible
stabilization by the crown in the case bf) is operative (the  with the 3-substituent of these derivatives) in the ground state
anilino band at 37700 cni disappears)lb, lacking a second  and thus, at most, a hypso- instead of a bathochromic shift
coordination site, shows the smallest ratio. A comparison of should occur. But instead, no shifts (besides coordination to
the band positions of the absorption spectra of thé' Hg N(24) exemplified by a decrease in anilino absorption) are found
complexes an@ shows that interaction of the positively charged for both compounds even at a large excess df, &Y', Ni",
ion with the benzothiazole nitrogen atom N(13) and N(2) seems and Hd. For2a, Cu' induces a hypsochromic shift accompanied
to be responsible for the observed bathochromic shift. Moreover, by a decrease in molar absorptivity and fluorescence quenching.
the emission band & is centered at the same position as the Whether Cli coordinates to N(1) (with a higher charge density)
low-energy emission band of the Mgcomplexes of the or N(2) (sterically more favored) could not be verified. For
3-benzothiazol-2-yl-substituted derivatives; see Tables1T0 related heterocycles, i.e., 1-alkylated imidazoles and pyrazoles,
As is expected for complexation of a positively charged cation the ability of CU to bind to the sterically less hindered aromatic
to the acceptor of an ICT chromophore, this “red” complex is nitrogen (without stabilizing chelate formation) is kno®n.
stable in the excited state. This is exemplified by the similar Moreover, protonation leads to a similar decrease in the low-
Stokes shifts of the chelates of the 3-benzothiazol-2-yl- energy band oRa and 2b accompanied by an increase of a
substituted derivatives an@l and is reflected by the effects high-energy band and an isosbestic point at 32150'cithese
induced upon addition of other heavy and transition metal ions findings are in accordance with results published by other
which are not thiophilic (e.g., 2¥). Whereas forlb (lacking researchers where protonation (and methylation) takes place at
the anilino nitrogen atom with a high charge density) addition N(1) and excludes the 1-phenyl ring from the chromophore (see
of Zn" leads to the appearance of the red-shifted band, this band3 [N(1)] and 61, of 2b—H* in Table 6) leading to a pronounced
is not observed fola/Zn" even atxy,. = 100 (a ratio where, hypsochromic shift of the absorption band and drastic quenching
e.g., complexation afd to Ag' is complete). Furthermore, loose ~ of the fluorescencé?8°
coordination to the DMA group is exemplified by the observed  3.2.3. Quantum Chemical CalculationsQuantum chemical
fluorescence enhancement of the typical emission band of theAM1/CI calculations support the findings of the protonation
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TABLE 12: Spectroscopic Properties of Various Cation Complexes of 1,3,5-TriaryA%-pyrazolines in Acetonitrile2

P(abskue p(abs)e p(emyple p(emyed AVep-p(abs)ed AVep-p(€myed

(10 cm™) (10 cm™ (10 cm™) (1 cm™ (cm™) (cm™) rel fluor
1dc 24.94 19.47
CHg" 25.13 21.69 19.61 16.61 —3250 —2860 E
10 24.94 19.34
CHg'e (24.94) 21.69 (19.34) 16.61 —3250 —2730 (E)
czn' (24.94) (19.34) (E)
cH*f (24.94) 21.19 (19.34) 16.58 —3750 —2760 (E)
1be 25.13 19.17
CHg" 21.69 16.61 —3440 —2560 Q
ccu' 14.00, 15.29 (sh) n.d. -11130 Q
czn" 21.74 16.61 —3390 —2560 Q
—H* 21.05 16.58 —4080 —2590 Q
2a" 27.70 21.34
CﬁE” (32s98é117) (3139 11510 83)
20 28.09 21.50
ccu' 15.06, 16.29 (sh) n.d. —13030 Q
—H* 39.21 11120 Q
3 21.10 16.49

23in MeCN: ¢r = 0.07, [¥(abs)]= 33.5x 10® M~*cm™; (sh)= shoulder? “E” = enhancement, “Q%*= quenching of the blue emission band;
letters and values in parentheses refer to effects due to loose coordination toMg4i)ar effects observed for protons ahd ¢ Similar effects
observed forlc. € Similar effects for Cli at xw. = 2, only quenching’ Protonation at N(24) and fluorescence enhancement at low concentrations
indicated in parenthesesSimilar effects are observed fae (sh)= shoulder, see text.No effects observed in the presence of 2md Hd (only
a decrease in anilino absorption 2a).

experiments, i.e., only protonation (or methylation as in the case gcHEME 3:  Possible Mesomeric Stabilization of a

of 3) at N(13) can explain the observed proton-induced red- pgsitive Charge at N(13) (or N(1), Upper Part) and at
shift of the absorption spectra b—e (Table 12). Accordingly, N(2) (Lower Part)

a calculated transition shifted to lower energies with a high
oscillator strength is only found f@& at 22 690 cmY/f = 0.87

andle—H/N(13) at 22 620 cm¥f = 0.89 (in the gas phase). 7S

These values are in good agreement with the experimentally NN
found transitions for3, centered at 21 100 crh (f = 0.41, / CN+Ph
calculated according to eq ¥y in acetonitrile and at 21 280

cmt in n-hexane/1,4-dioxane 2:1, respectively (due to poor R R
solubility, f was not determined in the less polar solvent

mixture). For both other possible protonation sites, the calcula- Q\ Q\

tions predict an antiauxochromic effect (lowest transitions as ¢ ,S / ;\% /»LS /
calculated for the molecule in the gas phasé&(abs,theo)= N ﬂ""j N DN+

24 570 cml, f = 0.08 for le—H* at N(2), andi(abs,theo)= N-Ph N-Ph
27 470 cnm1t, f = 0.21 forle—H™ at N(1), as well a$ [N(1)] R R

~ 333 and 6;—, ~ 90°; Table 6), most pronounced for the
nitrogen atom with the highest charge density, N(1). The same quantum chemical calculations reported above reveal that the
tendency is found for the protonated triphenyl-substituted charge density is much higher at N(13) than at S(14). Hence,
derivatives and is supported by the experimental results, i.e., aN,N-chelation is anticipated for the acceptor chelatetafe.
strong hypsochromic shift upon protonation. The complications imposed on the interpretation of the
Although the highest charge density in the ground state is absorption spectra by Cuhioether photophysics has recently
expected to reside at N(1) (the calculations reveal the order of been discussed for AT5C5-Cu' interactiont’2 Similar ob-
N(24) > N(1) = N(13)> N(2)), delocalization as depicted in  servations, i.e., partly different absorption spectraifdc Cu'
Scheme 3 is possible iba—e and results in a nearly similar  compared to that of correspondidgicHg", were also found
bond order (with pronouncee character for the single bonds) here. The large overlap of electronic transitions centered on the
within the chromophore. This is supported by the fact that the fluorescent probe and on the Cthioether fragment did not
pKa value of alkyl- or aryl-substituted benzothiazoles is allow for any spectral separation and a further assignment of
considerably high in acetonitrif.Furthermore, pyramidaliza-  single bands (see ref 17a for a more detailed discussion).
tion at N(1) is lost (cf. section 3.1.1) and full orbital interaction 3.2.4. Reaction of 1b and 2b with Cti. Already atxy, =
of sp*-hybridized N(1) within the remaining chromophore is 1, the presence of (un an acetonitrile solution containirig
gained (Table 6y2 Moreover, coordination to N(13) and N(2)  or 2b leads to an immediate change in color from yelldu)(
is confirmed by a comparison of the stability constants of the or colorless 2b) to deep blue (14 000 cm for 1b, 15 060 cnrt
corresponding Clicomplexes with those obtained for a series for 2b, Figure 11). Both spectra are comparable in shape and
of substituted pyridines. Here,N-chelation of Cli by 2-pyrid- display a shoulder at the high-energy side (ca. 1300t @hifted
2-yl-1,3-thiazole yields loK = 5.659% whereas this value is  to higher energies; the shoulder is more pronounced in the case
much smaller for 5-pyrid-2-yl-1,3-thiazole (lo§ = 1.70)%4 of 1b). Furthermore, both bands are more intense than the lowest
where only stabilization via a S,N-chelate is possible and clearly energy absorption bands of the “uncomplexed” dye.
not favored. Furthermore, the benzothiazole nitrogen donor atom These results seem to be surprising but can be understood in
is known to form chelates with transition metal ions in the terms of a simple redox reaction which has been observed before
presence of a second coordination $iteAdditionally, the by Pragst et a3 and which is the basis of the “Knorrsche
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Figure 11. Absorption spectra ofib and 2b in the absence and
presence of Cly Zn", and H" in acetonitrile. The spectra displayed
were recorded for solutions containing the dm &nd Zrf (A, xw. =
10, superimposed witll for 2b), CU' (O, xur = 2), or 0.01 M HCIQ
(x) (cL =1 x 1075 M).

Pyrazolinprobe” (Knorr's pyrazoline test). 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 CUf.53:96-98 The dication is a highly planar
bis(1-[3-arylA2-pyrazolinyl])biphenyl derivative and electron
delocalization is possible within the whole chromophore, leading
to the structured and intense near-IR absorgtidn.accordance
with Pragst’s results, no reaction was observedlfmand 2a
in neutral acetonitril@® The oxidizing agent used in Knorr's
test is Fé', but our observations demonstrate that a similar
reaction is induced by redox active €im acetonitrile as well.
The strong oxidizing power of Cltin acetonitrile is manifested
in the positive half-wave potentid;,(Cu'/Cu) = 0.96 V vs
SCE® (as compared td;(Cu'/Cu) = —0.09 V vs SCE in
water)% Particularly in this solvent, both the amount of
stabilizing solvation of Cuand destabilizing solvation of Gu
account for this pronounced difference. For a better comparison,
Figure 11 combines all the metal ion or proton-induced
absorption changes found faéb and2b in acetonitrile.

3.2.5. Some Aspects Toward Analytical ApplicationsThe
complex stability constants obtained fbc and 1d agree with
the tendencies reported for related fluorescent prébs.85.100
The preference of A15C5 for small cations (unless they are not
too small like, e.g., M) with a high charge density is
demonstrated by the order of complex stability constants, i.e.,
Ccd' > s > Ba! > Mg" > Li' > Nd > K'. 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 oflc, all the alkaline-earth and alkali metal cations yield
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Figure 12. Plot of FEF vs metal ion concentration fac and Cd

(©), Si' (@), Li' (O), Na (x), and K (a) in acetonitrile ¢. = 1 x

107% M). Because of the limited solubility of Srand K perchlorates

in acetonitrile, the data at high cation concentrations are extrapolated
(---) and include some points of suppo@,(a).
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Figure 13. Fit of aFo/(Fo — F) vscy™? plot for 1c and titrations with
St (@) and N& (x) in acetonitrile ¢. = 1 x 1076 M).

molecule for these ions in the micromolar to millimolar
concentration range in solution (Figure 12).Especially
valuable is the insensitivity of the main fluorophore toward
binding of P 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 Agpplication

of 1d is favorable when excluding (masking) €and Hd'.
Similarly, given the absence of Agind CUf, 1d could be
employed for sensing Hg Moreover, the interference of
oxidizing metal ions such as s strongly reduced in protic
solvents such as alcoholB;(;(Cu'/Cu) = 0.26 V vs SCE in
ethanol§® and water since Clis 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 otherA2-pyrazoline ET probes recently introduced by
de Silva et al. (their investigations were carried out in
methanol?2102Higher FEFs (see refs 22, 24, 29, 85, and 103)
might be possible but the increase in ET efficiency with

similar fluorescence lifetimes and comparable FEFs, renderingincreasing strength of the 3-acceptor, and hence an increasing

itimpossible to spectroscopically discriminate between different ICT in the 1,3-chromophore is always counterbalanced by the

mono- or divalent cations. Upon exchanging the macrocyclic smaller energy gap between excited and ground state for the

receptor, similar ion binding preferences are found as in the latter process according to the energy gap fe.

case of their chalcone analogue fluorescent prébes. Another aspect which needs careful consideration for future
The high FEFs observed for the alkali and alkaline-earth metal probe design is obviously acceptor complexation. Although, in

ions andlc suggest that the latter can act as a suitable sensorthe present case, the FEF observed fat and Hd are
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comparatively small for ET probes, the dynamic working range

for metal ion sensing is largely extended compared to probes

Rurack et al.

Herz, T.; Gedeck, P.; Clark, T. Am. Chem. S0d.999 121, 1379. Jones,
G., II; Lu, L. N.; Fu, H.; Farahat, C. W.; Oh, C.; Greenfield, C. R.; Gosztola,
D. J.; Wasielewski, M. RJ. Phys. Chem. B999 103 572. Pullen, S. H.;

with a single complexation site. Such bifunctional probes are Edington, M. D.; Studer-Martinez, S. L.; Simon, J. D.; Staab, HJ/Rhys.

of special interest for devices with “logic” functioss.

4, Conclusion

This quantitative study comprises a detailed photophysica

Chem. A1999 103 2740. Piotrowiak, PChem. Soc. Re 1999 143.

(4) Lauteslager, X. Y.; van Stokkum, I. H. M.; van Ramesdonk, H. J.;
Brouwer, A. M.; Verhoeven, J. WJ. Phys. Chem. A999 103 653. Ji,
H.-F.; Dabestani, R.; Brown, G. M.; Hettich, R. Bhotochem. Photobiol.

| 1999 69, 513.

(5) Warman, J. M.; Smit, K. J.; Jonker, S. A.; Verhoeven, J. W.;

characterization of intramolecular electron-transfer processes iNgeyering, H.; Kroon, J.- Paddon-Row, M. N.: Oliver, A. @hem. Phys.

a series of donerA2-pyrazoline-acceptor compounds with and

1993 170, 359. Verhoeven, J. W.; Scherer, T.; Wegewijs, B.; Hermant, R.

without cation receptor units and an analysis of their usefulnessM.; Jortner, J.; Bixon, M.; Depaemelaere, S.; De Schryver, Regl. Tra.

for applications as metal ion-sensitive fluorescent probes.

All the compounds undergo a partial charge transfer or charge

Chim. Pays-Ba4995 114, 443.
(6) Cortes, J.; Heitele, H.; Jortner, J. Phys. Chem1994 98, 2527.
(7) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.

shift in the case of the charged compounds directly after Brunschwig, B. S.; Sutin, NCoord. Chem. Re 1999 187, 233.

excitation connected with a large oscillator strength and a change

(8) Bissell, R. A.; de Silva, A. P.; Gunaratne, H. Q. N.; Lynch, P. L.
M.; Maguire, G. E. M.; Sandanayake, K. R. A. Shem. Soc. Re 1992
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receptor unit (53-crown or 3-Ar chelate). However, improved

probe characteristics can only be achieved in those compounds
where an electron transfer across the central pyrazoline (“pseudag

spiro” spacer) unit occurs. By modifying the ionization potential
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(9) Czarnik, A. W.Acc. Chem. Red.994 27, 302.
(10) Valeur, B. InProbe Design and Chemical Sensijrigkowicz, J.
Ed.; Plenum: New York, 1994; p 21.
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guenching electron-transfer channel with rate constants-801

(12) de Silva, A. P.; Gunaratne, H. Q. N.; McCoy, C.JPAm. Chem.
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(13) Rurack, K.; Bricks, J. L.; Kachkovskii, A. D.; Resch, lJ.Fluoresc.

ns1in the case of negative driving forces that can be “switched 1997 7, 63S.

off” in the presence of alkali, alkaline-earth as well as heavy

and transition metal cations, these features being especially o

analytical importance for the latter ions.
In conclusion, the present studies of the 1,5-diphenyl-3-
benzothiazol-2-yl-substitutefi®>-pyrazolines reveal the sensitiv-

ity of intramolecular CT and ET processes on the careful choice

(14) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley,

fA. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Ghem. Re. 1997,

97, 1515.
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Chem. Phys1967, 46, 572.
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