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Based on donor (D)-acceptor (A) biphenyl (b) type molecules, a family of fluorescent reporters with integrated
acceptor receptors and noncoordinating and coordinating donor substituents of varying strength has been
designed for ratiometric emission sensing and multimodal signaling of metal ions and protons. In part 2 of
this series on such charge transfer (CT) operated mono- and bifunctional fluorescent devices, the cation
coordination behavior of the sensor molecules bpb-R equipped with a proton- and cation-responsive 2,2′:
6′,2′′-terpyridine (bp) acceptor and either amino-type donor receptors (R) DMA, A15C5 ) monoaza-15-
crown-5) or nonbinding substituents (R) CF3, H, OMe) is investigated employing the representative metal
ions Na(I), Ca(II), Zn(II), Hg(II), and Cu(II) and steady-state and time-resolved fluorometry. The bpb-R
molecules, the spectroscopic behavior and protonation behavior of which have been detailed in part 1 of this
series, present rare examples for CT-operated bifunctional fluorescent probes that can undergo consecutive
and/or simultaneous analyte recognition. The analyte-mediated change of the probes’ intramolecular CT
processes yields complexation site- and analyte-specific outputs, i.e., absorption and fluorescence modulations
in energy, intensity, and lifetime. As revealed by the photophysical studies of the cation complexes of these
fluoroionophores and the comparison to other neutral and charged D-A biphenyls, the spectroscopic properties
of the acceptor chelates of bpb-R and A- and D-coordinated bpb-R are governed by CT control of an excited-
state barrier toward formation of a forbidden charge transfer state, by the switching between analytically
favorable anti-energy and common energy gap law type behavior, and by the electronic nature of the ligated
metal ion. This accounts for the astonishingly high fluorescence quantum yields of the acceptor chelates of
bpb-R equipped with weak or medium-sized donors and the red emission of D- and A-coordinated bpb-R
observed for nonquenching metal ions.

1. Introduction

Molecular devices that undergo strong signal changes as a
response to an external chemical trigger are very attractive tools
for fluorescence detection and monitoring of nonfluorescent
analytes, e.g., either beneficial or harmful metal ions in biology,
analytical chemistry, and environmental analysis.1-4 Suit-
able fluorescent reporters must efficiently transduce a bind-
ing event into a measurable fluorescence signal, thereby taking
advantage of the intrinsic selectivity of communication of
fluorescence via two experimental parameters, excitation and
emission wavelength, and its high sensitivity. A third in-
dependent observable is opened by the possibility of signal
monitoring in the temporal regime. Such molecular devices are
conceived by problem-adapted combination of specific com-
ponents within a composite design concept to optimize their
performance.5,6 Typically, an auxochrome generating the fluo-
rescence signal is combined with an analyte-responsive receptor
via a saturated or unsaturated spacer.7,8 The sensing properties

of such systems depend on the receptor-controlled (chemical)
selectivity and the analyte-mediated signaling (spectroscopic)
selectivity as well as sensitivity. In (photoinduced) electron
transfer (ET) operated probes where the electron systems of
fluorophore and binding site are decoupled either by a saturated
or a “ZERO-type” spacer in an orthogonal design, the binding
event is commonly signaled only by a change in fluorescence
quantum yield and lifetime.7,9,10In the case of intrinsic probes,
both modules chosen to act as donor and acceptor moieties are
electronically connected and can undergo an analyte-mediated
intramolecular charge transfer (CT) process at least in highly
polar media. Accordingly, analyte coordination yields spectral
and intensity modulations in absorption andsdepending on the
binding site involvedsalso in emission.8 For donor-type recep-
tors, e.g., nitrogen-containing ligands presenting the typical
design concept of this class of sensor molecules, the binding
event is communicated via strong changes in absorption but
only very moderate changes in emission11 due to the release or
decoordination of the metal ion upon electronic excitation of
the complexed probe.12 Prevention of the latter is the prerequisite
for analytically favorable ratiometric emission signaling that
provides an increase in dynamic range and a built-in correction
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for environmental effects via signal ratioing. Realization of
strong coordination-induced spectral changes also in emission
requires rational tuning of the probe’s donor (D)-acceptor (A)
strength for D-type receptors13 as, e.g., is demonstrated in
part 3 of this series on bifunctional CT-operated fluoro-
ionophores,14 the use of acceptor-type binding sites,15,16 par-
ticipation of the electron-accepting chromophore in analyte
coordination,17 D-D substituted sensor molecules,18,19 or the
combination of two CT processes in a more complex D1-A-
D2 type design.20,21 Alternative strategies toward ratiometric
sensing, which are beyond the scope of this article, are molecules
equipped either with two chromophores22-24 or with a fluoro-
phore, the emission spectrum of which is extremely sensitive
to the polarity of the local environment25 as well as chemodo-
simeters.26

Aside from ongoing research efforts dedicated to the develop-
ment of improved sensor molecules for metal ions, anions, and
organic molecules,1,7,8,27other even more challenging research
activities in chemical sensing focus on advanced sensory devices
that can, for instance, simultaneously or cooperatively report
different inputs or a single analyte over an extended dynamic
range.28 Potential applications of such sophisticated fluores-
cent reporters could eventually be, e.g., the monitoring of
bidirectional ion fluxes or of the presence of competing metal
ions at the same location within a cell. Rationalization of such
devices requires the proper choice and combination of more
than two functional components, i.e., receptor and/or reporter
units.6,29-31 A straightforward approach is bifunctional fluores-
cent probes equipped with two receptors that vary either in
cation selectivity or in the complexation/protonation con-
stant and generate coordination-site-specific, spectroscopically
clearly distinguishable signals, e.g., strong alterations in inten-
sity and/or energy as well as fluorescence lifetime depend-
ing on the underlying operation principle.21,29 This provides
the basis for the communication of whethernone, only one,
the other, or both binding sites are involved in analyte
coordination as typically desired for multimodal sensing of
two different chemical inputs. For bifunctional probes that
display an extended dynamic range for a single analyte upon
consecutive coordination of both receptors, this sensing scheme
corresponds to different concentration regimes, e.g.,none, little
(below a certain threshold; one receptor bound), andmuch
(above a certain threshold; both receptors engaged).32,33 At
present, the majority of bifunctional molecules as well as
fluorescent devices with logic action respond to combinations
of protons and alkali or alkaline earth metal ions and are ET-
operated, i.e., limited to intensity alterations.29,34 Up to now,
there have been only a few examples reported for bifunctional
CT-operated molecules as well as for systems signaling transi-
tion metal ions.19,21,21,34-37

In this paper on CT-operated ratiometric and bifunctional
devices, we focus on the cation coordination behavior of D-A
biphenyl-type molecules bpb-R with integrated electron-accept-
ing 2,2′:6′,2′′-terpyridine receptors and various noncoordinating
(R ) CF3, H, OMe) and coordinating (R) DMA (dimethy-
lamino), A15C5) substituents R of different donor strength (see
Scheme 1) as an extension of our studies on the spectroscopic
properties and protonation behavior of bpb-R revealed in part
1 of this series.38 The goal of part 2 is to derive structure-
property relationships for CT-operated sensor molecules that
(i) enable ratiometric emission sensing of nonquenching and
quenching metal ions39 and (ii) can exist in three or four
spectroscopically distinguishable states when equipped with two
properly chosen coordination sites. The latter implies com-

munication of whether the sensor molecule is in theanalyte-
free, A-coordinated, D-coordinated, or A- and D-coordinated
state.

The bpb-R fluorescent reporters are designed to combine the
well-described complexation properties of terpyridines, tridentate
electron-accepting ligands,40-44 with the D-A strength-
controlled spectroscopic features of D-A substituted
biphenyls.45-50 Some biphenyls such as molecule6a45 (see
Scheme 2), show comparatively high fluorescence quantum
yields of a twisted intramolecular charge transfer (TICT) like
emission51,52and an analytically favorable anti-energy gap law
type behavior.38 To provide the basis for bifunctional sensing
of bpb-R from the receptor chemistry, we chose a dimethy-
lamino and a monoaza crown donor subsituent because the
basicity, cation selectivity, and complexation constants of these
D-receptors are expected to strongly differ from the correspond-
ing properties of the terpyridine acceptor. Strong differences in
the cation selectivity and basicity of both ligating sites are the
chemical prerequisite for the simultaneous recognition of two
chemical inputs, either two different metal ions or a metal ion
and protons, whereas sufficient differences in binding constants
are mandatory for consecutive sensing of a single analyte over
an extended dynamic range.21,32,37 The bpb-R series is not
designed for real-world analytical applications that typically
require operation in aqueous systems, chromophores emitting
in the visible/near-infrared spectral region, and very selective
ligands, but is designed for the systematic investigation of
acceptor vs donor coordination and the evaluation of design
principles for ratiometric and bimodal sensing. Accordingly,
comparison with other spectroscopically well-characterized
model systems is desired, the majority of which have been
investigated in acetonitrile.

SCHEME 1: Chemical Structures of bpb-R with R )
CF3 (1), H (2), OMe (3), DMA (4), and A15C5 (5)

SCHEME 2: Chemical Structures of Related Neutral
and Ionic D-A Biphenyls 6, 6a, 7, and 8, with R) H,
OMe, and DMA, and Bifunctional D-D Biphenyl Sensor
Molecule 9
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In a first step, the spectroscopic properties of the acceptor
chelates of bpb-R with the representative nonquenching and
quenching metal ions Na(I), Ca(II), Zn(II), Hg(II), and Cu(II)
are studied and the observed effects are compared to protonation-
mediated effects detailed in part 1 of this series.38 In a second
step, the potential of bpb-A15C5 and bpb-DMA for the
simultaneous recognition of selected pairs of analytes is
illustrated as well as their suitability for sensing of a single
analyte over an extended dynamic range. The spectroscopic
features of the A- and D-chelates of bpb-R and of A- and
D-coordinated bpb-R are discussed within the framework of
related D-A substituted neutral and ionic biphenyls and 4′-
aryl-substituted pyridines, such as6, 6a, 7, and 8 shown in
Scheme 2, and are compared to the properties of the complexes
of D-D biphenyl 9.19 As an extension of the chemosensor
studies, we investigate the ability of bpb-DMA and bpb-A15C5
to perform logic operations with metal ions and protons.

2. Experimental Section

2.1. Materials. All the chemicals used for the synthesis of
the fluorescent probes were purchased from Merck. The metal
ion perchlorates purchased from ALFA were of the highest
purity commercially available and were dried in a vacuum oven
before use.53 All the solvents employed were of spectroscopic
grade and purchased from Aldrich. Prior to use, all the solvents
were checked for fluorescent impurities.

2.2. Apparatus.The chemical structures of the synthesized
compounds were confirmed by elemental analysis,1H NMR,
and 13C NMR. Their purity was checked by fluorescence
spectroscopy. Melting points (uncorrected) were measured with
an IA 9100 digital melting point analyzer (Kleinfeld GmbH),
and NMR spectra were obtained with a 500 MHz NMR
spectrometer, Varian Unityplus 500.

Elemental analyses were performed in duplicate and were
carried out at the Institute of Organic Chemistry, National
Academy of Sciences of the Ukraine, Kiev, with samples dried
prior to analysis for 5-6 h at 80°C in vacuo following routine
procedures.

2.3. Steady-State Absorption and Fluorescence.The UV/
vis spectra were recorded on a Carl Zeiss Specord M400/M500
and a Bruins Instruments Omega 10 absorption spectrometer.
The fluorescence spectra were measured with a Spectronics
Instruments 8100 and a Perkin-Elmer LS 50B spectrofluorom-
eter. Unless otherwise stated, all the fluorescence spectra
presented are corrected for the wavelength- and polarization-
dependent spectral responsivity of the detection system traceable
to the spectral radiance scale. This instrument-specific quantity
was determined with a calibrated quartz halogen lamp placed
inside an integrating sphere and a white standard, both from
Gigahertz-Optik GmbH in the case of the 8100 fluorometer and
with spectral fluorescence standards with known corrected
emission spectra for the LS50B fluorometer following previously
described procedures.54,55The emission spectra on a wavenum-
ber scale were obtained by multiplying the measured and
corrected emission spectra withλ2.56 The absorption and
emission maxima given are determined from the respective
spectra plotted on an energy scale.

The fluorescence quantum yields (φf), which were measured
with the 8100 fluorometer with Glan Thompson polarizers
placed in the excitation channel and the emission channel set
to 0° and 54.7°, were calculated from integrated, blank, and
spectrally corrected emission spectra (wavelength scale; prior
to integration multiplication withλ)55 employing quinine sulfate
in 1 N H2SO4 (φf ) 0.55( 0.03)57 and coumarin 153 in ethanol

(φf ) 0.4)58 as fluorescence standards. For each compound-
solvent pair, the quantum yield was determined twice. Typical
uncertainties of fluorescence quantum yield measurements as
derived from previous measurements are(5% (for φf > 0.4),
(10% (for 0.2> φf > 0.02),(20% (for 0.02> φf > 0.005),
and(30% (for 0.005> φf ), respectively.36

2.4. Time-Resolved Fluorescence.Fluorescence decay curves
were recorded with the time-correlated single-photon-counting
technique (TCSPC)59 using an Ar ion pumped Ti:sapphire laser
as excitation source and a previously described setup60 as well
as with a similar setup at the Berlin Synchrotron facility BESSY
II. The latter employs synchrotron radiation as excitation light
source in conjunction with an excitation monochromator (Jobin
Yvon, II, 10 UV). BESSY II delivers a 1.25 MHz pulse train
with characteristic pulse widths of 30-50 ps. The fluorescence
decays were detected with a microchannel plate photomultiplier
tube (MCP; Hamamatsu R 1564-U-01) cooled to-30 °C that
was coupled to an emission monochromator (Jobin Yvon II,
10 VIR) by means of quartz fiber optics. The signal from a
constant fraction discriminator (CFD; Tennelec 454) was used
as the start pulse for the time-to-amplitude converter (TAC;
Tennelec TC864) operated in the reverse mode. The BESSY II
synchronization pulse was applied as the stop pulse. The MCP
pulses were amplified by an amplifier (INA 10386) and coupled
into the CFD. A multichannel analyzer (Fast Comtec MCDLAP)
was employed for data accumulation. The decays were analyzed
by the least-squares iterative reconvolution method on the basis
of the Marquardt-Levenberg algorithm, which is implemented
into the commercial global analysis program.61 The instrument
response function (IRF), which was obtained by the detection
of Rayleigh scattered light in a scattering solution, had a width
of 50-60 ps for the laser setup used and a width of 120 ps in
the case of the experiments at BESSY II. The quality of the
exponential fits was evaluated on the basis of the reducedø2

values.
2.5. Synthesis.The bpb-R series was prepared following

literature procedures with the synthesis of bpb-H, bpb-OMe,
and bpb-DMA having been previously described62-64 and the
synthesis of bpb-CF3 and bpb-A15C5 having been reported by
us.38

3. Results and Discussion

To conceive the potential of the bpb-R molecules1-5 as
ratiometric fluorescent reporters for metal ions (see Scheme 1),
the spectroscopic properties of their acceptor chelates with the
representative nonquenching and quenching metal ions Na(I),
Ca(II), Zn(II), Hg(II), and Cu(II) are investigated in acetonitrile
employing steady-state and time-resolved fluorometry. These
metal ions were chosen according to the following criteria: Na-
(I) and Ca(II) are supposed to bind exclusively to the donor
receptor A15C5, whereas the nonquenching transition metal ion
Zn(II) and the classical fluorescence quenchers Cu(II) and Hg-
(II) 39 are expected to preferably coordinate to the terpyridine
acceptor moiety. To derive structure-property relationships for
biphenyl-type ratiometric sensor molecules for metal ions, the
spectroscopic properties of the acceptor chelates of bpb-R are
compared with respect to (i) the CT character of the complexes
that reveals both the donor strength of R and the strength of
the cation-terpyridine interactions and (ii) the cation’s electronic
nature. Accordingly, a comparison between cation coordination
induced and recently presented protonation-induced spectro-
scopic features of bpb-R38 is performed, focusing on the acceptor
chelates of nonquenching Zn(II). The observed effects are
compared to the properties of monocoordinated919 and are
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discussed within the framework of neutral and ionic biphenyls,
examples of which are depicted in Scheme 2.

3.1. Acceptor Coordination of bpb-R. As follows from
Table 1 summarizing the spectroscopic properties of the cation
complexes of1-5, the bpb-R sensor molecules undergo sizable
red shifts in absorption and emission not only with Zn(II), Hg-
(II), and Cu(II), but also with Ca(II). These effects clearly
indicate acceptor chelation. The astonishing formation of a
strong Ca(II) terpyridine complex in acetonitrile that contradicts
our assumption on the cation selectivity of bpb-R and literature
data on the complexation properties of terpyridine ligands40,65

is tentatively ascribed to the poor solvation of the calcium
perchlorate in this solvent as compared to water. Only Na(I)
does not interact with the terpyridine moiety, as suggested by
the lack of spectroscopically detectable effects.

Stoichiometry of the Acceptor Chelates.In aqueous solution,
terpyridine ligands typically form 1:2 complexes (M:L, with
metal ion M and ligand L) with many metal ions.40,65However,
the different selectivity of bpb-R compared to that of terpyridines
reported in the literature encouraged us to investigate the
stoichiometry of the acceptor chelates of bpb-R in acetonitrile
exemplary for2 and3 with Ca(II), Zn(II), Hg(II), and Cu(II)
according to the method of continuous variation.66 Figure 1
presents the typical result for a continuous variation diagram
where the differenceYbetween the measured absorbanceE and
the calculated absorbanceE′ is plotted vs the molar fractionxL

(xL ) cL/(cM + cL), wherecM andcL refer to the concentrations
of ligand and metal ion). As follows from Figure 1, for3 and
Zn(II), maxima atxL ) 0.66 are found for 284, 328, and 341

TABLE 1: Spectroscopic Properties of the Complexes of bpb-R with Selected Metal Ions in Acetonitrile at Room Temperature

compound νabs
a × 103/cm-1 νem

b × 103/cm-1 ∆νSt
c × 103/cm-1 ∆νfp-cp

d × 103/cm-1 φf
e

1 31.8 27.8 4.0 0.24
1⊂Zn2+ 29.5 28.2 1.3 2.3,-0.4 0.58
1⊂Hg2+ 29.4 n.d.f n.d. 2.4, n.d. n.d.
1⊂H+ 30.2 25.6 4.6 1.6, 2.2 0.27
prot1 30.6 28.0 2.6 1.2,-0.2 0.69
2 32.2 29.2, 28.4 3.0 0.14
2⊂Zn2+ 29.7 27.6 2.1 2.5, 1.6 0.52
2⊂Ca2+ 30.1 27.7 2.4 2.1, 1.5 0.47
2⊂Cu2+ 29.1 n.d. n.d. 3.1, n.d. n.d.
2⊂Hg2+ 30.9 27.1 3.8 1.3, 2.1 4× 10-3

2⊂H+ 30.6 25.5 5.1 1.6, 3.7 0.28
2⊂2H+ 30.8 22.0 8.8 1.4, 7.2 0.32
3 35.1, 32.2(sh) 26.0 6.2 0.17
3⊂Zn2+ 29.7 21.7 8.0 2.5, 4.3 0.39
3⊂Ca2+ 31.6 22.8 8.8 0.6, 3.2 0.58
3⊂Cu2+ 28.9 21.7 7.2 3.3, 4.3 4× 10-4

3⊂Hg2+ 30.1 21.2 8.9 2.1, 4.8 0.02
3⊂H+ 29.7 20.2 9.5 2.5, 5.8 0.07
3⊂2H+ 31.5 17.0 14.5 0.7, 9.0 4× 10-3

4 29.2 19.4 9.8 0.15
4⊂Zn2+ 23.6 16.0 7.6 5.6, 3.4 7× 10-4

4⊂Ca2+ 25.1 16.7 8.4 4.1, 2.7 6× 10-3

4⊂Cu2+ 22.9 n.d. n.d. 6.3, n.d. n.d.
Cu2+⊃4⊂Cu2+ 30.4 21.1 9.3 -1.2,-1.7 n.d.
H+⊃4⊂Cu2+ 30.0, 29.0(sh) 25.3 3.7 0.2,-5.9 n.d.
4⊂Hg2+ 23.7 15.9 7.8 5.5, 3.5 5× 10-4

4⊂xH+ g 21.4 n.d. n.d. 7.8, n.d. n.d.
H+⊃4⊂xH+ 30.3 28.1 2.2 -1.1,-8.7 0.43
5 28.6 19.9 8.7 0.18
5⊂Zn2+ 23.4 16.2 7.2 5.2, 3.7 3× 10-3

5⊂Ca2+ h 25.6 16.9 8.7 3.0, 3.0 0.03
Ca2+⊃5⊂Ca2+ i 30.9 17.7 13.2 -2.3, 2.2 0.10
Na+⊃5 30.9 19.0 11.9 -2.3, 0.9 0.15
Na+⊃5⊂Zn2+ 31.3 17.1 7.3 -2.7, 2.8 n.d.

a Lowest energy absorption band.b Emission maximum.c Stokes shift, i.e., energetic difference between the longest wavelength absorption band
(or shoulder) and the emission maximum.d Coordination-induced spectral shift in absorption (first value) and emission (second value) between free
probe and complexed or protonated probe with “fp” and “cp” equaling free probe and coordinated probe.e Fluorescence quantum yield.f n.d., not
determined.g Only spectroscopic discrimination between A- and D-protonation and A-protonation of4 was possible.h Metal ion to ligand concentration
ratios M:L e 10:1. i Metal ion to ligand concentration ratios M:Lg 1000:1. bpb-R⊂Mn+ denotes acceptor chelate, Mn+⊃bpb-R denotes donor
chelate, and Mn+⊃bpb-R⊂Mn+ denotes D- and A-coordinated probe.

Figure 1. Determination of the complex stoichiometry for bpb-R with
R ) OMe (3) and Zn(II) using the method of continuous variations.
Left: Absorption spectra of mixtures of3 and Zn(II) varying in the
molar fraction (xL) of the ligand (L). Right: Absorbance (E) plot typical
for the method of continuous variation for selected wavelengths, i.e.,
284 nm (filled circles), 328 nm (open circles), and 341 nm (filled
triangles).xL ) cL/(cM + cL), wherecL andcM are the concentrations
of the ligand and the metal ion employed.Y ) E - E′, whereE is the
measured absorbance andE′ is the calculated absorbance at a selected
wavelength. These data are representative for all the other cation
complexes of the bpb-R series.
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nm, respectively, indicating the formation of a 2:1 metal ion to
ligand complex as the single species. Similar complex stoichi-
ometries were found for all the other acceptor chelates.

To reveal the acceptor coordination-induced changes in
absorption and emission of bpb-R, the titration of3 with zinc
is depicted in Figure 2 as an example. Formation of the zinc
acceptor chelate is accompanied by the disappearance of the
longest wavelength absorption band of the ligand at 286 nm
and the appearance of a new red shifted absorption band of CT
nature located at ca. 340 nm. Simultaneously, the emission band
is bathochromically shifted from 389 to 470 nm. The concentra-
tion dependences of these effects are displayed in the insets in
Figure 2. These analytically favorable spectral changes reflect
the chelation-induced increase in acceptor strength and thus CT
character of3. The clear course of cation complexation follows
from the observation of an isosbestic point at ca. 310 nm (see
Figure 2) and from the result of the stoichiometry studies. The
comparatively weak chelation-induced changes of the spectral
position and vibrational structure of the terpyridine-localized
intraligand absorption transitions at wavelengths below ca. 280
nm are not further evaluated. No attempts are made by us to
determine the corresponding complexation constants as the small
metal ion to ligand concentration ratios required for complete
acceptor complexation suggest high complexation constants, the
determination of which is rather uncertain with optical methods.

Influence of the Probes’ CT Character on Acceptor Chelation.
In a second step, the spectroscopic effects accompanying bpb-R
coordination are studied as a function of the CT character of
the fluorescent probe and the electronic nature of the bound
metal ion. Special emphasis is dedicated to the size of the
chelation-induced spectral shifts that reveals the strength of the
terpyridine-metal ion interactions and to the changes in fluo-
rescence intensity, i.e., quantum yield. A comparison of the
absorption properties and the quantum yield-weighted emission
spectra of the cation complexes of bpb-R is shown represen-
tatively for 3 in Figure 3. As follows from this figure and from
Table 1, which summarizes the spectroscopic data of the other
cation complexes of bpb-R, the spectral positions of both the
acceptor chelate’s lowest energy absorption band of CT nature
and its emission band clearly depend on the cation bound. The
strongest effects occur for Cu(II) in absorption and for Hg(II)
in emission. Contrary to typical CT-operated probes with donor

coordination reported in the literature, the complexation-induced
shifts in emission are strong and even exceed those in absorption
for A-coordinated3. As to be expected for our design concept,
cation binding seems to be enhanced in the excited state due to
the excitation-induced increase in electron density at the acceptor
site. For a better understanding of the chelation-induced spectral
and intensity changes in absorption and emission, we compared
the cation coordination induced and (mono)protonation-induced
effects in Figure 4 employing zinc A-chelates as model systems
for acceptor chelation. As revealed by Figure 4 and Table 1, in
most cases the size of the monoprotonation-induced spectral
changes in absorption is smaller than that of the corresponding
complexation-induced effects. In emission, this trend is reversed.
This comparison also illustrates the influence of the substituent
R on the spectroscopic features of the resulting acceptor chelates
with the size of the chelation-induced shifts in absorption and
emission clearly depending on the donor strength of R for a
given analyte.

Figure 2. Complexation-induced changes in absorption (left) and
emission (right) for bpb-R with R) OMe (3) and Zn(II) in acetonitrile
for selected metal ion to ligand (M:L) concentration ratios: 0:1 (solid
line), 0.1:1 (dashed line), 0.3:1 (dotted line), 0.5:1 (dash-dotted line),
and 2:1 (dash-dot-dotted line). The probe concentration was 2× 10-6

M, and excitation was at 310 nm at the isosbestic point. Insets:
Absorption (left; 340 nm) and fluorescence intensity (right; 379 nm:
full circles, 468 nm: open circles) as a function of zinc concentration
for selected wavelengths.

Figure 3. Normalized absorption (left) and quantum yield weighted
corrected emission (right) spectra of bpb-R with R) OMe (3) (solid
line) and its complexes with Zn(II) (dashed line), Ca(II) (short dotted
line), Cu(II) (dash-dotted line), and Hg(II) (dash-dot-dotted line).
The quantum yield of the free ligand was set to 1. The ligand
concentration was 2× 10-6 M, and the solvent was ACN. Excitation
was at 286 nm for3 and at the maximum of the lowest energy
absorption band for the cation complexes.

Figure 4. Complexation-induced effects in absorption (left) and
emission (right) for bpb-R1-4 (see Scheme 1) and zinc and comparison
to monoprotonation-induced effects: L equaling bpb-R (solid line),
L⊂Zn2+ (dashed line), and monoprotonated L⊂H+ (dash-dotted line)
in ACN with L⊂Mn+ symbolizing the acceptor chelate, i.e., the
A-coordinated probe. For better visualization of the coordination-
induced effects on the probe’s fluorescence quantum yield, the corrected
emission spectra of the zinc complexes and monoprotonated species
are weighted by relative quantum yields with the quantum yield of the
ligand equaling 1. Monoprotonated4 is nonemissive.
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Fluorescence Quantum Yields of the Acceptor Chelates of
bpb-R. As displayed in Table 1, Figure 3, and Figure 4, a
chelation-induced enhancement in fluorescence quantum yield
and a strongly emissive character of the acceptor chelates are
only observed for the nonquenching metal ions Ca(II) and Zn-
(II) and for the fluorescent reporters1-3 with a small or
medium CT character. As follows from Table 1, the fluorescence
quantum yields of the Zn(II) complexes of3, 4, and 5 with
their red shifted emission bands are reduced compared to the
Ca(II) chelates. For2, this trend is reversed. The acceptor
chelates of4 and5 equipped with strong donors are generally
only weakly emissive (see Table 1), with the fluorescence
quantum yields of the A-chelates of5 exceeding those of the
respective complexes of4 that emit at slightly longer wave-
lengths typically by a factor of ca. 5. Astonishingly, the Ca(II)
acceptor chelate of5, 5⊂Ca2+, still displays a moderate
fluorescence quantum yield of 0.03 despite its strongly red
shifted emission band. For the classical quenchers Cu(II) and
Hg(II), the emission of A-coordinated bpb-R is always at least
strongly diminished or even completely quenched; see Table
1.

Fluorescence Lifetimes, RadiatiVe Rate Constants, and Non-
radiatiVe Rate Constants of the Acceptor Chelates.For a better
understanding of the photophysical processes governing the
relaxation of the fluorescence of the cation complexes of bpb-
R, we investigated the fluorescence decay kinetics of representa-
tive complexes at several emission wavelengths within the
respective emission bands, focusing on nonquenching Zn(II) and
quenching Hg(II). In all cases, the time-resolved-fluorescence
measurements display monoexponential decay kinetics with the
corresponding lifetimes collected in Table 2. For comparative
purposes, the spectroscopic properties of the protonated ligands
discussed in part 1 of this series38 are also included in this table.
The most striking observations are the increased fluorescence
lifetimes as well as the comparatively high radiative rate
constants and smallknr values of the zinc A-chelates of1-3
and the strong reduction of the radiative rate constants and the
strong increase of the nonradiative rate constants of the acceptor

chelates for4 and 5. For example, thekf values of the zinc
acceptor chelates of1 and2 exceed those of the parent sensor
molecules by a factor of ca. 2. Simultaneously, the nonradiative
rate constants are reduced by a factor of ca. 2-4. Thekf values
of the zinc complexes of1-3 also exceed those of monopro-
tonated1, 2, and3. The mercury complexes of bpb-R always
show very lowkf values. In the cases of2 and3, they display
increased fluorescence lifetimes and decreasedknr values with
respect to the uncomplexed probes, similar to the corresponding
zinc complexes.

3.2. Donor Coordination of bpb-R. Exclusive donor coor-
dination can only be achieved with5 and Na(I) leading to the
characteristic hypsochromic and hyperchromic shifts of the
absorption spectra of the complex, thereby reflecting the
reduction of the probe’s CT character and conjugation length;
see Table 1. As often observed for donor coordination of such
a CT-operated probe, the spectral position of the emission band
remains unaffected.8,12The fluorescence quantum yield is more
or less unaffected and only a small change in fluorescence
lifetime occurs; see Table 2. The complexation constant (log
Ks ) 2.6) determined for Na+⊃5 from absorption measurements
assuming a 1:1 stoichiometry for the donor chelate is comparable
in size to binding constants reported for related literature systems
and Na(I).

3.3. Acceptor and Donor Coordination of bpb-R.Among
the bpb-R family, only bpb-DMA and bpb-A15C5 are designed
for simultaneous or successive acceptor and donor coordination
of two different analytes or a single species at different
concentration regimes. For these bifunctional complexation
studies, it must be kept in mind that, due to the 1:2 stoichiometry
of the acceptor chelates, the situation can be further complicated
for donor coordination by the intermediate formation of mixed
complexes with one donor substituent R of the two A-
coordinated ligands being coordinated to the analyte and the
other one being uncomplexed followed by complete donor
coordination eventually. Also, the two acceptor-bound sensor
molecules may electronically interact, and consequently, their
subsequent donor coordination may not be independent of each

TABLE 2: Fluorescence Lifetimes, Radiative Rate Constants, and Nonradiative Rate Constants of the Cation Complexes of
bpb-R

compound φf
a τf

b/ns kf
c/107 s-1 knr

d/107 s-1

1 0.24 2.1 11 36
1⊂Zn2+ 0.58 2.6 22 16
1⊂H+ 0.27 2.5 11 29
prot1 0.69 2.7 26 11
2 0.14 1.2 12 72
2⊂Zn2+ 0.52 2.6 20 19
2⊂Hg2+ 4 × 10-3 2.7 0.2 37
2⊂H+ 0.28 7.0 4 10
2⊂2H+ 0.32 7.4 4 9
3 0.17 2.1 8 40
3⊂Zn2+ 0.39 4.1 10 15
3⊂Hg2+ 0.02 3.6 0.6 27
3⊂H+ 0.07 1.8 4 52
3⊂2H+ 4 × 10-3 0.3 1 332
4 0.15 5.6 3 15
4⊂Zn2+ 7 × 10-4 0.1 0.7 n.d.
4⊂Hg2+ 5 × 10-4 <55 ps 4 n.d.
H+⊃4⊂xH+ 0.43 1.9 23 30
5 0.18 5.7 3 14
5⊂Zn2+ 3 × 10-3 0.2 2 499
5⊂Ca2+ e 0.03 0.7 4 139
Ca2+⊃5⊂Ca2+ f 0.10 2.0 5 45
Na+⊃5 0.15 4.5 3 19

a Fluorescence quantum yield.b Fluorescence lifetime.c Radiative rate constantkf ) φf/τf. d Nonradiative rate constantknr ) (1 - φf)/τf. e Metal
ion to ligand concentration ratios M:Le 10:1. f Metal ion to ligand concentration ratios M:Lg 1000:1.
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other. For the spectroscopic features discussed in the following
sections, we always assume complete donor coordination.
Concerning the spectroscopic properties of A- and D-bound bpb-
DMA and bpb-A15C5, of special interest here is the degree of
resemblance between the emission properties of D- and A-
coordinated4 and5 and monoprotonated2 which provides a
measure for the size of the interaction between the donor
receptor and the metal ion in the excited state. Close resemblance
points to complete engagement of the nitrogen lone pair of the
donor receptor in the D- and A-bound species, whereas an
emission spectrum that is barely blue shifted compared to that
of the A-coordinated probe indicates a disruption of the cation-
nitrogen bond following excitation of the complex.

Bifunctionality Studies with bpb-DMA.To evaluate the
potential of4 for signaling of a single guest over an extended
dynamic range, we investigated its consecutive A- and D-
coordination to Cu(II). The corresponding Cu(II)-dependent
absorption and emission spectra are depicted in Figure 5. At
low Cu(II) concentrations of ca. M:Le 1, exclusive formation
of the acceptor chelate occurs as follows from the appearance
of a broad and red shifted absorption band of CT nature centered
at 437 nm and the disappearance of the probe’s emission at
515 nm. A further increase in Cu(II) concentration leads to a
decrease of the newly formed A-chelate absorption band.
Furthermore, at higher Cu(II) to ligand concentration ratios, a
very weak, blue shifted emission at ca. 474 nm appears. Most
likely, this fluorescence originates from D- and A-coordinated
4, i.e., Cu2+⊃4⊂Cu2+, as derived, e.g., by a comparison of the
emission spectra of1⊂H+, 4, and this species depicted in Figure
6. Due to the very weak emission of the Cu(II)-bound species,
no attempts were made to determine its fluorescence quantum
yield and fluorescence lifetime. The dependence of the A-
chelate’s absorption and the probe’s emission band on Cu(II)
concentration follows from the insets in Figure 5. The former
illustrates the extended dynamic range of4 provided by its
bifunctionality. The complexation constant for D-coordination

of 4⊂Cu2+ is determined to 4.8 (logKs) from absorption
measurements assuming a 1:1 stoichiometry for D-coordination.

Bimodal Cu(II) sensing by4 encouraged us to investigate
the ability of this fluorescent reporter to simultaneously
recognize two analytes. Here, we chose Cu(II) and protons. As
displayed in Figure 6, addition of protons to the Cu(II) acceptor
chelate of4 leads to a blue shift in absorption and emission.
The hypsochromically shifted emission band located at ca. 395
nm strongly resembles the fluorescence of monoprotonated2.
This species is tentatively assigned to H+⊃4⊂Cu2+ as the much
weaker coordination of Cu(II) to the dimethylamino group
compared to the terpyridine moiety renders substitution of
DMA-coordinated Cu(II) for protons more plausible than
substitution of terpyridine-bound Cu(II) for protons. Since the
emission of Cu(II)- and proton-coordinated4 is only very weak,
we did not attempt to determine its fluorescence quantum yield
and fluorescence lifetime or to perform further experiments to
clarify its exact chemical nature and the formation of mixed
complexes. However, we investigated the reversibility of proton
and Cu(II) coordination of4. The spectroscopic effects observed
upon addition of protons to the Cu(II) acceptor chelate of4 are
comparable to those accompanying the addition of Cu(II) to
donor- and acceptor-protonated bpb-DMA. Obviously, protons
can substitute DMA-coordinated Cu(II) and Cu(II) can replace
terpyridine-bound protons.

Bifunctionality Studies with bpb-A15C5.Based on the results
of acceptor coordination of5 and the complexation studies
performed with4, D- and A-coordination of5 is studied with
the representative metal ion Ca(II) and the cation pair Zn(II)
and Na(I). Consecutive binding of the A-receptor and the
D-receptor of5 to Ca(II) is depicted in Figure 7. For low Ca-
(II) concentrations, i.e., for M:L ratiose 10:1, Ca(II) binding
involves exclusively the terpyridine acceptor moiety as follows
from the Ca(II)-induced red shifts in absorption (lowest energy
band; left upper panel) and emission (middle and right upper
panels); see Figure 7 and Table 1. The lowest energy CT-type
absorption band of the calcium acceptor chelate is centered at
394 nm and its emission band is at 592 nm, respectively, with

Figure 5. Absorption (left) and fluorescence (right) spectra of bpb-R
with R ) DMA (4) as a function of Cu(II) concentration. The copper
ion to ligand concentration ratios were 0:1 (solid line), 0.5:1 (dashed
line), 1:1 (dotted line), 5:1 (dash-dotted line) and 50:1 (short dotted
line) for absorption and 0:1 (solid line), 0.2:1 (dashed line), 0.4:1 (dotted
line), 0.6:1 (dash-dotted line), 0.8:1 (dash-dot-dotted line) and 5:1
(short dotted line; multiplied by a factor of 10) for emission. Different
Cu(II):L ratios were chosen for absorption and emission to better
visualize the respective trends. The ligand concentration was 2.3×
10-6 M, the solvent was ACN, and excitation was at 310 nm (isosbestic
point). Inset: Absorbance (left) and fluorescence intensity (right) at
selected wavelengths, i.e., the maximum of the acceptor chelate
absorption band (438 nm) and the ligand’s emission band (510 nm) as
a function of Cu(II) concentration.

Figure 6. Comparison of normalized absorption (left) and normalized
emission (right) spectra of selected cation complexes and protonated
species of bpb-R: bpb-R with R) DMA (4) (solid line); Cu2+⊃4⊂Cu2+

(short dotted line, 5:1 Cu2+); 4 with protons and Cu(II) (dash-dotted
line, 1:100 H+ followed by addition of 10:1 Cu2+; H+⊃4⊂Cu2+);
completely protonated4 (dash-dot-dotted line, 100:1 H+; H+⊃4⊂xH+);
bpb-R with R) H (2) (dashed line); and monoprotonated2 (dotted
line, 8:1 H+). The probe concentration was 2.3× 10-6 M, the solvent
was acetonitrile, and excitation was at 310 nm. The metal ion and/or
proton to ligand concentration ratios used are given in the parentheses.
The absorption spectrum of H+⊃4⊂xH+ that resembles that of
monoprotonated2 was omitted for reasons of clarity.
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the size of the chelation-induced spectral shifts reflecting the
strongly electron withdrawing character of the Ca(II)-bound
terpyridine acceptor. The clear course of Ca(II) ligation is
revealed by an isosbestic point at 372 nm for M:L ratiose
10:1. Coordination of the A-receptor of bpb-A15C5 to Ca(II)
results in a considerable diminution in fluorescence quantum
yield as follows from the middle panel in the upper part of
Figure 7 and Table 1, which displays the terpyridine ligation-
induced changes in the fluorescence of5 for excitation at the
isosbestic point. Moreover, the fluorescence lifetime is strongly
reduced from 5.7 to 0.7 ns (see Table 2) andknr is enhanced by
a factor of ca. 10.kf is more or less unaffected. A further increase
in Ca(II) concentration results in the consecutive complexation
of the azacrown donor receptor yielding Ca2+⊃5⊂Ca2+ as
indicated by the disappearance of the absorption band of the
Ca(II) acceptor chelate (right lower panel) and a blue shift of
its emission band from 592 to 565 nm (middle and right lower
panels); see Figure 7. Furthermore, as summarized in Table 2,
the fluorescence quantum yield and the fluorescence lifetime

of Ca2+⊃5⊂Ca2+ are both enhanced by a factor of ca. 3 with
respect to5⊂Ca2+, kf increases slightly, andknr is reduced by
a factor of ca. 3. The complexation constant of donor coordina-
tion is determined to 3.0 (logKs) assuming formation of a 1:1
complex and independent donor chelation of A-bound5. The
insets in the upper and lower panels of Figure 7 highlight the
concentration dependence of intensity changes in absorption and
in emission at selected wavelengths, thereby underlining the
analytical potential of such a bifunctional CT-operated probe,
i.e., the extended concentration range for monitoring of the
analyte.

bpb-A15C5 is also suited for the simultaneous recognition
of two different chemical inputs as, for example, revealed for
Zn(II) and Na(I). Addition of Zn(II) to Na+⊃5 yields a species
with an absorption band located at ca. 320 nm and a very weak
fluorescence centered at ca. 585 nm. The absorption and
emission bands of the zinc A-chelate of5, however, are centered
at 427 and 617 nm (see Table 1). This newly formed species is
tentatively assigned to Na+⊃5⊂Zn2+. Due to its very weak
emission, no attempts were made to determine its fluorescence
quantum yield and fluorescence lifetime.

3.4. Spectroscopic Properties of the Cation Complexes of
bpb-R: Comparison and Discussion within the Framework
of Neutral and Ionic D-A Biphenyls. As has been illustrated
in sections 3.1, 3.2, and 3.3 on acceptor, donor, and A- and
D-coordination of bpb-R, this family of fluorescent reporters
reveals strong and coordination-site-specific chelation-induced
shifts in energy and intensity of the absorption and emission
bands with protons, alkaline earth metal ions such as Ca(II),
and quenching and nonquenching transition metal ions such as
Zn(II), Hg(II), and Cu(II). These fluoroionophores not only are
rare examples for true ratiometric emission sensing with CT-
operated sensor molecules,12,67but also display even analytically
favorable red shifts in the terpyridine-coordinated state due to
the chelation-induced increase in acceptor strength. In the case
of alkali metal ions such as Na(I) that exclusively bind to the
monoazacrown D-receptor of5, strong changes in absorption,
yet only slight changes in emission, occur as is typical for
D-binding of this type of fluorescent probe. This behavior points
to a disruption of the nitrogen-cation bond in the excited state
followed by either fast cation release after formation of the CT
species as observed for DCM crown or formation of a solvent
separated cation-probe pair similarly to DCS crown.12,68When
equipped with two binding sites, the bifunctional bpb-R
molecules4 and5 are capable of signaling two different inputs,
X1 and X2. These inputs can be either two different analytes or
different concentration regimes of a single analyte, thereby
yielding an extended dynamic range of probe operation.

Spectroscopic Properties of the Acceptor Chelates of bpb-R:
Influence of the CT Character of the Probe and the Electronic
Nature of the Cation.To derive structure-property relationships
for biphenyl-type sensor molecules capable of ratiometric
emission sensing, the spectroscopic features of the acceptor
chelates of bpb-R are compared with respect to (i) the CT
character of the complexes that reveals both the donor strength
of R and the strength of the analyte-terpyridine interactions
and (ii) the influence of the cation’s electronic nature, i.e., its
potential to act as fluorescence quencher via the heavy atom
effect, paramagnetism, energy, or electron transfer.39 For the
interpretation of the underlying photophysical processes, we
focus on the acceptor chelates of nonquenching Ca(II) and Zn-
(II) (see sections 3.1. and 3.3) to exclude contributions from
metal ion related fluorescence-quenching effects and consider
the spectroscopic properties of neutral and ionic D-A biphenyls

Figure 7. Bifunctionality studies with bpb-A15C5 (5) and Ca(II).
Upper part: Absorption (left) and emission (middle, right) spectra
measured at low metal ion to ligand concentration ratios, i.e., Ca(II):5
) 0:1 (solid line), 0.2:1 (dashed line), 0.4:1 (dotted line), 0.6:1 (dash-
dotted line), 1:1 (dash-dot-dotted line), and 10:1 (short dotted line).
Lower part: High metal ion to ligand concentration ratios, Ca(II):5 )
10:1 (solid line), 250:1 (dashed line), 500:1 (dotted line), 750:1 (dash-
dotted line), and 4000:1 (dash-dot-dotted line). The ligand concentra-
tion was 2× 10-6 M, the solvent was ACN, and excitation was at 372
nm (isosbestic point; middle panel) and 394 nm (acceptor chelate band;
right panel). Insets: Absorbance at 394 nm (top and bottom, left) and
fluorescence intensity at different characteristic emission wavelengths
(λem) (top, middle: λem ) 518 nm,λexc ) 372 nm; top, right:λem )
680 nm,λexc ) 394 nm; bottom, middle:λem ) 558 nm,λexc ) 372
nm; top, right: λem ) 590 nm,λexc ) 394 nm) as a function of Ca(II)
concentration (log [Ca(II)]).
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derived from the literature,45,50,52,69,70some of which are shown
in Scheme 2, as well as the spectroscopic features of mono-
protonated and monocoordinated D-D biphenyl-type sensor
molecule919 and protonated bpb-R.38

For each cation studied, the size of the coordination-induced
spectral shifts in bpb-R depend on R in the following order:
CF3 < H < OMe , DMA ≈ A15C5 in absorption and CF3 <
H , DMA ≈ A15C5, OMe in emission (see section 3.1 and
Figure 3, Figure 4, and Table 1). The coordination-induced
spectral shifts of the lowest energy absorption band and the
emission band of each fluoroionophore typically increase in the
order Ca(II)< Zn(II) e Hg(II) e Cu(II). The size of the spectral
changes in absorption and emission accompanying acceptor
coordination are indicative of the strength of the coordination
of the respective analyte to the terpyridine moiety for a given
substituent R. The observation that the magnitude of the
monoprotonation-induced spectral changes in absorption are
smaller than the corresponding chelation-induced effects whereas
in emission this trend is reversed (see Table 1 and Figure 4) is
ascribed to the underlying design concept of this family of
fluorescent reporters and the type of interaction between the
terpyridine acceptor and the analyte. Binding of metal ions to
terpyridine typically occurs via coordinative bonds, whereas in
the case of acceptor protonation a covalent bond is formed
between the proton and a terpyridine nitrogen atom, leading to
a stronger decrease in electron density of the acceptor and thus
enhancement in CT character of the sensor molecule. An
alternative explanation may be a change in the location and
number of cation interactions from the ground state to the
excited state. In any case, this underlines the influence of the
size of the coordination-induced increase in acceptor strength
on the spectroscopic properties of the resulting species for such
A-coordinating intrinsic probes. The spectroscopic properties
of the zinc complex of1 are astonishing, displaying a chelation-
induced red shift in absorption and a blue shift in emission
similar to doubly protonated1.38 The exact nature of this species
is currently being investigated by us.

Comparison of Zinc and Calcium Complexes to Neutral and
Protonated bpb-R.The size of the fluorescence quantum yields
of the acceptor chelates is controlled by both the CT character
of the complexed sensor molecule and the potential of the bound
cation to act as fluorescence quencher as follows from Tables

1 and 2 as well as from Figures 8 and 9. From the bottom to
the top layer, Figure 8 compares the (low energy) absorption
and emission maxima as well as the fluorescence quantum
yields, fluorescence lifetimes, and the radiative and nonradiative
rate constants of the zinc complexes of bpb-R, monoprotonated
bpb-R, and the parent sensor molecules. The most striking
features of this figure are (i) the high fluorescence quantum
yields andkf values of the zinc complexes of1 and2 andsless
pronouncedsalso of3, which considerably exceed those of the
corresponding neutral ligands and monoprotonated species, (ii)
the considerable decrease in fluorescence quantum yield oc-
curring for Zn(II)-bound4, and (iii) the strong chelation- and
protonation-induced alterations inknr; see also Figure 9. Figure
9 displays the fluorescence quantum yields and nonradiative
rate constants of bpb-R, its zinc acceptor chelates, and its
protonated analogues as a function of the spectral position of
the respective emission maxima that provides a measure for
the species’ CT character. For comparison purposes,5⊂Ca2+

and Ca2+⊃5⊂Ca2+ are included in this figure. As follows from
Figure 9 and Table 2, in all cases, the size of the fluorescence
quantum yields and the size of the radiative rate constants
decrease with a reduction in energy of the emission maximum
within each series of chemically related species, for example,
zinc complexes or monoprotonated bpb-R. Zinc coordination
as well as monoprotonation and double protonation of the
terpyridine acceptor leads to a sizable decrease inknr for 1 and
2, whereas in the case of3 zinc coordination reducesknr by a
factor of ca. 3 while monoprotonated3 with its red shifted
fluorescence already displays a slight increase ofknr. For 4 as
well as for5, knr is strongly enhanced upon zinc binding; see
Table 2 and Figure 9. Acceptor-protonated4 is more or less
nonemissive. The nonradiative rate constants of both D- and
A-protonated4 and D- and A-coordinated5, i.e., Ca2+⊃5⊂Ca2+,
that display either strongly or slightly blue shifted emission
spectra are medium-sized.

Spectroscopic Features of the Acceptor Chelates of bpb-R
within the Framework of Neutral and Ionic D-A Biphenyls.
The spectroscopic features of the cation complexes of bpb-R
can be understood within the framework of neutral and ionic
biphenyls such as6, 6a, 7, and8 depicted in Scheme 2.45,52,70

Figure 8. Spectroscopic properties of bpb-R and its zinc complexes
as a function of the donor strength of R (R) CF3, 1; H, 2; OMe, 3;
DMA, 4): bpb-R (filled circles), zinc complex (open circles). The
solvent was ACN. For comparison, the monoprotonated bpb-R species
(open triangles) are also included. For acceptor-protonated bpb-DMA,
no emission could be detected.

Figure 9. Fluorescence quantum yieldφf and nonradiative rate constant
knr of neutral, protonated, and Zn(II)-coordinated bpb-R as function of
the spectral position of the respective emission maximum: neutral
bpb-R (1-5, see Scheme 1) (open squares); protonated bpb-R, i.e.,
monoprotonated and doubly protonated bpb-R as well as A- and
D-protonated H+⊃4⊂xH+ (filled triangles); and A-chelates with Zn-
(II) (filled squares). For comparison,5⊂Ca2+ and Ca2+⊃5⊂Ca2+ (open
circles) are also included. The lines are only guides for the eye.
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For these D-A biphenyls substituted with sufficiently strong
D-A substituents, a red shift in the spectral position of the
absorption and emission bandssresulting as a function of
increasing solvent polarityscorrelates with a diminution of both
the radiative rate constants and the fluorescence quantum yields
due to the enhanced formation of a forbidden CT state of twisted
conformation. This opens up a strong nonradiative fluorescence
deactivation pathway which is typically indicated by small
radiative and large nonradiative rate constants.52 For a given
donor substituent R, the CT character of ionic D-A biphenyls,
which present model systems for A-ccordination, is already more
pronounced compared to their neutral counterparts,70 and the
tendency toward TICT formation70 is enhanced. Accordingly,
similar effects are expected to occur for A-coordinated biphenyl-
type fluorescent reporters. The high values ofkf of the zinc
complexes of1 and2 and the intermediate size ofkf of 3⊂Zn2+

suggest that for these acceptor chelates, however, the main
conformation of the complexed bpb-R sensor molecule is planar.
The chelation-induced reduction inknr for 1-3 that contradicts
the energy gap rule, which predicts an increase ofknr with a
narrowing of the S1-S0 energy gap,71,72 is remarkable. The
corresponding Ca(II) complexes are expected to display similar
effects inkf andknr, though not presented here. This discussion
of an anti-energy gap rule behavior, though plausible and
tempting, is, however, subject to certain simple photophysical
assumptions73 that have been detailed in part 1 of this series.38

Such a comparatively rare anti-energy gap law dependence
is revealed qualitatively for instance by sterically hindered6a45

as well as by4 and5 and, very pronounced, by protonated2.38

In the case of protonated2, we attribute the sizable reduction
in knr to contributions from protonation-induced planarization
and rigidization of the terpyridine fragment.38,74 As cation
coordination of the terpyridine acceptorsdependent on the
strength of the cation-receptor interactions and type of cation-
nitrogen bondssintroduces a smaller charge into the terpyridine
moiety but simultaneously enhances its rigidity compared to
protonation, this provides the basis for even more favorable
fluorescence effects for nonquenching metal ions such as Zn-
(II) and Ca(II) and the bpb-R family. This counterbalancing
effect most likely accounts for the strong emission of the zinc
and calcium complexes of1-3 in addition to the chelation-
enhancedkf values. Forbidden emission from a CT state of
twisted conformation results only for all the A-coordinated
species derived from4 and5 equipped with strong donors as
indicated by their small radiative rate constants; see Table 2
and Figure 9. The weak emission of the acceptor chelates of4
and5 corresponds with their strongly red shifted emission bands
and increased nonradiative rate constants in accordance with
the energy gap rule.

Acceptor coordination of bpb-R to potentially quenching
metal ions39 is always accompanied by a strong diminution of
the probe’s fluorescence and by very small radiative rate
constants, as follows from Tables 1 and 2 representatively for
Hg(II) and Cu(II) (see section 3.1). For these quenching metal
ions, realization of a sizable emission of the complexes with
intrinsic A-coordinating probes is more straightforwardly con-
ceivable for D-A systems where the D-A charge transfer
reaction results in a strongly emissive CT state of predominantly
planar conformation.21 This is suggested also by the spectro-
scopic features of the D-D biphenyl type sensor molecule9
that undergoes a chelation-enhanced fluorescence with the
classical fluorescence quencher Hg(II).19 For the bpb-R family,
a suitable design strategy that is currently being tested by us
seems to be the reduction of the strength of the A-receptor, for

instance by exchanging the electron-withdrawing 2- and 6-py-
ridyl substituents within the terpyridine moiety for electron-
donating 2- and 6-substituents such as thienyl groups, thereby
preserving the otherwise advantageous properties connected with
acceptor complexation of these fluorescent reporters.

Spectroscopic Properties of A- and D-coordinated bpb-R.As
illustrated in section 3.3, the spectral position of the absorption
and emission maxima of A- and D-coordinated4 and 5 is
controlled by the coordination-induced changes in CT character
and thus the size of the analyte-receptor interactions in the
ground state and excited state. This is highlighted in Figure 10,
which compares the absorption and fluorescence spectra of5,
5⊂Ca2+, Ca2+⊃5⊂Ca2+, Cu2+⊃4⊂Cu2+, and H+⊃4⊂Cu2+ to
the corresponding spectra of2 and 2⊂H+. The latter two
molecules act as model systems for complete abstraction of the
electron lone pair of the nitrogen atom of the D-receptor in
noncoordinated and A-bound bpb-DMA and bpb-A15C5. As
follows from Figure 10 and Table 1, the absorption spectra of
A- and D-coordinated4 and 5 in all cases resemble the
absorption spectrum of monoprotonated2, peaking at 327 nm.
In contrast, the spectral position of the emission bands of A-
and D-coordinated4 and 5 strongly depend on the chemical
nature of the analyte(s) bound with maxima at 395, 474, 565,
and 585 nm resulting for H+⊃4⊂Cu2+, Cu2+⊃4⊂Cu2+,
Ca2+⊃5⊂Ca2+, and Na+⊃5⊂Zn2+, respectively. The emission
bands of strongly emissive D- and A-protonated4 (not shown
in Figure 10) and2⊂H+ reveal maxima at 356 and 392 nm.
The analyte-specific emission of A- and D-coordinated bpb-R,
which is intriguing for such a CT-operated sensor molecule, is
encouraging for the spectral discrimination between different
analytes or species. Most likely, photorelease or excited-state
decoordination12,68 of the donor-bound metal ions Cu(II), Ca-
(II), and Na(I) in A-coordinated bpb-R accounts for these
analytically favorable effects, with the size of the D-coordina-
tion-induced blue shift in emission revealing the strength of the
cation-nitrogen bond in the excited state of the doubly
coordinated fluoroionophore. Obviously, aminophilic Cu(II) is
more strongly bound than Ca(II) and Na(I). A direct comparison
of these fluorescence effects is, however, partly hampered by

Figure 10. Comparison of the spectroscopic properties of A- and
D-coordinated bpb-DMA (4) and bpb-A15C5 (5) for representative
analytes: normalized absorption (left) and emission (right) spectra of
5 (dotted line),5⊂Ca2+ (dash-dotted line, 10:1 Ca2), Ca2+⊃5⊂Ca2+

(solid line, 4000:1 Ca2+), and Cu2+⊃4⊂Cu2+ (short dotted line, 5:1
Cu2+). The ligand concentration was 2× 10-6 M, the solvent was ACN,
and excitation was at the longest wavelength absorption band. For
comparison, the corresponding spectra of bpb-R with R) H (2) (dash-
dot-dotted line) and2⊂H+ (dashed line, 8:1 H+) are included. Only
selected absorption spectra are shown for reasons of clarity. The
emission spectrum of H+⊃4⊂Cu2+ (not shown) resembles that of
2⊂H+.
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the fact that, within the underlying probe design concept, the
CT charactersand thus the spectroscopic properties of the
resulting speciessare controlled by both the A- and the
D-coordination-induced changes in acceptor and donor strength.
As follows, e.g., from the spectroscopic data summarized in
Table 1, for acceptor chelation of4 and5 to Cu(II), Ca(II), and
Zn(II), the size of the terpyridine-analyte interactions and thus
the strength of the acceptor moiety differ slightly, which
accordingly affects donor coordination.75 As indicated by the
close resemblance between the emission spectra of2⊂H+ and
H+⊃4⊂Cu2+, donor protonation induces a more or less complete
withdrawal of the nitrogen lone pair of the donor receptor from
the probe’sπ-electron system. As a very favorable fact, in
addition to the comparatively strong spectral changes in
emission, the bpb-R sensor molecules yield considerable changes
in fluorescence lifetime contrary to the majority of simple
fluorescent reporters with integrated donor receptors.8,12 For
instance,5, 5⊂Ca2+, and Ca2+⊃5⊂Ca2+ display fluorescence
lifetimes of 5.7, 0.7, and 2.0 ns (see Table 2) that, together with
the spectral information from absorption and emission measure-
ments, provide an extra parameter for the discrimination among
these three species.

The spectroscopic properties of Ca2+⊃5⊂Ca2+, i.e., its red
emission in combination with its comparatively high fluores-
cence quantum yield of 0.10 exceeding that of5⊂Ca2+ by a
factor of ca. 3, are intriguing; see Tables 1 and 2 and Figures
9 and 10. A comparison of the spectroscopic properties of
Ca2+⊃5⊂Ca2+, H+⊃4⊂xH+, 5, and 5⊂Ca2+ reveals strong
differences in the size of the fluorescence quantum yields as
well as radiative and nonradiative rate constants aside from the
spectral differences in absorption and emission already dis-
cussed. The strongly blue shifted emission of H+⊃4⊂xH+ that
resembles that of unbound bpb-H38 occurs from an allowed
planar CT state as indicated by the highkf value, whereas in
the case of Ca2+⊃5⊂Ca2+ both the spectral position of the
emission band and the size ofkf point to emission from a
forbidden CT state of twisted conformation. Its comparatively
high fluorescence quantum yield resulting in a fluorescence
enhancement is obviously connected with a decrease of the
nonradiative rate constant by a factor of ca. 3 initiated by
D-coordination of5⊂Ca2+. This is astonishing with respect to
the blue shift in emission for Ca2+⊃5⊂Ca2+ of only 800 cm-1

as compared to5⊂Ca2+. See Tables 1 and 2 and Figures 7 and
10, which may, however, point to (partial) donor decoordination
in Ca2+⊃5⊂Ca2+.12 Similar to 6a45 as well as to4 and5 and
protonated2 discussed in part 1 of this series,38 Ca2+⊃5⊂Ca2+

seems to be an exception from the energy gap rule.71,72,73 In
any case, this underlines the analytical potential of coordination-
induced switching between energy gap and anti-energy gap law
type behavior for the realization of a chelation-induced fluo-
rescence enhancement with CT-operated sensor molecules.

3.5. Bifunctionality of and Bimodal Sensing with bpb-R
and Potential as Molecular Switches.Bifunctionality. bpb-
DMA and bpb-A15C5 are suited for multimodal analyte
recognition via coordination-site-specific, spectroscopically dif-
ferent outputs as follows from Figures 5-7, Figure 10, Table
1, and Table 2. Both sensor molecules can principally form four
spectroscopically distinguishable states: theunbound state, the
A-coordinated statewith red shifted absorption and emission
spectra compared to the unbound state, theD-coordinated state
with blue shifted absorption spectra compared to uncomplexed
bpb-R and barely affected emission spectra, and theD- and
A-coordinated state. As representatively derived for selected
analytes and bpb-DMA and bpb-A15C5, the four- or three-state

sensing schemesnone, analyte X1, analyte X2, andanalytes X1
and X2 or none, little, andmanycan be exploited for the optical
transduction of two chemical inputs or two concentration
regimes of a single analyte. The fluorescence quantum yield
controlled output of the different states of bound bpb-R are
determined by the CT character of the complex, the electronic
nature of the coordinated analyte, and the chelation-induced
changes inkf and knr. A sizable emission results only for the
parent ligands and the A- and D-coordinated species with
nonquenching metal ions and protons.

This type of bifunctional sensing relies not only on clearly
distinguishable spectroscopic features of the differently coor-
dinated species, but similarly on complexation constants of the
two binding sites that differ considerably. Both criteria are
obviously fulfilled for bpb-DMA and bpb-A15C5 and the
selected analytes. Here, it must be kept on mind, however, that
the size of the complexation constant of donor coordination is
affected upon acceptor coordination, i.e., weakened compared
to that of neutral bpb-R due to the A-chelation-induced reduction
in electron density at the donor’s nitrogen atom. This compli-
cates the design of such bifunctional CT-operated sensor
molecules in comparison to ET-operated electronically de-
coupled devices.29

Exploitation of the Parameter Fluorescence Lifetime.The
selectivity of fluorescent reporters such as the bpb-R family
can be increased by exploitation of the analyte-specific param-
eter fluorescence lifetime in addition to the hitherto discussed
coordination-induced spectral effects. The impact of this
parameter, though not optimized yet for these sensor molecules,
follows, e.g., for sensor molecule5 principally from a com-
parison of the photophysical properties of its complexes with
calcium, zinc, and sodium summarized in Tables 1 and 2.
Although the spectral properties of the Ca(II) and the Zn(II)
acceptor chelates are very similar, these species can be
discriminated by their lifetimes and distinguished from longer
lived Ca2+⊃5⊂Ca2+. The Na(I) complex of5 is easily distin-
guished from the Ca(II) and Zn(II) acceptor chelates and from
Ca2+⊃5⊂Ca2+ by its blue shifted fluorescence and its increased
fluorescence lifetime. The fluorescence lifetime can also be used
to discriminate the Na(I) complex of5 from its parent ligand.
Finally, Na+⊃5⊂Zn2+ can be identified and distinguished from
the other species by its specific combination of emission and
absorption maxima.

Potential of4 and5 as Molecular Switches and Logic Gates
Operated with Metal Ions and Protons.The design of molecular
switches and molecular equivalents of logic gates that both
convert input stimulations into output signals with intrinsic
protocols following the principles of binary logic is a straight-
forward extension of studies on fluorescent sensor mol-
ecules.5,6,28,76,77 The analysis of the logic behavior of such
devices, however, requires proper assignment of threshold values
and logic conventions to their input and output signals. Different
types of systems that perform logical operations with chemical
inputs and provide optical outputs have been reported up to now
including, e.g., AND,78 OR,79 NOR,80 INHIBIT, 81 YES,82 and
NOT83 logic gates. These devices are typically ET-operated and
respond to combinations of protons and alkali or alkaline earth
metal ions.29,84In contrast to the general interest in systems that
undergo clearly distinguishable changes of different measurable
fluorescence parameters specific for a certain chemical input,
examples for CT-operated logic gates are comparatively rare.21,35

As has been suggested by the protonation studies detailed in
part 1 of this series38 and the previously discussed spectroscopic
properties of A-coordinated, D-coordinated, and A- and D-
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coordinated bpb-DMA and bpb-A15C5, principally, CT-oper-
ated biphenyl-type molecules with integrated A- and D-receptors
seem to be suited for logic operation with the proper choice of
the absorption, excitation, and emission wavelengths due to their
strong input-controlled changes in intensity, energy, and fluo-
rescence lifetime.28,30 For this type of application, however,
future developments of the bpb-R series need to be directed
toward more selective receptors. One ongoing approach is the
substitution of the terpyridine acceptor receptor for a more
selective one, e.g., a 2,6-bis(2-thienyl)pyridine binding site.14,85

In any case, like many other fluorescent reporters and molecular
switches undergoing chelation-induced fluorescence quenching,
bpb-R can, for instance, transduce the chemical input Cu(II) or
Hg(II) into the disappearance of its emission, thereby switching
the fluorescence measured at the ligand’s emission maximum
from a high to a low output.39 For bpb-A15C5 and bpb-DMA,
the formation of a red shifted absorption band upon acceptor
chelation can be exploited for a NOT gate.76

4. Summary and Conclusion

The bpb-R family presents an elegant, yet simple approach
to CT-operated cation- and pH-responsive fluorescent reporters
that reveal analytically favorable complexation-induced modula-
tions in energy, in absorption, and in emission as a prerequisite
for true ratiometric emission signaling as well as changes in
fluorescence quantum yield and fluorescence lifetime. This
underlines the advantage of acceptor vs donor coordination for
such intrinsic fluoroionophores that otherwise display strong
analyte-mediated effects only in absorption. Biphenyl molecules
substituted with integrated D- and A-receptors, such as bpb-
DMA and bpb-A15C5, belong to the few examples of CT-
operated bifunctional fluorescent probes capable of bi- and
multimodal spectroscopic analyte recognition. This principally
provides the basis for three- or four-state sensing schemes of
two different inputs, i.e., either a single analyte at different
concentration regimes or two chemically different species. The
photophysics of neutral bpb-R, their acceptor chelates, and
acceptor- and donor-coordinated bpb-DMA and bpb-A15C5 are
governed by CT control of an excited-state barrier toward
formation of a CT state with forbidden emission, switching
between anti-energy and energy gap law type behavior, and the
electronic nature of the ligated metal ion. This accounts for the
astonishingly high fluorescence quantum yields of both the
acceptor chelates of bpb-R equipped with weak or medium-
sized donors and the red emission of D- and A-coordinated
bpb-R for nonquenching metal ions. Partial photorelease or
excited-state decoordination occurring for D- and A-bound bpb-
DMA and bpb-A15C5 provides the basis for the communication
of the D-coordinated species by analyte-specific emission
maxima of doubly coordinated bpb-DMA and bpb-A15C5.
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