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Taking into account the structural requirements for TICT-type sensor molecules, a general synthetic
route to derive pH and cation-responsive pretwisted donor (D)—donor (D) biphenyls (b) equipped with
donor receptors is developed and a first model compound containing a mono aza-15-crown-5 and a
DMA receptor is synthesized, see Scheme 1. The spectroscopic properties of this new bifunctional
D-D biphenyl are studied in the non-polar and polar solvents cyclohexane, acetonitrile, and methanol.
Protonation as well as complexation studies are performed with the representative metal ions Na(I),
K@), Cadl), Ag(D), Zn(Il), Cd(I), Hg(I), and Pb(II) to reveal the potential of this molecule for
communication of whether none, only one, or both binding sites are engaged in analyte coordination
by spectroscopically distinguishable outputs. The results are compared to those obtained with closely
related donor (D)—acceptor (A) substituted biphenyl-type sensor molecules and are discussed within
the framework of neutral and ionic D — A biphenyls.
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INTRODUCTION

In biology, clinical chemistry, and environmental
analysis, sensitive and selective fluorescent reporters are
desired that enable the determination of either beneficial
or harmful metal ions [1,2]. The ideal fluorescent probe
should e.g. communicate analyte recognition either
selectively or as a sum parameter with strong changes in
energy and intensity of absorption and emission as well
as of the fluorescence lifetime under application-relevant
conditions in the long wavelength region. Well suited
sensor molecules that meet at least some of these criteria
are of composite design and combine an auxochrome
generating the fluorescence signal—via a saturated or
unsaturated spacer—with an analyte-responsive receptor

! Federal Institute for Materials Research and Testing (BAM), Working
Group Optical Spectroscopy, Berlin, Germany.

2 National Nanotechnology Laboratory, Lecce University, Lecce, Italy.

3 Institute of Organic Chemistry, National Academy of Sciences of the
Ukraine, Kiev, Ukraine.

4 Institut fiir Chemie, Humboldt Universitit zu Berlin, Berlin, Germany

5 To whom correspondence should be addressed. E-mail,

337

[3]. The sensing properties of such systems depend on
the receptor-controlled (chemical) selectivity and the
analyte-mediated signaling (spectroscopic) selectivity
as well as sensitivity with the underlying photophysical
mechanisms and the nature of the receptor—fluorophore
interactions determining whether the fluorescence signal
is modified in intensity and lifetime and/or in energy
[3-5]. The majority of fluorescent reporters that reveal
chelation-induced spectral changes are charge transfer
(CT)-operated systems with the electronically coupled
receptor and chromophore acting as donor and acceptor
moieties [6]. For typically used electron donating
binding sites like e.g. nitrogen-containing ligands, cation
complexation is accompanied by strong blue shifts in
absorption as a response to the coordination-induced
reduction of the electron donating character of the re-
ceptor. However, such intrinsic sensor molecules display
normally at maximum only very small spectral changes in
emission due to the release or decoordination of the metal
ion upon electronic excitation of the complexed probe
[7-11]. This hampers true ratiometric emission sensing
[12]. Excited-state ion expulsion or decoordination can
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be avoided if the receptor is integrated into the acceptor
part of the molecule [13-16]. This has been realized
e.g. for biphenyl-type molecules equipped with pH- and
cation-responsive terpyridine acceptors. Such a probe
design concept can be established even for azacrown-
type receptors in amide-type molecules [17-20], see
exemplary compound 2 in Scheme 1. A further benefit
of electron accepting binding sites are analytically
favorable, coordination-induced strong red shifts not
only in absorption, but especially in emission which can
principally provide an enhanced sensitivity compared to
blue shifted spectra. This, however, requires a sufficiently
strong emission of the acceptor-coordinated probe
molecule. This can be, for instance, found for molecules
that display an anti-energy gap-type behavior [13—-15,21],
i.e., red shifted emission spectra and still comparatively
strong fluorescence quantum yields that are in some
cases even enhanced compared to the parent probe.
Other approaches towards ratiometric emission signaling
include participation of the acceptor fluorophore in
cation coordination by the donor receptor [22,23], a D-D
design with analyte-mediated transformation of the donor
receptor into an acceptor [24,25], the combination of two
CT processes in a more complex D'-A-D? type design
[26-29] or analyte-mediated introduction of a CT process
[30]. If both donor and acceptor moieties or both donors
are chosen to be pH- and/or cation-responsive [31,32],
bifunctional CT-operated fluorescent probes result, which
can in principle signal two chemical inputs by spectro-
scopically distinguishable outputs. Chemical inputs can
be here either two different concentration regimes of a
single analyte or two different analytes. Recent develop-
ments of such simple bifunctional D-A probes include
e.g. donor-substituted biphenyls incorporating terpyridine
and bisthienyl-pyridine acceptor receptors [13—15].

For the systematic study and comparison of these
different design concepts of CT-operated mono- and bi-
functional fluorescent reporters, biphenyls are an inter-
esting class of molecules. From a photophysical point of
view, the conformational control of the CT character of
D—A-substituted biphenyls [33—41] is linked to the for-
mation of TICT states [42], which combine CT with a
twisting of two aromatic subsystems close to perpendicu-
larity [42]. In this way, nearly full electron transfer can be
achieved as well as relatively long fluorescence lifetimes
due to the more forbidden character of the emission [41,
42]. As an extension of our studies on D—A biphenyls and
D-A biphenyl-type fluorescent sensors for protons and
metal ions, we designed a first D'-D? biphenyl sensor
molecule equipped with two donor receptors (D!, D?) and
sterically hindering methyl groups as a model system for
bifunctional TICT-type fluorescent probes, see molecule

Li, Bricks, Resch-Genger, Spieles, and Rettig

D <
CN N g

/ N—
/

1 2

AN o
E ”(\ 33

(\0/7

OO 7
\_/

Scheme 1. Chemical structures of selected D—A biphenyl TICT model
compounds and newly developed D-D biphenyl sensor molecules.

4 in Scheme 1. D'-D? biphenyls are normally unable to
populate TICT states (for first examples of TICT forming
D-D molecules, see [43]). However, mono-coordination
of such a sterically hindered D'-D? biphenyl that trans-
forms one of the donors into an acceptor is expected to
yield a TICT-forming system and accordingly strong red
shifts in absorption and especially in emission. Moreover,
this transformation should enable strong analyte-mediated
changes in fluorescence lifetime. This provides the basis
for both ratiometric emission sensing and enhanced cation
selectivity via measurement of the additional parameter
fluorescence lifetime. Biphenyl-based TICT systems are
especially advantageous in this respect because some of
these molecules like e.g. compound 1 in Scheme 1 possess
arelatively high quantum yield of the TICT emission [13,
14,38,44].

In a first step towards this goal, we synthesized
molecule 4 shown in Scheme 1 as prototype of such
a pretwisted pH- and cation-responsive D-D biphenyl-
crown system, in the simplest version with an integrated
azacrown receptor and a dimethylamino donor. Incorpo-
ration of donor receptors of varying analyte selectivity
eventually enables fine-tuning of the analyte selectivity
of this class of fluorescent probes [6,31,45]. As potential
candidate, molecule 3 is exemplary shown in Scheme 1.
In a first step, the spectroscopic properties of 4 are investi-
gated in the representative solvents cyclohexane, acetoni-
trile, and methanol. In a second step, coordination-induced
effects on absorption and emission spectra, fluorescence
quantum yields, and fluorescence lifetimes are studied for
protons and the representative non-quenching metal ions
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Na(I), K(I), Ca(Il), Ag(I), Zn(Il), and Cd(II) as well as the
potentially quenching metal ions Hg(II) and Pb(II) [4,46].

EXPERIMENTAL

Solvents and Reagents

All the chemicals used for the synthesis of the flu-
orescent probe 4 were purchased from Merck and Fluka.
The metal ion perchlorates obtained from ALFA were of
the highest purity commercially available and dried in a
vacuum oven before use [47]. All the solvents employed
were of spectroscopic grade and obtained from Aldrich.
Prior to use, each solvent was checked for fluorescent
impurities.

Synthesis

The sterically hindered D'-D? sensor molecule
4 was synthesized from 4-bromo-N,N-dimethylaniline,
4-(neopentyl glycolatoboron)-N,N-dimethylaniline,
and 13-(4-bromo-3,5-dimethylphenyl)-1,4,7,10-tetraoxa-
13-azacyclopentadecane as depicted in Scheme 2 and
described in detail in this section.

4-(Neopentyl glycolatoboron)-N,N-dimethylaniline
(5). A Schlenk tube was filled with Pd(dppf)Cl, (60 mg,
7.2 x 10~° mol, 0.06 eq.), KOAc (0.706 g, 7.2 mmol,
6 eq.) and Bjneo, [bis(neopentyl glycolato)diboron
(0.570 g,2.52 mmol, 1.05 eq.) and flushed with argon. Af-
ter addition of DMSO (24 ml, dried over molecular sieves)
and 4-bromo-N,N-dimethylaniline (0.48 g, 2.4 mmol), the
reaction mixture was heated at 80°C under argon for 10 h
and stirred at room temperature overnight. The reaction
mixture was diluted with toluene (80 ml) and methylene
chloride (40 ml) and the resulting solution washed with
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water. The organic layer was dried over MgSO, and the
solvent removed in vacuo. The crude product was dis-
solved in 10 ml of CH,Cl, and methanol (5 ml) was
added. Evaporation of CH,Cl, leads to precipitation of
the product as a white solid. Yield: 0.320 g. m.p.: 124—
130°C.'H-NMR (300 MHz, CDCl3), § (ppm): 0.90 (s, 6H,
neo-CHj3), 2.86 (s, 6H, N(CH3),), 3.64 (s, 4H, neo-CHy),
6.61-6.58 (d, J/ = 8.6 Hz, 2H, PhH), 7.61-7.59 (d, J =
8.6 Hz, 2H, PhH).
N,N,2',6'-Tetramethyl-4'-(1,4,7,10-tetraoxa-13-

azacyclopentadecane-13-yl)-1,1'-bi-phenyl-4-amine

(4). After degassing of a mixture of 4-(neopentyl
glycolatoboron)-N,N-dimethylaniline (5) (0.233 g,
1 mmol), 13-(4-bromo-3,5-dimethylphenyl)-1,4,7,10-
tetraoxa-13-azacyclopentadecane (6) (prepared with
2,4.,4,6-tetrabromo-2,5-cyclohexadien-1-one  as  the
brominating reagent as described in [48]; 0.399, 1 mmol),
and toluene (20 ml), aqueous NaOH solution (1 M,
10 ml), and the catalyst Pd(PPh3)4 (25 mg, ca. 2 mol%)
were added and the mixture was stirred under reflux for
20 h under argon. The layers were separated and the aque-
ous phase was extracted with toluene (4 x 25 ml). The
combined organic phases were dried with Na, SOy and the
solvent was evaporated. The remaining solid (0.46 g) was
dissolved in hexane, the solution filtered, and the filtrate
evaporated. The crude solid (0.43 g) that contains the
starting materials and (by)products of the cross-coupling
reaction was chromatographed on silica gel using a
1:1 mixture of hexane and ethylacetate as eluent. After
evaporation of the solvent, 40 mg of (5§) was obtained and
chromatographed on silica gel with ethylacetate as eluent.
Evaporation of the eluent from the last fraction yielded (4)
that was further purified by recrystallization from hexane.
Yield: 0.090 g."H-NMR (300 MHz, CDCl3), § (ppm):
2.14 (s, 6H, CH3Ph), 3.08 (s, 6H, NCH3), 3.73-3.84
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Scheme 2. Synthetic scheme for the preparation of sterically hindered D!~D? biphenyl4.
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(m, 16H, OCH,-crown), 3.87-3.92 (t, J/ = 6.2 Hz, 4H,
NCH,-crown), 6.52 (s, 2H, PhH), 6.87-6.90 (d, J =
8.6 Hz, 2H, PhH), 7.11-7.14 (d, J = 8.6 Hz, 2H, PhH).

Equipment/Procedures
Equipment

The chemical structures of the synthesized com-
pounds were confirmed by elemental analysis,'H NMR,
and '3C NMR. Their purity was checked by flu-
orescence spectroscopy, with excitation wavelength-
dependent emission spectra and emission wavelength-
dependent excitation spectra typically pointing to the
presence of fluorescent impurities. Melting points (un-
corrected) were measured with a digital melting point
analyzer IA 9100 (Kleinfeld GmbH) and NMR spectra
were obtained with a 500 MHz NMR spectrometer Varian
Unityplus 500. Elemental analyses that were performed
in duplicate were carried out at the Institute of Organic
Chemistry, National Academy of Sciences, Ukraine, Kiev,
with samples being dried prior to analysis for 5-6 h at
80°C in vacuo following routine procedures.

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 LS50B spectrofluorometer. If not 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 fluo-
rometer 8100 and with spectral fluorescence standards
with known corrected emission spectra for fluorometer
LS50B following previously described procedures
[49]. The emission spectra on a wave number (energy)
scale were obtained by multiplying the measured and
corrected emission spectra with A% [50]. The absorption
and emission maxima given are determined from the
respective spectra plotted on an energy scale.

Time—-Resolved Fluorescence

Fluorescence decay curves were recorded with the
time-correlated single-photon counting technique (TC-
SPC) [51] using an Ar-pumped Ti-Sapphire laser as exci-
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tation source and a previously described setup [52], as well
as with a setup at the Berlin Synchrotron facility BESSY II
employing 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, coupled to an emission monochro-
mator (Jobin Yvon II, 10 VIR) by means of quartz fiber
optics. The signal from a constant fraction discriminator
(CFD, Tennelec 454) was used as start pulse for the time-
to-amplitude converter (TAC, Tennelec TC864) operating
in the reverse mode. The BESSY II synchronization pulse
was applied as stop pulse. The MCP pulses were amplified
by an amplifier (INA 10386) and coupled into the CFD. A
multichannel analyzer (Fast Comtec MCDLAP) was em-
ployed for data accumulation. The decays were analyzed
by the least squares iterative reconvolution method on the
basis of the Marquardt—Levenberg algorithm, which is im-
plemented into the commercial global analysis program
[53]. The instrument response function was obtained by
detection of Rayleigh scattered light in a scattering solu-
tion and had a width of 50-60 ps for the laser setup used
and a width of 120 ps in the case of experiments at BESSY
II. The quality of the exponential fits was evaluated on the
basis of reduced x? values.

Procedures
Fluorescence Quantum Yields

The fluorescence quantum yields (¢f) were cal-
culated from integrated, blank and spectrally cor-
rected emission spectra (wavelength scale) employing
quinine sulfate in 1IN H,SO4 (¢ = 0.55 £+ 0.03)
[54] as fluorescence standard. For each compound-
solvent pair, the quantum yield was determined twice.
The uncertainties of the quantum yield measure-
ment were obtained to £5% (for ¢y > 04), *
10% (for 0.2 > ¢ ¢ > 0.02), £ 20% (for 0.02 > ¢ ¢
> 0.005), and £ 30% (for 0.005 > ¢ ¢), respectively.

Protonation and Complexation Constants

The coordination constants (K) for mono-
coordination of 4, i.e., mono-protonation or mono-
complexation were determined from the variations of the
fluorescence intensity of the emission maximum of either
the probe or the mono-coordinated species assuming a 1:1
stochiometry as described by Valeur [55].
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RESULTS

Synthesis of the Pretwisted D'-D? Sensor Molecule 4

The synthesis of 4, see Scheme 2, has been a chal-
lenge to the organic chemist. Although there exists a num-
ber of reports of Suzuki reactions of aryl halides that form
pretwisted biaryls with ortho-substituents, this type of
coupling reaction can be difficult requiring special condi-
tions and giving only modest yields [38,56,57].

Biaryls are commonly prepared by the use of
a Pd-catalyst such as e.g. Pd(Ph3P)s or (Phs;P),Cl,.
Our screening studies, however, indicated that 1,1’-
bis(diphenylphosphino)ferrocene]palladium(II) chloride
(dppfPdCl,) is superior to the conventional Ph;P-based
catalysts and bidentate phosphine-based ligands. Also, the
presence of KOAc facilitated the reaction. Application of
this improved procedure to the corresponding aryl bro-
mide yielded the pinacolate ester of the desired boronic
acid. Nevertheless, deprotection of the resulting boronate
to generate the boronic acid was difficult because the
pinacol formed a particularly stable boronate ester resis-
tant to hydrolysis under both acidic and basic conditions
[58]. However, substitution of the pinacolate for its more
readily hydrolizable neopentyl glycolate analogue, i.e.,
bis(neopentyl glycolato) diboron under conditions other-
wise identical to the pinacolate reaction yielded a reactive
boronate ester that could be readily employed for the next
step of the coupling reaction, see Scheme 2. With this
synthetic strategy developed by us and the use of related
compounds of 5 and 6 equipped with different macro-
cyclic receptors, fluorescent reporters like e.g. molecule
3 shown in Scheme 1 or other D'-D? sensor molecules
are at reach by straightforward variations of this synthetic
procedure.

200 300 400 500
" 1 i 1

norm. absorption
norm. fluorescence

50 45 40 35 30 25 20
vx 10° /em™

Fig 1. Normalized absorption (/eft) and emission (right) spectra of 4 in
cyclohexane (solid line), ACN (dashed), and MeOH (short dotted line),
ligand concentration 2 x 10~° M, excitation at 310 nm.

Spectroscopic Properties of 4

The spectroscopic properties of 4 in the representa-
tive apolar, polar, and protic solvents cyclohexane (CH),
acetonitrile (ACN), and methanol (MeOH) are summa-
rized in Table I and Fig. 1. The absorption spectra of 4
are more or less unaffected by solvent polarity and protic-
ity and the emission spectra display only a little red shift
in the strongly polar solvents acetonitrile and methanol.
Independent of solvent polarity, the Stokes shift remains
small. The fluorescence quantum yield is moderate in all
the solvents and decreases only slightly in acetonitrile
as compared to apolar cyclohexane. There seems to be
a moderate fluorescence quenching effect in methanol as
observed for other CT-operated biphenyls [13,38].

Table I. Spectroscopic Properties of 4 in Different Solvents

Vabs® Vemb FWHM* AVStd knrh
Solvent (x103%cm™") (x10%cm™") (x10%cm™") (x 10° cm™1) or° ef (ns) k2 (x 107571 (x 107 s71)
CH 37.0,32.3 (sh) 29.2 35 3.1 0.17 2.4 7 35
ACN 37.0,32.3 (sh) 27.9 35 43 0.12 26 5 34
MeOH 37.1,32.3 (sh) 27.9 3.8 43 0.09 1.7 5 54

2 Absorption maxima.
bEmission maximum.
°Band width, i.e., full width at half height of the maximum.

dStokes shift, i.e., the energetic difference between the longest wavelength absorption band (or shoulder) and the emission maximum.

®Fluorescence quantum yield.

fFluorescence lifetime.

&Radiative rate constant, kf =¢¢/7¢.
hNon-radiative rate constant, knr = (1 —¢pp)/75.
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Fig 2. Absorption (left) and emission (right) spectra of 4 at selected
proton-to-ligand concentration ratios of 0:1 (solid line), 1:1 (dashed),
2:1 (dotted), 3:1 (dash-dotted), and 10:1 (short dotted line). The probe
concentration was 4 x 107% M, solvent ACN, excitation at 310 nm. The
emission of the doubly protonated species cannot be excited at 310 nm
due to lack of absorption at this wavelength, see Fig. 3.

Protonation Studies

The protonation-induced effects on the absorption
and emission spectra of 4 are displayed in Figs. 2 and 3.
Mono-protonation leads to a decrease in the ligand’s ab-
sorption band and to only very small spectral shifts. No
new red shifted absorption band is observed. Simultane-
ously, the emission band of the sensor molecule at 358 nm
disappears, and a new red shifted emission band centered
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Fig 3. Absorption (left) and normalized emission (right) spectra of
unprotonated (solid line), mono protonated (dashed; 2:1 HT), and doubly
protonated (dash-dotted line; 1:1000 H*) 4 in ACN. In the former two
cases, the concentration of the probe was 4 x 10~° M and excitation at
310 nm, whereas in the latter case, the probe concentration was 1.1 x
10~5 M and excitation at 230 nm. The proton-to-ligand concentration
ratios are given in the brackets.
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at 420 nm occurs. The clear course of mono-protonation
of 4 follows from the observation of an isosbestic point at
240 nm. Moreover, an isoemissive point at ca. 382 nm is
noticed. For complete mono-protonation that is achieved
at a 2:1 proton-to-ligand concentration ratio, only the
420 nm band remains, the fluorescence quantum yield
of which exceeding that of 4 by a factor of ca. 3, see Ta-
ble II. Upon further addition of acid, the emission band
of the mono-protonated species disappears and both the
absorption and emission bands are strongly blue shifted
as revealed in Figs. 2 and 3. Doubly protonated 4 with its
strongly blue-shifted emission band at ca. 305 nm is only
very weakly emissive.

Complexation Studies

Complexation studies were performed with 4 and
the non-quenching metal ions Na(I), K(I), Ag(l), Ca(Il),
Zn(Il), Cd(II) as well as with the potential fluorescence
quenchers Pb(IT) and Hg(II) in acetonitrile [46]. The re-
sults are summarized in Table II and in Fig. 4 that displays
the quantum yield-weighted emission spectra of mono-
coordinated II. Mono-coordination of 4 leads to consid-
erable changes in the intensity of the absorption bands of
4, whereas their spectral position is barely affected, see
Table II and Fig. 5 that displays a representative example
of a titration of 4 with a metal ion, here Hg(Il). Similar
to mono-protonation, also cation mono-coordination of
4 is accompanied by considerable red shifts in emission
for Zn(Il), Pb(I), and Hg(Il) yielding spectrally rather
similar species, whereas in the case of Cd(II) and espe-
cially Ca(II), smaller shifts occur even at a high excess of
the respective metal ion. Mono-coordination of 4 yields
isoemissive points at ca. 380 nm for Ca(Il), Zn(Il), and
Hg(I), at 393 nm for Pb(Il), and at 415 nm for Cd(II),
respectively. Chelation-enhanced fluorescence results for
non-quenching Ca(Il) and Zn(II), and remarkably also for
the classical fluorescence quencher Hg(II) [46]. The fluo-
rescence quantum Yyields of the cation complexes exceed
that of the parent probe by factors of 2 and 3, respectively,
see Table II. Mono-coordination of 4 to Cd(IT) and Pb(II)
yields only weakly emissive species. The fluorescence
lifetimes of the Zn(II), Hg(II), and Pb(II) complexes of 4
with values of ca. 3 ns are slightly increased compared
to the parent probe with a lifetime of 2.6 ns, whereas the
fluorescence lifetime of the Cd(IT) complex is reduced to
1.0 ns. Addition of the metal ions K(I), Na(I), and Ag(I)
even at a high excess did not lead to spectroscopically
measurable effects.

The potential of 4 to act as bifunctional fluorescent
reporter not only for protons but also for metal ions is
revealed for Hg(Il) in Fig. 5. Upon addition of increasing
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Table II. Spectroscopic Properties of Mono- and Double-Protonated 4 and Mono-Coordinated 4 in ACN

kff knrg
Compound Vabs? (X 103 em™)  vem? (x 10° em™1) log K¢ o4 7 (ns) (x 107 71 (x 107 s
4 37.0, 32.3 (sh) 27.9 0.12 2.6 5 34
4cH* 323 23.8 5.6 0.31 35 9 20
HT>4cH* > 444 32.8 n.d.h n.d 0.3 n.d n.d
4cCa’t 323 27.0 5.5 0.19 2.5 8 32
4cCd*+ 323 25.0 5.0 0.03 1.0 3 97
4cZn** 323 23.8 6.2 0.29 2.9 10 24
4cHg* 323 23.8 5.2 0.19 3.0 6 27
4CPb*t 32.3 23.8 5.3 0.02 2.9 1 34

4 Absorption maxima.

YEmission maximum.

“Coordination constant assuming 1:1 stochiometry.
dFluorescence quantum yield.

®Fluorescence lifetime.

fRadiative rate constant, ke=q¢/ts.

&Non-radiative rate constant, kn,=(/ —¢)/+.

"Not determined.

amounts of mercury perchlorate to mono-coordinated
4, i.e., for metal ion (M)-to-ligand (L) concentration
ratios >1:1 (complete mono-coordination), the absorp-
tion bands at ca. 270 and 310 nm further decrease and
disappear at M:L ratios of 8:1. The determination of
the blue-shifted absorption band of the newly formed
species that is tentatively assigned to doubly coordinated
4,i.e.,Hg?* D4CHg>" is complicated by the absorption of

rel. fluorescence /arb.u.

T
500
wavelength /nm

Fig 4. Mono-coordination-induced changes in emission for 4 and se-
lected cations: 4 (solid line), 4(Ca(IT) (dashed; 1:10), 4(Zn(II) (dotted;
1:10), 4(Cd(II) (dash-dotted; 1:100), 4(Hg(Il) (dash-dot-dotted; 1:1),
and 4(Pb(II) (short dotted line; 1:1.5). The probe concentration was 4
x 107 M, solvent ACN, excitation at 310 nm. The metal ion-to-ligand
concentration ratios are given in brackets. The emission spectra of the
cation complexes are weighted by relative fluorescence quantum yields
with the fluorescence quantum yield of the parent probe equaling 1.0.

Hg(ClOy), at shorter wavelength. The clear course of for-
mation of Hg?* D4CHg?* from mono-coordinated 4, i.e.,
4CHg?>* follows from the observation of an isosbestic
point at 242 nm. Simultaneously, the emission band of
4CHg?* at 420 nm decreases. Excitation at shorter wave-
lengths as used for the excitation of doubly protonated 4,
see Fig. 3, does not lead to a measurable fluorescence.
The observed diminution in fluorescence is ascribed to
the formation of doubly coordinated 4 which seems to be
more or less non-emissive. In the case of Pb(II), where
complete mono-coordination of 4 is reached for M:L =
1.5:1, a further increase in Pb(I) concentration up to
M:L of 10:1 leads to only very small changes in ab-
sorption but to a considerable decrease in fluorescence
suggesting contributions from bimolecular quenching.
For non-quenching Zn(II), the absorption band of 4CZn**
and its emission are only barely affected by a further in-
crease in zinc concentration for M:L ratios between 5:1
(complete mono-coordination) and 100:1. Also, in the
case of Cd(I) and Ca(Il), the lack of spectroscopically
measurable changes at high M:L ratios suggests that dou-
ble coordination cannot be achieved at last at reasonable
M:L ratios.

DISCUSSION

We developed a synthetical strategy to derive
pretwisted CT-operated D'-D? biphenyl fluorescent re-
porters like 4 that can be transformed into D-A biphenyls
upon protonation or cation coordination of one of the
donor receptors. A different strategy towards pretwisted
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Fig. 5 Successive coordination of both receptors of 4 to Hg(II). Ab-
sorption (/eft) and fluorescence (right) spectra for Hg(II)-to-ligand con-
centration ratios of 0:1 (solid line), 0.3:1 (dashed), 0.4:1 (dotted), 0.6:1
(dash-dotted), 0.7:1 (short dotted), 1:1 (short dashed), 2:1 (dash-dot-
dotted), and 5:1 (short dash-dotted line) chosen from a titration of 4 with
mercury perchlorate. The probe concentration was 4 x 10~¢ M, solvent
ACN, excitation at 310 nm.

D'-D? biphenyls has been recently presented based on
a 4,4'-bis(N,N-dimethylamino)-biphenyl (TMB, tetram-
ethylbenzidine) subunit equipped with various pH- and
cation-responsive ortho-substituents thereby providing
the basis for analyte-mediated control of the dihedral
angle between the two aromatic rings of the biphenyl
module [59]. As follows from the steady-state and time-
resolved fluorescence measurements described in the pre-
vious section, the absorption and fluorescence spectra of
4 are only weakly sensitive to solvent polarity and protic-
ity with the comparatively small values of k¢ of (5-7) x
107 s~! found in all solvents used, see Table 1, suggest-
ing a rather forbidden nature of the emissive state even
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in apolar cyclohexane. As evidenced by the small solva-
tochromic red shift of the emission, the low k; value of
4 does not derive from an intramolecular charge trans-
fer (ICT) state. The k¢ value of 4 correlates well with
the similarly low k¢ value of 3 x 107 s~! obtained for
N,N,N',N'-tetramethylbenzidine, TMB [60]. In contrast,
typical D-A biphenyls like e.g. 4-N,N’-dimethylamino-
4'-cyanobiphenyls reveal k; values of (40-50) x 107 s~!
with the exception of pretwisted 4-N,N’-dimethylamino-
2,6-dimethyl-4’-cyanobiphenyl 1 [38]. This molecule dis-
plays a strongly polarity-sensitive radiative rate constant
with values of 30 x 107 and 3 x 107 s~! found in hexane
and acetonitrile, respectively, indicative of emission from
a forbidden CT state of twisted conformation in highly
polar solvents.

As indicated by the mono-coordination induced red
shifts in emission, see Table II and Figs. 2-5, the chosen
D!-D?-design concept—though rarely used [11,24]—is
an elegant approach to circumvent release or decoordi-
nation of metal ions upon electronic excitation of the
complexed probe as revealed by CT-operated fluores-
cent probes of D-A design with integrated donor re-
ceptors [6—-10]. Obviously, it can be also used to real-
ize sensor molecules capable of true ratiometric emission
signaling. The comparatively small coordination-induced
shifts in absorption that allow for excitation at a con-
stant wavelength are in contrast to the substantial shifts
in absorption as well as in emission observed for related
D-A-substituted biphenyl-type sensor molecules with in-
tegrated terpyridine acceptors [13,14]. However, also in
the case of the latter molecules, the size of the chelation-
induced shifts in emission clearly exceeds those in ab-
sorption, and their biphenyl analogues equipped with the
weaker electron acceptor bisthienyl-pyridine (2,6-dithien-
2-ylpyridine) display only moderate spectral shifts in ab-
sorption especially for weak or medium-sized donors [15].
A comparison of protonated 4 and TMB that reveals a
larger value of the pK, (5.6 vs. 4.5-4.7, see Table II) for the
former suggests some decoupling of the dialkylamino and
azacrown ether groups in 4 with respect to those in TMB
due to a twist of these groups induced by the sterically
hindering ortho-methyl substituents as found in related
molecules [61].

The photophysical origin of the protonation- and
chelation-induced spectroscopic effects observed for 4
is schematically depicted in Scheme 3. Scheme 3. re-
veals the mono-coordination-induced transformation of
one of the donor receptors into an acceptor substituent and
the according switching ON of a CT process which ac-
counts for the red-shifted emission of mono-protonated or
mono-complexed 4. Double coordination turns the re-
maining donor similarly into an acceptor. The according
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Scheme 3. Spectroscopic effects accompanying mono and double coordination of the D!—D? biphenyl
4. D!, D?: donor receptors, b: biphenyl, X;, Xj: different chemical inputs, i.e., either different
concentrations regimes of the same analyte or two different chemical species, D! CXj: coordination

of receptor D! to analyte X, A!, A%: acceptors.

switching OFF of the mono-coordination-induced CT is
responsible for the strongly blue-shifted absorption and
emission bands of doubly coordinated 4 compared to
mono-coordinated 4 observed for protons and Hg(Il), see
Figs. 3 and 5, and Table II. The control of the CT character
of 4 by its coordination state provides the basis for spec-
troscopically signaling whether none, only one, or both
receptors of this sensor molecule are bound. In the case
of a single analyte and different concentration regimes as
used here, this corresponds to the inputs none, little, and
much.

Time-resolved fluorescence measurements per-
formed with mono-coordinated 4 that provide further
information on the electronic nature of the emissive states
of these species reveal slightly enhanced k¢ values com-
pared to 4 for non-quenching analytes. However, even
for mono-protonated 4 and its zinc, mercury, and calcium
complex that display the highest fluorescence quantum
yields amongst the representative analytes studied, see
Table II, ks reaches at maximum 10 x 107 s~'. In
contrast, protonation of sterically non-hindered TMB
yields similarly high k¢ values as found for 4-N,N'-
dimethylamino-4'-cyanobiphenyls lacking ortho-methyl
groups [38,60], the emission of which originating from an
allowed ICT state of planar geometry [38]. Similar to 1,
the different behavior of mono-coordinated 4 that present
D-A biphenyls, see Scheme 3, can be understood on the
basis of the influence of the ortho-methyl groups. For
these molecules, the introduction of a strong pretwist most
likely favors population of a forbidden TICT state. This is
revealed, e.g., in the case of 1 by the red shift of its fluores-
cence band compared to that of its non-hindered analogue
and the decrease of the radiative rate constant from ca. 40
x 107 s~! for 4-N,N'-dimethylamino-4’-cyanobiphenyl to
3 x 107 s~! for 1 [38]. The low k; values and the observed
strong red shift in emission found for mono-protonated
or -complexed 4 similarly suggest mono-coordination-
induced TICT formation with the small radiative rate
constants of the parent ligand 4 preventing observation of
a coordination-induced decrease of & in most cases, see
Table II.

From the photophysical point of view, TICT com-
pounds like 1 and mono-coordinated 4 display an interest-
ing behavior. As follows from Table II, the non-radiative
rate constants of 4 in acetonitrile slightly decrease upon
mono-protonation, as well as upon mono-chelation to zinc
and mercury ions despite of the bathochromically shifted
emission spectra. The strongest effect, a decrease of &, by
a factor of ca. 2 and a bathochromic shift in emission by
4100 cm™~! occurs for protons, i.e., for4CH™, see Table I1.
This diminution of k,, with a simultaneous red shift of the
emission is more strongly developed in 1 where &, de-
creases by a factor of ca. 5, while the fluorescence shifts to
the red by more than 8000 cm~! when comparing apolar
and highly polar solvents [38]. This red shift in fluores-
cence accompanied by a reduction of the non-radiative
rate constant contradicts the well-established energy gap
rule [21] that predicts an increase in k, with a reduc-
tion of the energy gap between the S; and the ground
(Sp) state. Such a rare, though analytically favorable anti-
energy gap law behavior of TICT compounds that has
been observed also for other bifunctional D—A biphenyl-
type sensor molecules recently developed by us [13—15] is
understandable on the basis of photochemical transitions,
i.e., reactions on the excited state hypersurface. TICT for-
mation can be viewed as an adiabatic photoreaction [42],
as well as an access to conical intersections of S; with Sy
[62, 63]. Accordingly, the fact that the non-radiative de-
activation of the excited state of the non-coordinated flu-
orescent probe occurs faster than that of the coordination-
induced TICT state can be ascribed to different conical
intersections occurring for these two excited states. Ob-
viously, the conical intersection depopulating the TICT
state of 4CH*, 4CcZn’*, and 4CHg?* is more difficult to
reach than that deactivating the excited state of 4.

With respect to the analytical potential of 4,
remarkable is the observation of a chelation-enhanced
fluorescence not only for protons and non-quenching
Ca(Il) and Zn(II), but also for the classical fluorescence
quencher Hg(II) [46]. The majority of the few fluorescent
probes that reveal a coordination-induced switching ON
of their emission with mercury ions are electron transfer
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(ET) operated [3,4,64,65] rather than CT operated [66,
67]. As has been discussed in the previous sections, the
well-separated fluorescence bands of bifunctional 4 and
its mono-coordinated analogues provide the basis for
true ratiometric emission sensing. This can be exploited
for the quantification of protons and metal ions. For the
spectral discrimination between different analytes, it is
unfavorable that the fluorescence spectra of many of the
metal complexes—though red shifted compared to 4—are
rather similar. Only the Ca(Il) and the Cd(II) complex
can be spectrally distinguished from the Zn(II), Pb(Il),
and Hg(II) complex of 4 that all display very similar
emission spectra. A combination of spectrally resolved
and time-resolved emission measurements [68], however,
can improve the analyte selectivity of this D'-D?-type
fluorescent probe with coordination-induced TICT forma-
tion. Combined spectral and time-resolved fluorescence
measurements for instance should enable discrimination
between the cadmium complex of 4 with its reduced
fluorescence lifetime of 0.9 ns and 4CCa®* that reveals a
fluorescence lifetime of 2.5 ns and a less-pronounced red
shift of the emission spectrum, see Table II. Also discrim-
ination between Cd(II) and Zn(II) that is often difficult to
establish [68] should be possible, as well as distinction be-
tween these cation complexes and the uncomplexed probe.
4CCd** has a strongly reduced fluorescence lifetime
with respect to its zinc analogue and its spectrum is blue
shifted, whereas uncomplexed 4 and 4CZn>* that exhibit
approximately the same fluorescence lifetime can be read-
ily spectrally discriminated. However, e.g. discrimination
between the mercury and lead complex of 4 cannot be
achieved on the basis of emission spectra and fluorescence
lifetimes.

As representatively revealed in Fig. 5, the consecu-
tive complexation of both receptors of 4 to Hg(II) in com-
bination with the coordination site-specific spectral posi-
tion of the emission bands provides an extended dynamic
range of signaling of a single analyte (up to three decades,
see insets in Fig. 5 measured at two different emission
wavelengths). This is readily measurable due to the well-
separated emission bands and the high fluorescence quan-
tum yield of the ligand and its mono-coordinated complex.
The Hg(Il) selectivity and usable concentration regime
could be for instance fine-tuned upon introduction of a
sulfur analogue of the crown incorporated into 4 [31] as
illustrated in molecule 3 shown in Scheme 1.

CONCLUSION

A new CT-operated benzidine-related D'-D?*-type
fluorescent probe has been derived that is transformed
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from a D-D sensor molecule into a D—-A system upon
mono-coordination and into a A—A system upon double
coordination. Sterically hindering ortho-methyl groups
act as triggers for the introduction of TICT formation
in the mono-coordinated species with the corresponding
strong analyte-mediated red shift in emission enabling
true ratiometric emission sensing of protons and metal
ions. Due to the coordination-site control of its CT char-
acter, this new bifunctional probe can signal whether none,
only one, or both receptors are bound by spectroscopically
clearly distinguishable outputs and can accordingly com-
municate e.g. the inputs none, little, and much in the case
of a single analyte and different concentration regimes.
Its analyte selectivity can be improved by combined mea-
surement of emission spectra and lifetimes. Moreover,
this sensor molecule belongs to the very few examples of
CT-operated fluorescent probes that reveal a coordination-
induced fluorescence enhancement with the classical flu-
orescence quencher Hg(II).
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